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Preface

Yeasts are the smallest eukaryotic organisms. They are fungi that share the unique
morphological adaptation of growing as predominantly unicellular organisms and
multiplying through budding. Since their first discovery as the fermentative agent in
wine and beer, yeasts have been used widely for the production of beverages, food,
organic acids, enzymes, proteins, lipids, and pigments. However, unlike the domes-
ticated yeast Saccharomyces cerevisiae (baker’s yeast), other species do have
habitats in nature. Ecology explores organisms in the context of their environment.
This includes the chemical, physical, and psychological properties which together
describe habitats in which an organism can live. However, successful colonization
and persistence in a habitat depends on other organisms and their interactions. Each
species constantly modifies the environment through its own activities that make a
habitat a dynamic system. Accordingly, a yeast does not occur as a pure culture but
coexists with other species in a microbial community or microbiome. Although
yeasts are among the earlier colonizers of nutrient-rich substrates, their role in
ecosystem processes is not limited to the consumption and transformation of simple
sugars. Yeasts participate in the degradation of complex organic substances and
also synthesize, accumulate, and release organic molecules into the environment.
They also act as primary and secondary decomposers in ecosystems and serve as a
source of nutrients for micro- and macroorganisms in the food web.

Why did we decide to assemble this book? Almost every book dealing with the
biology of yeasts also introduces the reader to ecology. The large taxonomic
compendium The Yeasts: A Taxonomic Study included in its more recent editions
a chapter on yeast ecology. Several books and book series such as The Life of Yeasts
(Phaff, Miller, Mrak), The Yeasts (Rose and Harrison), Yeasts in Natural and
Artificial Habitats (Spencer and Spencer), and Biodiversity and Ecophysiology of
Yeasts (Rosa and Peter) published in the last four decades covered major advances
in the ecology of yeasts. With this book, we attempt to give an update on topics
covered in previous books, introduce new subjects, and provide novel views on
selected aspects of yeast ecology.
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Our knowledge of yeast ecology derives from studies of yeast properties and
available records of isolation sources. Research on applications of yeasts in food
production and biotechnology or as model organisms in science overshadows
ecological studies. As a result, the physiological properties of yeast species are
better known than their habitats. Many species are documented from only a limited
number of strains, and their original taxonomic descriptions do not always describe
the habitat or community and biotic interactions. Yeasts constantly interact with
animals, plants, and other fungi in the environment. They also engage in close
relationships with other living organisms as mutualists, competitors, parasites, and
pathogens. Thus, alterations of the environment may lead to rapid changes in local
yeast communities—for example, a yeast species may become extinct in the
absence of its host or vector. Indirect effects of climate and vegetation type on
belowground yeast communities have been also demonstrated.

The book presents a comprehensive overview on different aspects of yeast
ecology and constitutes the first volume of a whole monograph on Yeasts in Natural
Ecosystems, of which the second volume (assembled by the same editors) is
dedicated to yeast diversity. It shows how views on yeasts have changed with the
discovery of new species and new methods to study them. All chapters review the
knowledge accumulated during research carried out in the past decades. Yeast
species cited in these works were often identified by different techniques and
criteria that may not be as accurate as the current sequence-based approaches.
Many species names cited in the early literature are not current. Accordingly, all
original taxonomic designations reported in the cited references were checked and,
if necessary, updated following the latest taxonomic guidelines published in
Kurtzman et al. (2011), Liu et al. (2015), Wang et al. (2015a, 2015b), or more
recent literature. A unified list of abbreviations was prepared to assist readers in
following species names throughout the book.

The selection of topics and invitation of potential contributors were made by the
three editors. Chapters were edited and managed by P. Buzzini and A. Yurkov. The
editors thank all the authors for their excellent contributions. We also acknowledge
researchers for granting access to public repositories of publications and sharing
unpublished results.

P. Buzzini is grateful to Ann Vaughan-Martini and dedicates this book to the
memory of his teacher (and friend) Alessandro Martini.

A. Yurkov is grateful to his teachers, soil microbiologists, and yeast ecologists
Inna Babjeva and Ivan Chernov. A few sections of the book review their work and
are dedicated to the memory of Ivan Chernov, who studied the distribution of yeasts
across many terrestrial biomes.

A. Yurkov acknowledges the research network of yeast scientists promoted by
the van Uden International Advanced Course on Molecular Ecology, Taxonomy
and Identification of Yeasts. Many of the authors of this book were participants and
later lecturers in this course in various years.

M. A. Lachance is grateful to P. Buzzini and A. Yurkov for their invitation to
join the editorial team in a mostly advisory capacity.
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Finally, the editors would like to thank the Springer team, especially Isabel
Ullmann and Dr. Andrea Schlitzberger, for their valuable and continuous support
during the preparation of this book.

Perugia, Italy Pietro Buzzini
London, Western Ontario, Canada Marc-André Lachance
Braunschweig, Germany Andrey Yurkov
May 2017
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Chapter 1
Yeasts as Distinct Life Forms of Fungi

Cletus P. Kurtzman and Teun Boekhout

Abstract Detection, identification, and classification of yeasts have undergone
major changes since application of gene sequence analyses and genome compari-
sons. Development of a database of barcodes consisting of easily determined DNA
sequences from domains 1 and 2 (D1/D2) of the nuclear large subunit rRNA gene
and from ITS now permits many laboratories to identify species quickly and
accurately, thus replacing the laborious and often inaccurate phenotypic tests
previously used. Phylogenetic analysis of gene sequences is leading to a major
revision of yeast systematics that will result in redefinition of nearly all genera. This
new understanding of species relationships has prompted a change of rules for
naming and classifying yeasts and other fungi, and these new rules were recently
implemented in the International Code of Nomenclature for algae, fungi, and
plants (Melbourne Code). The use of molecular methods for species identification
and the impact of Code changes on classification will be discussed.

Keywords Yeasts « Taxonomy  Molecular systematics ¢« Evolution
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1.1 Introduction

The title of this chapter, “Yeasts as Distinct Life Forms of Fungi,” challenges us to
ask if yeasts represent a unique phylogenetic group or whether the yeast
morphotype is common in many lineages of the Mycota. The most commonly
known yeast, the ascomycete Saccharomyces cerevisiae, is widely used for pro-
duction of bread, beer, wine, and many other fermentation products. The simplicity
of its life cycle, asexual reproduction by budding and a sexual cycle represented by
ascospore formation in a single cell ascus, suggests that it must be a primitive
fungus (Guilliermond 1912), or could it be a reduced form among more mycelial
taxa, as proposed by Cain (1972) and von Arx and van der Walt (1987)? Initially, it
appeared that all yeasts were ascomycetes, but that belief changed with the discov-
ery that some yeasts are basidiomycetes (Kluyver and van Niel 1924, 1927; Banno
1967; Nyland 1949).

The first indication of the phylogenetic placement of ascomycete yeasts among
the fungi came from the study of Walker (1985), who proposed from analysis of 5S
rRNA sequences that Ascomycota is comprised of three major groups:
(1) Schizosaccharomyces and Protomyces (Taphrinomycotina), (2) budding yeasts
(Saccharomycotina), and (3) the “filamentous fungi” (Pezizomycotina). Some
species of the Pezizomycotina are dimorphic, but have sexual states that are formed
in or on a fruiting body, which is typical of this subphylum. A multitude of
additional studies, ranging from single genes to whole genomes, have shown
these same basic relationships among the Ascomycota (e.g., Kurtzman and Robnett
1998, 2013; Fitzpatrick et al. 2006; James et al. 2006; Hittinger et al. 2015; Shen
et al. 2016). For the Basidiomycota, single gene sequences and whole genome
analyses have demonstrated placement of yeast forms in all of the major lineages.
An overview of the phylogeny of the Mycota that was determined from whole
genome analyses is given in Fig. 1.1.

In an effort to explain the basis for budding versus filamentous growth, Nagy
et al. (2014) compared 59 genomes of filamentous, dimorphic, and yeast-forming
fungi. It appears that expression of the zinc cluster transcription factors regulates
which morphotype predominates. This mechanism may have arisen at the base of
the Dikarya and shows varying expression in different lineages of the Mycota.
However, this finding alone does not explain why yeasts of various lineages form
sexual states not enclosed in a fruiting body, whereas dimorphic fungi in nearby
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Fig. 1.1 Phylogenetic tree inferred from the MARE-filtered supermatrix (364,126 aligned amino
acid residues) using maximum likelihood (ML) and rooted with Batrachochytrium. Numbers on
the branches indicate ML and maximum parsimony (MP) bootstrap support values for the MARE-
filtered (red), full (blue), and core genes (green) supermatrices. Values less than 60% are shown as
dashes; dots indicate branches with maximum support under all settings. Yeasts in the CUG-Ser
clade use an altered genetic code in which CUG codons are translated as serine rather than the
canonical leucine (Santos et al. 1997, 2011). One further modification was found for Pachysolen
tannophilus, in which CUG codes for alanine (Riley et al. 2016). (Modified from Riley et al. 2016,
with permission)

lineages do form fruiting bodies. Because yeasts can occur in various lineages of the
Mycota, the definition of yeasts is presently based on morphology and has become
fungi, ascomycetes or basidiomycetes, that asexually reproduce by budding or
fission and that have a sexual state not enclosed in a fruiting body.

In the following sections, we will discuss placement of yeasts within the
taxonomic framework of the Ascomycota and Basidiomycota. Application of
molecular methods for species identification has resulted in discovery of a large
number of new species and genera. For comparison, the fourth edition of The
Yeasts: A Taxonomic Study (Kurtzman and Fell 1998) listed 97 genera and 700 spe-
cies, whereas the fifth edition (Kurtzman et al. 2011a) includes 150 genera and 1500
species. Since the publication of the fifth edition in 2011, many new species and
genera of both ascomycetes and basidiomycetes have been described.

In addition to the substantial changes in classification brought by DNA sequence
comparisons, recent changes in the rules for classification of fungi are having a
major impact on naming of taxa. The classification of yeasts and other fungi
previously was governed by the rules of the International Code of Botanical
Nomenclature (e.g., McNeill et al. 2006), which based taxonomy on sexual states
of fungi and required separate names for asexual “form genera.” The ability to
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group sexual and asexual states within a clade using DNA characters eventually led
to a logical change in the rules of nomenclature, and the latest edition of the Code
(International Code of Nomenclature for algae, fungi, and plants) (McNeill et al.
2012) ends “dual” nomenclature for fungi and requires inclusion of sexual and
asexual states within monophyletic groups, which then have a common
genus name.

1.2 Ascomycota

1.2.1 Saccharomycotina

For the Ascomycota, yeast species are found exclusively in the subphyla
Saccharomycotina and Taphrinomycotina (Fig. 1.1), and a listing of currently
accepted genera is given in Table 1.1. Phylogenetic relatedness among genera
was examined by Kurtzman and Robnett (2013) from analysis of concatenated
sequences from the nearly entire genes for nuclear large subunit rRNA, nuclear
small subunit rRNA, translation elongation factor EF-1a, and RNA polymerase II
subunit 1 and subunit 2 for type species (Fig. 1.2). Not surprisingly, the five-locus
dataset shows much lower bootstrap support of basal branches than seen in whole
genome analyses (e.g., Fig. 1.1), but the overall topology is similar for both trees,
although many species are not represented in the whole genome tree. In both trees,
Lipomyces is the earliest diverging genus in the Saccharomycotina, and perhaps of
significance, species of Lipomyces are predominantly isolated from soil.

One of the most urgent problems for classification of ascomycete yeasts is the
asexual genus Candida, which has over 400 described species (Lachance et al.
2011; Daniel et al. 2014). The genus was circumscribed on Candida vulgaris (=
Candida tropicalis), although the majority of Candida species are not members of
this clade, which also includes Candida albicans and Candida dubliniensis. Previ-
ously, many unrelated yeasts without known sexual reproduction were placed in
Candida, often because of lack of taxonomic characters needed to group related
species. Phylogenetic analyses of molecular characters led to the early recognition
that species of the genus Candida are distributed throughout the Saccharomycotina
with some species as members of ascosporic (sexual) clades, whereas others form
isolated lineages that appear to correspond to independent genera without
known sexual states (Kurtzman and Robnett 1998). Where sufficient DNA data
are available, some divergent species already have been assigned to new genera
(Table 1.1), such as Alloascoidea, Danielozyma, Deakozyma, Diddensiella,
Diutina, Groenewaldozyma, Hagleromyces, Hemisphaericaspora, Martiniozyma,
Middelhovenomyces, Spencermartinsiella, Suhomyces, Teunomyces, Tortispora,
and Yueomyces, and other species await transfer as more robust datasets are
developed. It is anticipated that a recircumscribed Candida will include the approx-
imately 40 species that now form the C. tropicalis clade.
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Table 1.1 Presently accepted genera of Saccharomycotina and Taphrinomycotina

Subphylum Saccharomycotina®

Aciculoconidium D.S. King & S.-C. Jong (1976)

Metschnikowia Kamienski (1899)

Alloascoidea Kurtzman & Robnett (2013)

Meyerozyma Kurtzman & M. Suzuki (2010)

Ambrosiozyma van der Walt (1972)

Middelhovenomyces Kurtzman & Robnett
(2014)

Ascoidea Brefeld & Lindau (1891)

Millerozyma Kurtzman & M. Suzuki (2010)

Babjeviella Kurtzman & M. Suzuki (2010)

Myxozyma van der Walt, Weijman & von
Arx (1981)

Barnettozyma Kurtzman, Robnett & Basehoar-
Powers (2008)

Nadsonia Sydow (1912)

Blastobotrys von Klopotek (1967)

Nakaseomyces Kurtzman (2003)

Botryozyma Shann & M.Th. Smith emend.
Lachance & Kurtzman (2013)

Nakazawaea Y. Yamada, Maeda & Mikata
(1994)

Brettanomyces Kufferath & van Laer (1921)

Naumovozyma Kurtzman (2008)

Candida Berkhout (1923)

Ogataea Y. Yamada, K. Maeda & Mikata
(1994)

Cephaloascus Hanawa (1920)

Pachysolen Boidin & Adzet (1957)

Citeromyces Santa Maria (1957)

Peterozyma Kurtzman & Robnett (2010)

Clavispora Rodrigues de Miranda (1979)

Phaffomyces Y. Yamada (1997)

Coccidiascus Chatton emend. Lushbaugh,
Rowton & McGhee (1976)

Phialoascus Redhead & Malloch (1977)

Cyberlindnera Minter (2009)

Pichia E.C. Hansen (1904)

Cyniclomyces van der Walt & D.B. Scott (1971)

Priceomyces Kurtzman & M. Suzuki (2010)

Danielozyma Kurtzman & Robnett (2014)

Saccharomyces Meyen (1870)

Deakozyma Kurtzman & Robnett (2014)

Saccharomycodes E.C. Hansen (1904)

Debaryomyces Lodder & Kreger-van Rij (1952)

Saccharomycopsis Schionning (1903)

Diddensiella Péter, Dlauchy & Kurtzman (2012)

Saprochaete Coker & Shanor ex
D.T.S. Wagner & Dawes (1970)

Dipodascopsis Batra & P. Millner emend.
Kurtzman, Albertyn & Basehoar-Powers (2007)

Saturnispora Liu & Kurtzman (1991)

Dipodascus de Lagerheim (1892)

Scheffersomyces Kurtzman & M. Suzuki
(2010)

Diutina Khunnamwong, Lertwattanasakul,
Jindamorakot, Limtong & Lachance (2015)

Schwanniomyces Klocker emend.
M. Suzuki & Kurtzman (2010)

Endomyces Reess (1870)

Spathaspora N.-H. Nguyen, S.-O. Suh &
M. Blackwell (2006)

Eremothecium Borzi emend. Kurtzman (1995)

Spencermartinsiella Péter, Dlauchy,
Tornai-Lehoczki, M. Suzuki & Kurtzman
(2011)

Galactomyces Redhead & Malloch (1977)

Sporopachydermia Rodrigues de Miranda
(1978)

Geotrichum Link:Fries (1832)

Starmera Y. Yamada, Higashi, Ando &
Mikata (1997)

Groenewaldozyma Kurtzman (2016)

Starmerella Rosa & Lachance (1998)

Hagleromyces Sousa, Morais, Lachance & Rosa
(2014)

Sugiyamaella Kurtzman & Robnett (2007)

(continued)
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Table 1.1 (continued)
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Hanseniaspora Zikes (1912)

Suhomyces M. Blackwell & Kurtzman
(2016)

Helicogonium W.L. White (1942)

Tetrapisispora Ueda-Nishimura & Mikata
emend. Kurtzman (2003)

Hemisphaericaspora Hui, Ren, Chen, Li, Zhang
& Niu (2014)

Teunomyces Kurtzman & M. Blackwell
(2016)

Hyphopichia von Arx & van der Walt (1976)

Tortispora Lachance & Kurtzman (2013)

Kazachstania Zubkova (1971)

Torulaspora Lindner (1904)

Kluyveromyces van der Walt (1971)

Trichomonascus H.S. Jackson emend
Kurtzman & Robnett (2007)

Kodamaea Y. Yamada, T. Suzuki, Matsuda &
Mikata emend. Rosa, Lachance, Starmer, Barker,
Bowles & Schlag-Edler (1999)

Trigonopsis Schachner emend. Kurtzman &
Robnett (2007)

Komagataella Y. Yamada, Matsuda, Maeda &
Mikata (1995)

Vanderwaltozyma Kurtzman (2003)

Kregervanrija Kurtzman (2006)

Wickerhamia Soneda (1960)

Kuraishia Y. Yamada, Maeda & Mikata (1994)

Wickerhamiella van der Walt (1973)

Kurtzmaniella Lachance & Starmer (2008)

Wickerhamomyces Kurtzman, Robnett &
Basehoar-Powers (2008)

Lachancea Kurtzman (2003)

Yamadazyma Billon-Grand (1989)

Lipomyces Lodder & Kreger-van Rij (1952)

Yarrowia van der Walt & von Arx (1980)

Lodderomyces van der Walt (1971)

Yueomyces Q.M. Wang, L. Wang,
M. Groenewald & T. Boekhout (2015)

Macrorhabdus Tomaszewski, Logan, Snowden,
Kurtzman & Phalen (2003)

Zygoascus M.Th. Smith (1986)

Magnusiomyces Zender (1977)

Zygosaccharomyces Barker (1901)

Martiniozyma Kurtzman (2015)

Zygotorulaspora Kurtzman (2003)

Subphylum Taphrinomycotina

Archaeorhizomyces Rosling & T. James (2011)

Saitoella S. Goto, Sugiyama, Hamamoto &
Komagata (1987)

Burenia M.S. Reddy & C.L. Kramer (1975)

Schizosaccharomyces Lindner (1893)

Neolecta Spegazzini (1881)

Taphridium Lagerheim & Juel ex Juel
(1902)

Pneumocystis Delanoé & Delanog (1912)

Taphrina Fries (1832)

Protomyces Unger (1833)

Volkartia Maire (1907)

Protomycopsis Magnus (1905)

“Recent and expected transfer of species to comply with the Melbourne Code:

Trichomonascus species to Blastobotrys
Ascobotryozyma species to Botryozyma
Dekkera species to Brettanomyces
Kloeckera species to Hanseniaspora
Schizoblastosporion species to Nadsonia

Candida to be comprised of species of the Candida tropicalis clade

Saprochaete species to Magnusiomyces
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96 Zygotorulaspora mrakii Y-12654 [Q-6] =
Torulaspora delbrueckii Y-866 [Q-6]
Zygosaccharomyces rouxii Y-229 [Q-6]
Y-17561 [Q-6]

Nakaseomyces delphensls Y-2379 [Q-6]
Saccharomyces cerevisiae Y-12632 [Q-6]
Naumovozyma dairenensis Y-12639 [Q-6]
Kazachstania viticola Y-27206 [Q-?] [— Clade 1
Tetrapisispora phaffii Y-8282 [Q-6]
Vanderwaltozyma polyspora Y-8283 [Q-7]
Kluyveromyces marxianus Y-8281 [Q-6]
Lachancea thermotolerans Y-8284 [Q-6]
Eremothecium cymbalariae Y-17582 [Q-7]
Saccharomycodes ludwigii V 12793 [Q-6]
Y-1626 [Q-6]
Barnettozyma populi Y 12728 [Q-7] —
Cyberlindnera americana Y-2156 [Q-7]
Wickerhamomyces canadensis Y-1888 [Q-7] [— Clade 2
Starmera amethionina Y-10978 [Q-7]

. y iae V-11707 [Q-7] _

K pastoris Y-1603 [Q-8] T Clade s
96 i is Y-17639 [Q-8]
1 Ascoidea Y-17699 [Q-7] :I— Clade 4

92, Nakazawaea holstii Y-2155 [Q-8]
Pachysolen tannophilus Y-2460 [Q-8]
Peterazyma toletana YB4247 [Q-7]
is Y-2407 [Q-8]
Kuralshla capsulata Y-1842[Q-8]
Candida boidinii Y-2332 [Q-7]
00 Ogataea angusta Y-2214 [Q-7]
Ogataea minuta Y-411 [Q-7]
Ogataea glucozyma YB-2185 [Q-7] [— Clade 5
Dekkera is Y-12961 [Q-9]
Ogataea methanolica Y-7685 [Q-7]
Ambrosiozyma monospora Y-1484 [Q-7]
Kregervanrija ﬂuxuum YB-4273 [Q-7]
Pichia i Y-2026 [Q-7]
Candida abiesophila Y-11514 [Q-?]
Saturmspora dispora Y-1447 [Q-7]
Y-12698 [Q-9] =
Cephaloascus fragrans Y-6742 [Q-9]
Yamadazyma philogaea v-7813 [Q-9]
100 Yamadazyma scolyti Y-5512 [Q-9]
6 Yamadazyma mexicana Y-11818 [Q-9]
Yamadazyma triangularis Y-5714 [Q-9]
" — Spathaspora passalidarum Y-27907 [Q-?]
Scheffersomyces spartinae Y-7322 [Q-9]
100 Hyphopichia burtonii Y-1933 [Q-8]
Hyphopichia heimii Y-7502 [Q-7]
Candida multigemmis Y-17659 [Q-?]
85 Kurtzmaniella cleridarum Y-48386 [Q-?]
Debaryomyces hansenii Y-7426 [Q-9]
Schwanniomyces occidentalis Y-10 [Q-9] [— Clade 6
Priceomyces haplophilus Y-7860 [Q-9]
Priceomyces castillae Y-7501 [Q-9]
Schwanniomyces etchellsii Y-7121 [Q-9]
Millerozyma farinosa Y-755 [Q-
guillie i Y- 2075 [Q-9]
Scheﬂersomyces stipitis Y-7124 [Q-9]
chkerhamla fluorescens YB-4819 [Q-9]
us YB-4239 [Q-9]
Kodamaea ohmeri Y-1932 [Q-9]
YB-4298 [Q-9]
Clawspora lusitaniae Y-11827 [Q-8]
Mefschmkow:a agaves Y-17915 [Q-?]
idata YB-4993 [@-9] ~ —

©
®

100 |

A i i ¥-6762[Q-?] T~ Clade 7
poropachy i Y-11591 [Q-9] —— Clade 8
i Y-12810 [Q-6]
100 Dipodascus albidus Y-12859 [Q-?]

Galactomyces geatnchum Y-17569 [Q-"]
Y-17563 [Q-9]
100 is Y-17663 [Q-7]
Mlddelhovenomyces tepae Y-17670 [Q-9]
Y-48265 [Q-?]
Y-17850 [Q-9] |— Clade 9
Y-7136 [Q-9]
Y-17667 [Q-?]
us YB-2092 [Q-?]
Candida blankii Y- 17068 [Q-?]
Yarrowia lipolytica YB-423 [Q-9]
Wickerhamiella domercqiae Y-6692 [Q-?]
icola Y-17069 [Q-9] _|]

iabilis Y-1579 [Q-9]
t|:mtryozyma nematodophila Y-17705 [Q-?] ]— Clade 10
Dij

77

Tortispora casemolynca Y-17796 [Q-?]

1[Q-9]
Dipodascopsis uninucleafa Y 17583 [Q-?] ]— Clade 11
Lipomyces starkeyi Y-11557 [Q-9]
F ystis carinii [Q-?]

i pombe Y-12796 [Q-10]
Y-17804 [Q-10] Clade 12
Taphrma wiesneri IFO 7776 [Q-10]
Protomyces inouyei IAM 14512 [Q-10]
Fil CBS 6885 [Q-10]

Fig. 1.2 Phylogenetic relationships among type species of ascomycete yeast genera and reference
taxa determined from ML analysis using concatenated gene sequences for LSU rRNA, SSU rRNA,
EF-1a, RPB1, and RPB2. Filobasidiella neoformans was the designated outgroup species in the
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In addition to identifying clades of related species, the question arises as to
which of these monophyletic lineages represent genera and families. Species in
Fig. 1.3 are grouped from whole genome analysis, and this analysis presents a
preview of what we might expect to see following more inclusive sequencing. For
example, in this analysis Pichiaceae includes the genera Pachysolen,
Komagataella, Kuraishia, Ogataea, Brettanomyces, and Pichia. The currently
described Saccharomycetaceae shows a noticeable dichotomy, which may indicate
that Lachancea, Eremothecium, and Kluyveromyces belong in a separate family
sister to the Saccharomycetaceae. It is anticipated that whole genome sequencing of
all known species will allow a better prediction of generic and family boundaries.
Another issue is placement of newly described species in the correct genus. When
these species clearly fall within the confines of a described genus by virtue of being
closely related to known species, genus assignment should not be a problem. For
more divergent species, the sequence from the commonly used D1/D2 domains of
the nuclear large subunit rRNA gene that is used for species identification may not
have enough resolution for genus assignment. Most taxonomists are unlikely to
determine the genome sequence of each new species, so perhaps a selection of 5-10
genes would suffice for reliable genus placement of divergent species.

1.2.2 Taphrinomycotina

A major surprise from DNA sequence comparisons was the discovery that the genus
Schizosaccharomyces is not in the same subphylum as Saccharomyces cerevisiae
(e.g., Fig. 1.1). Besides Schizosaccharomyces, the subphylum Taphrinomycotina
includes such diverse genera as Taphrina, Protomyces, Pneumocystis, and
Archaeorhizomyces, the latter a slow-growing fungus associated with pine rootlets
(Rosling et al. 2011) but previously detected in soil through metagenomic analyses.
Many of the genera (Table 1.1, Kurtzman et al. 201la) assigned to
Taphrinomycotina are plant pathogens, but Preumocystis is a common cause of
pneumonia in HIV/AIDS patients. In contrast to Saccharomycotina, relatively few
species of Taphrinomycotina are known, which suggests that many more species
may yet be found in this earlier diverging subphylum.

Fig. 1.2 (continued) analysis. Names in bold font are type species of currently recognized genera,
whereas names in standard font are not type species. Data for Pneumocystis, Protomyces, and
Taphrina are from James et al. (2006). Pneumocystis is represented by the type species, but not the
type strain. Protomyces and Taphrina are not represented by type species. Bootstrap values (1000
replicates) >50% are given at branch nodes. Strain accession numbers are NRRL unless otherwise
indicated. Designations in brackets indicate the coenzyme Q value for each species. (from
Kurtzman and Robnett 2013)
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Saccharomyces mikatae
Saccharomyces paradoxus

0.53 Saccharomyces cerevisiae
Fig. 1.3 The phylogenetic relationships of Saccharomycotina yeasts inferred from the
coalescence-based analysis of a 1233 single-copy BUSCO gene amino acid (AA) data matrix.
The coalescence-based phylogeny estimation was conducted using ASTRAL version 4.7.7
(Mirarab et al. 2014). Branch support values near internodes are indicated as bootstrap support
value (above) and internode certainty (below), respectively. Asterisk indicates bootstrap support
values greater than or equal to 95%. Thicker branches show conflicts between coalescence-based
phylogeny and concatenation-based phylogeny (Shen et al. 2016, with permission)
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1.3 Basidiomycota

The basidiomycetous nature of some yeasts was first suggested by the presence of
ballistoconidia in the red yeast Sporobolomyces (Kluyver and van Niel 1924, 1927),
later by the presence of budding cells, ballistoconidia, clamp connections, and
smut-like teliospores in Sporidiobolus (Nyland 1949), and convincingly by the
discovery of mating and a sexual state in Rhodotorula glutinis (Banno 1967).
Unicellular stages, or yeasts, occur in all three lineages of phylum Basidiomycota,
namely, Agaricomycotina, Pucciniomycotina, and Ustilaginomycotina (Hibbett
et al. 2007; Boekhout et al. 2011). Many species are dimorphic and alternate
yeast and hyphal stages throughout their life cycle (Bandoni 1995). Today the
recognition of a yeast as belonging to the Basidiomycota is mainly done by the
analysis of gene sequences, most notably the D1/D2 domains of the large subunit
rDNA (LSU rDNA), the internal transcribed spacers 1 and 2 (ITS) of rDNA, or the
small subunit (SSU) rDNA. A number of morphological, biochemical, ultrastruc-
tural, and physiological criteria indicate basidiomycetous affinity as well, such as a
positive diazonium blue B reaction, urease activity, enteroblastic budding, presence
of ballistoconidia and/or red carotenoid pigments, a lamellate cell wall ultrastruc-
ture, presence of a dolipore septum, the biochemical composition of the cell wall,
and a high mol% G + C of genomic DNA (usually &amp;gt;50%) with the majority
of basidiomycetous yeasts above 50% (see Boekhout et al. 2011).

Early molecular evolutionary studies of 5S rRNA indicated two phylogenetic
lineages that correlated with septal ultrastructure (Walker and Doolittle 1982;
Templeton 1983). This was confirmed by the observation made by Blanz and
Gottschalk (1984) who distinguished a lineage that is now recognized as
Pucciniomycotina and a second one now known as Agaricomycotina. Molecular
phylogenetic studies using SSU rDNA revealed one more lineage (Swann and
Taylor 1995; Sugiyama 1998) that is presently known as Ustilaginomycotina.
Thus, these early molecular evolutionary studies revealed the presence of yeast
and yeastlike fungi in all three domains of Basidiomycetes. The presence of these
three subphyla in Basidiomycota and the presence of yeasts, therein, are widely
accepted and supported by many molecular phylogenetic studies (Fell et al. 1995,
2000; Begerow et al. 1997; Scorzetti et al. 2002; James et al. 2006; Liu et al. 2015a,
b; Wang et al. 2014, 2015a, b, c). All three subphyla are species rich and show a
great amount of organismal complexity that ranges from unicellular yeasts to
hyphally growing or multicellular life forms, such as mushrooms, and the plant
pathogenic rusts and smuts. With respect to the taxonomy of the basidiomycetous
yeasts, the most important observation resulting from these molecular studies was
the lack of concordance between the previously recognized taxa, especially genera,
and the molecularly defined clades. Notably, many so-called anamorphic
(=asexual) genera, such as Cryptococcus, Bullera, Sporobolomyces, Bensingtonia,
and Rhodotorula were highly polyphyletic. Therefore, a multigene-based effort was
made to bring the taxonomy in line with the results of molecular phylogeny studies
(Wang et al. 2014, 2015a, b, c; Liu et al. 2015a, b). Probably the most relevant
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taxonomic rearrangements relate to the reclassification of species of these previ-
ously highly polyphyletic genera, such as Rhodotorula and Bensingtonia.

Pucciniomycotina seem ancestral to both the Ustilaginomycotina and
Agaricomycotina (James et al. 2006). Yeast taxa form a minor part of the ca. 8000
species described (Kirk et al. 2001) with the majority (ca. 95%) known as the rusts
(Pucciniales). Species in this lineage also show a great diversity of ecological inter-
actions. As indicated, the majority of species are plant pathogens, but others are
mycoparasites, insect pathogens, or saprotrophs. Until recently, eight major clades
were recognized as classes (Weiss et al. 2004; Aime et al. 2006; Bauer et al. 2006;
Hibbett et al. 2007), but recently a new class Spiculogloeomycetes was added
(Wang et al. 2015b). Classes Agaricostilbomycetes, Spiculogloeomycetes,
Cystobasidiomycetes, Microbotryomycetes, and Mixiomycetes contain yeast taxa.
Mixiomycetes contain only one species, Mixia osmundae, that is a fern parasite that
forms cream yeast colonies in culture (Nishida et al. 1995).

Spiculogloeomycetes contain three genera (Table 1.2) with yeast taxa,
Spiculogloea, Mycogloea (in part), and Phyllozyma (Wang et al. 2015b).
Agaricostilbomycetes contain ten genera with yeasts belonging to four families,
Agaricostilbaceae, Chionosphaeraceae, Kondoaceae, and Ruineniaceae (Wang
et al. 2015b). The phylogenetic affiliation of the genus Jianyunia within
Agaricostilbomycetes is not yet solved (Wang et al. 2015b). Cystobasidiomycetes
contain 11 genera with yeast taxa classified in seven families, Cystobasidiaceae,
Erythrobasidiaceae, Naohideaceae, Symmetrosporaceae, Buckleyzymaceae,
Microsporomycetaceae, and Sakaguchiaceae (Wang et al. 2015b). Several species
are able to form mycosporines, which are low molecular weight water-soluble
pigments that are capable of absorbing UV radiation (Libkind et al. 2005). Most
pucciniomycetous yeasts belong to class Microbotryomycetes that contains
25 genera affiliated to six families, namely, Kriegeriaceae, Camptobasidiaceae,
Leucosporidiaceae, Sporidiobolaceae, Colacogloeaceae, and Chrysozymaceae
(Wang et al. 2015b). Yeast forms occur in the orders Kriegeriales,
Leucosporidiales and Sporidiobolales (Wang et al. 2015b), whereas plant and
mycoparasitism mainly belong to orders Microbotryales and Heterogastridiales,
respectively.

Agaricomycotina contains five classes, viz., Agaricomycetes, Dacrymycetes,
Tremellomycetes, Wallemiomycetes, and Geminibasidiomycetes (Zalar et al.
2005; Hibbett 2006; Matheny et al. 2006; Hibbett et al. 2007; Nguyen et al.
2015). In Tremellomycetes, yeasts or dimorphic taxa occur only in five orders,
Cystofilobasidiales,  Filobasidiales, = Holtermanniales, = Tremellales, and
Trichosporonales (Fell et al. 2000; Sampaio 2004; Wuczkowski et al. 2011; Liu
et al. 2015a, b; Table 1.3). Trichosporonales, however, is not accepted as a separate
order from Tremellales by some authors (Weiss et al. 2004; Hibbett et al. 2007), but
recent multigene-based phylogenies suggested otherwise (Liu et al. 2015a, b).
Similar to Pucciniomycotina, the reclassifications made of highly polyphyletic
genera, such as Cryptococcus and Bullera, can be seen as the most significant
contribution to the restructuring of the taxonomy of yeasts in Agaricomycotina
(Tables 1.3 and 1.5; Liu et al. 2015b). Within Tremellales, Cystofilobasidiales
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forms the basal lineage (Liu et al. 2015a, b) with yeast taxa belonging to eight
genera of two families, Mrakiaceae and Cystofilobasidiaceae (Liu et al. 2015b).
Species of Mrakia and Phaffia are able to ferment, and the latter forms astaxanthin
(Johnson 2003; Johnson and Echavarri-Erasun 2011) that is widely used as a
colorant for salmon grown in aquaculture. The elongate basidia of Phaffia species
are formed after cell-bud mating and produce apical basidiospores (Golubev 1995).
Strains of Phaffia came from tree sap in temperate regions of the Northern Hemi-
sphere and from the sugar-rich stromata of Cyttaria spp. that parasitize Nothofagus
trees in the Southern Hemisphere (Libkind et al. 2007). Species of Mrakia may also
cause spoilage of refrigerated citrus juice that may cause significant economic
damage (Houbraken, unpublished data). Filobasidiales has seven yeast species
containing genera that cluster into two families, Filobasidiaceae and
Piskurozymaceae (Liu et al. 2015b). Holtermanniales has only two genera, namely,
Holtermannia that forms mushroom-like gelatinous fruiting bodies formed by
aggregates of erect, simple, or branched teeth of which the basidiospores germinate
with yeast cells and Holtermanniella that contains only yeasts and one filamentous
growing species.

Most yeast containing genera belong to Tremellales, namely, 28 that are classi-
fied into 11 families (Table 1.3; Liu et al. 2015b). Note that Tremella, a genus
containing highly typical mushroom-like fruiting bodies known as jelly fungi,
turned out to be polyphyletic (Chen 1998; Scorzetti et al. 2002; Liu et al. 2015a,
b) with clades belonging to different families. Hence, these clades were assigned to
different genera (Liu et al. 2015b), but some lineages still remain to be reclassified
due to uncertainties in the phylogenetic positions of key species that may only be
available as herbarium specimens. Mycoparasitism seems to occur commonly in
this order based on the presence of so-called haustorial branches in many genera
and species, e.g., Papiliotrema flavescens (cited as Cryptococcus laurentii,
Kurtzman 1973), Auriculibuller (Sampaio et al. 2004), Bulleromyces (Boekhout
et al. 1991), Sterigmatosporidium (cited as Cuniculitrema, Kirschner et al. 2001),
and Bulleribasidium and Papiliotrema (Sampaio et al. 2002). Due to the recent
update on its taxonomy, the previously highly polyphyletic genus Cryptococcus is
presently confined to the human pathogens Cryptococcus neoformans and Crypto-
coccus gattii and related species (Hagen et al. 2015; Liu et al. 2015a, b). Next to the
dimorphic yeast species, this clade also contains some filamentous growing species,
previously classified in Filobasidiella, namely, Cryptococcus depauperatus and
Cryptococcus luteus (Liu et al. 2015b). Filobasidiella is now considered a synonym
under Cryptococcus. The basidia formed by Cryptococcus sensu stricto species are
elongated holobasidia with terminal sessile basidiospores in basipetal chains and
occur in both the filamentous and dimorphic representatives. Order
Trichosporonales contains members of the anamorphic genus Trichosporon that
to a large extent forms true hyphae and arthroconidia (Fell et al. 2000). Over time,
several species of Cryptococcus, Bullera, and Cryptotrichosporon were added
(Sugita et al. 2001; Takashima et al. 2001; Nakase et al. 2002; Middelhoven et al.
2003; Fungsin et al. 2006; Okoli et al. 2007) thus questioning the circumscription of
genera in this order. Prillinger et al. (2007) proposed Asterotremella to
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accommodate Cryptococcus species belonging to the Humicola clade. However,
from a nomenclatural point of view, the use of the name Vanrija has priority over
Asterotremella (Okoli et al. 2007; Liu et al. 2015b). A recent reclassification
resulted in the recognition of nine genera that belong to the families
Trichosporonaceae and Tetragoniomycetaceae (Liu et al. 2015b; Tables 1.3
and 1.5).

The subphylum Ustilaginomycotina currently comprises four classes, namely,
Ustilaginomycetes and Exobasidiomycetes (Begerow et al. 2000; Hibbett et al.
2007) and the recently added Malasseziomycetes and Moniliellomycetes (Wang
et al. 2014). Classes Ustilaginomycetes and Exobasidiomycetes comprise mainly
plant pathogens, but asexual states of some of these may grow on agar media.
Classes Malasseziomycetes and Moniliellomycetes comprise the genera
Malassezia and Moniliella, respectively. A recent multigene-based phylogenetic
analysis of asexual growing yeasts and yeastlike fungi from the four classes and a
comparison with LSU rDNA data from sexually growing taxa, mainly plant path-
ogens, indicated that several asexual species belong to genera of
Exobasidiomycetes and Ustilaginomycetes (Wang et al. 2015¢; Tables 1.4 and
1.5). Thus, similar to the situation in Pucciniomycotina and Agaricomycotina, the
polyphyletic nature of genera such as Pseudozyma and Tilletiopsis was largely
reduced. Next to containing plant pathogens, some of the asexual genera previously
classified in Pseudozyma, Tilletiopsis, Meira, and Acaromyces ingoldii showed
biocontrol capabilities (Urquehart et al. 1994; Belangér et al. 1998; Boekhout
et al. 2003). Ustilaginomycotina are also highly polyphyletic, and this prompted
the reclassification of the well-known model organism Ustilago maydis, as
Mycosarcoma maydis (McTaggart et al. 2016). Among Ustilaginomycotina two
orders have yeasts or yeastlike species, namely, Urocystales (genus Fereydounia)
and Ustilaginales with the genera Farysia, Anthracocystis, Dirkmeia,
Kalmanozyma, Langdonia, Moesziomyces, Ustilago, Mycosarcoma, and some sin-
gle species lineages (Table 1.4; Wang et al. 2015¢c). Note that Fereydounia
khargensis, the first yeast found in Urocystales and originally described from soil
in Iran (Nasr et al. 2014), has been found as an emerging human pathogen in
Malaysia (Tap et al. 2016). Many anamorphic Pseudozyma species could be
transferred to plant pathogenic teleomorphic genera of smuts (Tables 1.4 and
1.5), but five species could not yet be ascribed to any teleomorphic smut genus,
and these were Pseudozyma alboarmeniaca, Pseudozyma hubeiensis, Pseudozyma
pruni, Pseudozyma thailandica, and Pseudozyma tsukubaensis. These were left
provisionally in the genus Pseudozyma, despite that the type species of the genus,
Pseudozyma prolifica, was made a synonym of Mycos. maydis (Wang et al. 2015c;
McTaggart et al. 2016). In the Exobasidiomycetes, yeastlike species belonged to six
orders, Entylomatales, Exobasidiales, Georgefischeriales, Golubeviales,
Microstromatales, and Robbauerales, and two genera, Jaminaea and
Sympodiomycopsis, remained incertae sedis in Microstromatales (Tables 1.3 and
1.4; Wang et al. 2015¢). Some anamorphic Tilletiopsis species could be transferred
to teleomorphic genera, such as Gjaerumia, Phragmotaenium, and Tilletiaria
(Wang et al. 2015c). Only the Tilletiopsis washingtonensis complex remained in
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its original genus, and some species were placed in novel genera, viz., Golubevia
and Robbauera (Wang et al. 2015¢). Malasseziomycetes contain only one genus,
Malassezia, that is a well-known colonizer of human and animal skin, and also
implicated in several skin disorders (Gupta et al. 2004; Batra et al. 2005; Gaitanis
et al. 2012; Wang et al. 2014; Wu et al. 2015). Malassezia furfur and Malassezia
pachydermatis may also be implicated in sepsis, especially in neonates that receive
intravenous lipid supplementation (Gaitanis et al. 2012). All species, including the
so-called non-lipid-dependent Mal. pachydermatis, lack a fatty acid synthase gene
and hence depend for their lipids on the host (Wu et al. 2015). It has been suggested
that the non-lipid-dependent Mal. pachydermatis may survive on common media,
such as Sabouraud dextrose agar (SDA), using the small amounts of lipids present
in, e.g., peptone (Wu et al. 2015). Despite their lipid auxotrophy, DNA of various
species has been observed in environmental samples, such as from nematodes, soil,
corals, and sponges (Amend 2014). Moniellomycetes also contain only one genus,
the so-called black yeast Moniliella (Wang et al. 2014). Until recently, the phylo-
genetic affiliation of this genus was unknown, except that it was recognized as a
basidiomycetous yeastlike fungus (de Hoog et al. 2011). Several species produce
erythritol that is used as a low-calorie sweetener (Cho et al. 1998). Moreover they
can cause spoilage in food products with a low pH (Samson et al. 2000).

1.4 Species Recognition

Rapid identification of yeasts species is now routinely determined from DNA
sequence analyses, and some of the more widely used techniques are briefly
described below. The most commonly used comparisons include nucleotide
sequence divergence in domains 1 and 2 (D1/D2) of the nuclear large subunit
(LSU) rRNA gene and from the internal transcribed spacer (ITS), which is located
between the SSU and LSU rRNA genes (Kurtzman and Robnett 1998, 2003; Sugita
et al. 1999; Fell et al. 2000; Scorzetti et al. 2002). The ITS sequence is divided into
two sections (ITS1, ITS2) by the 5.8S gene, which is highly conserved and should
not be included when comparing substitutions in ITS. In terms of sequencing effort,
these two diagnostic gene sequences are easily obtained as a single amplicon, e.g.,
using primers NS-7A and either NL-4 or NL-5A (Kurtzman and Robnett 2003), and
the species can then be quickly identified from a BLAST search of the sequences.

D1/D2 and ITS sequences have been quite useful for rapid identification of
species, but reliance on a single gene for species identification can lead to errors
because of the presence of interspecific hybrids, different substitution rates, or other
genetic changes. Among these exceptions are Saccharomyces bayanus and Saccha-
romyces pastorianus, which share the same rRNA gene repeat (Peterson and
Kurtzman 1991; Groth et al. 1999), and Clavispora lusitaniae, in which some
strains show greater than 1% divergence in D1/D2 (Lachance et al. 2003). Rates
of substitution among genes commonly used for species identification may differ
considerably. The sister species Komagataella pastoris and Komagataella phaffii
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are resolved by D1/D2 sequences, but just barely so, whereas the two species differ
by a much greater number of substitutions when compared from the genes for
translation elongation factor-la and RNA polymerase II, subunit 1 (Kurtzman
2009). Similar results were shown in comparisons of Lipomyces species (Kurtzman
et al. 2007). Lipomyces mesembrius and Lipomyces doorenjongii had the same
D1/D2 sequences, but when compared from translation elongation factor-1a gene
sequences, the two species were clearly separated. There is a perception that ITS
sequences may be more resolving than those from D1/D2, but this seems to depend
on the species group. Several Bensingtonia species were barely resolved from
D1/D2, but easily separated by ITS, whereas the opposite was true for certain
species of Trichosporon (Scorzetti et al. 2002; Kurtzman et al. 2011b). Conse-
quently, a much better perspective is obtained if species identifications are based on
multigene (multi-locus) analyses.

A number of alternatives exist to actual sequencing and can be used when
sequences are available from other studies. Usually these techniques are based on
a single gene and also subject to errors from the genetic changes noted above. The
following is a brief description of some of the more commonly used methods.

1.4.1 Species-Specific Primers

The use of species-specific primer pairs is effective when used for PCR-based
identifications involving a small number of known species or when a particular
species is the subject of the search (Fell 1993; Mannarelli and Kurtzman 1998;
Chapman et al. 2003; Hulin and Wheals 2014). Following the PCR reaction, the
mixture is separated by gel electrophoresis to visually detect the band that identifies
the target species.

1.4.2 PNA

Peptide nucleic acid (PNA) probes offer a means for detection and quantification of
species in clinical samples, food products, and other substrates through fluores-
cence in situ hybridization (FISH). PNA probes have a peptide backbone to which
nucleotides complementary to a species-specific target sequence are attached, and a
fluorescent label is added for detection by fluorescence microscopy (Stender et al.
2001; Rigby et al. 2002). If probes are complementary to rRNA, the whole cell of
the target species will be illuminated when visualized, which will also allow
quantification by cell counts.
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143 RAPD/AFLP

Microsatellite-primed RAPDs (Gadanho et al. 2003) and AFLP fingerprints
(de Barros Lopes et al. 1999; Illnait-Zaragozi et al. 2012) have been effectively
used for rapid preliminary identification of large numbers of isolates, and the
pattern-based identification is then often followed by gene sequencing of represen-
tative strains from each group that has a unique pattern. One concern in using
pattern-based identification techniques is reproducibility between laboratories,
because small differences in PCR conditions may impact the species-specific
patterns that serve as reference.

1.4.4 Real-Time PCR

The technique of real-time PCR has been widely studied for applications in medical
mycology (Loeffler et al. 2000; Klingspor and Jalal 2006; Bergman et al. 2007;
Khlif et al. 2009; Wellinghausen et al. 2009) and to detect the cause of food and
beverage spoilage (Cocolin et al. 2001; Casey and Dobson 2004). Commonly used
primers have been based on sequences of the rDNA repeat, such as D1/D2, ITS
1 and 2, or the SSU rRNA gene. In typical assays, 5 cfu ml~" could be detected.

