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Abstract
Yeasts, usually defined as unicellular fungi, occur in various fungal lineages. Hence, they are not a taxonomic unit, but rather 
represent a fungal lifestyle shared by several unrelated lineages. Although the discovery of new yeast species occurs at an 
increasing speed, at the current rate it will likely take hundreds of years, if ever, before they will all be documented. Many 
parts of the earth, including many threatened habitats, remain unsampled for yeasts and many others are only superficially 
studied. Cold habitats, such as glaciers, are home to a specific community of cold-adapted yeasts, and, hence, there is some 
urgency to study such environments at locations where they might disappear soon due to anthropogenic climate change. 
The same is true for yeast communities in various natural forests that are impacted by deforestation and forest conversion. 
Many countries of the so-called Global South have not been sampled for yeasts, despite their economic promise. However, 
extensive research activity in Asia, especially China, has yielded many taxonomic novelties. Comparative genomics stud-
ies have demonstrated the presence of yeast species with a hybrid origin, many of them isolated from clinical or industrial 
environments. DNA-metabarcoding studies have demonstrated the prevalence, and in some cases dominance, of yeast species 
in soils and marine waters worldwide, including some surprising distributions, such as the unexpected and likely common 
presence of Malassezia yeasts in marine habitats.
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Introduction

Within the kingdom Fungi, yeasts (Dikarya, Ascomycota 
and Basidiomycota) are not precisely defined. The latest 5th 
edition of ‘The Yeasts, a Taxonomic Study’ (TYTS) defines 
yeasts as follows ‘…, yeasts, whether ascomycetes or basidi-
omycetes, are generally characterized by budding or fission 
as the primary means of asexual production and have sexual 
states that are not enclosed in fruiting bodies’ (Kurtzman 
et al. 2011b). These authors, however, also indicated sev-
eral exceptions and commented on the imprecise border 
between yeasts and the dimorphic filamentous fungi that 
form yeast-like stages as well as yeast lineages that display 
strictly filamentous growth. From the above, it is clear that 

yeasts occur in division Ascomycota, mainly in subdivision 
Saccharomycotina (so-called budding yeasts), and Taphrino-
mycotina (that also includes so-called fission yeasts), as well 
as in three subdivisions of Basidiomycota, namely Ustilag-
inomycotina, Pucciniomycotina, and Agaricomycotina (Li 
et al. 2021). Some asexual and sexual reproducing structures 
of different yeast species are shown in Fig. 1. Although most 
yeast and yeast-like species do not form a complex macro-
scopic multicellular fruiting body, exceptions do exist. For 
example, among dimorphic fungi in Basidiomycota, some 
jelly fungi (e.g., Tremella, Phaeotremella, and Sirobasidium) 
form conspicuous fruiting bodies, but also have a distinct 
cryptococcoid budding yeast stage. Similarly, some genera 
belonging to Saccharomycotina do form extensive hyphae, 
e.g., species of the genera Eremothecium, Geotrichum, and 
Hyphopichia. Throughout this work we follow the rather 
pragmatic definition given in the 5th edition of TYTS.

During the last two centuries yeast diversity has been 
studied extensively (Boekhout 2005; Lachance 2006; 
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Fig. 1   Morphology of asexual and asexual reproduction of yeasts. 
a multipolar budding yeast cells of Saccharomyces cerevisiae CBS 
1171; b asci with globular ascospores of Saccharomyces paradoxus 
CBS 432; c asci with saturn-shaped ascospores of Pichia scutulata 
CBS 6670; d buding yeast cells of Candida glabrata CBS 138; e fis-
sion of yeasts cells of Schizosaccharomyces pombe CBS 356; f bipo-
lar budding yeast cells of Hanseniaspora uvarum CBS 324; g lunate 
yeasts cells of Metschnikowia lunata CBS 6798; h asci with lini-
form ascospore of Metschnikowia agaves CBS 7744; i asci with free 

clavate ascospores of Clavispora lusitaniae CBS 5299 × CBS 6936; 
j budding yeast cells of Cystofilobasidium macerans CBS 4685; 
k monopolar budding yeast cells of Malassezia furfur CBS 7019; l 
ballistoconidia of Sporobolomyces johnsonii CBS 5470; m blasto-
conidium formation on stalks by Fellomyces polyborus CBS 6072; 
n hyphae and arthroconidia of Apiotrichum laibachii CBS 5790; o 
tremelloid basidia of Bullera alba CBS 6302 × CBS 7441. All pic-
tures were  taken from theyeasts.org
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Kurtzman et al. 2015; Péter et al. 2017). Yeasts are involved 
in many applied fields, such as brewing, baking, wine mak-
ing, distilling, as well as in many other conventional and 
non-conventional fermentations. Several yeasts are among 
the most widely used model species in biomedical research, 
e.g., Saccharomyces cerevisiae Meyen ex E.C. Hansen and 
Schizosaccharomyces pombe Lindner, while others cause 
superficial or invasive infections of man and animals, e.g., 
Candida albicans (C.P. Robin) Berkhout and Cryptococ-
cus neoformans (San Felice) Vuill. Historically, most 
investigations of yeast diversity were conducted in affluent 
countries in the northern hemisphere, but due to a shifting 
global economy, and wider availability of technologies, this 
pattern in biodiversity exploration is changing (Kurtzman 
et al. 2015, Fig. 2). Recently, countries in Asia, (particularly 
China and Thailand), and South America, (such as Brazil 
and Argentina) have led significant research to discover the 
local yeast biodiversity (see below). Despite recent progress, 
many geographical areas and biomes on earth remain almost 
unexplored (Kurtzman et al. 2015; Yurkov 2017, 2018, see 
below).

The rapid growth of our knowledge of yeasts species 
diversity originates from both discovery of novel species 
in nature and the application of more advanced identifica-
tion techniques. Because of the application of more sophis-
ticated nutritional tests, biochemical and molecular char-
acterizations, and the use of DNA barcode sequencing, 

earlier described species were either lumped or split (Boek-
hout et al. 2021a). Taxonomic novelties can be discovered 
from previously isolated and preserved yeast strains from 
culture collections. Some of the latter maintain strains iso-
lated by pioneers of yeast ecology such as L.J. Wickerham, 
J.P. van der Walt, and H.J. Phaff, who were active in the 
1940s–1960s (e.g., Boundy-Mills et al. 2016).

Over the past 20 years, several underexplored habitats 
have been extensively investigated, resulting in a consider-
able number of new species. Among other sources, many 
yeasts were isolated from fungivorous beetles and nitidulid 
beetles associated with ephemeral flowers (reviewed in 
Lachance 2006; Blackwell 2017), and recent studies focused 
on soil yeasts, reported up to 30% of potential novel species 
(reviewed in Yurkov 2018). Geographically, yeast biodiver-
sity assessments covered a broad range, from polar regions 
to the tropics, but many areas and ecosystems are still unex-
plored (Fig. 2, see below).

The dimension and origin of yeast diversity can be 
assessed from literature, nomenclature, and sequence 
databases. Each approach has its own limitation. It is dif-
ficult to perform a reliable diversity estimation from the 
literature for several reasons. First, scientific literature 
is not universally accessible for researchers, and taxo-
nomic publications on yeasts outnumber ecological ones. 
Second, publications focusing on taxonomic novelties are 
often incomplete. Publications with descriptions of novel 

Fig. 2   Global map showing origin of 5658 yeast strains from the pub-
lic CBS collection (Westerdijk Fungal Biodiversity Institute, Utrecht, 
the Netherlands) clearly showing less studied regions. It should, how-

ever, be kept in mind that local collections hold yeast diversity from 
their own locales. The isolates from South Africa were largely made 
by the late J.P. van der Walt and collaborators



494	 Fungal Diversity (2022) 114:491–537

1 3

species do not necessarily report the sampling strategy, 
effort, abiotic and biotic ecological parameters and, some-
times, even lack the name of the sampled animal or plant, 
and, therefore, it is difficult to make inferences about 
ecology or biodiversity using such taxonomy papers.

Nucleotide sequence databases have accumulated an 
extraordinarily large number of records of fungal strains 
and sequences from cultures and from the environment 
(Lücking et al. 2020) but are problematic as they contain 
mis-identifications or lack taxonomic annotations alto-
gether (Stavrou et al. 2018). Although sequence reposito-
ries provide annotation tools (tags and source modifiers), 
sequence records are often not accompanied by any eco-
logically meaningful data, such as the substrate, details 
on the applied methodology and detected number of indi-
viduals. The description of new species from environmen-
tal DNA libraries is contentious, and most likely, major 
improvements of all aspects of methodology are required 
to satisfy commonly agreed quality standards (Lücking 
et al. 2021). The International Code of Nomenclature for 
algae, fungi, and plants (ICNafp, Article F5, Chapter F in 
the Shenzhen Code, Turland et al. 2018; May et al. 2019) 
requires registration of nomenclatural novelties applied 
to organisms treated as fungi and published on or after 1 
January 2013 in one of the three main repositories (viz., 
Fungal Names, Index Fungorum, MycoBank). Earlier 
records are being added to these databases by curators 
of these repositories. Such records provide a good over-
view on the progress in new species discoveries, though 
there is still a lack of information on the ecological and 
community-related background. As a follow up of the 
printed version of TYTS, an online tool, theyeasts.org 
(https://​theye​asts.​org), is currently under development to 
document taxonomic yeast diversity as well as aspects of 
ecology, biotechnology applications, pathogenicity etc. 
(Boekhout et al. 2021b).

In this paper, we present (1) Current knowledge on 
yeast diversity, with emphasis on those species described 
during the last 20 years and the substrates and global 
regions from where these yeasts were isolated, (2) Esti-
mates on the number of yeast species that might exist, (3) 
The impact of hybrid species, and (4) Some cases to illus-
trate how both non-culturable and culturable approaches 
contribute to increase our knowledge on the extent of 
yeast diversity. For the latter, we show how metabarcod-
ing contributes to our knowledge of yeast biodiversity 
in soils and marine waters, as highlighted by the extent 
of Malassezia yeasts from marine sources, our limited 
knowledge on yeasts from rapidly disappearing cold habi-
tats, and also the rapidly increasing knowledge on yeast 
diversity from Asia, here illustrated by China.

Trends in the exploration of yeast diversity: 
lessons from the past

For about 70 years, the taxonomic compendium TYTS saw 
five editions published providing hold views on yeast diver-
sity and how to classify them (Lodder and Kreger-van Rij 
1952; Lodder 1970; Kreger-van Rij 1984; Kurtzman and 
Fell 1998; Kurtzman et al. 2011a). The number of known 
and accepted yeasts species described in the twentieth cen-
tury grew steadily, reaching > 700 and > 1300 species in the 
4th and 5th editions, respectively (Kurtzman and Fell 1998; 
Kurtzman et al. 2011a, see Table 1, Fig. 3). As an example, 
the 1st edition contained a total of 166 species divided in 
the following categories: 15 genera of ascomycetous yeasts 
(Endomycetaceae), four genera of basidiomycetous yeasts 
that form ballistoconidia (Sporobolomycetaceae) and nine 
genera of asporogenous yeasts (Cryptococcaceae) (Lodder 
and Kreger-van Rij 1952). In contrast, 1301 species were 
described in the 5th edition of TYTS belonging to 186 gen-
era that were either asexual or sexually defined within Asco-
mycota and Basidiomycota, respectively (Kurtzman et al. 
2011a). We analyzed how our knowledge on yeast diversity 
developed over time with respect to the broader phylogenetic 
and reproductive aspects, i.e., whether they were asexually 
or sexually defined (Table 1). The first edition of TYTS had 
only ascomycetous genera with a known sexual state, and 
the remaining asexual yeasts were classified in asexual lin-
eages, including Cryptococcaceae and Sporobolomyceta-
ceae. In the 2nd edition, the first basidiomycetous yeasts 
were included (Lodder 1970), and the sexual basidiomy-
cetous yeast genera Leucosporidium and Rhodosporidium 
were classified in order Ustilaginales, whereas the genera 
Bullera, Sporidiobolus and Sporobolomyces were placed in 
Sporobolomycetaceae. The 3rd and 4th editions showed a 
steady increase of both species and genera (Kreger-van Rij 
1984; Kurtzman and Fell 1998). In the 4th and 5th editions 
a distinction was made between asexual and sexual genera 
in both Ascomycota and Basidiomycota. Many sexual gen-
era had an asexual morph according to the Art. 59 of the 
International Code of Botanical Nomenclature (i.e., ICN 
Vienna Code 2006) (McNeill et al. 2006; Hawksworth et al. 
2011). Several asexual genera could be linked to various 
classes, e.g., Candida (Saccharomycetes), Cryptococcus 
(Tremellomycetes), Pseudozyma (Ustilaginomycetes), Rho-
dotorula (Cystobasidiomycetes and Microbotryomycetes), 
and Tilletiopsis (Exobasidiomycetes). The last edition of 
TYTS was published in 2011, and, thereafter, the commu-
nity of researchers exploring yeast diversity moved towards 
the development of an open access, electronic tool to docu-
ment yeast diversity, namely theyeasts.org (https://​theye​asts.​
org; Boekhout et al. 2021b). The aim of this platform is 

https://theyeasts.org
https://theyeasts.org
https://theyeasts.org
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to become an ever-updatable database documenting yeast 
diversity.

Since 2011 (McNeill et  al. 2012) the ICNafp has 
adapted the ‘One fungus = One name’ nomenclatural 
principle, and the difference between asexual and sex-
ual names was abandoned. Presently, only one name is 
allowed for pleomorphic fungi, and, in the case of yeasts 
having sexual and asexual morphs, decisions on the pre-
ferred generic name still have to be implemented in several 

genera, e.g., Dekkera vs. Brettanomyces, Geotrichum vs. 
Galactomyces, and Kloeckera vs. Hanseniaspora. Some 
other changes were made with e.g., Cryptococcus being 
preferred over Filobasidiella (Hagen et  al. 2015; Liu 
et al. 2015b). As now species with and without a known 
sexual morph can be classified in the same genus, the 
number of genera containing both sexually and asexually 
described species increased considerably (Table 1). Pres-
ently, these genera constitute 12 ascomycetous genera that 

Table 1   Developments in the number of yeast genera and species in the various editions of The Yeasts, a Taxonomic Study (TYTS) and the-
yeasts.org (ty.org)

# Genera TYTS 
1st ed. 
1952

TYTS 
2nd ed. 
1970

TYTS 
3rd ed. 
1984

TYTS 
4th ed. 
1998

TYTS 
5th ed. 
2011

ty.org 
2021

Sexually defined Ascomycota 15 22 33 60 73 65
Asexually defined Ascomycota 14 13 26
Ascomycota genera containing sexually and asexually defined species 12
Sexually defined Basidiomycota 5 10 18 33 17
Asexually defined Basidiomycota 20 27 86
Basidiomycota genera containing sexually and asexually defined species 36
Total asexually defined genera 11 11 16 34 40 112
Total # genera 28 38 59 146 186 354
# Species 1st 2nd 3rd 4th 5th ty.org
Sexually defined Ascomycota 70 169 183 270 446 548
Asexually defined Ascomycota 233 392 451
Species belonging to Ascomycota genera with sexual and asexual species 182
Basidiomycota sexually defined 23 35 50 97 39
Basidiomycota asexually defined 172 366 514
Species belonging to Basidiomycota genera with sexual and asexual 

species
224

Total asexually defined species 96 170 281 405 758 965
Total # species 166 362 499 725 1301 1958

Fig. 3   Cumulative graph 
showing the accumulation of 
ca. 3500 names of yeast spe-
cies over time. Note that this 
includes the homotypic and 
heterotypic synonyms of the ca. 
2000–2200 presently accepted 
species in theyeasts.org
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contain > 180 species that are either asexually or sexually 
defined, whereas for the basidiomycetous yeasts they com-
prise 36 genera with > 220 species (theyeasts.org; Boek-
hout et al. 2021b).

For about 10 years, the microbial ecology of natural envi-
ronments and the distribution of microorganisms in human-
related habitats (such as fermented food, contaminated soil 
and water, clinical sources) and natural ecosystems, such as 
soil and fresh water and seawater, have been investigated 
using metabolomics or metabarcoding approaches, enabling 
insights into the uncultivated biodiversity (Lücking et al. 
2021; see also below). Nevertheless, researchers continue 
to isolate microorganisms as isolates are currently the only 
valid way to describe new yeast species. These efforts are 
useful to preserve microbial biodiversity ex situ allowing 
subsequent species discovery and cultured microbial strains 
also have the potential for monetization (Overmann et al. 
2017). Perhaps because the subsequent isolation of a species 
does not merit a publication, studies reporting the isolation 
of new taxa outnumber broader culture-based biodiversity 
surveys, which hampers the growth of knowledge on the 
(aut)ecology and biogeography of yeasts. Many yeast spe-
cies are only known from a limited number of isolates and 
are often described based on a single strain (Yurkov 2017; 
Kachalkin et al. 2019).

A few available estimates suggest that only a small frac-
tion (approximately 5–10% depending on the habitat) of the 
total diversity of fungi is known (e.g., Hawksworth 2001; 
Blackwell 2011). Most likely, the same is true for yeasts. 
Yeast species discovery continues at an increasing pace. 
Boekhout (2005) and Kurtzman et al. (2015) published 
overviews on the advances made at that time with respect 
to our knowledge on yeast diversity and taxonomy, and how 
this contributed to their biotechnological potential. Here 
we add the species described since 2000 (see below) and 
reanalyzed the data using 20-year periods (Fig. 3). The 3500 
published yeast species names belong to roughly 2000–2200 
currently accepted yeast species, and, several names are 
presently considered as heterotypic synonyms. Some spe-
cies include many synonyms, e.g., S. cerevisiae with > 80 
synonyms and C. albicans with > 170 synonyms (Lachance 
et al. 2011; Vaughan Martini and Martini 2011). Since the 
publication of the 5th edition of TYTS in 2011 the number 
of genera nearly doubled from 186 to 354 (https://​theye​asts.​
org). This is mainly due to the revision of the taxonomy 
of basidiomycetous yeasts (Liu et al. 2015a, b; Wang et al. 
2015a, b, c) in which some large and polyphyletic genera, 
such as Cryptococcus, Bullera, Pseudozyma, Rhodotorula, 
Sporobolomyces and Tilletiopsis, were redefined into smaller 
monophyletic lineages. Thus, since 2011 the number of new 
species increased approximately 1.5 times, while during the 
same period the number of new genera grew by a factor of 
1.9. The species rich and highly polyphyletic genus Candida 

(Saccharomycotina) still contains approximately 300 species 
distributed across more than 30 phylogenetic clades that can 
be linked to several presently accepted genera and 17 unaf-
filiated clades (e.g., Lachance et al. 2011; Daniel et al. 2014) 
and this indicates that more large-scale taxonomic changes 
are to be expected in the future.

