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PREFACE

Yeasts: from nature to bioprocesses travels back in time through the history of yeasts from the
early days up to now, with an evolutionary, taxonomic, and biotechnological approach. Along
this  journey,  its  chapters  present  numerous  bioprocesses  which use  these  microorganisms,
from the Neolithic revolution to the present.

While the budding yeasts subphylum has been estimated to appear on earth about 400 million
years ago, some yeast species known today are certainly more recent, such as the workhorse
Saccharomyces cerevisiae, which probably diverged from its sister species approximately 5
million years ago. Indeed, yeasts play a fundamental ecological role in nutrient recycling and
angiosperm reproduction. Thus, directly and indirectly, they have guaranteed the maintenance
of  the  biodiversity  of  plants  and,  consequently,  animals  that  establish  an  ecological
relationship with them. Yeast ecology has a chapter of its own in this book, although other
chapters have also punctuated this theme in different contexts.

The main yeast genera are discussed in specific chapters of the book. Likewise, important
biotechnological  applications  of  these  microorganisms  are  also  addressed  in  different
chapters. It should be noted that industrial sectors dependent on yeasts comprise a trillion-
dollar annual market value. Therefore, yeasts stand out as the most profitable microorganisms
in industrial microbiology.

Although humans  appeared  on earth  much more  recently,  several  yeast  species  have  been
widely domesticated by them, aiming for yeast-based bioprocesses. Given the benefits that
yeasts provide to humanity, either as the leading figures in various bioprocesses or indirectly
through their ecological role, the book ends up bringing up a question that has already been
asked other times before: would yeasts be the best friends of humans? Although the question
does  not  need  to  be  categorically  answered,  the  reading  of  Yeasts:  from  nature  to
bioprocesses will undoubtedly convince the reader of the importance of these microorganisms
for the development of civilization, economy, and science.

We wish everybody an excellent reading.

Beyond grateful,

Sérgio Luiz Alves Júnior
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CHAPTER 1

Origin and Evolution of Yeasts
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Abstract:   Yeasts  are  generally  unicellular  fungi  that  evolved  from  multicellular
ancestors in distinct lineages. They have existed in this form for millennia in various
habitats on the planet, where they are exposed to numerous stressful conditions. Some
species have become an essential component of human civilization either in the food
industry as drivers of fermentative processes or health sector as pathogenic organisms.
These  various  conditions  triggered  adaptive  differentiation  between  lineages  of  the
same  species,  resulting  in  genetically  and  phenotypically  distinct  strains.  Recently
genomic  studies  have  expanded  our  knowledge  of  the  biodiversity,  population
structure, phylogeography and evolutionary history of some yeast species, especially in
the context of domesticated yeasts. Studies have shown that a variety of mechanisms,
including  whole-genome  duplication,  heterozygosity,  nucleotide,  and  structural
variations, introgressions, horizontal gene transfer, and hybridization, contribute to this
genetic and phenotypic diversity. This chapter discusses the origins of yeasts and the
drivers  of  the  evolutionary  changes  that  took  place  as  organisms  developed  niche
specializations in nature and man-made environments. The key phenotypic traits that
are  pivotal  to  the  dominance of  several  yeast  species  in  anthropic  environments  are
highlighted.
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INTRODUCTION

The  term  “yeast”  generally  refers  to  a  polyphyletic  group  of  unicellular  or
dimorphic fungi that maintain a unicellular cell structure through most of their life
cycle, divide asexually through budding or fission, and have a sexual structure not
enclosed in fruiting bodies [1]. As members of the Kingdom Fungi, yeasts share a
common  ancestor  with  other  opisthokonts,  all  of  which  are  believed  to  have
transitioned  from  unicellular  to  multicellular  organisms.  However,  the  yeasts
seem to have subsequently “de-evolved” back to unicellularity from multicellular
filamentous  ancestors  in  distinct  lineages  of  Ascomycota,  Basidiomycota  and
certain Mucoromycota, containing more complex forms of fungi [2] and have lost
most  of  the  genes  associated  with  multicellularity.  This  “de-evolution”  was
accompanied  by  convergent  changes  in  regulatory  networks,  reduction  and
compaction of  the genome marked by extensive gene losses  [1 -  3].  Evidently,
3000 – 5000 genes, including those encoding plant cell wall degrading enzymes,
fungal cell wall synthesis and modification, hydrophobins and fungal lysozymes,
were dispensed, while genes required for essential cellular processes such as DNA
replication,  sequence  recognition,  chromatin  binding  and  chromosome
segregation were retained [4]. Moreover, it is hypothesized that the transcription
factors regulating the Zn-cluster gene family, which contributes to the suppression
of  filamentous  forms  throughout  the  life  cycle  and  under  different  conditions,
were expanded [4]. Yeasts have evolved at least five times independently within
the  Kingdom  Fungi.  Today,  yeasts  are  mainly  distributed  in  two  phyla,  the
Ascomycota  and  Basidiomycota.  Within  the  Ascomycota,  they  are  distributed
between two subphyla, the Saccharomycotina (representing almost two-thirds of
all  known  yeast),  the  Taphrinomycotina  (representing  ~  3%  of  the  total  of
members  of  the  Ascomycota)  [5].

Interestingly,  even  in  their  unicellular  life  forms,  some  yeasts  can  display
multicellular  growth  under  specific  environmental  conditions.  For  instance,
dimorphic yeasts can switch from yeast to multicellular hyphae or pseudohyphae.
These  include  pathogenic  fungi  of  mammals,  such  as  Candida  spp.  (e.g.,  C.
albicans,  C.  parapsilosis,  C.  dubliensis,  C.  guilliermondii  and  C.  lusitaniae),
Exophiala  dermatidis  and  Trichosporon  cutaneum,  as  well  as  phytopathogens
such as Taphrina deformans, Ustilago maydis, Ophiostoma ulmi and saprophytic
biotechnologically important yeasts such as Saccharomyces cerevisiae, Yarrowia
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lipolytica  and  Debaryomyces  hansenii.  In  pathogenic  fungi,  the  yeast-mycelial
switch is involved in virulence; however, in other yeasts, this switch is induced in
response  to  environmental  stimuli,  e.g.,  nutrient  limitation,  pH,  oxygen
availability,  ethanol  concentrations,  etc  [6,  7].  Pseudohyphal  or  hyphal  growth
leads to clonal multicellularity, where daughter cells “stay together” after mitotic
divisions. Alternatively, individual single cells can form multicellular aggregates
generally referred to as flocs. In S. cerevisiae, where such aggregates have been
extensively  studied,  a  group  of  proteins  called  flocculins  is  responsible  for  the
phenotype [8]. While most ascomycetous yeasts are distributed in the subphylum
Saccharomycotina, a few unicellular or dimorphic fungi in which the unicellular
form is restricted to specific environmental conditions also exist in the subphylum
Pezizomycotina [5].

Multicellularity improves yeast access to complex substrates, allows for efficient
nutrient uptake, and enhances the stress and toxin resistance [3, 8]. Despite these
benefits,  most  yeasts  maintain  a  long-term  single-celled  lifestyle.  With  this
morphology and limited dispersal, most yeasts have evolved adaptive mechanisms
that allow them to thrive in liquid environments containing concentrated simple
sugars  (e.g.,  plant-derived  liquids,  such  as  fruit  juices,  honeydew,  and  nectar),
where they have a fitness advantage over prokaryotes [1, 2]. Such adaptations are
explained  by  many  genetic  features  that  have  undergone  multiple  rounds  of
modifications  to  endow  different  species  with  traits  that  allow  for  niche
specialization. These genetic signatures and their associated phenotypes will be
discussed in detail in subsequent sections.

MOLECULAR DRIVERS OF EVOLUTION

Gene losses, expansions and concomitant fine-tuning were the important drivers
in  the  switch of  yeast  from their  multicellular  origins  to  single-celled  lifestyle;
these  and  additional  modifications  have  also  contributed  significantly  to  yeast
evolution and species diversification. Mainly, these modifications include Whole-
Genome  Duplication  (WGD),  Large  Scale  Genome  Rearrangements  (LSGR),
Horizontal  Gene  Transfer  (HGT),  Copy  Number  Variations  (CNV).  WGD is  a
process  by  which  additional  copies  of  the  genome  are  generated  due  to
nondisjunction during meiosis. Through this process, organisms can acquire more
than  two  complete  sets  of  chromosomes,  leading  to  a  change  in  ploidy.
Acquisition  of  genome  copies  can  arise  through  interspecies  hybridization,
resulting  in  allopolyploids  or  intraspecies  hybridization,  leading  to
autopolyploidization.  WGD  is  typically  followed  by  inter-chromosomal
rearrangements and the loss of one of the gene duplicates [9]. Large-scale genome
rearrangements may occur through chromosome duplications or aneuploidy, thus
creating copy number variations that may change gene dosage [10]. CNVs refer to
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duplication or deletion of a 50 bp fragment to a whole chromosome that results in
a change in the copy number of a respective genetic locus across individuals in a
population  [11].  CNVs  can  change  gene  dosage,  interrupt  coding  sequences,
contribute  to  population  genetic  and  phenotypic  diversity  such  as  virulence,
growth  rate,  growth  on  various  substrates,  and  stress  tolerance  [11].

In  addition to  WGD and CNV, increasingly  available  genomic data  reveal  that
HGT  has  had  an  extensive  impact  on  yeast  evolution.  HGT  is  defined  as  the
exchange of genetic material between different strains or species. In yeast, HGT
has  evidently  occurred  through  eukaryote-to-eukaryote  and  prokaryote-t-
-eukaryote  [12,  13]  transfers.  Ecological  proximity  together  with  stressful
environmental conditions, have been highlighted as important factors that trigger
and facilitate HGT events. While eukaryote-to-eukaryote HGT can occur through
introgression (interspecific hybridization), bacterial genes can be acquired through
various means, including virus-aided transmission, environmental stress-induced
DNA damage, and repair, a phagocytosis-based ratchet [13]. In addition to events
such  as  WGD,  HGT,  and  CNVs,  where  large  gene  fragments  can  be  altered
simultaneously,  small  changes  engle  genes  or  small-scale  nucleotide  changes
(SSNC) also contribute to yeast adaptation to various environments.  SSNC can
occur from single nucleotide and frameshift mutations, insertions or deletions and
loss of function mutations. These changes may alter the structure or function of
the  encoding  protein  or  gene  expression  [14,  15].  The  molecular  mechanisms
described  here  have  driven  many adaptive  evolutionary  events  in  many yeasts,
allowing them to thrive in different niches. Notably, dispersal of yeasts by insects,
humans,  and  animals  across  different  ecosystems  and  induction  of  adaptive
evolution events by strong selection pressure for specific niches has ultimately led
to changes in phenotypic traits. In the transition to a unicellular life form, yeast
developed traits to efficiently grow on simple sugars.

EVOLUTION OF CARBON METABOLISM IN YEASTS: PREFERENCE
FOR GLUCOSE AND FRUCTOSE

The utilisation  of  disaccharides,  such as  sucrose  and maltose,  hexoses,  such as
glucose,  galactose,  fructose  and  mannose,  as  main  carbon  substrates  is  well
conserved in yeasts.  However,  there is  a  huge diversity in sugar metabolism in
yeasts, most probably due to evolutionary history based on niche specializations
in  nature.  Respiratory  yeasts  could  have  evolved  in  environments  with  a  low
amount  of  carbon  sources,  where  efficiency  and  ATP  yield  would  warrant  a
competitive advantage in the face of a limited carbon source [16]. MacLean and
Gudelj [17] suggested that respiratory yeasts completely oxidise glucose to limit
the accumulation of ethanol and organic acids, probably as a strategy to reduce
toxicity, which subsequently increases their chances of survival and reproduction.
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The ancestral  yeast  that  lived  before  the  appearance  of  angiosperms about  125
million  years  ago  was  probably  a  respiratory  yeast,  as  suggested  by  a  carbon-
limited niche [18 - 20]. On the other hand, the emergence of fruit trees coincides
with  the  split  between  the  Kluyveromyces  and  Saccharomyces  lineages,
suggesting the presence of a glut of sugars responsible for the emergence of a new
lifestyle, the make-accumulate and consume strategy (MAC), exhibited by yeasts
in  the  Sacharomycetaceae  family  [21].  This  strategy  is  characterised  by  the
fermentation  of  excess  glucose  into  ethanol  irrespective  of  the  presence  or
absence  of  oxygen.  This  trait  is  not  unique  to  this  family  because  the
Dekkera/Brettanomyces  and  Schizosaccharomyces  pombe  lineages,  as  distant
relatives  of  the  Saccharomyces  yeasts,  also  independently  evolved  the  respiro-
fermentative lifestyle [22, 23].

PREFERENCE  FOR  GLUCOSE  AND  EVOLUTION  OF  ETHANOL
PRODUCTION

There is an evolutionarily conserved preference for specific carbon sources, with
glucose and fructose as the most common among yeasts [24], despite glucose and
fructose  having  the  same  empirical  formula  and  being  dependent  on  the  same
hexose  transporters  [25,  26].  The  preferential  consumption  of  glucose  until
depletion  before  switching  to  an  available  alternative  carbon  source  is  well
studied in S. cerevisiae [27, 28]. The proposed justifications of this preference are
the  lower  metabolic  costs  associated  with  a  direct  entrance  into  the  glycolytic
pathway [29] and five times higher affinity for glucose over fructose of the hexose
transporters [26, 30]. A respiro-fermentative lifestyle in yeasts, where respiratory
and fermentative pathways are run concurrently in the presence of abundant sugar
and oxygen, has also been described [31]. A hallmark for this group of yeasts is
their preference for and rapid consumption of glucose, followed by the production
of pyruvate and a subsequent exclusive dissimilation of ethanol either for redox
balancing  or  for  ecological  advantages.  NAD(P)+,  an  essential  oxidoreductase
cofactor required for ATP production during substrate-level phosphorylation, is
regenerated at a faster rate during the ethanol production pathway to allow the re-
run  of  glycolysis  [32,  33].  Production  of  ATP  in  the  absence  of  oxygen  is
energetically inefficient but is thought to have enabled glucophilic yeasts to utilise
anaerobic  niches  [34,  35].  These  yeasts  were  designated  as  Crabtree  positive
yeasts  [31,  34,  35].  This  trait  circumscribes  Saccharomyces  lineage  yeasts
separated  from  Saccharomyces-Lachancea  and  Kluyveromyces-Eremothecium
lineages about 125 – 150 million years ago [36]. The Crabtree effect (CE) is more
pronounced in yeasts that underwent a WGD about 100 million years ago [21].
The  presence  of  glucose  in  these  lineages  represses  the  expression  of  genes
encoding enzymes required for the utilization of alternative  carbon  sources  [27].
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This phenomenon, also known as glucose repression, is similar to glucophily in
some way, and the two words are interchangeable.

MOLECULAR  EVENTS  OF  ETHANOL  PRODUCTION  AMONG
GLUCOPHILES

The extensive studies of yeasts belonging to the Saccharomycetaceae family have
highlighted the origins of the CE. The advent of a powerful field of comparative
genomics has made it possible to point out several molecular events responsible
for this effect. These mechanisms, which include loss of the respiratory complex I
[37], HGT of URA1 gene [38], WGD [39], gene duplications [40], and, possibly,
rewiring of the rapid growth elements (RGE)/transcriptional networks [41], have
been described (Fig. 1).

The  HGT  of  URA1  from  Lactococcus  lactis  encoding  a  dihydroorotate
dehydrogenase (enzyme for de novo synthesis of pyrimidines independent of the
respiratory  chain)  is  thought  to  have  allowed  yeasts  to  grow  under  anaerobic
conditions [12, 38]. This trait may have evolved after the split of Kluyveromyces
and  the  Lachancea-Saccharomyces  lineages  (Fig.  1).  The  timing  is  concordant
with  the  inability  of  anaerobic  growth  in  Kluyveromyces  and  Eremothecium
lineages  [16,  32,  35,  36,  38,  42].  Supplementation  of  the  growth  medium with
pyrimidines  together  with  other  factors  required  for  anaerobic  growth  allows
resumption  of  growth  [16,  43,  44].  Contrastingly,  yeasts  from  the
Dekkera/Brettanomyces  clade  can  grow  under  anaerobic  conditions  without
anaerobic factors, despite the absence of URA1 gene [45, 46]. It is speculated that
this  novel  gene  could  have  been  crucial  for  the  exploration  of  anoxic
environments as new or novel niches [16, 35, 36, 38, 42]. This invention was not
outright beneficial due to the absence of genes responsible for the consumption of
the accumulated ethanol, which meant a metabolic dead end [38, 40]. Therefore,
the duplication of an ancestral alcohol dehydrogenase gene ADHA, required for
ethanol production under anaerobic conditions with the sole purpose of recycling
NADH  during  glycolysis,  giving  rise  to  ADH1  and  ADH2  [40],  led  to  the
accumulation  of  ethanol  as  well  as  its  consumption  [40,  47].  This  duplication
event  predates the WGD, as suggested by the ethanol metabolism in pre-WGD
yeasts [48].
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Fig. (1).  Molecular mechanisms explaining the evolution of ethanol production among Saccharomycetaceae
yeasts based on Kurtzman et al. [49]. Specific evolutionary events such as the loss of respiratory complex I
[37], the horizontal gene transfer (HGT) of URA1 gene [38], the WGD [39], and the loss of RGE associated
with the rewiring of promoters associated with respiration [41]. The discrepancies and organised fermentative
capacity, as described by Hagman and co-workers [21] is also shown.

The  WGD  event  in  six  clades  that  diverged  from  the  fructophilic
Zygosaccharomyces  lineages  increased  the  CE  as  the  genetic  reservoir  for
increased glycolytic flux [39, 50, 51]. This flux increase [52] could be explained
by the presence of duplicate genes. Out of the 10 genes required to run glycolysis,
6 were retained as duplicates [39, 52]. The duplicate genes could lead to dosage
imbalance,  fitness  decrease  or  even  being  lethal  [53,  54];  however,  studies  on
post-WGD yeasts suggest that increased glycolytic enzymes increased the growth
rate by a factor of 2 [52]. An increase in glycolytic flux, unfortunately, led to an
overflow metabolism where the cellular demand for cell biomass production and
respiration was above normal requirements [55], also described by Hagman and
co-workers [21] as a short-term CE. It is speculated that this overflow metabolism
could be the basis of the evolution of aerobic fermentation in yeasts that diverged
after the WGD [35, 36].
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The glucophilic lifestyle in post-WGD or the glucose repression phenotype could
have  been an  invention  to  enhance  ethanol  production  within  a  short  period  of
time. However, aerobic ethanol production coupled with an increased glycolytic
flux in pre-WGD lineages, such as Sc. pombe and Dekkera/Brettanomyces yeasts,
suggests that the WGD event was not a crucial trigger for the CE but a perfection
of the trait. Another molecular mechanism which could have led to the perfection
and probably increased glucophilic phenotype is the loss of RGE associated with
respiratory  genes  in  post-WGD  yeasts  [56].  This  rewired  the  transcriptional
networks  and  negated  the  use  of  fully  functional  mitochondria  in  generating
energy for metabolic processes [16, 41]. Dekkera/Brettanomyces lineages, whose
Crabtree  positive  phenotype  is  comparable  to  WGD yeasts,  also  lack  the  RGE
elements [35]. Recently, Ata and colleagues [57] reported that a single Gal4-like
transcription factor activates the CE in Komagataella phaffii, suggesting that the
molecular  basis  of  the  evolution  of  respiro-fermentative  metabolism  in  yeast
remains  unclear.

ECOLOGICAL BASIS SUPPORTING GLUCOPHILY AND EVOLUTION
OF ETHANOL PRODUCTION

The preference for glucose is characteristic among Saccharomycetaceae  family
yeasts  that  accumulate  ethanol  when  excess  glucose  and  oxygen  are  available.
This  strategy  undermines  the  principles  of  cellular  energetics  because  it  is
energetically inefficient, yielding 15 times less ATP than conventional oxidative
respiration [31, 35, 40, 58]. However, this trait was selected in nature, suggesting
that it is a winning trait in glucose-rich environments [36, 41, 51, 59]. In fact, it
provides  a  net  fitness  advantage  of  about  7%  [60].  To  date,  there  are  two
hypotheses  that  have  been  brought  forward:  (1)  the  MAC  strategy,  which
ascertains that organisms do so to “starve off” and annihilate competitors by the
fast depletion of glucose and production of ethanol, CO2 and heat [36, 16, 61], (2)
that  ascertains  that  the  trait  arose  as  a  rate/yield  trade-off  (RYT)  for  ATP
production,  which compensates for the inefficiency of the ATP production rate
during alcoholic fermentation [59, 62]. RYT is supported by the coexistence of
energetically  inefficient  and  efficient  cells  where  cooperation  rather  than
competition  (ascertained  by  MAC)  could  be  a  preferred  outcome  of  resource
conflicts,  where  common  resources  are  used  efficiently  [17].  MAC  fails  to
account for the fitness advantage endowed by ethanol toxicity among competing
microorganisms  [48]  but  offers  solid  speculation  of  an  ecosystem  engineering
strategy  where  products  of  alcoholic  fermentation  “kill”  off  alcohol-sensitive
microorganisms  as  a  niche  defense  solution.
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EVOLUTION  OF  FRUCTOPHILY,  A  NON-ETHANOL  PRODUCING
SUGAR UTILISATION STRATEGY AMONG SOME YEASTS

Fructophilic yeasts prefer fructose to other carbon sources, including glucose [63 -
65]. Fructophily is a rare trait patchily distributed among Ascomycetous yeasts of
the  Saccharomycotina  lineage,  specifically  in  the  Zygosaccharomyces  and
Wickerhamiella/Starmerella  lineages  (Fig.  2)  [66].  Fructophily  is  more
pronounced  in  the  Basidiomycetous  ancestral  yeasts  [67].  However,  some
fructophilic yeasts grow very well in glucose in the absence of fructose [65]. The
most likely explanation of preference for fructose in the presence of glucose is
that  fructose  metabolism  is  important  as  a  source  of  carbon  as  well  as  for
regeneration of NAD (P)+, a co-factor required to run the glycolytic pathway [68].
The fate of fructose in fructophilic yeasts is the production of mannitol thought to
be  important  in  redox  balancing  in  the  absence  of  or  inefficient  alcoholic
fermentation  pathways  [69].  In  addition  to  redox  balancing,  the  production  of
mannitol could have later been pertinent for stress protection [69].

Molecular Mechanisms of Fructophily

A  low  affinity,  high  capacity  and  uniquely  specific  fructose  transporter,  Ffz1
(fructose facilitator Zygosaccharomyces), was reported as a genetic requirement
for fructophily in yeasts [67, 70]. Initial research suggested that the Ffz1 was a
prerequisite  for  the  trait  [71].  However,  more  genetic  studies  and  related
comparative genomics suggested that there was another transporter known as the
Ffz2 transporter family only found in the Zygosaccharomyces genus. This family
was shown to transport both glucose and fructose contrary to the Ffz1 fructose-
only transporter [70 - 72]. The trait is present only in Dikarya (Ascomycota and
Basidiomycota) and absent in all Basal fungi [67]. Comparative genomic analyses
of the Ffz genes from the Saccharomycotina and Pezizomycotina suggest that the
FFZ1  gene  was  not  present  in  the  most  recent  common  ancestor  of  the
Saccharomycotina [73]. Yeasts associated with fructose-rich niches are thought to
have  acquired  the  trait  through  HGT  from  the  filamentous  Ascomycetes  and,
Pezizomycotina  [67].  The  existence  of  this  gene  in  the  Dikarya  and  patchy
distribution in the Saccharomycotina (Fig. 2) suggest that there was a loss of the
gene in Saccharomycotina ancestor followed by acquisition from a species close
to Monascus, as described by Goncalves and co-workers [74]. This is evident as
the  FFZ1  gene  homologs  clustered  with  those  from  Pezizomycotina.
Zygosaccharomyces  fructophily  was  described  as  a  second  HGT  from
Wickerhamiella/Starmerella  clades  [67].
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Fig. (2).  Evolution of Ffz-like fructose transporter family among chosen Ascomycetous yeasts. This figure
was drawn based on results presented by Goncalves and co-workers [67].

FFZ1-like  genes  are  not  a  prerequisite  for  fructophily  based  on  the  finding  of
Cabral  and  co-workers  [63].  This  suggests  that  there  could  be  an  FFZ-like
independent  pathway responsible  for  fructophilic  behaviour.  In  agreement  with
this hypothesis, a recent genome sequencing study revealed that fructophilic W.
bombicola  and W. occidentalis  lacked the FFZ1  gene [74]. Yeasts did not only
evolve  to  grow efficiently  on  simple  sugars  in  nature,  but  they  have  also  been
contemporary with human civilization and are key drivers of many fermentation
processes. They evolved to express varying niche-specific traits. Invariably, the

 

 

S. cerevisiae 
S. paradoxus 
S. mikatae 

S. cariocanus 
S. kudriavzevii 

S. pastorianus 
S. bayanus S. servazzii 

S. unisporus 
A. telluris 

K. sinensis K. africanus 
K. viticola 

S. castellii 
S. dairenensis 

Candida glabrata 
K. delphensis 

K. blattae 
T. phaffii 

T. nanseiensis 
T. arboricola K. polysporus 

K. yarrowii 
Z. rouxii 

Z. mellis 
Z. bailii 
Z. bisporus 

Z. kombuchaensis 
Z. lentus Z. florentinuus 

Z. mrakii 
T. globosa 

T. franciscae 
T. delbrueckii 

L. fermentati 
L. thermotolerans 
L. kluyverii 

K. nonfermentans 
K. marxianus 

E. gossypii 
E. cymbalariae 

E. sinecaudum 

Schizosaccharomyces 
Dekkera/Brettanomyces 

Eremothecium 

Kluyveromyces 

Lachancea 

Torulaspora 

Zygotorulaspora 

Zygosaccharomyces 

Vanderwaltozyma 

Tetrapisispora 

Nakaseomyces 
Naumovozyma 

Kazachstania 

Saccharomyces Fructophilic yeasts   
Presence of Ffz1/Ffz2 

transporters 

H. valbyensis 
H. uvarum 

S. ludwigii 

W. cifferii 
W. anomala 

Neurospora 

Hanseniaspora 
Saccharomycodes 

C. albicans 

S.bombicola 

Wickerhamomyces 

Candida 

Starmerella 

Present 

Absent 

M. pulcherima 

D. hansenii 

C.auris 

Metschnikowia 
Debaryomyces 

Schefferomyces 

M. fructicola 

W. domercqiae 

K. lactis 

C. tropicalis 

S. stipitis 

W.  infanticola Wickerhamiella 

S. bombicola 
S. bacillaris 

Candida magnoliae 

Ffz1/Ffz2 �

Ffz1�



Origin and Evolution Yeasts: From Nature to Bioprocesses   11

early  fermentation  processes  occurred  spontaneously;  however,  human
interventions  have  promoted  the  adaption  of  microbes  to  man-made
environments,  thus  leading  to  the  development  of  wild  and  domesticated
microbial  lineages.

YEAST DOMESTICATION

Domestication  is  the  result  of  co-evolutionary  mutualisms  that  develop  in  the
context  of  active  niche  construction  by  both  humans  and  their  plant/animal
partners [75]. This niche construction, whether intentional or not, has shaped the
evolution of several yeast species. For instance, the evolution of Saccharomyces
spp., Lachancea thermotolerans, Torulaspora delbrueckii, Brettanomyces spp. as
well as Kluyveromyces spp., has been shaped by anthropisation, geographic origin
and  flux  between  ecosystems  often  mediated  by  humans,  birds,  animals  and
insects [15, 76 - 78]. The vast majority of microbial domestications seem to have
occurred through a  commensal  pathway in  which the  organisms first  started  to
habituate  to  a  human  niche  but  through  increasing  degrees  of  well-considered
human  actions  and  continuous  cultivation  evolved  and  acquired  traits  that
expedite  niche  specialization  [79].  Backslopping  is  one  such  ecosystem
engineering  practice.  In  backslopping,  brewers  re-used  the  yeast  sediment  to
inoculate  the  next  batch  [79,  80].  Such  transfers  allow  for  new  generations  of
species and strains that would have adapted to the changing environment of the
fermentation process and are, therefore, fit to be selected over time. Consequently,
further diversification driven by the ecology of specific niches is evident within
the  domesticated  populations  of  some  yeast  species  [15,  76].  Several
domestication  signatures  have  been  described  in  various  yeast  species  and  the
drivers of these signatures will be discussed in the sections below (Fig. 3).

The genetic differentiation of wild and domesticated strains is also reflected at the
phenotypic  level,  with  domesticated  strains  often  largely  displaying  industry-
specific traits for stress tolerance, sugar consumption and flavour production. For
instance, natural isolates of species such as S. cerevisiae, L. thermotolerans and T.
delbrueckii display inferior fermentation performances. Furthermore, within the
domesticated populations, sub-specialization for specific niches can be observed.
This is  seen within Saccharomyces  spp.,  where strains are specialized for beer,
bread,  sake  and  wine  [15],  while  in  T.  delbrueckii,  strains  sub-specialized  for
dairy products have been identified [76].
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Fig. (3).  Major domestication phenotypes in various yeast species. Phenotypes are coloured according to the
genetic driver of that phenotype. Orange = interspecific hybridization; yellow = horizontal gene transfer;
green = copy number variation; blue = genome decay. Arrows indicate increase (up) or decrease (down) of
specific phenotypes in domesticated strains. Adapted from Steensels et al.’s study [79].

Utilization of Carbon Substrates in Domesticated Yeast

Expansions of genes encoding enzymes responsible for the utilization of various
sugars  is  one  of  the  hallmarks  of  domestication  of  beer  and  wine  S.  cerevisiae
strains. For instance, beer strains exhibit a considerable expansion of the MAL3
locus,  which  includes  MAL31  (encoding  a  permease),  MAL32  (encoding  a
maltase)  and  MAL33  (a  transcription  factor),  with  most  strains  containing  6  or
more copies. Similarly, bread strains were enriched in copies of these genes, while
sake strains were not, and wine strains showed variations between 2-6 copies [81].
Moreover, SNVs of a particular allele of MAL11 (sugar transporter gene) in beer
strains  enhanced  the  utilisation  of  maltotriose,  a  carbon  source  found  in  beer
medium [82]. S. cerevisiae strains isolated from low glucose environments had an
increased number of hexose transporter genes, leading to higher expression and
increased glucose transport into the cell [83]. Transportation of glucose is carried



Origin and Evolution Yeasts: From Nature to Bioprocesses   13

out by the hexose transporter (HXT) gene family highly CN variable in wine yeast
strains.  In  this  group  of  strains,  HXT13,  HXT15,  and  HXT17  exhibited  CN
variation,  whereas  HXT1,  HXT6,  HXT7,  and  HXT16  are  more  commonly
duplicated,  and  HXT9  and  HXT11  are  more  commonly  deleted  [11,  84].

Cheese-derived  strains  of  S.  cerevisiae  were  found  to  contain  a  unique  region,
Region T, which carries GAL orthologues believed to have been acquired from an
unknown donor through trans-species introgression [85, 86]. These orthologues
replaced  the  GAL  gene  cluster  (GAL1,  GAL7  and  GAL10)  present  in  most  S.
cerevisiae strains by recombination. Furthermore, the cheese strains also harbor a
high-affinity  transporter  (Gal2)  and  specific  alleles  of  GAL4  and  GAL80  that
allow  the  strains  to  grow  on  galactose  [85].  Recently,  strains  in  the  genus
Torulaspora were shown to harbour larger GAL clusters, which in addition to the
GAL1-GAL10-GAL7  genes,  include  genes  for  melibiose  (MEL1),
phosphoglucomutase  (PGM1)  and  the  transcription  factor  (GAL4).  Together,
these  genes  confer  an  ability  to  catabolize  extracellular  melibiose  [87].  This
cluster is thought to have been acquired by HGT from Torulaspora franciscae to
T. delbrueckii, and from Torulaspora maleeae to strains of Torulaspora globosa.
However, the MEL1 gene is in most strains a pseudogene, with only one strain of
T. delbrueckii (CBS1146T), having a functional MEL1 [87].

In  Brettanomyces  species,  such  as  B.  bruxellensis  and  B.  nanus,  copy  number
expansions  of  ORFs  predicted  to  encode  several  glycosidases  involved  in  the
metabolism of fermentation substrates such as starch, galactose and sugars from
complex polysaccharides have been reported [88]. In addition, B. anomalus and B.
bruxellensis  seem  to  have  an  invertase  of  bacterial  origin  through  HGT  that
allows  them  to  utilize  sucrose  as  the  sole  carbon  source  [89].

Kluyveromyces species (K. marxianus and K. lactis) are the only yeast species that
can ferment lactose. This trait is associated with the acquisition of LAC12 (lactose
permease)  and  LAC4  (β-galactosidase)  genes.  K.  marxianus  is  thought  to  have
acquired the LAC4 gene via HGT from bacteria [90]. These genes, together with a
flocculin encoding gene (FLO), were then later acquired from a dairy strain of K.
marxianus into K. lactis through introgression (i.e., interspecies mating). The FLO
gene, which subsequently underwent frameshift mutations, is now a pseudogene
[86].  Within  K.  lactis,  two  varieties  exist,  i.e.,  K.  lactis  var  drosophilarum  is
lactose negative (found in plant and invertebrates) and K. lactis var lactis (dairy
products) is lactose positive [90].

ADAPTATION TO NITROGEN UPTAKE

Nitrogen acquisition is pivotal to the outcome of fermentation. Genes involved in
the utilization of amino acids and nitrogen, such as VBA3 and VBA5 (amino acid
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permeases), and PUT1 (a gene that aids in the recycling or utilization of proline),
are often duplicated in wine yeast [11]. One of the three genomic regions in wine
yeast (region C) was acquired through HGT from Torulaspora microellipsoides.
This  region  contains  the  FOT1-2  encoding  oligopeptide  transporters,  which
preferentially  assimilate  glutathione  and  oligopeptides  rich  in
glutamate/glutamine. These are some of the most abundant amino acids in grape
berry  cultivars  [91],  suggesting  that  the  FOT  transporters  may  give  yeasts  a
competitive edge during fermentation of musts from different cultivars or towards
the end of fermentation where nitrogen sources are scarce [92]. Other genes with
putative  functions  associated  with  nitrogen  metabolisms  such  as  asparaginase,
oxoprolinase, ammonium and allantoate transporters, as well as lysine and proline
transcription factors were also present in the genomic regions of wine yeasts [14,
93]. Brettanomyces custersianus and B. anomalus displayed large expansions of a
sarcosine  oxidase/L-pipecolate  oxidase  (PIPOX)  encoding  gene,  which  also
occurred in multiple copies in the other Brettanomyces species. PIPOX is a broad
substrate  enzyme  that  acts  on  several  N-methyl  amino  acids  and  D-proline,  an
abundant amino acid in winemaking [88].

Modifications in Thiamine Metabolism

Thiamine, commonly known as vitamin B1, is essential for all living organisms
because  its  active  form,  thiamine  pyrophosphate  (TPP),  is  an  indispensable
cofactor  of  enzymes  participating  in  amino  acid  and  carbohydrate  metabolism.
While some yeasts can synthesize this vitamin de novo, others cannot; but they
acquire  it  from  the  environment  through  the  thiamine  salvage  pathway.  With
respect to vitamins, the THI family of genes involved in thiamine or vitamin B1
metabolism are CN variables. THI13 is commonly duplicated, whereas THI5 and
THI12 were deleted in wine yeast strains. THI5 is associated with an undesirable
rotten egg smell and taste in wine [11]. Although this gene is deleted in most wine
strains, it is duplicated in other strains of S. cerevisiae, Saccharomyces paradoxus
and the hybrid species Saccharomyces pastorianus.

ADAPTATION TO ABIOTIC STRESSORS

Yeast  living  in  association  with  human  habitats  are  constantly  exposed  to
antimicrobial  agents  such  as  sulphites  (in  the  winery),  copper  sulphate  (in  the
vineyard), and antifungal drugs in clinical settings. These microorganisms have
developed  strategies  to  withstand  these  agents  [79].  For  example,  the  use  of
copper  sulfate  as  a  fungicide  in  the  vineyards  since  the  1880s  has  resulted  in
strains of S. cerevisiae that display increased resistance to CuSO4. This resistance
phenotype is driven by high copy numbers of CUP1 encoding the copper-binding
metallothionein  [14].  Sulphur  dioxide  (SO2)  is  added  to  grape  must  at  various
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stages of fermentation. In S. cerevisiae wine strains, the reciprocal translocation
between  chromosome  VIII  and  XVI  generated  a  dominant  allele  of  the  sulfite
pump, SSU1-R1, which is expressed at much higher levels than SSU1 and confers
a high level of sulfite resistance [14]. Another translocation between chromosome
XV and  XVI  allows  for  a  short  lag  phase  during  the  alcoholic  fermentation  of
grape juice.  Together,  these  two translocations  confer  a  selective  advantage by
shortening the lag phase in a medium containing SO2 [14].

Yeasts  in  clinical  settings  evolve  resistance  to  antimicrobials  through  various
mechanisms. In the yeast Candida albicans, drug resistance is facilitated by the
acquisition  of  aneuploidies,  in  particular,  the  duplication  of  the  left  arm  of
chromosome  5,  resulting  in  the  formation  of  an  isochromosome  i(5L),  which
harbours the azole target gene ERG11 and a transcriptional activator Tac1, which
regulates the efflux pumps Cdr1 and Cdr2 [94]. Moreover, numerous mutations in
the ERG11 and Upc2, the transcriptional regulator that causes the overexpression
of ERG11,  have been reported in response to azole exposure. The formation of
i(5L)  is  often  followed  by  a  loss  of  heterozygosity,  rendering  the  acquired
mutations homozygous, thereby conferring higher levels of azole resistance [95].
Similarly,  mutations  in  the  echinocandins  target  gene  FKS1  are  commonly
followed  by  a  loss  of  heterozygosity  [94].

Fermentative  conditions  are  stressful  environments  associated  with  nutrient
depletion  and  increases  in  ethanol,  and  wine  and  beer  yeasts  have  developed
strategies that favour their survival. One of these strategies is flocculation, which
is  controlled  by  the  FLO  family  of  genes.  Analysis  of  patterns  of  CNV in  this
gene  family  shows  frequent  duplications  in  FLO11  as  well  as  numerous
duplications  and  deletions  in  FLO1,  FLO5,  FLO9,  and  FLO10.  A  partial
duplication  in  the  serine/threonine-rich  hydrophobic  region  of  FLO11  is
associated with  the  adaptive phenotype of  floating to  the  air-liquid interface to
access  oxygen  among  “flor”  or  “sherry”  yeasts.  Another  strategy  is  the
hybridization of strains lacking a beneficial trait with those that have a trait that
will confer competitive fitness in a specific environment. In the Saccharomyces
clade, hybrids of S. cerevisiae and other species have been reported, especially in
the  wine  fermentation  and  brewing  environments.  Hybrids  thriving  in  brewing
mostly display the acquisition of cold tolerance from non-cerevisiae strains and
the  ability  to  use  maltotriose  from  S.  cerevisiae  strains  [80].  For  instance,  the
hybridization  of  Saccharomyces  eubayanus  and  S.  cerevisiae  generating  S.
pastorianus,  a  partial  allotetraploid,  has  enabled  cold  fermentation  and  lager
brewing  [90,  95].

Millerozyma farinosa is a hybrid osmotolerant yeast derived through interspecific
hybridization. This yeast has acquired specific stress resistance genes that allow it
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to thrive in high solute environments from both parents, albeit through unequal
contributions of its parents. Having been isolated from a 70% (w/v) concentrated
sorbitol  solution,  M.  farinosa  boasts  a  collection  of  genes  that  make  up  an
osmoregulatory  system  that  allows  for  the  production  and  intracellular
maintenance  of  glycerol  and  other  osmolytes.  Amongst  the  genes  involved  are
two  potassium  transporters,  HAK1  (high-affinity  K  transporter)  and  TRK1
(Transport of K); the P-type ATPase ACU1 mainly mediating efficient H+ uptake
in high NaCl environments, as well as the NHA1-2 Na+/H+ antiporter (involved in
Na+  and  also  K+  efflux  and  TOK1  (a  permeable  channel  for  K+  efflux)  are  all
involved  in  K+  homeostasis.  Furthermore,  this  yeast  has  H+/glycerol  symport
activity  and  lacks  the  glycerol  permease  responsible  for  glycerol  leakage
(aquaglyceroporin FPS1), thereby retaining the osmolyte in the cells. Through the
uniparental acquisition of MAL genes (MALX1, MALX2 and MALX3), this yeast
strain acquired the ability to hydrolyze maltose [96].

FLAVOUR PRODUCTION SPECIALISATIONS

Adaptation of industrial yeasts to specific niches has resulted in the accentuation
of  the  traits  that  are  desirable  for  humans  but  would  be  a  disadvantage  for  the
organisms in natural settings. An example of such domestication trait can be seen
in  beer  yeast  strains.  SNVs  have  led  to  the  loss  of  function  of  genes  in  S.
cerevisiae that result in the production of undesirable compounds, enhancing the
fitness of the yeast for beer production. An example of this is the loss of function
of genes related to ferulic acid decarboxylation, which leads to the production of
4-vinylguaiacol,  a  phenolic  compound  with  a  distinct  clove-like  aroma.  This
phenolic  compound  is  considered  an  off-flavour  in  most  beer  styles.  PAD1
(phenylacrylicacid  decarboxylase)  and  FDC1  (ferulic  acid  decarboxylase)
regulate the decarboxylation of ferulic acid to 4-vinylguaiacol [15]. In response to
human  selection  against  the  production  of  off-flavours,  different  strains  have
acquired different mutations. In many industrial brewing strains, the PAD1  and
FDC1 seem to be inactive and acquired a frameshift mutation or a premature stop
codon in the gene sequence [97, 98].

ELIMINATING SEXUAL REPRODUCTION

Domesticated yeasts have not only acquired traits that make them suitable for the
man-made  niche  environment  they  inhabit,  but  they  have  also  relaxed  the
selection of traits that are not advantageous or too costly in these environments.
This  results  in  gene  loss  or  pseudogenisation  of  genes  that  are  not  needed  for
survival, which is referred to as genome decay [80]. One of these traits is sexual
reproduction which helps yeasts adapt to new, harsh niches but plays a lesser role
in  more  favorable  environments.  A  genotypic  and  phenotypic  study  of  S.
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cerevisiae found that beer yeast strains have adapted to living in a nutrient-rich
environment and have become obligate asexual. Additionally, beer yeast lineages
had high levels of heterozygosity and lacked genetic admixture. This suggests that
heterozygosity was acquired during long periods of asexual reproduction rather
than through outbreeding [84].

EVOLUTION OF PATHOGENIC YEASTS

There  are  currently  nearly  1500  described  yeast  species.  While  most  of  these
species  are  non-pathogenic,  a  few  species  in  the  phylum  Ascomycota  and
Basidiomycota are opportunistic pathogens of humans and animals. Overall, the
ascomycetous yeasts, mainly members of the genus Candida, comprise the largest
group  of  pathogenic  fungi.  Amongst  the  basidiomycetous  yeasts,  the  major
pathogenic genera are Cryptococcus  and Malassezia.  Most fungal pathogens of
humans are opportunistic pathogens and acquire several virulence and virulence-
associated factors  through several  mechanisms.  These include gene duplication
and  subsequent  expansion  of  specific  gene  families  and  clusters,  telomeric
expansion,  gene  loss  and  pseudogenisation,  as  well  as  HGT [99].  In  the  genus
Candida,  tandem  duplication  and  expansion  of  gene  encoding  proteins  that
facilitate host recognition and adhesion has been reported. These include genes
encoding  Als  adhesins  and  Epa  family  in  Candida  albicans  and  Candida
glabrata, respectively [99, 100]. Moreover, gene families such as TLO involved in
morphogenesis and virulence and the IFF gene family, which confers neutrophil
resistance,  have  been  expanded  in  C.  albicans,  while  in  Candida  dubliniensis,
which is undergoing reductive evolution, they have already been lost or are in the
process  of  being  lost  through  pseudogenization  [99,  101].  Like  Candida  spp.,
pathogenicity in Cryptococcus can be attributed to various virulence factors, e.g.,
adherence  to  host  tissues,  biofilm  formation,  and  secretion  of  extracellular
enzymes such as proteases, ureases and phospholipases [102, 103]. However, the
most  prominent  feature  shared  by  many  pathogenic  fungi  is  dimorphism.
Morphogenesis  promotes  host  invasion  and  evasion  by  dimorphic  fungi.  The
widely  characterized  human  pathogens  Candida  albicans  and  Cryptococcus
neoformans  are  trimorphic,  showing  the  ability  to  transition  between  yeast
morphology,  pseudohyphae  and  hyphae.  In  C.  albicans,  the  yeast  phase  is
important for dissemination within the host while the hyphal growth is essential
for infection and colonization of host tissues and for biofilm formation on catheter
and mucosal surfaces, while in Cryptococcus spp., the yeast form is responsible
for  human  infections  [104].  Cryptococcus  neoformans  and  member  of  the
Cryptococcus  gattii  species  complex  are  encapsulated,  and  genes  directly  or
indirectly  associated  with  capsule  formation  are  crucial  for  virulence  and  have
been shown to play a role in resistance to oxidative stress, antimicrobial peptides
and phagocytosis [102, 103].
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The  C.  neoformans/C.  gattii  pathogenic  species  complex  has  not  been  as
extensively studied as members of the genus Candida; nevertheless, phylogenetic
studies  revealed  that  the  pathogenic  lineages  originated  from  non-pathogenic
saprobic species. Their divergence is largely attributed to chromosomal alterations
in the MAT loci [103]. The two lineages differ in certain biochemical, ecological,
and pathological features; however, they display several evolutionarily conserved
signaling pathways crucial for the pathobiology of both species. These include the
cAMP/PKA  pathway  which  is  involved  in  the  production  of  the  capsule  and
melanin,  as  well  as  the  calmodulin/calcineurin  pathway,  which  plays  a  role  in
thermotolerance,  virulence  and  cell  wall/membrane  integrity  in  both  species
[105].

While yeast belonging to the genera Candida and Cryptococcus are regarded as
the  most  important  pathogens,  there  are  other  yeasts  such  as  Malassezia  and
Coccidioides  spp.  that  can  cause  severe  diseases  in  humans.  These  yeasts  also
display  morphogenesis  as  a  key  trait  associated  with  virulence.  For  instance,
under certain conditions, Malassezia populations can switch between yeasts and
hyphyae  or  pseudophyphae  both  of  which  express  different  virulence  factors.
Similarly,  Coccidioides  species  such  as  Coccidioides  immitis  and  Coccidioides
posadasii  can  produce  spherules  that  release  endospores  into  host  tissues.  The
endospores  would  subsequently  germinate  to  produce  hyphal  growth  or  more
spherules  [106].

Overall, dimorphism is a widespread trait amongst pathogenic fungal species of
plants,  insects,  humans  and  other  mammalian  hosts  [2].  Most  of  the  fungal
pathogens  can  primarily  proliferate  either  as  budding  yeasts,  pseudohyphae  or
hyphae. These morphological switches aid pathogens in adhesion to host tissues,
dissemination through the body, and manipulation of the host immune responses.
Here,  we have highlighted mainly those fungi  that  predominantly  exist  in  their
unicellular form in nature and not those that thrive mainly as saprotrophic moulds
but can convert to yeast phase upon tissue invasion.

CONCLUDING REMARKS

In  the  past  two  decades,  advances  in  molecular  techniques,  as  well  as  the
accessibility  of  omics  technologies  and  associated  bioinformatics  tools,  have
revolutionized  population  genetic  studies.  Indeed,  genome  sequencing  has
improved our understanding of the evolutionary divergence of yeast species and
strains.  However,  studies  into  the  evolutionary  history  of  yeast  adaptation  to
various niche environments are still in the early stages, and only a few industrially
relevant  and  pathogenic  yeasts  have  received  research  attention.  Indeed,  the
adaptation of S. cerevisiae  to various man-made environments has been widely
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described. Similarly, a lot of insight has been gained regarding the genus Candida
and the pathogenicity of species in this genus. This chapter has detailed the origin
of  yeasts  and  the  mechanisms  underpinning  the  evolution  of  a  few  widely
researched species. However, these are less than a drop in the ocean of thousands
of  yeast  species  known  to  man.  Numerous  yeast  species  have  been  isolated  in
extreme  environments  such  as  deserts,  volcanoes,  deep  oceans,  glaciers,
stratosphere,  etc.  These  extremophilic/extremotolerant  yeasts  have  evolved
numerous adaptation strategies to overcome the negative effects that characterise
their extreme environments; however, the adaptive evolutionary history of these
organisms requires further investigations.
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CHAPTER 2

Ecology: Yeasts on their Natural Environment
Sergio Álvarez-Pérez1,*

1  Department  of  Animal  Health,  Faculty  of  Veterinary  Medicine,  Complutense  University  of
Madrid, Madrid, Spain

Abstract: Yeasts are prevalent in most habitats on Earth, where they often reach high
abundance and establish species-rich communities. To date, most research efforts have
focused  on  cataloging  the  prevalence  and  diversity  (at  the  phylogenetic  and/or
physiological level) of yeasts in different habitats and searching for reservoirs of novel
yeast taxa. However, little is known regarding the ecological roles that yeasts play in
their  natural  habitats  or  the  relationships  that  they  maintain  with  other  coexisting
organisms. This chapter provides a general overview of yeast habitats, with attention to
the response of yeasts to diverse abiotic and biotic factors. Furthermore, the chapter
presents  a  detailed  description  of  some  relevant  systems  where  yeasts  interact  with
other  macro-  and  microorganisms,  namely  the  insect  microbiome,  phylloplane,
decaying  cactus  tissues,  angiosperm  flowers,  human  microbiome,  and  industrial
processes.  Future  challenges  in  the  study  of  yeast  ecology  are  briefly  discussed.

Keywords:  Anthropogenic  environment,  Aquatic  habitat,  Atmosphere,  Cactus,
Community,  Dispersal,  Diversity,  Ecology,  Environmental  factor,  Evolution,
Floral nectar, Flower, Human mycobiome, Industrial process, Insect microbiome,
Multipartite interaction, Phylloplane, Soil, Symbiosis, Yeast.

INTRODUCTION

Virtually,  all  ecosystems  on  Earth  contain  yeasts.  These  taxonomically  and
phylogenetically  diverse  unicellular  fungi  colonize  most  terrestrial  and  aquatic
habitats,  including  those  most  inhospitable,  and  can  also  be  found  in  the
atmosphere [1 - 5]. Furthermore, many yeast species are integral to human society
as they are involved in the production of diverse food products, beverages, and
industrial chemicals, and may act as human or animal pathogens. In addition, they
provide  excellent  study  models  for  use  in  cell  biology  and  other  disciplines.
However, the ecology of most known yeast species is still poorly understood, and
even  the  natural  habitats  of  renowned  model  yeasts  such  as  Saccharomyces
cerevisiae  are  far  from  being  fully  characterized  [6,  7].
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An  important  hurdle  in  the  study  of  yeast  ecology  is  that,  until  recently,  most
studies of yeast presence in natural and anthropogenic environments have utilized
culture-based  approaches,  which  tend  to  be  biased  toward  the  most  abundant
members  of  a  community  and  often  neglect  low-abundance  and  slow-growing
species  [4,  8,  9].  Additionally,  the  use  of  different  sampling  strategies,  culture
media,  and  incubation  conditions  has  made  it  difficult  to  compare  the  results
obtained in different studies. Fortunately, recent developments in next-generation
sequencing and other DNA-based culturing-independent methods have improved
our knowledge regarding the diversity and habitat distribution of yeasts and other
fungi in nature [10, 11].

This chapter provides a general overview of yeast habitats, with a special focus on
the response of yeasts to diverse environmental factors. Subsequently, it  delves
into a more detailed description of some systems where yeasts interact with other
macro-  and  microorganisms,  often  participating  in  multipartite  interactions.
Finally,  future  challenges  in  the  study  of  yeast  ecology  are  briefly  discussed.

YEAST HABITATS

Yeast  abundance  and  diversity  in  natural  and  anthropogenic  habitats  are
determined by a variety of abiotic and biotic factors that frequently exhibit spatial
heterogeneity and temporal variation (Table 1). In addition, such growth-limiting
factors usually come into force together and simultaneously, mutually influencing
each other, so that the outcome of these interactions may be difficult to predict [2,
3]. Moreover, there are large-scale phenomena, such as climate and biogeography,
which  manifest  themselves  through  changes  in  abiotic  and  biotic  factors  (e.g.,
temperature, humidity, solar radiation, soil composition, vegetation, and animal
vectors) [2].

Table 1. Overview of the main environmental factors that influence the metabolic activity, growth, and
survival of yeasts [2, 3, 5].

Factors Short Description

Temperature Temperature influences yeast growth and generation time. Most yeasts are mesophilic, and
grow  best  between  20  and  30  °C.  Some  species,  mostly  pathogens  of  warm-blooded
animals, can grow at 37 ºC. The few yeast species capable of growing at 48–50 ºC are
considered  thermotolerant,  rather  than  truly  thermophilic.  Temperatures  >50  °C  are
usually lethal for vegetative yeast cells. The lower temperature limit of growth for some
psychrotolerant  species  may  extend  below  0  °C,  if  water  remains  fluid  (e.g.,  in  salty
seawater).

Light and solar
radiation

Yeasts  are not  photosynthetic organisms,  so illumination is  not  a  requirement for  their
existence. However, ultraviolet radiation can be lethal.
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Factors Short Description

Pressure Under natural conditions, the normal atmospheric pressure does not affect yeast growth.
However, in the deep sea and some industrial processes, yeast cells must withstand high
pressure. The viability of yeast cells decreases with increasing pressures above 100 MPa,
and the cells are destroyed between 200 and 300 MPa.

Water activity Water  availability,  generally  expressed  as  water  activity  (aw),  is  an  important  factor
affecting yeast growth. Most yeasts can grow well at water activities 0.95–0.90. Only a
few  yeast  species  require  reduced  water  activity  and  are  considered  truly  xerophilic.
Nevertheless, many yeast species can grow at high sugar and/or high salt concentrations
and are classified as xerotolerant.

Oxygen
dependence

Yeasts are basically aerobic organisms. Fermentative yeasts, which represent around half
of the species described to date, are only facultative anaerobes.

pH In general, yeasts prefer a slightly acidic medium and have an optimum pH between 4.5
and 5.5, but most species tolerate a wide range of pH values (generally between 3 and 10).
Some species can grow at a strongly acidic pH (≤1.5). The tolerance to low pH depends
on the type of acidulant, with organic acids possessing a stronger inhibitory effect than
inorganic  acids.  Although  acidic  conditions  are  better  tolerated  than  alkaline  ones,
numerous  yeast  species  can  thrive  at  pH  above  10.

Nutrient
availability

Yeasts require some sources of carbon, nitrogen, mineral salts, and certain vitamins and
growth  factors.  Differences  among  yeast  species  in  their  ability  to  assimilate  specific
nutrients play a major role in habitat specificity. In general, cosmopolitan yeast species are
generally the most heterogeneous in their nutritional abilities, whereas yeasts that have
specialized habitats exhibit narrower nutritional potentials.

Presence of
toxic
compounds

Ethanol,  which  is  the  main  product  of  alcoholic  fermentation,  exerts  a  toxic  effect  on
various yeast species. Saccharomyces cerevisiae can tolerate 13–15% ethanol, and some
strains  even  >18%.  Carbon  dioxide  (CO2),  which  is  the  second  product  of  alcoholic
fermentation, rarely accumulates at inhibitory concentrations under natural conditions, but
yeasts  living  in  the  intestinal  tract  of  animals  may  be  subjected  to  high  CO2

concentrations. CO2  can dissolve in water and, depending on the pH, form bicarbonate
ions that inhibit yeast growth. Acetate, lactate, and other weak organic acids widely used
as  preservatives  in  the  food  industry  (e.g.,  benzoic  and  sorbic  acid)  exert  specific
inhibitory effects on yeasts. Plant and animal tissues contain diverse compounds that may
inhibit yeast growth.

Interaction with
other organisms

In their natural habitats, yeasts often interact with different macro- and microorganisms.
Such interactions can be facultative or obligate, mutual or unidirectional, and they may
have  a  positive  (+),  negative  (-)  or  neutral  (0)  effect  on  the  partners  involved.  The
following  modalities  are  possible:  mutualism  (+/+  interaction),  competition  (-/-),
commensalism  (+/0),  amensalism  (-/0),  and  predation/parasitism  (+/-).

Among all  the yeast  species  found in any habitat,  it  is  important  to  distinguish
those that are essential components of the community from those that are transient
members [4]. Moreover, while some yeast species are ubiquitous generalists that
occupy a wide geographic range and can dwell in different habitats, other species
seem to have a more restricted distribution [5]. Determining whether a given yeast
species  is  an  essential  or  transient  member  of  the  community,  or  is  a  habitat

(Table 1) cont.....
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generalist  or  specialist,  may  be  challenging,  especially  when  environmental
surveys are based on culture-based approaches.  Furthermore, advances in yeast
taxonomy have shown that some species previously considered habitat generalists
actually belong to species complexes, including several morphologically similar
sibling species  that  may differ  in  their  habitat  and/or  geographical  distribution.
This is the case, for example, of Saccharomyces paradoxus, which was previously
regarded as a variety of S. cerevisiae [12], and of the ‘Sporopachydermia cereana
species complex’, which includes at least ten different cryptic species of cactus-
inhabiting yeasts [13]. Hybridization and introgression phenomena may result in
fuzzy boundaries between sibling species that further complicate the study of their
ecology  and  biogeographic  distribution  [12].  (note  that  "complicate"  refers  to
"fuzzy boundaries").

A brief account of the different factors that determine the distribution of yeasts in
soils,  aquatic  habitats,  the  atmosphere,  polar  and other  terrestrial  cold  habitats,
and human-made environments is provided below.

Yeasts in Soil

A wide diversity of yeasts form part of the microbial communities of natural soils
and soils exposed to different degrees of human intervention (e.g.,  agricultural,
orchard, vineyard, and pasture soils) [3, 14 - 18]. In all these cases, yeasts may be
found in the bulk soil, the rhizosphere of plants, and/or in association with diverse
animals [17, 19].

In  general,  most  soils  are  highly  heterogeneous  habitats  in  which  microbial
abundance and diversity are unevenly distributed [9, 14, 19]. Yeast abundance in
soils depends on different factors acting at the macro- and microscales, including
the type of soil, local plant diversity, and the availability of water and different
nutrients  [9,  15,  17].  Moreover,  yeast  abundance  typically  decreases  with  soil
depth, a trend that is explained by the reduced amount of nutrients and oxygen
present in the lower soil horizons [9, 19]. The application of fungicides and other
toxic  agrochemicals,  some  of  which  may  persist  for  a  long  time  in  the
environment, can also determine the abundance and species composition of soil
yeast communities [15]. Additionally, some yeast species display spatial and/or
temporal  restrictions  in  their  distributions,  as  they  have  been  exclusively  or
preferentially  found  in  particular  soil  horizons,  localities,  and/or  seasons  [15].
Nonetheless,  yeasts  are  generally  less  abundant  in  soil  than  bacteria  and
filamentous fungi, which together account for more than 90% of the microbial soil
biomass [3, 9, 15, 19]. In fact, yeast abundance rarely exceeds 103 cells/g of soil,
although counts >106 cells/g are occasionally found in soils containing abundant
organic matter [9, 15, 17].
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Extensive  lists  of  yeast  taxa  found  in  soil  have  been  published  in  different
comprehensive reviews [15, 16, 19]. Soil yeast communities are often dominated
by  Cryptococcus,  Cystofilobasidium,  Sporobolomyces,  Rhodotorula,  and  other
genera  of  basidiomycetous  yeasts,  although  ascomycetous  yeasts,  such  as
Candida spp., Debaryomyces hansenii, Geotrichum spp., and Hanseniaspora spp.,
are also frequently isolated [3, 15, 16, 19]. However, it must be noted that most
currently available knowledge of soil yeasts is biased toward temperate and boreal
forests,  whereas  data  from  other  regions,  particularly  from  the  Southern
hemisphere, are scarce [16, 17]. In addition, not every yeast species found in soil
is an autochthonous inhabitant, as some species may originate from plant litter,
decaying fruits, animal frass, or other sources [15 - 17]. Soils have traditionally
been regarded as reservoirs of yeasts coming from elsewhere [9].

Despite their polyphyletic nature, most soil yeasts possess common traits that help
them  thrive  in  their  habitat,  including  a  wide  spectrum  of  metabolic  activities
enabling them to utilize L-arabinose, D-xylose, cellobiose, and other hydrolytic
products  of  plant  materials  generated  by  mycelial  fungi  and  bacteria  [14,  19].
Nitrogen  oligotrophy  is  another  widespread  trait  of  soil  yeasts  and  confers  an
advantage when in competition with other microbes [14, 16, 19]. Moreover, some
soil yeasts, including members of the genera Cryptococcus and Lipomyces, have a
remarkable  ability  to  produce  extracellular  polymeric  substances  (EPS)  that
sequester and concentrate nutrients, and help them prevent desiccation [3, 14, 16,
19].

An  overview  of  the  ecological  functions  attributed  so  far  to  soil  yeasts  is
presented  in  Fig.  (1).  These  functions  include  the  enhancement  of  plant  root
growth  and  protection  of  plants  against  root  pathogens,  the  mineralization  of
organic  matter,  the  solubilization  of  insoluble  phosphates  rendering  them
available  for  plants  and  other  soil  microorganisms,  their  contribution  to  soil
aggregation and stability and rock weathering, and their role as prey for other soil
inhabitants [3, 14 - 17, 19]. A better understanding of these and other unidentified
functions  may  provide  insight  into  the  ecological  importance  of  soil  yeasts  in
relation to their prokaryotic counterparts and contribute to the future development
of more sustainable agricultural practices [14].
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Fig. (1).  Overview of the ecological functions attributed to soil yeasts [3, 14 - 17, 19]. Soil-inhabiting yeasts
are prey for other organisms, including arthropods, bacteria, nematodes, protists, and other fungi (A). Yeasts
can  also  enhance  plant  growth,  either  directly  (e.g.,  by  producing  diverse  plant  growth  regulators)  or  by
stimulating mycorrhizal colonization of roots (B). Moreover, some yeasts can antagonize diverse fungal root
pathogens, nematodes, and protists (C). Additionally, yeasts participate in the mineralization of soil organic
matter  and  the  solubilization  of  insoluble  phosphates,  rendering  them  available  for  plants  and  other
microorganisms  (D).  Finally,  yeasts  can  contribute  to  rock  weathering  and  soil  formation  (E)  and  soil
aggregation and stability  via  the  production of  extracellular  polymeric  substances  that  bind soil  particles
together, thus increasing soil porosity and water-holding capacity (F).

Yeasts in Aquatic Habitats

Aquatic ecosystems remain frequently overlooked as fungal habitats, even when
phylogenetically and functionally diverse species of mycelial fungi and yeasts are
ubiquitous  components  [20].  In  general,  it  is  considered  that  the  unicellular
morphology  of  yeasts  makes  them  better  suited  than  mycelial  fungi  to  fluid
systems,  and  yeasts  seem  to  be  the  predominant  fungal  form  in  some  aquatic
habitats, such as marine water, the deep open ocean, and hydrothermal vents [4,
20 - 23]. However, there is still limited information regarding the factors affecting
the  diversity  and distribution patterns  of  aquatic  yeasts,  and distinguishing any
given yeast species as a transient or resident inhabitant of aquatic habitats remains
challenging [23, 24].

Most yeasts recovered from water sources are actually associated with terrestrial
habitats (e.g., plant sources, soil, effluents from human activity, etc.) and arrive in
aquatic  habitats  through  runoff  phenomena  [4,  21,  23,  24].  Nevertheless,  the
overall abundance of yeasts and the proportion of allochthonous species depend
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on a variety of factors, including the amount of organic matter, the surrounding
vegetation, and the presence of human activity [22 - 24].

Detailed lists of the yeast species found in diverse aquatic habitats are available in
the literature [21 - 25]. Although the species most commonly found in freshwater
and  seawater  (e.g.,  Aureobasidium  pullulans,  Debaryomyces  hansenii,  and
Rhodotorula  mucilaginosa)  are  considered  ubiquitous,  the  fact  that  some  other
species  are  endemic to specific  regions suggests  that  geographical  patterns and
local  conditions  could  influence  the  distribution  of  aquatic  yeast  communities
[24]. An example of aquatic yeast endemism is Metschnikowia australis, a species
that has only been found in Antarctica, both in seawater and in association with
macroalgae and marine invertebrates [26, 27].

Freshwater Habitats

Yeasts  are  prevalent  in  rivers,  lakes,  lagoons,  and  other  freshwater  habitats
worldwide [23, 24, 28]. In general, yeast species richness in lakes and rivers is
higher in tropical environments than in temperate and cold environments, which is
probably due to the occurrence of denser and more diverse plant communities in
the  former  [24,  28].  Yeast  communities  from  tropical  lakes  are  dominated  by
basidiomycetous  yeasts,  whereas  there  seems  to  be  no  dominance  of  either
ascomycetous or basidiomycetous taxa in temperate lakes and rivers [24]. Most
lakes  in  temperate  regions  are  characterized  by  a  seasonal  pattern  of  alternate
cycles  of  layering  and  complete  mixing,  but  the  effects  of  seasonality  on  the
abundance and species diversity of aquatic yeasts are mostly unknown (but see,
for example [29]). Some highly acidic rivers and lakes, such as those located in
the Iberian Pyrite Belt (southwest of the Iberian Peninsula) and the Rio Agrio and
Lake Caviahue system (Argentine Patagonia), have received particular attention
as  habitats  for  extremophilic  yeasts  [30,  31].  In  contrast,  although  yeasts  and
yeast-like  fungi  have  also  been  found  in  groundwater  aquifers  from  different
countries [23, 32, 33], groundwater yeast communities have been understudied.

Marine and Oceanic Habitats

Yeasts  have  been  found  in  all  oceans  worldwide,  in  habitats  ranging  from
nearshore environments to oceanic surface waters and deep-sea sediments [21, 23
-  25,  34].  Nearshore  waters  usually  contain  10–103  yeast  cells/L,  whereas  <10
cells/L  are  typically  found  in  open  ocean  and  deep-sea  regions  [3,  21,  25].
Traditionally,  it  has  been  thought  that  the  yeast  species  found  in  marine  and
oceanic habitats have physiological adaptations to overcome the adverse effects of
salinity and high hydrostatic pressure. However, most yeast species found in other
habitats  can  grow  in  media  containing  salt  concentrations  exceeding  those
normally  present  in  the  sea,  and  few  marine  yeasts  truly  have  a  physiological
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dependence on sodium chloride or other seawater components [23, 25]. Moreover,
except in the proximity of hydrothermal vents, where water temperature can reach
400 ºC, the average temperature in most parts of the deep sea ranges from -1 to 4
ºC,  which  means  that  the  yeasts  of  this  habitat  should  be  adapted  to  cold
conditions  [35].

In general,  marine yeasts  may be either  terrestrial  species  that  were introduced
into  coastal  waters  or  endemic  marine  species  whose  life  histories  occur  in
specific marine habitats [21]. Nearshore areas are subject to terrestrial influx due
to natural drainage and human activities [21, 24]. Information regarding the yeast
communities  inhabiting  offshore  areas  is  scarce,  as  research  in  the  open
ocean—particularly,  in  the  deep  sea—is  expensive  and  methodologically
challenging  [21,  24].  The  isolation  frequency  of  yeasts  usually  decreases  with
increasing  distance  from  the  coastline  and  depth,  but  phylogenetically  diverse
yeasts  have  also  been  discovered  in  the  deep  sea,  where  they  seem  to  be  the
predominant  fungal  representatives  [25,  36].  Yeasts  of  the  genera  Candida,
Cryptococcus, Debaryomyces, Exophiala, Pichia, Rhodosporidium, Rhodotorula,
and Trichosporon,  as  well  as  isolates  representing undescribed taxa,  have been
isolated  from water  and  animals  surrounding  deep-sea  hydrothermal  vents  [37,
38].

Other Aquatic Habitats

Estuaries, salt marshes, and phytotelmata (i.e., small water bodies held by leaves
or flowers of plants or in tree holes) often contain high nutrient levels resulting
from  terrestrial  runoff  and  the  degradation  of  leaf  litter  and  other  organic
materials,  which  permits  the  development  of  large  yeast  populations  [22,  25].
Moreover,  the  concentration  of  nutrients  in  these  areas  favors  the  feeding  and
breeding  sites  of  many  animals  that  can  vector  yeasts  [22].  Human-associated
yeasts  such  as  Candida  glabrata,  Candida  tropicalis,  Candida  parapsilosis,
Pichia kudriavzevii, and Meyerozyma guilliermondii are frequently found in these
ecotone habitats and can serve as pollution indicators [22].

Yeasts in the Atmosphere

The atmosphere has been traditionally regarded as a mere reservoir or dispersal
medium  for  yeasts  and  other  microorganisms,  rather  than  a  habitat  capable  of
supporting  their  growth  and  reproduction  [5,  39].  Although  yeasts  have  been
found in air and clouds [40 - 45], there is still limited information regarding their
actual abundance and species diversity in this habitat.  Furthermore, beyond the
possible participation of yeasts as cloud condensation nuclei [45], little is known
regarding their role in the atmosphere.
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Yeast cells may become airborne because of wind, active ballistoconidia dispersal
from  phylloplane  species,  and  human  activity  [3].  Regardless  of  their  origin,
yeasts in the atmosphere are exposed to growth-inhibiting factors such as solar
radiation, desiccation, low temperatures, low nutrient availability, oxidants, and
rapid salinity fluctuation [5, 39, 41]. Furthermore, thunderstorms and other natural
meteorological phenomena can carry aerosol particles from the troposphere to the
stratosphere,  where  the  action  of  the  aforementioned  stressors  intensifies  [46].
Therefore, the atmosphere may act as an efficient filter for yeast diversity during
long-range dispersal. Nevertheless, some extremophilic yeasts such as Naganishia
friedmannii  and  other  members  of  the  genus  Naganishia  (formerly  known  as
Cryptococcus  albidus  clade)  can  withstand desiccation,  intense  UV irradiation,
and  low  pressure  and  temperature,  and  seem  to  be  adapted  to  airborne
transportation, which might explain their abundance in high-elevation soils [46,
47].  Other  yeasts  and  yeast-like  fungi  frequently  found  in  the  atmosphere  are
members  of  the  basidiomycetous  genera  Bullera,  Cryptococcus,  Dioszegia,
Rhodotorula, and Sporobolomyces, and the ascomycetous genera Aureobasidium
and Exophiala [3, 40, 44, 45].

Yeasts in Polar and other Terrestrial Cold Habitats

The main terrestrial cold habitats on Earth are Antarctica (~14 million km2), the
Arctic  (~4  million  km2),  and  the  subarctic  region  composed  by  the  continental
lands  and  islands  surrounding  the  ice-covered  Arctic  Ocean  (approximately
between  50ºN and  70ºN in  latitude)  [48  -  50].  Outside  the  poles  and  subarctic
region, cold habitats are mostly represented by the glaciers and permafrost soils
found  in  the  Himalayas,  Andes,  and  European  high  mountains  [48,  50,  51].
Glacial  lakes  and  lagoons,  glacial  sediments,  cryoconite  holes  (i.e.,  holes  in  a
glacier’s surface caused by sediment melting), and snowpacks that accumulate for
extended periods of time in high altitudes also represent important nonpolar cold
habitats [24, 50 - 52].

Although  some  yeasts  found  in  cold  habitats  are  obligate  psychrophiles  (i.e.,
microorganisms with an optimum growth temperature ≤15 ºC, an upper growth
temperature of about 20 ºC, and a minimum growth temperature of 0 ºC), most of
them are psychrotolerant microorganisms that can grow across a wide range of
temperatures and have growth optima of >20 ºC [48, 49, 51]. Moreover, in most
of cold habitats, low temperature is often associated with other growth limiting
factors, such as low water and nutrient availability, high hydrostatic pressure, and
increased exposure to ultraviolet (UV) radiation, which render such habitats very
inhospitable for life [24, 48 - 51]. Accordingly, the yeasts present in cold habitats
display remarkable nutritional plasticity and some other adaptations, such as the
production  of  cold-active  enzymes,  anti-freezing  compounds,  and  extracellular
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polymers that protect cells against the damaging effects of subzero temperatures,
the  possession  of  an  increased  proportion  of  unsaturated  fatty  acids  in  their
cytoplasm  membranes  to  preserve  their  fluidity  at  low  temperatures,  and  the
production of different pigments and other photo-protective compounds [24, 48 -
51].  These  singular  traits  make  cold-adapted  yeasts  very  attractive  for  diverse
biotechnological applications [48].

In general, yeast diversity in cold habitats is dominated by Basidiomycota taxa,
such  as  the  genera  Cryptococcus,  Cystobasidium,  Dioszegia,  Filobasidium,
Glaciozyma, Goffeauzyma, Leucosporidium, Mrakia, Naganishia, Papiliotrema,
Phenoliferia,  Rhodotorula,  Solicoccozyma,  and  Vishniacozyma,  although  some
ascomycetous yeasts such as Aureobasidium pullulans, Debaryomyces hansenii,
and Candida spp. are also frequently found in polar and non-polar locations [48 -
51]. However, there is still very limited information about the actual composition
of the yeast communities of most cold habitats on Earth. Similarly, although it has
been postulated that yeasts could participate in organic matter decomposition and
nutrient  cycling  inside  glaciers  and  ice  sheets  [51],  the  ecological  relevance  of
yeasts in cold habitats remains clearly understudied.

Yeasts in Anthropogenic Habitats

Apart from being found in diverse types of managed soils (see ‘Yeasts in soil’),
yeasts are present in many other anthropogenic habitats. For instance, wet areas
within  houses  (e.g.,  kitchens,  bathrooms,  and  domestic  saunas)  and  household
appliances  are  inhabited  by  diverse  yeast  and  yeast-like  species  [53  -  55].  In
general, these indoor yeasts can form biofilms on synthetic and metal materials,
and  they  have  adaptations  that  allow  them  to  tolerate  multiple  stress  factors,
including the production of extracellular polysaccharides, the ability to degrade
cleaning agents, and their tolerance to high or low temperatures, as well as high
salt concentrations and alkaline pH [54, 55]. Notably, indoor yeast communities
include  some  species  that  are  regarded  as  potential  pathogens  that  may  pose  a
significant  health  risk  (e.g.,  if  they  are  present  in  the  houses  of
immunocompromised  individuals),  such  as  members  of  the  genera  Candida,
Cryptococcus, Exophiala, Malassezia, Rhodotorula, and Trichosporon [53 - 55].

Other  anthropogenic  habitats  widely  analyzed  for  yeast  presence  include
swimming pools [56, 57], hospitals [58, 59], and the food and beverage industry
[60, 61]. In all these cases, published reports have mostly focused on studying the
abundance and diversity of pathogenic and/or spoilage yeasts.
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INTERACTION WITH OTHER ORGANISMS

In all the habitats mentioned in the previous section, yeasts can be found as free-
living  microorganisms  or  in  association  with  different  macro-  and
microorganisms. These interactions can be of different nature and distinctly effect
each  partner.  The  ecological  typing  of  interactions  distinguishes  the  following
modalities: mutualism (+/+ interaction), competition (-/-), commensalism (+/0),
amensalism  (-/0),  and  predation/parasitism  (+/-)  [62,  63].  Moreover,  yeast
interactions with other organisms can be facultative or obligate, and they can vary
in specificity and symmetry, sometimes depending on the genetic background of
the partners and/or the environmental conditions [64]. In addition, the outcome of
the  interaction  may  depend  on  the  order  and  timing  of  arrival  of  the  different
species to the habitat, a process known as priority effects [5].

A  thorough  review  of  all  the  ecological  interactions  of  yeasts  with  other
organisms  is  beyond  the  scope  of  this  chapter.  Instead,  I  will  focus  on  some
emblematic systems that have been the object of intensive research during the last
decades, namely, the insect microbiome, the phylloplane, the decaying tissues of
cacti, the flowers of angiosperms, the human microbiome, and diverse industrial
processes.

Yeasts in the Insect Microbiome

Insects are the most diverse group of animals on Earth and, by far, they represent
the  most  important  vectors  of  yeasts  in  nature  and  one  of  the  most  important
reservoirs of yeast diversity [3, 9, 65].

Insects engage in a remarkable array of symbiotic interactions with yeasts, which
range  from parasitic  to  mutualistic  [66,  67].  Moreover,  insect–yeast  symbioses
often  include  plants  as  a  third  partner.  In  most  cases,  yeasts  are  housed  in  the
gastrointestinal tract of insects, and their relationship with the host seems to be
facultative [67]. Yeast access to the gastrointestinal tract occurs by ingestion of
food  sources  colonized  by  the  microorganism,  or  through  coprophagy  or
trophallaxis  [67].  The  structure  and  physiology  of  the  insect  gut  vary  among
insect  orders  and  within  an  individual  over  different  life  stages,  especially  in
insects  with  holometabolous  life  cycles,  and such physiological  differences  are
likely to affect yeast growth [67 - 69]. In addition, some insects have specialized
body  structures  to  host  microbes,  such  as  gastric  caeca  and  mycangia
(invaginations of the exoskeleton to carry fungal spores or yeast cells) [66 - 68,
70].

Obligate interactions between insects and microbial symbionts are common, but
mostly involve bacterial partners rather than fungi [66]. Nevertheless, intracellular
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(endosymbiotic) yeast-like symbionts, often located within specialized cells in the
fat body known as mycetocytes, have been associated with planthoppers, aphids,
and leafhoppers [66, 68]. Such yeast-like symbionts are present in all stages of the
insect life history and are vertically transmitted across generations via transovarial
infection [66, 68]. Three different hypotheses have been proposed to explain the
evolutionary  origin  of  endosymbiotic  yeast-insect  associations:  i)  the  yeast
symbionts  may  be  derived  from  pathogenic  parasites  or  nonpathogenic
commensals; (ii) the yeast symbionts may be the descendants of phytopathogenic
or  saprophytic  fungi;  or  (iii)  the  feeding  behavior  of  insects  brought  them  in
contact  with  yeasts  occurring  endophytically  or  on  the  phylloplane  [71].

The most important role attributed to insect-associated yeasts is their participation
in  insect  nutrition,  as  yeasts  provide  digestive  enzymes  (e.g.,  exoproteases,
peptidases, and lipases), essential amino acids, vitamins, trace metals, and sterols
that insects cannot produce [66 - 69, 71]. In some cases, there seems to be some
specialization  in  nutritional  relationships.  For  example,  a  high  degree  of
correlation has been found between the occurrence of certain yeasts that process
and utilize xylose, which forms the backbone of the hemicellulose component of
plant cell walls, and wood-ingesting beetles from distantly related families [72].
Nevertheless,  yeasts  unable  to  assimilate  and  ferment  xylose  have  also  been
associated with wood-ingesting beetles [72]. Besides their nutritional role, yeasts
can also participate in the detoxification of toxic plant metabolites that are present
in  the  insect’s  diet,  suppression  of  pathogens  that  might  interfere  with  insect
development,  and  localization  of  suitable  food  resources  [66  -  68,  71,  73].  In
return, yeasts benefit from their dispersal to new habitats and the shelter offered
by the insect body [66 - 69, 73]. Additionally, the insect gut seems to represent a
suitable environment for the sexual reproduction of some yeast species such as S.
cerevisiae; this event is rarely observed in other environments [73].

The  complementary  benefits  of  yeast-insect  interactions  are  the  basis  of  the
‘dispersal–encounter’  hypothesis,  whereby  yeasts  are  dispersed  by  insects
between different sugar-rich ephemeral patches, and insects obtain the benefits of
an  honest  signal  from  yeasts  for  the  sugar  resources  [74].  There  is  abundant
evidence that, in different systems, the communication between yeasts and insects
is  mediated  by  volatile  organic  compounds  (VOCs)  that  result  from  the
fermentation  of  sugars  available  in  the  medium  [74].  VOC-mediated
communication between plant-associated yeasts and their insect vectors is gaining
attention because of its potential applications in the development of new strategies
for  the  biological  control  of  agricultural  pests  [75].  In  addition,  the  study  of
insect-microbe  symbioses  might  lead  to  the  discovery  of  new  enzymes  and
chemical  compounds  with  potential  biotechnological  applications  [76].
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Yeasts in the Phylloplane

Plant leaves constitute one of the largest terrestrial habitats for microorganisms
[77].  Although  bacteria  are  generally  the  earliest  and  the  most  numerous
colonizers of leaf surfaces (also known as ‘phylloplane’), diverse mycelial fungi
and yeasts can also be found in this habitat, either as resident species or transient
inhabitants [77].

Yeast  populations  are  unevenly  distributed  across  individual  leaf  surfaces  and
mostly occur in aggregates established on discrete sites (e.g., nearby leaf veins,
trichomes, stomata, and wounds of the leaf cuticle) [77]. Yeast abundance is also
largely dependent on the type of plant and/or climate. Values of 103–104 colony
forming units (CFU)/cm2 are common on the leaves of herbs or deciduous trees in
temperate  climates,  but  values >106  CFU/cm2  have been found in some studies
[77]. In contrast, differences in yeast abundance between the lower (abaxial) and
upper  (adaxial)  leaf  surfaces  or  depending  on  the  leaf  position  in  the  canopy
(higher vs. lower leaves) have not been fully demonstrated [77].

The atmosphere has been recognized as a major source and sink for phylloplane
yeasts. Immigration to leaves occurs through the impaction of particles onto the
leaf surface, gravity settling or sedimentation, or rain-splash dispersal to the leaf
surface,  whereas  emigration  from  leaves  occurs  because  of  active  dispersal
mechanisms caused by rain, water movement, or wind [77]. Once established in
the  phylloplane,  the  dynamics  of  the  yeast  populations  are  determined  by  a
combination  of  those  of  individual  yeast  species  and  the  ontogenetic  cycles  of
plants  [78].  Moreover,  the  phylloplane  is  often  considered  an  extreme
environment  where  microorganisms  must  face  continuously  fluctuating
environmental factors, such as temperature, relative humidity, solar radiation, and
water and nutrient availability [77, 79]. The nutrients present on the phylloplane,
which eventually determine the microbial carrying capacity of the leaf, can have
an  endogenous  or  exogenous  origin  [8,  77,  79].  Endogenous  nutrients  are  the
result  of  the  diffusion  of  compounds  out  of  the  leaf  tissue  via  hydathodes,
trichomes, or fissures in the leaf cuticle due to injuries or weathering. Exogenous
sources  of  nutrients  include  pollen,  guttation  fluids,  and  nutrients  excreted  by
other organisms, including microbes and insects [77].

In  response  to  these  stress  factors,  most  phylloplane  yeasts  display  adaptations
such  as  oligotrophic  nutrition,  photoprotective  compound  production  (e.g.,
melanins, carotenoids, and mycosporines), and EPS capsules that act as cellular
buffer systems to prevent water loss and contribute to the efficient rehydration of
yeast  cells  after  periods of  drought  [77,  79].  The production of  ballistoconidia,
which represents an efficient means for yeast dispersal and seems to be stimulated
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by  the  nutrient-poor  conditions  found  on  leaf  surfaces,  is  also  a  common  trait
among phylloplane yeasts. Moreover, given the strong competition for space and
nutrients that they face, most phylloplane yeasts have evolved different strategies
of intra- and inter-species interactions and communication, including the release
of  soluble  or  volatile  compounds  into  the  environment  [79].  Antagonistic
interactions  between  phylloplane  yeasts  and  other  coexisting  microorganisms
include  the  production  of  killer  toxins  (secreted  proteins  or  glycoproteins  that
disrupt cell membrane function in susceptible yeasts [80 - 82]), glycolipids, and
iron chelators  (e.g.,  the pulcherrimin produced by Metschnikowia pulcherrima)
[79]. Furthermore, through the production of phytohormones, such as indole-3 -
acetic acid and other plant growth promoters, some yeast species might influence
the growth and fitness of their plant hosts [79].

In general, the composition of epiphytic yeast communities in temperate regions
is  nonspecific,  as  the  same  yeast  species  dominate  diverse  plant  species  [78].
However,  yeast  species  may  exhibit  differences  in  their  seasonal  dynamics  of
relative abundance [78]. Most phylloplane yeast communities are dominated by
relatively few abundant species, mostly belonging to the Basidiomycota division
(e.g., Cryptococcus, Rhodotorula, and Sporobolomyces); however, less abundant
species  may  account  for  a  significant  fraction  of  species  richness  [3,  77  -  79].
Ascomycetous yeast genera such as Aureobasidium, Candida, Debaryomyces, and
Metschnikowia are also commonly encountered as phylloplane inhabitants [77 -
79].  Unfortunately,  limited  information  is  available  regarding  the  abundance
patterns and diversity of phylloplane yeast communities in tropical regions [8].
Similarly, little is known regarding the yeast microbiota colonizing the surface of
mosses and other non-vascular plants [79].

Yeasts is Decaying Cactus Tissues

The decaying tissues of cacti provide a habitat for phylogenetically diverse yeasts
and their associated vectors [9, 83 - 87]. Among such yeasts, the species that have
been found exclusively in this system are often referred to as ‘cactophilic yeasts’
[83].  Some  cactophilic  yeasts,  such  as  Pichia  cactophila,  Candida  sonorensis,
Clavispora  opuntiae,  and  the  Sporopachydermia  cereana  species  complex,  are
prevalent in necrotic cacti worldwide, whereas other species are limited to certain
geographic areas or hosts [83 - 87]. The latter is the case of, for example, Pichia
heedii, an ascomycetous yeast that is found predominantly in the necrotic tissues
of saguaro and senita cacti in the Sonoran Desert of the southwestern USA and
northwestern  Mexico,  but  it  is  rarely  found  in  other  cactus  types  and  does  not
occur  in  other  habitats  [84,  86,  87].  Host  plant  identity  usually  has  a  larger
influence  on  the  diversity  and  composition  of  cactus  yeast  communities  than
geographic  distance  such  that  the  communities  from  the  same  cactus  type  are
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more similar to one another across different regions than the communities from
different cactus types within the same regions [84]. Nevertheless, rare non-cactu-
-specific yeast species found in some regions or cactus types may account for a
significant proportion of the diversity of the community [84]. For a complete list
of the cactophilic and other cactus-inhabiting yeasts identified to date, the reader
can refer to the available comprehensive reviews on this topic [83 - 86].

Cactus rots can be seen as discrete, nutrient-rich patches separated by inhospitable
(extremely  dry)  territory.  Yeast  dispersal  from  cactus  to  cactus  is  mostly
performed by drosophilid flies (Diptera: Drosophilidae) which are recruited to the
rot through their attraction to volatiles produced by microbial activity [9, 83, 85 -
88].  Adult  drosophilids  disperse  the  yeasts  from  one  cactus  rot  to  another
according to their particular host preferences, whereas the larvae spread the yeast
within  the  soft  rot  [9,  85,  86].  Both  adult  flies  and  their  larvae  feed  on  the
microorganisms  present  in  cactus  rot,  which  supplies  them  with  sterols,
concentrated protein, and vitamins [9, 85, 86]. Notably, some Drosophila species
may select for particular cactus yeasts. This is the case for Drosophila mojavensis,
which apparently selects for P. cactophila in different cactus species [89]. Other
cactus-feeding and breeding animals,  including insects  (e.g.,  dipterans,  beetles,
cochineals, and moths), birds, reptiles, and mammals, may also act as dispersal
agents of yeasts, but these alternative vectors are generally regarded as occasional
visitors of cacti [83, 86]. The relationships between cactophilic yeasts and their
drosophilid vectors are not obligate but seem to be strong enough to restrict their
distribution to decaying cactus tissues and to maintain yeast communities that are
stable over time and space [84].

Establishment  of  different  yeast  species  within  the  cactus  host  depends  on  the
chemical characteristics of the cactus tissues. The flat, fleshy cladodes of Opuntia
cacti  (family  Cactaceae,  subfamily  Opuntioideae)  are  relatively  rich  in  simple
sugars,  whereas  sugars  in  most  columnar  cacti  (family  Cactaceae,  subfamily
Cactoideae) are bound to complex carbohydrates or triterpene glycosides [83, 85].
Moreover,  most  columnar  cacti  contain  alkaloids  and  other  secondary  plant
metabolites  that  are  toxic  to  yeasts  and/or  their  dispersal  agents  [83,  85].
Therefore, Opuntia cladode tissues seem to be less restrictive to yeast growth than
columnar cactus stem tissues [88]. However, the role of cactus tissue chemistry in
determining  yeast  community  ecology  is  not  completely  understood  [83].
Interactions with other yeasts, including growth facilitation via cross-feeding and
interference competition (often achieved by the production of killer toxins), can
affect  the  population  size  of  each  particular  yeast  species  and,  therefore,
determine  their  likelihood  of  being  vectored  to  the  next  habitat  [83,  85].
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Despite  the  intense  research  on  cactus  yeasts  performed  during  the  last  six
decades, there is still much work to be done in this field. For instance, published
surveys  follow  culture-based  approaches,  so  it  remains  unknown  if  there  is  a
significant  uncultured  component  to  the  biodiversity  of  cactus  yeasts  [83].
Additional  field  and  microcosm  experiments  may  contribute  to  elucidating  the
overall  function  of  the  cactus–insect–yeast  system  and,  in  particular,  of  the
microbe–microbe  interactions  taking  place  in  decaying  cactus  tissues.

Yeasts in the Floral Microbiome

The  flowers  of  angiosperms  offer  a  wide  variety  of  microhabitats  suitable  for
microbial  growth  [90  -  92].  In  particular,  floral  nectar  provides  a  habitat  for
specialized and opportunistic yeasts and bacteria that can withstand high osmotic
pressure,  scarcity  of  nitrogen  sources,  and  the  presence  of  diverse  secondary
compounds  of  plant  origin  [93,  94].  Yeast  presence  in  floral  parts  other  than
nectaries (e.g., petals, sepals, tepals, stamens, stigmas, styles, ovaries, and pollen)
has been studied in much less detail [91]; hence, this section will mostly refer to
nectar yeasts.

While floral  nectar  is  assumed to be sterile  when the flower opens,  this  sugary
secretion often becomes rapidly colonized by yeasts, reaching densities of 104-106

cells/mm3 in different plant species [94 - 96]. Nectar-inhabiting yeasts originate
from various sources, including the air, rain drops, the phyllosphere, other floral
parts, and the body (generally mouthparts) of pollinators and other flower-visiting
animals  [97,  98].  Depending  on  their  origin,  these  yeasts  are  often  categorized
into  two  distinct  groups  [93,  98]:  i)  those  that  originate  from  different
environmental  sources  and  usually  show  no  specific  adaptations  to  nectar
conditions; and ii) those species that are mainly dispersed from flower to flower
by animal visitors (mostly insects but also hummingbirds and other animals). The
yeasts  classified  in  the  second  group,  which  are  often  referred  to  as  ‘nectar
specialists’, show much higher levels of specialization and are highly adapted to
survive in nectar [93].  Notably,  insects may serve as the overwintering sites of
nectar specialists between consecutive flowering seasons [99].

The  nectar  yeast  communities  of  most  plant  species  surveyed  to  date  are
composed of  a  few species  (on average,  1.2 culturable  species/sample)  and are
often dominated by nectar specialists of the genus Metschnikowia, including M.
reukaufii and M. gruessi [94, 97]. Other yeast genera that are commonly found in
nectar  and  other  floral  parts  include  the  ascomycetous  genera  Aureobasidium,
Candida,  Clavispora,  Debaryomyces,  Hanseniaspora,  Kodamaea,  Starmerella,
and  Wickerhamiella,  and  the  basidiomycetous  genera  Cryptococcus,
Papiliotrema,  Rhodotorula,  and Sporobolomyces;  however, all  these genera are
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generally  less  abundant  than  Metschnikowia  spp  [91,  94].  The  aforementioned
yeast genera frequently co-occur with bacteria, and some studies have suggested
associations between yeasts and bacteria in floral nectar. For example, a survey of
nectar  microorganisms associated with diverse Mediterranean plants  found that
culturable bacteria and yeasts co-occurred more often than would be expected by
chance,  suggesting  a  positive  association  between  Metschnikowia  spp.  and
bacterial species from the genus Acinetobacter [100]. Such positive co-occurrence
might  be  facilitated  by  resource  partitioning  between  Metschnikowia  and  the
nectar-inhabiting acinetobacters, with the yeasts depleting glucose and enriching
floral  nectar  in  fructose  and  the  bacteria  preferentially  utilizing  fructose  [101].
However, laboratory and field experiments performed by other researchers have
found  that  priority  effects  between  M.  reukaufii  and  bacteria  may  result  in
competitive  exclusion  between  nectar  microbes  [102  -  104].  Nonetheless,
interpretation  of  these  observations  is  difficult,  as  mechanisms  underlying
yeast–bacterium  interactions  in  nectar  and  other  floral  microhabitats  remain
poorly  studied  [102].

Community assembly in floral nectar depends on the complex interaction between
multiple  factors,  including  the  nectar  secretion  pattern  of  the  host  plant,  the
filtering  effect  of  the  physical  and  chemical  characteristics  of  nectar  on  each
particular  yeast  species,  priority  effects,  and  different  mechanisms  of
microbe–microbe  interactions  (Fig.  2)  [93,  102].  Furthermore,  the  nectar–yeast
system constitutes a metacommunity, in which individual flowers act as island-
like  ephemeral  habitats  that  are  connected  by  occasional  dispersal  via  animal
visitors [93, 102]. Accordingly, nectar yeasts have gained attention as a suitable
study system for testing ecological processes affecting community assembly, such
as environmental filtering, dispersal, historical contingency, and metacommunity
dynamics [91, 105].