14.5 DGGE

Denaturing gradient gel electrophoresis (DGGE) is a method that has been used for
species identification and quantification of yeast populations in foods and bever-
ages. The technique is based on separation of DNA fragments that differ in
nucleotide sequences (e.g., species-specific) through decreased electrophoretic
mobility of partially melted double-stranded DNA amplicons in a polyacrylamide
gel containing a linear gradient of DNA denaturants (i.e., a mixture of urea and
formamide). A related technique is temperature gradient gel electrophoresis
(TGGE), in which the gel gradient of DGGE is replaced by a temperature gradient
(Muyzer and Smalla 1998). Applications of DGGE have included identification and
population dynamics of yeasts in sourdough bread (Meroth et al. 2003), in coffee
fermentations (Masoud et al. 2004), and on wine grapes (Prakitchaiwattana et al.
2004). Levels of detection are often around 10% cfu ml~!, but 10% cfu ml~" have
been reported, which compares favorably with standard plate count methods
(Prakitchaiwattana et al. 2004).
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1.4.6 Flow Cytometry

High-throughput probe hybridization methods are available for detection of multi-
ple species in multiple samples. One method that is effective for yeasts (Diaz and
Fell 2004; Page and Kurtzman 2005) is an adaptation of the Luminex xMAP
technology (Luminex Corp), which consists of a combination of 100 different
sets of fluorescent beads covalently bound to species-specific DNA capture probes.
Upon hybridization, the beads bearing the target amplicons are classified in a flow
cytometer by their spectral addresses with a 635 nm laser. The hybridized
biotinylated amplicon is quantified by fluorescent detection with a 532 nm laser.
Strains that differ by one nucleotide often can be discriminated, and the assay can
be performed, after amplification, in less than 50 min in a 96-well format with as
many as 100 different species-specific probes per well.

1.4.7 Metagenomics

Metagenomic analyses provide a means for identifying essentially all species
present in a substrate sample (Cuadros-Orellana et al. 2013; Tonge et al. 2014).
Because of specific growth requirements or occurrence of some species in small
numbers, culture plating methods will not detect the presence of these species in a
sample when cultivation is attempted on standard media. Consequently,
metagenomic methods are likely to reveal the presence of considerable unsuspected
biodiversity.

1.4.8 MALDI-TOF Mass Spectrometry: An Alternative
Identification Method for Y easts

MALDI-TOF MS-based identification has revolutionized microbial identification,
including yeasts, in many laboratories worldwide. In comparison with DNA-based
identification methods, such as sequence analysis of the D1/D2 domains of the LSU
rDNA and the ITS 1 and 2 regions of the rDNA, MALDI-TOF MS gives identifi-
cations in short turnaround times (Tan et al. 2012; Cassagne et al. 2013). MALDI-
TOF MS has been successfully applied to identify isolates of many clinically
relevant yeasts, e.g., Cr. neoformans/Cr. gattii species complex, C. albicans and
non-albicans Candida species, and arthroconidial yeasts of Geotrichum and
Trichosporon spp. and Malassezia spp. (Marklein et al. 2009; McTaggart et al.
2011; Cendejas-Bueno et al. 2012; Firacative et al. 2012; Kolecka et al. 2013, 2014;
Hagen et al. 2015). With an increasing coverage of yeast species in the databases,
the utility of the technique will further increase.
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1.5 Concluding Remarks

During the past decade and a half, DNA sequence comparisons have provided an
accurate means for species identification and have more than doubled the number of
known yeasts. Analyses of single genes, as well as whole genomes, have brought an
overall understanding to placement of yeast lineages among the Mycota. Continued
whole genome sequencing will finally provide a natural system of classification for
the yeasts and reveal important information on evolutionary history (Rokas 2016).
Use of metagenomic analyses will help broaden our understanding of the yeasts
through detection of taxa that are presently unknown.
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Chapter 2
Yeast Habitats: Different but Global

Gabor Péter, Masako Takashima, and NeZa CadeZ

Abstract Yeasts, a taxonomically heterogenic group of unicellular fungi, populate
many different habitats on our planet. They occur in aquatic and terrestrial envi-
ronments and also in the atmosphere; however, they are not evenly distributed.
While some species are ubiquitous generalists occurring in wide geographic range
and dwelling in different habitats, others may have more restricted distribution
either geographically or by habitats. Some are known from very few isolates, and
about one third of the known yeast species are represented by only one strain. In
these cases their ecology remains to be elucidated. As nonmotile organisms their
dispersal depends on the vectors carrying them. Insects are of outstanding impor-
tance among yeast vectors. Several exciting questions can be raised about the
habitat-yeasts-vector associations. For example, which yeasts are there? Why are
they only there? How did they get there? What are they doing there?

The last two decades witnessed the widespread application of DNA sequencing,
providing quicker and more reliable yeast identification than earlier phenotype-
based methods. Nowadays, the culture-independent methods are gaining ground in
the study of biodiversity and ecology of yeasts.

In this chapter some new achievements from the field of habitat-yeasts-vector
system are introduced and are embedded in a broader context.
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2.1 Introduction

Yeasts are distributed throughout our entire planet. Their intrinsic characteristics
determine their ability to populate a habitat and, thereby, describe their fundamen-
tal niche (Starmer and Lachance 2011 and the references therein). The realized
niche is the “part of the fundamental niche actually occupied by a species in the
presence of competitive or interactive species” (Lincoln et al. 1998). The microor-
ganisms, including yeasts, populating a habitat first must enter the habitat. Different
mechanisms have been proposed for the dissemination of microorganisms. Baas
Becking’s principle, which was inspired by Beijerinck, “Everything is everywhere,
but the environment selects” (de Wit and Bouvier 2006) has been advocated by
Fenchel and Finlay (2004). They expressed the opinion that microorganisms
(i.e. small organisms less than 1 mm in length), as a consequence of their huge
population sizes, tend to have cosmopolitan distribution and that the “microbial
species found in a given habitat are a function only of habitat properties and not of
historical factors” (evolutionary history). According to this assumption, the driving
forces of the dispersal of small organisms are mainly natural phenomena such as
hurricanes, global oceanic circulation, groundwater networks and damp fur and
feathers (Finlay 2002). Conversely to the above notion, Ganter (2011) believes that
the conception of microbial ubiquity (“Everything is everywhere, but the environ-
ment selects”) is not a generally valid theory to describe distribution of microor-
ganisms. Based on the analysis of the large amount of data accumulated for
cactophilic yeasts, he argued that cactophilic yeast distributions are not global,
remarkable level of endemism has been observed, and only two of the 25 cactophilic
yeast species (Pichia cactophila and Candida sonorensis) are ubiquitous. One of
the numerous examples of the endemism can be observed in case of the distribution
of Phaffomyces species. Many regions have no members of this genus, although
suitable host plants are present. Instead of the above-noted abiotic dispersal forces,
the cactophilic yeasts are dispersed by arthropod vectors, primarily by Drosophila
species, which are the cause of the restricted distribution patterns of cactophilic
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yeasts, i.e. “Everything is not everywhere” (Ganter 2011). Besides the cactophilic
community, the available data suggest that there are at least three additional
habitats where dispersal of yeasts takes place primarily by animal vectors: wood,
flowers and slime fluxes of trees (Ganter 2011). Other examples of yeast distribu-
tion patterns in space and time are reported in Chap. 4 of this book.

2.2 Biodiversity Hotspots

Organisms populating the Earth are not evenly distributed. Biodiversity hotspots,
areas characterized by outstanding concentrations of endemic species and
experiencing exceptional loss of habitat (Myers et al. 2000), are currently defined
from the viewpoint of terrestrial plants. According to the definition of the webpage
of Conservation International (2016), a biodiversity hotspot “must have at least
1500 vascular plants as endemics”, and “it must have 30% or less of its original
natural vegetation”, i.e. it must be threatened. Thirty-five areas around the world are
classified as biodiversity hotspots. They occupy merely 2.3% of Earth’s land
surface, but include more than half of the world’s endemic plant species (Conser-
vation International webpage 2016). Among them, tropical forests support approx-
imately three-quarters of the world’s terrestrial biodiversity (Roy 2016). Although
biodiversity hotspots are defined using plant inventories, they also have implica-
tions on other kingdoms of living organisms. In different habitats the diversity of
animals, including arthropods, significantly increases with plant diversity
(Castagneyrol and Jactel 2012). During their evolution the enormous rise in the
diversity of phytophagous beetles, which account for over half of all beetle species,
likely reflects the exponential rise in angiosperm diversity. The increase in beetle
diversity seems to be a direct consequence of subsequent adaptive radiations onto
angiosperm species (Farrell 1998). To some extent, the hotspot thesis can be
extended to invertebrates as well. If we were to lose a portion of endemic plant
species, we could perhaps lose a similar proportion of insect species (Myers et al.
2000) and yeasts associated with both of these habitats. Yeast—insect associations
are well documented and were thoroughly reviewed by Ganter (2006) and by
Blackwell (2017). The gut of beetles has been found to be a hyperdiverse source
of novel yeast species (Suh et al. 2005). Among the 650 yeast strains isolated from
beetles distributed in 27 families, they distinguished 290 D1/D2 sequence-based
genotypes. According to their conservative estimation, 68% of the genotypes
represented undescribed yeast species. Almost 200 new species were found in
that single study, and the existence of an even greater number of yet unknown
yeasts has been predicted (Suh et al. 2005). According to this estimation, the group
of erotylid beetles alone could host at least 4500 additional undescribed yeast
species. It seems that their prediction is being realized. Since their milestone
publication, a large number of insect-, including beetle-associated yeast species
have been described. Consequently, Boekhout (2005) characterized the gut of
beetles as a yeast diversity hotspot.
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One can argue about whether or not the biodiversity hotspots (according to the
above cited phytocentric definition) host more yeast species than other natural
habitats. The growing amount of data will provide a reliable answer, but consider-
ing the above-noted correlations between the diversity of plants, insects and the
yeasts they harbour, a positive answer is foreshadowed. The Mediterranean basin
has been recognized as one of the biodiversity hotspots (Roy 2016) and the only one
in Europe. Yurkov et al. (2016a) published a culture-based inventory of the soil
yeasts in the Mediterranean forests, woodlands and scrub biome, in Portugal. They
detected different yeast community structures in the soils originating from three
plots exposed to divergent levels of precipitation and, as a consequence, with
different plant coverage and above ground biomass. Sequence-based identification
revealed the existence of 57 yeast species, including 20 potentially novel taxa,
among the isolated strains. The total number of yeast species was estimated to be
80. Either based on the number of isolated species or species richness estimations,
these Mediterranean forest soils supported substantially higher yeast species rich-
ness than soils under broadleaf vegetation in Central Europe (e.g. Yurkov et al.
2012a). However, due to different sampling regimes and species recognition
approaches, it is difficult to compare the species spectra obtained in different
studies (Yurkov et al. 2016a). Therefore, comparisons of the available data on the
soil yeasts from a few biodiversity hotspots are inconclusive. The generalization of
high yeast diversity detected in the soils of the Mediterranean basin would be
premature, considering that Vishniac (2006) reported the isolation of only 1-11
yeast species from tropical forest soils collected in Costa Rica, which is part of the
Mesoamerica hotspot. Regarding unexplored diversity, soils remain a promising
substrate for yeast isolation, and the proportion of potential new taxa has been
reported to reach 30% in temperate forest soils (Yurkov et al. 2016b).

2.3 Ecological Factors Limiting the Distribution of Yeasts

Numerous intrinsic morphological, physiological and biochemical characteristics
of yeasts are routinely determined and are available for the majority of the recog-
nized species from the latest edition of The Yeasts, a Taxonomic Study (Kurtzman
et al. 2011) and from the descriptions of newly discovered yeast species. The
intrinsic characters of the autochthonous members of a habitat are expected to be
in accord with the prevailing environmental conditions of that habitat. The envi-
ronmental factors determining the metabolic activity, growth and survival of yeasts
are both abiotic and biotic. The most important abiotic—physical and chemical—
factors are temperature, light and solar radiation, pressure, the availability of
nutrients and water (water activity), pH, oxygen relations and the presence or
absence of antimicrobial compounds (Dedk 2006). In natural ecosystems yeasts
are always subjected to interactions with other organisms (biotic factors): bacteria,
yeasts, moulds, plants, animals (Deak 2006), protists and viruses. These interac-
tions can be mutual or unidirectional, neutral, synergistic or antagonistic (Lachance
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and Starmer 1998). A well-known example of antagonistic interactions among
yeasts is the production of killer toxins—proteinaceous compounds having fungi-
cidal or fungistatic action, produced by yeasts which are coded by double-stranded
RNA (dsRNA) viruses (Golubev 2006; see also Chap. 9 of this book). This type of
killer system, which provides the genetic basis of the killer phenotype, e.g. in
Saccharomyces cerevisiae, is an example of a mutualistic relationship between a
yeast and its virus (Pieczynska et al. 2016). The outcome of species interactions
also depends on the order of their arrival to a habitat, known as the priority effect. In
case of six nectar yeasts, investigated pairwise in laboratory microcosms, it was
found that late-arriving species experienced strong negative effects from early-
arriving ones (Peay et al. 2012). The resulting community composition is
constrained by the yeast species first inoculated (Peay et al. 2012, Mittelbach
et al. 2016). Due to their higher ecological similarity, the competition between
more closely related yeast species was more intense (Peay et al. 2012). Other
examples of yeast interactions are reviewed in Chaps. 3, 6, 7 and 9 of this book.
The effects of the above-listed environmental factors on yeasts can relatively easily
be studied in the laboratory, especially that of the abiotic ones. In practise these
environmental factors interact and may modify each other’s effect on the metabolic
activity, growth and survival of yeasts. For example, cryoprotective materials
reduce the detrimental effect of cooling and freezing and increase the survival
rate of microorganisms during freeze-thaw cycles. The geographic and climatic
factors, affecting the spatial patterns and species richness of yeasts, only partly
overlap with the above-noted well-defined abiotic factors. The major ecological
factors include area, latitude, elevation, temperature, precipitation, relative humid-
ity, wind and solar radiation (Lachance et al. 2001; Delort et al. 2010). Importantly,
geographic factors may exert their effect not only directly on the yeasts but also
through their interactions with insect vectors (Lachance et al. 2001). The impor-
tance of insects in vectoring yeasts was demonstrated by flower bagging experi-
ments. Some buds of a morning glory (Ipomoea acuminata) flower were bagged to
prevent their visit by insects. Unlike the unbagged ones, flowers that were covered
with bags at the bud stage did not contain any yeast after opening (Lachance et al.
1989).

2.4 Extremophilic Yeasts

According to Rothschild and Mancinelli (2001) “an organism that thrives in an
extreme environment is an extremophile”. Extreme environmental conditions
include extreme temperature, radiation, pressure, desiccation, salinity, pH, nutrient
availability, oxygen species or redox potential. Although the organisms equipped
with the highest thermotolerance are prokaryotes, eukaryotes are common among
the psychrophiles, acidophiles, alkaliphiles, piezophiles (thriving under extremes of
pressure), xerophiles and halophiles (Rothschild and Mancinelli 2001; Gadanho
and Sampaio 2005). Ecological studies have shown that many yeasts species live
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under various “extreme” conditions, like oligotrophic (e.g. open sea water), high
pressure (deep sea), low temperature (e.g. polar and non-polar cold regions), low or
high pH, low water availability and hypersaline environments. Due to their usually
shorter generation time and high adaptability, bacteria easily outnumber yeasts in
many natural and man-made environments. However, the tolerance of a few
“extreme” environmental factors, e.g. low pH and water activity, may be stronger
in some yeasts than in the majority of competing bacteria. Extremophilic yeast
species and their adaptation to the environments have been broadly discussed
(Raspor and Zupan 2006; Buzzini et al. 2017b; Sannino et al. 2017; Zajc et al.
2017). Therefore, in this chapter, we only briefly mention some recent develop-
ments on thermotolerant, acidotolerant, alkalitolerant and xerophilic (osmophilic)
yeasts.

2.4.1 Thermotolerant Yeasts

Thermophilic yeasts are defined as those that have their lower growth limit above
20 °C with no restriction to the maximum growth temperature (Watson 1987).
Another definition, adopted from Cooney and Emerson (1964), is used by
Mouchacca (1997). According to that definition, the maximum growth temperature
of thermophilic fungi is 50 °C or above, and the minimum is 20 °C or higher, while
thermotolerant fungi have a maximum growth temperature at about 50 °C and a
minimum below 20 °C. Considering any of the two above-noted definitions, those
few yeast species reported to grow at 48-50 °C or even above are rather
thermotolerant than thermophilic because they can grow also below 20 °C.

It was reported that Candida thermophila, a yeast isolated from Korean soil,
can grow at 50-51 °C (Shin et al. 2001). Later, ascosporulation was observed in
the type strain of this species, and an additional sporulating conspecific strain,
with 49 °C as the upper limit of growth, was recovered from rotten willow wood in
Europe. Therefore, the species Ogataea thermophila was proposed to accommo-
date the above-noted two strains (Péter et al. 2007). This species is now classified
as Ogataea polymorpha based on ITS and D1/D2 LSU rRNA gene sequence
analyses (Kurtzman and Robnett 2010; Suh and Zhou 2010). Using the same
loci Suh and Zhou (2010) carried out a phylogenetic study of O. polymorpha
species complex. They proposed a new combination, Ogataea angusta, for the
type strain of Hansenula (Pichia) angusta and described a new species, Candida
parapolymorpha. The latter was transferred to the genus Ogataea as Ogataea
parapolymorpha because ascosporulation was observed in several strains
(Kurtzman 2011). As a result, the O. polymorpha complex currently contains
three closely related species, O. polymorpha, O. parapolymorpha and O. angusta,
which are difficult to distinguish from each other based on phenotype. Our study
(Takashima, unpublished data) indicates that growth characteristics at high tem-
perature provide a useful tool to distinguish O. polymorpha from O. angusta and
O. parapolymorpha. O. polymorpha grows well at 48 °C and in liquid culture the
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absorbance at 660 nm (ODggp) reached about 2.5 within 48 h, whereas very weak
or no growth was detected in case of O. parapolymorpha and O. angusta, respec-
tively (Fig. 2.1). Vigorous growth within 48 h at 48 °C, therefore, seems to be a
useful phenotypic character for recognizing O. polymorpha within this species
complex.

Kluyveromyces marxianus is also a well-known thermotolerant ascomycetous
yeast; several strains of this species can grow up to 45-47 °C (Deak 2006). For
example, K. marxianus JCM 1630 grows up to 47.4 °C. Banat et al. (1992) reported
the isolation of some yeast strains from an Indian distillery environment (molasses,
rice husks and cane bagasse) that grew up to 52 °C and fermented up to 50 °C. Two
of the five strains were identified as K. marxianus.

Unfortunately, in the descriptions of novel yeast species, the upper temperature
limit of growth is often not determined, and this information is not available for
many species even from the latest edition of The Yeasts, a Taxonomic Study
(Kurtzman et al. 2011). According to Barnett et al. (2000) in addition to
O. polymorpha (then listed as a synonym of P. angusta) and K. marxianus, numer-
ous additional ascomycetous yeasts can grow at 40 °C and a few also at 45 °C,
whereas the upper growth temperature limit of basidiomycetous yeasts is generally
lower than that of the ascomycetous ones. Only a few basidiomycetous yeasts,
including some Trichosporon and Malassezia species and Filobasidiella (Crypto-
coccus) neoformans, were listed by Barnett et al. (2000) among the species capable
of growing at 40 °C, while none was reported to grow at 45 °C. Subsequent studies
of yeast biodiversity revealed additional yeast species, including some basidiomy-
cetous ones, which can grow above 40 °C. The two former Rhodotorula species,
Cystobasidium benthicum (formerly Rhodotorula benthica) and Cystobasidium
(Rhodotorula) calyptogenae, isolated from deep-sea sediment, were reported to
grow at 41-44 °C (Nagahama et al. 2003), and Takashimella tepidaria (Crypto-
coccus tepidarius) grew at 47.7 °C (Takashima et al. 2009).

2.4.2 Acidotolerant and Alkalitolerant Y easts

The general pH range for growth of yeasts is between the values of 3 and 8, with an
optimum between pH 4.5-5.5. The tolerance to low pH depends on the type of the
acidulant. Organic acids possess stronger inhibitory effect than inorganic acids
(Deak 2008). Some yeasts, e.g. Pichia kudriavzevii (Candida krusei), Pichia
membranifaciens, S. cerevisiae and Zygosaccharomyces rouxii, can grow at or
below pH 2 and Kazachstania exigua down to pH 1.5 (Pitt and Hocking 20009).
As pH drops below about 5, the growth of bacteria, except for lactic acid bacteria, is
progressively discouraged (Pitt and Hocking 2009). Because of their tolerance to
low pH values, yeasts can be cultivated under pH conditions where many other
microorganisms, including the majority of bacteria, cannot grow, and this provides
the theoretical basis for application of yeast isolation media with reduced
pH. Figure 2.2 shows the effect of pH on growth of some yeast strains (their
isolation sources are indicated in the legends). Strains isolated from human skin
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Takashimella formosensis JCM 11142 Takashimella tepidarius JCM 11965 Slooffia tsugae JCM 2960
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Fig. 2.2 Growth curves of some basidiomycetous yeast strains determined at different pH. Cell
concentrations as a function of time at different pH values were measured in YM broth after
adjusting the pH to 5.82 (thick solid line), 2.95 (dotted line) and 2.01 (thin solid line) using HCI.
Culture tubes were incubated with agitation and the optical density at 660 nm was monitored in a
temperature-gradient shaking incubator (TVS 126MA; Advantec Toyo) at a constant temperature
of 25 °C. The following strains were investigated (the isolation sources obtained from http://jcm.
brc.riken.jp/en/catalogue_e are indicated in parenthesis): Hamamotoa singularis JCM 5356 (frass
of bark beetle, Scolytus tsugae in Tsuga heterophylla); Malassezia pachydermatis JCM 10131 (ear
of dog with otitis externa); Papiliotrema laurentii JCM 9066 (palm wine); Slooffia tsugae JCM
2960 (frass in western hemlock Tsuga heterophylla); Symmetrospora gracilis JCM 2963 (decaying
leaves); Takashimella formosensis JCM 11142 (leaf of Lophaterum gracile); Takashimella
tepidaria JCM 11965 (water sample from a small stream at Owakudani, hot spring area);
Trichosporon inkin JCM 9195 (human skin)

or from the ear of a dog do not grow at pH 3, whereas other environmental strains
grew at pH 3 or even at pH 2. Strains capable of growth at pH 2 are Takashimella
formosensis JCM 11142 isolated from leaf of Lophatherum gracile, Thailand;
Slooffia tsugae JCM 2960 isolated from frass in western hemlock (Tsuga
heterophylla), USA; and Tak. tepidaria isolated from a water stream in Owakudani,
Hakone, a hot spring area in Japan, which was reported to grow at pH 1.15
(Takashima et al. 2009). The data in Fig. 2.2 indicate that some basidiomycetous
yeasts might also be able to grow in acidic condition around pH 2. The yeast
communities of acidic rivers and lakes were dominated by basidiomycetous species
(Gadanho et al. 2006; Russo et al. 2008; Libkind et al. 2014). Gadanho et al. (2006)
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reported an undescribed yeast “Cryptococcus sp.” (related to the Phaeotremella
species), from an acidic pond. Strains of this species not only tolerated but even
required low pH for their growth, and therefore this species was considered as a
putative acidophilic yeast species.

Although acidic conditions are better tolerated by yeasts than alkaline ones,
numerous yeast species thrive at pH above 10 (Deak 2008). According to Pitt and
Hocking (2009), the pH range for growth of Wickerhamomyces anomalus (Pichia
anomala) spans from 2 to 12.4. Wide range of taxonomic distribution of
alkalitolerant yeasts was reported by Aono (1990). Aono studied the alkalitolerant
characteristic of species belonging to the former genus Hansenula and discussed the
relationship between the phylogenetic position and the upper pH limit for growth.
Table 2.1 contains 35 of the 37 strains of Aono (1992) with their isolation source
and current classification. Strains which grew at pH higher than 10 are now
classified in genera Barnettozyma, Cyberlindnera and Wickerhamomyces. Basidio-
mycetous yeasts may also tolerate pH above 10. Lisichkina et al. (2003) isolated
only basidiomycetous yeasts belonging to the genera Cryptococcus, Naganishia,
Rhodotorula and Sporobolomyces from soda-rich saline soils characterized by pH
10-10.5.

2.4.3 Osmophilic Yeasts

Water availability, generally expressed in physical terms, such as water activity
(ay), is an important factor affecting the growth of microorganisms in nature
(Madigan et al. 2000). The usage of the terms to characterize microorganisms
able to grow or even prefer to grow in reduced a,, medium is not standard. Some
of the interpretations were briefly overviewed by Cadez et al. (2015) and will not be
repeated here. According to Pitt and Hocking (2009), a fungus capable of growth,
under at least one set of conditions, at a water activity below 0.85 is xerophile,
irrespective whether it tolerates or requires reduced a,. To the contrary, the terms
osmophilic for those microorganisms which have an absolute requirement for
non-ionic solutes and osmotolerant for those with no absolute requirement of
non-ionic solutes were recently advocated by Dakal et al. (2014). According to
early literature, the lowest a,, values of the media supporting the growth of a yeast,
Zygosaccharomyces rouxii, are 0.62-0.65; however, more recent studies could not
confirm these data (Jermini and Schmidtlorenz 1987; Deak 2008; Pitt and Hocking
2009).

Among all yeast species treated in the latest edition of The Yeasts, a Taxonomic
Study (Kurtzman et al. 2011), only Candida glucosophila (Tokuoka et al. 1987)
requires reduced water activity for its growth, and therefore it was the only species
which was considered osmophilic. C. glucosophila was recovered from brown
sugar. Recently, an additional osmophilic yeast species Zygosaccharomyces favi
was described based on strains isolated from bee bread and honey (Cade? et al.
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Table 2.1 Upper pH limit for growth of yeast species formerly classified in genus Hansenula.
Data from Aono (1992), modified

Scientific Upper

name used by | Strain pH

Aono (1992) designation | limit Current classification® | Isolation source®

Hansenula NRRL 10.5 Barnettozyma Swamp soil

californica Y-1680 californica

Hansenula NRRL 10.5 Barnettozyma Soil

dimennae YB-3239 californica

Hansenula NRRL 10.5 Barnettozyma Soil

dimennae Y-5863 californica

Hansenula NRRL 10.5 Candida homilentoma | Frass, Zelkova serrata

petersonii YB-2807 (Hyphopichia clade)

Hansenula IFO 1366 8.0 Cyberlindnera Larvae, Ergates faber

bimundalis bimundalis

Hansenula NRRL 7.5 Cyberlindnera Insect larva of Ergates faber

bimundalis Y-5343 bimundalis

Candida utilis | IAM 4961 | 10.5 Cyberlindnera jadinii

Hansenula NRRL 10.5 Cyberlindnera jadinii | Pus, human abscess

Jadinii Y-1542

Hansenula NRRL 10.0 Cyberlindnera mrakii | Soil

mrakii Y-1364

Hansenula NRRL 10.5 Cyberlindnera Cadaver lung

petersonii YB-3808 petersonii

Hansenula NRRL 10.0 Cyberlindnera Elephant dung

beijerinckii Y-4818 saturnus

Hansenula NRRL 9.0 Cyberlindnera Soil

saturnus var. Y-1304 saturnus

saturnus

Hansenula NRRL 10.0 Cyberlindnera Soil

saturnus var. YB-1657 subsufficiens

subsufficiens

Hansenula NRRL 10.0 Cyberlindnera Soil

saturnus var. YB-1718 subsufficiens

subsufficiens

Hansenula IFO 0984 7.5 Kuraishia capsulata Frass on conifer

capsulata

Hansenula NRRL 8.5 Nakazawaea holstii From mix of NRRL Y-2154

holstii Y-2448 x NRRL Y-2155

Hansenula IFO 1472 7.5 Ogataea glucozyma Frass of bark beetle, Ips

glucozyma sp. on Picea engelmannii
(Engelmann spruce)

Hansenula IFO 1477 7.5 Ogataea henricii Dropping of bird

henricii

Hansenula IFO 0975 7.5 Ogataea minuta Fermenting fungus, Mycena

minuta pura

Hansenula IFO 1473 7.5 Ogataea Water

nonfermentans nonfermentans

(continued)
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Table 2.1 (continued)
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Scientific Upper

name used by | Strain pH

Aono (1992) designation | limit Current classification® | Isolation source®

Hansenula NRRL 9.0 Ogataea Soil

polymorpha Y-7560 parapolymorpha

Pichia pini IFO 1342 7.5 Ogataea pini Bark beetle, Dendroctonus
brevicomis

Hansenula IFO 1476 8.5 Ogataea polymorpha Soil

polymorpha

Hansenula NRRL 8.5 Ogataea wickerhamii | Soil in swamp with trees

wickerhamii Y-4943

Hansenula NRRL 10.0 Wickerhamomyces Unknown

anomala var. Y-366 anomalus

anomala

Hansenula IFO 0806 9.0 Wickerhamomyces

anomala var. anomalus

schneggii

Hansenula NRRL 7.5 Wickerhamomyces Frass, spruce bark (Abies

beckii Y-1482 bisporus sp.)

Candida IFO 0747 8.5 Wickerhamomyces Wood pulp

melinii canadensis

Hansenula NRRL 8.0 Wickerhamomyces Frass, Pinus resinosa (Red

canadensis Y-1888 canadensis Pine)

Hansenula NRRL 9.0 Wickerhamomyces Frass, Pinus contorta

wingei Y-2340 canadensis

Hansenula IFO 0793 10.5 Wickerhamomyces Fruit of tonka-bean

ciferrii ciferrii

Hansenula IFO 0905 10.5 Wickerhamomyces Mycelial form of NRRL

ciferrii ciferrii Y-1031

Hansenula IFO 1383 8.0 Wickerhamomyces Moss

muscicola silvicola

Hansenula NRRL 8.5 Wickerhamomyces Gum of wild black cherry

silvicola Y-1678 silvicola trees (Prunus serotina)

Hansenula NRRL 8.5 Wickerhamomyces Cucumber brine

subpelliculosa | Y-1822 subpelliculosus

“Data from NRRL website http://nrrl.ncaur.usda.gov/database.html and NBRC website http://
www.nbrc.nite.go.jp/NBRC2/NBRCDispSearchServlet?lang=en

2015). Not surprisingly, all known strains of these two osmophilic yeast species
were isolated from high sugar content substrates.

Some yeasts grow also in media with elevated salt content. Numerous ascomy-
cetous and basidiomycetous yeast species are able to grow with 10% NaCl while
many fewer with 16% (Barnett et al. 2000). Mokhtarnejad et al. (2016) recovered
from Iranian hypersaline soils only basidiomycetes yeasts belonging to the follow-
ing genera: Cystobasidium, Holtermanniella, Naganishia, Rhodotorula, Saitozyma,
Solicoccozyma, Tausonia, Vanrija and Vishniacozyma.
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It is supposed that growth in “extreme” environments might be the result of
adaptation to the environment from which the yeasts were isolated. Detailed studies
including comparative genomics will clarify the mechanisms of adaptation and
provide important and helpful information on these “extreme” yeasts.

Extremophiles are organisms, which grow best under conditions that are
unsuitable for most microorganisms (Madigan et al. 2000). Therefore,
extremophilic (or extremotolerant) microorganisms, including yeasts, can be culti-
vated under conditions where other microorganisms cannot grow, a situation which
can be attractive in the event of their potential industrial application (Takashima
et al. 2009).

2.5 Yeast Habitats

Yeast habitats can be categorized to atmospheric, aquatic and terrestrial (Starmer
and Lachance 2011). A few of these habitats and the yeasts living there will be
briefly touched upon in this chapter; while some other important ones are detailed in
other chapters of this book (see also Buzzini et al. 2017a).

2.5.1 The Atmosphere

While a huge amount of data has been accumulated on the occurrence and the role
of yeasts in many terrestrial and aquatic habitats, fewer publications deal with
yeasts in the atmosphere. Although some reports have suggested that yeasts repro-
duce in fog, the atmosphere is rather a reservoir than a site for growth and
reproduction of yeasts. Pigmented yeasts especially have outstanding abilities to
survive in the atmosphere (Starmer and Lachance 2011). Microorganisms, includ-
ing yeasts, enter the air mainly from soil, vegetation or water (aerosolization)
(Delort et al. 2010). In some cases actively discharged ballistoconidia produced
by some basidiomycetous yeasts, often found on leaf surfaces, are dispersed via air
currents (Starmer and Lachance 2011). In a recent survey 13 of the 17 cloud water
samples collected at the Puy de Dome Mountain, France, 1465 m above sea level,
have yielded yeast colonies. One hundred and fifty yeast strains were isolated and
most of them were successfully identified to genus level based on LSU rRNA gene
sequencing. The vast majority of the isolated yeasts belonged to basidiomycetous
genera. Strains of the genera Dioszegia and Udeniomyces, which contain
ballistoconidium-forming species, were most frequently isolated (Vaitilingom
et al. 2012). The number of yeasts depositing from the air is much smaller than
that of bacteria and filamentous fungi. Culture medium containing petri dishes
exposed to air in a desert are colonized by bacteria and filamentous fungi but not
by yeasts (Ganter 2011). In view of the preceding information in this section,
somewhat unexpectedly, following Koch sedimentation, numerous ascomycetous
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yeast strains were isolated from air in Olsztyn, Poland. Based on phenotype the
isolates were assigned to 12 ascomycetous species distributed among different
families of Saccharomycotina, while the isolation of only one basidiomycetous
yeast, Leucosporidium scottii, was reported (Ejdys et al. 2014).

Once in the air, microorganisms are exposed to hostile conditions, including
solar radiation (especially UV), desiccation, low temperatures, oxidants, low nutri-
ent availability, acidity and rapid variations of salinity. Microorganisms can be
deposited from the atmosphere by sedimentation or with precipitation. The con-
centration of fungi, including yeasts (10°~10* cell mL "), in the atmospheric water
phase (fog and clouds) was found to be one order of magnitude lower than that of
bacteria (Delort et al. 2010). It is likely that not all microorganisms entering the
atmosphere can survive the rapidly changing and unfavourable conditions they are
faced with in the air. During long-distance air dispersion, the atmosphere certainly
selects the microorganisms capable of surviving in such an environment
(Vaitilingom et al. 2012). It is generally assumed and seems to be supported by
many data that pigmented microorganisms have good survival abilities in the
atmosphere and in other habitats exposed to the sunlight, e.g. in the phylloplane.
Based on the investigation of the effect of some simulated atmospheric stress
factors on the survival of a few airborne bacterial strains and one yeast (Dioszegia
hungarica) strain, Joly et al. (2015) came to the conclusion that probably freeze-
thaw cycles and osmotic shocks constitute the most stringent selective factors on
the microorganisms in the atmosphere, while the impact of solar light is limited.
Klaric and Pepeljnjak (2006) carried out a year-round aeromycological study in the
city of Zagreb, Croatia (two sampling sites), and in the nearby Medvednica
mountain (one sampling site). Air samples were taken by an air sampler (hole-to-
agar impactor). Numbers of airborne yeasts were lower than those of airborne
moulds. Depending on the sampling site and the time of sampling, the number of
cultivated yeasts was 0.62—46 cfu m . The number of culturable airborne yeasts
exhibited seasonal patterns, but the dynamics of the changes were different among
the sampling sites. In cases, where significant differences were detected, the air in
the city contained more yeast cells than the air in the mountain, which was covered
with plant associations. Unfortunately, the yeast strains were not identified, but the
effect of some meteorological factors on the number of airborne yeasts was
investigated. The average relative humidity positively correlated with the number
of airborne yeasts, while the effect of average temperature and solar radiation was
inconsistent, i.e. varied with different sampling site.

2.5.2 Aquatic Habitats

Aquatic, i.e. freshwater, marine and estuary habitats have been known for a long
time to harbour yeasts. The biodiversity and ecology of aquatic yeasts were recently
reviewed by Nagahama (2006). Since then, novel aquatic yeast habitats have been
discovered. Butinar et al. (2007) and de Garcia et al. (2007) reported the isolation of
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numerous, first of all basidiomycetous, yeasts from ice of high Arctic glaciers in
Northern Europe and from glacial meltwater in South America. About 10% of the
recently isolated yeasts from glacial environments belong to undescribed species
(Turchetti et al. 2013). The diversity, cold adaptation strategies and biotechnolog-
ical potential of yeasts from glacial habitats have been reviewed by Buzzini et al.
(2012, 2017b) and by Sannino et al. (2017).

An additional new aquatic yeast habitat, water surrounding hydrothermal vents,
has recently been identified by Gadanho and Sampaio (2005). Six of the seven
water samples collected in the Mid-Atlantic Ridge hydrothermal fields near the
Azores Archipelago yielded yeast strains. Non-pigmented yeasts were more abun-
dant than pigmented ones and about one third of the detected yeast species
represented undescribed taxa. Yeasts occurring both in “conventional” and “non-
conventional” aquatic habitats have been reviewed by Hagler et al. (2017) and by
Libkind et al. (2017).

2.5.3 Terrestrial Habitats

The association of terrestrial yeasts with plants and animals has been studied for a
long time, while mushrooms, as a habitat for yeasts, have not attracted special
attention. Plants as primary producers supply organic compounds necessary for the
existence of heterotrophic organisms, like animals, yeasts and other fungi. Soil, a
further habitat for terrestrial yeasts, is the “ultimate repository for organic and
inorganic materials and constitutes a suitable medium for storage and even devel-
opment of certain species of yeasts” (Phaff and Starmer 1987). Several important
terrestrial yeast habitats have been thoroughly reviewed by Buzzini et al. (2017a);
therefore, they will not be discussed here.

2.5.3.1 Flowers

Flowers have been considered an ideal yeast habitat for a long time (reviewed in
Phaff and Starmer 1987). Nectars are especially suitable for yeasts because of their
high sugar content and because of the frequent visits of pollinating insects
transporting the yeasts between flowers of different host plants (Phaff and Starmer
1987). Flowers are usually ephemeral organs of plants providing transient habitats
for yeasts; therefore, the vectors, mainly insects, introducing the yeasts to this
habitat have an outstanding role in maintaining yeast communities in this environ-
ment. For a recent review of the microbial ecology of flowers, not restricted to
yeasts, see Aleklett et al. (2014).

Flower yeast communities are generally dominated by ascomycetous yeast spe-
cies, although recently during a 2 years study conducted on the Canary Islands,
bird-pollinated flowers contained unexpectedly high numbers of basidiomycetous
yeasts. In addition to Metschnikowia gruessii, Vishniacozyma (former Cryptococcus)
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carnescens was the most widespread species in floral nectars. Less concentrated
hexose-dominant nectars facilitated the colonization of flowers by basidiomycetous
yeasts (Mittelbach et al. 2015). Insect-vectored yeast communities of ephemeral
flowers mostly contain yeasts of the Metschnikowia, Kodamaea, Wickerhamiella
and Starmerella clades. Members of the first three clades are vectored mainly by
beetles and flies, while yeasts in the Starmerella clade are mostly carried by bees
(Lachance et al. 2001). Novel yeast species and genera, e.g. Metahyphopichia
(Sipiczki et al. 2016), are continuously being described from flowers and flower-
associated insects. In addition to discovering novel taxa, several reports have been
published recently on the population structure and on the function of flower-
associated yeasts.

Metschnikowia reukaufii is a very frequently isolated yeast species from floral
nectar (e.g. Brysch-Herzberg 2004). Pozo et al. (2012) observed that among strains
isolated from nectars of Digitalis obscura and Atropa baetica as well as related
habitats (bees, air, corolla and pollen), Metschnikowia strains did not possess
outstanding resistance to plant secondary compounds and high sugar concentra-
tions. However, they exhibited higher growth rates on culture media with elevated
sugar contents at different temperatures (see also Mittelbach et al. 2015). The
observed genetic diversity of M. reukaufii strains in Sierra de Cazorla region,
southeastern Spain, was found to be host plant mediated (Herrera et al. 2014).
Environmentally induced DNA methylation also contributes to the growth success
of M. reukaufii in patchy environment where sugar composition and concentration
can be extremely variable from flower to flower (Herrera et al. 2012). Herrera
(2014) demonstrated that the nectars collected from eight host plants and charac-
terized with different sugar content and composition, different amino acid content
and pH had significant effect on the growth of selected M. reukaufii strains
representing different genotypes. Furthermore, on average, the nectar of Helleborus
foetidus best supported the growth of M. reukaufii strains isolated from the nectar of
the same plant species. It was also observed that different yeast species,
e.g. M. reukaufii and M. gruessii exerted different effects on the composition of
the nectar of Hell. foetidus and that differential yeast occurrence across host plants
may modify the interaction between the plant and its pollinators (Canto et al. 2015).

Due to the intimate association of flowering plants, nectar-dwelling yeasts and
their insect vectors, it is reasonable to suppose that the organisms involved in these
associations may have co-evolved. This hypothesis was tested and not supported by
comparisons of divergence time estimates concerning the yeast family
Metschnikowiaceae and angiosperms (Guzman et al. 2013).

2.5.3.2 Fruits

Yeast communities of fruits are dynamic in time. Unripe fruits harbour a yeast
population similar to that of the leaf or stem surfaces (reviewed in Fonseca and
Inacio 2006), mostly oligotrophic, non-fermentative species previously classified in
polyphyletic genera Cryptococcus and Sporobolomyces, and yeast-like black yeasts
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Aureobasidium (de la Torre et al. 1999; Prakitchaiwattana et al. 2004). During
fruit ripening one or more pericarp layers become soft which can cause spatial
leaking of sugar-rich juice as an attractive food for yeasts. With this event yeast
diversity increases, and the fast-growing yeasts of genera Hanseniaspora,
Metschnikowia, Pichia and Starmerella (Morais et al. 1995; Prakitchaiwattana
et al. 2004; Barata et al. 2008b; Cadey et al. 2010) swiftly outnumber the earlier
residents. These species are characterized by a narrow physiological profile as they
assimilate only few simple sugars. With fruit deterioration, sugars and microbial
metabolites become commonly available and the diversity of yeasts further
increases. Beside species of the genus Pichia (including species previously
assigned to Issatchenkia), Meyerozyma, Saturnispora, Saccharomycopsis,
Zygoascus and Zygosaccharomyces become predominant (Morais et al. 1995;
Nisiotou and Nychas 2007; Barata et al. 2008a). The general community structures
are similar regardless of fruit type, geographical origin and microclimatic condi-
tions (Miller and Phaff 1962; Starmer et al. 1987; Morais et al. 1995; Prada and
Pagnocca 1997; for grapes reviewed by Barata et al. 2012a; Kachalkin et al. 2015).
Yeasts found in tropical fruits have been reviewed by Ganter et al. (2017).

Due to their importance for wine production, grapes became a model fruit
system for studying the succession of yeast communities on ripening fruits. Recent
studies employing DNA deep community sequencing approaches of grape
microbiota showed that the general fungal species composition associated with
grapes show considerable spatial heterogeneity and might be responsible for met-
abolic footprint or geographical character of wines (Bokulich et al. 2014; Taylor
et al. 2014; Setati et al. 2015). However, in contrast to the commonly used culture-
based approaches, filamentous fungi were the predominant taxa when deep com-
munity sequencing was employed.

The evolutionary model of S. cerevisiae is based on an assumption that when
fruits ripen, a fierce competition for the sugars starts between S. cerevisiae or its
close relatives and other species of the community. An outcome of this battle might
be the predominance of S. cerevisiae with its evolutionary acquired trait of “make-
accumulate-consume (ethanol)” strategy (Piskur et al. 2006; Rozpedowska et al.
2011) which could be a reason for its predominance over yeast communities during
traditional beverage fermentations (Heard and Fleet 1985; Romano and Marchese
1998; Morrissey et al. 2004; Duarte et al. 2010). However, as Goddard and Greig
(2015) pointed out, S. cerevisiae is found in extremely low numbers on various
fruits in different stages of their ripening (Morais et al. 1995; Mortimer and
Polsinelli 1999; Barata et al. 2012b; Taylor et al. 2014); therefore, its adaptive
evolution is difficult to simplify to the level of organism-substrate. Such interac-
tions, studied on experimental populations of the deletion mutants of S. cerevisiae
(MacLean and Gudelj 2006), showed that when resources are spatially structured in
the environment, cooperation between two cocultures with different metabolic
backgrounds wins. On the contrary, when resources are homogenous, the “cheater”
or the culture which can switch between respiration and fermentation wins. The
ecology of S. cerevisiae is discussed in more details in Chap. 5 of this book.



56 G. Péter et al.

2.5.3.3 Tree Fluxes

Tree fluxes occur where the bark has been mechanically injured but their compo-
sition varies seasonally. During early spring xylem sap flows from roots towards
dormant buds of deciduous trees as an aqueous solution of sugar, primarily the
disaccharide sucrose as well as minerals, amino acids and hormones leak. When
injured, this spring sap is nitrogen poor (Golubev et al. 1977), but the sucrose
concentration may be as high as 30% by weight, giving the sap a syrupy thickness.
As such it is heavily contaminated with bacteria, protozoa and yeasts, some of
which can later produce exopolysaccharides forming a thick material named slime
flux. The established yeast communities of slime fluxes were shown to have little
seasonal variation (Phaff et al. 1964; Lachance et al. 1982; Bowles and Lachance
1983), but seem to be host specific regardless of geographic location (Lachance and
Starmer 1982). As shown in Table 2.2, none of the yeast species could be regarded
as specific for slime flux habitat. However, some species like P. membranifaciens,
Debaryomyces  hansenii, Kluyveromyces lactis, Komagataella pastoris,
Kregervanrija fluxuum and Torulaspora delbrueckii were found as frequently
isolated yeast species (Golubev et al. 1977; Lachance et al. 1982; Ganter et al.
1986; Spencer et al. 1996). The community structure is most probably shaped by
the sugar composition of the fluxes as well as by the presence of tannins, alkaloids
and other nitrogenous compounds (Spencer et al. 1996). Species composition of the
communities could be classified by their physiological attributes into several groups
like generalist basidiomycetous species, fermenting ascomycetous yeasts
Kluyveromyes, Torulaspora, Saccharomyces and Lachancea as well as methanol-
assimilating yeasts of the genera Ogataea and Komagataella. The latter were
present in tree fluxes of every host species except birch, in spring sap (Table 2.2).
During the course of our own studies applying enrichment in methanol-containing
broth, methanol-assimilating yeast species were regularly isolated from slime
fluxes collected in Hungary. Seventy-five percent of the 186 samples, collected
from different tree species, yielded 150 methylotrophic yeast strains. Kom. pastoris
was far the most frequent yeast in slime fluxes (63% of all strains), followed by
Ogataea populialbae, Candida boidinii, Komagataella pseudopastoris and a few
more species in the Ogataea and Kuraishia clades. In some cases host specificity
was observed. For example, while Kom. pastoris occurred commonly in slime
fluxes of oak trees (Quercus spp.), Kom. pseudopastoris has never been isolated
from oak. Oaks are known to have high tannic acid content. In agreement with the
chemistry of the habitats, Kom. pseudopastoris proved to be less tolerant to tannic
acid than Kom. pastoris (Dlauchy et al. 2003).

In contrast to slime fluxes, the spring sap flows are restricted to the period of
bud break when xylem sap flows upward from the roots. If the trunk is injured, some
tree species like birch (Betula spp.) produce exudates abundantly. Golubev et al.
(1977) revealed that in these types of tree exudates, yeast communities are dynamic
in time as they are primarily rich in several different basidiomycetous yeast
species like Bullera, Cystofilobasidium, Tausonia, Hannaella, Mrakia, Naganishia,
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Papiliotrema, Phaeotremella, Rhodotorula, Sporobolomyces and Sporidiobolus,
which are mostly characterized as generalists and producers of either
exopolysaccharides or pigments or both. Ascomycetous yeasts that are present as
early colonizers were identified as apiculate yeasts of the genus Nadsonia. The
second phase is characterized by an elevation of air temperature and consequently
by the dominance of two other yeast species, Tausonia (former Guehomyces or
Trichosporon) pullulans and Phaffia rhodozyma (Xanthophyllomyces dendrorhous)
(Golubev et al. 1977; Weber et al. 2006). The last two species were further
characterized for their role in winning the competition with early community
yeast species in which their faster growth rates or the ability of Ta. pullulans to
produce killer toxin were determined (Golubev et al. 2002). Ph. rhodozyma today is
an important industrial microorganism since it produces astaxanthin and was
mostly isolated from slime fluxes on birch and other trees. Ph. rhodozyma possesses
unique characteristics for yeasts belonging to Basidiomycota, among which are the
ability to ferment sugars, Crabtree-positive character and the induction of sexual
cycle by polyols that were shown to be present in tree exudates colonized by this
species (Golubev 1995; Reynders et al. 1997; David-Palma et al. 2014).

2.5.3.4 Endophytic Yeasts

The term endophytes was coined 150 years ago for organisms colonizing internal
plant tissues (De Bary 1866). One of the many subsequent definitions which is
commonly used (Hyde and Soytong 2008) was formulated by Petrini (1991).
According to this, endophytes are “all organisms inhabiting plant organs that at
some time in their life, can colonize internal plant tissues without causing apparent
harm to their host.” Circumstantial evidence suggests that some endophytes
become primary saprobic decomposers (Hyde and Soytong 2008 and the references
therein).

