Appl Microbiol Biotechnol (2013) 97:7563–7577
DOI 10.1007/s00253-013-5046-z

MINI-REVIEW

Biotechnology of non-Saccharomyces
yeasts—the basidiomycetes
Eric A. Johnson

Received: 8 March 2013 / Revised: 5 June 2013 / Accepted: 7 June 2013 / Published online: 30 July 2013
# Springer-Verlag Berlin Heidelberg 2013

Abstract Yeasts are the major producer of biotechnology
products worldwide, exceeding production in capacity and
economic revenues of other groups of industrial microorganisms. Yeasts have wide-ranging fundamental and industrial
importance in scientific, food, medical, and agricultural disciplines (Fig. 1). Saccharomyces is the most important genus
of yeast from fundamental and applied perspectives and has
been expansively studied. Non-Saccharomyces yeasts (nonconventional yeasts) including members of the Ascomycetes
and Basidiomycetes also have substantial current utility and
potential applicability in biotechnology. In an earlier minireview, “Biotechnology of non-Saccharomyces yeasts—the
ascomycetes” (Johnson Appl Microb Biotechnol 97: 503–
517, 2013), the extensive biotechnological utility and potential of ascomycetous yeasts are described. Ascomycetous
yeasts are particularly important in food and ethanol formation, production of single-cell protein, feeds and fodder,
heterologous production of proteins and enzymes, and as
model and fundamental organisms for the delineation of
genes and their function in mammalian and human metabolism and disease processes. In contrast, the roles of basidiomycetous yeasts in biotechnology have mainly been evaluated only in the past few decades and compared to the
ascomycetous yeasts currently have limited industrial utility.
From a biotechnology perspective, the basidiomycetous
yeasts are known mainly for the production of enzymes used
in pharmaceutical and chemical synthesis, for production of
certain classes of primary and secondary metabolites such as
terpenoids and carotenoids, for aerobic catabolism of complex carbon sources, and for bioremediation of environmental pollutants and xenotoxicants. Notwithstanding, the basidiomycetous yeasts appear to have considerable potential in

biotechnology owing to their catabolic utilities, formation of
enzymes acting on recalcitrant substrates, and through the
production of unique primary and secondary metabolites.
This and the earlier mini-review (Johnson Appl Microb
Biotechnol 97:503–517, 2013) were motivated during the
preparation and publication of the landmark three-volume
set of “The yeasts: a taxonomic study, 5th edition”
(Kurtzman et al. 2011a, b).
Keywords Yeasts . Basidiomycetes . Yeast biotechnology .
Industrial enzymes . Bioremediation . Oxidative catabolism .
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Introduction
Many of the ascomycetous yeasts are well known in biotechnology and have been utilized for centuries in food production
and various biotechnology processes (Johnson 2013) (Fig. 1).
In contrast, many of the basidiomycetous yeasts have been
relatively under-studied in their importance for biotechnology,
agriculture and foods, and environmental processes. The objective of this chapter is to describe the basidiomycetous yeast
processes currently used by the industry as well as those in
developmental stages and close to commercialization. The
unique catabolic and ecological roles of the basidiomycetous
yeasts will be emphasized. Importance will be given to new
developments and opportunities in industrial applications of
prominent basidiomycetous yeast genera and species with
applications in biotechnology (Table 1).

Historical importance of yeasts to human societies
E. A. Johnson (*)
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As described in an earlier review, the importance of ascomycetous yeasts in biotechnology has been known since ancient
times, particularly for the production of fermented beverages
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Fig. 1 Various disciplines in
yeast biotechnology (adapted
and expanded from Walker
(1998)
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Table 1 Principal basidiomycetous yeast genera and species of biotechnological importance
Yeast species
Cryptococcus spp. (non-pathogenic)
Rhodotorula spp.
Rhodosporidium spp.
Trichosporon spp.
Xanthophyllomyces dendrorhous
Phaffia rhodozyma
These yeasts were chosen on the basis of their potential and realized
importance in industrial fermentations and biotechnological processes

Pharmaceuticals, Chiral
Chemical Intermediates,
Biotransformations
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Drug discovery, Drug
Resistance and Metabolism,
Elucidation of Disease
Mechanisms

and foods. Saccharomyces cerevisiae has contributed prominently to the worldwide advancement and sustainability of
human societies (Legras et al. 2007; Ulber and Soyez 2004).
The domestication of S. cerevisiae is considered a pivotal
event in human history and for advances in biotechnology.
The production of fermented beverages and foods occurred
in parallel with the onset of agriculture and provided nutrition and sustenance to humans (Legras et al. 2007; Ulber and
Soyez 2004). Historical evidence indicates that the availability of fermented beverages and foods was a motivation for
humans to settle in geographic areas and to become agriculturists. Settlement was a successful strategy to provide a
reliable and secure food supply compared to nomadic life
and provided social, economic, and health attributes for
human nourishment and development.
In contrast, the basidiomycetous yeasts have not commonly
been recognized to have historical beneficial roles in human
evolution and domestication. However, during the past five
decades to the present, basidiomycetous yeast species have
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Systems Biology Mechanisms

Protein Pharmaceuticals,
Enzymes, Hormones,
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been shown to have beneficial attributes, including the formation of secondary metabolites such as carotenoids and fragrances, aerobic catabolism of numerous natural and synthetic
compounds, formation of enzymes important in pharmaceutical production and biotransformations, and in important bioremediation processes and degradation of pollutants. Basidiomycetous yeasts are also involved in food spoilage and economic loss, especially the genera Cryptococcus and
Rhodotorula (Boekhout and Robert 2003; Querol and Fleet
2006; Tibor 2008). However, ascomycetous yeasts are much
more common spoilage organisms of foods (Boekhout and
Robert 2003; Querol and Fleet 2006; Tibor 2008).