There  are  many  unanswered  questions  regarding  the  ecology  and  evolution  of
flower-inhabiting yeasts  and their  interactions  with  animals  and plants  [91,  92,
102].  Nevertheless,  it  has  been  demonstrated  that  nectar  yeasts  can  alter  the
chemical composition of their habitat by consuming the available nutrients and/or
releasing VOCs, which, in turn, may affect the behavior of pollinators and other
flower visitors and have an impact on the reproductive success of the plant [91 -
93, 106, 107]. In addition, flower-inhabiting microbes can affect pollen quantity
or quality [92]. Finally, yeast cells can act as a nutritional supplement for nectar-
and pollen-feeding insects and suppress the growth of insect pathogens [88, 93,
108,  109].  Therefore,  flower-inhabiting  yeasts  may  have  diverse  effects  on  the
fitness of their host plants and floral visitors [91 - 93, 108, 109].
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Fig. (2).  Overview of the main factors contributing to the assembly of the microbial communities inhabiting
floral nectar [93, 102]. Microbes (including yeasts and bacteria) are dispersed from flower to flower by the
action  of  insects  and  other  floral  visitors.  The  harsh  conditions  of  the  nectar  environment  (high  osmotic
pressure, scarcity of nitrogen sources, and presence of plant toxins) hinder the growth of some yeast and
bacterial species, thus acting as a filter of the microbial diversity brought by the floral visitors. Priority effects
and  microbe–microbe  interactions  of  diverse  sign  and  intensity  may  determine  microbial  diversity  and
abundance  in  floral  nectar.  Finally,  microbial  growth  can  alter  the  chemical  composition  of  nectar  by
consuming  the  available  nutrients  and/or  releasing  volatile  organic  compounds  (VOCs),  which,  in  some
cases,  may  affect  the  behavior  of  floral  visitors  and  eventually  have  an  influence  on  plant–pollinator
interactions.

Yeasts in the Human Microbiome

Fungi, and yeasts in particular, are frequent colonizers of the skin and mucosal
surfaces  of  humans  and  other  animals  [110  -  115].  However,  the  study  of  the
fungal  microbiome,  often  referred  to  as  the  ‘mycobiome’  or  ‘mycome’,  is  a
research  field  that  has  traditionally  lagged  behind  the  study  of  the  bacterial
microbiome  [110  -  112,  114,  116].
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In the absence of  reliable estimates of  the fungal  load in the human body,  it  is
generally  assumed that  the  total  number  of  fungal  cells  is  orders  of  magnitude
smaller than that of the bacterial microbiome [111]. For example, 101-103 fungal
cells/g of stool are typically found in humans, which contrasts with the 1011-1012

bacterial  cells/g  of  stool  [113].  Regarding  species  diversity,  the  members  of
genera  Candida,  Cryptococcus,  Debaryomyces,  Galactomyces,  Malassezia,
Saccharomyces, and Trichosporon are prevalent on the skin and different mucosal
surfaces of the human body. Furthermore, these seven yeast genera are included in
the list of fungi most commonly detected in gut mycobiome studies [110, 114].
However, nearly half of all fungal taxa found in the human gut have only been
observed in a limited number of samples and/or studies, and there is a long list of
taxa that have been reported only once [110, 114]. Notably, many of these rare
inhabitants  are  incapable  of  colonizing  or  persisting  for  a  long  time  in  the  gut
[110, 114]. Nonetheless, it is often difficult to determine which yeast species are
true residents of the human body and which are transient species originating from
foods, the environment, or other sources [110, 112].

Although there is still limited information regarding the functions of the human
mycobiome and its interactions with other components of the body microbiota in
states  of  health  and  disease,  it  is  thought  that  yeasts  may  play  a  role  in  host
immune  regulation  in  different  chronic  inflammatory  diseases  (e.g.,  atopic
dermatitis and inflammatory bowel diseases) and metabolic disorders, as well as
in other physiological processes [111, 112, 116]. Moreover, human mycobiota has
been identified as a source of fungal infections when systemic or local mucosal
immune  functions  are  disturbed,  or  after  antibiotic  treatments  that  disrupt
bacteria-mediated  colonization  resistance  [111  -  113].  Attention  has  also  been
paid  to  the  potential  use  of  yeasts,  particularly  Saccharomyces  boulardii,  as
probiotics  for  treating  gastroenteritis  and  other  diseases  [111,  116,  117].

Yeasts in Industrial Processes

The last example of systems where yeast interactions with other organisms can
have  vital  roles  are  diverse  industrial  processes,  including  mixed  culture
fermentation.  Most  fermentation  processes  in  the  food  and  beverage  industry
depend on mixtures of microorganisms that act in concert to produce the desired
product  characteristics  [118].  Substrates  for  food  fermentation  usually  have  a
highly  heterogeneous  physicochemical  composition,  which  allows  for  the
simultaneous  occupation  of  multiple  niches  by  different  microorganisms  (e.g.,
through  the  utilization  of  different  nutrient  sources)  [119].  When  different
microbial species (e.g., Saccharomyces and non-Saccharomyces yeasts, yeasts and
bacteria,  yeasts  and  mycelial  fungi,  etc.)  are  involved  in  mixed  culture
fermentation, they often do not coexist passively, but establish direct and indirect
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interactions  of  different  natures  [118,  120].  Mixed  cultures  can  be  initiated
spontaneously when different microorganisms originate from the initial material
or the environment, or by inoculation of the participants as starter cultures, and
they can  consist  of  sets  of  known or  unknown species  [119,  121].  Such mixed
cultures  often  result  in  a  better  utilization  of  the  substrate,  as  the  mixture  of
microorganisms may possess a wider range of enzymes and, therefore, can attack
a  greater  variety  of  compounds  [121].  Additionally,  microbial  consortia  can
perform  more  complex  activities  and  tolerate  more  variation  in  environmental
factors than pure cultures (i.e., they are more versatile and robust) [118].

Yeast–bacterium interactions are also essential in the preservation of many food
products  and beverages [82].  For  example,  bacteria  often excrete  organic  acids
that  lower  the  pH  of  the  medium,  which  inhibits  the  growth  of  undesired
pathogens and/or promotes yeast growth [82]. In addition, yeast interactions with
other  microorganisms  may  result  in  more  diversified  secondary  metabolite
synthesis,  which  is  of  great  interest  in  drug  discovery  [122].

In  all  the  aforementioned  examples,  coexisting  microorganisms  can  interact
through  multiple  mechanisms,  which  may  occur  through  physical  contact,  by
producing signaling molecules, or by modifying the physicochemical conditions
of  the  environment  [119].  The  use  of  ‘-omics’  approaches  (transcriptomics,
proteomics, metabolomics, etc.) and modern analytical techniques (e.g., ultrahigh
resolution  mass  spectrometry),  which  are  still  poorly  developed  for
non-Saccharomyces yeasts, may contribute to the elucidation of the mechanisms
involved  in  microbe–microbe  interactions  and  their  effects  on  industrial
processes.

FUTURE CHALLENGES IN YEAST ECOLOGY

Despite recent advances in the study of yeast ecology, many issues still need to be
addressed, including the following:

1) Undersampled reservoirs of yeast diversity

Our current knowledge of yeast diversity is heavily biased toward species from
some specific regions (mostly Western Europe, Japan, and North America) and
isolated  from  clinical  sources,  beverages,  food  products,  and  a  few  natural
substrates [123]. According to various predictions, a substantial proportion of the
diversity  of  this  group  of  eukaryotic  microorganisms  remains  unknown,  which
justifies  the  efforts  aimed  at  studying  yeast  diversity  in  different  habitats
worldwide, especially in megadiverse regions of the planet [124]. It is important
to mention that, like other organisms, yeasts are threatened by habitat alterations
due  to  global  warming  and  anthropogenic  activities  such  as  agriculture,
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deforestation,  and  urbanization.  In  view  of  the  rapid  decline  of  many  natural
habitats,  the  study  of  yeast  diversity  in  undisturbed  or  low-managed  habitats
should  be  a  priority.

2) Biotechnological applications

A better  understanding  of  yeast  diversity  and  ecological  interactions  in  natural
habitats  may  contribute  to  the  development  of  new  agricultural  and  industrial
applications. In particular, detailed metabolic and physiological characterization
of environmental yeasts, especially those found in stressful habitats, represents a
valuable tool for the detection of biotechnologically relevant traits. Furthermore,
yeast culture collections play an essential role in maintaining a rich diversity of
yeasts for current and future applications [124].

3) Importance of quorum sensing in yeast ecology

In nature,  microbial  cells  do  not  live  in  isolation,  but  rather  they communicate
with each other using diverse chemical signals. The term “quorum sensing” refers
to  a  sophisticated  mode  of  cell-to-cell  signaling  where  the  behavior  of  the
microbial  population  is  coordinated  in  a  cell-density-dependent  manner  [125  -
127]. Although quorum sensing was first discovered in bacteria, this phenomenon
has also been described in yeasts and other fungi, in which it regulates processes
such as  morphological  differentiation  (e.g.,  from a  yeast  form to  a  filamentous
form, or vice versa), biofilm formation, secondary metabolite production, and/or
pathogenesis  [125  -  127].  Furthermore,  some  yeasts  can  communicate  with
bacteria and even their animal or plant hosts through signaling molecules such as
farnesol [125]. In any case, most research in this field has focused on a few target
species (mostly on S. cerevisiae, Candida albicans, Histoplasma capsulatum, and
Cryptococcus  neoformans),  and  knowledge  about  the  environmental  cues
triggering  quorum  sensing  in  yeasts  and  the  ecological  relevance  of  this
phenomenon  is  still  scarce  [125,  126].  The  biotechnological  potential  of  yeast
quorum sensing is also clearly understudied.

4) Yeast roles in natural habitats

To date, most research in yeast ecology has focused on describing the diversity of
yeast  habitats.  In  contrast,  much  less  attention  has  been  paid  to  the  ecological
roles  of  yeasts  in  nature.  In  particular,  little  is  known  regarding  the  in-situ
response  of  yeasts  to  different  abiotic  factors  and  their  interactions  with  other
organisms,  since  the  majority  of  studies  on  these  topics  have  been  conducted
using microcosms under controlled conditions that do not fully mimic the plethora
of  factors  that  affect  yeast  growth  in  nature.  Developments  in  fungal
transcriptomics,  which  generate  a  snapshot  of  the  composition  and  relative
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abundance of actively transcribed genes in a given sample [128], may help fill in
these research gaps in the future. Nevertheless, given the high complexity of the
microbial  communities  found  in  some  habitats,  determining  which  specific
functions  are  carried  out  by  each  particular  yeast  species  will  be  challenging.

5) Yeast population genomics and phenomics

Recent  advances  in  genome sequencing  and  high-throughput  phenotyping  hold
promise for investigating how genetic diversity in yeasts is linked to phenotypic
variation  and  habitat  adaptation.  However,  to  date,  most  research  in  yeast
population  genomics  and  phenomics  has  dealt  with  model  taxa  such  as
Saccharomyces  spp  [129,  130],  and  Schizosaccharomyces  pombe  [131].  Future
research in this field may help to elucidate the natural history of other non-model
yeast species and test for genotype-phenotype-habitat associations [132].

CONCLUDING REMARKS

Despite  recent  progress  in  the study of  yeast  ecology,  which has  been possible
because  of  the  concomitant  advances  in  next-generation  sequencing-based
community analysis and yeast taxonomy, there are many questions in this field
that remain to be answered. In particular, most research efforts have focused on
cataloging the phylogenetic and physiological diversity of yeasts in natural and
human-associated habitats, and on searching for reservoirs of novel yeast taxa. In
contrast,  little  is  known  regarding  the  roles  of  yeasts  in  such  habitats  or  the
relationships that they maintain with other coexisting organisms. Moreover, the
role of  such interactions with other  organisms in yeast  evolution remains to be
determined. The transition from a mostly descriptive to a more hypothesis-driven
ecological study of yeasts may contribute to clarifying these issues.
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Abstract:  The  massive  parallel  sequencing  technology,  applied  to  the  taxonomy of
microorganisms,  has  been  affecting  the  traditional  phenotypic  and  molecular
phylogenies based on the sequence of a single gene or a small handful of genes. The
exponential  accumulation  of  new,  entire  genome  sequences  of  microorganisms  in
public  databases  in  recent  years,  especially  in  the  fields  of  taxonomic  and
biotechnology,  is  driving  a  conceptual  revolution  in  the  way  of  understanding  the
concepts of species in microorganisms in general and fungi in particular. The problems
of drawing species boundaries, reclassification of species, discovering new taxa and
clades, recognizing synonyms, and new species for science can now be addressed with
genomic  approaches.  Derived  from  all  this,  much  more  robust  high-resolution
phylogenies, based on core genomes or broad collections of genes and their deduced
proteins, are currently being reconstructed. Although this effort is still far from being a
canon in the taxonomy of yeasts, it will gradually turn into a change and challenge that
researchers  are  taking  into  account  due  to  the  great  power  and  reliability  of  these
genomic approaches and bioinformatics tools. Likewise, the complete sequence of the
genomes of the strains of microorganisms of industrial or biotechnological interest will
allow  limiting  biopiracy,  help  protect  patents,  recognize  the  appellation  of  origin,
discourage  violations  of  intellectual  property  rights,  and  resolve  conflicts  over  the
rights of the commercial exploitation of microorganisms. In this chapter, an effort is
made  to  compare  conventional  taxonomy techniques  with  the  latest  work  involving
genomic sciences as a key tool in yeast taxonomy.
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INTRODUCTION

Phenotypic Taxonomy of Yeast

Formerly,  the  techniques  used  in  yeast  taxonomy  were  mainly  based  on
phenotypic  traits  and  physiological  characteristics  [1].  The  identification  and
description of new species depended on the comparison of morphological features
as  well  as  on biochemical  and physiological  profiles  with previously described
species  [2].  Fermentation  and/or  assimilation  of  several  sugars,  organic  acids,
alcohols, sugar alcohols, starch, and different nitrogen sources, as well as growth
differences,  were  used  for  both  identification  and  formal  description  of  new
species.  Gradually,  new biochemical  tests,  such  as  polysaccharide  composition
assays  of  the  cell  wall  and capsule,  mycocin susceptibility,  and electrophoretic
comparisons of enzymes, are being used to determine subtle differences among
closely related strains [3]. However, these approaches require large numbers of
tests,  chemical  standards  and  substrates,  substantial  equipment,  sensitive
techniques, and type strains to identify an isolate or describe a new species; such
studies  were  generally  only  performed  by  specialists  in  yeast  taxonomy.
Consequently,  only  a  few  laboratories  in  the  world  had  the  capacity  to  fully
identify  or  describe  new  yeast  species.  The  time-consuming  phenotypic
characterization  of  pure  cultures  and  the  formal  description  of  the  new species
became  a  bottleneck  for  non-specialist  scientists,  who  resigned  themselves  to
reporting their isolates and strains only at the genus level. In retrospect, we can
see that  many new yeasts of industrial  or ecological  interest  that  were reported
before the mid-90s were only characterized to the genus level due to difficulties in
analyzing all evidence for proper identification and because of the low number of
species formally described.

However,  as  more  strains  of  each  species  were  isolated  and  phenotypically
characterized, it became evident that a great phenotypic intraspecific diversity was
universal to many yeast species, which complicated their adequate identification,
species limits, and species concepts [4, 5].

MOLECULAR TAXONOMY OF YEAST

At the global level, the importance of the identification of yeasts with the use of
molecular methods is remarkable. Genetic characterization of ascomycete yeasts
began with the determination of DNA base composition, traditionally expressed
as  CG  content,  which  could  provide  information  on  the  dissimilarity  of  two
organisms  but  not  on  their  similarity  since  two  organisms  that  are  not
phylogenetically  related  often  have  a  similar  CG  content  [6].  Among  yeasts,  a
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ratio between 28 and 50% GC was calculated, whereas, in basidiomycete yeasts, it
ranged  between  50  and  70%  GC.  The  wide  margins  of  these  intervals  were
insufficient  and  useless  as  elements  for  the  identification  of  species  [7].

Later, genetic relatedness using nuclear DNA-DNA reassociation or hybridization
of DNA-DNA techniques impacted the taxonomy of fungi in general and that of
yeasts in particular because it revealed a clearer picture of similarity and allowed
to  recognize  synonymy  of  many  species,  providing  a  quantitative  value  as  a
percentage  of  the  differences  [8].  Although  DNA-DNA  hybridization  is  a
laborious method, the technique had a marked impact on yeast recognition, even
if it did not solve the issue of the genetic differentiation of closely related species
[9]. An arbitrary minimum cutoff value of 70% of the DNA association of two
species  was  considered  sufficient  to  recognize  two  strains  as  belonging  to  the
same species [10]. The DNA-DNA reassociation values were subsequently related
to  the  percentage  of  similarity  of  the  bacterial  16S rRNA gene.  Thus,  a  DNA-
DNA reassociation value of 70% was equivalent to a 97% percent similarity of
the 16S rRNA gene [11].  In recent  years,  an alternative measurement has been
adopted:  the  mean  nucleotide  identity  (ANI),  which  is  calculated  by
computational  comparison  of  two  sequences  of  complete  genomes.  An  ANI
percentage of  95–96% generally corresponds to the threshold of  70% in DNA-
DNA hybridization [12, 13].

However,  it  was not  until  the advent of  sequencing gene and non-coding DNA
fragments that molecular biology methods became important due to their ease of
performance, economy and universality. Gene sequencing was a relatively easy,
quick  and  powerful  method  of  identifying  until  species  level  many  microbial
groups  by  phylogenetic  reconstruction  and  nucleotide  similitude  supported  by
bioinformatics software tools. As seen in Fig. (1C), the yeast ribosomal regions
offer  several  possibilities  for  sequencing,  but  domain  2  of  large  subunit  26S
ribosomal RNA (26S r RNA or 26S/28S LSU) was initially used as a molecular
marker  because  it  apparently  contained  sufficiently  variable  information  to
distinguish between closely related species [14]. However, the sequencing of both
D1 and D2 domains (D1/D2) of 26S rRNA yeast genes (~600 bp) quickly became
a popular  tool  for  Ascomycota yeast  identification,  and the sequence databases
suddenly became enriched.
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Fig. (1).  Phylogeny of ITS1 region of yeasts of biotechnological importance. A) A phylogeny constructed
from  partial  sequences  of  the  ITS1  region  is  shown,  using  HKY  as  a  nucleotide  substitution  model,
maximum-likelihood as a phylogenetic reconstruction method and 1000 bootstraps. B) A fragment of the ITS
sequences is illustrated where the conservation and variability of the sequences between strains are observed.
C) Model of the ordering of regions commonly used for the identification of yeasts and primers commonly
used for these regions.

However,  when  the  limitations  and  lack  of  depth  of  the  D1/D2  fragments  to
distinguish between related species, reconstruct phylogenies and recognize new
yeast became evident, the internal transcribed spacer (ITS) was introduced as a
universal barcode. As can be observed in Fig. (1B), the ITS region is frequently
shorter  than  D1/D2  fragment  but  much  more  variable,  fix  mutations  more
frequently  and  evolve  faster  than  the  26S  rRNA  region.  Due  to  these
characteristics, the ITS sequence can distinguish between closely related species
and even find differences below the species level.

In general terms, isolates with <1% nucleotide differences in D1/D2 or ITS region
in aligned sequences can be considered to belong to the same species. But isolates
with  more  than  1% of  dissimilitude  can  be  considered  as  different  or  probable
new  species.  In  this  way,  the  impact  of  molecular  identification  and  growing
D1/D2  and  ITS  databases  permitted  the  recognizing  of  a  large  number  of  new
species principally among environmental isolates [15]. The ribosomal sequences
of all known yeasts provided a broad public database for rapid identification, the
development of a more suitable taxonomy, and a molecular phylogeny capable of
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including  thousands  of  strains  or  species.  Both  ribosomal  regions  are  used  as
barcodes  for  the  identification  of  cultured  yeasts  or  metagenomic  DNA  from
environmental samples [16]. Also, this information turned in an obligate reference
to  the  description of  new species  and was  valuable  to  propose  also  a  universal
phylogenetic taxonomy of yeast [17].

Despite the great advance represented by the use of ribosomal sequences and their
gene databases for yeast identification and taxonomy, some limitations began to
be  recognized.  For  example,  the  resolution  power  of  identification  based  on  a
single ribosomal gene frequently did not reach the species level with information
available in databases. Many nucleotide sequences only allowed certainties at the
genus and even family level, although phenotypic differences and/or sequences of
other genes were always available to complement the identifications, recognize
new species, or solve the limitations of the identification based only on ribosomal
sequences.

As  seen  in  Fig.  (1A),  sequencing  ITS  regions  is  a  good  starting  point  for
identifying  and  constructing  phylogenies  of  fungal  species,  especially  for  the
identification of completely unknown fungal species [18]. However, ITS primers
may produce amplification biases during the Polymerase Chain Reaction (PCR),
especially in environmental or metagenomic samples containing mixed templates
[19]. Recently, some doubts have arisen about with respect to the use of ITS as
the  only  marker  for  the  delimitation  of  species  in  the  context  of  the  immense
diversity of fungi species that has begun to be detected in the environment [20].

Generally,  the  ITS  region  (ITS1,  5S  tRNA  and  ITS)  lengths  are  similar  only
within a genus. Starting from the family level, the length of the ITS varies very
significantly.  Thus,  for  example,  among  the  yeasts  of  the  Saccharomycotina
subphylum,  the  ITS  varies  between  250  and  980  nucleotides  [21].  These  huge
differences  do  not  affect  their  use  for  the  identification  of  most  of  the  yeast  at
genus  and  species  levels  via  barcode  or  similarity.  However,  they  greatly
complicate multiple alignments and the derived phylogenies that include members
of  the  taxa  of  several  families  or  superior  taxa.  Another  problem  is  that  the
genotyping  of  individual  strains  is  also  complex  using  only  D1/D2  and  ITS
regions.  Due  to  the  high  degree  of  conservation  of  ribosomal  sequences,
characterization  of  the  strains  within  a  species  or  genotyping  of  strains  is  not
possible  with  these  molecular  markers.  Likewise,  occasionally,  some strains  or
isolates with a degree of similarity greater than 99% exhibit different phenotypic
traits and low percentages of DNA-DNA hybridization [22, 23].

In an attempt to include a greater  amount of  molecular  information to improve
genotyping, phylogeny, and diversity studies, the sequences of a set of protein-
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coding  genes  were  added  to  the  ribosomal  information.  Over  time,  various
markers  have  been  developed  for  use  in  the  phylogenetic  reconstruction  of
filamentous  and  yeast  fungi,  including  several  single-copy  genes:  RNA
polymerase II, mitochondrial cytochrome C oxidase, b-tubulin, elongation factor
1  gamma,  and  actin  genes  [24  -  27].  However,  these  genes  does  not  evolve
similarly  and  often  provides  incongruent  phylogenies  when  they  are  used
separately, and consequently, multigenic analyses are now the preferred choice for
the  establishment  of  robust  phylogenies  [28].  The  use  of  large  subunit  (LSU)
rRNA,  SSU  rRNA,  translation  elongation  factor  1-alpha  (EF-1a),  and  RNA
polymerase II subunit 1 (RPB1) and subunit 2 (RPB2) genes has been proposed to
taxonomically classify ascomycetous yeasts [29].

Sequences of additional protein-coding genes were then proposed and adopted for
multilocus  sequence  typing  (MLST)  analysis.  Among  yeasts,  MLST  has  been
broadly  used  to  study  intraspecific  diversity,  population  genetics,  and
epidemiology of opportunistic pathogens of the Candida  genus [30 - 32]. Also,
MLST of Saccharomyces cerevisiae strains from human and natural fermentations
have  facilitated  the  recognition  of  strains  associated  with  the  alcoholic
fermentation  of  grape  and  sake  wine  from  groups  that  reflect  independent
“domestication”  phenomena  [33].

A  highly  frequent  taxonomic  problem  among  yeasts  is  that  many  genera  were
described  only  with  phenotypic  criteria  and  had  two  separate  names  for  their
anamorphic (asexual) and teleomorphic (sexual) states. The arrival of molecular
methods  allowed  to  recognize  that  many  genera  previously  described  were
polyphyletic  anamorphic  genera.  Likewise,  the  two  morphological  states  of  a
species began to be recognized, and their  names unified as the same biological
entity under the idea of “One fungus = One name” of The Amsterdam Declaration
of Fungal Nomenclature [34]. The molecular phylogenies are the guide to update
and  reassign  polyphyletic  genera  to  more  proper  natural  groups,  which  is  a
taxonomic task that continues to build up a new classification system [35]. In this
way,  Candida,  Pichia,  Cryptococcus,  Rhodotorula,  Bullera,  Sporobolomyces,
Spathaspora,  and  Clavispora,  among  others  polyphyletic  genera,  have  been
relocated  to  previously  described  and  new  genera  or  species  [36  -  39].

In  summary,  the  rapid  detection  and  accurate  identification  of  yeasts  are  now
possible  through the use of  a  variety  of  molecular  methods.  The application of
these methods will bring a greater degree of clarity to studies in yeast ecology,
which  previously  was  not  possible  when  yeasts  were  identified  based  on  the
phenotype.  An  integral  approach  to  collect  more  robust  data,  such  as  detailed
physiological  characterization,  mating  experiments,  MLS  analyses,  and  whole-
genome comparisons, will be helpful for a reliable taxonomy [40].
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GENOMIC AND PHYLOGENOMIC APPROACHES

In  recent  years,  numerous  genomes  of  microorganisms,  including  fungi,  have
been deposited in public databases. Sequencing an average yeast genome is now
available  to  everyone,  including  small  mycological  laboratories.  The  genome-
sequencing  projects  that  have  been  uploaded  present  different  degrees  of
advancement and annotation; therefore, they have to be refined if they are to be
used to carry out identifications and reconstruct phylogenies. The information of
coding and non-coding sequences of genomes available at this time is spectacular
and is accumulating exponentially. Although some recent efforts have attempted
to clarify the general  principles for  the use of  genomics in the classification of
fungi  [41],  the  applications  for  the  convenient  use  and  analysis  of  complete
genomes  are  still  scarce  and  are  hampered  by  the  lack  of  clear  and  simple
objectives on the methods of comparison and the criteria for the interpretation of
the  results  [42  -  44].  Undoubtedly,  beyond  these  methodological  issues,  the
genomic approach to biology will have an important impact on the taxonomy and
evolution study of yeasts and fungi in general [45]. The ability to compare species
at  the  genomic  level  has  significantly  enhanced  our  understanding  of  fungal
taxonomy,  evolution,  physiology,  and  cell  biology  and  allowed  us  to  trace  the
origin of genes within the fungal kingdom.

The  Saccharomyces  cerevisiae  genome was  the  first  fungal  genome sequenced
[46], a collaborative work that enabled twenty years of innovation and discovery.
After nearly a decade, Candida albicans soon followed [47], as well as a handful
of relatives in both clades and a smattering of taxonomically diverse species [48].
S. cerevisiae became a powerful biologic model due to proving ground for new
genomic  technologies,  such  as  deleting  and  barcoding  genes  for  functional
profiling  [49].

The firsts comparative analysis pioneered the now commonplace use of genome
sequencing to  address  specific  evolutionary and functional  hypotheses,  such as
using conserved genomic regions to identify functional DNA sequence elements
[50]. These genomes began to catalyze research in many other fields, resulting in
important advances to our understanding of the evolution of genome content and
organismal traits, phylogenetics, and cis-regulatory element prediction [51 - 53].
The  evolution  of  genomes  of  26  yeast  species  allowed  the  discovery  of  an
important set of evolutionary events such as the duplication of genes, horizontal
gene acquisition,  introgression,  interspecific hybridization,  delayed karyogamy,
loss of heterozygosity, and de novo gene formation that can be recognized in the
yeast  genome [54].  With  the  popularization  of  next-generation  sequencing,  the
genomes of 80 additional species were published in  the  last  10  years,  while  20
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more are available but await formal publications. This implies a great ignorance
even of the diversity of yeasts estimated at the genomic level.

In  this  context,  Fig.  (2)  shows  a  phylogenomic  tree  containing  a  total  of  75
Saccharomycotina yeast genomes. The genome sequences were downloaded from
the NCBI database (https://www.ncbi.nlm.nih.gov/genome/browse#!/overview/),
and  core  proteins  were  obtained  with  the  M1CR0B1AL1Z3R  web  server
(https://microbializer.tau.ac.il/, accessed on 1 May 2021), using the following cut-
offs:  0.01  maximum  e-value,  80.0%  identity  minimal  percent,  and  100.0%
minimum percentage for the core. Core-proteome phylogenetic construction was
conducted with a maximum-likelihood algorithm using RAxML [55] based on the
inferred core-proteome alignment. Phylogenetic tree visualization was done using
FigTree v1.4.4 [56].

Although the members of the Saccharomycotina subphylum are characterized by
representing  a  polyphyletic  taxonomic  group,  the  formation  of  the  clades  was
highly conserved (Fig. 2). The results obtained through the phylogenomic analysis
of  the  orthologous  genes  extracted  from  the  complete  genomes  showed  the
recovery of the clades previously reported using five molecular markers [57, 58].
We could not recover clade 7 because the genome of Alloascoidea africana has
not yet been revealed, the only member within this clade. This suggests that for
taxonomic  identification,  at  least  for  yeasts  belonging  to  the  subphylum
Saccharomycotina,  it  is  sufficient  to  perform  a  phylogeny  with  the  five
concatenated  genes  mentioned  above.

MAIN  TAXONOMIC  GROUPS  WITH  POTENTIAL  FOR
BIOTECHNOLOGICAL APPLICATION

Because  of  their  metabolic  diversity,  yeasts  colonize  a  remarkable  range  of
habitats and occupy a wide variety of ecological niches. For example, Ogataea
polymorpha  and  Komagataella  pastoris  consume  methanol  as  carbon  source,
Scheffersomyces stipitis and Spathaspora passalidarum ferment xylose, Yarrowia
lipolytica  and Lipomyces starkeyi  produce lipidic  acids,  C. albicans,  and many
other  non-C.  albicans  are  important  human  pathogens,  and  Eremothecium
gossypii are cotton pathogens, among many other important species [59]. Most of
these  metabolic  traits  are  exploited  in  various  biotechnological,  food,  and
beverage  industries.  For  example,  S.  cerevisiae  is  the  workhorse  of  the
multibillion-dollar  brewing,  wine-making,  baking,  and  biofuel  industries,  but
other  commonly  used  species  of  economic  importance  include  Kazachstania
exigua  (sourdough),  Cyberlindnera  jadinii  (food  additives),  K.  pastoris
(heterologous  protein  production),  and  E.  gossypii  (riboflavin).

https://www.ncbi.nlm.nih.gov/genome/browse#!/overview/
https://microbializer.tau.ac.il/
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Fig. (2).  Phylogenetic relationships among type species of ascomycete yeast of industrial importance and
reference taxa determined from maximum likelihood analysis of the complete genome. The basidiomycete
Filobasidiella  (Cryptococcus) neoformans  was the designated outgroup species in the analysis. Bootstrap
values  (1000  replicates)  >50%  are  given  at  branch  nodes.  Genomic  data  were  obtained  from  the  NCBI
database based on analyses previously reported by Kurtzman & Robnett [58].

White  or  industrial  yeast  biotechnology  covers  a  wide  range  of  research  areas
such  as  agriculture,  food,  medicine  and  pharmacology,  the  environment,  and
climate change. The collection and analysis of data from the fungal genome are
necessary  to  know  the  biology  and  behavior  of  genes  of  both  primary  and
secondary  metabolites  [60].  For  example,  molecular  prediction  and  dynamics
between products  that  are  involved in  antibiosis,  an  increase  of  productivity  in
crops,  interaction  networks,  and  microbe  communication,  gene  regulation  of
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markers, and genome editing can help to improve the bioproduction of molecules
of commercial interest; this information can be known and studied from the data
obtained through the sequencing techniques of complete genomes which allow us
to reconstruct metabolic pathways and their interaction as shown in Fig. (3).

Fig.  (3).   Simplified  central  metabolism  of  Saccharomyces  cerevisiae  from  genomic  data.  The  figure
illustrates the main bio-processes of biotechnological interest, such as the production of glycosides of food
interest,  ethanol,  among other compounds,  information which is  of paramount importance for optimizing
industrial and technological processes and which can be obtained by genome analysis, data which can be
supplemented by laboratory experimentation.

The  current  yeast  taxonomy  classification  is  more  and  more  concordant  with
Saccharomycotina phylogenomic taxonomies and evolutionary divergences [61].
Finally,  there  is  a  need  to  increase  the  resolution  of  yeast  phylogeny,  and
continued  efforts  are  required  to  sample  genomes  that  encompass  the  greatest
diversity of yeasts of biotechnological interest.

CONCLUSION

Actual  access  to  complete  genomes  has  a  relevant  impact  on  taxonomy,
phylogeny, evolution, identification, and reclassification of fungal species. Also,
the  analysis  of  the  genetic  heritage  of  a  species  allows  access  to  valuable
information that will improve the processes of biotechnological importance based
on filamentous and yeast.
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Abstract:  The  monophyletic  Saccharomyces  sensu  strictu  genus  is  composed  of  8
species and several interspecies hybrids. Strains of this genus have been used in various
processes  that  form  a  significant  part  of  human  culture  and  history.  These  include
brewing, baking, production of wine and several other fermented beverages, and more
recently, the production of biofuels, drugs, and chemicals. They can be found in the
most diverse environments on almost all continents worldwide. A prominent example
is  the species  S.  cerevisiae,  which has  a  remarkable  history with humankind.  In  the
present chapter, we illustrate the habitats of the Saccharomyces species and their long-
lasting domestication process, as well as the hybridization that occurs between various
species of this genus and their underlying industrial applications. We then finalize the
text  with  an  emblematic  case  study  of  its  application  in  industrial  sugarcane-based
ethanol production, as performed in Brazil.

Keywords:  Diversity,  Domestication,  Ethanol,  Fermented  beverages,
Fermentation  processes,  Habitat,  Hybridization,  Stress,  Sugarcane,
Saccharomyces,  yeast.

INTRODUCTION

The monophyletic Saccharomyces sensu strictu genus is actually composed of 8
species: S. arboricola, S. cerevisiae, S. eubayanus, S. jurei,  S. kudriavzevii, S. mi-
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katae,  S. paradoxus, S. uvarum, and several interspecies   hybrids,   including S.
bayanus and S. pastorianus [1]. Saccharomyces is considered a ubiquitous genus
as it can be found in the most diverse natural environments. For example, non-
domesticated Saccharomyces species have already been isolated on all continents
on Earth, except for one (Antarctica). Saccharomyces species have been identified
both in freshwater and seawater as well as in soil, fruits, and the gastrointestinal
tracts  of  various  animals  [1  -  5].  The  domestication  of  Saccharom  yces  began
even before the domestication of animals by humankind, spanning for thousands
of years, during the course of winemaking, brewing, baking, and more recently,
the production of fuels and chemicals [6].

Natural  or  artificial  hybridization between strains  or  species  is  a  very common
phenomenon that occurs in almost all sexually reproducing groups of organisms.
Moreover, hybrids normally provide a selective advantage in a given environment
[7]. Their chimeric genomes usually exhibit unique phenotypic traits that are not
necessarily  intermediate  between  those  present  in  the  progenitors.  Therefore,
Saccharomyces  hybrids  have  found  important  industrial  applications  across
industries,  including  the  ones  mentioned  above.

Humans  have  consistently  exploited  one  particular  species,  S.  cerevisiae,  for  a
myriad of bioprocesses [8,  9].  Specifically,  in bioethanol production, this yeast
species  performs  pivotal  roles  in  Brazil,  enabling  the  country  to  produce
renewable and green fuel for transportation, contributing to sustain its renewable
energy  matrix,  which  constitutes  an  interesting  case  study  for  yeast  industrial
biotechnology.  In  this  aspect,  Brazil  has  the  most  economical  and  sustainable
ethanol fermentation process in the world, with a very favorable energy balance.

SACCHAROMYCES HABITATS: WHERE?

Although Saccharomyces yeasts are widely recognized for their biotechnological
applications through which they have co-existed with humans for approximately
10,000 years, they can be found in the most diverse natural environments. Due to
thousands of years of domestication of the species of this genus (please, refer to
the next section), which began even before the discovery of microorganisms [10],
the distribution of Saccharomyces around the planet is a two-way street with its
domesticators:  on  the  one  hand,  archaeological  records  and  analysis  of  genetic
sequencing point out that similar fermentative processes were conducted by the
polyphyletic  strains  of  Saccharomyces  in  different  places  on  the  planet,
demonstrating that fermentations started by naturally occurring yeasts [11 - 16],
while on the other, there are indications that human beings may have transported
these  yeasts  to  regions  where  they  were  not  previously  found.  Given  the  close
millennial  relationship  between  Saccharomyces  and  humans,  the  presence  of
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some  species  in  certain  places  on  Earth  has  been  attributed  to  the  migratory
movements  of  humanity  [13,  15],  as  recently  reported  for  the  presence  of
Holarctic strains of S. uvarum in Patagonia [17]. As a matter of fact, this region of
South America harbors two genetically differentiated populations of S. uvarum,
with  one  of  them  being  closely  related  to  the  North-hemisphere  strains.  It  is
believed that this Holarctic-derived population is a result of the introduction of
apple trees by European immigrants in the 16th century [17].

To  the  best  of  our  knowledge,  non-domesticated  Saccharomyces  species  have
already been isolated on all continents on Earth, with the exception of Antarctica
[16,  18,  19].  The  City  of  Fairbanks,  in  central  Alaska,  US,  accounts  for  the
northernmost  point  (65°59′  N),  where  a  wild  strain  of  Saccharomyces  (of  the
species S. ellipsoideus) was found [20]. In the southern hemisphere, the Martial
Glacier in Ushuaia (Tierra del Fuego, Argentina) appears as the place of isolation
of a wild member of Saccharomyces (of the species S. uvarum) of greater south
latitude  (54°77'  S)  [21].  Finally,  Auckland,  New  Zealand  is  the  most  easterly
point (174°46' E) and the Island of Hawaii, US (155°50' W), the most westerly
point,  where  non-domesticated  representatives  of  this  genus  (of  species  S.
cerevisiae and S. paradoxus, respectively) have been reported [22, 23]. However,
at the opposite ends of longitude, both places are Pacific islands relatively close to
each  other  (~7200  km).  In  addition  to  their  wide  distribution  on  the  planet,
interestingly,  a  strain  of  the  main  species  of  this  genus  —S.  cerevisiae— even
surpassed the limits of our biosphere and survived on a 40-day space flight in the
Russian space station Mir, despite having presented mutation frequencies up to
three  times  higher  than  those  observed  in  their  parental  counterpart  strain  that
stayed on the ground [24].

Therefore,  these  yeasts  are  also  versatile  concerning  different  temperature
conditions. Despite being considered mesophilic microorganisms, in the extreme
South and North regions where these yeasts have been found, the average annual
temperature  is  between –1 °C and 2  °C,  reaching up to  –20 °C in  winter  (data
from  CLIMATE-DATA  –  www.climate-data.org).  One  of  the  warmest  places
where wild Saccharomyces strains have been found may be the Amazonian Forest
biome. In this environment, Barbosa and co-workers [25] found these yeasts when
they carried out a survey of wild Saccharomyces populations in the Brazilian state
of  Roraima,  which  is  cut  by  the  Equator.  In  this  region  of  Brazil,  the  average
minimum and maximum temperatures range between 22 °C and 34 °C (data from
the Weather Forecast and Climate Studies Center of Brazil – www.cptec.inpe.br).
These  data  demonstrate  the  adaptive  diversity  within  a  single  genus  and  the
consequent  facilitation  of  its  domestication  processes.

http://www.climate-data.org
http://www.cptec.inpe.br
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There  are  reports  of  the  Saccharomyces  species  both  in  freshwater  [2]  and
seawater  [3].  In  the  latter  case,  its  physiological  characteristics  (in  particular,
higher  tolerance  to  salt)  have  attracted  the  attention  of  the  bioprocess  industry
[26]. For example, in the production of biofuels, even though industrial yeasts are
adapted to highly concentrated musts, a large volume of freshwater is required in
fermentation tanks. In the production of first-generation ethanol, depending on the
crops employed, between 1.4 L and 9.8 L of water are required for each liter of
fuel  produced  [27],  and  in  the  second  generation,  the  average  consumption  is
approximately  5.4  Lwater/Lethanol  [28].  Therefore,  even  considering  the  strong
environmental appeal of biofuel production (due to their potential as substitutes
for fossil fuels), this renewable process ends up being responsible for a significant
water footprint. Fortunately, halophilic yeasts facilitate, as an alternative, the use
of  seawater  instead  of  freshwater,  and  thus  guarantee  higher  water  security,
without the loss of fermentative efficiency, as shown by the results of Zaky and
co-workers [29 - 31].

The  soil  is  also  a  very  representative  habitat  for  Saccharomyces  [5,  32,  33].
Species of this genus have already been found in the soils of tropical [34 - 36],
temperate [37 - 39], and even arid and desert climates, as in the “Zona Alta del
Río Mendoza” in the center-west  of  Argentina [40,  41].  In terms of  soil  depth,
Saccharomyces yeasts have already been isolated in the top layers (the upper 10
cm) of different soil types [20, 34, 37 - 39, 42] as well as the deeper layers (30–50
cm)  of  peat  soils  in  Thailand  swamp  forests  [35].  Despite  this  diversity,  some
authors argue that Saccharomyces species should be considered transients in the
soil, as they spread from the substrates that are already deposited there, such as
the bark and exudates from trees as well as the remains of leaves and fruits [32,
43]. This transient association with the soil is particularly noticeable in the regions
covered by oak trees (Quercus spp.) in temperate forests. In fact, the presence of
Saccharomyces  in oak samples (mostly flux and bark) is widely reported in the
literature [25, 32, 44 - 46], with these trees being considered the primary natural
ecological niche of Saccharomyces [47] and the main source of wild strains of the
genus [48].  In any case, when Sniegowski and co-workers [49] surveyed for S.
cerevisiae and S. paradoxus in the soil samples from the specimens of Quercus
spp. and also in the bark and exudate samples from these trees, they found twice
as much representativeness in the soil itself than in the plant samples.

Fruits  were  possibly  one  of  the  first  microenvironments  responsible  for  the
domestication  of  yeasts  of  the  genus  Saccharomyces.  The  presence  of
Saccharomyces on the fruit surface is a widely documented fact [1, 50 - 52], and
the  production  of  fruit-fermented  drinks  dates  back  to  the  Neolithic  revolution
[13, 53] — this and other domestication processes are described below (please,
refer to the next section). The literature indicates the presence of Saccharomyces
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species  on  different  varieties  of  grapes  [19,  50,  54],  fig  [19],  lemon  [55],
watermelon,  orange,  and  pawpaw  [56]  as  well  as  cashew  and  úmbu,  a  native
Caatinga  fruit  from  Brazil  [54].  Furthermore,  Saccharomyces  yeasts  have  also
been  found  in  fruits  of  the  following  genera  of  native  New  Zealand  trees:
Pseudopanax,  Coprosma,  Rhopalostylis,  Leptospermum,  Kunzea,  Griselinea,
Prumnopitys,  and  Schefflera  [51].

It is worth noting that different species and strains of the genus in question have
already been found within the same vineyard, with the abundance and richness of
species  varying  significantly  within  a  few  meters  [50].  In  fermentation  vats,
especially  considering  territorial  wines,  the  use  of  indigenous  yeasts  as  starter
cultures is important [57, 58]; therefore, the same must ends up with yeasts that
were previously found on fruits of different shrubs. This fact demonstrates how
the development of agriculture and bioprocesses brought different yeasts together,
acting  as  driving  forces  for  the  adaptation,  domestication,  and  hybridization  of
this  species  (biological  events  to  be  discussed  in  this  chapter).  Particularly  for
winemaking,  studies  show  that  horizontal  gene  transfer  (facilitated  by  the
proximity among different strains) plays an essential role in microbial selection by
conferring adaptive advantages for yeasts [59 - 61].

In addition to being found on the fruit peels, Saccharomyces yeasts can be found
in the mesocarps [54], in the nectar of flowers of plant species, such as bertam
palm  (Eugeissona  tristis)  [62],  southern-beeches  (Nothofaqus  sp.)  [63],  brown
mustard  (Brassica  juncea),  and  field  mustard  (B.  campestres)  [64],  and  on  the
surfaces of leaves of trees, such as spruce (Picea abies), pine (Pinus silvestris),
oak  (Quercus  robur),  maple  (Acer  campestre),  hornbeam  (Carpinus  betulus),
linden (Tilia cordata), acacia (Robinia pseudacacia), and ash (Fraxinus excelsior)
trees  [65].  Since  these  substrates  are  food  for  many  animals,  they  can  carry
microbial  cells  to  their  intestines,  which  is  particularly  expressive  in  the  bee
microbiota,  where  Saccharomyces  can  account  for  up  to  99%  of  the  intestinal
microbial  cells  of  this  insect  [66].  In  fact,  the  intestines  of  herbivorous  and
nectarivorous insects are usually widely colonized by yeasts, which contribute to
the  digestion  of  food  [67]  and  the  induction  of  mechanisms  of  adaptation  and
immune-enhancement  against  intestinal  pathogens  [68].  The  genus
Saccharomyces  is  widely  associated  with  the  orders  Diptera  (especially  in
Drosophilids) and Hymenoptera [69]. It is worth noting that the volatile organic
compounds (VOCs) produced by yeasts (from the different substrates that serve as
food  for  insects)  often  attract  these  invertebrates  to  the  place  where  yeasts  are
found, allowing microbial cells to access the insects' guts. This close association
between yeasts and insects makes these animals an excellent means of transport
for Saccharomyces cells, especially since these microorganisms can also be found
on the external surface of these invertebrates. Considering the presence of these
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yeasts on the legs and bodies of insects, the Saccharomyces-Insecta association
can also be extended to the orders Lepidoptera and Coleoptera [70].

As yeasts are swallowed along with food, diet can be considered the main reason
for  the  presence  of  Saccharomyces  species  in  the  gastrointestinal  tracts  of
animals.  However,  concerning  the  appearance  of  these  microorganisms  in  the
animal gut, it is worth noting a significant difference here: (i) there are microbes
acquired  through  the  animals'  food  and  remain  associated  with  them  in  a
transitory  way  (the  so-called  allochthonous  microorganisms)  and  (ii)  there  are
pioneer microorganisms acquired by the animal during its birth or immediately
afterwards  that  remain  associated  with  it  perennially,  as  part  of  its  “core”
microbiome. In the latter case, microorganisms are said to be autochthonous [71].
Undoubtedly,  the  genus  Saccharomyces  is  found  in  the  intestines  of
representatives  of  different  phyla  in  the  animal  kingdom;  however,  regarding
livestock and humans, it is still unclear whether these yeasts would be part of the
allochthonous or autochthonous microbiota. In any case, one species in particular,
S.  boulardii,  has  already  proved  to  be  effective  in  preventive  and  therapeutic
treatments of many diseases of the human digestive tract [4]. Indeed, this species
has  a  series  of  phenotypic  and  physiological  characteristics  that  guarantee  its
success  as  a  probiotic,  such  as  optimal  growth  temperature  of  37  °C  [72],
resistance to the gastric environment, and viability at low pH [73]. Interestingly,
however, this species was discovered by Henri Boulard in the 1920s after having
observed that some indigenous people in the Indo-China region consumed fruit
peels  as  antidiarrheal  medication  [4].  In  contrast,  through  pyrosequencing  of
breast  milk  samples,  Boix-Amorós  and  co-workers  [74]  demonstrated  that  the
genus Saccharomyces was the third most prevalent among fungi, accounting for
12% of all sequence reads in these milk samples.

Saccharomyces  species  are  not  only associated with  animals  as  commensals  or
mutualists, but also as opportunistic pathogens [75], causing infections in humans
in places, such as the throat, lungs, intestine, vagina, and bones [19, 76]. Recently,
two species of this genus, S. cerevisiae and S. boulardii, became part of the list of
emerging pathogens, being recognized as the cause of severe infections in patients
with  cancer  [77].  Literature  data  suggest  that  the  use  of  fluconazole  and
itraconazole for the treatment of candidiasis and other fungal diseases may trigger
the selection of new pathogenic yeasts [77, 78]. In Saccharomyces infections, the
presence  of  one  or  more  underlying  conditions,  such  as  tumours,  AIDS,  and
diabetes, may definitely favour the pathogenicity of the yeasts, but the diagnosis
of comorbidities is not sine qua non for infections by the species of this genus. In
fact,  the  literature  reports  cases  of  invasive  infections  in  immunocompetent
bakers,  either  in  the  lungs  [78],  humours  [76],  or  even  the  eye-sockets  [79].
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Despite the wide variety of environments reported as Saccharomyces habitats, in a
recent  study  Alsammar  and  co-workers  [38]  through  a  targeted-metagenomics
approach  prioritizing  the  mycobiome  of  soils  surrounding  different  trees  at
various altitudes in the Italian Alps showed that it was possible to verify higher
abundance  and  richness  of  species  and  strains  in  soil  samples  than  previous
studies based on culturing methods or pyrosequencing targeting of non-specific
Saccharomyces  species  [44,  80].  Alsammar  and  co-workers  approach  [38]
consisted of carrying out a selectivity step involving the isolation of the internal
transcribed spacer DNA specific to this genus. With this methodology, they could
identify S. eubayanus and S. mikatae in their natural habitat for the first time in
Europe.  The  work  of  these  authors  suggests  that  Saccharomyces  yeasts  can  be
found in even more diverse environments.

Thus,  it  is  likely  that  the  genus  Saccharomyces  is  among  the  most  widely
distributed on the planet, including both the natural and industrial environments.
From  the  data  collected  here,  it  is  possible  to  infer  the  amplitude  of  the
physiological diversity among species of this genus, which most likely helps to
explain the success of these yeasts in several biotechnological applications.

HYSTORY  AND  DOMESTICATION  OF  SACCHAROMYCES:  WHEN
AND WHO?

One good indication of how long yeasts have existed within our society is the fact
that  there  are  numerous  cognates  in  many  languages  for  the  English  word,
“yeast”.  There  are  cognates  in  French,  Italian,  Spanish,  Dutch,  Greek,  Danish,
Swedish,  and  even  in  Medieval  Icelandic  [6].  In  fact,  the  existence  of  these
cognates is  a strong evidence of the involvement of this species with mankind.
The term “yeast,” and its respective cognates, denotes the occurrence of lifting,
frothing, foaming, or bubbling that generally occurs when this species is acting on
a particular material or medium. It is believed that wine making was probably the
first  experience  with  yeast,  once  the  fermentation  process  does  not  necessarily
require an external  inoculum step,  i.e.,  it  can proceed as a natural  fermentation
process.  However,  it  is  no  surprise  that  the  concept  of  yeast,  as  the  microbial
agent  that  carried  out  the  fermentation  during  wine  making  and  many  other
applications,  was not perceived until  circa of 7000 years later with the seminal
work of Pasteur [6].

Other alcoholic beverages are believed to have developed quite early, similar to
wine.  As  a  prominent  example,  beer  is  prepared  from malted  barley  and  other
cereals and the fermentation step requires the addition of living yeast cells. The
procedure of malting leads to the breakdown of starch into fermentable sugars,
and  this  was  performed  in  Egypt  and  Babylon  a  long  time  ago  [6].  However,
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according to Katz and Maytag [81], inoculation in the first fermentations occurred
by the addition of fruits,  such as grapes and raisins,  or  even by the addition of
previously  fermenting  wine.  Another  alternative  explanation  is  that  insects,
carrying yeasts in their body, landed on the malted grain and inoculated it [6]. A
third important experience of human society with this fermenting organism was
bread making, that dates back at least 6000 years.

More recently, cachaça fermentation was introduced by Portuguese 500 years ago
in the colony that today comprises the country Brazil. From there, its production
was improved, and it is now considered a typical Brazilian beverage, that is the
one  of  the  most  popular  distilled  beverages  in  our  society.  Artisanal  cachaça
producers employed spontaneous fermentation to convert sugarcane juice into a
fermentation  product  that  was  later  distilled.  The  fermentation  step  was  quite
unique  as  compared  to  the  traditional  fermented  and  distilled  beverages
worldwide, this was a relatively fast fermentation process, occurring in 18–30 h,
and is operated under typical tropical temperatures, where the temperature may
reach as high as 40 oC in the fermentation step [82].

One could say that the domestication of S. cerevisiae by humankind began before
the  domestication  of  horses.  In  fact,  it  occurred  more  than  10,000  years  ago,
during the course of winemaking, brewing, and baking. We can also state that S.
cerevisiae  has  been  domesticated  both  in  diverse  industrial  activities,  such  as
baking, brewing, winemaking, fuel production, pharmaceuticals, etc., as well as in
the laboratory environment. In the laboratory, Louis Pasteur investigated yeasts to
discover  their  essential  roles  in  alcoholic  fermentation  in  1857  [83].  Industrial
activities, such as brewing, was the starting point to captivate researchers to study
yeast  genetics,  by crossing different  strains to improve important  technological
traits  [84].  However,  the  idea  that  S.  cerevisiae  is  a  domesticated  species
specialized for the fermentation of alcoholic beverages and other products,  and
that  S.  cerevisiae  found  in  the  wild  simply  represents  the  migrants  from  these
processes does not necessarily hold true [85]. Although there are clearly strains of
S. cerevisiae specialized to produce alcoholic beverages and other products, these
have been derived from natural populations unassociated with their production.
Yet, S. cerevisiae is regarded as an ideal model for the study of the mechanisms of
microbe domestication, because this species possesses clear signatures of artificial
selection in its genome [15, 23, 85].

In  a  very  interesting  study  performed  by  Liti  and  co-workers  [23],  neighbor-
joining phylogenetic trees were generated based on pairwise SNP differences in
the alignment of various S. cerevisiae strains, including lab, baking, wine, food
spoilage, sake, probiotic, plant, and even pathogenic yeast isolates. They found
five  lineages  that  exhibited  the  same  phylogenetic  relationship,  which  were
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considered  ‘clean’  non-mosaic  lineages,  which  were  classified  as  strains  from
Malaysia,  West  Africa,  sake  and  related  fermentations  (labelled  ‘Sake’),  North
America,  and  a  large  cluster  of  mixed  sources  containing  many  European  and
wine strains (‘Wine/European’). In addition, phenotypic profiling of these strains
(heat, cold, metal and drug stresses) produced results coherent with this general
representation  of  the  S.  cerevisiae  population  structure.  The  authors  have  also
found  a  good  correlation  between  the  phenotypic  and  genotypic  similarities.
Although  some  strains  are  linked  to  specific  geographic  origins,  many  closely
related strains are from widely separated locations, that could be a result of human
traffic in yeast strains followed by recombination events [23].

As pointed out  by Barbosa and co-workers  [82],  there  is  an important  and still
open question regarding the various putative domestication events, whether they
all evolved from the artificial selection of local wild S. cerevisiae lineages or there
was the utilization of a globally dispersed domesticated strain. In their study, they
found that cachaça yeasts have derived from wine strains that have undergone a
further round of domestication, which was defined as a secondary domestication
event. As a result, they believe that cachaça strains combine features of both wine
yeasts,  such as the presence of  genes relevant  for  wine fermentation as well  as
beneficial gene(s) inactivation(s), such as the ones present in beer strains, like the
resistance to inhibitory compounds that are normally present in molasses [86].

According  to  Gallone  and  co-workers  [10],  yeasts  used  for  beer  production
experienced  a  much  stronger  domestication  process  as  compared  to  the  other
applications of yeasts. The combination of time (beer is produced at large-scale
for more than 1000 years) and the particularities of the beer production process
(since yeast is recycled and it is produced continuously during the entire year) are
responsible  for  this  observation.  Regarding  examples  of  brewing  phenotypes
acquired by domestication, the efficient utilization of maltotriose is an emblematic
one. This sugar is relevant in the wort environment [87], but not that important in
natural  yeast  habitats.  Another  interesting  trait  acquired  by  yeast  cells  in  beer
production is the inability to convert ferulic acid (from barley) to 4-vinyl guaiacol
(4VG), an unpleasant aroma-active compound, due to defective genes [88, 89].

Very  recently,  by  combining  genomes  of  Brazilian  fuel  ethanol  strains  with
various  other  yeast  strains,  whole-genome  phylogeny  using  an  alignment-free
approach indicated that bioethanol yeasts [90 - 92] are monophyletic and closely
related  to  cachaça  and  wine  strains.  The  authors  hypothesized  that  Brazilian
industrial ethanol strains may have been domesticated from a pool of yeasts that
were  pre-adapted  to  sugarcane  cachaça  fermentations  [93].  Interestingly,  all
genomes of bioethanol yeasts have amplified gene clusters for vitamins B1 and
B6 biosynthesis, as previously revealed [92]. Moreover, they have also shown the
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ubiquitous  presence  of  SAM-dependent  methyl  transferases  and  quinone
oxidoreductases,  that  are  probably  linked  to  nutritional  and  inhibitory  stresses
normally found during sugarcane-based industrial scale fermentations [93].

Interestingly,  yeast  domestication  via  the  use  of  a  relatively  small  number  of
starter  strains  that  are  routinely  used  to  inoculate  industrial  fermentations,
suggests  that  these  commercial  yeasts  have  been  removed  from  the  normal
evolutionary processes [6, 94]. This inherently process-driven selective pressure
on small, domesticated populations resulted in a reduced genetic diversity. In the
context  of  winemaking,  genomic  regions  relevant  for  wine  production  were
inherited  via  horizontal  gene  transfer  (HGT) from other  fungi  [59,  94].  On the
other hand, in beer production, the genomic innovations that led for the selection
of new biochemical activities for alcoholic beverages may have appeared rapidly
by the hybridization between S. cerevisiae and other Saccharomyces species [21].
Therefore, it is likely that the wine and brewery processes involved very long and
powerful artificial evolution experiments [94].

Another fortunate example of strain domestication is the hybridization between S.
cerevisiae and S. eubayanus, which led to the interspecific hybrid S. pastorianus,
used worldwide in the brewing industry to produce lager beer [95], that represents
80-90% of the brewing industry market share.  These strains are divided in two
main  distinct  lineages,  named  Saaz  (Type  1)  and  Frohberg  (Type  2)  [10].  The
dominance of S. pastorianus in the lager brewing industry suggests an interesting
selective  advantage  of  this  hybrid  over  their  corresponding  parental  species.
While  the  S.  eubayanus  genome  may  confer  enhanced  cold-tolerance,  the  S.
cerevisiae  subgenome  provides  efficient  fermentation,  such  as  the  use  of
maltotriose. Saccharomyces spp. can also be domesticated in the human body via
the ingestion of food and beverages. These colonizers appear to be able to persist
in the human gut environment, as is the case of S. boulardii, which is marketed as
a human probiotic [96].

SACCHAROMYCES HYBRIDS: WHY AND HOW?

Humans have  exploited  the  budding yeast,  S.  cerevisiae,  for  over  ten  thousand
years  for  brewing,  baking,  production  of  wine  and  several  other  fermented
beverages,  and  more  recently  for  the  production  of  biofuels,  drugs,  and  other
chemicals [8, 9]. S. cerevisiae’s biotechnological usefulness resides in its unique
biological  characteristics,  i.e.,  its  fermentation  capacity  and  dominance  in  the
fermenters, and its resilience to the adverse conditions of high osmolarity, high
ethanol, high temperatures, and low pH normally found in industrial processes [9,
88, 92, 97 - 99]. However, it is quite surprising that the first pure yeast brewing
strain (Unterhefe No. 1), isolated by Emil Chr. Hansen in 1883 at the Carlsberg
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Brewery  [100,  101],  was  not  a  S.  cerevisiae  strain,  but  Saccharomyces
pastorianus (carlsbergensis), a hybrid yeast strain member of the Saccharomyces
sensu strictu genus used for production of Lager beers.

In the last century, yeast taxonomists have used physiological and morphologic
characters  to  study  these  microorganisms,  where  even  minor  phenotypic
differences  were  considered  adequate  for  species  delimitations,  promoting  a
continuous  rise  in  the  number  of  accepted  Saccharomyces  species  [102].
Nowadays  most  of  them  are  regarded  as  conspecific  (synonyms)  with  S.
cerevisiae  [103],  and  the  monophyletic  Saccharomyces  sensu  strictu  genus
actually is composed of just 8 species: S. arboricola, S. cerevisiae, S. eubayanus,
S.  jurei,  S.  kudriavzevii,  S.  mikatae,  S.  paradoxus,  S.  uvarum,  and  several
interspecies  hybrids,  including  S.  bayanus,  and  S.  pastorianus  [1].  All  the
Saccharomyces  yeast  species  (excluding  the  hybrids)  have  16  chromosomes
(haploid strains) with similar gene content and synteny, a genome size of 11.3 to
12.2  Mb,  and  between  5,413  (S.  arboricola)  to  6,834  (S.  mikatae)  predicted
protein-coding genes [104]. The genomes can have up to 4% sequence divergence
within the same species, but when comparing the genomes from different species
we find from 7% (Se x Su) to almost 20% (Sc x Su) sequence divergence [104].

The Saccharomyces species exhibit similar fermentation and basic physiological
parameters, although they can have different levels of tolerance to some stresses
[105].  Indeed,  both the genes and promoters of  the glycolytic and fermentative
genes can be swapped between S. kudriavzevii or S. eubayanus into S. cerevisiae,
and  efficiently  complement  the  native  pathway  [106,  107].  A  significant
difference between S. cerevisiae the other Saccharomyces yeast species is related
to  thermotolerance:  all  species  are  cryophilic  (perform  better  at  temperatures
below 20 oC, and have maximum growth temperatures ranging from 33–38 oC),
while  S.  cerevisiae  performs  bad  at  temperatures  below  20oC,  but  can  easily
tolerate  over  40  oC  [108  -  110].  Consequently,  in  competitions  between  S.
cerevisiae  and  the  other  Saccharomyces  yeasts  the  former  will  in  general
outcompete the other yeasts at temperatures above 25–30 oC, while the cryophilic
yeasts  will  dominate  fermentations  at  temperatures  below  20  oC  [108  -  110].
Indeed, tolerance to high temperatures is a trait evolved during domestication of
S. cerevisiae  strains to industrial fermentations [111]. Importantly, the genomic
comparison  of  S.  cerevisiae  with  the  cryophilic  yeasts  shows  that  glycolytic
enzymes  were  among  the  proteins  exhibiting  higher  than  expected  divergence,
and  thus  the  glycolytic  fluxes  and  glycolytic  enzymatic  activities  parallels  the
growth temperature profiles of the different Saccharomyces species [108].

Natural  or  artificial  hybridization between strains  or  species  is  a  very common
phenomenon that occurs in almost all sexually reproducing group of organisms,
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including  bacteria,  plants,  animals,  and  yeasts.  Saccharomyces  yeasts  exhibit
asexual  and  sexual  reproductive  cycles,  whereas  the  most  common  mode  of
vegetative growth is asexual reproduction by budding (through mitosis) of both
haploid  and  diploid  cells  (Fig.  1A).  However,  in  a  stressful  environment  (e.g.
starvation), the diploid cells will sporulate (meiosis) forming an ascus with four
ascospores, 2 of the a-mating type, and 2 of the α-mating type. Haploid cells of
different  mating  types  will  mate,  restoring  the  normal  diploid  cell.  But,  if  the
haploid cells are of two different Saccharomyces  species, then a diploid hybrid
will  be  form  (Fig.  1A).  Indeed,  all  Saccharomyces  sensu  strictu  species  have
identical  predicted  a  pheromones  and  nearly  identical  predicted  α  pheromones
[112],  and  thus  there  is  no  pre-zygotic  barrier  between  these  species,  but  the
hybrids show post-zygotic isolation and hybrids cannot mate, sporulate, or have
very poor (<1%) spore viability [113, 114]. Fig. (1B) shows other possibilities for
hybrid construction through rare-mating, and Fig. (1C) shows protoplast fusion
that  can  take  place  in  the  gut  of  insects  [115,  116],  and  can  be  used  in  the
laboratory  to  create  new  hybrid  strains.  Although  they  are  totally  or  partially
sterile,  these  hybrids  can  be  maintained  by  asexual  reproduction.  As  we  will
discuss  further,  hybrid  Saccharomyces  yeasts  are  usually  found  in  industrial
settings,  but  since  the  Saccharomyces  species  are  found  in  a  variety  of  natural
environments, including tree bark, soil, fruits, and insects guts, usually sharing the
same space [1, 38]. There is recent evidence of the existence of S. cerevisiae x S.
paradoxus  hybrids  isolated from the wild,  in  Brazilian forests,  Mexican agave,
and the French Guiana [25, 117, 118].

Hybrid  genomes  can  provide  a  selective  advantage  in  a  given  environment,  a
phenomenon also known as hybrid vigor [7]. Hybrids have chimeric genomes and
may exhibit unique phenotypic traits that are not necessarily intermediate between
those  present  in  the  progenitors  (also  known  as  transgressive  phenotypes).
Furthermore, the hybrid genomes are usually unstable and prone to postzygotic
changes  either  during  vegetative  propagation  of  the  sterile  alloploid  cells,  or
during sporulation of the allopolyploid cells upon the breakdown of their sterility.
Processes, such as the loss of heterozygosity (LOH), whole genome duplication
(WGD),  appearance  of  aneuploidies,  gene  loss,  genome  re-arrangements,  and
translocations, have been reported during the evolution of hybrid strains [114, 119
- 121].
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Fig. (1).  Formation of Saccharomyces hybrids. (A) Diploid and haploid yeast cells can reproduce asexually
by mitotic budding (grey arrows), but under certain circumstances diploid cells will sporulate (black arrows),
producing an ascus with four spores with defined mating types (a or α). When two spores of different mating
type  encounter,  they  conjugate  and  form  a  diploid  cell  again  (white  arrows),  but  if  the  spores  are  from
different species (cells with different colors), they will produce a hybrid diploid and sterile cell (white cells).
(B) Rare-mating. Diploid cells can become competent to conjugate by the conversion of the MAT locus (loss
of  heterozygosity,  blue  arrow),  and  if  it  encounters  a  cell  of  opposite  mating  type,  it  will  conjugate  and
produce a triploid hybrid (if mating with a haploid spore) or a tetraploid hybrid (if mating with a converted
diploid of opposite mating type, not shown). (C) Protoplast fusion. Diploid cells while passing through insect
guts will have its cell wall digested (red arrows), allowing the direct fusion of cells from different species
producing a tetraploid hybrid.

Table 1 shows some examples of known Saccharomyces yeast hybrids and their
industrial  applications.  In  most  cases  hybrids  have  a  better  fermentation
performance,  especially  with  sugars  that  are  important  for  the  brewing  (e.g.
maltotriose fermentation [122 - 124]) or wine (e.g. fructose utilization [125, 126])
industries,  including  those  that  perform  fermentations  at  cold  temperatures  or
possess high-sugar content [127 - 130].
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Table 1. Saccharomyces hybrids and their industrial applications.

Hybrid Yeast Process, and Characteristics of Hybrids References

S. pastorianusa /
calbergensis (Saaz) (1n S.

cerevisiae x 2n S.
eubayanus)

Lager beers, cold fermentation temperature (7-10oC), non-
maltotriose utilization, lower alcohol and ester production

[1, 100,
131–133]

S. pastorianus (Frohberg)
(2n S. cerevisiae x 2n S.

eubayanus)

Lager beers, cold fermentation temperature, maltotriose
utilization

S. bayanus (S. cerevisiae x
S. uvarum x S. eubayanus)

Beer, Chardonnay wines and ice-cider, high sugar
fermentation, cool climate vineyards

[134, 135]

S. cerevisiae x S.
arboricola

Beer, maltotriose fermentation, increased production of
aroma compounds

[136]

S. cerevisiae x S.
eubayanus

Beer, cider and wine, improved fermentation power at low
temperatures, no off-flavours are produced, maltotriose

fermentation, increased production of aroma compounds
[136–141]

S. cerevisiae x S.
kudriavzevii

Beer, cider and wine, higher fermentation rate, higher ethanol
concentration, less residual sugar, increased flavor and aroma

diversity
[127, 142–145]

S. cerevisiae x S. mikatae Beer and wine, maltotriose fermentation, increased
production of aroma compounds, glycerol, and lower

production of acetic acid

[127, 136, 145,
146]

S. cerevisiae x S.
paradoxus

Olives and olive products, decreased production of organic
acids, better growth under environmental stresses, dominance

during competition
[145, 147, 148]

S. cerevisiae x S. uvarum Beer, cider and wine, maltotriose fermentation, increased
production of aroma compounds, broader temperature range;
intermediate levels of stress sensitivity and higher production
of ethanol and glycerol, higher growth and fermentation rate

[127, 136,
149–152]

aFor S. pastorianus, the best characterized hybrids, two different groups exist with different ploidies: Saaz are
triploids, and Frohberg are tetraploids. There are several discussions on how theses hybrid genomes were
generated. For the other hybrids in the table the ploidy of the strains is not described/known.

SACCHAROMYCES  IN  SUGARCANE-BASED  BIOETHANOL
PRODUCTION: WHAT AND HOW?

Ethanol in Brazil

Ethanol is largely used in Brazil as a biofuel for transportation, contributing to the
world’s highest  renewable energy fraction in its  energy matrix.  Brazil  is  also a
sugar cane producer (700 Mi ton/season) as this crop is used as the feedstock for
sugar  and  ethanol  production,  and  together  with  USA  both  countries  are
responsible for ca. 84% of the world ethanol production. This crop was introduced
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in  Brazil  by  Portuguese  colonizers  in  the  beginning  of  15th  century  to  supply
sugar for Europe. The spent cane juice was accidently and naturally fermented,
and  was  soon  shown  to  be  useful  as  feed  for  animals  and  appreciated  as  a
beverage  by  slaves.  Later  on,  the  juice  and  the  residual  waste  from  sugar
crystallization were fermented and distilled, resulting in the “cachaça,” a Brazilian
spirit  with  increasing economic and cultural  importance.  Industrial  ethanol  and
even  fuel  ethanol  was  later  produced  since  the  first  decade  of  the  last  century,
sometimes stimulated by economical  events (as the Great  Depression in 1929),
but  always  limited  by  technological  advances  occurring  in  Europe  regarding
ethanol  distillation  and  dehydration  [153  -  155].

Due  to  the  Petroleum  Crises  in  1973,  the  Brazilian  Government  launched  an
Ethanol Program to increase the ethanol production to be used as transportation
fuel and to relieve the country’s economy due to the high prices of oil. Since then,
a great effort was devoted by Research Institutes, Universities, Distilleries itself
and private  Institutions,  aiming at  increasing sugar  cane production,  increasing
ethanol  yield,  costs  reduction,  value  addition  to  byproducts,  energy  savings,
electricity co-generation and overall industrial improvements. As a result of these
improvements,  Brazil  has  the  most  economical  and  sustainable  fermentation
process with an energy balance (units of energy in the produced ethanol related to
the total energy used for its production) of 8:1, very high in comparison with that
of corn ethanol in USA (less than 2:1). Currently bioethanol is produced by ca.
400 distilleries, mostly located at Sugar Mills (using cane juice and molasses – a
byproduct  of  sugar  refining),  but  some  others  only  use  sugar  cane  juice  as
substrate  [153,  156].

The Fermentation Process

Sugar  cane  proved  to  be  a  suitable  crop  for  bioenergy  production  due  to  its
efficiency, sustainability, and eco-friendly nature. Its high biomass productivity,
as a C-4 photosynthetic species, amounts to 80–120 ton/ha/year with an ethanol
production of 8,000 liters/ha, much higher when compared to 3,000 liters/ha from
maize. Endophytic nitrogen-fixing bacteria recently found in this species supply at
least 60% of the plant’s nitrogen requirement when growing in low fertility soil.
Economic  and  environmental  benefits  of  sugar  cane  result  from  the  fact  that
nitrogen fertilizers  are  expensive and consume fossil  energy for  its  production.
Drought  tolerance  and  the  perennial  nature  of  this  crop  add  others  agricultural
advantages [153].

Sugar cane stalks are harvested, shopped, and pressed for juice extraction leaving
a fiber residue (cane bagasse). This feedstock has on a wet weigh base, 13–14%
of  fiber  and  12–17% of  readily  fermented  sugars  (90% as  sucrose  and  10% as
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mixture of equal amounts of glucose and fructose). The collected juice is clarified
and concentrated by evaporation for sucrose crystallization. Sucrose crystals are
removed by centrifugation, leaving a sucrose saturated viscous phase called cane
molasses  with 45–60% of sucrose and 5–20% of glucose and fructose,  in mass
fraction. Both molasses and juice are used, in varying proportions, as substrate for
fermentation. A mixture of both sources is a good option, since molasses has high
salt  concentration  and  some  yeast  inhibitors  while  juice  normally  has  mineral
deficiencies  and  lower  buffer  capacity.  The  mineral  composition  of  sugarcane
substrates has a pronounced effect on fermentation efficiency, varying widely in
terms of nitrogen, phosphorus, potassium, magnesium, sulfur, and calcium levels
due to differences in the molasses proportion in the must preparation, cane variety
and maturity, soil, climate, and cane juice processing [153, 154].

In  general,  the  fermentation  proceeds  according  to  a  so-called  “Melle-Boinot”
process, as a fed-batch mode (75% of the distilleries) or as a continuous version,
both utilizing yeast cell recycling. In this process, yeast cells are collected at the
end of the batch by centrifugation and totally re-used in a next fermentation cycle.
Up to 90–95% of yeast cells are recycled, resulting in high cell densities inside the
fermenter  of  almost  10–14%  (wet  weigh  basis/v).  Cell  reuse  reduces  yeast
propagation, and less sugar is deviated for biomass formation, although a 5–10%
biomass increase is noted in each fermentation cycle. Although restricted, this cell
growth  is  of  paramount  importance  to  replace  yeast  loss  mainly  in  the
centrifugation step. A high biomass content in the fermenter promotes a very short
fermentation  time  (6–10  h),  when  compared  to  40–50  h  in  corn  fermentation
process.  The  temperature  is  normally  kept  at  32–35  oC,  but  high  fermentation
rates can generate heat in such amount that cooling system could not be efficient
enough and temperature may reach 40oC, especially during summer [154].

In the fermentation step,  the fed-batch mode (Fig.  2)  starts  by adding the must
(prepared with molasses and cane juice at any proportion with pH within 5.0–5.5),
which contains 18–25% (w/v) total reducing sugars (TRS) to a yeast suspension
(with 30% of yeast cell, on wet basis). This yeast suspension comprises 25–30%
of the total volume of fermentation that is performed in tanks of 300–3,000 m3. A
large inoculum is normally prepared by mixing 2–12 ton of bakers’ yeast to 10 to
300 kg of selected Saccharomyces cerevisiae strains in form of active dry yeast.
This inoculum is prepared only for the first cycle in the beginning of the season,
knowing that baker’s yeast will be replaced by the selected strain in a couple of
weeks of cell recycling. This is because baker’s yeast is cheaper and contributes
for  fermentation  during  the  short  time  required  for  selected  strains  being
implanted.  The  feeding  of  the  must  is  carried  out  for  4–6  h  and  the  batch  is
terminated within 8–10 h, resulting in ethanol titers of 8–12% (v/v).  After that,
yeast  cells  are  centrifuged  and  the  resulting  concentrated  yeast  cell  suspension
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with 60–70% cells (wet weigh basis/v) is collected in a separate vat. This yeast
slurry is diluted with water (1:1) and treated with sulfuric acid (pH 1.8-2.5, for 1
h) to reduce bacterial contamination. Then, the treated slurry is used as a starter
for the next fermentation batch. With that, yeast cells are reused at least twice a
day  over  the  course  of  the  production  season  (200–250  days).  After  the
centrifugation  step,  the  resulting  yeast-free  “beer”  or  “wine”  is  conveyed  to
distillation for ethanol recovery. The resulting liquid stream is called stillage or
“vinasse”,  generating 10–15 L of  vinasse  for  each L of  ethanol.  This  stream is
delivered  into  the  cane  plantations  as  water  and  nutrient  supplies,  in  a  process
known as fertirrigation [153, 156, 157].

Fig. (2).  Ethanol production process using under fed-batch with cell recycle (Adapted from Basso and co-
workers [160]).

The Various Stresses in the Industrial Scenario

Industrial  yeast  strains  encounter  several  stressing  conditions  during  ethanol
production, including high ethanol titers, high osmotic pressure, acidic conditions,
high  temperatures,  and  others,  that  are  intensified  by  the  yeast  cell  recycle,  a
characteristic of the Brazilian process (Fig. 3).
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Fig. (3).  Schematic representation of stress conditions faced by yeast cells during sugarcane-based ethanol
fermentation (Adapted from Basso and co-workers [160]).

Ethanol Stress

Due to the high ethanol titers obtained at the end of each fermentation batch (8-
12%, v/v), it is considered a major stress factor that affects yeast cells. Although
the  inhibitory  role  of  ethanol  on  S.  cerevisiae  is  not  fully  understood,  the
cytoplasmatic membrane is known to be the main target [158, 159]. Membrane
fluidity  is  extremely  altered  in  the  presence  of  ethanol,  thus  membrane
permeability to some compounds is significantly enhanced. As these compounds
permeate the cells, there is a dissipation of the electro-chemical gradient, which in
turn affects the maintenance of the proton motive force. It also affects the yeast
membrane composition, growth inhibition, and enzymatic inactivation, which all
lead to decreased cell viability and impaired fermentation performance [86].

Yeast  cell  recycling,  a  technique  routinely  used  during  sugarcane  ethanol
fermentation, contributes to a cumulative ethanol stress in fermenting industrial
Saccharomyces strains [90, 154, 161 - 163]. Therefore, it is imperative that yeast
cells keep high viabilities at the end of each batch to withstand the next one. For
this  reason,  in  industry,  ethanol  titers  rarely  exceed  11–12%  (v/v)  due  to  the
limited tolerance of the strains during recycling condition. On the other hand, if
the yeast physiological condition at the end of fermentation, namely its viability,
is not a matter of concern (without cell reuse), ethanol titers of 17-23% (v/v) are
easily achieved, as in corn and others cereals fermentations [164, 165].
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Although ethanol is considered an important stress factor for Saccharomyces, high
ethanol  titers  are  highly  desirable  in  the  industrial  context.  High  titers  lead  to
reduced  water  consumption,  as  well  as  savings  in  energy  costs  during  the
distillation  step  [156].  High-gravity  fermentations  will  also  favor  the  energy
balance and improve the sustainability  of  the industrial  process.  In  most  of  the
distilleries in Brazil, the final ethanol content is kept in the range of 8–9% (v/v)
due  to  the  limited  tolerance  of  the  strain  [86,  90].  In  addition  to  sole  ethanol
stress,  the  perturbations  can  be  intensified  by  high  temperature  and  acidic
conditions  faced  by  fermenting  yeast  cells  [166].

Continuous efforts have been made both in academia and industry to search for
ethanol  tolerant  Saccharomyces  yeast  strains,  specifically  for  the  case  of  cell
recycling [86, 90, 156]. A direct approach for this purpose is quite challenging,
since the genetic basis for ethanol tolerance is polygenic and very complex [159,
167]. The majority of the genes related to ethanol tolerance are linked to energy
and biosynthetic metabolism in yeasts. Therefore, the search for yeasts with high
ethanol  tolerance  is  a  difficult  task,  and  various  strategies,  such  as  genome
shuffling,  mutagenesis,  and  adaptive  evolution,  might  be  useful  to  select  more
tolerant strains [168, 169].

Acidic Stress

Although it  is well known that yeasts generally tolerate low pH conditions, the
sulfuric  acid  treatment  of  the  “yeast  cream”  to  reduce  contamination  leads  to
detrimental effects in yeast cells. This is observed by leakages of K, P, Mg and
organic nitrogenous compounds in parallel with drops in yeast cellular trehalose
content  and  cell  viability  [170].  Usually,  yeasts  that  are  resistant  to  the  stress
conditions normally present higher trehalose content [86, 90].

As the plasmatic membrane is permeable to undissociated forms of weak organic
acids present in the substrate or produced by contaminating bacteria (as acetic or
lactic acids, with pKa around 4.7) they enter the cell and reduce the intracellular
pH  value.  Industrial  fermentation  starts  with  the  addition  of  substrate  (pH  =
5.0–5.5) over the treated yeast suspension (pH = 2.6–3.0). As a fed-batch process
the initial pH (around 2.6–3.0) starts to increase during the feeding phase (4–6 h)
reaching pH 3.7–4.0 at the end of fermentation. During the whole fermentation
process pH values are always below the pKa of most of the organic acids found in
the  medium,  rendering them in  its  protonated  (and permeable)  forms.  Residual
levels of sulphite (SO2), an inorganic weak acid used for juice clarification, can
also exert toxic effect on yeast when in levels above 200 mg/L, but when at 100
mg/L,  it  can show desirable effects  due to reduction in bacterial  contamination
[171].
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Osmotic Stress

It  is  intuitive  to  imagine  that  yeasts  would  be  exposed  to  very  high  levels  of
sugars  during  industrial  fermentation  since  high  ethanol  concentrations  are
needed. Nevertheless, the fed-batch nature of the industrial process minimizes the
osmotic  stress  of  sugars,  despite  the  high  sugar  content  of  the  substrate,  with
about  18–25%  (m/v)  total  reducing  sugar.  In  other  words,  during  the  feeding
phase, sugars are added and consumed simultaneously, reducing the exposure of
yeast cells to high sugar concentrations as depicted in Fig. (4).

Fig. (4).  Sugars and ethanol concentration during a typical sugarcane-based fermentation batch performed at
lab-scale mimicking the industrial process, including a feed phase of 4 hours with molasses broth containing
210 sucrose, 18 glucose and 18 fructose (g/L) (Adapted from Basso and co-workers [160]).

The sugar concentrations are governed by the feeding time and the rates at which
sucrose  is  hydrolyzed  and  the  resulting  products  (glucose  plus  fructose)  are
metabolized.  From  Fig.  (4),  it  is  noticed  that  sucrose  hydrolysis  is  faster  than
glucose  and  fructose  absorptions  by  yeast  and  that  glucose  is  preferably
metabolized compared with fructose. As a result, there is a peak of glucose and
fructose at the end of the feeding phase (4 h) but with higher levels of fructose. In
this  condition,  final  ethanol  titer  higher  than 10% (v/v)  was  obtained while  the
maximum sugar  concentrations  experienced by yeast  cell  at  the  end of  feeding
phase was 2.7% fructose,  1% glucose and 0.3% sucrose,  and fermentation was
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finished after 8 h. When changing the feeding time to 6 h a great decrease in sugar
was observed, mainly in fructose and fermentation was finished in 8 h with the
same  ethanol  titer  (data  not  shown).  Glycerol  formation  was  also  decreased,
suggesting that the feeding time of 6 h alleviated the osmotic stress toward yeast,
without compromising ethanol yield and productivity (unpublished results).

The  osmotic  stress  caused  by  high  salt  concentrations  in  molasses  media  is  a
matter of concern, and the levels of potassium, calcium, and magnesium exceed
the yeast requirements. Average levels of potassium induce yeast stress responses
as higher glycerol formation, lower cellular trehalose accumulation and reduced
ethanol  yield  [154].  Increased glycerol  formation occurs  during osmotic  stress,
bacterial  contamination  (with  heterofermentative  Lactobacilli  strains),  and  in
other  conditions,  suggesting  that  this  byproduct  could  be  a  helpful  parameter
indicating general stressing conditions for yeast fermentation. Yeast strains with
higher  invertase  activity  cause  higher  glycerol  production,  probably  due  to
osmotic stress by the rapidly sucrose hydrolysis, and when operating with such
yeasts a low feeding rate is recommended.

Biotic Stress

In  industrial  fuel  ethanol  production  process,  aseptic  conditions  are  difficult  to
achieve  due  to  its  nature  and  presence  of  large  volumes.  Therefore,  bacterial
contamination is inevitably found in sugarcane fermentations. Not only sugars are
diverted  from  ethanol  formation  but  bacterial  metabolites  decrease  yeast
performance, resulting in low ethanol yield,  intense yeast cell  flocculation, and
uncontrolled foam formation [172 - 175]. Yeast flocculation, which can be caused
by  bacterial  contamination,  impairs  the  centrifuge  efficiency.  Foam  formation
increases  costs  due  to  antifoam  consumption  [176].  The  antibiotics  used  to
decrease contamination results in increased costs and their residual levels make
dried yeast improper for commercialization [177] and may result in alterations in
the soil microbial dynamics [178].

Most of the bacterial contaminants in the fermentation tanks of ethanol production
are  lactic  acid  bacteria  (LAB)  [179  -  183].  It  was  also  showed  that
heterofermentative Lactobacilli were more deleterious for yeast fermentation than
homofermentative strains, leading to a higher formation of glycerol, lower yeast
cell  viability  and reduced ethanol  yield.  It  is  suggested that  the higher  fructose
content than glucose observed during the fed-batch fermentation process (Figs. 2
and 4) may favor the heterofermentative strain over homofermentative one, since
the former consumes fructose faster than glucose [184].

Table 2 illustrates the typical detrimental effects of Lactobacillus contamination
on several technological parameters on yeast fermentation, when mimicking the
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industrial  fed-batch  process  at  the  lab-scale.  From  these  data  it  is  possible  to
deduce that approximately 3.7% of metabolized sugars is diverted to undesirable
products  formed  by  the  bacterial  metabolism.  As  such,  since  fermentation
byproducts  are  more  precisely  estimated  than  the  formation  of  ethanol  in
industries,  it  can  be  suggested  that  the  overall  effect  on  ethanol  yield  is
underestimated  (2.4%  is  the  difference  of  ethanol  yield  observed  in  Table  2).
These observations encourage the use of produced bacterial metabolites titers to
access the impact of contamination on ethanol yield and could explain the great
variability of this parameter in the literature when based on ethanol content only.

Table 2. The effect of Lactobacillus contamination (108 cells/mL) on the fermentation stoichiometry,
evaluated by sugar deviation (as % of sugars diverted to metabolic pathways leading to products or
biomass)  for  each  fermentation  product  simulating  the  industrial  fed  batch  process  with  molasses
medium, S cerevisiae PE-2, at 32oC. Each value is the average of 5 fermentation cycles. Data obtained
from Vital [199].

Fermentation Product Without Contamination With Contamination

Ethanol (% of maximal yield) 92.40 90.00

Biomass 1.51 1.13

Glycerol 2.23 2.47

Acetic acid 0.14 1.11

Succinic acid 0.17 0.24

Lactic acid 0.22 3.21

Mannitol 0.52 0.83

Quorum Sensing & Stress

The high cell densities with continuous recycling used by the Brazilian sugarcane
fuel  ethanol  industries  have  several  advantages  in  terms  of  productivity  of  the
bioprocess,  but  it  can  also  trigger  cell  density  dependent  cell-to-cell
communication  via  extracellular  signaling  molecules,  a  phenomenon  called
quorum sensing [185 - 187]. Indeed, quorum sensing plays an important role in
the development of stress tolerance in high cell density yeast cultures through the
production  of  quorum  sensing  molecules  (QSM),  such  as  phenylethanol,
tryptophol,  tyrosol,  farnesol,  and  various  other  alcohols,  by-products  of  amino
acid  metabolism  [188  -  190].  With  the  increase  in  population  density,  QSM
produced by the cells accumulate in the extracellular environment, and once their
concentration  reaches  a  given  threshold,  many  genes  are  regulated  through
specific signaling pathways, promoting fast adaptation to diverse conditions and
resulting,  for  example,  in  increased  cell  fitness  and  survival  [191,  192].  In  S.
cerevisiae QSM are involved in the transition between single cells to flocculation,



Saccharomyces Yeasts: From Nature to Bioprocesses   95

filamentous  growth  and  biofilm  formation,  where  the  aromatic  alcohols
phenylethanol and tryptophol promote filamentous growth by induction of FLO11
via  the  Ras-cAMPK  protein  kinase  A  pathway,  and  tryptophol  induces
flocculation by induction of FLO1 [193 - 197]. Indeed, the analysis of hundreds of
S.  cerevisiae  strains  isolated  from  industrial  sugarcane  fuel  ethanol  producing
plants  in  Brazil  revealed  that  less  than  20% of  the  strains  did  not  present  such
undesirable  features,  including  premature  flocculation,  biofilm  formation,
filamentation  or  excessive  foam  production  [90,  198].

QSM may also have some other effects in S. cerevisiae  fermentation processes
[200], since several reports have shown that high-density cultures of S. cerevisiae
promote  the  early  death  of  non-Saccharomyces  yeasts  present  in  the  medium,
including  K.  thermotolerans,  T.  delbrueckii,  H.  guilliermondii,  H.  uvarum  and
other  yeasts  species  [201 -  204],  and recent  data  indicate  that  the known QSM
tyrosol has several effects in the fermentation performance of several yeasts [205].
Another  QSM,  farnesol,  was  shown  to  inhibit  S.  cerevisiae  growth  due  to  a
signalling-mediated cell cycle arrest [206]. Finally, recent data also show that a
bacterial  QSM,  N-(3-oxododecanoyl)-L-homoserine  lactone,  produced  by  the
Gram-negative  and  opportunistic  human  pathogen  Pseudomonas  aeruginosa,
inhibits S. cerevisiae growth and promotes a clear stress response mediated by the
MSN2 and MSN4 stress-responsive transcription factors [207].

Heavy Metal Stress

Aluminum is  found in  sugarcane substrates,  and its  presence  is  responsible  for
decreasing  the  fermentation  performance.  In  view  of  the  acidic  nature  of
sugarcane-based fermentations, aluminum is mainly present as the trivalent toxic
form (Al3+).  It  is alleged to deleteriously affect yeast cell  viability, intracellular
trehalose levels, fermentation rate and ethanol yield [86]. Interestingly, aluminum
detrimental  effects  can  be  reduced  by  magnesium  ions  and  a  molasses-based
medium. In addition, industrial yeast strains vary regarding aluminum tolerance.
For example, S. cerevisiae CAT-1 is more robust than PE-2 and baker’s yeasts,
and the negative effects are more pronounced in juice than in molasses [153, 161].

Although  low  levels  of  heavy  metals  are  found  in  sugarcane  plants,  the  cell
recycling process and the ability of yeasts to bioaccumulate such compounds have
led  to  detrimental  effects  on  yeast  fermentation.  Vinasse,  when  used  as  a
complement,  was  found  to  reduce  the  toxic  effects  caused  by  both  aluminum
[208] and cadmium [209], probably due to the presence of chelating compounds
present in this substrate.
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Selection of Yeast Strains for Industrial Fermentation

For a long time, Brazilian distilleries operated its mills with baker’s yeast, while
other S. cerevisiae strains (such as IZ-1904 and TA) were believed to be superior
for  industrial  practice.  The main criterion for  this  evaluation was ethanol  yield
presented by a given strain, and in fact IZ-1904 strain showed higher ethanol yield
in  laboratory  conditions,  making  IZ-1904  a  widely  used  strain  in  Brazilian
distilleries. Many ethanol producers exalted the strain, while others depreciated it.
Most of the evaluation assays (performed in laboratory conditions) did not use a
cell  recycling  protocol  and  important  physiological  traits  of  the  strains  were
dismissed regarding industrial  fermentation.  In 1987 these strains were,  for  the
first  time,  evaluated  in  conditions  of  cell  recycling,  mimicking  the  industrial
process as far as possible in the laboratory. The results unraveled physiological
traits suggesting that IZ-1904 would not be tolerant enough to cope with industrial
conditions,  mainly  due  to  the  viability  loss  and  biomass  decrease,  making  it
improper for a cell recycling process (Table 3). Moreover, its lower tolerance to
fermentation stress correlated with lower trehalose and glycogen cellular levels,
and to temporary higher ethanol yield solely at the first  cycles.  In other words,
ethanol was produced at the expense of cellular carbohydrate reserves and yeast
biomass  during  cell  re-use  typically  employed  in  industrial  processes.  This
observation pointed out that ethanol yield, per se, is not an adequate parameter for
yeast  evaluation when a cell  recycling process is  considered.  Noteworthy,  only
after 6 years, using the karyotyping technic, these conclusions were confirmed in
industrial practice [210].

Table 3. Physiological and technological parameters of yeast strains evaluated in fed-batch conditions
simulating the industrial process with cell recycle, in two different stressing conditions. Values are the
average of 6 fermentation cycles. Data obtained from Basso and co-workers [210].

Physiological &
Technological

Parameters

7-8% (v/v) Final Ethanol, 30oC [210] 9% (v/v) Final Ethanol, 33oC [90]

Baker’s Yeast IZ-1904 Baker’s Yeast PE-2

Ethanol yield (%)1 88.8 90.0 89.5 93.2

Glycerol yield (%)1 4.6 5.1 5.7 3.7

Biomass gain (%)2 41 -10 35 49

Cell viability (%)3 80 28 48 97

Glycogen (% cell DCW)3 16 7 9 16

Trehalose (% cell DCW3) 7 0 4 9
1 Fraction of consumed sugar converted into ethanol or glycerol 2 Biomass gain from the first to the last cycle
3 Values from yeast biomass at the end of the last fermentation cycle
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Thus, the karyotyping technique revealed that not only the IZ-1904 strain, but also
any other starter strain (such as baker’s yeast and TA) was not able to withstand
the  fermentation  process  with  cell  recycling.  The  only  strain  that  could  be
detected at the end of the season was an indigenous S. cerevisiae strain isolated
from one of the distilleries involved in the study [210]. This was the starting point
to  a  systematic  tracking  of  the  population  dynamics  of  S.  cerevisiae  strains  in
various  distilleries,  with  monthly  collected  samples  for  12  years.  During  this
period,  strains  with  prevalence  (representing  a  high  proportion  within  a  given
yeast population) and persistency (able to survive all long the production season)
were selected and evaluated in laboratory for desirable fermentation traits relevant
for  industrial  performance.  Whenever  a  promising  strain  was  selected,  it  was
immediately introduced in distilleries and tracked by karyotyping. Many of these
selected strains displayed prevalence and persistency in distilleries, and some of
them  were  outstanding,  being  found  at  the  end  of  the  process  for  various
production  seasons  [90].  Table  3  illustrates  the  performance  of  one  of  these
selected strains (PE-2), which is still used in many distilleries. It is noteworthy to
mention  that  PE-2  strain,  as  compared  to  baker’s  yeast,  produces  less  glycerol
while presenting a more vigorous growth during fermentation with cell recycle. In
addition, higher cellular reserve carbohydrates are correlated to higher viabilities.
The  remarkable  performance  of  these  selected  strains  allowed  them  to  be
successfully  implemented  in  industrial  processes,  reassuring  that  the  industrial
process  itself  is  a  tremendous source of  yeast  biodiversity.  Due to their  unique
abilities, the selected strains, PE-2 and CAT-1, are widely used in various others
fermentation  processes,  including  cachaça,  tequila,  rum,  and  cereal  alcohol
production. They have been also genetically engineered for different purposes and
are currently used in research for genetic dissection of stress tolerance [86, 92,
155].