Unlike with other fungi, data published on the endophytic yeasts are rather
sporadic. For a recent review see Doty (2013). Numerous studies aiming at the
isolation of endophytic fungi failed to obtain any yeast cultures or the yeasts
accounted only for a small minority of all isolates. In the case of culture-based
approaches, the failure to detect yeasts can partly be the consequence of the applied
methodology. The commonly used fragment plating method, i.e. the incubation of
small pieces of surface-sterilized plant tissues on the surface of suitable agar plates,
does not favour the isolation of yeasts as they do not grow out of plant tissues like
filamentous fungi. By using the dilution-to-extinction protocol for foliar endo-
phytes which includes a homogenization and a particle filtration step, Unterseher
and Schnittler (2009) were able to isolate 24 endophytic yeast strains from leaves of
Fagus sylvatica, while no yeast strains were recovered by the fragment plating
method in the same study. The yeasts were not identified at species level but were
designated as member of polyphyletic genera (e.g. Rhodotorula sp.) or as “white
yeast”. With the aid of the above-noted dilution-to-extinction method, Solis et al.
(2015) isolated 191 endophytic yeast strains from leaves of three different Ficus
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species collected at two locations from greenhouse-grown plants in Germany. The
isolates were identified as 23 basidiomycetous yeast species assigned to the genera
Cystobasidium, Filobasidium, Naganishia and Rhodotorula. No ballistoconidium-
forming strains were isolated. In a study in Thailand, utilizing a culture-
independent approach, 12 yeast operational taxonomic units (OTUs) were detected,
in addition to 112 OTUs corresponding to filamentous fungi from rice leaves.
Endophytic yeasts were detected in 19 of the 46 leaf samples. The 12 OTUs are
composed of 28 different phylotypes, three-quarters of which corresponded to
basidiomycetous yeasts. Sequence comparisons of the D1/D2 domains of the
LSU rRNA gene indicated that several undescribed basidiomycetous yeast species
were detected (Tantirungkij et al. 2015). Given the limited amount of the data on
the occurrence of endophytic yeasts, no plant-specific associations have yet been
revealed. Likewise, Isaeva et al. (2009) suggested that the existence of highly
specialized yeast species associated with tissues of certain plants is unlikely.

Endophytic yeasts may exert plant growth-promoting effects. In vitro production
of indole-3-acetic acid (IAA) and indole-3-pyruvic acid (IPYA) by Cyberlindnera
(Williopsis) saturnus endophytic in maize roots (Nassar et al. 2005) and [AA
production by Rhodotorula graminis and Rhodotorula mucilaginosa originating
from Populus spp. (Xin et al. 2009) was observed. L-tryptophan content of the
medium was either a criterion of IAA production or enhanced its production several
fold. Three rice leaf endophyte Saitozyma flava strains produced more than
4.8 mg IAA g~' dry cell weight (Nutaratat et al. 2014). The application (to the
seed) of a heavy metal-resistant, week IAA producer endophytic Cryptococcus
(according to the DNA sequence of its ITS region probably Filobasidium magnum)
strain promoted the survival and growth of Brassica alboglabra in multi-metal
contaminated soil and also enhanced heavy metal extraction from the soil (Deng
et al. 2012).

2.5.3.5 Mushrooms

Mushrooms are poorly sampled yeast habitats as the systematic reports correlating
yeast community structure with host species, geographical origin or fruiting body
maturation stage are lacking. However, based on the observations of Pimenta et al.
(2009), yeast communities differ from other yeast communities associated with
other substrates, like fruit, tree exudates or Drosophila of tropical forest. Commu-
nity structure of yeasts is in the first place shaped by food source of basidiocarps
which are composed of alcoholic sugar mannitol and the disaccharide trehalose and
polysaccharides such as glycogen and chitin (Kalac 2013). However, complex
microbial communities are hosted on fruiting bodies and interactions between
them are interesting from the view of the health of fruiting bodies where yeasts
can either inhibit or stimulate mycoparasitic fungus (Yurkov et al. 2012b).

In general, yeast communities associated with mushrooms as determined by
Babjeva and Reshetova (1998), Middelhoven (2004), Pimenta et al. (2009) and
Yurkov et al. (2012b) seem to be composed of generalist yeast species of
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Aureobasidium pullulans; ascomycetous Candida parapsilosis, C. krusei
(P. kudriavzevii) and P. membranifaciens; and basidiomycetous polyphyletic phe-
notypic genera, i.e. Rhodotorula, Trichosporon and Cryptococcus (and related
species) associated with plants; species generally associated with soil Apiotrichum
(Trichosporon) porosum and Apiotrichum (Trichosporon) laibachii and specialist
species. Among the latter are three groups of phylogenetically closely related
species of which many have only recently been described. The first belongs to the
basidiomycetous yeast species Vanrija humicola, Vanrija albida, Vanrija
meifargana and Vanrija nanouana, which were most frequently isolated from
soils, basidiocarps or beetles feeding on them (Liu et al. 2011; Prillinger et al.
2007; Takashima et al. 2001). The second group of phylogenetically closely related
species belong to the genus Kodamaea in which species from mushrooms or
basidiocarp-feeding beetles cluster separately from other species of this genus
(Hsieh et al. 2010). Members of this group belong to the following species
“Endomyces scopularum”, Kodamaea laetipori, Candida sagamina, Candida
fukazawae, Candida fungicola (Nakase et al. 1999; Suh et al. 2001; Suh and
Blackwell 2005) and four recently described species Candida plutei, Candida
kaohsiungensis, Candida lidongshanica and Candida smagusa (Hsieh et al.
2010). All the last four species can ferment trehalose which could be an indication
of their substrate specificity. The third group of specialized yeast species is asso-
ciated mostly with basidiocarp-feeding beetles and belongs to a large group of
16 recently described Suhomyces (former Candida tanzawaensis clade) species
(Suh et al. 2004).

Recently, a fungal parasite of Nothofagus, an endemic forest tree of Southern
hemisphere, Cyttaria hariotii, attracted attention as it harboured a novel psychro-
philic yeast species Saccharomyces eubayanus (Libkind et al. 2011), Ph.
rhodozyma (Libkind et al. 2007; David-Palma et al. 2014) and a few fermenting
ascomycetous yeast species. The reason for the association of a fermentative yeast
community with mature Cytt. hariotii is its sugar composition, which consists of up
to 10.2% of simple sugars (fructose, glucose and sucrose) (Gamundi and De
Lederkremer 1989) and as such resembles to the composition of grape juice.

2.6 Concluding Remarks

According to recent estimations, millions of fungi are waiting for their discovery
(Blackwell 2011). Considering the ratio of currently described yeasts and the total
number of known fungi, the above estimation, if correct, implies tens of thousands
of novel yeast species to be discovered in the future. Current yeast species descrip-
tion rates support the estimations suggesting at least the above-noted magnitude of
yeast species. The creation (Kurtzman and Robnett 1998; Fell et al. 2000) and
continuous updating of a barcoding sequence database for yeasts has provided an
excellent tool for rapid, reliable identification of yeasts enhancing the exploration
of their biodiversity and understanding their ecology. Recently, the application of



64 G. Péter et al.

DNA-based culture-independent methods has taken an increasing role in the inves-
tigation of yeast biodiversity and ecology. In addition to the continuous discovery
of novel yeast species, significant effort is being made to understand their function
in their natural habitats.

On the local scale, even within a very small physical space in a given ecosystem,
very different habitats may co-exist, supporting dramatically different yeast com-
munities. Different organs of a single plant and even different parts of a single
organ (e.g. within a flower) may provide different microhabitats for yeasts. It is also
documented that the vertical or horizontal position of a given organ may influence
the yeast community it harbours. On the global scale, distantly located but similar
habitats may support ubiquitous yeast species or species with similar fundamental
niches. The latter sometimes prove to be cryptic. Authors describing novel yeast
species are often struggling with finding phenotypic characters to distinguish the
novel species from closely related taxa, successfully recognized by DNA-barcoding
sequences. In their review on the phylloplane yeasts Fonseca and Inacio (2006)
noted that phenotype-based yeast identification, a general practice till the late
1990s, in many cases can be considered merely tentative. Molecular phylogenetic
analyses shed light on the taxonomic heterogeneity of some former ubiquitous
phylloplane yeast species. Similarly, Yurkov et al. (2015) revised the species
assignments of yeast strains isolated from Russian birch forests and earlier identi-
fied from phenotype. PCR fingerprinting and rDNA sequence-based identification
revealed that instead of the originally supposed 9 species, the strains represent
21 yeast species, including 3 undescribed taxa. Therefore, due to the widespread
application of accurate, sequence-based identification in the last two decades, it has
gradually become obvious that in many habitats cryptic and phenotypically indis-
tinguishable yeasts are replacing previously recognized ubiquitous ones.
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Chapter 3
Yeast Community Composition and Structure

Andrey Yurkov and Maria 1. Pozo

Abstract Yeasts are globally distributed, but different species occur in different
climates and environments. With a few exceptions, yeasts do not occur in their
natural environments as a pure culture but co-occur with other microscopic eukary-
otes and prokaryotes and comprise microbial communities. The observed yeast
diversity in natural environments is a combined result of the response of each
species to habitat conditions, including arrival, growth, and further dispersal, and
the biotic interactions among species. In this chapter, we review some recent
concepts and tools developed in community ecology and discuss how they may
help understand yeast diversity in nature. We address species recognition
approaches and the effects of the intraspecific variation and application of molec-
ular operational taxonomic units on the yeast community parameters. Community
ecology tools discussed in this chapter include diversity (taxonomic and func-
tional), quantity, priority effects, species richness estimators, and species-
abundance distribution. Additionally, we compare the use of community composi-
tion and community structure parameters in the literature. Concepts such as fre-
quent (vs. rare), autochthonous (vs. transient or allochthonous) and specialist
(vs. generalist) yeast species are also discussed through this chapter.
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3.1 Introduction

Yeasts are globally distributed, but different species occur in different climates
and environments, and they also vary in the morphological (e.g. pigmentation,
forcibly ejected propagules, hyphal growth, chlamydospores), physiological
(e.g. fermentation, utilisation of low-weight aromatics, vitamin-free growth) and
physiochemical (e.g. psychrophily, production of siderophores and acids) traits.
Linking these features to the spatial distributions of species is fundamental to the
understanding of yeast diversity. With a few exceptions, yeasts do not occur in their
natural environments as a pure culture but co-occur with other microscopic eukary-
otes and prokaryotes. Thus, yeast diversity in natural environments is a combined
result of the response of each species to habitat conditions, including arrival,
growth, and further dispersal, and the biotic interactions among species.

For example, flowers, rotting cacti, and tree fluxes are rich with simple sugars or
alcohols and offer certain groups of yeasts a suitable habitat. These substrates are
frequently visited by insects that vector yeasts, thereby, largely determining the
membership of the yeast community. In the absence of vectors, these habitats might
not bear any yeasts (reviewed by Starmer and Lachance 2011). To ensure trans-
portation between mosaic habitats, yeasts steer the dispersal by targeting attraction
of the vector with volatiles (e.g. Becher et al. 2012; Davis 2015; Holighaus and
Rohlfs 2016) or, conversely, by masking their presence in the habitat (Mittelbach
et al. 2016a). Passive propagation can also be facilitated by several morphological
properties, including formation of ballistospores by phylloplane yeasts (also some
mycoparasites), “aeroplane” (cross-like configuration) cells of the nectar yeast
Metschnikowia gruessii and hydrophobic cells (rotting cacti), among them
(Brysch-Herzberg 2004; Fonseca and Inacio 2006; Starmer and Lachance 2011;
Pozo et al. 2012). Research on yeast co-growth in the habitat received some
attention in the past, and studies report a broad range of naturally occurring
interactions between species (reviewed by Starmer and Lachance 2011). Recently,
environmental alteration (also called priming) by early-arriving yeasts was also
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recognised as an important factor influencing flower nectar communities (see
below).

In this chapter, we review some recent concepts and tools developed in com-
munity ecology and discuss how they may help understand yeast diversity in nature.
Although we mainly focus on synecology (community ecology), we recommend
reading book chapters summarising the knowledge on yeast autecology (species
ecology) and diversity (Lachance and Starmer 1998; Lachance 2006; Starmer and
Lachance 2011; Buzzini et al. 2017). Through the chapter, we shall frequently refer
to the niche concept described previously by Lachance and Starmer (1998) and
Starmer and Lachance (2011). The chapter is composed of two sections: we will
first review the ways in which the structure (such as species composition and
diversity) of communities is described and then discuss the ecological processes
that are thought to determine community structure.

3.2 Community Composition and Diversity

Biodiversity has been a hot topic in community ecology for a long time, and studies
addressing diversity in microbial ecosystems abound. The majority of studies listed
yeast species isolated from different habitats (Fig. 3.1). As the approaches to
species identification and circumscription evolved, the definition of the species as
an ecological unit was changing gradually with more sophisticated techniques
involved in the characterisation of yeast isolates (Barnett 2004; Lachance 2006).

3.2.1 Species Recognition

Ecological interactions among different taxa determine diversity of a community
and ecosystem functioning. By “taxa”, we normally refer to genus and species, and
those are characterised by cell morphology (e.g. spore shape, cell division), phys-
iology (e.g. carbon and nitrogen source assimilation tests) and phylogenetic relat-
edness, which is mostly estimated, in the case of yeast, by comparing sequences of
the D1/D2 domains of the 26S (or LSU) rDNA gene (e.g. Kurtzman and Robnett
1998; Fell et al. 2000; Scorzetti et al. 2002). In the Origin of the Species, Darwin
stated that “I look at the term species, as one arbitrarily given for the sake of
convenience to a set of individuals closely resembling each other, and that it does
not essentially differ from the term variety, which is given to less distinct and more
fluctuating forms. The term variety, again, in comparison with more individual
differences, is also applied arbitrarily, and for mere convenience sake” (Darwin
1872). Like other organisms, yeast species should represent cohesive evolutionary
units. Currently, there is considerable controversy on the best way of documenting
the boundaries of such units (e.g. Lachance 2006, 2016; Lachance et al. 2010).
Kurtzman and Robnett (1998), by conducting a large-scale study of D1/D2



A. Yurkov and M.I. Pozo

76

suonreorjqnd jo requunu ay3 03 [euontodod St $270.410 Jo 9z1s YL, (917 QU
pUB]S ‘PAIAPISUOD UIQ AJUO dARY SPIEMUO ()86 ] WoJ paysiiqnd arjeri| Sunyeads-ysijSug oy} WoIj SUONEIID) SISEqeIep IB[OY0S 9[S00D) PuB JUAIS JO IA
Sulsn pajo[[09 UAIQ IABY SIIUAIJAI ZGT JO [B10] Y "PIAIAINS UISQ SABY SAMIUNUILIOD ISLIA [eInjeu yorym ur suonedriqnd jo uonnqrusip orydeisoon y-¢ *S1q




3 Yeast Community Composition and Structure 77

ribosomal LSU sequences of 500 species of ascomycetous yeasts, showed that
strains that differ by less than 1% nucleotide substitutions are likely to be members
of the same species. As a result, this threshold has been widely accepted as a rule to
delineate species of yeast, instead of the 3% prevailing rule for many other
organisms. Despite distant evolutionary relationships between ascomyceteous and
basidiomycetous yeasts, the “1% rule” was used as an argument to delimit species
in the latter group. However, another large-scale study of LSU sequence heteroge-
neity in Basidiomycete yeasts performed by Fell et al. (2000) did not show any
suitable cut-off value. Similarly, the follow-up study did not reveal a common
threshold, neither in LSU nor in ITS, in this group of fungi (Scorzetti et al. 2002).
As new molecular identification methods develop, Lachance and Starmer (1998)
foresaw that “one can easily conceive of the possibility that a primary isolation
plate, a microscope slide, or even a fixed section of a yeast habitat could be treated
with a mixture of DNA probes, each tagged with a different chromophore, in such a
way that direct identification of individual colonies or even single cells in situ
would be achievable”. Although quick and affordable identifications of yeasts
based on the DNA sequences have become feasible, the determination of a yeast’s
physiological characteristics will never cease to be of importance in understanding
its ecology.

The species concept has a great influence on diversity studies because different
approaches to yeast species recognition often result in different entities. A review
that aimed at resolving the impact of the species concept on biodiversity studies
showed remarkable differences, with surveys based on a phylogenetic species
concept detecting 48% more species (300% more for fungi) and an associated
decrease in population size and range (Agapow et al. 2004). The same holds true
for widespread basidiomycetous yeasts identified with physiological and phyloge-
netic approaches (Yurkov et al. 2015a). Specifically, several phylogenetic species
of the genera Filobasidium and Vishniacozyma were nested in “phenotypic” Cryp-
tococcus albidus and Cryptococcus laurentii (Yurkov et al. 2015a). This study also
showed that species recognition approach might affect our understanding of com-
munity structure and the distribution range of yeast species and require a larger
sampling effort.

3.2.2 Strain Variation

Dissimilarities between isolates of the same species may represent an annoyance in
practical taxonomy, is also a component of biodiversity, and communities must
comprise this level of sampling. The conventional approach of taking one colony as
a representative of a species (Lachance and Starmer 1998) does not capture
functional diversity within species. Researchers are becoming increasingly con-
scious about intraspecific variance. For example, the general occurrence of within-
species variation was detected by a PCR fingerprinting in sea water basidiomycete
communities (Gadanho et al. 2003). Similarly, strains of the same species isolated
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from forests in Germany, Portugal and Russia showed variation in ribosomal gene
sequences (Yurkov et al. 2012a, 2016) and PCR fingerprints (Yurkov et al. 2015a).
Yeasts have quick life cycles, and a larger number of offspring can be produced
asexually instead of following a sexual cycle. The resulting yeast populations
may constitute distinct biotypes subject to unusual forms of selection. In this
scenario, mutation can be easily fixed as a result of diversifying selection, as
shown in ascomycetous yeasts (Herrera et al. 2011). Although the sexual cycle
of ascomycetous yeasts is commonly observed in the laboratory, teleomorphic
stages of many basidiomycetous yeasts are known from the field studies only
(e.g. Tremellomycetes, Ustilaginomycetes) and are rarely observed under labora-
tory conditions. Thus, in many cases, the sexual cycle remains little understood in
basidiomycetes, although the sexual recombination can be revealed with a genomic
approach (Coelho et al. 2011; Yurkov et al. 2015b). A diverse origin of the isolates,
which also reflects different environmental constraints, typically favours high
levels of intraspecific variation in wild yeast populations (Pozo et al. 2015; Yurkov
et al. 2015a, b).

3.2.3 Units Other than Species and Operational Taxonomic
Units (OTUs)

Although community analyses are commonly made using species, other units can
be also used. Yeasts were the first group of fungi, where a DNA barcoding was
adopted for species identification (Kurtzman and Robnett 1998; Fell et al. 2000;
Schoch et al. 2012). Fast development of sequencing techniques and availability of
sequence databases resulted in an enormous increase in the ease and speed of
identification, making intense biodiversity surveys almost manageable.

Once taxa are delineated, the characterisation of yeast communities encounters
additional difficulties. Biodiversity estimates are often biased on taxa that are easily
cultivable in the lab (see the discussion on rare species below). Only less than 1% of
the estimated microbial diversity is thought to be cultivable in laboratory conditions
due to the low growth rate of many environmental microorganisms (Amann et al.
1995). To what extent this constraint can be applied to yeasts is yet unknown,
although the majority of the lineages comprised by yeasts are cultivable. The
description of a microbial community and the quantification of diversity associated
with several habitats such as soil, phyllosphere, insect-flower system and aquatic
environments have increasingly applied culture-independent methods (Steven et al.
2007; Jumpponen and Jones 2010; Redford et al. 2010; Masinova et al. 2017).
Culture-independent methods include denaturing gradient gel electrophoresis
(DGGE), temperature gradient gel electrophoresis (TGGE), terminal restriction
fragment length polymorphism (T-RFLP) and clone libraries, which are based on
a DNA barcoding fragment of a conserved gene and can be used to quickly and
cheaply determine the main components of fungal communities. High-throughput
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sequencing with meta-barcoding of DNA has improved species detection by pro-
viding a large amount of sequence data, although all from short sequencing reads.

Computational issues nowadays compromise the efficiency of culture-
independent methods and thus make it difficult to arrange large numbers of
sequence reads into biologically meaningful information (e.g. classification). An
automated identification of sequence data relies on a reference database, variability
of the selected DNA marker and a clustering algorithm. Each of these steps has its
own limitation (e.g. Amend et al. 2010) that results in an incomplete identification
(assignment to the known reference sequences) of the pool of nucleotide sequences.
Therefore, a pragmatic approach based on operational taxonomic units (OTUs) is
commonly used. Nucleotide sequences are grouped according to their similarity
(95-99% threshold) and analysed using common ecological tools implemented in
various software packages. However, a reliable use of molecular OTUs as yeast
species proxies is presently unlikely. Cut-off values are selected artificially and may
not reflect the actual variability of the genetic marker across different phylogenetic
lineages (e.g. Ascomycota and Basidiomycota). The size of the most commonly
analysed DNA marker, the ribosomal ITS region, is rather stable in basidiomyce-
tous yeasts but varies in Saccharomycetes ranging from about 300 to 1000 nucle-
otides. Also, the interspecific polymorphism of ribosomal gene regions
(e.g. Clavispora lusitaniae, Barnettozyma californica) complicates the application
of molecular OTUs. Although yeasts were detected among fungi in almost every
sampled substrate, most of them were not identified to a certain species or even to
the genus level. Apart from species inventories, culture-independent studies often
detect thousands of units exceeding by far the number of all described fungi or
yeasts (e.g. Blackwell 2011; Masinova et al. 2017). How these molecular OTUs
correspond to the species and to what extent the yeasts detected with these tech-
niques are cultivable are a matter of debate. A recent study that analysed soil yeasts
with an amplicon sequencing technique showed that several OTUs defined with a
conservative 97% threshold were matched to the same yeast species (Masinova
et al. 2017). Thereby, common identification pipelines can potentially overestimate
yeast diversity.

3.3 Community Composition and Diversity

By revisiting the classic literature on yeasts, we can see that communities that are
studied nowadays have also been studied in the past (Figs. 3.1 and 3.2). The main
criticism against past studies is that yeast isolation has not gone much beyond the
mere nomenclatural description of new species, together with the assessment of
species richness. Below, we summarise some of the ecological concepts that can be
assessed by studying yeast communities in their natural habitats.
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Fig. 3.2 Number of peer-reviewed studies dealing with natural yeast communities published
since 1980. Other details as for Fig. 3.1

3.3.1 General Parameters

Community assembly rules aim to predict spatial species distributions and the
mechanisms underlying the distribution patterns. One of the early proposed rules
is that competition is responsible for determining the patterns of assemblage
composition (Diamond 1975). However, their generality has been debated for
over 20 years, and the debate continues today (Gotelli and McCabe 2002). Their
strong spatial reference makes them highly amenable to phyllosphere studies and
less amenable for aquatic environments, for instance. Below, we address a few
empirical community distribution patterns in the section dedicated to the structure
of yeast communities. Spatial aspects of the distribution of yeasts are reviewed in
Chap. 4 of this book.

Diversity encompasses species richness (simple species count) and heterogene-
ity (relative abundance of each species in a community). Both types of information
can be summarised in a rank abundance curve, which displays species richness and
species evenness (see below). Diversity can be statistically partitioned into three
hierarchical components: alpha, beta and gamma diversity (Whittaker 1960). Fol-
lowing the original idea, the hierarchically organised diversity partitioning is
commonly used on a large spatial scale and includes local, regional and global
diversity. The question is, however, whether or not the same approach can be



3 Yeast Community Composition and Structure 81

applied to the microbial systems, which are smaller in size than those of plants and
animals. If one considers flower nectar community, which is discrete in space and is
spatially limited due to the range of animal vectors, the three diversity components
can be reasonably translated into the following categories: (1) nectar in a given
flower (alpha diversity), (2) nectar from different plant species growing together
(beta diversity) and (3) nectar of flowers pooled from different parts of an agricul-
tural field or forest (gamma diversity). One example of this study for the given
microsite could be the work by Pozo et al. (2011), who combined the study of yeast
alpha and beta diversities with the assessment of their sampling effort. While the
alpha diversity assessment showed that most of the individual flowers were dom-
inated by a few Metschnikowia species, differences at the plant species level (beta
diversity) revealed the occurrence of rare species that also suggested a need for
more intense sampling at this scale.

Average number of species is a potentially useful measure to characterise
species richness of a yeast community. Because the number of observed species
naturally depends on the sampling intensity, species recovery depends on the
community structure and the proportion or frequency of detection of each species.
Therefore, Chernov (2005, 2013) introduced an index that reflects species diversity
in relation to the intensity of sampling. Instead of using the total species richness
values, a proportion of the observed number of species to analysed (purified)
colonies or plates was calculated. Absolute and relative numbers of species differed
substantially in samples with a few dozens of colonies per plate, whereas in samples
with more than 100 colonies, there was no statistically significant difference
detected between the estimates of these two parameters.

3.3.2 Functional Diversity

In ecology, the group of species that use the same resources in a similar manner is
called a guild. Although yeasts share a common adaptation, the ability to grow in a
unicellular manner, they differ in their ability to use different nutrients. The habitat
has the largest effect on the composition of species, all of which should possess a
pool of adaptations to colonise it. Thus, the yeast community can be viewed from
the position of these capabilities or potential functions in the habitat. Species
descriptions provide a set of characters, which can be used to assess the physiolog-
ical profiles of the communities. A study of yeast communities associated with
Drosophila flies across the USA showed that the habitat was the major factor
influencing the physiological ability of the community (Lachance et al. 1995).
Observation of species, almost indistinguishable physiologically (identical funda-
mental niche), in similar habitats was a driving force for understanding the ecology
and distribution of yeasts (e.g. di Menna 1965; Babjeva and Chernov 1995; Starmer
et al. 2003; Buzzini et al. 2012). A few approaches have been made to classify
yeasts into functional groups, which would reflect the common physiological
(or morphological) adaptations for the habitat or lifestyle. Babjeva, Chernov and
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co-workers (Babjeva and Chernov 1995) studied distributions of yeasts across most
typical biomes in the USSR and categorised them according to their phenotype and
occurrence in the substrates, i.e. species assemblages (originally: complexes) in
phyllosphere (e.g. Vishniacozyma spp. as ‘“phenotypic Cr. laurentii”), litter
(e.g. Tausonia pullulans) and soil (e.g. Lipomyces spp., Solicoccozyma spp.). This
approach was based on the previous classification of the life strategies of yeasts,
i.e. phytobionts (living plant material), pedobionts (soils), saprobionts
(decomposing material) and humidobionts (humid sugar-rich substrates). The abil-
ity to assimilate complex substances was more pronounced in species inhabiting
litter and soils. This adaptation is presumably linked to the dependency on the
derivatives of plant decomposition (reviewed by Botha 2006) and was found to be
common for several soil yeasts (Di Menna 1965; Slavikova and Vadkertiova 2000;
Botha 2006; Mestre et al. 2011). Physiological profiles of the community can be
also analysed qualitatively. Chernov (2005) studied the number of assimilated
compounds (index of polytrophy) by yeast assemblages in the biogeographic
context in the most common types of substrates. As a result, most polytropic
communities were observed in tundra, and the number of assimilated substances
decreased towards the lower latitudes. Among the surveyed substrates, availability
of simple sugars strongly affected polytrophy of the communities as the number of
assimilated compounds (also complex substances) was increasing in litter and soils.

Recently, a tool FUNGuild was developed to parse fungal molecular OTUs into
ecologically meaningful categories such as functional guilds (Nguyen et al. 2016).
The original selection of the ecological categories highlights the ecological diver-
sity of yeasts as they can be assigned to the 7 out of 12 guilds, namely, animal
pathogens, lichenicolous fungi, mycoparasites, plant pathogens, undefined root
endophytes, undefined saprotrophs and wood saprotrophs. But even as saprotrophs,
yeasts should not be synonymised with the saccharolytic lifestyle only. Because of
their taxonomic complexity and heterogeneity, yeasts display a multitude of met-
abolic properties, which are routinely recorded for every described species. This
makes yeasts an attractive object to study functional aspects of the community
ecology.

3.3.3 Diversity and Quantity

The composition of an ecological community depends on the compatibility of
species to the local environment. Moreover, their abundances in the community
can be the result of complex interactions and processes (Fukami 2015). Concepts in
ecology that might explain yeast coexistence and therefore the conformation of
microbial communities are neutralism, commensalism, amensalism, predation and
parasitism (Atlas and Bartha 1993; Starmer and Lachance 2011). Neutralism
describes the occurrence of sparse-independent populations sharing the same hab-
itat. This can be exemplified by lack of direct contact in the particular case of
simple, low populated communities such as soils, in which samples with higher cell
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numbers (CFU) are more species rich than those with lower cell counts (e.g. Yurkov
et al. 2011; Chernov 2013). The number of isolated species positively correlated
with cell density in species-poor communities (e.g. soils) following a logarithmic
curve (Chernov 2005, 2013). Other yeast habitats with simple communities, such as
floral nectar, are also amenable for neutralism, despite harbouring denser yeast
populations (Pozo et al. 2016). Irrespective of host plant species, yeast communities
of floral nectar in Europe are largely composed by two species of the genus
Metschnikowia (Brysch-Herzberg 2004; Pozo et al. 2011). On one hand, nectar
habitats are sugar rich and might be not limited with nutrients as soils. On the other
hand, the co-growth of the ecologically similar species might be due to the fine
niche partitioning, either in the consumption of resources or physical growth
preferences. For example, physiological profiles indicated that Metschnikowia
reukaufii and M. gruessii did not compete for most carbon and nitrogen sources
but even support co-growth in a more restrictive culture medium (Pozo et al. 2016).
Likewise, several Saccharomyces species co-occur on Mediterranean oaks, and
their niches are strongly determined by growth temperature preferences (Sampaio
and Gongalves 2008; see also Chap. 5 of this book). The cross-feeding (syntrophy)
and substrate priming further promote efficient nutrient utilisation by yeast com-
munities (see below).

We should admit, however, that the neutral model in yeast community ecology
has been met with some scepticism (Lachance 2006). As in the aforementioned
examples, niche occupancy by yeasts is not random but is steered by interspecific
interactions and, more importantly, by interactions with their vectors or hosts
(reviewed by Starmer and Lachance 2011). Besides neutral interactions, competi-
tion, amensalism, predation, and parasitism are considered in the literature (Atlas
and Bartha 1993; Starmer and Lachance 2011). The first one, competition, refers to
a wide array of antagonistic interactions, including growth inhibition, contact
inhibition and competition for nutrients, among others. The diversity of mecha-
nisms used by yeasts to outcompete other species is broad and involves Kkiller
activity (killer proteins and mycocines), substrate depletion (nitrogen or vitamins),
acidification, ethanol production and mineral sequestration (iron acquisition with
pulcherrimin). These abilities have been reviewed previously (e.g. Golubev 2006;
Starmer and Lachance 2011) and are addressed in more details in the following
chapters of this book.

3.3.4 Priority Effects

The history of the substrate also plays an important role in community composition
and can affect the growth of arriving yeasts. For example, the two yeasts
Hanseniaspora vineae and Metschnikowia pulcherrima, which naturally coexist
during wine fermentation, affected the fermentation kinetics by having a superior
nutrient intake rate compared to Saccharomyces cerevisiae (Medina-Rland et al.
2012). The effect was even more pronounced when S. cerevisiae was inoculated
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24 h after the initial stage of fermentation with a non-Saccharomyces yeast,
compared to co-inoculation. This temporal succession affects the strength of inter-
ference, or facilitation, and is, therefore, named as a priority effect (Chase 2003).
The aforementioned timing of the species inoculation and the subsequent modifi-
cation of the media that, in turn, favours or inhibits later-arriving species change,
thereby, the yeast community composition. This approach overlies the specific
history of community assembly into the known rules of community ecology
(Fukami 2015). The relevance of this ecological theory in the particular case of
microbial ecology has been recently acknowledged, and the number of known
examples is steadily growing. Specifically, nectar yeast communities have been
repeatedly used as a model to test priority effects. Although secreted flower nectar
does not carry yeasts, floral visitors such as bees, birds, bats or ants vector yeasts
propagules to this specific habitat. Those yeasts may or may not establish and
produce substantial changes (e.g. amino acid and sugar composition and concen-
tration) in nectar as a substrate for future incoming taxa (Herrera et al. 2008; Peay
et al. 2012; Vannette and Fukami 2016; Mittelbach et al. 2016b). By using exper-
imental manipulation in microcosms, Peay et al. (2012) demonstrated the strength
of priority effects for most of the yeast species found in the floral nectar of a
hummingbird-pollinated shrub in California. This study concluded that late-
arriving species experienced strong negative effects from early-arriving species,
but also warned about the relevance of the species phylogenetic relatedness.
Variation on the strength of priority effects was stronger between closer relatives.
Such an outcome can be explained by changes in functional diversity. Both carbon
and amino acid consumption profiles indicated that competition between closer
relatives was more intense owing to higher ecological similarity (Peay et al. 2012).
In another experiment that investigated the growth of nectar yeasts, Candida
rancensis was not affected, whereas cell densities of M. reukaufii increased when
the microcosm was inoculated with a second species (Mittelbach et al. 2016b). The
basidiomycetous yeasts Vishniacozyma victoriae and Itersonilia pannonica (orig-
inally Udeniomyces pannonicus) showed a negative effect of a priming species.
Killer yeasts are often preponderant in the very sugar rich and favourable for yeast
development substrate, i.e. decaying fruits. Because the antagonistic activity of the
killer toxins has a specific taxonomic range (Golubev 2006; see also Chap. 9 of this
book), the first-arriving yeast would largely determine species composition in the
community. This would usually result in a typical fruit yeast community, but
depending on the local conditions (e.g. prevalence of another community type),
the community type could change it towards allochthonous, untypical for fruits,
species (Starmer, personal communication).

The cross-feeding (syntrophy) phenomenon encompasses the associations where
the growth of one partner is improved or depends on the nutrients, growth factors or
substrate provided by the other partner. The nutritional interdependence is known in
microbiology, especially between symbiotic prokaryotes and some microbial con-
sortia (e.g. Seth and Taga 2015). Although the topic is less studied for yeasts, cross-
feeding may play an important role in the composition of yeast communities. In
the aforementioned example, frequently vectored to flowers, basidiomycete yeast
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It. pannonica did not grow in artificial nectar without an accompanying species
(Mittelbach et al. 2016b). A similar situation may be present in the yeasts found in
soapberries (Sapindus sp.) in Hawaii where some yeast species co-occur more often
than expected, and corresponding physiological tests suggest cross-feeding relying
on starch use may be involved (Starmer, personal communication). Likewise,
yeasts that excrete riboflavin into the medium imply that the riboflavin may be a
useful vitamin source for other organisms as well as co-occurring yeasts (Starmer,
personal communication). The phenomenon of cross-feeding is probably involved
in some other cases of yeast co-growth in the environment.

3.3.5 Community Stability

Community stability can be measured as resilience or resistance of a community to
perturbations, either mechanic or with the introduction of an exotic species (Grimm
and Wissel 1997), which does not originate from the same environment. The
relationship between community stability and ecosystem functioning is a matter
of lively discussions in ecology (Bezemer and van der Putten 2007).

Some of the most prominent efforts to understand diversity in higher organisms,
such as mammals, are derived from the original Lotka-Volterra model
(1925-1926). These assumptions converged into the concepts of “bottom-up” and
“top-down” regulations of community diversity during the twentieth century. While
“top-down” effects refer to the control that consumers exert on the remaining
community members, “bottom-up” effects focus on how access to resources may
affect community composition. Most researchers emphasised initially the associa-
tion between the species richness and the availability of resources (“bottom-up”
regulation); however, the recognition of the role of consumers and predators is
gaining strength (reviewed by Leroux and Loreau 2015). Although the dichotomy
between the two forces has motivated ecological research over the last century,
microorganisms have received little attention to date (Meyer and Leveau 2012).
The study of both regulatory forces in microbial communities can be seen as the
global (“top-down”) versus temporal (“bottom-up”’) resource limitation (Crowther
and Grossart 2015). For example, strong nutrient limitation in soils could exemplify
the “top-down” processes, whereas phylloplane communities constitute a good
model to study temporal (‘“bottom-up”) limitation.

3.3.6 Species Richness Estimators and Sampling Effort

In most of their natural habitats, yeasts hardly occur as a pure culture. The ultimate
importance of sampling and isolation approaches has been highlighted repeatedly
(Lachance and Starmer 1998; Boundy-Mills 2006). Cultivation techniques still
provide us with the majority of data on yeast biodiversity and distribution. During
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the twentieth century, these methods have been substantially improved to facilitate
the discovery of yeasts (Boundy-Mills 2006). Because ecological surveys need to
find an optimal sample size to reveal most of the real diversity with a bearable
sampling intensity, sampling strategies have been studied for yeasts (reviewed by
Boundy-Mills 2006). Sample size will depend on the richness and heterogeneity of
those yeast communities. Lachance and Starmer (1998) determined empirically that
aminimum of 15 independent samples is required to obtain an accurate reflection of
community composition for cactus necroses, insects, tree exudates or flowers.
Those are all species-poor communities, heterogeneous in terms of the abundance
of single species. The number of samples also varies according to the frequency of
empty samples. For example, the authors suggested the sampling size should be
corrected to obtain a minimum of eight non-empty samples, when empty samples
are present (Lachance and Starmer 1998). Rotting cacti, tree exudates and flowers
are fairly homogeneous substrates compared with phylloplane and soils. The
number of analysed samples should be further increased for heterogeneous and
species-rich substrates. Insufficient sampling intensity and geographical sampling
bias (Fig. 3.1) both compromise our knowledge of natural yeast communities. A
few available estimations suggest that only a small fraction (approximately 5—10%
depending on the habitat) of the total diversity of fungi is known (e.g. Hawksworth
2001; Blackwell 2011). The same is true for yeasts even though the number of
described species has increased tenfold during the last 60 years (Lachance 2006). In
our opinion, these numbers reflect the fact that the majority of the total yeast
diversity is not known. This also justifies the need for further sampling in different
habitats and regions.

Species richness is an intuitive measure of diversity and community composi-
tion, but despite its simplicity, this index can differ substantially from the real
diversity. The problem arises when the community inventory is growing steadily
with the number of samples analysed—the more samples are processed, the more
species that will be found. As a result, species richness values presented in different
publications (all of which used a different sampling intensity) cannot be directly
compared. Another methodological problem is that both the expected species
richness and the number of samples sufficiently describing the community are
unknown. Thus, rarefaction curves provide a more reliable estimate of the “real”
species richness, by plotting the number of species as a function of the number of
analysed samples or purified (also identified) colonies. Those curves are created by
randomly resampling (with replacement) the pool of N samples and plotting the
average number of species (calculated after several rounds of resampling) found in
each sample, i.e. in one sample, two samples, etc. (Sanders 1968). Rarefaction
curves generally grow rapidly at first, as the most common species are found, but
approach a plateau as only rare community members remain to be sampled (see
Magurran 2004). Statistically, the use of rarefaction controls for differences in
species richness values (Gotelli and Colwell 2011). For example, the analysis of
rarefaction curves demonstrated that the yeast community is more species rich on
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plant material than in soils irrespective of the sampling depth (Babjeva et al. 1999).
Also, the use of this approach showed that yeast communities are more species rich
in forest biotopes than in tundra, steppe or deserts (Maksimova and Chernov 2004).
Likewise, Takashima et al. (2012) demonstrated that subtropical forests were more
species rich than temperate forests above ground, whereas below ground, the
opposite trend was observed.

Many attempts have been made to correct the sampling bias in species estima-
tions. Statistical approaches to describe the species richness (or other units) have
been successfully adapted to bacterial or fungal communities (Hughes et al. 2001;
Bohannan and Hughes 2003; Unterseher et al. 2005, 2011; Schnittler et al. 2006).
However, less than 10% from about 1500 papers (Fig. 3.2) studying yeast commu-
nities reported their sampling efficacy in soils (Yurkov et al. 2011, 2016; Orgiazzi
et al. 2012; Takashima et al. 2012; Bellemain et al. 2013; Taylor et al. 2014), plant-
related substrates (Pereira et al. 2002; Glushakova and Chernov 2010; Pozo et al.
2011; Takashima et al. 2012; Alvarez-Perez and Herrera 2013; Jacquemyn et al.
2013a, b; Morais et al. 2013) and insects (Ort et al. 2012; Niu et al. 2015). A few
studies did not focus on a specific habitat but analysed the total yeast richness in a
biotope (Maksimova and Chernov 2004; Yurkov et al. 2004) or compared species
richness in different substrates (Babjeva et al. 1999). In aquatic environments, best
sampling strategies still led to the assessment of just 60% of the species present
(Kutty and Philip 2008; Fell 2012), whereas soils can be fairly well sampled
(e.g. Babjeva et al. 1999; Yurkov et al. 2011). The utility of the rarefaction has
been also shown for nectar yeast communities in Europe, which were studied with a
different sampling intensity by the four aforementioned studies, whereas three of
four nectar surveys observed less than 10 yeast species in a maximum of 120 sam-
ples, whereas sampling of a total of 600 flowers doubled the species richness values
(Alvarez-Perez and Herrera 2013).

Next to the rarefaction, species richness estimators represent a useful tool in
community ecology. The main difference between the two approaches is that
estimators use the ratio of species discovery to predict the number of species by
using different computational algorithms. Thus, the application of a species rich-
ness estimator can show the number of species retrieved with increased sampling
effort. Alternatively, it can answer the question on whether the present sampling
effort is sufficient to discover the majority of expected species in a community. In
other words, it tests for undersampling. Insufficient sampling depth is an important
concern in heterogeneous habitats, like soils, which require higher sampling inten-
sities due to rare species (e.g. Yurkov et al. 2011, 2016). These infrequent yeasts
may constitute the majority of the population in some environments, such as nectar
(Alvarez-Perez and Herrera 2013), rotting cacti (Starmer et al. 2005) and soils
(e.g. Yurkov et al. 2011, 2016). The estimators ICE and ACE improve rarefaction
curves by taking into account the minimum number of samples that allow us to
identify rare (in ICE) and minor (ACE) species (reviewed in Gotelli and Colwell
2011). The bootstrap estimator does not differentiate the species frequency and the
first-order jackknife, and Chao 1 richness estimators additionally rely on the
number of species only found once. Chao 2 estimator is distinct from the other
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species richness estimators as it is an incidence-based estimator of species richness,
which relies on the number of singletons and doubletons, i.e. species found in only
one and two sample units.

3.4 Community Structure

The simplest description of diversity is a species inventory such as a list of yeasts
isolated in a study. In community ecology, this is also called community compo-
sition. These data can be further analysed as presence or absence of a species in a
sample. It does not include any quantitative information such as dominant or
frequent species. Additional information about species abundances describes the
structure of communities. Depending on the study design, it can include either
incidence or abundance data, or both. Abundance-based community structure is
usually based on colony counts, namely, number of colonies of each yeast species
observed in cultivation experiments (see also Boundy-Mills 2006). Incidence-based
community structure corresponds to the frequency of isolation of a species. It does
not take into consideration the number of colonies but counts the detection of a
yeast in the sample only. Both these approaches have their own limitations.
Isolation of yeasts is usually made on solid media, where a sample is inoculated.
Inoculated plates are incubated, and growing yeast colonies can be differentiated
into morphological groups based on their appearance on the medium by recording,
for instance, colour, shape, texture, formation of filaments and media colourisation.
Representative colonies are then picked, transferred to pure culture and identified.
Even though morphological characters are often not unique, their combination can
often provide a suitable differentiation of yeasts in a sample. It is important to
document, however, that closely related yeast species may show similar or even
indistinguishable colony morphology and, thus, can be mistaken when counted on
plates. Compared to counts based on colony-forming units, incidence-based com-
munity structure does not extrapolate identification results to abundance but records
a species detection only. Representative cultures or even randomly purified colo-
nies can give an impression on how frequent is the certain yeast species in a sample.
This approach is likely to provide fair estimates in communities composed of
species, which can be mistaken based on the morphological characters. When
yeast incidence is recorded, the community structure can be expressed as frequency
of occurrence. It doesn’t provide information about the dominance but aims to
detect most common species within sampled colonies.

When the composition of a yeast community is well characterised and rather
stable and can be assessed with a reasonable sampling effort, selective isolation can
be further employed to quantify morphologically indistinguishable species. Selec-
tive isolation involves any unique physiological condition (either of a yeast or
habitat) and tolerance to inhibitors. This cultivation method can also reveal rare and
minor species (see below). But it is important to remember that an additional
replicate with a complete medium should be always used to ensure the complete
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assessment of the community. This approach was successfully used to study yeast
communities in rotting cactus tissues (Starmer, personal communication).

3.4.1 Diversity Indices

A quantitative measure that reflects how many different species there are in a
habitat and simultaneously takes into account the proportion of each entity in the
sampled community is known as a diversity index. Diversity indices, the Shannon
diversity index (also known as Shannon entropy, the Shannon-Wiener or sometimes
erroneously the Shannon-Weaver index) and the Simpson diversity index (also
known as the inverted Simpson index) are among the most frequently used in the
literature. They both take into account species richness and proportion (number of
individuals or relative abundance) of species. Sometimes, values given by diversity
indices are used as a synonym of alpha diversity. This is not entirely correct, as the
diversity indices do not consider rarity of species in a community. Diversity values
are commonly used to make comparison between habitats to reflect the degree of
the diversity alteration (e.g. succession) or to provide a quantitative measure of
differences in the structure of communities between samples. Importantly, the
indices reflect changes in both the species richness and the evenness of the
community. The latter is used to measure how close in numbers (or as a proportion)
each species in a community is. Among communities with the same number of
species, the one with more similar proportions of members would be characterised
by a higher diversity value. Thus, the decrease or decline of the diversity can be
caused by either of these parameters, i.e. community composition (species richness)
and structure (evenness).

For example, diversity of yeasts in oligotrophic lakes was higher off the coast
than in the coastal zone and resulted from a more even species distribution
(Brandao et al. 2011). Likewise, the Shannon diversity values calculated for
phyllosphere yeasts on Sphagnum moss were higher in swamp than in forest bio-
topes, although both yielded the same number of species (Kachalkin and Yurkov
2012). On the contrary, higher species richness values in the rhizosphere and bulk
soil underneath Nothofagus pumilio resulted in a higher diversity in these soil
fractions than in the ectomycorrhizosphere (Mestre et al. 2011). An interesting
observation was made by Starmer and co-workers in the review of the biogeo-
graphic diversity of cactophilic yeasts (Starmer et al. 2005). Communities of yeasts
in rotting cactus tissues are highly specific and composed of a small number of
dominant species, all of which have shown a restricted geographic range that is
determined by insect vectors and their hosts. These communities occasionally
include rare non-cactus-specific yeasts, which are regionally diverse (dissimilar
between locations) and are randomly transported from the surrounding environ-
ments. Because the core cactus-rot communities are very similar among locations,
diversity on a regional scale is largely determined by an almost random subset of
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rare non-cactus-specific yeasts. Consequently, communities in single location show
a lower diversity than those on a regional scale.

Not only the number of individuals affects the observed species diversity but
also the size and heterogeneity of the sample. Homogenisation of large and hetero-
geneous samples can potentially equalise the proportions of yeast species in
cultivation experiments. This approach has been applied repeatedly for the inves-
tigation of phylloplane and soil yeasts. For example, several individual leaves
pooled in a composite sample can be further subsampled (e.g. cut into pieces),
washed and used to inoculate plates instead of plating leaf washings of a single leaf
(e.g. Inacio et al. 2010). Likewise, soils can be homogenised (mixed) and sieved to
reduce the heterogeneity and dissimilarities between subsamples and replicates
(e.g. Yurkov et al. 2011).

