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INTRODUCTION

Yeasts have been associated with mankind’s welfare 
for a long time. For millennia these unicellular 

fungi were cultivated by man as a source of food and 
drink. However, it was only some 140 years ago that 
Pasteur demonstrated that live yeast is essential for 
beer and wine fermentations (Pasteur, 1866; 1876). 
Since then, these organisms were also found to have 
biotechnological potential in the production of vitamins 
(Roman, 1957), fine chemicals (Botes et al., 2005; Miao 
et al., 2011), enzymes (Steyn & Pretorius, 1990), biofuel 
(Lynd et al., 2002) and even single-cell proteins (Du 
Preez, 1990; Roman, 1957). However, yeasts are not 
only important for industrial biotechnology, but these 
fungi also have potential uses in agriculture. Some yeasts 
were found to be beneficial for mycorrhizal interactions 
during which crop performance is enhanced (Fracchia 
et al., 2003), others inhibit growth of post harvest 
pathogens on damaged fruit (Chand-Goyal & Spotts, 
1997; Roberts, 1990), while a few species are currently 
being included in biological fertilisers that are claimed 
to enhance soil quality. However, yeasts may also be 
detrimental to mankind since a number of species may 
act as opportunistic pathogens of humans (Ikeda et al., 
2002; Lamagni et al., 2001). This phenomenon is of great 
importance to an ever-increasing immunocompromised 
human population suffering from HIV/Aids.

The extraordinary progress made in yeast biology may 
largely be ascribed to decades of studying the intrinsic 
characteristics of these organisms while growing in pure 
culture (Kurtzman & Fell, 1998; Lodder, 1971). Thus, 
during the last two hundred years yeast morphology, 
metabolism, as well as classical and molecular biology, 
was always at the frontiers of the biological sciences 
of the time. This review takes a closer look at the 
reasons for man’s fascination with this versatile group 
of organisms and focuses on one of the new frontiers in 
yeast biology, that of its ecology in natural environments. 
However, before we can explore this realm of science, 
we first need to obtain a better understanding of the 
general characteristics of these microscopic eukaryotes 
that have captured the imagination of so many biologists 
over the decades.

WHAT ARE YEASTS?

Yeasts belong to a polyphyletic group of fungi, some 
of which are able to form sexual spores within an 

ascus, typical of the Ascomycetes, or on a basidium, 
characteristic of the Basidiomycetes (Figure 1; Figure 
2; Kurtzman & Fell, 1998). However, these unicellular 
eukaryotes primarily proliferate via budding (Figure 3) 
or, in some cases, cell fission. This characteristic is seen 
as an adaptation to growth in aqueous environments, 
where yeasts may either reproduce while in suspension 
or within biofilms (Figure 4), attached to submersed 
surfaces (Branyik et al., 2004; Joubert et al., 2003; 
Lachance & Starmer, 1998).
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Figure 1: An illustration representing the ontogenic stages 
in the life cycle of the ascomycetous yeast Saccharomyces 
cerevisiae. Although this yeast may produce rudimentary 
pseudomycelia, it usually reproduces asexually via budding. 
Sexual reproduction occurs via the formation of a sac-like 
ascus containing the haploid meiospores, called ascospores. 
Usually, these ascospores are dispersed via watery currents 
or insects to colonise fresh substrates. 
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Figure 3: Photomicrograph of a budding 
yeast cells representing the opportunistic 
human pathogen, Candida albicans. 
Bar = 10 μm   (Photo: Marnel Mouton). 

Figure 4: An illustration showing yeasts growing in an
 extracellular polymeric matrix of a biofilm that is being 
grazed upon by ciliates. The ciliates may prey upon planktonic 
yeasts released from the biofilm, as well as graze upon the 
acellular biofilm matrix. Biofilm formation is a known mecha-
nism whereby microbes sequester and concentrate nutrients 
while growing in low nutrient watery environments, which 
occur in many natural habitats such as soils, wetlands and 
oceans (Decho, 1990). 

Figure 2: An illustration representing the ontogenic stages 
in the life cycle of the basidiomycetous yeast Filobasidium 
neoformans (anamorph; Cryptococcus neoformans). 
This yeast produces a distinctly filamentous ontogenetic 
stage follow ing conjugation between two different mating 
types. The filamentous stage gives rise to the sexual fruiting 
structures called basidia, on which the haploid meiospores 
called basi dio spores are produced. Usually, these basidio-
spores are dispersed via air currents to colonise fresh 
substrates. 



It is estimated that fungi, including yeasts, have existed 
on earth for a long time. Molecular evidence exists 
that the fungal lineage diverged from that of animals 
approximately one billion years ago, while nucleic acid 
variation and fungal fossil records suggest that the split 
between the Ascomycete and Basidiomycete lineages 
occurred approximately 400 million years ago (Taylor 
& Berbee, 2006). This event occurred long after the 
emergence of photosynthesis and coincided roughly 
with the period associated with the fossil records of the 
earliest land plants. Although it was hypothesised by some 
scientists that the first fungi were unicellular, molecular 
data also indicated that the emergence of the present yeast 
lineages occurred relatively recently (James et al., 2006). 
Fossil records of fungal yeast stages were uncovered in 
amber that range in age from 15 to 100 million years 

(Rikkinen & Poinar, 2001, 2002; Schmidt et al., 2008; 
Veiga-Crespo, 2004). At present, these unicellular fungi, 
representing a wide diversity of unrelated taxa, occur in 
many different habitats (Rosa & Péter, 2006). Although 
these fungi may notably differ regarding the morphology 
of their sexual stages, nutrient utilisation profiles, oxygen 
and temperature requirements, as well as the ability to 
withstand detrimental compounds in their environment, 
they all are characterised by a unicellular vegetative 
growth stage containing a ridged permeable cell wall 
able to accumulate heavy metals (Brady & Duncan, 1994; 
Kurtzman & Fell, 1998). The above therefore indicates 
that through the course of time, the yeast form proved 
to be successful in the presence of many other extinct 
and extant organisms.  
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a Ability of species to ferment carbohydrates according to Kurtzman and Fell (1998); + = able to ferment at least 
glucose, - = unable to ferment carbohydrates.
b Ability of species to aerobically assimilate carbohydrates according to Kurtzman and Fell (1998); xyl = D-xylose, 
L-arabinose, cel = cellobiose, + = able to assimilate, - = unable to assimilate, v = some strains unable to assimilate.
c Ability of species to aerobically assimilate aromatic compounds; Phb = p-hydroxybenzoic acid, Van = vanillic acid, 
Fer = ferulic acid, + = able to assimilate, - = unable to assimilate, v = some strains unable to assimilate,  nd = not 
determined.