CONCLUDING REMARKS

Saccharomyces yeasts are used in several industrial applications, although these
microorganisms can also be found in nature associated with the soil, bark, trees,
flowers,  and even in our own gut  microbiome. Humans have isolated and used
these yeasts for millennia; however, only recently we have begun to understand
the  characteristics  of  these  organisms,  especially  in  relation  to  their  superior
fermentation  performance,  thereby  highlighting  the  various  improvements  that
can be made. Industrial bioethanol production from sugarcane presents not only
higher  efficiency  but  also  has  economic  and  sustainable  advantages.
Saccharomyces strains with desirable tolerance profiles evolve from this industrial
process, and its recycling nature makes it an important source of obtaining new
variants, even for other industrial applications. Bioethanol production in   Brazil is
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still  a  growing  sector,  and  there  is  enough  room  for  further  industrial  process
improvements.
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CHAPTER 5

Candida
Atrayee Chattopadhyay1 and Mrinal K. Maiti1,*
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India

Abstract:  The  genus  Candida  represents  a  huge  repertoire  of  fungal  species  with
diverse functions. These unicellular yeasts possess great clinical significance because
of the high level of pathogenicity exhibited by some members of the genus. Moreover,
several  species  of  Candida  are  highly  valued  industrially  as  microbial  platforms  to
produce  commercial  products.  Therefore,  there  is  a  persistent  need  to  describe  the
genus  as  a  whole,  considering  its  immense  applications  in  both  medical  and
biotechnological grounds. The genus is being continuously explored, with new species
regularly emerging as pathogenic. However, since most of the in-depth research has
been focused on a few species of these yeasts, therefore, only the pathogenic species
have been described in this chapter, reviewing the underlying characteristics that label
their pathogenicity, which include their incidence of occurrence among the population,
spread  of  infection,  factors  affecting  the  host  immune  system,  and  disease  control.
Further, the major studies identifying the biotechnological potential of the species have
been discussed.

Keywords:  Adhesin,  Biodegradation,  Biofilm,  Bioremediation,  Biosurfactants,
Candidiasis,  CTG  clade,  Drug  resistance,  Enzymes,  Hyphae,  Non-albicans
Candida,  Parasexual,  Pathogenic,  Phagocytes,  Pseudohyphae,  Single-cell  oil,
Single-cell  protein,  Transcription  factor,  Virulence,  Yeast.

INTRODUCTION

The genus Candida contains a mixed population of unicellular yeasts, which are
difficult  to  group  by  their  morphological  or  physiological  characteristics.  The
species belonging to this genus do not share similar types of distinctive features.
The  term  ‘Candida’  loosely  refers  to  imperfect  fungi  as  the  members  do  not
exhibit  a  clearly  defined  sexual  cycle.  However,  the  name  originates  from  the
Latin word ‘candidus’ meaning white, as pigmentation is usually absent in these
yeasts [1]. In  1923, the Danish  microbiologist Christine Berkhout  first classified
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nine  yeast  species,  originally  assigned  to  the  Monilla  genus,  to  this  new taxon
based  on  certain  morphological,  biochemical,  and  physiological  characteristics
[2]. Since then, the genus was reassigned several times, and finally, with the aid
of molecular biology tools, a definite classification has been possible. Different
species  of  these  yeasts  are  widely  distributed  in  natural  ecosystems  and  are
usually found in human microflora as saprophytes. However, some of them can
become opportunistic pathogens given a congenial host environment.

(I). CANDIDA: A POLYPHYLETIC GENUS

The  genus  currently  comprises  around  200  species  of  ascomycetous  yeasts
(kingdom: Fungi, division: Ascomycota, subdivision: Saccharomycotina) grouped
under Hemiascomycetes class and Saccharomycetaceae family [1]. The cell shape
and size vary from species to species and also on the environmental conditions,
but usually range from ovoid to elongate, and (1-8) μm x (1-6) μm [3, 4]. Cells
may or may not form mycelium; pseudohyphae and occasionally true hyphae are
observed [1, 5]. The usual mode of reproduction is budding, but the sexual cycle
is observed in some cases [6]. Typically, Candida  species are aerobic, glucose-
fermenting yeasts, unable to assimilate nitrate or inositol, and do not synthesize
carotenoids  [1,  4].  A  small  number  of  Candida  species  are  efficient  pentose-
utilizers that have been exploited for the effective use of hemicellulosic wastes.
Numerous studies also focused on these yeasts metabolizing plant byproducts and
subsequent  bioconversion  to  important  biotechnological  compounds  such  as
antibiotics,  vitamins,  complex  alkanes,  and  biofuel  [7].  Several  species  like  C.
tropicalis,  C.  maltosa,  C.  famata,  C.  guilliermondii,  and  C.  krusei  have  been
extensively employed for the industrial production of value-added metabolites [8].
Despite  such  immense  biotechnological  potential,  the  genus  has  gained  its
importance because of the pathogenesis and clinical significance of many species,
the foremost being C. albicans, closely followed by C. tropicalis, C. parapsilosis,
and C. glabrata.

Despite the numerous attempts at reclassification, a common evolutionary origin
has  not  been  established  among  the  members  of  this  genus;  hence  the  genus
Candida  appears  to  be  a  polyphyletic  group  posing  a  substantial  problem  in
characterizing the species. A breakthrough came in 1989 when Kawaguchi et al.
described a different codon usage for CTG (or CUG) codon in C. cylindraceae
(currently known as C. rugosa), which was found to code for serine instead of the
usual leucine [9]. Further investigation by Sugita and Nakase identified 67 such
species exhibiting alternative codon usage [10]. Currently, phylogenetic clustering
based on whole-genome sequencing has divided the Saccharomycotina yeasts into
two major groups- 1) CTG clade with species exhibiting non-classical translation
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of  CUG  into  serine  (Fig.  1),  and  2)  non-CTG  clade  including  whole-genome
duplication  (WGD)  clade  comprising  yeasts  which  have  undergone  genome
duplication,  including  Saccharomyces  species  and  the  pathogenic  C.  glabrata.
While  many  of  the  Candida  species  belong  to  the  CTG  clade,  including  C.
albicans, C. dubliniensis, C. tropicalis, C. parapsilosis, C. maltosa, C. famata, C.
guilliermondii,  C.  lusitaniae,  C.  oleophila,  and  C.  rugosa,  which  are  mostly
pathogenic, the non-Candida yeast Pichia stipitis also falls in this group [11 - 14].
Such reassignment of codon has been correlated with the length of the isoprene
chain  present  in  coenzyme  Q9  (Co-Q9),  the  predominant  ubiquinone  found  in
these species [10].

Fig. (1). Phylogenetic distribution of Candida species of yeasts. Most of the important pathogens of the
genus  fall  into  the  CTG  clade  translating  the  CUG  codon  into  serine,  except  for  the  highly  frequent  C.
glabrata, which falls in the WGD clade and is more closely related to S. cerevisiae. The figure is taken from
Papon et al., 2013 [15].

Normally mistranslation of codons is seen in organisms as an adaptive response to
various  stresses.  For  example,  the  mistranslation  of  UGA  stop  codon  to
selenocysteine in response to oxidative stress in neurons has been reported [16].
Likewise,  the  mistranslation  of  CUG  in  C.  albicans  is  an  example  of  stress-
induced  response,  although  3%  of  codons  are  still  translated  as  leucine  in  the
yeast  following  standard  codon  usage  pattern  [17].  Misincorporation  of  serine
initiates  a  cascade  of  morphological  changes  in  the  organism,  altering  its
pathogenicity  and  susceptibility  to  the  host  immune  system  and  morphogenic
transition. Miranda et al. reported that CUG mistranslation dramatically changes
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the  cell  wall  structure  of  C.  albicans,  reducing  the  exposure  of  cell  surface  β-
glucans, as a result of which cells become less susceptible to recognition by host
macrophages  thereby  altering  host-pathogen  interaction  [18].  In  addition,  the
mistranslated cell surface protein adhesin exhibits increased adherence to a broad
range  of  host  substrates,  aiding  in  the  colonization  of  the  yeast  cells  [18].
Although most of the pathogenic Candida species lie within the CTG clade, there
are  exceptions  of  C.  glabrata  and  C.  krusei  [19].  C.  bracarensis  and  C.
nivariensis are two new additions to this group, which are also pathogenic, but the
isolation frequency is pretty low [20, 21]. C. krusei is moderately pathogenic and
more  well-known  for  its  fermentation  ability  which  has  been  exploited  for
bioethanol  production  [22].  Other  Candida  species  not  belonging  to  the  CTG
clade that are albeit mildly pathogenic are C. kefyr (Kluyveromyces marxianus),
C. norvegensis (Pichia norvegensis), and C. inconspicua (Pichia cactophila), the
latter two being closely related phylogenetically [23]. C. lipolytica (syn. Yarrowia
lipolytica) is rarely found among infected cases and is responsible for only about
0.1% of Candida infections [23]. This yeast is distantly related to both the CTG
and Saccharomycetaceae clades.

(II). CANDIDIASIS IN HUMAN AND ANIMALS

The term ‘Candidiasis’ collectively refers to chronic fungal infections in humans
caused  by  Candida  species  of  yeasts,  and  is  currently  considered  the  fourth
leading  cause  contributing  to  8–10%  of  all  nosocomial  infections  occurring
worldwide [24]. Usually, these yeasts reside in human microflora as commensals
and  are  frequently  found  in  skin,  genitourinary  and  gastrointestinal  tracts  [25].
However, an appropriate host environment such as an impaired immune system
can trigger their proliferation resulting in infection ranging from local mucosal to
severe  systemic disease.  Depending on the  site  of  infection,  candidiasis  can be
divided into three groups: 1) cutaneous, infections that are restricted to the skin, 2)
mucosal, when the fungi infect oropharynx, oesophagous, and vagina, and lastly,
3)  systemic,  spreading  across  the  internal  organs  and  to  the  bloodstream.  The
latter is called candidaemia, for which the mortality rate ranges from 15–35%, and
is  the  most  common  type  of  invasive  candidiasis  [24].  Although  C.  albicans
remains the most isolated pathogen in candidiasis, most of the candidaemia cases
worldwide are caused by five predominant species — C. albicans, C. glabrata, C.
parapsilosis, C. tropicalis, and C. krusei —, while the less predominant species
associated  with  other  candidiasis  infections  include  C.  guilliermondii,  C.
lusitaniae, C. kefyr, C. famata, C. inconspicua, C. rugosa, C. dubliniensis, and C.
norvegensis  [8,  23].  These non-albicans  Candida  (NAC) species  have shown a
gradual  emergence  in  the  last  two  decades,  accounting  for  35–65%  of  global
candidiasis cases [26]. C. auris, another NAC species, was first reported in Japan
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in 2009 as a cause of nosocomial infection with a high mortality rate. Since then,
C.  auris  infection  has  been  reported  in  Asia,  UK,  the  US,  and  many  other
countries [27 -  29].  Two more species — C. bracarensis  and C. nivariensis  —
have been identified later as pathogenic both being closely related to C. glabrata
[20, 21, 30].

Cutaneous Candidiasis

It  is  usually  a  chronic  infection  occurring  in  the  skin  and  nails  of  predisposed
patients, commonly isolated from diabetic and obese individuals [31].

Mucosal Candidiasis

Oropharyngeal  candidiasis  (OPC)  is  the  most  common  oral  infection  found  in
HIV  patients,  usually  at  the  onset  of  AIDS.  Although  C.  albicans  is  the  most
common cause of these infections, NAC species are increasingly being found to
be associated as  well,  and they mostly  include C. glabrata,  C.  parapsilosis,  C.
krusei, C. tropicalis, C. dubliniensis, and C. guilliermondii [32]. Infection of the
vaginal surface is called vulvovaginal candidiasis (VVC), and the infection affects
about 75% of women globally. C. albicans is the most frequent colonizer in the
vagina, but there are increasing cases of C. glabrata infection for VVC, followed
by other NAC species such as C. tropicalis,  C. krusei,  and C. parapsilosis  [33,
34].

Systemic Candidiasis

Under these conditions, the yeast cells spread across the body, invading the vital
internal  organs  from  the  bloodstream  such  as  the  liver,  spleen,  kidneys,  heart,
brain.  Thus,  three  major  predisposing  conditions  expose  humans  to  invasive
infections-  1)  repetitive  use  of  broad-spectrum  antibiotics,  which  removes  the
natural gut microbiota that releases protective factors against Candida spp. [35],
2) invasive surgical procedures that might breach the cutaneous or gastrointestinal
barriers, 3) suppression of the immune system by chemotherapy or corticosteroid
therapy [36, 37].

Epidemiology

Among the most frequently isolated NAC species- C. parapsilosis, C. glabrata,
C.  tropicalis,  the  severity  of  infection  depends  on  several  demographic  factors
such as age group and location, as well as certain predisposing conditions such as
immunodeficiency,  neutropenia,  and  diabetes.  While  C.  glabrata  is  most
frequently  isolated  from  elderly  patients,  C.  parapsilosis  predominates  among
neonates and is also isolated from patients who have undergone invasive surgical
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procedures  [38  -  41].  The  infected  individuals  may  develop  endocarditis
(inflammation  of  endocardium  of  the  heart),  endophthalmitis  (inflammation  of
intraocular  fluids  of  the  eye),  peritonitis  (inflammation  of  the  inner  abdominal
lining), fungemia (fungal infection in the blood), and septic arthritis (infection in
the joint space) [38]. C. tropicalis infections, on the other hand, are most severe in
neutropenic patients and those with cancer, particularly leukemia [19, 42, 43]. C.
rugosa accounts for 1.1% of candidiasis cases and is usually isolated from the oral
cavity of patients with diabetes [44]. The less common pathogen C. dubliniensis is
reported in the oral cavities of HIV positive individuals, and more recently, from
other  parts  of  both  HIV positive  and negative  patients  [45 -  48].  However,  the
pathogen is not known to cause invasive disease which is attributed to its inability
to form hyphae and invade underlying tissues [49].

Geographically,  C.  glabrata  is  the  most  commonly  occurring  NAC  species  in
North  America  and  Europe  in  contrast  to  Latin  American  countries,  India,  and
Pakistan, where C. parapsilosis and C. tropicalis are more common, followed by
C. guilliermondi and C. rugosa [23, 39, 50, 51]. The frequency of recovery of C.
parapsilosis  from  clinical  isolates  is  3-fold  higher  in  North  America  than  in
Europe,  whereas  C.  inconspicua  and  C.  novigensis  are  frequently  recovered  in
Europe [23]. These NAC species also exhibit differential resistance to antifungal
drugs;  C.  glabrata  shows  multidrug  resistance  to  a  large  range  of  antibiotics,
making it  a growing concern among medical researchers,  whereas resistance to
azole compounds is largely found in C. krusei, C. inconspicua, C. rugosa, and C.
norvegensis. As opposed to the trend, C. parapsilosis and C. guilliermondi show
increasing resistance towards echinocandins [8, 52]. The underlying mechanisms
for  such  varied  susceptibility  are  very  poorly  understood  due  to  inadequately
developed  genetic  and  molecular  resources.  Two  main  problems  in  this  regard
are- the absence of sexual reproduction in most of the pathogenic Candida species
and alternate codon usage limiting the scope of using molecular tools designed in
model organisms like E. coli  or S. cerevisiae.  Albeit the pathogenesis and drug
resistance mechanisms of C. albicans have been intensively studied since the end
of the 20th century, revealing several molecular targets associated with antifungal
resistance  in  the  yeast.  Moreover,  with  the  dramatic  upsurge  of  NAC  species
among  candidiasis  patients  globally  with  their  reduced  susceptibility  to
antifungals,  a  great  deal  of  medical  interest  is  focused  on  deciphering  the
molecular  mechanisms  associated  with  virulence  and  drug  resistance  in  these
yeasts.

Antifungal Drug Resistance

Since 1990, fluconazole has been considered a standard antifungal drug for the
treatment of candidiasis. Azole compounds are effective against both C. tropicalis
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and  C.  parapsilosis,  although  the  susceptibility  of  C.  tropicalis  towards
fluconazole is relatively lower than that of C. albicans [53]. C. lusitaniae is also
susceptible to azoles but shows higher resistance towards amphotericin B, which
is  concerning  as  this  yeast  accounts  for  1-2%  of  candidaemia  worldwide  [54].
However,  C.  glabrata  is  infamously  resistant  to  this  empirical  drug  which  is
reflected  in  the  elevated  minimum  inhibitory  concentration  (MIC)  during  its
treatment. MIC distribution of fluconazole for each of the seven invasive Candida
species is presented by Pfaller [55]. With time, the propensity of resistance by C.
glabrata  has spread to both azole and echinocandin group of antifungal agents,
giving  rise  to  multidrug-resistant  (MDR)  strains  which  are  of  serious  medical
concern. The antifungal azole compounds affect the ergosterol synthesis (a major
constituent  of  the fungal  cell  membrane)  by interfering with the activity  of  the
target  enzyme  lanosterol  14-α-sterol-demethylase.  Resistance  to  azole  drugs  is
associated with enhanced expression of MDR and CDR genes that encode efflux
pumps in C. albicans, C. glabrata, and C. dubliniensis, or point mutation in the
ERG11  gene encoding the target enzyme in these yeasts. The latter reduces the
affinity for binding of azoles to the target [55]. Echinocandins inhibit the enzyme
1,3-β-D-glucan  synthase,  responsible  for  the  β-glucan  formation  in  fungal  cell
walls. Candida species with reduced susceptibility to echinocandins, such as C.
albicans, C. glabrata, C. krusei, C. tropicalis, and C. dubliniensis have all shown
point  mutations  in  the  FKS1  gene  encoding  the  major  catalytic  subunit  of  the
enzyme,  thereby  altering  enzyme  kinetics,  reducing  its  sensitivity  towards
inhibition [56]. Mutations in the FKS2 gene and a certain MSH2 gene encoding a
DNA mismatch repair protein have also been detected in clinical isolates of MDR
C.  glabrata  [57,  58].  The  MD  transporter  genes  CDR  are  regulated  by  the
transcription factor  PDR1 in  the  yeast,  and the  gene encoding PDR1 showed a
gain-of-function mutation in the drug-resistant isolates [59, 60].

Immune Response

The  host  immune  system  is  activated  through  a  myriad  of  signaling  due  to
Candida  spp.  infections.  Mucosal  candidiasis  activates  the  T-cell-dependent
response;  invasive  candidiasis  triggers  a  lymphocyte-independent  response
involving  myeloid  phagocytes,  i.e.,  neutrophils,  monocytes,  macrophages,  and
dendritic  cells  [61  -  63].  Pappas  et  al.  have  excellently  reviewed  the  various
effector-mediated signaling mechanisms activated by myeloid phagocytic cells in
the Candida spp.-infected tissues [61]. Myeloid phagocytes express soluble and
membrane-bound receptors called pattern recognition receptors (PRRs) that are
activated by the pathogen-associated molecular patterns (PAMPs) of the invading
pathogen.  Additionally,  inflammation  complexes  NLRP3  (NOD-like  receptor
family pyrin domain containing 3) and NLRP10 (NOD-like receptor family pyrin
domain containing 10) are also activated that in turn produce pro-inflammatory
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cytokines  IL-1β,  IFN-γ,  and  IL-17  [64  -  66].  These  cytokines  further  promote
phagocytosis, activate TH cell responses and ROS generation. The latter induces
an  oxidative  process  of  killing  Candida  spp.  cells  by  recruiting  the  NADPH
oxidase complex at  the phagosomal  membrane and activating myeloperoxidase
for  ROS  generation  [67].  The  dendritic  cell-associated  dectin  1-calcineurin
pathway activation also  promotes  the  oxidative  killing of  the  fungal  cells  [61].
Neutrophils are particularly important at the early stage of infection, usually after
24–48  h,  and  exhibit  the  most  potent  phagocytic  activities  [63].  They  release
extracellular  antimicrobial  elastase  and  calprotectin  that  damage  the  large
filamentous forms of Candida  spp. or undergo degranulation themselves by the
action  of  jagunal  homolog  1  (JAGN1)  and  the  chemokine  receptor  CXCR1.
Dendritic  cells  produce  cytokine  IL-23  which  triggers  natural  killer  cells  to
release granulocyte-macrophage colony-stimulating factor (GM-CSF), which in
turn activates neutrophils in the Candida-infected cells. Another cytokine, IL-15,
produced by inflammatory monocytes similarly activates neutrophils [61].

(III). CANDIDA IN NATURE

Among the 200 species currently identified in the genus, C. albicans is the most
dominant  pathogen accounting for  half  of  all  disseminated candidiasis.  Overall
95%  of  all  candidiasis  cases  are  caused  by  C.  albicans,  C.  tropicalis,  C.
parapsilosis,  and  C.  glabrata  [68  -  70].  Other  less  relevant  species  include  C.
lusitaniae,  C.  guilliermondii,  C.  krusei,  and  C.  dubliniensis  [71].  All  of  these
species have different mechanisms for virulence and pathogenesis, which need to
be understood individually.

Pathogenesis

By  far,  C.  albicans  is  the  most  studied  example  of  Candida  pathogen  and
considered as a model for all host-pathogen interaction studies. The yeast is well
known  for  its  dimorphic  character,  i.e.,  unicellular  yeast  form and  filamentous
mold  form,  and  virulence  of  C.  albicans  is  associated  with  its  morphogenic
transition  between  the  two  forms  as  well  as  its  phenotypic  switching  between
white and opaque cells [72 - 75]. Such transitions are highly regulated, and each
type possesses a different level of virulence. For example, the white cells show
more virulence in systemic infections, while opaque cells are in cutaneous ones,
and also the latter is more efficient in evading host cell immune response [76, 77].
Generally,  the  filamentous  morphologies  aid  the  organisms  colonization,
adherence  to  the  host  cell  surface,  rapid  dissemination  to  host  tissues,  biofilm
formation;  thereby the hyphal  or  pseudohyphal  forms are more associated with
virulence.  In  C.  albicans,  the  hyphal  formation  promotes  virulence  in  the
following  ways:  1)  Hyphae  mechanically  invade  the  epithelial  tissue;  2)
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Branching of hyphae further damages the endothelial cells; 3) Hyphal growth can
lyse macrophages and neutrophils from inside following phagocytosis [78, 79].

The transition from yeast form to hyphal form in C. albicans is highly regulated at
the  transcriptional  level,  and  a  direct  correlation  has  been  drawn  between  the
gradual  transition  of  single  cells-pseudohyphae-hyphae  formation  with  the
expression  of  the  transcriptional  regulator  UME6.  The  yeast  form  does  not
express UME6, while the pseudohyphal form expresses a low level of UME6, and
the highest level of expression is detected only in true hyphal morphology [80].
On  the  contrary,  the  transcription  factor  gene  NRG1  represses  the  filament-
specific genes (UME6, HWP1, ECE1, etc.), and its expression is negatively cor-
related  with  the  transition.  Deletion  of  the  gene  has  resulted  in  constitutive
filamentous growth in C. albicans [81]. Another TF gene, EFG1, influences genes
responsible for hyphal growth like HGC1 and controls adhesion and secretion of
protease, lipase, and other hydrolytic enzymes [82 - 85]. The latter enzymes are
responsible for host tissue destruction seen during an invasion. Several proteases
and lipases are identified in Candida pathogens, the most important being aspartic
proteinase  (Sap),  which  are  reportedly  involved  in  host  tissue  adherence  and
damage [86]. They have been found in C. albicans, C. parapsilosis, C. tropicalis,
and C. guillermondii [87].

Moreover, secretion of extracellular lipases has been correlated with virulence in
many  pathogenic  species.  They  are  thought  to  help  the  pathogen  adhere  to  the
host tissues, interfere with host immune response, and facilitate colonization by
destroying  competing  microflora  [88,  89].  Besides,  the  function  of  lipase  in
biofilm  formation  has  been  demonstrated  in  C.  parapsilosis  [89].

Having  understood  the  roles  of  hyphae  in  pathogenesis,  the  formation  of  the
intermediate  pseudohyphae  puts  forth  a  pertinent  question  of  its  evolutionary
significance. Why transition to a less virulent morphology, when attaining a more
virulent  hyphal  form  is  possible?  One  plausible  explanation  is  that  the
pseudohyphae  allow  the  yeast  to  invade  tissues  with  sub-optimal  nutrient
resources since the highly branched pseudohyphae have better nutrient scavenging
and disseminating properties [90]. Among the NAC species, while many possess
the ability to form pseudohyphae, only C. dubliniensis and C. tropicalis can form
hyphae like  C. albicans  [91].  Consistent  with  this  observation,  the  above three
Candida  species appear to be more virulent with increased adherence ability to
host cells and secretion of protease than other less-pathogenic species [90, 91]. C.
dubliniensis  is  genetically  closest  to  C.  albicans  and  exhibits  yeast-hyphal
switching.  Expression  of  UME6  during  hyphal  growth  is  also  observed  in  this
yeast  [92].  The  diploid  C.  tropicalis  exhibits  white-opaque  switching  and  is
controlled by the TF Wor1 as observed in C. albicans, but EFG1 is absent in the
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yeast.  The  role  of  such  transition  in  the  virulence  of  C.  tropicalis  is  not  yet
established [93, 94]. This phenomenon is, however, absent in a relatively distant
species, C. parapsilosis, although it secretes lipase during the invasion of the host,
a  trait  shared  with  C.  albicans.  The  yeast  also  shows  biofilm  formation  as  an
important  sign  of  its  virulence  like  C.  albicans,  and  the  process  is  mainly
controlled  by  the  TF  Bcr1  [95,  96].  Instead  of  white-opaque  switching,  in  this
case, the colonies undergo other forms of switching, which are regulated by EFG1
[97,  98].  The  TF  UME6 regulates  pseudohyphal  formation  in  C.  tropicalis,  C.
parapsilosis,  and C.  guilliermondii,  suggesting  its  importance  in  regulating  the
morphology of CTG clade yeasts [99]. The less common causes of infection, C.
lusitaniae,  and C. guilliermondii  exist both in yeast and pseudohyphal forms in
the  infected  tissues.  The  latter  is  of  high  biotechnological  interest;  it  produces
riboflavin  and  xylitol  [100].  The  haploid  genome  of  C.  guilliermondii  has
facilitated  the  development  of  genetic  engineering  tools  in  the  yeast  [8].

A major deviation from the CTG clade yeasts is C. glabrata, which despite being
a  non-member,  is  highly  virulent  and  of  great  concern  because  of  its  rapidly
increasing  drug  resistance.  This  yeast  is  considered  the  most  pathogenic  NAC
species  belonging  to  the  WGD  clade,  followed  by  the  less  pathogenic  C.
bracarensis  and  C.  nivariensis,  both  of  which  have  been  grouped  in  the  same
clade much later [20, 21]. C. glabrata has a haploid genome whose sequence was
published in  2003 as  the  first  published genome of  a  Candida  species  together
with  C.  famata  [101].  Contrary  to  the  yeasts  described  above,  C.  glabrata  is  a
pathogen in unicellular yeast form and shows no morphogenic switching. Despite
that,  a  high  level  of  virulence  is  imparted  to  the  yeast  by  a  large  number  of
secretory adhesin proteins, which are important for biofilm formation [102]. The
TF PDR1 described before is responsible for both adherence and virulence in this
yeast [59, 60].

Sexuality

As discussed earlier, Candida is a diverse genus of yeasts, not only with respect to
pathogenicity  and  morphology,  but  also  the  exhibition  of  different  ploidy  and
modes  of  sexuality  (Table  1).  Generally,  the  haploid  species  are  relatively  less
pathogenic such as C. lusitaniae, C. guillermondii, C. famata,etc., and the highly
pathogenic  species  like  C.  albicans,  C.  tropicalis,  C.  parapsilosis  are  diploid,
although there are exceptions of pathogenic C. glabrata, C. krusei, which are also
haploid.  The sexual cycle is  described for most of the prominent species but is
mostly  characterized  for  C.  albicans.  Evidence  of  sexual  cycle  in  the  yeast  is
suggested by the presence of mating-type-like (MTL) locus, and mating between
two  diploid  strains  containing  MTLa  and  MTLα  alleles  gives  rise  to  tetraploid
cells. The frequency of this mating phenomenon is very low in the yeast, and is
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found to be governed by the characteristic white-to-opaque switching observed in
its  case,  and  that  the  opaque  cells  can  undergo  mating  more  efficiently.  Such
regulation of the sexual cycle might be important for protecting the mating cells
from  the  host  immune  response  as  opaque  cells  are  more  efficient  in  evading
immune cells.

In  many  cases,  although  white  cells  do  not  participate  in  mating  directly,  they
promote mating in the opaque cells by secreting pheromones and mediating cell-
to-cell  fusion.  However,  the  mating  cycle  of  the  yeast  is  not  completed  by  the
conventional meiosis as observed in fungal sexual cycles. Instead, the tetraploid
cells undergo a parasexual mechanism of chromosome loss giving rise to diploid
and  aneuploid  cells  [103].  Several  studies  suggest  that  this  chromosomal
instability  is  an  adaptive  response  to  various  factors  such  as  stress,  antifungal
drugs, etc [19, 104], and plays a key role in generating the white-opaque transition
required for mating as well as many other phenotypes of the yeast.

Table 1. Characteristics of Candida species.

Name Clade Pathogenicitya Ploidy Morphology Sexuality

C. albicans CTG High Diploid Yeast, pseudohyphae,
hyphae P

C. glabrata WGD High Haploid Yeast, pseudohyphae Mating not
observed

C. tropicalis CTG High Diploid Yeast, pseudohyphae,
hyphae P

C. parapsilosis CTG High Diploid Yeast, pseudohyphae Mating not
observed

C. krusei Others Moderate Haploid Yeast, pseudohyphae Het

C. dubliniensis CTG Low Diploid Yeast, pseudohyphae,
hyphae P

C. guilliermondii (syn.
Meyerozyma
guilliermondii)

CTG Low Haploid Yeast, pseudohyphae Het

C. lusitaniae (syn.
Clavispora lusitaniae) CTG Low Haploid Yeast, pseudohyphae Het

C. orthopsilosis CTG Low Diploid Yeast, pseudohyphae Mating not
observed

C. kefyr (syn.
Kluyveromyces marxianus) Others Low Haploid Yeast, pseudohyphae Ho

C. famata (syn.
Debaryomyces hansenii) CTG Low Haploid Yeast, pseudohyphae Ho
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Name Clade Pathogenicitya Ploidy Morphology Sexuality

C. rugosa CTG Low Haploid Yeast, pseudohyphae Mating not
observed

C. inconspicua WGD Low Diploid Yeast, pseudohyphae Sexual

C. norvegensis WGD Low Diploid Yeast, pseudohyphae Sexual
aPathogenicity refers to the frequency of isolation; High: >5%; Moderate: 1-5%; Low: <1%; P, parasexual;
Het, Heterothallic; Ho, Homothallic

An interesting aspect of sexual reproduction in the yeast is manifested by same-
sex  mating  observed  in  some  cases.  This  type  of  homothallic  mating  has  been
observed in opaque cells and is thought to be mediated by the fact that C. albicans
a cells secrete both a and α type pheromones, and the latter is normally degraded
by a protease encoded by the BAR1 gene. However, the absence of this protease
leads to the accumulation of the α pheromone, which triggers autocrine signaling
and eventually self-mating of a cells. The products of such self-fertilization are
a-a  tetraploid  cells  which  can  also  undergo  a  parasexual  cycle  of  chromosome
loss and return to being normal diploid cells [105]. Both types of mating in the
yeast are illustrated in Fig. (2).

Fig. (2). Parasexual mating cycles observed in C. albicans. Usually, opaque diploid a and α cells fuse in
heterothallic  mating  to  form  white  tetraploid  a/α  cells.  However,  certain  conditions  may  also  trigger
homothallic mating between two identical types of opaque cells to form opaque a/a tetraploid cells or α/α
tetraploid cells (not shown in the figure). The figure is taken from Bennet, 2010 [106].

(Table 1) cont.....
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The MTL locus is conserved in most Candida species, and the parasexual cycle
has also been characterized in the diploid C. tropicalis but not in C. parapsilosis
[93,  107].  Interestingly,  a  complete sexual  cycle is  observed in haploid species
like C. lusitaniae and C. guilliermondii that ends with conventional meiosis but is
usually absent in species like C. tropicalis and C. parapsilosis even though they
contain many genes involved in mating and meiosis [11]. The sexual cycle is also
not described in C. glabrata despite the presence of all the genes responsible for
mating and meiosis, and even though mating-type switching is also observed in
the yeast [19, 101, 108].

Biofilm

A  critical  feature  of  most  pathogenic  Candida  species  that  attributes  to  their
pathogenicity  is  their  ability  to  form  biofilms.  These  are  surface-associated
microbial cells that are usually covered by an extracellular matrix composed of
carbohydrates  and  proteins.  Due  to  structural  complexity  and  metabolic
heterogeneity,  cells  constituting  the  biofilms  exhibit  much  higher  resistance  to
antifungal drugs than individually. From a medical perspective, they are highly
important as about half of all nosocomial infections are caused by biofilms [109].
An important  characteristic  of  the  C. albicans  biofilm is  its  ability  to  attach to
both  biotic  (host  mucosal  lining)  and  abiotic  (medical  devices)  surfaces,
contributing significantly to its adverse pathogenicity. The C. albicans biofilm is
well-characterized  among the  Candida  species,  although biofilm formation has
also  been  detected  in  C.  tropicalis,  C.  parapsilosis,  and  C.  glabrata  infections
[110].  The cell  wall  of  C. albicans  contains numerous proteins giving rise to a
complex architecture,  which is  suited for various physiological  roles,  including
biofilm formation. The glycosylated proteins belonging to the adhesin family are
primarily responsible for the adhesion of the yeast to biotic and abiotic surfaces,
particularly, Als1, Als3, and Als5 display adhesive properties, along with some
other cell-surface proteins such as Sap6 and Rbt1. A recent study suggested these
proteins  self-aggregate  and  form  amyloid  structures  that  promote  biofilm
formation in the yeast [111]. C. albicans and C. parapsilosis biofilms have shown
increasing  resistance  to  fluconazole,  flucytosine,  amphotericin  B,  capsofungin,
nystatin, and such common antifungal drugs [112, 113]. This is explained at the
molecular  level  by  the  upregulation  of  various  gene  products  in  the  biofilm
responsible  for  drug  resistance  and  adherence.  For  example,  the  multidrug
resistance transporter genes MDR1, CDR1, CDR2, or the ergosterol biosynthetic
ERG gene, and the adherence gene ALS1 have shown to be highly upregulated in
the  C.  albicans  biofilm.  Additionally,  several  cell  wall  biogenesis  genes  may
contribute to the extracellular matrix formation. Accordingly, expression of β-1,3
glucan  synthesis  genes  FKS1,  BGL2,  and  XOG1  are  reportedly  induced  in  the
biofilm of C. albicans [114].
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Generally, biofilm formation requires the presence of both the unicellular yeast
form and hyphal form of cells, although true hyphae are not found in C. tropicalis,
C. parapsilosis, and C. glabrata biofilms [110]. Initially, the yeast cells attach to
the  surface  and  grow  horizontally  by  budding,  forming  the  basal  layer.
Subsequently, the formation of hyphal cells is induced, which constitute the upper
layer.  Finally,  the  cells  secrete  ECM,  which  covers  the  biofilms  and  aids  in
cohesion [113]. The formation of biofilm is regulated at the transcriptional level
by numerous proteins, of which the most critical are Bcr1, Ace2, and Efg1 that are
identified in C. albicans [95]. Bcr1 and Ace2 are zinc finger TFs, whose orthologs
in C. parapsilosis and C. glabrata are also found to be functionally conserved [96,
115].  Efg1,  as  discussed  earlier,  is  a  global  regulator  influencing  genes  that
control adhesion and hyphal growth and is also required for biofilm formation in
these yeasts [116]. Other TFs such as Cph1, Efh1, Rap1, Ino4, and Tec1 have also
been reported to regulate biofilm formation in C. albicans [117 - 119]. Further, it
is  observed in C. albicans  that  the genes up-regulated in white cells  due to the
release  of  mating  pheromone  primarily  encode  cell  surface  proteins,  which
contribute  to  biofilm  formation  [120].  Several  findings  suggest  that  different
biofilm-forming  pathogens  communicate  among  themselves  by  secreting  small
signaling molecules. One such molecule is indole-3-acetic acid that is shown to be
induced in the biofilm of C. tropicalis in a recent study and is also documented to
promote biofilm formation in the yeast [121]. The recently emerged pathogen C.
auris  also  forms  a  robust  biofilm  associated  with  its  virulence,  even  though  it
grows  predominantly  in  the  yeast  form.  Expression  of  the  NRG1  protein,
previously  described  for  its  association  with  yeast-hyphal  transition  in  C.
albicans, has been found to act as a cell surface protein during biofilm growth in
C.  auris.  However,  it  was  not  found  to  play  any  role  in  the  morphological
transition  of  the  yeast  [122].

(IV). CANDIDA IN BIOPROCESSES

Although the Candida species of yeasts are mostly known for their pathogenicity,
their natural biodiversity is also exploited for their various industrial applications;
hence  several  species  are  widely  used  in  bioprocesses  to  produce  commercial
compounds in food,  medicine,  cosmetics,  and many other  applications.  Several
species  of  the  genus,  for  instance,  have  been  identified  to  be  efficient  pentose
fermenters,  and  this  property  has  been  widely  exploited  for  the  cost-effective
production of metabolites of industrial  significance by growing these yeasts on
lignocellulosic  substrates.  The  methylotrophic  xylose-fermenting  C.  boidinii
strain  was  selected  for  ethanol  production  from  hemicellulosic  hydrolysates
showing potential use in biorefineries [123]. The high xylose content of sugarcane
bagasse  was  efficiently  converted  naturally  by  C.  guilliermondii  to  significant
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amounts  of  xylitol,  which  is  widely  popular  for  artificial  sweeteners  and  other
applications in chemical and pharmaceutical industries [124]. One specific strain,
SY005,  of  the  well-known  industrial  yeast  C.  tropicalis  has  been  extensively
investigated for its efficacy in xylose utilization by exploring the xylose transport
activities  of  the  cells  [125,  126].  C.  tropicalis  has  been  genetically  engineered
several times to produce xylitol,  DCA, and other high-value metabolites [127 -
129].

SCP Production

Due  to  the  increasing  rate  of  protein  deficiency  worldwide,  single-cell  protein
(SCP) production from microbes has been long considered a promising alternative
acting as a high-value source of nutrition and extensively used in food and feed
supplements. Usually, SCP is referred to as the high protein-containing microbial
biomass  obtained  by  cultivating  non-pathogenic  microbial  species,  including
bacteria,  fungi,  or  algae.  They  also  contain  other  nutritionally  important
biomolecules such as carbohydrates, fats, vitamins, etc. The benefit of cultivating
yeast species for SCP production is that it contains all the amino acids essential to
humans. The composition of these amino acids can also be altered according to
need, either by modulating the cultivation conditions or by genetic manipulations.
C.  utilis  is  commonly  used  for  SCP  production  because  of  its  high  content  of
intracellular  proteins,  with  the  highest  prevalence  of  lysine,  an  essential  amino
acid that is usually not found in plant biomass. Similarly, another Candida yeast
C. langeronii shows high intracellular protein content and lysine content (7.8%)
greater than that found in soybeans [130]. Apart from amino acids, yeast biomass
also contains several biologically active microelements, which play crucial roles
in maintaining human health. Selenium and magnesium are two such examples.
Selenium present in the body as selenoprotein helps in the functioning of various
enzymes like glutathione peroxidase, glutathione reductase, etc., and also serves
as an important antioxidant. Magnesium, on the other hand, acts as a cofactor for
several important enzymes and proteins in the body, a key component of DNA
molecules and ribosomes, and is involved in lipid metabolism, ATP synthesis, and
protein translation. Candida  species of yeast have an inherent ability to bind to
various  elements  from their  substrate,  thereby enriching the  biomass  with  vital
elements.  Hence,  these  yeast  biomasses  are  used  as  feedstock  supplements  or
additives  in  animal  feeds.  C.  utilis  was  reported  to  bind  and  accumulate
magnesium and selenium in high amounts when cultivated in magnesium sulfate
solution or on selenium as substrate [131, 132].

Moreover, the cell walls of these yeasts are composed of various components that
have  important  therapeutic  applications.  For  example,  glucomannan  is  an
important  component  of  the  C.  utilis  cell  wall  and  has  proven  antioxidant
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properties.  It  can  capture  free  radicals,  chelate  iron  ions,  interact  with  immune
receptors, and modulate signaling pathways. They also inhibit DNA damage and
exhibit  photo-protective  properties,  shielding  the  cells  from  harmful  effects  of
UV-B  radiation  [1].  Besides,  anti-mutagenic,  anti-toxic,  and  anti-genotoxic
properties of cell wall polysaccharides of C. utilis have been described in several
other studies [133, 134]. The yeast cell wall also contains β-(1,3)-glucan polymer,
which  is  not  water-soluble.  However,  chemically  solubilized  β-glucan
compounds,  as  well  as  glucomannans  and  mannoproteins  from  C.  utilis,  have
shown  immunostimulatory  activities.  These  compounds  act  as  PAMPs  that
activate immune cells' receptors, thereby stimulating them to trigger a response
against pathogens.

Furthermore, the anticancer effects of β-glucan and mannans of Candida yeasts
were  determined  by  Tizard  et  al.  on  malignant  tumors  in  mice  [135].  The
exopolysaccharides  (EPSs)  are  usually  highly  viscous,  and  due  to  their
pseudoplastic  behavior,  they  are  considered  suitable  biopolymers  in
pharmaceutical  and cosmetic  industries  [1].  Besides C. utilis,  EPS composition
has been characterized in C. famata, C. guilliermondii, and C. boidinii [136, 137].

SCO Production

Among oleaginous microorganisms capable of producing single-cell  oil  (SCO),
the  unicellular  morphology  of  yeast  has  proven  to  be  beneficial  for  extraction.
These  SCOs  find  huge  applications  in  the  food  and  healthcare  industries.
Moreover,  the saturated fatty acid composition of  most  of  the oleaginous yeast
species makes them potential candidates for biofuel production. Candida species
of  yeasts  exhibit  the  ability  to  utilize  different  carbon  sources,  hence  are
considered to aid in cheap SCO production from agro-industrial wastes. Several
of  these  species  have  been  studied  for  SCO  production  by  growing  on  cheap
substrates like molasses, glycerol, and industrial wastewater [138 - 140].

Furthermore, the high stearic acid content of C. tropicalis reported in one study
makes  it  promising  for  cocoa-butter  substitutes  [141].  The  exceptional
biodegradability  of  C.  vishwanathii  and  C.  tropicalis  has  been  investigated  on
hydrophobic and phenolic wastes, respectively, for SCO production [142, 143].
However, the lack of molecular biology tools has limited the scope of engineering
these species for lipid production. However, in a recent study, C. tropicalis has
been engineered genetically to increase lipid production by 60% [144].

Sugar Alcohols

Because  of  the  alarming  incidences  of  diabetes  globally,  sugar  consumption  is
condemned  for  many  people;  thus,  sugar  alcohols  pose  a  safer  alternative  to
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regular  sugars  such  as  sucrose.  Candida  yeasts  synthesize  these  alcohols  as
metabolic byproducts, and many studies have aimed to exploit them as a potential
source  for  large-scale  production  of  these  alcohols.  Moreover,  xylitol  and
erythritol have also exhibited beneficial effects on dental health, mainly attributed
to the inability of oral bacteria to ferment these alcohols. Xylitol is already used in
the market to sweeten chewing gums and candies [145, 146].

Xylitol

This  5-C  sugar  alcohol  is  largely  recommended  in  the  diet  of  diabetic  people
because of its very low glycemic index. Candida species of yeasts produce this
alcohol  as  a  byproduct  of  the  xylose  metabolic  pathway.  The  first  step  of  the
pathway catalyzed by xyloreductase is NADPH-dependent, while the second step
catalyzed by xylitol dehydrogenase is NAD+-dependent. Due to this difference, an
imbalance  of  cofactor  arises  leading  to  the  accumulation  of  the  intermediate
product  xylitol.  Among  yeasts  of  the  Candida  genus,  C.  tropicalis  has  been
particularly used to naturally produce xylitol in significant amounts from cheap
raw  materials  such  as  sugarcane  bagasse  or  corncob  hydrolysates  [147  -  149],
while many genetic engineering strategies have also been implemented to increase
the yield [150 - 153]. Recently, fermentation of xylose from rice straw and wheat
bran hydrolysates by C. boidinii was optimized, and the conditions favoring the
maximum xylitol yield were evaluated [154].

Erythritol

It  is  a  4-C  sugar  alcohol  produced  from  erythrose,  a  product  of  the  pentose
phosphate (PP) pathway in yeast, by the action of the erythrose reductase enzyme.
Candida  (syn.  Yarrowia)  lipolytica  has  been  a  promising  host  for  converting
cheap carbon sources like molasses and glycerol to erythritol. A high titer (224
g/L)  was  obtained  by  cultivating  this  yeast  in  repeated  batch  culture  [155].
Mirończuk  et  al.  overexpressed  the  PP  pathway  genes  encoding  transketolase
(TKL1), transaldolase (TAL1), glucose-6-phosphate dehydrogenase (ZWF1), and
6-phosphogluconate dehydrogenase (GND1) to enhance the titer substantially, and
a  maximum  increase  of  67%  was  reported  [155].  A  newly  isolated  yeast,  C.
sorbosivorans,  has  been  found  to  be  a  potent  erythritol  producer  and  exerts  a
significant  inhibitory  effect  on  the  biofilm  formation  of  Streptococcus  mutans
[156].

Citric Acid

It  is  an  important  organic  compound  commonly  used  in  food,  pharmaceutical,
chemical,  and  other  industries.  Because  of  its  ability  to  bind  to  metal  ions  and
inactivate enzymes such as oxidase, it is used as an antioxidant in processed fruits



130   Yeasts: From Nature to Bioprocesses Chattopadhyay and Maiti

and vegetables, additive for fruit juice and confectionaries, stabilizer in wineries
and fat industry, and also as an anti-clotting agent for the preservation of blood
[157].  Usually,  the  production  of  this  acid  is  enhanced  by  modulating  the  C/N
ratio of the medium being utilized. The principal mechanism lies in the fact that
under low nitrogen conditions, intracellular AMP is rapidly converted into IMP
and NH4

+  ions  to  compensate  for  the  deficit  of  N in  the  yeast  cells.  Low AMP
concentration,  in  turn,  reduces  the  activity  of  the  TCA cycle  enzyme isocitrate
dehydrogenase, which converts isocitrate to α-ketoglutarate. As a result, isocitrate,
and eventually citrate accumulates in the mitochondria, is subsequently released
into  the  cytosol  and  taken  up  in  other  biochemical  pathways.  Such  enhanced
citrate production by altering the C/N ratio was described in C. zeylanoides,  C.
lipolytica, C. tropicalis, and C. oleophila [158].

Dicarboxylic Acids

These are usually derived from long-chain fatty acids (FA) and find widespread
industrial  applications  in  manufacturing  polymers  and  cosmetics.  Usually,
dicarboxylic  acids  (DCAs)  are  produced  by  alkane  oxidizing  microbes  where
alkanes  are  first  converted  to  α-monocarboxylic  acids  (MCA)  by  α-oxidation,
followed by oxidation of MCA by ɷ-oxidation. C. tropicalis is well-known for its
robust ɷ-oxidation pathway and has long been considered a suitable platform for
the  industrial  production  of  long-chain  DCA.  This  yeast  has  been  engineered
several times to enhance DCA production. Since DCA is metabolized by the β-
oxidation  pathway,  impairing  the  pathway  genes  has  been  a  major  strategy  to
improve the DCA yield in the organism [128]. Later, in an alternative approach,
Cao et al. manipulated the acetyl-CoA transportation in C. tropicalis by deleting a
copy of the carnitine acetyltransferase (CAT) gene, interfering with β-oxidation
and  demonstrating  an  improved  yield  of  α,ω-tridecanedioic  acid  (DCA13),  an
important intermediate used in industries [159]. Recently, the synthesis of long-
chain  DCAs  has  been  improved  by  engineering  fatty  acid  transporter  protein
Fat1p and peroxisomal transporter Pxa1 of the yeast [160]. Other alkane-utilizing
yeasts  of  the  genus  have  also  been  reported  to  produce  DCA  by  ɷ-oxidation
pathway, viz.C. sorbophila and C. lipolytica, although the yield is not as high as
found  in  C.  tropicalis  [161,  162].  However,  due  to  the  ease  of  genetic
engineering,  the  latter  has  been  engineered  to  improve  DCA  production  in  a
multigene editing approach where β-oxidation of the organism was compromised
and ɷ-oxidation was up-regulated [163].

Ethanol

Ethanol  is  usually  produced  by  conventional  yeasts  like  S.  cerevisiae  by
fermenting  glucose.  However,  many  Candida  species  possess  the  ability  to
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ferment a wide variety of other sugars, such as xylose, arabinose, lactose, etc., to
produce ethanol, and this property is exploited in a significant number of studies
to  optimize  ethanol  production.  C.  tropicalis,  for  example,  is  well-known  for
utilizing a diverse range of substrates and the yeast has been cultivated together
with an ethanol-fermenting bacteria,  Zymomonas mobilis,  on various fruits  and
vegetable  wastes  to  produce a  high quantity  of  ethanol  [164].  C. tropicalis  has
also been immobilized to produce ethanol with unsaccharified corn starch [165].
C.  shehatae  and  C.  boidinii  are  also  being  studied  for  their  potent  ethanol-
producing ability from lignocellulose hydrolysates [123, 166]. Besides, C. krusei
is well-known for its fermenting ability and bioethanol production [22].

Enzymes

Biocatalysts  of  different  classes,  such  as  protease,  amylase,  lipase,  etc.,  are
required during the processing of raw materials to develop industrial products. In
many cases, like in textile, paper, food, and detergent industries, the requirement
of enzymes is huge, whereas small quantities of different enzymes are needed in
the pharmaceutical industry. Several natural isolates and genetically engineered
microorganisms are employed to produce different classes of enzymes for various
applications.

Lipase

These enzymes find increasing applications in modifying the structure of lipid and
lipid-derived compounds used in food, cosmetics, and oleochemical industries to
manufacture  surfactants,  polymers,  etc.  Extracellular  lipase  activity  has  been
detected  in  numerous  studies  on  Candida  sp.  viz.C.  rugosa,  C.  antarctica,  C.
vishwanathii,etc [167]. One important compound synthesized by microbial lipases
is monoacylglycerol, which is used as a food emulsifier as well as in cosmetics
[168]. In the pharmaceutical industry, Candida lipases are often used for selective
hydrolysis to resolve racemic mixtures of acids or alcohols. C. antarctica lipase
CAL-B is commercially produced as Novozyme 435, Chirazyme L2-C2 for such
purposes  [169,  170].  CAL-B  has  been  used  for  the  resolution  of  the  racemic
mixture of 2-pentanol. S-(+)-2-pentanol is an important chiral intermediate in the
synthesis of drugs used to treat Alzheimer's [167, 171, 172]. Similarly, C. rugosa
lipase is responsible for the resolution of profens, a group of anti-inflammatory
drugs whose activity largely depends on their optical purity, and usually, the S-
isomers are more effective than the R-isomers [173].

Invertase

These  enzymes  are  particularly  important  in  the  food  industry  to  produce  an
inverted syrup containing an equimolar mixture of glucose and fructose formed by
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the  hydrolysis  of  sucrose.  Since  the  monomeric  mixture  is  sweeter  and  more
hygroscopic than the disaccharide itself, it is widely used in the food industry for
the  manufacture  of  candies,  artificial  honey,  and  also  in  cosmetics,
pharmaceuticals, and paper industries [174, 175]. Invertase production by C. utilis
has been reported [176].

Biosurfactants

These  are  compounds  known  to  lower  surface  tension  and  find  widespread
industrial applications. In the food industry, they are used for the production of
mayonnaise  and  sauces,  while  their  ability  to  form  emulsions  is  exploited  in
cosmetics and pharmaceutical industries. In addition, their amphiphilic properties
are used for detergent and surface cleaning uses. Candida yeasts are well-known
for  biosurfactant  production  from  hydrophobic  substrates.  For  example,  C.
glabrata produced biosurfactants using plant fats as substrates [177]. Several of
the Candida spp. produces mannosylerythritol lipids that are widely used in the
pharmaceutical industry [178, 179]. C. tropicalis and C. bombicola were reported
to produce sophorolipids having biosurfactant properties [180, 181]. C. lipolytica
reportedly  produces  liposan,  a  lipopolysaccharide  commonly  known  for
emulsifying vegetable  oils  [182].  Besides,  biosurfactants  obtained from several
species  of  the  Candida  genus  exhibits  bioremediation  properties.  For  example,
those  produced  by  C.  lipolytica  and  C.  sphaerica  have  been  successfully
employed for the removal of heavy metals from soil and aqueous effluent [183 -
185].

Food Applications

Various  Candida  yeasts  are  known  to  enhance  the  flavor  of  fermented  food
products.  Many  species,  for  instance,  participate  in  the  fermentation  of  milk
during kefyr  formation,  influencing the  organoleptic  properties  of  kefyr.  These
yeasts  include  C.  famata,  C.  guilliermondii,  C.  kefyr,  and  C.  inconspicua.  In
addition, C. parapsilosis is often isolated from different fermented products of soy
that are traditionally used in many states of India [186, 187]. Besides, the various
lipolytic  enzymes  secreted  from  Candida  yeasts  enhance  the  organoleptic
properties of meat and can be used for sausage maturation and similar other uses
in meat processing industries [188].

Biocontrol

Certain Candida yeasts belonging to the CTG clade, such as C. guilliermondii and
C. oleophila,  have been used as biocontrol agents to prevent fungal spoilage of
food harvested from plants. Although the molecular mechanism underlying such
activity has not been understood so far, the secretion of chitinolytic enzymes has
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been  considered  a  common  characteristic  among  these  biocontrol  yeasts  [189,
190].  Furthermore,  the  involvement  of  extracellular  glucanase  has  also  been
reported in the biocontrol activity of C. oleophila [189]. Thus, exploring a suitable
consortium  of  microorganisms  as  biocontrol  agents  has  a  promising  future  to
minimize  the  use  of  synthetic  chemicals  that  are  hazardous  to  the  environment
and human health.

Biodegradation

The exceptional biodegradability of Candida species has been studied extensively
for waste utilization, bioconversion of cheap substrates, and combat heavy metal
contamination  in  the  environment.  C.  tropicalis  is  known  to  degrade  aromatic
hydrocarbons  such  as  phenolic  compounds,  pyrenes,  etc.  Several  phenol-
degrading strains of C. tropicalis have been recently identified, which effectively
reduce  the  toxicity  load  in  industrial  wastewater  [142,  191].  Pyrene  is  a  major
representative  of  polycyclic  aromatic  hydrocarbons  that  are  well-known
environmental pollutants. This yeast has been reported to degrade pyrene, and the
efficiency of the process has been enhanced in a recently developed sonication-
assisted  technique  leading  to  70%  degradation  of  the  compound  [192].  Many
other  species  have  also  been  studied  for  pyrene  degradation  with  comparable
performances, such as C. vishwanathii (60.77%) and Candida sp. S1 (75%) [193,
194].

CONCLUDING REMARKS

Apart from the clinical importance of the genus, the potential of many Candida
species to develop biofilm and chelate heavy metals, produce industrially useful
enzymes and biosurfactants, as well as efficient biodegrading properties, have all
led to this genus being regarded as an industrial repository. Therefore, a great deal
of scope remains to screen more isolates and species of this yeast genus to come
up with useful applications.
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Abstract:  Pichia pastoris  are  heterotrophic  yeasts  able  to  use many carbon sources
such  as  glucose,  glycerol,  and  methanol;  they  are  unable,  however,  to  metabolize
lactose.  Their  methylotrophic  properties,  high  yield,  efficient  post-translational
modifications,  and  secretion  of  recombinant  proteins,  alongside  a  lack  of
hyperglycosylation, a post-translational process similar to that of mammals, and low
maintenance costs for large-scale applications, make this yeast a promising alternative
to  produce  recombinant  proteins.  The  main  recombinant  products  obtained  from P.
pastoris  include  vaccines  and  other  biopharmaceuticals,  enzymes,  proteins,  and
pigments. Pichia spp. are also used in ethanol production and many other foods such as
fermentation of coffee, cocoa, and olives, as well as alcoholic beverages. The use of
Pichia yeasts in wastewater treatment and in fungal control of stored grains and fruit
has also been reported. This chapter will discuss the environmental diversity of many
species of Pichia, especially P. pastoris. Furthermore, the main uses of Pichia spp. in
many bioprocesses will also be explored.

Keywords: Alcoholic beverages, Alcoholic beverages, Bioprocesses, Biocontrol
systems,  Carotenoids,  Cocoa  fermentation,  Ethanol,  Enzymes,  Environmental
diversity,  Fermentation,  Hyaluronic  acid,  Isobutanol,  Pharmaceuticals,  Pichia
pastoris, Recombinant proteins, Ricinoleic acid, Vaccines, Wastewater treatment,
Xylitol, Yeast.

* Corresponding author Rogerio Luis Cansian: Universidade Regional Integrada do Alto Uruguai e das Missões,
Campus  Erechim,  Avenida  Sete  de  Setembro,  Erechim/RS,  Brazil;  Tel:  +55  54  999763183;  E-mail:
cansian@uricer.edu.br

Sérgio Luiz Alves Júnior, Helen Treichel, Thiago Olitta Basso and Boris Ugarte Stambuk (Eds.)
All rights reserved-© 2022 Bentham Science Publishers

mailto:cansian@uricer.edu.br


Pichia Yeasts: From Nature to Bioprocesses   149

INTRODUCTION

The methylotrophic yeast Pichia pastoris, also known as Komagataella pastoris,
has been commercialized   by the Phillips Petroleum Company as   a   source   of
single-cell protein (SCP) destined for animal feed. It grows using methanol as a
carbon source,  causing overexpression of  alcohol  oxidase enzyme (AOX1) [1].
However, the increase in oil prices around 1970 negatively affected the use of P.
pastoris  as  SCP  [2].  Later  on,  Phillips  Petroleum  contacted  Salk  Institute
Biotechnology/Industrial  Associates,  Inc.  (SIBIA)  seeking  to  develop  a  Pichia
strain that could be used as a host cell for recombinant protein production [3, 4].
Based on the success this strain has shown as host, many different companies and
research groups refined the initial protein expression system seeking to improve
the  recombinant  protein  expression  rate.  Its  potential  applications  now  include
synthetic biology and whole-cell biotransformation.

The first record of protein production through biological systems for human use
was a protein-based smallpox vaccine developed by Edward Jenner in 1796. From
1990 onwards, the biotechnology industry has been using microbial fermentation
techniques  to  obtain  products  to  be  used  in  many  different  areas,  such  as  the
production  of  cleaning  agents,  fabrics,  medicines,  plastics,  and  even  nutrition
supplements.  With  the  advent  of  recombinant  DNA,  it  is  now  possible  to  use
cultures  of  yeast,  mold,  bacteria,  mammal  cells,  and even bugs  in  recombinant
protein production (RPP) [5].

Escherichia  coli  is  one  of  the  most  commonly  used  microorganisms  in
recombinant protein research, mostly due to its quick duplication time, high cell
density, fully mapped genome, and low cost. However, the use of E. coli also has
disadvantages, such as the lack of post-translational processing (glycosylation),
reduced  yield  of  recombinant  products,  presence  of  inactive  proteins,  and
potential production of cytotoxic compounds [6, 7]. Many proteins are not able to
be expressed in E. coli  strains, as they require exact levels of post-translational
maturity and, as such, must be produced by methylotrophic yeasts [8].

In  this  regard,  yeasts  such  as  Pichia  pastoris,  Saccharomyces  cerevisiae,
Hansenula polymorpha, and Kluyveromyces lactis are the most prominent [9, 10].
These yeasts tend to be applied in the production of heterologous proteins, mostly
due to their high yield, strain stability, rapid growth, high cell density, and post-
translational  processing  similar  to  that  of  mammals  [11];  however,  their
glycosylation pattern remains different from that of human cells [12, 13]. The use
of  non-conventional  yeasts  has  become  a  promising  alternative,  merging
microbial advantages and eukaryotic protein processing  while  displaying  several
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advantages over S. cerevisiae regarding pathway requirements, product profiles,
and overall cell physiology [6, 14].

Regarding the protein expression system using recombinant DNA techniques, P.
pastoris  displays  improved  productivity  rates,  more  efficient  post-translational
modifications,  better  secretion  of  recombinant  proteins,  lack  of  hyper-
glycosylation, reduced costs for large-scale production and maintenance, as well
the  ability  to  grow  under  high  cell  density  conditions  (up  to  130  g/L)  when
compared to S.  cerevisiae  [4,  15,  16].  P. pastoris  also secretes low amounts of
endogenous proteins, which helps with the purification process, and adapts well to
genetic  manipulation,  which  allows  the  use  of  advanced  genetic  modification
tools  (i.e.,  CRISPR/Cas9).  These  factors,  in  tandem  with  P.  pastoris’  low
production  costs  [17,  18],  make  it  a  versatile  option  for  biotechnological
expression  systems.

Pichia pastoris has been successfully used in the production of many recombinant
heterologous proteins [4, 19 - 21] and multiple enzymes, such as α-amylase [19],
β-mannanase [22], and β-glucosidase [23] to be used in chemical, pharmaceutical,
and  food  industries.  Furthermore,  the  increase  in  knowledge  of  P.  pastoris’
properties, the availability of genome data, and the development of new tools for
cloning multiple genes have expanded its applications in industrial processes and
in the production of important  chemical  compounds via  metabolic engineering.
These  compounds  and  processes  include  xanthophylls  [24],  carotenoids  [25],
hyaluronic acid [26], ricinoleic acid [27], ethanol [28, 29], isobutanol [30], xylitol
[31  -  33],  cocoa  fermentation  [34],  vaccine  production  [35  -  42],  biocontrol
systems [43 - 45], and removal of dyes and colorings from wastewaters [31 - 33].

PICHIA: A DIVERSITY OF ENVIRONMENTS

More than 100 species  of  Pichia  have been discovered,  most  of  them found in
rotting plants or symbiotically with insects; some, however, can be found in the
necrotic  tissues  of  some  cacti  (Pichia  cactophila)  [46],  in  cured  cheeses  (P.
membranifaciens)  [47,  48],  raw  milk  and  fresh  cheese  (P.  anômala)  [49],  and
even some citruses [50]. Many of these Pichia species might even be present in
many  foods,  beverages,  and  products  with  high  sugar  content,  as  undesirable
contaminants. Some of these species are able to utilize organic acids present in
many foods, causing spoilage, usually as a thin film on the surface of pickles [51],
beer,  and  wines.  Among  all  yeasts,  Pichia,  Candida,  Saccharomyces,  and
Rhodotorula are the genera most commonly associated with spoilage of juices and
wines,  as  these  products  contain  microflora  naturally  resistant  to  the  product’s
acidity. The main effects of the spoilage brought by these microorganisms include
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CO2 production, the presence of unpleasant flavors and smells, as well as changes
in the product’s color and texture [50, 52, 53].

Pichia  pastoris  is  a  methylotrophic  yeast,  usually  found  in  American  Chestnut
trees (Castanea dentata)  and in California Black Oak (Quercus kelloggii)  [54].
Some Pichia yeasts are also found in dirt, fresh water, insects, exudates of plants
and  fruits,  as  well  as  contaminants  in  a  variety  of  foods  and  beverages.
Nevertheless, some of these species might actually offer positive effects during
the initial stages of wine and cheese production, while others have been described
as pathogenic to humans [55, 56].

Almeida and co-workers [34] have found Pichia fermentans, P. kudriavzevii, P.
manshurica,  S.  cerevisiae,  and  Zygosaccharomyces  bailii  in  spontaneously
fermented  cocoa  samples  in  Brazil;  Daniel  and  co-workers  [57]  found  P.
kudriavzevii, P. caribbica, P. manshurica e P. mexicana in fermented cocoa beans
in Ghana. Araújo [58] isolated yeasts from ice cream-bean (Inga edulis), guavira
(Campomanesia  adamantium),  and  sugar-apple  (Annona  squamosa),  with
Candida  citri,  Wickerhamomyces  (Pichia)  ciferrii,  W.  (Pichia)  kudriavzevii,
Meyerozyma  (Pichia)  caribbica,  and  Saccharomyces  sp.  found  among  them.

Jutakanoke and co-workers [59] isolated 72 strains of sugar-cane juice from sugar
processing  plants  in  Thailand  and  identified  Pichia  kudriavzevii  as  a  potential
bioethanol  producer.  Lima  and  co-workers  [60]  evaluated  ethanol  production
using cassava roots and yeast strains isolated from sugarcane juice samples of an
alcohol  producing  plant  in  northeast  Brazil;  they  found  that  Pichia  spp.
represented  21.7%  of  the  total  69  isolated  strains  tested.

Nevertheless,  some  Pichia  strains,  such  as  P.  ohmeri  are  classified  as
opportunistic  pathogens  to  immunocompromised  humans,  usually  causing
fungemia  [61].  The  prolonged  use  of  catheters  may  also  increase  one’s
susceptibility to infection by P. ohmeri; some studies have also reported that the
use  of  mechanical  ventilators,  dialysis,  and  tracheostomies  [62],  as  well  as  the
removal  of  catheters  from  major  blood  vessels  [63],  might  also  increase  the
chances  of  infection.

THE USE OF PICHIA YEASTS IN BIOPROCESSES

Methylotrophic  yeasts  use  methanol  as  their  sole  carbon  source.  All
methylotrophic  yeasts  belong  to  four  genera:  Pichia,  Hansenula,  Candida,  and
Torulopsis  [64].  These  yeasts  are  used  in  many  biotechnological  processes,
especially in recombinant protein production, in which initial reactions happen in
the  peroxisome,  a  membrane-bound  organelle,  when  using  methanol  as  carbon
source [65, 66].
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The genus Pichia,  when compared to S. cerevisiae,  displays certain advantages
regarding protein glycosylation and total protein yield, because, in many cases,
Pichia yeasts do not hyperglycosylate proteins. As such, the chain length of the
oligosaccharides  added  to  the  protein  after  the  transduction  process  is  much
smaller  than  those  found  when  using  S.  cerevisiae  [67].

Pichia, formerly known as Hansenula or Hyphopichia, is a yeast that belongs to
the  Saccharomycetaceae  family,  its  cells  can  be  spherical,  elliptical  or  oblong
acuminate  in  shape.  During  sexual  reproduction,  Pichia  cells  form  round,  hat-
shaped, or hemispherical  ascospores.  When reproduction occurs asexually,  it  is
done via multilateral budding alongside the formation of a pseudomycelium [68].

Yeasts belonging to the Pichia family are able to thrive in foods with high sugar
content,  such  as  concentrated  juices,  but  they  are  unable  to  consume  lactose.
Pichia guilliermondii is an osmotolerant yeast able to consume glucose, sucrose,
raffinose, and trehalose; it also has the ability to assimilate carbonic compounds
derived  from  galactose,  sucrose,  maltose,  cellobiose,  trehalose,  raffinose,  and
xylose, among others, however, it  is unable to assimilate nitrates [59] and does
not grow in media lacking vitamins [67, 69, 70]. P. guilliermondii is also used as
an  antagonistic  microorganism  in  the  biological  control  of  fungal  diseases  in
harvested  fruits  [71,  72].

Pichia  angusta  (Hansenula  polymorpha)  is  used  in  the  study  of  peroxisomal
functions and molecular biology [70].  It  is  able to grow quickly using glucose,
fructose and sucrose, and does not generate fermentation-related products when
grown under aerobic conditions [73].

Pichia anomala is an ascomycota that can act as deteriorating agent in high sugar
content products and even silage. It shows ability to grow in low pH, high osmotic
pressure,  and  low  oxygen  conditions  [74].  Despite  its  status  as  a  deteriorating
microorganism, it can be used in wines in order to enhance the beverage’s aroma.
Pichia anomala can also be used as biocontrol agent, due to its potential to inhibit
the growth of many fungi in harvested apples [75] and grains during storage [76 -
78].  P.  anomala  also  contributes  to  reduce  the  amount  of  greenhouse  gases
released  into  the  environment  due  to  its  ability  to  assimilate  a  large  range  of
nitrogen-based  compounds,  converting  nitrate  and  ammonium  into  proteins.
Furthermore,  this  species  also  displays  considerable  phytase  activity  (myo-
inositol-hexaphosphate phosphohydrolase, E.C. 3.1.3.8. and 3.1.3.26), making it
able  to  digest  phytate,  the  main  phosphate  storing  compound  in  many  plants,
improving  the  nutritional  value  of  animal  feeds  and  reducing  the  amount  of
phosphorus  present  in  animal  manure  [79].
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Pichia membranifaciens is a species widely found in nature; it is also considered a
deteriorating agent in foods and beverages, especially in vegetables and fruits, as
well as fermented beverages [80]. P. membranifaciens has also been described as
a potential biological agent in the control of post-harvest diseases in many fruits
[81  -  84],  it  was  also  identified  as  part  of  starter  cultures  in  spontaneous
fermentation processes for production of distilled liquors in China [85, 86], wines
[87, 88], and fermented black [89, 90] and green olives [91].

Pichia pastoris  is a species of methylotrophic, facultative anaerobic yeast [92],
Many uses in recombinant protein and enzyme production for pharmaceutical and
food industries [93 - 95] were found. P. pastoris is able to produce high amounts
of  intra  and extracellular  proteins,  being widely used in  molecular  biology and
biotechnological processes as expression agent [96]. It is able to ferment glucose
and assimilates  carbon compounds derived from trehalose,  rhamnose,  mannitol
and succinic acid. P. pastoris, however, is not able to assimilate nitrates, requires
the presence of vitamins, and a temperature close to 37 ºC [69].

Recombinant Proteins

P.  pastoris’  expression  system  offers  high  yield  of  recombinant  proteins  [35].
Furthermore,  it  offers  some  advantages  over  other  prokaryotic  and  eukaryotic
expression systems, such as:

1.  Genome: when compared to mammal and insect cells,  P. pastoris  displays a
relatively  simple  and  easily  manipulated  genome  [97,  98];  the  target  gene  is
integrated to the yeast’s genome, ensuring the stability and reproducibility of the
expression system [97, 99]; through homologous recombination, linear plasmids
may be easily added to the cell [100]; also, the genome sequences and metabolic
model of the strains are already known [101].

2. Metabolism: P. pastoris displays a strong preference for aerobic conditions, but
it does not produce fermentation compounds under these conditions, minimizing
the risk of ethanol accumulation in the system [101]; it also has the ability to grow
in high cell density environments [20, 97, 98, 100].

3.  Post-translational  modifications:  these  are  necessary  for  target  proteins  that
require  glycosylation,  formation  of  disulfide  bridges,  methylation,  acylation,
phosphorylation,  or  proteolytic  cleavage,  as  well  as  for  proteins  that  must  be
directed to subcellular locations [97, 100].

4.  Production:  it  is  able  to  express  large  quantities  of  intra  and  extracellular
proteins;  it  also  displays  ease  of  genetic  manipulation,  and  the  ability  to  reach
high cell densities using carbon sources such as glucose and glycerol [4].
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5.  Alcohol  oxidase  1  (AOX1)  gene  promoter:  it  is  a  strong  promoter  used  to
transcribe  heterologous  genes,  from  which  AOX1  derives.  This  promoter  is
transcriptionally  regulated  by  methanol.  In  addition  to  requiring  methanol,  the
AOX1 system needs lack of glucose to be fully active. According to Pennell and
Eldin  [99],  AOX1  and  AOX2  enzymes  display  97%  identity  in  the  aminoacid
chain sequence and enzymatic activity, however, close to 95% of alcohol oxidase
in  P.  pastoris  is  relegated  to  the  AOX1  promoter.  This  enzyme  catalyzes
methanol  conversion  into  formaldehyde  and  hydrogen  peroxide.  Subsequently,
catalase breaks the hydrogen peroxide into oxygen and water. The formaldehyde
is  released  from  the  peroxisome  to  the  cytoplasm  and  quickly  oxidized  into
formiate  and  carbon  dioxide,  by  the  actions  of  dehydrogenase  enzymes,  and  is
then used either to produce energy [68].

6. Safety: it is classified as GRAS (Generally Recognized as Safe) by the Food
and Drug Administration (FDA) since 2006; and it does not produce endotoxins
or pyrogen [102].

7. Purification: it displays the capacity to quickly and effectively segregate target
recombinant proteins in the culture’s supernatant with a surprisingly low amount
of  extracellular  endogenous  proteins,  creating  high  purity  products.  As  such,
Pichia not only allows for cultures with high volumetric yield but also simplifies
the downstream process, making the recombinant protein production system more
economically feasible [103].

Still, some disadvantages do exist, such as the requirement of methanol, which is
very  flammable  and  may  cause  severe  health  and  safety  risks  if  not  properly
handled; furthermore, methanol may not be ideal for food products [4]; during the
culture, high protease expression levels might be achieved, which may degrade
the recombinant proteins present in the system [98]; the size of the protein to be
expressed  may  also  be  a  limiting  factor,  as  proteins  expressed  usually  have  a
molecular weight below 10 kDa [99].

Production of Vaccines and Biopharmaceutical Products

The  biopharmaceutical  market  has  its  origins  around  1970,  following  the
discovery of recombinant DNA techniques. The Food and Drug Administration
(FDA) approved the very first biopharmaceutical in 1982, Humulin, a compound
analogous to human insulin, developed by Herbert Boyer in 1977 and acquired by
Eli Lilly and Company.

Pichia  pastoris  is  the  most  widely  used  species  of  microorganisms  in  the
development of vaccines, for, by using the yeast’s gene expression system, it is
possible  to  obtain  proteins  related  to  diseases  such  as  hepatitis  B,  influenza,
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cancer,  atherosclerosis,  human  papillomavirus  (HPV),  and  diabetes  [35  -  42],
turning  the  process  cheaper  and  more  productive.

P. pastoris secretes a high number of heterologous proteins to the culture media,
with  little  amounts  of  endogenous  proteins,  facilitating  the  recovery  and
purification of  recombinant  proteins [104].  P. pastoris  is  also able to eliminate
endotoxins,  displays  low  susceptibility  of  bacteriophage  contamination,  and
presents  no  pathogenicity  to  humans  [105].

Pichia’s  gene  expression  system  is  used  to  clone  and  express  recombinant
proteins  from  different  strains,  promoters  and  markers,  because  it  is  easily
manipulated,  displaying  strong  AOX1  promoter  activity,  high  expression  and
secretion  rates,  as  well  as  allowing  for  insertion  of  multiple  gene  copies  [20].
Table 1 presents some examples of recombinant proteins produced by Pichia with
medicinal applications.

Table 1. Examples of heterologous proteins expressed by Pichia strains [35, 106].

Protein Pichia Strain Total Yield

Vaccine against recombinant influenza H1N1 His + Pichia strain 50-70 mg / L

Dengue fever vaccines, DENV-3 and VLPs KM71H 10–20 mg / L

HCV E1E2 vaccine SMD 1168 30-40 mg / L

HBsAg vaccine GS115 5–10 g / L

Kunitz protease inhibitor XIa 1 g/L

Human parathyroid hormone Methylotrophic Pichia strains 0.2-0.5 mg / mL

Tetanus toxin C fragment HIS4 12 g/L

Human plasmin GS115 500–520 mg / L

Stage III anticancer agent Y-2448 ND

Human insulin SuperMan5 2–5 mg / L

SuperMan5 5 mg/L

X-33 1.5 g/L

IgG antibodies YGLY27435 YGLY27431 100–250 mg / L

Hepatitis B surface antigen HBsAg 0.3 g/L

α1 recombinant bovine interferon GS115 0.1–0.5 mg/ mL

Atopic dermatitis MGL 1304 ND

Tumor necrosis factor GS115 8 g/L

Hepatitis  B  is  considered  an  infectious  disease  in  humans,  with  no  therapy  or
treatment  available  once  infected.  New  advances  in  vaccine  research  are
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necessary in order to help reduce the spread of hepatitis B [107]. Many studies
point  out  that  hepatitis  B  vaccine,  while  unable  to  cure  the  disease  after  it  has
been contracted, has 95% efficacy in preventing its development in a host. The
vaccine is also considered an alum adjuvant, being composed of purified hepatitis
B  surface  antigens  (HBsAg).  These  antigens  are  obtained  from  plasma  or
produced  in  mammal  or  yeast  cells  using  recombinant  protein  production
techniques.  HBsAg  particles  can  be  commercially  produced  in  P.  pastoris,  S.
cerevisiae and Hansenula polymorpha [108].

Pichia  pastoris  stands  out  as  the  best  host  for  heterologous  expression  of
functionally  active  recombinant  proteins,  as  it  allows  for  multiple  copies  of
HBsAg  associated  gene  to  be  implants,  while  being  closely  monitored  by  the
AOX1 promoter [109].

Among biopharmaceuticals,  scFv  antibody  fragments  such  as  Nanobody ALX-
0061 (IL6 anti-receptor) and ALX-00171 (anti-RSV) stand out; these antibodies
were  recently  approved  for  treatment  of  rheumatoid  arthritis  and  against
respiratory  syncytial  virus  (RSV),  respectively  [110,  111].

Streptokinase is a well-established therapeutic molecule with good cost benefit for
the treatment of thromboembolic complications. Adivitiva and co-workers [112]
evaluated a tag-free variant of streptokinase with a native N-terminus (N-rSK),
developed using the Pichia pastoris expression system. A clone with three copies
of the gene was able to secrete 1062 mg/L of N-rSK when using complex culture
medium. The concomitant feeding of 1g/L/h of hydrolysed soy flour during the
protein synthesis phase yielded 2.29 g/L of N-rSK, and when supplementing the
medium  with  urea,  both  growth  and  induction  phases  shown  significant
improvements in protein stability and resulted in N-rSK concentration of 4.03 g/L.
Under  optimized  conditions,  volumetric  productivity  and  specific  yield  were
52.33  mg/L/h  and  33.24  mg/g,  respectively.

Pichia’s  RCT  expression  platform  allows  the  synthesis  of  a  wide  variety  of
products, both for therapeutic and industrial uses, some of which were approved
for human use by the FDA. Table 2 lists some commercial products obtained from
Pichia, by Industries registered at the Research Corporation Technologies, as well
as their uses.
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Table  2.  Commercial  products  developed  from  Pichia  by  Industries  registered  at  the  Research
Corporation  Technologies  and  their  uses  [113].

Product Company Uses

Kalbitor® (DX-88 ecallantide, a
kallikrein inhibiting recombinant

protein)

Dyax (Cambridge, MA) Treatment of hereditary
angioedema

Insugen® (recombinant human insulin) Biocon (India) Diabetes therapy

Medway (recombinant human serum
albumin)

Mitsubishi Tanabe
Pharma (Japan)

Blood volume expander

Shanvac ™ (recombinant hepatitis B
vaccine)

Shantha/Sanofi (India) Hepatitis B prevention

Shanferon ™ (recombinant α-2b
interferon)

Shantha/Sanofi (India) Treatment of hepatitis C and
cancer

Ocriplasmin (recombinant
microplasmin)

ThromboGenics (Belgium) Vitreomacular adhesion (VMA)
treatment

Nanobody® ALX-0061 (recombinant
fragment of single-domain antibody of

anti-IL6 receptor)

Ablynx (Belgium) Rheumatoid arthritis treatment

Nanobody® ALX00171 (recombinant
fragment of single-domain antibody of

anti-RSV)

Ablynx (Belgium) Treatment of respiratory
syncytial virus (RSV)

Heparin-binding EGF-like growth factor
(HB-EGF)

Trillium (Canada) Treatment of interstitial cystitis
(IC), also known as bladder pain

syndrome (BPS)

Purifine (recombinant phospholipase C) Verenium/DSM (San Diego,
CA/Netherlands)

Degumming of oils with high
phosphorus content

Recombinant trypsin Roche Applied Science
(Germany)

Protein digestion

Recombinant collagen FibroGen (San Francisco, CA) Medical research reagents / skin
filler

AQUAVAC IPN (recombinant capsid
protein of necrotic pancreatic infection

virus)

Merck/Schering Plough
Animal Health (Summit, NJ)

Vaccine for necrotic pancreatic
infection in salmon

Recombinant phytase Phytex, LLC (Sheridan, IN) Animal feed supplement

Superior Stock (recombinant nitrate
reductase)

The Nitrate Elimination Co.
(Lake Linden, MI)

Enzyme-based products for
water testing and treatment

Recombinant human cystatin C Scipac (United Kingdom) Research reagent
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Protein and Enzymes

Due  to  its  status  as  a  GRAS  microorganism,  Pichia  has  been  used  to  produce
more  than  500  proteins  of  pharmaceutical  interest  and  more  than  1000
recombinant  proteins  since  2009  [114],  including,  α-amylase,  D-alanine
carboxypeptidase, glucoamylase, L-catalase, hexose oxidase, α-mannosidase acid,
B-phytochrome,  acid  phosphatase,  green  fluorescent  protein,  bovine  β-casein,
aprotinin,  B-gelatinase,  serum  albumin,  and  thrombomodulin  [20,  21].

Some  of  P.  pastoris’  most  commonly  produced  proteins  include  ocriplasmin
(under the trade name Jetrea),  kallikrein, and ecallantide (under the trade name
Kalbitor) [115].

Zhu and co-workers [116] optimized culture medium for high yield production of
human serum albumin (HSA) in P. pastoris, obtaining a production rate of 17.47
g/L.  By  using  a  three-step  purification  system,  67%  of  the  proteins  were
recovered, with 99% purity. Other than HSA, other proteins can be obtained from
P.  pastoris,  such  as  recombinant  human interleukin-2-serum albumin  (rhIL-  2-
HSA) fusion protein [117 - 122].

Industrial  enzymes  have  been  widely  used  in  many  different  sectors,  such  as
production of chemical compounds, pharmaceuticals, fabrics, cosmetics, food and
beverages,  among  others.  These  are  considered  more  economically  viable  and
environmentally safe when compared to whole cells. Enzyme production is quite
important, as they act as high efficiency, high specificity catalysts which display
great  conversion  potential  and  high  activity  levels  under  moderate  conditions
[123].

Zhang  and  co-workers  [124]  evaluated  the  behavior  of  a  protease  on  the
hydrolysis  of  zein  (ZDP)  from  Zea  mays  heterologously  expressed  in  Pichia
pastoris,  as  well  as  its  behavior  and  effects  on  corn  starch  hydrolysis.  Ideal
temperature and pH conditions for ZDP were 40 ºC and pH of 5.0. Dithiothreitol
and β-mercaptoethanol (5 mM) increased ZDP’s activity by 102.1% and 60.7%,
respectively. As such, recombinant ZDP may be useful in helping to better utilize
available corn during different processes.

Other  studies using P. pastoris  were able to obtain an increase in α-antitrypsin
[125],  recombinant  β-lipase  [126  -  128],  and  lacase  [129]  production.  Araújo,
Oliveira and Cereda (2015) tested the biotechnological potential of yeasts isolated
from  ice  cream-bean  (Inga  edulis),  guavira  (Campomanesia  adamantium),  and
sugar-apple (Annona squamosa), where they were able to obtain 15.83 UI/mL of
invertase produced by Meyerozyma (Pichia) caribbica. Enzymes pectinase and  β-
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glucosidase were also produced by the same strain in concentrations of 2.8 and
1.84 UI/mL, respectively.

Information regarding the production of industrial enzymes viaPichia pastoris as
a cell factory in bioreactor fermentations focusing on different enzyme types, area
of application and production process details was compiled by Duman-Özdamar
and co-workers [123].

Pigments

The number of biotechnological applications of carotenoids such as β-carotene,
lycopene,  canthaxanthin,  lutein  or  astaxanthin,  has  been  steadily  increasing,
especially in the fields of dietary supplements for humans and animals, as well as
in biomedical areas [130].

Microorganisms are  a  strong alternative  for  carotenoid  production  [131 -  134].
The  use  of  genetically  modified  yeasts  as  expression  hosts  shows  many
advantages  over  other  microorganisms,  especially  due  to  their  GRAS
classification  as  well  as  for  displaying  efficient  isoprenoid  metabolism.  Some
promising  examples  include  Saccharomyces  cerevisiae  [135],  Candida  utilis
[136],  Rhodotorula  toruloides  [137],  Mucor  circinelloides  [138]  and  Pichia
pastoris  X-33  [139].

The bioengineering of P. pastoris resulted in an efficient method to obtain a new
source of carotenoids, adding to actual sources. Bhataya et al. [25] developed a
strain of P. pastoris able to produce lycopene by introducing a synthesis pathway
consisting of three heterologous genes from lycopene production, with each gene
being  expressed  either  under  GAP  or  a  mutant  promoter.  The  genes  from  the
synthesis pathway were assembled in a plasmid and high lycopene concentrations
were  obtained (73.9  mg/L).  A similar  strategy was  used by Araya-Garay et  al.
[140] to create P. pastoris strains able to produce both lycopene and β-carotene,
while Araya-Garay et al. [24] were able to develop an additional extension of the
β-carotene pathway, resulting in astaxanthin production.

Non-genetically  modified  strains  of  Pichia  fermentans  were  studied  as  well
regarding carotenoid production. Otero et al. [141] isolated three microorganisms
(Sporiodiobolus pararoseus, Rhodotorula mucilaginosa and Pichia fermentans) to
be used as potential carotenoid producers. Pichia fermentans was able to produce
500  µg/L  of  total  carotenoids  in  a  culture  medium  composed  of  agroindustry
byproducts (sugarcane molasses). Cipolatti et al. [142] also used P. fermentans,
grown in agroindustry byproducts as well, and were able to produce 201.6 μg/L of
total carotenoids, with 30.7% identified as astaxanthin.
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Xylitol and Oligosaccharide Production

The most important strains for xylitol synthesis are Candida guilliermondii [143]
Candida  tropicalis  [144],  Pichia  guilliermondii  [145];  Pichia  stipitis  and
Pachysolen tannophilus [146]. Xylitol has a sweetening power similar to that of
sucrose,  low  caloric  value  and  has  several  applications  in  the  pharmaceutical,
chemical, food and odontological fields [146].

Many  lignocellulosic  materials  such  as  agroindustry  byproducts,  sugarcane
bagasse,  rice  straw,  wheat  straw  and  eucalyptus  chips  [147]  might  be  used  in
biotechnological  processes  for  xylitol  production.  The  process  has  become
possible with the discovery of pentose metabolizing yeasts [148], especially D-
xylose,  the  main  sugar  found  in  hemicellulose  hydrolysates.  The  first  step  of
xylose metabolism is its transportation through the cell membrane. Once inside
the cell,  xylose is then reduced to xylitol via  the action of the xylose reductase
enzyme (EC1.1.1.21) alongside NADPH or NADH coenzymes [149]. Xylitol is
then  secreted  to  the  outside  of  the  cell  or  oxidized  into  xylulose  by  xylitol
dehydrogenase (EC 1.1.1.9) alongside NAD+ [150]. Xylulose is phosphorylated
into  xylulose  5-phosphate,  which  can  be  converted  into  pyruvate  through  the
transketolase-transaldolase  enzymatic  complex,  which  connects  the
phosphopentose  pathway  to  EMP  cycle  [151].  Xylose  reductase  and  xylitol
dehydrogenase enzymes differ in their specificity from NADPH, NADH, NAD+
and NADP+ coenzymes. This fact was the precursor to the use of lignocellulosic
materials to obtain different biotechnological products [152].

The Pichia stipitis FPL-YS30 strain is a D-xylulokinase deletion mutant with high
xylitol  productivity  (0.0451 g xylitol/g  cell/h).  The YS30 mutant  uses  a  kinase
bypass  to  metabolize  xylose  while  producing  negligible  amounts  of  ethanol.
Xylitol  formation  is  influenced  by  initial  cell  and  xylose  concentrations,
temperature,  pH  and  oxygen  transfer  rate  [153].

Zou and co-workers [145] evaluated the xylitol production from xylose by a self-
isolated  strain  of  Pichia  guilliermondii  able  to  assimilate  5-
hydroxymethylfurfural,  an  inhibiting  compound  present  in  lignocellulosic
material. When using a low volumetric oxygen transfer coefficient (0.075 h-1) they
were able to obtain a maximum xylitol yield of 0.61 g/g.

Other  products  synthesized  by  Pichia  include  oligosaccharides  such  as  xylo-
oligosaccharides  (XOS),  cello-oligosaccharides  (COS),  fructo-oligosaccharides
(FOS)  and  manno-oligosaccharides  (MOS).  These  compounds  display  high
prebiotic  activity  and  may  be  added  to  many  foods  such  as  sweets  and  baked
goods,  or  as  dietary  supplements.  Xylo-oligosaccharides  (XOS)  selectively
stimulate  the  growth  of  probiotic  bacteria  from  the  Lactobacillus  and
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Bifidobacterium genera in the intestinal flora [154]. Xylan, the precursor of XOS
is the second most abundant polysaccharide in nature, present in the cell wall of
plant cells as well as in lignocellulosic residue (LCR) such as sugarcane bagasse
[155].

Nascimento  [155]  has  used  recombinant  xylanase  GH10  from  Thermoascus
aurantiacus  expressed  by  Pichia  pastoris  to  hydrolyze  xylan  extracted  from
sugarcane bagasse. The process’ optimization was performed by using 25% xylan
and 220 U of xylanase GH10, resulting in a XOS concentration of 32.33 g/L, with
most of them being identified as xylobiose, xylotriose and xylotetraose. In another
study,  Martins  and  co-workers  [156]  produced  XOS  from  sugarcane  straw
employing  recombinant  thermostable  endoxylanase  from  Cryptococcus
flavescens,  expressed  in  Pichia  pastoris  GS115,  using  the  pGAPZαA  vector
synergically associated with α-l-arabinofuranosidase GH 51 (Megazyme®). They
were  able  to  find  a  xylan  conversion  rate  of  72.56%;  the  main  identified
compounds  were  xylobiose  and  xylotriose,  short  chain-length  polysaccharides
favored by probiotic cells.

Tao and co-workers [157] evaluated the production of recombinant endoglucanase
by the EG I gene of Trichoderma reesei expressed in Pichia pastoris in order to
produce oligosaccharides from different biomass-related substrates (paper pulp,
carboxymethyl cellulose, oat spelt xylan, birchwood xylan, and alkali-extracted
corn  cob).  Birchwood  xylan  displayed  the  highest  yield  of  XOS  (69.5%)  and
ReEG  I  was  able  to  simultaneously  produce  XOS  alongside  cello-
oligosaccharides  (COS).  However,  when  alkali-extracted  corn  cob  residue  was
used as substrate, the COS yield was found to be much lower than that of XOS,
with 2.7% after 72 h.

Trujillo  and  co-workers  [158]  evaluated  fructo-oligosaccharide  production  of
levansucrase  from  Gluconacetobacter  diazotrophicus  expressed  in  P.  pastoris
using  sucrose  as  carbon  source.  The  recombinant  LsdA  was  glycosylated  and
presented optimal pH and temperature for enzyme activity, similar to those of the
native  enzyme,  however,  the  thermal  stability  of  the  recombinant  enzyme  was
increased.  Incubation  of  recombinant  LsdA  in  sucrose  (500  g/L)  yielded  43%
(w/w) of total sugar as 1-kestose, with a conversion efficiency of about 70%. The
recombinant P. pastoris cells also converted sucrose into FOS, although only for a
30% efficiency.

Manno-oligosaccharides  are  functional  additives  that  have  gained  significant
interest,  mostly  due  to  their  beneficial  effects,  which  include  the  promotion  of
beneficial  microflora  as  well  as  fat  absorption  reduction  [159,  160].  They  are
produced when β-mannanases (EC 3.2.1.78) cleave the β-1,4-mannosidic bond in
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mannan [161]. Li and co-workers [162] engineered β-mannanase (mRmMan5A)
from Rhizomucor miehei expressed in Pichia pastoris for manno-oligosaccharide
production using palm kernel cake (PKC) pretreated via steam explosion. To this
end,  PCK  was  pretreated  via  steam  explosion  at  200 °C  for  7.5 min,  and  then
hydrolyzed by mRmMan5A. The mRmMan5A displayed a maximum activity of
79.68 U/mL at pH 4.5 and 65 °C, and exhibited many specific activities towards
mannans. The total manno-oligosaccharide yield reached 34.8 g/100 g dry PKC,
indicating  that  80.6%  of  total  mannan  in  PKC  was  hydrolyzed  and  a  total  of
261.3 g of manno-oligosaccharides were produced from 1.0 kg of dry PKC.

In  a  similar  study,  Li  and  co-workers  [163]  produced  manno-oligosaccharides
from cassia gum using a mutated glycoside hydrolase family 134 β-mannanase
gene  (mRmMan134A)  from  Rhizopus  microsporus  var.  rhizopodiformis  F518
expressed Pichia pastoris. They were able to obtain high protein expression levels
(3680 U/mL), with mRmMan134A showing maximum enzymatic activity at pH
5.5 and 50 ºC. The hydrolysis of cassia gum produced 70.6% (w/w) of manno-
oligosaccharides,  with  some  identified  as  mannose,  mannobiose,  galactose,
mannotriose,  mannotetraose,  61-α-d-galactosyl-β-d-mannobiose,  and
mannopentaose. Furthermore, the manno-oligosaccharides were able to promote
the growth of three Bifidobacterium and six Lactobacillus strains.

Michalak  and  co-workers  [164]  used  potato  pulp  polysaccharides,  rich  in  β-1,-
-galactan (> 100 kDa), as substrate for production of potentially probiotic bacteria
(Bifidobacterium longum and Lactobacillus acidophilus) as well as antibacterial
agents  (Clostridium  perfringens).  The  authors  sought  to  produce  endo-1,4-
β-galactanase from Emericella nidulans (also known as Aspergillus nidulans), GH
family 53, expressed in P. pastoris. Enzyme activity was similar to natural 1,4-β-
galactanase from Aspergillus niger, with a yield of 82% and total production of
1.6 g/L.