3.4.2 Species-Abundance Distribution

Species-abundance (SAD) and rank-abundance distributions (RAD) are helpful to
understand the structure of yeast communities and can be used as an additional tool
in community analyses. As such, SAD and RAD are the most basic way to describe
the abundance of each species in a community (reviewed by McGill et al. 2007).
Abundance values, either absolute (colony counts) or relative values (proportion of
each species), are arranged in descending order and plotted as a hollow-curve
histogram. A visual comparison of community structure across samples implies a
substantial overlap in species lists among the samples and can be done either with
SAD or RAD. When a few or even no species are found in common, RAD is
employed and the order or rank of a species in a community is recorded but not its
identity. For example, soil yeast communities in grasslands and forests in Germany
had only one species, Apiotrichum dulcitum (originally Trichosporon dulcitum), in
common (Yurkov et al. 2012a). Nevertheless, the application of the RAD for the
analysis showed the influence of the vegetation type on yeast communities.
Species lists and colony counts are commonly collected data during yeast
surveys. At the same time, SAD is different from an abundance table as it enables
easy research of community properties such as evenness and proportion of rare
species. When plotted as a histogram, SAD typically produce the typical hollow
curve, which is one of ecology’s oldest and most universal laws (McGill et al.
2007). Several models have been proposed to describe distribution of plant and
animal species in forms of SAD and RAD, including logseries, lognormal and
geometric and broken stick, among others (reviewed by McGill et al. 2007). These
models tried not to just describe empirical curves but explain the composition of the
communities using a set of ecological tools such as species niche concepts, com-
petition for resources, dispersal and reproductive strategy. Babjeva, Chernov and
co-workers analysed yeast population on living plant material (vascular plants,
mosses and lichens), senescent plants, litter and soils collected on the territory of
the former USSR (reviewed by Babjeva and Chernov 1995). Later, Chernov (2005,
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2013) studied the distribution of species ranks (RAD) obtained from ca. 7000
samples and employed Pearson’s chi-squared tests to predict distribution models’
characteristic for each substrate. Communities in decomposing plant material
(forest litter, peat) were well described with the geometric distribution, whereas
yeast assemblages on fresh and senescent leaves showed more flat RAD curves
corresponding to the broken stick (random niche appointment) model (Chernov
2005, 2013). The authors suggested the shape of a SAD reflects the availability of
resources in the community and the competition between single species.

The incline of the hollow curve reflects the evenness of the community with
more even communities resulting in more gentle slopes of the SAD. McGill et al.
(2007) reviewed several empirical patterns of SADs such as incline, skew and
modality. In a series of experiments, more flat curves corresponded to communities
with a higher productivity, for example, plant communities in late successional
stages. To what extent these observations can be applied to yeast communities is yet
unclear. As in the case of the observations by Chernov (2005, 2013), the steep
incline of the curve could suggest a strong limitation of the resources, which is a
very likely scenario for decomposed organic substrates such as litter and soils. On
plant surfaces, sugars and other low-weight carbon sources are not as limited as in
soils, so the phylloplane generally supported a more even yeast community,
i.e. broken stick vs. a geometric model. Recent analysis of soil yeasts along a
land-use gradient confirmed the previous rule regarding the shape of SADs below
ground but also showed that more even communities were found under intensively
managed grasslands, which were subjected to fertilisation in the past (Yurkov et al.
2012a). In another study, yeast communities underneath decomposing wood logs
were more even than those sampled just 1 m apart under forest litter (Yurkov et al.
2012b). The observed difference also correlated with the higher amount of the
dissolved organic carbon in soils underneath dead wood logs. Although SADs of
yeast fungi in their natural habitats did not receive much attention, we believe that
this tool has potential usefulness for community analyses.

3.4.3 [Frequent and Rare Species

It is intuitive and understandable that some yeasts are observed in the environment
more often than the others (Magurran and Henderson 2003). However, it is
extremely difficult, if at all possible, to suggest any artificial cut-off values for
frequent and rare species. Obviously, different ecosystems and substrates provide
diverse conditions for yeast communities. Therefore, it is important to sample the
habitat sufficiently to reveal the structure of the yeast community. It has been
repeatedly documented that frequent (core community) and rare species also
show different distribution patterns (Magurran and Henderson 2003; Unterseher
et al. 2011). Although the importance of rare (or minor) species is not well
understood, a few studies suggest that their diversity is important for ecosystem
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functioning and stability, e.g. resistance against colonisation by exotic plants in a
grassland system (Lyons and Schwartz 2001; Lyons et al. 2005).

To our knowledge, little effort has been made to distinguish ecological roles of
frequent and rare species of yeasts in their habitats. While frequent species are
usually well studied, rare community members, though often outnumbering the
core group, are recovered as single isolates. The situation is further complicated by
the extraordinary dispersal abilities of yeast cells, so rare resident species are
difficult to distinguish from the transient species from outer sources (see the
below discussion). A good understanding of yeast autecology could help to answer
the question whether a yeast might or might not be able to live in the sampled
environment. This might be, however, more difficult for yeasts that show broad
chemical, physical and physiological capabilities (broad fundamental niche), which
also allow them to colonise diverse habitats. Although our knowledge of distribu-
tion patterns of rare and frequent species is scarce, this community parameter can
be potentially useful. For example, forest stand properties such as projective cover
or a management history affect soil yeast communities (Yurkov et al. 2012a, 2016).
Compared with managed areas, low-managed and near-natural forests harbour a
higher number of rare yeast species, which also results in higher estimations of
species richness values (Yurkov et al. 2011). Likewise, the fragmentation of the
forest tree cover also increases the number of rare yeasts in soils (Yurkov et al.
2016). Whether or not the diversity and proportion of rare species show a mean-
ingful trend in other yeast habitats should be addressed in future studies.

3.4.4 Resident (Autochthonous and Indigenous)
and Transient (Allochthonous and Alien) Species

Although the terminology may differ between studies, the main intention to distin-
guish true inhabitants from alien or “accidentally observed” species is intuitively
clear. As in the case of frequent and rare species, this question can be addressed
from two different perspectives, namely, autecology and synecology (community
ecology). Laboratory observations of autecological properties can help predict the
range of suitable habitats for a yeast. For example, fast-growing fermenting asco-
mycetes are better adapted to sugary substrates, while soilborne basidiomycetes
often possess the ability to assimilate low-weight aromatic compounds (Botha
2006; Starmer and Lachance 2011). Carotenoid pigmentation together with the
dispersal by the forcibly ejected buds (ballistoconidia) is believed to be an adapta-
tion to exposed environments such as plant surfaces (Fonseca and Inacio 2006;
Starmer and Lachance 2011). The adaptations can be partitioned further to consider
conditions of a single microhabitat or a yeast’s potential interactions with vectors.
In this regard, the development of more sensible isolation techniques allowed to
discern tongue, crop and gut yeast communities—all of which were previously
considered as an insect community (Malloch and Blackwell 1992; Hu et al. 2015).
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Similarly, floricolous yeast can be separated onto nectar, corolla and anther com-
munities (Pozo et al. 2012). A further downsizing of a yeast habitat is also feasible
for nectar habitats where the oxygen gradient from bottom to top of the nectar
content would allow the establishment of microaerophilic and aerobic communi-
ties, respectively (Lachance 2006).

A combination of abundance- and incidence-based approaches to describe the
structure of yeast communities can be used to uncover ecological preferences of
isolated yeasts. Indigenous (autochthonous) community members are species that
are expected to be both abundant and frequent in a habitat (see also Lachance and
Starmer 1998; Starmer and Lachance 2011). These yeasts usually comprise a core
community and are easy to isolate even with a limited effort. Yeasts frequently
detected in low numbers could represent minor but indigenous community mem-
bers. For example, basidiomycetous yeasts were commonly considered as resident
(allochthonous) in the nectar environment (e.g. Brysch-Herzberg 2004). However,
the species Cystofilobasidium alribaticum (originally cited as Cystofilobasidium
capitatum) and the members of the genus Vishniacozyma (originally cited as
Cryptococcus carnescens, Cryptococcus heimaeyensis and Cryptococcus victoriae)
were frequently observed in association with bird-visited flowers and were able to
grow in artificial nectar (Mittelbach et al. 2015). Similarly, orchids’ nectar
contained large number of basidiomycete species (Jacquemyn et al. 2013b). In
phylloplane and soils, Basidiomycetes commonly prevail over the ascomycete
yeasts (e.g. Botha 2006; Fonseca and Inacio 2006; Starmer and Lachance 2011).
However, infrequent ascomycetous species were successfully linked to plant sur-
faces (e.g. Candida oleophila and M. pulcherrima) and forest soils (Candida
vartiovaarae and Kazachstania piceae) based on their occurrences in the environ-
ment (e.g. Glushakova et al. 2007; Glushakova and Chernov 2010; Yurkov et al.
2012a). In contrast to minor community members, infrequent but numerous yeasts
may originate from sources other than the studied substrate (transient or
allochthonous) or be restricted to a certain microhabitat in a heterogeneous envi-
ronment. Isolation of rare species in low numbers is difficult to interpret due to the
risk of undersampling. Often these species are minor transient community members
from neighbouring substrates, and their origin can be revealed in a biotope-wide
analysis including various substrates. Because the place of yeast isolation is not
necessarily where they live, a careful examination of substrates that serve naturally
as reservoirs (e.g. soil and water) is important to distinguish autochthonous from
allochthonous species (see also Lachance and Starmer 1998; Starmer and Lachance
2011). We believe that a repeated sampling with a sufficient sampling effort can
help to reveal true habitats of many species in the future.

Variation of frequency and abundance of yeasts between single samples can
further complicate community analyses when occurrence and colony counts of a
species differ substantially. A useful tool to account for spatial and temporal
variation is the probability of dominance, which is calculated as the number of
samples, where a species showed the highest abundance, relative to the total
number of samples, where this species was observed (e.g. Maksimova and Chernov
2004; Glushakova and Chernov 2010; Yurkov et al. 2012a). This measure records
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the cases when a yeast becomes dominant in a community, thereby accounting for
heterogeneity between habitats, samples or replicates. For instance, despite little
overlap between yeast communities on plant material, litter and soils, Maksimova
and Chernov (2004) revealed the most typical yeasts for each type of substrate
using the aforementioned parameter. When the probability of dominance is addi-
tionally considered, it is possible to distinguish rare minor community members
from rare yeasts, which colonise the substrate only in a certain period of time.

3.4.5 Specialists and Generalists

A combination of physiological abilities, metabolic capacities and physical-
chemical limitations determined in laboratory experiments defines a potential
habitat where a yeast species might live—its fundamental niche. Narrow funda-
mental niches define physiological specialists. For example, Hanseniaspora yeasts
commonly found on fruits and berries have limited physiological abilities. They
ferment and respire glucose vigorously, utilise cellobiose as a source of carbon and
require an external supply of vitamins (Starmer and Lachance 2011). Likewise,
widespread nectar-borne yeasts M. gruessii, M. reukaufii and C. rancensis show a
narrow spectrum of assimilated compounds. Although these species have a narrow
fundamental niche, they still have a wide distribution in nature, due to the common
occurrence of the corresponding habitat. Fruits and berries of different decay stages
are common in nature and are regularly visited by insects that transmit yeasts
between them. Even though flowers represent a short-lived and very fragmented
habitat, the aforementioned nectar yeasts show no preference to a particular group
of plants and are commonly found in an association with different insect vectors.
The narrow fundamental niche can be further constrained by the limited distribution
of its vector that would result in highly endemic yeast species (e.g. Lachance et al.
2003).

Alternatively to a narrow fundamental niche, some yeasts were found in differ-
ent environments in considerable numbers and are believed to be adapted to a
broader range of environmental conditions. For example, Naganishia albida (orig-
inally Cr. albidus) was isolated from soils, plants, water and cold habitats and
displayed the capability to sustain cold, desiccation and oligotrophic conditions.
Other examples include Aureobasidium pullulans, Filobasidium magnum (Crypto-
coccus magnus), Vishn. victoriae (Cr. victoriae), Debaryomyces hansenii and
Meyerozyma (Pichia) guilliermondii, among others. These species may show
opportunistic distribution, which is not restricted to a particular region or habitat.
They usually possess broader physiological abilities and utilise diverse carbon
sources (polytrophic). Due to the ability to live in various habitats and conditions,
such yeasts are referred to in the literature as eurybionts, opportunists or generalists.
They are opposed to yeasts with a narrow, geographical or fundamental niche,
which are called stenobionts or specialists. To what extent the distribution of the
polytrophic species is constrained by autecology and dispersal abilities is a matter
of debate.
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3.5 Concluding Remarks

Community ecology tools allow researchers to move from simple yeast inventory
reports towards a better understanding of mechanisms structuring yeast communi-
ties. Yeast communities in their natural environments represent dynamic and open
systems. Thus, it is important to distinguish typical inhabitants of the habitat from
transient colonists, which may not able to grow properly in the given environment.
The available knowledge suggests that properties of transient and resident commu-
nity members in the habitat are different and are reflected in their distribution
patterns. Application of community ecology tools also allows to study yeast
observations in a larger context and compare studies across climatic and spatial
transects. Because yeast habitats are often too different in respect to the number of
species and their proportions in the community, it is important to ensure adequate
sampling effort, which catches the majority of residing species. Physiological data
traditionally collected for yeast species opens the possibility to describe addition-
ally functional diversity of the community and analyse quantitatively relevant
ecological traits and functional redundancy of the ecosystem.
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Chapter 4
Temporal and Geographic Patterns in Yeast
Distribution

Andrey Yurkov

Abstract The famous hypothesis formulated by Beijerinck and Baas Becking,
‘Everything is everywhere, [but] the environment selects’, has dominated microbi-
ological research and directed it towards the search of ecological factors as the main
determinants of microbial community composition. The apparent lack of geo-
graphic distribution patterns in microorganisms (ubiquity) is traditionally explained
by their adaptive (physiological) flexibility and ease of dispersal. Strong disproof of
yeast ubiquity comes from studies on yeasts associated with beetles, drosophilids,
bees, and short-lived flowers. The current knowledge suggests that geographical
barriers, insect vectors, and host plants are important factors determining distribu-
tion of yeasts in their natural habitats. This chapter provides examples of the larger-
scale distribution of yeasts in the environment, including endemism, latitudinal
gradients, distance-decay relationships, and Holarctic and bipolar distributions. The
influence of geographic factors on reproductive isolation in yeast populations is
additionally addressed in this chapter. Temporal changes such as ecological suc-
cessions and seasonal dynamics of yeast communities are also discussed.
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4.1 Introduction

As for many other microscopic organisms, yeasts have been observed repeatedly in
different natural and domestic habitats such as fermented products, soil, fruit, or air
(Guilliermond 1920). The diversity of yeasts has grown rapidly as the discovery of
new species has benefited from improved identification techniques. Compared to
most microorganisms, yeasts are easy to culture as they often do not require special
media and selective conditions of temperature, acidity, or gas phase. However,
many yeast species are known from a limited number of isolates and often
described based on a single strain. The repeated collection of a rare species seldom
warrants a separate publication, with the result that reports on species distribution
are often restricted to the original discovery. With approximately 70 taxa described
in over 30 publications in 2016 (Google Scholar query, December 2016), studies
reporting the isolation of new taxa outnumber broader biodiversity surveys. The
latter often deal with a single habitat and sampling time and a unique set of
methods, which makes it difficult to integrate studies. Because description of
novel species does not necessarily involve examination of several strains of diverse
origins, the ecology of newly discovered yeasts often remains unclear, and it is
difficult to infer their distribution patterns from their descriptions alone.

In this chapter, I review our knowledge of the larger-scale distribution of yeasts
in the environment. I aim to provide examples on how to put single observations
into a larger context by using ecological tools developed for plants, animals, and,
more recently, microorganisms. Ecological theory and the relevant terminology are
used to show the appropriate approaches to be taken to study yeast communities on
different geographical scales. Throughout this chapter, I shall frequently refer to
information and ideas presented in previous reviews of yeast ecology (Phaff and
Starmer 1987; Lachance and Starmer 1998; Starmer and Lachance 2011). Further-
more, a particular focus in the chapter is dedicated to the review of studies by
Babjeva, Chernov, and co-authors, who, over a period of 50-some years, proposed
several models and theoretical concepts in the description of yeast distributions in
their natural habitats. Sadly, these studies are almost unknown outside the Russian-
speaking scientific community (Babjeva and Chernov 1995; Fonseca and Inacio
2006). I also review various biogeographic concepts and approaches and illustrate
them with examples from the recent literature, including several book chapters on
yeasts of phylloplane (Fonseca and Inacio 2006), cactophilic yeasts (Ganter 2011),
and cold-adapted yeasts (Vishniac 2006a; Buzzini and Margesin 2014).
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Historically, studies on the geographical distribution of microorganisms, including
yeasts, have not paralleled phytogeography or zoogeography, instead attempting to
identify ecological factors and properties of species that allow them to colonise a
habitat (see Starmer and Lachance 2011 for discussion). The habitat is described as
a pool of measurements, ignoring the processes and events that have shaped it in the
past. Temperature (e.g. annual average, highest, lowest), acidity (e.g. soil pH),
water availability (e.g. humidity, rainfall, osmotic conditions), and organic carbon
(e.g. oligotrophy, soil organic carbon) are among most commonly used environ-
mental parameters. The observation of a species from a habitat is taken to imply
physiological adaptations that enable survival and proliferation. For example, the
utilisation of low molecular weight aromatic carbon compounds and lignin degra-
dation products appears to be adaptive for soil yeasts (e.g. Botha 2006; Mestre et al.
2011). The ability to grow rapidly under osmotic conditions and to ferment sugars is
believed to help ascomycetous yeasts proliferate in sugar-rich ephemeral substrates
(e.g. Herrera et al. 2010). Cold-adapted enzymes allow psychrophilic yeasts to
survive under ice, in glacier sediments, and in polar soils (e.g. Vishniac 2006a). The
chemical, physical, and physiological properties of a yeast species can be used to
describe its potential habitat by defining its fundamental niche. Competition with
other species, interactions with potential vectors, or predator-prey relationships
further narrow down the effective distribution of a species, in other words its
realised niche. While the fundamental niche predicts the environment in which a
species might be able to live, the realised niche defines where a yeast actually lives
(see Starmer and Lachance 2011).

The ultimate dependence of microbial species distributions on the environment
underlies the choice of laboratory practices used to isolate and later study micro-
organisms. Media and growth conditions are designed to reflect the physical and
chemical conditions observed in the habitat. The notion of ‘environmentally deter-
mined ubiquity’ (O’Malley 2008) is epitomised in the famous hypothesis formu-
lated by Beijerinck and Baas Becking: ‘Everything is everywhere, [but] the
environment selects’ (de Wit and Bouvier 2006). The hypothesis holds that eco-
logical factors as the main determinants of microbial community composition. The
apparent lack of geographic distribution patterns in microorganisms is traditionally
explained by their adaptive (physiological) flexibility and ease of dispersal
(reviewed by O’Malley 2008). However, many yeasts do not possess broad phys-
iological capabilities that would potentially allow them to survive outside their
primary habitat. For instance, ascomycetous yeasts isolated from ephemeral sub-
strates such as rotting cactus tissues, flower nectar, and fruit that usually grow on
very few sugars may be short-lived. On the contrary, many basidiomycetous yeasts
have broader assimilation profiles but do not grow at elevated temperatures
(e.g. Fonseca and Inacio 2006).

The local distribution of yeasts in a particular habitat can be mediated by
environmental parameters in a manner such that even closely related species may
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coexist in the same habitat that would have independent niches. For example,
species of the genus Saccharomyces found in the bark of Mediterranean oaks
display different growth preferences. The cold-adapted species Saccharomyces
kudriavzevii and Saccharomyces uvarum were enriched when isolation was
conducted at 10 °C, whereas Saccharomyces cerevisiae and Saccharomyces
paradoxus appeared after incubation of samples at 30 °C. Different Saccharomyces
species form sympatric populations in one locality and even the same bark sample
(Sampaio and Gongalves 2008). Similarly, variation of cultivation conditions
(e.g. temperature, available sugars, enrichment) can elicit the presence, in the
environment, of low numbers or dormant species, consistent with the ‘rare bio-
sphere’ and ‘microbial seed bank’ theories (Sogin et al. 2006; Lennon and Jones
2011; Lynch and Neufeld 2015).

Yeasts isolated from extreme environments are often considered to be adapted to
specific environmental conditions and, thus, expected to show a narrow distribution
range. Among extreme environments, cold habitats such as ice cores, meltwaters,
sediments, soils, and rocks have been studied intensively during the last decade
(e.g. De Garcia et al. 2007; Connell et al. 2008; Branda et al. 2010; Butinar et al.
2011; Selbmann et al. 2014). Other extreme environments studied for yeasts are
acidic environments, hot springs, salters, alkali, and desert soils (Raspor and Zupan
2006; Mokhtarnejad et al. 2016). Species isolated from these sources are commonly
tested for properties (e.g. growth rates and enzymatic capabilities) that potentially
allow yeasts to survive and propagate under unfavourable conditions. As the
distribution of extremophilic yeasts is restricted to localities that exhibit physically
or geochemically extreme conditions, patterns of distribution of these species in
space may be difficult to detect due to the fragmented nature of the habitat (Buzzini
et al. 2012). Among the yeast species isolated from cold habitats, basidiomycetous
yeasts of the genera Glaciozyma, Leucosporidium, Mrakia, Naganishia (e.g. former
Cryptococcus antarcticus), Goffeauzyma (e.g. former Cryptococcus gilvescens),
and Vishniacozyma (e.g. former Cryptococcus victoriae) are on average more
frequent although not always unique to the cryosphere. Thus, the question of
possible endemism in these yeasts remains unresolved.

Geographical barriers for the distribution of yeasts are often difficult to imagine
considering their potential borderless transportation by air currents (see Starmer
and Lachance 2011), organismal vectors, and their dispersal with plant material as
epiphytes or endophytes (e.g. Fonseca and Inacio 2006; Zhang et al. 2010;
Francesca et al. 2014). Nevertheless, distinct yeast populations do occur in different
localities, habitats, and seasons (e.g. Fonseca and Inacio 2006; Starmer and
Lachance 2011). Strong disproof of yeast ubiquity comes from studies on yeasts
associated with beetles, drosophilids, bees, and short-lived flowers (Lachance et al.
2001; Starmer and Lachance 2011). Historical factors play important role in the
dispersal of ascomycetous yeasts, which is constrained by the habits of the vector
and the yeast’s adaptation to being transported. When the vector reaches its
distribution limit, the yeasts it carries may not be able to colonise substrates that
they typically occupy. Drosophilids were extensively studied as vectors of highly
specific yeast communities to the habitats where they feed, for example, tree fluxes
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and rotting tissues of cacti (Starmer and Lachance 2011). When plants are moved
outside of the natural distribution and the vector is lacking, these habitats are not
colonised by local yeasts or contain a few widespread species only (Starmer and
Lachance 2011). Unlike the yeasts of boreal and temperate forests, ascomycetous
yeasts associated with bark beetles were not observed among the communities in
the tundra and polar regions possibly due to the lack of target substrate (trees) and
vectors (Chernov 2005). The biogeography of these specialised yeasts is highly
correlated with the biography of their hosts. Among basidiomycetous yeasts,
asexual (anamorphic) states of plant pathogens (members of phyla
Ustilaginomycotina and Pucciniomycotina) and mycoparasites (e.g. members of
classes Tremellomycetes and Cystobasidiomycetes) were previously classified in
the polyphyletic genera Cryptococcus and Rhodotorula (e.g. Liu et al. 2015; Wang
etal. 2015). Although the asexual morphs are found outside the hosts (e.g. Begerow
et al. 2014) and display nearly cosmopolitan distributions (e.g. Fonseca and Inacio
2006; Yurkov et al. 2015a), the degree to which the host and environment influence
the survival of yeast states is unknown.

The distribution of organisms in space can be either random or structured. One
example of a nonrandom distribution is an aggregated distribution, which can be
caused naturally by two independent factors. In the first instance, if the environment
in which the yeasts are proliferating is spatially heterogeneous, the survival of
incoming cells will vary in space due to differences in habitat properties. For
instance, soil-like habitats are heterogeneous and contain micro-environments
characterised by different, and sometimes contrasting, properties such as acidity,
conductivity, density, redox potential, and availability of water and air. Major
differences between micro-environments would result in different yeast communi-
ties consisting of species, each adapted to the specific properties of its microhabitat.
Similarly, an aggregated distribution of microbial cells (including yeasts) has been
observed on individual leaf surfaces (e.g. Fonseca and Inacio 2006; Inacio et al.
2010, and references therein). Another case factor capable of generating an aggre-
gated distribution is variation in modes of proliferation. Yeasts are not restricted to
the unicellular form but grow also as filaments or pseudo-filaments. Whereas single
cells are easily transmitted with air and water currents, hyphal chains attached to a
substrate have a lower probability of distribution. Notably, the ability of basidio-
mycetous yeasts to produce forcibly ejected spores has the potential to increase
their ability to disperse. It is important to distinguish horizontal and vertical
distributions of yeasts in a biotope. Available studies suggest that yeast cells can
be moved passively by animals over longer distances aboveground (e.g. Belisle
et al. 2014; Francesca et al. 2014; Kokurewicz et al. 2016). Similarly, cells can
easily be washed down to the litter and further to the soil by the action of the rain.
As a result, upper soil horizons always harbour transient species originating from
leaf material (e.g. Phaff and Starmer 1987; Maksimova and Chernov 2004; Yurkov
et al. 2008, 2012b). The horizontal distribution of soil yeasts is more complex.
Hypothetically, filamentous species have better chances to proliferate in soils,
whereas unicellular forms are more likely to be washed down into mineral horizons,
where they die or are preyed upon (see also Yurkov 2017). The total number and
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diversity of yeasts decrease rapidly with soil depth (e.g. Babjeva and Chernov
1995). Species composition in mineral horizons is different from that of the topsoil,
featuring an abundance of typical soil ascomycetes such as Lipomyces spp.
(Vinovarova and Babjeva 1987; Babjeva and Chernov 1995). However, the mech-
anisms of migration and dissipation of yeast cells in the soil profile are unknown.

4.3 Habitats and Niche Concepts

One often assumes that each yeast species has its niche, habitat, and geographic
distribution. This assumption, however, does not extend to widespread species that
are sometimes referred to as eurybionts, ubiquists, or cosmopolitan. Despite their
broad spatial distribution, these species may still display a preference to a particular
habitat with more data analysed. For example, Cr. victoriae (currently
Vishniacozyma victoriae) has been originally described from soil at Victoria land
in Antarctica. Later this yeast was frequently observed on plant material in different
regions and is currently regarded as a phyllosphere yeast (e.g. Glushakova and
Chernov 2010; Fonseca et al. 2011; Yurkov et al. 2015a). Lichens and mosses also
harbour Vishn. victoriae and substitute vascular plants as the substrate in extremely
cold climates (e.g. Santiago et al. 2015; Duarte et al. 2016; Vasileva-Tonkova et al.
2014). Candida podzolica (formerly Cryptococcus podzolicus and currently
Saitozyma podzolica) was described from podzols and long believed to be closely
associated with this type of acid soil (e.g. Babjeva and Chernov 1995; Maksimova
and Chernov 2004). However, recent studies revealed an affinity of this species for
moist, acid environments, including acid tropical soils (Vishniac 2006b), Sphag-
num moss (reviewed in Yurkov et al. 2012b), and water tanks of bromeliads
(Gomes et al. 2015). Although Vishn. victoriae and Sa. podzolica can be isolated
from both above- and belowground sources worldwide, each of the two yeasts
shows preferential affinity to a certain environment, i.e. phyllosphere and acid soils,
respectively.

Traditionally, reviews of yeast diversity, including the present book, involve
differentiation to type of substrates (e.g. plant surfaces, fruits, soils) or types of
habitats (e.g. aquatic, terrestrial, cold) each of which consists of micro-
environments with a unique combination of environmental parameters. Because
neither the complexity of the habitat nor the interactions of yeasts are known,
ecological studies follow a pragmatic approach where one describes a community
in a particular substrate. Although this would provide a reliable overview of yeasts
in a single location, the analysis of the results in a larger spatial context is
complicated as habitat properties may vary between locations. A broader survey
across several biotopes would benefit from an attempt to define habitats and sub-
strates. The key assumption is that habitats with similar properties are likely to
harbour similar yeast communities. Of course such an approach would result in
some averaging of substrate properties and characteristics to account for the
heterogeneity within and between locations. For example, yeasts on leaves are
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usually studied on a few individual plants, and sometimes plants of different species
grow close together in a biotope. Samples are collected and analysed to consider
variability of the plant composition, leaf age, and light exposure. However, infor-
mation reflecting the local heterogeneity may be lost when the sampling did not
follow the same scheme, for instance, due to the lack of the same plant species.
Ideally, a study should analyse distribution of yeasts in the same or very similar set
of substrates as, for example, decaying tissues of cacti (e.g. Starmer et al. 20006),
flowers (Lachance et al. 2003a), and fruit (éadei et al. 2003; Maksimova et al.
2009). When it is not possible to survey exactly the same substrate in different
locations, a broader definition of the substrate can be used. For example, plant
surfaces in a broad sense may include different groups of plants (e.g. deciduous,
coniferous, mosses), plant organs (e.g. stems, leaves), and developmental stages
(e.g. buds, leaves). Other examples of broadly defined types of substrates include
soils, decaying plant material, and fruits, among others.

Categorising habitats formally into type substrates can aid to distinguish better
between ecological generalists and specialists (see for discussion Chap. 3 in this
book) and give a hint about the association of a yeast to a particular substrate. For
example, Babjeva, Chernov, and co-workers simultaneously analysed several
broadly defined types of substrates to identify most typical yeast species for each
of them (Babjeva and Chernov 1995; Maksimova and Chernov 2004; Chernov
2005; Yurkov et al. 2015a). The approach of the authors was strongly influenced by
phytogeography, Dokuchaev’s concept of natural zones and the emerging bioge-
ography of soil microorganisms (e.g. Mishustin 1975; Aleksandrova 2012; Oldfield
and Shaw 2015). The first group of substrates corresponded to a vertical stratifica-
tion of each type of ecosystem studied (tundra, forest, steppe, and desert): the
epiphytous complex, i.e. (1) the yeasts that occur on living, green aboveground
plant parts (mainly the phylloplane); (2) the litter complex, i.e. the yeasts that are
present on senescent leaves and leaf litter; and (3) the soil complex, i.e. the species
inhabiting mineral soil horizons (Babjeva and Chernov 1995; Chernov 2005;
Fonseca and Inacio 2006). Surfaces of mosses and lichens were sometimes
regarded as a different type of substrate from those of vascular plants
(e.g. Kachalkin et al. 2008). The vertical sequence of substrates was additionally
thought to reflect a temporal change, or succession, of the plant material from the
living plant to the decomposed organic matter. Several ephemeral sugar-rich
habitats (i.e. flower nectar, fruit, and tree fluxes) and insect-related substrates
(i.e. insect frass, honey, and honeydew) have been considered, although they
were not present in every climatic zone. Despite being little known in the
English-language literature, the authors have surveyed yeast communities in the
aforementioned substrates for over 50 years. Because the techniques employed for
sampling and community assessment remained uniform during that period, Babjeva
and Chernov (1995) and Chernov (2005) were able to summarise the collected data
and re-analyse them statistically to assess the substrate-related and latitudinal
distribution of yeasts. Some of their findings are discussed below.
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4.4 Examples of Distribution Patterns

4.4.1 Latitudinal Gradients

Larger organisms commonly exhibit latitudinal gradients in species diversity, with
a larger biodiversity existing in the tropics and decreasing towards more temperate
and polar regions. According to the hypothesis known as Rapoport’s rule (Stevens
1989), organisms are expected to live within smaller geographical ranges at lower
latitudes (near the equator) than at higher latitudes (near the poles). The theory
explains the wide occurrence of eurybiont species with diverse ecological adapta-
tions at high latitudes. If the same is true for yeasts, a few generalist species can
potentially colonise different habitats, so high-latitude communities would contain
a few dominant yeasts shared across different substrates and over a broad geo-
graphic range. On the contrary, yeast communities closer to the equator are
expected to be species-rich due to higher ecosystem productivity and habitat
fragmentation. In this scenario, yeast diversity is increasing because speciation
favours a narrowing of the ecological niche and an increased specialisation. Suc-
cessful colonisation and survival imply that yeasts must develop physiological
adaptations that facilitate growth and the utilisation of nutrients, as well as
increased competition through modification of the environment, also known as
the priming (e.g. Kuzyakov et al. 2000; Kuzyakov 2010) and priority
(e.g. Fukami 2015) effects. A close association with insect or animal vectors
might additionally increase a yeast’s specialisation and narrow its distribution.
Taken together, yeast communities in lower latitudes would be more diverse with
a higher amount of endemism. The diversity of yeasts along a latitudinal gradient
has been investigated in various habitats, including ephemeral flowers (Lachance
etal. 2001), soils (Babjeva and Chernov 1995; Chernov 2005; Vishniac 2006b), and
plant-related substrates (Babjeva and Chernov 1995; Chernov 2005).

Lachance et al. (2001) studied yeast communities vectored by beetles,
drosophilids, and bees to ephemeral flowers. Over 1000 samples were collected
over a period of 13 years in the Neotropical, Nearctic, and Australian biogeographic
regions. The frequency of observation of yeasts in flowers was used to assess the
effects of area, latitude, and elevation on the diversity, distribution, and abundance
of ascomycetous yeasts, most of which are specific to the insect-flower habitat
(Lachance et al. 2001). Despite substantial differences in yeast community com-
position of different flowers (cactus vs. Convolvulaceae and Malvaceae flowers)
and between biogeographic regions (New World vs. Australian), a few interesting
north-south gradients were observed at several levels. Among species frequently
found in ephemeral flowers in the New World, three species, Candida azyma (later
found to be mostly Candida parazyma), Metschnikowia (originally Candida)
ipomoeae, and Wickerhamiella occidentalis were not found northward of Tennes-
see (approx. 36°N), which can be interpreted as an example of loss of species
diversity in northern latitudes. Large-spored Metschnikowia species in general
follow such a pattern at the global level (Lachance et al. 2016a) Similarly, the
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low frequency of observation of Candida tolerans and the absence of Kodamaea
kakaduensis in New South Wales and Queensland in Australia could be viewed as
another example supporting that trend. However, the authors suggested that geo-
graphic factors may not act directly on the yeasts themselves but rather influence
the distribution of their vector insects, i.e. beetles, drosophilids, or bees (Lachance
et al. 2001).

Vishniac (2006b) analysed soils taken over a period of nearly 30 years along a
latitudinal gradient in western North America covering the following climatic
zones: polar (tundra; Alaska), subarctic (subalpine forest; Rocky Mountains, Col-
orado), humid subtropical (pasture; Oklahoma), semiarid (desert; Chihuahuan
Desert, Mexico), and tropical (rainforests; Costa Rica). Additionally, soils were
collected in other regions with polar (Antarctica, Iceland, Chukotka Peninsula) and
desert (Gobi Desert in China and Atacama Desert in Chile) climates. Ecosystems
with boreal and temperate climates were not sampled in this study. Basic environ-
mental parameters such as temperature (mean annual values), rainfall (total annual
values), net primary productivity (NPP), acidity (pH), and electrical conductivity
(EC) were examined as factors that may bear upon the distribution of yeasts
(as frequencies) along the latitudinal gradient. A multivariate statistical analysis
showed that the combination of mean annual temperature, annual rainfall, and
electrical conductivity could explain up to ca. 44% of the distribution of the
prominent yeast species (Vishniac 2006b). It is important to note that the frequent
observation of a yeast species (incidence) was reported as dominance by the author.
The latter term is normally used to designate local abundance, expressed in weight
of biomass or in numbers of cells (see also Chap. 3 of this book). Vishniac (2006b)
reported the relative frequency of species rather than abundance.

Despite the extraordinary size of Vishniac’s sampling (2006b), only a few
latitudinal trends were detected. Species of the genus Naganishia (Cryptococcus
spp. in the albidus clade, Filobasidiales, Tremellomycetes) dominated in desert
soils. Soils under better-developed vegetation favoured yeasts from the orders
Filobasidiales and Tremellales, with the latter predominating in soils of low pH
or higher EC. The typical soil yeast Sa. podzolica (formerly Cr. podzolicus) was
more frequent in moist soils under higher-NPP vegetation in cloud and rainforests
of Costa Rica. The two species Naganishia albida and Filobasidium chernovii
(formerly Cryptococcus spp.) responded to elevated temperatures, while
Goffeauzyma gilvescens (Cr. gilvescens) occurred with higher incidence in cold
regions. The distribution patterns of other common species (Filobasidiales,
Tremellales, Trichoporonales) were not resolved, and the quantity nor the diversity
of soil yeasts was not discussed. The potential loss of species diversity in northern
latitudes cannot be inferred from the data presented. An interesting observation,
however, is that tundra and rainforest soils yielded a similar total number of yeast
colonies.

Babjeva, Chernov, and co-workers studied the latitudinal distribution of yeasts
found on selected substrates in the framework of Dokuchaev’s natural zones. The
authors emphasised that correct conclusions regarding the geographical distribution
of yeasts can be made between samples representing the same type of habitat or
substrate. They summarised observations of yeast species made starting in the
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1960s and intensified in 1980-1990 on the territory of the former USSR. The
concept of gradual change of yeast communities with latitude and the first descrip-
tive summary of the observed trends were introduced by Babjeva and Chernov
(1995). Later, Chernov (2005, 2013) unified data derived from a total of 114 local-
ities and ca. 7000 samples into a similarity matrix (Sgrensen-Dice coefficient) and
performed a multifactorial and multidimensional analyses of geographic latitude,
natural zone (i.e. polar deserts, tundra, boreal forests, temperate forests, broadleaf
forests, steppe, semiarid deserts, and deserts), and type of substrate. The parameters
analysed were total quantity (as CFU g™ '), isolation success (number of samples
yielding yeasts), average number of species in the sample, diversity (as Shannon
index), relative abundance of each species (also in the form of a species abundance
distribution (SAD) curve), frequency of observation of each species, and physio-
logical properties (proportion of thermophiles and psychrophiles, and number of
utilised carbon sources).

Despite substantial variability among samples, yeast quantity showed a
unimodal distribution. The highest values were observed in boreal and temperate
climates and rapidly declined towards the north and the south. The number of
observed yeast colonies (logarithmic values) in samples collected on the East
European Plain grew linearly from 45°N to 65°N. Because empirical species
discovery rates varied between substrates and depended on the sampling effort
(see for discussion Chap. 3 of this book), Chernov (2005, 2013) suggested to
replace species richness values with the ‘species density’, which is calculated as
the number of yeast species to the number of colonies examined. This parameter
showed a latitudinal trend increasing from lower to higher latitudes, although
declining in the cold Arctic biotopes. Similarly, the diversity of yeast communities
increased from subtropical deserts to the tundra, but most of increase was observed
between forest biotopes and the tundra (Chernov 2013). This trend has been
observed in all substrates. Communities in the tundra and in hot deserts were
characterised by a strong dominance of a single species that constitutes up to
90% of the total abundance (Chernov 2013). Ascomycetous yeasts were extremely
rare in these regions but become more prominent in forests, where they often
inhabit ephemeral sugar-rich habitats. It is important to note that ascomycetous
yeasts were not rare in the deserts of the Northern and Central America, where they
are found in association with cacti (e.g. Starmer and Lachance 2011). Chernov
(2005) used the polytrophic index as the number of carbon sources a yeast species
could grow on. This idea has been used before to study yeast communities associ-
ated with trees (bark, fluxes, and rots) and Drosophila flies (Starmer 1981;
Lachance and Starmer 1982, 1986, 1998; Morais et al. 1992). Physiological profiles
of yeasts analysed quantitatively were found to be good predictors of habitat
characteristics (e.g. families of trees) and reveal functional redundancy in the
community (Lachance and Starmer 1998). Chernov (2005) used a simplified
approach recording only the number of assimilated compounds but put it into
spatial context. The ability of yeasts to colonise diverse habitats due to broader
metabolic capacities was studied in relation to the geographic location of the
habitat. In soils, the number of utilised sources by a local community increased
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from south to north (Chernov 2005). Although not recognised by the author, this
observation would fit the expectation of species with broad fundamental niches in
higher latitudes (see Rapoport’s rule). This observation goes in line with the
previous report of yeasts with diverse physiological capabilities showing a broader
distribution range across substrates visited by Drosophila flies (Starmer 1981). As
expected from sampling along latitudinal gradients, the occurrence of psychrophilic
(maximum growth temperature below 25 °C) species increased in northern lati-
tudes, while thermophilic (maximum growth temperature above 35 °C) yeasts were
more frequent in southern latitudes (Chernov 2005).

All studies of yeast ecology based on data collected over the last half century
suffer from the caveat that the methods and criteria used in identifying and
delineating species have changed considerably over that period. A species identi-
fied by growth characteristics may now be known by sequence-based methods to
represent numerous genetic species (e.g. Barnett 2004; Kurtzman and Fell 2006).
For example, the former phenotypic species Cryptococcus albidus and Cryptococ-
cus laurentii (e.g. Babjeva and Chernov 1995; Glushakova and Chernov 2004;
Maksimova and Chernov 2004), as previously circumscribed, comprise an eclectic
array of species that may now be considered members of different genera. With the
growing evidence for the taxonomic heterogeneity of widespread basidiomycetous
yeasts (e.g. Fonseca et al. 2000; Takashima et al. 2003), Chernov’s approach was
repeatedly criticised as oversimplified (e.g. Vishniac 2006a; Wuczkowski and
Prillinger 2004; Golubev et al. 2006). It is a matter of debate whether cryptic
species always coexist in the same habitat, thereby introducing a bias to diversity
estimations. A few studies where previously studied habitats were resampled and
reassessed concluded that misidentification of species, as opposed to the underes-
timation of their diversity, is more likely to happen in phylloplane and soil sub-
strates (Yurkov et al. 2011, 2015a; Glushakova et al. 2013).

4.4.2 Bipolar Latitude Distributions

Apart from presumably eurybiont species, a few yeasts exist in opposite hemi-
spheres and at complementary latitudes. Such a ‘bipolar’ distribution often mirrors
the environment, climatic conditions, or host association. For example, the
astaxanthin-producing red yeast Phaffia rhodozyma was isolated in the temperate
zone of both the Northern and Southern Hemispheres. The species was repeatedly
isolated from tree fluxes in Europe, Asia, and North America, as well as from
fruiting bodies of tree parasite Cyttaria in Patagonia. However, subsequent phylo-
genetic analyses showed that the species consists of genetically distinct geograph-
ical populations of Ph. rhodozyma distributed separately in host trees of the genera
Betula, Cornus, Fagus, and Nothofagus (Libkind et al. 2007). The yeast is psy-
chrophilic and has not been isolated in warmer climates, but this does not rule out
that their distribution could be influenced by both geographic and climatic condi-
tions. Glaciozyma litoralis, described (Kachalkin 2014) from macroalgae and
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littoral sediments of the White Sea coast near the Arctic Ocean, was recently found
to predominate also on Antarctic macroalgae (Duarte et al. 2016). Samples of ice,
snow, superficial debris, and melting waters collected from Arctic (circumpolar),
Alpine, and Antarctic glaciers yielded the novel psychrophilic species Naganishia
vaughanmartiniae, formerly Cryptococcus vaughanmartiniae (Turchetti et al.
2015). In view of the increasing interest of ecologists in cold environments, it is
likely that the number of known species inhabiting high latitudes at both poles of
the Earth will be increasing in the future. The prospective studies should be directed
to link potential dispersal routes to the substrates yielding yeast cells. This could
answer the question whether or not the observed yeasts permanently inhabit in polar
regions. To what extent the spatial separation contributes to speciation is another
matter worthy of study, where yeast isolates from spatially remote regions may
serve a good model.

4.4.3 Holarctic and Antarctic Distribution

A variety of animal species (e.g. brown bear, grey wolf, red fox) are distributed
across the northern continents of the world, known as the Holarctic ecozone. The
continuity of communities on the northern part of the Holarctic results from their
shared glacial history (periods of repeated glaciations) and movement between
continents allowed by the Bering land bridge. Goff. gilvescens (cited in the litera-
ture as Cr. gilvescens) is a good example of Holarctic yeast species, which was
found in cold Arctic environments in Eurasia and North America (Babjeva and
Chernov 1995; Polyakova et al. 2001; Vishniac 2006a, b; Buzzini et al. 2012).
Although, this yeast was not observed in boreal and temperate forests south of the
Arctic region, it was isolated from Alpine glaciers in high frequency (e.g. Turchetti
et al. 2008; Buzzini et al. 2012). Alpine isolates of Goff. gilvescens displayed a
remarkable ability to grow and produce enzymes at low temperatures in the
laboratory, which demonstrates adaptation of the species to cold habitats. Although
biodiversity surveys have repeatedly recovered yeasts from Antarctica, most are not
endemic, being found in other regions and climates (e.g. Vishniac 2006a; Buzzini
et al. 2012). Nevertheless, a few species are only known from Antarctica. For
example, the psychrophilic yeasts Glaciozyma antarctica, Metschnikowia australis,
Naganishia antarctica, and Naganishia friedmannii (cited as Cr. antarcticus and
Cryptococcus friedmannii, respectively) have been repeatedly found in this
ecozone and not in neighbouring ecoregions or other cold environments (Buzzini
et al. 2012).

4.4.4 Distance-Decay Relationships

A decline in similarity with increasing geographic distance, known as a distance-
decay relationship, has repeatedly been observed for microorganisms (reviewed by
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Hanson et al. 2012). The key assumption here is that neighbouring communities are
likely to have similar compositions resulting from the continuous exchange of cells.
This assumption was frequently tested in biology and ecology with statistical tools
such as Mantel test, which applicability has been recently criticised (e.g. Legendre
and Fortin 2010; Guillot and Rousset 2013; Legendre et al. 2015). The similarity
(or dissimilarity) of communities results from dispersal, colonisation, propagation,
and death of yeast cells. These processes are controlled by the environment (habitat
filtering ability) and interactions with other organisms (competition, predation,
vectoring). Together, these events turn our understanding of the community from
static into continuously changing system, where each community analysis is only a
snapshot of the local community. While dynamic models explaining the richness,
composition, and structure of animal and plant communities are known for decades
(e.g. Rosindell et al. 2011), the persistence of yeast communities over long periods
of time has not been extensively studied (Starmer and Lachance 2011). The view on
yeast communities as a dynamic cycle and the relevance of species dispersal
mechanisms have been discussed previously by Starmer and Lachance (2011).
Yeast populations are distributed unevenly even among adjacent samples on
plant material (e.g. Inacio et al. 2010), fruits (e.g. Maksimova et al. 2009), flowers
(Lachance et al. 2003a), and soils (e.g. Yurkov et al. 2011). Species richness values
and colony numbers often vary substantially between samples and replicates in
cultivation experiments. The uneven distribution of yeasts is to some degree due to
the unique properties of each microhabitat sampled. A sample of soil is naturally
heterogeneous as to its content of clay particles, sand, fine roots, as well as plant,
animal, and microbial residues. A combination of these components would deter-
mine physical (water and air), chemical (salinity and acidity), and biotic (availabil-
ity and quality of nutrients) properties for each of the microhabitats. Organic soil
horizons, mineral horizons, the rhizosphere, and the ectomycorrhizosphere all
contain different yeast species, at least to the extent of available comparisons
(e.g. Botha 2006, 2011; Golubtsova et al. 2007; Mestre et al. 2011). Light exposure,
temperature, photosynthesis, and sugar contents vary with both leaf position and
age and are believed to influence yeast distribution in the phyllosphere
(e.g. Fonseca and Inacio 2006; Nix et al. 2008; Nix-Stohr et al. 2008; Glushakova
and Chernov 2010; Inacio et al. 2010). Traditional ecological niche theory assumes
that each species plays a unique role, so that each is limited by a unique combina-
tion of factors. On contrary, the unified neutral theory of biodiversity and bioge-
ography (Hubbell 2001) assumes that all individuals within the same trophic level
are equivalent and have same chances of reproduction and death (Rosindell et al.
2011). When one individual from a local community dies, it is replaced by an
offspring of another randomly chosen species from the local community or from an
outside pool depending on the measure of dispersal limitation. The theory has been
demonstrated to predict both richness and species abundance parameters. As
applied to yeast communities, the abundance of a species is likely to influence the
probability of dispersal, and functional redundancy may explain the probability of
colonisation. Natural heterogeneity of the environment positively contributes to the
variability of yeast communities, although the above factors should be kept in mind.
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Above- and belowground yeast communities respond to microclimatic changes
even on a small scale (Inacio et al. 2002; Franca et al. 2016; Yurkov et al. 2016),
although metrics such as total abundance, species richness, and species composition
are probably not sensitive enough to reflect those changes. Local community
structure changes with aridity, temperature, sun exposure, and availability of
nutrients. The determination of diversity indices may provide insights on spatial
variation. Commonly used in ecology are Shannon’s index and Simpson’s index,
which summarise species proportions in a community and thus reflect both species
richness and species evenness. Community evenness in yeast communities was
found to change as a function of environmental variables in a swamp to forest
ecocline (Kachalkin and Yurkov 2012), in the seawater column (Gadanho et al.
2003), in insect-associated substrates (Rosa et al. 1994) in forest soils subjected to
different management types (Yurkov et al. 2012a), and in grapes collected from
vineyards with different farming systems (Setati et al. 2012). Similarity
(or dissimilarity) among local yeast communities has been used as a measure of
spatial distance and temporal variation in the community. The Sgrensen-Dice
coefficient, Jaccard’s index, Pearson’s correlation coefficient, Bray-Curtis dissim-
ilarity, and Euclidean distance are suitable metrics that are implemented in biolog-
ical software packages. The results of pairwise comparisons with the Sgrensen-Dice
or Jaccard’s indices can be visualised by multidimensional scaling (e.g. nonmetric
multidimensional scaling or NMDS) in a two-dimensional plot (e.g. Yurkov et al.
2012b; Gomes et al. 2015). A similar representation of the results can be achieved
with ordination techniques such as principal components analysis (PCA) and
redundancy analysis (RDA), among others (e.g. Yurkov et al. 2008; Glushakova
and Chernov 2010; Mestre et al. 2011; Turchetti et al. 2013; Franca et al. 2016). A
detailed overview of the use of diversity indices is provided in Chap. 3 of this book.