Table 1: The most abun-
dant soil yeast species are 
able to aerobically assimilate 
the degradation products of 
lignocellulosic compounds 
originating from plants (Botha 
et al., 2006). These com-
pounds include carbohydrates 
such as L-arabinose, D-xylose 
and cellobiose, as well as 
aromatic compounds such as 
ferulic acid, p-hydroxybenzoic 
acid, and vanillic acid. In 
some cases carbohydrates 
may also be fermented by 
these yeasts.”



The cornerstone of survival: adaptable physiology 
Pivotal to the survival of yeasts in the natural en-
vironment is the ability of these heterotrophs to 
utilise a wide diversity of carbon and nitrogen sources 
at temperatures ranging from about 4 °C to 40 °C 
(Kurtzman & Fell, 1998). For example, the majority 
of soil yeasts discovered so far are saprotrophs able 
to utilise organic carbon compounds associated with 
plants (Table 1; Botha, 2006; Kurtzman & Fell, 1998). 
Depending on temperature, redox potential, water acti-
vity and nutrient source availability, some yeasts have 
the ability to ferment carbohydrates, whereas others are 
able to respire both carbohydrates and non-fermentable 
organic compounds. In soils these compounds mostly 
originate from plant litter (Hättenschwiler et al., 2005) 
including fruit (Phaff et al., 1966) and root exudates 
(De Ruiter et al., 1998). While some physiological cha -
racteristics are being used to delineate yeast spe cies, many 
yeast species show intraspecific diversity when comparing 
certain physiological traits, such as assimilation of specific 
carbon or nitrogen sources. The latter emphasises the 
adaptability of these unicellular eukaryotes.

The adaptability of yeasts may be brought about 
by a number of genetic mechanisms, such as genetic 
recombination occurring during sexual reproduction 
(Evans, 1990; Spencer & Spencer, 1997). However, 
asexual chromosomal instability and chromosomal alte-
rations were also found to affect physiological func tions 
in yeasts (Rustchenko et al., 1994; Rustchenko et al., 
1997). For example, when 100 spontaneous mu tants 
of a single Candida albicans strain were tested for their 
ability to utilise 21 carbon and three nitrogen sources 
at three different temperatures, it was found that the 
nutrient utilisation profiles of the mutants differed 
significantly from those of the parent strain (Rustchenko 
et al., 1997). In addition to such spontaneous chromo-
somal alterations, it was demonstrated that the para-
sexual cycle, characteristic of C. albicans during con-
jugation, is less stable than meiosis (Forsche et al., 
2008). A similar mechanism that plays a significant role 
in Candida albicans’ asexual method of adaptation is non-
disjunction (Perepnikhatka et al., 1999). Negative and 
positive regulators control beneficial genes, and are in 
turn controlled by changes in chromosome numbers. It 
would seem, therefore, that yeasts may utilise several 
mechanisms through which genetic diversity is increased 
to cope with changing environmental conditions. How-
ever, the survival and growth of a yeast strain in its 
natural environment seems to depend not only on the 
intrinsic abilities of the particular strain to maintain 
itself within its habitat (Botha, 2006), but also on other 

factors, such as interactions with other living members 
in the ecosystem.

Interactions with others improve survival
A substantial body of evidence exists indicating that, 
within their natural habitat, yeasts may intimately 
coexist with a wide diversity of organisms (Botha, 2006; 
2011). These symbioses that are briefly discussed in 
the following paragraphs are essential to yeast survival, 
since such interactions may be employed to overcome 
nutrient limitation, disperse the progeny and even evade 
predation.

Amensalism
It is known among plant pathologists that when the 
basidiomycetous yeast Cryptococcus laurentii is applied 
onto fruit, it may reduce the effect of postharvest patho-
gens, such as filamentous fungi growing on wounded 
fruit (Chand-Goyal & Spotts, 1997; Roberts, 1990). 
While some researchers ascribed this antagonistic effect 
to competition for nutrients, others stated that an 
amensalistic relationship may exist between some yeasts 
and filamentous fungi (Fredlund et al., 2002; Masih & Paul, 
2002; Roberts, 1990). Amensalism, based on chemical 
interference, may include the production of enzymes, 
such as glucanases that hydrolyse the cell walls of 
competing fungi. Amensalism may also occur as a result 
of killer activity, where the yeast produces extracellular 
glycolipids or glycoproteins with fungicidal or fungistatic 
activity (Golubev, 2006). Yeast killer activity was first 
studied to understand problems encountered during 
beer and wine fermentations (Young, 1987). Later, it 
was also studied to find potential organic methods to 
control plant pathogens (Roberts, 1990), and to be used 
against medically important Candida species (Vadkertiova 
& Sláviková, 2007).

Competition 

It has been known since the beginnings of modern 
microbiology (Chung & Ferris, 1996) that microbes, 
including yeasts (Van der Walt, 1971), can be isolated 
from different habitats by using enrichment cultures. 
These methods are based on the principle that specific 
microbes or yeast species within a diverse microbial 
com munity are enriched for when growth conditions, 
such as an utilizable nutrient source, are favourable to 
them. The same principle applies when a nutrient such 
as a potential carbon source is added to the ecosystem, 
either on purpose or unintentionally as a pollutant. 
For example, Candida tropicalis emerged as a dominant 
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n-alkane utilising microbe when soil microcosms con-
taining inocula from petroleum-contaminated soil were 
treated with an n-alkane mixture (Schmitz et al., 2000). 

Microbes not only compete for carbon or nitrogen 
sources, but competition for ferric iron, mediated by 
microbial siderophore production, is quite common in 
the microbial world. Siderophores are iron-chelating 
compounds, of low molecular weight (500–1000 daltons), 
that are produced by many different microbes to acquire 
iron from the environment (Neilands, 1981). Yeasts are 
no exception. It was found, for example, that Rhodotorula 
glutininis, a yeast isolated from plants and soil, produces a 
siderophore called rhodotorulic acid, which sequesters 
ferric iron. Consequently, conidial germination of 
moulds occurring in the same habitat, such as Penicillium 
expansum and Botrytis cinerea, may be inhibited by the 
iron-chelating activity of rhodotorulic acid (Calvente et 
al., 1999; Sansone et al., 2005). Similarly, Metschnikowia 
pulcherrima (anamorph: Candida pulcherrima), a yeast 
isolated from soil and the rhizosphere, and studied 
since 1918 for its iron-binding pigment (Kluyver et al., 
1953; Kvasnikov et al., 1975; Vadkertiova & Sláviková, 
2007), inhibits growth of a wide diversity of microbes 
by producing pulcherriminic acid, which complexes 
iron and renders it unavailable for the yeast’s microbial 
competitors (Sipiczki, 2006).