Based on the data of new species descriptions, the trend 
in yeast species discovery is best described by a polyno-
mial of order 2 (formula y = 0.1175x2 − 434.91x + 402,253, 
R2 = 0.9867) (Fig. 3). Fell (2012) estimated the number 
of described yeast species as approximately one percent 
of those that might exist in nature. If correct, this implies 
that the current number of ca. 2000 accepted yeast species 
included in theyeasts.org represents only 1%, and the esti-
mated total number of yeast species might reach 200,000. 
Based on the current rate of species discovery and publica-
tion of new species, we might need > 1000 years to describe 
them all using the above formula. It should be noted, how-
ever, that estimates on the total existing number of fungal 
species vary widely and range from 1 to 5 million with more 
conservative estimates resulting in numbers between 2.2 and 
3.8 million species (Hawksworth and Lücking 2017). So far, 
approximately 150,000 fungal species have been described 
(Lücking et al. 2021). Extrapolating the 2000 described 
yeast species onto the canonical ratio between described 
total fungi and yeast species (150,000:2000) gives a rough 
forecast of 30,000–50,000 yeast species that might exist, and 
it will take at least 340–500 more years to document this 
yeast species diversity based on the above graph. Lachance 
(2006) used a more focused measure of potential yeast 
diversity in two ecological systems, namely yeast-floricol-
ous insects and yeast-plant fluxes. These two models were 
selected to reflect the degree of specificity of yeast-substrate/
host associations. The subsequent estimation resulted in a 
predicted range of 1500 to 15,000 species for highly spe-
cific (symbiont) and generalist models, respectively. These 
numbers reflect the degree of specificity of yeast communi-
ties, diversity in specialized yeast-insect relationships and 
tree fluxes that are open to many species. Urbina and Aime 
(2018) conducted a similar estimate using red yeasts in the 
order Sporidiobolales. Using richness and diversity values, 
and species accumulation curves, the number of species in 
this order was estimated at 260 from which only 42 were 
described at the date of publication. This makes a ratio of 
1 to 6.2 for described versus estimated species numbers. 
The authors commented that the 98% sequence similarity 
threshold used to distinguish between species is conserva-
tive and, likely, reflect a lower estimate of the total species 
numbers (Urbina and Aime 2018). As considerable differ-
ences may exist in evolutionary rates of the various lineages 
containing yeasts, it might not be possible to extrapolate this 
ratio for the entire yeast domain. However, if we consider 
this ratio between described and expected number of yeast 

https://theyeasts.org
https://theyeasts.org
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species of Sporidiobolales a proxy, this will result in an 
expected number of around 12,000 yeast species that might 
exist, which is a much lower estimate than the ones given 
above. Documenting the diversity of yeasts predicted with 
this lowest species estimate will take ca. 175 years according 
to the above polynomial formula. From DNA-metabarcoding 
analyses presented below an estimate of 20,000 yeast species 
was obtained, which will take approximately 250 years of 
effort to describe them according if we use the polynomial 
formula to extrapolate.

In conclusion, a major effort is needed to describe 
unknown yeast species that might exist in nature. All the 
above estimates, although they vary widely, indicate that at 
least hundreds of years are needed to document all existing 
yeast species. It is important to improve sampling approaches 
and cultivation techniques and apply modern identification 
pipelines in order to discover and characterize the major-
ity of existing yeast species. Estimation of sampling and 
cultivation efforts proved to be a useful tool leading to the 
discovery of new species (reviewed in Yurkov 2017). In 
addition to media and incubation conditions (reviewed in 
Boundy-Mills et al. 2006), sample pre-treatment and cultiva-
tion strategies can further improve species yield, e.g., using 
dilution to extinction strategies and automation for barcode 
analysis (Collado et al. 2007) or culturomic methods adapted 
for yeast that have been applied mainly for bacteria until 
now (Diakite et al. 2020). Such activities should preferably 
be distributed across different continents and ecozones to 
speed up the discovery of yeast species and other microbes.

There is no doubt that DNA-metabarcoding can be 
adapted to document the extensive and vast biodiversity 
of yeasts, but for practical reasons, such as clinical studies 
and biotechnological applications, it is essential to obtain, 
and study isolates themselves. Additionally, for the iden-
tification, DNA-metabarcoding still often relies on short 
200–300 bp sequences reads (but see Heeger et al. 2018) 
which are minimally informative for phylogenetic recon-
structions or species circumscriptions.

Yeast diversity described in the twenty‑first 
century

Yeasts have been isolated from a broad array of substrates. 
A global analysis of the holdings of several culture col-
lections yielded the following picture as origins of yeast 
isolates: plants 31.7%, insects and invertebrates 20.1%, 
aquatic habitats 12.6%, soil 9.5%, traditional beverages 
6.2%, extreme warm and dry habitats 6.1%, extreme 
cold habitats 5.4%, forests and woodland, 3.2%, verte-
brates 2.2%, fungi (and lichens) 2.0% and atmosphere 
1.0% (Groenewald et al. 2017). However, various collec-
tions may specialize in yeasts from specific origins. For 

instance, most yeast isolates in the CBS Yeast Collec-
tion at Westerdijk Fungal Biodiversity Institute (https://​
wi.​knaw.​nl/​page/​fungal_​table) originated from plants, 
including fruits (ca. 22%), followed by soil (ca. 15%), but 
isolates from humans ranked third with ca. 11%, followed 
by insects (ca. 10%), other animals (ca. 4%), seawater (ca. 
4%), wine/must/cider (ca. 3%), brewing (ca. 2%), other 
beverages (ca. 1%), and air, fungi, lichens, high sugar sub-
strates, and other fermentations (all ca. 1%) (Kurtzman 
et al. 2015). It should be noted that these numbers do not 
necessarily reflect the relative diversity of yeasts on these 
substrates as some of them, like lichens and fungi, are sub-
stantially undersampled (Yurkov et al. 2012a; Hawksworth 
and Grube 2020).

To get a meaningful estimate of yeast discovery rates, 
the species described since 2000 were extracted for each 
sub-phylum from the nomenclatural repository MycoBank 
(www.​mycob​ank.​org). We retrieved original publications 
for these species and manually annotated the resulting 
table to account for several parameters.

•	 Type of study: applied, related to biodiversity or clini-
cal. New species can be discovered in a biodiversity 
survey, as well as in the search for a potential biotech-
nological agent or in a clinical study.

•	 Origin of cultures: new isolation from the environment 
or strains acquired from a culture collection. Culture col-
lections keep a substantial number of living yeast fungi 
(Boundy-Mills et  al. 2016). These holdings include 
well-characterised strains (e.g., type material) and iso-
lates that may represent potential new species. New spe-
cies discovered in culture collections are not rare (e.g., 
Kurtzman 2005, 2007; Kurtzman et al. 2018).

•	 Type of substrate: air, engineered, freshwater, glacial 
(snow, ice), and seawater, or related to animals, birds, 
food, fungi, humans, insects, plants, and soil. When pos-
sible, the information about the type of substrate from 
original publications was taken and merged into 15 
larger categories, e.g., the substrates of abiotic (e.g., air, 
aquatic, soil) and biotic (e.g., animal, insect, plant) types.

•	 Country and continent. When possible, the information 
from original publications was used. For the species that 
were described by analysing several isolates from differ-
ent countries and/or continents, the term “various” was 
entered in this field. These analyses accounted exclu-
sively for papers with new yeast descriptions. This does 
not reflect species endemism as we did not record subse-
quent isolations of the species.

•	 Climate: arid (hot semi-arid and desert), cold (alpine, 
polar, high mountains), boreal, temperate, subtropical 
and tropical. Unless specifically indicated in the publi-
cations, the information about the locality was used to 

https://wi.knaw.nl/page/fungal_table
https://wi.knaw.nl/page/fungal_table
http://www.mycobank.org
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classify the climate in main climate groups following the 
Köppen climate classification system (Geiger 1954).

During the annotation, we identified studies which 
explicitly stated an applied research focus. Also, the 
annotation included the information about the provider 
country (the country that owns the genetic resource 
(here: yeast strain) under the Convention on Biological 
Diversity, CBD). To respond to growing concerns about 
exploitation of biodiversity resources in developed coun-
tries, we extended the annotation to include the following 
parameters:

•	 Provider country: Global South or Global North. 
Thereby, we were able to analyse the economical back-
ground of countries where new yeast species were dis-
covered, namely in developing and developed countries. 
Rather than considering several heterogeneous param-
eters and indices, we used a simplified approach and fol-
lowed the concept of Global South/North. Considering 
possibilities for doing research and access to modern 
technologies, China was included in the list of developed 
countries in our analyses.

•	 Access to the material: In-land researchers included 
or made by foreigners only. To respond to the call for 
ethical sharing of non-monetary benefits with provider 
countries, we analysed whether researchers from provider 
countries were included in the list of authors of publica-
tions describing new yeast species.

According to the researched sources, 1193 yeast spe-
cies were described in the period from 2001 to 2019. This 
number does not include new taxonomic combinations or 
discoveries of a sexual morph, even though the latter were 
considered as new species according to the Art. 59 (two 
morphs described in different genera) prior to the ICNafp 
Melbourne Code (Hawksworth et al. 2011; McNeill et al. 
2012). The annual number of yeast species described varied 
between 33 in 2002 to 92 in 2004. Most novel yeast spe-
cies were discovered in biodiversity assessments (89.5%). 
New species described from applied and clinical studies 
accounted for only 6.2% and 4.2%, respectively.

Geographic patterns of yeast distribution

Approximately 63 percent (n = 673) of the novel species 
described originated from warm climates (tropical, sub-
tropical, and hot arid and semi-arid). The number of novel 
yeasts from tropical and subtropical climates was nearly 
the same, 28.9% and 29.5% (310 and 316 species, respec-
tively), but only 47 species (4.4%) originated from arid 
climates. Of the 398 species (37.2%) described from cold 

climates, the vast majority was isolated from temperate 
climates (27.5%), whereas boreal and cold climate regions 
each yielded only 4.9% (52 and 51 species, respectively) 
new species. Therefore, studies from temperate, subtropical, 
and tropical climates accounted for most published novelties 
in the yeast domain. Arid, boreal, and cold climates remain 
undersampled.

The observed geographic distribution of species discover-
ies is uneven, similar to observations made before (Kurtz-
man et al. 2015; Yurkov 2017). Yeast species were described 
from 81 countries, which we grouped according to the num-
ber of species described since 2001. A total of 149 species 
were described from China (and 49 more from Taiwan). The 
USA and Thailand have been home to over 100 new yeasts 
(134 and 131 species, respectively), followed by Brazil (93), 
Japan (68), Portugal (33), and Panama (31). Other countries 
contributed to the global yeast diversity with fewer than 30 
species described since 2001. A total of 122 species were 
isolated from more than one country. Neutral territories such 
as Antarctic and international waters, yielded 19 new yeasts 
species.

In the last 20 years, researchers from Asia were most 
active in describing yeast diversity. Nearly half of newly 
described species were sampled in Asia (43.2%, 480 spe-
cies) and the four aforementioned Asian countries accounted 
for 82.7% (397 species) of the diversity described from the 
continent. These numbers will be even greater when the 107 
species from China described in a single publication were 
considered (Li et al. 2020, see below). Together with the 
227 and 208 species (20.5% and 18.7%) described from the 
Western world (Europe and North America, respectively), 
these three continents accounted for 82.4% of the global 
diversity of newly described yeast species. Out of 12.2% of 
total new yeasts (135 species) discovered in South America, 
taxonomic discoveries from Brazil strongly dominated with 
68.9% of the diversity from that continent. Only 35 and 17 
species were described from Africa and Antarctica, respec-
tively. The Australasian region is the most undersampled 
place for yeasts with only eight species discovered since 
2001. A total of 78 species were discovered in more than 
one continent.

Species discovery rates

The number of known yeast species included in “TYTS” 
was growing at a speed of approximately 10 species per 
year in the period 1952–1984 and 14 species per year until 
the publication of the fourth edition in 1998 (Lachance 
2006). Application of advanced nutritional tests and early 
molecular approaches used from the first to the third edi-
tion of the book series, did not significantly change spe-
cies discovery rates. But the early application of DNA 
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sequencing in yeast identification and phylogenetic recon-
struction increased the speed of descriptions of new species 
to 14 species/year in the fourth edition and 54 species per 
year in the fifth edition of the compendium (Kurtzman and 
Fell 1998; Kurtzman et al. 2011a). The average species dis-
covery rate in the analysed period was 63 species per year. 
Since 2011, species were described at a rate of 60 species 
per year. An increase in species discovery rates (annual val-
ues) occurred in 2004, 2008, 2010–2013 and 2019. The first 
peak was associated with growing discoveries from North 
America, Asia and Europe, whereas later peaks resulted 
solely from increased research activity in Asia. Lowest 
discovery rate numbers were observed in 2002 and 2014 
(33 and 34 species, respectively). Both low points corre-
lated with the decreasing numbers of new yeasts described 
from North America. The second minimum resulted from 
globally declining descriptions in Asia, Europe and the 
Americas in the years 2013 and 2014. However, this trend 
has changed due to increasing research activities in Asia, 
Europe and South America. Starting from 2019, the num-
ber of newly described species is rapidly growing, and we 
expect the growth will continue in 2020 considering that 
more than 100 new species from China were described 
in a single study (Li et al. 2020). The number of species 
described from North America declined from 2005, while 
South American discoveries slightly increased in the very 
same period. Starting from 2015 new species discoveries 
from Europe increased reaching the highest recorded value 
of 24 species in 2019.

Among commonly studied types of substrates, most spe-
cies described in the last two decades were found on plant 
material (41.6%) or in association with insects (17.1%). Fol-
lowing the two biotic substrates, soils were the most promis-
ing substrate for species discoveries (11.6%). Yeasts from 
food, humans, aquatic (both freshwater and marine), and 
animal sources accounted for between 1.9 and 5.2% of the 
taxonomic novelties.

Substrates as source of novel yeasts

Plant substrates were the most frequent source of new 
species in Global North and South countries. From 2010 
onward, the numbers of descriptions of yeasts from this 
substrate increased in countries of the Global South, from 
just 6 (in 2010) to 24 (in 2013). Among abiotic substrates, 
soil was mainly studied in countries of the Global North, 
while soil yeasts in many developing countries are under-
studied (see also Yurkov 2018). Two biotic types of sub-
strates, viz., plants and insects, were the primary source of 
new species from countries of the Global South, although 
new yeasts isolated from insect-related sources were 
largely described in 2004–2006 and their numbers have 

declined since then. Researchers who discovered yeasts 
in association with insects were also active in countries 
of the Global North in the same period and again later in 
2016. Since 2007, new species from plant-related sources 
strongly prevail over isolations from other sources in the 
Global South.

Biodiversity hotspots and endemism

Biodiversity hotspots are defined as areas with high diver-
sity and endemism of animals and vascular plants (Myers 
et al. 2000). An extrapolation of plant and animal diver-
sity values on microorganisms is arguably possible if we 
consider that microbes are strictly associated with their 
hosts, for example as parasites and symbionts. Although 
endemism has been demonstrated in yeasts, there are many 
species that are not restricted to a particular region or sub-
strate (reviewed in Yurkov 2017). Similarly, species dis-
covery rates do not directly depend on the local biodiver-
sity. While diversity of plant species in the tropical zone is 
undoubtedly higher than in the temperate zone, the number 
of novel yeasts discovered in these climates was similar, 
counting 310 and 295, respectively. Despite the bias in 
our dataset, which does not account for attempts to find 
new species in specific areas during the observed period, 
our observations suggest that the diversity of land plants 
is not a good predictor of undiscovered species of yeasts. 
The distribution patterns of yeasts in different regions and 
climates vary considerably (reviewed in Yurkov 2017). It 
has been convincingly demonstrated that yeast communi-
ties on plant surfaces (phylloplane) are comprised of both 
widespread cosmopolitan and endemic species (reviewed 
Fonseca and Inácio 2006; Kelmer et al. 2017; Limtong 
and Nasanit 2017). Thus, a successful isolation of a new 
yeast species requires an appropriate sampling effort and 
isolation strategy (Lachance and Starmer 1998; Yurkov 
and Pozo 2017). Although a few interesting plant-specific 
yeasts associations do exist, e.g., Dimennazyma cistialbidi 
(Á. Fonseca, J. Inácio & Spenc.-Mart.) Yurkov, Xin Zhan 
Liu, F.Y. Bai, M. Groenew. & Boekhout on Cistus albi-
dus and members of the genus Carlosrosaea on brome-
liads, to name a few, interesting yet undiscovered yeasts 
may be present in the environment in small numbers as 
minor community members (reviewed in Yurkov and Pozo 
2017). Similar to phylloplane yeasts, many soil yeasts are 
widespread, e.g., Apiotrichum porosum Stautz, Saitozyma 
podzolica (Babeva & Reshetova) Xin Zhan Liu, F.Y. Bai, 
M. Groenew. & Boekhout, and Solicoccozyma terricola 
(T.A. Pedersen) Yurkov (reviewed in Yurkov 2018; see also 
below). However, a few recent studies reported a high pro-
portion of potential novel yeast species from soils (Yurkov 
2018). Whether this trend is restricted to forest soils in 
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the temperate and Mediterranean climate zones needs fur-
ther research. New species from tropical soils are still rare 
due to insufficient sampling activities (reviewed in Yurkov 
2018). Species of clinical relevance (isolated from humans) 
were more often described in the Global North than in 
Global South countries, namely 25 versus 8, respectively. 
Likely, this is a result of better research facilities and pos-
sibly awareness in the former area.