Starmer et al. (2006) found that species richness in cactophilic yeast communi-
ties increases from local communities to regional and continental ones. A similar
observation was reported for yeasts on berries of the mountain ash (Sorbus
aucuparia), which were significantly more species rich at the tree or locality levels
than on neighbouring berries (Maksimova et al. 2009). Rare transient species
occasionally occupy sugar-rich substrates such as fruits or decaying cactus tissues.
Because their transition between sites is random and strongly depends on the
surrounding environments, the dissimilarity between these communities declines
with distance and parallels an increase of species richness values (Starmer et al.
2006). In contrast, Shannon’s diversity index values largely depend on the propor-
tion of dominant resident species. The diversity of cactophilic yeast communities
did not change with distance (Starmer et al. 2006) because the local communities,
which are shaped through a long history of interactions between yeasts and their
vectors, their environment (including plants), and other resident microorganisms,
already feature a substantial heterogeneity. An assemblage of mountain ash berries
(corymb) showed a significantly higher diversity than did single berries
(Maksimova et al. 2009). However, the diversity declined at the tree level due to
averaging of the community structure and increased again on the regional level,
possibly in response to climatic differences (Moscow region and Moldavia). The



4 Temporal and Geographic Patterns in Yeast Distribution 115

similarity among these communities calculated with the Sgrensen-Dice coefficient
showed a gradual decline with increasing distance between samples (Maksimova
et al. 2009).

4.4.5 Endemism

Recently, Ganter (2011) summarised the present knowledge of endemism in yeasts
in the context of the sometimes expressed view that microorganisms are generally
ubiquitous (e.g. Fenchel and Finlay 2004). Yeasts on decaying cactus tissues and in
ephemeral flowers are good examples of endemism. Both types of communities are
specific and strongly delimited by a combination of habitat availability (plant) and
dispersal by vectors. Both parameters impose a historical framework upon the
distribution of yeasts. It is important to state that the cactophilic community is
dominated by species found only in cactus rots but it is not exclusive of yeasts from
other habitats (Ganter 2011; Starmer and Lachance 2011). Of the 25 cactophilic
yeasts, only a small minority appear ubiquitous within the habitat, namely, Pichia
cactophila and Candida sonorensis, which account for about 40% of all cactophilic
isolates (Ganter 2011). Another widespread species, Sporopachydermia cereana, is
in fact a complex of closely related species with restricted geographic ranges
(Lachance et al. 2001). Despite their strong association to cacti, the physiological
capabilities of cactophilic yeasts allow them to survive outside their primary
habitat, for example, in tree fluxes (Ganter 2011; Starmer and Lachance 2011).
Yeasts of the genus Starmera have been found in almost every region and cactus
type, while the distribution of Phaffomyces species is narrower (Ganter 2011). All
of the taxa within the genus are distributed almost without overlap, and with a few
exceptions, they are limited to the regions where cacti have been introduced (Ganter
2011). Two close relatives of P. cactophila, Pichia pseudocactophila and Pichia
insulana, are restricted to very narrow geographic limits, i.e. the northern Sonoran
Desert and Curacao, respectively. For this reason, cactophilic yeasts exemplify
narrowly endemic species.

Similarly to the cactophilic habitat, the yeast communities of wood, flowers, and
sap (slime) fluxes are shaped by insect vectors. Although the potential diversity of
yeasts associated with wood boring beetles is estimated to be enormous (Boekhout
2005; Suh et al. 2005; Blackwell 2011). The biogeography of yeasts from this
habitat has not been well investigated, and so its level of endemism is not well
understood. The biogeographic patterns of the yeast communities of slime fluxes
are better known. Similarly to cactus rots, they are the breeding sites for various
insects, including drosophilids (Ganter 2011; Starmer and Lachance 2011). There-
fore, tree fluxes were repeatedly studied as a source of novel yeast species. Unlike
flowers, tree fluxes represent extremely fragmented and irregular habitat, such that
examples of large-scale sampling efforts are rare. Ganter (2011) reviewed the
results of two collections from both oak (Quercus sp.) and poplar (Populus sp.)
trees in Arizona and the Great Lakes region. Oaks yielded 50 and 85 isolates
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representing 12 and 24 species in Arizona and the Great Lakes region, respectively.
The two studies had only three yeasts in common (Lachance et al. 1982, 1995). Out
of 12 and 6 species (Arizona and the Great Lakes region, respectively) isolated from
tree fluxes of poplar, a single yeast species was shared between the two regions.

Flowers and nectar represent a more widespread and a more complicated system
than cactus rots and tree fluxes. Among yeasts commonly found in nectar, a few
have been considered widespread within the habitat, i.e. Metschnikowia reukaufii,
Metschnikowia gruessii, Starmerella bombicola, and Candida rancensis (Brysch-
Herzberg 2004; Starmer and Lachance 2011; Pozo et al. 2011). A combination of
plant and animal vectors enhance geographic endemism of flower yeasts within this
system. In a study of yeasts in ephemeral flowers in the New World and the
Australian biogeographic regions, members of the large-spored Metschnikowia
clade dominated in both Neotropical and Nearctic regions, whereas Kodamaea
anthophila was prominent in the Australian region (Lachance et al. 2001). The
same biogeographic pattern was also observed at the level of the Wickerhamiella
clade, whereby one species (Wickerhamiella australiensis) was exclusive to the
Australian region and another (Wick. occidentalis) was clearly Pan-American
(Lachance et al. 2001). The major division between the two biogeographic regions
is largely attributed to the prevalence of two major types of Coleoptera, namely,
Conotelus species in the New World and Aethina species in the Australian region.
Hawaiian samples contained yeasts typical of both biogeographic regions that was
consistent with the observation of both vectors in the Hawaiian fauna. Further
investigation of the yeast-insect-morning glory flowers system (Lachance et al.
2003a) showed that vectoring by certain nitidulid beetles explains both the long-
range and short-range dispersal of yeasts on Hawaiian islands (Lachance et al.
2003a). The yeasts Metschnikowia lochheadii and M. ipomoeae (cited as
C. ipomoeae) are abundant and show a global distribution following that of
Conotelus mexicanus, a nitidulid introduced to Hawaii from the American conti-
nent early in the middle of the twentieth century. In contrast, Metschnikowia
hawaiiensis and Metschnikowia (formerly Candida) kipukae are endemic to the
island of Hawaii and are nearly exclusive to insects or flowers found in the Kipuka
Puaulu site. Furthermore, M. hawaiiensis is one of six related species that are
endemic to specific regions within Hawaii, ostensibly due to the endemicity of
their vector beetles (Lachance et al. 2005). Of these, M. hawaiiensis and
Metschnikowia hamakuensis are restricted to a single (Hawaii) island, where they
occupy, respectively, southern and northern beetles and flowers (Lachance et al.
2016a).

4.4.6 Reproductive Isolation and Speciation

Understanding the dispersal mode of individuals of a species is the key to under-
standing its distribution range, reproductive isolation, and speciation. In their
influential paper, Fenchel and Finlay (2004) proclaimed that eukaryotic microor-
ganisms have global geographic ranges that contrast with the patterns known for
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macro-organisms. In response to this study, Taylor et al. (2006) demonstrated that
inferred geographic range of a fungal species depends upon the method of species
recognition. While some fungal species defined by morphology show global geo-
graphic ranges, when fungal species are recognised phylogenetically, they often
exhibit endemism. This observation illustrates well the lack of concordance
between species concepts in ecological studies that claim to follow a ‘natural’
(i.e. phenotypic) species concept as opposed to one based on ‘genotypic’ properties,
as adaptation to environmental conditions is mainly the result of phenotypic
adaptation (see Barnett 2004; Yurkov et al. 2015a). With the development of
DNA-based identification and species delineation, researchers can elucidate stable
characteristics that differentiate morphologically indistinguishable but genetically
distant yeasts. As a consequence, the circumscription of yeasts in collections from
different sources and locations has become narrower, as has the extent of their
known realised niche and geographic distribution. The extent of divergence in
ribosomal gene sequences (LSU rRNA gene and later the ITS region) has become
a widespread, often stand-alone criterion for the delineation of yeast species,
following the observation that these sequences are mostly invariant within species
and divergent between species (e.g. Kurtzman and Robnett 1998; Fell et al. 2000;
Scorzetti et al. 2002). However, the degree of sequence variability and the signif-
icance of polymorphism are difficult to estimate for many species known from a
few strains only (see also Lachance et al. 2010, 2011). In some cases where
sampling is adequate, sequence polymorphisms within species can be considerable
(Lachance et al. 2003b, 2010, 2011).

Ascomycetous yeasts with a bipolar mating system potentially provide a good
model to study allopatric speciation and approach the biological species concept in
microorganisms from a biogeographic perspective. The distribution of mating types
may in some cases help to understand the colonisation of new habitats, the rules of
niche occupancy, or even extinction processes in yeast populations. If the two
mating types occur in equal proportions near the centre of origin of a species, a
bias towards a single mating type may arise in peripheral localities due to extreme
founder effects. For example, Kod. anthophila and Wick. australiensis have been
frequently isolated from flowers in Australia, New Caledonia, Fiji, and Rarotonga
(Lachance et al. 2001). The distribution of the two mating types of K. anthophila
was balanced in Australia, New Caledonia, and Fiji, but only one mating type was
recovered in Rarotonga, the smallest of those land masses and the most distant from
Australia, the presumed centre of origin. Similarly, both mating types of Wick.
australiensis were well represented in Australia; they were imbalanced in Fiji, and
only one mating type was recovered on Rarotonga. Mating success, assessed from
the observation of conjugation between compatible strains, the subsequent forma-
tion of a mature ascus, and the viability of the meiotic progeny, can be used as a
measure of genetic compatibility and serve as a solid basis for species delimitation
according to reproductive isolation (e.g. Lachance et al. 2005, 2010, 2011, 2016b).

Because the observation of yeasts in nature is often far from random, a few
studies have focused on widespread ascomycete species, either ubiquitous within
the habitat or showing a globally cosmopolitan distribution. A range of molecular



118 A. Yurkov

and genetic tools were used to explore distribution ranges below the species level.
Lachance and co-authors (2011) studied polymorphisms in ribosomal DNA
sequences and mating compatibilities in two ascosporic species, Metschnikowia
agaves and Starmer. bombicola, isolated from different regions. Of 36 Starmer.
bombicola strains connected in the 95% parsimony-rule haplotype network based
on ribosomal ITS and LSU (D1/D2 domains) sequences, 35 were able to mate with
at least 1 compatible partner. Mature asci were observed in crosses between
individuals differing by as many as five, but not six or seven substitutions in the
LSU rRNA gene. In many instances, isolates obtained from the same locality
represented the same ITS-LSU haplotype or differed only in a few nucleotide
positions in the network. The influence of reproductive barriers on the distribution
of basidiomycetous yeasts is less well understood. A more complex sexual cycle
with a tetrapolar mating system (e.g. Coelho et al. 2010; Guerreiro et al. 2013;
Yurkov et al. 2015b) and a presumably parasitic lifestyle (e.g. Sampaio 2004;
Weiss et al. 2014; Liu et al. 2015) further complicate such studies in the
Agaricomycotina and the Pucciniomycotina. For example, sexually compatible
strains of Papiliotrema (formerly Cryptococcus) flavescens as ascertained from
mating gene sequences did not produce any teleomorphic structures in crosses on
artificial media (e.g. Yurkov et al. 2015b). Conversely, the observed mating reac-
tions in Leucosporidium scottii did not correlate well with the phylogenetic position
of the respective alleles in the mating loci (de Garcia et al. 2015).

Correct identification of species is critical to our ability to recognise spatial
patterns in basidiomycetous yeasts. Yeast communities of forest biotopes exten-
sively sampled by Babjeva, Chernov, and co-workers were uniform within a
substrate and did not change with forest type (e.g. Maksimova and Chernov
2004), plant species (e.g. Glushakova and Chernov 2010), or distant regions
(Yurkov et al. 2004). However, with sequence-based identification, plant-
associated communities in Siberia and the Moscow region were distinct in relative
proportion of Filobasidium magnum (formerly Cryptococcus magnus) and
Sporobolomyces roseus (Yurkov et al. 2015a). A few species were isolated from
one region only. The number of distinct phylogenetic species identified among the
isolates of the common phylloplane-related phenotypic species Cr. albidus, Cr.
laurentii, and Rhodotorula minuta ranged from two to seven. The vast majority of
isolates were identified to a very few phylogenetic species. Filobasidium wieringae
and F. magnum accounted for more than 90% of strains identified from growth tests
as phenotypic Cr. albidus. Molecular reassessment of the strains identified about
90% of phenotypic Cr. laurentii isolates as Vishn. victoriae and Vishniacozyma
tephrensis. All but one isolate of phenotypic Rh. minuta was identified as
Cystobasidium slooffiae. Other phylogenetic species were isolated as single strains.
Identification of soilborne yeasts with growth tests was consistent with TDNA
sequencing results except for Na. albida, which had previously been misidentified
as Cryptococcus diffluens. Similarly, resampling and sequence-based identification
of the yeast community of the Taymyr tundra confirmed that Vishn. victoriae is the
prevalent species and not the phenotypic species Cr. laurentii (Glushakova et al.
2013).
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The population structure of yeast species in relation to isolation locality has been
studied with fingerprinting techniques such as RAPD and MSP-PCR (e.g. Naumova
et al. 2000; Fernandez-Espinar et al. 2003; Ganter et al. 2004; Yurkov and Chernov
2005). Both techniques use primers that target sites that are not associated with
specific genes. The result, usually visualised by gel electrophoresis, is a profile of
several DNA fragments of different sizes and intensities that can be unique to
individual strains. Electrophoretic profiles can be analysed to generate a measure of
genetic similarity between closely related isolates. For example, when
characterised with several primers and principal components analysis, the common
cactophilic yeasts P. cactophila and C. sonorensis gave patterns where geographic
location was the main predictor of RAPD variation (reviewed by Ganter 2011). The
strains of P. cactophila were isolated from Florida, Antigua, Argentina, Australia,
and the Sonoran Desert, and the distance effect was strong enough to separate
strains from North and South Florida. Similarly, variation in both DNA karyotypes
and RAPD profiles of C. sonorensis was correlated with geographical distance
between Opuntia roots in Australia, Florida, and Texas (Ganter et al. 2004).

PCR fingerprinting profiles were correlated with geographic location in isolates
from birch forests in Western Siberia and in the Moscow region (Yurkov and
Chernov 2005; Yurkov et al. 2015a). The forests of Moscow region, first studied
by Maksimova and Chernov (2004), and those of Novosibirsk (Western Siberia)
were similar in climatic conditions (average summer and winter temperatures,
rainfall), soil type, and vegetation (dominating plant species). Yeast community
composition as determined from conventional keys were notably alike, even though
the two sampling regions were 3500 km apart. Strains of the ascomycetous yeasts
Debaryomyces hansenii, Hanseniaspora guilliermondii, and Torulaspora
delbrueckii clustered by locality when characterised by micro- and minisatellite
primer profiles (Yurkov and Chernov 2005). The effect of geographic distance on
MSP-PCR pattern divergence was not as strong in basidiomycete species (Yurkov
et al. 2015a). Three different types of distribution were found: (a) variability linked
to geographical factors (Curvibasidium cygneicollum, Sa. podzolica, Vishn.
victoriae), (b) identity across regions (Solicoccozyma terricola, Cystobasidium
pinicola), and (c) high variability that is uncorrelated to sampling region
(Filobasidiales: Na. albida, and F. magnum).

4.5 Temporal Changes: Succession

Ecological succession is the process of change in community composition and
structure with time. Succession may be initiated by the formation of a new,
unoccupied habitat such as a tree flux, a fruit, or a flower. Alternatively, the
succession can start with a modification of the existing environment and its
properties or composition, due either to intrinsic factors such as leaf ageing or to
the effects of early-arriving species (e.g. priority effects by nectar yeasts) and
nutrient depletion (e.g. decomposing activities of fungi and bacteria in litter). It is
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important to document that the largest body of evidence concerns long-term
patterns that were made on discrete observations and reported dissimilarities of
yeast population made after a rather prolonged time, e.g. seasonal changes. Studies
designed to monitor continuous changes in a yeast habitat are rare. Successional
stages of yeast communities have been observed in slime fluxes (Phaff et al. 1964;
Golubev et al. 1977), amapa fruit (Morais et al. 1995), fermentations (Morais et al.
1997; Schwan and Wheals 2004), and degrading leaf litter and wood (Gonzalez
et al. 1989; Yurkov et al. 2008). Each of these successions has its own trigger and
mechanisms underlying the alteration of the substrate (e.g. availability of nutrients,
pH) and the community (e.g. insect vectors). The succession starts with the rapid
depletion of simple sugars by fast-growing (and often fermenting) yeasts, which
may not experience much competition during the initial phase. Chemical modifi-
cation of the substrate and increasing cell density in the intermediate phase stim-
ulate killer activity, protecting the community from arriving transient species
(e.g. Morais et al. 1995, 1997). Widespread species with broad physiological
capabilities (often basidiomycete yeasts) gain more importance in later phases
when nutrients are heavily depleted.

Surveys of soil yeasts started in the Soviet Union in the late 1950s and continued
in the 1960s by Babjeva and co-workers provided fairly good overview on com-
munities of major soil types (e.g. Babjeva and Golovleva 1963). It is important to
note that the evidence for soil origin of many isolated species was insufficient at
that time. Also, it has been repeatedly argued that most of yeasts found in soils are
not immanent but originate from aboveground sources (e.g. discussed by Danielson
and Jurgensen 1973). Thus, the studies conducted in the 1970s—1980s often
included the aboveground substrates such as living plants and litter to consider an
outside pool of yeasts entering soils (e.g. Babjeva et al. 1973, 1976; Chernov 1985;
Vinovarova and Babjeva 1987). Babjeva, Chernov, and co-workers dedicated much
of their studies refining the approach, which they later called spatial succession or,
closer to the original translation, spatio-successional series (for a review in English,
see Babjeva and Chernov 1995). They followed yeast community composition in
substrates that represent successional stages of the decomposition of plant material,
i.e. green leaves, senescent leaves, fresh litter, topsoil, and mineral soil horizons.
Thus, even when yeasts are surveyed at a single time, these substrates would
give the impression of a series of changes in the yeast community associated
with plant decomposition on a discrete timescale. The approach resembles the
chronosequence, a set of experimental plots of different ages, used in forest science
to study plant communities. Considering both morphology (e.g. dimorphic growth,
ballistospores, chlamydospores) and the spectrum of assimilated carbon and nitro-
gen sources, the yeasts typically associated with each type of substrate were
arranged into functional guilds such as phylloplane-related, litter-inhabiting, and
soilborne species. Using the spatio-successional series approach, the composition
of yeast communities typically found in tundra, forest, steppe, and desert biotopes
of the territory of the former USSR was characterised (Babjeva and Chernov 1995;
Chernov 2005). Yeast population sizes usually increased with plant senescence and
decay; non-lignified plant parts, dry but still attached, yielded the highest yeast cell



4 Temporal and Geographic Patterns in Yeast Distribution 121

counts. This trend became increasingly pronounced in dry climates (steppe and
subtropical deserts), where the population density on dry plants was sometimes as
high as that of fruits (Babjeva and Chernov 1995; Chernov 2005). The yeast
communities of the phylloplane of living plants and of dry material were alike and
were represented by members of the genera Cystobasidium (cited as Rh. minuta),
Dioszegia (e.g. Dioszegia hungarica), Filobasidium (cited as Cr. albidus),
Leucosporidium (e.g. Leuc. scottii), Rhodotorula (e.g. Rhodotorula babjevae,
Rhodotorula mucilaginosa), Sporobolomyces (e.g. Sp. roseus), and Vishniacozyma
(cited as Cr. laurentii). Yeast numbers decreased in the litter, and the community
still contained a high proportion of phylloplane-related species. Other yeasts
were dimorphic basidiomycetes of the genera Apiotrichum (e.g. Trichosporon
porosum), Curvibasidium (e.g. Rhodotorula fujisanensis), Cystofilobasidium
(e.g. Cystofilobasidium capitatum, Cystofilobasidium macerans), and Tausonia
(Trichosporon pullulans). Yeast numbers and diversity both dropped in the deeper
litter layers closer to the topsoil. The final stage in the spatio-successional series is
represented by deeply decayed organic matter in topsoils and mineral soil layers.
These communities are characterised by a low population density, an uneven
distribution in space, and species-poor assemblages consisting largely of yeasts of
the genera Lipomyces (e.g. Lipomyces starkeyi), Nadsonia (Schizoblastosporion
starkeyi-henricii), Naganishia (e.g. Cr. diffluens), Saitozyma (e.g. Cr. podzolicus),
and Solicoccozyma (e.g. Cryptococcus aerius, Cryptococcus terricola). Taking into
account changes in community structure (i.e. evenness and species abundance
distribution) and the increasing proportion of polytrophic species (i.e. yeasts with
broad physiological capabilities), the authors concluded that nutrient depletion
(especially availability of simple sugars) is the main driver of the plant-litter-soil
yeast succession.

Another example of the analysis of temporal changes made using substrates that
represent successional stages is the study of yeast communities associated with
ephemeral flowers on Hawaii (Lachance et al. 1989). Soon after opening, the short-
lived flowers are visited by a number of insects. The same authors surveyed flowers
that had been tagged as buds so that their age would be known or bagged as buds to
ensure that they would open without being visited by insects. Bagged flowers as
well as flowers open for a certain period of time (or number of visits) have been also
used in studies addressed at plant-yeast-pollinator interactions (e.g. Vannette et al.
2013; Mittelbach et al. 2016). This method is useful to detect yeast species vectored
by insects.

Epiphytic microbial populations, including both bacteria and fungi, depend on
many intrinsic (e.g. abundance and composition of plant exudates) and extrinsic
(e.g. temperature, humidity, solar radiation) factors. These parameters undergo
seasonal and ontogenetic changes, thus causing pronounced temporal shifts in the
species composition of phylloplane communities (Fonseca and Inacio 2006). Stud-
ies that evaluated the dynamics of yeast populations on different plant types
provided evidence for the increase of population sizes with leaf age. In particular,
a continuous increase in population size from spring to autumn and winter was the
general rule with a few exceptions, which are reviewed by Fonseca and Inacio
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(2006). Seasonal dynamics of epiphytic yeasts on 25 plant species confirmed the
trend and showed that the total yeast population increased from spring to autumn
followed by a decline during the winter months (Glushakova and Chernov 2007).
The increase in population size later in the growing season was attributed to plant
ontogenesis (leaf senescence) rather than environmental factors, as the same pattern
was also observed for ephemeral plants, e.g. Ficaria verna and Impatiens noli-
tangere. A notable deviation from the rule was observed on evergreen plants
(xerophilic herbs and conifers), where the yeast population remains stable through
the year. In contrast to other conifers, the quantity of epiphytic yeasts on the
deciduous conifer Larix decidua rapidly increased with leaf senescence in the
fall. Despite the pronounced effect of plant ontogenesis on yeast populations, a
positive impact of the more favourable environmental factors that prevail in
autumn, such as higher humidity and milder temperatures, cannot not be ruled
out for other ecosystems (Fonseca and Inacio 2006). Another prevalent trend in
many of the studies reviewed by Fonseca and Inacio (2006) was the increase in
species richness at the end of the growing season. This trend was also observed by
Glushakova and Chernov (2010), based on Shannon’s diversity index values. The
distribution of single species varied substantially during the year, and the peak
relative abundances of many yeasts did not coincide. The proportion of ascomyce-
tous yeasts in the community increased from spring to autumn followed by a
decline during the winter months. At the species level, Candida oleophila and
Kazachstania barnettii were more prominent in autumn and winter, respectively
(Glushakova et al. 2007; Glushakova and Chernov 2010). The abundance of
basidiomycetous species did not change throughout the year. The only significant
shift was the increased proportion of the ‘phenotypic’ Cr. laurentii, which was
made even with Vishn. victoriae in that study (Glushakova and Chernov 2010).
Conversely, a later investigation suggested that yeasts identified as Cr. laurentii
were likely to comprise several species of the genus Vishniacozyma and not only
Vishn. victoriae (Yurkov et al. 2015a). Therefore, it remains unclear whether or not
basidiomycetous yeasts undergo temporal changes in phylloplane communities.
In soils, temporal changes have been reported repeatedly based on discrete
samplings, and a continuous increase in population size from spring to autumn
was the most commonly reported trend (e.g. Starkey and Henrici 1927; Jensen
1963; Slavikova and Vadkertiova 2000). The only study focused on short-term
seasonal dynamics of yeast soil communities has been performed on the rhizo-
sphere of Ajuga reptans and Taraxacum officinale in a birch forest on podzolic soil
(Golubtsova et al. 2007). Similarly to the phylloplane study (Glushakova and
Chernov 2007), identification was based on growth tests. Although dominant
soilborne species such as Sol. terricola and Sa. podzolica can be identified using
that approach (e.g. Yurkov et al. 2015a), other identifications in that study are
questionable. Unlike plant surfaces, soils and the rhizosphere harboured a rather
homogeneous yeast population, and belowground seasonal dynamics were not as
pronounced as aboveground (Golubtsova et al. 2007). The authors did not confirm
the influence of root exudates on yeast population densities in soils and reported a
meagre increase in yeast numbers during the active growth period. Interestingly,
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phylloplane-related yeasts successfully colonised root surfaces during the period of
active plant growth. During the growing season, the proportion of the epiphytic
species increased on root surfaces but not in soils.

4.6 Concluding Remarks

Much of this chapter was directed at showing the potential use of ecological tools
aimed at putting single observations into a larger context and exploring distribution
patterns of yeasts in the same manner that it has been done for larger organisms. The
distribution of yeasts in natural habitats is anything but random. Some species rely
on dispersal by insect vectors, and others grow under highly selective environmen-
tal conditions. Therefore, the correct interpretation of species occurrence in an
environment, with or without culturing, should take into account the yeasts’ phys-
iological abilities (autoecology), sexuality, dispersal modes, and potential interac-
tions with other organisms. Likewise, a better understanding of the relevant
properties and history of a habitat is essential to define the niche of yeast species
and reveal their role in the environment. By virtue of the ease with which they can
be handled in the laboratory, yeasts are amenable to the application of macro-
ecological (biogeography and landscape ecology) tools to microscopic living
objects.

I have shown that the distribution patterns of basidiomycetous yeasts, although
documented, are less well understood. Yeasts that are presumed to be ubiquitous
often show a rather patchy distribution and complex intraspecific structure.
Whether ubiquitous, globally distributed yeast species do in fact exist is unclear
at best. Reports of ubiquity may be the result of inadequate identification. The
distribution patterns of closely related and phenotypically indistinguishable (cryp-
tic) yeast species in their natural habitats are worthy of further study. Last but not
least, further studies of dispersal mechanisms and survival outside the primary
habitat are appropriate for both ascomycetous and basidiomycetous yeasts.
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Chapter 5
Biogeography and Ecology of the Genus
Saccharomyces

José Paulo Sampaio and Paula Gongalves

Abstract The genus Saccharomyces is intimately associated with alcoholic fer-
mentations conducted by humans. Its most emblematic species, Saccharomyces
cerevisiae, represents not only an important case of microbe domestication,
exemplified by products such as wine, beer, and bread, but also a case of complex
and yet poorly understood ecological adaptations and interactions in natural
systems. Moreover, the long coexistence with humans in wineries and breweries
has fostered anthropocentric concepts that are difficult to eradicate. Here we
critically review, using a historical perspective, recent findings on the natural
ecology and biogeography of the different species that form the genus
Saccharomyces.
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5.1 Introduction

The genus Saccharomyces was created in the first half of the nineteenth century and
has endured innumerous changes that epitomize the turbulent history of yeast
taxonomy. In the 1970s, it attained its broadest circumscription, labeled Saccharo-
myces sensu lato, and included 41 species. Those species closely related to Sac-
charomyces cerevisiae constituted the so-called Saccharomyces sensu stricto (van
der Walt 1970). In the 1980s the species of the sensu stricto group were merged into
a single taxon, S. cerevisiae (Yarrow 1984). When a few years later this concept
was revised, four species were recognized (S. cerevisiae, Saccharomyces bayanus,
Saccharomyces pastorianus, and Saccharomyces paradoxus) (Vaughan-Martini
and Kurtzman 1985; Martini 1989). This monophyletic group was enlarged by
Naumov et al. (2000) who described Saccharomyces cariocanus (now viewed as
representing a population of S. paradoxus), Saccharomyces kudriavzevii, and
Saccharomyces mikatae. The genus received two new additions when researchers
in China isolated strains associated with oak trees that they named Saccharomyces
arboricola (Wang and Bai 2008) and when a natural population associated with
Nothofagus (Southern beech) was found in Patagonia, Argentina, and described as
Saccharomyces eubayanus (Libkind et al. 2011).

In the last two decades, whole genome analyses have provided a more detailed
understanding of species delimitations (e.g., Cliften et al. 2003; Kellis et al. 2003;
Liti et al. 2009) and have demonstrated the hybrid nature of some of them (Dunn
and Sherlock 2008; Nakao et al. 2009; Libkind et al. 2011). As summarized in
Table 5.1, the genus presently includes seven natural species (S. cerevisiae,
S. paradoxus, S. mikatae, S. kudriavzevii, S. arboricola, S. eubayanus, and Saccha-
romyces uvarum), together with two artificial and hybrid species exclusively
associated with human-made fermentative environments (S. pastorianus and
S. bayanus).

5.2 Wild and Domesticated

The genus Saccharomyces is intimately associated with alcoholic fermentations
conducted by humans. Not only did the first cultures originate from well-known
alcoholic beverages, but also early scientific research aimed almost exclusively at
understanding the roles that these yeasts played in those fermentations. Therefore, it
comes as no surprise that fruits, wineries, and breweries were viewed as the natural
environments of Saccharomyces. However, a different range of environments
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Table 5.1 Presently recognized species in the genus Saccharomyces and key features of their
ecology and biogeography

Species Ecology Biogeography
Saccharomyces | Associated with Fagales (Quercus, Asia (China, Taiwan) and Austral-
arboricola Cyclobalanopsis, Juglans, asia (New Zealand)
Nothofagus)
Saccharomyces | Domesticated; associated with the Most strains were isolated in
bayanus brewing environment; no natural Europe
ecology
Saccharomyces | Wild and domesticated species. Most | Wild strains from Asia (China,
cerevisiae wild strains are associated with Japan, Malaysia, the Philippines),
Fagaceae (Castanea, Castanopsis, Europe, North and South America
Cyclobalanopsis, Lithocarpus,
Quercus), but other possible sources
are other families of Fagales
(Betulaceae and Juglandaceae) and
noncultivated fruit trees
Saccharomyces | Associated mainly with Nothofagus South and North America, Asia
eubayanus (China), and possibly Australasia
Saccharomyces | Associated with Fagaceae, mostly Asia (Japan, Taiwan) and Southern
kudriavzevii Quercus spp. Europe
Saccharomyces | Possibly associated with Fagaceae Asia (China and Japan)
mikatae (or Fagales)
Saccharomyces | Domesticated; associated with the Most available strains were isolated
pastorianus brewing environment; no natural in Europe
ecology
Saccharomyces | Associated with Fagaceae, mostly Eurasia and North America; possi-
paradoxus Quercus spp. ble distribution in South America
needs to be confirmed; European
strains were detected in
New Zealand, but human-aided
dissemination is likely
Saccharomyces | Mostly a wild species associated South and North America, Eurasia,
uvarum mainly with Nothofagus; includes and Australasia
domesticated wine and cider strains
isolated in Europe

gradually emerged as a Saccharomyces habitat—temperate forest soil, particularly
near oak trees (Quercus spp.), and the exudates of these trees. Although the
taxonomy of the Saccharomyces representatives from such environments was
contentious until S. paradoxus was established as an independent species (Martini
1989), early isolations date from 1914 (Bachinskaya 1914) and were further
expanded in the 1950s and 1960s through the work of Capriotti, among others,
and by Naumov and collaborators in the 1980s and 1990s who isolated mostly
S. paradoxus, but also S. cerevisiae and S. uvarum from oak exudates.

In the case of S. cerevisiae, its association to fermented beverages, and its
scarcity in other substrates, including vineyards and healthy grapes, gave rise to
the notion that this species was absent in natural environments, being a purely
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domesticated organism whose habitat was the wine and the winery (Martini 1993;
Vaughan-Martini and Martini 1995). Consequently, any strain found in a natural
environment was viewed as a domesticated strain that escaped its original habitat
(Naumov et al. 1992). S. paradoxus, on the contrary, exemplified a wild yeast that is
never found in man-made fermentations (Vaughan-Martini and Martini 1995).

A different perspective was proposed by Fay and Benavides (2005), who
analyzed a diverse group of S. cerevisiae strains and showed that wine strains
could be separated from sake strains, an indication of two independent domestica-
tion events. Moreover, wild strains isolated from oaks in North America were
placed at the base of the phylogenetic tree of S. cerevisiae, suggesting that the
domesticated groups, which had also lower genetic diversity, derived from their
wild relatives. The model that emerged accommodated wild populations occupying
niches that were sufficiently ancient to be compatible with the estimated age of
S. cerevisiae, 5-10 (Kellis et al. 2003) or 0.4-3.4 million years (Liti et al. 2006).
Hence, there is a dramatic difference between the age of domesticated lineages of
S. cerevisiae, which are probably not older than 10,000 years (a rough estimate of
the first human-driven fermentations), and the age of the species itself.

5.3 Generated from Domestication

As shown in Table 5.1, two species, S. pastorianus and S. bayanus, are entirely
artificial. They have not been found in natural environments, i.e., in substrates with
null or restricted human influence. Both species are intimately associated with beer
and with the brewing environment, and it is very likely that they were formed as a
consequence of the peculiar selection regimes associated with brewing.
S. pastorianus, an allopolyploid hybrid of S. cerevisiae and S. eubayanus (Dunn
and Sherlock 2008; Nakao et al. 2009; Libkind et al. 2011), ferments lager beer.
S. bayanus, once thought to be a natural species and the non-cerevisiae progenitor
of S. pastorianus (Vaughan-Martini and Kurtzman 1985; Turakainen et al. 1994;
Montrocher et al. 1998; Nakao et al. 2009; Bond 2009), is in fact a complex hybrid
with contributions from S. cerevisiae, S. eubayanus, and S. uvarum (Libkind et al.
2011). The absence of these two species in natural environments and their hybrid
genomes are eloquent manifestations of selection in an artificially created environ-
ment. Hybrid genomes associated with Saccharomyces domestication have also
been revealed for strains that ferment wine at low temperatures (Gonzalez et al.
2006) and for some Belgian beer strains (Gonzélez et al. 2008). Such hybrids
include contributions from two cryotolerant species, S. kudriavzevii and
S. uvarum. In one case, the S. cerevisiae x S. kudriavzevii wine hybrid produces
larger amounts of a fruity thiol than non-hybrid commercial strains (Borneman
et al. 2012). Another case of interspecies hybridization fostered by fermentations
conducted by humans was observed for European S. uvarum wine and cider strains.
Introgressions from S. eubayanus were found to be frequent in S. uvarum strains
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obtained from those fermentations, whereas they were rare in strains isolated from
natural environments (Almeida et al. 2014).

5.4 Wild and Never (or Little) Domesticated

Most members of the genus Saccharomyces can be viewed as purely wild species.
This group includes five species, S. arboricola, S. eubayanus, S. kudriavzevii,
S. mikatae, and S. paradoxus. Excluded from this group are the two artificial species
mentioned in the previous section and S. cerevisiae that includes wild and a
significant fraction of extensively domesticated strains. A borderline species is
S. uvarum, for which a peculiar case of domestication of wine and cider strains
has been documented (Almeida et al. 2014). For the sake of simplicity, S. uvarum is
also treated in this section, but here we consider only strains from natural
environments.

The samples from which the majority of strains of each of the species in this
group have been isolated can be related to Quercus spp. in all cases except for
S. eubayanus and S. uvarum, for which most strains are linked to Nothofagus spp.
(Table 5.2). Throughout this chapter we use the designation “association with
Quercus” as one of convenience. In fact, this association appears to be both broader,
encompassing the family Fagaceae that besides Quercus includes also Castanea
(chestnut) and Fagus (beech), among seven other genera, and narrower since not all
Quercus are a preferred Saccharomyces habitat (Sampaio and Gongalves 2008;
Sampaio, unpublished data). Since the number of field studies is limited, the
understanding of the ecology and biogeography of Saccharomyces in the wild
progresses slowly, but a preliminary picture is emerging. The literature records
on the occurrence of Saccharomyces in strict natural environments, i.e., in envi-
ronments that have not been created by humans and that are likely to have been
slightly affected by human activities (thus excluding, e.g., cultivated vineyards),
show two patterns of distribution of Saccharomyces species. The first group
includes the most basal species, S. eubayanus and S. uvarum, which have a primary
distribution in the Southern Hemisphere characterized by a relatively high fre-
quency of isolation, considerable genetic diversity, and an association with
Nothofagus. The association with Nothofagus is interesting because this genus
shares several features with Quercus. Both genera belong to the order Fagales,
Nothofagus occupying the most basal position in the phylogenetic tree of the
Fagales (Li et al. 2004), and both are typical of temperate zones, Quercus in the
Northern Hemisphere and Nothofagus in the Southern Hemisphere. Large numbers
of isolates, suggesting a relatively high frequency in the analyzed samples, were
obtained in Patagonia for S. eubayanus and S. uvarum (Table 5.2). Although both
species have been detected also in other regions, they were recovered in much lower
numbers, which suggests that S. eubayanus and S. uvarum are less frequent outside
South America.
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Table 5.2 Relevant reports on the isolation of Saccharomyces arboricola, Saccharomyces
eubayanus, Saccharomyces kudriavzevii, Saccharomyces mikatae, and Saccharomyces uvarum
from natural environments

Details on the substrate of

Species Reference isolation Geographic distribution
Saccharomyces | Wang and 3 strains from bark of Qiling Mountains, Shaanxi
arboricola Bai (2008) Quercus fabri (1) and Province, West China, 2006
Castanopsis orthacantha (2)
Wang and 47 strains isolated from Liupanshan Mountain,
Bai, bark of Carpinus Ningxia Province, West
unpublished | turczaninowii (2), bark of China, 2011 (6 strains);
data Castanea henryi (1), bark of | Qiling Mountains, Shaanxi
Corylus mandshurica (1), Province, West China,
bark of Cyclobalanopsis 2012 (36 strains); Hubei
Jjenseniana (8), bark of Province, Middle-China,
Cyclobalanopsis 2012 (5 strains)
myrsinifolia (7), bark of
Juglans cathayensis (5),
bark of Quercus
cocciferoides (5), bark of
Quercus sp. (1), bark of
unidentified tree (9), fruit
(1), rotten wood (7)
Naumov 1 strain isolated from the Sioulin, Hualein, Taiwan,
et al. (2013) | fruiting body of a basidiomy- | 2010
cete (Auricularia polytricha)
Gayevskiy 10 out of 731 isolates of North Island, New Zealand,
and Goddard | yeasts and bacteria obtained | 2012
(2016) from 442 fruit, soil, and bark
samples
Sampaio, 1 strain from Cyttaria nigra | New Zealand
unpublished | on Nothofagus menziesii,
data total of 113 samples of
Nothofagus spp. (bark, soil,
stromata of Cyttaria spp.)
Saccharomyces | Libkind 62 strains from bark of South America, Patagonia,
eubayanus etal. (2011) | Nothofagus spp. (29), from | Argentina

soil underneath Nothofagus
spp. (20), and from the
stromata of its biotrophic
fungal parasite Cyttaria
hariotii (13); total of

133 samples

Bing et al.
(2014)

27 strains from approx.
1400 samples—bark of
Quercus spp. (11), rotten
wood (11), bark of Rosa sp.
(2), bark of Juglans
cathayensis (1), bark of
Salix hypoleuca (1),
unknown (1)

Tibet, Qinghai, Shaanxi
and Sichuan provinces,
China

(continued)
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Table 5.2 (continued)

Details on the substrate of
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Species Reference isolation Geographic distribution
Peris et al. 18 strains from bark of South America, Patagonia,
(2014) Nothofagus spp. (9), from Argentina
soil underneath Nothofagus
spp. (4), and from the stro-
mata of its biotrophic fun-
gal parasite Cyttaria hariotii
5
Peris et al. 3 strains from bark of Fagus | North America, Wisconsin
(2014) grandifolia (2) and Acer State, USA
saccharum (1)
Rodriguez 9/8 strains from Araucaria South America, Patagonia,
et al. (2014) | araucana (seeds and bark) Argentina
from isolations carried out at
10 °C/30 °C, respectively;
total of 120 samples
Peris et al. 7 strains from bark of Cedrus | North
(2016) sp., bark and soil of Pinus America—Washington
taeda, and bark of Quercus State, USA (1), North Caro-
rubra lina, USA (2), New Bruns-
wick, Canada (4)
Gayevskiy 1 out of 731 isolates of yeast | North Island, New Zealand,
and Goddard | and bacteria obtained from 2012
(2016) 442 fruit, soil, and bark
samples
Saccharomyces | Sampaio and | 15 strains from bark of Portugal, 2005-2006
kudriavzevii Gongalves, Castanea sativa (2) and
(2008) Quercus spp. (13); total of
61 samples that included
also Fagus sylvatica
Lopes et al. | 5 strains from bark of Spain, 2008
(2010) Quercus spp.; total of
56 samples
Polona 10 strains from oak bark Slovenia, 2010-2011
Zalar,
unpublished
data
Sampaio, 65 strains from bark of Portugal, Spain, Greece
unpublished | Quercus spp. and Japan, 2007-2012
data
Saccharomyces | Wang and 31 strains isolated from Beijing, North China, 2008
mikatae Bai, bark of Castanea mollissima | and 2011 (22 strains);
unpublished | (2), bark of Ulmus pumila Taishan Mountains, Shan-
data (2), bark of Diospyros kaki | dong province, North

(2), bark of Quercus
wutaishanica (1), bark of
unidentified trees (13), soil
under Juglans cathayensis

China, 2008 (1 strain);
Wuyi Mountains, Fujian
province, 2009 (1 strain);
Fanjingshan, Guizhou

(continued)
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Species Reference isolation Geographic distribution
(3), soil under Betula Province, Southwest
platyphylla (2), soil (6) China, 2011 (3 strains);
Qiling Mountains, Shaanxi
Province, West China,
2012 (2 strains); Hubei
Province, Middle China,
2012 (2 strains)
Saccharomyces | Libkind 47 strains from bark of South America, Patagonia,
uvarum et al. (2011) | Nothofagus spp. (26), from | Argentina

soil underneath Nothofagus
spp. (10), and from the
stromata of its biotrophic
fungal parasite Cyttaria
hariotii (11); total of

133 samples

Almeida 59 strains from Nothofagus | South America, Patagonia,
et al. (2014) | spp. (bark, soil, stromata of | Argentina

Cyttaria hariotii); total of

218 samples
Almeida 8 strains from Nothofagus Australasia, New Zealand,

et al. (2014) | spp. (bark, soil, stromata of and Tasmania
Chyttaria spp.); total of

113 samples

The most expressive results are given in boldface

For S. uvarum, a comprehensive phylogeographic survey that analyzed whole-
genome data of strains from North and South America, Eurasia, and Australasia
detected a much higher genetic diversity in South America (Almeida et al. 2014).
Moreover, whereas in South America two 1% divergent populations were found, all
Holarctic strains could be assigned to one of these populations. Therefore, it
appears that migrants from South America dispersed to North America and Eurasia
and that the low genetic diversity of Holarctic S. uvarum is compatible with a
founder effect based on a small subpopulation (Almeida et al. 2014). Interestingly,
S. uvarum was also detected in Australasian Nothofagus surveyed in New Zealand
and Tasmania. However the Australasian isolates were 4.4% divergent from their
South American relatives and showed partial reproductive isolation, thus
suggesting limited gene flow and incipient speciation between the Australasian
and South American populations (Almeida et al. 2014).

A remarkably similar scenario has been recently proposed for S. eubayanus. In
Patagonia, two 1% divergent populations were detected (Patagonia A and Patagonia
B) (Peris et al. 2014). Infrequent isolations in North America correspond to



5 Biogeography and Ecology of the Genus Saccharomyces 139

members of Patagonia B population, to admixed genotypes of the two Patagonian
populations, and to a member of the Tibet lager population (Peris et al. 2016). It
appears that the Patagonian B population contributed to the expansion of
S. eubayanus to other regions since genetically close representatives have been
found in New Zealand and in Tibet. In Asia, another two more divergent
populations (Sichuan and West China populations) were detected (Bing et al.
2014). Like the Australasian populations of S. uvarum, they might represent
emerging species in the S. eubayanus complex (Peris et al. 2016).

S. eubayanus and S. uvarum have their diversity hotspots in the Southern
Hemisphere and in association with Nothofagus, S. arboricola, S. kudriavzevii,
S. mikatae, and S. paradoxus appear to have their radiation centers in the Northern
Hemisphere and so far have been isolated mostly or entirely from this part of the
world. S. arboricola was originally found in China, and most strains known come
from this region, but this species has also been isolated in New Zealand (Table 5.2)
(Gayevskiy and Goddard 2016). Analyses of genetic diversity and population
structure have not been performed yet. Most Chinese strains appear to be associated
with Quercus, whereas an association with Nothofagus might occur in
New Zealand. Another species that appears to be native to Asia is S. mikatae as
all strains known to date come from China and Japan and, again, an association with
Quercus seems plausible (Table 5.2). S. kudriavzevii was originally described based
on two collection strains isolated in the 1970s (Naumov et al. 2000). The study of
two additional strains from the same collection suggested the existence of two
Japanese populations exhibiting considerable genetic divergence (~4%), both of
which lost their GAL utilization pathway (Hittinger et al. 2010). A third population
was later uncovered in Europe (Sampaio and Gongalves 2008). Interestingly,
although S. kudriavzevii is among the Saccharomyces species exhibiting the lowest
maximum growth temperature (Gongalves et al. 2011; Salvadd et al. 2011), it
occurs in Southern Europe often in sympatry with S. cerevisiae, and it is likewise
not found in Northern Europe. Surprisingly, the European population of
S. kudriavzevii was found to have a functional GAL pathway. Hence the GAL
pathway status seems to be a balanced polymorphism in S. kudriavzevii, likely to
result from divergent local adaptation in Asia and in Europe. An association with
oak trees is also plausible for this species, which has not been found so far in the
Southern Hemisphere and in North America.

Among the Saccharomyces species known solely (or mostly) from wild
populations, S. paradoxus is the one for which most information on biogeography
and population structure has been obtained. It appears that low frequency of
dispersion, isolation by distance, and ecological specialization have contributed
to fragment the species into five populations that tend to be genetically isolated
from each other and may be at an early stage of speciation. First, three allopatric
populations were recognized in Far East, Europe, and America, with a candidate
fourth population represented by a single strain from Hawaii (Liti et al. 2006, 2009).
Subsequent studies revealed that several populations coexisted in North America.
They were designated as North American populations A, B, and C, the representa-
tives of population A being identical to European strains and viewed as recent
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migrants to North America (Kuehne et al. 2007). More recent studies have con-
firmed the existence of multiple populations on North America, with groups B and
C displaying a north—south gradient, the latter being mainly found in colder regions
(Leducq et al. 2014). Whereas population B exhibits the broadest distribution in
North America, having even been directly (Naumov et al. 2000) or indirectly
(Barbosa et al. 2016) detected in South America (Brazil), an additional lineage,
sister to population C, showed little genetic admixture with other populations and a
narrow geographic distribution (Leducq et al. 2016). Robinson et al. (2016) com-
pared the isolation frequency of S. paradoxus in Europe and observed that regions
from southern Europe located in Portugal, Spain, France, and Greece yielded more
S. paradoxus than regions in Northern Europe. They also observed that the opti-
mum summer temperature for this species appears to be between 22 and 28 °C. In
the same study, a worldwide literature survey for S. cerevisiae exposed the likely
basis for partial sympatry with S. paradoxus since the majority of S. cerevisiae
isolates are mapped to locations with summer temperatures of 25-38 °C. Therefore,
in Europe, Asia (China), and North America while both species are present in
intermediate temperature zones, S. paradoxus is the sole colonizer of cooler zones,
while S. cerevisiae occurs preferably in warmer regions within the approximate
range of summer temperatures mentioned above.