Predation 

Within microbial ecosystems, predators feeding 
on primary saprotrophs, such as bacteria, prevent 
accumulation of microbial biomass and ensure the 
transfer of the sequestered nutrients into living biomass 
through subsequent trophic levels (Adl & Gupta, 2006). 
Similarly, in natural habitats yeasts are preyed upon by a 
number of other organisms, including micro-arthropods, 
nematodes, and protista (Bardgett & Griffiths, 1997). The 
millipede Pachyiulus flavipes (Byzov et al., 1998), as well 
as the collembolans Protaphorura armata and Vertagopus 
pseudocinereus, are known to consume a wide diversity 
of yeast species (Men’ko et al., 2006). Interestingly, 
such grazing may not necessarily lead to consumption 
of yeast biomass. Grazing upon yeasts by Drosophila 
may also aid in yeast dispersal, since it was found that 
ascospores of S. cerevisiae may survive passage through 
the gut of Drosophila melanogaster (Coluccio et al., 2008). 
Similarly, grazing by protista may not always result in the 
consumption of yeast cells. For example, when biofilms 
of the soil yeasts Cryptococcus laurentii and Cryptococcus 
podzolicus were exposed to ciliates, the ciliates preferred 
grazing on the noncellular biofilm matrix instead of 
the yeasts (Figure 4; Joubert et al., 2006). Using 
fluoromicroscopy and photometric quantification, it 

was demonstrated that protistan grazing enhanced yeast 
metabolism in biofilms, whereas biofilm biomass and 
viability increased simultaneously. 

The predators of yeasts may not always be larger 
than their prey, since bacteria may also act as predators 
of yeasts. It was found that a number of Gram-positive 
bacteria cause lysis of S. cerevisiae (Goto-Yamamoto et 
al., 1993). Similarly, extracellular enzymes that cause lysis 
of a wide diversity of ascomycetous and basidiomycetous 
yeast species are produced by Myxobacteria (Yamanaka 
et al., 1993). These bacteria are Gram-negative soil bac-
teria characterised by gliding motility and the formation 
of thin film-like swarms while moving on solid surfaces in 
search of prey (Reichenbach, 1999).

Antagonism against predators 
An interesting phenomenon is that a yeast may some-
times exert a lethal effect on its predator. For example, 
it was found that when the soil nematode Caenorhabditis 
elegans ingests the opportunistic human pathogen, 
Cryptococcus neoformans, the yeast causes distention 
of the nematode’s intestine (Mylonakis et al., 2002). 
Capsule formation, as well as a range of other virulence 
factors, was found to play a role in the killing of the 
nematode. This yeast may also exert an antagonistic 
effect on other predators when phagocytosed by them. 
Studies indicated that the capsule of C. neoformans may 
act as a virulence factor against the protist Acanthamoeba 
castellanii and the slime mold Dictyostelium discoideum 
(Fuchs & Mylonakis, 2006). Consequently, it was stated 
that the virulence this opportunistic pathogen exerts on 
man may originally have evolved by the yeast to ensure 
its survival in the natural environment in the face of many 
microbial predators (Mylonakis et al., 2002). However, 
yeasts do have some allies that help them to survive in 
the presence of many dangers in the natural world.

Beneficial interactions with plants
Plants are known to be the best allies of yeasts in the 
natural environment. As previously highlighted in this 
review, yeasts are saprotrophs able to utilise many 
organic compounds originating from plants. 

Roots
In soil the majority of yeasts occur on plant roots and 
in the narrow zone surrounding these roots, i.e. the 
rhizosphere (Moawad et al., 1986). As a result of root 
metabolism, the chemical characteristics of the soil in the 
rhizosphere, for instance pH, redox potential, as well as 
the profile of organic compounds, may differ from that 
of the bulk soil away from the roots (Huang & Germida, 
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2002; Lynch 1990). The clustering of yeasts and other 
soil microbes around the roots may be ascribed to the 
fact that up to 40% of the photosynthate of plants is 
released via the rhizosphere into the surrounding soil 
as potential nutrients for the soil microbial community. 
These root exudates may include amino acids, carbohy-
drates, organic acids and phenolic compounds (Bertin 
et al., 2003; Botha, 2006). In turn, the soil microbial 
community holds many benefits to plants. The inter-
actions occurring within the roots and in the rhizosphere 
have subsequently been studied in depth, since these 
are of great importance to crop production (Sen, 
2003). It was found that mutualistic symbioses between 
mycorrhizal fungi and plant roots may facilitate uptake 
of up to 80% of the phosphorus and 25% of the nitrogen 
requirements of the host plant (Marschner & Dell, 1994).

Since many different yeasts are known to occur in 
the rhizosphere (Botha, 2006; Zachow et al., 2009), 
interactions between mycorrhizal fungi and soil yeasts 
are inevitable, and a number of studies were conducted 
to investigate these interactions. It was found that 
inoculation of legumes with S. cerevisiae increases nodu-
lation as well as arbuscular mycorrhizal (AM) fungal 
colonization (Singh et al., 1991). Also, hyphal growth of 
the AM fungus Glomus intraradices colonising cucumber 
roots was enhanced by the presence of baker’s yeast 
(Ravnskov et al., 1999), but phosphorus uptake by the 
AM fungus was unaffected by the yeast. A co-inoculum 
consisting of the ascomycetous yeast Yarrowia lipolytica 
and an AM fungus, Glomus deserticola, resulted in higher 

levels of mycorrhizal-root colonisation of tomato 
plants, compared to plants receiving only the AM fungus 
(Vassilev et al., 2001). 