Impact of researchers on yeast species 
discovery

The role of individual researchers, such as their places of 
work and preferences for a particular type of substrate, 
was visualized using species records in MycoBank. We 
analysed the origin of new discoveries made by 25 most 
frequent authors of new species. Marc-André Lachance, 
Takashi Nakase, and Carlos Rosa (and their collaborators) 

Fig. 4   Co-citation Network of researchers describing new yeast spe-
cies between the years 2001 to 2019 (a). Width of edges show num-
ber of collaborations between researchers in single species descrip-
tions. Communities are calculated based on the leading eigenvectors 
(Newman 2006), and shown in different colors. Nodes sizes show 
number of described species per author. Authors with less than 5 
contributions in the respective time period have been excluded from 
calculation. Authors without connections to the large network have 

been excluded from the network-layout. (b) Flow Chart shows con-
tributions to new yeast species-descritpions per year of the calculated 
author-clusters. The author with the most contribution per cluster is 
named, together with total number of contributions of the whole clus-
ter between 2001 and 2019. The colors correspond to groups in the 
network. Width of lines correspond to species described by the clus-
ter, isolated from substrate (2nd block), described from economoy-
zone (3rd block) and Origin (4th block)
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have each described more than 100 species of yeasts in 
the last two decades; twelve more authors described more 
than 50 species.

A network analysis was used to display the scientific 
cooperations that yielded the majority of species during the 
last two decades (Fig. 4). In many cases these research col-
laborations were international. Plant-related substrates were 
sampled by nearly all leading research groups. Insect-related 
sources, including insect frass and tunnels made by wood-
boring insects, were mostly surveyed by researchers form-
ing three network clusters, largely built by scientists from 
Brazil, Canada, Japan, Thailand, and USA. These working 
groups studied equally well plant and insect-related yeasts 
in countries of the Global North and Global South. As it 
has been mentioned above, soils were more intensively 
studied in the Global North by researchers from Germany 
and Portugal. Most discoveries of new species from human-
related, including clinical, sources were made by researchers 
from one cluster, which is built by scientists from Japan and 
Thailand.

Challenges for yeast biodiversity 
exploration

Biodiversity loss due to overexploitation is a growing con-
cern in many countries. Many sovereign states established 
mechanisms for conservation of their genetic resources, 
including microorganisms, through their national legisla-
tions and multilateral agreements like the Convention on 
Biological Diversity (CBD), the Nagoya Protocol (NP) and 
some other treaties. Both CBD and NP have created new 
challenges for international microbiological research. One 
of the major goals of the CBD is to link traditional con-
servation efforts to economic development using biological 
resources. The NP entered into force on 12 October 2014 
and has dramatically changed biological research by creating 
a new and complex set of administrative and legal hurdles 
for researchers studying biodiversity, both preserved ex situ 
and newly isolated from their natural habitats (Boundy-Mills 
et al. 2016; Yurkov et al. 2019). Bioprospecting, which offers 
companies or individual scientists benefits from the biologi-
cal resources found around the world, has long been a con-
cern of developing nations with a rich biodiversity (Artuso 
2002; Hamilton 2006; De Jonge 2011). The CBD and NP 
do not distinguish between basic and applied research, or 
between commercial and non-commercial use. Therefore, 
nearly all routine microbiological biodiversity research, 
dependent on environmental sampling, isolation, identifi-
cation and subsequent taxonomic classification, is covered 
by both CBD and NP depending on the national legislation 
where and when access (sampling) took place (Yurkov et al. 
2019). Isolation of microorganisms, including yeasts, and 

their appropriate characterisation for taxonomic purposes 
lies in the borderline between biodiversity and bioprospect-
ing. The extent of research on yeast products (enzymes, pig-
ments, secondary metabolites) and applications (biocontrol, 
fermentation) using newly sampled isolates compared to 
biodiversity research is largely unknown, but likely quite 
extensive. Some examples of recently described yeast spe-
cies that found applications are e.g., Spathaspora spp. for 
biofuel and Saccharomyces eubayanus Samp., Libkind, Hit-
tinger, P. Gonçalves, Valério, C. Gonçalves, Dover & Johnst. 
for brewing. But even biodiversity research on yeasts, such 
as a taxonomic inventory or description of a new species, 
though this is the essential part of the CBD, is regulated by 
national CBD and NP-CBD legislations. The CBD and NP 
have a temporal scope (a ratification date) but some coun-
tries extend the regulations on ‘old’ resources in ex-situ 
collections. As such it is not unlikely that some old strains 
preserved outside their country of origin may be subjected 
to a national legislation (see also Yurkov et al. 2019; Aime 
et al. 2021). Cultures from 200 countries and regions are 
preserved in culture collections, which preserve biodiversity 
ex-situ (Groenewald et al. 2017). Some of these yeasts repre-
sent yet undescribed species. Cultures which were available 
from culture collections were used in 125 species descrip-
tions in Global North countries, compared to 28 species 
originating from countries of the Global South.

Taxonomic research and discoveries of new species are 
fundamental to understand biodiversity and conservation 
(McNeely 2002). The CBD Global Taxonomic Initiative 
is aimed at minimizing the knowledge gaps in taxonomic 
systems, including sharing technologies for identification 
and subsequent description of taxonomic novelties with 
researchers from developing countries, also referred to as 
Global South. We observed several trends when compar-
ing countries with different economies. Most novel species 
were described from countries of the Global North (62.2%), 
including China, USA, and Japan. Among countries of the 
Global South (31.1% of newly described species), Thailand 
and Brazil yielded most novel species. Yeast diversity in 
countries of the Global South was extensively sampled in 
hot, mainly tropical climate zones and less in subtropical 
climate zones. Research in the Global North focused on sub-
tropical and temperate climates, e.g., in the Mediterranean 
forests, woodlands, and scrub biome and Temperate broad-
leaf and mixed forests biome (Inácio et al. 2002; Yurkov 
et al. 2016b).

Our analyses demonstrated that expert skills essen-
tial for identification of yeasts, including new species, are 
either available in most active biodiversity-rich countries 
of the Global South or were obtained through the estab-
lished expert network (Fig.  4). The aim of access and 
benefit-sharing framework of the CBD is to overcome the 
inequality between developing and developed countries, 
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including among others non-monetary benefits, such as 
technology transfer, participation in research and publica-
tions. We addressed the participation of researchers in yeast 
species discoveries. The majority of new species descrip-
tions of yeasts were made by researchers in their own coun-
tries, alone or in collaboration with a few foreign experts 
(Fig. 4). The number of species from countries that were 
described solely by foreign researchers was almost the 
same in Global South and Global North countries, 86 and 
78 respectively. These numbers combined constitute just 
13.7% of the total number of described new species in the 
period of 2001–2019. Of them, a total of 67 (78%) and 38 
(49%) descriptions were made using strains newly isolated 
from the environment in Global South and Global North 
countries, respectively. Biodiversity surveys clearly domi-
nated over bioprospecting and clinical studies. Furthermore, 
most of the descriptions were made in a biodiversity sur-
vey involving inland researchers, and only a few foreign 
scientists discovered new species during applied or clinical 
studies (Suppl. Table SI1). Yeast discoveries during applied 
research performed by researchers in their home countries 
(64 species, 39%) are seven times more common than by 
foreign researchers (9 species, 5,5%).

General trends in the discovery of new yeast 
species

The analyses shown above indicate that the diversity of 
described yeast species is steadily growing with an almost 
constant rate in the years from 1998 to today. The majority 
of new discoveries were made in Asia, North America and 
Europe by local scientists or in research cooperation. We 
did not find evidence for unfair sharing of research results 
and unethical exploitation of local biodiversity in developing 
countries. Leading countries in the Global South, Thailand 
and Brazil, have capacities to perform high-quality biodi-
versity research independently or in cooperation with tax-
onomists worldwide. Most of the activity in new species 
discoveries was directed to tropical, subtropical and tem-
perate climates. Arid and cold climates remain undersam-
pled, but they represent a promising source of new yeast 
species. So far, most promising sources of new species 
included plant- and insect-related substrates, and soils to a 
lesser extent. Taxonomic novelties from aquatic, animal and 
human (including both clinical and food) sources, and yeasts 
isolated in association with fungi, including lichens, are not 
unusual, but their numbers are far behind. Plant material 
and insect-related habitats yielded most of the yeast species 
described in the last two decades. Although both types of 
substrates seem to have been well-sampled in the past, we 
expect more species discovered from either plants or insects 
as many areas and plant/animal species have not yet been 

sampled. The recent description of more than 100 yeasts 
from China by Li et al. (2020) increased the diversity of 
basidiomycetous yeasts by 20%, and most of these species 
were isolated from the phylloplane. Yeasts associated with 
insects were intensively studied during the last two decades 
by Blackwell, Ganter, Lachance, Rosa, Starmer, Suh and 
their collaborators. The range of habitats included ant gar-
dens, flowers, mushrooms, and decaying wood, fruits and 
cacti. In 2005, Boekhout reported that only 6% of yeasts 
in the CBS collection of the Westerdijk Fungal Biodiver-
sity Centre were from insect sources, but these numbers 
increased in 10 years reaching 7.25% after the insect-derived 
yeast collection of Meredith Blackwell was included in the 
CBS collection (Blackwell 2017; Groenewald et al. 2017).

Insufficient sampling intensity and geographical sampling 
bias compromise our knowledge of natural yeast communi-
ties. Despite overall intensive sampling of yeasts in sub-
strates associated with insect activity, most large studies 
were regional, e.g. on Neotropical floricolous insects or 
mushroom-feeding beetles in North America (reviewed by 
Blackwell 2017). The high degree of specificity of yeast-
insect interactions makes it likely that future studies in not-
yet-sampled regions or insects will yield many new yeast 
species. Flower nectar, a highly selective habitat, is usually 
inhabited by a few specialized yeasts (reviewed in Mittel-
bach and Vannette 2017). Nevertheless, flowers and nectar 
represent a more widespread and a more complicated system 
than rotting cacti and tree fluxes. A combination of host 
plant and animal vectors enhance geographic endemism of 
flower yeasts within this system (reviewed in Yurkov 2017). 
Substrate selectivity steered by plants (e.g., sugar compo-
sition and concentration, and toxic compounds), species 
inhibition through primary effects and syntrophy are other 
important factors creating diversity in this highly specific 
habitat (Mittelbach and Vannette 2017). Thus, sampling in a 
presumably well-characterised habitat can sometimes result 
in unexpectedly high species diversity (e.g., Mittelbach et al. 
2015) and reveal species that are new to science (Passer 
et al. 2019).

Some species-poor substrates, like soils, are characterised 
by a patchy, uneven community structure, meaning that the 
number of species will likely increase along with the number 
of analysed samples. The ultimate importance of sampling 
strategy for biodiversity studies has been repeatedly empha-
sized (reviewed in Lachance and Starmer 1998; Boundy-
Mills 2006; Yurkov and Pozo 2017). Although just a few 
species are usually isolated from a single soil sub-sample or 
plate, a thorough sampling of this habitat can yield as much 
as 100 species from beech forests located in three areas of 
Germany (Yurkov et al. 2016a). Research-emphasis on cer-
tain systems, substrates, or regions might be due to multiple 
reasons, including accessibility, interest, or grant-strategies 
of funding organisations. Moreover, activities of researchers 



503Fungal Diversity (2022) 114:491–537	

1 3

or working groups relate to peaks of newly described yeast 
species.

Cryptic and hybrid species

The existence of cryptic and hybrid species challenges 
any attempt to accurately estimate species diversity. These 
issues have long been recognized but have definitely come 

to the surface with the advent of whole genome sequenc-
ing (Naranjo-Ortiz and Gabaldón 2019). The occurrence 
of hybridization can blur the limits of defined species by 
establishing gradients of genetic flow between different 
species and by establishing new, chimeric lineages (Mal-
let 2007; Morales and Dujon 2012; Leducq et al. 2016; 
Gabaldón 2020). Yeasts used in industrial processes 
were among the first microbes in which hybrids were 
recognized. The hybrid nature of the lager beer yeast 

Table 2   List of yeast genera and 
species comprising hybrids

Species in which several strains have been analyzed and are hybrids (i.e. likely hybrid species) are high-
lighted in bold. For each species or genus, the scientific name, the taxonomic family and a literature source 
is indicated. Intervening shadowed rows indicate taxonomic subphylum and phylum for the subsequent spe-
cies and genera.
 1Most (~ 80%) of the analyzed isolates are hybrids
2 Only one isolate per species has been analyzed
3 Low divergence of the two parental populations (0.6%), suggesting intra-specific hybridization

Species or genus Taxonomy Source

Saccharomycotina (Ascomycota)
Candida albicans Debaryomycetaceae (Mixão and Gabaldón 2020)
Candida africana Debaryomycetaceae (Mixão and Gabaldón 2020)
Candida stellatoidea Debaryomycetaceae (Mixao et al. 2021)
Candida orthopsilosis1 Debaryomycetaceae (Pryszcz et al. 2014)
Candida metapsilosis Debaryomycetaceae (Pryszcz et al. 2015)
Metschnikowia Debaryomycetaceae (Venkatesh et al. 2018)
Millerozyma farinosa Debaryomycetaceae (Louis et al. 2012)
Saccharomyces Saccharomycetaceae Various, see text
Saccharomyces pastorianus Saccharomycetaceae (Vaughan-Martin and Martini 1987)
Saccharomyces bayanus Saccharomycetaceae (Peŕez-Través et al. 2014)
Zygosaccharomyces Saccharomycetaceae (James et al. 2005)
Zygosaccharomyces rouxii Saccharomycetaceae (Watanabe et al. 2017)
Zygosaccharomyces parabailii Saccharomycetaceae (Ortiz-Merino et al. 2017)
Zygosaccharomyces pseudobailii Saccharomycetaceae (Braun-Galleani et al. 2018)
Citeromyces siamensis2 Saccharomycetaceae (Shen et al. 2018)
Candida inconspicua Pichiaceae (Mixão et al. 2019)
Pichia membranifaciens Pichiaceae (C. Smukowski Heil et al. 2018)
Dekkera (Brettanomyces) bruxellensis Pichiaceae (Curtin et al. 2012)
Martiniozyma abiesophila2 Pichiaceae (Shen et al. 2018)
Saccharomycopsis fibuligera Saccharomycopsidaceae (Choo et al. 2016)
Hanseniaspora Saccharomycodaceae (Saubin et al. 2020)
Pezizomycotina (Ascomycota)
Hortaea werneckii Teratosphaeriaceae (Gostinčar et al. 2018)
Taphrinomycotina (Ascomycota)
Schizosaccharomyces pombe3 Schizosaccharomycetaceae (Tusso et al. 2019)
Agaromycotina (Basidomycota)
Cryptococcus neoformans x
Cryptococcus gattii

Cryptococcaceae (Samarasinghe and Xu 2018)

Cutaneotrichosporon mucoides Trichosporonaceae (Takashima et al. 2018, 2019)
Trichosporon coremiiforme Trichosporonaceae (Takashima et al. 2018, 2019)
Trichosporon ovoides Trichosporonaceae (Takashima et al. 2018, 2019)
Ustilagomycotina (Basidiomycota)
Malassezia Malasseziaceae (Wu et al. 2015)
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Saccharomyces pastorianus Reess, for instance, was first 
established through DNA re-association studies (Vaughan-
Martini and Martini 1987) ⁠. Later, genomics analyses have 
uncovered numerous hybrids in different niches, which 
encompass a growing number of yeast clades (Table 2). 
Most known hybrids have been identified among Sac-
charomycotina yeasts thriving in industrial environments 
or other human-related niches, perhaps because they are 
the most intensively studied yeasts. These includes Sac-
charomyces hybrids isolated from wine, cider, beer or 
other products (Libkind et al. 2011; Morales and Dujon 
2012; Hittinger 2013; Leducq et al. 2016; Gallone et al. 
2019; Langdon et al. 2019; Pontes et al. 2019; Pérez-Tor-
rado et al. 2018), but also hybrids in the genera Zygo-
saccharomyces (James et al. 2005; Solieri et al. 2007; 
Ortiz-Merino et al. 2017; Braun-Galleani et al. 2018), 
Dekkera/Brettanomyces (Curtin et al. 2012), Pichia (Smu-
kowski Heil et al. 2017), Millerozyma (Louis et al. 2012), 
Hanseniaspora (Saubin et al. 2020), and Saccharomycop-
sis (Choo et al. 2016).

Beyond industrial environments, yeast hybrids in the 
Saccharomycotina have been identified as etiological 
agents of human infections and the number of identified 
hybrids among emerging opportunistic human pathogens 
is increasing (Mixão and Gabaldón 2018). These include 
several Candida species, such as C. orthopsilosis Tavanti, 
A. Davidson, Gow, M. Maiden & Odds (Pryszcz, Németh, 
et al. 2014), C. metapsilosis Tavanti, A. Davidson, Gow, 
M. Maiden & Odds (Pryszcz et al. 2015), and C. incon-
spicua (Lodder & Kreger) S.A. Mey. & Yarrow (Mixão 
et  al. 2019). Furthermore, the model Candida patho-
gen C. albicans, and the related C. africana H.-J. Tietz, 
Hopp, Schmalreck, Sterry & Czaika and C. stellatoidea 
(C.P. Jones & D.S. Martin) Langeron & Guerra, have been 
inferred to result from a past hybridization events (Mixão 
and Gabaldón 2020; Mixão et. al. 2021a). Although less 
explored, environmental hybrid isolates of Saccharomyco-
tina yeasts have been described in Saccharomyces (Leducq 
et al. 2016) and Metschnikowia (Venkatesh et al. 2018). 
New hybrid strains are likely to emerge, often unexpect-
edly, as we continue exploring the genomic diversity of 
Saccharomycotina. For instance, a recent phylogeny-ori-
ented survey of budding yeast genomes, identified Cit-
eromyces siamensis Nagats., H. Kawas., Limtong, Mikata 
& Tats. Seki and Martiniozyma abiesophila (Kurtzman) 
Kurtzman as potential hybrids based on their genomic sig-
natures (Shen et al. 2018). Beyond those in Saccharomyco-
tina other hybrids in the Ascomycota include some strains 
of the halotolerant black yeast Hortaea werneckii (Horta) 
Nishim. & Miyaji (Pezizomycotina) (Gostinčar et al. 2018) 
or Schizosaccharomyces pombe Lindner (Taphrinomyco-
tina) (Tusso et al. 2019). In the latter, ancestral admix-
ture between two populations diverging ~ 0.6% at the 

nucleotide level (likely within the species boundaries) 
seem to explain most of the diversity of current popu-
lations, suggesting a scenario of ancestral intra-species 
hybridization rather than continuous genetic exchange. 
Finally, hybrid species or strains have also been identified 
in basidiomycetous yeasts, hitherto mostly in clades com-
prising human pathogens, such as the Cryptococcus neo-
formans/Cr. gattii complex (Agaricomycotina) (Boekhout 
et al. 2001; Samarasinghe and Xu 2018), trichosporonoid 
yeasts (Agaricomycotina) (Takashima et al. 2018, 2019; 
Aliyu et al. 2020), and Malassezia (Ustilaginomycotina) 
(Wu et al. 2015; Theelen et al. 2021).