Significance of basidiomycetous yeasts in biotechnology
Although most biologists are familiar with the importance of
ascomycetous yeasts, particularly S. cerevisiae, the Basidiomycetes form a unique group of fungi with several key features,
including the formation of a distinct sexual state characterized
by basidia and basidiospores (Fig. 2), a unique cell wall
composition, generally highly oxidative catabolic capabilities
with ability to degrade recalcitrant natural substrates and xenobiotics, and the ability of certain species to form brilliant
carotenoid pigments and aromas derived from primary metabolites (Boekhout et al. 2011; Kurtzman et al. 2011a, b).
The classification and general characteristics of the basidiomycetous yeasts have been expertly reviewed (Boekhout
et al. 2011; Kurtzman et al. 2011b; Scorzetti et al. 2002). All
yeasts are recognized as fungi that asexually reproduce by
budding or fission, resulting in growth that is comprised
mainly of single cells. Yeasts do not form their sexual states
within or upon a fruiting body. Basidiomycetous yeasts are
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Fig. 2 Characteristic
morphologies of anamorphic
and teleomorphic states of
basidiomycetous yeasts. Note
the unipolar budding in P.
rhodozyma with multiple bud
scars (a), the basidium with
multiple basidiospores in
Xanthophyllomyces
dendrorhous (b), and the
multipolar budding with
numerous bud scars around the
thallus in Saccharomyces
cerevisiae (c). Photographs
provided by Kyria BoundsMills, UC Davis, CA, USA and
Jack Fell, University of Miami

usually phylogenetically separate from the mushrooms and
other taxa that form complex fruiting bodies. The life cycle of
basidiomycetous yeasts include heterothallic and homothallic
systems, and the teleomorphic species form basidia. Molecular
phylogenenetic studies with the small subunit ribosomal
dRNA gene have revealed three main lineages: (1) Class
Urediniomycetes, (2) Class Ustilaginomycetes, and (3) Class
Hymenomycytes. A detailed description of the classification
basidomyetous yeasts is expertly reviewed (Boekhout et al.
2011; Kurtzman et al. 2011a, b).
The habitat of many basidiomycetous yeasts is the
phylloplane, and many species utilize refractory substrates, including pentoses such as xylose and arabinose, sugar alcohols,
and to a limited degree tannin and lignin components present in
lignocellulose, providing a means of biomass utilization (Table 2).
As residents of the phylloplane at high elevations, many of these
yeasts tolerate and likely degrade pollutants such as ozone and
volatile aromatic compounds, including aromatic substrates. By
virtue of their ecology and habitat, many basdiomycetous yeasts
produce valuable enzymes and end-products (Tables 3 and 4).
Many of these products enable protection against irradiation,
reactive oxygen species, and pollutants and allow these yeasts
to grow oxidatively on recalcitrant substrates. Basidiomycetous
yeasts are important in environmental remediation, including
metal absorption and probably radionuclide extraction from the
environment. Methods for isolation, characterization, and pathogenic potential of basidiomycetous yeasts have been described
(Cooper 2011; Hazen and Howell 2007; Kurtzman et al. 2011a;
Phaff 1990; Phaff et al. 1978).

Discovery of basidiomycetous yeasts
Basidiomycetous yeasts were not recognized as such until the
twentieeth century. The yeast pioneers Albert Jan Kluyver
(1888–1956) and Cornelius Bernardus (Kees) Van Niel (a
doctoral student of Kluyver) (1897–1985) from the renowned
Delft School of yeast biologists (Bennett and Phaff 1995;
Lachance 2003; Robertson 2003; Spath 1999; Theunissen
1996; van Niel 1949) initially observed the presence of
ballistoconidia in Sporobolomyces,which led to their hypotheses that this yeast is basidiomycetous (Boekhout et al. 2011;
Spath 1959; Van Niel and Kluyver 1927). Kluyver (with John
Louis Donker) is famous for the classic paper “Die Einheit in
der Biochimie” (“Unity in Biochemistry”) (Kluyver and
Donker 1926) and for the aphorism “From elephant to butyric
acid bacterium—it is all the same” (Kamp et al. 1959). His
aphorism was sufficiently widespread that in 1961 François
Jacob and Jacques Monod paraphrased it, without mentioning
Kluyver, as “as that old axiom ‘what is true for E. coli is also
true for elephants” to justify the genetic code's universality
(Monod and Jacob 1961). Kluyver devoted much of his work
to “Microbiology and Industry” (reviewed in Spath (1959)).
The definitive demonstration of yeasts with basidiomycetous
sexual reproduction was shown in Rhodotorula, leading to the
new teleomorph species Rhodosporidium (Banno 1963, 1967)
and subsequent discovery of sexual states in other yeast species
and strains such as Leucosporidium, Filobasidiella, and
Xanthophyllomyces (Fell et al. 1969, 1973, 2011; Kwon-Chung
1975). The teleomorphic states of basidiomycetous yeasts are

7566

Appl Microbiol Biotechnol (2013) 97:7563–7577

Table 2 Select recalcitrant carbon and nitrogen sources utilized by
many basidiomycetous yeasts (from Kurtzman et al. (2011))
L-Arabinose
D-Arabinose
Cadaverine
Cellobiose
Creatinine
Ethanol
Ferulic acid
Ethylamine
Galacticol
Gallic acid
Gentisic acid