Soil yeasts are also capable of directly enhancing plant 
growth. However, the mechanism by which growth is 
increased may differ depending on the yeast species 
involved. Yarrowia lipolytica enhances plant growth as a 
result of its ability to solubilise rock phosphate, thereby 
increasing the acquisition of plant phosphorus (Medina 
et al., 2004). Other yeasts, however, may enhance root 
growth via the production of plant growth regulators 
(Cloete et al., 2009; El-Tarabily & Sivasithamparam, 
2006). The latter compounds may include molecules 
such as indole-3-acetic acid, indole-3-pyruvic acid, 
gibberellins and polyamines. Interestingly enough, it was 
found that similar to AM fungi, soil yeasts may be able 
to increase phosphorus, as well as iron uptake, and are 
able to positively affect photosynthetic resource-use 
efficiency of the plant (Figure 5; Cloete et al., 2010a, 
2010b).

In addition to the mutually beneficial interactions 
between yeasts and plant roots described above, 
some soil yeasts are antagonistic towards the growth 
of fungal root pathogens, thereby increasing plant 
health. For example, it has been demonstrated that 
Candida glabrata, Candida maltosa, Rhodotorula rubra 
and Trichosporon cutaneum reduce the incidence of late 
wilt disease of maize caused by Cephalosporium maydis 
(El-Mehalawy et al., 2004). Similarly, yeasts such as 
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Figure 5: . Photomicrograph 
of a colony of the soil yeast 
Cryptococcus laurentii growing 
on the root surface of a well-
known Fynbos plant, named 
buchu (Agathosma betulina 
[Berg.] Pillans). It was found 
that this yeast increases root 
growth, as well as the concen-
tration of nutrients such as 
phosphorous and iron in the 
roots. In addition, compared to 
control plants not inoculated 
with the yeasts, the presence 
of the yeasts on the roots re-
sulted in higher photosynthetic 
resource-use efficiencies for wa-
ter, nitrogen and phosphorous 
(Cloete et al., 2009, 2010a, 
2010b) Bar = 10 μm                   
                   (Photo: Karen Cloete).         



Candida valida, Rhodotorula glutinis and Trichosporon asahi 
protected sugar beet against Rhizoctonia solani diseases 
during glasshouse trails (El-Tarabily, 2006). However, 
the mechanism of this antagonistic effect seems to differ 
among yeast species. The antagonistic effect of C. valida 
was ascribed to b-1,3-glucanase activity, that of R. glutinis 
to the production of inhibitory volatiles, while T. asahii 
seems to be antagonistic as a result of the production 
of diffusible antifungal metabolites. It was found that 
these three yeasts act synergistically on disease 
suppression and that they enhance plant growth, through 
the production of indole-3-acetic acid and gibberellic 
acid.

Bark, stem, twigs and leafs 
Yeasts are not only associated with plant roots, but 
together with other microbes these unicellular fungi 
are known to occur as epiphytes on the phyloplane and 
endophytes within the plant (Fonseca and Ináco, 2006; 
Gai et al., 2009). Although much is still to be learnt 
from the role of yeasts in these habitats, a number of 
ecological studies of yeasts associated with the above-
ground organs of plants produced some significant 
results.   

Some of the studies conducted in our own laboratory 
revealed that yeasts, within a syntrophic relationship 
with filamentous lignocellulolytic fungi, may grow on the 
woody phyloplane of trees (Van Heerden et al., 2011). 
In this symbiosis, the filamentous fungus produces 
extracellular wood-degrading enzymes and the yeast 
utilises the simple degradation products resulting from 
the action of the enzymes. In another study it was 
found that the pathogenic yeast C. neoformans is able 
to grow on wood by itself, since it possesses the 
necessary genes and enzymes systems (Botes et al., 
2009).

Fermenting the sugars from plants
By far the most studied interactions of plant-associated 
yeasts are the microbial interactions occurring during 
malting in beer production (Flannigan, 1996; Laitila et al., 
2006), as well as the interactions occurring on the grape 
surface and the fermentation process once the grape 
is crushed during wine production (Jolly et al., 2003a, 
2003b; Pasteur, 1866; Pretorius et al., 1999).

In essence, this fermentation process represents a 
series of consecutive, but overlapping fermentations of 
different yeast and bacterial populations (Pretorius et al., 
1999). The metabolic products of each of these microbial 
populations, starting with the apiculate ascomycetous 

yeasts and other “wild yeasts” dominating the yeast 
populations on the grape’s surface, the lactic acid 
bacteria, as well S. cerevisiae populations dominating the 
later stages of the fermentation process, all contribute 
to the unique flavour of wine. 

Yeast fermentations not only contribute to the 
well-being of man, but also to that of other organisms. 
Recently, it was found that nectar yeasts warm the flowers 
of a winter-blooming herb Helleborus foetidus that occur in 
Europe (Herrera & Pozo, 2010). Thus, it was suggested 
that whilst the yeast populations within the nectar 
utilises the sugars provided by the plant, their metabolic 
activity warms the flowers, resulting in enhanced plant 
reproduction through mechanisms such as increased polli -
nator visitation, pollen germination, pollen tube growth, 
fertilisation success, fruit development and seed size. 

From the above it is evident that the ability of 
yeasts to adapt to their physico-chemical and biological 
environment has ensured their evolutionary success 
in many natural and man-made environments. The 
most obvious of these being bakeries, breweries and 
wineries. One may even argue that man’s interest in 
eukaryotic biology, and suitability of yeasts to act as 
experimental subjects, may contribute to the survival 
of these organisms, especially the alcohol-producing 
ascomy cetous yeasts, for many years to come, at least 
for as long as man is there to study and care for these 
“domesticated” organisms. However, man’s presence 
also resulted in the unintended proliferation of some 
other yeasts, with more sinister consequences.    

YEASTS AS BIOLOGICAL     

POLLUTANTS

Many examples exist where anthropogenic activities 
have caused extensive unimpeded proliferation 