The implications of hybridization in defining the diver-
sity within a lineage are manifold. First, hybridization can 
be a means of speciation, initiating new lineages that have 
characteristics that are not necessarily intermediate between 
those of the parents and that drive the colonization of new 
lineages (Gabaldón 2020). Second, hybrid lineages can start 
recurrently, perhaps in different geographical areas by the 
convergent mating of the same two divergent lineages as it 
is the case of C. orthopsilosis (Schröder et al. 2016). Finally, 
hybrids can often only reproduce clonally, and their genomes 
are highly plastic, which results in rapid diversification into 
highly differentiated lineages (Gabaldón 2020). Such has 
been the case of C. albicans and their closely related C. 
africana and C. stellatoidea, considered as different or the 
same species depending on the authors. The three are the 
result of extreme diversification following a single hybridi-
zation event, with the latter two (sub)species resulting from 
independent, parallel and massive loss of heterozygosity 
events (Mixão and Gabaldón 2020; Mixão et. al. 2021a). 
All together hybridization, which seems a common and 
important phenomenon in fungi (Boekhout et al. 2021a; 
Steensels et al. 2021), promotes diversification both at the 
genetic and phenotypic levels, blurs species delimitations, 
and can be often associated with the existence of cryptic 
species, poorly-supported phylogenetic relationships, and 
species complexes.

Case studies

Microorganisms are the most diverse and abundant form of 
life on Earth and are present in every possible type of niche. 
More than 99% of potentially 1011–1012 microbial species 
are unknown and only a small fraction has been obtained in 
pure culture (Locey and Lennon 2016; Bodor et al. 2020). 
There are several reasons why certain microorganisms can-
not be cultivated using current techniques, e.g., some are 
scarce and slow growing, and others are demanding and 
need specific growth requirements or interactions with cer-
tain microbes or other organisms. The present limited avail-
ability of pure microbial cultures stimulates future studies 
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that will generate more details of those missing species, 
i.e., known the unknown, and their physiological proper-
ties (Lücking et al. 2021). DNA-metabarcoding is widely 
used to document the extent of microbes in many habitats, 
but this informs us only indirectly and partially about their 
metabolism. In contrast, metagenomics studies investigate 
the diversity of unculturable microbial life using genome 
data, and, hence, contribute also to our knowledge of met-
abolic potential (Bodor et al. 2020; Lücking et al. 2021). 
Here, we present two cases of metabarcoding studies that 
highlight how this approach contributed to our understand-
ing of the diversity of soil-borne and marine yeasts. These 
two cases address the possibilities and limitations of the use 
of DNA-metabarcoding to estimate yeast diversity. The first 
case on soil yeasts yields further insight on the estimate of 
unknown yeasts that might occur in this habitat, and the 
second example address the putative extensive diversity of 
Malassezia species that occurs in marine waters. A third 
case presents the extent of cultivable yeasts present in a little 
studied environment, namely cold habitats such as glaciers, 
that may hold a promise for applications, e.g. by finding 
enzymes that work optimally at low temperatures. Finally, 
a fourth case highlights the rapid increase of the diversity 
of cultivable yeasts in Asia, in this case China, where many 
new species have been found lately.

Case 1. Yeast diversity in global soils 
worldwide

This section explores the progress in documenting yeast 
diversity using ITS metabarcoding (Schoch et al. 2012) in 
soil samples studied in Tedersoo et al. (2014). The dataset 
consists of 50,589 representative ITS2 sequences of non-
singleton OTUs (Operational Taxonomic Units) obtained 
from soil samples collected from 365 sites worldwide 
belonging to 11 biotope types (originally erroneously 
referred to as biomes), namely arctic tundra (AT), grassland 
and shrubland (GS), dry tropical forests (DTF), mediterra-
nean (MED), boreal forests (BF), tropical montane forests 
(TMF), savannas (SAV), southern temperate forests (STF), 
temperate coniferous forests (TCF), temperate deciduous 
forests (TDF), and moist tropical forests (MTF) across the 
world using a uniform sampling protocol (see Tedersoo 
et al. 2014). In Tedersoo et al. (2014), the sequence analysis 
used a similarity cut-off of 0.98 to delimit species, followed 
by the automated taxonomic classification at the level of 
genus, family, order and class using the UNITE + INSDC 
dataset (version 6.0; https://​unite.​ut.​ee/) available at the time 
of the study with given cut-offs of 0.9, 0.85, 0.8 and 0.75, 
respectively. The study reported that 14,315 (28.3%), 21,468 
(42.4%), 28,450 (56.23%), 39,213 (77.81%), and 44,788 
(88.53%) of the OTUs were classified to the species, genus, 

family, order, and class level, respectively. Out of them, only 
55 (0.1%), 450 (0.9%), 494 (0.97%), 893 (1.76%), and 1,137 
(2.24%) of the OTUs were classified to the yeast species, 
genus, family, order, and class level, respectively.

To improve the yeast identification of the OTUs, we 
reclassified the OTUs from Tedersoo et al. (2014) using 
the yeast CBS barcode dataset in which the sequences were 
manually checked and updated with the taxonomic clas-
sification from MycoBank (https://​www.​mycob​ank.​org/; 
Robert et al. 2013; Vu et al. 2016). More specifically, the 
ITS2 sequences of the CBS yeast barcode dataset were 
extracted using the software ITSx 1.1.1 (http://​micro​biolo​
gy.​se/​softw​are/​itsx) to create a reference dataset of 4,436 
sequences representing 1,242 species, 197 genera, 57 fami-
lies, 24 orders, and 13 classes. When reanalyzing the data 
provided by Tedersoo et al. (2014) we used the same cut-off 
values of 0.85, 0.8, and 0.75 at the taxonomic level of family, 
order, and class, respectively. However, at the species and 
generic levels the similarity cut-offs used for Ascomycota 
and Basidiomycota were predicted as described in Vu et al. 
(2016) and Boekhout et al. (2021b) in which the minimum 
coverage for the ITS2 sequences was given as 100 bp. For 
Ascomycota, the predicted cut-offs to identify the sequences 
at the species and genus levels were 0.986 (with a confidence 
of 0.88) and 0.936 (with a confidence of 0.6), respectively. 
For Basidiomycota, they were 0.989 (with a confidence of 
0.94) and 0.926 (with a confidence of 0.85), respectively. 
The analysis shows the utility of lineage-specific sequence 
similarity analyses compared to common arbitrary defined 
cutoff values. We want to emphasize that the sole use of 
such cut-off values for taxonomy purposes, e.g. the recog-
nition of species, is strongly discouraged as they may vary 
between lineages and clades and need to be accompanied 
by supporting data from ecology, genetics, physiology, and 
so on (Boekhout et al. 2021a). It is important to note that 83 
(~ 6.68%) of the yeast species in the reference dataset were 
indistinguishable by ITS2 (the sequences of these species 
were in the same group with the other species when cluster-
ing the dataset with 100% similarity score), including some 
prominent soil yeasts (Yurkov 2018) like A. porosum, A. 
xylopini S.O. Suh, C.F. Lee, Gujjari & J.J. Zhou ex Kacha-
lkin, Yurkov & Boekhout, A. mycotoxinovorans (O. Mol-
nár, Schatzm. & Prillinger) Yurkov & Boekhout, A. loubieri 
(Morenz) Yurkov & Boekhout, Solicoccozyma fuscescens 
(Golubev) Yurkov, and So. phenolicus (Á. Fonseca, Scorzetti 
& Fell) Yurkov. These species were removed when predict-
ing a similarity cut-off for yeast species identification to 
obtain an optimal resolution.

Yeast identification improved for the OTUs using the 
described reference dataset and BLASTn (Altschul et al. 
1977, Fig. 5). A total of 1624 OTUs from the reference data-
set were identified to belong to the yeast taxonomic classes. 
More specifically, 133, 385, 536, 1302, and 1612 OTUs were 

https://unite.ut.ee/
https://www.mycobank.org/
http://microbiology.se/software/itsx
http://microbiology.se/software/itsx
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identified at the species, genus, family, order, and class level, 
respectively in which 87 (65.4%), 94 (24.4%), 194 (36.2%), 
775 (59.5%), and 941 (58.3%) OTUs were newly identified. 
Among the 46, 291, 342, 527, and 671 OTUs successfully 
identified by both UNITE + INSDC and CBS datasets at the 
species, genus, family, order, and class level, respectively, 
18 (39.1%), 87 (29.9%), 161 (47.1%), 354 (67.2%), and 580 
(86.4%) OTUs had the same name, and 28 (60.9%), 204 
(70.1%), 181 (52.9%), 173 (32.8%), and 91 (13.6%) OTUs 
were updated with a new name and received a higher iden-
tification score in 28 (100%), 153 (75%), 105 (58%), 116 
(67%), and 56 (61.5%) OTUs. To avoid the problem of 
wrong identification due to the lack of reference sequences, 
all OTUs that were identified with a new name and that 
had a lower score than the score obtained previously were 
removed. In the end, 1497 OTUs were selected in which 133 
(9%), 331 (22%), 437 (29%), 1197 (80%) and 1487 (99.3%) 
OTUs were identified to 106 species, 86 genera, 42 families, 
23 orders, and 11 classes. Several reasons may explain why 
91% of the 1497 OTUs were not identified to the species 
level, namely (i) the lack of reference sequences; (ii) the 
used cut-off was too strict; (iii) sequencing artifacts by NGS 
platform are higher than those by Sanger; or (iv) they are 
potentially new species. If we assume that most currently 
accepted yeast species do have a reference sequence, and 
that the second and third points from above play a lesser 
important role, it seems that around 10% of the soil yeast 
species has been described. If we take this as a proxy for the 

entire yeast field, which is also supported by the fact that 
soils are a very prominent source for new yeast species (see 
above), this leads to an estimate of 20,000 yeast species that 
might exist.

OTU richness and read abundance of the selected yeast 
OTUs in all biotope types studied by Tedersoo et al. (2014) 
are presented (Fig. 6). Here richness means the number of 
entities in question that can be referred to OTUs, species, 
genera, etc., while read abundance means the number of the 
sequencing reads of the entities. It is interesting to see that 
there was a high correlation of 0.84 between the yeast OTU 
richness and read abundance of the biotope types. Temper-
ate deciduous forests (TDF), southern temperate forests 
(STF), temperate coniferous forests (TCF), boreal forests 
(BF), moist tropical forests (MTF), tropical montane for-
ests (TMF) had relatively high yeast OTU richness and read 
abundance (516 and 7805 for TDF, 444 and 13,734 for STF, 
434 and 5360 for TCF, 384 and 5541 for BF, 346 and 6322 
for MTF, 262 and 4621 for TMF), while dry tropical forests 
(DTF), grassland and shrubland (GS), savannas (SAV), arc-
tic tundra (AT), mediterranean (MED) had relatively low 
yeast OTU richness and read abundance (83 and 794 for 
DTF, 94 and 498 for GS, 138 and 1201 for SAV, 169 and 
3261 for AT, 182 and 1597 for MED).

Here, we present the yeast diversity present in the 
different biotope types at the species and genus levels 
(Fig. 7). At the species level, Saitozyma podzolica (Babeva 
& Reshetova) Xin Zhan Liu, F.Y. Bai, M. Groenew. & 

Fig. 5   Comparisons of the OTUs identifications of the soil samples 
studied in (Tedersoo et  al. 2014) by the UNITE + INSDC and CBS 
datasets. The green color shows the number of OTUs that were iden-
tified with same name by both datasets. The brown color shows the 
number of OTUs that were identified by the associated dataset with a 

different name and higher score than the other dataset. The pink color 
shows the number of OTUs that were identified by the associated 
dataset with a different name and lower score than the other dataset. 
The blue color shows the number of the OTUs that were only identi-
fied by the associate dataset
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Boekhout, the most abundant species with a read abun-
dance of 9287 (18.3%), was found in all biotopes with 
an abundance from 15 in GS to 3081 in MTF. The sec-
ond most abundant species, So. terricola (7699, 15.2%), 
was found in most of the biotopes with a relatively high 
abundance of more than 68 except for DTF (0), SAV (1), 

and MTF (11), followed by the So. terrea – So. phenoli-
cus species complex (2274, 4.5%), found mainly in STF 
(816), TDF (621), MED (451), TCF (214), SAV (58), 
GS (53), and TMF (52). The A. porosum – A. xylopini 
species complex and Solicoccozyma aeria were also two 
abundant species revealed in the soil samples with 1456 

Fig. 6   The richness and read abundance of the yeast OTUs in soils 
of the following biotope types arctic tundra (AT), Ggassland and 
shrubland (GS), dry tropical forests (DTF), mediterranean (MED), 
boreal forests (BF), tropical montane forests (TMF), savannas (SAV), 

southern temperate forests (STF), temperate coniferous forests (TCF), 
temperate deciduous forests (TDF), and moist tropical forests (MTF) 
studied by Tedersoo et  al. (2014). Note the extensive differences in 
abundance between biotopes

Fig. 7   The diversity of soil yeasts (species and genera) in all types of 
biotopes arctic tundra (AT), grassland and shrubland (GS), dry tropi-
cal forests (DTF), mediterranean (MED), boreal forests (BF), tropi-
cal montane forests (TMF), savannas (SAV), southern temperate for-

ests (STF), temperate coniferous forests (TCF), temperate deciduous 
forests (TDF), and moist tropical forests (MTF) studied by Tedersoo 
et al. (2014). Note the large unidentified number of species and gen-
era in all biotopes
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(2.9%) and 1417 (2.8%) of the abundance. The A. porosum 
– A. xylopini species complex formed a major group in 
MTF (7.5%) and TMF (5.5%), while Solicoccozyma aeria 
(Saito) Yurkov did so in MED (10.3%) and STF (6.2%). 
The remaining 101 species had low OTU abundances, 
i.e., < 0.78% in all biotopes.

At the genus level, the most abundant genus Solicoc-
cozyma (12,528, 24.7%) was found in most of the studied 
biotopes with a relatively high abundance from 300 in AT 
to 5254 in STF. DTF (6), MTF (16), and SAV (66) were the 
low abundance exceptions. The second most abundant genus 
Saitozyma (9539, 18.8%) also had a relatively high abun-
dance in most biotopes ranging from 143 in DTF to 3114 
in MTF, except for GS (18). The third most abundant genus 
Glaciozyma (2350, 4.6%) was found mainly in STF (823), 
TMF (542), TDF (281), TCF (222), BF (147), AT (138), and 
MTF (129) while the fourth most abundant genus Apiotri-
chum (2303, 4.5%) was mainly found in MTF (765), STF 
(490), TMF (446), TDF (442), and TCF (88). The remaining 
84 genera had a low proportion with an abundance < 1.6% 
among all biotopes.

Compositional differences among samples were visual-
ized using non-metric multidimensional scaling (NMDS) in 
the vegan R package (Oksanen et al. 2020) with Bray–Curtis 
distance measure on the Hellinger-transformed matrix. We 
performed PerMANOVA (adonis) to estimate the amount of 
variation explained by the biome (categorical) and a range of 
continuous environmental variables including climatic and 
edaphic parameters (Fig. 8). Biome was a significant source 
of variation in community composition of yeasts, explain-
ing ca. 17.3% of the variation (Table 3). In the combined 
model composed of continuous environmental variables, 
mean annual temperature (MAT) explained the largest frac-
tion of variation (9.7%), followed by soil pH (2.2%), lati-
tude (1.8%), C/N ratio (1.6%), and mean annual precipitation 
(MAP, 1.4%). Other edaphic variables explained less than 
1% of the variation, although remained significant in the 
combined model, with the exception of Mg that was margin-
ally significant (Table 3).

While the above results give some crude overview of 
the currently known richness and compositional patterns of 
yeasts found in soil samples collected from all major biomes, 
it is important to keep in mind their limitations. Several 
biomes are still undersampled and we lack samples from 
many ecoregions and habitat types in each biome. Further-
more, a large fraction of yeasts inhabit above-ground micro-
habitats, such as tree bark and sap, flowers, fruits and these 
may be present in such a low biomass in soil that many are 
missed by random soil sampling. In order to obtain a more 
complete picture of the diversity and distribution of yeasts 
in natural habitats, more environmental microbiome studies 
are needed from a wide range of microhabitats, including 
but not limited to the ones mentioned above.

Soil yeasts have been intensively studied in the past 
(Yurkov 2018). A few studies reported large-scale biodi-
versity assessments of cultivable yeasts convincingly dem-
onstrating that their distribution patterns are influenced by 
both climate and environmental parameters (Vishniac 2006; 
Yurkov 2017). The three widespread genera of soil yeasts, 
Apiotrichum, Saitozyma, and Solicoccozyma, were found 
in all studied types of biotopes with ITS2 metabarcoding 
(Fig. 7) and cultivation alike (Yurkov 2018). Though spe-
cies composition across biotopes and regions often showed 
similarities, abundance and incidence of dominating species 
(community structure) distinguish them. Environmental fac-
tors such as mean annual temperature, annual rainfall, and 
electrical conductivity could explained up to ca. 44% of the 
distribution of the prominent yeast species along a latitudinal 
gradient (Vishniac 2006). The same factors explained the 
largest fraction of variation of ITS2 OTUs in the analysis 
presented here. Cultivation-based studies revealed several 
indicator yeast species and extremophiles, e.g., Nadsonia 
starkeyi-henricii (Cif.) Kurtzman & Robnett, Sa. podzolica, 
So. aeria (Vishniac 2006; Yurkov et al. 2012b; Buzzini et al. 
2018; Yurkov 2018). However, ITS2 metabarcoding detected 
several well-known extremophilic yeasts (e.g., Glaciozyma 
spp., Naganishia onofrii Turchetti, Selbmann & Zucconi ex 
Yurkov, Phenoliferia glacialis (Margesin & Samp) Q.M. 
Wang, F.Y. Bai, M. Groenew. & Boekhout) outside of their 
typical habitats (see Case 3 below), e.g., Tropical montane 
forest and Savanna (Fig. 7). Whether or not these psychro-
philic species can survive in these biotopes requires further 
clarification. Repeated sampling, sample pre-treatments 
and estimations of sampling effort substantially improved 
species discovery rates from soils (Yurkov et  al. 2011, 
2016a, 2016b). It has been also demonstrated that a large 
proportion of soil yeasts represent putatively novel species. 
Results of ITS2 metabarcoding revealed a large proportion 
of sequences that were not identified to a species or genus. 
Whether or not these represent potential novel taxa and not 
divergent sequence types or artefacts requires further clari-
fication. The two most extensively sampled forest biomes, 
Temperate broadleaf and mixed forests and Mediterranean 
forests, woodlands, and scrub, yielded around 100 yeasts 
(Yurkov et al. 2016a, b). Also, species richness estimations 
suggested that Mediterranean forests are potentially more 
species-rich than Central European mixed forests (Yurkov 
et al. 2016b). In contrast to this observation, ITS2 meta-
barcoding revealed higher sequence richness in temper-
ate deciduous forests (TDF) than mediterranean biotopes 
(MED) (Fig. 6). Though yeasts represent probably one of 
the best sequenced group of Fungi, our analysis highlighted 
the problem of many missing reference sequences. Further 
bioinformatic research should be directed towards creat-
ing better datasets of reference sequences and phylogenetic 
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Fig. 8   Compositional differ-
ences of yeast fungal communi-
ties among biomes, based on 
the global soil fungal dataset 
from Tedersoo et al. (2014) 
re-analyzed here using non-
metric multidimensional scaling 
(NMDS) on Hellinger-trans-
formed data. Circles indicate 
standard deviation of within-
biome variation, while vectors 
indicate environmental variables 
significantly correlated with 
yeast community structure. 
Abbreviations MAT: mean 
annual temperature, MAP: 
mean annual precipitation, C/N: 
carbon and nitrogen ratio, while 
chemical elements are indicated 
by their symbols
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placement of potential novel species from metabarcoding 
libraries (e.g., Mašínová et al. 2017).