Nitrite
Propane-1,2-diolribitol
Proteocatechuate
Salicin
Tartaric acid
Urea
Vanillic acid
Veratric acid
Xylitol
Hydrocarbons
Hexadecane

D-Glucuronate

P-Hydroxybenzoate
M-Hydroxybenzoate

fully described in Boekhout et al. (2011). Examples of the
basidiomycetous teleomorphic stage (Xanthophyllomyces

Table 3 Select enzymes from
basidiomycetous yeasts

dendrorhous) are illustrated in Fig. 2. Other than the human
pathogenic species, most of the basidiomycetous yeasts are in
the early stage of genetic manipulation, metabolic engineering,
and other disciplines important for biotechnology purposes.

Prominent basidiomycetous yeast genera and species
of medical and biotechnological importance
The primary basidiomycetous yeast genera important in biotechnology are designated in Table 1 and described in the
following sections.
X. dendrorhous (anamorph Phaffia rhodozyma)
Of the beneficial yeasts in biotechnology, X. dendrorhous
(anamorph P. rhodozyma) (Fell and Johnson 2011; Fell et al.
2011) has been studied by several research groups since it
produces the high-value carotenoid astaxanthin (e.g., Johnson
and An 1991; Johnson and Schroeder 1995; Marcoleta et al.

Enzyme

Yeast

Industry

Lipase
Reetz 2002; Waché et al. 2006

Pseudozyma antarctica
Trichosporon fermentum

L-Phenylalanine

Rhodotorula spp.
Rhodosporidium spp.
Cryptococcus laurentii
Sporobolomyces salmonicolor
Cryptococcus;
Glaciozyma;
Cystofilobasidium
Leucosporidium
Trichosporon spp.

Flavors
Degreasing
Bioremediation
Pharmaceutical

ammonia lyase
Quinn et al. 2011
Lactamase/racemase
Aldehyde reductase
Psychrophilic hydrolases
Birgisson et al. 2003
Buzzini et al. 2012
Flavoprotein monooxygenases
Crozier-Reabe and Moran 2012
Beta-glucosidase
Cytochrome P450s
Xylanase, cold-adapted
Petrescu et al. 2000; Gomez 2000
Glutaminase, salt stable
Satto et al.
Epoxide hydrolase
Botes et al. 2005
Xylanase, cutinase
Middelhoven 1997
Galacturonase, cold-adapted
Pfeiffer et al. 2004
Pectate lyase, cold-adapted
Margesin and Fell 2008

Trichosporon asahii
Various genera

Pharmaceutical
Pharmaceutical
Various

Bioremediation

Cryptococcus spp.

Flavors
Chemical syntheses,
biodegradations
Biodegradation

Cryptococcus spp.

Fod processing

Cryptococcus spp.

Pharmaceutical

Cryptococcus spp.

Biodegradation

Mrakiella

Biodegradation,
food processing
Biodegradation,
food processing

Mrakiella
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Table 4 Fermentation products
from basidiomycetous yeasts
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Yeast

Product

References

Xanthophyllomyces
dendrorhous Phaffia
rhodozyma
Xanthophyllomyces
dendrorhous
Rhodotorula spp.
Various basidiomycetous yeasts

Astaxanthin

Johnson 2003

Mucosporine–glutamicol–
glucoside
Torularhodin
Plectaniaxanthin

Kogej et al. 2006

Moniella spp.
Trichosporon fermentans
Crytococcus curvatus
Trichosporon fermentans
Rhodosporidium
Rhodosporidium toruloides
Rhodotorula

Erythritol
Lipids/oils
Lipids/oils

2011; Schmidt et al. 2011). Astaxanthin is one of the most
common carotenoids in the biosphere, particularly in marine
environments, and is produced by relatively few species of
bacteria, microalgae, and fungi (Aki et al. 2007; Bhosale and
Bernstein 2005; Chang et al. 2012; Johnson and Schroeder
1995; Schmidt et al. 2011). These organisms serve as the base
of a food chain for various macro-creatures that leads to attractive pigmentation of birds, such as the flamingo and scarlet ibis,
marine crustacea, including shrimp and lobsters, and fish,
particularly salmonids (Johnson et al. 1977; Johnson 2003;
Rajasingh et al. 2007). Since these animals cannot
biosynthesize astaxanthin, this pigment or appropriate precursors must be included in the animals' diets to achieve their
characteristic pigmentation and associated metabolic functions
such as protection against oxidative stress. Astaxanthin also has
beneficial health attributes for humans and has been deemed
beneficial for the prevention of degenerative syndromes such as
cancer and cardiovascular disease (Bertram and Vine 2005;
Fassett and Coombes 2012; Goswami et al. 2010; Hussein
et al. 2006; Mayne 1996; Miki 1991; Perera and Yen 2007;
Takuji et al. 2012; Yuan et al. 2011).
The astaxanthin pathway differs from the carotenoid pathways in other carotenogenic basidiomycetous yeasts such as
Rhodotorula and Cryptococcus. Both groups of yeast produce
acyclic and cyclic carotene hydrocarbons and then transform the
carotenes to oxygenated derivatives (xanthophylls). Rhodotorula
produces primarily torularhodin as its end-product, while
Xanthophyllomyces produces astaxanthin. The mechanism of
transformation of beta-carotene to all-trans astaxanthin with the
3R, 3R′ optical configuration posed an enigma for several years
(An et al. 1989). Based on metabolic properties related to oxidative metabolism, our laboratory first suggested in 1989 that
oxidative transformation occurred by cytochrome P450 activity
(An et al. 1989). Strong support for this was provided by
Hoffmann-La Roche (Hoshino et al. 2000), who transformed a
beta-carotene-accumulating mutant from our lab with a gene that