Other  β-mannanase  genes  have  been  successfully  expressed  in  Pichia  pastoris
(Table  3)  to  meet  its  growing  demand  in  many  industries  such  as  food,  paper,
animal feed, cleaning products, biofuels and oil drilling [165].

Table 3. Heterologous cloning and gene expression of endo-mannanase in Pichia.

Source
Organism

Heterologous
Host

Vector Gene
Size
(bp)

Amino
Acids

Molecular
Weight
(kDa)

pI Endo-Mannanase
Production

Aspergillus
nidulans FGSC
A4

P.pastoris X33 pPICZαA - - 56 - NR
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Source
Organism

Heterologous
Host

Vector Gene
Size
(bp)

Amino
Acids

Molecular
Weight
(kDa)

pI Endo-Mannanase
Production

Aspergillus
niger LW1

P. pastoris
GS115

pPICZαA 1152 383
(21)
[17]

37.5 4.15 29 U/mL

Chaetomium sp.
CQ31

P. pastoris
GS115

pPIC9K 1251 451 50 4.5 50.030 U/mL

Neosartorya
fischeri P1

P. pastoris
GS115

pPIC9 1187 373 39.5 5.93 101.5 U/mL

Penicillium sp.
C6

P. pastoris
GS115

pPIC9 1155 384
(26)

39 NR 2.5 g/L

Penicillium
oxalicum GZ-2

P. pastoris
GS115

pPICZαA 1380 426 45 5.09 NR

Mytilus edulis P. pastoris with
Saccharomyces
cerevisiae α-
factor

pPICZa B 1104 368 40 6.85-8.15 900 mg/mL

Bacillus subtilis
WD23

Pichia pastoris
GS115

pPIC9K 1089 362 41 5.81 5156.742 U/mL

Reticulitermes
speratus

P. pastoris pPICZa-A 390 NR 40 NR 0.67 g/L

Source: https://doi.org/10.1016/j.biotechadv.2016.11.001.

Wang and co-workers [166] evaluated the β-mannanase gene of Aspergillus niger
(AnMan26),  heterologously  expressed  in  Pichia  pastoris,  to  degrade  mannans.
Purified  AnMan26  displayed  a  maximum  enzymatic  activity  of  22.100  U/mL,
remaining stable between pH levels of 2.5-7.0 and up to 40 ºC. Moreover, when
applying the enzyme to locust bean gum, a maximum specific activity of 2869.0
U/mg was described, with the enzyme being able to efficiently degrade various
mannans  to  manno-oligosaccharides,  hydrolysed  mannotetraose  and
mannopentaose.  Furthermore,  AnMan26 hydrolysed  fenugreek  gum  to  produce
partially hydrolysed fenugreek gum (PHFG) with an average molecular weight of
1.8 KDa, with the hydrolysis ratio of galactomannan in fenugreek gum being of
82.2% was described.

Ethanol

Researchers  have  explored  and  characterized  thermotolerant  yeasts  for  ethanol
production such as Kluyveromyces marxianus, Pichia sp., Candida sp. as well as
some Saccharomyces cerevisiae strains [29, 167 - 169].

(Table 3) cont.....

https://doi.org/10.1016/j.biotechadv.2016.11.001
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There  have  been  reports  of  ethanol  production  under  high  temperatures  using
Pichia kudriavzevii (formerly known as Issatchenkia orientalis) [80, 170 - 173],
P.  kudriavzevii  MF-121  [174]  and  P.  kudriavzevii  DMKU  3-ET15  [175].  In
addition,  some  P.  kudriavzevii  (MF-121  strains  also  displayed  significant
resistance  to  stress  conditions  such  as  acidity,  and  ethanol  and  salt  content.  S.
cerevisiae,  the  yeast  most  commonly  used  in  ethanol  production  displays  both
high fermentation efficiency and high tolerance to ethanol [176, 177].

In  comparison,  P.  kudriavzevii  exhibits  greater  thermotolerance  than  that  of  S.
cerevisiae  [178,  179].  Chamnipa  and  co-workers  [28]  isolated  P.  kudriavzevii
RZ8-1  and  observed  that  it  was  the  highest  ethanol  producing  strain  (35.09  a
69.85  g/L)  when  grown  at  high  temperatures  (37  to  45  °C),  using  glucose  as
carbon source (160 g/L) and even displaying tolerance to ethanol and acetic acid.

According  to  existing  data,  there  are  a  large  number  of  xylose  metabolizing
yeasts, however, only 1% of them are able to convert xylose into ethanol [180],
among these, Pichia membranifaciens [181] and Pichia stipitis [182, 183] stand
out.

Ribeiro  and  co-workers  [181],  evaluated  ideal  growth  conditions  for  Pichia
membranifaciens  LJ04  in  synthetic  medium  added  with  pentose  from
hemicellulosic hydrolysate.  They have found that  ideal  pH ranges from 4.0-4.5
while  the  optimal  temperature  found  was  of  32  °C,  moreover,  an  increased
consumption of xylose was observed, alongside high ethanol production, reduced
number of secondary metabolites and great cell viability during the fermentation
process.

Isobutanol production by Pichia pastoris was also evaluated. By overexpressing
three native genes (ILV2, ILV5 and ILV3) together with heterologous expression
of  S.  cerevisiae’s  alcohol  dehydrogenase  gene  (ADH7)  and  2-keto-acid
decarboxylase (KIVD) from Lactobacillus lactis, the modified strain was able to
produce 2.2 g/L of isobutanol in shake-flask cultures [30].

Patra and co-workers [95], overexpressed valine and leucine production pathways
in Pichia pastoris to increase 2-ketoisocaproate production, obtaining 191.0 mg/L
of 3-methyl-1-butanol.

Nosrati-Ghods  and  co-workers  [183],  observed  production  kinetics  of  ethanol
from xylose using Pichia stipitis, and the highest ethanol yield and productivity
was 0.45 g/g and 0.75 g/L/h, respectively. Similarly, Raina and co-workers [184]
used  lignocellulosic  biomass  from  Shorea  robusta  to  produce  bioethanol
employing Pichia stipitis (NCIM-3498) and were able to obtain 43 g/L and 97%
conversion rate efficiency.
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Alcoholic Beverages

The  continuous  growth  of  the  alcoholic  beverages  market  and  the  consumer’s
interest has directed efforts into the development of new products. In this regard,
non-Saccharomyces  yeasts  have  been  gaining  traction  as  tools  to  improve  the
quality of beers, wines and other beverages.

Burini  and  co-workers  [185]  described  the  application  of  different  non-
conventional  yeast  species  for  beer  production,  including  Brettanomyces,
Torulaspora, Lachancea, Wickerhamomyces, Mrakia and Pichia, as well as some
non-cerevisiae species of Saccharomyces. Pichia kluyveri in particular was only
able to consume the glucose present in the wort, producing very low amounts of
ethanol.  This  strain,  however,  was  able  to  produce  large  amounts  of  isoamyl
acetate as well as other compounds related to different fruit aromas, such as ethyl
propionate  and  butyrate  (pineapple),  ethyl  valerate  (apple),  ethyl  decanoate
(apple), and ethyl octanoate (pineapple, apple, tropical, and brandy); this behavior
could make of P. kluyveri  a promising agent to produce fruity aromas in beers.
Moreover,  it  has  been  reported  that  P.  kluyveri  is  able  to  convert  precursor
compounds  found  in  hops  into  polyfunctional  thiols  that  confer  the  aroma  of
tropical  fruit,  thus  improving  the  beer’s  flavor  [186].

Some  non-Saccharomyces  yeasts  have  been  reported  to  display  improved
tolerance to brewing conditions [187, 188], with many genera producing a variety
of enzymes (β-glucosidase, β-xylosidase, protease and pectinase) that assist in the
formation of aromatic compounds,  with Pichia  yeasts  producing many of them
[189] and can also be used in low alcohol content wines [190]. Yeasts belonging
to the Pichia genus can use many substrates, including some organic acids e most
sugars, even xylose [191, 192]. It has been confirmed, as reported by Caputo and
co-workers [192], that P. fermentans plays a positive effect on the flavor of wines,
especially by releasing 2-phenylethanol via catabolism of L-phenylalanine. Božič
and  co-workers  [193]  investigated  95  strains  of  Saccharomyces  and
non-Saccharomyces yeasts for the production of pyranoanthocyanins. All strains
were tested regarding hydroxycinnamate decarboxylase (HCDC) activity. Pichia
guilliermondii  ZIM624  and  Wickerhamomyces  anomalus  S138  synthesized
vinylphenolic  pyranoanthocyanins  in  concentrations  of  40.2  and  38.5  mg/L,
respectively.

Zhong and co-workers [194] used Pichia fermentans JT-1-3 to reduce the acidity
of  blueberry  wine;  they  reported  a  reduction  in  citric,  malic,  and  tartaric  acid
levels by 43.35, 35.29 and 44.68%, respectively. Sensorial evaluation has shown
that the wine produced by P. fermentans had improved flavor, lower acidity and
bitterness. The main volatile compounds in blueberry wine that confer its aroma
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were 2-phenylethanol and 9-ethyl hexadecanoate. Zhong and co-workers [188],
have  observed  P.  fermentans’  potential  to  degrade  citric  acid,  improving  the
quality of kiwi wine. Pichia fermentans also displayed good performance when
used  to  produce  a  low-ethanol  content  drink  made  from  oranges  and  grapes,
improving  the  formation  of  ethyl  acetate  and  higher  alcohols  [195].  Méndez-
Zamora  and  co-workers  [196],  evaluated  21  strains  of  Pichia  kluyveri  isolated
from  different  fermentative  processes  in  the  production  of  aromatic  volatile
compounds  during  alcoholic  fermentation;  the  authors  were  able  to  find
significant differences between the strains, especially with regard to the variety of
produced compounds as well as their concentration.

Frootzen® [197] was the first commercial product obtained from a strain of Pichia
kluyveri, a yeast present in naturally fermented wine. P. kluyveri was chosen due
to  its  ability  to  synthesize  fruity  compounds,  from  flavor  precursors  naturally
found in grape peels,  into volatile thiols that  create the aroma of tropical  fruits
such as passion fruit, in white wines, and gooseberry in red wines.

Another  alcoholic  beverage  that  uses  Pichia  in  its  fermentation  is  sugarcane
firewater,  also  known as  “cachaça”.  Although Saccharomyces  cerevisiae  is  the
main  responsible  for  causing  the  fermentation  process,  many  other  genera  of
yeasts  may  be  present,  including  Kluyveromyces,  Pichia,  Hanseniaspora,
Debaryomyces  and some Candida  species  [198,  199].  Portugal  and co-workers
[200]  observed  four  native  yeast  species  (Meyerozyma  guilliermondii,
Hanseniaspora guilliermondii, Pichia fermentans and Saccharomyces cerevisiae)
and found that  P.  fermentans  in  particular,  when associated  with  S.  cerevisiae,
displays  limited  persistence  [201],  positively  contributing  to  a  floral  bouquet
[202]  and  improving  the  production  of  volatile  aromatic  compounds  [203].
However, the unbalanced growth of the yeasts may produce high concentrations
of  acetic  acid,  acetaldehyde  and  glycerol,  which  can  negatively  impact  the
product's  quality  [68,  198].

Coffee Fermentation

The  removal  of  mucilage  from  coffee  beans  via  fermentative  process  is  an
interesting strategy to improve the coffee’s quality, as it aids in the formation of
aromatic compounds. The use of a combination of yeast and lactic bacteria can
improve  the  fermentative  process’  efficiency  and  positively  influence  the
chemical  makeup  of  coffee  beans  [204  -  208].  Da  Silva  Vale  and  co-workers
[205]  evaluated  the  effect  of  co-inoculation  with  Pichiafermentans  and
Pediococcus acidilactici in the fermentation of coffee beans; they found increase
in  sugar  consumption  as  well  as  increase  in  lactic  acid,  ethanol,  ethyl  acetate,
benzeneacetaldehyde, 2-heptanol, and benzyl alcohol production. Furthermore, a
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positive  synergistic  interaction  between  both  microbial  groups  was  observed.
Green coffee bean fermentation by P. fermentans, however, impacted 2-hexanol,
nonanal and D-limonene production.

Yeasts  are  a  very  important  group  of  native  microorganisms  found  in  coffee
beans, especially due to the roles they play during the processing of said beans
[209].  Many  yeast  species  from  various  genera,  such  as  Pichia,  Candida,
Saccharomyces  and Torulaspora,  were  detected during the  entire  process  [206,
210 - 212] and the addition of these yeasts during coffee fermentation improved
the product's sensorial characteristics [213 - 218]. Pichia fermentans YC5.2 [215]
and P. kluyveri [217], in particular, were able to improve the fruity aroma present
in roasted coffee beans

Cocoa Fermentation

The  fermentation  of  cocoa  seeds  is  a  natural  process  caused  by  many
microorganisms, including yeasts, as well as acetic and lactic bacteria. Yeasts are
responsible for ethanol production from sugars present in cocoa pulp, facilitating
oxygen intake by degrading the pulp and releasing enzymes that produce higher
esters  and  alcohols,  reported  as  essential  volatile  compounds  for  high  quality
chocolate [219, 220].

Research with S.  cerevisiae  and P. kudriavzevii  inoculants  has yielded positive
results  regarding  the  quality  of  fermented  cocoa  beans,  such  as  being  able  to
produce  beans  with  fruity,  sweet,  and  floral  aromas,  while  also  reducing  the
amount of undesired compounds, such as alkanes and acids, lowering the beans’
acidity, increasing the amount of phenolic compounds and methylxanthine levels,
and reducing the overall duration of the fermentation process [221 - 224].

Santos  and  co-workers  [225],  evaluated  the  influence  of  starter  cultures  of
Candida  parapsilosis,  Torulaspora  delbrueckii  and  Pichia  kluyveri  in  the
fermentation  of  cocoa  beans.  The  strains  that  displayed  more  changes  in  the
amount  of  free  amino  acids,  acidity  and  reducing  sugar  content  were  Candida
parapsilosis,  followed  by  Torulaspora  delbrueckii  and  Pichia  kluyveri.
Fernandez-Maura and co-workers [226], checked the diversity of naturally present
yeasts in the spontaneous fermentation of cocoa beans in eastern Cuba; a total of
435  isolates  were  identified,  and  Pichia  manshurica,  Hanseniaspora  opuntiae,
and Pichia kudriavzevii  were  the  most  common strains.  The authors  noted that
tolerance to  higher  ethanol  levels  was more frequently  observed in  Pichia  spp.
and S. cerevisiae strains when compared to Hanseniaspora spp.; they also point
out that the ability to consume ethanol may confer a selective advantage to Pichia
spp.
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Olive Fermentation

The  quality  of  olives  relies  heavily  on  how  the  fermentation  process  was
conducted, in which many microorganisms play a major role, including Pichia sp.
Romo-Sánchez and co-workers [227], identified the presence of Pichia holstii and
Pichia caribbica in two varieties of olives. These yeasts produce cellulases and
polygalacturonases,  enzymes  that  can  increase  the  amount  of  antioxidant
compounds in olive oil, improving its shelf life and overall productivity, as they
aid in breaking down polysaccharides from the olive’s cell wall, facilitating the
extraction process.

Montaño  and  co-workers  [228]  evaluated  the  behavior  of  5  yeast  strains
(Nakazawaea molendinolei  NC168.1,  Zygotorulaspora mrakii  NC168.2,  Pichia
manshurica  NC168.3,  Candida  adriatica  NC168.4  and  Candida  boidinii
NC168.5) isolated from olive brine. When these yeasts were grown individually
in  an  olive-based  culture  medium  for  7  days  at  25  ºC,  the  number  of  volatile
compounds produced ranged from 22, for P. manshurica NC168.3, to 60, for C.
adriatica  NC168.4.  Similarly,  Lucena-Padrós and co-workers [229] studied the
microbial biogeography of the fermentation of green olives in Seville (Spain). A
grand total of 951 isolates were obtained from 30 fermenters. Distinct genotypes
were also identified, with 41 species belonging to bacteria and 16 to yeasts, out of
which one was a Pichia manshurica strain.

Biodegradation of Dyes

Synthetic dyes used as ingredients in the production of foods, cosmetics, paper,
paints  and  fabrics  represent  a  major  environmental  problem  due  to  their  high
potential  to  contaminate  bodies  of  water  such  as  lakes  and  rivers.  These
compounds contain large quantities of aromatic rings, azo couplings, amines and
sulfonic  groups,  which  increases  their  toxicological  potential  and  reduces  their
biodegradability [34].

Yeasts  have  shown good results  when used  to  degrade  these  dyes,  becoming a
low-cost, environmentally safe alternative to treat effluents. Studies focusing on
the degradation of dyes by Pichia sp., Candida sp. and Magnusiomyces sp. have
shown that these microorganisms display potential to not only degrade dyes, but
to mineralize them as well [230 - 232].

Delane and co-workers [233], evaluated the discoloration rate of Reactive Black 5
(RB5)  by  Pichia  kudriavzevii  SD5,  with  assays  demonstrating  a  reduction  in
toxicity  after  24  h  alongside  considerable  degradative  discoloration.  Saravanan
and co-workers [234] evaluated the bioremediation of two synthetic fabric dyes,
Reactive  Red  11  (RR11)  and  Acid  Green  1  (AG1),  using  P.  pastoris;  they
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observed that P. pastoris was able to successfully degrade both dyes, especially
AG1.

Nanotechnology  is  also  being  explored  to  reduce  the  environmental  impact  of
dyes,  with  noble  metals  displaying  notable  catalytic  response,  especially  in
wastewater  treatment.  As  such,  Eze  and  Nwabor  [235]  evaluated  the  use  of
residual culture medium for heterologous protein expression by Pichia pastoris to
obtain  silver  nanoparticles  (PSM-AgNPs);  said  particles  were  efficient  in
eliminating radicals, inhibiting tyrosinase and pathogenic bacteria (B. cereus and
E. coli),  as well as catalyzing the degradation of two highly toxic dyes, methyl
orange and Congo red, in wastewaters.

Biocontrol

The  antagonistic  action  that  some  yeast  species  display  over  fungi  has  been
studied by some authors, especially to improve the storage of different grains [43
-  45].  Petersson  and  Schnürer  [44]  evaluated  Pichia  anomala’s  impact  on  the
growth of Penicillium roqueforti in rye, wheat, and barley stored at high humidity.
They report that a cell concentration of 5 x 104 UFC/g of P. anomala was able to
fully inhibit the growth of P. roqueforti. Ramos and co-workers [236] studied the
antagonistic  potential  of  Debaryomyces  hansenii  (UFLACF  889  and  UFLACF
847) and Pichia anomala (UFLACF 710 and UFLACF 951), isolated from coffee
beans, in a mixed culture with Aspergillus ochraceus, Aspergillus. parasiticus and
P.  roqueforti.  The  authors  observed  that  UFLACF  71  inhibited  the  spore
production  of  A.  ochraceus  by  60%  and  that  of  P.  roqueforti  by  75.6%.

Pichia, in particular P. guilliermondii, P. membranifaciens and P. anomala, have
been  used  as  bioagents  in  the  control  of  postharvest  diseases  in  fruits  and
vegetables such as citrus [237 - 239], apples and pears [240 - 242], bananas [243],
grape tomatoes [241], among others [244, 245]. The biological control mechanism
employed is  based on ecological  interactions,  such as competition for  nutrients
and space, macroparasitism, antibiosis and defense response induction to produce
lysins [246 - 249].

Codified enzymes, particularly endolysin, have been used as a novel strategy for
efficient  biocontrol  and  treatment  of  bacterial  diseases  caused  by  Vibrio
parahaemolyticus in seafood [250]. Srinivasan and co-workers [250] pointed out
that  the  cell  biocatalyst  of  Pichia  pastoris  X-33  for  endolysin  expression
displayed strong antivibriose potential, anti-biofilm activity as well as protective
activity  against  V.  parahaemolyticus,  helping  to  reduce  bacterial  infection
outbreaks  in  aquaculture  systems.
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Fungi  present  in  the  oral  cavity  of  humans,  even  in  low  amounts,  play  a
significant role in the maintenance and balance of the mouth’s microbiota through
their interaction with other microorganisms. Pichia yeasts have been reported to
act as antagonists against Candida, Aspergillus and Fusarium, which are known
to cause oral infections [251].

REASSIGNMENTS FROM AND TO PICHIA

The genus Pichia was described by Hansen in 1904 [252, 253]. Since then, many
species have been assigned to it, making this genus one of the most biodiverse in
the family Pichiaceae, order Saccharomycetales. In contrast, following multigene
phylogeny development  [254,  255],  many species  were  reassigned,  either  from
Pichia to other genera or from those to Pichia. As in the examples systematized in
Table 4,  most reassignments occurred from the genus Hansenula  to Pichia  and
from Pichia to Ogataea and Wickerhamomyces. It is also worth noting that, while
some yeasts were just reallocated to another genus, others also had their specific
epithet changed [256]. Even though most of these scientific names were changed
over  a  decade  ago,  their  basionym  Pichia  is  still  the  most  referred  to  in  the
literature.

Table 4. Examples of species reassignments from and to the genus Pichia.

First Assignment Reassignment Second/Third
Reassignment References

Debaryomyces toletanus Pichia toletanus Peterozyma toletanus [257]

Hansenula alni Pichia alni  - [258]

Hansenula canadensis Pichia canadensis Wickerhamomyces
canadensis [258, 259]

Hansenula capsulata Pichia capsulata - [258]

Hansenula ciferrii Pichia ciferrii Wickerhamomyces ciferrii [255, 258–260]

Hansenula euphorbiaphila Pichia euphorbiaphila  - [258]

Hansenula lynferdii Pichia lynferdii Wickerhamomyces
lynferdii [259, 260]

Hansenula nonfermentans Pichia minuta var. nonfermentans Ogataea nonfermentans [257, 258]

Hansenula ofunaensis Pichia ofunaensis Zygoascus ofunaensis [261]

Hansenula polymorpha Pichia angusta Ogataea polymorpha/
Ogataea angusta [261, 262, 263]

Hansenula silvicola Pichia silvicola Wickerhamomyces
silvicola [258, 259]

Hansenula subpelliculosa Pichia subpelliculosa Wickerhamomyces
subpelliculosa [258, 259]
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Hansenula sydowiorum Pichia sydowiorum Wickerhamomyces
sydowiorum [255]

Hansenula wickerhamii Pichia finlandica Ogataea wickerhamii [256, 258]

Issatchenka orientalis Pichia kudriavzevii - [256]

Pichia acaciae Millerozyma acaiae  - [256]

Pichia angophorae Ambrosiozyma angophorae  - [257]

Pichia antillensis Phaffomyces antillensis  - [264]

Pichia bispora Wickerhamomyces bisporus  - [256]

Pichia caribaea Starmera caribaea  - [264]

Pichia caribbica Meyerozyma caribbica  - [256]

Pichia chambardii Wickerhamomyces chambardii  - [255]

Pichia dorogensis Ogataea dorogensis  - [265]

Pichia farinosa Millerozyma farinosa  - [266, 267]

Pichia guilliermondii Meyerozyma guilliermondii  - [256]

Pichia haplophila Priceomyces haplophilus  - [256]

Pichia koratensis Millerozyma koratensis  - [268]

Pichia media Priceomyces medius  - [256]

Pichia methanolica Ogataea methanolica  - [257]

Pichia methylivora Ogataea methylivora  - [257]

Pichia mexicana Yamadozyma mexicana  - [256]

Pichia mucosa Waltiozyma mucosa
Williopsis mucosa/
Wickerhamomyces
mucosus

[259]

Pichia naganishii Ogataea naganishii  - [257]

Pichia pastoris Komagataella pastoris  - [269]

Pichia philodendra Ogataea philodendri  - [256]

Pichia pilisensis Ogataea pilisensis  - [257]

Pichia pinus Ogataea pini  - [256]

Pichia pseudopastoris Komagataella pseudopastoris  - [270]

Pichia ramenticola Ogataea ramenticola  - [257]

Pichia siamensis Ogataea siamensis  - [271]

Pichia tannicola Zygoascus tannicolus  - [261]

Pichia thermomethanolica Ogataea thermomethanolica  - [271]

Pichia thermotolerans Phaffomyces thermotolerans  - [256]

Pichia trehaloabstinens Ogataea trehaloabstinens  - [265]

Pichia trehalophila Ogataea trehalophila  - [257]

(Table 4) cont.....
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Pichia triangularis Yamadozyma triangularis  - [256]

Pichia xylosa Pterozyma xylosa  - [257]

Pichia zsoltii Ogataea zsoltii  - [265]

Saccharomyces anomalus Pichia anomala Wickerhamomyces
anomalus [260]

Yamadazyma segobiensis Pichia segobiensis Scheffersomyces
segobiensis [256, 272]

Yamadazyma spartinae Pichia spartinae Scheffersomyces spatinae [256, 272]

Yamadazyma stipitis Pichia stipitis Scheffersomyces stipitis [272]

CONCLUDING REMARKS

P.  pastoris  is  considered  an  excellent  alternative  for  industrial  production  of
metabolites and recombinant proteins, where the efficient production of specific
compounds relies on multilevel optimization strategies using promoters, codons,
signal peptides, gene does and culture strategies.

Pichia’s  versatility  was  outstanding  for  its  potential  to  be  applied  in  the
production of other high value materials,  such as vaccines,  pigments,  enzymes,
sugars  such  as  xylitol  and  other  oligosaccharides,  and  ethanol.  Furthermore,  it
may  also  be  applied  in  fermentation  processes  of  alcoholic  beverages,  cocoa,
coffee  and  olives,  as  well  as  employed as  a  natural  biodegrading  or  biocontrol
agent.

The growing interest in P. pastoris  as a promising host organism for metabolic
engineering  has  been  fueled  by  advances  in  synthetic  biotechnology,  with  P.
pastoris  remaining  to  this  day  a  strong  tool  for  research  and  industrial
applications.
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CHAPTER 7

Brettanomyces:  Diversity  and  Potential
Applications in Industrial Fermentation
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Abstract:  Although  mainly  known  for  their  role  in  wine  spoilage,  Brettanomyces
yeasts  have  been  increasingly  recognized  as  having  beneficial  effects  on  fermented
beverages.  These  microorganisms  can,  for  instance,  increase  flavor  complexity,  a
property  that  can  be  controlled  by  understanding  the  physiological,  genetic,  and
biochemical traits of Brettanomyces species in fermentation processes. Moreover, their
genetic  diversity,  exceptional  stress  and low-pH tolerance,  and peculiar  metabolism
suggest great potential for bioethanol production. This chapter summarizes the most
notable features of Brettanomyces, briefly highlights recent insights into their genetic
characteristics,  and  discusses  potential  applications  in  industrial  fermentation
processes,  such  as  for  the  production  of  specialty  beers,  wines,  and  bioethanol.

Keywords:  Acetic  acid,  Aroma,  Beer,  Bioethanol,  Bioprocess,  Crabtree  effect,
Custers  effect,  Fermentation,  Oak  barrel,  Off-flavor,  Spoilage  yeast,  Volatile
phenol,  Wine.

INTRODUCTION

Usually considered no more than a spoilage yeast, Brettanomyces isolated from
ale  beer  was  in  fact,  the  first  microorganism to  be  patented  in  history.  Unique
flavors produced by the fungus have become associated with British beers, hence
the genus name Brettanomyces, derived from the Greek words brettano (British)
and myces (fungus). Since the first description in 1904 [1], Brettanomyces species
have been isolated in wineries and breweries all over the world [2]. The taxonomy
of the genus has gone through several reclassifications over the years. In 1940,
Custers [3] performed the first systematic study of Brettanomyces yeasts. Initially,
the   classification   was based   solely   on   asexually   reproducing (anamorphic)
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variants. In 1960, the genus Dekkera  was proposed as a teleomorphic (sexually
reproducing) counterpart of Brettanomyces after the observation of ascospores in
some  strains.  More  recent  molecular  DNA  techniques  revealed  no  differences
between anamorphic and teleomorphic forms, and currently, there is no separation
between these groups.  Both terms (Brettanomyces  and Dekkera)  are commonly
used  in  wine  research,  but  the  term  Brettanomyces  is  preferred  in  industrial
settings  [4  -  6].

Molecular  analysis  of  the  genus  identified  five  species,  the  anamorphs  B.
bruxellensis,  B.  anomalus,  B.  custersianus,  B.  naardenensis,  and  B.  nanus,  the
first two of which also occur as teleomorphs, known as Dekkera bruxellensis and
Dekkera  anomala  [5].  The  species  primarily  associated  with  winemaking  is  B.
bruxellensis (or D. bruxellensis), although recent wine-related investigations often
include  D.  anomala  along  with  D.  bruxellensis,  as  current  methods  have  had
difficulty in differentiating between these two species [6].

Brettanomyces  is  a  controversial  yeast  that  has  gained  increasing  attention  in
recent years because of its association with wine spoilage and the production of
ethyl phenols. The yeast grows slowly; therefore, it usually imparts intense flavors
(volatile  phenols)  in  aged  beverages,  the  so-called  Brett  flavors  and  odors,
described  as  strong,  smoky,  or  aromatic  [7,  8].  Such  descriptors  may be  either
negative  or  positive  depending  on  compound  concentration  and  consumer
expectation  [9,  10].  This  chapter  presents  a  summary  of  the  major  phenotypic
characteristics,  growth  patterns,  and  roles  of  Brettanomyces  in  fermentation
processes, encompassing from beverage off-flavors to future perspectives in the
production of spontaneously fermented beer, wine, and bioethanol.

DIVERSITY OF BRETTANOMYCES HABITATS

Brettanomyces is ubiquitous in nature. The yeast can be isolated from fermented
food  products,  particularly  during  post-fermentation  processing  and  aging  of
alcoholic beverages such as wine, beer, and cider, and is scarcely found outside
these  environments  [6].  Brettanomyces  niches  comprise  spontaneous  alcoholic
fermentation media with high ethanol concentrations, low pH, absence of readily
fermentable nitrogen and carbon sources,  and low oxygen [11].  Once alcoholic
fermentation is completed, the remaining traces of residual sugars are sufficient
for the proliferation of this slow-growing yeast [4]. Brettanomyces shows a high
preference for fermented media, but it usually occurs at low concentrations and is,
therefore, not considered a contaminant. Contamination only occurs when other
microorganisms  have  been  inhibited,  evidence  of  the  yeast’s  exceptional
resistance  to  low-nutrient  conditions,  which  allows  it  to  adapt  to  harsh
environments  and  outcompete  other  microorganisms  [6,  11].  Malolactic
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fermentation  and  aging  in  used  oak  barrels  are  recognized  as  the  most  critical
stages of wine production for Brettanomyces contamination. Low concentrations
of free sulfur dioxide (SO2) and residual sugars, yeast autolysis with the nutrient
release, presence of cellobiose (the main disaccharide in wood), and difficulty in
sanitizing  used  barrels  are  factors  that  favor  Brettanomyces  growth  and  wine
contamination  [4].

Microbial contamination is an inevitable, undesired, complex event. Knowledge
of  yeast  growth  requirements  and  awareness  of  natural  occurrence  in  raw
ingredients may facilitate the identification of unwanted spoilage microorganisms.
Brettanomyces is the most monitored yeast, particularly in winemaking [12]. The
prevalence  of  Brettanomyces  on  grape  skins  is  remarkably  low,  as  previously
assessed with the aid of an enrichment medium [13]. Brettanomyces has not yet
been  detected  in  the  air  during  the  first  stages  of  harvesting  [12],  but  it  was
identified  in  air  samples  of  crush  pads,  tanks,  barrels,  and  bottling  rooms  of  a
winery  [14,  15].  Dweck  et  al.  [16]  observed  that  flies,  known to  be  vectors  of
Brettanomyces,  react  to  the  yeast’s  smell.  As  expected,  it  was  not  difficult  to
detect the yeast in washing water and winery equipment used at advanced stages
of  vinification,  oak  aging,  and  bottle  aging  [12,  17,  18].  Differences  in  yeast
population levels throughout winemaking can be attributed to production stage,
time  of  year,  degree  of  cleanliness,  and  cleaning  protocols  [12,  17].  Barrel
sanitation is a very difficult task, and the use of sanitizing agents, such as SO2,
may contribute to the development of tolerant strains, as will be discussed in the
following  paragraphs  [4].  Chemicals,  ozone,  biofilms,  and  sonication  are
alternative methods recommended for barrel and equipment sanitation to decrease
Brettanomyces populations and volatile phenol production, but the effectiveness
of such methods is debatable [4, 19]. Fig. (1) shows some factors associated with
the presence of Brettanomyces during winemaking.

Fig. (1). Factors promoting the growth of Brettanomyces populations during winemaking.
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Given the slow growth and low occurrence of Brettanomyces, isolation is difficult
and requires long incubation times (up to 2 weeks). The incubation periods used
for  other  yeasts  (3  to  6  days)  are  inadequate  for  routine  microbiological
screenings  during  winemaking.  Several  possibilities  have  been  investigated  to
detect  Brettanomyces  spp.,  including the  use  of  selective  media  or  DNA-based
techniques.  Rodrigues  et  al.  [20]  were  the  first  to  develop  a  selective  or
differential  medium specifically  for  Brettanomyces  spp.  isolation.  The  medium
was named DBDM (Dekkera/Brettanomyces differential medium) and was shown
to recover less than 1% of the target yeasts from the total microbial population.
DBDM contains yeast nitrogen base, ethanol and cycloheximide as antimicrobial
agents,  bromocresol  green  as  an  indicator  of  medium  acidification,  and  p-
coumaric acid as substrate, whose degradation results in a distinct phenolic off-
odor  indicative  of  Brettanomyces  activity.  To  overcome  the  lack  of  optimal
isolation  media  and  poor  detection  limits,  Renouf  and  Lonvaud-Funel  [21]
developed a new enrichment medium that successfully detected B. bruxellensis,
even on the surface of grape berries.

A more rapid and reliable identification method emerged with the development of
molecular  DNA-based techniques  involving  the  use  of  ribosomal  RNA probes.
This  indirect  method  enables  the  visualization  of  fluorescent  cells  after
hybridization [22] and polymerase chain reaction (PCR) [23]. One of the concerns
about  direct  PCR  methods  is  that  sensitivity  depends  on  the  level  of
contamination [6], and only a high detection limit (≥104 CFU mL−1) may provide a
positive  result  [24].  Several  studies  have  since  been  performed  to  identify
different  strains  using  amplified  fragment  length  polymorphism  [25],
mitochondrial  DNA  restriction  analysis  and  randomly  amplified  polymorphic
DNA  PCR  with  OPA-primers  [26],  and  restriction  enzyme  analysis  [27].  The
relevance  of  genetic  strain  characterization  in  the  wine  industry  lies  in  the
connection  between  different  strains,  their  geographic  origin,  their  stress
tolerance,  and  their  effects  on  the  phenolic  profile  of  wine  [8,  10].

With affordable sequencing technologies, it is possible to explore the phenotypic
variability  of  industrially  relevant  species,  providing  a  better  view  of  the
evolutionary history of genetic variations underlying the phenotypic diversity of
Brettanomyces species. Gounot et al. [28] performed the first deep investigation
of genetic variants of a large population and reported the presence of at least two
hybridization  events.  Such  events  are  one  of  the  main  factors  involved  in  the
generation  of  subpopulations  within  a  species  and  are  probably  a  driving
mechanism  of  Brettanomyces  adaptation  to  harsh  environments.  Furthermore,
significant  genomic  differences  can  also  be  found  within  subpopulations,
suggesting the presence of genomic adaptations specific to each subpopulation.
Several aneuploidies, segmental duplications, and copy-number variants were also
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found  in  the  whole  population,  particularly  in  triploid  hybrids,  indicating  that
these  genome  dynamics  favor  structural  variations.  Similar  observations  have
been  reported  for  Saccharomyces  pastorianus,  an  interspecies  hybrid  of
Saccharomyces cerevisiae and Saccharomyces eubayanus, whose subpopulations
show extensive chromosome and heterozygosity loss events [29]. An example is
seen in the nitrate assimilation gene: such mutations may result in identical alleles
(haplotyped sequences) and inability to utilize nitrate as a nitrogen source [30].

A  study  compared  genome  sequences  from  Brettanomyces  strains  of  the  five
recognized  species  isolated  from different  food-related  sources  and  geographic
areas to those of beer and wine strains using LSU rRNA gene sequences and a
number of established DNA fingerprinting techniques [30]. The results indicated a
stronger  correlation  of  genetic  profiles  with  isolation  sources  than  with
geographic  origin  or  year  of  isolation,  suggesting  niche  adaptation,  which  is
uncommon  for  Saccharomyces  species,  for  which  geography  seems  more
important  than  ecology  in  shaping  population  structure  [31].  The  association
between genotype and niche was supported by evidence that strains isolated from
similar niches in different locations clustered together, whereas isolates obtained
from  the  same  geographic  region  but  different  niches  did  not  (Fig.  2).  In
agreement  with  these  findings,  Avramova  et  al.  [32]  observed  that  an
allopolyploid  strain  with  high  SO2  tolerance  was  specifically  adapted  to
environments with high SO2 concentrations compared with other B. bruxellensis
wine strains, indicating a potential correlation between allotriploidization origin
and environmental adaptation.

A  recent  study  confirmed  the  assumption  that  B.  bruxellensis  populations  are
composed of strains with different ploidy levels. The polyploid state has a high
fitness cost for eukaryotic cells given the difficulty in maintaining an imbalanced
number of chromosomes during cell division and enlargement as well as nucleus
effects. Therefore, the authors presumed that a stable polyploid or aneuploid state
is  only  maintained  if  it  confers  a  survival  advantage  to  cells  under  particular
conditions. Aneuploidy and polyploidy contribute to genome plasticity and confer
selective and fitness advantages under extreme conditions [9]. One example is the
development of a triploid state for SO2 tolerance, pushing Brettanomyces wine-
related  populations  toward  this  characteristic.  SO2  is  an  antimicrobial  agent
widely  used  in  winemaking,  exerting  constant  selective  pressure  on  B.
bruxellensis  wine  populations,  thereby  leading  to  the  establishment  of  more
tolerant genotypes that are closely related to human activity [32]. High levels of
SO2  cause  various  deleterious  effects  on  cells,  such  as  membrane  damage,
increased permeability, and disruption of the synthesis of binding molecules (e.g.,
acetaldehyde) that remove free SO2 from the extracellular environment and reduce
molecular stress on cells [33]. As   noted   by Capozzi et al. [2], this   pressure for
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Fig. (2).  Dendrogram of combined fingerprinting data sets for all Brettanomyces strains from the study of
Crauwels  et  al.  [30].  Thirteen  clusters  were  identified  (marked  by  the  dotted  red  line);  B.  bruxellensis
subclusters generally represent strains from a similar environment. Sterile distilled water was used as blank
(negative  control).  B.  bruxellensis  strains  marked with  a  circle  were  shown to  carry  the  complete  nitrate
assimilation  gene  cluster,  consisting  of  genes  encoding  nitrate  reductase,  nitrite  reductase,  and  nitrate
transporter.  Isolates marked with a square lost  the genes encoding nitrate reductase and nitrite reductase.
Isolates marked with a triangle lost the complete nitrate assimilation gene cluster. B. bruxellensis strains that
were able or unable to utilize nitrate as nitrogen source are indicated with a green or red mark, respectively.
Isolates ST05.12/30 and ST05.12/54 were negative for ammonium and nitrate.
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natural  adaptation  is  likely  the  cause  of  genomic  diversity  and,  consequently,
phenotypic variability between Brettanomyces strains. Such characteristics make
it difficult to predict spoilage potential and are a major concern for winemaking
industries  [9].  Chromosomal  translocation  and  ability  to  restore  functional
permeability constitute adaptation mechanisms in B. bruxellensis, reflecting in a
longer lag phase for more tolerant strains [34]. Tolerant triploid strains were able
to grow in sweet wine containing 0.6 mg L−1 SO2 [35]. It is also hypothesized that
the  capacity  to  metabolize  part  of  the  added  SO2  through  sulfur  amino  acid
biosynthesis could be a resistance mechanism for the species [33, 35]. Most SO2-
tolerant  strains  belong  to  specific  genetic  groups  that  can  be  detected  by
microsatellite  genotyping;  although  this  technique  is  expensive  and  time-
consuming  for  routine  analysis,  it  may  provide  relevant  information  to  guide
microbial  control  strategies  and  prevent  spoilage  [34].  An  alternative  analysis
based  on  PCR  and  classical  gel  electrophoresis  has  been  patented  for  the
identification  of  B.  bruxellensis  species  and  SO2  tolerance  [36].

One  of  the  most  important  phenotypes  that  determine  the  habitat  of
Brettanomyces is associated with the Crabtree effect [37], seen in strains with the
ability to ferment sugars to ethanol even under aerobic conditions and high sugar
concentrations. These yeasts first produce and accumulate ethanol and acetic acid
to prevent the growth of competing microbes, withstanding the resulting low-pH
environment. After depletion of glucose, yeast cells are able to metabolize ethanol
and acetate. Additionally, in a nutrient-poor aerobic or semi-aerobic environment,
cells  can use ethanol  or  acetic  acid  as  the  sole  carbon source,  causing a  strong
redox  imbalance  with  excessive  production  of  NADH  [11,  38].  Under  stress
conditions, B. bruxellensis may store compounds such as organic acids and sugars
(arabinose,  fructose,  glucose).  These storage reserves  seem to contribute  to  the
production of ethanol and biomass after the exponential cell growth phase, being
readily consumed as soon as other nutrients become unavailable, evidence of the
ability of B. bruxellensis to use limited nutrients in a stressful environment [11,
39]. However, under anaerobic conditions, B. bruxellensis strains are not able to
metabolize  ethanol,  acetic  acid,  or  even  glycerol,  and  therefore  show  reduced
growth [39].

Another  interesting  characteristic  is  the  efficient  degradation  of  cellobiose
observed  in  some strains  that  cannot  utilize  maltose  as  substrate.  Low maltose
assimilation, combined with the production of off-flavors such as H2S, prevent B.
custersianus and B. naardenensis from being applied in brewing, but these species
hold  potential  for  the  production  of  low-alcohol  beers  and  as  secondary
fermentation strains. Moreover, strains with high β-glucosidase activity display a
highly flocculent phenotype, which is desired to facilitate downstream processing
steps [2]. β-Glucosidases are able to breakdown cellobiose, explaining the long
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survival  of  β-glucosidase-producing  species  in  wooden  casks.  β-Glucosidase
activity  also  has  a  major  impact  on  beer  flavors.  During  beer  fermentation,  β-
glucosidases act on hops to release previously odorless and nonvolatile glucosides
from  sugar  molecules.  These  enzymes  can  result  in  a  significant  increase  in
several volatile compounds in beer, including terpenes such as linalool [38, 40].
Yeasts  can  further  convert  monoterpenes  into  β-citronellol  or  α-terpineol,
enhancing  the  floral  citrusy  flavor  of  beer.  Brettanomyces  strains  with  high  β-
glucosidase  activity  have  been  investigated  for  their  potential  as  bioflavoring
agents  [41]  and  for  the  production  of  resveratrol,  an  important  antioxidant  and
antiaging compound [42].

Brettanomyces  species  have  developed  a  strategy  to  survive  in  nitrogen-poor
environments.  Even  though  glutamine  is  their  preferred  nitrogen  source  [43],
Brettanomyces  can  assimilate  nitrogen  from  other  compounds,  such  as  nitrate.
This adaptation increases fermentation efficiency by bypassing the Custers effect,
which  inhibits  fermentation  under  anaerobic  conditions.  Nitrate  assimilation
allows  cells  to  replenish  the  NAD(P)H  pool  through  reduction  of  nitrate  to
ammonium.  However,  the  nitrate  assimilation  gene  cluster  (nitrate  reductase,
nitrite reductase, and nitrate transporter genes) is not present in all Brettanomyces
strains [2, 38].

BRETTANOMYCES YEASTS IN BIOPROCESSES

Brettanomyces species are mainly found in wine and beer production processes.
These microorganisms have been regarded by winemakers as undesirable agents
that produce unpleasant flavors and aromas. In contrast to these views, researchers
have described various positive effects for these microorganisms, attracting the
attention of academic and industrial communities to the possibility of increasing
the efficiency of fermentation processes and improving the organoleptic profile of
final products [44]. Currently, the most discussed topics related to Brettanomyces
yeasts are beverage spoilage and off-flavor production, techniques to eliminate or
reduce Brettanomyces populations, optimal growth and fermentation conditions,
and production of bioethanol and special beverages.

Spoilage and Off-Flavors

Phenolic  off-flavor  production  is  one  of  the  major  concerns  related  to
Brettanomyces  yeasts  in  winemaking,  being  associated  with  large  economic
losses. Metabolic products responsible for wine spoilage include mainly volatile
phenols,  especially  vinyl-  and  ethylphenols  [8],  but  also  acetic  acid  and
tetrahydropyridines. Brettanomyces produces volatile phenols through enzymatic
decarboxylation  of  hydroxycinnamic  acids  by  phenolic  acid  decarboxylase,
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forming hydroxystyrenes (step 1). p-Coumaric acid is converted to 4-vinylphenol,
ferulic  acid  to  4-vinylguaiacol,  and  caffeic  acid  to  4-vinylcatechol.  These
compounds  are  reduced  to  ethylphenol,  ethylguaiacol,  and  ethylcatechol,
respectively, by vinylphenol reductase (step 2) [7, 10, 45] (Fig. 3). It is interesting
to  note  that  hydroxycinnamic  acids,  which  are  naturally  present  at  high
concentrations in grapes and wine, are inhibitory toward many microorganisms.
Brettanomyces,  however,  is  capable  of  overcoming  this  toxicity  by  converting
hydroxycinnamic  acids  to  volatile  phenols  [4].  Ethyl  forms  remain  free  and
volatile, and can be detected by most wine consumers at concentrations above 400
μg L−1 [10].

4-Ethylphenol  and  4-ethylguaiacol  production  is  a  determining  factor  of  the
influence of B. bruxellensis on sensory properties, particularly in wines [46]. At
high concentrations, these compounds may negatively impact aroma quality and
displease  consumers.  Sensory  studies  [20,  47,  48]  showed  that  consumers
perceive these aromas as “phenolic,” “leathery,” “horse sweat,” “horse stable,” or
“varnish.”  By  contrast,  at  low  concentrations,  these  compounds  may  impart  a
pleasant aroma [49]. Of note, some Brettanomyces strains possess high amylase
activity and are being investigated for their potential to produce new flavors and
aromas in alcoholic beverages [50].

Fig. (3).  Production pathway of volatile phenols.

Cibrario et al. [10] reported that the production of volatile phenols is ubiquitous
within the species B. bruxellensis,  which shows high genetic diversity. Volatile
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phenol  production  is  independent  of  yeast  growth  profile  and  not  affected  by
growth  substrate  or  level  of  constraints.  The  rate  of  volatile  phenol  production
raises by increasing aeration but is little affected by pH decrease until 3.0 or by
ethanol concentration increase up to 12% vol. A combination of constraints (for
instance, pH < 3.0 and ethanol ≥ 14% vol.) may decrease but not cease volatile
phenol production. Other volatile fatty acids synthesized by Brettanomyces that
can negatively affect wine sensory quality are isovaleric acid (associated with a
rancid olfactory note [51]), 2-methylbutyric acid, isobutyric acid, and acetic acid,
which constitutes more than 90% of wine volatile acidity [52]. Acetic acid imparts
a vinegary taste [53] and may halt the fermentation process [54].

Brettanomyces can also indirectly contribute to the natural flavors of beer through
its  high  β-glucosidase  activity.  Enzymatic  hydrolysis  via  β-glucosidases  is  the
preferred industrial strategy to release aglycones, volatile aromas separated from
glycones.  Vervoot  et  al.  [41]  were  the  first  to  identify  β-glucosidase-encoding
genes in B. anomalus and B. bruxellensis and apply the recombinant enzyme from
these yeasts, thereby avoiding off-flavor production. Although these yeast species
are generally considered safe for food production, their use is often not possible
because of their spoilage effects. In the referred study, beers with B. anomalus β-
glucosidase  contained  more  eugenol  (clove/honey  aroma)  and  benzyl  alcohol
(sweet/flower  aroma) than untreated beers.  B. anomalus  β-glucosidase released
more  eugenol  and  less  linalool  (citral/flower  aroma),  and  forest  fruit  milk
beverages  with  B.  anomalus  β-glucosidase  contained  more  methyl  salicylate
(peppermint/wintergreen  aroma),  benzyl  alcohol,  and  linalool  than  untreated
beverages.

Methods to Eliminate or Reduce Brettanomyces Populations

Over  the  past  years,  many  techniques  have  been  developed  to  reduce
Brettanomyces  levels  in  fermentation  processes,  thereby  avoiding  yeast
proliferation  and  generation  of  undesirable  flavors  and  odors  in  fermentation
products.  Table  1  lists  some  of  the  traditional  methods.

Table 1. Methods traditionally used to control Brettanomyces populations.

Method Description Refs.

Sulfur dioxide The molecule exerts antioxidant, antimicrobial, and antiseptic action [35]

Fining agents Fining with casein, potassium, or liquid gelatin at a dosage of 0.6 mL L−1 [55]

Filtration Effective removal of yeast cells using membranes with a pore size smaller than 0.45
μm [56]
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Emerging  technologies  have  been  proposed  to  reduce  the  use  of  SO2  and
overcome some of the disadvantages of traditional  methods,  thereby enhancing
final product quality (Table 2).

Table 2. Emerging methods to reduce the use of antimicrobial agents for Brettanomyces control.

Method Description Refs.

Polysaccharide application Chitosan at 3–6 g L−1 inhibits Brettanomyces cells [57]

High-pressure treatment Spoilage yeasts such as Brettanomyces are controlled by subjecting wine
to 100–200 MPa or 400 MPa treatment for 10 min [58]

Biological control
Control is achieved using antimicrobial agents such as zymocins or yeast
killer  toxins  produced  by  Pichia  anomala  (DBVPG  3003)  and
Kluyveromyces  wickerhamii  (DBVPG  6077)

[59,
60]

Ultrasonication Ultrasonication at 400 W, 24 kHz, and 100 μm amplitude in continuous
flow reduced Brettanomyces spp. populations by 89.1–99.7% [61]

UV radiation Different  UV-C  dosages  (459  to  3672 J  L−1)  can  inactivate
Brettanomyces [62]

Electrolyzed water Electrolysis  of  chlorinated  salt  solutions  (400 ppm  free  chlorine)  can
reduce yeast cell viability [63]

Pulsed electric fields Application of micropulses of high voltage electric fields during short
periods [64]

Metal nanoparticles Silver  nanoparticles  show  potential  to  completely  or  partially  replace
SO2 in winemaking for their antimicrobial activity [65]

Moreover,  some  methods  have  been  developed  to  decrease  volatile  phenol
production  (Table  3).

Table 3. Methods to reduce the production of volatile phenols in fermented beverages [53].

Method Description Refs.

Reverse osmosis Reverse  osmosis  system  with  tangential  flow  filtration  and  a  hydrophobic
absorbent  resin,  resulting  in  a  77%  reduction  of  total  ethylphenols [66]

Absorption Polyvinylpolypyrrolidone and charcoal are used to decrease ethylphenol levels [55]

Biosorption Active dry wine yeast (lees) can be used as biosorbent [67]

Ozone treatment Gaseous ozone (ca. 30 ppm) provides a high level of yeast inactivation [63]

Growth and Fermentation

Brettanomyces  occurs  mainly  in  beer,  bioethanol,  and  wine  production,
particularly  in  wine  stored  for  long  periods  in  oak  barrels,  whose  cellobiose
content  serves  as  a  sugar  source  and  whose  porous  microstructure  allows  the
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passage  of  oxygen  [53].  The  yeast  has  gained  increasing  importance  in
fermentative  processes  because  of  its  differentiated  flavor  profile  (which  may
contribute to the development of new alcoholic beverages) [50], tolerance to low
pH,  high  ethanol-producing  capacity,  and  growth  under  oxygen-limited
conditions.  In  the  following  sections,  we  will  discuss  important  factors  that
influence yeast growth and development in fermentation media, such as oxygen
level, nitrogen source, carbon source, temperature, and pH.

Oxygen

This  parameter  influences  Brettanomyces  metabolism  because  the  yeast  is
sensitive  to  oxygen  availability.  Brettanomyces  species  (although  not  all
phenotypes) are known as facultative anaerobic and Crabtree-positive organisms.
As previously mentioned, these characteristics allow Brettanomyces to produce
ethanol  and  acetic  acid  in  the  presence  of  oxygen  but  only  when  sugar
concentrations  are  sufficiently  high  [11].  For  instance,  B.  bruxellensis  tends  to
ferment sugars to ethanol to prevent the growth of other microorganisms; when
glucose is depleted, it consumes ethanol [68]. On the other hand, B. naardenensis
is unable to grow in the absence of oxygen [37].

Dijken et al. [69] reported that B. bruxellensis produced ethanol in the presence of
oxygen and detected pyruvate decarboxylase and alcohol dehydrogenase activities
under  both  aerobic  and  oxygen-limited  conditions,  as  expected  for  a  Crabtree-
positive yeast. This phenomenon can be attributed to the higher ATP production
rate in fermentation than in respiration, although the yield of ATP is at least one
order of magnitude higher by respiration, explaining why yeasts prefer respiration
under aerobic low-sugar conditions [11].

On the other hand, when sugar concentrations are low, some species, such as B.
bruxellensis, block sugar fermentation to ethanol under anaerobic conditions [70].
This  phenomenon  was,  at  first,  referred  to  as  the  negative  Pasteur  effect  [3];
nowadays, it is called the Custers effect. As shown in Fig. (4a), the redox balance
in B. bruxellensis is responsible for the Custers effect and explains why this yeast
is  not  able  to  restore  or  maintain  its  internal  redox  balance  in  the  absence  of
oxygen. The species is capable of producing acetic acid under aerobic conditions
via  NAD+  aldehyde  dehydrogenase,  affording  NADH.  When  the  environment
changes  from aerobic  to  anaerobic,  the  lack  of  NAD+  generated  by  acetic  acid
production induces a blockage of  glycolysis,  and,  consequently,  glycerol  is  not
produced [11]. Such an inability to produce glycerol decreases yeast growth rate
and generates a lag phase, during which cells transition from aerobic to anaerobic
metabolism, as shown in (Fig. 4b).
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Fig.  (4).   Custers  effect  in  Brettanomyces.(A)  Schematic  overview  of  redox  balance,  the  main  factor
responsible for the Custers effect. Glucose is fermented to ethanol more rapidly under aerobic than anaerobic
conditions. (B) Effect of the transition from aerobic to anaerobic culture conditions on growth kinetics. The
lag phase is caused by the blockage of glycolysis resulting from a lack of NAD+ [11].

Nitrogen

Brettanomyces  can  use  different  nutrients,  not  depending  on  those  that  are
limiting to fermentation. B. bruxellensis  GDB 248 was shown to have a higher
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growth rate in ammonia/nitrate media than S. cerevisiae JP1 [71]. It is important
to note that B. bruxellensis can use nitrate as the sole carbon source, unlike other
ethanol-producing  strains,  such  as  S.  cerevisiae  [72].  Because  nitrate  is  not
generally used as a nutrient, B. bruxellensis may have an important advantage in
terms  of  ethanol  production,  given  that  the  most  common  raw  material
(sugarcane)  can  contain  significant  nitrate  levels,  derived  from  soil  bacteria
metabolism  and/or  field  fertilizers  [71].

Carbon Source

One of the most striking characteristics of B. bruxellensis is its ability to degrade
complex sugars,  differently  from Saccharomyces  spp.  For  instance,  the  species
can degrade cellobiose, a disaccharide formed by the hydrolysis of lignocellulosic
materials in wood. Cellobiose, found in oak barrels used for wine production, is
hydrolyzed by β-glucosidase.  Many Brettanomyces  strains  contain  this  enzyme
[15].  Dextrins  such  as  maltotetraose  and  maltopentaose  are  residual  sugars
produced  during  beer  fermentation.  These  compounds  are  also  hydrolyzed  by
Brettanomyces  through  the  action  of  β-glucosidase,  generating  over-fermented
beer [73].

Other  carbon  sources  used  by  some  Brettanomyces  strains  are  pentoses  (e.g.,
xylose) and hexoses (e.g., glucose) [74]. Galafassi et al. [75] tested the effects of
different  carbon  sources,  including  pentoses  (D-xylose,  xylitol,  L-arabinose),
hexoses  (D-glucose,  D-galactose,  D-mannose),  disaccharides  (sucrose,  maltose,
cellobiose), and polysaccharide (starch), on ethanol production by Brettanomyces
strains. B. naardenensis was shown to produce ethanol from xylose. According to
previous studies, few yeasts use pentoses for ethanol production, namely Pichia
stipitis, Candida shehatae, and Pachysolen tannophilus [76, 77]. Galafassi et al.
[75] also showed that several B. anomala strains, one B. custersianus strain, and
one B. nanus strain were able to use agar as the sole carbon source, although the
highest  ethanol  yield  was  achieved  in  the  presence  of  glucose.  These  findings
demonstrate  that  Brettanomyces  yeasts  can  use  different  carbon  sources  under
oxygen-limited and low pH conditions (commonly used in industrial processes)
and produce ethanol yields similar to those of S. cerevisiae (0.44 g g−1 glucose)
[75].

Another study reported the ability of B. bruxellensis CBS 11269 to assimilate and
ferment cellobiose into ethanol in oxygen-limited cultures, albeit at a slower rate
and  less  effectively  than  with  glucose.  The  ethanol  yield  from  cellobiose  was
0.29 ± 0.10 g g−1 cellobiose, whereas the yield from glucose was 0.41 ± 0.00 g g−1

glucose  under  the  same  conditions  [78].  Spindler  et  al.  [79]  investigated  the
efficiency of B. custersii strains in medium containing 150 g L−1 cellobiose. The
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final ethanol concentration and yield were 60.3 g L−1  and 0.40 g g−1  cellobiose,
respectively,  much  closer  to  the  ethanol  yield  obtained  from  glucose  in  the
previous  study.

Temperature

Temperature is an important parameter that directly influences fermentation and
yeast metabolism kinetics. The optimum temperature range of Brettanomyces is
25 to 28 °C [80]. According to Bradman et al. [81], the optimum temperatures for
ethanol and acetic acid production are 32 and 25 °C, respectively. However, the
authors reported that, at 15–32 °C, the final yeast biomass concentration was very
close  to  the  maximum  value  (5.6  g  L−1).  Interestingly,  the  maximal  biomass
concentration  was  achieved  after  220  h  at  15  °C  and  after  50  h  at  32  °C,
confirming that  temperature  influences  B.  bruxellensis  cell  viability.  At  35  °C,
cell  death  rates  were  high,  and  biomass  yield  decreased  by  65%  (to  2  g  L−1)
compared  with  yields  obtained  at  other  temperatures.  Blomqvist  et  al.  [78]
observed that B. bruxellensis CBS 11269 was temperature-dependent in the 25–37
°C  range.  It  is  well-known  that  ethanol  yield  and  yeast  growth  are  strongly
influenced  by  temperature.  The  wide  temperature  range  of  Brettanomyces
contributes to the yeast’s robustness to rapid changes in fermentation conditions
[11, 78, 82].

pH

Given that Brettanomyces strains are mostly found in alcoholic fermentation, their
ideal pH is low, ranging from pH 2 to 5, as reported by Blomqvist et al. [78]. The
authors cultivated B. bruxellensis  CBS 2499 and CBS 2796 under uncontrolled
pH  conditions,  resulting  in  a  decrease  in  pH,  from  4.5  to  2.5.  Both  strains
converted glucose into ethanol with good yields, and differences between strains
were  related  to  differences  in  pH values.  Romano et  al.  [51]  observed  that,  by
lowering the pH, the production of vinylphenol and ethylphenol was inhibited. As
discussed above, these volatile phenols are responsible for unpleasant aromas and
flavors in wines.

Bioethanol Production

Studies  on  bioethanol  production  by  B.  bruxellensis  have  increased  greatly  in
recent years, stemming from the yeast’s ability to ferment sugars to ethanol under
aerobic  conditions,  even  when  respiration  is  theoretically  possible  (Crabtree
effect) [11]. At first, Brazilian, Swedish, and Canadian researchers believed the
yeast  to  be  a  contaminant  in  ethanol  production  [83  -  85].  However,  recent
discoveries showed that Brettanomyces strains are capable of fermenting sugars to
ethanol,  with  the  added  benefit  of  adapting  easily  to  the  harsh  conditions  of
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ethanol fermentation tanks [11, 78, 84]. Furthermore, as discussed by Steensels et
al. [11] in their review, B. bruxellensis can outcompete inoculated S. cerevisiae
strains, without affecting ethanol yield. B. bruxellensis also has the ability to co-
consume  nitrate  and  use  other  carbon  sources  instead  of  glucose,  indicative  of
high  industrial  potential.  Galafassi  et  al.  [75]  studied  the  ability  of  50
Brettanomyces strains to produce ethanol from different carbon sources and under
similar conditions to those used in industrial fermentation, such as limited oxygen
and low pH. B. bruxellensis produced 0.44 g g−1 glucose, a yield comparable to
that  of  S.  cerevisiae.  The  authors  also  observed  that  B.  naardenensis  produced
ethanol from xylose.

Blomqvist et al. [78] investigated the factors influencing the fermentation, such as
pH, temperature, yeast growth rate, and ethanol production. The industrial strain
B.  bruxellensis  CBS  11269,  two  B.  bruxellensis  strains,  and  two  industrial  S.
cerevisiae strains were used in shake flasks and bioreactors. B. bruxellensis and S.
cerevisiae  generated  similar  ethanol  yields,  but  the  former  had  higher  biomass
yields and lower glycerol yields, indicating that B. bruxellensis is more energy-
efficient than S. cerevisiae.  The lower growth rate of B. bruxellensis,  however,
suggests  that  it  might  not  be  competitive  in  batch  fermentations.  Nevertheless,
according to Blomqvist et al. [78], in a continuous process in which growth rate
can  be  controlled  by  technical  parameters,  efficient  substrate  use  and  high
tolerance to inhibitors may be more important determinant factors. These findings
have attracted much attention from the industry because of the interest in using
strains  that  are  capable  of  resisting  environmental  changes  and  using  different
carbon sources.

Brettanomyces has the ability to produce acetic acid under aerobic conditions and
withstand  low  pH  environments.  Currently,  acetic  acid  production  is  mainly
achieved  by  petrochemical  routes.  Thus,  Brettanomyces  strains  are  interesting
candidates for sustainable acetic acid production. Freer et al. [86] reported that D.
intermedia NRRL YB-4553 and B. bruxellensis NRRL Y-17525 are the two most
promising  yeasts  for  acetic  acid  production  when  glucose  is  used  as  a  carbon
source. The optimum pH was found to be 5.5, at which acetic acid was afforded in
yields of 57.5 and 65.1 g acetic acid L−1 from an initial glucose concentration of
150 and 200 g L−1, respectively.

Production of Beer and Wine with Unique Aromas

Brettanomyces has, for many years, been known to be responsible for unpleasant
smells  and  flavors  in  wine,  attributed  to  the  presence  of  4-ethylphenol
(phenolic/medicinal aroma) and 4-ethylguaiacol (clove/holiday spice aroma) [55].
For some styles of wine, these aromas are appreciated, as they generate positive
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and special organoleptic characteristics and give an aged flavor to some young red
wines [87, 88].

Brettanomyces  has β-glucosidase,  an important enzyme that can release natural
flavors and aromas from different sources and hydrolyze nonvolatile, chemically
bound aroma compounds [50]. This characteristic makes the yeast attractive to the
bioflavor  industry,  which  is  constantly  searching  for  new,  natural  sources  of
differentiated aroma profiles for food and beverages. Esters generate a fruity taste
and/or smell; ethyl esters (e.g., ethyl acetate, hexanoate, and octanoate) contribute
to tropical  fruit  and pineapple-like flavors [75].  For this reason, Brettanomyces
yeasts are currently being used in the production of craft beers and natural wines.
Brettanomyces  is  crucial  for  the  characteristic  flavor  of  Belgian  lambic  and
Gueuze,  produced  by  spontaneous  fermentation  [89].  In  the  United  States  of
America,  some  breweries  have  developed  differentiated  products,  such  as
American  coolship  ales  [90].

More studies on the potential applications of Brettanomyces are expected in the
near future. Investigations of the large-scale production of fermented beverages
and bioethanol should be carried out to confirm the advantages of Brettanomyces
and promote the discovery of new fermentative processes. Furthermore, it would
be  interesting  to  perform  a  technical-economic  analysis  and  a  life  cycle
assessment of Brettanomyces to evaluate the environmental impacts of all process
stages.

CONCLUDING REMARKS

Exploring  the  potential  of  nonconventional  yeasts,  such  as  Brettanomyces
(teleomorph  Dekkera)  for  industrial  applications  is  highly  attractive  for  the
development  of  novel  fermented  beverages.  The  yeast’s  high  adaptability  to
extreme conditions, as confirmed by phenotypic, metabolome, and transcriptome
characterizations, allows its use for primary, secondary, and bottle fermentation.
Brettanomyces  gives  fermented  products  a  peculiar  flavor  profile  with  great
potential, provided that undesirable aromas are avoided and fermentation patterns
are optimized. The metabolic pathways for flavor production have been elucidated
by  studies  aiming  to  propel  the  industrial  use  of  Brettanomyces  species  for
generating  attractive  flavor  compositions.  Furthermore,  the  tolerance  of
Brettanomyces  to  low  pH,  high  ethanol  concentration,  and  overall  stressful
conditions underscore the economical relevance of the yeast as a starter culture in
second-generation  bioethanol  production.  Research  on  metabolic  control  and
genetic modification could improve the abilities of Brettanomyces strains and turn
them into the protagonists of fermentation processes.
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Abstract: Currently, biotechnologies that aim to optimize the residual lignocellulosic
biomass  are  receiving  widespread  attention,  mainly  when  it  comes  to  developing
integrated  systems  that  allow  the  generation  of  multi-products  in  industrial  plants,
especially for ethanol production. One of the main bottlenecks for efficient conversion
of lignocellulosic biomass into ethanol is the limitation of Saccharomyces cerevisiae,
the  most  widely  used  yeast  in  bioethanol  production,  in  metabolizing  xylose.  This
pentose is the main constituent of the hemicellulose fractions in plant cell walls and the
second most abundant monosaccharide in lignocellulosic biomass.  This challenge is
being overcome by the isolation and intense molecular evaluation of new yeast species,
mainly  members  of  the  genera  Spathaspora  and  Scheffersomyces,  since  they  have
shown high capacities for xylose assimilation, which has been corroborated through
studies aimed at improving ethanol production and other products via the association of
these yeasts with improved fermentation capacity. In this sense, this chapter addresses
the recent advances in the identification of novel isolates of the genera Spathaspora
and  Scheffersomyces,  particularly  emphasizing  the  applications  of  these  genera  in
ethanol and xylitol production.
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INTRODUCTION

The  current  model  of  society  is  characterized  by  increased  consumption  of
biomass,  which  puts  the  environmental  systems  under  pressure  to  meet  the
growing  demand.  Unchecked  development  and  limited  resources  make  waste
management a key component to sustaining the current consumption pattern. The
current  linear  thinking  model,  “take-make-dispose,”  is  no  longer  sustainable,
necessitating the shift  to  a  circular  economy, based on the use of  waste  as  raw
materials to acquire new products [1, 2].

Due to the necessity to change production systems, the biorefinery concept has
been highlighted as a more holistic view of the exploration of biomass, ensuring
the  maximum  use  of  the  structure  of  the  raw  material  by  generating  different
products  in  the  same  industrial  plant.  This  configuration  enables  the
lignocellulosic  biomass  conversion  in  energy,  chemicals,  or  biomaterials,  thus
adding  value  to  waste,  minimizing  the  impacts  of  production  activities,  and
ensuring  the  sustainability  of  these  activities  [3].

The  conversion  of  lignocellulosic  biomass  is  dependent  on  fractionating  the
complex structure formed by different polymers, such as cellulose, hemicellulose,
lignin, and pectin, in varying concentrations depending on the type of biomass [4].
Among the sugars released from the lignocellulosic biomass, glucose is released
from  cellulose.  This  hexose  is  a  high-affinity  substrate  for  various
microorganisms, showing high conversion rates into ethanol. The primary sugar
released from hemicellulose hydrolysis is xylose, which is the most abundant in
xylan.  However,  unlike  glucose,  xylose  offers  low  conversion  efficiency  by
microorganisms  [5].  The  successful  conversion  of  lignocellulosic  biomass  into
bioproducts depends on the efficient use of the released sugars, such as glucose,
D-xylose,  cellobiose,  galactose,  rhamnose,  arabinose,  and  mannose,  by  the
microorganisms  suitable  to  produce  value-added  products  [6,  7].

Second-generation  ethanol  is  one  of  the  leading  products  resulting  from  the
biotechnological processes involving the use of lignocellulosic biomass, and is a
fundamental  fuel  to  meet  the  demand  and  change  the  current  energy  matrix.
Besides ethanol, other products of high added value can be obtained from these
residues by biological routes, such as xylitol, a sugar-alcohol with great industrial
applicability  (e.g.,  pharmaceutical  and  food),  which  is  currently  obtained  via
expensive chemical processes. This further emphasizes the importance of finding
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economically and environmentally viable alternatives to get these products as well
as the importance of the biorefinery approach [8].

Traditionally,  yeasts  of  Saccharomyces  cerevisiae  and  Zymomonas  mobilis
species are used industrially, but they either metabolize the pentoses found in the
hydrolysates  with  low  efficiency  or  do  not  metabolize  them  at  all  [9].  New
approaches  to  prospect  strains  capable  of  acting  widely  in  the  fermentation
process  of  complex  substrates  using  different  sugars  have  gained  strength,
presenting  underutilized  and  unexploited  bioresources  with  relevant
characteristics for industrial exploration in biorefineries. In this scenario, yeasts of
the genera Spathaspora and Scheffersomyces are highlighted as some species that
can convert hexose and pentose sugars to ethanol and xylitol, which are isolated
from different environments and which have shown a wide spectrum of industrial
applications.

The performance evaluation of these yeast species is being explored as a valuable
bioresource  for  the  configurations  of  multi-product  industrial  plants.  The
metabolic capacity for pentoses and hexoses and the possibility of changes in the
fermentative conditions to obtain different products have been intensely explored.
In this scenario, this chapter aims to address the characteristics of yeasts of the
genera  Spathaspora  and  Scheffersomyces,  emphasizing  the  environments  from
which  they  can  be  isolated  and  the  primary  studies  on  their  application  in
fermentation  systems,  emphasizing  the  production  of  ethanol  and  xylitol.

SCHEFFERSOMYCES  AND  SPATHASPORA  PHYLOGENY  AND
TAXONOMY

Scheffersomyces and Spathaspora yeasts have also demonstrated the potential for
converting mixed sugars, which is interesting for biorefineries as products, such
as xylitol,  enzymes, and ethanol,  can also be obtained [7,  10].  The relationship
between  these  genera  was  described  by  Kurtzman  e  Suzuki  [11]  as  being
relatively closely related due to the fermentative capacity of D-xylose present in
the species of both genera.

The genus Spathaspora  was first  described in 2006 by Nguyen and co-workers
[12] to accommodate the single species Sp. passalidarum. The yeast was isolated
from the intestine of Odontotaenius disjunctus  (beetle) in Louisiana (USA) and
highlighted  for  its  characteristics  of  fermenting  xylose  as  well  as  its  distinct
morphology,  containing  a  single  ascospore  with  curved  ends,  unlike  any  other
known yeast [12, 13]. Spathaspora means a type of wide sword (spatha) and seed
(spora),  which  was  also  named  in  honor  of  Joseph  W.  Spatafora  for  his
contributions  to  the  field  of  insect-fungus  interactions,  which  were  extremely
relevant  to  the  discovery  of  this  yeast  [12].
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Sp. passalidarum was the first species described within the genus that occurred in
a  small  clade  of  xylose-fermenting  yeasts,  which  comprised  three  Candida
species, including C. jeffriesii, C. insectamans, and C. lyxosophila [12, 14]. The
production of elongated ascospores with curved ends was a feature highlighted by
the researchers that isolated Sp. passalidarum [14]. This same characteristic was
observed in the Sp. arborariae species isolated from rotting wood, and this is the
second species of this genus. Sp. arborariae also assimilates and ferments xylose
efficiently  and  was  differentiated  from  Sp.  passalidarum  based  on  L-sorbose
assimilation  and  by  growing  with  50%  w  v-1  glucose  concentration  [15].

Some  species  were  later  introduced  into  this  genus  and  are  identified  as  Sp.
brasiliensis, Sp. xylofermentans, Sp. Roraimanensis, and Sp. Suhii, all isolated in
rotting  wood  and  have  presented  the  capacity  to  ferment  xylose  [16].  These
species  differ  from  the  first  two  isolated  species  (Sp.  passalidarum  and  Sp.
arborariae)  as  they  cannot  assimilate  D-ribose.  According  to  the  authors,  Sp.
roraimanesis  and  Sp.  xylofermentans  can  grow  in  the  presence  of  0.01%
cycloheximide and share the unique ascospore morphology of this group, which
distinguishes these two species from all other species. Concerning Sp.brasiliensis
and  Sp.  suhii,  the  authors  suggest  that  the  sequencing  of  D1/D2  domains  is
essential to differentiate these species as both have an identical growth profile [16,
17].

Many  additional  Spathaspora  species  have  since  been  described,  with  most  of
them being associated with insects or rotting wood. Wang and co-workers [18]
reported  the  species  Sp.  allomyrinae,  isolated  from  the  gut  of  the  beetles
Allomyrina  dichotoma,  and  highlighted  the  formation  of  two  ascospores
surrounded by a rather circular membrane enclosing the two spores in an ascus,
differing from the previously described species  of  the  Spathaspora  genus [18].
Another additional species is Sp. boniae, which can metabolize cellobiose and has
good efficiency for converting D-xylose to xylitol [19], and Sp. piracicabensis,
isolated from rotting wood, demonstrated the potential to produce a higher ethanol
titer than xylitol from D-xylose [6].

Three species were described by Lopes and co-workers [20] isolated from rotting
wood  that  ferment  D-xylose,  including  Sp.  girioi,  Sp.  Hagerdaliae,  and  Sp.
gorwiae. More recently, five new species of the genus have been described: Sp.
elongata, Sp. mengyangensis, Sp. jiuxiensis, Sp. Parajiuxiensis, and Sp. rosae, the
latter was named as a tribute by Chinese authors to the Brazilian researcher Carlos
Rosa  for  his  contributions  in  yeast  taxonomy  [21].  Likewise,  the  species  Sp.
boniae was also named as a tribute to the Brazilian researcher Elba Pinto da Silva
Bon [19]  for  her  studies  using  lignocellulosic  materials for ethanol production,
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and Sp. girioi was named in honor of Francisco Gírio for his contribution to the
study of ethanol and xylitol production [20].

The proposition of species Sp. boniae expanded the discussions of the character of
the paraphilia of the genus Spathaspora. The analysis of bardocode sequences and
other  regions  in  the  rRNA  gene  cluster  positioned  the  species  in  the  C.
albicans/Lodderomyces clade [19]. The relationship between the Spathaspora and
Candida genera was again discussed by Varize and co-workers [6] in the study of
isolation  and  identification  of  the  species  Sp.  piracicabensis,  which  presented
phylogenetic placement with proximity to several species of Spathaspora and two
species  of  the  genus  Candida  (C.  materiae  and  C.  jeffriesii).  In  other  previous
studies of identification of the Spathaspora species, the proximity relation, mainly
of these two Candida species, had already been reported, as reported by Nguyen
and  co-workers  [12]  who,  when  defining  the  genus  Spathaspora,  related  the
species  C.  jeffriesii  as  the  sister  taxon.

With  the  expansion  of  discussions  based  on  the  paraphilia  of  the  Spathaspora
genus,  in  addition  to  the  identification  of  five  new  species  (Sp.  elongata,  Sp.
jiuxiensis,  Sp.  mengyangensis,  Sp.  parajiuxiensis,  and  Sp.  rosae),  Lv  and  co-
workers [21] also proposed the relocation of two species of the Candida genus (C.
materiae  and  C.  jeffriesii)  for  the  Spathaspora  genus,  due  to  the  phylogenetic
analysis  of  the  combined  ITS  and  nuc  28S  rDNA  sequences  due  to  their
phylogenetic  placement  within  that  genus  [21].

The paraphyletic character of the genus has not been entirely resolved, and the
asymmetric taxonomy divergence will depend on the isolation of new species and
the sequencing of the complete genome of the members. For Lv and co-workers
[21],  the  Spathaspora  genus  needs  to  be  comprising  the  type-species  Sp.
passalidarum, with the other members being possible representatives of another
genus. However, the authors reaffirm that only complete genome sequencing and
isolation of new species can clarify the heterogeneity of this genus [21].

In  addition  to  discussions  on  phylogenetic  positions,  the  fermentative
characteristics of the genus are highlighted, mainly by the ability of most species
of  this  genus  to  ferment  xylose.  Species  assigned  to  Spathaspora  are  explored
primarily  in  ethanol  and  xylitol  production  due  to  their  metabolic  capacity
evolved  for  xylose  consumption,  which  is  considered  an  excellent  choice  for
biotechnological applications [13, 22]. The species Sp. passalidarum stands out
within the genus due to its high metabolic capacity for pentoses, such as xylose,
under aerobic or strictly anaerobic conditions [23].

The genus Scheffersomyces was described four years after Spathaspora in 2010
by Kurtzman and Suzuki [11] based on phylogenetic analysis from the combined
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sequences  of  the  D1/D2  domain  of  the  large  subunit  (LSU)  and  the  nearly
complete small subunit (SSU) rRNA genes. The authors studied species from the
genus Pichia and, based on their results, three species were transferred to the new
genus Scheffersomyces (Sc. stipitis, Sc. segobiensis, and Sc. spartiniae) [11, 24].
According to the authors, Scheffersomyces yeasts can ferment glucose and other
sugars.  Some species,  for example, can metabolize D-xylose, acting as suitable
candidates  for  biofuel  production  through  biological  routes.  Besides  sugars,
polyols  and  organic  acids  can  also  be  assimilated  by  the  species  of
Scheffersomyces [11]. Based on the genus’ ability to ferment different sugars, the
name Scheffersomyces was chosen in honor of Professor W. Alexander Scheffers
(Delft  University  of  Technology,  The  Netherlands)  due  to  his  contributions  to
yeast physiology and biotechnology, particularly regarding D-xylose fermentation
[11].

Two  years  later,  the  first  mention  of  the  genus  Scheffersomyces  was  made  by
Urbina  and  Blackwell  [25],  based  on  a  multilocus  phylogenetic  analysis,
nucleotide differences in the rRNA markers (SSU, LSU, and internal transcribed
spacers  –  ITS),  RPB1  and  XYL1,  and  biochemical  differences  concerning  their
closest  relatives,  and  they  included  three  new  species  to  the  Scheffersomyces
genus:  Sc.  illinoinensis,  Sc.  quercinus,  and Sc.  virginianus.  These species  were
named  after  the  substrates  from  which  they  were  isolated:  Carya  illinoinensis
(pecan),  Quercus  nigra  (water  oak),  and  Quercus  virginiana  (live  oak)  rotted
wood, respectively. In addition, the authors also proposed seven asexual species,
previously  assigned to  the  polyphyletic  genus  Candida,  in  the  Scheffersomyces
genus: Sc. coipomoensis, Sc. gosingicus, Sc. insectosa, Sc. lignicola, Sc. lignosus,
Sc. queiroziae, and Sc. shehatae [25]. Therefore, the genus was composed of 13
species with phylogenetic similarities (three included by Kurtzman and Suzuki in
2010 [11] and ten by Urbina and Blackwell in 2012 [25] that probably evolved
from  a  common  ancestor  capable  of  fermenting  xylose,  which  makes
Scheffersomyces  an  independent  clade  based  on  the  multilocus  phylogenetic
analysis  [24,  25].

Moreover,  Urbina  and  Blackwell  [25]  proposed  a  subdivision  of  the
Scheffersomyces clade into three subclades: 1) the early-diverging Sc. spartinae
(the  only  member  that  cannot  ferment  both  xylose  and  cellobiose)  and  Sc.
gosingicus  (cellobiose-fermenting  yeast);  2)  cellobiose-fermenting  subclade
composed of Sc. coipomoensis, Sc. lignicola, Sc. queiroziae, Sc. Ergatensis, and
Sc. amazonensis (the last two were isolated by Santa María [26] and Cadete and
co-workers [27],  respectively,  and firstly assigned to the Candida  genus,  being
later included in the Scheffersomyces clade as reported by Urbina and Blackwell
[28]); and 3) xylose-fermenting subclade, including Sc. stipitis, Sc. lignosus, Sc.
illinoinensis, Sc. insectosa, Sc. quercinus, Sc. segobiensis, Sc. shehatae, and Sc.
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virginianus  [25].  The  authors'  phylogenetic  analyses  suggest  that  the  ability  to
ferment  xylose  might  have  played  a  central  role  in  the  xylose-fermenting
subclade's  speciation  process  as  xylose  reductase  (XR)  was  detected  in  all
Scheffersomyces  clade  members.  Furthermore,  the  same  tree  topology  of  the
multilocus  analysis  was  obtained  using  either  XR  or  XYL1  [25].

With  the  insertion  of  new  isolates  and  transference  of  species  to  the  genus
Scheffersomyces, it was observed that the gene datasets result in several positions
in the phylogenetic tree due to genetic diversity. The polyphyletic character of the
genus  Scheffersomyces  was  first  observed  by  Kutzman  e  Robnett  [29].  It  was
shown that Sc. spatinae was allocated to a different clade of the Sc. stipitis and in
the same clade as the yeast Sp. passalidarum. Suh and co-workers [30] added to
this  discussion  by  comparing  the  multilocus  DNA sequence  and  suggested  the
existence of at least four phylogenetically distinct groups in the phylogenetic tree
of the Scheffersomyces genus: 1) the species, Sc. stipis and Sc. shehatae, and other
species xylose fermenters; 2) Sc. coipomoensis and Sc. ergatensis; 3) Sc. lignicola
and Sc. queiroziae; 4) Sc. spartiniae and Sc. gosingicus. The authors suggest that
the genus Scheffersomyces should be limited based on the monophyletic group of
yeasts capable of fermenting xylose circumscribed to the type-species Sc. stipitis
and other groups may become representatives of new genera based on the studies
of the genetic relationships of the isolates [30].

The polyphyletic character of the genus Scheffersomyces was again reported by
Liu and co-workers [31], that in the same study described the species Sc. titanus.
In line with what was proposed in other studies that  observed polyphilia in the
genus, the authors suggested that there are two phylogenetically distinct groups,
one  of  which  exhibits  a  monophyletic  character,  comprising  the  species
surrounding  the  yeast  Sc.  stipitis,  and  a  second  group  that  comprises  the  other
representatives  of  the  genus  [31].  More  recently,  Jia  and  co-workers  [32]
highlighted  that,  based  on  the  species  described  until  now,  a  change  in  the
proposed  phylogenetic  groups  could  be  suggested,  demonstrating  through  the
analysis of genes and composition of the phylogenetic tree the existence of three
distinct groups: 1) Sc. stipitis, Sc. coipomoensis, Sc. shehatae and species-related;
2) Sc. stambukii and Sc. anoplophorae (new species described in the article [32]);
3)  Sc.  gosingicus  and  Sc.  spartiniae  and  the  species  C.  thasaenensis
(phylogenetically related to the group).  In this  same study,  the authors isolated
three  new  species  of  the  genus  Scheffersomyces:  Sc.  jinghongensis,  Sc.
paraergatensis, and Sc. anoplophorae, that share morphological similarities with
Sc. titanus, Sc. ergatensis, and Sc. stambukii, respectively, and according to the
separation described by the authors belong to the phylogenetically distinct groups
one, two, and three, respectively [32].
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Together, studies on the phylogenetic relation and the polyphyletic character of
the  Scheffersomyces  suggest  the  separation  of  individuals,  making  the  genus
monophyletic based on the type-species Sc. stipitis and the other related xylose-
fermenting  species.  However,  further  clarification  is  needed  about  the
heterogeneity of the Scheffersomyces genus and the phylogenetic relations of the
individuals it comprises, resulting in the emergence of new genera that allocate
the members of some species currently related to the genus Scheffersomyces [29 -
32].

WHERE  HAVE  SPATHASPORA  AND  SCHEFFERSOMYCES  YEASTS
BEEN FOUND?

Each environment is home to a multitude of biodiversity, from which several new
yeast species can be isolated. Isolation and identification of new yeasts can help
fill  some  gaps  to  better  understand  the  phylogenetic  relationships  since  it  is
estimated that approximately 90% of the diversity of yeasts with potential for use
in  biotechnological  processes  remains  unknown  [10].  Different  species  of
Spathaspora  and  Scheffersomyces  have  been  explored  to  obtain  robust  strains
with  unique  performance  characteristics.  Table  1  presents  several  examples  of
species of Spathaspora and Scheffersomyces isolated from different environments.

Table 1. Spathaspora and Scheffersomyces species isolated from different substrates and environments.

Species Substrate Environmental References

Spathaspora

Sp. passalidarum Gut of beetle
(Odontotaenius disjunctus) Southeastern Louisiana (USA) [12, 14]

Sp. arborariae Rotting wood Atlantic Rainforest (Brazil) [15, 40]

Sp. brasiliensis Rotting wood Amazonian Florest (Brazil) [16]

Sp. roraimanensis Rotting wood Amazonian Florest (Brazil) [16]

Sp. suhii Rotting wood Amazonian Florest (Brazil) [16]

Sp. xylofermentans Rotting wood Amazonian Florest (Brazil) [16]

Sp. allomyrinae Gut of beetle
(Allomyrina dichotoma)

Baotianman National Nature
Reserve
(China)

[18]

Sp. girioi Rotting wood Atlantic Rainforest (Brazil) [20]

Sp. hagerdaliae Rotting wood Atlantic Rainforest (Brazil) [20]

Sp. gorwiae Rotting wood Atlantic Rainforest (Brazil) [20]

Sp. boniae Rotting wood Atlantic Rainforest (Brazil) [10, 19]

Sp. piracicabensis Rotting wood Atlantic Rainforest (Brazil) [6]
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Species Substrate Environmental References

Sp. elongate Rotting wood Jinghong City, Yunnan Province
(China) [21]

Sp. jiuxiensis Rotting wood Honghe Prefecture, Yunnan
Province, (China) [21]

Sp. mengyangensis Rotting wood Jinghong City, Yunnan Province
(China) [21]

Sp. parajiuxiensis Rotting wood Honghe Prefecture, Yunnan
Province, (China) [21]

Sp. rosae Rotting wood Jinghong City, Yunnan Province
(China) [21]

Sp. (Candida) materiae Rotting wood Atlantic Rainforest (Brazil) [21, 45]

Sp. (Candida) jeffriesi Gut of wood-boring bleetle Chiriqui (Panamá) [21, 46]

Scheffersomyces

Sc. (Pichia) stipitis

Rotting wood;
Larvae of insects Cetonia
sp., Dorcus parallelipidus

and Laphria; Gut of beetles

Atlantic Rainforest (Brazil);
Guatemala [10, 11, 44, 47]

Sc. (Pichia) segobiensis

Larvae of Calcophora
mariana massiliensis and
insect frass; Saccate organ

of an insect

Honshu (Japan) [11, 47, 48]

Sc. (Pichia) spartiniae Oyster grass marshes Louisiana (USA) [11, 47]

Sc. illinoinensis
Rotting wood (Carya

illinoinensis); Rotting wood
and Gut of beetle

Louisiana (USA);
Atlantic Rainforest (Brazil) [25, 40]

Sc. quercinus Rotting wood (Quercus
niger) Louisiana (USA) [25]

Sc. virginianus Rotting wood (Quercus
virginiana) Louisiana (USA) [25]

Sc. (Candida)
coipomoensis

Rotting wood and larvae of
cerambicid beetle Chile [25, 46]

Sc. (Candida gosingica)
gosingicus Soil Nanto (Taiwan) [25, 49]

Sc. (Candida) insectosa Longhorn beetle (Leptura
maculicornis) - [25, 46]

Sc. (Candida) lignicola Insect frass Khao-Yai National Park
(Thailand) [25, 50]

Sc. (Candida lignosa)
lignosus Rotting wood Chile [25, 46]

Sc. (Candida) queiroziae Rotting wood and Wood-
boring insect Atlantic Rain Forest (Brazil) [25, 35, 39]

(Table 1) cont.....
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Species Substrate Environmental References

Sc. (Candida) shehatae Gut of beetle; Soil
Guatemala;

Munich (Germany); Kyoto
(Japan)

[44, 51, 52]

Sc. stambukii Rotting wood Amazonian forest (Brazil) [36]

Sc. anoplophorae Gut of beetle
(Anoplophora leechi)

Nanyang City,
Henan Province (China) [32]

Sc. jinghongensis Rotting wood Jinghong City, Yunnan Province
(China) [32]

Sc. paraergatensis Rotting wood Nanyang City,
Henan Province (China) [32]

Sc. (Candida) ergatensis Larvae of Ergates faber Madrid (Spain) [26, 28]

Sc. titanus Gut of beetle (Dorsus
titanus)

Baotianman Mountain, Henan
Province, China [31]

Sc. henanencis Rotting wood Baotianman Nature Reserve,
Henan Province (China) [24]

Sc. xylosifermentans Insect tunnel on a rotten log Bull Run Mountain, Broad Run,
Virginia (USA) [30]

Sc. parashehatae
Gut of Odontotaenius

disjunctus larvae; Rotting
wood

Bull Run Mountain, Broad Run,
Virginia (USA); Atlantic

Rainforest (Brazil)
[30, 40]

Sc. cryptocercus Gut of wood roach
(Cryptocercus sp.)

Appalachian Trail at Newfound
Gap (USA) [53]

Sc. (Candida) amazonensis Rotting wood Amazonian forest (Brazil) [27, 28]

Tropical and humid environments are considered as biodiversity hotspots of these
species. The regions belonging to the Atlantic Forest and the Amazon Forest, for
example, present valuable ecosystems for the development and isolation of new
yeast  species  of  the genera Spathaspora  and Scheffersomyces,  some capable of
producing xylanases and fermenting D-xylose. Yeasts are easily obtained in these
places as they are considered decomposing microorganisms, acting on substrates
rich  in  nutrients,  such  as  plants  and  wood,  carrying  out  the  process  of  organic
matter  degradation  [6,  10,  22,  33  -  35].  Despite  comprising  about  30%  of  the
world’s  primary  tropical  forests;  playing  key  roles  in  biodiversity,  the  carbon
cycle,  rain  regime,  and  global  climate;  and  being  constantly  used  in  various
research studies, the Amazonian environment, specifically, still has a lot to offer
in terms of biotechnological  inputs,  in terms of both new raw materials  for  the
most diverse areas as well as new species of efficient microorganisms [33, 36].

In  these  tropical  and  humid  ecosystems,  rotting  wood  samples  are  valuable
habitats of Spathaspora and Scheffersomyces. The physiological traces associated

(Table 1) cont.....
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with  the  assimilation  of  xylose  and  cellobiose  are  related  to  the  environments
where these yeasts are usually isolated and the requirement to use the available
lignocellulosic biomass [32].

Yeasts are highlighted for their ability to decompose and are among the primary
colonizers  of  nutrient-rich  substrates,  such  as  soil  and  plant  tissues.  Moreover,
they play a key role in relationships in habitats with other organisms, including
mutualism,  competition,  parasitism,  and  pathogenicity  [37].  As  it  is  a  complex
tissue composed of a lignocellulosic structure, the survival of these organisms will
depend on their ability to act in the biodegradation of the polysaccharide complex.
This  process  is  mediated  by  xylanases  and  cellulases,  which  act  as  agents  to
convert  the  structural  complexes  into  di-  and  mono-saccharides.  It  will  also
depend on the yeast's ability to assimilate and metabolize pentoses and hexoses
efficiently.  And  in  this  scenario,  the  species  of  yeasts  Spathaspora  and
Scheffersomyces  are always highlighted,  given their  ability to ferment pentoses
[38].

The species of Spathaspora and Scheffersomyces vary in fermentation efficiency,
which  may be  linked  to  local  factors  related  to  climate,  landscape  history,  and
especially the quality of the biomass in which the species develops and evolves
[38]. They are generally isolated from rotting wood in tropical and high humidity
environments such as tropical forests (see Table 1). Morais and co-workers [35]
identified the yeast  Sc.  queiroziae  frequently in samples of rotting wood in the
Atlantic Forest (Brazil), which corroborates the study by Santos and co-workers
[39] that identified the same species in samples of rotting wood and wood-boring
insect in two different locations of the Atlantic Forest (Brazil), suggesting that the
species Sc. queiroziae inhabits this place as its natural habitat. Interestingly, the
species Sc. queiroziae can assimilate cellobiose and other compounds related to
rotting wood [39], and is just one example of the genus associated with habitats,
such as rotting wood. Sp. passalidarum, one of the most highlighted species of the
Spathaspora genus is known for its ability to ferment xylose, which also has as its
primary habitat rotting wood in tropical forests, in addition to the gut of wood-
feeding insects [12, 33]. The presence in habitats with complex substrates defines
the physiological specialties for the essential needs of the organism [37], such as
the  enzymatic  production  of  specialized  ligninolytic  enzymes  and  the
consumption  of  disaccharides  and  pentoses.

Producing ethanol from cellobiose and xylose is rare among microorganisms, but
it  frequently  occurs  within  members  of  the  Scheffersomyces  and  Spathaspora
genera.  Still,  it  varies within different  genera and species [16,  27,  30,  40].  The
emphasis  given  to  these  yeasts  is  their  relevance  to  technological  advances  in
second-generation biofuels, considering the fermentation rates and yields of some
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species of Spathaspora and Scheffersomyces, such as the fermentation capacity of
Sp. hagerdaliae to efficiently convert xylose into ethanol without reprogramming
due to the presence of glucose [41].