Case 2. The extent of yeasts occurring 
in marine waters: The Malassezia case

Yeasts have been documented from marine waters and other 
substrates (Fell 2012). Gareth Jones et al. (2015, 2019) pro-
vided an update on the fungal species, including yeasts, iso-
lated from this habitat. In total 1112 fungal species belong-
ing to 472 genera were documented, with approximately 140 
Saccharomycotina (Ascomycota) species, and 35 Tremello-
mycetes yeast species (Agaricomycotina), 35 Pucciniomyco-
tina yeast species, and 4 Ustilaginomycotina yeast species 
(all Basidiomycota). Note that in this study only one species 
of Malassezia was listed, namely Malassezia furfur (C.P. 
Robin) Baill.

Malassezia are among the most widespread and ecologi-
cally plastic Basidiomycete yeasts on the planet. Malassezia 

dominate fungi of human skin (Findley et al. 2013) and are 
present in most warm-blooded animals. Members of the 
genus Malassezia are single celled microorganisms, and 
most species are lipid-dependent. Almost all the known 
species lack fatty acid synthase (Wu et al. 2015) and rely 
completely on exogenous lipids to grow, rendering them dif-
ficult to isolate in axenic culture. They also contain abundant 
and novel proteases, which have been shown to inhibit bio-
film formation in bacteria (Li et al. 2018), making them an 
important model for understanding microbial interactions. 
Like other yeasts, Malassezia have likely been shaped by 
convergent evolution by genome reduction millions of years 
ago, probably from a much more complex multicellular 
ancestor (Nagy et al. 2014). However, all known Malassezia 
species have unusually small nuclear genomes, compared 
even with other types of yeasts, and a large number of hori-
zontally transferred genes from bacteria (Wu et al. 2015; 
Ianiri et al. 2020).

Intriguingly these yeasts have been found in a variety of 
marine environments from the water column to deep-sea 
sediments to hydrothermal vents (Amend 2014). The accu-
mulating evidence suggests that these microorganisms are 
among the most abundant and widespread fungal symbionts 
in the ocean (Amend 2014). Among the 17 described spe-
cies, two species, namely Malassezia restricta E. Guého, 
J. Guillot & Midgley, and Malassezia globosa Midgley, E. 
Guého & J. Guillot are consistently reported from almost 
every marine invertebrate species examined, including cor-
als, sponges and sea urchins, although their role in these 
putative symbiotic systems is unclear. Note that these spe-
cies are also the most important inhabitants of human and 
animal skin (Gaitanis et al. 2012; Findley et al. 2013).

No species has yet been cultivated from marine environ-
ments. However, phylogenetic reconstructions based on 
26S/28S ribosomal DNA sequences (Fig. 9, Suppl. Table 
SI2) of environmental sequences downloaded from GenBank 
shows a remarkable diversity of uncharacterized, putatively 
novel Malassezia taxa or even new Malassezia-like clades 
occurring in marine habitats (Fig. 9; e.g. Clade C). The iso-
lation and genome sequencing of these marine Malassezia-
like fungi is crucial to characterize the current diversity, to 
understand the phylogenetic relationships between the dif-
ferent species and clades, and to better understand how the 
evolutionary transitions occurred between marine and ter-
restrial environments, as well as adaptations to human and 
animal skin. The striking diversity of Malassezia species 
from marine environments suggests that the actual known 
diversity of marine fungi may represents only the tip of the 
iceberg while most fungi from these environments are yet 
to be discovered.

Table 3   Proportion of variation (%) in yeast fungal community com-
position explained by biome (categorical) and continuous environ-
mental variables calculated individually with permutational multivar-
iate analysis of variance, based on the yeast fungal community matrix

Continuous variables that showed significant correlations with the 
community composition in the independent analyses were included 
in a combined model to account for interactions among environmen-
tal variables. Abbreviations MAT: mean annual temperature, MAP: 
mean annual precipitation, PET: potential evapotranspiration, C/N: 
carbon and nitrogen ratio, while chemical elements are indicated by 
their symbols

Individual models Combined model

Variables Variance (%) p Variance (%) p

Biome 0.172712 0.0001 n/a n/a
MAT 0.09686 0.0001 0.09686 0.0001
MAP 0.05018 0.0001 0.01417 0.0001
pH 0.03084 0.0001 0.02191 0.0001
Latitude 0.03029 0.0001 0.01780 0.0001
Ca 0.03001 0.0001 0.00567 0.0004
C/N 0.02495 0.0001 0.01593 0.0001
Mg 0.01896 0.0001 0.00329 0.0432
P 0.01694 0.0001 0.00435 0.0053
Soil moisture 0.01430 0.0001 0.00526 0.0007
MAP/PET 0.01314 0.0001 0.00688 0.0001
C 0.01166 0.0001 0.00393 0.0121
Longtitude 0.01005 0.0001 0.01044 0.0001
N 0.00772 0.0001 0.00415 0.0085
Elevation 0.00839 0.0001 0.00738 0.0001
K 0.01039 0.0001 0.00642 0.0001
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Case 3. Yeasts from cold habitats

Descriptions of new yeast species from substrates in cold 
habitats are relatively rare. Yeasts adapted to cold need to 
be treated by experienced and patient researchers because 
they grow slowly on cultivation media (from 4 to 5 weeks) 
and can be easily overgrown by filamentous fungi. Among 
yeasts, the psychrophilic aptitudes (with maximum growth 
temperature below 20 °C) are shared by some recently dis-
covered species in psychrophilic genera like Glaciozyma, 
Mrakia (except the species Mrakia fibulata A.M. Yurkov 
& B. Turchetti), Camptobasidium and Cryolevonia, as well 
as the species Dioszegia antarctica L.B. Connell, Red-
man, R.J. Rodr. & Á. Fonseca, Dioszegia cryoxerica L.B. 
Connell, Redman, R.J. Rodr. & Á. Fonseca, Gelidatrema 
psychrophila M. Tsuji, Naganishia antarctica (Vishniac & 
Kurtzman) Xin Zhan Liu, F.Y. Bai, M. Groenew. & Boek-
hout, Phenoliferia psychrophila (Margesin & Samp.) Q.M. 

Wang, F.Y. Bai, M. Groenew. & Boekhout, Phenoliferia 
psychrophenolica (Margesin & Samp.) Q.M. Wang, F.Y. 
Bai, M. Groenew. & Boekhout, Phenoliferia glacialis (Mar-
gesin & Samp) Q.M. Wang, F.Y. Bai, M. Groenew. & Boek-
hout, Piskurozyma fildesensis T.T. Zhang & Li Y. Yu ex 
Yurkov, and Taphrina antarctica Selbmann L. and Turchetti 
B. (Buzzini et al. 2018; de Garcia et al. 2020; Pontes et al. 
2020; Yurkov et al. 2020).

Most yeasts isolated from cold habitats belongs to the 
Basidiomycota; only a few ascomycetous species were 
found, mainly in the genera Candida, Debaryomyces, Mey-
erozyma, and Pichia (Buzzini et al. 2017, 2018; Sannino 
et al. 2017). For many years the previously polyphyletic 
genera Cryptococcus and Rhodotorula were reported as 
the dominant genera of yeasts from cold environments and 
some discussion focused on their superior ability to over-
come the existing harsh conditions, thanks to physiologi-
cal mechanisms conferring cold tolerance (e.g., synthesis 

Fig. 9   Maximum likelihood tree of partial 28S sequences down-
loaded from environmental sequences on Genbank (Supplemental 
Table 2). Sequences were aligned with CBS reference strains. Clades 
that correspond with existing species are indicated by color code. The 
tree topology is generally poorly supported because of the short sin-

gle locus used. Despite comparatively poor resolution, there appear 
to be several putatively novel lineages indicated with a red star. Clade 
A, containing M. restricta and M. arunalokei, and clade B, contain-
ing M. globosa are the most abundant in marine habitats and contain 
much of the putatively novel biodiversity
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of polysaccharide capsules, prevalence of unsaturated fatty 
acids in the membranes) (Buzzini et al. 2012, 2018; Sannino 
et al. 2017). The taxonomic revision of Pucciniomycotina 
and Tremellomycetes taxa (Liu et al. 2015b; Wang et al. 
2015c) split Cryptococcus and Rhodotorula into smaller 
monophyletic genera and as a consequence the names of 
yeast species in these peculiar environments changed. At 
present, most isolated basidiomycetous yeasts belong to 
the genera Cystobasidium, Dioszegia, Filobasidium, Glaci-
ozyma, Holtermanniella, Leucosporidium, Mrakia, Nagan-
ishia, Phenoliferia, Rhodotorula, Solicoccozyma, and Vish-
niacozyma (Buzzini et al. 2017, 2018; Sannino et al. 2017).

The Industrial Yeasts Collection (DBVPG) of the Uni-
versity of Perugia (Italy) (www.​dbvpg.​unipg.​it) preserves 
over 1,600 psychrophilic and psychrotolerant yeasts isolated 
during several sampling campaigns in cold environments 
(i.e., Arctic, Antarctica, and non-polar regions, Italian Alps 
and Apennines). Out of them, 23% belong to psychrophilic 
species while the rest show a psychrotolerant aptitude, i.e. 
with maximum growth temperature above 20 °C. These 
yeasts belong to 135 species, and 16 of them (8%) have been 
described just in the last 10 years.

Apparently, cold habitats still retain a large undescribed 
yeast biodiversity, which are in danger of extinction mainly 
due to global warming (discussed in Yurkov et al. 2020). 
Arctic and global alpine land regions and Arctic Ice Sea 
are defined as global warming hotspots (IPCC 2018). The 
expected temperature increase of 1–3.7 °C by 2100 (Col-
lins et al. 2013) will result in the loss of these habitats for 
plants, animals, and microorganisms. Timely yeast biodiver-
sity assessments in such habitats are strongly recommended. 
Investigations of glaciers in tropical Africa (Mt Kenya 
and Mt Kilimanjaro), Asia (Himalaya), and South Amer-
ica (Northern Andes) that, to the best of our knowledge, 
have never been sampled for the presence of psychrophilic 
microorganisms, including yeasts, are even more important 
because these habitats are disappearing at an ever increas-
ing speed.

Case 4. Yeast Biodiversity in China

Most new species of yeasts are currently described from 
Asia, especially China (see above). Hence, we will provide 
an in-depth overview of this activity. Presently, at least 
782 yeast species (Tables 4, 5) have been recorded from 
China (Fig. 10) in nearly 200 references, most of which 
are Chinese. Among those yeasts, 262 species, including 
88 ascomycetous yeasts and 174 basidiomycetous ones, 
were reported as new species isolated from the country (Bai 
et al. 2001a, b, c, 2002a, b, 2003, 2004, 2016; Zhao et al. 
2002, 2003, 2019; Wang et al. 2003a, b, 2004, 2006a, b, 
2007, 2008a, b, 2009, 2010, 2011a, b, 2012, 2015a, b, c, d, 

e, 2016, 2017, 2020, 2021; Lu et al. 2004a, b, 2017; Wang 
and Bai 2004, 2008a, b, 2010; Wu and Bai 2005, 2006; Li 
et al. 2006, 2012, 2013, 2019, 2020; Xue et al. 2006; Chen 
et al. 2009, 2010, 2012, 2013; Ji and Bai 2008; Ji et al. 2009; 
Guo et al. 2012, 2019; Han et al. 2012, 2016, 2017; Hui et al. 
2012a, b c, 2013a, b, c, 2014; Liu et al. 2012a, b, 2016a, b, 
c, 2017, 2018a, b; Zhang et al. 2013, 2014, 2017, 2020; Ren 
et al. 2014a, b, 2015a, b, 2016; Wang et al. 2015a, b, c, d; 
Alimadadi et al. 2016; Lu et al. 2017; Zheng et al. 2017a, b; 
Zhu et al. 2017; Huang et al. 2018, 2019; Gao et al. 2017, 
2018; Cao et al. 2018; Chai et al. 2019a, b; Ke et al. 2019; 
Xi et al. 2019; Yang et al. 2019; Zhai et al. 2019; Zhou et al. 
2019, 2020; Chai et al. 2020; Li et al. 2020; Sun et al. 2020). 
The other known species from China include 226 ascomyce-
tous yeasts and 295 basidiomycetous yeasts. Recently, 107 
new species of basidiomycetous yeasts have been described 
in just one paper (Li et al. 2020).

One hundred and forty-five species have been reported 
from Chinese fermented products, such as Baiju (Chinese 
liquor), Huangjiu, Jiuqu including Daqu, Xiaoqu, Fuqu 
and other starters of fermented alcoholic beverages, wine, 
koumiss and fermented milk, fermented vegetables and tea 
(Suppl. Table SI3). Although many different yeast species 
take part in various food and beverage fermentations, S. cer-
evisiae plays a special role in those fermentations. Aside 
from S. cerevisiae, Debaryomyces spp., Kazachstania spp., 
Pichia kudriavzevii Boidin, Pignal & Besson, Torulaspora 
spp., Zygosaccharomyces spp. and Wickerhamomyces anom-
alus (E.C. Hansen) Kurtzman, Robnett & Bas.-Powers, sev-
eral Candida species, i.e., C. apicola (Hajsig) S.A. Mey. & 
Yarrow, C. californica (Mrak & McClung ex K.W. Anderson 
& C.E. Skinner) F.Y. Bai, Z.W. Wu & V. Robert, C. diversa 
Ohara, Nonom. & Yunome ex van Uden & Buckley, C. etha-
nolica Rybářová, Štros & Kock.-Krat, C. intermedia (Cif. & 
Ashford) Langeron & Guerra, C. mucifera Kock.-Krat. & E. 
Sláviková, C. parapsilosis (Ashford) Langeron & Talice, C. 
pararugosa Nakase, Komag. & Fukaz, C. pseudolambica 
M.T. Sm. & Poot, C. silvae Vidal-Leir. & Uden, C. sorbosa 
L.R. Hedrick & Burke, C. sorbosivorans S.A. James, C.J. 
Bond & I.N. Roberts, C. stellata (Kroemer & Krumbholz) 
S.A. Mey. & Yarrow, C. tropicalis (Castellani) Berkhout and 
C. zemplinina Sipiczki, are the most common yeasts found 
to be associated with these traditional fermentations. Baiju is 
one of the oldest distilled liquors in the world and currently 
exceeds a production of 12 million metric tons annually in 
China (Zheng and Han 2016). The fermentation of Baiju is 
a uniquely complex process including more than 58 yeast 
species included (Suppl. Table SI3). Recently, the diversity 
of yeasts has been investigated in the Maotai grain, used 
for the production of the famous Chinese liquor, by cultiva-
tion and high-throughput sequencing methods (Hao et al. 
2019). In total, 59 genera and 129 species of yeasts were 
detected from the first deposits of grain to the fifth round of 

http://www.dbvpg.unipg.it
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Table 4   New yeast species 
described from China

Ascomycetous yeast species Basidiomycetous yeast species

Spathaspora elongata Ballistosporomyces bomiensis
Spathaspora mengyangensis Ballistosporomyces changbaiensis
Spathaspora jiuxiensis Bensingtonia bomiensis
Spathaspora parajiuxiensis Bensingtonia changbaiensis
Spathaspora rosae Bensingtonia pseudorectispora
Scheffersomyces jinghongensis Bensingtonia rectispora
Scheffersomyces paraergatensis Bensingtonia sorbi
Scheffersomyces anoplophorae Bensingtonia wuzhishanensis
Blastobotrys baotianmanensis Boekhoutia sterigmata
Blastobotrys xishuangbannaensis Bullera anomala
Kazachstania jinghongensis Bullera cylindrica
Kazachstania menglunensis Bullera hubeiensis
Metschnikowia baotianmanensi Bullera komagatae
Candida yunnanensis Bullera kunmingensis
Candida parablackwelliae Bullera nakasei
Saturnispora galanensis Bullera pseudohuiaensis
Wickerhamomyces menglaensis Bullera pseudoschimicola
Sugiyamaella xiaguanensis Bullera pseudovariabilis
Pichia nanzhaoensis Bulleribasidium cremeum
Pichia paraexigua Bulleribasidium elongatum
Yarrowia brassicae Bulleribasidium phyllophilum
Cyberlindnera xishuangbannaensis Bulleribasidium phyllostachydis
Kodamaea neixiangensis Bulleribasidium pseudopanici
Kodamaea jinghongensis Carlosrosaea foliicola
Ogataea neixiangensis Carlosrosaea simaoensis
Ogataea paraovalis Chrysozyma cylindrica
Deakozyma yunnanensis Chrysozyma flava
Starmerella anomalae Chrysozyma fusiformis
Starmerella asiatica Chrysozyma iridis
Starmerella henanensis Chrysozyma pseudogriseoflava
Starmerella scarabaei Chrysozyma rhododendri
Lodderomyces beijingensis Chrysozyma sambuci
Candida xiaguanensis Chrysozyma sorbariae
Candida parachauliodis Colacogloea armeniacae
Candida coleopterorum Colacogloea aletridis
Candida margitis Colacogloea hydrangeae
Scheffersomyces titanus Colacogloea rhododendri
Nematodospora anomalae Cryptococcus foliicola
Wickerhamiella brachini Cryptococcus nanyangensis
Wickerhamiella pterostichi Cryptococcus taibaiensis
Wickerhamiella qilinensis Cryptococcus tibetensis
Spathaspora allomyrinae Cystobasidium raffinophilum
Candida baotianmanensis Cystobasidium terricola
Candida pseudoviswanathii Derxomyces amylogenes
Yamadazyma dushanensis Derxomyces bambusicola
Pichia dushanensis Derxomyces bifurcus
Hyphopichia paragotoi Derxomyces boekhoutii
Candida funiuensi Derxomyces corylopsis
Wickerhamiella allomyrinae Derxomyces elongatus
Metschnikowia henanensis Derxomyces hainanensis
Wickerhamomyces mori Derxomyces linzhiensis