of harmful organisms in new habitats. Such biological 
pollution was well studied by plant pathologists aiming 
to curb the spread of diseases and pests among crops 
(Britton, 2004). Recently, the effects of biological and 
chemical pollution on mammals were studied in relation 
to a colony of harbour seals subjected to sewage 
pollution (Mos et al., 2006). However, one could argue 
that the pathogens in sewage may not be true biological 
pollutants since they are unable to proliferate without a 
suitable host. Nevertheless, some opportunistic patho-
gens may be able to proliferate in the environment, from 
where they are able to infect susceptible hosts. It is 
known that the fungal domain contains a number of such 
opportunistic pathogens (De Hoog et al., 2000). 
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Research conducted in our laboratory indicated that 
C. albicans is able to grow in polluted rivers away from its 
mammalian host, the latter long thought to be the natural 
habitat of this notorious opportunistic fungal pathogen 
(Stone, unpublished results). During these experiments, 
the fate of C. albicans strains were monitored in pot 
cultures prepared with mud and plants originating from 
wetlands. In addition, the fate of this yeast was monitored 
in rivers using both classical and molecular identification 
methods. The findings point to the potential establishment 
of clinical strains of C. albicans, originating from HIV/
Aids-infected individuals, in South African river systems. 
The possibility of a similar phenomenon regarding 
Cryptococcus neoformans is also being studied. During 
the past decade this basidiomycetous yeast emerged as 
a notable opportunistic pathogen among South Africans 
(Govender, 2008). It causes cryptococcosis in humans, 
especially in immuno-compromised patients (Casadevall 
& Perfect, 1998; Kwon-Chung, 1998). Cryptococcosis 
is especially relevant to South Africa, given the large 
population of HIV positive individuals in this country. 
Susceptible individuals probably obtain the disease via 
infection with airborne basidiospores or desiccated 
cells originating from the environment, including avian 
droppings, soil and vegetative debris such as decaying 
wood (Ellis & Pfeiffer, 1990; Feldmesser et al., 2001; Hull 
and Heitman, 2002; Sorrell & Ellis, 1997).

It is now well established that the majority of 
cryptococcal meningitis among sufferers from HIV/
Aids are being attributed to C. neoformans variety grubii 
(Kwon-Chung & Bennett, 1984; Mitchell & Perfect, 1995). 
Infections caused by C. neoformans var. neoformans or 
Cryptococcus gattii are rarely observed among the South 
African population (Govender, 2008). Cryptococcus gattii 
occurs predominantly in subtropical areas. However, 
recently it has been recognised that it also occurs in 
temperate and Mediterranean climatic zones in Europe 
(Bovers et al., 2008). It has been suggested that the 
large-scale colonisation reported in these climatic zones 
could reflect a change in the distribution of C. gattii as 
a result of global warming, a favourable microclimate 
in the colonised area (Kidd et al., 2004), as well as 
anthropogenic dispersal of the pathogen (Kidd et al., 
2007). Our own research revealed the presence of 
both C. neoformans variety grubii and Cryptococcus gattii 
on decaying tree stumps in recreational areas in South 
Africa. Moreover, we could not detect these pathogens 
in pristine forests and also found that these pathogenic 
cryptococci are able to grow, mate and produce potential 
infectious basidiospores on wood alone (Botes et al., 
2009). Given the above, these pathogenic cryptococci 

may also be considered biological pollutants, able to 
invade and occupy new geographical areas as a result 
of anthropogenic activities. Research to understand 
and curb the spread of pathogenic yeasts is therefore 
important to maintain public health. Typically, a first step 
towards reaching such a goal would be to determine 
which environmental variables affect the numbers of 
these yeasts in their natural environment. 

CURRENT AND FUTURE RESEARCH 

IN YEAST BIOLOGY

As is evident from the many studies on yeast 
interactions mentioned in this review, yeasts are 

being studied as potential agents for the biological control 
of plant pathogens that are important to agriculture. This 
is imperative where environmentally friendly methods 
in crop protection are being considered as alternatives 
to toxic synthetic fungicides. An exciting new field of 
research is the use of yeasts as biofertilisers (Eman et 
al., 2008; Gomaa and Mohamed, 2007; Mohamed and 
Gomaa, 2005). Fertilisers consisting of yeasts, organic 
and inorganic components are already commercially 
availa ble, with claims that some of the products are 
capable of re-establishing the sustainability of ecosystems, 
as well as enhancing the productivity of farmland for 
various crops (Pang et al., 2003; Zhang, 2002). Since 
it is known that different yeast species exert different 
levels of enhancement on mycorrhizal colonisation 
and root growth (Gollner et al., 2006; Sampedro et al., 
2004), the challenge will be to develop compatible yeast/
crop combinations to be used in sustainable agriculture. 
It is envisaged that such research in enhanced crop 
performance will include studies in plant physiology as 
well as yeast molecular biology. 

From current literature it is evident that research on 
the classical and molecular biology of biotechnologically 
important yeasts, such as the ascomycetous alcohol-
producing yeasts, will continue as long as man is able 
to consume and enjoy the products of these ancient 
organisms. It is also foreseeable that most of the research 
in yeast biology will be on industrially important yeasts, 
with applications in the bakery, beer, biofuel and wine 
industries.  

The interactions of medically important yeasts, such 
as the pathogenic cryptococci and Candida species, with 
man and antifungal drugs will continue to be investigated. 
It is also envisaged that the virulence factors of these 
yeasts will remain an active study field in future. It should 
be noted that most of the research entails studies of 
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binary interactions under controlled conditions within 
a laboratory. Studying the fate of medically important 
yeasts outside the laboratory in the natural environment 
would require a paradigm shift.

Correlating yeast population sizes with 

environmental variables
In contrast to studying microbial pure cultures in a 
laboratory, investigations into the fate of microbial 
populations in the natural environment are much more 
complex. In nature, a plethora of interactions affect the 
survival of microbes, including that of yeasts (Botha, 
2006). Thus, to obtain an indication of factors affecting 
the survival of a particular yeast species within an 
ecosystem, a shotgun approach may be used to correlate 
a series of physico-chemical environmental variables 
with yeast numbers (Cornelissen et al., 2003; Vreulink 
et al., 2007, 2010). Correlations that are being observed 
between environmental variables and yeast numbers 
could also be as a result of complex interactions within 
the ecosystem. 

Correlations between the numbers of a particular 
yeast species and that of other organisms are more 
challenging to obtain than correlations between the 
numbers of a yeast and physico-chemical variables, for 
instance moisture content, nutrient concentrations and 
temperature. The main reason for this is that technology 
for quantitative chemical analyses used on a routine basis 
for soil, plant nutrient and pollutant analyses is more 
established than techniques to determine concentrations 
of genomes from different species sharing the same 
habitat. New technological advances in the field of rDNA 
sequence analyses of total community DNA (Gomes et 
al., 2007; Hunt et al., 2004; Lim et al., 2010; Zachow et 
al., 2009) show much potential to be used in the ecology 

of yeasts. However, these studies should be conducted 
taking into account the limitations of modern molecular 
analyses (Ellis et al., 2003; Gomez-Alvarez et al., 2009; 
Spiegelman et al., 2005), including the bias of screening 
only for selected taxonomic informative gene sequences. 
Also, it was demonstrated that within an ecosystem 
the functional diversity among microbes may outweigh 
the diversity among taxonomic entities (Dinsdale et 
al., 2008). Future studies on the survival of pathogenic 
yeast populations in natural environments should also 
be aimed at finding correlations between yeast numbers 
and the abundance of different functional genes in the 
metagenome. As a result, finding explanations for the 
survival and growth of a particular yeast species in 
nature suddenly becomes very complex.