Frengova and Beshkova 2009
Bae et al. 1971; Madhour et al.
2005
Deng et al. 2012
Huang et al. 2012c
Papanikolaou and Aggelis 2011;
Ageitos et al. 2011
Ageitos et al. 2011
Ageitos et al. 2011
Ageitos et al. 2011

resulted in the formation of astaxanthin (Hoshino et al. 2000;
Ojima et al. 2006). Considerable work has supported that the
transformation to astaxanthin occurs by a unique cytochrome
P450 (e.g., Álvarez et al. 2007; Ojima et al. 2006). Astaxanthin
and certain other carotenoids are considered lead industrial compounds for industrial biotechnology (Kaur and Singh 2011). X.
dendrorhous has also been used as a source of carotenogenic
genes for expression in S. cerevisiae (Lange and Steinbüchel
2011).
Much effort has been devoted to generating mutant strains
of X. dendrorhous that produce high quantities of astaxanthin.
X. dendrorhous is unusual among basidiomycetous yeasts in
having the capability of fermenting glucose and certain other
sugars, and under these conditions pigmentation is considerably reduced (Johnson and Lewis 1980).Wild strains of X.
dendrorhous dendrorhous and P. rhodozyma strains produce
low quantities of astaxanthin (0.05–0.5 mg/g dry yeast). Industrial strains and processes have been reported for X.
dendrorhous strains that yield values of 4 to 15 mg
astaxanthin/g dry cell weight (DCW). The highest levels of
carotenoids based on fluorescence analysis have been estimated to be 15–20 mg/g DCW (An et al. 1991, 2000; Wegner
1983). X. dendrorhous has also been reported to reach very
high cell densities of ≥50 g DCW per liter in submerged
fermentations with sufficient mass transfer and oxygenation.
Due to its lipid nature, astaxanthin is located intracellularly
(An et al. 1989, 1991), and methods such as mechanical
cracking, enzyme and/or chemical treatment, or autolysis
would be needed to increase its industrial feasibility as a
pigment source. Therefore, a major challenge in the development of X. dendrorhous as an industrial organism is the release
of intracellular astaxanthin in order that it can be uptaken by
salmonids and other animals and humans (Johnson and An
1991; Seok-Keun et al. 2007).
In addition to the antioxidant astaxanthin, X. dendrorhous
synthesizes mycosporine–glutaminol–glucoside (MGG). The
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compound is unique among yeasts, while similar mycosporines
such as mucosporine–glutamicol–glucoside have also been
found in a few yeast species (Kogej et al. 2006). Mycosporines
and derivatives protect organisms against UV light and have
been considered to be “nature's sunscreens” (Bandanranayake
1998). Strains from UV-exposed habitats had higher quantities
of MGG, and its synthesis was also increased in media containing complex sources of nutrients by the shikimate pathway
(Libkind et al. 2004a,b). MGG and other mycosporines are
important in protecting basidiomycetous yeasts from getting
killed in strong UV environments such as in high-elevation
habitats or in marine and freshwaters (Fell 1976; Fell et al.
1973; Kutty and Philp 2008; Libkind et al. 2004a, b, 2010). In
high-elevation environments, source ozone that reacts with
plant compounds to form singlet oxygen (Kanofsky and Sima
1995), and carotenoids and other antioxidants thus probably
provide for yeast survival in the presence of pollutants such as
reactive oxygen species.
Xanthophyllomyces and certain other basidiomycetous
yeasts have been shown to produce killer toxins, whose functions are unknown but probably involve competition with
related yeasts (Baeza et al. 2012; Magliani et al. 1997). Killer
toxins could possibly help maintain mono-cultures in industrial
fermentations. The dsRNAs in X. dendrorhous strains were
recently found to be characteristic of Totiviruses (Baeza et al.
2012), similar to those present in S. cerevisiae (Schmitt and
Breinig 2006).
The industrial potential for X. dendrorhous and other basidiomycetous yeasts could be enhanced by the production of
more than one product of value. Methods have been proposed
for the production and extraction of astaxanthin and
fructofuranosidase from the yeast. The fructofuranosidase
has applications for the development of prebiotics for enhancing the colonization of benefical microbiota in infant humans