514	 Fungal Diversity (2022) 114:491–537

1 3

Table 4   (continued) Ascomycetous yeast species Basidiomycetous yeast species

Candida sanyaensis Derxomyces longicylindricus
Candida ficus Derxomyces longiovatus
Candida baotianensis Derxomyces melastomatis
Wickerhamomyces kurtzmanii Derxomyces napiformis
Candida xinjiangensis Derxomyces ovatus
Starmerella orientalis Derxomyces polymorphus
Candida pruni Derxomyces pseudoboekhoutii
Starmerella jinningensis Derxomyces pseudocylindrica
Candida cellulosicola Derxomyces pseudoyunnanensis
Lindnera wuzhiensis Derxomyces qinlingensis
Candida laoshanensis Derxomyces simaoensis
Candida qingdaonensis Derxomyces taiwanicus
Kazachstania taianensis Derxomyces wuzhishanensis
Torulaspora quercuum Derxomyces xingshanicus
Candida pseudohumilis Derxomyces yunnanensis
Candida blackwellae Dioszegia athyri
Candida jiufengensis Dioszegia butyracea
Candida oxycetoniae Dioszegia changbaiensis
Candida pseudojiufengensis Dioszegia heilongjiangensis
Ogataea ganodermae Dioszegia kandeliae
Candida alocasiicola Dioszegia maotaiensis
Candida hainanensis Dioszegia milinica
Candida heveicola Dioszegia ovata
Candida musiphila Dioszegia xingshanensis
Saccharomyces arboricolus Dioszegia zsoltii
Candida pseudorugosa Filobasidium dingjieense
Metschnikowia sinensis Filobasidium globosum
Metschnikowia zizyphicola Filobasidium mali
Metschnikowia shanxiensis Filobasidium mucilaginum
Candida tibetensis Genolevuria pseudoamylolytica
Candida linzhiensis Halobasidium xiangyangense
Kazachstania aquatica Hannaella dianchiensis
Kazachstania solicola Heitmania castanopsis
Kazachstania aerobia Heitmania cylindrica
Candida asparagi Heitmania elacocarpi
Candida diospyri Heitmania litseae
Candida qinlingensis Heitmania tridentata

Heterocephalacria sinensis
Holtermannia saccardoi
Kockovaella haikouensis
Kockovaella ischaemi
Kockovaella nitrophila
Kondoa arboricola
Kondoa chamaenerii
Kondoa cylindrica
Kondoa daliangziensis
Kondoa gutianensis
Kondoa lulangica
Kondoa rhododendri
Kondoa ribitophobia
Kurtzmanomyces shapotouensis
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Table 4   (continued) Ascomycetous yeast species Basidiomycetous yeast species

Kwoniella ovata
Kwoniella shandongensis
Meira nicotianae
Meniscomyces layueensis
Microbotryozyma swertiae
Microsporomyces ellipsoideus
Microsporomyces hainanensis
Microsporomyces pseudomagnisporus
Microsporomyces rubellus
Mingxiaea foliicola
Mingxiaea hainanensis
Mingxiaea sanyaensis
Mingxiaea wuzhishanensis
Mrakia panshiensis
Naganishia floricola
Oberwinklerozyma dicranopteridis
Oberwinklerozyma nepetae
Phaeotremella camelliae
Phaeotremella lactea
Phaeotremella lacus
Phaeotremella ovata
Phaffia aurantiaca
Phyllozyma aceris
Phyllozyma jiayinensis
Pseudobensingtonia fusiformis
Pseudohyphozyma hydrangeae
Pseudohyphozyma lulangensis
Pseudosterigmatospora motuoensis
Pseudozyma hubeiensis
Pseudozyma shanxiensis
Rhodosporidiobolus fuzhouensis
Rhodosporidiobolus jianfalingensis
Rhodosporidiobolus platycladi
Rhodotorula oryzae
Rhodotorula pinicola
Robertozyma ningxiaensis
Rosettozyma cystopteridis
Rosettozyma motuoensis
Rosettozyma petaloides
Ruinenia bangxiensis
Ruinenia fanjingshanensis
Ruinenia lunata
Saitozyma pseudoflava
Slooffia globosa
Solicoccozyma aquatica
Solicoccozyma gelidoterrea
Spencerozyma acididurans
Sporobolomyces bannaensis
Sporobolomyces beijingensis
Sporobolomyces cellobiolyticus
Sporobolomyces clavatus
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fermentation. Among them, 41 yeast species were isolated, 
namely Candida apicola (Hajsig) S.A. Mey. & Yarrow, Pi. 
kudriavzevii Boidin, Pignal & Besson, Pi. mandshurica 
Saito, S. cerevisiae, and Zygosaccharomyces bailii (Lind-
ner) Guillierm. as the dominant species. More than 36 spe-
cies (Suppl. Table SI3) have been isolated from sourdough 
starters used for making Mantou (Chinese steamed bread), 
a Chinese traditional fermented staple food. The most fre-
quently isolated species was S. cerevisiae and W. anomalus 
(Han 2013). Forty-three species were found in wine fermen-
tations (Suppl. Table SI3). Candida parapsilosis (Ashford) 
Langeron & Talice, Brettanomyces anomalus Custers, C. 
tropicalis, Debaryomyces hansenii (Zopf) Lodder & Kreger-
van Rij, Pi. kudriavzevii (cited as Candida krusei (Castell.) 
Berkhout), S. cerevisiae, S. pastorianus Reess, Saccharo-
mycodes ludwigii (E.C. Hansen) E.C. Hansen, Sch. pombe 
and Z. bailii have been reported to be associated with tea 
fermentations.

More than 340 species were reported from natural sub-
strates, including forest soil, snow and glaciers, seawater, 
fruits, flowers, barks and other plant materials (Suppl. Table 
SI3). Candida albicans, C. glabrata (H.W. Anderson) S.A. 
Mey. & Yarrow, C. parapsilosis, C. pseudorugosa F.Y. Bai 
& Juan Li, C. pseudohaemulonii Sugita, M. Takash., Poon-
wan & Mekha, C. tropicalis, Cryptococcus gatti (Vanbreus. 
& Takashio) Kwon-Chung & Boekhout, Cr. neoformans, 
Diutina (cited as Candida) rugosa (H.W. Anderson) Khun-
namw., Jindam., Limtong & Lachance, Malassezia dermatis 

Sugita, M. Takash., A. Nishikawa & Shinoda, M. furfur, 
M. globosa, M. japonica Sugita, M. Takash., M. Kodama, 
Tsuboi & A. Nishikawa, M. obtusa Midgley, J. Guillot & 
E. Guého, M. pachydermatis (Weidman) C.W. Dodge, M. 
restricta, M. slooffiae J. Guillot, Midgley & E. Guého, M. 
sympodialis R.B. Simmons & E. Guého, M. yamatoensis 
Sugita, M. Takash., Tajima, Tsuboi & A. Nishikawa, and 
Pi. kudriavzevii (cited as C. krusei) were frequently isolated 
from clinical samples in China (Suppl. Table SI3).

In summary the following numbers of yeast species were 
found in the respective substrates, shown here with theire 
ratio ascomycetous/basidiomycetous yeasts: fermentions 
(including baiju, jiuqu, wine, koumiss and fermented milk, 
mantou (fermented with sourdough starters), tea and other 
fermented food) 141 species (ascomycetous/basidiomy-
cetous yeasts = 115/26); baiju (liquor) 57 species (52/5); 
jiuqu 52 species (44/8); wine 42 species (35/7); koumiss 
and fermented milk 28 species (21/7); mantou (fermented 
with sourdough starters) 35 species (31/4); tea 10 species 
(10/0); other fermented foods 37 species (28/9); natural envi-
ronments (including grape and vineyard, snow and glacier, 
flower and bark, soil and sea) 336 species (177/159); grape 
and vineyard 138 species (93/45); snow and glaciers 54 spe-
cies (7/47); flowers and bark 90 species (34/56); soil 202 
(108:94); seawater 59 species (49/10); clinical samples 21 
species (9/12). From the above it is clear that relatively more 
ascomycetous yeast species are involved in fermentations, 

Table 4   (continued) Ascomycetous yeast species Basidiomycetous yeast species

Sporobolomyces ellipsoideus
Sporobolomyces jilinensis
Sporobolomyces phaffii
Sporobolomyces reniformis
Sporobolomyces symmetricus
Sporobolomyces yunnanensis
Sterigmatospora layueensis
Symmetrospora rhododendri
Sympodiomycopsis yantaiensis
Teunia globosa
Teunia helanensis
Teunia korlaensis
Teunia rosae
Teunia rudbeckiae
Tremella basidiomaticola
Tremella shuangheensis
Udeniomyces kanasensis
Vanrija jinghongensis
Vishniacozyma melezitolytica
Yamadamyces terricola
Yurkovia longicylindrica
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whereas this is different for some natural environments (see 
also above Casus 1 and 3).

Conclusions and recommendations

After two centuries of research on yeast diversity we barely 
scratched the tip of the iceberg. Our knowledge on yeast 
diversity and distribution is fragmentary in many respects. 
Many countries, biomes and habitats have not been explored 
in depth or are not studied at all. Even though DNA-meta-
barcoding studies have the power to document a vast diver-
sity of yeasts in e.g., soils, air and seawater, and also may 
provide insights in the extent on yet unknown species, it 
is still needed to obtain living species to describe them 
(Lücking et al. 2021; Yurkov et al. 2021). This is not only 
because current nomenclatural practices demand a physi-
cal specimen as the type, a practice that may or may not 
change in the future, but also because living isolates may 
boost knowledge on biotechnological, biomedical, agricul-
tural, and food-fermentation applications, which in turn may 
benefit economically under-developed regions of the world 
that may harbor a rich yeasts diversity. Despite strong pro-
gress in molecular biology tools, identification of yeasts in 
the environment maybe demanding when a single barcode 

does not discriminate species (Libkind et al. 2020; Boekhout 
et al. 2021a). Properly preserved living cultures can provide 
high-quality genome and transcriptome data to find new and 
better genetic markers and elucidate essential processes in 
the environment.

With the past and current taxonomic activity we would 
need from 175 to about a half of a millennium to document 
at least 50% of the yeast species that may exist on our planet. 
Thus, an acceleration of this species discovery process is 
urgently needed, also in the context of climate change and 
vanishing habitats, such as dwindling glaciers, melting tun-
dra, bleaching coral reefs, and conversion of natural forests. 
High throughput cultivation studies can still catch-up species 
inhabiting these threatened environments.

Comparative genomics investigations showed an increase 
in the number of hybrid yeasts that may be difficult or impos-
sible to identify using traditional methods. The discovery 
of hybrid yeasts may be boosted by a strongly augmented 
sequencing capacity that will also contribute to the in-sil-
ico analysis of metabolic pathways and networks, which in 
turn may also contribute to the use of such not yet explored 
hybrid yeasts in applied areas.

The above-described scenario will likely most benefit 
from strong collaborations between scientists from dif-
ferent areas, be it geographically, ecologically, technical 

Fig. 10   Map of China with locations from which known and new yeasts originated. Blue dots Malassezia; red dots other yeasts
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know-how, fundamental or applied, rather than following a 
competing strategy between scientists. The statement ‘For-
tunately those who start now’ made by prof. Martinus Bey-
erinck, the first professor in Microbiology at what is now 
Technical University of Delft, The Netherlands, in his fare-
well address one century ago is still very much true.
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Acknowledgements  MycoBank curator Dr. Konstanze Bensch is 
acknowledged for helping to complete the list of described yeast 
species.

Author contributions  All authors contributed equally in the prepara-
tion, writing, and editing of this manuscript and all agreed with its 
submission to Fungal Diversity.

Funding  TG acknowledges support from the Spanish Ministry of Sci-
ence and Innovation for grant PGC2018-099921-B-I00, cofounded 
by European Regional Development Fund (ERDF); from the Catalan 
Research Agency (AGAUR) SGR423; from the European Union’s 
Horizon 2020 research and innovation program (ERC-2016–724173); 
from the Gordon and Betty Moore Foundation (Grant # GBMF9742). 
JG acknowledges support from the Lendület Program (award no. 
96049) of the Hungarian Academy of Sciences and the Eötvös Lóránd 
Research Network. Q-MW was supported by grants No. 31961133020 
and No. 31770018 from the National Natural Science Foundation of 
China (NSFC). ASA and FEB were supported by grant 9343 from 
the Gordon and Betty Moore Foundation: https://​doi.​org/​10.​37807/​
GBMF9​343.

Availability of data and material  Data are partly presented in a Sup-
plementary Table 1. This and all other relevant datasets will be stored 
at https://​theye​asts.​org.

Code availability  NA.

Declarations 

Conflict of interest  None of the authors has a conflict of interest.

Ethical approval  NA.

Consent to participate  NA.

Consent to publication  NA.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Aime MC, Miller AN, Aoki T, Bensch K, Cai L, Crous PW, Hawks-
worth DL, Hyde KD, Kirk PM, Lücking R, May TW, Malosso 
E, Redhead SA, Rossman AY, Stadler M, Thines M, Yurkov 
AM, Zhang N, Schoch CL (2021) How to publish a new fungal 
species, or name, version 3.0. IMA Fungus 12:11

Alimadadi N, Soudi MR, Wang SA, Wang QM, Talebpour Z, Bai FY 
(2016) Starmerella orientalis f.a., sp. nov., an ascomycetous 
yeast species isolated from flowers. Int J Syst Evol Microbiol 
66:1476–1481. https://​doi.​org/​10.​1099/​ijsem.0.​000905

Aliyu A, Gorte O, de Maayer P, Neumann A, Ochsenreither K (2020) 
Genomic insights into the lifestyles, functional capacities and 
oleagenicity of members of the fungal family Trichosporonaceae. 
Sci Rep 10:2780. https://​doi.​org/​10.​1038/​s41598-​020-​59672-2

Altschul SF, Madden TL, Schäffer AA, Zhang J, Zhang Z, Miller W, 
Lipman DJ (1997) Gapped BLAST and PSI-BLAST: a new 
generation protein database search programs. Nucleic Acids 
Res 25(17):3389–3402. https://​doi.​org/​10.​1093/​nar/​25.​17.​3389

Amend A (2014) From dandruff to deep-sea vents: Malassezia-like 
fungi are ecologically hyper-diverse. PLoS Pathog 10:e1004277. 
https://​doi.​org/​10.​1371/​journ​al.​ppat.​10042​77

Artuso A (2002) Bioprospecting, benefit sharing, and biotechnological 
capacity building. World Dev 30:1355–1368

Bai FY, Takashima M, Hamamoto M, Nakase T (2001a) Sporobolo-
myces yunnanensis sp. nov., a Q-10(H2)-containing yeast spe-
cies with a close phylogenetic relationship to Erythrobasidium 
hasegawianum. Int J Syst Evol Microbiol 51:231–235. https://​
doi.​org/​10.​1099/​00207​713-​51-1-​231

Bai FY, Takashima M, Nakase T (2001b) Phylogenetic analysis of 
strains originally assigned to Bullera variabilis: descriptions of 
Bullera pseudohuiaensis sp. nov., Bullera komagatae sp. nov. 
and Bullera pseudoschimicola sp. nov. Int J Syst Evol Microbiol 
51:2177–2187. https://​doi.​org/​10.​1099/​00207​713-​51-6-​2177

Bai FY, Takashima M, Nakase T (2001c) Description of Bullera kun-
mingensis sp. nov., and clarification of the taxonomic status of 
Bullera sinensis and its synonyms based on molecular phyloge-
netic analysis. FEMS Yeast Res 1:103–109. https://​doi.​org/​10.​
1111/j.​1567-​1364.​2001.​tb000​21.x

Bai FY, Takashima M, Jia JH, Nakase T (2002a) Dioszegia zsoltii 
sp. nov., a new ballistoconidium-forming yeast species with two 
varieties. J Gen Appl Microbiol 48:17–23. https://​doi.​org/​10.​
2323/​jgam.​48.​17

Bai FY, Zhao JH, Takashima M, Jia JH, Boekhout T, Nakase T (2002b) 
Reclassification of the Sporobolomyces roseus and Sporidiobolus 
pararoseus complexes, with the description of Sporobolomyces 
phaffii sp. nov. Int J Syst Evol Microbiol 52:2309–2314. https://​
doi.​org/​10.​1099/​00207​713-​52-6-​2309

Bai FY, Takashima M, Zhao JH, Jia JH, Nakase T (2003) Bullera 
anomala sp. nov. and Bullera pseudovariabilis sp. nov., two 
new ballistoconidium-forming yeast species from Yunnan, 
China. Antonie Van Leeuwenhoek 83:257–263. https://​doi.​org/​
10.​1023/a:​10233​82311​865

Bai FY, Cai Y, Wang QM, Ohkubo H (2004) Rhodotorula oryzae sp. 
nov., a novel basidiomycetous yeast species isolated from paddy 
rice. Antonie Van Leeuwenhoek 86:295–299. https://​doi.​org/​10.​
1007/​s10482-​005-​0353-8

Bai F, Liu Y, Li N, Yao S, Li N, Wang W, Cheng C (2016) Microspo-
romyces hainanensis sp. nov., isolated from hybrid rice (Oryza 
sativa L.) seeds. Curr Microbiol 73:569–573. https://​doi.​org/​10.​
1007/​s00284-​016-​1095-8