Another habitat frequently reported is the gut of insects, in which the food base is
composed basically of rotting wood. Yeasts depend on habitats with assimilable
carbon  sources,  making  herbivorous  insects  a  perfect  niche  because  these
invertebrates feed on carbohydrate-rich biomasses [42]. Furthermore, the greater
efficiency in metabolizing pentoses and cellobiose than other yeast species may
result from this symbiosis with insects [25].

Yeasts isolated from the guts of insects are likely to be efficient in digesting the
components  of  the  host’s  diet.  To  survive  in  the  environment,  these  organisms
must resist toxic secondary metabolites and adapt to the intestinal physiological
environment  (low  concentrations  of  oxygen,  high  concentrations  of  carbon
dioxide,  and  extreme  pH  variation),  giving  it  unique  characteristics  due  to  the
selective pressure. Consequently, in each host generation, symbiotic yeasts can be
exposed to different  environments and selective pressures,  which can favor the
performance of the yeast with improved characteristics over others [25].

Although the role of yeasts in the gut of insects is not fully understood, there is
evidence that the enzymes produced by these microorganisms aid in the digestion
and  detoxification  of  the  host's  diet,  providing  essential  nutrients  for  direct
conversion  by  insects.  Therefore,  insects  that  feed  on  woody  biomasses  are  an
excellent  habitat  for  isolating  microorganisms  capable  of  assimilating
lignocellulosic  structures  [30,  43].  An  example  of  this  is  the  description  of
Spathaspora  and Scheffersomyces  in the beetle's gut highlighted by Urbina and
co-workers [44], corresponding to 76.5% of isolated yeast species, with the most
abundant members being Sc. shehatae and Sc. stipitis.

Isolating and identifying pentose fermenting yeasts in environments, such as guts
of insects and rotting wood, in different regions and climates will contribute to the
expansion of environmental and industrial biotechnology by identifying valuable
biological  and  genetic  resources  for  the  development  of  biorefineries  from
lignocellulosic  biomasses  [32].

THE INDUSTRIAL POTENTIAL OF THE SPECIES OF SPATHASPORA
AND SCHEFFERSOMYCES

Most  microorganisms,  including  native  xylose-fermenting  yeasts,  cannot
efficiently convert xylose to ethanol under industrially relevant conditions, such
as strict anaerobic environment, high osmotic stress, high ethanol concentrations,
and presence of inhibitors [54]. This has been one of the issues involved in the use
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of  lignocellulosic  hydrolysates  in  biorefineries  since  xylose  is  the  second most
abundant sugar present. Its non-utilization in the fermentative process affects the
fermentation  efficiency  and  consequently  the  economic  viability  of  the
bioprocess.

The  most  used  yeast  in  the  fermentation  processes  for  ethanol  production  in
distilleries is S. cerevisiae, but this species has a limited capacity to metabolize
xylose  [6].  The  difficulty  in  assimilating  and  fermenting  xylose  reduces  the
efficiency in producing 2G ethanol, significantly increasing economic costs and
reducing market attractiveness. In contrast, the Spathapora and Scheffersomyces
genera are described as having species that exhibit effective xylose assimilation
and  fermentation  capacities,  converting  this  sugar  into  ethanol  and  xylitol  [6].
Thus, besides being a valuable biological resource that is isolated from conserved
natural habitats (mainly forests and parks), it can offer other products with high
added value and lead to other novel scientific discoveries.

Several studies have reported the possibility of using these yeast genera for large-
scale  ethanol  and  xylitol  production.  What  draws  more  attention,  besides  their
ability  to  utilize  xylose  and  other  sugars  in  the  metabolic  conversion  of  these
organisms,  is  their  ability  to  produce  ethanol  and  xylitol  together  in  the  same
production process, which according to Unrean and Ketsub [55], can improve the
profitability of the system by up to 2.3 times compared to producing only ethanol.

Table  2  shows  some  species  of  the  genera  Scheffersomyces  and  Spathaspora,
producers of ethanol and/or xylitol from different substrates.

Table 2. Different species, substrates, and respective ethanol and xylitol yields.

Species Carbon Source Product Yield
(g g-1)

Productivity
(g L-1 h-1) References

Spathaspora

Sp. arborariae
UFMG-HM19.1A Rice hull hydrolysates

Ethanol 0.45 0.16
[57]

Xylitol 0.33 -

Sp. arborariae
UFMG-CM-Y352 Sugarcane bagasse hydrolysate Ethanol 0.16 0.034 [40]

Sp. arborariae
NRRL Y-48658 Soybean hull hydrolysate

Ethanol 0.38 -
[59]

Xylitol 0.25 -

Sp. arborariae
UFMG-CM-Y352

Synthetic medium YPX (Yeast
extract, peptone, xylose)

Ethanol 0.32 -
[54]

Xylitol 0.18 -

Sp. passalidarum
NRRL Y-27907 Sugarcane bagasse hydrolysate Ethanol - 0.38-0.81 [56]
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Species Carbon Source Product Yield
(g g-1)

Productivity
(g L-1 h-1) References

Sp. passalidarum
UFMG-HDM-14.1 Sugarcane bagasse hydrolysate Ethanol 0.32 0.34 [68]

Sp. passalidarum
NRRL-27907 Sugarcane bagasse hydrolysate

Ethanol 0.25 0.16
[10]

Xylitol 0.03 0.02

Sp. passalidarum
UFMG-CM-Y469

Synthetic medium YPX (Yeast
extract, peptone, xylose)

Ethanol 0.48 -
[54]

Xylitol 0.03 -

Sp. boniae
UFMG-CM-306 Sugarcane bagasse hydrolysate

Ethanol 0.03 0.02
[10]

Xylitol 0.71 0.46

Sp. brasiliensis
UFMG-CM-Y353

Synthetic medium YPX (Yeast
extract, peptone, xylose)

Ethanol 0.16 -
[54]

Xylitol 0.47 -

Sp. roraimanensis UFMG-
CM-Y477

Synthetic medium YPX (Yeast
extract, peptone, xylose)

Ethanol 0.06 -
[54]

Xylitol 0.56 -

Sp. suhii UFMG-CM-Y475 Synthetic medium YPX (Yeast
extract, peptone, xylose)

Ethanol 0 -
[54]

Xylitol 0.92 -

Sp. xylofermentans UFMG-
CM-Y478

Synthetic medium YPX (Yeast
extract, peptone, xylose)

Ethanol 0.08 -
[54]

Xylitol 0.51 -

Sp. xylofermentans UFMG-
CM-Y479 Mineral medium xylose Ethanol 0.34 0.07 [68]

Scheffersomyces

Sc. shehatae
UFMG-HM 52.2 Sugarcane bagasse hydrolysate Ethanol 0.38 0.19 [64]

Sc. amazonensis UFMG-
CM-Y493 Rice hulls hydrolysate

Ethanol > 0.22 -
[63]

Xylitol 1.04 0.05

Sc. (Candida) shehatae
HM 52.2

Acid–enzymatic soybean hull
hydrolysate

Ethanol 0.47 -
[59]

Xylitol 0.23 -

Sc. stipitis
NRRL Y-7124 Sugarcane bagasse hydrolysate Ethanol - 0.35-0.40 [56]

Sc. stipitis
NRRL Y-7124 Sugarcane bagasse hydrolysate Ethanol 0.25 0.10 [40]

Sc. stipitis
UFMG-CM-2303 Sugarcane bagasse hydrolysate

Ethanol 0.32 0.25
[10]

Xylitol 0 0

Sc. parashehatae
UFMG-CM-Y507 Sugarcane bagasse hydrolysate Ethanol 0.25 0.14 [40]

Sc. parashehatae
UFMG-CM-Y507 Mineral medium xylose Ethanol 0.25 0.16 [68]

(Table 2) cont.....
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Species Carbon Source Product Yield
(g g-1)

Productivity
(g L-1 h-1) References

Sc. illinoinensis
UFMG-CM-Y513 Sugarcane bagasse hydrolysate Ethanol 0.23 0.15 [40]

Sc. lignose
CBS 4705 Sugarcane bagasse hydrolysate Ethanol 0.16 0.048 [40]

The  yeast  strain  plays  a  crucial  role  in  ethanol  and  xylitol  production
performance,  directly  affecting  the  productivity  and  yield.  The  utilization  of
different sugars, cellulosic and hemicellulosic, becomes an essential characteristic
of  the  technological  processes.  Nakanishi  and co-workers  [56]  showed that  the
yeast Sp. passalidarum can metabolize different sugars, such as glucose, xylose,
and cellobiose, for the ethanol production in a fed-batch process with cell recycle,
consuming  all  the  glucose  and  more  than  90%  of  the  xylose  when  grown  on
sugarcane bagasse hydrolysate after 4th recycle, which was also observed for the
yeast Sc. stipitis, but with 30% lower yield in ethanol production.

Using hydrolyzate with different fermentation processes allowed Cunha-Pereira
and co-workers [57] to observe the diauxic effect  on Sp. arborariae  in the rice
husk hydrolyzate xylose fermented only after the complete depletion of glucose.
In addition, after the complete glucose depletion, ethanol was also metabolized.
According to the authors, the conversion of xylose into ethanol is carried out until
the  xylose  concentration  reaches  10  g  L-1,  a  phase  in  which  the  cells  start  to
consume ethanol concomitantly if microaerophilic conditions are maintained [57,
58]. However, this fact was not observed after the immobilization of the yeasts
Sp. arborariae and Sc. shehatae, wherein soybean husk hydrolyzate medium was
not catabolic repression in the presence of glucose, and the xylose consumption
after  24  hours  of  fermentation  was  started  concomitantly  with  the  glucose
consumption [59]. Still, as in the study by Cunha-Pereira and co-workers [57], the
diauxic effect was observed for ethanol consumption after glucose depletion [59].

Cadete  and  co-workers  [54]  studied  a  group of  xylose-fermenting  Spathaspora
species. The study revealed that Sp. passalidarum and Sp. arborariae species are
ethanol-producing yeasts and Sp. brasiliensis, Sp. roraimanensis, Sp. suhii and Sp.
xylofermentanos  xylitol  producers.  Among  the  ethanol  producers,  Sp.
passalidarum obtained the highest yields (0.48 g g-1) under severe oxygen-limiting
conditions  (oxygen  transfer  rate  (OTR)  of  approximately  1–2  mmol  L-1  min-1),
making it industrially relevant. Although aeration rates are low, it is a requirement
of  great  importance  to  achieve  high  process  efficiency  in  an  industrial
environment  [54].

(Table 2) cont.....
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Furthermore, these xylose-fermenting species can be applied directly for ethanol
and  xylitol  production  or  to  provide  genes,  enzymes,  or  sugar  transporters  to
develop  new  industrial  pentose  fermentation  strains  [18,  54].

Use of  Scheffersomyces  and Spathaspora  yeasts  in large-scale biotechnological
processes and for ethanol or xylitol production are influenced by several factors.
Besides  the  specific  yeast  species,  factors  such  as  pH,  oxygen  availability,
temperature,  nutrient  content,  or  the  presence  of  inhibitors,  for  example,  can
drastically  affect  the  productivity  and  yield  of  xylose  fermentation  [8].

According to Carneiro and co-workers [60], who analyzed the performance of the
strain Spathaspora sp. JA1 isolated from rotting wood [61], acetic acid is one of
the  most  critical  inhibitors  of  xylose  fermentation.  This  carboxylic  acid  is
common  to  all  hydrolysis  processes,  being  formed  by  deacetylation  of
hemicelluloses. Concentrations of 2–5 g L-1 can already be considered inhibitory
for most xylose-positive yeasts. Acetic acid permeates the cell, dissociates to its
ionic  form  (acetate),  and  releases  protons,  decreasing  cytosolic  pH.  This
intracellular acidification may bring damage to the cell and inhibit yeast xylose
metabolism [62]. Even after hydrolyzate detoxification, the presence of 3.2 g L-1

of  acetic  acid  reduced  the  fermentation  parameters  of  Sc.  parashehatae,  Sc.
illinoinensis,  Sp.  arborariae,  Sc.  stipitis,  and  Sc.  lignosa  [40].

Besides acetic acid, other inhibitory compounds can originate from the hydrolysis
step,  such  as  furfural,  hydroxymethylfurfural,  and  phenolic  compounds,  for
example,  with  characteristics  that  vary  depending  on  the  substrate  and  type  of
hydrolysis performed [63]. In a study by Antunes and co-workers [64], the use of
sugarcane bagasse hydrolyzate for ethanol production demonstrated the need for
detoxification of the medium to increase the fermentative yield of Sc. shehatae.
The authors used a neutralization and activated charcoal strategy with significant
reduction  of  inhibitors,  particularly  hydroxymethylfurfural  and  furfural
concentration  from  1.0·10-3  g  L-1  to  5.0·10-4   g  L-1  and  from  2.0·10-3  g  L-1  to
1.0·10-3   g  L-1,  respectively.

The operational processes also emerge as key mechanisms in the bioconversion of
xylose. Santos and co-workers [65] demonstrated that batch operation combined
with cell recycling and gradual temperature reduction (30 to 26 °C) throughout
the batches is a viable and beneficial practice for ethanol production by Sc. stipitis
from lignocellulosic hydrolysates. These operating conditions promoted a six-time
increase  in  xylitol  reductase  enzyme  activity,  which  increased  the  xylose
utilization efficiency from 27–81%, resulting in an ethanol productivity of 1.53 g
L-1  h-1.  Furthermore,  the  operation  in  batches  and  cell  recycling  minimizes  the
inhibitory effects. It allows higher yeast adaptation due to the possibility of slow
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assimilation  of  inhibitors  by  microorganisms,  which  decreases  their  inhibitory
effects [56, 63].

Another key point for converting sugars (pentoses) into ethanol is avoiding the
accumulation  of  xylitol  (when  it  is  not  the  product  of  interest),  which  can  be
achieved via controlling aeration since the regeneration of the NAD+ cofactor is
performed under these circumstances. In converting xylose into ethanol, this sugar
is  reduced  to  xylitol  by  the  enzyme  XR  and  then  oxidized  to  xylulose  by  the
enzyme xylitol dehydrogenase (XDH). Subsequently, xylulose is phosphorylated
and  enters  the  pentose  phosphate  pathway,  where  it  is  converted  into
glyceraldehyde-3-P and reduced to ethanol after glycolysis [8, 13]. According to
Hou  [23],  most  XRs  have  dual  specificity,  using  NADPH  and  NADH  as  a
cofactor, whereas XDHs use NAD+ as a cofactor time. Thus, the absence of this
cofactor may bring about the accumulation of xylitol, inhibiting the conversion of
xylulose into glyceraldehyde-3-P and the subsequent reduction to ethanol, which
makes  the  oxygen  supply  fundamental  to  this  process  [61,  66].  However,
excessive aeration favors aerobic cell growth resulting in low ethanol yields [13,
23].

Sp. passalidarum has stood out as one of the ethanol producers with higher yields
and productivity  under  conditions  of  oxygen limitation,  as  demonstrated by Su
and co-workers [66].  These authors found higher ethanol yields (0.45 g g-1) for
this  yeast  under  more  limited  oxygenation  conditions.  Cadete  and  co-workers
[63].  showed  that  Sc.  amazonensis  under  severe  oxygen  limiting  conditions
resulted  in  higher  xylitol  productivity  due  to  the  higher  XR  activity  and  the
shortage of NAD+ needed by XDH. Thus, taking into account an industrial scale,
the precise control of oxygen supply is a complex and expensive operation, which
has  encouraged  research  on  the  conversion  of  xylose  to  ethanol/xylitol  under
anaerobic  conditions  or  severe  oxygen  limitation,  being  the  product
(ethanol/xylitol  or  both)  a  particularity  of  each  metabolism  [36,  54].

Adjustment  of  the  operating  conditions  of  the  system  is  crucial  to  obtain  the
products  of  interest.  Sp.  hagerdaliae  UFMG-CM-Y303  showed  the  ability  to
convert xylose into ethanol and concomitant consumption of xylose and glucose
under anaerobic conditions, suggesting the presence of differentiated enzymatic
and  metabolic  transport.  Moreover,  the  suitability  of  the  operating  system  for
microaeration conditions (limited oxygen concentration) and complete aeration of
the  medium increased  xylitol  production,  which  approached  the  concentrations
obtained for ethanol in the system [41].

Co-fermentation strategies can also be used to increase the fermentation yield and
design  multi-product  systems.  The  simultaneous  saccharification  and  co-
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fermentation  process  under  oxygen  limitation  conditions  was  studied  for  S.
cerevisiae  (excellent  converter  of  hexose  to  ethanol)  and  Sp.  arborariae
(assimilates and metabolizes pentose and hexose to ethanol and xylitol). Rice hull
hydrolyzate was used, and an enzymatic complex developed for saccharification
of lignocellulosic biomasses was added to the medium. The results demonstrated
that  cell  co-culture  combined  with  the  enzyme complex  improved  the  system's
performance,  increasing  the  consumption  of  xylose  and  arabinose  and  ethanol
production [67].

By adjusting the system conditions, these yeasts can be used at the industrial level
to produce ethanol, xylitol, or both. However, further research is still needed to
elucidate all the factors that influence the conversion of sugars into these products
and the possibilities of using these yeasts for genetic improvement to further favor
various biotechnological processes.

WHOLE-GENOME  SEQUENCED  SPECIES  OF  SPATHASPORA  AND
SCHEFFERSOMYCES

During  the  last  few  years,  due  to  the  advances  in  the  isolations  and  transfers
within the genera Scheffersomyces and Spathaspora, genomic analysis has been
suggested to allocate species in monophyletic structures and identify interesting
genes  for  biotechnological  processes  of  ethanol  and  xylitol  production.
Furthermore, the conversion of lignocellulosic biomass is dependent on a well-
established  microbiological  system.  For  this,  it  is  necessary  to  understand  the
genes  involved  in  the  conversion  of  the  sugars.  Thus,  different  yeasts  of  the
Spathaspora  and  Scheffersomyces  genera  have  already  been  sequenced  by
genomic  analysis,  and  some  of  these  studies  are  described  below.

Lopes and co-workers [20] performed the genomic analysis of three species of the
genus  Spathaspora:  Sp.  hagerdaliae  f.a.,  sp.nov.  UFMG-CM-Y303T  (=CBS
13475), Sp. girioi sp.nov. UFMG-CM-Y302T (=CBS 13476) and Sp.gorwiae f.a.,
sp.  nov.  UFMG-CM-Y312T  (=CBS13472).  These  species  were  isolated  from
rotting wood collected from Atlantic Rainforest in Brazil. The genome analysis of
the  species  had  strong  support  for  description  within  the  genus  Spathapora,
maintaining a monophyletic structure. Sp. girioi was allocated as a sister species
of Sp. arborariae and both were associated with Sp. passalidarum by a common
ancestor.  Sp.  gorwiae  and  Sp.  hagerdaliae  formed  a  separate  subclade,  still
associated  with  the  other  species  of  the  genus.

Sp. girioi sp.nov. UFMG-CM-Y302T (=CBS 13476) can assimilate D-ribose and
glycerol, and it cannot grow in the presence of ethanol, sorbitol, and hexadecane.
This yeast is still able to grow on citrate and D-gluconate. These characteristics
differ from closely related species, such as Sp. materiae and Sp. brasiliensis. Sp.
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hagerdaliae f.a., sp.nov. UFMG-CM-Y303T (=CBS 13475) and Sp. girioi sp.nov.
UFMG-CM-Y302T (=CBS 13476) can grow on D-gluconate, hexadecane, and L-
arabinose  and  differ  from  the  closest  relative  C.  lyxosophila  in  these
characteristics  and  is  not  growing  on  glycerol  and  soluble  starch  [20].  Also,
according to the authors, Sp. hagerdaliae f.a., sp.nov. UFMG-CM-Y303T (=CBS
13475)  is  not  able  to  assimilate  L-sorbose,  which  may  be  associated  with  the
absence of a second copy of the gene encoding sorbose reductase (SOU1, K17742,
EC 1.1.1.289) [20].

Genomic analysis of the three Spathaspora species by Lopes and co-workers [20]
enabled the identification of different genes related to the metabolic capacity of
the species. According to the authors, one of the genes identified was responsible
for  coding  xylan  1,4-beta-xylosidase  (XYL4,  K15920,  EC  3.2.1.37),  which
according  to  the  authors,  is  present  in  the  genus  Spathaspora  and  performs
hydrolysis  of  (1→4)-beta-D-xylans  and  remove  residues  of  D-xylose  from  the
non-reducing  termini.  The  presence  of  this  enzyme  corroborates  with  the
environment in which the isolations were carried out (rotting wood) as well as the
fermentation medium based on xylan as the only carbon source, which provides a
competitive  advantage  for  these  species  that  can  assimilate  and  metabolize  D-
xylose [20].

Another  relevant  point  identified  by  Lopes  and  co-workers  [20]  was  that  the
yeasts  Sp.  hagerdaliae  f.a.,  sp.nov.  UFMG-CM-Y303T  (=CBS  13475)  and  Sp.
girioi  sp.nov. UFMG-CM-Y302T  (=CBS 13476) exhibited a general  loss of the
urate/allantoin degradation pathway, which may be related to the environmental
adaptation  of  anaerobic/fermentative  pathways  since  the  urate/allantoin
degradation  pathway  uses  a  substantial  amount  of  oxygen.

The isolation, identification, and genomic analysis of yeast Spathaspora boniae
sp. nov. UFMG-CM-Y306T (=CBS 13262T) was also performed. This strain was
isolated in the Atlantic Rainforest (Brazil).  This yeast can assimilate cellobiose
and salicin as the only carbon sources. Genomic analysis identified the presence
of genes involved in the D-xylose conversion. Furthermore, the enzyme activity
involved in xylose metabolism was determined, and a preference for XR activity
was  observed,  which  was  detected  with  both  cofactors  (NADPH  and  NADH),
although  it  was  higher  with  NADPH.  The  choice  of  XR activity  in  Sp.  boniae
species suggests that xylitol  is  the main product during xylose fermentation, as
XR is involved in converting D-xylose to xylitol [10, 19].

Scheffersomyces shehatae ATY839, isolated from Kyoto (Japan) soil samples, is
characterized  by  its  ability  to  ferment  xylose  to  ethanol  at  37  °C.  When
performing the genomic analysis, high-temperature tolerance was associated with
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25  genes  encoding  heat  shock  proteins,  which  promote  inducible  tolerance  in
other  microorganisms and are associated with survival  at  high temperatures.  In
addition, genes related to xylose and starch fermentation have also been reported
[69].

The  strategy  of  genome  sequencing  was  also  performed  for  Spathaspora
arborariae  UFMG-HM19.1AT  (CBS  11463  =  NRRL  Y-48658)  isolated  from
rotting wood in  Atlantic  Rainforest  and Cerrado ecosystems in  Brazil  [15]  and
described  by  Lobo  and  co-workers  [70].  Genes  coding  for  sugar  transport  and
enzymes responsible  for  converting D-xylose to  D-xylose-5P have been found,
which provides an explanation for the xylose fermentation assimilation capacity
by the species [70]. Recently, several genes encoding xylose reductase and xylitol
dehydrogenase  (and  combinations  of  them)  from  Sc.  passalidarum  and  Sc.
arborariae were expressed in S. cerevisiae for the efficient xylitol fermentative
production from xylose [71].

Lopes and co-workers [72] sequenced the genome of the species of Spathaspora
xylofermentans UFMG-HMD23.3 (=CBS 12681), isolated from rotting wood in
Amazonian  Forest  (Brazil).  This  yeast  can  ferment  xylose,  and  genes  for  the
conversion  of  this  sugar  were  identified:  for  the  conversion  of  D-xylose  to  D-
xylulose (XYL1 and XYL2), xylulokinase for incorporation of D-xylose-5P in the
pentose  phosphate  pathway.  Other  species  were  also  sequenced,  such  as  Sc.
stambukii  [36],  Sc.  stipitis  [73],  and  Sp.  passalidarum  [74].

The  genomic  analysis  of  the  species  that  make  up  the  genera  Spathaspora  and
Scheffersomyces may aid in positioning the phylogenetic tree and determining the
groups with a unique common ancestor to define the monophyletic structure of
the  genera.  In  addition,  genomic  sequencing  may  be  performed  to  identify  the
genes of biotechnological interest.

CONCLUSION

The  isolation  and  identification  of  new  xylose-fermenting  yeasts  widen  the
horizon  for  the  development  of  highly  efficient  multi-product  industries.  The
genera Scheffersomyces and Spathaspora are valuable biotechnological resources
for application in 2G ethanol conversion processes or for the identification of the
genes  and  enzymes  of  interest.  In  humid  and  forest  environments,  yeasts  are
widely associated with the rotting wood or gut of the wood-eating insect. Genes
related to xylose conversion present in the genera's main species demonstrate a
strong correlation between the habitat, in which these organisms are isolated, and
the ability to assimilate and metabolize a range of different sugars,  which is of
interest for processes based on the lignocellulosic biomass.
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The main challenge for biorefineries is associated with the scaling of processes
that produce different products from the same biomass with high efficiency via
efficient pre-treatment methods involving the fractionation of structures (Fig. 1).
In this scenario, this chapter presented the yeasts of the genera Scheffersomyces
and  Spathaspora  as  alternatives  to  conventional  yeasts  that  do  not  ferment
pentoses.  Thus,  advances  have  already  been  made  in  the  identification  of  new
species as well as their applications in ethanol and xylitol conversion.

Future  perspectives  indicate  the  necessity  for  further  studies  on  the  taxonomic
relationship of these genera, which may advance with the identification of new
species  and genomic analysis  for  alignment  of  the phylogenetic  tree.  Still,  it  is
necessary  to  elucidate  their  mechanisms  and  fermentation  capacities  against
inhibitors  and  other  factors  found  on  an  industrial  scale.  The  exploration  of
isolates  in  lignocellulosic  biomass  hydrolysates  in  different  process
configurations, co-cultures, and the production of multi-products will significantly
advance this scenario.

Fig. (1).  Integration of different processes (waste recovery, pretreatment, efficient use of microorganisms,
enzymes, and multiproducts) for the success of biorefineries based on lignocellulosic matrices towards the
circularity of the production chains.
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Engineered  Saccharomyces  or  Prospected
non-Saccharomyces:  Is  There  Only  One  Good
Choice  for  Biorefineries?
Sérgio  L.  Alves  Jr1,  Thamarys  Scapini2,  Andressa  Warken2,  Natalia
Klanovicz2,3, Dielle P. Procópio4, Viviani Tadioto1, Boris U. Stambuk5, Thiago
O. Basso4 and Helen Treichel2,*

1  Laboratory  of  Biochemistry  and Genetics,  Federal  University  of  Fronteira  Sul,  Chapecó/SC,
Brazil
2 Laboratory of Microbiology and Bioprocesses, Federal University of Fronteira Sul, Erechim/RS,
Brazil
3  Research  Group  in  Advanced  Oxidation  Processes  (AdOx),  Department  of  Chemical
Engineering,  Escola  Politécnica,  University  of  São  Paulo,  São  Paulo  SP,  Brazil
4 Department of Chemical Engineering, University of São Paulo, São Paulo SP, Brazil
5 Department of Biochemistry, Federal University of Santa Catarina, Florianópolis SC, Brazil

Abstract: Biorefineries require residual biomass as a raw material for their processes.
Among all the possible products, 2G ethanol is undoubtedly the most studied and is
probably the most desired in environmental terms. Carbohydrate-rich feedstocks used
in biorefineries are mainly composed of polysaccharides, cellulose and hemicellulose
(xylan),  which  initially  require  the  action  of  hydrolytic  enzymes  to  release  their
constituent  monosaccharides,  mostly  glucose  (from  cellulose)  and  xylose  (from
hemicellulose).  The  conversion  of  glucose  into  ethanol  is  carried  out  by  the  yeast
Saccharomyces cerevisiae with an efficiency close to the theoretical maximum yield (>
90%). Although it is the most widely used yeast in alcoholic fermentation processes, S.
cerevisiae  cannot  metabolize  xylose  unless  it  undergoes  genetic  or  evolutionary
engineering. However, in recent decades, wild yeasts with an innate capacity to ferment
this pentose and even hydrolyze the polysaccharides from lignocellulosic biomasses
have been isolated and characterized from natural environments. Facing this duality,
we  conducted  a  major  literature  review  and  presented  the  data  both  in  favor  of
engineering  S.  cerevisiae  and  the  prospective  use  of  wild  yeasts  in  this  chapter.  To
analyze the strengths of each strategy, this chapter also highlights the applications of
integrated hydrolysis and fermentation processes and the possibility of simultaneously
generating xylitol as the second product in biorefineries.
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INTRODUCTION

In  terms  of  maximum  production  volume,  fuel  ethanol  processing  is  the  most
extensive  process  to  employ  yeast  as  a  fermenting  microorganism.  The  world
production of biofuel exceeds 100 billion liters per year. In this scenario, the USA
and  Brazil  are  the  two  largest  producers,  with  ~60  and  ~30  billion  liters/year,
respectively.  These  data  place  both  countries  at  the  forefront  of  bioethanol,
although  they  have  significantly  different  first-generation  processes.  In  US
production,  yeasts  ferment  corn  starch  hydrolysates,  whereas  in  Brazilian
production, these microorganisms primarily ferment sucrose from the juice and
molasses obtained from the milling of sugarcane [1].

Almost all ethanol production in both countries relies on the yeast Saccharomyces
cerevisiae. This species is one of the best-studied eukaryotes, and its presence in
fermentation processes dates back to the Neolithic revolution. Over thousands of
years  of  coexistence  with  humanity,  this  yeast  suffered  different  selective
pressures that ended up domesticating it and generating a true workhorse microbe
for  the  fermentation  industry  [1].  Although  strains  of  S.  cerevisiae  differ
genetically and phenotypically depending on the industrial sector in which they
are  found,  some common characteristics  make  the  species  the  preferred  one  in
alcoholic fermentation, such as the ability to ferment sugars efficiently even in the
presence of oxygen and to tolerate: (i) high concentrations of ethanol in the final
stages  of  fermentation,  (ii)  the  low  pH  levels  of  the  medium,  (iii)  the  osmotic
stress  caused  by  the  high  concentrations  of  sugars,  and  (iv)  the  hydrostatic
pressure caused by the large volume of liquid contained in the fermentation tanks
[2 - 4]. This yeast also stands out for being among the best glucose fermenters [5],
which is  the most  abundant sugar in lignocellulosic residues,  a  biomass rich in
cellulose  and hemicellulose  used as  raw material  in  biorefineries  [6  -  8].  From
these residues, biorefineries can, separately or concomitantly, produce different
fermentation  products,  including  xylitol  and  second-generation  ethanol  (2G
ethanol)  [9  -  13].  Taking  Brazil  as  an  example,  and  considering  only  the
sugarcane  residue  from the  first-generation  production  of  the  fuel,  it  would  be
possible to increase the volume of ethanol produced in Brazil by up to 50%. To
this end, however, it would be necessary for alcoholic fermentation to occur with
a degree of efficiency of ~90%, similar to what already occurs for 1G ethanol [14,
15].
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However,  to  achieve  the  production  increase  mentioned  above,  the  fermenting
microorganism must convert into ethanol the second-most abundant monosaccha-
ride in lignocellulosic residue hydrolysates: xylose [16, 17]. In the fermentation of
this pentose, one of the main obstacles of 2G ethanol is found, given that wild and
industrial  strains  of  S.  cerevisiae  are  incapable  of  fermenting  it  [1,  15].  As  a
result, second-generation production is still in its infancy, representing less than
1%  of  the  total  volume  of  ethanol  produced  annually  worldwide  [18].  Thus,
especially in the last two decades, research groups worldwide have made efforts
to  overcome  the  xylose-fermentation  obstacle,  either  by  engineering  industrial
strains of S. cerevisiae or by bioprospecting of wild non-Saccharomyces yeasts. In
the present chapter, we address these different approaches to verify if there is a
better choice for biorefineries.

FEEDSTOCK STRUCTURE AND FERMENTATION CHALLENGES

As an abundant source and for not serving as food for animals and humans, the
great  effort  from  scientists  to  replace  the  output  of  oil  with  ethanol  is  not
unexpected [19]. The need for a transition from fossil fuels to renewable energy
sources is  evident on account of the climatic changes caused by modern times,
mainly  due  to  undesirable  effects  on  atmospheric  carbon  balance  and  its
disastrous  effects  on  global  warming.  The  development  of  transportation,  for
example,  has  influenced  the  environment  in  which  emissions  from  internal
combustion engines used in automobiles are the major source of air pollution in
many urban areas [20]. The reduction of CO2 emissions significantly contributes
to minimizing environmental impact, and the use of a sugarcane ethanol system,
for instance (like the Brazilian one), may offset 86% of CO2 emissions compared
to oil use [14].

Lignocellulosic biomass is found in several raw materials, ranging from urban and
industrial waste, wood, and agricultural residues such as corn straw, wheat straw,
rice straw, and sugarcane bagasse [21]. This material is derived from the cell wall
of  plants  and  is  a  rich  source  of  inspiration  for  biotechnology,  biofuels,  and
industrial biomaterials. The plant cell wall is a structure characterized by a mesh
of polysaccharides, structural proteins, and phenolic compounds that protect the
plant cell against external attacks and provide structural and mechanical support
to the plant tissue, making it highly compact and treatment-resistant structure. It
consists  essentially  of  cellulose  microfibrils,  representing  30–60%  of  the  total
composition, as well as hemicellulose and lignin, representing between 20–40%
and 10–20%, respectively. The chemical composition variation is due to various
factors, such as climatic variability [7, 8, 22].
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Cellulose is a linear homopolysaccharide composed of glucose units joined by β-
1,4-glycosidic  bonds.  The  hemicellulose  fraction  is  essentially  composed  of
xylan,  whose  structure  is  represented  by  complex  polysaccharides.  These
polymers  consist  of  a  backbone  of  β-1,4-linked  xylopyranoside,  partially
substituted  with  acetyl,  glucuronosyl,  and  arabinosyl  side  chains  [23].  It  is
structurally  amorphous  and  variable,  composed  mainly  of  hexoses  (such  as
glucose, galactose, and mannose), pentoses (such as xylose and arabinose), and
uranic acids (such as galacturonic, glucuronic, and methylgalacturonic acid). The
main hemicellulose chain contains mainly β-1,4-xylose (approximately 90%) and
arabinose  (10%)  [24].  It  is  found  in  the  walls  of  plant  cells,  associated  with
cellulose,  and  binds  non-covalently  to  the  surface  of  the  cellulose  fibrils  by
keeping  them  in  place  [25].

Before fermentation takes place, the lignocellulosic biomass must be pretreated
and hydrolyzed to convert  cellulose and hemicellulose into fermentable sugars.
Based on the polysaccharide compositions mentioned above, we see that glucose
and  xylose  are  the  first-  and  second-most  abundant  monosaccharides  in
lignocellulosic hydrolysates, thus making them the two most important sugars to
be  fermented  by  yeast  cells  in  a  biorefinery.  However,  as  previously  stated,  S.
cerevisiae, the most employed yeast in alcoholic fermentation processes, cannot
ferment xylose, which discourages 2G ethanol production. This led the scientific
community to find ways to make this fermentation feasible.

Xylose may reach up to 40% of lignocellulosic biomass [26]. Although wild-type
S. cerevisiae  strains cannot use xylose as a carbon source, they can slowly and
aerobically metabolize xylulose [27, 28].  This indicates that xylulokinase (XK)
encoded by the S. cerevisiae XKS1  gene can assist  the introduction of xylulose
into  the  pentose-phosphate  pathway (PPP)  at  low rates.  Furthermore,  the  sugar
transporters  encoded  by  the  HXT4,  HXT5,  HXT7,  and  GAL2  genes  are  able  to
transport xylose, albeit with poor affinity [29, 30]. To confer xylose-fermenting
capabilities to S. cerevisiae, two metabolic pathways from other microorganisms
have  been  introduced  into  this  yeast,  xylose  isomerase  (XI)  or  xylose
reductase/xylitol  dehydrogenase  (XR/XDH)  [31].

While XI is mainly retrieved from bacteria [32, 33], genes encoding XR and XDH
are mostly cloned from filamentous fungi and xylose-fermenting yeasts [34]. In
the first  approach, xylose is directly isomerized to xylulose.  In the second one,
both XR and XDH, in two subsequent reactions, will reduce xylose to xylitol and
then  oxidize  it  into  xylulose.  Finally,  either  through  XI  or  XDH/XR,  XK  will
phosphorylate  xylulose  into  xylulose-5P,  which  is  then  sent  to  PPP  (Fig.  1).
However, for the XR/XDH approach to improve xylose utilization, XR and XDH
should  be  capable  of  recycling  the  same  coenzyme  in  both  oxide-reduction



Genetic Engineering or Indigenous Yeast Selection Yeasts: From Nature to Bioprocesses   247

reactions  conducted  by  them  (NADH/NAD+),  thus  avoiding  a  possible  redox
imbalance inside the cells, which tends to accumulate xylitol to the detriment of
ethanol  production  [1,  15].  This  is  due  to  the  dual  specificity  of  XR  for  both
NADPH  and  NADH.  The  activity  of  an  NADPH-specific  XR  in  line  with  an
NAD-specific XDH gives rise to an excess of NADH and a lack of NAD+, making
XDH activity unfeasible. This makes it impossible to convert xylose into ethanol
anaerobically (see Fig. 1) [35]. Indeed, this causes some yeast species to end up
only  generating  xylitol  from  xylose,  which  also  presents  itself  as  a  desirable
biotechnological  product  –  see  below  [36  -  38].

Fig. (1).  Conversion of xylose into ethanol via XI (the route I) and XR/XDH (route II and III). 1, Xylose
isomerase.  2,  NADH-linked xylose reductase.  3,  NAD-specific  xylitol  dehydrogenase.  4,  NADPH-linked
xylose reductase. 5, xyluloquinase. Adapted from Kuyper et al. [39].

This fermentative capacity implementation on yeasts has been the subject of many
scientific studies. In addition to the redox-imbalance issue mentioned above, some
studies have reported two other bottlenecks that must be overcome to enable S.
cerevisiae  for  industrial  applications:  (i)  the  inefficient  simultaneous  co-
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fermentation  of  all  sugars  in  the  hydrolysate  [40]  and  (ii)  the  lower  ethanol
productivity often observed in strains containing the XI pathway as compared to
the  XR/XDH  pathway  [41,  42].  In  fact,  to  improve  xylose  fermentation,  the
literature reports the requirement of additional mutations in S. cerevisiae's genetic
background  [39,  43  -  45].  Bracher  et  al.  [45]  verified  that  the  deletion  of  the
GRE3  aldose-reductase  gene  and  the  overexpression  of  genes  encoding
xylulokinase  (XKS1)  and  non-oxidative  pentose  phosphate  pathway  enzymes
(RKI1,  RPE1,  TAL1,  TKL1)  enabled  xylose  metabolism  under  aerobiosis  by  a
CEN.PK strain genetically engineered with xylose isomerase gene on xylose. In
contrast,  Verhoeven et  al.  [46] reported that  XI-based S.  cerevisiae  requires an
adaptation period before growth on xylose in anaerobic bioreactor cultures. These
adapted mutants are known to carry mutations in PMR1, which encodes a Golgi
Mn2+/Ca2+ ATPase responsible for transporting Mn2+/Ca2+ ions into the cell. These
mutations implied an increase in the cellular content of Mn2+, the preferred metal
cofactor of XI [47].

Alternative metabolic engineering of XR/XDH-based S. cerevisiae also addressed
the overexpression of the TAL1 gene encoding transaldolase to increase the flux
through  the  pentose  phosphate  pathway  [48].  TAL1  converts  sedoheptulose-7-
phosphate and glyceraldehyde-3-phosphate to erythrose-4-phosphate and fructose-
6-phosphate. The intermediates glyceraldehyde-3-phosphate and fructose-6-phos-
phate  are  shared  with  glycolysis.  Walfridsson  et  al.  [48]  mentioned  that  the
bottleneck in PPP might be due to competition for glyceraldehyde-3-phosphate.
Moreover, Hasunuma et al. [49, 50] demonstrated, in their work with laboratory
strains  of  S.  cerevisiae,  an  increase  in  tolerance  to  inhibitors  (acetic  acid  and
formic  acid)  and,  consequently,  an  increase  in  ethanol  yields  in  fermentations
carried  out  at  different  concentrations  of  weak  acids.  In  this  case,  besides  the
TAL1  gene,  the  authors  also  overexpressed  the  TKL1  gene,  which  encodes  the
PPP enzyme transketolase. These results were corroborated by other authors, who
combined  the  overexpression  of  TAL1  with  the  deletion  of  the  PHO13  gene
(which  encodes  a  p-nitrophenyl  phosphatase)  and  verified  an  increase  in
fermentation  performance  in  media  containing  weak  acids  as  fermentation
inhibitors  [51,  52].

This last combination (TAL1 overexpression and PHO13 deletion), in particular,
has been consistently pointed out in the literature as one of the most effective for
enhancing  the  xylose-fermenting  capabilities  of  S.  cerevisiae  [32,  53  -  55].
Indeed, by catalyzing the dephosphorylation of seduheptolose-7P in PPP, Pho13p
indirectly represses the activity of transaldolase Tal1p and, therefore, prevents the
formation  of  glycolytic  pathway  intermediates  and,  consequently,  fermentation
[32]. Furthermore, it has been shown that the transcription of non-oxidative PPP
genes is increased in S. cerevisiae pho13Δ strains, intensifying the metabolic flux
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of  xylose  [54  -  56].  Kim  et  al.  [54]  showed  that  the  transcriptional  changes
induced  by  pho13Δ  cells  required  the  transcription  factor  Stb5p,  specifically
activated under NADPH-limiting conditions. Therefore, as a response to oxidative
stress, PPP genes and NADPH-producing genes are upregulated, suggesting that
Pho13p may also be involved in cellular redox maintenance.

In addition to the positive effects of PHO13  deletion on xylose fermentation, a
novel knockout target for the improvement of lignocellulosic ethanol production
was found: the global transcriptional factor GCR2. The investigators showed that
GCR2  deletion  led  to  the  upregulation  of  PPP  genes  and  downregulation  of
glycolytic  genes  [57].  Those  authors  found  that  the  gcr2Δ  strain  displayed  an
ethanol  yield  3.8  times  higher  than  the  control  strain.  However,  the  gcr2Δ
performance  was  not  as  good  as  that  displayed  by  the  pho13Δ  strain,  which
showed a yield 35% higher. The combination of both deletions did not improve
the fermentation either [57].

In contrast, the loss of xylose alcoholic fermentation favoring the accumulation of
xylitol can also be desirable because this sugar alcohol is one of the top 12 bio-
products. According to the United States Department of Energy, it is also among
the  leading  products  derived  from  biomass  [58,  59].  Xylitol  production  in
biorefineries  is  advantageous,  with  relatively  high  values  in  a  growing  global
market with strong demand [60, 61]. It can be used as a sweetener, a functional
food additive with proposed anticancerogenic effects [10], and as a drug carrier
because of its high permeability and non-toxic nature. Moreover, xylitol prevents
demineralization of teeth and bones, otitis media, and respiratory tract infections
[58].  Due  to  this  diversity  of  applications,  S.  cerevisiae  strains  have  been
engineered  to  optimize  the  production  of  this  sugar  alcohol  [62  -  65].  In  fact,
xylitol  production  is  in  agreement  with  the  biorefinery  concept,  as  it  provides
opportunities for the production of different bio-products from residual biomass
[9].  Interestingly,  during  xylitol  accumulation  in  engineered  yeasts,  xylose  is
entirely  channeled  to  the  formation  of  this  bio-product,  that  is,  without  being
diverted to  cell  growth.  In  this  sense,  other  carbon sources  need to  support  the
growth  and  metabolism  of  yeasts,  which  can  be  achieved  by  using  the  other
carbohydrates  present  in  lignocellulosic  hydrolysates  used  as  feedstocks  in
biorefineries  [63].

Metabolism of Xylooligosaccharides by S. cerevisiae

Similar  to  xylose,  xylooligosaccharides  derived  from  plant  cell  walls  are  not
catabolized by non-engineered S. cerevisiae [66]. In current industrial methods, in
addition  to  harsh  pretreatment  of  biomass,  large  quantities  of  cellulase  and
hemicellulose enzymes are required to release monosaccharides from plant cell
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wall  polymers,  posing  unsolved  economic  and  logistical  challenges  [67  -  69].
Enabling  S.  cerevisiae  to  metabolize  oligosaccharides  (such  as  xylobiose,
xylotriose, and xylotetraose), instead of monomers only, would reduce costs, thus
making  the  process  more  viable.  In  this  sense,  integrated  technologies  are
estimated to significantly reduce the cost of converting lignocellulose into useful
bioproducts [70]. The two combined approaches mostly addressed in the literature
are: (i) simultaneous saccharification and fermentation (SSF), which integrates the
enzyme  responsible  for  substrate  hydrolysis  and  the  yeast  responsible  for  the
fermentation of monosaccharides [71]; and (ii) consolidated bioprocessing (CBP),
which relies on the fact that one single microorganism accounts for the hydrolysis
of polysaccharides as well  as for the fermentation of sugars resulting from this
hydrolysis [72].

The xylooligosaccharides are derived from hydrolyzed xylan by the action of the
endo-β-xylanase (EC 3.2.1.8) enzyme, followed by β-D-xylosidase (EC 3.2.1.37)
hydrolyzes of xylooligosaccharides to xylose [73, 74]. Some reports suggest that
many fungi consume xylooligosaccharides derived from plant cell walls [75, 76].
Furthermore,  as  with  intracellular  β-glucosidases  [77,  78],  intracellular  β-
xylosidases are also widespread in fungi [75, 79]. Many fungal species can grow
on plants because of their capacity to break down cellulose and hemicellulose into
simple sugars.

After expressing a xylooligosaccharide transport and consumption pathway from
the mold Neurospora crassa in S. cerevisiae coupled to the XR/XDH pathway, Li
et  al.  [75]  showed  that  the  yeast  was  able  to  uptake  xylobiose,  xylotriose,  and
xylotetraose, and to hydrolyze these oligomers inside the cells, suggesting that the
ability of S. cerevisiae to break down hemicellulose has the potential to improve
the  efficiency  of  biofuel  production.  However,  the  authors  found  that  this
conversion  (xylobiose/xylotriose  into  ethanol)  takes  a  considerable  amount  of
time, which implies that improvements may be required before making it feasible
for the industrial environment. In fact, the same expressive requirement of time
had been previously seen by Fujii et al. [80], whose data showed that yeast cells
took at least 72 h to consume half of the amount of xylotriose.

Nevertheless,  the  desired  improvement  seems  to  be  nearly  achieved.  Recently,
CBP assays carried out in corn cob liquor with a potential 32 g of xylose per liter
afforded a yield of 0.328 g of ethanol per gram of potential sugar when the liquor
was inoculated with the genetically modified S. cerevisiae ER-X-2P [81]. In this
yeast,  derived  from  the  commercial  bioethanol  strain  Ethanol  Red,  the
investigators heterologously expressed genes encoding for Aspergillus aculeatus
β-glucosidase 1 (BGL1),  A. oryzae  β-xylosidase A (XYLA),  Trichoderma reesei
endoxylanase II (XYN), Clostridium phytofermentans xylose isomerase (xylA) and
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Scheffersomyces  stipitis  xylose  reductase  (XYL1)  and  xylitol  dehydrogenase
(XYL2).  Moreover,  Cunha  et  al.  [81]  also  overexpressed  S.  cerevisiae
xylulokinase and transaldolase genes in the strain ER-X-2P. With this genetically
improved strain under CPB, the authors found a whole-process yield of 102.8 kg
of ethanol from 1 ton of corn cob with no exogenous enzymes. It is worth noting
that  this  amount  represents,  in  terms  of  mass  balance,  a  higher  yield  than  that
found in first-generation production, which is estimated to be ~63 kg of ethanol
per ton of sugarcane [15].

CRISPRING BIOREFINERIES IN HOPES OF A (BIO)SAFE CIRCULAR
ECONOMY

Employing genetically modified organisms in the industry may be considered a
biosafety matter [82]. The necessary precaution in this context is primarily due to
the heterologous genes in many genetically modified organisms (GMOs). In such
cases,  the  fermenting  microorganism  is  considered  transgenic,  as  it  has  been
transformed  with  a  DNA  sequence  coming  from  an  unrelated  species.  Among
these  foreign  sequences,  antibiotic-resistance  genes  are  usually  required  as
transformant selective markers. Thus, considering (i) the large fermentation vats
in biorefineries,  (ii)  the eventuality of transgenic microorganisms escaping into
nature,  (iii)  their  fitness  advantage  over  indigenous  microbes,  (iv)  the  risk  of
horizontal  gene  transfer,  and  (v)  the  frequent  appearance  of  novel  microbial
resistance against antibiotics, the large-scale industrial use of GM microorganisms
is commonly avoided [83 - 88].

In  contrast,  especially  in  the  last  decade,  the  growing  development  of  a  novel
genome-editing  technology  has  brought  to  the  table  efficient  alternative
approaches  for  the  generation  of  non-transgenic  genetically  engineered
microorganisms.  The  so-called  CRISPR-Cas  system  (an  abbreviation  for
Clustered  Regularly  Interspaced  Short  Palindromic  Repeats  and
CRISPR-associated  genes)  is  a  natural  adaptable  prokaryotic  defense  against
exogenous DNA, such as bacteriophage’s, that works as an “immune memory” in
some  Bacteria  and  Archaea,  conferring  resistance  to  eventually  repeated
infections  caused  by  viruses  [89  -  91].  On  every  new  contact  with  phages,  a
CRISPR-containing  prokaryote  is  able  to  integrate  a  DNA  sequence  from  the
invading pathogen as a new spacer sequence into its CRISPR locus [91]. In case
the cell is reinfected by the same kind of virus (or a related one), a CRISPR RNA
(crRNA) is transcribed from the above-mentioned phage-complementary spacer
sequence  and  targets  the  invading  DNA  with  the  guidance  of  a  trans-encoded
small  RNA  (tracrRNA  —  which  has  complementary  sequences  to  the  repeat
regions of crRNA precursor transcripts). Then, the Cas protein that  assembles the
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CRISPR system with these two RNA molecules (crRNA and tracrRNA) disarms
the virus by cleaving its DNA [92 - 97].

Knowing  the  operational  mode  of  the  CRISPR-Cas  system  in  prokaryotes,  the
2020  Nobel  laureate  in  chemistry  [98],  Emmanuelle  Charpentier  and  Jennifer
Doudna, proposed that both crRNA and tracrRNA can be fused together to form
an active, chimeric single-guide RNA molecule (sgRNA). With this achievement,
a simple two-component endonuclease system (sgRNA plus a Cas protein) was
proven to be universally programmable to cleave any desired DNA sequence, as
sgRNA assumes the pre-ordered shape [96, 99 - 105]. Indeed, this Nobel-awarded
method has been increasingly used for biotechnological purposes, allowing, at the
most  unpretentious  setting,  at  least  the  construction  of  S.  cerevisiae  industrial
strains  [106  -  113]  and  non-conventional  yeasts  [114,  115]  without  selective
markers. Besides, these genetic editions enable the manipulation of multiple traits
with one single transformation step [116 - 119].

Considering  that  many  fermentative  improvements  can  be  achieved  with  gene
knockouts,  self-cloning  (cisgenic  transformation),  or  site-directed  mutagenesis
(single- or a few nucleotide mutations), the markerless CRISPR-Cas techniques
consequently allows the construction of GM yeasts with no foreign DNA [120 -
122]. It is worth noting that sending the remaining yeasts (collected at the end of
the  fermentation  processes)  to  animal  feeding  as  single-cell  protein  (SCP)  is
imperative  to  increase  profits  to  the  biorefineries.  While  non-transgenic  GM
yeasts are accepted as SCP in many countries, those with foreign genes are not
[88].

Although limited to the transference of genes from one yeast species to the same
or to another closely related one, cisgenic transformations have proven to be an
effective alternative for the food and beverage industry [122, 123]. Unfortunately,
despite this well-played role in industrial sectors where transgenics are commonly
frowned  upon,  the  literature  lacks  articles  that  apply  non-transgenic  genome-
editing techniques for biorefinery purposes. Nonetheless, the closer humanity gets
to the UN 2030 Agenda deadline [124], the more it realizes how faster it needs to
work  to  make  up  for  the  lost  time.  New  bioprocesses  that  fit  into  the  circular
economy approach are thus mandatory. For all intents and purposes, humans may
be  putting  biodiversity  and  the  one-health  concept  [125]  at  risk  by  trying  to
achieve  sustainability  through  the  use  of  transgenic  yeasts.  Therefore,  in  this
somewhat controversial scenario, CRISPR emerges as a promising tool not only
to meet the biorefineries’ urges, but also the environmental safety requirements.

WHAT ABOUT EVOLUTIONARY ENGINEERING?

Evolutionary engineering has become one of the most prominent and promising
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strain  improvement  methodologies  owing to  advances in  “-omic” technologies.
Also known as adaptive laboratory evolution (ALE), this strategy follows nature’s
engineering.  It  is  based  on  exploring  the  plasticity  of  microbial  genomes  by
designing and imposing cultivation regimes that confer an appropriate selective
pressure, thus forcing the studied microorganism into the desired phenotype [126,
127].

The  ALE  tools  may  be  either  serial  (repeated  batch  culture  approach)  or
chemostats (continuous culture approach), depending on the study objectives. The
fact  is  that  a  population  of  microorganisms,  after  several  generations,  ends  up
undergoing mutations and, within an environment that confers selective pressure,
will  also  pass  through  selection  for  individuals  with  better  conditions  of
development  in  this  environment.  In  this  way,  the  less  adapted  cells  will  be
eliminated  from  these  cropping  systems;  in  repeated  batches,  each  time  the
medium  is  renewed,  and  in  the  chemostats,  continuously  by  the  medium
withdrawal  system  [128].

Evolutionary  engineering  can  also  be  classified  by  the  goal  of  the  industrially
relevant  trait,  which  is  a  complementary  strain  improvement  strategy.
Improvement of substrate utilization and product formation, and improvement of
stress  resistance,  such  as  high  temperatures  in  the  fermentation  process,  are
examples of goals often required to provide an industrially efficient yeast strain
[127].  In  the  biorefineries  context,  the  most  appropriate  flowchart  to  follow to
achieve the goal, from the wild-type to the evolved strain, is presented in Fig. (2).
In sequence, we will present the basic concept of evolutionary engineering, the
possibilities of operational approaches, and the latest studies and results applying
this tool for ethanol production.

Basic Concept of Evolutionary Engineering

As mentioned above and shown in Fig. (2), strain adaptive evolution is considered
a  complementary  tool  and  often  requires  an  upstream  process.  Again,  the
understanding  of  the  basic  evolutionary  engineering  concept  can  indicate  why.

Based  on  Darwin’s  theory  of  the  natural  evolution  of  species,  the  desired
phenotype in ALE can provide both positive, neutral, and deleterious mutations in
strains.  In fact,  these tools assume the existence of a natural evolutionary path,
which  we  can  explore  to  find  a  beneficial  mutation,  resulting  in  a  desired
phenotypic  change  in  the  strain  performance.  Mutations  are  caused  by  sudden
changes  in  the  extracellular  environment,  perturbing  the  intracellular
environment, and provoking changes in biochemical reactions, a natural response
of living organisms to survive [129].
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Fig. (2).  Flowchart of a sustainable industrial practice of evolutionary engineering, from wild-type strain to
evolved strain, in biorefineries context.

The  desired  genotype  has  already  been  developed  when  genetic  engineering  is
applied to ALE. From this point on, the evolution tool becomes more powerful,
since genes capable of providing beneficial mutations have already been selected
and overexpressed. In addition, the enormous number of evolutionary possibilities
is reduced, and step-wise improvements in the strain’s phenotype are facilitated,
considering that even modest genetic changes in cells provide great adaptations to
the environment [130, 131].

Nespolo  et  al.  [132]  reanalyzed  data  from  a  representative  yeast  phylogenetic
diversity library, including Saccharomyces spp., and tested whether multiple or a
single  event  explains  their  fermentative  capacity.  Considering  glycerol
production,  ethanol  yield,  and  respiratory  quotient,  the  study  concluded  that  a
single evolutionary episode did provide a phenotypic change in yeasts, instead of
a serial genomic rearrangement. Thus, a single event appears to be the key factor
behind  fermentative  yeast  diversification  and  can  be  critical  for  creating  novel
mutations in strains through evolutionary engineering.

In this sense, it has already been recognized that end-point analyses are important
in  evolution  experiments  because  continuous  recombination  and  evolution  of
large  populations  reach the  maximum positive  response  in  a  certain  number  of
generations. Moreover, immediate selection or screening to recover only positive
mutations is a successful way to achieve the study goal [127, 130].
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Screening for mutations is difficult in heterogeneous and large populations, so the
search  for  individual  clones  is  not  recommended  to  identify  beneficial
phenotypes.  Instead,  strains  are  often characterized as  cultures,  and the desired
change is defined by their ability to grow in a certain environment and assessed
by visual inspection. In the OD600 method, the optical density in a spectrophoto-
meter at 600 nm — for example, the wild-type strain has an already known OD600.
The  culture  selection  is  made  by  measuring  the  value  of  each  batch  or  time
interval,  representing  the  culture’s  ability  to  grow  in  media  under  unfavorable
conditions. In this method, species survival is a statistical process through many
generations or cycles [130].

However, screening through growth capability can become a trade-off when other
aspects  of  yeast  physiology  are  neglected.  For  example,  the  balance  between
substrate assimilation and product formation is important considering the context
of biorefineries, and preferential resource allocation to grow is not considered a
beneficial  mutation,  since  the  main  objective  is  to  produce  ethanol.  It  has  also
been reported that after the desired phenotype is acquired and selective pressure is
alleviated,  the  yeast  stops  expressing  the  beneficial  characteristic  [127].  To
overcome  these  trade-offs,  several  operational  approaches  for  evolving  strains
have  been  developed  in  evolutionary  engineering  experiments,  as  presented
below.

Operational Approaches Used in Adaptive Laboratory Evolution

As mentioned above, the operational regime for evolving strains can be divided
into  batch  and  continuous  cultivation.  However,  as  Mans  et  al.  [78]  reported,
several manipulations can be performed to induce more selective pressure on the
strain culture and maintain the desired phenotype even after pressure alleviation.

When adopting the serial flask cultivation strategy, the strain was inoculated and
maintained in a constant environment with selective pressure for a batch, and in
the next cycle, it is transferred to a flask with the same environment or increasing
pressure. This operational approach remains powerful because it is cheap, simple,
and  compatible  with  robotization.  However,  the  desired  phenotype  can  be  lost
after pressure alleviation, and the dynamic selection pressure strategy becomes an
interesting alternative in these cases. This approach is based on batch intercalation
under different selective pressures or batches with and without stress induction.
Thus, the strain evolves under environmental fluctuations, and its phenotype will
adapt to adverse conditions [127].

Continuous  chemostat  cultivation  also  enables  yeast  evolution  under
environmental  fluctuations  by  selecting  clones  by  substrate  affinity.  This
approach  enables  investigations  into  the  effects  of  individual  environmental
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parameters on sugar transport in yeast, for example. In sugar-limited chemostat
cultures, yeasts adapt their sugar transport systems to cope with low residual sugar
concentrations, which are often in the micromolar range. Under these conditions,
yeasts  with  high-affinity  proton symport  carriers  have  a  competitive  advantage
over yeasts that transport sugars via facilitated-diffusion carriers [127, 130].

Chemostat  cultivation  offers  unique  possibilities  for  studying  the  energetic
consequences of sugar transport in growing cells. For example, anaerobic sugar-
limited chemostat cultivation has been used to quantify the energy requirement for
the maltose-proton symport in S. cerevisiae. In addition, this operational approach
has  been  used  to  produce  ethanol  using  mixed  sugars  (xylose  and  arabinose)
[133], to improve strain resistance under inhibitory compounds of lignocellulosic
biomass [134],  and to improve S.  cerevisiae  tolerance to ethanol  [135] or  even
sucrose fermentation [136]. Although these studies successfully applied chemostat
cultivation in yeast adaptive laboratory evolution, in recent years, the most used
approach  has  been  batch  cultivation,  as  presented  in  the  next  section  of  this
chapter.

Evolutionary Engineering with Ethanol Production Purpose

In addition to its excellent characteristics for a broad range of sugar assimilation
in  ethanol  production,  S.  cerevisiae  has  exceptional  biotechnological
characteristics  for  adaptive  evolution,  such  as  high  transformation  efficiency,
compatibility  with  a  broad  repertoire  of  episomal  vectors,  easy  adaptation  to
demands of  high-throughput  screening,  and production of  numerous minor  and
major intermediates and metabolites, among others [131, 137].

Even robust industrial strains highly used in first-generation ethanol production,
such  as  S.  cerevisiae  PE-2  and  S.  cerevisiae  SA-1,  have  the  plasticity  to  be
explored  by  laboratory  evolution,  as  reported  by  de  Melo  et  al.  [138].  In  their
study, thermotolerance was improved through a consecutive batch fermentation
approach, where the strains were grown under increasing temperatures for up to
183 cycles in yeast extract-peptone-dextrose medium containing 20 or 60 g L-1 of
glucose. Compared to the parental strain, the evolved S. cerevisiae PE-2 and SA-1
had  61%  and  63%  higher  cell  growth  at  40  °C,  respectively.  Besides  that,  the
evolved strains  grew faster  and had higher  ethanol  productivity  (~2.5  g  L-1  h-1)
than  the  parental  strain  with  increased  glucose  concentration,  with  an  ethanol
yield of around 0.44 g ethanol per g sugar.

Although  wild-type  S.  cerevisiae  has  the  potential  to  evolve,  there  is  a
predominance  in  recently  published  studies  applying  this  tool  in  engineered
strains, following the flowchart in Fig. (2). Ko et al.  [139] successfully applied
this strategy to evolve the engineered S. cerevisiae XUSE, harboring the xylose
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isomerase pathway, with the aim of improving lignocellulosic biomass conversion
under  inhibitory  conditions  (acetic  acid  stress).  After  13  cycles  of  serial
subculturing in yeast synthetic medium containing 20 g L-1  of xylose, complete
supplement  mixture,  and  yeast  nitrogen  base,  in  the  presence  of  increasing
concentrations  of  acetic  acid,  the  adapted  strain  showed  2.5-fold  higher  sugar
consumption  efficiency  than  the  parental  strain,  even  when  the  pH  was  not
controlled.  When  the  evolved  strain  was  subjected  to  sugarcane  bagasse
hydrolysate medium (containing 34 g L-1 of glucose, 32 g L-1 of xylose, 3.1 g L-1

of  acetic  acid,  and  0.7  g  L-1  of  phenolics),  it  showed  better  fermentation
performance with a higher specific xylose consumption rate (0.88 g L−1 hr−1) and
ethanol yield (0.49 g ethanol per g sugars) than the not evolved strain. In addition,
it  is  important  to  emphasize  that  the  acetic  acid  concentrations  in  the  growth
media reached up to 6 g L-1 as byproducts of the reactions, and the evolved strain
maintained  high  fermentation  performance,  highlighting  its  robustness  under
adverse  conditions.

Also aiming at improving inhibitors tolerance, but adding the goals of improve
xylose utilization and obtain a robust strain, Wei et al. [140] applied atmospheric
and  room  temperature  plasma  mutagenesis,  followed  by  consecutive  batch
fermentations under increasing concentrations of pretreated corn straw leachate to
the engineered industrial strain S. cerevisiae LF1. The yeast already had superior
co-fermentation capacity of glucose and xylose, but after the evolution experiment
under yeast extract-peptone with increasing diluted leachate, the co-fermentation
performance was increased, with ethanol productivity of 0.525 g g−1 h−1 in high-
level  mixed  sugars  (80  g  L-1  glucose  and  40  g  L-1  xylose)  in  the  absence  of
inhibitors. In addition, the fermentation time was shortened by 8 h compared to
the parental strain. When non-detoxified hydrolysate was used in the fermentation
process,  containing  inhibitors  (acetic  acid,  HMF,  furfural,  and  phenolics),  the
xylose conversion reached 94%, and ethanol yield was 0.43 g per g sugars.

Xie  et  al.  [141]  also  improved  xylose  utilization  by  the  engineered  industrial
strain  S.  cerevisiae  HX57D  after  evolution  through  consecutive  batch
fermentations under increasing yeast nitrogen base and xylose concentrations (20
g  L-1  or  40  g  L-1).  After  56  cycles  under  selective  pressure,  the  evolved  strain
reached xylose consumption rates around 1.02 g L-1 h-1 (up to 7 times higher than
the  parental  strain),  and  ethanol  yield  of  ~0.33  g  ethanol  per  g  xylose.  When
fermenting pretreated wheat straw slurry containing cellulose (81.3 g L-1), glucose
(4.2 g L-1), xylose (14.8 g L-1), formic acid (5.3 g L-1), acetic acid (4.0 g L-1), and
phenolics (3.4 g L-1), the xylose conversion was 47%, with a consumption rate of
0.10 g L-1  h-1.  The ethanol yield reached 0.38 g ethanol per g sugars, even with
increasing  acetic  acid  concentration.  It  is  also  worth  emphasizing  the  higher
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xylitol  yield  and  lower  glycerol  yield  of  the  evolved  strain  compared  with  the
parental strain.

In  contrast  to  S.  cerevisiae,  non-conventional  strains  can  be  very  sensitive  to
fermentation  inhibitors  and  high  ethanol  concentrations,  presenting  more
obstacles to be inserted in industrial processes but presenting an amazing resource
to metabolize unusual substrates [142]. In some cases, these strains were isolated
from coculture  with  industrial  S.  cerevisiae  from adaptive  laboratory  evolution
cultures, as reported by Moreno et al. [143]. In their study, after 400 generations
of  repetitive  batch  cultivation  in  a  medium  containing  xylose  and  increasing
wheat  straw  hydrolysate  concentrations  in  the  presence  of  S.  cerevisiae  and
Candida intermedia, clones were isolated and their xylose conversion capability
was  evaluated.  In  a  fermentation  process  containing  20  g  L-1  of  xylose  and
hydrolysate with glucose and inhibitors (acetic acid, formic acid, furfural, and 5-
HMF),  the  C.  intermedia  clones  were  able  to  convert  42%  of  xylose,  with  an
ethanol  yield  of  0.30  g  ethanol  per  g  sugars.  According  to  the  authors,  C.
intermedia may have prevailed in the coculture because of its superior capacity to
utilize xylose,  rather  than a high inhibitor  tolerance,  and showed an interesting
performance when fermenting mixed sugars.

In the studies mentioned above, simple evolutionary engineering approaches were
used  to  achieve  the  pre-defined  goals  in  the  fermentative  process  to  produce
ethanol.  In  addition,  the  synergism  between  genetic  engineering  and  adaptive
laboratory evolution is a frequently used strategy to improve strain performance
under adverse conditions. In this sense, a comprehensive understanding of natural
microbial evolution and genome, combined with experimental exploration, testing
hypotheses,  and  approaches,  is  necessary  to  develop  beneficial  phenotypes  in
strains, based on scientific knowledge and evolutionary engineering [130, 132].

Evolutionary Engineering in Biorefineries Context

Biorefineries show promising results in biomass processing and valuation, making
them  relevant  for  the  circular  economy  and  the  generation  of  value-added
products, especially biofuels [144]. However, their processes have limitations, and
evolutionary  engineering  appears  to  be  an  interesting  alternative  for  selecting
characteristics  of  industrial  interest  in  strains.  Through  techniques  of
identification  and  molecular  engineering  mechanisms,  the  performance  in  fuel
production  or  other  products  can  be  significantly  improved,  guaranteeing
economic  viability  [127,  145].

In addition to the metabolism of pentoses from hemicellulose,  other significant
problems in ethanol generation via alcoholic fermentation with wild-type strains
are acetic acid release during hydrolysis and pretreatment processes that inhibit
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anaerobic growth. Moreover, during biomass processing, innumerable inhibitors
derived from furan are generated, affecting glycolysis, fermentation, and the yeast
tricarboxylic  acid  cycle  during  the  stages  of  reducing  polymerization  degree,
thermal  treatments  for  breaking  the  crystalline  cellulose,  and  hydrolysis  [18].
Therefore,  the  selection  of  characteristics  to  cease  or  hinder  inhibitor  action
during the various stages of biorefineries is of enormous importance in increasing
productivity. Furthermore, evolutionary techniques to improve the strain tolerance
to temperature and pH flocculation are of great interest.

In  this  regard,  in-depth  studies  of  evolutionary  engineering  are  relevant  in
improving the conversion rate of sugars to ethanol or other products of interest,
providing  greater  economic  viability  to  the  biorefineries  associated  with  the
valuation of agricultural by-products. The impact of evolutionary engineering in
industrial processes has yet to be explored, but it currently promises to accelerate
in vivo mutation rates and reduce strain developmental problems [127].

Evolution tools have the potential to fill gaps between upstream and downstream
processes, because the controlled environment and synthetic medium, often used
in genetic engineering, are not the reality of industrial processes, as shown in Fig.
(2).  Also,  developing  techniques  to  rapidly  sequence,  analyze  and  edit  yeast
genomes, while the adaptive evolution experiments are conducted, have the power
to transform simply approaches, as batch cultivation, in a valuable cell factory to
biorefineries. As small increases in sugar conversion rates result in a significant
improvement  in  industrial-scale  processes,  evolved  strains  are  promising  for
optimizing biorefinery performance, presenting the possibility of automation and
scaling up, aspects that still need to be explored. This opens up opportunities for
future research in partnership with the industrial sector.

EXPERIENCES WITH NON-SACCHAROMYCES YEASTS

S.  cerevisiae  strains  have  been  the  most  used  in  initial  cultures  to  produce  1G
ethanol.  This  species  became  a  model  organism  and  was  the  first  eukaryotic
microbial  species  from  which  the  entire  genome  was  sequenced  [146,  147].
However,  as  mentioned  above,  ethanol  production  from  lignocellulosic  raw
material presents challenges for the yeast S. cerevisiae, linked mainly to the low
tolerance  to  compounds  with  cellular  inhibition  capacity  and  limitations  in  the
metabolism  of  pentoses.  These  technical  challenges  encourage  the  search  for
strategies to reduce ethanol production costs and increase fermentative yield by
exploiting  microorganisms  capable  of  efficiently  metabolizing  hexoses  and
pentoses,  and  which  tolerate  the  presence  of  inhibitory  compounds  in  the
hydrolysate  [148].  In  addition,  the  search  for  greater  economic  viability  in  2G
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ethanol  production  pressures  the  exploration  of  alternatives  beyond  Saccharo-
myces [149].

More than 2000 species of yeast have been isolated from different habitats and
have  industrially  relevant  characteristics,  such  as  the  ability  to  metabolize
complex  nutrients,  tolerance  to  fermentation  inhibitors,  and  various  stresses,
including osmotic, temperature, and ethanol concentration [150 - 152]. The need
for survival in high-stress environments has driven the development of specific
metabolic  pathways  in  these  microorganisms.  This  evolution  of  most  species
occurred  in  a  manner  adapted  to  the  environment  in  which  they  evolved;
therefore, most of them have new and unique mechanisms, which are not present
in the yeast S. cerevisiae [151].

Several  studies  have  reported  strains  of  non-Saccharomyces  yeasts,  such  as
Candida  membranifaciens  [153],  Wickerhamomyces  anomalus  [154],  Scheffer-
somyces spitis [155], Spathaspora passalidarum [156], Zygosaccharomyces bailii
[113], and Pichia kudriavzevii [158], with promising fermentative characteristics
and  a  wide  spectrum  of  biotechnological  applications  in  biorefineries.  These
bioresources are still in the phase of intense exploration and can harbor interesting
genetic characteristics, mainly related to identifying characteristics of tolerance to
environmental stress that are rarely presented by natural or industrial strains of S.
cerevisiae.  These  new  strategies  can  enable  the  development  of  superior  S.
cerevisiae  strains  or  allow  the  direct  use  of  non-Saccharomyces  yeasts  in
biorefineries  of  multiple  products  (Table  1).

Table 1. Non-Saccharomyces yeast with a remarkable feature for ethanol production.

Specie Isolation Site Remarkable Feature References

Candida membranifaciens
M2

Marine sources (dried
or wet seaweed, marine

organisms, sand, or
driftwood)

Tolerance to inhibitor (acetic acid
= 95.2 mM).

Faster rates of fermentation than
terrestrial yeast.

[153]

Candida sp. Marine sediments

Tolerance to salt present (9%
NaCl; 10% KCl; 10% CaCl2).

Wide range of pH tolerance (4.0 to
9.0).

Consumed galactose.

[159]

Kluyveromyces marxianus Soil Thermotolerant yeast (> 37 °C). [160]

Pichia caribbica UM-5 Rotten bagasse of
Agave tequilana

Fermentation capacity of xylose in
ethanol. [161]
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Specie Isolation Site Remarkable Feature References

Pichia kudriavzevii Sugarcane molasses

Thermotolerant yeast (40 °C)
Cell viability in a recycling

system.
High-ethanol and sugar tolerance.

Consumed galactose.

[162]

Spathaspora passalidarum
NRRL Y-27907 Rotting wood

Produce ethanol using xylose.
Recycle of cells increase the

xylose consumed.
Consumed pentoses and hexoses

in short time.

[156, 163]

Scheffersomyces
parashehatae

Rotting wood and
beetle larvae Produce ethanol using xylose. [164]

Wickerhamomyces sp. UFFS-
CE-3.1.2

Rotting wood
(Chapecó, Brazil)

Tolerance to inhibitor (acetic acid
> 2 g L-1);

Consumed xylose in controlled pH
(= 7,0)

Fermentative capacity is not
affected in the presence of saline

water and shrimp wastewater

[154, 165,
166]

Wickerhamomyces anomalus
M15

Marine sources (dried
or wet seaweed, marine

organisms, sand, or
driftwood)

Tolerance a salt present (twice
more than terrestrial yeast).

Faster rates of fermentation than
terrestrial yeast.

[153]

Wickerhamomyces anomalus
WA-HF5.5 Rice hulls Xylitol-producer capability when

cultivated under oxygen-limiting. [167]

Wickerhamomyces anomalus
X19

Rooting wood
(Tunísia)

Assimilation capacity of D-
glucose, D-fructose, D-mannose,
sucrose, D-xylose e L-arabinose.

Tolerance to low pH values.
Fermentation capacity of xylose,

arabinose, and galactose.

[168, 169]

Zygosaccharomyces bailii
MTCC 8177

Tea fungal mat of
Medusomyces gisevii

Produce ethanol in seawater-based
system (tolerance a salt stress).

Tolerance a polyphenol present in
tea waste (substrate).

[170, 171]

The  isolation  of  yeasts  in  natural  ecosystems  can  increase  the  possibility  of
obtaining genetic diversity among strains with desirable phenotypes for ethanol
production and that thrive in intense stress environments while maintaining high
yields. The exploration of these yeasts can lead to the identification of genes that
provide  tolerance  responses  to  the  chemical  components  of  lignocellulosic
biomass [153]. Similar to the case of the yeast Zygosaccharomyces bailii, which
is  tolerant  to  high  concentrations  of  acetic  acid,  one  of  the  main  inhibitory
compounds  generated  in  2G  ethanol  production  [157,  172],  and  Wickerhamo-

(Table 1) cont.....
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myces strains, which have been isolated from different environments and have the
ability  to produce ethanol  in  systems based on seawater  and in the presence of
inhibitors [154, 165].

The ability of yeast to sustain the fermentation process in industrial systems, in an
environment with high concentrations of sugars and ethanol, is a challenge for the
adaptation  of  the  cells  and  has  been  widely  studied  over  the  decades  in
non-Saccharomyces  yeasts.  Osmoadaptation is an important phenotype in yeast
cells  and  results  from  the  development  of  mechanisms  to  adjust  metabolism,
within certain limits, to high external osmolarity. These processes occur actively,
based  on  detecting  changes  in  molarity  and  stimulating  dynamic  cellular
responses  aimed  at  maintaining  cellular  activity  [173].  This  is  the  case  of
Zygosaccharomyces  rouxii,  which is  recognized for  its  extreme osmotolerance,
showing growth in concentrations of up to 90% (m v-1) of sugars, tolerance to low
pH, fast hexose fermentation, as well  as tolerance to temperature increases and
high  concentrations  of  NaCl  [172,  174,  175].  Other  non-Saccharomyces  yeasts
isolated from contaminated food and beverages showed a growth capacity of 70%
(m v-1) of glucose. They were identified as Candida bombi, Candida metapsilosis,
Candida  parapsilosis,  Citeromyces  matritensis,  Kodamaea  ohmeri,
Metschnikowia  pulcherrima,  Schizosaccharomyces  pombe,  Torulaspora
delbrueckii,  and  Zygosaccharomyces  mellis  [176].

The ability to tolerate high-salt environments is an interesting feature, especially
considering  the  recent  discussions  about  the  need  to  reduce  freshwater
consumption in industrial biofuel production and the search for alternatives, such
as  substitution  for  seawater  or  wastewater  [165,  171,  177,  178].  Moreover,  the
great  challenge  of  these  systems  is  related  to  the  fact  that  most  of  the  isolated
yeasts for ethanol production are terrestrial and have limited capacity to ferment
in environments with a high salt content, which makes it an interesting alternative
to the screening of yeasts in marine environments.

In  marine  environments,  microorganisms  adapt  due  to  constant  exposure  to
extreme conditions that force the evolution of protection and survival mechanisms
that  can override  terrestrial  strains  [153].  This  is  corroborated by isolates  of  S.
cerevisiae from marine environments, as demonstrated in the study by Zaky et al.
[179], where the strain S. cerevisiae AZ65 showed fermentative yield greater than
73% using sugarcane molasses prepared in seawater and showed greater osmotic
tolerance  than  the  terrestrial  yeast  S.  cerevisiae  isolated  from  distillery.
Metabolism adapted to extreme environmental conditions can give marine yeasts,
in addition to the improved ability to tolerate salt stress, tolerance to inhibitory
compounds (acetic acid,  formic acid,  hydroxymethylfurfural,  and furfural),  and
better growth profile compared to terrestrial yeasts [153].
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Tolerance to inhibitory compounds higher than that seen in S. cerevisiae has been
reported for other non-Saccharomyces yeast species, such as Wickerhamomyces
species that have already been isolated from different environments, from marine
environments to rotting wood [9, 24]; they are able to metabolize a wide spectrum
of carbon sources, act at low pH, high osmotic pressure, in addition to presenting
physiological  plasticity  adapting  to  stress  environments,  which  is  a  remarkable
feature  for  biotechnological  applications  [180,  181].  Various  strains  of
Wickerhamomyces have already demonstrated potential for application in ethanol
production  from  glycerol  [182],  lignocellulosic  hydrolysates,  algae  [154,  168],
and  starch  substrates  [180],  as  well  as  improved  fermentation  capacity  in  co-
culture  systems  with  S.  cerevisiae  producing  ethanol  and  xylitol  [167]  and
absence  of  inhibition  in  systems  based  on  seawater  and  wastewater  [165].

Some Kluyveromyces species also show excellent fermentative performance, and
some  strains  show  a  broad  spectrum  of  substrate  assimilation,  being  able  to
produce ethanol from hexoses (glucose, galactose), pentoses (xylose, arabinose),
and disaccharides (sucrose, cellobiose, lactose) [183, 184]. Besides, it is widely
known  that  the  species  K.  marxianus  can  tolerate  and  ferment  at  high
temperatures [160]. The fermentative capacity at high temperatures is interesting
for 2G ethanol production, considering that the process is carried out through SSF
(see  above).  Since  the  optimum  temperature  for  (hemi)cellulolytic  enzymes
(responsible for the enzymatic hydrolysis of biomass) occurs at approximately 50
°C,  it  is  desirable  that  the  fermenting  microorganism  can  act  well  at  high
temperatures  [185].  Moreover,  compared  to  S.  cerevisiae,  these  yeasts  tolerate
higher  concentrations  of  inhibitors  such  as  furans  and  acetic  acid,  showing
superior  growth  and  higher  ethanol  production  [186].

A  critical  aspect  of  the  isolation  of  non-Saccharomyces  yeasts  for  ethanol
production  is  the  prospecting  species  that  ferment  high-yielding hemicellulosic
sugars,  mainly  xylose.  As  mentioned  above,  xylose  is  the  primary  pentose  in
hemicellulose structures and the second most abundant monosaccharide in nature
[164]. Yeasts that produce ethanol using pentose as a substrate have already been
isolated from different environments,  mainly from rotting wood and insect gut,
and  generally  stand  out  for  species  of  Spathaspora  and  Scheffersomyces  (see
Chapter  8  of  this  book).

Among the different species of Spathaspora capable of fermenting xylose, three
are potential candidates for ethanol production: Sp. gorwiae, Sp. hagerdaliae, and
Sp.  passalidarum,  the  latter  being  the  best  ethanol  producer,  presenting  high
yields and productivity when grown in xylose medium under anaerobic conditions
or  with  oxygen  limitation  [36,  156,  187,  188].  Another  potential  candidate  for
second-generation  fuels  is  Scheffersomyces  (Pichia)  stipitis,  which  has  an
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excellent ability to metabolize xylose and convert it into ethanol – up to 0.44 g of
ethanol per g of xylose [189], that is, 86% of the maximum theoretical yield. The
same  holds  true  for  Scheffersomyces  (Candida)  shehatae,  a  microorganism
normally  found  to  be  associated  with  decaying  lignocellulosic  biomass.  For
decades, it has been considered one of the best xylose-fermenting yeast species
[190 -  194].  Indeed,  Sc.  shehatae  has  been shown to ferment  this  pentose with
yields of up to 0.44 g g-1 in media with xylose as the sole carbon source [194]. It is
worth  noting  that  Sc.  shehatae  performed  ~95%  fermentation  efficiency  when
inoculated in wood hydrolysates [195] and ~96% in rice straw hydrolysate [196].
A  drawback  of  these  yeasts  is  their  low  tolerance  to  the  ethanol  produced,
especially at high sugar concentrations, and also if the cells need to be recycled
from one fermentation to the next.

In  addition  to  ethanol  production,  in  multi-product  biorefineries,
non-Saccharomyces yeasts may have an even more interesting potential because
they are  capable  of  producing other  compounds  in  addition  to  ethanol,  such as
sugar  alcohols,  with  an  emphasis  on  xylitol  [59].  In  this  sense,  the  search  for
non-Saccharomyces  yeasts  that  can  produce  different  products  with  potential
applications  for  incorporation  in  biorefineries  has  been  widely  explored.
Hansenula  polymorpha  is  a  yeast  species  known for  its  ability  to  tolerate  high
concentrations of ethanol, ferment at high temperatures, and mainly for its ability
to ferment a wide spectrum of sugars and produce xylitol as the main product in
the presence of glucose and xylose [61, 197].

In  addition  to  H.  polymorpha,  the  species  of  the  genera  Spathaspora  and
Scheffersomyces are excellent candidates for xylitol production, with high yield
strains that can positively contribute to multiproduct biorefineries, such as strains
of Sp. boniae isolated from rotting wood [198]. In addition to these species, the
yeasts  of  the  genera  Candida,  Pichia,  and  Pachylosen  are  also  excellent
candidates, such as Candida amazonensis, which can efficiently consume xylose
and show high yields of xylitol [188].

Table  2  shows  recent  studies  using  non-Saccharomyces  yeast  in  simulated
processes using lignocellulosic biomass hydrolysates, demonstrating the relevance
of  these  investigations  for  scientific  advances,  mainly  for  the  development  of
biorefineries.

Although  studies  using  non-Saccharomyces  yeasts  in  ethanol  production  and
multi-product systems have increasingly expanded, large-scale operation is still a
major challenge, mainly because the production performance depends on the yeast
strain  employed.  Moreover,  challenges  linked  to  low  conversion  rates,  ethanol
tolerance,  system  sensitivity  to  oxygen,  and  problems  with  the  presence  of
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inhibitors  in  the  hydrolysate  still  need to  be overcome [191].  Nevertheless,  the
advances  related  to  isolation  and  batch  experiments  are  relevant  to  these
challenges,  and  non-Saccharomyces  yeasts  can  be  potential  candidates  to
accelerate and enhance the development of biorefineries with multiple high-value-
added products.

Table  2.  Recent  studies  using  non-Saccharomyces  yeast  in  simulated processes  using  lignocellulosic
biomass.

Specie Raw
Material Fermentation Process

Ethanol
Yield
(%)

Ethanol
Productivity

(g L-1 h-1)
References

Candida tropicalis Y-
27290

Sugarcane
bagasse

Two-stage sequential
enzymatic hydrolysis of

pretreated biomass:
1st: pre-treatment 5 L

reactor; NH4OH 20% (w
v-1); 50°C and 48 h
2nd: hydrolysis with

commercial xylanases and
xylitol production
3rd: hydrolysis with

commercial cellulase and
ethanol production (SHF):
supplementation with yeast

extract, malt extract and
peptone; 30 °C.

94.65 ±
1.2 1.54 ± 0.03 [199]

Scheffersomyces
shehatae UFMG-HM

52.2

Sugarcane
bagasse

Pre-treatment: stirred tak
reactor; NaOH 0.5 M and 4

h.
Enzymatic hydrolysis:

Cellulases; 50 °C, 0.2 vvm
and 72 h.

Fermentation: stirred tank
reactor; 0.2 vvm, 30 °C

and 48 h

66.54 0.18 ± 0.02 [200]
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Specie Raw
Material Fermentation Process

Ethanol
Yield
(%)

Ethanol
Productivity

(g L-1 h-1)
References

Spathaspora
passalidarum NRRL

Y-27907

Sugarcane
bagasse

Pre-treatment: 350 L
reactor; NaOH solution

(1.5% w v-1) 130 °C
Enzymatic hydrolysis: 15
L reactor; Celluclast 10

FPU g-1 and β-glucosidase
20 IU g-1; 50 °C and 72 h

Fermentation: 1.4 L
reactor; NH4Cl

supplementation; recycle
of cells (4 times); 200 rpm

and 0.1 vvm

90 in 4th

fed batch 0.81

[163]

Scheffersomyces
stipitis NRRL Y-7124

Pre-treatment: 350 L
reactor; NaOH solution

(1.5% w v-1) 130 °C
Enzymatic hydrolysis: 15
L reactor; Celluclast 10

FPU g-1 and β-glucosidase
20 IU g-1; 50 °C and 72 h

Fermentation: 1.4 L
reactor; recycle of cells (4

times); 200 rpm and no
aeration

56 in 4th

fed batch 0.36

Wickerhamomyces
anomalus WA-HF5.5

(rice hulls)

Soybean hull
hydrolysate

Soybean hull pretreated
with diluted acid (H2SO4)

in autoclave.
Bioreactor 2 L

Co-culture: S. cerevisiae
P6H9

Aeration rate of 0.33 vvm
30 °C and 180 rpm

99.8 4.28 ± 0.03 [167]

Xylanolytic Non-Saccharomyces Yeasts

As  mentioned  earlier  in  this  chapter,  it  is  highly  desirable  for  biorefinery
processes that  the hydrolysis step of lignocellulosic-biomass polysaccharides is
simultaneously carried out during the fermentation stage, either by means of SSF
(combining hydrolytic enzymes and fermenting microorganisms) or by CBP (in
which the same yeast is responsible for both hydrolysis and fermentation). In this
sense, the literature points out some wild yeast species that present the required
potential for a process to be conducted in the CBP format.

(Table 2) cont.....
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Lara et al. [193] isolated yeasts from decaying lignocellulosic materials collected
from different Brazilian biomes and found three yeast strains that displayed high
growth rates in xylan and high xylanase activity: Cryptococcus laurentii UFMG-
HB-48,  Sugiyamaella  smithiae  UFMG-HM-80.1,  and  Sc.  shehatae  UFMG-H-
-9.1a.  As  we  have  already  mentioned  in  the  present  chapter,  the  last  of  these
strains  is  also  widely  acknowledged  for  being  an  efficient  xylose-fermenting
yeast, making it a suitable choice for lignocellulosic-based bioprocesses through
CBP.  Furthermore,  in  a  previous  study  by  the  same  group,  the  authors  also
detected xylanase activity  in  Sc.  stipitis,  another  potential  yeast  for  2G ethanol
[201].

Xylanases  are  hydrolases  indeed  found  in  many  genera  of  yeast.  Besides
Cryptococcus,  Sugiyamaella,  and  Scheffersomyces,  these  enzymes  have  been
reported  in  Candida,  Meyerozyma,  Trichosporon,  Moesziomyces,  Pseudozyma,
Hannaella,  Kodamaea,  Papiliotrema,  Cystobasidium,  Wickerhamomyces,
Saturnispora,  Saitozyma,  Aureobasidium,  Cyberlindnera,  Pichia,
Spencermartinsiella,  Galactomyces,  Spencermartinsiella,  Lindnera,  Dioszegia,
Enteroramus,  and  Bulleromyces  [193,  198,  201  -  206].

Although  decaying  wood  may  be  considered  the  main  isolation  substrate  for
xylanolytic  yeasts,  some of  them have  been  found  in  insect  guts  (especially  in
beetles  and termites),  where they help those invertebrates to digest  xylan [207,
208]. It is worth noting that, once again, the two species that stand out the most in
the  dual-role  performance  of  xylan  hydrolysis  and  xylose  fermentation,  Sc.
shehatae and Sc. stipitis, are also among the most found in the insect microbiota
[209  -  211].  Interestingly,  it  seems  that  xylanolytic  yeasts  are  transient
microorganisms  in  the  gut  of  these  animals  swallowed  during  feeding.  In  this
context,  lignocellulosic  biomass,  whose  decomposition  process  depends  on
microorganisms,  is  the  primary  reason  for  the  symbiosis  between  yeast  and
insects, working as a carbon source for both parties [211 - 213]. The analysis of
these ecological niches retraces humanity's path since the Neolithic revolution, but
now the prospecting process has been done consciously and in a more accurate
and accelerated way. When faced with the difficulties presented by S. cerevisiae
— the yeast that has accompanied us the most —, humans now return to nature to
take new yeasts to the laboratory and bioprocesses.

CONCLUSION

The literature points out three ways — mainly genetic engineering, evolutionary
engineering, and prospecting for wild non-Saccharomyces yeasts — to optimize
the fermentation process by yeasts in biorefineries, which may all be combined.
Numerous studies,  as discussed here,  have indicated the success or potential  of
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each strategy, which makes it difficult to choose one among them and makes it
clear  that  there  is  not  one  specific  choice  that  is  better  for  biorefineries.  In
addition to this remarkable potential, the environmental and energy gains with the
production  of  2G  ethanol  have  been  mathematically  proven.  Nevertheless,  the
industrial sector does not seem to be convinced of the existence of an economic
gain, given the asymmetry between the production volume of first- and second-
generation  ethanol.  At  the  laboratory  scale,  several  simulations  of  industrial
conditions have already been tested; however, not much work has been carried out
on semi-industrial and industrial scales. Perhaps this scaling up is what it takes to
convince the industry.
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Abstract:  Yeasts  are  intimately  involved  in  the  production  of  fermented  alcoholic
beverages  being  the  most  popular  examples  of  beer,  cider  and  wine.  The  present
chapter  reviews  the  impact  of  yeasts  in  the  production  of  these  three  fermented
beverages  and  focuses  on  recent  innovation  trends  regarding  the  use  of  non-
conventional yeasts for the increase of flavour complexity and/or the development of
novel special products that better meet current customer’s demands. The granting of
regional  identity  by  using  locally  sourced  yeast  strains  is  also  revised,  and  the
experience  gathered  in  the  region  of  Andean  Patagonia  (Argentina)  related  to  the
isolation,  screening,  selection,  improvement  (in  some  cases)  and  all  the  way  to  the
industrial  application  is  described.  North-western  Patagonia  natural  forests  harbour
yeasts  species  of  great  scientific  and  fundamental  relevance,  among  which  the
cryotolerant  species  Saccharomyces  uvarum  and  Saccharomyces  eubayanus  are  the
most important for this chapter. The successful cases reviewed here of the study and
application of Patagonian cold-adapted wild Saccharomyces yeasts for beer, cider, and
wine  innovation  demonstrate  that  the  laborious  journey  from  nature  to  industry
application  is  feasible  and  advantageous.
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INTRODUCTION

Yeast, alone or in consortia with other microorganisms, has a profound role in the
industrial  and  traditional  production  of  many  beverages.  These  are  generally
recognized  as  fermented  and  usually  contain  alcohol.  Humans  have  consumed
fermented beverages since the Neolithic period (c.10 000 BC [1];), however, it is
still unclear whether, in ancient times, our ancestors accidentally stumbled across
fermented  beverages  like  wine  or  beer,  or  was  it  a  product  intended  as  such.
Undoubtedly, alcoholic beverages have been part of the diet and culture of many
of  the  civilizations  that  have  preceded  us  and  are  among  the  most  popular
products consumed today. Fermented alcoholic beverages are complex solutions
of thousands of chemical compounds that originate from the metabolism of yeasts
and other microorganisms from a sugar substrate during fermentation, and from
later  stages  that  include  secondary  fermentations  and  /  or  chemical  reactions
during aging.  The most popular non-distilled fermented beverages are obtained
from cereal starches (by enzymatic pre-hydrolysis) in the case of beer (barley and
wheat) and / or from fruits (which do not require pre-hydrolysis) in the case of
wine (grapes) and cider (apples and pears). Yeasts of the genus Saccharomyces
are  the  most  prevalent  microorganisms  in  the  production  of  these  fermented
beverages  [2].  The  genus  is  composed  of  eight  natural  species,  namely
Saccharomyces cerevisiae, S. paradoxus, S. uvarum, S. mikatae, S. kudriavzevii,
S. arboricola,  S. eubayanus  and S. jurei  [3]  (Fig.  1).  S. cerevisiae  is  by far  the
most recognized and ubiquitous species in the production of fermented foods and
beverages. Nevertheless, the cryophilic species S. uvarum and S. kudriavzevii, and
the hybrid species S. bayanus and S. pastorianus, play a fundamental role in the
production of beverages such as beer and wine [2]. Furthermore, S. paradoxus and
the latest additions to the genus S. eubayanus and S. jurei, are also being studied
for their application in the fermentation industry [4 - 6].