5.5 Niche or No Niche and the Uniqueness of S. cerevisiae

As discussed above, it seems reasonable to conclude that for most Saccharomyces
species, their natural ecology revolves around the oak/Fagaceae (or Nothofagus)
system. Although this model is widely accepted for non-S. cerevisiae species
(Boynton and Greig 2014), a contrasting view has been proposed for this latter
species. It has been suggested that S. cerevisiae is a nomad microbe with no niche
(Goddard and Greig 2015), a proposal that is reminiscent of the model of the purely
domesticated microbe with no natural ecology (Martini 1993; Vaughan-Martini and
Martini 1995). The proponents of the nomad microbe model argued that in its truly
natural niche S. cerevisiae should be abundant and therefore easily isolated without
the need for enrichment culture (Goddard and Greig 2015). In fact, except for
spontaneous wine fermentations and related artificial substrates, it appears that
S. cerevisiae does not occur in cell densities that would make its direct isolation
straightforward. For example, in vineyards, intuitively considered by many to be
the natural S. cerevisiae habitat (e.g., Torok et al. 1996; Pretorius 2000; Stefanini
et al. 2012), S. cerevisiae is far from abundant. In undamaged grape berries, the
frequency of S. cerevisiae is less than 0.1%, although in berries damaged by birds or
insects, the frequency increases considerably to ~24% (Landry et al. 2006). The
difficulty in finding S. cerevisiae outside wine fermentations led to the use of
selective enrichment media for its isolation. These isolation procedures include
the use of ethanol as a selective agent and anaerobic conditions. However, these
procedures do not differ from those adopted for the isolation of the other
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Saccharomyces species from oaks, namely, the most paradigmatic wild species,
S. paradoxus, whose association with the oak niche is not questioned because of
that (e.g., Kowallik and Greig 2016; Boynton et al. 2017). In fact, although some
situations are consistent with that model, modern microbiology is probably richer in
instances that dismiss it. For example, yeast communities (see Chap. 3 of this book)
or, more broadly, soil or marine microbes form communities that normally include
a few abundant and many rare species. Moreover, considering the approximately
2000 known yeast species, only a minority fulfill the prerequisites of the so-called
adaptation model that postulates that organisms adapted to a niche should be
abundant in that niche (Goddard and Greig 2015). Therefore, according to these
criteria, most yeast species should be considered nomad species.

In addition, it is worth noting that like all other Saccharomyces species and
indeed like many other yeast species (e.g., Hanson et al. 2014), S. cerevisiae is
capable of mating-type switching which is thought to constitute a means to facil-
itate sexual reproduction to individuals in low-density populations. If this biolog-
ical imprint of adaptation to low cell density is taken into account, it seems
reasonable to assume that S. cerevisiae and other Saccharomyces species are
adapted to live in environments where cell densities are low, compatible with low
levels of nutrients.

In some oak environments, S. cerevisiae is as frequently isolated as
S. paradoxus, as what happens in Southern Europe, or even at higher frequencies,
as we observed in Japan (Sampaio, unpublished data). It was also suggested that the
oak association proposed for S. cerevisiae might be just a consequence of oaks, not
other trees, having been sampled (Goddard and Greig 2015). However, not only
have other trees indeed been sampled and the results supported the oak association
model (Kowallik and Greig 2016, Sampaio unpublished data), but an unparalleled
genetic diversity has been revealed when the oak association was explored (Wang
et al. 2012; Almeida et al. 2015), thus indicating the relevance of such association
for the life history of S. cerevisiae.

Undeniably, the strong evidence that the oak niche is a natural habitat of
S. cerevisiae is difficult to rime with the manifest absence of high sugar concen-
trations in that environment. Given its aptitude to utilize simple sugars which is no
different from other Saccharomyces species, and the Crabtree effect, i.e., the
preferential fermentation of sugars to ethanol even if oxygen is available for aerobic
respiration, one would expect the natural niches of the species of the genus
Saccharomyces to be rich in sugars and prone to favor alcoholic fermentation.
Because such sugar-rich substrates, like wild fruits, are likely to be ephemeral and
seasonal, it has been hypothesized that a species like S. cerevisiae could use oaks as
a refuge from which sugar-rich environments could be colonized. This model is
appealing because it not only reconciles the oak niche with the Crabtree effect but
also because insects, birds, or other animals could act as vectors to and from these
two radically distinct environments. Unfortunately, several lines of evidence fall
outside this scenario, thus suggesting that reality might be even more complex.
Before analyzing this model in more detail, we consider first in the next section
what we already know concerning the wild and domesticated populations of
S. cerevisiae.
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5.6 Populations of S. cerevisiae

Genetic analyses, especially those relying on complete genome data, have revealed
distinct populations of S. cerevisiae (Liti et al. 2009; Cromie et al. 2013; Almeida
et al. 2015; Strope et al. 2015; Ludlow et al. 2016). These populations appear to be
organized firstly according to their ecology and secondly according to their geog-
raphy. However, the general perspective is that global population structure of
S. cerevisiae is far from being understood due to a combination of factors such as
incomplete sampling of extant lineages, coexistence of wild and domesticated
populations, genetic admixture between populations giving rise to mosaic geno-
types, and migration over long distances promoting secondary contact between
different genotypes. However, a combination of phylogenetic analysis and popula-
tion studies yielded valuable information concerning populations, their distribution,
and their interrelatedness, which is briefly presented below.

5.6.1 Mediterranean Oaks

A wild population found in association with Mediterranean oaks (MO population)
was recently revealed and so far has been only found in southern Europe (Almeida
et al. 2015). It is the closest relative of the best known population of S. cerevisiae,
that of domesticated wine yeasts, and a likely candidate to represent the extant
representatives of the wild ancestors of oenological strains. Although theory pre-
dicts that the wild relatives of a given domesticate are genetically more diverse than
the domesticated subpopulation, the Wine-MO system appears to deviate from the
norm. In fact, whereas the nucleotide diversity based on pairwise differences
(n*100) measured in the MO group is 0.00099, that of the wine group is 0.00112
(Almeida et al. 2015). Because the diversity of the Japanese population, another
oak-associated wild lineage, was twice as high (0.00235), it was hypothesized that
the MO population was itself the outcome of a population bottleneck and proposed
to be a relatively recent arrival to the Mediterranean region (Almeida et al. 2015).
Contrary to the wine yeasts that show several signatures of domestication (see Sect.
5.6.2), the MO population appears to maintain the ancestral state of these attributes.
Wine-MO admixed strains were reported by Almeida et al. (2015).

5.6.2 Wine

A multitude of methodologies revealed the most emblematic domesticated breed,
the wine yeasts. The monophyletic assemblage of strains encompassing wine yeasts
was dubbed the “wine-European” group, a designation that unfortunately matches
very poorly the most recent findings. First, as recognized from the beginning, the



5 Biogeography and Ecology of the Genus Saccharomyces 143

wine clade gathers virtually all wine strains worldwide, from Europe but also from
North and South America, South Africa, and Oceania, probably dispersed with the
tools used in viticulture and winemaking and/or with the vines (Legras et al. 2007,
Liti et al. 2009; Schacherer et al. 2009; Almeida et al. 2015; Borneman et al. 2016).
Secondly, as discussed in the previous section, a wild South European population
was uncovered in association to oaks in the Mediterranean region. This is so far the
only population to which the epithet “European” can be appropriately applied, since
to date all members of this population were found only in Southern Europe.

Wine yeasts exhibit several genetic changes associated with adaptation to the
particular conditions of vineyards and wine must, viz., high copper and sulfite
levels, high osmolarity, depletion of nitrogen compounds, and ethanol toxicity
(Borneman et al. 2013; Marsit and Dequin 2015). These yeasts show also charac-
teristics likely to have been selected during domestication because they contribute
to wine quality, such as enhanced fermentative capacity under oenological condi-
tions and production of fruity aromas (Marsit and Dequin 2015). Several signatures
of domestication have been documented, such as the presence of three horizontally
transferred regions from non-Saccharomyces yeasts (Novo et al. 2009), a chromo-
somal rearrangement associated to resistance to sulfite (Pérez-Ortin et al. 2002); the
expansion of CUPI, a gene involved in copper resistance (Warringer et al. 2011);
and the inactivation of the water channels, aquaporins, a condition selected for in
the high osmolarity environment of wine must (Will et al. 2010).

Although it is possible to distinguish the wine yeasts as a genetically separate
and homogeneous group that forms a recognizable population when compared with
the other main lineages (Almeida et al. 2015), this group tends to harbor a
substantial fraction of mosaic strains as shown in various studies (Liti et al. 2009;
Cromie et al. 2013; Strope et al. 2015). Among wine yeasts, more recent studies
have recognized some phylogenetic partitioning, and subclades typified by sherry
wine strains (flor yeasts) and by champagne strain EC1118 (prise de mousse group)
have been proposed (Legras et al. 2014; Borneman et al. 2016). Therefore it appears
that specific variants of wine yeasts with particular oenological properties will be
recognized in the near future.

5.6.3 North America and Japan

A wide diversity of S. cerevisiae wild lineages from China was revealed by
multilocus sequencing (Wang et al. 2012), but has not yet been investigated by
population genomics. Four of the five most divergent lineages were found on the
bark of Fagaceae or on rotten wood. Other isolates from Fagaceae in Japan, possibly
related to the Chinease lineages and for which complete genome data is available,
were found to form multiple but closely related lineages, a group that also included
the oak-associated wild lineages from North America (Almeida et al. 2015). North
American and Japanese strains do not segregate according to geography. On the
contrary, members of the same subpopulation were found in North America and



144 J.P. Sampaio and P. Gongalves

Japan, suggesting gene flow over long distances. Therefore, these multiple lineages
are jointly designated as the North America—Japan population.

5.6.4 Sake

The so-called sake yeasts correspond to a group of strains associated with the
fermentation of rice-based products such as sake, a Japanese rice wine; sochu, a
distilled beverage whose fermentation is similar to that of sake; and ragi and bubod,
fermented rice products used as starters in Indonesia and the Philippines, respec-
tively (Fay and Benavides 2005). More recently, this group was enlarged with beer
strains, especially wheat beer strains (Gongalves et al. 2016). A domestication
signature for this clade is the presence of BIO! and BIO6, two genes that code
for enzymes involved in biotin synthesis (Borneman and Pretorius 2015). Due to the
very low biotin content of sake mash, sake strains are able to synthesize biotin de
novo, whereas strains in other clades are auxotrophic for biotin.

5.6.5 Beer

It was recently revealed that German, British, and American ale-type beers are
fermented by a domesticated breed that is different from the wine and sake lineages
(Gallone et al. 2016; Gongalves et al. 2016). Contrary to those domesticated groups,
beer yeasts have a ploidy higher than 2n and domestication signatures associated
with beer brewing, for example, the inactivation of PADI and FDC1, two genes that
code for enzymes responsible for phenolic off flavors, a detrimental attribute of
most beers (Gallone et al. 2016; Gongalves et al. 2016). As in the wine group, beer
strains harbored nonfunctional alleles of the two paralogous water transporters
(aquaporins) AQY! and AQY2, although the inactivating mutations tended to be
distinct in beer and wine yeasts, suggesting different origins of these two groups
(Gongalves et al. 2016). Gallone et al. (2016) designated this clade as beer 1 because
they detected a second group of domesticated beer strains (beer 2) that included
additional ale strains. This second clade is more closely related to the wine clade
than to beer 1 and appears to represent a minor fraction of ale beer yeasts. Besides
these two beer groups, beer strains were also found in the wine, sake, and bread
groups, being therefore much more genetically diverse than wine strains (Gallone
et al. 2016; Gongalves et al. 2016). Mosaicism was also detected in beer strains,
especially in strains of the beer 1 clade and in beer strains clustering in the bread
clade. Nevertheless, population analyses indicated that beer yeasts represent new
populations, thus adding to the complexity of S. cerevisiae domestication and
suggesting multiple origins for this particular class of fermented beverages.
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5.6.6 West Africa

A distinct lineage of yeasts responsible for the fermentation of artisanal beverages
like palm wine, ginger beer, and bili-bili in Ghana, Nigeria, and Cameroon (West
Africa) was originally detected by Liti et al. (2009) based on two strains. This
population was expanded to eight strains (Sampaio, unpublished data), although
two of them, SK1 and Y55, are laboratory strains. SK1 is a North American strain
that combines African sake and wine ancestries, whereas Y55 is a French strain
with African and wine ancestry. The remaining native African strains appear to be
clean, or mostly clean, members of a West African population. Since all African
strains originate from man-driven fermentations, it is plausible that this population
results from domestication. However, the limited sampling in Africa precludes a
more definitive assessment.

5.6.7 Brazil

Barbosa et al. (2016) analyzed wild Brazilian isolates and found a new population,
the Brazil I population. Most strains from this population were found in association
with a local tree, Tapirira guianensis (Anacardiaceae), a proposed tropical natural
habitat for S. cerevisiae. Interestingly, half of the strains were mosaics, exhibiting
variable but minor contributions of the wine population. A second local cluster,
Brazil II, was rarely found. Overall, 54% of the wild Brazilian isolates had some
proportion of ancestry in the wine group. This widespread dissemination of the
wine genotype in the Brazilian wild populations questions their true natural nature
as this is a probable consequence of genetic contact with domesticated strains. It
was hypothesized that the South American populations derive those from North
America (Barbosa et al. 2016).

5.6.8 Bread

Although bread yeasts have not been thoroughly analyzed at a population genomics
level, a comprehensive survey using microsatellite data suggested that they do not
form a single group (Legras et al. 2007). In that study, the main group of bread
strains contained mostly tetraploid strains. In agreement to this, Gongalves et al.
(2016) observed that the genomes of bread strains had a ploidy higher than 2n.
Moreover, bread strains had admixed genome compositions, whose ancestries
could be traced to the beer 1, wine, and sake populations. Therefore, the distinctive
characteristic of bread strains is hybridization involving wine, beer, and sake yeasts.
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5.6.9 Malaysia

Like the West African population, the Malaysian population is based on a limited
number of strains, all obtained by Lachance and isolated from the fermented floral
nectar of Eugeissona tristis, a West Malaysian rainforest palm (Wiens et al. 2008).
The Malaysian strains harbor very little genetic diversity and were found to be
reproductively isolated as evidenced by low viability of meiotic offspring in crosses
with other isolates (Cubillos et al. 2011). Although the first analyses suggested that
the Malaysian population represented a clean lineage (Liti et al. 2009), more recent
studies indicated that these strains might be admixed, combining multiple origins
that include contributions from North American and Japanese oak-associated
lineages and wine and sake ancestries (Almeida et al. 2015; Gongalves et al. 2016).

5.6.10 Philippines

This population was discovered more recently and is currently based on ten strains
obtained from fruits, sap of palm trees, and palm wine, mostly in the Philippines but
also in Indonesia and Pakistan (Almeida et al. 2015; Sampaio, unpublished data).
Similarly with the Malaysian population, the Philippine population reveals signs of
admixture (Gongalves et al. 2016). Besides what appears to be the contribution of a
local ancestry, this population has also contributions from the sake and North
America—Japan populations. Therefore, taking into account the ecological associ-
ation with sugary substrates, their geographic distribution in Southeast Asia and
their genetic ancestries, it appears that the Malaysian and Philippine populations
share some resemblance. The wild or domesticated nature of the Philippine popu-
lation is difficult to ascertain at this stage.

5.7 Migration, Mosaicism, and Ecological Consequences
for S. cerevisiae

A hallmark of S. cerevisiae is its propensity for inter-lineage recombination (Liti
et al. 2009). Because S. paradoxus, its closest relative, does not exhibit equivalent
signs of recombination (Liti et al. 2009), this property appears even more striking
and emerges as a distinctive apomorphy of S. cerevisiae. Another unique charac-
teristic of this species is the range of natural substrates that are colonized. Although
with respect to their oak niche in North America, Europe, and China, S. cerevisiae
and S. paradoxus are mostly sympatric, even considering the less extreme northern
boundaries of S. cerevisiae distribution (Charron et al. 2014; Robinson et al. 2016),
S. cerevisiae, but not S. paradoxus, appears to be able to colonize other niches
frequently, as, for example, fruits (Wang et al. 2012) or the wasp gut (Stefanini et al.
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2012). Unexpectedly, at least in the Mediterranean region, most of the strains
obtained from natural substrates other than oaks are genetically distinct from the
MO population, thus contradicting the hypothesis that oaks are a refuge from which
sugar-rich substrates are colonized (Boynton and Greig 2014). Almeida et al.
(2015) isolated ten strains from nutrient-rich natural substrates, like wild figs and
apples, in the Mediterranean region. Interestingly, only two of these strains were
assigned to the MO population. The remaining strains were assigned in equal
numbers to the wine population and to mosaics that combined ancestries in the
wine, Mediterranean oak, sake, and North America—Japan populations. Therefore, a
genetically distinct “fruit” population was neither detected in the Mediterranean
region nor in the other regions where oak-associated populations have been found
(Robinson et al. 2016). Moreover, in the group of Mediterranean oak isolates, the
frequency of mosaic strains was 7.7%, whereas for the group of wild fruit isolates in
the Mediterranean region, the frequency of mosaics was 40%. Thus, we note that
although in the Mediterranean region a distinct population could be assigned to the
oak niche, the same could not be done for strains isolated from fruits of
noncultivated plants, a supposedly more obvious S. cerevisiae natural environment.

In the study of Almeida et al. (2015), amid the strains isolated from Mediterra-
nean oaks, 71.8% belonged to the MO population. Of the remaining strains, 12.8%
were assigned to the wine population and could therefore represent feral strains, i.e.,
strains that escaped the vineyard/winery environment. Interestingly, 15.4% of the
strains isolated from Mediterranean oaks were affiliated to the North American oak
population. These strains appear therefore to be migrants. The impact of migration
on the population structure of wild populations of S. cerevisiae has not been studied
yet, but this example and other instances, like migration between North and South
America (Barbosa et al. 2016) and between North America and Japan (Almeida
et al. 2015), suggest that this is a relatively frequent and natural phenomenon,
possibly not only a consequence of human dispersion of domesticated strains, as
previously thought (Liti et al. 2009).

Migration appears therefore to contribute to the global genetic cohesion of the
species. In addition, migration combined with interpopulation recombination seems
to be relatively common, giving rise to mosaics. These mosaics are rarely found in
the oak niche and therefore do not seem to thrive there. However, certain mosaic
genotypes could be particularly well adapted to nutrient-rich environments, given
their relatively higher frequency of isolation from such environments. It is tempting
to speculate that for S. cerevisiae a unique ecological strategy based on recombi-
nation between existing genotypes has emerged. This process yields transient
genotypes that in some cases seem to be better adapted for the exploitation of
sugar-rich substrates. Although temporally more ephemeral, the presumably sig-
nificant higher number of generations and increased cell densities supported by
nutrient-rich environments may provide sufficient opportunity for selection of
“fruit-adapted” alleles or allele combinations. In spite of the apparent transient
nature of mosaics, the propensity for inter-lineage recombination in S. cerevisiae
may provide a means for the species to preserve these alleles or allele combinations
in the context of its pan-genome. In addition, the global spread of human-driven
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fermentations and the appearance of domesticated lineages only enhanced this
pattern of widespread mosaicism now involving also alleles and allele combina-
tions that result from domestication. These observations are also in line with the
high degree of phenotypic variation observed in S. cerevisiae when compared with
S. paradoxus, in spite of its lower genetic diversity (Warringer et al. 2011). A
greater tendency for migration and interpopulation recombination in S. cerevisiae
when compared to S. paradoxus might also explain the quasi-species status of most
populations in S. paradoxus, not observed in S. cerevisiae.

5.8 Concluding Remarks

We have seen how the understanding of Saccharomyces ecology has progressed
slowly and amid controversy. Besides the difficulties associated with the cryptic
nature of yeasts, we suggest that our proximity to S. cerevisiae through the
foodstuffs and beverages it ferments imparts to our view of this species, but not
to its siblings, a biased perspective. The proposed Drosophila (fruit fly)—
S. cerevisiae association is a good example of an assumption that is proving difficult
to reconcile with experimental evidence. Viewed as a biologically relevant charac-
teristic of S. cerevisiae, this supposedly mutualistic interaction involves mecha-
nisms of molecular attraction of Drosophila melanogaster by S. cerevisiae, the fly
subsequently promoting yeast dispersal (Christiaens et al. 2014; Buser et al. 2014).
Yet, although several field experiments have been reported in the literature, none
supports a relevant association between Drosophila and S. cerevisiae, other yeasts
being in fact more frequently associated with these insects (Phaff et al. 1956; da
Cunha et al. 1957; Blackwell 2017). Recently, a number of concerns have been
raised regarding this fly—yeast model (Hoang et al. 2015). Other studies suggested
associations of S. cerevisiae with other insects such as bees and wasps. In the case
of wasps, it was proposed that they are a key environmental niche for S. cerevisiae,
contributing to overwintering (when vine plants are in dormancy), dispersion, and
maintenance of diversity (Stefanini et al. 2012). In the referred study, S. cerevisiae
were found to constitute 4% of the yeast community in the wasp gut, and the wasp-
associated S. cerevisiae strains were mainly mosaics with a minority being assigned
to the wine population. A follow-up study demonstrated that S. cerevisiae out-
breeding is promoted in the wasp gut (Stefanini et al. 2016), a finding that may be
more relevant to explain the origin of mosaic genomes than to account for intra-
population recombination. Indeed, since the wasp gut environment promotes
interpopulation mating, thereby disrupting locally adapted genotypes, the relevance
of this environment for the natural biology of S. cerevisiae should be analyzed
under this perspective.

It is clear that the field of Saccharomyces ecology is lagging behind among the
diversity of disciplines that generate knowledge on this model organism. One of the
most important outstanding tasks consists in linking the make—accumulate—con-
sume (ethanol) strategy (Piskur et al. 2006) with oak and other nutrient-poor
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arboreal niches and with the perceived population dynamics of the species. An
example of poorly explored avenues for future research relates to the Crabtree
effect. This trait is invariably found in any S. cerevisiae strain and is considered
therefore a fixed character of the species. However, when looking beyond this
genetically inherited trait, Jarosz et al. (2014a) found a prion that was capable of
“reversing” it. Interestingly, the frequency of appearance of prion-harboring vari-
ants insensitive to glucose repression varied depending on the ecological history of
the strain. Moreover, prion appearance was triggered by several bacteria (Jarosz
et al. 2014b), an effect later shown to be mediated by the production of lactic acid
(Garcia et al. 2016), indicating that it is responsive to the environment. Both
characteristics point to an ecologically relevant, adaptive role for this epigenetic
trait. They also suggest that epigenetic traits may confer additional plasticity to the
species in a manner that has been so far largely overlooked when examining
apparent contradictions between the physiology of S. cerevisiae and its occurrence
on natural substrates. Rather than being devoid of an ecology, S. cerevisiae and its
siblings appear to have evolved sophisticated ecological strategies that still await
for ecologically sensible investigations to be revealed.

Acknowledgments This work was supported by FCT Portugal grant UID/Multi/04378/2013. We
thank Feng-Yan Bai, Qing-Ming Wang, and Polona Zalar for sharing unpublished data.

References

Almeida P, Gongalves C, Teixeira S, Libkind D, Bontrager M, Masneuf-Pomarede I, Albertin W,
Durrens P, Sherman DJ, Marullo P, Todd Hittinger C, Gongalves P, Sampaio JP (2014) A
Gondwanan imprint on global diversity and domestication of wine and cider yeast Saccharo-
myces uvarum. Nat Commun 5:4044

Almeida P, Barbosa R, Zalar P, Imanishi Y, Shimizu K, Turchetti B, Legras J-L, Serra M,
Dequin S, Couloux A, Guy J, Bensasson D, Gongalves P, Sampaio JP (2015) A population
genomics insight into the Mediterranean origins of wine yeast domestication. Mol Ecol
24:5412-5427

Bachinskaya AA (1914) Storiya razvitiya i kyl’tury novago drozhzhevogo griboka — Saccharo-
myces paradoxus. (Development and cultivation of a new yeast — Saccharomyces paradoxus). 1
Zhurnal Mikrobiol 1:231-250

Barbosa R, Almeida P, Safar SVB, Santos RO, Morais PB, Nielly-Thibault L, Leducq J-B, Landry
CR, Gongalves P, Rosa CA, Sampaio JP (2016) Evidence of natural hybridization in Brazilian
wild lineages of Saccharomyces cerevisiae. Genome Biol Evol 8:317-329

Bing J, Han PJ, Liu WQ, Wang QM, Bai FY (2014) Evidence for a Far East Asian origin of lager
beer yeast. Curr Biol 24:R380-R381

Blackwell M (2017) Yeast in insects and other invertebrates. In: Buzzini P, Lachance MA,
Yurkov AM (eds) Yeasts in natural ecosystems: diversity. Springer International Publishing,
pp 397433

Bond U (2009) Chapter 6: The genomes of lager yeasts. Adv Appl Microbiol 69:159-182

Borneman AR, Pretorius IS (2015) Genomic insights into the Saccharomyces sensu stricto
complex. Genetics 199:281-291

Borneman AR, Desany BA, Riches D, Affourtit JP, Forgan AH, Pretorius IS, Egholm M, Cham-
bers PJ (2012) The genome sequence of the wine yeast VIN7 reveals an allotriploid hybrid



150 J.P. Sampaio and P. Gongalves

genome with Saccharomyces cerevisiae and Saccharomyces kudriavzevii origins. FEMS Yeast
Res 12:88-96

Borneman AR, Schmidt SA, Pretorius IS (2013) At the cutting-edge of grape and wine biotech-
nology. Trends Genet 29:263-271

Borneman AR, Forgan AH, Kolouchova R, Fraser JA, Schmidt SA (2016) Whole genome
comparison reveals high levels of inbreeding and strain redundancy across the spectrum of
commercial wine strains of Saccharomyces cerevisiae. G3 (Bethesda) 6:957-971

Boynton PJ, Greig D (2014) The ecology and evolution of non-domesticated Saccharomyces
species. Yeast 31:449-462

Boynton PJ, Stelkens R, Kowallik V, Greig D (2017) Measuring microbial fitness in a field
reciprocal transplant experiment. Mol Ecol Resour (in press)

Buser CC, Newcomb RD, Gaskett AC, Goddard MR (2014) Niche construction initiates the
evolution of mutualistic interactions. Ecol Lett 17:1257-1264

Charron G, Leducq JB, Bertin C, Dublé AK, Landry CR (2014) Exploring the northern limit of the
distribution of Saccharomyces cerevisiae and Saccharomyces paradoxus in North America.
FEMS Yeast Res 14:281-288

Christiaens JF, Franco LM, Cools TL, de Meester L, Michiels J, Wenseleers T, Hassan BA,
Yaksi E, Verstrepen KJ (2014) The fungal aroma gene ATF1 promotes dispersal of yeast cells
through insect vectors. Cell Rep 9:425-432

Cliften P, Sudarsanam P, Desikan A, Fulton L, Fulton B, Majors J, Waterston R, Cohen BA,
Johnston M (2003) Finding functional features in Saccharomyces genomes by phylogenetic
footprinting. Science 301:71-76

Cromie GA, Hyma KE, Ludlow CL, Garmendia-Torres C, Gilbert TL, May P, Huang AA, Dudley
AM, Fay JC (2013) Genomic sequence diversity and population structure of Saccharomyces
cerevisiae assessed by RAD-seq. G3 (Bethesda) 3:2163-2171

Cubillos FA, Billi E, Zorgo E, Parts L, Fargier P, Omholt S, Blomberg A, Warringer J, Louis EJ,
Liti G (2011) Assessing the complex architecture of polygenic traits in diverged yeast
populations. Mol Ecol 20:1401-1413

da Cunha AB, Shehata AME-T, de Oliveira W (1957) A study of the diets and nutritional
preferences of tropical species of Drosophila. Ecology 38:98—106

Dunn B, Sherlock G (2008) Reconstruction of the genome origins and evolution of the hybrid lager
yeast Saccharomyces pastorianus. Genome Res 18:1610-1623

Fay JC, Benavides JA (2005) Evidence for domesticated and wild populations of Saccharomyces
cerevisiae. PLoS Genet 1:e5

Gallone B, Steensels J, Prahl T, Soriaga L, Saels V, Herrera-Malaver B, Merlevede A,
Roncoroni M, Voordeckers K, Miraglia L, Teiling C, Steffy B, Taylor M, Schwartz A,
Richardson T, White C, Baele G, Maere S, Verstrepen KJ (2016) Domestication and diver-
gence of Saccharomyces cerevisiae beer yeasts. Cell 166:1397-1410

Garcia DM, Dietrich D, Clardy J, Jarosz DF (2016) A common bacterial metabolite elicits prion-
based bypass of glucose repression. Elife 5:¢17978

Gayevskiy V, Goddard MR (2016) Saccharomyces eubayanus and Saccharomyces arboricola
reside in North Island native New Zealand forests. Environ Microbiol 18:1137-1147

Goddard MR, Greig D (2015) Saccharomyces cerevisiae: a nomadic yeast with no niche? FEMS
Yeast Res 15:fov009

Gongalves P, Valério E, Correia C, de Almeida JMGCF, Sampaio JP (2011) Evidence for
divergent evolution of growth temperature preference in sympatric Saccharomyces species.
PLoS One 6:¢20739

Gongalves M, Pontes A, Almeida P, Barbosa R, Serra M, Libkind D, Hutzler M, Gongalves P,
Sampaio JP (2016) Distinct domestication trajectories in top-fermenting beer yeasts and wine
yeasts. Curr Biol 26:2750-2761

Gonzalez SS, Barrio E, Gafner J, Querol A (2006) Natural hybrids from Saccharomyces
cerevisiae, Saccharomyces bayanus and Saccharomyces kudriavzevii in wine fermentations.
FEMS Yeast Res 6:1221-1234



5 Biogeography and Ecology of the Genus Saccharomyces 151

Gonzalez SS, Barrio E, Querol A (2008) Molecular characterization of new natural hybrids of
Saccharomyces cerevisiae and S. kudriavzevii in brewing. Appl Environ Microbiol
74:2314-2320

Hanson SJ, Byrne KP, Wolfe KH (2014) Mating-type switching by chromosomal inversion in
methylotrophic yeasts suggests an origin for the three-locus Saccharomyces cerevisiae system.
Proc Natl Acad Sci U S A 111:E4851-E4858

Hittinger CT, Gongalves P, Sampaio JP, Dover J, Johnston M, Rokas A (2010) Remarkably
ancient balanced polymorphisms in a multi-locus gene network. Nature 464:54—58

Hoang D, Kopp A, Chandler JA (2015) Interactions between Drosophila and its natural yeast
symbionts—Is Saccharomyces cerevisiae a good model for studying the fly-yeast relationship?
Peer J 3:e1116

Jarosz DF, Brown JCS, Walker GA, Datta MS, Ung WL, Lancaster AK, Rotem A, Chang A,
Newby GA, Weitz DA, Bisson LF, Lindquist S (2014a) Cross-kingdom chemical communi-
cation drives a heritable, mutually beneficial prion-based transformation of metabolism. Cell
158:1083-1093

Jarosz DF, Lancaster AK, Brown JCS, Lindquist S (2014b) An evolutionarily conserved prion-like
element converts wild fungi from metabolic specialists to generalists. Cell 158:1072-1082

Kellis M, Patterson N, Endrizzi M, Birren B, Lander ES (2003) Sequencing and comparison of
yeast species to identify genes and regulatory elements. Nature 423:241-254

Kowallik V, Greig D (2016) A systematic forest survey showing an association of Saccharomyces
paradoxus with oak leaf litter. Environ Microbiol Rep 8:833-841

Kuehne HA, Murphy HA, Francis CA, Sniegowski PD (2007) Allopatric divergence, secondary
contact, and genetic isolation in wild yeast populations. Curr Biol 17:407-411

Landry CR, Townsend JP, Hartl DL, Cavalieri D (2006) Ecological and evolutionary genomics of
Saccharomyces cerevisiae. Mol Ecol 15:575-591

Leducq J-B, Charron G, Samani P, Dubé AK, Sylvester K, James B, Almeida P, Sampaio JP,
Hittinger CT, Bell G, Landry CR (2014) Local climatic adaptation in a widespread microor-
ganism. Proc R Soc B Biol Sci 281:20132472

Leducq J-B, Nielly-Thibault L, Charron G, Eberlein C, Verta J-P, Samani P, Sylvester K, Hittinger
CT, Bell G, Landry CR (2016) Speciation driven by hybridization and chromosomal plasticity
in a wild yeast. Nat Microbiol 1:15003

Legras JL, Merdinoglu D, Cornuet JM, Karst F (2007) Bread, beer and wine: Saccharomyces
cerevisiae diversity reflects human history. Mol Ecol 16:2091-2102

Legras J-L, Erny C, Charpentier C (2014) Population structure and comparative genome hybrid-
ization of European flor yeast reveal a unique group of Saccharomyces cerevisiae strains with
few gene duplications in their genome. PLoS One 9:¢108089

Li R-Q, Chen Z-D, Lu A-M, Soltis DE, Soltis PS, Manos PS (2004) Phylogenetic relationships in
Fagales based on DNA sequences from three genomes. Int J Plant Sci 165:311-324

Libkind D, Hittinger CT, Valefio E, Gongalves C, Dover J, Johnston M, Gongalves P, Sampaio JP
(2011) Microbe domestication and the identification of the wild genetic stock of lager-brewing
yeast. Proc Natl Acad Sci U S A 108:14539-14544

Liti G, Barton DBH, Louis EJ (2006) Sequence diversity, reproductive isolation and species
concepts in Saccharomyces. Genetics 174:839-850

Liti G, Carter DM, Moses AM, Warringer J, Parts L, James SA, Davey RP, Roberts IN, Burt A,
Koufopanou V, Tsai 1J, Bergman CM, Bensasson D, O’Kelly MJT, van Oudenaarden A,
Barton DBH, Bailes E, Nguyen AN, Jones M, Quail MA, Goodhead I, Sims S, Smith F,
Blomberg A, Durbin R, Louis EJ (2009) Population genomics of domestic and wild yeasts.
Nature 458:337-341

Lopes CA, Barrio E, Querol A (2010) Natural hybrids of S. cerevisiae x S. kudriavzevii share
alleles with European wild populations of Saccharomyces kudriavzevii. FEMS Yeast Res
10:412-421



152 J.P. Sampaio and P. Gongalves

Ludlow CL, Cromie GA, Garmendia-Torres C, Sirr A, Hays M, Field C, Jeffery EW, Fay JC,
Dudley AM (2016) Independent origins of yeast associated with coffee and cacao fermenta-
tion. Curr Biol 26:965-971

Marsit S, Dequin S (2015) Diversity and adaptive evolution of Saccharomyces wine yeast: a
review. FEMS Yeast Res 15:fov067

Martini AV (1989) Saccharomyces paradoxus comb. nov., a newly separated species of the
Saccharomyces sensu stricto complex based upon nDNA/nDNA homologies. Syst Appl
Microbiol 12:179-182

Martini A (1993) Origin and domestication of the wine yeast Saccharomyces cerevisiae. ] Wine
Res 4:165-176

Montrocher R, Verner M-C, Briolay J, Gautier C, Marmeisse R (1998) Phylogenetic analysis of
the Saccharomyces cerevisiae group based on polymorphisms of the rDNA spacer sequences.
Int J Syst Bacteriol 48:295-303

Nakao Y, Kanamori T, Itoh T, Kodama Y, Rainieri S, Nakamura N, Shimonaga T, Hattori M,
Ashikari T (2009) Genome sequence of the lager brewing yeast, an interspecies hybrid. DNA
Res 16:115-129

Naumov G, Naumova E, Korhola M (1992) Genetic identification of natural Saccharomyces sensu
stricto yeasts from Finland, Holland and Slovakia. A van Leeuwenhoek 61:237-243

Naumov GI, James SA, Naumova ES, Louis EJ, Roberts IN (2000) Three new species in the
Saccharomyces sensu stricto complex: Saccharomyces cariocanus, Saccharomyces
kudriavzevii and Saccharomyces mikatae. Int J Syst Evol Microbiol 50:1931-1942

Naumov GI, Lee C-F, Naumova ES (2013) Molecular genetic diversity of the Saccharomyces
yeasts in Taiwan: Saccharomyces arboricola, Saccharomyces cerevisiae and Saccharomyces
kudriavzevii. A van Leeuwenhoek 103:217-228

Novo M, Bigey F, Beyne E, Galeote V, Gavory F, Mallet S, Cambon B, Legras J-L, Wincker P,
Casaregola S, Dequin S (2009) Eukaryote-to-eukaryote gene transfer events revealed by the
genome sequence of the wine yeast Saccharomyces cerevisiae EC1118. Proc Natl Acad Sci U
S A 106:16333-16338

Pérez-Ortin JE, Querol A, Puig S, Barrio E (2002) Molecular characterization of a chromosomal
rearrangement involved in the adaptive evolution of yeast strains. Genome Res 12:1533-1539

Peris D, Sylvester K, Libkind D, Gongalves P, Sampaio JP, Alexander WG, Hittinger CT (2014)
Population structure and reticulate evolution of Saccharomyces eubayanus and its lager-
brewing hybrids. Mol Ecol 23:2031-2045

Peris D, Langdon QK, Moriarty RV, Sylvester K, Bontrager M, Charron G, Leducq J-B, Landry
CR, Libkind D, Hittinger CT (2016) Complex ancestries of lager-brewing hybrids were shaped
by standing variation in the wild yeast Saccharomyces eubayanus. PLoS Genet 12:¢1006155

Phaff HJ, Miller MW, Recca JA, Shifrine M, Mrak EM (1956) Yeasts found in the alimentary
canal of Drosophila. Ecology 37:533-538

Piskur J, Rozpedowska E, Polakova S, Merico A, Compagno C (2006) How did Saccharomyces
evolve to become a good brewer? Trends Genet 22:183—186

Pretorius IS (2000) Tailoring wine yeast for the new millennium: novel approaches to the ancient
art of winemaking. Yeast 16:675-729

Robinson HA, Pinharanda A, Bensasson D (2016) Summer temperature can predict the distribu-
tion of wild yeast populations. Ecol Evol 6:1236-1250

Rodriguez ME, Pérez-Través L, Sangorrin MP, Barrio E, Lopes CA (2014) Saccharomyces
eubayanus and Saccharomyces uvarum associated with the fermentation of Araucaria
araucana seeds in Patagonia. FEMS Yeast Res 14:948-965

Salvadé Z, Arroyo-Lopez FN, Guillamén JM, Salazar G, Querol A, Barrio E (2011) Temperature
adaptation markedly determines evolution within the genus Saccharomyces. Appl Environ
Microbiol 77:2292-2302

Sampaio JP, Gongalves P (2008) Natural populations of Saccharomyces kudriavzevii in Portugal
are associated with oak bark and are sympatric with S. cerevisiae and S. paradoxus. Appl
Environ Microbiol 74:2144-2152



5 Biogeography and Ecology of the Genus Saccharomyces 153

Schacherer J, Shapiro J, Ruderfer DM, Kruglyak L (2009) Comprehensive polymorphism survey
elucidates population structure of Saccharomyces cerevisiae. Nature 458:342-345

Stefanini I, Dapporto L, Legras J-L, Calabretta A, Di Paola M, De Filippo C, Viola R, Capretti P,
Polsinelli M, Turillazzi S, Cavalieri D (2012) Role of social wasps in Saccharomyces
cerevisiae ecology and evolution. Proc Natl Acad Sci U S A 109:13398-13403

Stefanini I, Dapporto L, Berna L, Polsinelli M, Turillazzi S, Cavalieri D (2016) Social wasps are a
Saccharomyces mating nest. Proc Natl Acad Sci U S A 113:2247-2251

Strope PK, Skelly DA, Kozmin SG, Mahadevan G, Stone EA, Magwene PM, Dietrich FS,
McCusker JH (2015) The 100-genomes strains, an S. cerevisiae resource that illuminates its
natural phenotypic and genotypic variation and emergence as an opportunistic pathogen.
Genome Res 125:762-774

Torok T, Mortimer R, Romano P, Suzzi G, Polsinelli M (1996) Quest for wine yeasts—An old
story revisited. J Ind Microbiol Biotechnol 17:303-313

Turakainen H, Kristo P, Korhola M (1994) Consideration of the evolution of the Saccharomyces
cerevisiae MEL gene family on the basis of the nucleotide sequences of the genes and their
flanking regions. Yeast 10:1559-1568

van der Walt JP (1970) Saccharomyces (Meyen) emend. Reess. In: Lodder J (ed) The yeasts, a
taxonomic study, 2nd edn. North-Holland, Amsterdam, pp 555-718

Vaughan-Martini A, Kurtzman CP (1985) Deoxyribonucleic acid relatedness among species of the
genus Saccharomyces sensu stricto. Int J Syst Bacteriol 35:508-511

Vaughan-Martini A, Martini A (1995) Facts, myths and legends on the prime industrial microor-
ganism. J Ind Microbiol 14:514-522

Wang S-A, Bai F-Y (2008) Saccharomyces arboricolus sp. nov., a yeast species from tree bark. Int
J Syst Evol Microbiol 58:510-514

Wang Q-M, Liu W-Q, Liti G, Wang S-A, Bai F-Y (2012) Surprisingly diverged populations of
Saccharomyces cerevisiae in natural environments remote from human activity. Mol Ecol
21:5404-5417

Warringer J, Zorgo E, Cubillos FA, Zia A, Gjuvsland A, Simpson JT, Forsmark A, Durbin R,
Ombholt SW, Louis EJ, Liti G, Moses A, Blomberg A (2011) Trait variation in yeast is defined
by population history. PLoS Genet 7:¢1002111

Wiens F, Zitzmann A, Lachance M-A, Yegles M, Pragst F, Wurst FM, von Holst D, Guan SL,
Spanagel R (2008) Chronic intake of fermented floral nectar by wild treeshrews. Proc Natl
Acad Sci U S A 105:10426-10431

Will JL, Kim HS, Clarke J, Painter JC, Fay JC, Gasch AP (2010) Incipient balancing selection
through adaptive loss of aquaporins in natural Saccharomyces cerevisiae populations. PLoS
Genet 6:¢1000893

Yarrow D (1984) Saccharomyces Meyen ex Reess. In: Kreger-van Rij N (ed) The yeasts, a
taxonomic study, 3rd edn. Elsevier, Amsterdam, pp 379-395



Chapter 6
Mutualism in Yeasts

Moritz Mittelbach and Rachel L. Vannette

Abstract Yeasts are often associated with macro- and microorganisms, but these
interactions can vary from mutually beneficial to antagonistic. In this chapter, we
review mutually beneficial interactions involving yeasts. First, we describe some
ways in which yeasts may benefit from the metabolism or actions of other species.
Next, we describe the characteristics of yeasts that could benefit other organisms,
including rapid growth, high nutrient content, detoxification, and the production of
metabolic by-products. We highlight in detail a few of the types of interactions that
most resemble mutualisms between yeasts and other organisms for: (1) yeast
interactions with animals (vertebrate and invertebrate), (2) yeast interactions with
plants, (3) yeast interactions with other microorganisms, and (4) multispecies
interactions, including pollination. We necessarily focus on recently published
work. We indicate where good evidence exists for mutualism and where more
results will be required to demonstrate mutual benefit. Finally, we conclude the
chapter with directions for future work, including how current technological
approaches may be combined with manipulative experiments to allow rigorous
tests of the mutualistic nature of yeast associations.
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6.1 Introduction

Yeasts are often found in close association with other organisms, including inver-
tebrates (Do Carmo-Sousa 1969; Phaff et al. 1978; Phaff and Starmer 1987), plants
(e.g., Lund 1954; Last and Price 1969; Phaff and Starmer 1987), and within
complex microbial communities (e.g., Frey-Klett and Burlinson 2011), as has
been documented extensively and reviewed previously (e.g., Ganter 2006; Fonseca
and Inacio 2006). The effects of yeasts on their associates can be mutualistic,
commensal, antagonistic, or pathogenic. Here, we are tasked with examining the
mutualistic interactions that involve yeast, where both yeast and the associated
species benefit from the interaction. Although yeasts are often implicated in mutu-
alistic interactions, in many cases, more work is required to demonstrate mutualism
sensu stricto. In this chapter, we highlight the cases with good evidence for
mutualism, and also those where available evidence suggests mutualism, but
more work is necessary to demonstrate mutual benefit.

6.1.1 Mutualism: Definitions and Classification

Mutualism, broadly defined, is the association between organisms of different
species, where both species benefit from being involved in the interaction (Boucher
et al. 1982; Bronstein 1994). Here, we distinguish the term mutualism from the
related term “symbiosis” which describes species living in close proximity,
although not necessarily benefiting the other. Mutualism may be defined as an
increase in individual-level fitness or an increase of the fitness of a population
(Boucher et al. 1982). In the case of yeasts, population-level analyses seem most
relevant and are the ones typically used to describe the outcome of species inter-
actions with yeasts. In contrast, the growth or reproductive output of a single yeast
cell is rarely examined. Rather, changes in yeast occurrence or cell density com-
pared to an initial population of cells are the parameters most commonly reported.
On the other hand, effects of yeasts on other organisms are typically examined at
either the level of the individual (e.g., biomass accumulation, growth, or reproduc-
tive output) or, less commonly, using population-level measurements.

Additional terms can be used to indicate the degree of reliance of one species on
another. For example, facultative mutualists benefit from the presence of their
partner and may experience an increase in growth or fitness but do not require
this partner for growth or reproduction. In contrast, obligate mutualists require the
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interaction for growth, reproduction, or other functions necessary to complete the
organism’s life cycle. Further, mutualisms can vary in specificity: in pairwise or
species-specific mutualisms, a specific partner species is necessary to fulfill activ-
ities or actions that mediate the mutualistic exchange. By contrast, in more gener-
alized, diffuse, or guild-specific mutualistic interactions, any organism within a
guild of functionally similar species may serve as a mutualist (Stanton 2003;
Crowley and Cox 2011). In this case, the species involved in a given mutualism
may vary among geographic locations or, temporally, depending on the day,
season, or year. Finally, interactions need not be symmetric: interactions may be
obligate for one species and facultative for the other, species-specific for one and
more generalized for the other.

Despite the clear definitions above, most mutualisms in nature are difficult to
neatly categorize. Many interactions defined as mutualism vary in strength, spec-
ificity, and symmetry, depending on genetic background of the partner species or
with environmental conditions. This variability generates a range of outcomes that
may extend from mutualism to parasitism (e.g., Johnson et al. 1997). For example,
in an experimentally evolved mutualism between algae and Saccharomyces
cerevisiae, the degree of reliance of one species on the other depended strongly
on the environmental conditions (Hom and Murray 2014), becoming obligate when
environmental conditions favored the mutualism. In another example, variation in
nutrient availability shifted interactions between cross-feeding S. cerevisiae strains
from obligate mutualism into exclusive competition (Hoek et al. 2016). Yeasts are
typically thought to be involved in diffuse or guild mutualistic interactions (e.g.,
Ganter 2006; Starmer and Lachance 2011; Buser et al. 2014). That is, yeasts and
other partner species may be ecologically or biologically dependent on a partner
organism for growth or reproductive success, but any number of ecologically
similar species may fill this role.

6.2 Biology of Yeasts, as Related to Mutualism

Yeasts are defined as eukaryotic single-celled fungi whose “asexual growth pre-
dominantly results from budding or fission, and which do not form their sexual
states within or upon a fruiting body” (Kurtzman et al. 2011). Typically aerobic
organisms, ascomycete yeasts are often capable of rapid fermentation, with the
production of characteristic fermentation products including ethanol, carbon diox-
ide, and other fermentation volatiles. Yeasts often inhabit environments as part of
complex microbial communities and exhibit adaptations for competition (e.g.,
killer toxins or predation) or interactions with other members of microbial com-
munities, such as contributing to biofilm formations or cross-feeding (Golubev
2006; Starmer and Lachance 2011). For additional information on the antagonistic
interactions among yeasts and on the biology and ecology of Kkiller yeasts, see
Chap. 9 of this book. Due to these biological characteristics, yeasts may benefit
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from activities of other organisms and contribute to the fitness of other organisms in
certain ways, as we describe below.