Blackwell M (2011) The fungi: 1, 2, 3… 5.1 million species? Am J 
Bot 98:426–438

https://doi.org/10.1007/s13225-021-00494-6
https://doi.org/10.37807/GBMF9343
https://doi.org/10.37807/GBMF9343
https://theyeasts.org
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1099/ijsem.0.000905
https://doi.org/10.1038/s41598-020-59672-2
https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.1371/journal.ppat.1004277
https://doi.org/10.1099/00207713-51-1-231
https://doi.org/10.1099/00207713-51-1-231
https://doi.org/10.1099/00207713-51-6-2177
https://doi.org/10.1111/j.1567-1364.2001.tb00021.x
https://doi.org/10.1111/j.1567-1364.2001.tb00021.x
https://doi.org/10.2323/jgam.48.17
https://doi.org/10.2323/jgam.48.17
https://doi.org/10.1099/00207713-52-6-2309
https://doi.org/10.1099/00207713-52-6-2309
https://doi.org/10.1023/a:1023382311865
https://doi.org/10.1023/a:1023382311865
https://doi.org/10.1007/s10482-005-0353-8
https://doi.org/10.1007/s10482-005-0353-8
https://doi.org/10.1007/s00284-016-1095-8
https://doi.org/10.1007/s00284-016-1095-8


529Fungal Diversity (2022) 114:491–537	

1 3

Blackwell M (2017) Yeast in insects and other invertebrates. In: 
Buzzini P, Lachance MA, Yurkov A (eds) Yeasts in natural eco-
systems: diversity. Springer, Berlin, pp 397–433

Bodor A, Bounedjoum N, Vincze GE, Kis AE, Laczi K, Bende G, 
Szilágyi A, Kovács T, Perei K, Rákhely G (2020) Challenges of 
unculturable bacteria: environmental perspectives. Rev Environ 
Sci Biotechnol 19:1–22

Boekhout T (2005) Gut feeling for yeasts. Nature 434:449–451
Boekhout T, Theelen B, Diaz M, Fell JW, Hop WCJ, Abeln ECA, 

Dromer F, Meyer W (2001) Hybrid genotypes in the pathogenic 
yeast Cryptococcus neoformans. Microbiology 147:891–907. 
https://​doi.​org/​10.​1099/​00221​287-​147-4-​891

Boekhout T, Aime MC, Begerow D, Gabaldón T, Heitman J, Kemler 
M, Khayhan K, Lachance M-A, Louis EJ, Sun S, Vu D, Yurkov 
A (2021a) The evolving species concepts used for yeasts: from 
phenotypes and genomes to speciation networks. Fungal Divers. 
109:27–55. https://​doi.​org/​10.​1007/​s13225-​021-​00475-9

Boekhout T, Bai FY, Daniel HM, Groenewald M, Robert V, Tan CS, 
Yurkov A (2021b) The Yeasts Trust Database. https://​theye​asts.​org

Boundy-Mills K (2006) Methods for investigating yeast biodiversity. 
In: Rosa CA, Péter G (eds) Biodiversity and ecophysiology of 
yeasts. Springer, Berlin, pp 67–100

Boundy-Mills KL, Glantschnig E, Roberts IN, Yurkov A, Casaregola 
S, Daniel H-M, Groenewald M, Turchetti B (2016) Yeast culture 
collections in the twenty-first century: new opportunities and 
challenges. Yeast 33:243–260

Braun-Galleani S, Ortiz-Merino RA, Wu Q, Xu Y, Wolfe KH (2018) 
Zygosaccharomyces pseudobailii, another yeast interspecies 
hybrid that regained fertility by damaging one of its MAT Loci. 
FEMS Yeast Res 18:79. https://​doi.​org/​10.​1093/​femsyr/​foy079

Buzzini P, Branda E, Goretti M, Turchetti B (2012) Psychrophilic 
yeasts from worldwide glacial habitats: diversity, adaptation 
strategies and biotechnological potential. FEMS Microbiol 
Ecol 82:217–241

Buzzini P, Turk M, Perini L, Turchetti B, Gunde-Cimerman N (2017) 
Yeasts in polar and subpolar habitats. In: Buzzini P, Lachance 
MA, Yurkov AM (eds) Yeasts in natural ecosystems: diversity. 
Springer, Berlin, pp 331–365

Buzzini P, Turchetti B, Yurkov A (2018) Extremophilic yeasts: the 
toughest yeasts around? Yeast 35:487–497

Cao Y, Li P-D, Zhao J, Wang H-K, Jeewon R, Bhoyroo V, Aruna B, 
Lin F-C, Wang Q (2018) Morph-molecular characterization of 
Meira nicotianae sp. nov., a novel basidiomycetous, anamor-
phic yeast-like fungus associated with growth improvement 
in tobacco plant. Phytotaxa 365:169–181. https://​doi.​org/​10.​
11646/​phyto​taxa.​365.2.4

Chai CY, Huang LN, Cheng H, Liu WJ, Hui FL (2019a) 
Metschnikowia baotianmanensis f.a., sp. nov., a new yeast spe-
cies isolated from the gut of the rhinoceros beetle Allomyrina 
dichotoma. Int J Syst Evol Microbiol 69:3087–3092. https://​
doi.​org/​10.​1099/​ijsem.0.​003593

Chai CY, Huang LN, Cheng H, Liu WJ, Hui FL (2019b) Wicker-
hamomyces menglaensis f.a., sp. nov., a yeast species isolated 
from rotten wood. Int J Syst Evol Microbiol 69:1509–1514. 
https://​doi.​org/​10.​1099/​ijsem.0.​003350

Chai CY, Jia RR, Chen CY, Hui FL (2020) Blastobotrys baotian-
manensis sp. nov. and Blastobotrys xishuangbannaensis f.a., 
sp. nov., two novel yeast species associated with insects and 
rotting wood. Int J Syst Evol Microbiol 70:4217–4223. https://​
doi.​org/​10.​1099/​ijsem.0.​004275

Chen B, Huang X, Zheng JW, Li SP, He J (2009) Candida mengyu-
niae sp. nov., a metsulfuron-methyl-resistant yeast. Int J Syst 
Evol Microbiol 59:1237–1241. https://​doi.​org/​10.​1099/​ijs.0.​
004614-0

Chen R, Wei SC, Jiang YM, Wang QM, Bai FY (2010) Kazachstania 
taianensis sp. nov., a novel ascomycetous yeast species from 

orchard soil. Int J Syst Evol Microbiol 60:1473–1476. https://​
doi.​org/​10.​1099/​ijs.0.​016501-0

Chen R, Jiang YM, Wei SC, Wang QM (2012) Kwoniella shandongen-
sis sp. nov., a basidiomycetous yeast isolated from soil and bark 
from an apple orchard. Int J Syst Evol Microbiol 62:2774–2777. 
https://​doi.​org/​10.​1099/​ijs.0.​039172-0

Chen L, Zhang L, Li ZH, Hui FL (2013) Sympodiomycopsis yantaien-
sis sp. nov., a basidiomycetous yeast isolated from insect frass. 
Int J Syst Evol Microbiol 63:3501–3505. https://​doi.​org/​10.​1099/​
ijs.0.​053686-0

Choo JH, Hong CP, Lim JY, Seo J-A, Kim Y-S, Lee DW, Park S-G, 
Lee GW, Carroll E, Lee Y-W, Kang HU (2016) Whole-genome 
de novo sequencing, combined with RNA-Seq analysis, reveals 
unique genome and physiological features of the amylolytic yeast 
Saccharomycopsis fibuligera and its interspecies hybrid. Biotech-
nol Biofuels 9:246. https://​doi.​org/​10.​1186/​s13068-​016-​0653-4

Collado J, Platas G, Paulus B, Gerald F, Bills GF (2007) High-through-
put culturing of fungi from plant litter by a dilution-to-extinction 
technique. FEMS Microbiol Ecol 60:521–533. https://​doi.​org/​10.​
1111/j.​1574-​6941.​2007.​00294.x

Collins M, Knutti R, Arblaster J et al (2013) Long-term climate change: 
projections, commitments and irreversibility. In: Stocker TF, Qin 
D, Plattner G-K et al (eds) Climate change 2013: the physical 
science basis contribution of Working Group I to the fifth assess-
ment report of the intergovernmental panel on climate change. 
Cambridge University Press, Cambridge, pp 1029–1036

Curtin CD, Borneman AR, Chambers PJ, Pretorius IS (2012) De-novo 
assembly and analysis of the heterozygous triploid genome of 
the wine spoilage yeast Dekkera bruxellensis AWRI1499. PLoS 
ONE 7:e33840. https://​doi.​org/​10.​1371/​journ​al.​pone.​00338​40

Daniel H-M, Lachace M-L, Kurtzmna CP (2014) On the reclassifica-
tion of species assigned to Candida and other anamorphic asco-
mycetous yeast genera based on phylogenetic circumscription. 
Antonie Van Leeuwenhoek 106:67–84. https://​doi.​org/​10.​1007/​
s10482-​014-​0170-z

De Jonge B (2011) What is fair and equitable benefit-sharing? J Agric 
Environ Ethics 24:127–146

De Garcia V, Trochine A, Uetake J, Bellora N, Libkind D (2020) Novel 
yeast taxa from the cold: description of Cryolevonia giraudoae 
sp. nov. and Camptobasidium gelus sp. nov. Int J Syst Evol 
Microbiol 70:3711–3717. https://​doi.​org/​10.​1099/​ijsem.0.​004223

Diakite A, Dubourg G, Dione N, Afouda P, Bellali S, Ngom II, Valles 
C, Tall MI, Jean-Christophe Lagier J-G, Didier Raoult D (2020) 
Optimization and standardization of the culturomics technique 
for human microbiome exploration. Sc Rep 10:9674. https://​doi.​
org/​10.​1111/j.​1574-​6941.​2007.​00294.x

Fell JW (2012) Marine yeasts. In: Jones EBG, Pang K-L (eds) Marine 
fungi and fungal-like organisms. Marine and freshwater botany. 
De Gruyter, Boston, pp 91–102

Findley K, Oh J, Yang J, Conlan S, Deming C, Meyer JA, Schoenfeld 
D, Nomicos E, Park M, NIH Intramural Sequencing Center Com-
parative Sequencing Program, Kong HH, Segre JA (2013) Topo-
graphic diversity of fungal and bacterial communities in human 
skin. Nature 498:367–370. https://​doi.​org/​10.​1038/​natur​e12171

Fonseca Á, Inácio J (2006) Phylloplane yeasts. In: Rosa CA, Peter G 
(eds) Biodiversity and ecophysiology of yeasts. Springer, Berlin, 
pp 263–301

Gabaldón T (2020) Hybridization and the origin of new yeast lineages. 
FEMS Yeast Res 20:foaa040. https://​doi.​org/​10.​1093/​femsyr/​
foaa0​40

Gaitanis G, Magiatis P, Hantschke M, Bassukas ID, Velegraki A (2012) 
The Malassezia genus in skin and systemic diseases. Clin Micro-
biol Rev 25:106–141. https://​doi.​org/​10.​1128/​CMR.​00021-​11

Gallone B, Steensels J, Mertens S, Dzialo MC, Gordon JL, Waut-
ers R, Theßeling FA, Bellinazzo F, Saels V, Herrera-Malaver 
B, Prahl T, White C, Hutzler M, Meußdoerffer F, Malcorps P, 

https://doi.org/10.1099/00221287-147-4-891
https://doi.org/10.1007/s13225-021-00475-9
https://theyeasts.org
https://doi.org/10.1093/femsyr/foy079
https://doi.org/10.11646/phytotaxa.365.2.4
https://doi.org/10.11646/phytotaxa.365.2.4
https://doi.org/10.1099/ijsem.0.003593
https://doi.org/10.1099/ijsem.0.003593
https://doi.org/10.1099/ijsem.0.003350
https://doi.org/10.1099/ijsem.0.004275
https://doi.org/10.1099/ijsem.0.004275
https://doi.org/10.1099/ijs.0.004614-0
https://doi.org/10.1099/ijs.0.004614-0
https://doi.org/10.1099/ijs.0.016501-0
https://doi.org/10.1099/ijs.0.016501-0
https://doi.org/10.1099/ijs.0.039172-0
https://doi.org/10.1099/ijs.0.053686-0
https://doi.org/10.1099/ijs.0.053686-0
https://doi.org/10.1186/s13068-016-0653-4
https://doi.org/10.1111/j.1574-6941.2007.00294.x
https://doi.org/10.1111/j.1574-6941.2007.00294.x
https://doi.org/10.1371/journal.pone.0033840
https://doi.org/10.1007/s10482-014-0170-z
https://doi.org/10.1007/s10482-014-0170-z
https://doi.org/10.1099/ijsem.0.004223
https://doi.org/10.1111/j.1574-6941.2007.00294.x
https://doi.org/10.1111/j.1574-6941.2007.00294.x
https://doi.org/10.1038/nature12171
https://doi.org/10.1093/femsyr/foaa040
https://doi.org/10.1093/femsyr/foaa040
https://doi.org/10.1128/CMR.00021-11


530	 Fungal Diversity (2022) 114:491–537

1 3

Souffriau B, Daenen L, Baele G, Maere S, Verstrepen KJ (2019) 
Interspecific hybridization facilitates niche adaptation in beer 
yeast. Nature Ecol Evol 3:1562–1575. https://​doi.​org/​10.​1038/​
s41559-​019-​0997-9

Gao WL, Liu TT, Zheng J, Hui FL (2017) Kodamaea neixiangensis 
f.a., sp. nov. and Kodamaea jinghongensis f.a., sp. nov., two yeast 
species isolated from rotting wood. Int J Syst Evol Microbiol 
67:3358–3362. https://​doi.​org/​10.​1099/​ijsem.0.​002117

Gao WL, Liu KF, Yao LG, Hui FL (2018) Pichia nanzhaoensis sp. nov. 
and Pichia paraexigua f.a., sp. nov., two yeast species isolated 
from rotting wood. Int J Syst Evol Microbiol 68:3311–3315. 
https://​doi.​org/​10.​1099/​ijsem.0.​002989

Gareth Jones EB, Suetrong S, Sakayaroj J, Bahkali AH, Abdel-
Wahab MA, Boekhout T, Pang K-L (2015) Classification of 
marine Ascomycota, Basidiomycota, Blastocladiomycota and 
Chytridiomycota. Fung Div 73:1–72. https://​doi.​org/​10.​1007/​
s13225-​015-​0339-4

Geiger R (1954) Klassifikation der Klimate nach W. Köppen [Clas-
sification of climates after W. Köppen]. Landolt-Börnstein – 
Zahlenwerte und Funktionen aus Physik, Chemie, Astronomie, 
Geophysik und Technik, alte Serie, vol 3. Springer, Berlin, pp 
603–607

Gostinčar C, Stajich JE, Zupančič J, Zalar P, Gunde-Cimerman N 
(2018) Genomic evidence for intraspecific hybridization in a 
clonal and extremely halotolerant yeast. BMC Genom 19:364. 
https://​doi.​org/​10.​1186/​s12864-​018-​4751-5

Groenewald M, Boundy-Mills K, Čadež N, Endoh R, Jindamorakot 
S, Pohl-Albertyn C, Rosa CA, Turchetti B, Yurkov A (2017) 
Census of yeasts isolated from natural ecosystem and conserved 
in worldwide collections. In: Buzzini P, Lachance MA, Yurkov 
A (eds) Yeasts in natural ecosystems: diversity. Springer, Berlin, 
pp 455–476

Guo X, Zhu H, Bai FY (2012) Candida cellulosicola sp. nov., a xylose-
utilizing anamorphic yeast from rotten wood. Int J Syst Evol 
Microbiol 62:242–245. https://​doi.​org/​10.​1099/​ijs.0.​031351-0

Guo Z, Wang Y, Hou Q, Li W, Zhao H, Sun Z, Zhang Z (2019) Haloba-
sidium xiangyangense gen. nov., sp. nov., a new xylose-utilizing 
yeast in the family Cystobasidiaceae, isolated from the pickling 
sauce used to make Datoucai, a high-salt fermented food. Int J 
Syst Evol Microbiol 69:139–145. https://​doi.​org/​10.​1099/​ijsem.0.​
003119

Hagen F, Khayhan K, Theelen B, Kolecka A, Polacheck I, Sionov E, 
Falk R, Parnmen S, Lumbsch HT, Boekhout T (2015) Recog-
nition of seven species in the Cryptococcus gattii/Cryptococ-
cus neoformans species complex. Fungal Genet Biol 78:16–48. 
https://​doi.​org/​10.​1016/j.​fgb.​2015.​02.​009

Hamilton C (2006) Biodiversity, biopiracy and benefits: what allega-
tions of biopiracy tell us about intellectual property. Dev World 
Bioeth 6:158–173

Han PJ (2013) Genetic diversity and stress resistance of Saccharomyces 
cerevisiae from local sourdough starters in China. MSc thesis, 
Fujian Agriculture and Forestry University, Fujian, PR China, 
pp 1–5

Han PJ, Qiu JZ, Wang QM, Bai FY (2012) Udeniomyces kanasensis 
sp. nov., a ballistoconidium-forming yeast species in the Cystofi-
lobasidiales. Antonie Van Leeuwenhoek 102:45–51. https://​doi.​
org/​10.​1007/​s10482-​012-​9711-5

Han PJ, Li AH, Wang QM, Bai FY (2016) Ballistosporomyces chang-
baiensis sp. nov. and Ballistosporomyces bomiensis sp. nov., 
two novel species isolated from shrub plant leaves. Antonie 
Van Leeuwenhoek 109:965–970. https://​doi.​org/​10.​1007/​
s10482-​016-​0696-3

Han L, Li ZY, Guo XF, Tan JL, He SZ, Cui XL, Li SL (2017) Han-
naella dianchiensis sp. nov., a basidiomycetous yeast species iso-
lated from lake water. Int J Syst Evol Microbiol 67:2014–2018. 
https://​doi.​org/​10.​1099/​ijsem.0.​001908

Hao F, Lu XB, Wu YL, Zeng XL, Zhang QL, Chen LQ et al (2019) 
Diversity of yeasts from fermented grain in Maotai liquor fer-
mentation. Mycosystema 38:620–630. https://​doi.​org/​10.​13346/j.​
mycos​ystema.​180313

Hawksworth DL (2001) The magnitude of fungal diversity: the 1.5 
million species estimate revisited. Mycol Res 105:1422–1432

Hawksworth DL, Grube M (2020) Lichens redefined as complex eco-
systems. New Phytol 227:1201–1203. https://​doi.​org/​10.​1111/​
nph.​16630