and animals (Fernandez et al. 2007; Linde et al. 2012; Polo
et al. 2010). Other basidiomycetous yeasts also produce
oligosaccharides for biotechnology applications (Kritzinger
et al. 2003; Torres et al. (2010).
Rhodotorula spp. and Rhodosporidium spp.
Rhodototorula spp. and its teleomorph Rhodosporidium
have long been known to produce the canonical yeast carotenoids, including beta-carotene, torulene, and torularhodin
(reviewed in Frengova and Beshkova (2009); Tefft et al.
1970). Moliné et al. (2010) showed that torularhodin and
other carotenoids protected Rhodotorula mucilaginosa from
light exposure. Torularhodin does not appear to have industrial value at this time, and instead the yeast has been extensively studied for total lipid production and for enzymes used
in pharmaceutical and chemical syntheses, particularly
epoxidases, D-amino acid oxidases, ammonia lyases, and
enzymes involved in the formation of lactones for flavorants
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(Aguedo et al. 2004; and Hagedorn and Kaphammer 1994)
(Tables 4 and 5) (Romero-Guido et al. 2011; Sacchi et al.
2012; Turner 2011). Rhodotorula spp. also have potential for
degradation of tannins and pectins in industrial waste
streams (Taskin 2013). Lignin and related compounds can
be used as a carbon source by some Rhodotorula spp.
(Hainal et al. 2012). These examples illustrate the abilities
of basidiomycetous yeasts to oxidatively bioconvert recalcitrant substrates (Table 6).
Considerable attention has been focused on the formation
of lipids and polysaccharides in this oleaginous group of
yeasts (Frengova et al. 2006; Leman 1997) (Table 5).
Rhodotorula is a lipid-accumulating yeast that has been considered for the production of single cell oils (Ageitos et al.
2011; Amaretti et al. 2010; Frengova et al. 1994; Louhasakul
and Cheirslip 2013). The yeast is able to grow on various
waste streams such as distillery wastewater and raw olive oil
wastewater for lipid production (Gonzalez-Garcia et al. 2013;
Karakaya et al. 2012; Louhasakul and Cheirslip 2013).
Sophorolipids and other surfactants have been shown to accumulate in Rhodotorula spp. under certain nutritional conditions (Csutak et al. 2012; Ribeiro et al. 2012).
Rhodotorula, Sporobolomyces, and other basidiomycetous yeast species have been considered for industrial production of ubiquinone Q (10) (Yurkov et al. 2008). Due to
their oxidative ability, Rhodotorula spp. are able to hydroxylate monoterpenes, including limonene and piperitine, as
well as cyclohexanes in soil (Pohl et al. 2011; Thanh et al.
2004; van Rensburg et al. 1997) (Table 6).
Rhodotorula spp. and certain other prominent basidiomycetous yeasts produce the enzyme phenylalanine ammonia
lyase (PAL) (El-Batal 2002; Orndorff et al. 1988; Quinn et al.
2011), which is useful in medicine and pharmacology for the
treatment of phenylketonuria. A direct one-step synthesis of
L-phenylalanine methyl ester was achieved in an organic–
aqueous biphasic system using PAL from R. glutinis (Quinn
et al. 2011). Rhodotorula has also been evaluated as a source
of D-amino acid oxidase (Pollegoni et al. 2008).
Rhodotorula spp. have been used for whole-cell-mediated
xanthone synthesis by means of oxidative intramolecular cyclization (Fromentin et al. 2012). Rhodotorula buffonii was
used for this process with a yield of 48 % compared to 19 and
17 % yields in the ascomycetous yeasts Candida pini and
Wickerhamomyces anomalus (Pichia anomala), respectively
(Rustoy et al. 2008). Rhodotorula minuta catalyzed an efficient biotransformation of dialkyl esters of 2-oxoglutaric acid
(Rustoy et al. 2008). Rhodotorula spp. and other basidiomycetous yeasts used limonene piperitine in soils (Thanh et al.
2004; van Rensburg et al. 1997). These examples provide
compelling evidence that enzymes from Rhodotorula spp.
and oxidative basidiomycetous yeasts have applicability in
the chemical and biotechnology industries (Pscheidt and
Glieder 2008) (Table 6).
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Table 5 Examples of enzymes
from basidiomycetous yeasts
used in biotransformation/biocatalytic processes in the pharmaceutical and fine chemicals
industries