Fig. (1).  Phylogenetic relationships of biological recognized species Saccharomyces species (black font),
along with  the  most  industrial  relevant  hybrids  (non-black font),  and their  participation in  the  fermented
beverages reviewed in this chapter.
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During  fermentation,  yeasts  produce  alcohol,  carbon  dioxide  and  a  range  of
secondary metabolites, such as esters, volatile fatty acids, higher alcohols, organic
acids,  volatile  sulphur  compounds  and  volatile  phenols,  that  contribute
significantly to the flavour and aroma of the final product [7, 8]. Certain strains of
these yeasts, like many other microorganisms associated with man-made niches,
have gone through a domestication process referred to as the artificial selection
and  breeding  of  wild  specimens  to  obtain  more  fitted  cultivated  variants  that
better  meet  human  or  industrial  requirements.  Domesticated  strains  show
improved  adaptation  to  sugar-rich,  oxygen-limited  environments  and  high
tolerance to ethanol, as well as other novel phenotypes, which can be specified for
each  fermentation  environment.  For  instance,  some beer  yeasts  can  metabolize
maltotriose  (a  beer-specific  sugar),  while  wine  yeasts  can  withstand  the
predominant  sterilization  agents  in  the  winery  (sulfite)  and  vineyard  (copper
sulphate) (for a review, see Steensels et al.  [9]).  These new domesticated traits
result from the accumulation of defined genetic and genomic changes that only
recently  began  to  be  elucidated  and  that  may  include  inter-species  gene
introgressions (i.e. S. uvarum [10];) as well as inter-species hybridizations (i.e. S.
pastorianus  and  S.  bayanus  [11];).  Several  non-Saccharomyces  yeasts  that  are
typically associated with early stages of spontaneous man-made fermentations are
also relevant in the production of industrial and traditional fermented beverages.
These  include  species  of  the  genera  Brettanomyces,  Torulaspora,
Schizosaccharomyces,  Metschnikowia,  Hanseniaspora,  Pichia,  Lachancea  and
Kluyveromyces, among others [12]. Because of their ability to modify the sensory
quality  of  the  final  products,  they  are  normally  considered  contaminants.
However,  due  to  new  market  trends  in  favor  of  products  with  differential  and
more  complex  organoleptic  characteristics,  they  began to  gain  relevance  in  the
beverage industry, contributing positively to the sensory quality of wine [13] and
for bioflavouring purposes in brewing [14]. Another source of non-conventional
yeasts with productive potential are natural environments and, even though these
non-domesticated (wild) yeasts typically show inadequate fermentative traits for
their  implementation  in  the  industry,  exceptions  exist  mostly  within  the  genus
Saccharomyces. This approach has the advantage of providing additional regional
identity and exclusivity to the beverages produced with local wild yeasts. Thus,
the  study  and  application  of  wild  Saccharomyces  for  alcoholic  beverage
innovation  have  gained  special  attention  in  the  last  few  years.  In  some  cases,
genetic improvement of wild yeasts was achieved using either genetic engineering
or editing, mutagenesis or using non-GMO producing techniques such as directed
experimental  evolution  and/or  hybridization  [4,  15,  16].  The  whole  process  of
isolating a wild yeast and inserting it into the market of fermented beverages is
long and involves different research and development stages; initiating with yeast
search and isolation and ending in scale-up trials and the technology transfer to
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the industry (Fig. 2). As result, there are hitherto not many successful examples of
complete  journeys  “from  nature  to  bioprocess”  that  can  be  cited.  Recently,
significant advances related to the discovery in Andean Patagonia (Argentina and
Chile)  of  novel  populations  of  known  species  of  Saccharomyces  (namely  S.
uvarum)  [10,  17,  18]  and  even  the  discovery  of  S.  eubayanus  [11],  lead  to  the
assessment of their potential for alcoholic beverage production. In this chapter we
review the role of yeasts in the production of beer, wine and cider and describe the
Patagonian experiences in the use of autochthonous Saccharomyces strains for the
development of commercial products of these fermented beverages.

Fig. (2).  Primary steps for yeast starters selection and evaluation for their use in the fermented beverage
industry.

Natural  Environments  for  Yeast  Bioprospection:  The  Case  of  Andean
Patagonia

In the last  years,  several yeast biodiversity studies have been carried out in the
Patagonia region of Argentina and Chile, which have resulted in the isolation and
characterization of several interesting species, being the highlight S. eubayanus.
Patagonia  is  a  geographical  region that  is  located  in  the  southern  end of  South
America.  This  region  has  a  great  diversity  of  natural  environments  with  very
different environmental characteristics (high mountains, lakes, glaciers, steppes).
It harbors a great diversity of yeasts and, over the past decades, different studies
have been carried out with the aim of finding yeasts that can be used in different
biotechnological processes (e.g. production of carotenoid pigments, mycosporines
(UV sunscreens) and cold-active enzymes) [19 - 22]. The search for new flavours
and  aromas  for  innovation  in  the  beverage  industry  is  also  leading  to  the
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bioprospection  of  yeasts  from  these  natural  environments;  and  finding  new
Saccharomyces  strains,  or  other  wild  species,  has  been  a  goal  for  many
researchers  around  the  world  [11,  14,  23,  24].

With the aim of finding wild Saccharomyces yeasts that have the potential to be
used  in  the  fermented  beverage  industry,  different  strategies  have  been
implemented. Tolerance to ethanol (generally levels higher than 4% v/v) and the
ability  to  metabolize  sugars,  are  usually  two  critical  characteristics  for  the
selection  of  these  yeasts  [24,  25].  One  of  the  most  efficient  strategies  for
Saccharomyces strains isolation, and other wild yeasts is the method described by
Sampaio et al. [23], which uses an enrichment strategy with the selective media
YNB (yeast nitrogen base; Difco), supplemented with 8% v/v of ethanol and 1%
w/v of  raffinose  as  the  sole  source  of  carbon.  Once the  pure  yeast  cultures  are
obtained,  the  species  identification  is  generally  carried  out  through  the
implementation of molecular  biology techniques.  Formerly,  rapid identification
could  be  achieved  with  Mini/Microsatellite  PCR-fingerprinting  method  (MSP-
PCR)  using  the  (GAC)5  primer  [11,  26],  and  those  strains  with  atypical  or
ambiguous  MSP-PCR  results  were  corroborated  by  sequencing  the  ITS  region
[27]. Currently, in Saccharomyces genus, the approach is to look for strategies of
multilocus or complete genome sequencing [28, 29].

For the past decade, the use of these methods allowed the isolation of yeasts from
the Saccharomyces genus, and also a number of representatives of different yeast
genera  that  are  considered  of  interest  to  the  beverage  industry.  For  example,
Eizaguirre et al. [30] analyzed 400 samples from different sources (bark, Cyttaria
spp., leaves and soil) associated with diverse tree species (mainly of the endemic
genus Nothofagus), and obtained 563 yeast isolates. The species with the highest
abundance  was  Saccharomyces  eubayanus,  but  also  S.  uvarum  was  present.
Regarding  non-Saccharomyces  yeasts,  the  isolations  belonged  mainly  to  the
genera  Lachancea,  Hanseniaspora,  and  Torulaspora;  these  yeasts  have  been
defined of interest for the development of differential beverages based on global
innovation trends [14, 24].

BEER INNOVATION AND YEAST BIOTECHNOLOGY

Beer  is  the  alcoholic  beverage  with  the  highest  consumption  worldwide  and  is
produced through a biotechnological process using four main ingredients: water,
malt, hops, and yeast. The process basically comprises the production of wort by
maceration of malted grains (generally barley) in water at a defined temperature
and pH (favoring the action of amylase enzymes),  followed by a boiling stage,
where  the  microbial  load  present  is  lowered,  and  hop  alpha  and  beta  acids  are
isomerized providing the bitterness to the beer. Once cold, the wort is inoculated
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with a brewing yeast, the fermentative agent that converts simple sugars (mainly
glucose, maltose and, in some cases, maltotriose) into carbon dioxide and ethanol.
Besides  these  two  products,  yeasts  produce  a  considerable  number  of  organic
compounds, which are essential for beer flavour and aroma [31, 32]. Nowadays,
beers are classified into styles,  which define certain organoleptic attributes that
allow consumers to select the type of beer they want to drink. One of the main
criteria for classifying the hundreds of different styles of beer is based on the type
of  fermentation,  and  therefore  the  type  of  yeast  involved.  Brewing  yeasts  are
classified  mainly  into  two  groups,  those  of  high  fermentation  (ale  or  top-
fermenting  yeasts)  and  those  of  low  fermentation  (lager  or  bottom-fermenting
yeasts).  The  former  is  used  to  make  ale  beers,  which  are  produced  with
domesticated strains of the species Saccharomyces cerevisiae,  in a process that
generally  occurs  between  18  and  24  °C  and  is  usually  characterized  by  a
complexity of aromas and flavours of fruit, flowers or spices. On the other hand,
lager beers are produced using the hybrid species Saccharomyces pastorianus (S.
cerevisiae x S. eubayanus hybrid) at low temperatures (between 5 and 15 °C) and
are characterized by a more neutral and crispy organoleptic profile; S. pastorianus
exhibits high resistance to various stress factors, which makes it very useful for
industrial  beer  production  [33,  34].  S.  cerevisiae  and  S.  pastorianus  have
undergone  a  domestication  process.  The  constant  exposure  to  very  specific
conditions  has  resulted  in  a  continuous  selection  imposed  by  the  brewing
environment, making these yeasts specially adapted to beer production [11, 35 -
37].  Through centuries  the human practice of  harvesting and re-pitching yeasts
based  on  their  fermentative  performance  and  organoleptic  characteristics,  has
resulted in the evolution of mechanisms that efficiently ferment wort sugars such
as maltose and maltotriose, in most cases eliminating the production of phenolic
off-flavours (POF) and improved flocculation, among others [15, 36 - 39].

In most modern beer fermentations,  the inoculation of a single yeast  strain is a
distinctive practice compared with other fermentative beverages. The use of pure
yeast cultures was initiated by Christian Hansen with the isolation of the first pure
strain  of  a  lager  yeast  at  the  Carlsberg  brewery.  In  November  1883,  the  Old
Carlsberg  Brewery  started  using  one  of  Hansen’s  isolates,  Unterhefe  Nr.  1  (S.
carlsbergensis, now reclassified as S. pastorianus), to produce their lager beers.
This was the first reported use of a yeast starter culture consisting of one well-
defined and characterized microbial strain [9, 15]. This practice had a significant
impact on the consistency and quality of beer production, but probably also was
one of the reasons for the limited number of strains and phenotypic divergence of
commercial  brewing  yeasts  for  over  a  hundred  years  [24,  40].  Despite  the
widespread use of traditional brewing yeasts, non-conventional microorganisms
have begun to gain a place in brewing, as the growth of the craft beer segment and
the growing number of specialized consumers have driven the search for product
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innovation.  So,  for  the  past  years,  the  role  of  different  yeasts  and  bacteria  as
protagonists in fermentations with distinctive characteristics has received special
attention [4, 14, 24, 41]. Natural environments are a source of non-conventional
yeasts with the potential to be used in the brewing industry. However, these yeasts
in  their  wild  state  often  lack  adequate  fermentation  characteristics  to  be
implemented  directly  in  the  industry.  Generally,  these  yeasts  have  low
fermentation yields and are more sensitive to ethanol stress, but they open a range
of  possibilities  by  providing  distinctive  aromas  and  flavours,  as  well  as  new
approaches  and characteristics  that  impact  the  organoleptic  profile  of  beer  [42,
43].

Search for Brewing Potential in Wild Yeasts

For yeast to be transferred to the beer industry, a series of tests and experiments
have to be performed before a certain strain is selected (Fig. 2). Studies aimed at
the  selection  and  application  of  non-conventional  yeasts  for  brewing  generally
study  characteristics  such  as  use  of  wort  sugars  (glucose,  maltose  and
maltotriose), fermentative performance (fermentation rate, attenuation, lag phase),
osmotolerance, tolerance to ethanol, performance at low temperatures, tolerance
to hop compounds, amino acids metabolism, production of volatile phenols (POF
phenotype), production of differential flavour and aroma compounds, and also the
synthesis of enzymes that influence organoleptic properties of beer (such as beta-
glucosidases or glucoamylases) [24, 43, 44]. Even once a strain has been selected
at a laboratory scale, it must be evaluated at larger scales before a product can be
delivered to the market. The potential of wild yeasts to impart new aromas and
flavours  to  beer  is  overshadowed  by  their  lack  of  adaptation  to  the  brewing
environment. These yeasts, since they have not been subjected to a domestication
process, present characteristics that are often detrimental when making beer, such
as poor flocculation (which makes clarification difficult) and inability to use all
the available sugars present in beer wort (limiting the efficiency of fermentation)
[4]. This is the reason why transferring a wild species to the productive sector is
not an easy task. Currently, the cases of wild yeast species for the production of
beer are limited, both in the industrial and craft segments. As some commercial
examples  we  can  mention  the  yeast  WildBrewTM  Philly  Sour  (Lallemand),  a
unique  species  of  Lachancea  selected  from  nature  by  the  University  of  the
Sciences in Philadelphia; Metschnikowia reukaufii (The Yeast Bay) a wild yeast
isolated from flowers in the Berkeley Hills of California; and Lachancea yeasts
from Lachancea LLC, that were isolated from wasps and bees. Probably the most
emblematic case represents the use of S. eubayanus wild strains to produce both
industrial and craft beers, which will be the focus of the following sections.
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Saccharomyces eubayanus, the Mother of the Lager Brewing Yeast

A  notable  example  is  the  case  of  Saccharomyces  eubayanus,  which  since  its
discovery has been intensively studied for brewing applications, and also for the
understanding  of  evolution,  ecology  and  population  genomics  of  the
Saccharomyces  genus.  Although  the  hybrid  nature  of  S.  pastorianus,  the  yeast
responsible for  the production of  lager beer,  has been known for  decades [45 -
48], the identification of the non-cerevisiae parent remained a mystery until 2011.
Saccharomyces  eubayanus  was  initially  found  in  association  with  trees  of  the
genus Nothofagus (southern beech) in Patagonia (Argentina) and was identified at
the genome level with 99.56% identity as one of the parents of brewing yeast S.
pastorianus [11]. It was subsequently isolated in East Asia, North America, New
Zealand  and  more  extensively  in  Patagonia  (Argentina  and  Chile)  but,
surprisingly, not in Europe (site of the supposedly original hybridization event/s
that gave rise to the lager yeast [48]). This cold-tolerant yeast is most abundant
and  diverse  in  the  Patagonian  region  of  South  America  (with  the  genetic
characterization  of  more  than  200  strains  isolates),  where  there  are  two  major
populations  (PopulationA/PA  and  PopulationB/PB)  that  recent  genomic  data
suggested are further divided into five subpopulations (PA-1, PA-2, PB-1, PB-2,
and PB-3) [28 - 30, 49]. The levels of diversity found within Patagonia is further
underscored by the restriction of four subpopulations to this  region,  suggesting
that Patagonia is the origin of S. eubayanus diversity or at least the last common
ancestor of the PA and PB-Holarctic populations, the latter of which gave rise to
lager-brewing  hybrids  [29,  50,  51].  The  large  number  of  Patagonian  isolates
belonging to different genetic subpopulations can harbor a phenotypic diversity of
great  interest  for  the  brewing  industry  as  the  growth  in  craft  beer  market
continues, and the increasing interest and demands for diverse beers of consumers
is leading brewers to push the limits of their production towards new alternatives
for innovation of their products [41]. The discovery of S. eubyanus has not only
aroused interest in the study of its potential in brewing, but has also shown to be
useful  for  the  production  of  cider  [52,  53]  and  wine  [54],  as  detailed  in  the
following  sections.

Technological Features of S. eubayanus for Brewing

Numerous studies have been carried out to evaluate the fermentative behavior and
brewing  potential  of  S.  eubayanus.  The  type  strain  CRUB 1568  (CBS 12357  /
PYCC 6148) showed faster growth than most larger yeasts in laboratory media
containing glucose or maltose as a carbon source at 10 °C [33], while at 20 °C it
was still competitive, and displayed reduced growth at temperatures of 25 °C or
higher  compared  with  brewing  yeast  [55,  56].  Eizaguirre  [57]  evaluated  the
osmotolerance  and  tolerance  to  ethanol  of  S.  eubayanus  in  YM-agar  medium
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containing high concentrations of glucose (40, 50 and 60%) and ethanol (5, 10, 15
and 20%), showing that the type strain is able to tolerate these stressors, even at
low  temperatures  (10  °C).  Osmotolerance  was  also  evaluated  in  high-gravity
worts, confirming the ability of S. eubayanus  to tolerate the stress produced by
high  concentrations  of  sugars  (up  to  22  °P),  as  well  as  to  produce  a  high
percentage  of  ethanol  (7.6%  v/v).

S. eubayanus is one of the cold-tolerant species within the Saccharomyces genus.
Cryotolerance is a promising characteristic in brewing yeasts for the production of
lager beers since the low temperature is the main factor determining the sensory
properties  of  these  beers.  It  is  proposed  that  the  mechanisms  that  govern  the
cryotolerance of S. eubayanus are related to differences in the composition of the
membrane,  as  well  as  to  differential  expression  of  central  metabolic  genes  in
relation to other Saccharomyces yeasts [58, 59]. Also, the presence of α-glucoside
transporters  that  work  better  at  lower  temperatures  (such  as  MTT1)  could
influence  their  performance  at  these  temperatures  [60,  61].  Regarding  its
fermentation performance, S. eubayanus ferments the glucose and maltose from
wort, with average attenuation values for the type strain of 65% [30, 61 - 63]. The
low attenuation observed in general for the species compared with lager brewing
yeasts  (aprox  85%),  is  the  result  of  the  inability  of  S.  eubayanus  to  ferment
maltotriose [30, 33, 35, 58, 61, 62, 64 - 66]. This was observed not only for the
type  strain,  but  also  for  strains  of  the  species  belonging  to  the  different
subpopulations and isolated from different geographical sites, both in Chile and
Argentina [30, 51, 63, 66]; indicating that this is a species specific trait. Eizaguirre
et  al.  [30] performed the first  large assessment of  fermentation performance of
multiple  S.  eubayanus  isolates.  Sixty  natural  isolates  representing  the  five
subpopulations were assessed and, based on fermentation performance, concluded
that population B generally showed better traits for brewing. S. eubayanus  also
presents low flocculation evidenced by the biomass in suspension, although at the
end of the fermentation there is a rapid drop in yeasts [57, 59, 62].

Regarding  the  production  of  flavour  compounds,  the  main  distinctive
characteristic  of  S.  eubayanus  is  the  production  of  the  volatile  phenols  4-
vinylguaiacol (4-VG) [56, 59, 67, 68] and 4-vinylphenol (4-VP) [63]. They are
produced  as  a  result  of  the  decarboxylation  of  ferulic  and  coumaric  acid  from
wort, involving the action of FDC1 and PAD1 genes [69, 70]. As a result, clove
and / or smoked aromas and flavours predominate sensorially in the fermentations
carried out with S. eubayanus. In wild yeast, the PAD1 and FDC1 enzymes help
detoxify phenyl acrylic acids found in plant cell walls, which explains why these
genes are present and functional. In most domesticated ale and lager yeasts, they
have been inactivated or eliminated by multiple types of mutations that led to their
loss of function [36, 37, 71]. On the other hand, the fermentations carried out with
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S. eubayanus stand out for a moderate production of acetate and ethyl esters, such
as 3-methylbutyl acetate, ethyl hexanoate and ethyl octanoate [56, 59, 63], which
add desirable fruit flavours to the beer. It also produces moderate concentrations
of higher alcohols such as 2-phenylethanol, 2-methylpropanol, 3-methylbutanol
and 2-methylbutanol [56, 59, 63]; which gives complexity to beer flavour but are
generally considered unpleasant at high concentrations. The production of sulfuric
aromas (for  example,  ethanethiol  and ethyl  thioacetate)  has also been observed
during fermentations, but these are normally reduced with maturation (lagering)
[56, 72]. Differential production of volatile compounds has been found between
different  strains  of  S.  eubayanus,  demonstrating  intraspecific  phenotypic
variability  [63,  66,  68].

Expanding the Limits for Brewing

The brewing potential of these wild yeasts can be taken further through various
strategies. Adaptation to beer wort through the method of directed experimental
evolution  or  selective  hybridization  between  strains  or  species  with
complementary  desirable  characteristics,  are  techniques  that  do  not  generate
genetically modified organisms (GMOs) and can be used to improve or simplify
the application of these non-conventional  yeasts  in the industry [73].  The most
prominent  case  is  the  hybridization  of  wild  strains  of  S.  eubayanus  and
domesticated strains of S. cerevisiae for the generation of new lager yeast variants
to  extend  their  phenotypic  diversity  [56,  57,  62,  64,  72].  Interspecific
hybridization can be achieved mainly by three approaches: spore-to-spore mating,
rare mating and mass mating [74, 75]. Hebly et al. [64] and Krogerus et al. [59]
used mass mating techniques for the obtention of S. cerevisiae and S. eubayanus
hybrids,  and  observed  that  they  inherited  beneficial  properties  of  both  parents
(sugar  utilization  and  superior  performance  at  low  temperatures),  even  out-
performing them in terms of fermentation. Mertens et al. [56] carried out the most
extensive  work  generating  31  hybrids  between  S.  cerevisiae  and  S.  eubayanus
using  a  robot-assisted  spore-spore  technique.  The  resulting  hybrids  showed
improvements in tolerance to low and high temperatures; the best of them showed
high  fermentation  performance  and  desirable  aromas  and  flavours  that  were
significantly  different  from  the  aroma  production  of  currently  available  lager
yeasts,  making  them  interesting  new  yeast  strains  for  commercial  lager  beer
production.  On  the  other  hand,  simultaneous  or  sequential  inoculation  with
traditional ale or lager yeasts may be another way to enhance fermentation with
non-conventional  yeasts  in  a  controlled  manner  and  improve  the  quality  of  the
final products [76, 77].

There are other improvement methods that involve genetic manipulation, such as
genetic engineering and synthetic biology, which are being used or investigated,
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but  which  involve  the  generation  of  GMOs,  which  both  the  industry  and  the
consumers  still  do  not  fully  accept.

From Nature to Beer Industry

Despite the apparent limitations of brewing with pure strains of S. eubayanus, few
strains do possess many advantageous traits for lager brewing, such as efficient
biomass  production  at  low  temperature  (down  to  4  °C),  efficient  maltose
utilization  and  production  of  differential  aroma  compounds,  which  can  be
exploited for brewing innovation as a tool for productive diversification and value
addition. In fact, the case of S. eubayanus is one of the examples of the successful
transfer of a wild yeast to the industry. In 2016, Heineken launched ‘H41 Wild
Lager’ and 'Wild Lager H71 Patagonia', which were the first commercial products
that exploited pure strains of this species. Later, two other beers were launched
involving S. eubayanus strains isolated from different locations: 'Wild Lager H32
Himalayas' and 'Wild Lager H35 Blue Ridge Mountains'. Simultaneously, work
with local brewers from Bariloche (Patagonia, Argentina) on the semi-pilot scale
(20-50 Lts) started in order to understand the behavior of S. eubayanus outside the
laboratory. In 2018, the commercial licenses for beers made with S. eubayanus
were  signed by ACAB (Association  of  Artisanal  Brewers  of  Bariloche  and the
Andean  Region)  under  the  name  of  Wild  Patagonia  Project,  where  the  local
breweries  were  engaged  together  with  local  scientists  from  IPATEC  in  the
development of their own styles. Later that year, the International Workshop on
Brewing Yeasts (IWOBY) took place in Bariloche together with the International
Specialized Symposium on Yeasts (ISSY34), where the first S. eubayanus  beer
tour  was  organized.  Six  local  products  brewed  by  six  different  breweries  were
presented  there:  Blest's  Wild  Mother,  Konna's  EubaKonna,  Berlina's  Pan  del
Indio, Bachmann's Wild Lager, Wesley's Wild Wild Lager and Manush's Sauvage
Wild Lager. In 2019, the first 100% genuine beer from Patagonia was developed
employing  ingredients  exclusively  sourced  from  north-western  Patagonia,
including S. eubayanus. The production of hops in the region dates to the 1900´s
and has been demonstrated to possess excellent characteristics for brewing [78].
Moreover, pristine water is provided by the Andes rivers. Even though barley is
only partially cultivated in the area, experimental parcels were dedicated for this
purpose  and  were  malted  locally  by  the  La  Alazana  distillery.  The  beer  had
excellent acceptability among customers and current ongoing efforts aim to allow
its expansion and continuous production.

The brewing industry is phasing significant changes in order to meet customers
and  market  demands  for  beers  with  more  innovative  ingredients  and  flavours,
preferably from regional and sustainable sources. It was demonstrated here that
Patagonian  Andes  represents  a  nice  example  of  how  autochthonous
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microbiological resources can be exploited in biotechnological processes such as
the beer industry.

CIDER INNOVATION AND YEAST BIOTECHNOLOGY

Cider is the alcoholic beverage that results from the fermentation of apple juice
obtained from the grinding and pressing of this  innocuous and clean fruit  [79].
The alcoholic concentrations admitted by the Argentine Food Code for cider is 4.5
± 0.3% v/v. The main producers and consumers of cider worldwide are the United
Kingdom,  Ireland,  France,  Spain,  and  the  United  States  [80,  81],  whereas
Argentina is among the top 10 countries with the largest cider making worldwide
[82].  The  production  of  this  beverage  in  Argentina  is  directly  related  to  the
growing  of  pome  fruits  (apples  and  pears),  for  this  reason,  up  to  75%  of  the
national cider production is concentrated in North Patagonia where fruticulture is
one of the most relevant agricultural activities [83].

Even  though  cider  is  a  beverage  with  an  old  tradition  in  Argentina,  associated
with  European  immigrations,  its  consumption  has  demonstrated  an  important
seasonality linked to the festive summer dates [84]. In recent years, there has been
a  great  effort  and  investment  by  both  governmental  organisms  and  cider
producers, in changing consumer trends implying different marketing strategies.
These include the production and sale of these beverages throughout the year, the
diversification of  packaging (bottle,  can  or  barrel,  the  last  one  to  be  consumed
“spilled”)  and  the  elaboration  of  new  varietal  ciders  with  flavours  and  aromas
differentiated from the “traditional” beverage. These changes intend to turn cider
into a direct competitor of beer in the market of soft drink beverages [85]. These
strategies are not necessarily in association with the development of technological
strategies supported by the producers in these new challenges. Similar phenomena
in the cider industry are observed around the world. In order to contextualize this
situation, a comparison with the winemaking industry could be useful. Hundreds
of commercial yeast starters have been developed for winemaking, each with the
most diverse properties; however, the number of yeasts starters for cider making
is still low (Table 1). In fact, no commercial yeast starters have been developed
for  cider  making  at  all  in  Argentina,  so  many  producers  use  yeasts  originally
selected for winemaking.

In this context, a strategic plan aimed at identifying and selecting the appropriate
starter  culture  for  each  type  of  regional  cider  was  developed  (Fig.  2).  The
“hunting” and selection of yeasts was carried out promoting the unconventional
species S. uvarum. This Saccharomyces species has been systematically isolated
in environments related to apple musts fermentation in the world and particularly
in North Patagonia [86 - 94]. Moreover, the great diversity of S. uvarum strains
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that coexist in Patagonia, both in natural environments, traditional beverages and
ciders [11, 17, 18, 30, 93, 94], offers an ideal scenario to study both physiological
and genomic characteristics of the different strains in this species in a comparative
way,  as  well  as  their  potential  as  starter  cultures  for  the  production  of  specific
ciders with a 100% Patagonian imprint.

Screening of S. uvarum Strains for Cider Production

Patagonia seems to be a unique place in the world in terms of the diversity of the
S.  uvarum  cryotolerant  species.  Strains  of  this  species  have  been isolated  from
natural environments together with its sibling species S. eubayanus. These natural
habitats include both Nothofagus (bark, Cyttaria stromata and soil) [11, 30, 95]
and Araucaria  araucana  (bark  and seeds)  [18]  forests  in  Andean Patagonia.  S.
uvarum  was  also  isolated  from  traditional  fermented  beverages  called  apple
chichas [93] and from ciders fermented at low temperatures in North Patagonia
[94].  Further,  the  greatest  genomic diversity  of  this  yeast  species  was found in
Patagonia [10], with representatives of three out of the four genomic populations
described worldwide. Most strains isolated from natural environments belong to
the population named South America B (SA-B), the most taxonomically distant
after  the  Australasian  one.  On  the  other  hand,  strains  belonging  to  the  South
American  B  (SA-B)  and  to  the  mixed  population  named  South  America  A-
Holarctic (SA-A/HOL) were isolated from fermentative environments including
both apple chichas and ciders [17].

The  species  S.  uvarum  and  S.  eubayanus,  as  well  as  the  hybrids  S.  bayanus
(hybrid between S. uvarum and S. eubayanus with or without genomic portions of
S. cerevisiae) and S. pastorianus (hybrid between S. eubayanus and S. cerevisiae),
share unique physiological characteristics within the genus that include an active
fructose  transport  system,  high  fermentative  vigour  and  cryotolerance  [96].  In
particular,  different  strains  of  S.  uvarum  have  been  reported  to  be  able  to
completely  conduct  the  alcoholic  fermentation  of  grape  and  apple  musts,
producing  beverages  with  significantly  lower  ethanol  and  higher  glycerol
concentrations than S. cerevisiae, without an increase in the acetic acid levels [52,
75, 97 - 99]. S. uvarum also produces volatile compounds that directly improve
the fermented products flavour, such as 2-phenylethanol and its respective acetate
ester 2-phenyl-ethyl-acetate [52, 94, 100]. These physiological particularities of S.
uvarum  have  been  exploited  for  the  development  of  the  first  commercial  wine
yeast starter of this species named VELLUTO BMV58YSEO® (Lallemand).

The yeast selection criteria for cider making should be similar but not the same
required  for  a  wine  yeast.  Tolerance  to  ethanol  is  one  of  the  most  important
features  of  a  wine  yeast  starter  due  to  its  association  with  wine  stuck
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fermentations [101];  however,  the lower alcohol  concentrations in cider  reduce
the  relevance  of  this  parameter  in  starters  selected  for  this  beverage.  Osmotic
stress  is  another  parameter  involved  in  wine  stuck  fermentation  [102,  103].
Nevertheless,  apple  musts  exhibit  a  significantly  lower  concentration  of  sugars
than grape musts  and,  therefore,  no stuck fermentations due to this  factor  have
been reported in cider making.

On the opposite, the main stress factors in a cider yeast selection protocol are: i)
resistance to sulphite (sulphite, mostly in the form of metabisulphite, is normally
used in both cider and wine industries in Patagonia); ii) ability to ferment at low
temperature  (temperature  inside  the  cellars  in  Patagonia  fluctuate  considerably
during the production months, this phenomenon is most relevant in cider making
due to the possibility of elaborating ciders during winter by using fruits stored in
packinghouses);  iii)  ability  to  consume  fructose  at  low  glucose:fructose  ratios
(this phenomenon is especially relevant in ciders due to the high concentrations of
fructose in relation to glucose present in most apple varieties used in Patagonia,
that include mainly acidic fruits) [104].

In  order  to  satisfy  some  of  these  requirements,  efforts  were  directed  to  the
screening of S. uvarum strains that combine these characteristics of interest. In a
first step, a total of 31 Patagonian strains isolated from natural environments (11
strains), apple chicha  (16 strains), and ciders (4 strains) were evaluated in their
tolerance to the most relevant stress conditions for cider making. These strains,
representative  of  the  three  genomic  populations  described  for  the  species  in
Patagonia,  were compared with a  pool  of  27 European strains belonging to the
HOL population,  isolated from natural  (6  strains)  and fermentative  (21 strains)
environments, in order to determine the relationship between their physiological
properties, genomic background and origin. Different scenarios were evaluated:

i). Sulphite Tolerance

The  AFC  allows  the  addition  of  up  to  300  mg/L  of  total  sulphite  in  ciders;
however, most cider producers prefer to use lower doses of this compound in their
products, due to the demonstrated impact of this chemical compound on the health
and  on  sensory  attributes  of  the  ciders  [104].  Even  considering  the  maximum
allowed, sulphite does not represent a real stress factor for commercial starters of
S.  cerevisiae,  which  can  tolerate  significantly  higher  concentrations  of  this
compound (300-1500 mg/L) [105 - 108]. Contrarily, unconventional yeast species
such as S. uvarum do not have the same ability as S. cerevisiae to tolerate these
concentrations [109, 110]. In a comparative assay carried out with 58 S. uvarum
strains,  we  evidenced  that  those  isolated  from  natural  environments  (both
Patagonian  and  European  strains),  and  from  apple  chicha  (Patagonian  strains)
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were only able to tolerate very low concentrations of sulphite (0-200 mg/L). On
the other hand, a large number of strains isolated from fermentative environments
(mainly  European  strains  but  also  some  Patagonian  strains)  displayed  an
intermediate tolerance to this compound (200-300 mg/L) and only a few of them
(isolated from wine in Europe and cider in Patagonia) presented a high tolerance
to  sulphite  (300-900 mg/L).  All  these  strains  belonged to  the  HOL population.
When analyzing the whole sequence of these strains, a reciprocal chromosomal
translocation between chromosomes VII and XVI (VIItXVI) was detected. This
translocation  involves  numerous  genes,  including  the  SSU1  gene  (encoding  a
plasma membrane sulphite pump), involved in sulphite resistance [111, 112]. In
addition, these strains exhibiting the translocation presented a significantly higher
expression of the SSU1  gene than the wild type strains,  which gives them high
tolerance to sulphite [109, 110]. Similar results had been reported for S. cerevisiae
[107]; however, our results evidenced this domestication fingerprint in S. uvarum
for the first time. These strains have an important biotechnological potential for
cider industry.

ii). Temperature

S. uvarum has been described by numerous authors as a cryotolerant yeast species
[23,  113  -  116].  However,  most  of  these  studies  compare  S.  uvarum  strains
belonging to the less diverse genomic population (HOL), with other species of the
genus  as  S.  cerevisiae,  S.  kudriavzevii;  S.  eubayanus  or  hybrids.  Additionally,
these studies use mostly S. uvarum isolates from European environments, where
this  species  naturally  coexists  with  S.  cerevisiae.  In  Patagonia,  S.  uvarum  also
coexists with S. cerevisiae in fermentative environments [93, 94, 117]; however,
in  natural  environments  it  is  frequent  to  find  S.  uvarum  in  association  with  its
cryotolerant sister species S. eubayanus [11, 18, 30, 51].

In a comparative assay carried out with 58 strains of S. uvarum representative of
different  genomic  populations  and  origins,  different  fermentation  temperatures
were evaluated. Differential fermentation kinetics were observed. Strains isolated
from natural  environments  and apple  chichas  in  Patagonia  (belonging to  SA-B
and  SA-A/HOL  populations)  evidenced  better  fermentation  kinetics  (lower  lag
phase and higher growth rate) than European strains (isolated from both natural
and fermentative environments) and Patagonian strains obtained from cider (all of
them belonging to the HOL genomic population) in fermentations carried out at
25 °C and 30 °C. Competition trials between three strains (each from a different
genomic  population)  demonstrated  that  the  European  wine  strain  (HOL
population)  dominated  the  fermentation  at  13  °C,  while  both  SA-B  and  SA-
A/HOL  strains  (isolated  from  natural  environments  in  Patagonia)  became  the
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dominant  yeast  strain  in  fermentations  carried  out  at  30  °C  [94].  These  results
provided evidence about the differential behaviour exhibited by S. uvarum strains
with  regards  to  their  accompanying  species  in  the  environment.  Those  yeasts
strains  that  had  to  coexist  and  compete  with  the  highly  invasive  and  nomadic
species S. cerevisiae in the niche (as described by Goddard [118]) could be forced
to differentiate themselves in order to guarantee their subsistence. This could be
the case observed in S. uvarum strains isolated from fermentative environments in
Europe (HOL population) adapted to low temperatures, one of the few adaptations
that the species S. cerevisiae has not acquired. On the other hand, in Patagonian
natural  environments  the  situation  was  different,  despite  the  high  number  of
sampling studies in these habitats, no natural S. cerevisiae strains were obtained.
In  this  ecological  niche  S.  uvarum  coexists  with  their  sister  species,  also
cryotolerant,  S.  eubayanus  [11,  18,  30,  51].  The  coexistence  of  these  two
cryotolerant species, in absence of S. cerevisiae,  could have influenced a better
growth adaptation to a higher temperature range in S. uvarum strains isolated from
the  natural  environment  compared  to  the  HOL  strains.  A  similar  result  was
described among the sympatric species S. cerevisiae and S. paradoxus in Portugal
[23]. These authors observed that, even when the two species share a preference
for high temperatures, S. cerevisiae is able to grow at temperatures slightly higher
than  S.  paradoxus,  which  guarantees  the  coexistence  of  the  two  species  in  the
same habitat.

Differential adaptations to temperatures at the intraspecific level can be a useful
feature to be exploited for biotechnological purposes. As mentioned previously,
the cider industries in North Patagonia elaborate their products from both freshly
harvested  apples  (March-April)  and  stored  apples  from  packinghouses  (May-
October), extending the production time. The use of concentrated apple juice is
not  a  regular  practice  in  Patagonian  cider  making,  as  in  other  areas  worldwide
[104].  In  addition,  the  lack  of  temperature  control  during  the  fermentation
processes cause a significant variation in the fermentation temperatures along the
year; from 20-25 °C in summer to 8-15° C in winter (unpublished data). In fact,
some  producers  have  reported  stuck  fermentations  caused  by  the  low  winter
temperatures in cases of both spontaneous fermentations carried out without the
addition  of  yeast  starters  or  even  in  conducted  fermentations  carried  out  with
starters belonging to S. cerevisiae species.

Numerous studies have been carried out on ciders produced in geographical areas
with low temperatures, where the fermentation is carried out at cellar temperature
of 12-15 °C [88, 89, 91, 92, 119]. A strong relationship between the temperature
of  fermentation  and  the  yeast  population  dynamics  was  observed  [89].  For
example, the dominance of S. cerevisiae strains was detected in cider elaborated
in  warm  seasons  (average  temperature  24°C)  over  ciders  elaborated  in  cold
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seasons (10-12 °C). S. bayanus has been reported together with S. cerevisiae in
ciders  made at  unspecified temperatures  [87,  90,  120,  121],  and its  presence is
detailed at the beginning [122], middle and end of fermentation [91, 92] in ciders
made  on  an  industrial  scale  at  cellar  temperature  of  12-15°C.  In  these
temperatures, S. bayanus even dominates over S. cerevisiae due to its cryophilic
nature (S-v 2007).

iii). Fructose Consumption

Another  biotechnological  property  of  the  cryotolerant  species  S.  uvarum  is  the
ability to consume fructose. This attribute has been related directly to the presence
of  the  specific  fructose-proton  transporter  Fsy1p.  Fsy1p,  also  present  in  S.
eubayanus and the hybrids S. bayanus and S. pastorianus, showing an affinity for
fructose of at least an order of magnitude greater than the affinity exhibited by the
Hxtp  hexose  transporters  for  the  same  molecule.  This  phenomenon  gives  S.
uvarum  a  substantial  adaptive  advantage  in  environments  with  a  high
concentration  of  fructose  [100,  123  -  125].  Different  fructose  consumption
kinetics were observed in a comparative trial carried out with S. uvarum strains
representative  from  each  genomic  population  and  origin.  Three  fermentation
conditions  were  evaluated  in  synthetic  must  (MS300  with  modifications)
containing 120 g/L of glucose and fructose according to the following ratios 1:1,
1:2  and  1:4.  These  conditions  simulate  the  concentrations  detected  in  different
apple musts used in the Patagonian cider industry. The European and Patagonian
cider  strains  (HOL) presented better  fermentation kinetics  in  the 1:1 condition,
demonstrating  a  high  preference  for  glucose  in  relation  to  fructose,  whereas
strains  isolated  from  apple  chicha  (SA-A/HOL  population)  presented  better
fermentation  kinetics  in  the  1:4  condition  with  a  fructose  consumption  rate
significantly higher in this condition in relation to the other strains. In addition,
this  strain  presented a  higher  rate  of  fructose consumption in  the 1:4 condition
than in the 1:1 condition (unpublished data), indicating that the concentration of
these sugars in the must directly affect the behaviour of this strain, as described by
Berthels et al. (2004). The differential fructose consumption at the intraspecific
level observed in this assay also shows the great biotechnological potential of the
S. uvarum yeast diversity for the selection of specific starters for particular apple
varieties used in the cider industry.

Selection of S. uvarum Cider Starter Cultures

The adaptations described previously for S. uvarum,  were used to select strains
with  distinctive  properties,  to  be  used  in  pilot-scale  fermentations  combining
different variables of interest in the cider industry. In this stage, it is important to
evaluate  the  ability  of  these  yeast  strains  to  dominate  a  fermentation  process
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characterized  by  several  microorganisms  naturally  present  in  apple  musts  and
cellar equipment, and their capacity to produce a combination of certain aromatic
compounds  that  result  in  a  complex  cider  with  a  high  degree  of  acceptance  by
consumers [104, 126, 127]. In this context, and considering the need for excellent
implantation of an S. uvarum yeast starter, certain variables involved in the cider
elaboration process should be taken into account due to their strong influence on
the  implantation  capacity  of  the  starter  and  the  sensory  attributes  of  the  final
products.  The  most  important  variables  are:  i)  fermentation  temperature:  this
parameter is extremely important for the successful implantation of cryotolerant
species  and  the  development  of  the  secondary  aroma  (aromatic  compounds
produced by the yeast during the fermentation); ii) apple variety: because of the
already  mentioned  glucose:  fructose  ratios  involved  in  each  particular  apple
variety and its subsequent effect on yeast growth during the production of varietal
ciders  of  great  interest  for  producers  [84].  It  has  been  demonstrated  that  each
apple  variety  presents  different  physicochemical  properties  that  impact  on  the
final  product,  including  the  pH  that  could  even  affect  the  implantation  of  the
yeasts used as starter culture due to the differential effect of SO2 on this parameter
[104,  128,  129].  Taken  these  two  variables  into  account,  a  set  of  experiments
based on pilot-scale fermentations were designed:

i).  Impact  of  the  Fermentation  Temperature  on  Starter  Implantation  and
Aromatic Properties of Ciders

A strain of S. uvarum isolated from apple chicha was selected for this first trial.
This  strain  had  shown  high  fermentative  vigour  at  20-25  °C,  high  fructose
consumption in musts with low glucose:fructose ratio, but low sulphite tolerance.
Granny Smith apple juice (glucose:fructose ratio 1:3) and sublethal concentrations
of  sulphite  (100  mg/L)  were  used  in  this  assay.  The  starter  implantation,
fermentation kinetics, chemical composition and sensory analysis of the resulting
beverage  were  evaluated  and  compared  with  the  ciders  fermented  with  a
commercial strain of S. cerevisiae, a wine yeast used by regional cider producers.
Fermentations  were  carried  out  at  25  °C.  Relatively  high  implantation  was
observed in the final stage of the fermentations inoculated with S. uvarum (63%)
while the commercial strain S. cerevisiae was not able to conduct the fermentation
of  this  must,  not  being  detected  at  the  end  of  the  fermentations.  These  results
support the importance of the development of a specific yeast starter for each type
of  beverage;  the  use  of  wine  yeast  starters  in  cider  elaboration  is  not
recommended, at least without the corresponding implantation study. On the other
hand,  this  could  explain  the  high  variability  of  the  product  detected  year  after
year,  a  problem  that  producers  claim  to  have.  Ciders  fermented  with  the  S.
uvarum  strain  showed  a  higher  concentration  of  glycerol,  citric  acid,  2-



302   Yeasts: From Nature to Bioprocesses Gonzalez Flores et al.

phenylethanol and 2-phenylethyl acetate, all of them are typical characteristics of
S.  uvarum  [52,  97,  123,  130  -  134].  These  compounds  are  directly  related  to  a
positive  sensory  impact,  giving  the  beverages  greater  body,  acidity  and  fruity
aromas  [135].  The  ciders  conducted  with  the  S.  uvarum  strain  were  preferred
(66% vs 34%) in a consumer preferences analysis [94]. In order to improve the
implantation of S. uvarum, the same fermentations were conducted at 13 °C using
the  same  Granny  Smith  apple  juice.  In  this  case,  the  implantation  capacity
observed for S. uvarum was 100%, and again no implantation was observed for
the commercial S. cerevisiae yeast [94].

ii).  Impact  of  the  Apple  Variety  and  the  Addition  of  Sulphite  on  the
Fermentative,  Aromatic  and  Sensory  Attributes  of  Ciders  Conducted  with
Different  S.  uvarum  Strains

Three different  apple varieties  were evaluated:  Granny Smith,  Pink Lady (both
acidic  apple  varieties)  and a  bivarietal  mix of  Packam's/D’anjou pear  varietals.
Due to the high implantation observed for S. uvarum at 13 ºC in previous studies
[94], this temperature was maintained in these fermentations. On this occasion,
two strains  belonging  to  S.  uvarum  species  were  used:  the  strain  isolated  from
chicha  used  in  previous  fermentations  and  the  strain  isolated  from  Patagonian
ciders  that  showed  a  high  sulphite  tolerance,  preference  for  glucose,  and  high
fermentation kinetics at low temperature. Besides, all fermentations were carried
out  with  200  mg/L  of  sulphite,  a  concentration  normally  used  by  regional
producers.  Very  low  and  no  implantation  of  the  chicha  S.  uvarum  strain  was
observed in the fermentations carried out with Granny Smith and Pink Lady apple
musts,  respectively.  Contrarily,  the  cider  S.  uvarum  strain  evidenced  a  100%
implantation in the two musts. This phenomenon could be caused by the elevated
sulphite concentrations used in the assays and the differential sulphite tolerance of
the  inoculated  yeast  strain.  Regarding  the  production  of  aromatic  compounds,
high  concentrations  of  glycerol,  2-phenylethanol  and  its  acetate  ester  were
observed  in  the  fermentations  conducted  with  the  cider  strain  [94].  Sensory
analysis evidenced the preference of the consumers (71%) for the cider produced
with Pink Lady apple must, while 40% of the total consumers preferred the cider
elaborated with Granny Smith apple must [94]. Finally, in fermentations carried
out using pear juice, these results were completely different. A 100% implantation
was  observed  for  the  two  analyzed  yeast  strains.  This  behaviour  could  be
associated  with  the  significantly  higher  pH  of  pear  musts  in  relation  to  apple
musts (4.2 vs 3.5, respectively). On this condition, sulphite exhibits a decrease in
its  antimicrobial  effect  of  up  to  60% [136].  Moreover,  malolactic  fermentation
developed by lactic acid bacteria (LAB) was observed in the cider fermentations
conducted  with  the  S.  uvarum  strain  from chicha.  This  additional  fermentative
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process altered the final concentrations of various compounds such as lactic acid
and ethyl lactate, inducing a great diversification among the ciders produced with
the  two  S.  uvarum  strains.  We  have  evidence  to  infer  that  the  development  of
LAB in these fermentations, as well as their inhibition in fermentations conducted
with the cider S. uvarum strain, is closely related to the interaction between the
LAB and  the  particular  strain  that  dominates  the  fermentation  [137].  All  these
differences,  influenced  the  final  products  at  the  sensory  level.  In  the  sensory
analysis, the consumers preferably chose the ciders fermented with the S. uvarum
strain obtained from apple chicha. With this complete background, it is clear that
different  strains  must  be  selected  for  each  type  of  must  and  also  that  the
technological  practices  of  each  producer  must  be  taken  into  account.

Bioprospecting of Yeast for Cider: From Nature to Industry

A  long  road  must  be  travelled  from  the  initial  isolation  and  genomic  and
physiological  characterization  of  yeast  to  its  selection  and  use  to  conduct  a
fermentation, to produce ciders with aromatic complexity and sensory acceptance
by the consumers (Fig.  2).  In our experience,  we emphasize the respect for the
producer demands coupled with the selection of specific yeast strains adapted to
these needs.  The last  stage of  these  processes  is  the  evaluation of  the  yeasts  at
industrial level as well as the transfer of the novel technology to the industry. At
this  moment,  the  mentioned  technological  developments  are  being  tested  by
different  cider  companies  in  Argentina  through  the  technological  assistance
agreements that  should also allow genetic  resource protection.  The objective is
clear,  to  work  with  both  big  companies  that  concentrate  the  biggest  cider
production  in  Argentina  and  small  producers  that  bet  for  the  innovation,
diversification and controlled production of this beverage. As we mentioned at the
beginning  of  this  section,  these  advances  should  go  hand  in  hand  with  the
development  of  new market  trends that  accompany the demands of  a  forgotten
industry that is rising significantly.

WINE INNOVATION AND YEAST BIOTECHNOLOGY

Cryotolerant Yeasts for Patagonian White Wines

The  transformation  of  the  grape  must  into  wine,  or  winemaking,  is  a  complex
biotechnological  process  almost  as  old  as  human  history,  involving  grapes,
microorganisms  and  technology.  This  particular  transformation,  carried  out
empirically in its beginnings, evidenced a significant scientific advance during the
last  150  years,  revealing  the  intricate  microbial  and  biochemical  phenomena
involved  in  the  process.  Since  grape  must  comprise  a  nutritionally  complex
substrate  ideal  for  the  development  of  microorganisms,  a  great  variety  of
non-Saccharomyces  yeasts  can  be  found  along  the  whole  winemaking  process,
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including  the  genera  Debaryomyces,  Dekkera,  Hanseniaspora,  Issatchenkia,
Lachancea, Meyerozyma, Metschnikowia, Pichia, Torulaspora, Wickerhamomy-
ces  and Zygosaccharomyces,  among others  [138].  These yeasts  that  inhabit  the
surface of the grapes are transferred to the musts during the winemaking process
and become responsible for the initial stages of fermentation. Later, these species
begin  to  decline  in  number  due  to  diverse  winemaking  stress  factors  occurring
during  the  process  and  the  Saccharomyces  species,  especially  S.  cerevisiae,
dominate the fermentation up to the end [139].  In much lesser extension,  other
species  included  in  the  Saccharomyces  genus  can  also  participate  and  even
become  dominant  during  the  fermentation  processes  as  it  is  the  case  of  S.
paradoxus in particular Croatian wines [140] and S. uvarum in wine fermentations
conducted  at  low temperature  in  different  winemaking  regions  [114,  131,  141,
142].  The  winemaking  process  carried  out  by  the  mixed  populations  of  yeasts
naturally  present  on  both  grapes  and  winery  equipment  surfaces  is  known  as
natural  or  spontaneous  fermentation.  The  main  characteristic  of  the  wines
obtained  by  means  of  this  methodology  is  great  organoleptic  complexity.
Contrarily,  the  lack  of  reproducibility  inherent  to  these  natural  fermentations
represents  a  serious industrial  problem. For this  reason,  the use of  yeast  starter
cultures  constituted  by  selected  yeasts  has  been  introduced  as  a  common
oenological practice, which allows better microbiological control of the process
through  the  normalization  of  the  involved  biota.  On  the  other  hand,  the  most
important disadvantage of starter cultures, typically constituted by a pure culture
of a selected S. cerevisiae strain, is the production of wines with standard sensory
quality, with flat aromatic profiles that lose the organoleptic complexity provided
by the complex biota of indigenous yeasts present in natural fermentations [143].

The fierce competition in the wine market looking for the diversification of the
commercial  products  has  led  to  an  increase  in  the  diversity  of  yeast  starters
available in the market. These new developments included species different from
S. cerevisiae such as S. uvarum [96, 133, 144], mixed cultures of Saccharomyces
and  one  or  more  strains  belonging  to  the  big  group  of  wine  yeasts  known  as
non-Saccharomyces  [144,  145]  and  hybrid  strains  [96,  98,  146].  However,  the
number  and  diversity  of  wine  yeast  starters  selected,  produced  and
commercialized  in  Argentina  is  still  very  limited  and  mostly  associated  with
specific  regional  scientific  developments.

Faced with these demands,  North Patagonian winemakers  started together  with
scientific  institutions  a  prospection  of  local  yeasts  to  be  used  for  the
differentiation  of  Patagonian  wines.  Different  approaches  have  been  made  in
order to produce a set of different yeast starters for red and white wines, including
the selection of strains belonging to S. cerevisiae, Saccharomyces non-cerevisiae
and interspecific hybrids [54] as well as non-Saccharomyces species [147, 148].
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In  the  following  sections  the  specific  advances  on  the  selection  and
characterization  of  non-conventional  (Saccharomyces  non-cerevisiae  and
interspecific hybrids) yeasts carried out for the development of a starter culture for
white wines able to perform fermentations at low temperature will be synthesized
and discussed.

Screening of Non-Conventional Yeasts for White Wines Elaboration at Low
Temperature

Based  on  the  purpose  of  looking  for  specific  yeasts  to  perform  white  wine
fermentations characterized by a  low fermentation temperature,  our  search was
firstly oriented to S. uvarum. This species frequently found in wine fermentations
at  low temperature,  produces wines with high glycerol concentrations and high
concentrations  of  higher  alcohols  specially  2-phenyletahanol,  which  confers  a
floral aromatic feature to wines [133]. Several S. uvarum strains had been isolated
in different works carried out in our laboratory from different sources including
both natural environments and fermentative processes in Patagonia as mentioned
in the cider section [18, 93, 94].

On the other hand, the recent discovery of S. eubayanus in Patagonian forests [11,
18], also turned this cryotolerant species into an object of study for winemaking.
In this way, Andean Patagonia seems to be a great source of cryotolerant yeasts of
the Saccharomyces genus, which could be selected and used for low temperature
fermentations, adding new differential organoleptic features.

Low fermentation temperature enables the retention of esters and higher alcohols,
related to the flavour [149 - 152]. For that reason, this technological phenomenon
was incorporated into most white wine fermentations, in which, due to the short
period  of  maceration  (contact  between  grape  juice  and  skins),  the  retention  of
aroma compounds became necessary [143, 153, 154]. Fermentation temperature
should be strongly controlled since it has been reported that both yeasts growth
and alcoholic fermentation, are enhanced by increasing temperatures. However,
temperatures higher than 30ºC could damage the yeasts cell  membrane causing
protein  denaturation  [153,  155].  Low  temperature  also  affects  the  plasmatic
membrane,  diminishing  its  fluidity  by  increasing  fatty  acids  saturation  [156].
Yeasts adapted to ferment at low temperatures are not easily found on the market,
with only a few representatives used in most wineries [98, 157].

Yeast Response to Winemaking Stress Factors

A plethora of factors that characterize the process are known to become stressors
for the yeast cultures and must be evaluated during selection protocols. Besides
the already mentioned stress factors in cider fermentations, SO2 concentration and
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temperature, additional stressors became very important in winemaking such as
grape  musts  sugar  and  nitrogen  concentration,  as  well  as,  the  ethanol  level
produced during the process [158]. This evaluation is particularly relevant when
non-conventional  yeasts  isolated  from  other  origins  (different  from  wine)  are
proposed to be used, due to the fact that they should not necessarily be adapted to
the specific winemaking environment. The effect of winemaking stress factors on
yeasts  has  been  evaluated  using  different  methodologies.  The  most  commonly
used methods include the drop test in agar plates [115] and the microtiter plate
assays [159]. Moreover, the use of different synthetic growth media has largely
been  employed  at  laboratory  scales  for  understanding  yeasts  growth,  including
synthetic  grape must,  and its  behaviour  under  different  stress  conditions  [160].
Finally,  stress  factors  can  be  evaluated  individually  (stressor  by  stressor  in
different culture media) [115] or combined (two or more stressors together in the
same medium)  [116,  161].  For  the  last  strategy,  the  experimental  design  could
also be employed in order to reduce the number of assays to be performed [54,
159].

A preliminary study carried out on a set of strains belonging to both S. eubayanus
and  S.  uvarum  species  was  made  in  order  to  elucidate  their  tolerance  to  some
general stress factors typically present at the beginning of fermentation including
temperature,  pH,  sugar  and  sulphur  dioxide  concentrations.  Central  composite
experimental design was used to evaluate the combined effect of all these factors
in a controlled situation. This study allows to predict the yeast behaviour after the
inoculation  of  the  grape  must,  as  well  as  to  identify  the  best  conditions  to
guarantee  its  implantation.  Most  of  these  parameters  affected  the  growth of  all
yeast strains analysed in different degrees, being the condition characterized by 20
°C, pH 4.5 and absence of SO2, the one that evidenced the best yeast performance
[54]. The SO2 concentration was the stressor that caused the most drastic effect on
yeast  growth.  Contrarily,  sugar  concentration  in  the  must  do  not  significantly
affect the yeast growth, at least in the evaluated concentrations ranging from 40 to
360  g/L  [54],  which  are  extremely  far  from the  normal  limits  present  in  grape
musts between 120 and 250 g/L [153].

Nutrient  availability  in  grape  must  is  another  key  for  fermentation  progress.
Nitrogen  is  known  as  the  major  limiting  nutrient  and  is  mainly  composed  of
ammonium and amino acids, as the source of yeast assimilable nitrogen (YAN)
[158].  In this  regard,  S.  eubayanus  was studied for  the first  time in a  subset  of
cryotolerant strains of S. uvarum from different origins, two S. kudriavzevii and a
wine  S.  cerevisiae  yeast.  A  preliminary  nitrogen  requirement  evaluation,
conducted in synthetic grape must complemented with the compound (20 to 300
mg/L YAN), interestingly showed that S. eubayanus was the species less affected
by  the  increasing  concentrations  of  the  nutrient.  Thus,  S.  eubayanus  and  S.
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uvarum strains from chicha, both selected for their best behaviours, were included
in mixed cultures with a wine S. cerevisiae strain. Microfermentations in synthetic
must with different nitrogen concentrations (60, 140 and 300 mg/L YAN) carried
out at different temperatures (12 °C, 20 °C and 28 °C) evidenced the prevalence
of  the  cryotolerant  strains  at  12  °C,  independently  from  the  nitrogen
concentration. Also, S. eubayanus in both, pure and mixed cultures, showed the
best fermentative behaviour at intermediate temperature, especially with low and
intermediate  nitrogen  concentration  [162],  which  could  be  related  to  the
nutritional poor conditions that characterize natural environments. These results
suggest, not only that cryotolerant Saccharomyces species could be interesting to
avoid  stuck  fermentations  by  means  of  low  nitrogen  content  but  also,  that  the
particular  potential  of  S.  eubayanus  as  a  fermentative yeast  of  grape must  with
low nutritional requirements.

Ethanol  is  the  main  product  of  fermentation.  However,  high  ethanol
concentrations can cause severe damage to the yeast cells including the increase
of yeast cell membrane fluidity with the consequent loss of cellular integrity as
well  as  the  inhibition  and  denaturation  of  glycolysis  enzymes  [163].  Yeast
response  to  ethanol  in  fermentation  processes  has  been  largely  studied  [164  -
166]. According to recent results, both S. eubayanus and S. uvarum strains from
Patagonia present a good tolerance to ethanol (up to 8%) [54], comparable with
that observed for S. uvarum strains isolated from wine [133, 165].

Technological Features of S. uvarum and S. eubayanus for Winemaking

Some S. eubayanus and S. uvarum strains from different habitats also evidenced
antagonist  activity  against  reference  sensitive  yeast  strains  [52].  Antagonist
activity  is  a  technological  trait  of  importance  in  winemaking  yeast  selection
protocols, which allows the starter strain to compete with other Saccharomyces
strains  as  well  as  to  eliminate  spoilage  yeasts  naturally  present  in  grape  musts
[167]. In fact, for the first time, it was described and characterized the antagonistic
activity of a strain belonging to S. eubayanus species [52] against wine spoilage
yeasts species including Brettanomyces bruxellensis, Meyerozyma guilliermondii,
Pichia manshurica  and Pichia membranifaciens  [168, 169]. Most strains of the
two species were also able to produce different enzymes of oenological interest,
such as β-glucosidases and β-xilosidases [52]. These enzymes are responsible for
the  enhancement  of  the  varietal  aroma  in  wines  due  to  their  ability  to  release
volatile and aromatic compounds from conjugated odourless precursors present in
grape musts [145, 170, 171].

About  the  production  of  particular  compounds  of  relevance  in  winemaking,
glycerol  is  the  main  product  of  the  alcoholic  fermentation  following  ethanol.
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Glycerol imparts a slightly sweet taste and a pleasant viscosity, contributing to the
smoothness,  consistency and well-known body of  the  wine [135,  172].  Several
studies have demonstrated the ability of the species S. uvarum to produce elevated
concentrations of glycerol in wines, on several occasions, higher levels than the
ones  produced  by  S.  cerevisiae,  with  the  consequent  reduction  in  the  ethanol
concentration  [97,  116,  173,  174].  Then,  high  glycerol  concentrations  are  an
expected feature for this species; however, little is known about the same ability
in S. eubayanus. The strains belonging to the two species including those obtained
from both, natural and fermentative habitats, evidenced variable production of this
compound when assayed in fermentation conditions in synthetic must at 20 °C.
Some of these strains produced higher concentrations of glycerol and lower levels
of  ethanol  than  S.  cerevisiae,  without  overproduction  of  acetic  acid  [74].  A
relationship  between  physiological  features  and  the  origin  of  isolation  was
previously  described  for  S.  uvarum  [10,  52].  This  was  observed  in  a  study  of
tolerance  to  winemaking  stress  conditions,  where  S.  eubayanus  and  S.  uvarum
strains from A. araucana showed homogeneous growth kinetics under increasing
ethanol concentrations, while the response of S. uvarum strains from fermentative
habitat was varied [54]. This homogeneous behaviour by some of the strains from
natural habitat was also observed in a study of nutritional requirements, when the
strains were submitted to increasing nitrogen concentrations in synthetic must (20
to 300 mg/L YAN) [162].

The difficulty of gathering all stress tolerance capacities and metabolic attributes
that  successfully  allow  to  obtain  white  wines  with  a  particular  aromatic
complexity  in  only  one  non-conventional  strain  extended  the  biotechnological
development  to  the  generation  and  selection  of  interspecific  hybrid  yeasts.
Diverse studies have demonstrated that hybrid yeasts can better adapt to fluctuant
stress  conditions  found  in  winemaking  [175]  since  they  acquire  physiological
properties from their parents [141, 150, 176]. Moreover, hybridization has been
proposed  to  improve  characteristics  like  the  ability  to  grow  at  a  particular
temperature or the ethanol tolerance, features that are dependent on numerous loci
distributed throughout the yeast genome [177 - 179].

The Hybridization Strategy

Representative strains belonging to S.  eubayanus  and S.  uvarum,  were selected
according to their technological features and stress factors tolerance in order to
generate artificial interspecific hybrid yeasts, using natural (non-GMO producing)
methods such as  mass mating and spore to  spore mating [74,  75].  Prototrophic
cryotolerant strains (either S. eubayanus or S. uvarum) were crossed with natural
auxotrophic strains (lys-) of an S. cerevisiae wine strain [74, 75]. Because of the
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well-known genetically unstable nature of recently generated hybrids, mainly due
to  their  alloploid  genomes  [180],  a  genomic  stabilization  procedure  should  be
applied  after  hybrids  generation  [176].  Based  on  the  adaptive  evolution
phenomenon, the genomic stabilization has been proposed to be done under the
selective  or  “enriching”  conditions  typically  present  in  the  substrate  where  the
hybrids should be used [180 - 182]; for that reason, S. cerevisiae x S. eubayanus
and  S.  cerevisiae  x  S.  uvarum  hybrids  were  stabilized  by  means  of  successive
fermentations on Sauvignon blanc grape must [74, 75].

In a first  fermentation study carried out with S. cerevisiae  x S. uvarum  hybrids
(obtained from different strains of S. uvarum but the same S. cerevisiae) in sterile
Sauvignon blanc must, no differences were obtained in the chemical composition
independently  of  the  hybrid  and  fermentation  temperature  [74].  Nevertheless,
some metabolites  produced  by  the  hybrids  showed differences  when compared
with  the  ones  from  both  parental  strains.  They  evidenced  intermediate
concentrations of ethanol and higher glycerol  levels than the ones produced by
their S. cerevisiae parental strain, with total consumption of sugars in all cases.
Additionally, 2-phenyethanol and its ethyl-acetate, which are related to S. uvarum
metabolism and that mask the typical aromas of Sauvignon blanc [183], were only
found at very low levels in the wines fermented by the hybrids. On the other hand,
the higher alcohols 1-propanol and 1-butanol, previously observed in S. cerevisiae
x S. bayanus  [184], together with malic acid, as described for S. uvarum  [185],
were produced by the hybrids at the highest levels [74].

In  a  second  study  carried  out  with  both  S.  uvarum  x  S.  cerevisiae  and  S.
eubayanus x S. cerevisiae, a broader temperature growth range (8 °C to 37 °C) in
all the hybrids with regards to their parental species [75] were observed. These
hybrids were able to grow at low (as low as S. eubayanus or S. uvarum) and high
(as high as S. cerevisiae) temperatures [75]. These results are in accordance with
previous reports which describe hybrids possessing subgenomes of S. cerevisiae
and of one of the well-known cryotolerant species S. uvarum, S. eubayanus or S.
kudriavzevii [115, 159].

Similar behaviour was observed with regards to the SO2 tolerance among hybrids
and parental strains. Hybrids exhibited an intermediate sulphite tolerance among
the parental  strains,  being,  in some cases,  similar  to that  observed for the most
tolerant  parent  S.  cerevisiae.  One  of  the  most  tolerant  hybrid  strains  was  the
triploid  S.  cerevisiae  x  S.  uvarum;  suggesting  that  its  tolerance  might  be
associated with the presence of a higher copy number of the S: cerevisiae genes
responsible  for  the  sulphite  tolerance  [75].  Hybrids  also  showed  intermediate
tolerance  to  high  external  ethanol  (8%  v/v)  and  sugar  (up  to  300  mg/L)
concentrations  with  regards  to  their  parents  [75].  Finally,  the  response  of  both
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hybrids and parental strains in response to two particular problematic winemaking
situations  were  evaluated  in  fermentations  on  modified  synthetic  grape  must
[186]. In a first step, yeasts performance on a synthetic must with an unbalanced
glucose/fructose  ratio  (80:160  g/L)  was  analysed  at  two  (13  ºC  and  20  ºC)
different temperatures. This unbalanced ratio could be a consequence of climate
change  [187].  The  differential  affinity  to  the  hexoses  glucose  and  fructose
typically  found  in  grape  musts  has  been  studied  for  different  yeast  strains  [96,
188]. In fact, the species S. uvarum has been associated with a more fructophilic
character  than  S.  cerevisiae  [96].  In  our  study,  only  the  hybrids  were  able  to
complete the unbalanced fermentations at 13ºC, producing synthetic wines with
significantly  lower  acetic  acid  concentrations  than  their  parents.  These  data
suggest the existence of the hybrid vigour phenomenon in the analysed conditions
[75]. In a second step, a situation mimicking an incomplete or stuck fermentation
was assayed. Both parental and hybrid strains, with the exception of S. eubayanus,
were able to restart the fermentations at 13 °C; however, all hybrids showed the
extra  advantage  of  producing  synthetic  wines  with  reduced  acetic  acid  content
[75].  This  repeated  observation  regarding  low acetic  acid  production  in  hybrid
strains had already been registered in Sauvignon blanc  natural grape must [74],
suggesting that it is a stable feature of these hybrids.

From the Laboratory to The Winemaking Industry

Yeasts employed as starter cultures should be able to compete with the diverse
biota naturally present in natural grape musts, becoming the dominant yeast strain
during the whole process. A good implantation ability, mostly higher than 80%,
guarantees  that  most  organoleptic  features  of  the  obtained  wine  are  due  to  the
inoculated  starter  and  not  to  the  native  yeasts  [189].  Different  authors  have
studied the competition capacity of strains belonging to the species S. uvarum, S.
eubayanus as well as hybrids containing subgenomes from these species together
with S. cerevisiae in special conditions [190, 191]. However, scarce information is
available  about  the  implantation  capacity  of  these  microorganisms  on  natural
grape must in real winemaking situations. Most data obtained in our laboratory
suggested  the  presence  of  differential  adaptive  features  in  the  hybrids  and
interesting  potential  for  the  winemaking  industry.  However,  their  implantation
capacity, chemical composition as well as sensory acceptance of wines fermented
with these microorganisms should be tested. For that reason, some of the hybrids
generated  were  selected  to  be  evaluated  at  pilot  scale  using  natural  Sauvignon
blanc at 13 °C. Hybrids were compared with their respective parental strains. An
intermediate  implantation  capacity  was  observed  for  both  S.  uvarum  and  its
hybrid S. uvarum x S. cerevisiae in Sauvignon blanc wines (45 and 43%) [54]. On
the other hand, the hybrid S. cerevisiae x S. eubayanus was not detected at the end
of alcoholic fermentation (0% implantation) while the best results were obtained
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with the parental strain S. eubayanus (83% implantation). This surprising result
obtained  with  S.  eubayanus  was  accompanied  by  a  low  fermentation  kinetic
despite  a  complete  sugar  consumption.  S.  cerevisiae  strains  used  as  references
also showed an intermediate implantation ability (70%).

With  regards  to  the  chemical  and  sensory  attributes  of  the  wines,  fermentation
products obtained with the S. cerevisiae parental strain were characterized by the
highest  concentrations  of  ethanol  and  total  higher  alcohols  (mainly  isoamyl
alcohol).  In general,  with the exception of 2-phenylethanol, higher alcohols are
considered unpleasant aromas, however, in concentrations lower than 400 mg/L
they  contribute  to  the  wine  complexity  [151].  On  the  other  hand,  the  wines
fermented  with  the  hybrids  as  well  as  with  the  parental  S.  uvarum  evidenced
significantly  higher  concentrations  of  total  esters  (mostly  ethyl  lactate).  The
production of esters by some hybrids was already reported by Gamero et al. [97].
Ethyl lactate, in particular, was also found in Sauvignon blanc wines and it was
associated  with  fruity  aromas  when  found  in  low  levels  [135].  The  principal
difference in wines produced by the parental strain S. uvarum and the hybrids was
the predominant presence of 2-phenylethanol produced by the parental strain, also
observed in previous reports [74]. Finally, S. eubayanus produced wines with an
important  amount  of  acetaldehyde,  as  well  as  high  concentrations  of  glycerol,
malic acid, 2-phenylethanol and 2-phenylethyl acetate (these last two compounds
were produced in even higher concentrations than the same with S. uvarum).

In  reference  to  the  sensory  analysis,  two  different  assays  were  performed
including  a  preference  test  carried  out  with  untrained  people  (40  people)  -
untrained people tend to perceive the product  in an integrated and general  way
[192] - and a descriptive analysis carried out with a trained panel. The analyses
were performed separately, i.e. wines obtained with each hybrid were compared
with the ones fermented by their particular set of parental strains. Independently
of  the  comparison,  all  consumers  detected  important  differences  among  wines.
For  the  comparison  between  wines  obtained  with  S.  cerevisiae,  S.  uvarum  and
their respective hybrid strain, the preference tests evidenced similar percentages
for the three products. The evaluation of the other trio (S. cerevisiae, S. eubayanus
and  their  hybrid  strain)  evidenced  a  significantly  low  preference  for  the  wine
fermented  with  S.  eubayanus  (20%),  while  no  difference  was  detected  for  the
remaining  two  wines.  Interestingly,  besides  the  remarkable  content  of  2-
phenylethanol and 2-phenylethile acetate (associated with floral and honey notes)
[172]  present  in  wines  fermented  with  S.  eubayanus,  this  product  was  not
preferred  by  the  untrained  public.  Perhaps  the  high  levels  of  acetaldehyde
produced by this strain could be the cause of rejection since it is associated with
green  apple  when  found  at  low levels,  but  it  can  be  perceived  as  a  pungent  or
irritating  aroma,  which  could  be  reminiscent  of  green  grass  in  higher
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concentrations  [193].  In  spite  of  the  low  acceptance,  all  wines  evidenced
particular  aroma  profiles  according  to  the  trained  panel  that  included  some
regional oenologists. In fact, we are evaluating both hybrids and parental strains at
an industrial scale in regional wineries in order to produce Sauvignon blanc wines
with differential features to be used in the elaboration of complex wines by means
of their combinations.

Our experience comprises one of the scarce reports available, up to the moment,
related to the behaviour of both S. eubayanus and its hybrids in low temperature
winemaking conditions, with a high potential for the regional industry.

CONCLUSION

The present chapter aimed to review the role of yeasts in the production of the
three most popular non-distilled fermented alcoholic beverages: beer, cider and
wine.  In  particular,  we  focused  on  the  new  trends  that  are  influencing  recent
innovation  strategies  in  these  beverages  regarding  the  use  of  non-conventional
yeasts for boosting flavour complexity and / or developing new special products,
and the incorporation of  regional  identity  by using locally  sourced strains.  The
experiences gathered in the region of Andean Patagonia (Argentina) related to the
isolation, screening, selection and even improvement of local cold-adapted yeasts
of S. uvarum and S. eubayanus were reviewed as well as the challenging aspects
to  scale-up  trials  and  technology  transfer  to  the  beverage  industry.  It  becomes
clear  that  the  use  of  adequate  selective  isolation  protocols  and  well-planned
screening and selection strategies are the basics for success in this type of studies.
Later, the application of factorial design and central composite experiments aid in
determining  the  most  relevant  factors  influencing  each  bioprocess  at  lab  and
semi-pilot  scales.  The  use  of  directed  experimental  evolution  and  /  or
hybridization techniques helps  in  the rapid acquisition of  desirable  traits  in  the
non-domesticated strains. Finally, successful interaction with the industry requires
from  the  scientific  side  a  profound  knowledge  of  the  process  and  product
characteristics  in  order  to  gain the confidence needed and to ensure a  common
language  with  the  other  party,  especially  when  it  involves  craft  or  small
companies.  The successful cases reviewed here of already released commercial
products are proof that the laborious road from nature to industry application is
feasible and advantageous. We hope that sharing these experiences might inspire
other colleagues to initiate similar types of research and development studies.
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Yeasts and Breadmaking
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Abstract: The earliest known evidence of leavened bread comes from Egypt and China
in  the  second  and  first  millennia  BC,  although  records  of  unleavened  breads  and
potential flour production date back tens of thousands of years. In the 19th century, the
discovery of yeast fermentation led to the development of industrial bakeries in parallel
with traditional sourdough bakeries. While strains of Saccharomyces cerevisiae were
selected  for  and  became  the  primary  yeast  used  in  industrial  breadmaking,  some
artisanal bakeries continued to use natural sourdough. The maintenance of these two
types of bakery practices led to the evolution of two genetically and phenotypically
distinct clades of Saccharomyces bakery yeast. In addition to S. cerevisiae, other yeast
species  are  regularly  found  in  sourdoughs,  in  particular  yeasts  of  the  genus
Kazachstania. In the sourdough ecosystem, these yeasts interact with each other and
with  bacteria  in  a  positive  or  negative  way,  depending  on  the  species  and  strains
involved.  In  both  sourdough  and  yeasted  industrial  dough,  traits  of  interest  include
aroma production, efficient maltose utilization, osmotolerance, desiccation resistance,
and freeze tolerance. These traits have largely been explored in S. cerevisiae, but there
is abundant diversity in these traits even amongst strains of S. cerevisiae, and in the
handful of yeast species that have been surveyed outside of Saccharomyces. The new
interest in sourdough breadmaking and the societal desire to develop more sustainable
and biodiversity-friendly bakeries is now leading bakers and scientists to explore the
genetic and metabolic diversity of other yeast species.
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INTRODUCTION

Bread has long been a staple food, perhaps starting when humans still persisted as
hunter-gatherers. The art of making bread  developed  in  the  Neolithic,  with  the
emergence  of  agriculture  and  the  domestication  of  cereal  grasses.  Since  then,
yeast  has  been  used  unconsciously  and  consciously  to  make  bread  rise.  In  this
chapter, after presenting the milestones in the history of bread, we will present the
knowledge on the evolution, ecology, and metabolism of yeasts associated with
the making of traditional sourdough bread and industrial bread.

HISTORY OF BREADMAKING

The origins of bread remain largely unknown. Some of the earliest records of the
human processing of wild cereal grasses date back to 23,500 to 22,500 years ago
in what is now Israel [1], and evidence of grinding of other starches suggests that
vegetal food processing and possibly flour production was occurring in what is
now known as Europe and Australia 14,000-30,000 years ago [2 -  4].  The first
known breads were of a flatbread-like form made from wild grasses and tubers
14,400 years ago, recently identified in present-day Jordan [5]. Bread-like finds
became more common in Neolithic sites in Europe and southwest Asia as cereals
like wheat and barley were domesticated around 9000 years ago, and dome-like
ovens were identified at sites in Turkey beginning in the late 8th millennium [6].

Ancient writings and artistic representations document the centrality of grain to
many societies.  Indeed,  the control  of  grains becomes synonymous with power
and  control  of  people,  as  depicted  in  this  quotation  from  a  Sumerian  text,
“Whoever has silver, whoever has jewels, whoever has cattle, whoever has sheep
shall  take  a  seat  at  the  gate  of  whoever  has  grain,  and  pass  his  time  there.”
Throughout  the  Bronze  Age,  Mesopotamian  households  were  paid  with  barley
rations, and consumed many types of beers, porridge, cakes, and breads forming
the central part of their daily diet [7]. We can speculate that some of these breads
were  leavened,  as  fermentation  of  beer  using  malted  barley  was  practiced,  and
exchange  between  brewing  and  baking  likely  passed  yeast  back  and  forth.  For
example,  brewing  in  both  Mesopotamia  and  Egypt  relied  on  a  bread-like
substance, which was only partially baked, presumably to preserve yeast viability,
which was used to inoculate beer fermentation with yeast [8].

Baking in Ancient Egypt has received quite a lot of attention due to the prolific
documentation of baking and brewing in art, writings, and actual remains of bread
and storage vessels, especially during the period of 2500-2100 BC [9]. Egyptian
breads were quite varied in size and texture, although all recovered loaves were
made primarily from emmer wheat and had a dense crumb, some were flavored
with coriander and fig [8, 10]. Some scholars point to the origin of what we now
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refer to as “sourdough starter” to this time period in Egypt, in which some dough
was kept and maintained with flour and water to be used in baking the next day
[11].

The first direct evidence of the presence of yeast in bread comes from Egypt and
China  in  the  second  and  first  millennia  BC  [10,  12].  Scanning  electron
microscopy  of  bread  and  brewing  remains  from  central  Egypt  1500-1300  BC
identified budding yeasts [10]. In China, the first records of beer brewing using
barley  date  between  3400-2900  BC  [13],  although  barley  did  not  become  an
important  subsistence  crop  there  until  the  Han  dynasty  (206  BC-AD  220).
Proteomic analysis of food materials resembling sourdough bread from 500–300
BC identified Saccharomycetaceae yeasts and lactic acid bacteria [12].

The rise of bakeries is often attributed to the Roman empire. As the population of
the city of Rome outpaced the ability of the surrounding regions to supply food to
the  populace,  the  Roman  empire  began  importing  grain  and  providing  grain
allotments at free or subsidized prices to its poor citizens [14]. Grain would have
been taken to a mill and then the flour used to bake breads in home or communal
ovens, or in a bakery. Pliny the Elder records that professional bakers appeared in
Rome  beginning  in  168  BCE  [15].  Grains  were  traditionally  ground  using  a
rounded stone pressed manually against a flat stone bed, until milling technology
originated  in  Greece  in  the  5th  century  BCE  and  the  Greeks  and  Romans
advanced mill technology to include animal-driven and water-driven mills in the
centuries following [16].  Starting in the 3rd century AD, grain allotments were
replaced with bread [17], which persisted until the end of the Roman empire in the
6th century AD. Water-mills spread through the Roman and Byzantine empires
across Eurasia in the centuries following.

It was not until the 1700s that yeast began to be produced for the purpose of use in
bread and beer. At this time, yeast was recognized as “the ferment put into drink
to make it work; and into bread, to lighten and swell it,” but it was not recognized
as a living organism [18]. Fermentation in the late eighteenth century and into the
nineteenth century was studied exclusively by chemists, but with improvements in
the  microscope,  yeast  became  recognized  as  a  living  organism  by  several
scientists  beginning  in  1827.  In  1837,  a  German  physiologist  named  Theodor
Schwann  published  his  observations  that  yeast  consume  sugar  and  excrete
ethanol, and reproduce by budding, linking fermentation to yeast. It was at this
time that Schwann consulted with the mycologist Franz Julius Ferdinand Meyen
who coined the term “Saccharomyces,” based on the Greek words for “sugar” and
“mushroom.” Controversy over whether yeast was a living organism persisted for
several  decades,  but  as  this  idea  became  more  accepted,  fermentation  became
increasingly studied by biologists instead of chemists. In 1860, both Louis Pasteur
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and Johannes Hendrik van den Broek published research attributing fermentation
to  the  growth  of  yeast  cells,  and  the  following  years  saw great  progress  in  the
understanding  of  fermentation,  the  role  of  microbes,  and  the  identification  of
different  yeast  species  [19].

Meanwhile, through the 19th century, patents began to be filed to improve yeast
yields  for  use  in  baking  by  developing  recipes  for  growing  it  in  liquid  or
sourdough-based media, or to treat yeast taken from brewing [20]. “Pressed yeast”
was sold by beer and alcohol manufacturers for use in baking, but for those who
could not afford it, these patents were mostly intended for individuals and small-
scale  baking.  Various  recipes  for  sourdough  starters  included  different
formulations of cereals, but also potatoes, hops, and other plant materials. These
recipes produced quite variable results and were sour due to the presence of lactic
acid bacteria. This use of sourdough starter for baking was somewhat culturally
divided, with some suggestion that historically, French bakers relied more on the
use  of  sourdough,  and  British  and  other  northern  European  countries  relied  on
yeast skimmed from the top of fermented beer [21]. More yeast cells were present
in beer foam (or “barm” as it was often referred to), so the resulting bread was
lighter  and  less  sour  than  sourdough-type  bread,  although  this  also  imparted  a
bitter  taste  and  dark  color  due  to  the  presence  of  hops.  In  1871,  Pasteur  had  a
patent issued recognizing that yeast was often a mixture of yeasts and bacteria,
which can alter the properties of fermented products. However, this was largely
ignored for twenty years in yeast manufacturing, until 1891 when Jörgensen and
Bergh became the first to patent a technique in which sterility was maintained to
create pure culture. While difficult to corroborate, Saccharomyces cerevisiae was
likely the dominant yeast being cultivated in these efforts.

At the start of the twentieth century, yeast to be used in baking still faced many
challenges. While many bakers in Europe and North America had the ability to
produce  consistent  breads  due  to  improvements  in  milling  white  flour  and
mechanical  equipment  for  mixing  [22],  yeast  remained  expensive  and  of  poor
quality. Improvements in media, aeration, and sterility building off of science and
technology of the nineteenth century finally began to take hold and commercial
yeast as we now know it began in earnest in the 1920s [23]. While the reuse of
yeast from brewing persisted into the 1940s, bakers' appreciation of the need for
specialized  baking  yeast  grew  through  the  nineteenth  and  into  the  twentieth
century.  Altogether,  this  points  to  a  quite  recent  origin  of  modern  industrial
baking  yeast.  While  the  application  of  patents  for  sourdough-based  yeast
propagation  faded  in  the  early  1900s,  home,  and  artisanal  bakers  continue  to
utilize  sourdough  starters  today  [11,  24,  25].  While  commercial  yeast  is
exclusively S. cerevisiae, sourdough starters maintain a much wider diversity of
yeast species, as well as lactic and acetic acid bacteria.
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EVOLUTION OF BAKERY YEASTS

Different Evolutionary Roads for Industrial and Sourdough Yeasts

There are two primary ways of making bread, either using commercial yeast or
using  sourdough.  While  commercial  yeasts  have  been  consciously  selected  for
beer or breadmaking and sold all over the world, sourdough yeasts are selected by
local  bakers  through the propagation of  sourdough.  Therefore,  the evolution of
sourdough yeasts  depends on bakers’  backslopping and breadmaking practices.
Usually,  natural  sourdoughs  are  initiated  by  simply  mixing  flour  and  water.
Regular feeding of the mix with water and flour, a process called backslopping,
allows the development of a specific microbial community composed of one or
two  dominant  yeast  species  and  one  or  two  dominant  lactic  acid  bacteria.  The
dynamics of community succession after the initiation of a new sourdough have
not  been  thoroughly  investigated,  but  bakers  testify  that  10  to  14  days  of
backsloppings are enough to obtain a mature sourdough for baking good bread.
Functional sourdoughs can then be maintained for decades [24, 25].

A recent population genomic analysis of the baker’s yeast S. cerevisiae revealed
that industrial and sourdough populations had undergone different evolutionary
trajectories (Fig. 1) [26].

Fig.  (1).   Phylogenetic  tree obtained from SNPs between strains of  the Saccharomyces cerevisiae  1,011-
genomes project and additional bakery strains (Figure adapted from [26]). Red triangles indicate commercial
bakery strains and black triangles sourdough strains.
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Baking strains of S. cerevisiae are clustered in two main genetic groups. The first
group is mostly composed of industrial strains, which are often tetraploid and start
fermentation rapidly. The second group mostly contains sourdough strains, which
have higher fitness than industrial strains in a sourdough-like medium. Outside of
these two main genetic groups, a handful of strains clustered with wine strains and
African  beer  strains.  Despite  historical  records  demonstrating  that  bakers  used
beer foam or dregs as a source of  yeast  to make bread,  there is  no evidence of
gene flow between beer and sourdough strains. Instead, the evolutionary history
of  sourdough  strains  seems  to  be  linked  with  Asian  fermentation  since
introgressions  of  Asian  fermentation  strains  into  sourdough  strains  have  been
detected.  By  contrast,  some  introgression  of  Ale  beer  strains  into  commercial
breadmaking strains were detected, suggesting that industry may have used beer
strains in their genetic crosses to select breadmaking strains.

Genetic and Phenotypic Signatures of Yeast Domestication for Breadmaking

Yeast domestication for breadmaking has only been studied in the model species
S.  cerevisiae.  A  recent  study  has  shown  the  consequences  of  domestication  in
bakery-associated S. cerevisiae [26]. The use of S. cerevisiae for breadmaking has
led  to  phenotypic  and  genotypic  divergence  between  bakery  populations  and
populations originating from natural environments or other fermented products.
Both commercial and sourdough strains have a higher maximum CO2 production
and a higher CO2 production rate than non-bakery strains. In addition, commercial
strains  have  a  shorter  fermentation  onset  time  than  strains  from  other  origins.
Sourdough strains display better growth on maltose than commercial strains. They
also  have  a  higher  population  size  than  strains  from  any  other  origin  in
sourdough-like media,  suggesting that  they are better adapted to the sourdough
environment.

The domestication of S. cerevisiae in bread ecosystems is associated with several
genetic signatures. A majority of bakery strains are tetraploid or aneuploid [26,
27].  Polyploidization,  which  refers  to  the  multiplication  of  a  complete
chromosome set,  has also been found to be associated with domestication of S.
cerevisiae for brewing. While the lager beer polyploids result from hybridization
between  Saccharomyces  eubayanus  and  S.  cerevisiae  [28,  29],  ale  beer  strains
have  been  found  to  be  autotetraploids  [30].  In  the  case  of  bakery  strains,
tetraploids are all autotetraploids. Bakery strains display tetrasomic inheritance,
leading  to  all  possible  allelic  combinations  between  loci  [27].  The  null  or
drastically reduced fertility between diploid and tetraploid bakery strains indicates
that bakery yeast populations are composed of two reproductively isolated groups
of strains, isolated by post-zygotic barriers [27].
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Another interesting genetic signature of domestication is the increased number of
maltose and isomaltose genes in sourdough strains. In S. cerevisiae, the maltose
gene  cluster  is  composed  of  three  genes,  encoding  the  maltose  transporter
(permease, MAL1), maltase (MAL2) and a transcriptional regulator (MAL3). The
genes involved in maltose utilization are represented in five well-described MAL
loci  located  in  subtelomeric  regions.  The  presence  of  just  one  MAL  locus  is
sufficient to allow for maltose fermentation. The number of copies of the MAL12,
MAL32,  MAL31,  IMA1,  IMA3  and  IMA4  is  significantly  higher  in  sourdough
strains than in non-bakery strains. This increased number of maltose gene copies
is  associated  with  increased  fitness  on  maltose.  No  evidence  of  an  increased
number  of  maltose  genes  was  found  in  commercial  diploid  strains.

Biodiversity, Ecology and Evolution of Sourdough Yeast Species

Beyond  S.  cerevisiae,  more  than  40  species  of  yeast  have  been  identified  in
sourdough (Fig. 2, [31], updated in Von Gastrow et al [162]). The vast majority of
yeasts  detected  in  sourdough  are  members  of  the  family  Saccharomycetaceae
(phylum  Ascomycota,  subphylum  Saccharomycotina,  class  Saccharomycetes,
order Saccharomycetales). Among this family, two genera are frequently reported:
Saccharomyces  and  Kazachstania.  Other  described  yeast  species  belong  to  the
more genetically distant genera Pichia, Torulaspora, and Wickerhamomyces.

Many  yeast  species  found  in  sourdough  are  also  detected  in  other  human-
associated  environments  (see  reviews  of  [32  -  36]).  For  example,  Torulaspora
delbrueckii  (found in  cocoa,  wine,  cheese)  [34,  37],  Pichia fermentans  (kocho,
liquor, cheese, injera, beer) [38 - 41], Pichia kudriavzevii (soil, cacao, fruit juice,
human) [42, 43], Meyerozyma guillermondii (coffee, cacao, wine, human) [34, 43
-  45],  Pichia  membranifaciens  (kocho,  olive)  [40,  46],  Wickerhamomyces
anomalus (injera, doco, beer) [38, 47], Kazachstania unispora (Kefir, wine, corn
silage)  [48  -  50].  Other  species  appear  to  be  more  specialized  and  are  found
mostly  in  sourdough  and  not  in  other  fermentations,  including  K.  bulderi,  K.
saulgeensis,  and  K.  barnettii.

The distribution of yeast species in sourdough does not appear to be structured
according to geography. Most species have been found across all continents [51,
162].  At  a  national  scale,  geographical  distance was not  found to be correlated
with  sourdough yeast  species  diversity  [24].  Some particular  taxa  appear  to  be
more  frequently  found in  specific  countries  or  regions;  however,  this  might  be
related  to  sampling.  For  example,  W.  anomalus  has  been  frequently  found  in
Belgium  [52]  and  K.  bulderi  in  France  and  Spain  [25,  53].  The  widespread
distribution of most sourdough yeast might be explained by yeast dispersion by
humans, insects, and/or birds [54 - 57].
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Fig. (2).  Yeast species found in sourdough. Numbers indicate the number of times a given yeast species has
been detected in a sourdough. Data have been taken from Huys et al. [31], updated in Von Gastrow et al.
[162]. The electronic microscopy picture of sourdough yeast has been kindly provided by Bernard Onno.

The question of the origin of yeast species in sourdough has been the subject of
several studies. The bakery environment, also called “house microbiota,” appears
to be the primary source of yeast, with storage boxes and dough mixers sheltering
S. cerevisiae in some bakeries [58]. A significant overlap between microbial taxa
present  in  sourdough and bakers’  hands has also been found [54].  Overlapping
taxa  between  human  hosts  and  the  bread  they  bake  include  K.  humilis,  K.
unispora, and S. cerevisiae [54]. Ingredients such as flour and water, may also be
a source of yeasts [53]. Flour was found to contain K. servazzii, P. fermentans, W.
anomalus,  T.  delbrueckii  species,  all  of  which  are  frequently  encountered  in
sourdough.  However,  so  far,  the  ecological  reservoirs  of  K.  bulderi,  K.
saulgeensis,  and  K.  barnettii  remain  unknown.

The population dynamics of  yeast  colonization during sourdough initiation and
backslopping has not been studied systematically. To examine the relative roles of
migration, selection and random processes in sourdough yeast evolution, balanced
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sampling  across  many  sourdough  cultures  is  needed  to  estimate  populations
genetic  parameters.  Several  studies  have  screened  a  large  collection  of  S.
cerevisiae strains isolated across sourdoughs in China [59], Italy [60], Spain [53],
and  France  [26]  with  molecular  markers.  Most  genetic  variation  was  found
between  sourdoughs,  suggesting  that  yeast  migration  between  sourdoughs  or
sourdough exchanges between bakers are limited and that bottlenecks may occur
during sourdough colonization. Further investigations are needed to shed light on
the evolutionary dynamics of sourdough yeasts.

It  is  still  unclear  how  random  processes,  which  can  change  allelic/species
frequency in a population due to random sampling, can influence the evolution of
the  sourdough  yeast  community.  Community  ecology  is  influenced  by  four
classes of the process: selection, dispersal, speciation and drift. Genetic drift can
lead to the loss or fixation of genetic variants in a population and/or the loss of
rare  species  in  the  community,  and  therefore  drive  the  population  or  the
community  towards  less  diversity.  The  smaller  the  population  is,  the  higher
genetic drift drives changes. In sourdough, yeast population density ranges from
104 cells per gram of sourdough to 109 cells per gram of sourdough. Usually, one
or  two  yeast  species  dominate  the  community.  During  sourdough  propagation,
genetic drift is therefore expected to only slightly influence the evolution of the
dominant  yeast  species  but  may  influence  the  evolution  and  extinction  of  rare
species.  During  the  initiation  of  the  sourdough  population,  sourdough  may  be
colonized by a small number of fermenting yeast cells, leading to a bottleneck and
low standing genetic variation in the sourdough community. Further studies are
needed  to  shed  light  on  the  role  of  random  processes  in  sourdough  microbial
community ecology.

