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    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.
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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 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 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-to-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. 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].




      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].




      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.


    




    

      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 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 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 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 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 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. 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].




      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 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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      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.
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      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].




      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.

            




            

              	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 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].




        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 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 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.




        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 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.


      


    




    

      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 (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].


      




      

        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 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 more similar to one another across different regions than the communities from different cactus types within the same regions [84]. Nevertheless, rare non-cactus-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].




        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 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].




        
[image: ]


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].




        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 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, 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 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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