Hawksworth D, Lücking R (2017) Fungal diversity revisited: 2.2 to 3.8 
Million species. Microbiology Spectrum 5: FUNK-0052-2016. 
https://​doi.​org/​10.​1128/​micro​biols​pec.​FUNK-​0052-​2016

Hawksworth DL, Crous PW, Redhead SA, Reynolds DR, Samson RA, 
Seifert KA, Taylor JW, Wingfield MJ, Abaci O, Aime C, Asan 
A, Bai F-B, de Beer WZ, Begerow D, Berikten D, Boekhout T, 
Buchanan PK, Burgess T, Buzina W, Cai L, Cannon PF, Leland 
Crane J, Damm U, Daniel H-M, van Diepeningen AD, Druzhin-
ina I, Dyer PS, Eberhardt U, Fell JW, Frisvad JC, Geiser DM, 
Geml J, Glienke C, Gräfenhan T, Groenewald JZ, Groenewald M, 
de Gruyter J, Guého-Kellermann E, Guo L-D, Hibbett DS, Hong 
S-B, de Hoog S, Houbraken J, Huhndorf SM, Hyde KD, Ismail 
A, Johnston PR, Kadaifciler DG, Kirk PM, Kõljalg U, Kurtzman 
CP, Lagneau P-E, Lévesque A, Liu X, Lombard L, Meyer W, 
Miller A, Minter DW, Najafzadeh MJ, Norvell L, Ozerskaya SM, 
Oziç R, Pennycook SR, Peterson SW, Pettersson OV, Quaedvlieg 
W, Robert VA, Ruibal C, Schnürer J, Schroers H-J, Shivas R, 
Slippers B, Spierenburg H, Takashima M, Taşkın E, Thines M, 
Thrane U, Uztan AH, van Raak M, Varga J, Vasco A, Verkley G, 
Videira SIR, de Vries RP, Weir BS, Yilmaz N, Yurkov A, Zhang 
N (2011) The Amsterdam declaration on fungal nomenclature. 
IMA Fungus 2:105–111

Heeger F, Bourne EC, Baschien C, Yurkov A, Bunk B, Spröer C, Over-
mann J, Mazzoni CJ, Monaghan MT (2018) Long-read DNA 
metabarcoding of ribosomal RNA in the analysis of fungi from 
aquatic environments. Mol Ecol Resour 18:1500–1514

Hittinger CT (2013) Saccharomyces diversity and evolution: a bud-
ding model genus. Trends Genet 29:309–317. https://​doi.​org/​10.​
1016/j.​tig.​2013.​01.​002

Huang LN, Xi ZW, Li Y, Hui FL (2018) Sugiyamaella xiaguanensis 
f.a., sp. nov., a yeast species isolated from rotting wood. Int J Syst 
Evol Microbiol 68:3307–3310. https://​doi.​org/​10.​1099/​ijsem.0.​
002988

Huang LN, Xi ZW, Zhai YC, Chai CY, Hui FL (2019) Saturnispora 
galanensis sp. nov., a yeast species isolated from rotting wood. 
Int J Syst Evol Microbiol 69:2658–2661. https://​doi.​org/​10.​1099/​
ijsem.0.​003501

Hui FL, Ke T, Niu QH, Du PC (2012a) Candida baotianensis sp. nov., 
an ascomycetous yeast species from forest soil in China. J Gen 
Appl Microbiol 58:59–63. https://​doi.​org/​10.​2323/​jgam.​58.​59

Hui FL, Niu QH, Ke T, Li YX (2012b) Cryptococcus nanyangensis 
sp. nov., a new basidiomycetous yeast isolated from the gut of 
wood-boring larvae. Curr Microbiol 65:617–621. https://​doi.​org/​
10.​1007/​s00284-​012-​0203-7

Hui FL, Niu QH, Ke T, Liu Z (2012c) Candida ficus sp. nov., a novel 
yeast species from the gut of Apriona germari larvae. Int J Syst 
Evol Microbiol 62:2805–2809. https://​doi.​org/​10.​1099/​ijs.0.​
044214-0

Hui FL, Chen L, Chu XY, Niu QH, Ke T (2013a) Wickerhamomyces 
mori sp. nov., an anamorphic yeast species found in the guts of 
wood-boring insect larvae. Int J Syst Evol Microbiol 63:1174–
1178. https://​doi.​org/​10.​1099/​ijs.0.​048637-0

Hui FL, Chen L, Li ZH, Niu QH, Ke T (2013b) Metschnikowia henan-
ensis sp. nov., a new anamorphic yeast species isolated from 
rotten wood in China. Antonie Van Leeuwenhoek 103:899–904. 
https://​doi.​org/​10.​1007/​s10482-​012-​9871-3

https://doi.org/10.1038/s41559-019-0997-9
https://doi.org/10.1038/s41559-019-0997-9
https://doi.org/10.1099/ijsem.0.002117
https://doi.org/10.1099/ijsem.0.002989
https://doi.org/10.1007/s13225-015-0339-4
https://doi.org/10.1007/s13225-015-0339-4
https://doi.org/10.1186/s12864-018-4751-5
https://doi.org/10.1099/ijs.0.031351-0
https://doi.org/10.1099/ijsem.0.003119
https://doi.org/10.1099/ijsem.0.003119
https://doi.org/10.1016/j.fgb.2015.02.009
https://doi.org/10.1007/s10482-012-9711-5
https://doi.org/10.1007/s10482-012-9711-5
https://doi.org/10.1007/s10482-016-0696-3
https://doi.org/10.1007/s10482-016-0696-3
https://doi.org/10.1099/ijsem.0.001908
https://doi.org/10.13346/j.mycosystema.180313
https://doi.org/10.13346/j.mycosystema.180313
https://doi.org/10.1111/nph.16630
https://doi.org/10.1111/nph.16630
https://doi.org/10.1128/microbiolspec.FUNK-0052-2016
https://doi.org/10.1016/j.tig.2013.01.002
https://doi.org/10.1016/j.tig.2013.01.002
https://doi.org/10.1099/ijsem.0.002988
https://doi.org/10.1099/ijsem.0.002988
https://doi.org/10.1099/ijsem.0.003501
https://doi.org/10.1099/ijsem.0.003501
https://doi.org/10.2323/jgam.58.59
https://doi.org/10.1007/s00284-012-0203-7
https://doi.org/10.1007/s00284-012-0203-7
https://doi.org/10.1099/ijs.0.044214-0
https://doi.org/10.1099/ijs.0.044214-0
https://doi.org/10.1099/ijs.0.048637-0
https://doi.org/10.1007/s10482-012-9871-3


531Fungal Diversity (2022) 114:491–537	

1 3

Hui FL, Niu QH, Ke T, Li YX, Lee CF (2013c) Candida sanyaen-
sis sp. nov., an ascomycetous yeast species isolated from soil. 
Antonie Van Leeuwenhoek 103:47–52. https://​doi.​org/​10.​1007/​
s10482-​012-​9785-0

Hui F, Ren Y, Chen L, Li Y, Zhang L, Niu Q (2014) Molecular phylo-
genetic analysis reveals the new genus Hemisphaericaspora of 
the family Debaryomycetaceae. PLoS ONE 9:e103737. https://​
doi.​org/​10.​1371/​journ​al.​pone.​01037​37

Ianiri G, Coelho MA, Ruchti F, Sparber F, McMahon TJ, Fu C, Bole-
jack M, Donovan O, Smutney H, Myler P, Dietrich F, Fox D 3rd, 
LeibundGut-Landmann S, Heitman J (2020) HGT in the human 
and skin commensal Malassezia: A bacterially derived flavo-
hemoglobin is required for NO resistance and host interaction. 
Proc Natl Acad Sci USA 117:15884–15894. https://​doi.​org/​10.​
1073/​pnas.​20034​73117

Inácio J, Pereira P, Carvalho M, Fonseca Á, Amaral-Collaço MT, 
Spencer-Martins I (2002) Estimation and diversity of phylloplane 
mycobiota on selected plants in a mediterranean–type ecosystem 
in Portugal. Microb Ecol 44:344–353. https://​doi.​org/​10.​1099/​
ijs.0.​63491-0

IPCC (2018) Global Warming of 1.5°C. An IPCC Special Report on 
the impacts of global warming of 1.5°C above pre-industrial 
levels and related global greenhouse gas emission pathways, in 
the context of strengthening the global response to the threat of 
climate change, sustainable development, and efforts to eradicate 
poverty. In: Masson-Delmotte V, Zhai P, Pörtner HO, Roberts 
D, Skea J, Shukla PR, Pirani A, Moufouma-Okia W, Péan C, 
Pidcock R, Connors S, Matthews JBR, Chen Y, Zhou X, Gomis 
MI, Lonnoy E, Maycock T, Tignor M, Waterfield T (eds)

James SA, Bond CJ, Stratford M, Roberts IN (2005) Molecular evi-
dence for the existence of natural hybrids in the genus Zygo-
saccharomyces. FEMS Yeast Res 5:747–755. https://​doi.​org/​10.​
1016/j.​femsyr.​2005.​02.​004

Ji ZH, Bai FY (2008) Ogataea ganodermae sp. nov., a methanol-assim-
ilating yeast species isolated from basidiocarps of Ganoderma 
sp. Int J Syst Evol Microbiol 58:1502–1506. https://​doi.​org/​10.​
1099/​ijs.0.​65692-0

Ji ZH, Jia JH, Bai FY (2009) Four novel Candida species in the Can-
dida albicans/Lodderomyces elongisporus clade isolated from 
the gut of flower beetles. Antonie Van Leeuwenhoek 95:23–32. 
https://​doi.​org/​10.​1007/​s10482-​008-​9282-7

Kachalkin AV, Turchetti B, Inácio J, Carvalho C, Mašínová T, Pontes 
A, Röhl O, Glushakova AM, Akulov A, Baldrian P, Begerow D, 
Buzzini P, Sampaio JP, Yurkov AM (2019) Rare and undersam-
pled dimorphic basidiomycetes. Mycol Prog 18:945–971

Ke T, Zhai YC, Yan ZL, Hui FL (2019) Kazachstania jinghongensis 
sp. nov. and Kazachstania menglunensis f.a., sp. nov., two yeast 
species isolated from rotting wood. Int J Syst Evol Microbiol 
69:3623–3628. https://​doi.​org/​10.​1099/​ijsem.0.​003670

Kelmer M, Witfeld F, Begerow D, Yurkov A (2017) Phylloplane yeasts 
in temperate climates. In: Buzzini P, Lachance MA, Yurkov A 
(eds) Yeasts in natural ecosystems: diversity. Springer, Berlin, 
pp 171–197

Kreger-van Rij NJW (1984) The yeasts, a taxonomic study, 3rd edn. 
Elsevier, Amsterdam, p 1092

Kurtzman CP, Fell JW (eds) (1998) The yeasts, a taxonomic study, 4th 
edn. Elsevier, Amsterdam, p 1076

Kurtzman CP (2005) Description of Komagataella phaffii sp. nov. and 
the transfer of Pichia pseudopastoris to the methylotrophic yeast 
genus Komagataella. Int J Syst Evol Microbiol 55:973–976. 
https://​doi.​org/​10.​1099/​ijs.0.​63491-0

Kurtzman CP (2007) New anamorphic yeast species: Candida infan-
ticola sp. nov., Candida polysorbophila sp. nov., Candida 
transvaalensis sp. nov. and Trigonopsis californica sp. nov. 

Antonie Van Leeuwenhoek 92:221–231. https://​doi.​org/​10.​1007/​
s10482-​007-​9150-x

Kurtzman CP, Fell JW, Boekhout T (eds) (2011a) The yeasts, a taxo-
nomic study, 5th edn. Elsevier, New York, p 2080

Kurtzman CP, Fell JW, Boekhout T (2011b) Defenition, classification 
and nomenclature of yeasts. In: Kurtzman et al (eds) The yeasts, 
a taxonomic study, vol 1, 5th edn. Elsevier, New York, pp 3–5

Kurtzman CP, Mateo RQ, Kolecka A, Theelen B, Robert V, Boekhout 
T (2015) Advances in yeast systematics and phylogeny and their 
use as predictors of bio-technologically important metabolic 
pathways. FEMS Yeast Res 15:fov050. https://​doi.​org/​10.​1093/​
femsyr/​fov050

Kurtzman CP, Robnett CJ, Baehoar E, Ward TJ (2018) Four new spe-
cies of Metschnikowia and the transfer of seven Candida spe-
cies to Metschnikowia and Clavispora as new combinations. 
Antonie Van Leeuwenhoek 11:2017–2035. https://​doi.​org/​10.​
1007/​s10482-​018-​1095-8

Lachance M-A (2006) Yeast biodiversity: how many and how much? 
In: Rosa CA, Péter G (eds) Biodiversity and ecophysiology of 
yeasts. Springer, Berlin, pp 1–9

Lachance MA, Starmer WT (1998) Ecology and yeasts. In: Kurtzman 
CP, Fell JW (eds) The yeasts. A taxonomic study, 4th edn. Else-
vier, Amsterdam, pp 21–30

Lachance M-A, Boekhout T, Scorzetti G, Fell JW, Kurtzman CP 
(1923) Candida Berkhout (1923). In: Kurtzman et al (eds) The 
yeasts, a taxonomic study, vol 2, 5th edn. Elsevier, New York, 
pp 987–1278

Langdon QK, Peris D, Baker ECP, Opulente DA, Nguyen HV, Bond 
U, Gonçalves P, Sampaio JP, Libkind D, Hittinger CT (2019) 
Fermentation innovation through complex hybridization of wild 
and domesticated yeasts. Nature Ecol Evol 3:1576–1586. https://​
doi.​org/​10.​1038/​s41559-​019-​0998-8

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. https://​doi.​org/​10.​1038/​
nmicr​obiol.​2015.3

Li J, Xu YC, Bai FY (2006) Candida pseudorugosa sp. nov., a novel 
yeast species from sputum. J Clin Microbiol 44:4486–4490. 
https://​doi.​org/​10.​1128/​JCM.​01391-​06

Li SL, Lin Q, Li XR, Xu H, Yang YX, Qiao DR, Cao Y (2012) Bio-
diversity of the oleaginous microorganisms in Tibetan Plateau. 
Braz J Microbiol 43:627–634. https://​doi.​org/​10.​1590/​S1517-​
83822​01200​02000​26

Li SL, Li ZY, Yang LY, Zhou XL, Dong MH, Zhou P, Lai YH, Duan 
CQ (2013) Starmerella jinningensis sp. nov., a yeast species iso-
lated from flowers of Erianthus rufipilus. Int J Syst Evol Micro-
biol 63:388–392. https://​doi.​org/​10.​1099/​ijs.0.​044081-0

Li H, Goh BN, Teh WK, Jiang Z, Goh JPZ, Goh A, Wu G, Hoon SS, 
Raida M, Camattari A, Yang L, O’Donoghue AJ, Dawson TL 
(2018) Skin commensal Malassezia globosa secreted protease 
attenuates Staphylococcus aureus biofilm formation. J Investig 
Dermatol 138:1137–1145. https://​doi.​org/​10.​1016/j.​jid.​2017.​11.​
034

Li AH, Zhou Y, Jia BS, Liu ZX, Sampaio JP, Zhou YG (2019) Hetero-
cephalacria sinensis sp. nov., Phaeotremella lacus sp. nov. and 
Solicoccozyma aquatica sp. nov., three novel basidiomycetous 
yeast species isolated from crater lakes. Int J Syst Evol Microbiol 
69:3728–3739. https://​doi.​org/​10.​1099/​ijsem.0.​003637

Li AH, Yuan FX, Groenewald M, Bensch K, Yurkov AM, Li K, Han 
PJ, Guo LD, Aime MC, Sampaio JP, Jindamorakot S, Turchetti 
B, Inacio J, Fungsin B, Wang QM, Bai FY (2020) Diversity and 
phylogeny of basidiomycetous yeasts from plant leaves and soil: 
proposal of two new orders, three new families, eight new genera 

https://doi.org/10.1007/s10482-012-9785-0
https://doi.org/10.1007/s10482-012-9785-0
https://doi.org/10.1371/journal.pone.0103737
https://doi.org/10.1371/journal.pone.0103737
https://doi.org/10.1073/pnas.2003473117
https://doi.org/10.1073/pnas.2003473117
https://doi.org/10.1099/ijs.0.63491-0
https://doi.org/10.1099/ijs.0.63491-0
https://doi.org/10.1016/j.femsyr.2005.02.004
https://doi.org/10.1016/j.femsyr.2005.02.004
https://doi.org/10.1099/ijs.0.65692-0
https://doi.org/10.1099/ijs.0.65692-0
https://doi.org/10.1007/s10482-008-9282-7
https://doi.org/10.1099/ijsem.0.003670
https://doi.org/10.1099/ijs.0.63491-0
https://doi.org/10.1007/s10482-007-9150-x
https://doi.org/10.1007/s10482-007-9150-x
https://doi.org/10.1093/femsyr/fov050
https://doi.org/10.1093/femsyr/fov050
https://doi.org/10.1007/s10482-018-1095-8
https://doi.org/10.1007/s10482-018-1095-8
https://doi.org/10.1038/s41559-019-0998-8
https://doi.org/10.1038/s41559-019-0998-8
https://doi.org/10.1038/nmicrobiol.2015.3
https://doi.org/10.1038/nmicrobiol.2015.3
https://doi.org/10.1128/JCM.01391-06
https://doi.org/10.1590/S1517-83822012000200026
https://doi.org/10.1590/S1517-83822012000200026
https://doi.org/10.1099/ijs.0.044081-0
https://doi.org/10.1016/j.jid.2017.11.034
https://doi.org/10.1016/j.jid.2017.11.034
https://doi.org/10.1099/ijsem.0.003637


532	 Fungal Diversity (2022) 114:491–537

1 3

and one hundred and seven new species. Stud Mycol 96:17–140. 
https://​doi.​org/​10.​1016/j.​simyco.​2020.​01.​002

Li Y, Steenwyk JL, Chang Y, Wang Y, James TY, Stajich JE, Spatafora 
JW, Groenewald M, Dunn CW, Hittinger CT, Shen XX, Rokas A 
(2021) A genome-scale phylogeny of the kingdom Fungi. Curr 
Biol 31:1653–1665. https://​doi.​org/​10.​1016/j.​cub.​2021.​01.​074

Libkind D, Hittinger CT, Valeŕio E, Conçalves C, Dover J, Johnston 
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