The  analysis  of  sourdough  yeast  species  evolution  will  soon  benefit  from  the
increased  number  of  available  genomes  for  bakery  yeast.  Among  the  45  yeast
species that have been detected in sourdough, 40 have a genome sequenced. So
far, 24 species have a good genome assembly with fewer than 20 scaffolds. This
includes  all  genomes  of  the  Saccharomyces  genus,  but  also  T.  delbrueckii
(Bioproject: PRJNA79345), Pichia kudriavzevii (PRJNA434433), Pichia kluyveri
(PRJNA434537),  Kazachstania  barnettii  (PRJEB35206),  Kazachstania
saulgeensis (PRJEB20516), Kazachstania bulderi (PRJEB44438), Kazachstania
humilis  (PRJEB44438),  and  Millerozyma  farinosa  (PRJNA369593).  Ensuring
these genetic resources are openly available and contributed to the international
community will ensure that understanding of genetic diversity and drift and other
evolution processes will continue.
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MICROBIAL INTERACTIONS DURING SOURDOUGH PRODUCTION

The dough ecosystem is not as rich in diversity as some microbial ecosystems [61
- 63], but generally contains stable populations of yeast and bacteria. This section
examines the combinations of yeasts and bacteria present, considers the measured
and  potential  microbial  interaction  and  briefly  considers  the  consequences  of
these  interactions  for  dough  composition  and  final  bread  quality.

The abundance of yeasts and bacteria in a dough ecosystem has been understood
by the perceived activity of the dough due to microbial activity. The yeast species
present in dough fermentation have been mentioned above. There have been more
than  40  different  yeast  species  described  in  bread  dough  [51]  and  up  to  70
different bacterial species [64], but in general, there are 1-2 yeast species and up
to 5 bacterial species per fermentation [65]. Numerical dominance will necessarily
fluctuate  during  the  fermentation,  but  in  general,  there  are  generally  100 times
more bacteria than yeasts [66]. The total colony-forming units for yeast is more
than 8 log CFU/g, while the number of bacterial cells present can reach more than
9 log CFU/g [66], although some exceptions exist [67]. The microbial members of
a dough ecosystem are dependent on the flour source, mechanism of culture and
possibly related to the first reasons, country of origin or cultural tradition.

Investigating other  environmental  or  food ecosystems shows that  there  is  great
potential in bread dough for significant and sustained interactions between yeasts
and bacteria. Interactions could take many forms, including positive interactions,
where  metabolites  are  shared  and  growth  is  supported  between  community
members,  to  negative  interactions,  where  growth  or  activity  of  one  microbial
member  is  inhibited  by  the  growth  or  activity  of  another  member.

Interactions between yeasts in a dough fermentation have not been well described.
However, there is a body of evidence to support yeast-yeast interactions in other
food-related ecosystems and we can suppose that these mechanisms are also likely
to exist in a bread dough ecosystem. While studies in this area have focused on
the interactions between cells of S. cerevisiae, there is increasing understanding
that  other  yeasts  can  communicate  within  members  of  a  species  and  between
genera. These interactions could be metabolic exchanges, where small molecules
can  be  released  or  secreted  by  one  cell  and  taken  up  by  another.  A  metabolic
example of this generally positive interaction is seen between species of yeasts
fermenting grape juice to wine [68]. Ethanol is an example of a small molecule
which has negative effects on other yeasts,  and S. cerevisiae  is  well-known for
niche construction and inhibition of other species by the production of this small
molecule in a number of habitats [69]. While not specifically described in dough
fermentations, small amounts of ethanol are produced by fermentative yeasts in
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dough fermentations, but the ethanol is generally not detected in the baked bread
as the ethanol is lost during baking [70]. A recent study investigated the longevity
of yeast species when grown together in the laboratory, and found that there were
specific  co-occurrence  patterns  that  suggest  robust  microbial  interactions,  both
positive and negative, which influenced yeast persistence in fermentation [24].

A specific  interaction  between yeasts,  quorum sensing,  has  been  observed  in  a
variety  of  laboratory  and  food  environments.  This  interaction  is  similar  to  that
seen  in  bacteria,  and  is  defined  as  intercellular  signaling,  which  facilitates
communication  between  microorganisms,  where  a  cell-density-dependent
regulation  of  gene  expression  occurs  after  reaching  a  critical  concentration  of
signal  chemicals  [71].  While  some studies  have investigated  filamentation [72,
73], flocculation [74] and growth arrest of non- Saccharomyces yeasts [75, 76] by
S. cerevisiae, none of these studies have satisfied the criteria of quorum sensing as
discussed by [77]. While the bulk of studies has been performed in S. cerevisiae,
it is likely that alternative behaviours between other yeast species exist and could
be relevant for bread dough fermentations.

Yeasts,  and  particularly  S.  cerevisiae,  can  specifically  target  and  inhibit  the
growth of other yeasts by the production of a toxin. This system is called the killer
system and is produced when a host cell contains a dsRNA virus, which produces
a secreted toxin that kills susceptible cells and indeed other fungi [78]. The killer
yeasts phenomenon is present in many species and has been described in a screen
including S. cerevisiae of bakery origin [79]. While the mechanism has not been
described  as  technologically  relevant  in  a  bread  dough  ecosystem,  there  are
reports of S. cerevisiae strains with this capacity bred for use in bread production
[80]. A survey of naturally occurring yeasts showed that Kazachstania exigua has
killer activity and this attribute was exploited for the protection of fruits from a
fungal pathogen [81]. While this mechanism allows yeast strain enrichment of a
species  through  specific  reduction  of  sensitive  populations,  it  is  as  yet  unclear
whether there is relevance in bread dough fermentation.

Other  mechanisms  by  which  yeasts  can  interact  with  other  yeasts  in  food
fermentations could be relevant to the sourdough ecosystem. This includes a cell-
cell  contact  inhibition mechanism, first  described in S.  cerevisiae  to  inhibit  the
growth of non- Saccharomyces yeasts in a liquid fermentation [76, 82]. Here, at
high cellular concentrations, direct contact between cells was found to arrest the
growth of Kluyveromyces thermotolerans and T. delbrueckii, and further analysis
showed that a small peptide was released by S. cerevisiae to inhibit the growth of
non- Saccharomyces yeasts [83]. The production of small antimicrobial peptides
has been observed in other liquid fermentations, such as wine (reviewed by [84]),
but  have  yet  to  be  described  in  the  semi-solid  fermentation  style  seen  in
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sourdough  fermentation.  In  particular,  antimicrobial  peptides  mediate  many
interkingdom  microbial  interactions,  which  are  relevant  for  sourdough
fermentation  when  there  is  an  abundance  of  yeasts  and  bacteria.

Few  studies  have  investigated  the  role  of  inter-kingdom  interactions  in  dough
fermentation,  and  there  is  clearly  more  to  be  learnt.  It  is  clear  that  yeasts  and
bacteria  interact  metabolically  (and  otherwise)  with  one  another  in  food
fermentations.  Lactic  acid  bacteria  are  a  diverse  classification of  bacteria,  with
much diversity in food systems, and particularly sourdough fermentations [85].
One  intercellular  mechanism  of  interest  is  the  production  of  antimicrobial
peptides,  named bacteriocins,  which are produced by bacteria to inhibit,  kill  or
interact with other bacteria [86]. Notably, these peptides tend not to interfere with
the  growth  of  yeasts  or  other  fungi  [87].  Many  LAB isolates  from sourdoughs
produce bacteriocins (reviewed by [88, 89]), but the role of this activity has not
been demonstrated in sourdough. It is possible that this behaviour could be used
competitively in sourdough fermentation to enhance the dominance of a bacterial
species.

METABOLIC FUNCTIONS OF BAKERY YEASTS

Maltose  is  a  key  carbohydrate  present  in  sourdough  fermentations,  as  it  is
naturally present in flour (along with glucose and fructose) and released by plant
endogenous enzymes from starch. Much of the literature which relates to sugar
utilisation of yeasts is related to maltose, as it is directly related to fermentation
performance in the dough [51]. There is some diversity in the ability of naturally
occurring  yeasts  to  utilise  maltose,  and this  varies  amongst  species  [90,  91].  It
appears that naturally started sourdoughs will have both maltose-fermenting and
non-fermenting  yeasts  [92].  There  is  recent  evidence  that  only  K.  bulderi  can
ferment maltose in standard laboratory tests [93] where K. humilis isolates have
been selected for strong fermentative abilities [94, 95]. While S. cerevisiae strains
may have variable fermentative capacities based on maltose utilization, it could be
that accumulation of the MAL genes has been enriched during domestication of
this yeast [26].

The  ability  to  ferment  other  sugars  such  as  glucose  and  fructose  is  well
established  in  fermentative  yeasts,  and  through  the  production  of  secreted
invertase, many yeasts are able to use sucrose as a carbon source if it is added to
the  dough  [96].  Indeed,  degradation  of  a  range  of  fructans  of  differing
polymerisation  levels  is  possible  by  S.  cerevisiae  secreted  invertase,  and  this
occurs  during  sourdough  fermentation  [97,  98].  This  process  is  receiving
increased attention due to the sensitivity of some consumers to the presence of
fermentable oligo, di-, mono- and polysaccharides (FODMAPs) in bread and the
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potential role of microbial activity to reduce or eliminate these compounds [99].
Indeed, specific application of sourdough processes as suggested by Loponen and
Ganzle [100] may reduce problematic FODMAPs while retaining the overall fibre
content. For sourdough baking, there are specific interactions between yeast and
bacteria that are relevant to consider when carbohydrate and nitrogen metabolism
are considered.

Commercial  and  sourdough  yeasts  ferment  carbohydrates  and  also  produce
metabolites that contribute to bread flavor, such as organic acids and aroma [101,
102]. The newly appreciated diversity of yeast species present in sourdoughs has
encouraged scientists and yeast breeders to explore the flavors produced by yeast
species other than S. cerevisiae [103]. Together with S. cerevisiae, T. delbrueckii
and S. bayanus appear as good candidates to produce aroma complexity in bread.
The  yeast  species  K.  bulderi,  K.  humilis  and  W.  anomalus  produce  a  lower
diversity of aroma compounds than Saccharomyces species, although this might
be  related  to  the  low  number  of  strains  that  have  been  screened  so  far.  Other
factors such as breadmaking practices (including fermentation time, cooking, type
of flours, type of cereals, cultivars, milling, crop terroir), and bakery parameters
including temperature and humidity affect yeast growth and impact production of
aroma [104, 105].

While the production of organic acids is responsible for the sour taste of bread
and  its  shelf  life,  the  production  of  volatile  compounds  is  responsible  for  the
diversity of bread aroma. To date, 192 small molecules which contribute to bread
aroma have been reported in sourdough bread [102] and 75 have been found in
bread  made  with  S.  cerevisiae  [41,  70,  95,  106].  Most  compounds  are  higher
alcohols, aldehydes and esters (Fig. 3).

The  most  common  alcohols  are  1-hexanol,  1-heptanol,  1-pentanol,  2-
phenylethanol, 2-methyl-1-propanol and 3-methyl-1-butanol. The most common
aldehydes are heptanal, hexanal, octoanal, nonanal, decanal, phenylacetaldehyde
and benzaldehyde. The most frequently encountered esters are ethyl octanoate and
ethyl acetate. Thiols, which are responsible for the pleasant fruity aroma of white
wine,  are  not  found  in  yeast  bread.  Terpenes,  which  are  responsible  for  floral
aroma in muscat and wine, can be found in yeast bread, but rarely. As has been
shown for  wine,  the  presence  of  these  two  classes  of  aroma  in  bread  probably
depends  on  the  precursors  present  in  the  flour.  Interactions  between  yeast  and
bacteria may also change the metabolism of aroma production [107].
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Fig. (3).  Heatmap of the aroma compounds detected in bread made with different yeast species. Data have
been obtained from [41, 70, 77, 106].
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Specific  metabolic  interactions  between  yeast  and  bacteria  are  responsible  for
many  of  the  attractive  transformations  in  sourdough  fermentation.  In  general,
carbohydrate degradation by bacteria is complemented by the nitrogen overflow
ability  of  yeasts,  and  the  stability  of  microbial  populations  present  in  the
sourdough system is a reflection of these interactions [108]. Specific interactions
between K. humilis and LAB have been described [109], where maltose utilisation
occurred  when  maltose-negative  K.  humilis  were  grown  with  maltose-positive
heterofermentative LAB, but the growth of the yeasts was suppressed. While there
is considerable genotypic and phenotypic diversity in F. sanfranciscensis strains
[110],  the  composition  of  several  LAB and  specific  yeast  in  fermentation  may
assemble to best utilise the carbohydrates, amino acids available in the specific
dough [111]. Indeed, diversity in strain metabolic activity of F. sanfranciscensis
is likely to enable interactions and maintain community structures with K. humilis
[112, 113] but does not explain the reported S. cerevisiae co-exclusion [24]. It is
evident  that  metabolic  interactions  between  yeasts  and  bacteria  have  positive
consequences  on  the  flavour,  aroma  and  physical  outcomes  of  bread  [95],  and
these attractive characteristics are defining features of sourdough bread.

Available  nitrogen  often  becomes  limiting  in  food  fermentations,  and  this  is
particularly seen in the case of wine fermentations. Here, fermentative yeasts such
as S. cerevisiae struggle to access sufficient nitrogen to support cellular growth
and  fermentation  [114].  In  bread  dough  made  with  wheat  flour,  nitrogen  is
primarily  in  the  form  of  macromolecules,  such  as  gliadin  and  glutenin,  which
form  a  gluten  matrix  when  water  is  added.  After  water  is  added  to  flour,  and
during  fermentation,  gluten  are  hydrolysed  to  more  simpler  forms  such  as
peptides and free amino acids by proteinases which are naturally present in the
flour and secreted by microbes [115, 116]. Total free amino acids tend to increase
during sourdough fermentation [117], and this is dependent on both the yeast and
bacterial species present [118], but bacteria tend to have a higher effect [117]. The
release of nitrogenous compounds is very important, as many aromas and flavours
are conferred by these compounds or react further to create flavours during further
processing  [119].  The  importance  of  yeast  and  bacterial  nitrogen  processing  is
highlighted by the reduction of allergenic gluten epitopes for people with celiac
disease  [120].  Metabolic  capabilities  are  likely  to  be  different  when  dough
containing flour other than wheat is used (see for example [121]). The diversity of
secreted bacterial endo- and exo-peptidases is responsible for metabolic behavior
in dough fermentations, but nitrogen metabolism of yeasts beyond S. cerevisiae
has not been systematically addressed.

In other food fermentations, the stability of the microbial communities of yeasts
and bacteria is dependent on nitrogen metabolism and thus it is likely that further
activities are present in dough fermentation. For example, the populations of yeast
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(S.  cerevisiae)  and  bacteria  (Lactococcus  lactis  and  Lactiplantibacillus
plantarum) in water kefir are stabilized by S. cerevisiae secreting nitrogen into the
milieu for the bacteria to use [122]. Secretion of glucose and galactose by L. lactis
by degradation of lactose allows this microbial community to thrive. Similarly,
reconstruction of fungal and bacterial communities from cheese [61] showed that
longevity  of  the  interaction  was  affected  by  amino  acid  transfer  between  the
kingdoms [123]. Nitrogen flow in food fermentations is complex, but is likely to
be at the basis of many trophic interactions, including those in bread.

STRESS  TOLERANCE  OF  BAKERY  YEASTS:  OSMOTOLERANCE,
FREEZING, AND DESICCATION TOLERANCE

Yeast  may  face  a  variety  of  stressors  related  to  baking,  including  freezing,
desiccation,  and  osmotic  stress  related  to  changing  moisture  content  and  the
presence of salt and/or sugar. This is particularly true of commercial baking yeast,
which  are  subject  to  a  variety  of  processes  for  packaging  and  distribution.  S.
cerevisiae is exclusively utilized for industrial baking and is the most well studied
in its stress tolerance of various baking processes, although many stress response
traits likely apply to other yeasts found in dough environments. Most commercial
baking  strains  of  yeast  are  used  due  to  historical  reasons  and  are  thus  not
optimized to deal with many stressors associated with baking [124, 125]. Indeed,
there  is  tremendous  variability  across  baking  strains  in  how  they  handle  heat,
freezing, osmotic, and oxidative stress [90, 126].

Managing osmotic stress is an essential property of yeast used in bread baking.
The semi-solid dough matrix and high sugar recipes for sweet breads [up to 30%
sucrose]  create  hyperosmotic  and  ionic  stress  to  cells.  These  conditions  cause
cells to lose water, which causes impaired growth and gas production [127], and
thus decreased fermentation capacity. Yeast manage this osmotic stress chiefly by
the production of glycerol, which balances intracellular osmolarity and protects
against dehydration. The amount of glycerol in the cell and dough can positively
or negatively affect the gassing ability, bread aroma and taste, and shelf-life of
loaves [128 - 131].

Glycerol  homeostasis  is  regulated  via  the  high-osmolarity  glycerol  (HOG)
pathway,  a  conserved  mitogen-activated  protein  kinase  (MAPK)  pathway
important  in  stress  responses  and  signaling  [132,  133].  Many  genes  in  this
pathway  are  upregulated  during  dough  fermentation  [70],  and  various  efforts
aiming to improve fermentation efficiency and stress tolerance have thus focused
on targets  in  the  HOG pathway.  GPD1  is  the  rate-limiting enzyme involved in
glycerol  biosynthesis  [134]  and  is  upregulated  upon  the  start  of  dough
fermentation  and  at  cold  temperatures  [70,  135].  Deletion  of  GPD1  results  in
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decreased  glycerol  production,  resulting  in  impaired  dough  fermentation  [130]
and a decrease in freeze tolerance [135]. In contrast, strains with higher glycerol
production  can  improve  fermentation  of  high-sugar  dough,  improve  CO2
production,  and  increase  dough  height.  Interestingly,  several  studies  have
observed that manipulating glycerol production has a more pronounced effect on
bread  traits  in  lab  strains  or  strains  from  other  fermentation  environments  like
beer and wine [125, 130], suggesting that some baking strains have a higher base
glycerol production and/or other traits impacting this phenotype.

Strong  osmotolerance  does  not  appear  to  be  a  fixed  trait  in  baking  strains  and
instead  varies  in  both  baking  strains  of  S.  cerevisiae  and  strains  isolated  from
other  environments  [90].  Environmental  sources  can  have  a  strong impact.  For
example,  some  strains  of  S.  cerevisiae  isolated  from  Chinese  rice  wine  show
signatures of positive selection on osmosensing genes [136], likely in response to
high sugar content of rice wine. In the limited species that have been examined
outside  of  S.  cerevisiae,  strains  of  the  yeasts  T.  delbrueckii,  Wickerhamomyces
subpelliculosus,  Zygosaccharomyces  rouxii,  Hanseniospora  vineae,  and
Barnettozyma  californica  exhibit  high  osmotolerance  and/or  halotolerance,  in
many cases outperforming S. cerevisiae in these and other baking traits [137, 138]
This suggests that bakers could harness natural variation within and outside of S.
cerevisiae for greater fermentation efficiency, and in particular for working with
high sugar and high salt doughs.

In addition to osmotic stress, modern bread production relies on the frozen dough
for extending the shelf life of dough, easier and broader distribution of products,
and meeting consumer demands for bread freshness [139]. Freezing and thawing
dough  impact  yeast  in  many  ways,  including  inducing  cell  damage,  osmotic
stress, and loss of viability, all of which influence proofing time, loaf volume, and
bread  firmness  and  structure.  Thus,  the  utilization  of  yeast  that  has  freeze
tolerance is a key area of interest in the baking industry. Yeast typically responds
to freezing conditions via modulation of the cryoprotective molecules trehalose,
proline, and glycerol. Upon stress, yeast induces trehalose and glycerol synthesis,
but  proline  appears  to  not  be  stress-activated  [140].  Regardless,  synthetically
increased  accumulation  of  proline  provides  yeast  with  increased  tolerance  to
many  stresses,  including  freezing,  desiccation,  oxidation,  and  ethanol  [140].
Mutants with increased proline accumulation display higher cell viability under
freezing conditions and in high sugar doughs [141 -  143].  In a  related process,
elevated nitric oxide synthesis, which is regulated via the proline oxidase Put1 and
N-acetyltransferase Mpr1, also enhances bread leavening following stressors, in
particular air-drying, but also freeze-thaw and oxidative stress [144, 145].
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Trehalose  is  often  associated  with  stress  tolerance,  but  trehalose  content  varies
across  commercial  baking  strains  [126].  Intracellular  trehalose  is  most  often
increased  through  the  deletion  of  enzymes  involved  in  trehalose  breakdown:
neutral trehalase (NTH1) and acid trehalase (ATH1) [146, 147]. Deletion of one or
both NTH1 and ATH1 can improve gassing ability in frozen dough [148 - 150],
and also aid in desiccation tolerance [151]. Another mechanism to increase freeze
protection  involves  the  overexpression  of  particular  genes.  For  example,
overexpression of  the alpha-glucosidase MAL62  increases trehalose content  via
increased uridine  diphosphoglucose  UDPG-dependent  trehalose  synthesis  [150,
152]. Overexpression of the calcineurin target CRZ1 increases both salt and freeze
tolerance  in  both  S.  cerevisiae  and  T.  delbrueckii,  and  improves  the  leavening
ability of baker's yeast in high-sugar dough [153]. Increased expression of SNF1
protein  kinase,  which  is  an  important  regulator  of  the  yeast  stress  response,
increases CO2 production, alters the metabolism of protectant molecules, changes
cell  membrane  components,  and  increases  resistance  to  freezing  stress  [154].
There is also evidence that suggests that the combination of elevated trehalose and
proline  provides  both  short-term and  long-term freeze  tolerance,  and  enhanced
fermentation ability in frozen dough [143, 149].

Most yeast is not freeze tolerant, and efforts to create S. cerevisiae  strains with
greater cold tolerance via adaptive evolution have had rather limited success [155,
156].  Some  of  the  most  cold-tolerant  evolved  strains  came  from  methods  that
employed  outcrossing  of  different  strains,  and  similar  methods  have  been
employed using interspecific hybridization to increase cold tolerance in the wine
industry.  Other  efforts  have  come  from  the  isolation  of  mutant  strains  from
screens [157, 158] and bioprospecting from natural and other environments [159,
160]. Like osmotic stress, strains of yeast from species aside from S. cerevisiae
may be particularly  helpful  here.  Notably,  strains  of  T.  delbrueckii  show no or
significantly  reduced  loss  of  cell  viability  compared  to  their  S.  cerevisiae
commercial baking strain counterparts during long-term freezing [137, 161]. Even
other  species  in  the  Saccharomyces  clade  may  be  of  interest,  strains  from  S.
uvarum  and S. eubayanus  are much colder tolerant than S. cerevisiae.  Many of
these strains are already used in the cold fermentation of beer and wine, and S.
uvarum has even been isolated from sourdough starters [24].

CONCLUSION

Advances  in  genomics  and  metagenomics,  together  with  increased  worldwide
sampling, have contributed dramatic insights into the species diversity, ecology,
and evolution of yeasts used in fermentation. Yeasts used in baking have received
relatively  little  attention  compared  to  their  relatives  used  in  beer  and  wine.
However,  the  baking  yeast  community  of  bakers  and  scientists  are  poised  for



Yeasts and Breadmaking Yeasts: From Nature to Bioprocesses   345

many  new  advances.  Increased  desire  from  consumers  for  bread  with  more
complex flavors, the use of alternative grains, a resurgence in sourdough baking
in the home, and a desire for more biodiverse and sustainable bakery practices are
all fueling the embrace of a wide array of yeast strains and species. Key areas of
further  research  include  a  better  understanding  of  interactions  between  yeast,
bacteria, and their metabolites in sourdough; ecological succession and the role of
selection  and  random  processes  in  sourdough;  sampling  and  understanding  of
traditional  bread  like  injera;  the  identification  of  strains/species  with  increased
stress tolerance for high sugar and frozen doughs; the impact of different grain
sources on species diversity; and a better understanding of molecular signals of
selection in the genome of S. cerevisiae strains.
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CHAPTER 12

Biotechnological Applications of Oleaginous Yeasts
Yasmi Louhasakul1 and Benjamas Cheirsilp2,*

1 Faculty of Science Technology and Agriculture, Yala Rajabhat University, Yala 95000, Thailand
2 Center of Excellence in Innovative Biotechnology for Sustainable Utilization of Bioresources,
Faculty of Agro-Industry, Prince of Songkla University, Hat Yai 90110, Thailand

Abstract: Oleaginous yeasts are potential renewable sources of alternative biofuels due
to high lipid contents and fatty acid profiles similar to those of plant oils. To increase
the biotechnological potential of oleaginous yeasts, strategic cultivation of them using a
wide variety of low-cost materials as substrates has been investigated intensively. Their
metabolisms toward various substrates for the synthesis of lipids through de novo and
ex novo processes have been described. In addition, direct transesterification processes
that  combine cell  disruption,  lipid  extraction,  and biodiesel  production into  a  single
step  are  proposed.  This  chapter  thoroughly  reviews  recent  research  into  the  broad
characteristics of oleaginous yeasts, the utilization of promising low-cost materials as
substrates  for  yeast  cultivation,  and  direct  processing  for  biodiesel  production  from
yeast lipids.

Keywords:  Direct  transesterification,  Lipid  synthesis,  Low-cost  materials,
Oleaginous  yeasts.

INTRODUCTION

Oleaginous microorganisms, including bacteria, yeasts, molds and microalgae, are
able  to  accumulate  lipids  to  over  20%  of  their  biomass  [1-3].  Microalgae  can
produce large amounts of lipids and hydrocarbons, but they require sunlight and
carbon dioxide from fuel gas [2], a large cultivation area, and a long cultivation
period [3].  Most  bacterial  species  are  not  lipid  producers,  and they accumulate
complex  lipoids  such  as  polyhydroxyalkanoates  that  are  difficult  to  extract
because  these  lipoids  are  generated  in  the  outer  membrane  [4,  5].  Filamentous
fungi  can  accumulate  high  intracellular  lipid  contents  composed  of
triacylglycerols and specific polyunsaturated fatty acids [6], but fungi grow much
slower  than  yeasts  and  form  mycelia  that  cause  high  viscosity  of  the  culture
medium  and  decrease  oxygen  dispersion  in the culture [7]. Unlike these micro-
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organisms,  oleaginous  yeasts  (i.e.,  Yarrowia,  Candida,  Cryptococcus,
Rhodotorula,  Rhodosporidium,  Trichosporon,  Lipomyces)  have  numerous
advantages  such  as  fast  growth  rate  and  high  lipid  content  with  high
triacylglycerol  fraction  [8].  They  typically  contain  a  variety  of  lipids  like
triacylglycerol,  diacylglycerol,  monoacylglycerol,  fatty  acid,  steryl  ester,  free
sterol,  glycerophospholipid,  cardiolipin,  sphingolipid,  glycolipid,  hydrocarbon,
long-chain alcohol, wax, polyprenol, and isoprenoid quinone. Besides, four types
of lipids can be found in the cytoplasmic membrane, namely glycerophospholipid,
sphingolipid, steryl ester from ergosterol, and mono and diacylglycerols [9]. The
oleaginous yeasts contain 80–90% triacylglycerol and a minor fraction of steryl
esters, accumulated in special cell compartments known as lipid droplets (LDs) or
lipid bodies (LBs) [10].

Yeast lipid costs are much higher than those of plant and animal oils because of
the cost  of  nutrient  media,  and this  is  one of  the major  obstacles  to large-scale
yeast oil deployment [11, 12]. However, yeasts are able to utilize a wide variety of
low-cost materials such as nutritional residues from agriculture and industry [13,
14]. The lipid production by oleaginous yeasts using wastes from agro-industry or
industry as substrates has been extensively investigated for a variety of candidate
substrates,  including  food  waste,  chicken  tallow,  durian  peel,  sorghum  stalk,
switchgrass, waste office paper, and crude glycerol, in order to reduce costs and
make yeast lipids production economically viable [8, 15 - 20].

Yeast  lipid-based  biodiesel  production  through  transesterification  reactions  has
been  investigated.  The  conversion  of  yeast  lipids  through  transesterification
reactions comprises numerous steps, including the drying of cells, the disruption
of  cells,  lipids  extraction,  separation,  and  transesterification.  In  fact,  several
drawbacks directly affect conversion efficiency, such as long processing duration,
need for large amounts of solvent, and high total costs [11]. To overcome these
drawbacks, direct transesterification has been proposed. This approach excludes
the  cell  drying  step  and  combines  the  lipid  extraction  step  with  the
transesterification step. Therefore, the overall production costs of biodiesel from
yeast  lipids  could  be  reduced,  making  this  process  economically  feasible  [10  -
12]. Recently, many strategies for the direct transesterification of yeast lipids have
been  successfully  demonstrated  [13  -  16].  This  article  first  introduces  the
characteristics  of  a  broad  range  of  oleaginous  yeast  species  and  their  derived
lipids.  Recent  challenges  in  the  utilization  of  low-cost  materials  and  wastes  as
alternative  substrates  by  oleaginous  yeasts  and  their  biochemical  conversion
platform  to  produce  lipids  in  yeast  cells  are  highlighted.  Finally,  this  chapter
provides a current overview of published results on the direct transesterification of
yeast lipids as a viable approach to economically viable biodiesel processing.
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CHARACTERISTICS OF OLEAGINOUS YEASTS

Oleaginous yeasts are normally nonpathogenic unicellular budding organisms that
can accumulate lipids to over 20% of their cell dry weight [17, 18]. Over 70 of the
approximately 1,600 yeast species are well-known to be oleaginous [9],  in five
orders  of  Ascomycota  and  Basidiomycota,  namely  Saccharomycetales,
Sporidiobolales,  Tremellales,  Trichosporonales  and  Cystobasidiales  [18].  The
order Saccharomycetales contains the two well-explored oleaginous yeast genera
Yarrowia  and  Lipomyces  and  the  new  oleaginous  species  Schwanniomyces
etchellsii, originally Debaryomyces etchellsii. The order Sporidiobolales contains
Rhodosporidium  and  Rhodotorula.  The  orders  Tremellales  and  Cystobasidiales
contain  diversified  genera  such  as  Cryptococcus,  Naganishia,  Saitozyma,  and
Vishniacozyma. The order Trichosporonales contains Cutaneotrichosporon genus,
formerly Trichosporon  (Table 1).  Depending on the species and the cultivation
conditions, the lipid content in yeast biomass can be much improved to as high as
80% of the cell dry weight (Table 1). In contrast, non-oleaginous yeasts (such as
the  baker’s  yeast  Saccharomyces  cerevisiae  and  the  food  yeast  Candida  utilis)
usually cannot accumulate lipids to exceed 10% of their biomass [19]. Most well-
known oleaginous yeasts contain fatty acids in the C16-C18 range of carbon atom
counts. For example, Y. lipolytica contains mostly palmitic, stearic, oleic, linoleic,
linoelaidic, and linolenic acids [20]. Recently, Carranba et al. [21] reported that Y.
lipolytica  Po1dL  is  a  good  candidate  for  lipid  production  in  a  glucose-based
medium under  nitrogen-limited conditions.  Its  lipid  content  reached up to  61%
(w/w).  L.  starkeyi  is  a  sustainable  lipid  producer,  which  has  the  potential  to
convert a wide variety of carbon sources into lipids in the form of triacylglycerols
(TAG) for more than 70% of its dry cell  weight  [22].  According  to  Juanssilfero
et  al.  [23],  L.  starkeyi  NBRC10381  achieves  lipid  contents  as  high  as  79.6%
(w/w) in nitrogen-limited mineral media with glucose as the carbon source.

Table 1. Lipid composition of various oleaginous yeasts.

Yeast Strains Lipid Components (%) References

TAG DAG MAG FFA

Yarrowia lipolytica 9.33 0.89 - 1.38 [36]

Cryptococcus vishniaccii 63.4 19.63 1.07 - [37]

Cryptococcus curvatus 91.4 3.3 4.9 0.5 [38]

Rhodosporidium toruloides 92.2 2.7 4.7 0.4 [38]
TAG, DAG, MAG, and FFA are triacylglycerides, diacylglycerides, monoacylglycerides, and free fatty acids,
respectively
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Likewise,  R.  toruloides  and R.  glutinis  naturally  produce neutral  lipids,  mainly
triglycerides (TAG) and carotenoids [24, 25]. Saran et al. [26] reported the scale-
up of R. toruloides  A29 cultivation using glucose in a 30 L bioreactor,  and the
lipid  content  increased up to  53.51% (w/w),  leading to  a  22-fold increase after
scale-up. Maza et al. [25] reported that R. glutinis R4 showed a remarkably high
lipid content of 48.9% (w/w), and the composition of fatty acids was similar to
those  of  plant  oils.  C.  curvatus  is  an  excellent  oleaginous  yeast  capable  of
utilizing both hydrophilic and hydrophobic substrates.  It  accumulates lipids via
two alternative pathways, namely de novo and ex novo lipid synthesis. Under de
novo  lipid  synthesis,  this  yeast  accumulated  a  lipid  content  of  52.66%  (w/w),
while under ex novo  lipid synthesis,  the yeast accumulated a much higher lipid
content of 70.13% (w/w) [27].

Lipid Synthesis by Oleaginous Yeasts

Two lipid synthesis pathways exist in oleaginous yeasts, with the choice based on
the materials used that are either hydrophilic or hydrophobic [8, 28 - 34]. In a “de
novo” lipids accumulation process, there is the fatty acid precursor synthesis such
as malonyl-CoA and acetyl-CoA and their conversion into storage lipid through
the Kennedy pathway, which is usually carried out on hydrophilic materials and
typically requires nitrogen-limited culture conditions [35].  The rapid decline of
the intracellular AMP (adenosine monophosphate) concentration is stimulated by
nitrogen  exhaustion.  In  order  to  maintain  the  concentration  of  nitrogen  source
necessary for cell material synthesis after the limitation of extracellular nitrogen,
AMP  is  converted  to  IMP  (inosine  monophosphate)  and  NH4

+  ions  by  AMP-
desaminase. Then, the Krebs cycle function is affected by the excessive decrease
of AMP concentration; isocitric is not transformed to α-ketoglutaric acid because
NAD+-  (and  in  various  cases  also  NADP+-)  isocitrate  dehydrogenase  that  is
allosterically  activated  by  intracellular  AMP,  losses  its  activity  leading  to  the
accumulation of iso-citric acid in the mitochondria. The concentration of iso-citric
acid  is  in  balance  with  the  citrate  through  a  reaction  catalyzed  by  isocitrate
acotinase. If the concentration of citric acid inside mitochondria increases up to a
critical  value,  the  citrate  is  then  released  to  the  cytoplasm by  exchanging  with
malate.  Eventually,  the  citrate  is  split  into  acetyl-CoA and  oxaloacetate  by  the
ATP-citrate lyase (ATP-CL), the enzyme-key of lipid accumulation in oleaginous
yeasts.  Then  cellular  fatty  acids  are  generated  from  acetyl-CoA  by  a  quasi-
inverted  ß-oxidation  process.  Oxaloacetate  is  converted  to  malate  by  malate
dehydrogenase and transported back into the mitochondria. NADPH, a coenzyme
required  for  fatty  acid  synthesis,  is  produced  when  malate  is  oxidized  into
pyruvate by malic enzyme, which has also been considered crucial for oleaginous
microorganisms [19, 35 - 39] (Fig. 1).
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Fig. (1).  Lipid metabolic pathway in yeasts. TCA cycle, tricarboxylic acid cycle; PPP, pentose phosphate
pathway;  ER,  endoplasmic  reticulum;  PER,  peroxisome;  G6P,  glucose-6-phosphate;  F6P,  fructose--
-phosphate; F1P, fructose-1-phosphate; GA3P, glycerol-3-phosphate; DHAP, dihydroxyacetone phosphate;
OAA,  oxaloacetate;  FFA,  free  fatty  acid;  LPA,  lysophosphatidic  acid;  PA,  phosphatidic  acid;  DAG,
diacylglycerol; TAG, triacylglycerol; LB, lipid body. Source: modified from Spagnuolo et al. [50] and Liu et
al. [51].

In contrast, the “ex novo” lipid synthesis includes the consumption of fatty acid,
oil,  and  triacylglycerols  from the  culture  medium and  accumulation  within  the
cell.  Still,  it  lacks  change  or  modification  of  those  components  based  on  lipid
production  through  hydrophobic  material  fermentation.  The  lipid  synthesis  is
associated with cell growth and does require depletion of the nitrogen source [35].
After the hydrolysis of triacylglycerols by lipase, free fatty acids are transported
into  the  cell  and  converted  into  shorter  acyl-CoAs  and  acetyl-CoA  by  a  ß-
oxidation  process  to  generate  NADH and  NADPH for  ATP  production;  or  are
directly  incorporated  into  triacylglycerols  or  steryl  esters  as  lipid  bodies  for
storage  [38,  39]  (Fig.  1).

Lipid Composition of Oleaginous Yeasts

Oleaginous yeasts store lipids in lipid droplets (LDs) or lipid bodies (LBs). They
are  vital  cytoplasmic  organelles  that  appear  almost  throughout  the  cells  and
contribute to many cellular functions involving lipid storage, membrane synthesis,
viral  replication,  and  protein  degradation  [38,  39].  Yeast  lipids  can  be  mainly
classified into two groups; storage lipids (neutral lipids) and structure lipids (polar
lipids). Neutral lipids are mainly composed of triacylglycerols (TAG), accounting
for  over  90%  of  total  lipid,  and  serving  as  primary  carbon  and  energy  storage
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forms  in  microorganisms.  Other  lipid  components  in  minor  quantities  are  free
fatty  acids,  other  types  of  neutral  lipids  (i.e.,  monoacylglycerols,  MAG;
diacylglycerols,  DAG;  and  steryl-esters),  and  polar  lipids  and  sterols  (i.e.,
sphingolipids,  phospholipids,  and  glycolipids)  [40].  Further,  the  four  types  of
lipids can be found in the cytoplasmic membrane, namely glycerophospholipid,
sphingolipid,  steryl  ester from ergosterol,  and mono and diacylglycerols [9].  Y.
lipolytica  also  accumulates  lipids  primarily  in  the  form of  TAG.  Similarly,  the
main  lipid  component  TAG  exceeded  90%  in  R.  toruloides  and  C.  curvatus.
Neutral  lipids  are  accumulated  in  lipid  bodies  of  C.  vishniaccii  in  the  form  of
TAG (63.4%), DAG (19.63%), and MAG (1.07%) [37], as shown in Table 1.

The composition of fatty acids in yeast lipids is mainly affected by the cultivation
conditions (medium composition, temperature, and aeration rate), and they range
from 12 to 22 carbons in length [14]. Fatty acids in yeast are mainly palmitic acid
(C16:0), stearic acid (C18:0), oleic acid (C18:1), and linoleic acid (C18:2) [33].
Of these, the most abundant are palmitic and oleic acids. Considering saturated
versus  unsaturated  fatty  acids,  approximately  25–45% are  saturated  fatty  acids
while 55-75% are unsaturated. Therefore, the ratio of unsaturated fatty acids to
saturated ones in microbial lipids ranges from 1 to 2, similar to plant oils (such as
palm oil). The wide ranges of fatty acids found in yeasts and the extents of their
lipid  content  in  a  glucose-based  medium  under  nitrogen-limited  conditions  are
shown in Table 2. For instance, the lipids produced by Y. lipolytica were mainly
C16  and  C18  fatty  acids.  Most  of  the  fatty  acids  of  the  microbial  lipid  were
unsaturated and corresponded primarily in oleic, palmitic, and linoleic acids [21].
Similarly, the major fatty acids produced by L. starkeyi were oleic acid (C18:1),
palmitic acid (C16:0), stearic acid (C18:0), palmitoleic acid (C16:1), and linoleic
acid  (C18:2).  Oleic  acid  accounted  for  about  50% of  the  total  fatty  acids  [23].
Accordingly,  the  primary  fatty  acids  in  the  lipids  from  R.  glutinis  are  oleic,
palmitic,  linoleic,  and  stearic  acids.  In  addition,  these  yeast  lipids  present  a
relatively  higher  concentration  of  unsaturated  than  saturated  fatty  acids  [24].
Likewise,  the  major  fatty  acids  of  the  lipid  produced  by  C.  dermatis  are  long-
chain fatty acids with 16 and 18 carbon atoms, accounting for >90% of the total
fatty  acid  content.  Palmitic,  oleic,  and  linoleic  acids  are  the  predominant
components. Of these, oleic acid has the most significant proportion of more than
40% [35].

Table 2. Lipid content and fatty acid composition of various oleaginous yeasts.

Yeast Strains Lipid
Content

(%)

Fatty Acid Composition (%) References

C16:0 C16:1 C18:0 C18:1 C18:2 C18:3 -

Order Saccharomycetales - - - - - - -
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Yeast Strains Lipid
Content

(%)

Fatty Acid Composition (%) References

C16:0 C16:1 C18:0 C18:1 C18:2 C18:3 -

Yarrowia lipolytica 61 34.0 2.6 16.4 15.4 12.2 18.3 [31]

Lipomyces starkeyi 79.6 26.0 4.0 9.0 27.5 2.0 - [33]

Debaryomyces etchellsii 22.4 14.6 7.7 3.6 52.6 20.4 - [34]

Order Sporidiobolales - - - - - - - -

Rhodosporidium toruloides 53.51 22.91 1.47 11 45.02 18.1 0.64 [35]

Rhodotorula glutinis 48.93 16.78 1.81 1.35 61.60 11.64 4.23 [36]

Rhodotorula glutinis 42.80 18.17 - 4.27 49.17 19.18 2.95 [37]

Rhodotorula glacialis 68 14.4 0.5 6.3 36.3 33.1 4.8 [38]

Order Tremellales - - - - - - - -

Saitozyma podzolica 11.49 2.41 0.60 6.37 1.47 0.13 0.25 [39]

Order Cystobasidiales - - - - - - - -

Cryptococcus curvatus 52.66 18.68 - 14.03 43.66 13.02 - [40]

Order Trichosporonales - - - - - - - -

Cutaneotrichosporon dermatis 45.88 20.07 1.36 9.38 43.01 22.21 - [36]
All  experiments  used  glucose  as  the  sole  substrate.  C16:0,  C16:1,  C18:0,  C18:1,  C18:2,  and  C18:3  are
palmitic, palmitoleic, strearic, oleic, linoleic and linolenic acids, respectively.

Low-cost Feedstocks and Wastes as Substrates for Oleaginous Yeasts

Valorizing low-cost substrates for lipid production by oleaginous yeasts is vital
for reducing production costs and simultaneously treating organic wastes. Various
low-cost  materials  have  been  evaluated  as  candidate  feedstocks  for  sustainable
production  of  lipids  by  oleaginous  yeasts.  Generally,  sugar-based  media  (i.e.,
glucose,  fructose,  xylose,  sucrose,  lactose),  molasses,  sugar-enriched  wastes,
whey, and methanol have been used as substrates in de novo lipid synthesis [39].
Hydrophobic carbon sources, such as a wide variety of plant oils like olive oil,
palm  oil,  sunflower  oil,  corn  oil;  free  fatty  acid  byproducts  or  wastes  such  as
waste fish oils, soap-stocks, stearin-derived from tallow, hydrolyzed plant oil, free
fatty  acids,  fatty  acid  esters,  and  n-alkanes  and  volatile  fatty  acids  from  agro-
industrial  process  these  have  been  considered  as  substrates  for  ex  novo  lipid
accumulation  [8].

In  the  last  five  years,  low-cost  hydrophilic  substrates,  such as  glycerol-derived
from  biodiesel  production,  lignocellulosic  biomass,  and  some  low-cost
hydrophobic materials involving volatile fatty acids that are byproducts or wastes
from agro-industrial processes, have been mainly focused on for the production of
lipids  by  oleaginous  yeasts  (Table  3).  The  conversions  of  biodiesel-derived

(Table 2) cont.....
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glycerol  waste  into  lipids  have  been  performed  by  R.  mucilagenosa,  C.
viswanathii, Trichosporon oleaginosus. The glycerol is facilitated into the yeasts
by active transport, and it is then phosphorylated into glycerol-3-phosphate (G3P)
and  converted  to  dihydroxyacetone  phosphate  (DHAP),  which  is  used  to  build
triacylglycerols via the α-glycerol phosphate acylation pathway (Fig. 1). Bansal et
al. [40] reported that R. mucilagenosa IIPL32 MTCC 25056 could produce lipids
using  crude  glycerol  as  the  sole  source  of  carbon.  Under  nitrogen-limited
conditions,  a  lipid  concentration  of  5.6  g/L  was  achieved  with  high  content  of
monounsaturated  fatty  acids  (MUFA)  and  polyunsaturated  fatty  acids  (PUFA).
Likewise,  this  biodiesel  byproduct  was  used  as  the  sole  carbon  source  in  the
culture media of 13 oleaginous yeast strains, and C. viswanathii Y-E4 achieved a
high lipid content of 51.9%, which was outstanding among the species tested [41].
The biodiesel-derived glycerol waste contains impurities like methanol, impacting
cell growth and intracellular lipid production [42]. However, the study of Chen et
al.  [43]  found  that  T.  oleaginosus  ATCC  20905  could  tolerate  a  methanol
concentration of up to 1.4% and had a high lipid production of 20.78 g/L (48.09%
of  its  cell  weight).  Besides,  Gao  et  al.  [44]  investigated  the  effects  of  four
impurities  in  crude glycerol,  including methyl  oleate,  sodium oleate,  methanol,
and NaCl; except for methanol, these impurities enhanced the lipid production by
the oleaginous yeast R. toruloide 32489.

Table 3. Lipid production by oleaginous yeasts using low-cost feedstock and waste as substrates.

Yeast Strains Substrates Lipid
Concentration

(g/L)

Lipid
Content

(%)

References

Rhodococcus sp. YHY01 Food waste-derived volatile
fatty acids in nitrogen-

limited

2.2 69 [52]

Cryptococcus curvatus DSM
70022

Volatile fatty acids derived
from waste paper

1.78 41.2 [53]

Yarrowia lipolytica MTCC
9520

Chicken tallow 4.16 - [54]

Yarrowia lipolytica CICC
31596

70 g/L acetic acid 10.11 - [55]

Yarrowia lipolytica CICC
31596

Food waste fermentation 3.20 21.86 [55]

Yarrowia lipolytica CICC
31596

Fruit and vegetable waste
fermentation

3.08 26.02 [55]

Rhodotorula paludigena CM33 Molasses 6.1 37.1 [56]

Rhodotorula mucilagenosa
IIPL32 MTCC 25056

Crude glycerol 5.6 - [40]
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Yeast Strains Substrates Lipid
Concentration

(g/L)

Lipid
Content

(%)

References

Candida viswanathii Y-E4 Crude glycerol 13.6 51.9 [41]

Rhodotorula mucilaginosa
KKUSY14

Durian peel 1.68 - [48]

Cryptococcus curvatus ATCC
20509

Untreated waste office paper 1.39 22 [47]

Cryptococcus curvatus ATCC
20509

Treated waste office paper 5.75 37.8 [47]

Trichosporon oleaginosus
ATCC 20905

Crude glycerol + 1.4%
(w/v) methanol

20.78 48.09 [43]

Cryptococcus curvatus ATCC
20509

DDAP-EH corn stover
hydrolysate

21.4 63.1 [61]

Trichosporon oleaginosus
ATCC 20509

Sorghum stalk hydrolysate 13.1 60 [61]

Trichosporon oleaginosus
ATCC 20509

Switch grass hydrolysate 12.3 58 [61]

Cryptococcus curvatus ATCC
20509

Volatile fatty acids (ratio
15:5:10)

4.93 56.85 [61]

Trichosporon oleaginosus
DSM 11815

Microalgae hydrolysate 30.6 53 [62]

Cryptococcus curvatus ATCC
20509

Municipal sludge + crude
glycerol + peptone

16.4 40.3 [61]

Lignocellulosic  biomass  and  related  materials  consist  of  the  three  main
components,  cellulose,  hemicellulose,  and  lignin,  and  have  lesser  quantities  of
starch, pectin, extractives, ashes, etc [45]. Cellulose and hemicellulose comprise
polymerized sugars, such as pentose (e.g., xylose) and hexose (e.g., glucose) [8].
Since  most  oleaginous  yeasts  consume  sugars,  lignocellulosic  materials  are
pretreated to hydrolyze cellulose and hemicellulose molecules into simple sugars,
such as  glucose and xylose.  It  is  also necessary to  remove inhibitors  generated
from  lignin  and  sugar  degradation.  These  include  furan  derivatives  such  as
furfural  derived  from  pentose  and  hydroxymethylfurfural  (HMF)  derived  from
hexose  sugars,  weak  acids  (such  as  formic,  acetic,  and  levulinic  acids),  and
phenolic compounds such as syringaldehyde, ferulic and vanillic acids [22, 45].
However, detoxification of these inhibitors is costly when preparing fermentable
sugars in the hydrolysate [46].

Many research groups have been searching for oleaginous yeast species capable
of  converting  sugars  derived from lignocellulosic  materials  to  lipids  via  the  de
novo  lipid accumulation process (Table 3).  Annamalai  et al.  [47] found that C.

(Table 3) cont.....
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curvatus ATCC 20509 could produce lipids from enzymatically hydrolyzed waste
office  paper  (WOP)  only  after  lignin  removal.  The  culture  medium  was
supplemented  with  ammonium  sulfate  (2  g/L)  and  yeast  extract  (0.5  g/L)  as
nitrogen  sources  at  a  C/N ratio  of  80.  R.  mucilaginosa  KKUSY14 was  able  to
tolerate  acetic  acid  (2.39-2.6  g/L)  and  5-HMF  (0.27-0.86  g/L),  and  had  good
performance in converting not detoxified durian peel hydrolysate into lipids [48].
Such  as  tolerance  is  beneficial  for  cost-effective  lipid  production  from
lignocellulosic  materials.  When  using  sorghum  stalks  and  switchgrass
hydrolysates  as  substrate,  T.  oleaginous  had  better  performance  in  lipid
production  over  L.  starkeyi  and  C.  albidus.  The  sugar  consumption  rate  of  T.
oleaginosus was the fastest, and this yeast achieved a high lipid content of 60%.
Besides sugars, lignocellulosic hydrolysates (i.e., sorghum stalks and switchgrass
hydrolysates)  contained  acetic  acid  and  citric  acid  as  byproducts  of  enzymatic
hydrolysis  [49].  Interestingly,  acetic  acid  is  entirely  assimilated  by  all  yeast
strains, and then enters into mitochondria to form acetyl-CoA (Fig. 1). In contrast,
citric acid enters the cytoplasm in exchange with malate, and is finally cleaved to
acetyl-CoA and oxaloacetate by the ATP-citrate lyase (ATP-CL), the key enzyme
of lipid accumulation in oleaginous yeasts (Fig. 1).

Fats  or  hydrophobic materials  including volatile  fatty acids,  free fatty acids,  n-
alkanes, waste oils, and fats are considered carbon sources for the ex novo lipid
synthesis,  in  which  lipid  accumulation  co-occurs  with  cell  growth  without
nitrogen depletion [50, 51]. Free fatty acids as the primary substrates are produced
from the hydrolysis of triacylglycerols/fatty acid esters and are transported into
the cells by an active transport system. These fatty acids are either assimilated for
cell growth requirements or used as precursors for endocellular transformations
(synthesis  of  different  fatty  acids  that  were  not  previously  contained  in  the
medium). Assimilated free-fatty acids are catabolized by the ß-oxidation process
into shortened chain acyl-CoAs and acetyl-CoA. The degradation is catalyzed by
several acyl-CoA oxidases (Aox), resulting in: (1) energy for cell growth and the
maintenance of acetyl-CoA channel inside the tricarboxylic cycle (TCA); and (2)
the production of organic substances (intermediates) that create precursors for the
synthesis  of  cellular  components  [50,  51]  (Fig.  1).  In  the  case  of  long-chain
alkanes,  acetyl-CoA  or  propionyl-CoA  is  formed,  enters  peroxisomes  to  be
catalyzed by the  glyoxylate-cycle  pathway,  and interacts  with  the  methylcitric-
acid and TCA cycles in mitochondria. In addition, assimilated fatty acids could be
directly built as triacylglycerols or steryl esters and stored into lipid bodies (Fig.
1). Recently, the conversion of volatile fatty acids from sludge, food wastes, and
various  organic  wastes,  to  microbial  lipids  has  been  studied  (Table  3).  Food
waste-derived  volatile  fatty  acids  were  converted  into  yeast  lipids  by
Rhodococcus sp. YHY01 cultivated under nitrogen-limited conditions. The yeast
achieved a high lipid content of 69% (w/w) [52]. During cultivation, Rhodococcus
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sp. YHY01 presented different growth patterns towards different organic acids,
including  lactate,  acetate,  propionate,  and  butyrate.  Lactate,  propionate,  and
butyrate  were  assimilated  slower  than  acetate  [52].  Likewise,  in  the  study  of
Annamalai  et  al.  [53],  it  was  found  that  C.  curvatus  DSM  70022  preferably
consumed  acetic  acid  over  propionic  and  butyric  acids.  Acetate  is  directly
converted  into  acetyl-CoA  to  synthesize  fatty  acids  and  various  metabolic
molecules,  whereas lactate  is  converted into pyruvate and H2O2  through lactate
oxidase  or  is  converted  into  acetate,  CO2,  and  H2O  through  lactate
monooxygenase [54, 55]. In contrast, propionate is converted to propionyl CoA
and  then  enters  the  tricarboxylic  acid  (TCA)  cycle  via  methylmalonyl-CoA
interconversion  to  succinyl-CoA.  On  the  other  hand,  butyrate  is  metabolized
through  β-oxidation  to  produce  acetoacetyl-CoA,  which  is  further  transformed
into acetyl-CoA [55 - 60].

Biodiesel Production via Direct Transesterification from Yeast Lipids

The first generation biodiesel production from oleaginous yeast has been mainly
performed  in  three  steps:  the  first  step  is  biomass  drying  followed  by  cell
disruption  and  lipid  extraction,  and  finally  biodiesel  production  (Fig.  2).  The
microbial biomass is usually dried at 60–70°C to maintain the total lipid content
and  its  composition,  and  reduce  the  water  content  that  would  decrease  the
extraction efficiency of the lipids. Then, the lipids are extracted from the biomass
by  chemical  (i.e.,  acid,  alkali,  detergents)  or  by  enzymatic  and  physical  or
mechanical  (i.e.,  sonication,  bead  milling,  and  pressure  extrusion)  techniques.
Soxhlet extraction with hexane and the extraction method of Blight and Dyer or
the extraction method of Folch using a chloroform/methanol mixture are the most
performed methods in the extraction of yeast lipids. Finally, the yeast lipids are
transesterified with alcohol (i.e., methanol, ethanol) addition, along with an acid
or  base  or  enzymatic  catalyst.  Other  approaches  tested  involve  microwaves,
ultrasound-assisted extraction, supercritical fluid, and heat reflux [63 - 66]. The
overall  process  requires  significant  amounts  of  solvents  and  a  long  processing
time. Therefore, direct (in situ) transesterification, where the disruption of cells,
the extraction of lipids, and the transesterification are performed in a single step,
has  been  proposed  as  an  alternative  approach  to  biodiesel  production  from
oleaginous  yeasts  [10,  14]  (Fig.  2).
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Fig. (2).  Flow diagrams of yeast biodiesel production processes through conventional transesterification and
direct transesterification methods. FAME stands for fatty acid methyl ester. Source: modified from Cheirslip
and Louhasakul [14] and Kim et al. [68].

Direct transesterification of the yeast lipids is performed using a combination of
physical  or  mechanical  treatments  (i.e.,  bead  beating/milling,  microwaves,
ultrasonication) and hydrophobic solvents (i.e., chloroform, hexane, pentane) with
the addition of alcohol and catalyst [10, 13]. However, direct transesterification of
the  yeast  lipids  can  be  performed  without  hydrophobic  solvents  but  with  an
increased  alcohol  ratio.  Cheirsilp  and  Louhasakul  [14]  evaluated  the  direct
transesterification  of  Y.  lipolytica  TISTR5151  without  adding  hydrophobic
solvent. In this case, the process gave a comparable yield of biodiesel (71.9–73%
of  total  lipids)  but  either  needed  a  longer  reaction  time  (6  h)  with  a
methanol/biomass ratio of 125:1 or a larger methanol/cell ratio of 209:1 to reduce
the  reaction  period  to  1  h.  Likewise,  Liu  and  Zhao  [67]  developed  the  direct
transesterification of R. toruloides with the addition of methanol and sulfuric acid.
The reaction achieved 60% fatty  acid methyl  ester  (FAME) yield but  needed a
longer reaction time (20 h). Besides, the direct-transesterification efficiency can
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be  improved  by  combining  physical  or  mechanical  treatments  such  as  bead
milling,  ultrasonication,  or  microwave  that  can  increase  the  mass  transfer  rate
between immiscible phases and reduce the time of reaction [13]. For example, the
direct  transesterification  of  wet  yeast  cells  of  Y.  lipolytica  TISTR  5151  was
performed  without  adding  hydrophobic  solvent  but  in  a  2-L  vigorously  stirred
tank reactor (VSTR)combined with bead milling.  FAMEs rapidly reached their
highest levels at 80.84% within a half-hour of reaction [15].

In  the  last  five  years,  most  direct  transesterifications  of  yeast  lipids  have  been
performed  using  acid  catalysts  (Table  4).  The  acid-catalyzed  direct
transesterification can prevent soap formation from free fatty acids derived from
both the cells and the hydrolysis of alkyl esters, contributing water to the system.
In  addition,  both  triacylglycerol  transesterification  and  free  fatty  acid
esterification can be catalyzed by an acid catalyst. In a direct-transesterification
process of wet R. glutinis BCRC 22360 cells, the highest FAME yield of 97% was
achieved with the addition of methanol at 1:100 and 0.36 M H2SO4 as a catalyst at
90°C for 8 h [69].  Katre et  al.  [70] achieved a high FAME yield of  0.88 g/4 g
biomass from direct transesterification of Y. lipolytica NCM 3589 for 8 h at 50 °C
with  the  addition  of  methanol:  chloroform  (10:1)  and  an  acid  catalyst  (0.2  M
H2SO4,). In some cases, the FAME yield improved from 69% to 83% with a low
methanol loading of 1:10, with some added surfactants [17]. The surfactants can
improve the mass transfer rates between immiscible phases and easily bind with
cell walls/membranes, subsequently bringing about cell disruptions [71].

Table 4. Direct transesterification for biodiesel production from oleaginous yeasts.

Yeast Strains Condition Yield References

Yarrowia lipolytica
TISTR5151

Acid [0.4 M H2SO4]; 1000 rpm; 50 °C 90% [15]

Rhodotorula glutinis BCRC
22360

Acid [0.36 M H2SO4]; methanol ratio 1:100; 90°C;
8 h

97% [69]

Rhodotorula glutinis BCRC
22360

Acid  [0.36  M  H2SO4];  50  mM  3-(N,N-
dimethylmyristylammonio)  propanesul  fonate  (3-
DMAPS, a zwitterionic surfactant); methanol ratio
1:10; 90°C; 10 h

83% [69]

Yarrowia lipolytica NCM
3589

Acid [0.2 M H2SO4]; 50 °C; 8 h 0.88 g/4 g
biomass

[70]

Saitozyma podzolica Zwy--
-3

Enzyme [2.5 g immobilized lipase dosage]; 15%
water content; n-hexane/methanol molar ratio of

3:1; 35 °C

98.12% [39]

Naganishia liquefaciens
NITTS2

Enzyme [lipase 20%]; methanol/oil molar ratio of
6:4; 35 °C; 16 h. 6.4

97.13% [72]
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Yeast Strains Condition Yield References

Rhodosporidium
diobovatum 08-225

Ionic liquid [C2mim[EtSO4] 2 g /g biomass ; 16.9 g
methanol/g biomass; 0.056 g KOH/g biomass; 65

°C

97.1% [73]

Rhodotorula mucilaginosa
IIPL32

Acid [0.4 M HCl]; 70 °C; 20 h 97.3 mg/g [74]

Rhodotorula glutinis BCRC
22360

Acid [0.6 M H2SO4]; 70 °C; 20 h 111% [75]

Rhodotorula graminis S1/S2 Acid [0.4 M H2SO4]; methanol/biomass ratio of
60:1; 70°C; 3 h

123% [76]

Besides  acid-catalyzed  direct  transesterification,  enzyme-catalyzed  direct
transesterification of yeast lipids has been developed to be efficient on a lab scale.
Cao  et  al.  [16]  achieved  98.12%  of  FAME  in  direct  transesterification  of  S.
podzolica  Zwy-2-3  without  cell  drying,  using  2.5  g  magnetic  nanoparticle-
immobilized lipase, 15% water content, and n-hexane/methanol molar ratio of 3:1
at 35 °C. After 10 times of reuse, the immobilized lipase still retained more than
90% of the initial enzyme activity. The direct-transesterification efficiency can be
improved by combining physical or mechanical techniques such as ultrasonication
and  microwave  [71  -  76].  These  can  increase  the  mass  transfer  rates  between
immiscible  phases  and  reduce  the  reaction  time.  Selvakumar  et  al.  [72]
investigated  enzyme-catalyzed  direct  transesterification  of  N.  liquefaciens
NITTS2 using ultrasound to disrupt cells and extract lipids and garbage lipase for
transesterification. FAME was achieved at 97.13% at the optimal condition of 6.4
methanol/oil molar ratio and 20% enzyme dosage at 35 °C for 16 h. Ionic liquids
can also be utilized in direct  transesterification as  a  co-solvent.  Gao et  al.  [73]
investigated the direct transesterification of yeast biomass, R. diobovatum 08-225,
using potassium hydroxide (KOH) as a catalyst in the presence of an ionic liquid
(1-ethyl-3-methylimidazolium  ethyl  sulfate).  The  FAME  yield  was  as  high  as
97.1%  at  the  optimal  conditions:  methanol  6.9  g/  g-biomass,  KOH  0.056  g/g-
biomass,  and C2mim[EtSO4]  2  g/g-biomass  at  65 °C.  An ionic  liquid  can drive
water  through  hydrogen  bonds  and  allow a  more  significant  catalyst  to  stay  in
methoxide ion form.

CONCLUSION

Biotechnological  applications  of  oleaginous  yeasts  are  promising  due  to  their
beneficial characteristics in terms of high growth rate and lipid content, similar
lipid  composition  to  conventional  biodiesel  feedstocks,  and  their  ability  to
valorize  a  broad  range  of  low-cost  feedstocks  and  industrial  wastes.
Understanding  key  biochemical  pathways  for  lipid  production  from  first-  and
second-generation feedstocks as well as developing direct process for biodiesel

(Table 4) cont.....
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production  from  yeast  cells  will  enable  their  industrialization  and
commercialization.  Further  innovations  and  biorefinery  concepts  may  help
overcome  limitations  in  technical  and  economic  feasibility  and  environmental
footprints.

LIST OF ABBREVIATIONS
NL Neutral Lipid

ER Endoplasmic Reticulum

PER Peroxisome

TCA Cycle Tricarboxylic Acid Cycle

PPP Pentose Phosphate Pathway

G6P Glucose-6-phosphate

F6P Fructose-6-phosphate

F1P Fructose-1-phosphate

GA3P Glycerol-3-phosphate

DHAP Dihydroxyacetone Phosphate

OAA Oxaloacetate

FFA Free Fatty Acid

LPA Lysophosphatidic Acid

PA Phosphatidic Acid

MAG Monoacylglycerol

DAG Diacylglycerol

TAG Triacylglycerol

LB Lipid Body

LDs Lipid Droplets

VFAs Volatile Fatty Acids
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Abstract:  Organic  agriculture  has  significantly  expanded over  the  years,  increasing
population.  The  productive  methodology  adopted  in  globalized  agricultural  systems
reinforced the need to  develop technologies  that  reduce the problems caused by the
excessive use of pesticides and synthetic fertilizers. Some progress is being made by
applying yeasts in agriculture due to the advantages associated with their use, such as
promoting plant growth, biological control, inhibition of pathogens, and production of
phytohormones. This chapter discusses studies that demonstrate the potential of yeasts
in agriculture for biocontrol and plant growth. Yeasts are widely disseminated in the
soil, increase and promote biological control, and show positive and promising results
in  the  management  of  various  phytopathogens.  The  interactions  of  these  organisms
influence multiple processes, such as the mineralization of organic matter in the soil,
nutrient cycle, disease and weed control, and ecological balance. Efforts must be made
to  enable  the  production  and  application  of  yeasts  as  control  agents  in  agriculture.
Considering  the  diversity  of  yeast  species  present  in  the  soil,  their  morphological,
physiological, and phenotypic properties, understanding interactions and environmental
effects integrating an ecological scenario is the key to good agricultural practices in a
more sustainable context.

Keywords:  Biological  control,  Growth  promotion,  Organic  agriculture,
Sustainability,  Yeasts.

INTRODUCTION

Intensive  population  growth  and  food  production  methods  in  global  ecological
systems  under  stress  have  aroused  interest  in  developing  productive,  stable,
resilient,  and  environmentally  friendly agricultural systems that produce healthy
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food  and  guarantee  environmental  integrity  for  future  generations  [1].  In
conventional agriculture, weed management is carried out using pesticides, such
as herbicides. In addition, the intensive and prolonged use of chemical pesticides
causes  environmental  impacts,  such  as  water  and  soil  contamination,  and  the
emergence of weed-resistant herbicides, which have increased by approximately
30% in the last  ten years worldwide [2 -  4].  Resistance to pesticides has led to
increased applications, higher crop losses, and farmers' mounting costs [1].

In this scenario, organic agriculture offers approaches that reduce the dependence
on pesticides. Organic agriculture has expanded in many countries over the last
few  years;  between  1999  and  2017,  it  has  increased  six-fold.  In  2017,
approximately 1.4 percent of the world's agricultural land was organic. Fourteen
countries corresponded to more than 10% of these areas, and Australia has been a
substantial contributor to exponential growth over the ten years before 2017 [5].
This  increase  in  organic  agriculture  reflects  the  growing  concern  about
environmental issues in intensive agriculture, mainly related to problems with the
use of pesticides and commercial  fertilizers.  In addition,  there is  an increase in
consumer demand for organic products, which has been supported by research and
funding funds in many countries [6].

There is  an expanded interest  in productive and ecologically sound agriculture.
Global  data  on  organic  production  and  markets  are  highly  relevant  for  organic
agriculture, considering it to be a sustainable form of production and dependent
on policymakers that contribute to expanding these crops [5].

The  development  of  new  technologies  that  sustainably  enable  food  security  is
essential  in  agriculture  and  the  development  of  products  that  can  reduce  the
excessive  use  of  chemicals  in  crops  to  minimize  environmental  impacts.
Significant  advances are being made using microorganisms as an alternative in
growth-promoting  and  biological  control  in  agriculture  because  of  their
advantages over synthetic compounds, such as biodegradability, reduced half-life,
and environmental safety.

The use of plant growth-promoting (PGP) microorganisms offers an alternative to
reduce  chemical  fertilizers,  resulting  in  increased  tolerance  to  abiotic  stresses,
nutrient assimilation, pest control, plant height, root length, dry matter, etc [7, 8].
These benefits result from different mechanisms that help directly, for example,
by  phytohormone  production  that  stimulates  plant  development  and  improves
nutrient absorption by solubilization of compounds or indirectly by preventing the
adverse effects of phytopathogenic microorganisms [9, 10]. PGP microorganisms
have  a  crucial  role  in  management  systems  to  reduce  agrochemical  rates  and
increase  the  focus  on  biological  methods  for  agriculture  [7].
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In addition to direct benefits, the potential of microorganisms for disease control
in agriculture is an alternative tool in organic and conventional agriculture. It is an
essential  element  for  pest  management  [1].  Biological  control  of  crops  with
naturally  occurring  microorganisms  is  an  alternative  to  chemical  control.  It  is
based on a natural interaction between yeast and filamentous fungi. By different
mechanisms, bacteria can protect plant crops against diseases, such as toxin and
volatile compound production and specific enzyme secretion [11 - 13].

Yeast is a single-celled fungus that is abundant in the soil, with rapid growth and
excellent  characteristics such as PGP and biological  control  [14,  15].  Although
research  on  endophytic  yeasts  as  biocontrollers  has  only  gained  prominence  in
recent  years,  these  yeasts  have  great  potential  for  inhibiting  phytopathogens
because these microorganisms can act through several action mechanisms, thus
reducing pathogen resistance in the environment [8, 16].

Yeasts can produce hormones such as indol-3-acetic acid (IAA), indol-3-pyruvic
acid (IPYA), cytokinins, and several biologically active compounds that stimulate
plant  growth  and  development  and  increase  crop  productivity.  Studies  have
identified improvements in plant growth, germination, and length after inoculation
of seeds with yeast strains. When applied to biocontrol, yeasts can improve the
uptake of water and nutrients, such as nitrogen and potassium, and reduce the risk
of  phytopathogenic  infections  because  of  the  production  of  antimicrobial
substances  [17,  18].

Yeast’s role in agricultural ecosystems needs advances, mainly because it is not
entirely understood, and research on these microorganisms as PGP and biocontrol
is scarce [10]. In this context, this chapter aims to highlight works present in the
literature  on  the  potential  use  of  yeasts  in  agriculture  for  biocontrol  and  plant
growth.

YEASTS IN THE NATURAL ENVIRONMENT

Living  organisms  can  be  divided  into  prokaryotes  and  eukaryotes.  In  the
prokaryote group, we have bacteria and archaea. In eukaryotic organisms, we find
cellular microorganisms, such as fungi (yeasts and molds), protozoa, algae, and
higher organisms, such as plants and animals.

The Fungi Kingdom includes single-celled yeasts with approximately 680 known
species distributed in two phyla (Ascomycota and Basidiomycota), multicellular
molds, and macroscopic species such as mushrooms. Yeasts are non-filamentous,
usually spherical or oval with a cell diameter between 1 and 10 µm, a rigid cell
wall  made  up  of  the  polysaccharide's  glycan  and  mannan,  which  can  grow  in
environments  with  low  humidity,  high  osmotic  pressure,  and  a  wide  pH  range
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(optimum  pH  between  5  and  6),  and  many  are  optional  anaerobic,  allowing
growth  in  different  environments.  Vital  functions  are  maintained  by  absorbing
dissolved  organic  matter  through  the  plasma  membrane.  Yeasts  are  widely
distributed in the environment and can be found as a white powder that covers the
fruits and leaves [1].

Yeast  reproduction  can  occur  through  budding  or  fission.  During  budding,  the
cells  create  a  protrusion  on  the  outer  surface.  The  nucleus  is  divided  with  the
elongation of the bud. In fission reproduction, the cell divides into two identical
new  cells,  where  the  parental  cell  stretches  and  its  nucleus  divides;  thus,  two
daughter  cells  are  produced.  Still,  some  yeasts  can  produce  spores,  and  when
grown in the laboratory using a solid culture medium, yeasts have colonies similar
to bacteria [14].

Some yeast  species  can  cause  some  pathologies  in  humans  (Candida  albicans,
Cryptococcus  neoformans,  Histoplasma  capsulatum,  Blastomyces  dermatitidis,
and  Malassezia  furfur),  animals  (Candida  spp.,  C.  neoformans,  C.  gattii,
Malassezia  ssp.,  among  others),  and  vegetables  (Zygosaccharomyces  bailii,
Brettanomyces  spp.).  Yeasts,  mainly  Saccharomyces  cerevisiae,  have  wide
applications  in  industrial  fermentation  processes,  such  as  in  the  production  of
alcoholic  beverages,  biofuel  (ethanol),  bakery,  citric  acid  synthesis,  and
pharmaceuticals  (production  of  B  complex  vitamins).  Yeasts  are  also  used  in
genetic engineering because they are rapidly growing, as in vaccine production
against the hepatitis B virus, biosensors, and can also be used as bioremediation
and biological control agents [18].

The diversity of microorganisms found in the environment is considerable, both in
various species and in the abundance of individuals.  Microorganisms and other
living  organisms  do  not  survive  in  isolation  and  constantly  interact  with  each
other.  This  is  essential  for  survival  in  highly  variable,  competitive,  and
oligotrophic (nutrient-poor) environments. These interactions can be divided into
two large groups: positive and negative. Positive interactions allow at least one of
the  organisms  to  benefit,  and  none  of  them  are  harmful  to  the  positive
interactions.  The  following  stand  out  Commensalism,  Mutualism,  and
Protocooperation  [19].

In  the  second  group,  there  are  adverse  interactions,  and  the  least  one  of  the
organisms involved  is  harmed,  considering  only  the  individual's  point  of  view.
Considering  all  the  population  and  the  ecosystem,  the  interaction  is  deemed
beneficial,  as  it  prevents  population  increase  and  acts  in  the  natural  selection,
causing  new  adaptations.  The  following  stand  out  among  the  negative
interactions:  Parasitism,  antagonism,  competition,  and  predation  [20].
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It should be noted that although each of the interactions has been approached in
isolation, a microbial population can perform more than one type of interaction
with other populations. These interactions between organisms influence various
processes  such  as  mineralization  of  organic  matter  in  the  soil  and  xenobiotics,
nutrient  cycling,  humus  formation,  biological  weed,  disease  control,  and
biological balance, showing the complexity of the environment. The use of yeasts
as biocontrol agents has been extensively studied. Successful control of several
phytopathogens has been demonstrated to be a promising strategy for controlling
pathogens [16].

Yeasts  found  inside  plant  tissues  are  called  endophytes,  whereas  the
microorganisms  that  colonize  plant  organ  surfaces  are  called  epiphytes.  These
inhabit, in general, all the organs and tissues of the plants, such as the aerial parts
of  the  plants  (leaves,  stems,  flowers,  and  fruits)  or  in  association  with  the
underground parts (roots). Positive interactions occur between the microorganism
and plant, without causing any apparent damage. These organisms can increase
the compounds produced by plants,  such as  hormones,  antimicrobials,  nitrogen
fixation,  tooth  others,  and  differentiating  themselves  from  phytopathogens.
However,  this  interaction can change depending on the organism’s disposition,
development,  and  environmental  factors.  Several  endophytic  microorganisms
colonize as epiphytes and subsequently penetrate the tissues or even in the root
tissues and reach other tissues through the plant's vascular system [8].

These microorganisms, especially yeasts, with their interactions with plants, can
be used for biological control. Biological control is based on negative interactions
using  microorganisms  with  great  adaptability  and  interaction  with
phytopathogens.  Among  the  negative  interactions,  parasitism,  antagonism,  and
competition  for  space  or  nutrients  stand  out.  Positive  interactions  between  the
yeast and plant may promote growth or induce plant resistance to phytopathogens.
It emphasizes that biological control agents can act on the pathogen using more
than one action mechanism, which results in a more robust sense of the spectrum
of action, preventing the appearance of resistance from phytopathogens. To select
yeasts for biological control, general characteristics must be considered, such as
the  ability  to  colonize  the  surface  of  the  substrates  and  remain  viable  quickly;
more  remarkable  ability  than  pathogens  to  acquire  nutrients;  ability  to  survive
under  different  environmental  conditions  and  not  present  pathogenicity  for
humans  [7,  8].

The  microbiome  of  plants  can  be  stimulated  or  used  to  improve  the  results  in
terms  of  agricultural  productivity  by  applying  environmentally  friendly
approaches  based  on  the  interaction  of  the  soil,  plant,  and  microorganism
microbiome. Generally, in the rhizosphere, interactions occur between the roots of
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plants  and  the  soil  microbial  community.  This  soil  zone  is  influenced  by  the
release  of  substrates  that  affect  microbial  activity  [16].

The rhizosphere has an active environment and is subject to changes arising from
temporal  conditions,  which  results  in  variations  in  water  availability,  salt
concentration,  osmotic  potential,  and  soil  pH.  These  conditions  make  the
rhizosphere an engaging environment for soil-microbial community interactions.
Therefore, several yeast strains can be found in the rhizosphere, because they find
a reasonable possibility of nutrients. Some yeasts that live in this environment are
specialized  in  promoting  plant  growth  and  have  some  characteristics  such  as
inhibition  of  pathogens,  production  of  phytohormones,  and  solubilization  of
phosphate  and  nitrogen.  These  characteristics  are  relevant  when  considering
disease  control  in  plants  and  even  invasive  plant  biocontrol  [20].

Several interactions can co-occur in the soil, specifically in yeasts. They can be
related  to  competition  for  nutrients,  enzymatic  production,  mycoparasitism,
nitrogen  fixation,  phosphate,  biocontrol  activity,  and  decomposition  of  organic
matter,  among  others  [20].  The  soil  microbiota  is  responsible  for  essential
interactions  within  this  ecosystem,  balancing  the  microenvironment  through
ecological associations. In addition to biocontrol, it is possible to increase organic
matter availability, degrade the lignin present in the soil, regulate photosynthesis,
and synthesize bioactive substances such as phytohormones and enzymes. Thus, it
is possible to associate these interactions with the promotion of plant growth.

The  soil  can  be  considered  a  nutrient  bank,  in  which  the  growth  of  plants  will
depend  on  the  current  condition  of  the  soil,  mainly  on  the  presence  of
macronutrients  such  as  N,  P,  K.  Nitrogen  is  considered  fundamental  to  living
organisms  and  a  constituent  of  chlorophyll,  or  that  is,  it  plays  a  role  in
photosynthesis since their soluble forms better absorb phosphorus and potassium,
specialized  microorganisms  perform  this  solubilization  step.  Saprobic
microorganisms are specialized in obtaining nutrients from decomposing organic
matter, so they play an essential role in the carbon cycle, helping to maintain the
levels of organic carbon in the soil; therefore, this nutrient is always available for
the use of plants. Carbon in the soil also increases water retention capacity, as it
keeps the soil particles closer and promotes microbial biodiversity because it is
related to high levels of organic matter [9, 10].

Yeasts are abundant in the soil; however, their ecological functions in the soil and
agrosystems are not entirely known, what is known is that they are found in the
top 10 cm of the soil due to their ability to grow in carbon compounds and act as
organic  decomposition  matter,  phosphate  solubilization,  promotion  of  root
growth, soil aggregation and biocontrol of root pathogens. Among the wide range
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of  possibilities,  the  yeast  strains  usually  found in  the  soil  belong to  the  genera
Candida,  Cryptococcus,  Rhodotorula,  Lipomyces,  Sporobolomyces,
Trichosporon,  Pichia,  Saccharomyces,  Debaryomyces,  Aureobasidium,  and
Williopsis  [1,  11].

The  interaction  between  soil  and  plants  is  enhanced  by  the  presence  of
microorganisms that fix atmospheric nitrogen, supplement plants with phosphorus
and  potassium,  release  enzymes  and  metabolites  with  antioxidant  function,
vitamins,  and  hormones,  among  which  some  can  act  as  biocontrollers  and
maintain their tasks even in soils that experience stress due to drought or saline
concentration, and the action of these microorganisms can stimulate plant growth
and  improve  agricultural  productivity.  In  this  sense,  we  can  understand  that
microbial interactions in the rhizosphere are the key to determining the dynamics
and  nutrient  flows  of  plants  and  soil  and  can  be  used  as  a  strategy  to  improve
efficiency in agroecosystems [21 - 25].

GROWTH-PROMOTING  YEASTS  APPLIED  TO  ORGANIC
AGRICULTURE

In organic agriculture, microorganisms are used to promote plant growth. Among
the  microorganisms  commonly  used,  yeasts  can  be  used  as  growth-promoting
agents, but research related to this has been little investigated. To date, the role of
yeasts  in  agricultural  systems  is  still  not  well  understood,  and  the  number  of
studies  addressing  this  is  still  scarce  [10].  For  this  reason,  this  section  aims  to
bring to  light  scientific  knowledge,  examples,  current  uses,  and applications of
yeasts as agents that promote growth and biocontrol in agriculture.

Plant Growth Promoting

Plant  growth-promoting  (PGP)  microorganisms  offer  several  benefits  to
agricultural  plants  and  promote  plant  growth,  directly  and  indirectly,  acting  as
potential biofertilizers. Phytohormones and other molecules such as amino acids,
organic acids, siderophores, lytic enzymes, and volatile compounds, in addition to
increased nutrient absorption, are examples of mechanisms that microorganisms,
such as PGP yeasts, are used to stimulate plant development (Fig. 1) [10, 13]. The
beneficial  effects  of  biological  compounds  produced  by  these  microorganisms
begin  in  the  early  stages  of  plant  development.  It  is  later  expressed  in  the
suppression  of  phytopathogens  and  increased  productivity  [17].
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Fig. (1).  Mechanisms used by yeasts to promote growth and biocontrol in plants in agriculture.

At  the  beginning  of  this  century,  Saccharomyces  cerevisiae  has  emerged  as  a
promising  growth-promoting  yeast  for  different  crops,  making  it  a  positive
alternative  to  chemical  fertilizers.  In  the  last  two  decades,  new  isolates  have
emerged as potential, not only for promoting plant growth but also for biocontrol
tools in agriculture, which will be seen later [17, 26, 27]. Genres such as Candida,
Rhodotorula,  Sporobolomyces,  Trichosporon,  Pseudomonas  Williopsis,  and
Yarrowia  have  been  documented  [28  -  31].

Indole-3-acetic acid (IAA) is the main phytohormone used by plants to regulate
growth and is involved in several physiological processes, including lengthening
and dividing plant cells, germination, vascular development, and root growth [32].
Evidence  in  the  anatomy  of  sugar  beet  leaves  has  already  shown  that  yeasts
increase the thickness of the leaf blade and the middle vein, increasing the length
and width of  the vascular  bundles.  In  addition to IAA production,  rhizospheric
soil yeast showed a relatively high tolerance to heavy metals. They can produce
siderophores,  aminocyclopropane-1-carboxylate  (ACC)  deaminase,  solubilizing
phosphates,  zinc  salts,  and  releasing  nitrogen  for  plants  [10,  27].  Phosphate-
solubilizing  microorganisms  increase  plant  growth  by  solubilizing  insoluble
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phosphates  in  the  soil,  particularly  in  phosphorus-deficient  environments  [10].
Yeasts  with  these  characteristics  have  been  suggested  to  improve  growth  and
reduce heavy metal accumulation within plants [27].

In studies (Table 1), ten promising strains from 69 isolates showed multifaceted
characteristics  providing  partial  information  on  the  yeast-plant  interaction,
opening a new door for future agronomic developments in this segment.  While
many  studies  have  investigated  new  potential  isolates,  others  have  sought  to
improve yeast performance in environments with low nitrogen [10]. This is what
the  results  indicate:  In  addition  to  the  rapid  growth  of  Candida  tropicalis.HY
(Table 1) in aminocyclopropane-1-carboxylate as the only source of nitrogen, this
microorganism quickly  colonized  rice  seedling  roots  maintaining  it  for  at  least
three weeks and being able to synthesize polyamines and mobilize organic and
inorganic  phosphates  [15].  The  authors  support  the  inclusion  of  this
microorganism in commercial PGP inoculants for the development of sustainable
agriculture.

Table 1. Yeasts, functions, and effects observed in plant growth and as biocontrol.

Microorganisms Function Observed Effect Studied in Refs.

Yeast strains isolated
from Spanish

vineyards (e.g.,
Pichia dianae Pd-2
and Meyerozyma

guilliermondii Mg-
11)

Growth
promoting

Solubilization or production of IAA,
siderophores, NH3, catalase, and different

hydrolytic enzymes

-Nicotiana
benthamiana

(in vitro);
-lettuce;

-corn
seedlings

[10]

Yeast isolates from
the phyllosphere and

rhizosphere of the
Drosera spatulata

Lab.

Growth
promoting

Were tested for indole-3-acetic acid-,
ammonia-, and polyamine-producing abilities,
calcium phosphate and zinc oxide solubilizing

ability, and catalase activity

Nicotiana
benthamiana [9]

Saccharomyces
cerevisiae

Growth
promoting

Increases the length of the stem, the length of
the root, the fresh weight of the stem, the dry

weight of the stem, and the chlorophyll
content, through the secretion of indolacetic

acid and organic acids

Cucumber
seeds

(Cucumis
sativus L. cv.
Black Pearls)

[46]

Candida tropicalis
HY

Growth
promoting

Produces small amounts of indolacetic acid
(IAA) and multiplies on aminocyclopropane-

1-carboxylate (ACC) as the sole source of
nitrogen

Rice [15]

Rhodotorula sp. Growth
promoting

Showed growth promotion characteristics,
tolerance to aluminum toxicity, and

exopolysaccharide production capacity under
abiotic stress

- [47]
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Microorganisms Function Observed Effect Studied in Refs.

Candida subhashii

Biocontrol of
plant

pathogenic
fungi

Strong competition for macro and
micronutrients In vitro [40]

Rhodotorula glutinis

Biocontrol of
plant

pathogenic
fungi

Reduced Botrytis cinerea growth and
ochratoxin A production Tomato [37]

Candida tropicalis

Biocontrol of
plant

pathogenic
fungi

Inhibition of spore germination and growth of
Colletotrichum musae Banana [48]

Pichia guilliermondii

Biocontrol of
plant

pathogenic
fungi

Inhibition of mycelial growth of Botrytis
cinerea, Alternaria alternata, Rhizopus

nigricans
Cherry tomato [49]

Rhodotorula
mucilaginosa

Biocontrol of
plant

pathogenic
fungi

Growth inhibition in vitro of Penicillium
expansum Pear [50]

For  the  success  of  sustainable  agriculture  in  this  segment,  potential  laboratory
studies must reproduce the results on a full scale. Infield studies have observed
that soil application of a yeast strain (Meyerozyma guilliermondii) increased the
vigor index of corn seeds. In addition, phosphate solubilization efficiency similar
to that of Lt-47 reduced the application of chemical fertilizers without affecting
the  excellent  corn  yield.  Results,  such  as  this  and  the  increasing  demands  for
regulatory  policies  in  organic  agriculture  motivate  scientists  to  explore  new
microorganisms and their mutualistic interactions with plants in the direction of
more sustainable agriculture [33].

Biocontrol

In addition to their use as growth promoters, yeasts can also be used as biocontrol
agents.  The  potential  of  yeast  antagonists  for  biocontrol  is  still  little  explored,
with only a few products based on yeasts for plant protection being present in the
market [22]. Despite presenting themselves as an attractive and environmentally
friendly alternative and focusing on studies for a relatively long time, yeast-based
biocontrol is still not widely used. One of the reasons for this phenomenon is the
difference  between  the  laboratory  results  and  experiments  in  agricultural
environments [34, 35]. Biocontrol can be used for several organisms in agriculture
(fungi, plants, and insects); however, studies with the use of yeast for biocontrol

(Table 1) cont.....
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have, for the most part, focused on the control of phytopathogenic fungi. Thirty
yeast  isolated  from  three  Greece  regions  showed  that  all  isolates  reduced  the
percentage  of  damage  caused  by  Botrytis  cinerea  in  tomato  plants,  with
Rhodotorula glutinis Y-44 being the most efficient, reducing the incidence of the
disease  by  52%  [36,  37].  The  yeast  strains  inhibited  vegetative  growth  of  the
evaluated  fungi.  The  lineage  of  Lachancea  kluyveri  CCMA  0151  inhibited
Aspergillus  ochraceus  by  80%  and  Aspergillus  carbonarius  by  41%  in  Petri
dishes.  Studies  have  reported  the  antagonistic  effects  of  yeasts  against
phytopathogenic fungi [35]. The mechanisms of yeast action vary, such as toxin
production, hydrolytic enzymes capable of degrading the cell wall, and toxic and
volatile compounds (Fig. 1) [11, 12, 38]. In addition to the previously mentioned
mechanisms, competition for space and nutrients, mycoparasitism, and resistance
induction in plants can also be related to antagonistic functions [38].

Competition for space and nutrients is considered the primary mode of action of
yeasts  against  post-harvest  pathogenic  microorganisms.  It  is  regarded  as  an
efficient  method when the yeast  antagonist  presents  itself  at  the  ideal  time and
place and sufficient quantity, limiting access to resources more efficiently than the
pathogenic  fungus  [34].  However,  competition  is  challenging  to  study  as  a
mechanism  of  action,  especially  in  natural  environments,  where  resources  are
scarce and competitors are abundant. The battle for nutrients and space has been
studied mainly in ecology and is associated with species diversity. In yeasts such
as  Metschnikowia  reukaufii,  the  ability  to  restrict  nutrient  availability  may  be
related  to  duplication  of  metabolism  genes  and  duplication  of  nitrogen
transporters,  defining  the  community's  composition  due  to  the  effects  of  its
primary  colonization  [22,  39].

In vitro experiments demonstrate differences in the antifungal capacity of yeast,
since yeast can present great or small antagonism to the same fungus species [40].
However,  under  field  conditions,  several  mechanisms  can  contribute  to  the
primary establishment of yeasts,  giving them an initial  advantage in colonizing
the environment, avoiding the establishment and development of other fungi [22].

Toxic  compounds  are  among  the  mechanisms  involved  in  the  antagonistic
interactions  between  yeasts  and  phytopathogenic  fungi.  Yeasts  can  produce
compounds with antibiotic and antimicrobial effects. Certain yeast strains produce
extracellular  protein  toxins  that  are  lethal  to  microorganisms  of  the  same  or
different species. Producers of these toxins can eliminate the same species but are
immune to toxins of the same class they produce. Yeast protein toxins are among
the most studied compounds due to their antagonistic effects [34, 41]. In addition,
compounds such as flocculosin, aureobasidin, and liamocins can contribute to the
negative effects of yeasts [42, 43].
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In addition, the release of hydrolytic enzymes appears to contribute significantly
to  yeast  antagonism.  The  secretion  of  enzymes  that  degrade  the  cell  wall  is
common in many host-pathogen interactions. Enzymes can be released into the
medium  to  degrade  cells  and  make  nutrients  available  to  enzyme-producing
organisms. The cells “attacked” by these enzymes have their cell wall destroyed,
causing disruption of the cell membrane, leading to cell death. These interactions
are  observed  in  mycoparasitism  and  fungivory  and  are  also  observed  in
interactions  between  yeasts  and  fungi.  Among  the  enzymes  involved  in  this
interaction, lipases, glucanases, proteases, and chitinases have been reported [22].

In addition to the methods mentioned above, biofilm production, mycoparasitism,
and resistance induction in plants have also been cited as methods of antagonism
of  yeasts  against  phytopathogenic  fungi  [44,  45].  Some  studies  showing  the
effects  of  yeasts  on  phytopathogenic  fungi  are  shown  in  Table  1.  Thus,  yeasts
present themselves as an alternative biocontrol, mainly of phytopathogenic fungi,
which is an essential tool in the search for more sustainable agriculture.

CONCLUSION

Many challenges  arise  during  the  development  of  a  biological  control  product,
such  as  the  improvement  and  increase  in  the  efficiency  of  biocontrol  in
commercial  conditions,  development  of  economical  methods  that  have  a  high
quality  of  fermentation  and  formulation,  maintenance  of  cell  viability,
identification  of  yeast  antagonists  capable  of  exhibiting  a  broad  spectrum  of
activity  against  various  pathogens  and  commodities,  and  the  development  of  a
comprehensive measure about the operation of the biological control system and
how the environment affects the interaction between the host, pathogen, and the
biocontrol agent [51].

Yeast  species  in  the rhizospheric  environment  act  as  bioagents  to  suppress  and
inhibit the growth of disease-causing fungi and in the production of plant growth
regulators,  reflecting  both  the  fresh  plant  and  the  dry  weight  and  length  of  the
plants. There is great potential for yeast species to be used as biocontrol agents.
However,  it  is  necessary  to  enable  the  production  and  application  of  these
organisms as control agents in agriculture [52, 53]. Studies with yeasts collaborate
to  develop  multifunctional  biological  preparations  for  agriculture  because  they
have diverse biological activities. The strains studied in this chapter are promising
for  commercial  inclusion  as  yeasts  that  promote  plant  growth  for  sustainable
agriculture  [4,  19,  20].

The limitations that have arisen to date suggest the need for further research that
includes  the  objective  of  studying  the  diversity  of  yeast  species  existing  in  the
investigated  environment,  addressing  morphological,  physiological,  and
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phenotypic  properties.  Adapting  a  culture  medium  that  provides  a  favorable
environment  for  yeast  growth  is  necessary  for  successful  yeast  development.
Proper management of sample collection means more extraordinary richness and
diversity  in  the  occurrence  and  distribution  of  collected  yeasts.  However,  it  is
essential  to  consider  the  types  of  soil  that  exist,  the  management  used  in  soil
preparation,  the implanted culture,  and pest  control  [53,  54].  A challenge to be
verified  is  the  relative  contribution  of  soil  yeasts  to  ecological  processes  that
include a more significant number of microorganisms and the study of the fate of
these strains within the natural soil ecosystem, either individually or through the
species [14].

Future  work  should  emphasize  research  at  the  laboratory  and  the  field  level,
understand the microbiome's interactions and environmental stresses, apply recent
technologies,  and  the  integrated  meta-organism  approach  from  an  ecological
perspective. The products must be ecologically correct, economically viable, and
a secure database to facilitate the registration process for commercialization. It is
necessary to transmit more knowledge to farmers regarding the benefits of using
these compounds [55].

Yeasts  have  many  metabolic  and  physiological  characteristics  that  give  them
advantages over conventional synthetic agents. With a focus on sustainability and
climate  change,  chemical  processes  will  be  replaced  by  fermentative  methods.
The combination of knowledge of microbial and genetic diversity adjusted with
synthetic  biological  tools  and  bioinformatics  enables  the  production  of  new
products  with  a  wide  range  of  applications  [31].