Yeast enzyme or whole cell

Product

Reference

Lipase (Pseudozyma antarctica)
Rhodotorula spp.
Epoxide hydrolase (Rhodotorula glutinis)
Lipase (Pseudozyma antarctica), Hyphozyma
sp., Cryptococcus tsukubaensis
Lipase, reductase (Pseudozyma antarctica)

Ribavarin (antiviral)
Pharmaceutical intermediate
Melantonin receptor agonist
Tachykinin receptor agonists

Patel 2004, 2007
Patel 2004, 2007
Patel 2004, 2007
Patel 2004, 2007

Beta-blockers

Zelaszcyk and KiecKononowicz 2007

Rhodotorula and Rhodosporidium species have also been
evaluated as agents for control of postharvest diseases of
fruits and vegetables. In particular, these species showed
biocontrol activity against Botrytis cinerea rot on apples
and B. cinerea on the phylloplanes of beans and tomatoes
(Buck 2002; Castoria et al. 1997, 2005).
Trichosporon spp.
Trichosporon spp. are anamorphic basidiomycetous yeasts
that are widespread in nature and have been isolated from
soils, sediments, waste waters, sludge, wood pulp, and clinical
specimens (Kurtzman et al. 2011b). Industrial interest has
focused on the ability of the species to utilize a range of
substrates, particularly aromatic compounds, aliphatic lipids,
amines, and complex nitrogenous compounds, as sole sources
of carbon and energy, including uric acid, ethylamine, hydroxyproline, tyramine, and L-phenylamine (Godjevargova
et al. 2003; Krastonof et al. 2013; Middlehoven et al. 2004)
(Table 2). There has been industrial interest in the use of
Trichosporon cells or enzyme systems to metabolize pollutants and xenobiotics in bioremediation processes (Bergauer
et al. 2005; Gdjevargova 2003; Middlehoven 1993). Safety
evaluation of Trichosporon species for industrial uses is important since certain species have been associated with infections in humans, particularly in patients with underlying
immunodeficiencies (Diaz and Fell 2004).
Trichosporon has also been investigated as an oleaginous
yeast for lipid accumulation in waste streams such as
lignocellulose hydrolysates (Huang et al. 2012a). The
Table 6 Biotransformation of
recalcitrant chemicals, pollutants, and xenobiotics by basidiomycetous yeasts
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yeast was able to degrade microbial inhibitors such as furans
(Huang et al. 2012b). As is currently fashionable, it is one of
the many organisms considered for biodiesel formation
(Demirbas 2009). The economic utility of microbial systems
for biodiesel formation will depend on the molding of many
disciplines, including engineering, biochemistry, and microbiology, and is currently only viable for large-scale performance in most developed countries with oil-based energy
foundations through government subsidies.
Trichosporon mycotoxinivorans was found to degrade
ochratoxin in broiler serum and tissues (Hanif et al. 2012)
and also to act as a probiotic in production, possibly through
degradation of mycotoxins (García-Hernández et al. 2012).
Trichosporon also exhibited high tolerance for heavy metals
in wastewaters, thus providing a potential method of decontamination by cell absorption (Muñoz et al. 2012).
Pseudozyma (Candida) antarctica
Pseudozyma (Candida) antarctica is an anamorphic yeast of
basidiomycetous affinity. The yeast has attracted considerable industrial attention, primarily as a source of lipase
enzymes used in a number of industrial processes for food,
fine chemical, and pharmaceutical applications (Aehle 2004;
Blaser 2003; Houde et al. 2004; Sandoval 2012) (Table 5).
Pseudozyma has also been evaluated for biodiesel production (Demirbas 2009). Cryptococcus and Pseudozyma have
been shown to degrade plastic films and poly-lactic materials
(Masaki et al. 2005; Seo et al. 2007; Shinozaki et al. 2013b).
Pseudozyma has also been considered for the production of

Yeast

Compound transformed

References

Rhodotorula spp.

Monoterpenes, limonene
piperitine

Thanh et al. 2004
Van Rensburg et al. 1997

Cryptococcus spp.
Rhodotorula, Cryptococcus,
Xanthophyllomyces, Trichosporon;
other spp.
Rhodotorula spp.
Rhodotorula spp.
Rhodotorula spp.

Electron-poor alkenes, carvone
Various recalcitrant compounds

Goretti et al. 2009
Urlacher and Gurhard 2011;
Crenar and Petric 2011

Cyclohexanes
Betulin
Patulin

Pohl et al. 2011
Mao et al. 2012
Castoria et al. 2005
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native surfactant proteins (Arutchiva and Doble 2011;
Cameotra and Makkar 2004; Kaneko et al. 1976; Konishi
et al. 2008; Morita et al. 2007, 2012), antimycotics
(Shinozaki et al. 2013a; Mimee et al. 2005), itaconic acid
(Levinson et al. 2006), and heterologous proteins (Avis et al.
2005). Strains of Pseudozyma have been reported to degrade
plastics, polyurethanes, and related substances (Mendes et al.
2012) and for production of biodiesel from waste substrates
(Mendes et al. 2012). Isolate NRRL produced 30 g/l of
itaconic acid using glucose as a substrate in an aerobic
fermentation, while other strains were unable to accumulate
this product (Levinson et al. 2006). Finally, several publications indicate biocontrol activity of Pseudozyma spp. and
strains against rot fungi, possibly due to the synthesis of
inhibitory glycolipids (Kitamoto et al. 2009; Marchand et al.
2009; Teichmann et al. 2011). These examples show that
Pseudozyma has industrial potential for synthetic and catabolic
activities in various disciplines.
Sporobolomyces
Sporobolomyces spp. are oleaginous and provide potential
sources of microbial oils and biodiesel from carbohydrates
(Kaneko et al. 1976; Poli et al. 2010). Sporobolomyces
carnicolor accumulated intracellular lipids to 50 % of biomass from glucose, pentoses, and polysaccharides (Matsui
et al. 2012). The major fatty acids that accumulated were
distinct from those produced by Rhodotorula and the ascomycetous oleaginous yeasts Lipomyces and Yarrowia. Cryptococcus, Sporobolomyces, and Trichosporon have also been
studied by several investigators for the digestion of aromatics and other recalcitrant compounds (Abbott et al.
2013; Krallish et al. 2006; Middlehoven 1993; Middlehoven
et al. 1984, 2004). Sporobolomyces and other basidiomycetous yeasts, particularly those residing in the phylloplane,
have been recognized for pest resistance and degradation
of mycotoxins such as patulin and ochratoxin (Castoria
et al. 1997; 2003). Sporobolomyces has been proposed
for the removal of nitrate from wastewater (Sollai et al.
2012).
Cryptococcus
The genus Cryptococcus comprises a diverse species which
includes the pathogens Cryptococcus neoformans and Cryptococcus gatii. Due to their pathogenicity, Cryptococcus
(and Malassezia) are model organisms in the study of basidiomycetous yeasts (Boekhout et al. 2010; Heitman et al.
2011). Cryptococcus spp. have also been studied for numerous biotechnological applications, and genetic tools for tailoring this organism for industrial needs are advancing.
Certain species of Cryptococcus produce certain unique
carotenoids, including plectaniaxanthin (Bae et al. 1971).
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This xanthophyll has also been detected in other basidiomycetous yeasts, including Dioszegia zsoltii, and the pigment
alleviates stress to reactive oxygen species (Madhour et al.
2005). Cryptococcus spp. are able to transform electron-poor
alkenes such as carvone through enoate reductases and oxidative enzymes (Goretti et al. 2009). Cryptococcus spp. and
certain other basidiomycetous yeasts, including Mrakii spp.,
Glaciozyma spp., and Rhodotorula spp., produce enzymes
which are cold-adapted in marine and Arctic and Antarctic
environments (Brizzio et al. 2007; Edwards et al. 2013;
Hamada et al. 2010; Nakagawa et al. 2004; Singh and Singh
2012; Singh et al. 2013).
Several cryptococci have lipolytic activity, are oleaginous,
and have been proposed for the production of cocoa butter
equivalent, single-cell oil, and biodiesel (Davies 1988)
(Table 3). Certain species have been reported to utilize glycerol
and to accumulate up to 60 % of their biomass as
triacylglycerols (Meesters et al. 1996). Cryptococcus has also
been studied for the production of exopolysaccharides and
lipids (Pavlova et al. 2012).