CONCLUSION
To adequately explain the growth and the effects of a 
yeast colony on decaying wood, on root surfaces and 
riverbeds, or in the ocean, the complex interactions 
of physical, chemical and biological factors should be 
considered. Whether this is possible using current 
scientific thought based on reductionism remains to 
be seen. Alternatively, the answer may be to search 
for evidence of ontological emergence (Silberstein & 
McGeever, 1999) to explain the success of a particular 
yeast species in its natural habitat. This type of scientific 
thought, however, is not generally accepted in biology 
as yet.

Despite the complexities associated with yeast 
ecology, scientists will continue studying these organisms, 
which on the one hand benefit man in so many ways, 
while on the other pose a real threat in the form of 
resilient environmental pathogens. The relationship be-
tween man and yeast is truly complicated.

13



• Adl, M.S. & Gupta, V.V.S.R. 2006. Protists in soil 
ecology and forest nutrient cycling. Canadian 
Journal of Forest Research 36:1805–1817.

• Bardgett, R.D. & Griffiths, B.S. 1997. Ecology 
and biology of soil protozoa, nematodes, and 
microarthropods. In Van Elsas J.D., Trevors J.T. 
& Wellington, E.M.H. (Eds.). Modern Soil 
Microbiology. New York: Marcell Dekker Inc. 
129–159.

• Bertin, C., Yang, X. & Weston, L.A. 2003. The 
role of root exudates and allelochemicals in the 
rhizosphere. Plant and Soil 256:67–83.

• Botes, A., Boekhout, T., Hagen, F., Vismer, H., 
Swart, J. & Botha, A. 2009. Growth and mating 
of Cryptococcus neoformans var. grubii on woody 
debris. Microbial Ecology 57:757–765.

• Botha, A. 2006. Chapter 11, Yeast in soil. In Rosa, 
C.A. and Péter, G. (Eds.), The Yeast Handbook; 
Biodiversity and Ecophysiology of Yeasts. Berlin: 
Springer-Verlag. 221–240.

• Botha, A. 2011. The importance and ecology of 
yeasts in soil. Soil Biology and Biochemistry 43:1–8.

• Bovers, M., Hagen, F. & Boekhout, T. 2008. 
Diversity of the Cryptococcus neoformans – 
Cryptococcus gattii species complex. Revista 
Iberoamericana de Micologia 25:S4–S12.

• Brady, D. & Duncan, J.R. 1994. Binding of heavy 
metals by the cell walls of Saccharomyces cerevisiae. 
Enzyme and Microbial Technology 16:633–638.

• Branyik, T., Vicente, A.A., Kuncova, G., Podrazky, 
O., Dostalek, P. & Teixeira, J.A. 2004. Growth 
model and metabolic activity of brewing yeast 
biofilm on the surface of spent grains: A biocatalyst 
for continuous beer fermentation. Biotechnology 
Progress 20:1733–1740.

• Britton, K.O. 2006. Biological Pollution: An 
emerging global menace. St Paul, MN: APS Press. 
124.

• Byzov, B.A., Kurakov, A.V., Tretyakova, E.B., 
Thanh, V.N., Luu, N.D.T. & Rabinovich, Y.M. 1998. 
Principles of the digestion of microorganisms in 
the gut of soil millipedes: specificity and possible 

mechanisms. Applied Soil Ecology 9:145–151.

• Calvente, V., Benuzzi, D. & de Tosetti, M.I.S. 
1999. Antagonistic action of siderophores from 
Rhodotorula glutinis upon the postharvest pathogen 
Penicillium expansum. International Biodeterioration & 
Biodegradation 43:167–172.

• Casadevall, A. & Perfect, J.R. 1998. Cryptococcus 
neoformans. Washington, DC: American Society for 
Microbiology. 541.

• Chung, K-T. & Ferris, D.M. 1996. Martinus 
Willem Beijerinck (1851–1931) Pioneer of general 
Microbiology. ASM News 62:539–543.

• Chand-Goyal, T. & Spotts, R.A. 1997. Biological 
control of postharvest diseases of apple and pear 
under semi-commercial conditions using three 
saprophytic yeasts. Biological Control 10:199–206.

• Cloete, K.J., Valentine, A.J., Stander, M.A., 
Blomerus, L.M. & Botha, A. 2009. Evidence of 
symbiosis between the soil yeast Cryptococcus 
laurentii and a sclerophyllous medicinal shrub, 
Agathosma betulina (Berg.) Pillans. Microbial Ecology 
57:624–632.

• Cloete, K.J., Przybylowicz, W.J., Mesjasz-
Przybylowicz, J., Barnabas, A.D., Valentine, A.J. & 
Botha, A. 2010a. Micro-PIXE mapping of elemental 
distribution in roots of a Mediterranean-type 
sclerophyll, Agathosma betulina (Berg.) Pillans, 
colonized by Cryptococcus laurentii. Plant, Cell & 
Environment 33:1005–1015.

• Cloete, K.J., Valentine, A.J. & Botha, A. 2010b. 
Effect of the soil yeast Cryptococcus laurentii on the 
photosynthetic water and nutrient-use efficiency 
and respiratory carbon costs of a Mediterranean 
sclerophyll, Agathosma betulina (Berg.) Pillans. 
Symbiosis 51:245–248.

• Coluccio, A.E., Rodriguez, R.K., Kernan, M.J. & 
Neiman, A.M. 2008. The yeast spore wall enables 
spores to survive passage through the digestive 
tract of Drosophila. PLoS ONE 3:e2873–e2873 
doi:10.1371/journal.pone.0002873.

• Cornelissen, S., Botha, A., Conradie, W.J. & 
Wolfaardt, G.M. 2003. Shifts in community 
composition provide a mechanism for maintenance 

14

REFERENCES



of soil yeast activity in the presence of elevated 
copper levels. Canadian Journal of Microbiology 
49:425–432.

• Decho, A.W. 1990. Microbial exopolymer 
secretions in ocean environments: Their role(s) in 
food webs and marine processes. Oceanography and 
Marine Biology: Annual Review 28:73–153.