The  practice  of  sustainable  agriculture  and  the  adoption  of  organic  farming
systems  improve  the  conservation  of  the  environment,  produce  food  free  of
chemical  contaminants,  and add commercial  value to the final  product.  Studies
comparing organic and conventional agriculture claim that the organic system can
achieve  a  greater  abundance  of  species,  demonstrating  the  more  significant
microbial activity, biomass, and biodiversity [55]. The growing awareness of the
negative  impacts  generated  by  the  indiscriminate  use  of  chemicals  in  the
environment  has  provided  several  studies  that  reinforce  the  need  to  employ
environmentally  sustainable  management.  Given  this  fact,  yeasts  have  great
potential  and  can  be  used  in  organic  agriculture,  reducing  the  environmental
impact  caused  by  inadequate  soil  management  [22].
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Yeasts: From the Laboratory to Bioprocesses
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Abstract:   Yeasts  are  important  industrial  platforms  for  the  efficient  production  of
foods, beverages, commodity chemicals, and biofuels. Although these yeasts usually
have beneficial native phenotypes, it is often desirable to engineer these cell factories
to increase yield, titer, and production rates, or even promote the production of new
molecules. In the present chapter, we describe several classical genetic approaches to
improve  industrial  yeast  strains  (mating,  cell  and  protoplast  fusion  techniques,
mutagenesis, genome shuffling, adaptive laboratory evolution, etc.), as well as methods
to identify the genetic basis of phenotypic traits, including phenotypes controlled by
quantitative  trait  loci  (QTL),  through  bulk  segregant  analysis  (BSA)  and  DNA
sequencing.  We  then  review  modern  technologies  for  industrial  yeast  strain
improvement  (genomic  engineering  through  homologous  recombination,  CRISPR-
Cas9,  synthetic  chromosomes,  synthetic  genomes  and  SCRaMbLE)  both  in
conventional  (mostly  Saccharomyces  strains)  as  well  as  non-conventional  yeasts.
Finally,  we give  several  current  examples  (and ideas  for  the  future)  of  yeast  strains
genetically modified in the laboratory to produce a range of commercial products and
biofuels through industrial bioprocesses.

Keywords:  CRISPR-Cas9,  Genetic  engineering,  Genomic  engineering,
Homologous  recombination,  SCRaMbLE,  Synthetic  chromosomes,  Yeast
breeding.

INTRODUCTION

Yeasts  have  been  utilized  wittingly  and  unwittingly  by  humans  as  tiny  bio-
factories over many millennia, possibly starting with our ancestors (Homo erectus
or H. neanderthal  [1, 2]), by transforming sugars into ethyl alcohol and carbon
dioxide for purposes of imbibing, and later on, baking. The processes and rituals
surrounding the making of alcoholic beverages and leavened bread have played an
important  role  in  human  civilization,  both  socially and economically [3 - 5]. In
particular, the quest to create alcoholic beverages has  often  been  an  impetus  for
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scientific  progress,  especially  in  the  areas  of  chemistry,  biochemistry  and
microbiology: the brewing industry has even been cited as the foundation for the
field of biotechnology [6].

But what exactly are these yeasts that have been our longtime companions? The
yeasts responsible for producing much of our leavened bread, as well as almost all
of the alcoholic beverages consumed in the world -including beer, wine, sake and
distilled spirits- are “budding yeasts”: small single-celled fungi that belong to the
genus Saccharomyces  (Latin for “sugar fungus”).  These unassuming organisms
are  the  world  champions  at  performing  the  process  of  alcoholic  fermentation.
During  such  fermentations,  Saccharomyces  yeasts  earn  their  Latin  name  by
consuming the sugars present in the starting material -grapes in the case of wine
and wort in the case of beer- and converting them into ethanol and carbon dioxide
gas. In addition, yeasts will convert some of the more complex molecules already
present  in  grapes  or  beer  wort  into  novel  characteristic  flavor  and  aroma
molecules;  the  whole  endeavor  results  in  delicious  alcoholic  beverages.  In  the
case of leavened bread, the yeast consumes sugars created by the breakdown of
the starch found in flour to produce alcohol and carbon dioxide; the latter makes
bubbles  in  the  rising  dough,  while  the  alcohol  evaporates  during  the  baking
process.

Within  the  Saccharomyces  genus,  there  are  eight  closely  related,  naturally
occurring species so far known, as described in detail in a recent review ([7]; also
see Chapter 4). The life cycle of Saccharomyces yeasts includes both asexual and
sexual phases. Their genomes, like ours, are organized into linear chromosomes
contained  within  a  nucleus.  Yeasts  also  contain  cytoplasmically-located
mitochondria  that  have  their  separate  genomes  [8].  Unlike  us,  however,  the
presence  of  mitochondria  is  not  essential  for  Saccharomyces  yeasts  to  survive,
although functioning mitochondria are important for optimal yeast performance in
many  industrial  processes.  All  Saccharomyces  species  possess  very  similar
genomes, with the same number of chromosomes and with most genes (and gene
order) shared among all species; additionally, the genomes are very similar at the
DNA level. Likewise, all Saccharomyces species share the same basic life cycle
and mating systems, and yeast cells can exist freely in the haploid or diploid state,
where the haploid and diploid genomes are defined as containing one copy, or two
copies, respectively, of each of the 16 different chromosomes. Haploid cells can
exist briefly within the sexual mating cycle, derived by sporulation of the diploid
cell, or they can exist indefinitely as free-living cells if they are unable to mate
successfully,  for  example,  due  to  physical  isolation  or  mutations  in  the  mating
system [8].



398   Yeasts: From Nature to Bioprocesses Dunn and Stambuk

Yeast  cells  undergo  mitosis  (in  other  words,  they  continually  divide  asexually,
also  called  “clonally”)  when  sufficient  nutrients  are  present.  This  occurs  by  a
“budding”  process,  where  a  small  bulge  on  the  side  of  the  mother  cell  grows
larger and larger until  almost the same size as the mother.  At this point,  a new
nucleus with its own set of chromosomes, as well as cytoplasmic organelles and
mitochondria, are transported into the daughter bud, and a new cell wall grows
between the daughter bud and the mother. After this, the bud separates away and
starts its own mitosis process. A single mother cell produces an average of ~20-30
buds in its lifetime [8, 9]. However, when nutrients, especially nitrogen, become
limiting, a diploid cell (but not haploid) can progress through meiosis to produce
haploid  spores,  which  are  specialized  gamete  cells  that  can  survive  harsh
conditions.  In  Saccharomyces  yeasts,  meiosis  results  in  4  haploid  spores:  two
spores each of two opposite mating types, called “a” and “α” (see also Chapter 4).
These two spore mating types can be thought of as “egg” and “sperm”, where “a”
cells can only mate with “α” cells and vice versa. When the two haploid spores
mate  (fuse  together),  they  create  a  new  diploid  cell  that  combines  the  nuclear
genomes  of  each  parent  spore,  receiving  one  set  of  chromosomes  from  each
parent  [8].

Interestingly -and importantly for industrial applications- all eight Saccharomyces
species  are  able  to  mate  with  each  other:  i.e.,  haploid  spores  of  one
Saccharomyces  species  are  able  to  mate  with  haploid  spores  of  the  opposite
mating type of any of the other Saccharomyces species to form an interspecific
hybrid,  similar  to  a  mule  which  is  an  interspecific  hybrid  between donkey and
horse;  such  hybridization  occurs  both  in  the  wild  and  in  human-related
environments (reviewed by [10, 11]; also refer to Chapter 4 of this book). These
interspecific hybrids can proceed through sexual division (meiosis), although this
results in mostly inviable spore progeny and thus, like the mule, they are “sterile”.
However, they are able to indefinitely reproduce in the mitotic asexual (clonal)
manner.  Other  mechanisms,  such  as  multiple  rounds  of  spontaneous  genome
duplication,  or  aberrant  mating between diploids,  can lead to polyploidy (more
than 2 copies of each of the basic haploid set of 16 chromosomes) within a species
and similar aberrant mating of higher ploidy cells between different species can
give rise to interspecific hybrids of varying ploidy levels [12, 13].

Finally, it is important to note that any diploid or polyploid yeast cell can usually
tolerate not only mutations in single genes, but (amazingly) the loss or gain of a
single  chromosome,  or  even  several  chromosomes,  leading  to  a  state  called
“aneuploidy”, where different chromosomes are present at different copy numbers
[14, 15]. Equally important, most aneuploid and higher ploidy strains -as well as
interspecific hybrids- are “sterile”: i.e., they either cannot mate, cannot complete
meiosis, and/or cannot produce viable spores, and thus they cannot be subjected to
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classical genetic breeding schemes. These concepts of ploidy and aneuploidy, as
well  as  interspecific  hybridization,  are  very  important  for  industrial  yeasts,  as
discussed in detail further below.

Of the various species in the Saccharomyces genus, a concerted effort to collect
isolates  from around the  world  and  to  characterize  genomic  variation  has  been
most exhaustively performed for S. cerevisiae because of its industrial/economic
importance and because of  its  history as  a  premier  laboratory model  organism.
The  breadth  and  depth  of  these  studies  have  allowed  a  population  genomics
approach to be taken, resulting in the ability to define the geographic origins of S.
cerevisiae. For example, over 1000 strains of just the S. cerevisiae species have
been  collected  from  a  diversity  of  environments  worldwide  and  then  whole-
genome  sequenced.  Population  analyses  of  the  sequence  data  showed  that  this
species originally emerged in Far East Asia [16, 17], where it arose as a distinct
species from an ancestral yeast species. The details of exactly how S. cerevisiae
has  subsequently  spread  to  virtually  the  whole  world  are  still  unknown,  but
distribution  by  animals,  insects  -and  especially  humans!-  have  all  undoubtedly
contributed to its global dissemination.

Surveying  the  thousands  of  S.  cerevisiae  strains  for  phenotypic  characteristics
reveals a huge diversity, indicating that there is a wealth of underlying traits in the
population  of  this  species  that  can  be  mined  for  use  in  industrial  applications.
When considering that hybrids between different Saccharomyces species can be
made, where the non-cerevisiae species may have novel traits, it is apparent that
there  are  boundless  opportunities  to  genetically  breed  or  perform  laboratory
selections -or  even synthetically  create-  new yeasts  that  are  tailored to  specific
industrial uses.

Saccharomyces yeasts have been incredibly well studied and characterized in the
laboratory  since  the  1930’s  [18  -  20],  and  have  contributed  a  wealth  of  basic
biological knowledge about biochemistry, genetics, cell growth and other areas,
leading  to  a  surprisingly  large  number  of  Nobel  prizes  [21].  Historically,  such
studies  generally  did  not  utilize  industrially-derived  yeast  strains  and  instead
utilized  specialized  S.  cerevisiae  laboratory  strains  -some  examples  are  S288C
and  related  FY  and  BY  strains;  W303;  A364A;  SK1;  Sigma1278b;  Y55;  and
CEN.PK  [8,  22,  23]  that  are  best  suited  for  rapid  proliferation  in  laboratory
growth  conditions.  In  addition,  industrial  growth  conditions  -which  are  often
harsh,  including  high  osmolarity,  ethanol,  and  temperature,  and  low  pH-  were
typically  not  investigated  in  laboratory  settings.  But  these  important  early
laboratory findings and techniques are often quite easily translatable to industrial
Saccharomyces strains. In addition, many laboratories are now directly studying
industrially-derived  Saccharomyces  strains  and  industrial  growth  conditions
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because  of  their  global  economic  and  technological  importance.  Such  research
often focuses on the goal of enhancing (or even adding) desirable industrial traits;
for  example,  better  fermentation  behavior,  small  molecule  production,  heat  or
toxin tolerance, nutrient scavenging, etc.

The  wealth  of  phenotypic  diversity  among  worldwide  S.  cerevisiae  strains  and
sister  Saccharomyces  species,  along  with  the  existence  of  many  robust  genetic
and  genome  modification  techniques  for  these  yeasts,  has  resulted  in  a  perfect
confluence  of  factors  to  allow  the  development  of  powerful  and  exciting  new
avenues  to  improve  existing  industrial  strains.  Traditional  genetic  breeding
schemes, based on the methods developed for well-behaved lab yeasts, have been
successfully  used  for  industrial  yeast  strain  improvement  schemes.  However,
because most  industrial  yeast  strains  are  “sterile”,  as  discussed above,  they are
unsuitable  for  classic  genetic  breeding  strategies.  Furthermore,  most  industrial
strains do not have any sort of metabolic genetic defect (auxotrophy or other type
of genetic “marker”), that allows complementation of the defect when mated to
other  cells  without  the  defect  (a  common  genetic  trick).  But  luckily,  recent
advances  in  genome  sequencing  and  genome  manipulation/modification
techniques  have  given  researchers  ever-greater  flexibility  to  develop  industrial
strains that are superior for desired performance traits. And most powerfully, the
ability to synthetically create completely novel designer yeast strains for targeted
uses is now within our capabilities.

Below  we  list  and  briefly  describe  a  range  of  possible  breeding  and  genetic
manipulation  methods  for  achieving  strain  improvement  goals  in  yeasts.  Also,
note that there are several previously published review articles and book chapters
that  go  into  much  greater  detail  regarding  genetic  and  genome  modification
strategies to improve industrial strains, with illustrative step-by-step figures; these
can be consulted for more in-depth explanations [24, 25].

CLASSICAL  GENETIC  APPROACHES  TO  IMPROVE  INDUSTRIAL
STRAINS

Much of what underlies strain improvement strategies involves the mixing of the
genetic material of the industrial strain being improved with the genetic material
from other  yeast  strains that  display the desired improved,  or  even novel,  trait.
The mating-based and cell-fusion breeding techniques described in  this  section
result in diploid or higher ploidy strains that can directly be selected or screened
for the desired phenotype [24, 26]. These techniques represent the simplest paths
to develop new strains that  retain the needed qualities of the original industrial
strain but which also have acquired the desired trait(s). Although mating and cell-
fusion techniques may seem an “old-fashioned” way to improve strains compared
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to the many exciting newer avenues for directed and precise genetic modifications
(see below), it should be noted that in a “competition” held between laboratories
to  evolve  yeast  strains  tolerant  to  cold  temperatures,  the  strategies  involving
mating appeared to be more successful than others [27]. This indicates that mating
and  cell-fusion  techniques  should  not  be  overlooked  when  designing  strain
improvement  strategies.

Mating/cell fusion-based techniques can be used to genetically mix S. cerevisiae
strains; however, because so many industrially-important yeasts have been shown
to be derived from interspecific hybridization events [28], it is worthwhile noting
that  most  of  these  techniques  can  also  be  used  to  generate  interspecific
Saccharomyces hybrids (reviewed by [10, 11, 29, 30]; also refer to Chapter 4 of
this  book).  Furthermore,  protoplast  fusion  has  even  allowed  the  formation  of
hybrids between different genera [11]. Additionally, if the resulting mated/fused
cells  can  be  induced  to  undergo  meiosis,  then  a  large  number  of  the  resulting
spores—each containing different combinations of parental genomes from meiotic
recombination—can likewise be screened for desired behavior and traits.

Note that  these methods are generally considered to NOT result  in genetically-
modified organisms (GMO’s) as there is no direct modification of the genomes.
Also  note  that  with  the  availability  of  relatively  inexpensive  whole-genome
sequencing techniques, it is always a good idea to whole-genome-sequence any
new improved strains that are chosen for further use (see below), to both ensure
that they are the expected combination of parent strains, and/or to gain insights
into the genetic underpinnings of the improved phenotypes, which can be of use
in future breeding experiments.

Direct Mating (Cell-to-cell; Spore-to-spore)

For  some  industrial  Saccharomyces  strains,  it  is  possible  to  perform  “classic”
genetic manipulations to screen or select strains exhibiting desired enhanced or
novel traits by utilizing the endogenous mating system of Saccharomyces yeasts.
Most of these techniques require having two parental strains (or pools of strains)
that have already been chosen for displaying one or more target phenotypes, and
both strains must be able to mate with each other to produce a diploid strain that
combines both parental genotypes [31, 32]. These direct mating techniques can be
performed  with  haploid  parents  of  the  same  Saccharomyces  species,  or  with
haploid  parents  or  spores  of  different  species  within  the  Saccharomyces  genus
such that an “interspecific hybrid” strain, as described above, is created (see Fig.
(1) in Chapter 4 of this book, plus its accompanying text).

The simplest breeding situation is where both parent strains are mating-competent
stable  haploids  of  opposite  mating  types.  If  the  diploid  can  be  selected  (i.e.,  if
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there is a growth condition where only the diploid will grow, but neither of the
haploid parents), then a mass of cells (or spores, for unstable haploids) from each
parent can be mixed together for a period of time to allow mating, after which the
cell  mixture  is  placed  on  selective  growth  conditions  and  the  diploid  obtained
(e.g.,  [33]).  In  general,  industrial  strains  are  not  genetically  suited  to  allow
selective growth conditions where the mated/fused cells, but not the parent cells,
can grow. Thus many of the methods below utilize microscopic manipulation of
mating-competent cells or spores on a petri plate to be adjacent to each other so
that they can mate to form the desired pairing of genomes, and the isolated colony
of  the  mated  cells  can  then  be  propagated  and  screened  for  desired  traits.  For
some industrial strains, it is possible to create stable mating-competent diploids of
opposite  mating  types,  and  mate  them  together  to  form  tetraploids  [34].  If  the
mated cells resulting from any of these techniques can be sporulated, a number of
separate spores, each carrying different combinations of the parental genomes, can
be screened; also, if possible, selected trait-bearing spores can be repeatedly back-
crossed to one of the parent strains, if it is desired to retain the bulk of the genetic
background of one of the parents.

When one or both of the parental strains are not stable haploids (i.e., the strains
are essentially always diploid, and exist only transiently as haploid cells), but are
sporulation-competent,  direct  spore-to-spore  mating  can  be  used.  Two parental
strains  are  each  sporulated,  then  the  haploid  spores  are  microscopically
manipulated as described above to form a single colony of the mated diploid cells;
an example is the creation of new “lager-like” beer strains with novel qualities via
spore-to-spore  mating  between  S.  cerevisiae  and  S.  eubayanus  spores  (recent
review and  examples  [33,  35,  36]).  Note  that  if  the  diploid  parent  strain(s)  are
heterozygous (i.e., the parent itself is derived from 2 genetically distinct parents),
then many different spores can be chosen for mating, as each will have a different
combination  of  the  parent  genomes.  If  selection  for  diploids  (and  against
haploids) is available, masses of spores from each sporulated parent can be mixed
and the resulting diploids screened for desired traits. A subtype of this category is
“spore-to-cell mating”, where spores from a sporulated parent are microscopically
manipulated adjacent  to  a  mating-competent  cell  (a  haploid,  or  a  higher  ploidy
cell that has been induced to become mating-proficient as described below).

Rare Mating

If  one  of  the  parent  strains  is  not  able  to  successfully  sporulate,  such  as  for
aneuploid cells, rare mating can be used to generate mated strains. Additionally,
rare-mating can be utilized if it is desired that a diploid parent be combined with a
haploid parent to give a triploid cell with one parent’s genome at twice the copy
number.  Diploid  (and  higher  ploidy)  yeast  cells  generally  do  not  express



From the Laboratory to Bioprocesses Yeasts: From Nature to Bioprocesses   403

individual mating types and therefore do not participate in mating. However, they
are able to undergo a type of chromosome recombination, although at a very low
frequency,  that  allows  them  to  mate  to  a  haploid  cell  or  spore  of  the  opposite
mating type [37, 38]. If cells of the diploid parent strain are mixed with cells of
the haploid parent, both at sufficiently high numbers, this “rare mating” can occur.
Note that there generally must be a selection for the mated cells so that they can
be isolated out of the large background of unmated cells [26]. This method can be
used  for  strains  within  a  single  species,  but  has  also  been  successfully  used  to
generate interspecific hybrids as potential new lager-type strains [39], and also for
commercially-used wine yeasts that provide novel flavor profiles [40 - 42].

Mating within Insect Guts

An interesting idea for easily generating intra- and interspecific Saccharomyces
hybrids comes from researchers who have observed that Saccharomyces  spores
survive passage through the intestines of social insects such as wasps and hornets,
and in fact, interspecific Saccharomyces hybrids can be found in insect guts in the
wild [43 - 45]. Recently Di Paola et al. [46] suggest that insects, grown in the lab
(and  thus  with  no  endogenous  gut  microbes),  could  be  fed  mixtures  of
Saccharomyces  species  (or  different  strains  of  a  single  species),  after  which
hybrids  between  the  strains  could  be  isolated  from  the  guts;  as  for  the  other
mating-based  and  cell-fusion  techniques  discussed  in  this  section,  this  would
represent a non-GMO method of generating new strains for industrial purposes.

Induced Mating-Type Switching

For industrial strains that are unable to mate, there now exist recently developed
methods that make them transiently able to mate to other similarly treated non-
mating strains; this means that even when using genetically recalcitrant industrial
strains, most of the “direct mating” strategies described above can be performed.
Induced mating-type switching techniques allow the facile production of intra- or
interspecifc hybrid strains, within the Saccharomyces genus and can even allow
the  genetic  mapping  of  desired  traits  for  sterile  strains,  non-mating  strains,  or
otherwise  genetically  intractable  strains  [47].  These  techniques  use  plasmids
transformed transiently into the desired parental strains, causing diploid cells to
experience a “switch” in one of their two mating-type genes; thus the diploid cell
can functionally behave as an “a” or “α” mating type (which, as described above,
normally occurs only in haploids [31]). An HO-based technique [47, 48] uses the
endogenous yeast HO gene, carried on a plasmid, to “switch” the mating type; a
different approach uses plasmids that express mating-specific genes [49]; and a
CRISPR-based technique [50] uses the bacterial Cas9 gene and a targeting RNA,
to “switch”. The resulting cells are “mating-competent”, i.e., they are able to mate
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to other similarly-altered diploid cells, or to normal haploid cells. The CRISPR-
based technique can also be performed with aneuploid and high-ploidy cells [35],
and the HO-based technique has even been used in an iterative manner to create a
2-,  3-,  4-  and  6-way  interspecific  Saccharomyces  hybrids  [51].  Since  these
methods use plasmids carrying various drug resistance genes, the plasmids can be
naturally lost from the cells when grown without the selective drugs, such that the
resulting cells do not have any remaining genetic changes aside from a naturally-
occuring change in the mating type gene, and thus could likely be considered as
non-GMO.

Protoplast Fusion

In some cases, non-Saccharomyces yeasts may exhibit desirable characteristics for
a given industrial use, and thus it may be advantageous to attempt to fuse cells
from  organisms  that  are  from  two  different  genera  (“intergeneric  crossing”).
Because  mating  systems  are  not  conserved  across  different  genera,  forced  cell
fusions  must  be  utilized.  “Protoplast  fusion”  is  the  most  common  technique,
where the cell walls of each parent strain are first removed (usually by enzymatic
means),  exposing  the  cell  membranes  which  are  made  of  lipid  bilayers.  These
treated cells are called “protoplasts” and the two parental protoplast populations
are  induced  to  asexually  merge  by  mixing  and  incubating  in  the  osmotically
supportive  medium  at  high  concentrations,  such  that  the  cells  are  in  close
proximity and the cell membrane bilayers can fuse [52, 53]. After fusion, the cell
wall regenerates and, if successful, the new hybrid cell undergoes cell divisions,
sometimes with the two nuclei remaining separate but dividing and being passed
to  daughter  cells  in  synchrony.  Protoplast  fusion  has  been  successfully
implemented  for  several  different  pairs  of  genera  to  produce  strains  for  use  in
bioethanol,  bioremediation  and  cider  production  [11];  it  has  also  been  used  to
create inter- and intraspecific S. cerevisiae hybrids for wine production [26, 54].

Cytoduction

Cytoduction  is  a  specialized  method  that  results  in  the  transfer  of  subcellular
organelles  between  cells  without  the  transfer  of  nuclear  genes  [26,  37];  this
process can be used to specifically transfer mitochondria and mitochondrial genes
into a strain of interest, or to transfer the virus-like-particles that cause the “killer”
phenotype [55]. However, the use of this technique is restricted to S. cerevisiae
strains that are deficient for the kar1 gene and is thus not of general pertinence to
industrial strain breeding.
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Utilizing  Genomic  Diversity  to  Select  for  Desired  Phenotypic  Traits  and
Identify Causal Genomic Elements

Where there are known to be many genes involved in the desired trait, or where
the responsible genes or genomic regions are not known, pools of strains with a
large amount of genetic diversity are needed to be able to screen or select for the
phenotypes  of  interest.  Researchers  hoping  to  improve  industrial  strains  can
choose  to  sample  the  large  amount  of  “standing  genetic  diversity”  that  already
exists among the existing strains of Saccharomyces yeasts worldwide as discussed
above [56], including many interspecific Saccharomyces hybrids found in natural
and  industrial  environments  [28].  Additionally,  targeted  “de  novo”  genetic
diversity  can  be  obtained  by  performing  evolution  experiments  under  specific
growth  conditions  of  interest.  And  recently-developed  techniques  allow  entire
synthetic  chromosomes,  or  even  genomes,  to  be  designed,  synthesized,  and
introduced into yeast cells to confer entirely novel genetic diversity, as described
in a section below.

Mutagenesis

One of the earliest methods used by researchers to generate genomic diversity in
populations of Saccharomyces yeasts was to expose yeast to chemical mutagens
(methyl- or ethyl- methanesulfonate) or DNA-damaging agents such as UV light
[38].  Such  mutagenesis  techniques  are  still  employed  in  strain  improvement
schemes, where the mutagenized population of cells is screened for desired traits
as  a  result  of  gene  mutation(s)  [24].  However,  more  recent  and  sophisticated
techniques utilizing mixing of divergent genomes and chromosome recombination
described  in  the  following  sections  represent  more  variation  to  explore  for
improved  or  novel  traits  for  industrial  yeasts.

Mass-Mating and Mass Cell Fusion

Mass mating/mass cell fusion is types of direct mating or cell fusion respectively,
but  on  a  large  and  heterogeneous  scale;  in  this  case,  genetically  diverse
populations of parental Saccharomyces yeast cells are mated or fused, such that
the  result  is  a  population  of  extremely  variable  genetic  diversity  that  can  be
sampled for desired behaviors. One or more of the parental starting strains should
be  heterogeneous,  i.e.,  consist  of  a  genetically  mixed  population  of  cells;  for
example, a mutagenized population of cells, or a pool of meiotically recombined
cells or spores. To perform mass matings, a very large number of cells (or spores,
if  the  strains  produce  viable  spores)  from each  starting  parental  population  are
generated. The populations are then mixed together, allowing random mating (if
haploid  cells  or  spores)  or  random  cell  fusion  (if  asexual  cells  are  made  into
protoplasts) to occur [24, 25]. The resulting genetically mixed population can be
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subjected to selection or enrichment for cells carrying the desired combination of
traits immediately, or several rounds of mass mating (or mass fusion) followed by
selection  can  be  performed  iteratively  to  give  further  refinement  or  stronger
expression of the desired phenotypic traits [53, 57]. The goal in this typical mass-
mating or mass-fusion methods has usually been to achieve a stable hybrid line
that expresses the desired traits.

Although standard mass mating can be performed only with sexually competent
yeast  strains,  it  is  possible  that  forced  hybridization  of  populations  of
homogeneous asexual yeasts, via transient HO gene induction or CRISPR-cutting
as  discussed  above,  could  yield  mating-competent  cell  populations  that  can  be
mixed  and  mate  to  produce  hybrids  of  interest.  It  is  also  possible  that  this
technique  could  produce  sexually  competent  cells,  e.g.,  via  doubling  the
chromosome  complement  of  high-ploidy  or  aneuploid  cells  that  are  able  to
proceed through sporulation and produce meiotically recombined offspring, thus
generating  genetic  mixing/diversity.  Performing  several  rounds  of  this  regime
could  serve  as  a  potent  genome  shuffling  technique  for  genetically  intractable
strains,  and  allow screening  or  selection  of  strains  with  novel  combinations  of
beneficial traits [35, 47, 50].

Genome Shuffling

Genome  shuffling  experiments  are  similar  to  the  mass-mating  or  mass-fusion
methods but are performed iteratively over several rounds and in a manner such
that genome recombination occurs at every round; this eventually results in the
two starting parental genomes being mixed together into a fine-grained patchwork
manner that varies from cell to cell [53]. This results in many different phenotypic
combinations that can be helpful to obtain strains where the beneficial phenotypes
are caused by several genes acting together.

One type of genome shuffling technique is based on a “return to growth” (RTG)
strategy,  which  essentially  interrupts  the  process  of  meiosis.  A  population  of
genetically  heterogeneous  diploid  Saccharomyces  cells,  such  as  intra-  or
interspecific  hybrids,  are  induced  to  begin  meiosis  in  by  starving  the  cells  for
certain  nutrients  (note  that  interspecific  Saccharomyces  hybrids  are  able  to  go
through the process of meiosis and meiotic recombination even though they may
fail to produce viable spores). However, if nutrients are added back to the culture
after meiosis has been initiated—but before commitment to meiosis, and therefore
before meiotic cell division, has occurred—the cells return to the mitotic growth
pattern  [58,  59].  However,  the  chromosomes  of  these  RTG  cells  have  already
undergone  meiotic  recombination,  which  causes  double-stranded  breaks  in  the
chromosomes; the repair of these breaks leads to regions of the chromosomes that



From the Laboratory to Bioprocesses Yeasts: From Nature to Bioprocesses   407

have experienced a “loss of heterozygosity”. Loss of heterozygosity (LOH) refers
to  a  chromosomal  region  that  was  originally  heterozygous  i.e.,  where  DNA
sequences differ at various sites along each parental chromosome, but has become
homozygous,  i.e.  both  chromosomes  now  share  the  identical  DNA  sequence
across that region and thus the cell has lost that genetic information from one of
the parents. These LOH patches occur in different places for each different cell in
the RTG population, so that across the population as a whole, most or all of each
parental  genome  is  “uncovered”  as  an  LOH  patch.  Successive  rounds  of  RTG
leads to progressively smaller LOH patches, but more of them, so that eventually
a population of diploid cells is obtained in which the chromosomes are essentially
entirely homozygous but contain a patchwork of contributions from each parent
across  the  genome;  i.e.  the  two  parental  genomes  have  been  simultaneously
mixed,  shuffled  and  homozygosed  [60].  This  technique  has  been  successfully
utilized with a polyploid baking yeast strain [61], and represents a non-GMO and
marker-free process to perform genome shuffling in sterile hybrid yeast, to screen
for (and even map) improved traits.

The CRISPR/Cas9 genome editing system (described in more detail below) has
also been used to introduce targeted cutting in the genome, which leads to mitotic
recombination  events  that  generate  LOH  patches  as  for  meiotic  recombination
[62]. This method is similar to RTG but confers the ability to iteratively target the
LOH regions to narrow down the region(s) of interest, and also does not require a
strain to be able to go through meiosis. The authors generated a LOH panel in a
heterozygous diploid S. cerevisiae strain, allowing fine mapping of a manganese
sensitivity trait. Note that the use of the CRISPR-Cas9 system, which transiently
introduces plasmids into the cell,  may be considered a  GM technique.  Another
CRISPR-based genome shuffling method allows “scarless” rearrangements, either
a single targeted rearrangement,  or  large numbers of  rearrangements,  including
long regions of genome duplications and other large structural changes [63]. The
authors found that reshuffling the genome resulted in strains demonstrating fitness
advantages in stressful environmental conditions.

Other methods to create genetic diversity and allow recombination in sterile yeast
strains  include  using  insect  guts  as  described  above,  but  instead  feeding  the
insects heterogeneous populations of yeast [46].  Also, a recent report describes
how  to  greatly  increase  the  production  of  viable  spores  with  perfectly  diploid
genomes from interspecific Saccharomyces hybrids; this is achieved by repressing
two  genes,  SGS1  and  MSH2,  that  are  responsible  for  anti-recombination  in
interspecific hybrids [64]. One of the most recent methods for genome shuffling is
the  SCRaMbLE  technique,  which  depends  on  synthetic  chromosomes  in  yeast
designed to have many inducible recombination sites spread throughout them, as
described in more detail below.
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Bulk  Segregant  Analysis  and  QTL-Mapping  to  Identify  Genes/Pathways
Involved in Phenotypes

Once a population with high genomic diversity has been obtained, it can be used
to  identify  the  genetic  basis  of  phenotypic  traits,  and  is  especially  useful  for
phenotypes  controlled  by  “quantitative  trait  loci”  (QTL’s):  these  are  multiple
genomic regions that vary genetically in the population and directly contribute in
a quantitative manner to the phenotype. A very powerful way to map QTL’s in
yeast  is  by  “bulk  segregant  analysis”  (BSA)  and  is  especially  powerful  when
combined with  next-generation DNA sequencing (“BSA-seq” [65 -  68]);  it  has
become a commonly-used method to identify causal  DNA variants  for  traits  of
interest in industrial strains. In the BSA protocol, hundreds or thousands of single
colonies  from  the  genetically-diverse  population  can  be  picked  and  assayed
(robotically if possible) for the phenotype(s) of interest; those colonies displaying
the two extremes of the phenotype are then separately pooled (one pool for each
phenotype  extreme)  and  each  pool  is  whole-genome-sequenced  (see  below)  in
bulk. Any genomic variant regions that contribute to the phenotype will appear at
much higher  frequency in  the  positive  group as  compared to  other  parts  of  the
genome [69], allowing determination of the exact mutations or gene alleles that
are  causing  the  new phenotype;  these  are  called  “QTN’s”  or  “quantitative  trait
nucleotides”.  In  fact  Peltier  et  al.  [70]  have  scoured  the  literature  and  have
gathered a catalog of 284 experimentally-validated QTN’s from S. cerevisiae that
impact  various  traits  of  industrial  importance.  Knowledge  of  the  genes  and
pathways contributing to complex traits can be used to construct novel industrial
yeast  strains  either  directly  through  genetic  modifications  or  metabolic
engineering/synthetic  biology,  or  indirectly  through  adaptive  evolution  as
described  in  the  next  section.

Adaptive (Directed) Evolution to Select for Enhanced Phenotypes

Adaptive evolution, also called adaptive laboratory evolution (ALE), directed or
experimental evolution, or evolutionary engineering, refers to methods whereby a
population  of  yeast  cells  is  grown  for  many  cell  divisions  (generations)  under
stress or nutrient conditions, called “selective pressure”, that favor the beneficial
phenotypes  desired  for  the  strain  improvement  [71  -  73].  For  example,  after
growing an  initial  strain  of  interest  in  high  ethanol  for  many generations,  cells
with spontaneous mutations may arise that are better able to grow (are more “fit”)
in  that  condition;  these  will  eventually  dominate  the  population  and  thus  an
improved strain be obtained, although often such experiments are halted before a
single  strain  dominates  and  many  individual  cells  (with  varying  spontaneous
mutations)  assayed  for  phenotype  and  behavior  [73].
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Such evolution experiments can be performed in serially repetitive steps, called
“batch” evolution, i.e., repeated cycles of growing cells in liquid or on plates for a
certain amount of  time,  then diluting the cultures into a fresh new batch of the
medium  [71,  73].  Alternatively,  the  evolution  process  can  be  carried  out  in  a
prolonged  continuous  manner,  using  a  chemostat  [71]  or  other  continuous
culturing  methods,  where  the  fresh  medium  is  slowly  dripped  into  the  culture
while the culture is siphoned off at the same rate, keeping the culture continuously
growing. The selective pressure (stress or nutrient condition) can be kept constant,
or can gradually increase during the evolution timecourse. Evolution experiments
that  start  with  a  single  strain  to  select  for  a  more  fit  phenotype  is  an  approach
often used to incrementally enhance or “fine tune” an already existing strain, but
such  experiments  can  also  be  performed  with  a  starting  mixture  of  genetically
diverse  strains  (obtained  by  any  of  the  methods  above)  prior  to  the  evolution,
allowing “competition” between strains to reveal the most-fit genotypes [74].

Evolutionary  adaptive  selection  has  been  used  to  enhance  industrially  relevant
traits  such as substrate utilization,  ethanol production,  and stress tolerance.  For
example, adaptive evolution has yielded S. cerevisiae strains able to tolerate high
temperatures and produce higher ethanol [75], or to grow on xylose [76], and even
for other Saccharomyces species, for example, S. eubayanus strains better able to
tolerate  ethanol  [77].  Other  traits  that  have  been  successfully  introduced  into
yeasts via adaptive evolution are reviewed by [38, 78] and new developments and
future  directions  have  been  described  by  [73,  79].  Experimental  evolution
protocols are themselves evolving new twists and enhancements, such as a fully
automated,  in  vivo  continuous  evolution  setup  that  combines  continuous
mutagenesis  with  programmable  multi-parameter  selection  regimes  [80],  or  a
CRISPR-based and RNA-assisted method for directed evolution on a growing cell
population  that  continuously  mutagenizes  targeted  genomic  loci  during  the
evolution  [81].

Whole-genome and High-throughput Sequencing

To confirm that the strains resulting from any type of breeding program or genetic
modification  strategy  have  the  desired  genetic  changes—and/or  to  uncover  the
genes and pathways involved in the enhanced phenotypes obtained after selection
or  screening  regimes—it  is  best  to  perform  whole-genome  sequencing.  Ever-
increasing advances in DNA sequencing technology mean that it is now easy to
rapidly  and  inexpensively  sequence  the  whole  genome  of  a  yeast  strain;  note,
though, that it can be difficult to interpret and assemble the complex genomes of
industrial  strains  since  they  can  be  polyploid,  aneuploid,  and/or  possibly
interspecific hybrids with whole or partial genomes from two different species.
However, it is becoming clear that combining the sequencing results from short-
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read (Illumina) and long-read (PacBio or Oxford Nanopore) platforms can often
allow truly full-genome assembly of these strains, i.e., the complete sequence of
each entire chromosome in the genome, from telomere-to-telomere (for reviews
see [82 - 84]). Other techniques such as proximity-based ligation sequencing [85 -
87]  are  also  of  use  for  generating  such  full  genome assemblies,  and  may  even
allow “haplotype-phasing” of heterozygous genomes [88].

MODERN TECHNOLOGIES FOR STRAIN IMPROVEMENT

We turn now to strain improvement schemes that are the result of “recombinant
DNA” techniques; these can mostly be described as techniques where exogenous
DNA from any source is introduced into a yeast  cell  by various transformation
methods, i.e., chemical, mechanical, or electrical treatments of cells such that the
cell  walls  and  membranes  allow the  direct  uptake  of  DNA [89,  90].  This  is  in
contrast  to  using  the  “natural”  mating  and  recombination  systems  of
Saccharomyces yeasts to introduce new genes or mix genomes, as described in the
previous sections. Recombinant DNA strategies for strain improvement can often
be carried out more rapidly than mating-based strategies, and the resulting strains
can  be  more  genetically  stable.  However,  most  types  of  recombinant  DNA
methods require the use of markers to allow robust positive selection of yeast cells
that have been transformed with the introduced DNA [91 - 93].

Two types  of  marker  systems require  the  starting  host  strain  to  contain  special
mutations that can be complemented by gene(s) on the introduced DNA. One type
is the “auxotrophic marker”, where the strain has gene mutation(s) that inactivate
a metabolic pathway (often in amino acid synthesis); the introduced DNA carries
the  functional  gene  (along  with  any  other  desired  DNA  segments),  allowing
selection  on  media  lacking  the  metabolite.  Because  it  is  often  difficult  to
inactivate metabolic pathways in diploid or polyploid industrial yeasts due to the
need to inactivate several copies of a gene at once, this type of marker is not often
used  for  industrial  strain  improvement  schemes.  A  second  marker  type  is  the
“autoselection  marker”  where  the  host  strain  has  a  set  of  mutated  genes  in  a
pathway  such  that  the  cells  are  completely  inviable  in  almost  any  nutritional
environment and can survive only if the gene is supplied by the introduced DNA;
autoselection markers are often used for large-scale biotechnology production due
to the ability to use simple and inexpensive growth media for selection [91, 93],
but again they may not be suited for most industrial strain improvement programs
due to the need for gene mutations.

The final category of marker, most often used for the improvement of industrial
yeast strains, are the “dominant markers” [91]. These are mostly drug-resistance
genes (usually conferring resistance to antibiotics such as hygromycin or G418)
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that are included on the introduced DNA, and the presence of the antibiotic in the
growth  medium  selects  for  only  the  transformed  cells.  Recombinant  DNA
techniques encompass an extremely wide variety of methodologies, of which we
will  focus  on  those  most  commonly  used  for  industrial  yeast  strains.  Note  that
most of these recombinant DNA methods will result in organisms that would be
classified as genetically modified (GM).

Genomic Engineering Through Homologous Recombination

Plasmids  are  circular  pieces  of  self-replicating  DNA,  usually  carrying  both
bacterial  and  yeast-encoded  genes  and  regulatory  regions;  this  allows  easy
amplification of the plasmids in bacteria to yield enough product for subsequent
transformation  into  yeast.  Plasmids  represented  the  first  method  used  in  the
laboratory  to  introduce  exogenous  DNA  into  yeast  cells  [94].  There  are  many
types  of  plasmids  that  have  been  developed  for  use  in  Saccharomyces  yeasts
(review by [92,  93]);  two main classes  are  replicating plasmids and integrative
plasmids. Replicating plasmids have their own “origins” of DNA replication (also
called  “autonomously  replicating  sequences”)  that  are  functional  in  yeast,  and
thus  remain  as  extrachromosomal  circular  pieces  of  DNA in  the  cell;  although
they  are  easily  transformed  into  yeast,  they  are  easily  lost  from  cells  in  the
absence  of  constant  selection  and  thus  are  not  often  used  for  industrial  strain
improvement programs.

In contrast,  integrative plasmids do not  contain yeast  origins-of-replication and
cannot  be  retained  in  the  cell  unless  they  physically  integrate  into  the  yeast
genome at a chromosomal region that is homologous to yeast DNA sequences on
the  plasmid.  Chromosomal  integration  of  the  exogenous  DNA  carried  on  the
plasmid is the desired outcome, since it is stably carried on the yeast chromosome
and  thus  selective  media  are  not  needed  to  retain  it.  Integration  occurs  by  the
process  of  homologous  recombination  (HR),  which  is  an  extremely  efficient
process in yeast [95, 96]. A single HR crossover event (which can be enhanced if
the plasmid is cut with a restriction enzyme within the yeast DNA) results in the
integration of the entire plasmid into the chromosome, with a tandem repeat of the
yeast  DNA flanking  either  side  [93];  this  can  be  an  unstable  integration  of  the
desired plasmid since it can use the flanking repeated sequences to “loop out” of
the chromosome.

A better way to stably integrate desired pieces of DNA into a yeast chromosome
is  by  a  double  crossover  HR  mechanism,  as  shown  in  Fig.  (1),  panel  A.  The
desired gene to be introduced into the genome (shown as “M”) is cloned into a
plasmid along with small regions of yeast chromosomal sequences flanking the
marker gene; restriction enzyme cutting can release the linear fragment shown in
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the figure. Note that this linear fragment could also be generated by polymerase
chain  reaction  (PCR),  or  by  de  novo  DNA  synthesis  [97],  which  is  quickly
becoming  an  affordable  option  for  obtaining  custom-designed  double-stranded
DNA fragments up to 3 kb in length (e.g., gBlocks from IDT). The flanking yeast
sequences  in  panel  A  are  shown  as  regions  upstream  and  downstream  of  an
endogenous  yeast  gene  (“YFG”)  that  is  to  be  deleted;  if  the  flanking  yeast
sequences are contiguous on the yeast plasmid (not shown) then the marker gene
will  be  inserted  into  the  yeast  chromosome  without  any  deletion.  This  double
crossover HR technique can be expanded to create genes with inducible promoters
or fluorescent tags (Fig. 1, panel B), or to integrate several genes of a metabolic
pathway (panel C), or even an entire chromosome arm (panel D). Such techniques
have been used to delete individually (and functionally analyze, i.e.  phenotypic
consequences) almost all yeast genes (96-97%) present in the genome [98, 99], as
well  as  to  also  tag  97-98%  of  all  genes  in  order  to  find  the  localization  and
expression  of  the  proteins  encoded  by  the  S.  cerevisiae  genome  [100,  101].

Fig.  (1).   Genomic  engineering  through  homologous  recombination  (HR).  If  a  marker  gene  (M,  which
restores an auxotrophy, or confers resistance to an antibiotic) contains short sequences of homology to the
upstream and downstream sequence of the target locus (YFG), after transformation, the marker will replace
YFG through HR (A). The same approach can be used to insert a different promoter (P) or a tag (T, e.g.GFP,
His-6x) at the N- (upper part) or C-terminal (lower part) of the gene/protein (B). HR can also be used to insert
several genes (A-C, which can be a whole metabolic pathway) at a chromosomal locus, and recombinants
with the correct in vivo assembly can be selected by the maker gene or counter-selected with L-canavanine if
they replaced the CAN1 gene, or with 5-Fluoro-orotic acid if they replaced the URA3 gene (C). A similar
approach has been used to replace a chromosomal arm (black line, centromere is the black circle) with DNA
synthesized (and designed) in the laboratory (gray lines), allowing the construction of synthetic chromosomes
in yeasts (D). For simplicity, the promoters and terminator sequences of inserted genes are not shown.
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CRISPR-Cas9

It  is  now  possible  to  directly  alter  genomic  regions  identified  as  important  in
desired  phenotypic  traits  and  then  to  create  customized  strains  with  beneficial
properties  via  exciting new gene-  and genome-editing techniques  (reviewed by
[102, 103], of which the CRISPR/Cas system is currently the most versatile and
most utilized [104]. Combining genome editing with long-range DNA synthesis
and other advances in genetic engineering, it is now possible to create specialized
yeast  cell  factories  [105];  and  in  fact,  the  ability  to  synthesize  entire  yeast
chromosomes  or  even  whole  genomes  is  already  in  hand  [106,  107].  The
CRISPR-Cas9  (Clustered  Regularly  Interspaced  Short  Palindromic  Repeats  -
CRISPR-associated  protein  9)  genome  editing  system  burst  onto  the  scientific
stage  in  2012  [108]  as  a  fast,  easy  and  versatile  system  that  enabled  genomic
modifications completely independent of the need for selective genetic markers
(see recent reviews [104, 109]). Obviously, this was game-changing for genetic
engineering  of  higher  organisms,  but  even  for  Saccharomyces  yeasts  -despite
genomes so easily manipulated due to robust HR- it became clear that CRISPR
would be useful for the genetically intractable industrial strains [110 - 112].

In brief, the Cas9 protein is directed by a guide RNA (gRNA) to make a double-
stranded cut in any genomic DNA that matches the sequence of the gRNA; both
the Cas9 protein and the desired gRNA(s) are typically placed on a plasmid which
is  transformed  into  yeast  cells,  and  the  desired  specifically-targeted  genome
editing  occurs  at  a  very  high  frequency  [113,  114].  Applications  of  CRISPR
technology in yeast now range from traditional genome editing to transcriptional
modulation,  to  novel  uses  such  as  synthetic  genome  construction  and  creating
living circuitry [115, 116], as well as applications to metabolic engineering for the
production of valuable chemical products [117].

Synthetic Chromosomes, Synthetic Genomes and SCRaMbLE

One of the most ambitious, perhaps ultimate, goals of yeast strain improvement is
to design and chemically synthesize from scratch an entire S. cerevisiae genome.
Such is the aim of the Yeast 2.0 (or “Sc2.0”) project [118, 119]. The hope is that
by creating a completely synthetic genome, many basic biological questions can
be answered, but there is also the distinct possibility that yeast strains can soon be
custom-designed to carry out industrial bio-processes in ever-more efficient ways
[106, 107, 120].

Among  the  fundamental  findings  that  may  be  gleaned  from  this  project  are
insights  into  the  properties  of  chromosomes  and  genome  organization,  the
function of RNA splicing and what role small RNAs play in yeast biology, and
even  finishing  the  task  of  discovering  the  functions  of  the  still-remaining
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“function  unknown” genes  in  the  S.  cerevisiae  genome.  The  Sc2.0  project  was
initially  powered  by  undergraduates  in  a  “Build  a  Genome”  course,  where
students synthesized the building block “chunks” of the synthetic genome while
learning  molecular  biology  and  bioinformatics.  Due  to  the  success  of  the
undergraduate class, the project expanded into an international consortium of 11
institutions  across  5  countries  [107].  The  teams  have  been  working  in  parallel
fashion, each team with one to several chromosome to build in order to create the
first in silico-designed fully synthetic eukaryotic genome [119, 121].

To  reduce  destabilizing  genomic  elements  (i.e.,  that  can  promote  chromosome
rearrangements),  the  design  of  the  synthetic  genome  includes  the  removal  of
transposable  elements  and  other  “junk”  genomic  regions  such  as  sub-telomeric
elements, introns were also removed from the relatively few genes in yeast that
have  them,  and  additionally,  all  tRNA  genes  were  made  non-redundant  and
moved to a single “neochromosome” [118]. To date, the swapping out of native
for synthetic chromosomes has been tolerated by the yeast strains [119, 122, 123].
One aspect of the Sc2.0 work is to define a “minimal yeast genome” [124], but
additionally  one  could  envision  exploring  and  exploiting  a  more  expansive
synthetic yeast genome, for example, including a “pangenome” neochromosome
containing all observed S. cerevisiae genes not found in laboratory yeasts, adding
phenotypic diversity to the synthetic genome, which could be useful for industrial
applications [26, 120].

One of the most ingenious and intriguing aspects of the Sc2.0 synthetic genome is
the  inclusion  of  ~4000  recombination  hotspots  (lox  sites),  inserted  in  virtually
every inter-genic region, and that can be turned on or off at will [125]. When the
lox  recombination system is  activated,  the synthetic genome in each cell  in the
population experiences a “super-shuffle” of the genome, with different parts of
different  chromosomes  joining  together  in  new  configurations  and  new  copy
numbers. This procedure is aptly known as SCRaMbLE (“Synthetic Chromosome
Rearrangement  and  Modification  by  LoxP-mediated  Evolution”).  SCRaMbLE
acts  to  generate  genomic  diversity,  as  do  the  other  genomic  shuffling  methods
discussed  above,  but  in  a  rapid  and  controllable  manner,  accelerating  the
development  of  yeast  strains  optimized  for  industrial  or  bioprocess  uses  [120].
SCRaMbLE  has  already  been  utilized  to  create  new  strains  showing  improved
xylose  fermentation  and  production  of  medicinal  and  chemical  compounds  or
increased  stress  tolerance  [125  -  127],  and  has  been  shown  to  work  in  semi-
synthetic industrial-background strains [128, 129]. Delving even further into the
synthetic realm, recent studies have shown the feasibility of incorporation of non-
natural amino acids into proteins in yeast and other microbes, and the ability to
“tune” a synthetic genome to utilize such non-canonical amino acids  could  be  an
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interesting  tool  in  engineering  proteins  with  completely  novel  properties  and
functions  [130  -  132].

GENETIC MODIFICATION OF NON-CONVENTIONAL YEASTS

Non-conventional  yeasts  (meaning  non-Saccharomyces  yeasts)  are  important
industrial platforms for the efficient production and secretion of proteins, lipids,
and primary metabolites that have significant value as commodity chemicals [133
- 136].  Although these yeasts can have beneficial native phenotypes, it  is  often
essential  to  engineer  these  cell  factories  to  increase  yield,  titer,  and production
rates  [137,  138].  While  most  non-conventional  yeasts  have  well-established
DNA-mediated  transformation  protocols,  options  for  stable  plasmids  are
significantly limited. Plasmids are initially created by combining centromeric and
autonomously replicating sequences of the organism’s genome with a selectable
auxotrophic (or drug-resistant) marker. However, while functional plasmids are
available for most non-conventional yeasts, they tend to be low copy number and
show  variable  expression  across  cells  in  a  colony,  an  effect  due  to  imperfect
partitioning  of  plasmids  upon  cell  divisions  [139].

Thus,  the  genetic/genomic  modification  of  non-conventional  yeasts  is  highly
desirable,  but  presents  some  drawbacks  that  need  to  be  addressed  in  order  to
perform the modifications as designed [137, 140]. The first problem is related to
the  fact  that  most  non-conventional  yeasts  are  highly  inefficient  at  homology
directed  repair  (homologous  recombination,  HR),  compared  with  non-
homologous  end-joining  (NHEJ,  also  called  illegitimate  recombination)  [141  -
143]. In S. cerevisiae, HR plays a dominant role in DNA double stranded breaks
repair, and homologous flanking sequences in the disruption/modification cassette
(Fig. 1, panel A) can be as short as ~35 bp is sufficient to produce nearly 100%
correct  target  integration;  these  short  homology  sequences  can  be  easily
incorporated in the sequence of oligonucleotide primers, so that with a single PCR
reaction  a  disruption/modification  cassette  can  be  produced  [98,  144].  But  to
achieve high integration efficiencies in non-conventional yeasts, the homologous
regions  need to  be  significantly  longer  (from 100 bp up to  1-2 kb,  with  longer
fragments  increasing  the  efficiency  [145]).  To  include  such  large  homology
sequences flanking the disruption/modification cassette thus may require ligation
of  multiple  PCR  products  that  have  restriction  enzyme  sites,  or  other  time-
consuming  strategies  (e.g.  Gibson  assembly)  [146  -  149].

There are several strategies to increase HR in non-conventional yeasts. Since HR
is highly dependent on the cell cycle, functioning only in the S and G2 phases of
the  cycle  [150],  one  strategy  is  to  use  chemical  compounds  that  inhibit  the
synthesis  of  DNA,  like  hydroxyurea  and  nocodazoles,  which  significantly
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improves the efficiency of HR in several yeasts [151 - 153]. Another approach to
enhance HR is the disruption of genes essential for the NHEJ pathway, such as
DNA ligase IV or the KU70 or KU80 proteins that bind tightly to the free end of
linear  double-strand  DNA.  This  approach  has  been  used  with  several  non-
conventional yeasts, and in all cases the efficiency of HR genomic modifications
increased  significantly  [153  -  162].  In  a  different  approach  to  avoid  the
illegitimate  recombination  of  a  marker  gene  through  the  NHEJ  pathway,  a
promoter-dependent disruption of genes (PRODIGE) method was developed, in
which the marker expression depends on the regulatory sequences of the disrupted
gene [163]. This approach has been successfully used with several Candida yeasts
[92, 164, 165]. Another way to improve the correct genetic modification through
HR is to promote a specific double strand break at the desired genomic location,
through CRISPR-Cas9 or TALENT technologies [92, 137, 140, 166 - 168], and
co-transforming the cells with a homologous repair/modify DNA module. Since
cells that suffer a double strand break are generally non-viable, only those with
the desired modification (repaired double strand break) will survive.

The  last  issue  regarding  genome engineering  of  non-conventional  yeasts  is  the
CUG codon; in most organisms this encodes for the amino acid leucine (CUG-
Leu), but in at least 3 clades of ascomycetous yeasts this codon encodes for either
serine (CUG-Ser1 and CUG-Ser2 clades) or even alanine (CUG-Ala clade) [169 -
171]. Since these amino acids changes can impact the functionality of expressed
proteins, codon-optimized selectable markers or transformation modules should
lack CUG codons, or those codons should be changed to other codons that exist
for leucine [169, 172 - 174].

FROM THE LABORATORY TO BIOPROCESSES

An example  of  genetically-modified  yeasts  used  in  bioprocesses  are  the  yeasts
used  in  the  bioethanol  industry.  Approximately  84%  of  bioethanol  produced
world-wide (data from 2019) is the so-called first generation ethanol (1G ethanol)
which is produced from the starch present in maize in the USA, or from sucrose
present  in  sugarcane  juice  in  Brazil  [175  -  178].  In  the  USA,  the  majority  of
industrial yeast strains used for 1G ethanol production are genetically modified to
overexpress  and  secrete  amylases  and  glucoamylases,  in  addition  to  increased
ethanol production, lower glycerol as by-product, and enhanced organic acids and
heat  tolerance  [178].  In  Brazil,  industrial  yeast  strains  have  been  modified  to
improve  the  ethanol  yield  from sucrose,  in  addition  to  the  same improvements
described above for maize 1G ethanol production, although most distilleries use
non-modified selected industrial yeast strains [176, 178 - 183].
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The  so-called  second  generation  (2G)  ethanol  is  derived  from  lignocellulosic
biomass sources such as sugarcane bagasse, leaves or maize stalks. Recombinant
S. cerevisiae strains for xylose fermentation, which is necessary for using these
types  of  biomass,  have  been  developed  and  are  used  by  several
countries/companies [178, 183 - 186]. Another interesting example of genetically-
modified yeasts in bioprocesses is the excellent work developed by Amyris Inc.
(www.amyris.com), using recombinant yeasts to produce a range of commercial
products  through fermentation of  sugarcane juice,  including artemisinic  acid,  a
precursor  of  the  anti-malaria  artemisinin  [187,  188],  terpene-based  advanced
biofuels [189, 190], sweeteners, perfume ingredients, pharmaceuticals and other
high-value chemicals that normally are extracted (in small quantities) from plants
and microorganisms [191 - 193]. Chandel and co-workers [194] describe several
other companies and products developed using, in most cases, bioprocesses with
genetically modified yeast.

CONCLUSION

Yeasts  are  used  in  many  types  of  bioprocesses  with  significant  importance  for
humans, having been isolated from nature or genetically modified in laboratories
for  improved  performance.  With  the  advent  of  synthetic  genomes  and  other
cutting-edge  genome  engineering  tools,  the  horizons  appear  to  be  opening  up
more and more for the development of yeast strains that will be able to produce
novel  medicinal  compounds,  create  tastier  and  more  healthful  food  and  drink,
ferment waste into eco-friendly fuels and perhaps even perform completely novel
useful functions such as bioremediation, carbon capture or other helpful roles in
bettering the world.
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Abstract: The beginning of the relationship between humans and yeasts is commonly
assigned to the Neolithic revolution. However, the role of these microorganisms as gut
symbionts  of  humans  and  other  animals  cannot  be  disregarded.  In  this  case,  the
timespan of this relationship should be measured in hundreds (not tens) of thousands of
years.  Evidently,  the  hypothesis  that  the  aforementioned  symbiosis  began  precisely
with the domestication of yeasts during the Neolithic revolution period cannot be ruled
out  as  well.  In  any  case,  the  relationship  between  humans  and  yeasts  has  broadly
developed from the moment humanity started to domesticate them to produce bread
and beverages,  which seems to  coincide with the Neolithic  revolution period.  Since
then,  humanity  has  created  novel  bioprocesses  with  yeasts,  even  though  the  role  of
these microorganisms was only really understood in the 19th century, especially with
the studies of Louis Pasteur. Today, yeasts drive a trillion-dollar global market, which
most likely presents the highest value among all sectors of industrial microbiology. In
this context, this book’s last chapter addresses the importance of yeasts in our society,
with positive impacts on the economy and the health of humans, animals, and plants.
We  also  discuss  the  role  of  these  microorganisms  in  maintaining  the  balance  and
diversity of species in the environment as a whole.  Finally,  we close the chapter by
highlighting the effects of their environmental role on human well-being and outlining
the potential of wild yeasts that can drift from nature to new bioprocesses.
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INTRODUCTION

This  is  not  the  first  time  yeast  has  been  claimed  as  a  man’s  best  friend  [1,  2].
Since  the  Neolithic  revolution,  yeasts  have  been  employed  as  fermenting
microorganisms and their relationship with humans facilitated the change from a
gathering-hunting  lifestyle  to  the  establishment  of  permanent  settlements.  New
archaeobotanical  evidence  reveals  that  the  preparation  of  bread-like  products
occurred 4,000 years before the emergence of the Neolithic agricultural way of
life,  probably  14,400  years  ago  in  northeastern  Jordan  [3].  Although  at  that
moment  breadmaking  may  have  occurred  without  fermentation  (the  so-called
flatbread), at least from 10,000 ya, yeasts and humans have become increasingly
close  as  the  millennia  have  passed  due  to  the  diversification  of  various
bioprocesses.

Yeasts have a direct or indirect bond (or a potential bond) with at least 9 of the 21
industrial  sectors  established  by  the  United  Nations  (UN)  classification  —
International Standard Industrial Classification of All Economic Activities (ISIC)
[4].  Yeasts  can  also  be  used  for  heterologous  expression,  making  them  an
excellent  choice  to  act  as  microbial  factories  [5  -  12],  greatly  expanding  their
biotechnological  and  industrial  potentials.  Moreover,  if  one  considers  the
approaches  of  Yeast  Synthetic  Biology,  Synthetic  Genomics,  Saccharomyces
cerevisiae  v.2.0  (Sc2.0),  and  Synthetic  Chromosome  Recombination  and
Modification by LoxP-mediated Evolution (SCRaMbLE), this potential becomes
even more significant [13, 14].

Furthermore, as new biotech prospects have been identified in recent years, the
potential  use  of  yeasts  as  bio-based  (greener)  alternatives  to  the  conventional
techniques in the chemical and petrochemical industries has also been envisioned
[15]. Indeed, these microorganisms have proven to be increasingly versatile; not
withstanding the countless industrial processes in which these microorganisms are
already employed, it seems that they can be applied in an even greater variety of
bioprocesses in the future. This chapter will summarise the main biotechnological
applications  of  yeasts  and  outline  their  ecological  roles,  which  also  positively
impact human welfare.

THE THINGS WE LOVE THE MOST

The most traditional biotechnological products, whose processing involves the use
of  yeasts,  are  also  the  most  profitable  ones.  Besides,  these  products  are  also
related to the joy, happiness, sociability, and pleasure of individuals. Therefore,
they are very likely the bioproducts that humans enjoy the most. Together these
industrial  segments  of  joy  comprise  a  trillionaire  market,  surpassing  US$  1.3
trillion  worth  of  value.
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Alcoholic Beverages

Most alcoholic beverages are produced due to the fermentation capacity of yeast
cells.  In  this  scenario,  the  species  S.  cerevisiae  stands out  as  the  primary yeast
used for the beverages with the highest production volume and the most extensive
market sizes (Table 1).

Table 1. Alcoholic beverages and their markets.

Dominant Yeast Species
in the Processes Beverage Global Productiona Global Market Size References/Sources

S. cerevisiae and
S. pastorianus Beer 194 billion L US$ 623 billion [17, 19]

S. cerevisiae Wine 29.2 billion L US$ 327 billion [17, 18, 20]

S. cerevisiae Whiskey 5.2 billion L US$ 60 billion [21 - 23]

S. cerevisiae Vodka 3 billion L US$ 45 billion [24 - 26]

S. cerevisiae Tequila 0.25 billion L US$ 10 billion [27 - 29]

S. cerevisiae Sake 0.6 billion L US$ 9 billion [30 - 32]

S. cerevisiae Cachaça 1.8 billion L US$ 2 billion [33, 34]
a Approximated values per year.

Beer  is  a  non-distilled  beverage  obtained  from  the  fermentation  of  a  wort
composed of malted cereals, hops, and freshwater. Besides its millenary history,
beer is now the leading alcoholic product consumed in the world. Its production
has increased gradually over the last decades [16], reaching 194 billion liters in
2018. This amount represented a 50% increase in the last two decades and was six
times higher than the wine production in that same year (29.2 billion liters) [17].

Although  wine  has  a  significantly  lower  production  volume  than  beer,  it  is  a
higher  value-added  product,  in  such  a  way  that  the  global  wine  market  size  is
worth half of beer’s (Table 1). As a result, wine accounts for nearly one-quarter of
the  global  alcoholic-beverages  market  [18].  Together,  wine  and  beer  represent
almost 90% of the total alcoholic beverages produced on earth [17].

Considering  the  market  of  some  of  the  most  conventional  alcoholic  beverages
alone,  yeasts  contribute to more than US$ 1 trillion market  revenue worldwide
(see  Table  1).  The  notoriety  of  this  sum  becomes  even  more  evident  when
compared to another segment of the food and beverage industry: dairy products.
This  is  a  very  representative  sector  of  the  employment  of  bacteria  (in  more
significant proportion) and fungi; however, the entire dairy market, having a value
of US$ 489.74 billion [35], does not even correspond to half the market size of the
alcoholic  beverages  listed  in  Table  1.  Such  difference  between  dairy  and



434   Yeasts: From Nature to Bioprocesses Alves Jr et al.

alcoholic-beverage industries proves the high economic impact of yeasts among
all microorganisms. For more details on yeasts and beverage production, please
refer to Chapter 10 of this book.

Bread

Bread has been widely consumed as a traditional staple food in many countries
around the world. The global per capita consumption of bread is 24.5 kg per year
[36].  According to the 2021 report  of  the market  research agency “360 Market
Update”,  the  global  bread  market  was  at  US$  201  billion  last  year.  The
international bread sale has surpassed 83 million tons in one year, registering a
compound annual growth rate (CAGR) of 1.2%, during the forecasted period of
the  aforementioned  agency.  The  bread  industry  is  thoroughly  dominated  by
Europe, which accounts for over 45% of the global consumption by volume [37].

Yeasts  are  the  main  CO2  producers  in  dough  leavening  in  bakeries.  The  most
common  sourdough  yeast  species  are  S.  cerevisiae,  Kazachstania  exigua,  C.
humilis,  Torulaspora  delbrueckii,  Pichia  kudriavzevii,  and  Wickerhamomyces
anomalus  [38, 39]. However, over 30 yeast species have been identified in this
sour-water mixture [40], and even yeasts from house microbiotas were found on it
[41]. Indeed, the sourdough microbial composition is expected to be influenced by
yeasts  from  the  environment  [42,  43].  Besides  their  naturally-found  yeasts,
sourdoughs  can  be  added  along  with  a  starter  culture  [39].

Yeasts that remain in sourdough after several baking cycles are selected by the
stress conditions of this environment, such as nutrient starvation, low pH, reactive
oxygen  species,  high-thermal  fluctuation,  and  high-osmotic  pressure.  Besides
ethanol and CO2  production,  these high-adapted yeasts contribute to sourdough
products’ leavening, flavor, and nutritional profiles. This contribution stems from
organic  acids,  higher  alcohols,  esters,  and  vitamins  generated  by  yeast
metabolism. Moreover, yeasts exhibit probiotic potential, aiding in the inhibition
of fungi and their mycotoxin production [39].

Most  large-scale  baking  processes  use  pure  starter  cultures,  mainly  with  the
traditional baker’s yeast S. cerevisiae. This is due to the difficulties and costs of
maintaining a live microbial culture (sourdough starter) in industries and the time-
consuming  sourdough  fermentation  process.  Also,  inoculation  of  S.  cerevisiae
renders higher productivity and more uniform products, even though the slowly-
fermented bread may be considered a higher-quality good in terms of organoleptic
features, digestibility, and nutritional value [44]. For more details on yeasts and
breadmaking, please refer to Chapter 11 of this book.
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Chocolate

Yeasts  are  essential  for  the  chocolate  industry.  In  the  first  step  of  chocolate
production, a natural, seven-day microbial fermentation of the pectinaceous pulp
surrounding cocoa beans occurs under temperatures of up to 50 °C. During this
fermentation, a comprehensive microbial succession of yeasts and bacteria takes
place. Then, the metabolites produced by them — ethanol, lactic acid, and acetic
acid — cause the death of the beans and generate flavor precursors [45].

Aiming to determine the primary contribution of yeasts to chocolate quality, Ho et
al.  [46]  carried  out  cocoa  bean  fermentation  with  the  addition  of  200  ppm
Natamycin,  an  approved  food  additive  that  inhibits  yeast  growth.  The  authors
compared  the  resultant  microbial  ecology,  products  of  metabolism,  bean
chemistry,  and  chocolate  quality  with  those  of  control  fermentation  (without
Natamycin)  through these  fermentations.  The  fermentation  that  did  not  rely  on
yeasts  showed  increased  shell  content  as  well  as  lower  production  of  ethanol,
higher alcohols, and esters. In addition, the quality tests revealed that cocoa beans
not  fermented  by  yeasts  were  not  entirely  brown  in  color  and  rendered  a  final
product  more  acidic  in  nature  and  lacking  the  characteristic  chocolate  flavor.
Meanwhile,  the  beans  that  were  fermented  by  yeasts  were  fully  brown  and
rendered  chocolate  with  the  typical  organoleptic  characteristics,  which  were
preferred by sensory panels [46]. Yeasts may not only be inoculated but also be
naturally found in the fermentation of cocoa beans. Indeed, studies that evaluated
the  spontaneous  fermentation  of  cocoa  beans  demonstrated  that  this  process
presents great biodiversity of yeasts, even though it is possible to point out some
more  prevalent  species,  such  as  S.  cerevisiae  and  species  of  the  genera
Hanseniaspora  and  Pichia  [47  -  55].

The chocolate industry is a multibillion-dollar business, with a retail market value
of US$ ~107 billion a year [56]. Of this amount, US$ 73 billion correspond to the
net  sales  of  the  seven  biggest  multinational  companies.  Five  of  them  have
chocolate confectionery production plants in Europe. Europe is the world’s largest
chocolate producer, with a market valued at an estimated US$ 63 billion in 2019.
The average per capita chocolate consumption in Europe reached 5.0 kg in 2018,
but it may be as high as 11 kg per year per capita in Germany [57]. The chocolate
market also has a significant impact in low-income countries. In 2016, the largest
exporter of cocoa beans was Côte d’Ivoire (US$ 3.9 billion), followed by Ghana
(US$ 2.5 billion) and Nigeria (US$ 0.8 billion). These three countries account for
~83% of the world value of cocoa-bean exports. From 2019 to 2025, this market
is expected to grow 7.3% a year, reaching US$ 16.3 billion [56].
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Cheese

Cheese is probably the least remembered product when it comes to yeast activity
in  favor  of  Homo sapiens.  On the  contrary,  regarding  cheeses,  yeasts  are  most
likely reminded by their negative spoiling effects. However, these single-celled
fungi perform an essential role in the ripening stage of different styles of cheese,
especially those that are traditionally aged and surface-ripened. In the so-referred
stage, maturation starts with the rapid colonization of cheese surface by acid- and
halo-tolerant yeasts, right after the brining process. Yeasts catabolize lactic acid
and amino acids, thus increasing cheese pH and allowing the colonization by a
less acid-tolerant bacterial community. In this sense, they contribute significantly
to the flavor and typical appearance of smear-ripened cheeses, such as Gruyère,
Tilsit,  Reblochon,  and Munster,  and,  to  a  lesser  extent,  the  mold-ripened ones,
like  Camembert,  Stilton,  and  Tomme  de  Savoie  [58].  The  yeast  species
Debaryomyces  hansenii,  Yarrowia  lipolytica,  Geotrichum  candidum,
Kluyveromyces lactis, K. marxianus, and T. delbrueckii are the most prevalently
reported in various cheese-making processes [59 - 63].

WHAT ELSE CAN YEASTS OFFER US?

Biopharmaceuticals

Since the development of recombinant DNA technology in the 1970s, yeasts have
been  tested  as  microbial  factories,  heterologously  expressing  proteins  from
representatives  of  the  three  domains  of  life  [64  -  66].  In  1975,  at  the  famous
“Asilomar  Conference  on  Recombinant  DNA  Molecules,”  the  scientific
committee  of  that  event  pointed  out  the  use  of  these  microorganisms  as  safer
alternatives  to  bacteria  [67].  Since  then,  yeast  has  undoubtedly  been  the  best
choice  of  eukaryotic  cells  for  heterologous  protein  expression  [65,  68].

In  this  context,  the  pharmaceutical  industry  is  the  one  that  benefits  most  from
genetically  modified  yeasts.  Through different  genetic  engineering  approaches,
yeasts have been empowered to produce plant-derived therapeutics, such as the
antimalarial  drug  artemisinin;  the  cancer  therapeutics  taxol,  noscapine,  and
taxediene; and endocannabinoid and opioid analgesics [5, 9, 69 - 73]. Production
of  biopharmaceuticals  by  yeast  cells  has  significant  advantages  over  plant
extraction and chemical synthesis, for instance: (i) reduced environmental harm,
(ii) different approaches ensuring the biosynthesis of complex molecules, and (iii)
improved scalability for compounds that normally exist at low levels in nature [9,
13, 74].

Three  yeast  species  master  the  biopharmaceutical  market:  Pichia  pastoris,
Hansenula  polymorpha,  and  S.  cerevisiae.  Yeast  P.  pastoris  is  employed  for
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collagen production (Fibrogen, San Francisco, CA, USA), used as dermal filler;
for  production  of  the  plasma  kallikrein  inhibitor  Kalbitor®  (Dyax,  Cambridge,
MA, USA), indicated against hereditary angioedema; and for insulin production
(Biocon,  Bangalore,  India),  used  by  patients  with  diabetes  [11].  Recombinant
human insulin is also produced by H. polymorpha [12, 75] and S. cerevisiae, the
latter one accounting for half the human insulin produced in the world [76, 77].
Human insulin is a US$ 21 billion global market, forecasted to be US$ 27 billion
by 2026, assuming a CAGR of 3.4% [78].

Besides  insulin,  those  three  yeasts  also  serve  as  microbial  factories  to  produce
Hepatitis-B  surface  antigen  particles  (HBsAg)  that  are  used  as  Hepatitis-B
vaccines  [10,  75,  79,  80].  Additionally,  yeasts  also  heterologously  produce  a
virus-like particle vaccine for the human papillomavirus (HPV) [79, 81]. In fact,
about  20%  of  the  whole  biopharmaceuticals  are  produced  by  yeasts  [76].  The
entire biopharmaceutical market size was worth US$ 192 billion in 2020, and it is
projected to reach US$ 326 billion by 2026, considering a CAGR of 9.2% [82].

Single-cell Market

The single-cell market relies on algae, bacteria, filamentous fungi, and yeast. In
this scenario, yeasts stand out for their essential amino-acids-rich proteins and low
titer of nucleic acids [83]. As with the other markets mentioned above, single-cell
nutrition  is  also  a  billion-dollar  business.  In  terms  of  proteins,  extracts  from
single-cell organisms are a US$ 5.3 billion market, with an 8.6% CAGR in the
forecasted  period  of  2018–2023  [84].  Although  this  industrial  sector  is  also
composed  of  algae,  bacteria,  and  filamentous  fungi,  yeast  is  its  major  player.
Single-cell  protein  (SCP)  has  been  recognized  as  an  environmentally-friendly
alternative to common sources of protein (like livestock) [85], and it is known as a
good enrichment factor for soups, baked products, and other foodstuffs for human
consumption  [86].  Since  it  is  possible  to  use  waste  as  substrate  for  SCP
production  or  even  to  use  microbial  cells  from  disposals  of  fermentation
processes, the SCP-production costs can be low [87]. Indeed, the low production
cost and high nutritional value of SCP yeasts were recognized to such an extent
that in the first  and second World Wars,  German troops replaced up to 60% of
their food with SCP yeasts [88].

Inactive  forms  of  yeast  cells  are  commercially  available  in  many  countries.
Besides  its  high  content  of  protein  (up  to  45%  of  the  dry  biomass)  [86],  S.
cerevisiae, for example, consists of 15–45% of carbohydrates, 4–8% of lipids, and
a significant amount of complex B vitamins [83, 89, 90]. Interestingly, it has been
demonstrated  that  the  amplification  of  genes  involved  in  the  biosynthesis  of
vitamins  B6  (pyridoxine)  and  B1  (thiamin)  is  a  common  feature  among  fuel-
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ethanol  S.  cerevisiae  strains  [91].  It  is  important  to  emphasize  that  producing
microorganisms  for  industrial  microbiology  purposes  (such  as  fuel-ethanol)  is
another  segment  of  the  single-cell  yeast  (SCY)  market.  In  this  scenario,  the
microbial  cells  are  produced  to  aid  in  bioprocesses  with  their  intended
biocatalysts. Thereby, taking into account the 3 million tons of dry-weight yeast
cells produced per year — either for SCP purposes or as SCY to supply different
bioprocess — the yeast-production market size is worth more than US$ 10 billion
[85].

Probiotics and Prebiotics

While probiotics are live microorganisms that promote health benefits to the host
animal  [92],  prebiotics  is  indigestible  or  poorly  digestible  feed ingredients  that
indirectly  benefit  the  host  by  stimulating  the  development  of  health-promoting
bacteria located in the gut [93, 94]. Lactic acid bacteria are notoriously the most
remembered probiotics. Among the yeasts, S. cerevisiae var. boulardii is, to the
best of our knowledge, the unique commercial probiotic yeast for humans. The
success of this species is due to its tolerance to our body temperature, resistance to
stomach acidity, and ability to inhibit the growth of pathogenic microorganisms
[95]. This immunological effect results from the yeast’s ability to produce killer
toxins and mycocins [96], and to enhance the host’s immune response by inducing
natural  killer  cell  activity  [97],  macrophages  [98],  and  production  of
immunoglobin  A  (IgA)  [99,  100].  Besides,  yeast  can  modulate  inflammatory
reactions  via  the  specific  proliferative  response  of  T-lymphocytes  [98,  101].

There is also a direct relationship of S. boulardii with the prevention or mitigation
of  severe  symptoms of  infectious  diarrhoea caused by Listeria  monocytogenes,
Salmonella  typhimurium,  Pseudomonas  aeruginosa,  Staphylococcus  aureus,
Enterococcus faecalis, Clostridium difficile, Vibrio cholerae, Shigella flexeneri,
and enteropathogenic Escherichia coli (EPEC) [101 - 105]. Interesting finds, such
as these have also been reported for the probiotic aptitudes of other yeast species.
For  example,  Agarbati  and  co-workers  [106]  showed  that  Lachancea
thermotolerans,  Metschnikowia  ziziphicola,  S.  cerevisiae,  and  T.  delbrueckii
strains  isolated  from  un-anthropized  natural  environments  harbor  important
probiotic  characteristics,  even  though  these  features  were  strictly  strain-
dependent.

The above-mentioned antimicrobial activity has recently been corroborated by He
and  co-workers  [107],  who  found  evidence  for  applying  live  yeast  as  an
alternative to antibiotics  in broilers.  The authors analyzed the broiler’s  growth,
immune function, serum biochemical parameters, and intestinal morphology. In
all these analyses, live-yeast-treated animals’ performance was at least as good as
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that  showed  by  antibiotic-treated  chickens.  Additionally,  autolyzed  yeast  cells
have also been widely used as prebiotic feed additives for poultry, and they also
act as potential alternatives to in-feed antibiotics. Since prebiotics stimulates the
growth of normal microbiota, it is speculated that their mode of action is similar
to that of probiotics [93].

Fuels

Ethanol,  the  biotechnological  product  with  the  largest  production  volume,  also
involves the use of yeasts, which account for 80% of the total ethanol produced
[108]. Almost 140 billion liters of this biofuel are produced annually, representing
a  global  market  value  of  US$  86  billion  [109].  Along  with  the  production  of
beverages  and  bread,  the  species  S.  cerevisiae  is  the  most  used  yeast  in  fuel-
ethanol  production  [108,  110  -  112].  The  United  States  and  Brazil  are  the  two
largest  fuel  ethanol  producers  globally,  accounting  for  56%  and  28%  of
worldwide production, respectively. While in the US, yeasts ferment worts with
corn starch hydrolysates [113], in Brazil, production is simpler and more efficient
thanks  to  sugarcane  juice  and  molasses  used  in  the  fermentation  vats.  These
substrates  are  rich  in  sucrose,  a  disaccharide  rapidly  fermented  by  yeast  cells
[114]. There are also plants in the US, Brazil, Canada, Italy, Norway, and China
producing  2G  ethanol  [115].  This  second-generation  production  uses
lignocellulosic  residues  as  feedstocks,  which  requires  the  fermentation  of  a
significant  concentration  of  pentoses,  especially  xylose.  This  represents  a
bottleneck  for  2G  plants,  as  the  largest  ethanologenic  yeast  (S.  cerevisiae)  is
incapable of naturally fermenting pentoses [116], requiring further improvement
via genetic or evolutionary engineering. As a second option, there is the prospect
of  new  non-Saccharomyces  yeasts  known  to  be  capable  of  metabolizing  these
sugars. This bottleneck is certainly one of the culprits for the production of 2G
ethanol that still does not correspond to 1% of all production of this fuel [17, 115].
Please refer to Chapters 4, 8, and 9 of this book for comprehensive reviews on
ethanol production.

Yeasts have also shown the potential  to act  in biodiesel  production, the second
most-produced liquid biofuel globally [113]. Although the first vehicles to run on
diesel and ethanol were produced in approximately the same period (late 19th and
early 20th century, respectively) [117], the relationship of these fuels with yeasts
has  a  very  different  time  span.  While  the  optimization  history  of  ethanol
production  has  always  kept  yeast  as  the  process  protagonist,  biodiesel  is  still
mostly  plant-derived  (such  as  grains  and  vegetable  oils)  [113,  118].  However,
concerns related to environmental, energy, and food security (the so-called ‘food
versus fuel’ dispute), and economic aspects related to the cost of vegetable raw
material  (which  may  account  for  70–85%  of  the  entire  production  cost),  have
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stimulated  the  production  of  microbial  lipids  or  single-cell  oils  (SCO)  as  an
alternative  feedstock  for  biodiesel  production  [118  -  121].  In  this  sense,  like
bacteria  and  microalgae,  yeasts  appear  like  a  good  choice  for  SCO.

Besides their fast growth rate, yeasts can use low-cost fermentation media, such
as residues from agriculture and industry [119, 122 - 129], and may have an oil
content  of  up  to  72%  of  the  cellular  dry  weight  [118].  The  genera  Candida,
Cryptococcus,  Lipomyces,  Rhodosporidium,  Rhodotorula,  Trichosporon,  and
Yarrowia  are  the  most  reported  on  literature  as  oleaginous  yeast  with  high
potential for biodiesel production [122, 123, 124 - 126, 128 - 132, 133 - 140]. For
additional information on yeasts and biodiesel, please refer to Chapter 12 of this
book.

Products and Services for the Textile Industry

The US$ 1.0 trillion textile industry [141] relies on yeasts both during and after
the  production  process.  In  the  first  case,  yeasts  are  used  for  the  heterologous
production of significant innovations, such as spider silk and leather [5, 142, 143],
as well as conventional enzymes for textile desizing, scouring, bio-polishing, and
finishing processes [144 - 146]. After production, these microorganisms are used,
directly or indirectly, to decolorize and detoxify textile wastewater. In both stages,
yeasts also contribute to the production of laccase enzymes, which have played a
central role in this industrial segment [147, 148].

During the production of clothes, laccases present themselves as environmentally-
friendly alternatives for textile bleaching [146]. At the end of the process, laccases
are especially important due to their low substrate specificity that allows oxidation
of aminophenols, polyphenols, and polyamines [149, 150], enabling their use as
potent  dye  removers  [148].  Although  some  yeasts  naturally  produce  their  own
laccases  [151,  152],  industrially,  heterologous  expression  of  bacterial  and
filamentous fungal laccases in K. lactis, Y. lipolytica, S. cerevisiae, P. pastoris, P.
methalonica,  and Cryptococcus  sp.  has  shown to  be  more  efficient  [147,  153 -
158].

Nutrient Cycling and Decomposition

The  kingdom  Fungi  comprises  the  paramount  terrestrial  decomposers,  and  in
these  environments,  especially  in  forests,  wood-decaying  microorganisms
significantly  contribute  to  nutrient  cycling  [159].  Yeasts  implicated  in  this
scenario generally act via the oxidation of short-chain carbon sources into CO2.
Such  carbon  sources  may  be  monomers  or  oligomers  (e.g.,  mono-,  di-,  and
trisaccharides),  resulting  from  the  hydrolysis  of  polymers  (such  as  the
polysaccharides cellulose and hemicellulose of vegetal lignocellulosic biomasses)
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that  mostly  takes  place  in  the  soil.  Cellulose  and  hemicellulose  hydrolysis  is
mainly carried out by filamentous fungi, but yeasts have also been associated with
this task [160, 161].

The whole decomposition process includes high biodiversity of yeasts and during
the different stages of wood decay, there is a succession of different yeast species
[159, 162]. In a comprehensive literature review on yeasts isolated from decaying
wood from cold and temperate regions, Rönnander and Wright [159] recorded 73
species  of  ascomycetous  yeasts  and  35  of  basidiomycetous.  Among  the  major
clades of yeasts associated with these environments,  it  is  worth mentioning the
following  genera:  Scheffersomyces,  Spathaspora,  Spencermartinsiella,
Sugiyamaella,  Apiotrichum,  Cutaneotrichosporon,  Cystofilobasidium,
Naganishia, Saitozyma, Papiliotrema, Pseudotremella, Solicoccozyma, Tausonia,
Trichosporon,  Vanrija,  and  Vishniacozyma  [161].  For  a  more  comprehensive
review  of  yeast  ecology,  please  refer  to  Chapter  2  of  this  book.

Insect Attraction and Pollination

Yeasts have been associated with the attraction of insects to plants, including their
floral  parts,  which  further  facilitates  the  pollination  carried  out  by  these
invertebrates.  In  this  sense,  the  effects  of  yeasts  on  insect  attraction  and
pollination exhibit a three-fold impact, including the environmental, agronomic,
and social impacts [163 - 165].

The positive environmental effect of yeasts occurs by boosting the pollination of
wild  species,  thereby  ensuring  plant  and  animal  biodiversity  [163,  164,  166].
Approximately 90% of all plant species benefit from animal-mediated pollination,
which  is  largely  facilitated  by  floral  nectar  [167],  where  yeasts  are  found  in
fermenting sugars (mainly mono- and disaccharides) and produce volatile organic
compounds (VOCs) [168]. Although these VOCs may be mostly generalized as
alcohols, esters, and ketones compounds, the chemicals in each of these classes
vary  inter-  and  intra-specifically  among  angiosperms  (plants  with  flower),
depending  on  the  resident  microbiota  [169].  In  this  ecological  niche,  the  yeast
genus  Metschnikowia  stands  out  with  its  species  producing  distinctive
compounds, making it the most attractive yeast clade in floral nectar worldwide
[168 - 174].

There  is  solid  evidence  indicating  that  the  release  of  VOCs  by  yeasts  is  a
phylogenetically  ancient  trait.  Considering  that  both  yeasts  and  insects
evolutionarily  emerged  before  angiosperms,  the  communication  between  these
two  probably  preceded  the  emergence  of  flowers.  In  the  300  million  years  of
coexistence  between  yeasts  and  insects,  the  insect  systems  of  chemical-signal
detection co-evolved with the yeast  metabolic  routes  responsible  for  producing
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attractive volatile substances [175]. There are even reports today that show this
symbiosis  working  independently  of  floral  nectar,  with  yeasts  releasing  VOCs
from distinct substrates to attract the insects [176]. From the yeast point of view,
insects  are  a  means  of  transport  and  dispersion.  They  also  present  an  internal
environment  for  sexual  reproduction  [177,  178]  and  provide  yeast  cells  with
nutrients and shelter in periods when the external environmental conditions are
unfavorable. From the insects’ perspective, yeast is a biocatalyst that facilitates
digestion, contributes to the production of essential nutrients, and enhances their
immune  responses  [176,  179].  For  a  more  comprehensive  review  of  yeast
ecology,  please  refer  to  Chapter  2  of  this  book.

The positive agronomic impact of yeasts relies on a remarkable fact: about 75% of
domesticated crops  also  benefit  from animal-mediated pollination [167].  In  the
agriculture context, it is worth noting that the plant-yeast-insect relationship may
be  looked  at  the  other  way  around.  In  this  trio,  not  only  can  the  plant  provide
yeasts for the insects, but the insects can also provide the plants with yeasts [164].
Indeed, this inoculation performed by pollinating insects is the most likely way
for yeasts to reach the flowers [180, 181], and it has been thought to play a major
role in dispersing microbial biological controllers (see below) [182]. Last but not
least, as the producers of VOCs, yeasts guide insects through pollination, ensuring
food production and reducing the risk to food insecurity [164, 165]. Hence, there
is  a  significant  positive  social  impact  of  this  kind  of  plant-yeast-insect
relationship.

Biological Control

Either  through  competition,  enzyme  secretion,  VOCs  and  mycotoxin-inhibitor
production, mycoparasitism (fungivory), induction of resistance, or through some
of these mechanisms combined, yeasts exert plant protective effect by acting as
biological  controllers.  Since  yeasts  are  single-celled  organisms,  adhesion  and
biofilm  formation  are  facilitated,  increasing  their  environmental  persistence,
competitiveness, and, consequently, their biocontrol success [183 - 186]. Most of
these yeast characteristics are shared with bacteria; however, genetically speaking,
wild  biocontrol  yeasts  have  a  safety  advantage:  they  mostly  lack  plasmids,
lowering the risk of taking up or passing on plasmid-based antibiotic resistance,
pathogenicity  factors,  or  toxin  biosynthesis  genes  [183].  The  same  holds  for
horizontal  gene  transfer,  which  is  far  more  frequent  in  bacteria,  even  though
trans-kingdom conjugation has been reported from E. coli to S. cerevisiae [187].

The pre- and post-harvest protection activities of some yeasts have already been
registered  and  commercialized  as  biocontrol  products.  Some  examples  include
Aspire™  (based  on  Candida  oleophila),  BoniProtect™  (Aureobasidium
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pullulans),  Candifruit™  (C.  sake),  Romeo®  (based  on  Cerevisane®,  a  specific
fraction  of  S.  cerevisiae  LAS-117),  Shemer™ (M. fructicola),  and  Yieldplus™
(Cryptococcus albidus) [183, 188 - 192]. Biocontrol agents is a US$ 3.0 billion
market, forecasted to reach US$ 7.5 billion by 2025. Although macro-organisms
and  biochemicals  may  also  be  employed  as  biocontrol  agents,  the  microbial
segment  is  the  largest  one,  accounting  for  ~60%  of  the  market  [193].  For  a
detailed discussion on biological control by yeasts, please refer to Chapter 13 of
this book.

Plant-growth Promoting Activities

The  use  of  yeasts  in  agriculture  has  been  exponentially  increasing  in  the  last
decades. Yeast cells can act as plant growth-promoting agents by increasing the
concentrations of ammonia and polyamines and producing the plant auxin indole-
3-acetic acid (IAA), the cytokinin Zeatine, and the enzyme 1-aminocyclopropan-
-1-carboxylate  (ACC)  deaminase.  Also,  yeasts  may  indirectly  improve  plant
growth by stimulating beneficial processes like nitrification, S-oxidation, and P-
solubilization  in  soils  [194,  195].  Some  of  the  reported  yeast  species  with  the
desired  profiles  to  act  as  plant  growth-promoting  microorganisms  include
Sporidiobolus  ruineniae,  Pseudozyma  aphidis,  Dothideomycetes  sp.,
Sporobolomyces  roseus,  Rhodotorula  sp.,  R.  graminis,  R.  mucilaginosa,
Williopsis saturnus, C. tropicalis, Cryptococcus laurentii, Williopsis californica,
and S. cerevisiae [195 - 201]. While some of these yeast species are endophytic,
others  are  isolated  from the  soil,  rhizosphere,  and  phyllosphere.  For  a  detailed
discussion on plant growth promoted by yeasts, please refer to Chapter 13 of this
book.

CONCLUSION AND FURTHER CONSIDERATIONS

In terms of the market, other microbial life forms are unlikely to provide global
financial turnover in the same way as yeasts, whose industrial processing sector
crosses  the  trillion-dollar  barrier.  Furthermore,  its  benefits  to  humanity  are  not
restricted  to  the  world  economy.  Yeasts  also  play  essential  roles  in  promoting
human,  animal,  and  plant  health  and  environmental  balance.  Moreover,  these
roles  can  also  directly  or  indirectly  lead  to  economic  gains.

The play on words that assigns yeasts the role of “humanity’s best friends” gains
even more strength when it is verified that the largest financial volume handled by
these microorganisms comes from the market segments that are directly related to
joy, happiness, sociability, and pleasure. With alcoholic beverages alone (entirely
dependent  on  yeast),  the  volume  already  exceeds  US$  1.0  trillion,  and  in  this
niche market of satisfaction, bread, chocolate, and cheese are also included. In the
last three segments, other microorganisms can also be found in addition to yeasts.
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However,  in  the  production  of  bread  and  chocolates,  whose  markets  together
exceed US$ 300 billion,  the process is  mainly dependent  on and dominated by
yeasts. On the other hand, yeasts play a smaller role in the production of different
types of cheese, but they are still essential for the production of certain types of
this dairy product.

Yeasts  are  also  responsible  for  converting  sugars  into  bioethanol,  the  most
produced  biofuel  in  the  world,  with  a  global  market  value  of  US$  86  billion.
Yeasts  have  also  shown  high  potential  to  increase  biodiesel  production,  the
second biofuel in terms of volume. In addition to being profitable, both biofuels
are environmentally friendlier alternatives to fossil fuels. Moreover, this desired
environmental impact can occur directly as yeasts also play an effective role in
decomposing  biomass  (especially  plants),  recycling  nutrients,  and  producing
VOCs  that  induce  animal-mediated  pollination  as  well  as  the  consequent
reproduction  of  vegetable  species.

The  environmental  role  of  yeasts  is  directly  linked  to  agricultural  production,
which places them again in a prominent economic position. In agriculture, 75% of
plant species depend on animal pollinators attracted by the VOCs generated by
yeasts. Furthermore, the organic agriculture market is increasingly relying on the
marketing of yeasts that can be used as growth promoters or as biocontrollers for
agricultural pests. Thus, by ensuring greater efficiency in organic food production,
yeasts  reduce  the  environmental  impacts  and  food  insecurity.  In  this  context,
yeasts play important roles in livestock health promotion, whether as probiotics
and  prebiotics  or  SCP  supplements.  This  yeast-cell  production  market  size  is
worth  more  than  $10  billion.

In the promotion of human health, the impact of yeasts can be seen from different
angles. The ecological activities of these microorganisms can be linked to human
health  in  the  context  of  ‘unique  health’  as  defined  by  the  World  Health
Organization (WHO). However, there are more direct impacts that depend on the
heterologous expression of proteins by yeast cells. Considering the ease of genetic
manipulation  and  the  biological  safety  of  these  microbes  compared  to  others,
yeasts  have  been  successfully  used  as  microbial  factories  since  the  1970s.
Therefore, they have been employed to produce several biopharmaceuticals, such
as  cancer  therapeutics,  analgesics,  vaccines,  and  hormones.  Among  these
products, human insulin stands out with a US$ 21 billion global market, of which
yeast accounts for 50% of the market value.

In this chapter, we addressed the most fruitful relationships between yeasts and
humans,  including  the  most  profitable  industrial  activities  in  which  these
microorganisms are  involved.  However,  despite  the several  benefits  that  yeasts
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provide to humanity, we recognize that we have still not exhausted all the positive
impacts that they provide to humans. Yeasts are also used to produce ingredients
for the food industry, including citric acid and emulsifiers, combustible gases, and
bioplastics. They are also used for the bioremediation of areas contaminated by
organic matter and heavy metals. However, there are also some negative effects
associated with them, including the occurrence of mycoses that are predominantly
caused by the members of the genus Candida (see Chapter 5), spoilage and off-
flavors  in  beverages,  and  diseases  in  plants  and  animals.  Still,  these  negative
effects  do  not  outweigh  the  significant  positive  impact  that  yeasts  have  on
humanity.  After  all,  a  dog  —  man’s  acclaimed  best  friend  —  also  bites!
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