Transgenic basidiomycetous yeasts
Transgenic organisms that possess and express genes from
other organisms have become a very important area of biotechnology. The majority of studies on heterologous expression of eukaryotic, including human, genes in yeasts have
focused on ascomycetous yeasts (Buzzini et al. 2005), particularly S. cerevisiae and Komagataella (Pichia) pastoris. Basidiomycetous yeasts may have advantages for the expression of
some human genes since basidiomycetes may have greater
phylogenetic relationships to humans (Baldauf and Palmer
1993). However, expression systems in basidiomycetous yeasts
are just beginning to be developed. In one example, X.
dendrorhous was transformed with the Cop6 gene originating
from the fungus Coprinus cinereus, and X. dendrorhous functionally expressed the gene and synthesized alpha-cuprenene
and astaxanthin, thus expanding its repertoire of terpenoid
products (Melillo et al. 2013). X. dendrorhous also expressed
pantalenene synthase from Streptomyces UC5319, resulting in
a shut-down of astaxanthin production and formation of
pentalenene by the yeast (Melillo et al. 2012). As genetic tools
and systems become developed, more products with biotechnological potential will be expressed in basidiomycetous yeasts.

Degradation of pollutants, xenobiotics, and roles
in bioremediation
Basidiomycetous fungi and yeasts have important roles in
the biotransformation and degradation of pollutants and xenobiotics, as well as in the bioremediation of minerals,
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metals, and radionuclides (Gadd 2007; Gadd and Raven
2010) (Table 6). This activity is thought mostly to be due
to the production of solubilizing acids within microbial consortia such as biofilms.
Non-pathogenic species of Cryptococcus and Trichosporon
are capable of degrading polysaccharides, phenolic compounds,
complex organic acids, and C2 hydrocarbons (Middelhoven
2006). Strains of Pseudozyma have been reported to degrade
plastics and related compounds (Osamai et al. 2004). Basidiomycetous yeasts were shown to degrade starch, pullulan, dextran,
xylan, polygalacturonate, galactomannan, and tannic acid
as sole carbon source. They were unable to grow on
cellulose, chitin, arabinogalactan, and xanthan gum.
Several basidiomycetous yeasts grow on phenolic compounds. Basidiomycetous yeast diversity varied in 54
different soils varieties under different management regimes, including species of Cryptococcus, Rhodotorula,
and Trichosporon (Yurkov et al. 2012). These results
indicate that basidiomycetous yeasts are involved in
the natural biodegradation of biomass and may have
potential for remediation of various industrial waste
streams.

Various basidiomycetous yeasts such as Cryptococcus are
able to withstand and concentrate high quantities of heavy
metals such as selenium (Golubev and Golubev 2002). Cryptococcus luteolus absorbed significant quantities of copper and
lead (Elinov et al. 1999). Magnetically modified Rhodotorula
glutinis effectively absorbed uranium in cultures and may have
utility in decreasing toxicity in uranium watewaters (Bai et al.
2012; Priest 2001). R. glutinis showed high tolerance to aluminum (Tani et al. 2010).
Due to the ability of various yeast species to grow on a wide
diversity of substrates, including aromatic molecules, alkanes,
compounds, amines, and other recalcitrant compounds, they
have the capacity for the transformation of deleterious compounds to innocuous derivatives. Many of the oxidative transformations in yeast and fungi are performed by cytochrome
(Urlacher and Girhard 2011), enzymes, and flavoprotein
monooxygenases (Crenar and Petric 2011; Crozier-Reabe
and Moran 2012; Kita et al. 1999; Lewis 2001; Pompon
et al. 2008; Schuler and Werck-Reichart 2003). Since many
basidiomycetous yeasts have strong oxidative metabolism,
they are able to degrade recalcitrant compounds and other
resistant chemicals. Phenolic degradation is carried out by

Table 7 Completed and ongoing genome sequencing projects for basidiomycetous yeasts (February 2013)
Completed projects
Cryptococcus gattii
Cryptococcus gattii
Cryptococcus neoformans var. grubii
Cryptococcus neoformans var. neoformans
Cryptococcus neoformans var. neoformans
Cryptosporodium parvum
Cryptosporodium parvum
Malassezia globosa
Malassezia restricta
Piriformospora indica