• De Hoog, G.S., Guarro, J., Gene, J. & Figueras, 
M.J. 2000. Atlas of Clinical Fungi, 2nd ed., Vol. 1, 
Utrecht, The Netherlands: Centraalbureau voor 
Schimmelcultures. 1126.

• De Ruiter, P.C., Neutela, A. & Mooreb, J.C. 1998. 
Biodiversity in soil ecosystems: the role of energy 
flow and community stability. Applied Soil Ecology 
10:217–228.

• Din  sdale, E.A., Robert, A., Edwards, R.A., Hall, 
D., Angly, F., Breitbart, M., Brulc, J.M., Furlan, 
M., Desnues, C., Haynes, M., Li, L., McDaniel, L., 
Moran, M.A., Nelson, K.E., Nilsson, C., Olson, R., 
Paul, J., Brito, B.R., Ruan, Y., Swan, B.K., Stevens, 
R., Valentine, D.L., Thurber, R.V., Wegley, L., 
White, B.A. & Rohwer, F. 2008. Functional 
metagenomic profiling of nine biomes. Nature 
452: 629–633.

• Domsch, K.H., Gams, W. & Anderson, T-H. 2007. 
Compendium of Soil Fungi, 2nd ed. München: 
IHW-Verlag. 672.

• Du Preez, J.C. 1990. Research on single-cell 
protein in South Africa: An overview. Acta Varia 
5:147–169. 

• Ellis, D.H. & Pfeiffer, T.J. 1990. Ecology, life 
cycle and infectious propagule of Cryptococcus 
neoformans. Lancet 336:923–926.

• El-Mehalawy, A.A., Hassanein, N.M., Khater, H.M., 
Karam El-din, E.A. & Youssef Y.A. 2004. Influence 
of maize root colonization by the rhizosphere 
actinomycetes and yeast fungi on plant growth 
and on the biological control of late wilt disease. 
International Journal of Agriculture and Biology 6: 
599–605.

• El-Tarabily, K.A. 2004. Suppression of Rhizoctonia 
solani diseases of sugar beet by antagonistic and 
plant growth-promoting yeasts. Journal of Applied 
Microbiology 96:69–75.

• Eman, A.A., Abd El-Monem, Saleh, M.M.S. & 
Mostaza, E.A.M. 2008. Minimizing the quantity of 
mineral nitrogen fertilizers on grapevine by using 
humic acid, organic and biofertilizers. Research 
Journal of Agriculture and Biological Sciences 4:46–50.

• Evans, I.H. 1990. Yeast strains for baking: recent 
developments. In Spencer J.F.T., Spencer D.M., 
(Eds.). Yeast technology. Berlin: Springer-Verlag. 
13–53.

• Feldmesser, M., Tucker, S. & Casadevall, A. 
2001. Intracellular parasitism of macrophages by 
Cryptococcus neoformans. TRENDS in Microbiology 
9:273–278.

• Flannigan, B. 1996. The microflora of barley and 
malt. In: Priest, F.G. and Campell, I. (Eds.). Brewing 
microbiology, 2nd ed. London: Chapman & Hall. 
83–125

• Fonseca, Á. & Ináco, J. 2006. Chapter 13, 
Phyloplane yeasts. In: Rosa, C.A. and Péter, 
G. (Eds.). The Yeast Handbook; Biodiversity and 
Ecophysiology of Yeasts. Berlin, Germany: Springer-
Verlag. 221–240.

• Forche A., Alby K., Schaefer D., Johnson A. D., 
Berman J. & Bennett R. J. 2008. A parasexual cycle 
in Candida albicans provides an alternative pathway 
to meiosis for the formation of recombinant 
strains. PLoS Biology 6:e110–e110, doi:10.1371/
journal.pbio.0060110.

• Fredlund, E., Druvefors, U., Boysen, M.E., 
Lingsten, K-J. & Schnürer, J. 2002. Physiological 
characteristics of the biocontrol yeast Pichia 
anomala J121. FEMS Yeast Research 2:395–402.

• Fuchs, B. & Mylonakis, E. 2006. Using non-
mammalian hosts to study fungal virulence and host 
defense. Current Opinion in Microbiology 9:346–351.

• Gai, C.S., Lacava, P.T., Maccheroni Jr., W., Glienke, 
C., Araújo, W.L., Miller, T.A. & Azevedo, J.L. 
2009. Diversity of endophytic yeasts from sweet 
orange and their localization by scanning electron 
microscopy. Journal of Basic Microbiology 
49:441–451.

• Gollner, M.J., Püschel, D., Rydlová, J. & Vosátka, 
M. 2006. Effect of inoculation with soil yeasts on 
mycorrhizal symbiosis of maize. Pedobiologia 
50: 341–345.

15



• Golubev, W.I. 2006. Chapter 10, Antagonistic 
interactions among yeasts. In Rosa, C.A. and 
Péter, G. (Eds.). The Yeast handbook; Biodiversity 
and Ecophysiology of Yeasts. Berlin: Springer-Verlag. 
198–219.

• Gomaa, A.M. & Mohamed, M.H. 2007. Application 
of bio-organic agriculture and its effects on guar 
(Cyamopsis tetragonoloba L.) root nodules, forage, 
seed yield and yield quality. World Journal of 
Agricultural Sciences 3:91–96.

• Gomes, A. C., Sousa, S., Gomes, P., Santos, B., 
Carreto, L., Santos, S., Egas,C. & Santos, M.A.S. 
2007. Assessment of microbial diversity in wine 
musts. Bulletin de l’OIV 80:283–290.

• Gomez-Alvarez, V., Teal, T.K. & Schmidt, T.M. 
2009. Systematic artifacts in metagenomes from 
complex microbial communities. The ISME Journal 
3:1314–1317.

• Goto-Yamamoto N., Sato S.I, Miki H., Park Y.K. 
& Tadenuma, M. 1993. Taxonomic studies on 
yeast-lysing bacteria, and a new species Rarobacter 
incanus. The Journal of General and Applied 
Microbiology 39:261–272.

• Govender, N. 2008. Cryptococcus spp. National 
Institute for Communicable Diseases. 
Communicable Diseases Surveillance Bulletin 6:18–19.

• Huang, P.M. & Germida, J.J. 2002. Chemical and 
biological processes in the rhizosphere: metal 
pollutants. In Haung, P.M., Bollag, J-M., Senesi, 
N. (Eds.). Interactions between Soil Particles 
and Microorganisms, Impact on the Terrestrial 
Ecosystem. Chichester: John Wiley & Sons Ltd. 
381–438.