6.2.1 What Do Yeast Need? Biological and Ecological
Considerations

Yeasts can inhabit diverse environments and utilize a range of substrates as carbon
and nutrient sources (Deak 2006). However, as small single-celled organisms with
no fruiting body (and therefore limited dispersal ability in an active form), yeasts
often deplete nutrients rapidly in local habitats and, as a result, benefit from being
vectored into new habitats suited for their particular biology. We outline require-
ments for yeast success below, including (1) dispersal to suitable habitats, (2) envi-
ronmental conditions amenable for growth, and (3) environments that promote
sexual reproduction and outcrossing.

6.2.1.1 Dispersal to Suitable Habitats

For some yeasts, ideal habitat is ephemeral and includes plant exudates, floral
nectar, rotting fruit, and short-lived insects. Moreover, yeast metabolism can alter
habitat characteristics by rapidly depleting nutrients or oxygen, or generating toxic
by-products. Frequent dispersal to suitable habitats is likely to be important for
colonization and competition of yeasts with a rapid growth strategy. In addition,
evidence to date supports the hypothesis that yeast habitat specificity may be linked
to its particular dispersal strategy. For example, yeast species capable of colonizing
a broad variety of different substrates may disperse via various mechanisms includ-
ing wind dispersal of spores or phoretic transport by a variety of organisms, whose
different habits and strategies could mean an uncertain route and destination.
Indeed, endophytic yeasts that can colonize a diversity of plant species (Glushakova
and Chernov 2010) are thought to be dispersed in an undirected manner through
nonspecialized insects or wind (Fonseca and Inacio 2006), in some cases through
the formation of ballistoconidia or ballistospores (Last and Price 1969). In contrast,
specialized yeasts that require certain environmental conditions might be less
flexible in dispersal strategy and rely on a subset of vectors with direct routes and
predictable destinations. The transportation of yeast species that associate with
Drosophila may be highly predictable and strain-specific (Gilbert 1980). Similarly,
yeasts that associate with flower-inhabiting beetles or bees are largely restricted to
the floral niche (Lachance et al. 2003; Brysch-Herzberg 2004), which may enhance
the probability of dispersal to suitable habitats. For yeasts characterized by slow
growth rates, population densities may be low and frequent dispersal among
habitats may not be as important.
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6.2.1.2 Conditions for Growth

As mentioned above, suitable conditions for yeast proliferation and survival vary
dramatically among species (e.g., Dedk 2006). Yeasts can benefit from partners that
create or locate habitats that fulfill particular habitat requirements, or that suppress
competitor organisms. In some cases, ecosystem “engineers” (organisms which
modify the physical characteristics of the environment) may enable or facilitate
yeast growth. For example, Drosophila larvae moderate yeast densities through
changes to fruit structure (Stamps et al. 2012), and bark beetles provide specialized
spatial structures (Hofstetter et al. 2006). In other cases, organisms may directly
provide specific metabolites or easily utilized substrates to yeasts (e.g., Hom and
Murray 2014). Organisms that help yeasts avoid or preempt competition may also
benefit yeast growth. For example, Drosophila avoid oviposition and yeast dis-
persal to habitats that emit the volatile compound geosmin, which is produced by
bacteria and indicates habitats where yeasts and larvae are unlikely to successfully
establish (Stensmyr et al. 2012). Finally, organisms that directly provide an envi-
ronment for yeasts, including an internal or external habitat (e.g., gut or organism
surface) may directly enhance yeast growth.

6.2.1.3 Conditions for Sexual Reproduction and Outcrossing

Yeasts often require specific environmental conditions for sexual reproduction and
the opportunity to mate with cells from different asci (termed outbreeding or
outcrossing) (e.g., Knop 2006). Species that provide opportunities for sexual
reproduction or outcrossing by yeasts may act as mutualists if recombination and
genetic variation are beneficial to yeasts. Sexual reproduction of yeasts has seldom
been incorporated in ecological experiments, and its impact on ecological strategies
and environmental needs of yeasts remains poorly understood. Asexual reproduc-
tion often seems to be the prevailing reproduction mode and might play an
important role in the exploration of new habitats (Phaff et al. 1986; Herrera et al.
2011). On the other hand, sexual reproduction can purge deleterious mutations,
allow for more efficient selection, and increase yeast fitness in some environments
(e.g., Zeyl and Bell 1997; Goddard et al. 2005). However, mating types of a single
yeast species can be distributed unequally in local populations (while the global
distribution seems balanced) (Phaff et al. 1986; Lachance et al. 1994), and the
frequency of compatible mating types varies among environments (Botes et al.
2009). Yeast vectors could allow for sexual reproduction among otherwise allopat-
ric populations, or in some cases, the vectors themselves could also serve as suitable
mating habitats. For example, mating, recombination, and hybridization within and
between S. cerevisiae and Saccharomyces paradoxus are promoted in the intestines
of Polistes wasps (Stefanini et al. 2012; Stefanini et al. 2016). In addition to
environmental conditions amenable to sexual reproduction, vectors may also
offer protection from external environmental hazards or predators (Vega and
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Dowd 2004 and references therein). A prerequisite for this strategy would be the
ability to survive the gut passages within insects, which in turn could directly be
employed to promote outbreeding through the dissolution of spore tetrads (Reuter
et al. 2007). Due to spatial distribution of mating types or environmental conditions
required for mating, species that mediate sexual reproduction by yeasts might be
considered mutualists, but more increased attention to this area is needed to
determine the ecological trade-offs associated with different reproductive modes.

6.2.2 Characteristics of Yeasts That May Be Involved
in Mutualism

Although yeasts vary to a great degree in their life history and metabolism, there are
characteristics shared by many described yeast species that could be beneficial to
other organisms. We highlight examples of these traits below, although there are
likely many other characteristics of lesser-studied yeasts of which we are not aware
or cannot cover in detail. In addition, yeast characteristics are not neatly confined to
single categories, as they are part of a life history that gives rise to multiple
correlated traits. As a result, multiple traits described below may be simultaneously
involved in species interactions.

6.2.2.1 Rapid Growth

Many yeast species are capable of rapid multiplication in suitable conditions (Fleet
2006), which has often been exploited by humans for food and beverage preserva-
tion. Single-celled organisms often thrive in nutrient-rich or ephemeral habitats,
and this trait can increase yeast competitiveness and may serve as the basis for
mutualism. For example, the fast growth of yeasts could benefit other species when
yeasts suppress harmful, pathogenic, or other organisms less beneficial than yeasts.
The yeast Sporobolomyces roseus has been found to reduce the establishment of the
pathogen Bipolaris sorokiniana (= Cochliobolus sativus) on leaves with aphid
honeydew (Fokkema et al. 1983) and of the European corn borer on leaves from
maize (Martin et al. 1993). In another system, black yeasts (closely related to fungi
in the genus Phialophora) can suppress bacterial pathogens (Escovopsis) through
resource competition, which may benefit the leaf-cutting attine ants in the genus
Apterostigma (Little and Currie 2008).

For species that benefit from the outcome of yeast competition with other
microorganisms, introducing yeasts to a particular environment before other spe-
cies arrive may then preclude or substantially reduce the growth of later arrivers
(a phenomenon called priority effects). For example, in nectar-inhabiting yeast
systems, the introduction of one yeast species may inhibit the growth of later



6 Mutualism in Yeasts 161

arriving yeasts or less beneficial bacteria through resource competition (e.g., Peay
et al. 2012; Vannette and Fukami 2013; Mittelbach et al. 2016), as we detail below.

6.2.2.2 Yeast as (Nutrient-Rich) Diets

Yeast cells as a component of vertebrate and invertebrate diets have been discussed
in depth previously (Lipke and Fraenkel 1956; Sang 1978; Starmer and Aberdeen
1990) and suggested as the basis for many relationships between animals and yeasts
(Ganter 2006). Briefly, yeasts are rich in proteins and vitamins and can serve as a
supplement or even major constituent for the diet of different organisms, domesti-
cated and wild. For many species of flies, butterflies, and beetles, yeasts are
necessary for larval development and positively influence survival, resistance to
parasitoids, development time, and dry weight in Drosophila and Cydia (Rohlfs and
Kiirschner 2010; Anagnostou et al. 2010a, b; Witzgall et al. 2012). Nutritional
relationships may be extremely taxonomically diverse: vertebrate and invertebrate
organisms feed on yeasts. However, this association may be characterized as
predation or commensalism because, in many cases, the effects on yeast fitness
are not examined (see also Blackwell 2017).

6.2.2.3 Syntrophy

In contrast to direct consumption of yeasts, syntrophy or “cross-feeding” is defined
as the consumption of the products of another species. Yeasts can consume or break
down a remarkable variety of carbon and nitrogen sources and in turn synthesize a
variety of different substances that are released into the surrounding environment.
These substances can comprise supplementary or essential parts of diets of mutu-
alist partners or could function as substrates for other essential processes.
Syntrophy is an essential trait in some insect symbionts (Moran 2007) and within
microbial communities (e.g., Ren et al. 2015), but is not limited to these niches. For
example, fermenting ascomycetes release ethanol into floral nectar, which is con-
sumed by small mammals (Wiens et al. 2008). In the absence of atmospheric CO,,
S. cerevisiae releases CO,, which is then fixed by the algae Chlamydomonas
reinhardtii (Hom and Murray 2014). Although infrequently documented in natural
systems with yeasts, we suspect that syntrophic interactions are likely to be
common in multispecies assemblages.

6.2.2.4 Detoxification and Metabolic Breakdown

Although yeasts are not well known for the extracellular secretion of enzymes,
yeasts can detoxify or convert toxic substances to tolerable doses or edible diets
(see the summary in Starmer and Lachance 2011), which could serve as a basis for
mutualism. Several yeast species, including from the genera Saccharomyces, and
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basidiomycetous yeasts previously classified in polyphyletic phenotypic genera
Cryptococcus, Rhodotorula, and Trichosporon, including Apiotrichum dulcitum,
Cutaneotrichosporon mucoides, and Oberwinklerozyma yarrowii, can hydrolyze
fungal toxins (Molnar et al. 2004; Schatzmayr et al. 2003; McCormick 2013), but
its role in mutualism has not been characterized to our knowledge. In floral nectar,
the yeast Metschnikowia reukaufii reduced the deterrent effects of secondary
metabolites, such as caffeine or nicotine, and increase pollinator foraging on nectar,
although effects on metabolite concentrations were minimal (Vannette and Fukami
2016). Yeast contribution to enzymatic breakdown may also be common in some
environments. For example, Candida, Cystofilobasidium, Diutina, Rhodotorula,
Saprochaete, Cutaneotrichosporon, and Magnusiomyces have been isolated from
the rumen of livestock (Clarke and Di Menna 1961; Prajapati et al. 2016) and may
contribute to metabolism in the rumen. In some termite species, strains of Candida
and Debaryomyces contribute to degradation of cellulose through the production of
hemicellulolytic enzymes in the gut (Schéfer et al. 1996).

6.2.2.5 Scent

During proliferation and metabolism, yeasts often produce odors and volatile sub-
stances, or alter scent profiles through the utilization of volatiles as carbon sources
(Vishniac et al. 1997) or changing host volatile emission (Farré-Armengol et al.
2016). In some cases, volatiles can attract partner organisms to suitable substrates,
which are then used as feeding or oviposition sites for the partner. In turn, the
attraction of potential vectors seems to be directly linked to the efficiency of yeast
dispersal (Buser et al. 2014; Christiaens et al. 2014). For example, Drosophila flies
are attracted to yeast cultures, with ethanol, acetic acid, acetoin, 2-phenyl ethanol,
and 3-methyl-1-butanol as key compounds that indicate attraction (Becher et al.
2012). Insects may also use microbial volatiles to locate plant hosts (Beck and
Vannette 2017). Codling moths use yeast volatiles (phenols and terpenoids) from
Metschnikowia pulcherrima and Metschnikowia andauensis to find larval host
plants (Witzgall et al. 2012). Similarly, the yeast Kodamaea ohmeri releases
volatiles that mimic the alarm pheromones of honey bees, attracting its vector the
bee parasitic small hive beetle (Aethina tumida) (Torto et al. 2007). Nectar-borne
yeast species contribute aliphatic alcohols to floral scents (Golonka et al. 2014) and
attract foraging bumblebees (potential yeast vectors) to flowers (Herrera et al. 2013;
Schaeffer et al. 2016). Similarly, the yeast-like fungus Aureobasidium pullulans
growing on apple fruits attracts eusocial wasps from the genus Vespula through the
production of 2-methyl-1-butanol, 3-methyl-1-butanol, and 2-phenylethyl alcohol
(Davis et al. 2012). Yeasts presumably benefit from attracting pollinators or wasps
by dispersal to suitable habitats. In the bark beetle microbiome, yeast-derived
volatiles are involved in the production of anti-aggregation pheromones, which
regulate beetle densities in their tree hosts. Specifically, the yeast species Kuraishia
capsulata and Ogataea pini (formerly Hansenula capsulata and Pichia pini,
respectively) are capable to convert cis- and trans-verbenol into verbenone
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(Hunt and Borden 1990). Finally, yeast volatiles can alter the growth of other
organisms, a trait implicated in mutualistic multispecies interactions. For example,
O. pini emits ethanol, carbon disulfide (CS,), and A-3-carene, which suppress the
growth of the entomopathogen Beauveria bassiana and increase the growth of the
fungal beetle mutualist from the genus Entomocorticium in subcortical galleries of
bark beetles (Dendroctonus) (Davis et al. 2011).

6.2.2.6 Temperature

Yeast assimilation is an exothermic process and may increase the local environ-
mental temperature. The phenomenon is well studied in industrial fermentation, but
ecological consequences in natural habitats or cases where this trait might even be
beneficial in interactions are scarce. Herrera and Pozo (2010) found an increase of
inner floral temperature by 3-5 °C through the assimilation processes of
M. reukaufii. This temperature shift most probably suits pollinators (Dyer et al.
2006) and may enhance pollination success of the respective flowers in cold
conditions (Herrera and Medrano 2016).

6.2.2.7 Inhibition and Killer Toxins

Yeasts also release allelopathic or toxic compounds to suppress competitors (see
Chap. 9 of this book). This trait is hypothesized to play a role in mutualistic
interactions. Several yeast species from the microbiome of leaf-cutting ants can
suppress fungi and insect pathogens through various mechanisms, promoting the
health of the ant-fungi symbiosis (Rodrigues et al. 2009). Moreover, yeast species
have been thought to assist with the breakdown of polysaccharides and involved in
the regulation of fungal populations in the ant gardens (Arcuri et al. 2014). The
yeast M. pulcherrima strongly inhibits the growth of molds through the emission of
pulcherriminic acid (MacWilliam 1959) or the depletion of free iron in the media
(Golubev 2006 and references therein; Sipiczki 2006). Affiliation with this yeast
therefore could provide an advantage to the larvae of the codling moth to reduce
mold contamination of apple fruits (Witzgall et al. 2012).

6.3 Examples and Case Studies

As outlined above, yeasts can benefit from the activities of other organisms and in
turn facilitate the growth or performance of other species in a number of ways.
Below, we overview documented or likely examples of yeast mutualism. We focus
on well-studied examples of mutualism like yeast-Drosophilid interactions, but also
highlight other putative mutualisms and suggest where more research could move
forward this field.
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6.3.1 Mutualisms Between Yeasts and Animals
6.3.1.1 Invertebrate-Yeast Mutualisms

Yeast associations with invertebrates have been extensively cataloged (Vega and
Dowd 2004; Ganter 2006; Starmer and Lachance 2011), and evidence to date
indicates that yeast associations are often beneficial, if not essential for the nutrition
and development of many insect species. Beetle associations with yeasts and fungi
have been well studied. In particular, bark beetles rely on yeasts and other fungi for
growth, metabolism of substrate, and detoxification of host metabolites, while fungi
are dispersed in specialized mycangia. As this mutualism has been reviewed
recently (Davis 2014; Douglas 2016; Moller et al. 2016), we do not cover this
topic here. Instead, we highlight a few studies from selected interactions that
provide ecological or evolutionary evidence for mutualism. Yeasts associated
with insects and invertebrates have been exhaustively reviewed by
Blackwell (2017).

6.3.1.2 Ants

Although many neotropical ants cultivate fungi (Weber 1972; Mueller et al. 2005),
one rather unusual association involves ant-yeast interactions. Cyphomyrmex
rimosus ants cultivate basidiomycetous fungi of the genera Leucoagaricus and
Leucocoprinus in a yeast-like form. Ants rely on yeast gardens as a food source
for larvae and adults (Mueller et al. 1998; Lange and Grell 2014). Molecular
evidence indicates the leucocoprineous yeast-like fungi are largely confined to
their cultivated habitats, but close relatives can be found in a nonsymbiotic form
(Vo et al. 2009). However, the fitness consequences of the two lifestyles remain
unknown. We speculate that the yeast likely benefits from growth conditions
maintained by attine ants; in addition, Cyphomyrmex ants are known to associate
with the antibiotic-producing bacteria of the genera Pseudonocardia (Currie et al.
2006). If leucocoprineous yeasts exhibit resistance to these compounds, they may
benefit from suppression of competitors by Pseudonocardia, but this complex
relationship remains to be examined from the yeast perspective.

Despite years of documenting patterns of yeast associations with insects, clear
evidence of mutualism in insects-yeast interactions has been documented in only a
minority of cases. We call for increased ecological work to examine the nature of
insect-yeast interactions, to focus on their specificity and degree of reliance on
partners. This may lead to enhanced control of pests in managed systems (e.g., Beck
and Vannette 2017) and improved conservation efforts in natural systems.
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6.3.1.3 Drosophila-Yeast Mutualism: What’s New?

Probably the best-studied system of yeast-invertebrate interactions is between yeast
and invertebrate fruit flies (Drosophilids), and these interactions have been
reviewed extensively in the past (Begon 1982; Phaff and Starmer 1987; Ganter
2006; Kurtzman et al. 2011). Although many aspects of this system would still
benefit from additional work, a preponderance of evidence indicates that interac-
tions between yeast and Drosophilids are mutualistic. In general, Drosophilids
vector yeasts to suitable habitats, deposit yeasts with eggs, and larvae benefit
from nutrition or detoxification that the yeast provide; in many cases, the flies
cannot complete development without yeasts (Kircher 1982; Starmer and Fogleman
1986; Starmer et al. 1988; Starmer and Aberdeen 1990). Previous work has
produced clear evidence of larval benefit from yeasts. Recent work found that
insects benefit from more diverse yeast communities, as more speciose yeast
communities better suppressed the growth of the mold Aspergillus nidulans,
increasing the survival and decreasing development time of Drosophila
melanogaster larvae (Rohlfs and Kiirschner 2010). Indeed, drosophilids are so
reliant on yeasts that fermentation odors have evolved in deceptive pollination
systems, including in the Solomon’s lily (Arum palaestinum), which is pollinated
by drosophilids (Stokl et al. 2010). On the other hand, there is mounting evidence
that yeasts also benefit. As discussed previously, fly vectors can avoid habitats
colonized by other microorganisms based on microbial volatiles like geosmin
(Stensmyr et al. 2012) and alter the environment to favor yeast growth (e.g., Stamps
et al. 2012), giving yeasts a competitive advantage. In addition, fly-associated
yeasts appear adapted to being consumed by flies. For example, many ascomycetes
are capable to survive the gut passage in flies by forming spores (Coluccio et al.
2008) and seem to require these adverse environmental conditions to enhance
outbreeding rates (Reuter et al. 2007).

Yeast-drosophilid interactions are thought to be guild mutualisms with limited
specificity. Recent work by Buser et al. (2014) found that S. cerevisiae strains,
which were more attractive to the fly Drosophila simulans, were also dispersed to a
greater extent and promoted higher egg deposition by flies, suggesting the possi-
bility for specificity to arise. However, intensive sampling of orchards reveals that
many different species of yeasts are found to associate with drosophilids, and even
putative specialist yeasts like Hanseniaspora uvarum are not consistently isolated
(e.g., Lam and Howell 2015). It is likely that the specificity of the interaction may
vary depending on the species considered: cactophilic yeasts show some specificity
to fly vectors, while yeast strains dispersed by vinegar flies show relatively little
specificity and poor correspondence between fly preference and performance
among yeast strains (Ganter 2006; Hoang et al. 2015). Nevertheless, increased
work on non-model systems or more realistic species combinations in Drosophilids
and other invertebrates is likely to improve our understanding of the specificity and
degree of reliance of each partner species.
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6.3.1.4 Marine Invertebrates

In marine environments, red yeasts from the order Sporidiobolales and
Erythrobasidium yeasts (among others) are frequently isolated from invertebrates,
including clams, sponges, and other invertebrates (Nagahama 2006). Together with
yeast traits and putative function in these environments, frequent isolation with
particular hosts suggests that some interactions may be mutualistic (Galkiewicz
et al. 2012; Webster and Taylor 2012; Vaca et al. 2013; Florez et al. 2015). A strain
of Filobasidium isolated from the scleractinian coral Pocillopora damicornis was
found to extend the longevity of coral cells following damage (Domart-Coulon
et al. 2004). Due to the difficulty of manipulative experiments in realistic marine
conditions, ecological studies of these interactions remain rare, but marine systems
may be a fruitful avenue of future study of yeast-invertebrate mutualisms.

6.3.1.5 Vertebrate-Yeast Mutualisms

Interactions between yeasts and vertebrates have been characterized as largely
parasitic and outside human domestication of yeast; evidence for mutualistic
interactions is generally lacking. Studies surveying the fungal diversity of different
groups of vertebrates regularly report abundant yeast populations from mammals
(Lund 1974), fish and other aquatic animals (Hagler and Ahearn 1987), amphibians
(Poonlaphdecha and Ribas 2016), and birds (Cafarchia et al. 2006; Francesca et al.
2014), suggesting that yeasts may be associated with many groups of vertebrates.
Notably, yeasts have been proposed to play a role in fish health and metabolism
(Gatesoupe 2007). For example, Debaryomyces hansenii and Rhodotorula
mucilaginosa are frequently isolated from the gut of carnivorous salmonid fishes;
and many of these yeast strains produce aminopeptidases and lipases that may be
involved in metabolism (Raggi et al. 2014). Building evidence suggests that fish
likely benefit from the interaction, but the ecological or fitness consequences of this
interaction for yeasts have not been explored. Other examples from aquatic and
terrestrial systems are likely to emerge as the microbiome composition of more
vertebrate species is characterized.

6.3.2 Plant-Yeast Mutualisms

Yeasts are commonly isolated from plant roots, leaves, flowers, and fruits, but
documented mutualisms between plants and yeasts remain uncommon. Epiphytic
yeasts (those occurring on plant surfaces) have been historically viewed as com-
mensal, where yeasts benefit from associating with plants, but have no effect on
plant fitness. However, evidence is accumulating that in some cases, yeasts may
also benefit the plant. In a survey of 114 yeast isolates from plant leaves in
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Thailand, approximately 35% of phylloplane yeast species tested produced the
plant hormone indole acetic acid (IAA), with some strains producing high levels
of the hormone (Limtong and Koowadjanakul 2012). Streletskii et al. (2016) even
found 92% of 124 yeast stains isolated from different plant substrates capable to
synthesize IAA. Production of IAA has been suggested to promote plant growth but
is involved in interactions that range from mutualistic to pathogenic (Spaepen and
Vanderleyden 2011), so we caution that ecological studies are required to assess
fitness benefits of IAA production. Regardless of the mechanism, a few studies
document yeast enhancement of plant growth. In maize, the root endophytic yeast
Cyberlindnera saturnus (formerly Williopsis saturnus) produces IAA and increased
plant growth under some environmental conditions (Nassar et al. 2005). In the
shrub Agathosma betulina, inoculation with the yeast Papiliotrema laurentii (Cryp-
tococcus laurentii) on roots also increased root biomass (Cloete et al. 2009). When
associated with sugar beet roots, Pichia membranifaciens (Candida valida),
Rhodotorula glutinis, and Trichosporon asahii improved plant growth through
reduced postemergence damping off disease (Rhizoctonia solani) in seedlings,
crown, and root rots of mature plants (El-Tarabily 2004), suggesting that compe-
tition in the rhizosphere may provide protection against root pathogens. However,
few other examples of yeast epiphytes on plant growth or performance have been
documented, and documenting benefit for both plants and yeasts simultaneously
remains elusive.

Yeasts and plants may benefit each other through more complex interactions,
which could result in indirect mutualism. For example, nectar-inhabiting yeasts can
increase foraging by bees (Herrera et al. 2013; Schaeffer and Irwin 2014; Schaeffer
et al. 2016; Vannette and Fukami 2016), with possible fitness effects on plant hosts.
More complex interactions are also possible. For example, bacteria also frequently
colonize floral nectar and reduce pollinator foraging (Vannette et al. 2013; Good
et al. 2014). Yeasts have been shown to suppress the growth of deterrent bacteria in
floral nectar and may thereby positively influence pollination. Laboratory experi-
ments indicate that nectar-inhabiting yeasts M. reukaufii or Candida rancensis, if
introduced to nectar first, could inhibit the growth of bacteria in the genera
Gluconobacter and Asaia (Tucker and Fukami 2014). By reducing the growth of
bacteria, which are distasteful to pollinators (Vannette et al. 2013; Good et al.
2014), yeasts may indirectly improve pollination within individual flowers, or as
modeling results suggest, over the duration of the flowering season (Song,
unpublished data). Building evidence suggests that nectar specialist species (e.g.,
M. reukaufii, Starmerella bombicola, Metschnikowia koreensis, and others) are
reliant on pollinator vectors to access flowers (Mittelbach et al. 2016; Vannette
and Fukami, unpublished data). Taken together, strong reliance on pollinators and
the suppression of microbes that are not beneficial to pollinators suggest a faculta-
tive mutualism between plants, pollinators, and nectar-borne ascomycetous yeasts.
However, nectar yeasts sometimes decrease pollen germination (Eisikowitch et al.
1990) or plant reproduction in some plant species (Herrera et al. 2013). Further
work to examine the range and frequency of outcomes in this system will be
required.
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Most work on yeast-plant interactions suggest facultative and guild interactions
rather than specialized or obligate mutualism. This may be due to the nature of plant
acquisition of microbial partners in the environment, limited study, or that yeasts
and plants, as largely immobile producers, do not offer complementary traits.
However, the evolved mutualism between syntrophic algae and yeasts (Hom and
Murray 2014), or co-option of yeast scent by deceptive flowers (Stokl et al. 2010)
suggest yeast traits may in some cases complement those of plants. Further work
will elucidate the range, specificity and frequency of these interactions.

6.3.3 Microbe-Yeast Mutualism

Yeasts typically inhabit environments with complex communities of microorgan-
isms, often as part of the microbiome of macroorganisms. Mutualisms between
yeasts and other species of fungi, bacteria, or even viruses are common and have
been best studied in clinical and food production environments. We highlight a
range of interactions, where partners benefit from rapid yeast growth, metabolism,
biofilm formation, or syntrophy.

6.3.3.1 Yeast-Virus Mutualism

Mutualism between yeasts and viruses is well documented in the “killer yeast”
phenomenon (see also Chap. 9 of this book). Although toxins are sometimes
encoded on plasmids or chromosomal DNA, toxin-encoding genes can be carried
by double-stranded RNA viruses in the family Totiviridae. When infected by the
dual viruses, yeast species including S. cerevisiae produce a killer toxin and are
conferred self-protection against the toxin through immunity. Toxin secretion often
leads to rapid competitive dominance by the infected yeast strain. In turn, the virus
receives a host and opportunities to spread through cell-cell mating or heterokaryon
formation, as reviewed by Schmitt and Breinig (2006). Yeasts that carry the virus
include S. paradoxus, Saccharomyces mikatae, Saccharomyces bayanus,
Zygosaccharomyces bailii, and H’spora uvarum (Drinnenberg et al. 2011) and
have been described in environments where competition among strains is strong.
In this case, the association is obligate for the virus but facultative for the yeast.

6.3.3.2 Biofilm Formation

Close physical association between yeasts and other microorganisms could enhance
the success of both species. Many microorganisms are aggregated into biofilms,
where cells stick together and/or to a surface. Many yeast species can initiate
biofilms, although they have been best studied in Candida albicans in the clinical
setting, S. cerevisiae in fermentation, and diverse Candida species used in biofuel
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production (Blankenship and Mitchell 2006). In the clinical environment,
S. cerevisiae can initiate (multispecies) biofilms through the production of a cell
surface glycoprotein, even when bacterial adhesins are not effective (Reynolds and
Fink 2001). In medical infections in humans, multispecies biofilms are often more
resistant than are planktonic cells to antimicrobial drugs, including antifungals.
Resistance has been linked to structural complexity, the presence of an extracellular
matrix, and upregulation of efflux pump genes in biofilms (e.g., Elias and Banin
2012; Fanning and Mitchell 2012). Antimicrobial resistance has consequences for
yeast persistence in a clinical setting: in vivo wound healing was delayed even with
antimicrobial treatment when subjects were coinfected with Staphylococcus aureus
and C. albicans (Peters et al. 2010). In this example, in vitro experiments show
close physical association between fungal and bacterial cells, which was associated
with changes in gene expression that promoted virulence and is thought to promote
invisibility of these dual-species biofilms (Peters et al. 2010; Burmglle et al. 2014).
In this way, yeast interactions with other microorganisms may benefit both micro-
bial species involved, although certainly not the host. Biofilm-based mutualism
involving yeasts is perhaps best described in the clinical context, but similar
interactions are likely to occur in many additional environments and will require
further study through sequencing, co-culture, and in situ examination of microbial
consortia.

6.3.4 Multispecies Microbial Interactions

In some cases, yeasts have been found to benefit either other microbial community
members or indirectly benefit their host. Most of these associations do not represent
mutualism as strictly defined, but may convey indirect benefits. For example, yeasts
can improve each other’s growth in rotting cactus tissues (Starmer and Fogleman
1986). Yeasts are involved in multispecies interactions in the rhizosphere, where
they release vitamin Bj,, promoting the growth of plant-associated arbuscular
mycorrhizal fungi (Fracchia et al. 2003), which may indirectly improve plant
growth (Singh et al. 1991; Boby et al. 2008). In bark beetle galleries in tree phloem,
the yeasts Yamadazyma scolyti and two unidentified species (one basidiomycete
and Candida sp.) imposed divergent effects on beetle-associated fungi: while
Ophiostoma montium benefits from yeast growth through unknown mechanisms,
Grosmannia clavigera is most probably outcompeted by yeast growth (Adams et al.
2008). Besides the diverse interactions of yeasts to the beetles itself, the yeast
O. pini enhances the growth of some mycangial fungi by metabolizing carbohy-
drates or terpenoids (Davis et al. 2011). Yeasts comprise part of the microbiome of
Drosophila and many other organisms (Hoffmann et al. 2013), which are thought to
benefit the host while also providing a habitat for microbes. Interactions among
microorganisms in a multispecies context have not been addressed intensively or
rigorously with respect to mutualism, but with enhanced focus on the microbiome,
understanding of yeast interactions with hosts and other microorganisms within the
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microbiome is likely to improve. As an increasing number of surveys include
bacteria, fungi, yeasts, and viruses as part of complex microbial communities,
co-occurrence patterns may suggest strains for further experimental analysis and
may reveal other microbial interactions and suggest where they may be important.

6.4 Concluding Remarks

As we have described, yeast interactions often resemble mutualism, but the nature
of these relationships can be quite variable. We note the prevalence of a few
different strategies documented so far and common themes among them.

In one presumably common type of interaction, yeasts are found in association
with mobile organisms—primarily insects—with specific habitat preferences and
keen olfaction. Here, rapidly growing yeasts often provide nutrition, detoxification,
and competitive or inhibitory activity that suppresses the growth of other
non-preferred microorganisms. Yeast volatiles serve frequently as signaling
chemicals that indicate favorable habitat or aggregation locations for insects, or
to attract vectors for yeast transportation. Yeasts often benefit from transportation to
and early arrival at suitable environments and, in some cases, environmental
modification by their vector. In many cases, yeasts may also benefit from outbreed-
ing, preparation for dormant phases, or ability to adapt to changes in habitat, but
these are only infrequently quantified. To date, such relationships seem facultative
or generalized, but including other benefits in ecologically realistic experiments
may indicate greater degrees of specialization and mutual dependence.

In contrast, association between yeasts and largely sessile organisms like plants
or microorganisms is characterized by increased importance of syntrophy, the
production of specific metabolites, physical associations like biofilms, or, in some
cases, strong effects of yeast reproduction and competitive suppression. Yeasts can
benefit from partners that provide chemical substrates, enhance their own compet-
itive ability, or improve local environmental conditions. Similar traits may domi-
nate interactions within the microbiome, but yeast contribution to and benefit from
them microbiome remains to be demonstrated empirically. The broad characteri-
zation above neglects that nuance of many unique interactions characterized to
date, but generates hypotheses for the types of interactions we expect, given species
traits. Overall, few cases of obligate mutualism have been documented (although
many have been postulated, see Ganter (2006) and references therein). These broad
patterns should be tested more rigorously.

Many mutualistic species and interactions remain to be uncovered. In many
cases, associations are documented but experiments demonstrating mutualism have
not yet been performed. More basic research, including traditional experiments, is
sorely needed on a variety yeast interactions with invertebrates from sponges to
lacewings, which may lead to improved conservation efforts or management of
insect populations. Although effects on yeast fitness and biology are typically
overlooked in these studies, including them will not only enhance our
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understanding of mutualism, but may be essential in understanding the feasibility of
any strategies developed. Moreover, dissecting the nature of interactions within
complex microbial communities has been challenging, but new techniques are
likely to invigorate this field. Increased research on the role of yeasts in the
microbiome and in other complex communities is likely underway. In this area,
transcriptomic analyses will be useful for hypothesis generation, while improved
methods for selective removal of microbiome members can be used to assess
function in complex communities.

Finally, given that perhaps 90% of yeast diversity has not been described
(Kurtzman and Fell 2006), efforts to describe and assess the taxonomy of yeasts
are sorely needed. For species involved in mutualism, methodology may have
particularly constrained species detection and description. Yeast species or strains
that require specific environmental conditions or a partner organism for growth are
less likely to be amenable to traditional culture methods, as has been suggested for
some pathogenic species of Metschnikowia (e.g., Weiser et al. 2003; Kurtzman
et al. 2011; Lachance 2016). Yeast inhabitants of intestines or other specific
environments still evade cultivation (Ebbert et al. 2003). Identifying the specific
growth conditions for particular species may require in-depth knowledge about
their habitat requirements (Boundy-Mills 2006), novel culturing methods recently
employed for bacteria (e.g., Ling et al. 2015), or culture-independent approaches
targeting function-specific genes (Prajapati et al. 2016). Culture-independent
approaches have suggested key roles of yeasts in diverse environments, including
that of the tremellomycetous yeast Dioszegia in community assembly of the plant
microbiome (Agler et al. 2016), in sediments of estuarine systems (Burgaud et al.
2013), and in the human microbiome (Hoffmann et al. 2013). Culture-independent
approaches are beginning to recognize the contribution of fungi to microbiome
structure and function (Huffnagle and Noverr 2013). However, far fewer studies
characterize fungal communities, so the understanding of fungal and yeast contri-
bution lag behind bacterial characterization. Moreover, the most frequently used
primer sets for environmental sequencing of fungi (ITSIf-ITS2) discriminate
against many groups of yeasts, including those in the Saccharomycetales and
Tremellales (Tedersoo and Lindahl 2016). Shotgun (primer-free) metagenomic
characterization also fails to adequately fungal diversity and function (Tedersoo
et al. 2015). Although primer sets exist that better capture focal yeast clades, they
are in use by a smaller community of researchers. Improved methods, including
primer sets, primer-free sequencing techniques, and reference databases are there-
fore a high priority for discovery and hypothesis generation in the study of yeast
mutualisms.

We hope that improved methods for detection and current interest in the
microbiome will spur new research on this topic. We emphasize that measuring
yeast fitness and traits within this context, including traditional culture-based
methods and ecologically relevant experiments, will greatly enhance our under-
standing of the range and frequency of yeast mutualisms.
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Chapter 7
Parasitism in Yeasts

Dominik Begerow, Martin Kemler, Anja Feige, and Andrey Yurkov

Abstract Yeasts are common in all habitats and interact with dead and living
substrates such as plants, animals, and fungi. Besides their saprobic capabilities,
parasitic interactions of yeasts and yeast-like organisms were brought into focus
through enhanced/new species discovery that expanded our knowledge about
phylogenetic relationships of yeasts and parasitic fungal lineages. Especially com-
mon dimorphism of many Basidiomycota goes along with an alternating saprobic
yeast stage and parasitic filamentous stage. Interestingly, this seems to be a com-
mon feature not only for plant parasites but also for animal and fungal parasites.
Even some Ascomycota share this character.

The chapter aims to provide an overview of the most relevant parasites among
yeast species and lineages. For this we summarize the most recent literature to
initiate further studies and to provide ideas for common patterns and strategies. As
can be seen in this chapter, the knowledge differs between animal parasites, plant
parasites, and mycoparasites leaving space for new research and hypotheses.
However, it is apparent that the comparison of the three different host groups
provides interesting insights of common features and concepts.

Keywords Candida « Cryptococcus  Smuts e« Ustilago « Microbotryum e
Mycoparasites ¢ Lichenicolous fungi

Contents

7 T 12 (0T L T ) o 180

7.2 Animal and Human HOSES ..........ooiiiiiii i 183
7.2.1 Candida and Former Candida Species ................ccccoviiiiiiiiiiiiiiiinn. 183
T.2.2 CTYPIOCOCCUS . .eeeee i i e e 185
B T O 1 T 1D S (= 1] £ 186
7.2.4  Other Important Pathogenic Yeasts on Humans and Animals.................. 189

D. Begerow (<) « M. Kemler ¢ A. Feige

Ruhr-Universitit Bochum, AG Geobotanik, NDO03, Universititsstr. 150, 44801 Bochum,
Germany

e-mail: dominik.begerow@rub.de

A. Yurkov
Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures,
InhoffenstraSe 7B, 38124 Braunschweig, Germany

© Springer International Publishing AG 2017 179
P. Buzzini et al. (eds.), Yeasts in Natural Ecosystems: Ecology,
DOI 10.1007/978-3-319-61575-2_7


mailto:dominik.begerow@rub.de

180 D. Begerow et al.

7.3 Plant Parasites ..........ooiuuiiiiiii e 190
7.3.1 Ascomycota: Taphrina, Protomyces, and Eremothecium ....................... 191
7.3.2  Smuts: Ustilago and Other Members of Ustilaginomycotina ................... 193
7.3.3 Anther Smuts: Microbotryum and Allied Fungi .......................oo. 195
7.3.4  Other BasidiOmyCELes ... ...uetteinitttt ettt et e e 196

T4 MYCOPATASIEES . .. vvveeeettntt ettt ettt et e et ettt e e et e e e 197
7.4.1 Diversity and INtEractions ............coeviuuuietiiiiii i 197
7.4.2  PUCCINIOMYCOLINA « ettt ettt e ettt ettt et e e e e e et eeeaans 199
7.4.3  UstilaginomyCotina .. .....ovuuuuuttettt ettt 199
744  AgariCOMYCOTINA ..ottt ettt ettt et 200

7.5 Concluding Remarks ..........oooiiiiii i 201

RELETENCES . ...t 202

7.1 Introduction

Yeasts inhabit many ecological niches and, like filamentous fungi, can be isolated
from almost every habitat worldwide. As heterotrophs, they rely on different
biologically accessible nutrients but are mainly limited in their growth by carbo-
hydrate and nitrogen resources, whereas most other elements are not limiting
factors in most habitats. Many fungi have solved the problem of nutrient availabil-
ity by interacting with other organisms. This has been implicated as one of the
reasons for high species diversity in fungi, and especially plant-fungus interaction
might have played a key role in the early radiation of fungi (Redecker et al. 2000;
Begerow et al. 2004). But fungal interactions are not restricted to plants, and fungi
interact with many eukaryotic lineages, including prokaryotes, several protist
lineages, plants, and animals. The spectrum of interactions range from neutralism,
commensalism, and mutualism to parasitism (e.g., Starmer and Lachance 2011) and
are reviewed in other chapters of this book. Here, we will focus on parasitism of
yeasts and yeast-like organisms (Fig. 7.1). Reviewing the broad literature, we have
to acknowledge that the terms “parasite” and “pathogen” are not clearly separated
in the various fields of research. While “pathogen” is broadly used in plant-centered
publications, animal literature seem to have a preference for “parasite.” In general,
the term “pathogen” is emphasizing the causal agent of a disease, and the term
“parasite” is highlighting the form of interaction. Without neglecting the difference
between the two terms, we decided to use “parasite” throughout the text for
simplicity.

A major character of yeasts, which has been always stressed in research, is their
ability to grow on artificial media. Therefore, their saprobic capabilities (e.g.,
spectrum of utilized compounds) have been in focus for a long time (reviewed in
Barnett 2004). In the middle of the nineteenth century, yeasts were recognized as
living organisms and assigned to fungi (Barnett 1998). The first described yeast
species originated from fermenting products, a substrate where they often occur in a
single-celled form. It is however well accepted nowadays that “yeast” represents a
live stage or live form (characterized by singe cells proliferating by budding or
fission) that has evolved early in fungal evolution and has been retained in several
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Fig. 7.1 Pathogenic stages of yeasts. (a) Oral thrush caused by Candida albicans (Photo: CDC
and PHIL © CC-BY-SA 2.0). (b) X-ray of the thorax reveals the telltale signs of non-encapsulated
pulmonary cryptococcosis in a patient infected with Cryptococcus sp. (Photo: Centers for Disease
Control (CDC) and Prevention’s Public Health Image Library (PHIL) © CC-BY-SA 2.0). (c)
Posterior view of a man’s torso reveals the presence of a patchy, erythematous rash caused by
Malassezia furfur (Photo: CDC/Dr. Lucille K. Georg © CC-BY-SA 2.0). (d) Peach leaf curl
caused by Taphrina deformans (Photo: Giancarlo Dessi © CC-BY-SA 2.0). (e) Protomyces
macrosporus gall as seen on the lower surface of Aegopodium podagraria (Photo: Roger Griffith
© public domain). (f) Mycosarcoma (Ustilago) maydis sporulating in tumors substituting fruits of
Zea mays (Photo: Domink Begerow). (g) Microbotryum lychnidis-dioicae sporulating on the
anthers of Silene latifolia (Photo: Angela Schifer). (h) Various stages of Sterigmatosporidium
polymorphum including conidiophores, basidia, hyphae with clamp connections, and tremelloid
haustoria from yeasts cells and hyphae (Modified from Kirschner et al. 2001). (i) Sectional view of
Cryptomycocolax abnorme including basidia, parasitic hyphae with clamp connections, host cells,
and botryose structures of interaction (F. Oberwinkler as published in Oberwinkler and Bauer
1990)
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phylogenetic lineages (Nagy et al. 2014). In many lineages, it represents the only
growth form the fungus can exhibit, but researchers have observed filamentous
fungi or their spores giving rise to cultures proliferating as yeasts by cell budding.
Under certain conditions, yeast-like states could be observed in molds (e.g., Mucor
and Penicillium), parasitic ascomycetes (e.g., Taphrina and Kabatiella), jelly fungi
(e.g., Auriculariales, Dacrymycetales, Tremellales), and smuts (e.g., Ustilago).
Yeast stages of the intensively studied smut fungi were regularly observed and
used in experiments, even though budding yeast state was not characterized or
explicitly mentioned in the descriptions.

The term “dimorphic”, a term introduced by Brefeld in the 1880s (reviewed in
Bandoni 1995), was used to contrast the yeast stage of basidiomycetous fungi
having also a dikaryotic hyphal phase from the typical unicellular morphology of
ascomycetous yeasts. The life histories of most dimorphic taxa consist of mating of
compatible (heterothallic) yeast states to produce dikaryotic mycelia. Haploid
conidial development can again result in a yeast state, as it may direct budding of
basidia in some taxa. The presence or absence of haploid and/or diploid conidia is a
common variation in the life histories (Bandoni 1995). Variations in mating sys-
tems are also common, and homothallism is present in some species (e.g., Lin and
Heitman 2007; David-Palma et al. 2016).

Fungal parasites of plants were among the first organisms where understanding
the role of resting structures and saprobic asexual states in survival and dispersal
was achieved. Even though the ability to produce a yeast stage was often viewed
from the perspective of systematics rather than from its functional side, mycologists
accumulated substantial numbers of examples of parasitic fungi with predomi-
nantly unicellular (or yeast-like) asexual states. Most of our present knowledge
about so-called heterobasidiomycetes and dimorphic fungi is coming from the
research made by Robert J. Bandoni (University of British Columbia, Canada)
and Franz Oberwinkler (University of Tiibingen, Germany) with collaborators.
More recent studies on yeasts in their natural habitats showed complex interactions
with the environment, their vectors, and hosts (reviewed by Starmer and Lachance
2011).

Dimorphism is often associated with a change in nutrient acquisition, whereby
the yeast stage grows saprobically and the hyphal phase is parasitic. As detailed in
this chapter, this behavior has evolved in various lineages and is independent of the
host’s phylogenetic position. Especially sequencing technologies and molecular
identification (e.g., Begerow et al. 2010; Schoch et al. 2012) have made it possible
to recognize the link between yeast and parasitic stages in several lineages, thereby
changing our understanding of yeast biology in many ways (Begerow et al. 2014;
Begerow and Kemler 2017). Subsequent studies showed that many known basid-
iomycete yeasts are phylogenetically related to parasitic fungi (Fell et al. 2000;
Scorzetti et al. 2002; Liu et al. 2015; Wang et al. 2015a, b).

Recent advances in high-throughput DNA sequencing of fungi showed the
potential to develop yeast type of proliferation being widely distributed across
Fungi (Nagy et al. 2014). This ability arose early in fungal evolution and became
dominant independently in different phylogenetic groups being, possibly, results
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from the diversification of the gene family (Zn-cluster transcription factors) that are
responsible for yeast-filamentous switches (Nagy et al. 2014). Although the transi-
tion between filamentous and yeast growth forms (morphs) has been known for
more than a century, the importance and role of this adaptation in Fungi are still a
matter of scientific debates.

Below we review the knowledge about yeasts as parasites; focus on animal,
plants, and fungi as hosts; and follow a phylogenetic approach within each of three
ecological groups (Fig. 7.2). However, yeasts associated with humans and inverte-
brates are discussed in more detail elsewhere (see Chap. 8 of this book and
Blackwell 2017, respectively) and therefore are mentioned only briefly. As the
majority of our knowledge on parasitism of yeasts is probably based on studies of
dimorphic Basidiomycota in the Ustilaginomycotina and some lineages of
Pucciniomycotina, these will be reviewed extensively. Where possible, we addi-
tionally provide an overview on parasitic stages of fungi in their yeast stage.

7.2 Animal and Human Hosts

With respect to ecology and growth optima, many yeast species are saprobic and
mesophilic (Lachance and Starmer 1998). Although yeasts grow as soon as carbo-
hydrates and nitrogen are available, they do not cope well with elevated tempera-
tures. Therefore, growth at the body temperature of warm-blooded animals is
unusual for these fungi. However, some yeasts have adapted to grow at these
temperatures and contain some of the most serious fungal pathogens of humans
and animals. Their phylogenetic placement in the Dikarya is shown in Fig. 7.2.

7.2.1 Candida and Former Candida Species

The polyphyletic genus Candida comprises some of the most widely studied yeasts
with relevance to human health (Daniel et al. 2014). Several species of the genus
are part of the mycobiome associated with healthy individuals, and at least Candida
albicans is ubiquitous in the human gut. However, people with compromised
immune system might suffer from serious health issues (e.g., Fig. 7.1a; Cui et al.
2013; Huffnagle and Noverr 2013; Smeekens et al. 2016). Most indications are
associated with dysfunctions of the intestinal tract. As saprotrophic ascomycetous
yeasts, Candida spp. grow well in high sugar concentrations, and dietary shifts are
the primary advice in such cases. However, severe infections are also reported for
almost all organs, including skin, vagina, lung, heart, and brain. Especially, infec-
tion via the bloodstream causes severe secondary invasive infections. These repre-
sent some of the most serious complications during organ transplantations or HIV
infections and are still difficult to treat medically (e.g., Miceli et al. 2011; Clancy
and Nguyen 2013; Silveira and Kusne 2013).
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Taxonomically, Candida has been a catchall genus for white ascomycetous
yeasts that were distinct from Saccharomyces. Although major efforts have been
made to resolve the phylogeny and taxonomy in the last decade, it is still a large
genus containing several polyphyletic lineages (Daniel et al. 2014). Besides
C. albicans, four species (Candida glabrata, Candida parapsilosis, Candida
tropicalis, and Candida krusei, the last currently Pichia kudriavzevii) account for
90% of diagnosed cases of invasive candidiasis (but see Clancy and Nguyen 2013).
Because proper species identification of the pathogen is still rare, most treatment
advices are based rather on the clinical syndrome than on the causative strain or
species (Antinori et al. 2016). However, among the possible threats of such
symptomatic treatments is missing out on potential multi-resistant species such as
Candida auris (e.g., Lockhart et al. 2017).