R265
WM276
H99
B-3501A
JEC21
Iowa II
CBS 7966
CBS 7877
DSM 11827

Rhodosporidium toruloides

MTCC 457

Rhodosporidium toruloides
Rhodotorula glutinis
Trichosporon asahii var. asahii

NP11
ATCC 204091
CBS 8904

Trichosporon asahii var. asahii

CBS 2479

Ongoing projects
Cryptococcus flavescens
Cryptococcus neoformans var. grubii
Cryptococcus neoformans var. grubii
Rhodotorula graminis
Xanthophyllomyces dendrorhous

OH182.9_3C
125.91
A1-35-8
WP1
MYA131

Data tabulated from NCBI genome database (http://www.ncbi.nlm.nih.gov/Genomes/)

Broad Institute
University of British Columbia
Broad Institute
Stanford University
TIGR
University of Minnesota
MRC Laboratory of Molecular Biology, UK
Procter & Gamble
Procter & Gamble
Institute of Bioinformatics and Systems Biology,
Hemholtz Zentrum Munchen, Germany
Institute of Microbial Technology (IMTECH)-CSIR,
Chandigarh
Dalian Institute of Chemical Physics
Mississippi State University
Beijing Military Command General Hospital of PLA,
China
Beijing Military Command General Hospital of PLA,
China
OSU/OARDC
Broad Institute
Broad Institute
DOE Joint Genome Institute
Universidad de Salamanca, Spain
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several yeasts, particularly basidiomycetous genera such as
Cryptococcus, Rhodotorula, and Trichosporon (Bergauer
et al. 2005; Mao et al. 2012; Margesin 2007; Middelhoven
2006; Middelhoven et al. 1991; Sampaio 1999). Several species of Candida and Trichosporon spp. are recognized to
efficiently transform halogenated compounds (Kurtz and Crow
1997). Polycyclic aromatic hydrocarbons from coastal sediments were degraded by species of Candida, Cryptococcus,
Rhodotorula, and Trichosporon (MacGillivray and Shiaris
1993). Recombinant yeasts expressing soybean cytochrome
P450 enhanced the metabolism of phenylurea herbicides
(Bernhardt 2006; Siminszky et al. 1999). It has been reported
that Pseudozyma jejuensis is capable of degrading certain
plastic wastes (Seo et al. 2007).
X. dendrorhous and P. rhodozyma have been reported to
degrade ochratoxin, a potent mycotoxin (Péteri et al. 2007).
Trichosporon spp. are capable of degrading ochratoxin A
and zearalenone (Molnar et al. 2004) in laboratory cultures.
The ability of yeasts to degrade mycotoxins has important
health implications since these toxicants occur in commodities, such as feeds, foods, and beverages, and are considered
as serious health hazards.
The presence of basidiomycetous yeasts, including species of Cryptococcus, Glaciozyma, Mrakii, and Rhodotorula,
on glaciers and other high-altitude and cold environments
contributes to the global carbon cycle (Anesio et al. 2009;
Margesin 2007; Margesin and Fell 2008; Singh and Singh
2012; Singh et al. 2013). Basidiomycetous yeasts in these
habitats likely contribute significantly to the degradation of
pollutants such as ozone.

Miscellaneous activities of basidiomycetous yeasts
Many of the potential industrial activities of basidiomycetous
yeasts are only beginning to be revealed. Acaryomyces isolated from mites has been reported to have biocontrol activity
(Boekhout et al. 2003). The species was found to reduce the
numbers of the two-spotted spider mite and also reduced the
growth of the phytophagous fungi Sclerotium sclerotiorum
and Sclerotium rolfsii (Gerson et al. 2005). Species of Meira
were isolated from a carmine spider on castor bean and may
have fungicidal activity (Boekhout et al. 2003).

Genomics of basidiomycetous yeasts
Genomic approaches in yeasts are increasingly being utilized
to elucidate the biological and industrial properties of yeasts.
Advances in genomics and systems biology are fundamentally transforming the field of toxicology, and the field of
toxicogenomics is under development (Waters and Fostel
2004).
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The availability and accessibility of genomes of various
yeast species is advancing rapidly and will impact the understanding of eukaryotic biology, human disease, as well as
advance the development of yeasts for industrial purposes
(Adrio and Demain 2003, Bennett and Arnold 2001, Stewart,
2006). Although many more genomes from ascomycetous
yeasts have been studied, momentum is increasing in the
sequencing and analysis of genomes of basidiomycetous
yeasts (Table 7). Currently, about 20 yeast genome projects
have been completed or are in development for basidiomycetous yeasts (Table 7). The increasing availability of genomics
has led to the initial stages of metabolic pathways with importance in medicine and biotechnology (Galagan et al. 2008;
Kozybowski et al. 2009; Morita et al. 2013). The important
focus in yeast genomics supports the high expectations of
yeasts for their utility in biotechnology.

Summary and perspectives
Basidiomycetous yeasts are evolutionarily distinct from the
ascomycetes and often have different roles in nature. They
commonly reside on the phylloplane at high altitudes, in
marine and freshwater environments and in cold habitats
such as Antarctica and within glaciers. Consequently, the
products best known for are cold-adapted enzymes and substances such as carotenoids and mycosporines that protect
against reactive oxygen species and intense light. Many
species have strong oxidative metabolism that enables the
bioremediation and degradation of chemicals, pollutants
such as aromatic compounds, plastics, and other recalcitrant
compounds and polymers. Since the basidiomycetous yeasts
were only definitively recognized and studied in the latter
half of the twentieth century, they are a group of organisms
that are largely unexplored for their biotechnological potential. As they continue to be characterized, it appears that they
provide a unique resource with considerable potential in
several areas of biotechnology.
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