The clade including C. albicans is currently well circumscribed, but others are
still in need of thorough analysis. Multigene phylogenies are needed to resolve the
various clades, and often new genera need to be established to provide a taxonomy
based on monophyletic lineages (e.g., Kurtzman and Robnett 2014; Shen et al.
2016). However, so far it seems that pathogenicity is restricted to the C. albicans
clade and other lineages are not hazardous to humans. Yeasts found in the associ-
ation with candidiasis in humans are discussed in detail in Chap. 8 of this book.

7.2.2 Cryptococcus

Serious human infections can also be caused by Cryptococcus spp. (Fig. 7.1b),
which occur in other mammals, besides humans as well. Although most relevant in
the tropics and the Southern Hemisphere, cryptococcosis received only broader
attention after an outbreak on Vancouver Island in 1999 (Galanis and MacDougall
2010). The causative agent was identified as a single species, Cryptococcus gattii
(currently Cryptococcus bacillisporus). Detailed studies in the last decades how-
ever revealed a complex of several species and hybrids to be involved in crypto-
coccosis in general. In the meanwhile, Cryptococcus neoformans (formerly
Filobasidiella neoformans) s.l. is probably the best-studied yeast in terms of its
mating system and variation of its life cycle (e.g., Hull and Heitman 2002; Heitman
et al. 2011). Due to its importance as human pathogen and model organism, a
separate chapter addresses the most recent advances. We therefore refer the reader
to Chap. 8 of this book and earlier reviews on the topic (e.g., [dnurm et al. 2005; Lin
and Heitman 2006; Heitman et al. 2011). However, it is important to document that
species of the Cr. neoformans species complex are not obligate pathogens and
human-to-human transmission of the infection is either absent or rare (e.g., Gerstein
and Nielsen 2017). Since these yeasts are present in the environment, biotic and
abiotic factors are responsible for strain diversity of Cr. neoformans s.l. in terms of
physiological properties and virulence traits (e.g., Gerstein and Nielsen 2017).
For a long time, the genus Cryptococcus has been used to accommodate diverse
and often distantly related species of Tremellomycetes, which often resulted in
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confusion between pathogenic and nonpathogenic species. Recent changes in the
taxonomy of basidiomycetous yeasts have restricted the genus Cryptococcus to the
Filobasidiella clade (see Fonseca et al. 2011). This clade currently comprises seven
clinically relevant (Hagen et al. 2015) and two presumably saprobic species,
Cryptococcus amylolentus and Cryptococcus depauperatus (Liu et al. 2015).
Another species, Cryptococcus luteus (originally Filobasidiella lutea), has been
placed in the genus based on the morphological similarity of the sexual stage, but
cultures and sequence data for this species are currently missing (see Liu et al.
2015). The two species Cr. depauperatus and Cr. luteus were found as parasites of
other fungi, i.e., Lecanicillium lecanii (now Cordyceps confragosa) and
Granulobasidium vellereum, respectively. Examples of mycoparasites of this line-
age are discussed below in this chapter.

7.2.3 Cutaneous Yeasts
7.2.3.1 Malassezia

The human skin is the most relevant organ besides the intestinal tract in terms of
microbes including fungal diversity. Millions of microbial cells inhabit the skin,
and most form part of the healthy skin microflora (see Chap. 8 of this book for more
details). Although the research on the diversity and function of this microbiome is
still in its infancy, several studies highlight the relevance of certain fungal taxa.
Malassezia (Malasseziomycetes, Ustilaginomycotina) is a common genus found in
many skin microbiome studies (e.g., Findley et al. 2013; Cabanes 2014). Skin
colonization by Malassezia species of healthy humans starts at birth, and abundance
increases in the first weeks of life. As with other described yeast taxa, only few
healthy people suffer from infections caused by Malassezia (see Cabanes 2014).
The clinical syndromes are skin discolorations (Fig. 7.1c) and sometimes itchiness,
and some species have been related to dandruff. Due to the relative harmlessness,
Malassezia has received less attention than to other human pathogens. However,
two species, Malassezia furfur and Malassezia pachydermatis, have been reported
to cause yeast systemic infections at a low percentage. However, frequency of these
infections could be underestimated as not all commonly used culture media contain
lipids, which are essential for isolation and detection of these fungi (see below).
Mal. pachydermatis is considered to be zoophilic and is frequently found on wild
and domestic carnivores. This species is usually associated with oftitis externa and
different kinds of dermatitis in domestic animals, especially in dogs (see Cabanes
2014). This yeast is occasionally found on the human skin, and its zoonotic transfer
from dogs has been documented (see Cabanes 2014).

Biology and evolutionary relationships of these yeasts are highly interesting. It is
known as anamorphic yeast only and forms a monophyletic lineage in the
Ustilaginomycotina (Begerow et al. 2000; Wang et al. 2015a). No sexual structures
could be identified so far, but genome sequencing of this lineage suggests that a



7 Parasitism in Yeasts 187

sexual state might exist (reviewed in Begerow et al. 2014). All of the known species
are bound to warm-blooded animals and especially to respiratory glands. They are
lipophilic and require special media for growth. All but one species (Mal.
pachydermatis) do not grow in pure culture without external oils added into the
medium and are therefore often not detected in culture-dependent surveys. They
are, however, detected by analysis of DNA amplicon libraries (e.g., Cabanes 2014;
Findley and Grice 2014). Not only isolation but also proper preservation and
identification of Malassezia isolates can pose some difficulties.

Malassezia species have been isolated from almost all domestic animals, from
different wild animals held in captivity, and also from wildlife (see Cabanes 2014).
However, these reports are often fragmentary to provide a good overview on the
occurrence of these yeasts on the skin of different animals. In spite of the limited
physiological abilities of these yeasts, the detection of Malassezia in environmental
samples is of special interest. In a few cases, like in the sequence libraries prepared
from deep-seawater samples, Malassezia-related sequences were surprisingly
prominent (Bass et al. 2007). Likewise, these yeasts were detected among marine
fungal communities associated with corals and sponges (Gao et al. 2008; Amend
et al. 2012). Amplified fungal ITS1 fragments subjected to RFLP analysis indicate
the presence of Malassezia restricta and Malassezia globosa in soil nematodes
(Renker et al. 2003).

7.2.3.2 Trichosporon and Former Trichosporon Species

Dimorphic yeasts producing hyphae breaking into segments (arthroconidia) and
lacking sexual stages formerly classified in the phenotypic genus Trichosporon
(Trichosporonales, Tremellomycetes, Agaricomycotina) are another group of
yeasts commonly reported as a part of the skin mycobiome (e.g., Guého et al.
1994; Mariné et al. 2015). About one third of known former Trichosporon species
are correlated with human infections or allergies (Weiss et al. 2014). Trichosporon
cutaneum (currently Cutaneotrichosporon cutaneum), Trichosporon inkin,
Trichosporon loubieri (Apiotrichum loubieri), and Trichosporon ovoides are the
most prominent species involved in superficial trichosporonosis (e.g., white piedra),
while Trichosporon asahii, Trichosporon asteroides, and Trichosporon mucoides
(Cutaneotrichosporon mucoides) are associated with invasive infections in immu-
nocompromised patients (e.g., Guého et al. 1994; Miceli et al. 2011; Mariné et al.
2015). These yeasts are also frequently mentioned among non-Candida and
non-Cryptococcus yeasts in the clinical practice (e.g., Miceli etal. 2011; Chitasombat
et al. 2012). For instance, Trichosporon dermatis (Cutaneotrichosporon dermatis)
has been shown to be involved in summer-type hypersensitivity pneumonitis (SHP),
an allergic disease occurring in hot and humid seasons in Asia that is caused by
inhalation of arthroconidia (Sugita 2011). Another species, Tr. asahii, colonizes the
gastrointestinal tract of healthy subjects (Cho et al. 2015). The detected genotypes
were almost identical to those of reported clinical isolates suggesting that the
development of trichosporonosis is probably caused by the normal fungal gut
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microbiota together with additional unknown factors. However, pathogenicity cannot
be unequivocally demonstrated for all former Trichosporon species, as many of them
do not grow at 37 °C.

Trichosporon yeasts have been reported from different habitats (e.g., plant
material, soils, insects) and geographical regions. The taxonomic heterogeneity of
arthroconidia-forming yeasts in the genus Trichosporon has been demonstrated with
phylogenetic analyses based on the ribosomal LSU and ITS sequences (Fell et al. 2000;
Scorzetti et al. 2002; Middelhoven et al. 2004). As a result, Trichosporon pullulans
(currently Tausonia pullulans, Mrakiaceae, Cystofilobasidiales, Tremellomycetes) has
been removed from the genus to restrict it to the members of the Trichosporonales (Fell
and Scorzetti 2004). As for 2014, the order Trichosporonales comprised several clades
(Fell and Scorzetti 2004; Middelhoven et al. 2004; Sugita 201 1; Weiss et al. 2014) with
dimorphic Trichosporon yeasts and predominantly unicellular Asterotremella, Bullera,
and Cryptococcus species (Liu et al. 2015). In spite of the taxonomic complexity,
the genus Trichosporon was recently reclassified into six monophyletic lineages
(Liu et al. 2015). Clinically relevant species are currently accommodated in the
genera Cutaneotrichosporon (Cut. cutaneum, Cut. dermatis, and Cut. mucoides) and
Trichosporon (Tr. asahii, Tr. asteroides, Tr. inkin, and Tr. ovoides), whereas most of
the saprobic species have been transferred in the reinstated genus Apiotrichum (Liu
et al. 2015).

Until the end of the twentieth century, a wide range of species was included
under the name of Trichosporon (Pleurococcus) beigelii or synonyms, which were
later shown to be phylogenetically distinct (Mariné et al. 2015). The literature lists
Cut. cutaneum, Cutaneotrichosporon moniliiforme, and Tr. ovoides as synonyms of
Tr. beigelii. It is important to notice that both the name PI. beigelii and
neotypification of Tr. beigelii have been rejected by Guého and colleagues in the
beginning of the 1990s (reviewed in Liu et al. 2015). Nevertheless, the name 77.
beigelii is still being reported from clinical samples without a possibility to attribute
its detection to any of the recognized yeast species. Both Tr. beigelii and Cut.
cutaneum have been reported from environmental samples such as soil, litter, and
invertebrates in older studies, which used a limited set of physiological tests for
species identification (e.g., Di Menna 1965; Byzov et al. 1993; Carreiro et al. 1997;
Slavikova and Vadkertiova 2000). Application of nucleotide sequencing of the
ribosomal gene regions identified Apiotrichum porosum and Apiotrichum dulcitum
as possible species behind the phenotypic Tr. cutaneum (see for discussion Yurkov
et al. 2012; Yurkov 2017). Recently, Trichosporon lactis has been reported colo-
nizing exoskeletons of various dung beetle species of the genus Onthophagus (Gérz
and Boron 2016). The yeast grew as unusual epizoic excrescences on the elytra,
prothorax, and head of the studied beetles. A few species previously classified in the
genus Trichosporon have been isolated from insects, including Scarabaeoidea and
identified as Apiotrichum scarabaeorum (Middelhoven et al. 2004). However, yeast
proliferation on insect bodies has not been reported before. Whether or not
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Trichosporon and its relatives are insect pathogens requires additional studies in the
future.

7.2.4 Other Important Pathogenic Yeasts on Humans
and Animals

The abovementioned species and genera contain probably more than 90% of the
described human pathogenic yeasts, but there are many more yeast species known
to result in serious infections. Most of them are found frequently in environmental
samples and, like many filamentous fungi, seem to be opportunistic pathogens.
Disease-causing dimorphic ascomycetes such as Ajellomyces, Histoplasma,
Coccidioides, Paracoccidioides, and Blastomyces (Ajellomycetaceae, Onygenales,
Pezizomycotina) are known from warm, moist climates and can be found in soils,
decaying wood, and bird droppings. The switch from filamentous to yeast growth
plays an important role in the infection process, and asexual spores are supposed to
be the primary agent. Inability to grow on artificial media hinders our understanding
of the infection routes and additionally complicates estimation of the biodiversity of
these fungi.

Pneumonia caused by Pneumocystis (Pneumocystidomycetes, Taphrinomycotina)
is an important disease of immunocompromised patients. Like the abovementioned
ascomycetes, Pneumocystis species cannot be grown in culture, and all stages of the
life cycle have to be studied directly in lung tissues. Despite clinical relevance of
this dimorphic taxon, profound basic research is lacking. Even diagnostics of many
potentially deadly yeast infections are insufficient, and it is currently unknown how
many of deathly pneumonias are caused by Pneumocystis, other yeasts, or bacteria
as most of them occur in regions with insufficient health care, especially regarding
HIV-infections (Thomas and Limper 2007; Skalski et al. 2015).

The asexual ascomycete Macrorhabdus ornithogaster has been isolated from a
number of birds, where it infects the stomach. Although this organism was first
reported as a yeast in 1980, subsequent studies wrongly named it a
“megabacterium” until the identification with DNA sequencing placed this yeast
as a member of Saccharomycetales (Tomaszewski et al. 2003). Because cultivation
of Mac. ornithogaster was not successful, little is known about its physiological
properties and requirements. This yeast however causes widespread infections and
occasionally results in devastating disease outbreaks in some bird species (Phalen
et al. 2011).

So-called black yeasts represent a heterogenic group in terms of both taxonomy
and ecology. Many of these species show pronounced dimorphic growth and are
capable of sustaining unfavorable environmental conditions such as desiccation and
salinity (e.g., GostinCar et al. 2010). Members of the genus Exophiala display
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pathogenicity toward humans and animals (including cold-blooded animals) (e.g.,
de Hoog et al. 2011; Chowdhary et al. 2014). Clinically relevant species include
Exophiala dermatitidis, Exophiala xenobiotica, Exophiala spinifera, and Exophiala
oligosperma (Chowdhary et al. 2014). Less common are Exophiala lecanii-corni,
Exophiala asiatica, Exophiala phaeomuriformis, Exophiala jeanselmei, Exophiala
bergeri, and Exophiala mesophila (Chowdhary et al. 2014). It is important to
document that black yeasts can be also isolated from environmental samples
(Buzzini et al. 2017; Sannino et al. 2017), as well as in polluted and anthropogenic
environments (Novak Babic et al. 2017).

Yeasts have been isolated from various aquatic animals, including clams, mus-
sels, shrimps, isopods, amphipods, crabs, sponges, sea urchins, polychaete worms,
fish, and marine mammals (e.g., Hagler and Ahearn 1987; Starmer and Lachance
2011). At least one of them, Metschnikowia bicuspidata, is pathogenic to crusta-
ceans and fish (Lachance 2016). By using its needle-shaped ascospores, the yeast is
believed to invade host bodies (reviewed by Lachance 2016). Although some other
Metschnikowia species also produce long needle-shaped spores, there is little
evidence that species outside the M. bicuspidata clade display parasitic relation-
ships. Lachance (2016) reported the observation of a spore of Metschnikowia
hawaiiensis, which is associated with the nitidulid beetle Conotelus obscurus,
inside a nematode. The possibility that the nitidulid beetle benefits from the
presence of M. hawaiiensis ascospores because the latter might curb infection by
parasitic aphelenchoid nematodes was investigated, but could not be confirmed.

Finally, two genera of Ustilaginomycotina, Acaromyces and Meira, have been
studied as potential biocontrol agents against citrus mites (Boekhout et al. 2003).
Yeasts were found growing on dead insect larvae and endophytically in plant
tissues. Their potential parasitism has been hypothesized at the beginning, but
further studies showed these yeasts producing glycolipid compounds with a broad
inhibition range, which included several fungi pathogenic to plants. The compound
has been also shown to have a toxic effect on insect larvae (reviewed in Begerow
et al. 2014).

7.3 Plant Parasites

In contrast to animal hosts, plant hosts are much more common among fungal and
yeast parasites. Phylogenetic analyses based on genome scale data (Spatafora et al.
2016) support the close interaction between the radiation of fungi and land plants.
Although early fungi might have been mutualists of fungi (Redecker et al. 2000),
the transition to a parasitic lifestyle is very common and is realized in several
lineages. Here we focus on the most relevant yeast lineages in terms of parasitism
instead of following a detailed phylogenetic approach analyzing all lineages of
Ascomycota and Basidiomycota.
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7.3.1 Ascomycota: Taphrina, Protomyces,
and Eremothecium

7.3.1.1 Taphrina

The plant pathogenic genus Taphrina is part of the early diverging lineage
Taphrinomycotina of Ascomycota (Fig. 7.2), which also includes the fission yeast
Schizosaccharomyces pombe, the saprobic yeast Saitoella, the tree-associated
Neolecta, the human pathogen Pneumocystis, and the second plant pathogenic
genus Protomyces. Most of our present knowledge of Taphrina is derived from
the works of Arthur J. Mix, who collected and reviewed older works and provided
the first comprehensive list of these fungi (Mix 1949). Verona and Rambelli were
the first authors who found the need to provide a formal name (Saprotaphrina) for
the asexual states of Taphrina, which they have isolated from flowers and leaf litter
(reviewed by Fonseca and Inacio 2011). Because Verona and Rambelli did not
provide either a Latin diagnosis of the genus or designated the type species, the
genus Saprotaphrina remained invalid, and Moore (1990) proposed the genus
Lalaria to accommodate the yeast states of Taphrinales, introducing 23 new species
all representing anamorphic forms of previously known Taphrina spp. (Fonseca
and Rodrigues 2011). Several Lalaria species have been isolated from the environ-
ment, either from healthy plants (see also Kemler et al. 2017) not known as
Taphrina hosts or other substrates such as litter and soil (Rodrigues and Fonseca
2003; Fonseca and Inacio 2011). Phylogenetic relationships among the extant
authentic Taphrina cultures have been studied using ribosomal gene sequences:
the SSU rRNA gene (Sjamsuridzal et al. 1997) and the D1/D2 domains of the LSU
rRNA gene and the internal transcribed spacer region (Rodrigues and Fonseca
2003). The existing Taphrina cultures correspond to yeast states that were, in
most cases, isolated from infected plant material using the spore-fall method
(e.g., Mix 1953). Inacio et al. (2004) discussed the redundancy of the genus Lalaria
for the original 23 species proposing to legitimize the use of this genus name only
for species isolated in the yeast state where an unequivocal connection to a
Taphrina teleomorph could not be established. The number of species accommo-
dated in Lalaria was reduced from 23 to 5 (Fonseca and Inacio 2011), and the
subsequent recent changes in the taxonomy of fungi discontinued the practice of
using dual names for sexual and asexual morphs, so a few Lalaria species listed by
Fonseca and Inacio (2011) have been transferred into the genus Taphrina
(Selbmann et al. 2014b). Most Taphrina species and their asexual counterparts
display a narrow spectrum of utilized carbon sources, thereby supporting the
parasitic lifestyle (Inacio et al. 2004). The species Taphrina inositophila and
Taphrina veronaerambellii were frequently isolated from the surfaces of Mediter-
ranean plants not known as Taphrina hosts. They were considered to be true
phylloplane yeasts. Interestingly, the two species utilized diverse carbon sources
like other phylloplane yeasts. It has been suggested that these two yeasts may have a
predominantly saprobic lifestyle unlike other Taphrina species, which are
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commonly assumed to have a parasitic stage, even if the host and symptoms are
not known so far (Moore 1990; Inacio et al. 2004). The genus seems to be
distributed worldwide, and even Antarctica harbors at least one species (Selbmann
et al. 2014a, b).

The plant pathogenic species in Taphrina cause various symptoms (Fig. 7.1d) on
several quite unrelated plant families. While it is best known for the symptoms on
Rosaceae, where it causes curly leaves or deformed and aborted fruits like Taphrina
deformans on Prunus persica or Prunus dulcis (Cissé et al. 2013), infections of
members of other host families result in different symptoms like the witches’
brooms in Fagaceae (mainly Alnus, Populus, and Betula) or just withered leaves
in some ferns and/or herbaceous Rosaceae. Infections caused by Taph. deformans
and Taphrina betulina are of economic relevance. Most of the studies focused on
diseases of economically important fruit trees such as peach, plum, and cherry
(Prunus spp.) infected by Taph. deformans. It has been shown that Taph. betulina
infection reduces the mean height and diameter of infected Betula pubescens
substantially (Spanos and Woodward 1994) and thereby may cause potential losses
in timber production within short rotation forestry (McKay 2011).

The unusual ascus formation in and on the plant epidermis is directly followed
by a haploid yeast stage, which can reinfect the plant probably after mating. The
plant-parasitic hyphal stage of Taphrina is dikaryotic like in members of
Basidiomycota, which is not known from other Ascomycota (Kramer 1960).

The genomes of various Taphrina species have been sequenced recently. It
encodes a full repertoire of carbohydrate-active enzymes, including those required
for degrading plant cell wall components such as cellulose, hemicellulose, and
pectin. However, genes for lignin-degrading enzymes are lacking (Cissé et al. 2013;
Tsai et al. 2014). Interestingly, the genome encodes targets for known antifungal
drugs like azoles, although they are known to be resistant. Thus, additional resis-
tance mechanisms might play a role during the epiphytic stage on leaves (Cissé
et al. 2013). In addition, the genome harbors genes putatively involved in the
biosynthesis of plant hormones like indole-3-acetic acid (IAA) and cytokinin that
might be responsible for the formation of characteristic leaf deformation symptoms
(Cissé et al. 2013; Tsai et al. 2014). Another peculiarity of the Taphrina genome is
the occurrence of a single copy of the rRNA cistron, which is usually present in
several copies in other fungi (Cissé et al. 2013). Environmental sequencing using
high-throughput methods revealed members of the Taphrina in analyzed sequence
libraries as being among the most frequently observed fungi in some tree leaves
(see also Kemler et al. 2017).

7.3.1.2 Protomyces

Reddy and Kramer (1975) reviewed earlier ideas on phylogenetic relationships
noting that many other mycologists thought that Profomyces was a “primitive”
ascomycete. They also revised morphologically similar fungi (i.e., Burenia,
Protomycopsis, Taphrinidium, and Volkartia) and placed them in Protomyceteacea.
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It is important to document that nucleotide sequences or cultures of other members
of Protomyceteacea are lacking and their relationships with the genus Protomyces
are thus putative (Kurtzman 2011). Species of the genus Protomyces cause symp-
toms similar to those caused by Taphrina (Fig. 7.1e). All known Protomyces
species are plant parasites causing galls on stems, leaves, and fruits, mainly of
Apiaceae and Asteraceae. Similar to Taphrina, members of Protomyces produce a
budding yeast-like culture on laboratory media but do not develop hyphae or sexual
states unless infecting their host plants (Kurtzman 2011). The yeast colonies are
colored in reddish or salmon-like due to the synthesis of carotenoid pigments.
Unlike Taphrina, saprobic states of Protomyces are rarely reported from studies,
which employed either cultivation or culture-independent approaches. Therefore,
our knowledge about asexual yeast states of these plant pathogens is scarce.
Substantial economic losses caused by these fungi are rare.

7.3.1.3 Eremothecium

A filamentous member of Saccharomycetaceae, Eremothecium gossypii (syn.
Ashbya gossypii), was originally isolated from cotton plant as a pathogen causing
stigmatomycosis (Kurtzman and de Hoog 2011). This fungal disease, caused
mainly by the two species Er. gossypii and Eremothecium coryli (syn. Nematospora
coryli), results in severe economic losses of cotton, coffee, pistachio, and citrus
plants in tropical and subtropical areas of the world (Kurtzman and de Hoog 2011).
The genus is now comprised by five species, all of which are recognized parasites of
plants. Elongated needle-shaped spores of Eremothecium are transmitted to plants
by hemipteran insect pests (Kurtzman and de Hoog 2011). Control of the transmit-
ting insects is used to protect crops from stigmatomycosis. Er. gossypii is currently
used for industrial production of riboflavin (vitamin B2), which is naturally accu-
mulated by the fungus to protect its spores against ultraviolet light. As the genome
has been sequenced, Er. gossypii became also a model to study filamentous growth
using the knowledge derived from the first model fungus, Saccharomyces
cerevisiae (Wendland and Walther 2005; Perez-Nadales et al. 2014).

7.3.2 Smuts: Ustilago and Other Members
of Ustilaginomycotina

Probably the best-studied plant parasites among yeasts are the smut fungi
(Fig. 7.1f). The capacity to cultivate them on artificial media is known for more
than 100 years and has made them a model system in plant pathological research
since then. However, major results and knowledge have often not been incorporated
into yeast literature because of unknown links between traditional yeast species and
smut fungi and the resulting dual nomenclature of asexual and sexual morphs
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(Begerow and Kemler 2017). Here, we describe shortly most recent results and the
challenges for upcoming yeast research.

Traditionally, only few yeast genera and species have been recognized within
the Ustilaginomycotina. Cell wall sugar composition has been used in yeast sys-
tematics to characterize yeasts of this subphylum of Basidiomycota. The two major
genera Pseudozyma and Tilletiopsis are very vague in their morphological and
physiological properties, and a detailed systematic and taxonomic treatment of
these yeast taxa was only possible using molecular phylogenetics (Boekhout et al.
1995; Begerow et al. 2000). Since Pseudozyma and Tilletiopsis could not be linked
to the genera of their probable teleomorphs, they became catchall genera for yeast
strains belonging to Ustilaginomycotina. This resulted in highly polyphyletic
assemblages (reviewed in Begerow et al. 2014; Wang et al. 2015a). Although
Pseudozyma and Tilletiopsis fulfilled the need formally to distinguish yeast states
related to Ustilaginomycetes and Exobasidiomycetes, respectively, these large
asexual genera could not accommodate all yeasts in Ustilaginomycotina. As a
result, new asexual genera (Farysizyma, Jaminaea, and Sympodiomycopsis) have
been described (Sugiyama et al. 1991; Inacio et al. 2008; Sipiczki and Kajdacsi
2009). In the case of Farysizyma, the new genus additionally reduced polyphyly in
the yeast genus Rhodotorula (Inacio et al. 2008). As phylogenetic data accumu-
lated, Wang et al. (2015a) consequently proposed to separate monophyletic line-
ages and either incorporate them directly into teleomorphic genera (or species) or
propose new genera for taxa when a direct link to a teleomorph was not known. The
teleomorphic genera Sporisorium and Ustilago have been also reclassified and are
now restricted to clades with the respective type species (McTaggart et al. 2012,
2016). Out of 20 described Pseudozyma species, 5 could not be assigned unambig-
uously to any genus and were temporarily (pro temp.) retained as Pseudozyma
(Wang et al. 2015a). The biocontrol yeast Pseudozyma flocculosa has been trans-
ferred to the genus Anthracocystis (Anthracocystis flocculosa, parasites on
Cyperaceae), and the biotechnologically relevant Pseudozyma antarctica has
been accommodated in the genus Moesziomyces (Moesziomyces antarcticus, para-
sites on Poaceae).

Unlike Agaricomycotina, members of the Ustilaginomycotina differ not only in
their basidia, fruiting body morphology, and color, but in their ultrastructure as
well. The latter resembles the situation within Pucciniomycotina, where several
types of septal pores have been established, although the functional relevance of
this diversity is unknown (Bauer et al. 1997). Most striking are the differences of
cellular interactions with their plant hosts, which are interpreted as driving forces
for the adaptive radiation of the whole subphylum Ustilaginomycotina (Bauer et al.
1997; Begerow et al. 2014).

Several studies based on massive isolation of yeasts from the environment have
revealed a species diversity, which seems even larger as the current amount of
species of smut fungi (e.g., Boekhout et al. 2006). Especially, lineages within
inconspicuous plant pathogens like Microstroma or Entyloma could harbor an
unknown species diversity. For instance, the recently described species of the
genera Jamineae and Sympodiomycopsis in Microstromatales might be just the
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tip of the iceberg (Wang et al. 2015a; Francesca et al. 2016; Kijpornyongpan and
Aime 2017). These yeasts originate from tropical and subtropical regions of the
worlds. Their primary habitat is still unknown; however, plant association is likely,
as the isolation sources were flowers, wood material, and herbivore insect frass.
Boekhout et al. (2006) reported surprisingly high diversity of previously unknown
Tilletiopsis species isolated from apple surfaces. Some of these yeasts were phylo-
genetically placed in the genus Entyloma, but anamorph-teleomorph relationships
could not be resolved unequivocally so far. Asexual states of species of
Exobasidium (parasitic fungi of Ericaceae) can be obtained in culture by the
spore-fall method (Boekhout 1991). Like other anamorphic Ustilaginomycotina,
the yeasts belonging to the genus Exobasidium are reported from healthy plants,
which are not known as hosts of the parasitic stages (e.g., Inacio 2003). Similarly,
yeast states of the grass parasites Farysia were isolated from nonhost plants,
flowers, and even fruits (Inacio et al. 2008; Begerow et al. 2014). Recent studies
suggest large number of Ustilaginomycotina with saprobic asexual states to be
discovered, as exemplified with new genera: Ceraceosorus, Fereydounia, Uleiella,
and Violaceomyces (Nasr et al. 2014; Albu et al. 2015; Kijpornyongpan and Aime
2016; Riess et al. 2016). These new fungal lineages were discovered in highly
diverse ecosystems, most of which have yet not been intensively explored for their
yeast flora.

7.3.3 Anther Smuts: Microbotryum and Allied Fungi

Yeasts in the plant pathogenic lineage Microbotryales (Microbotryomycetes,
Pucciniomycotina) have only recently became more prominent in the yeast litera-
ture. Only a single species, Rhodotorula hordea (currently Ustilentyloma graminis),
was placed in this order. Another yeast from the intestine of a plant bug, Collaria
oleosa (Heteroptera, Miridae), collected in Costa Rica was described in the new
genus Microbotryozyma (Suh et al. 2012) within the Microbotryales. Unlike other
plant parasites, members of Microbotryales are not commonly isolated as epiphytes
from plant surfaces (but see Wang et al. 2016). However, they have been isolated
from nectar (e.g., Golonka and Vilgalys 2013), and it has been shown that yeasts
can proliferate within flowers before infecting (Schifer et al. 2010). The
Microbotryales comprise two families, the Ustilentylomataceae mainly infecting
Poaceae and Cyperaceae and Microbotryaceae on dicots including Polygonaceae
and Caryophyllaceae (Bauer et al. 2006). So far, it is not clear if all species can be
cultivated and include a yeast stage, but at least some members of the genus
Microbotryum sporulating in the anthers of Caryophyllaceae (Fig. 7.1g) are easy
to cultivate. This made it possible to establish them as a model system for the
evolution of host specificity and sexually transmitted disease, as their infection
results in male sterile plants (Schéfer et al. 2010). Cultivation success of
Microbotryum parasites on Polygonaceae is much lower, and only a few cultures
of these species have been reported (e.g., Wang et al. 2015b). Besides the already
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described yeast Ust. graminis, a potential new Ustilentyloma species has been
recently isolated from bean phylloplane (Prior et al. 2017).

While the genus Microbotryum comprises approx. 90 species, the order itself
might only include approx. 115 known species in total (Vanky 2012). However,
some of the grass-infecting species are very inconspicuous, and there might be a so
far overlooked diversity. The phylogeny of Microbotryales is well studied. Dichot-
omy between monocot- and dicot-infecting lineages has been discussed (Bauer
et al. 2006). Within dicot-infecting lineages, radiation on major plant lineages has
occurred with an additional specialization to various host tissues (Lutz et al. 2005,
2008; Kemler et al. 2006, 2013; Le Gac et al. 2007; Refregier et al. 2008; Piatek
et al. 2011, 2013). Besides being a model system in population genetics, phyloge-
netics, and infection biology (Schifer et al. 2010), Microbotryum became also
relevant for genomics of plant pathogens. The genome has similar properties as
genomes of members in the Ustilaginomycotina, such as amount of genes, paucity
of cell wall-degrading enzymes, and a large amount of genes coding for secreted
effectors (Kéamper et al. 2006; Perlin et al. 2015; Toh et al. 2016), but it also shows
some peculiarities (Perlin et al. 2015) which could be related to its different mode of
infection (Bauer et al. 1997). The genome comprises, for instance, a large number
of genes coding lipases and additionally a repertoire of enzymes that could infer
with organ development of the host (Perlin et al. 2015).

7.3.4 Other Basidiomycetes

The dimorphic fungus Itersonilia perplexans (Cystofilobasidiales, Tremellomycetes)
causes flower blight in anemone, dahlia, chrysanthemum, and globe artichoke
(McGovern et al. 2006). Other symptoms include seedling blight, leaf spots, necrosis,
and root cankers in dill, edible burdock, parsnip, and sunflower. Infections caused by
It. perplexans resulted in extensive post-harvest losses in cut flower production of
China aster and sunflower (reviewed in McGovern et al. 2006). Serious infections by
the pathogen were also observed on different herbs including carrot, dill, coriander,
parsley, and parsnip in European countries. Growth, sporulation, and infection of Iz.
perplexans are favored by high humidity and cool temperatures. Therefore, post-
harvest damage from this fungus may occur in cut flowers held under refrigeration
(reviewed in McGovern et al. 2006).

Recently, the yeasts Naganishia adeliensis and Naganishia uzbekistanensis
(Filobasidiales, Tremellomycetes, Agaricomycotina) were reported to cause stem
and branch canker on stone fruit trees in Iran (Dehghan-Niri et al. 2015; Borhani
and Rahimian 2016). These species are known from live and senescent plant
material and soils (e.g., Pozo et al. 2011; Yurkov et al. 2015; Mokhtarnejad et al.
2016) and were not previously associated with any disorder of plants.

Kriegeria eriophori (Kriegeriales, Microbotryomycetes, Pucciniomycotina)
is phytoparasitic, and the sexual stage develops only on the host plant (Cyperaceae).
A few yeasts in genera Meredithblackwellia, Phenoliferia, and Yamadazyma
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phylogenetically related to Kriegeria were described from plants, soil, and glaciers
(e.g., Branda et al. 2010; Wang et al. 2015b). The family Kriegeriaceae is a sister to
Camptobasidiaceae, which is comprised by the predominantly psychrophilic yeasts
Glaciozyma and putative aquatic mycoparasite Camptobasidium hydrophilum
(Toome et al. 2013). Mixia osmundae (Mixiomycetes, Pucciniomycotina) is a
rare plant parasite, which is found only on ferns in the genus Osmunda (Nishida
et al. 2011). It is currently known from Japan and Taiwan only.

7.4 Mycoparasites

The importance of fungi as parasites of plants and animals is well established. But
fungal species in general co-occur together with other fungal species in the same
community. It therefore should not come as a surprise that some fungal species have
evolved the ability to gain their nutrients completely or in parts from other fungi.
Considering its potential ecological and evolutionary importance (e.g., Howe and
Suberkropp 1993), the knowledge about fungal-fungal interaction is sparse and
mostly limited to potential biocontrol fungi, such as species in the genus
Trichoderma (e.g., Harman 2006). By involving direct cell contact, mycoparasitism
is going beyond the fairly well-reviewed antagonistic activity of yeasts, which
involves killer proteins, glycolipids, and other agents (e.g., pulcherrimine) (Vustin
et al. 1990; Golubev 2006; Sipiczki 2006, see also Chap. 9 of this book). Below, we
summarize the current knowledge about mycoparasitic interactions involving
yeasts and yeast-like fungi.

7.4.1 Diversity and Interactions

Yeasts can be parasites or predators on other fungi (Lachance and Pang 1997;
Lachance et al. 2000). Ascomycetous yeasts in the genus Saccharomycopsis and
related Candida species have been found to share the ability to form infection pegs
that penetrate the wall of various other yeast species as well as some molds (Starmer
and Lachance 2011). However, comparison of the response of various predacious
species to different nutrient regimes disputed this idea (Lachance et al. 2000).
These studies instead indicate that the necrotrophic destruction of prey could be a
form of competitive exclusion and not the result of a physiological deficiency in
essential nutrients like sulfur, as has been hypothesized earlier (Lachance and Pang
1997).

The number of known and potential mycoparasitic yeasts is larger in
Basidiomycota than in Ascomycota (comp. Fig. 7.2). Hosts of the basidiomycetous
mycoparasites are either Ascomycota or Basidiomycota, and mycoparasitism on
Chytridiomycota or Zygomycetes is unknown (Bauer and Oberwinkler 2008).
Phylogenetic correlation between the basidiomycetous mycoparasites and their
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respective host fungi has not been reported (Bauer and Oberwinkler 2008). Parasitic
interactions are associated with the sexual (teleomorphic) stage of the life cycle in
the Tremellomycetes (Agaricomycotina), Agaricostilbomycetes (Pucciniomycotina),
Microbotryomycetes (Pucciniomycotina), Spiculogloeomycetes (Pucciniomycotina),
and Cystobasidiomycetes (Pucciniomycotina), which have been studied as dimorphic
heterobasidiomycetes (e.g., Bandoni 1995).

Studies of dimorphic heterobasidiomycetes followed two different directions. The
first way, taken by traditional mycologists, relied on mycoparasites sampled in the
field, which were investigated in the laboratory, including cultivation (or germination)
experiments and research of the interaction modes between the parasite and host. As
a result, we know that sexual structures of some mycoparasites (e.g., Tremella,
Rhynchogastrema, Trimorphomyces) germinate with yeast states. The second way
undertaken by yeast researchers included mating experiments to obtain teleomorphic
state on the laboratory media (e.g., Bulleromyces, Curvibasidium, Leucosporidium,
and Papiliotrema) and the subsequent description of the relevant morphological
characters, such as basidial and hyphal morphology. It turned out that species com-
monly considered as yeasts form a sexual cycle ex situ and display features previously
described as an adaptation to mycoparasitism. We also suggest readers to consider
earlier reviews on heterobasidiomycetes and mycoparasites by Bandoni (1987, 1995),
Bauer and Oberwinkler (2008), and Weiss et al. (2014).

Basidiomycota exhibit two different types of cellular interaction between para-
site and host, namely, parasitism with tremelloid haustoria (or fusion interaction)
and parasitism involving colacosomes (Bandoni 1995; Bauer and Oberwinkler
2008). Haustoria, thin hyphae growing in close contact with the host hyphae to
draw the nutrients (Fig. 7.1h), have been observed in many Tremellomycetes
(Agaricomycotina), including the species Bullera alba (originally Bulleromyces
albus), Bulleribasidium oberjochense, Dioszegia antarctica, Cr. neoformans,
Holtermanniella mycelialis, Rhynchogastrema coronatum, Sterigmatosporidium
polymorphum (Cuniculitrema polymorpha), Syzygospora alba, Syzygospora
pallida (Christiansenia pallida), Tetragoniomyces uliginosus, and Tremella
sp. (e.g., Metzler et al. 1989; Kirschner et al. 2001; Golubev and Golubev 2003).
Haustoria-like hyphae have been also reported for Pucciniomycotina, e.g.,
Classicula, Cyphobasidium, Cystobasidium, Mycogloea, Naohidea, Occultifur,
Spiculogloea, and Zygogloea (Bauer and Oberwinkler 2008). The interaction with
tremelloid haustoria involves the fusion of parasite and host cell membranes,
inducing direct contact of both partners’ cytoplasm (Bauer and Oberwinkler 2008).

Another type of structures responsible for host-parasite interaction observed in
culture are colacosomes (Bauer and Oberwinkler 2008). This organelle is formed at
the interface between the parasite and its fungal host (Fig. 7.11). This mycoparasitic
organelle was first described in detail from the interaction of the parasite
Colacogloea peniophorae (Microbotryomycetes, Pucciniomycotina) and its host
Hyphoderma praetermissum (Bauer and Oberwinkler 1991). Colacosomes develop
in the contact area between the parasite and its host and are positioned at the inner
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surface of the parasite cell outside the cytoplasm but inside the cell wall (Bauer and
Oberwinkler 2008). These organelles have so far been only found within the
Microbotryomycetes and seem to occur in several, distantly related families within
this class, thereby indicating a potential early origin or convergent evolution of this
trait within Microbotryomycetes. Yeasts commonly thought to be pure saprobes, i.e.,
in Leucosporidium, Rhodosporidium (currently Rhodotorula), and Sporidiobolus
(currently Sporobolomyces), are also known to contain colacosomes, as well as
former Rhodotorula yeasts, which are phylogenetically related to the parasite Col.
peniophorae (Sampaio et al. 2003, Bauer and Oberwinkler 2008; Wang et al. 2015b).

7.4.2 Pucciniomycotina

Mycoparasites in this lineage include the genera Agaricostilbum, Atractogloea,
Camptobasidium, Chionosphaera, Classicula, Colacogloea, Colacosiphon,
Cryptomycocolax, Cyphobasidium, Cystobasidium, Heterogastridium, Mycogloea,
Naohidea, Occultifur, Rhodotorula, Spiculogloea, Sporobolomyces, Zygogloea, and
some species of Platygloea (reviewed in Bauer and Oberwinkler 2008). Some of
these fungi (genera Cyphobasidium and Cystobasidium in Cystobasidiomycetes) are
lichenicolous, but the spectrum of lichen-associated taxa is most likely much larger as
suggested by recent observations of yet undescribed yeasts in Cystobasidiomycetes in
the cortex of lichens collected from different regions of the world (Spribille et al.
2016). Unfortunately, the performed phylogenetic analyses do not allow a solid
interpretation of the taxonomic position of these yeasts. The authors indicated
lichenicolous parasites of the species Cyphobasidium usneicola and Cyphobasidium
hypogymniicola (both formerly classified as belonging to the genus Cystobasidium)
as the closest match. However, the genus Cyphobasidium is not monophyletic as
demonstrated by Millanes et al. (2016), and its position within Cystobasidiomycetes
has not been resolved. The observation of the Cystobasidiomycetes yeasts with
lichens showing no parasitic interactions goes in parallel with the detection of
Fellomyces-related sequences (originally Tremellales sp. A/B) from necrotic parts
of the lichen thalli, without any basidiomata or basidiomyceteous hyphae visible
(Lindgren et al. 2015). This data indicates that lichens can be a promising source of a
yet unknown basidiomycetous, mycoparasitic, yeast diversity.

7.4.3 Ustilaginomycotina

Several ecological adaptations facilitate the ability of asexual Ustilaginomycotina
saprobic stages to grow and survive in their natural habitats. Among them is the
ability to sustain low temperature, microaerophilic conditions, and antagonistic
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activity directed toward bacteria and other fungi. Such a behavior is reported for
yeasts previously classified in the genera Pseudozyma and Tilletiopsis (reviewed in
Begerow et al. 2014). However, it must be emphasized that most of this behavior
does not classify as mycoparasitism in the strict sense and is only included for the
sake of completeness. Antagonistic reactions toward other fungi were reported for
Anthr. flocculosa, Kalmanozyma fusiformata, Sporisorium graminicola, Golubevia
pallescens, Phragmotaenium flavum, and Robbauera albescens (formerly
Pseudozyma fusiformata, Pseudozyma graminicola, Tilletiopsis pallescens,
Tilletiopsis flava, and Tilletiopsis albescens, respectively) which were reported to
secrete glycolipids and modified long-chain fatty acids (reviewed in Begerow et al.
2014). Consequently, some Ustilaginomycotina yeast species might even have
evolved a mycoparasitic lifestyle, as has been suggested for Till. pallescens,
which was repeatedly isolated from basidiocarps of other fungi (Boekhout 2011).
Also, GFP-labeled Anthr. flocculosa observed on plants infected with mildew
showed strong association with mildew colonies in laboratory experiments
(Neveu et al. 2007). It is however unclear whether Anthracocystis (teleomorph is
a grass pathogen) and Golubevia species compete for the resources on infected
plants or act as hyperparasites.

7.4.4 Agaricomycotina

In the circumscription of the order Tremellales, Bandoni (1984, 1987) indicated
mycoparasitism among other characters common for this group of fungi. This view
received additional support with time. As reviewed by Weiss et al. (2014), the
mycoparasitic lifestyle is a distinctive feature of the teleomorphic stages for many,
if not all, members of the Tremellomycetes. Obvious host specificity and morpho-
logical evidence, such as the presence of host hyphae inside fruiting bodies of
Tremellomycetes and the presence of tremelloid haustoria, indicate such a lifestyle
as ancestral in this lineage. Additional evidence of the presumably parasitic life-
style of many tremellaceous yeasts comes from phylogenetic studies, which showed
yeasts previously classified in the genera Bullera and Cryptococcus intermixed with
Tremella species (e.g., Fell et al. 2000; Scorzetti et al. 2002; Millanes et al. 2011;
Weiss et al. 2014). The recent analysis of 286 type strains of yeast species and
47 basidiocarp-forming Tremellomycetes supported the previous observation
regarding close relationships between yeasts and mycoparasites in Filobasidiales,
Holtermannialles, Tremellales, and Trichosporonales (Liu et al. 2015).

In Filobasidiales, yeasts related to Cryptococcus arrabidensis are clustered with
the lichenicolous genus Heterocephalacria (former Syzygospora) (Liu et al. 2015).
The fungicolous species Syzygospora sorana was transferred into the genus
Piskurozyma together with Filobasidium capsuligenum (Piskurozyma sorana and
Piskurozyma capsuligena, respectively) and several Cryptococcus species (Liu
et al. 2015). In the Tremellales, yeasts were observed in almost every clade
containing known and putative mycoparasites, i.e., Bulleribasidium (former
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Mingxiaea), Dioszegia (Di. antarctica), Carcinomyces (former Bullera), Crypto-
coccus (Fil. lutea and Filobasidiella depauperata), Papiliotrema (former
Auricullibuller, Bullera, and Cryptococcus), Phaeotremella (former Cryptococ-
cus), Pseudotremella (former Cryptococcus), Rhynchogastrema (Bandoniozyma
yeasts), Tremella sensu stricto (former Cryptococcus), and Tremella clades I and
II (sensu Millanes et al. 2011). Other mycoparasitic genera in the Tremellomycetes
[i.e., Fibulobasidium, Sirobasidium, Sterigmatosporidium (former Cuniculitrema),
and Trimorphomyces] were already known to produce yeast stages in culture.
Although members of the Tremella encephala clade (currently Naematelia enceph-
ala) are cultivable, no previously described yeast species have been found in this
clade (Liu et al. 2015). Yeast stages are also not yet known for the lichenicolous
Tremella clade III (sensu Millanes et al. 2011), which also contains the genus
Biatoropsis (Liu et al. 2015; Millanes et al. 2016). Both Holtermannia and its
putative asexual counterpart Holtermanniella are known to form tremelloid
haustoria. The only known sexual species in Trichosporonales, the fungicolous
parasite Tetrag. uliginosus, showed weak relationships to the yeast genus
Cryptotrichosporon (Liu et al. 2015).

The study performed by Liu et al. (2015) provides a good overview on the
phylogeny of Tremellomycetes. As the study reduced polyphyly in this class and
attempted to unify taxonomy of sexual and asexual fungi, it provides an excellent
starting point to study the evolution of mycoparasitism in this group of
Basidiomycota.

7.5 Concluding Remarks

In the eyes of non-specialists, yeasts are often synonymized with the fermenting
ascomycete Saccharomyces. However, a unicellular yeast stage is realized in many
fungal lineages, and most of these yeast species do not share the typical
saccharolytic (or sometimes copiotrophic, i.e., the preference of nutrient-rich envi-
ronments) lifestyle. Among the growing number of yeast species studied, we
observe an increasing percentage of parasitic species—especially dimorphic spe-
cies tend to be pathogenic at least in parts of their life cycle.

While some species like Candida or Exophiala are prominent opportunistic (not
obligatory) parasites in immunocompromised patients, other yeasts have evolved a
parasitic stage and cannot complete their life cycle without it. Thus, it becomes
increasingly important and more relevant to understand yeasts as a pluripotent
unicellular stage of fungi being highly diverse in terms of nutrition mode and
ecology.

While human parasites are well recognized in yeast research, yeasts infecting
plants and especially fungi are rarely studied, and our knowledge is very scarce.
Herewith, we aimed to summarize some of the current knowledge in this field and
to point toward further research directions. We would like also to motivate others to
study yeasts with respect to their pathogenic capabilities.
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