• Hunt, J., Boddy, L., Randerson, P.F. & Rogers, H.J. 
2004. An evaluation of 18S rDNA approaches 
for the study of fungal diversity in grassland soils. 
Microbial Ecology 47:385–395.

• Herrera C.M. & Pozo M.I. 2010. Nectar yeasts 
warm the flowers of a winter-blooming plant. 
Proceedings of the Royal Society B 277:1827–1834. 

• Hättenschwiler, S., Tiunov, A.V. & Scheu, S. 2005. 
Biodiversity and litter decomposition in terrestrial 
ecosystems. Annual Review of Ecology, Evolution and 
Systematics 36:191–218.

• Hull, C. M. & Heitman, J., 2002. Genetics of 
Cryptococcus neoformans. Annual Review of Genetics 
36:557–615.

• James, T.Y., Kauff F., Schoch C.L., Matheny P.B., 
Hofstetter, V., Cox C.J., Celio, G., Gueidan, C., 
Fraker, E., Miadlikowska, J.H., Lumbsch H.T., 
Rauhut, A., Reeb, V.,  Arnold, A. E.,  Amtoft, A., 
Stajich, J.E., Hosaka, K., Sung, G-H., Johnson, D., 
O’Rourke, B., Crockett, M., Binder, M., Curtis, J.M., 
Slot, J.C., Wang, Z., Wilson, A.W., Schüßler, A.,  
Longcore, J.E., O’Donnell, K., Mozley-Standridge, 
S., Porter, D., Letcher P.M., Powell, M.J., Taylor, 
J.W., White, M.M., Gareth, W., Griffith, G.W., 
Davies, D.R., Humber, R.A., Morton, J.B., Sugiyama, 
J., Rossman, A.Y., Rogers, J.D., Pfister, D.H., 
Hewitt, D., Hansen, K., Hambleton, S., Shoemaker, 
R.A., Kohlmeyer, J., Volkmann-Kohlmeyer, B., 
Spotts, R.A., Serdani, M., Crous, P.W., Hughes, 
K.W., Matsuura, K., Langer, E., Langer, G., 
Untereiner, W.A., Lücking, R., Büdel, B., Geiser, 
D.M., Aptroot, A., Diederich, P., Schmitt, I., 
Schultz, M., Yahr, R., Hibbett, D.S., Lutzoni, F., 
McLaughlin, D.J., Spatafora, J.W. & Vilgalys, R. 2006. 
Reconstructing the early evolution of fungi using a 
six-gene phylogeny. Nature 443:818–622.

• Jolly, N.P., Augustyn, O.P.H. & Pretorius, I.S. 2003a. 
The occurrence of non-Saccharomyces cerevisiae 
species over three vintages in four vineyards and 
grape musts from four production regions of the 
Western Cape, South Africa. South African Journal 
of Enology and Viticulture 24:35–41.

• Jolly, N.P., Augustyn, O.P.H. & Pretorius, I.S. 
2003b. The Effect of Non-Saccharomyces yeasts on 
fermentation and wine quality. South African Journal 
of Enology and Viticulture 24:55–62.

• Joubert, L-M., Wolfaardt, G.M. & Botha, A. 2006. 
Microbial exopolymers link predator and prey 
in a model yeast biofilm system. Microbial Ecology 
52:187–197.

• Kidd, S.E., Bach, P.J., Hingston, A.O., Mak, S., 
Chow, Y., MacDougall, L., Kronstad, J.W. & 
Bartlett, K.H. 2007. Cryptococcus gattii dispersal 
mechanisms, British Columbia, Canada. Emerging 
Infectious Diseases 13:51–57.

• Kidd S., Hagen, F., Tscharke, R., Huynh, M.,
Bartlett, K., Fyfe, M., MacDougall, L., Boekhout, 

16



T., Kwon-Chung, K.J. & Meyer, W. 2004. A 
rare genotype of Cryptococcus gattii caused the 
cryptococcosis outbreak on Vancouver Island 
(British Columbia, Canada). Proceedings of the 
National Acadamy of Sciences of the United States of 
America 10:17258–17263.

• Kluyver, A.J., Van der Walt, J.P. & Van Triet, 
A.J. 1953. Pulcherrimin, the pigment of Candida 
pulcherrima. Proceedings of the National Acadamy 
of Sciences, Washington DC 39:583–593.

• Kurtzman, C.P. & Fell, J.W. 1998. The Yeasts, a 
Taxonomic Study, 4th ed. Amsterdam: Elsevier. 
1055. 

• Kvasnikov, E.I., Nagornaya, S.S. & Shchelokova, 
I.F. 1975. Yeast flora of plant rhizosphere and 
phyllosphere. Microbiologia (in Russian) 44:339–345.

• Kwon-Chung, K.J. 1998. Filobasidiella Kwon-Chung. 
In Kurtzman C.P. & Fell J.W. (Eds.). The Yeasts, 
a Taxonomic Study, 4th ed. Amsterdam: Elsevier. 
656–662.

• Kwon-Chung, K.J. & Bennett, J.E. 1984. 
Epidemiologic differences between the two 
varieties of Cryptococcus neoformans. American 
Journal of Epidemiology 120:123–130.

• Laitila, A., Wilhelmson, A., Kotaviita, E., Olkku, 
J., Home, S. & Juvonen, R. 2006. Yeasts in an 
industrial malting ecosystem. Journal of Industrial 
Microbiology and Biotechnology 33:953–966.

• Lachance, M.A. & Starmer, W.T. 1998. Ecology of 
yeasts. In Kurtzman, C.P. and Fell, J.W. (Eds.). The 
Yeasts, a Taxonomic Study, 4h ed. Amsterdam: 
Elsevier. 21–30.

• Lim, Y.W., Kim, B.K., Kim, C., Jung, H.S., Kim, B-S., 
Lee, J-H. & Chun, J. 2010. Assessment of soil fungal 
communities using pyrosequencing. The Journal of 
Microbiology 48:284–289.

• Lodder, J. 1971. The Yeasts, a Taxonomic Study, 
3rd ed. London: North-Holland Publishing 
Company. 1385.

• Lynch, J.M. 1981. Promotion and inhibition of soil 
aggregate stabilization by micro-organisms. Journal 
of General Microbiology 126:371–375.

• Lynd, L.R., Weimer, P.J., Van Zyl, W.H. & 
Pretorius, I.S. 2002. Microbial Cellulose Utilisation: 

Fundamentals and Biotechnology. Microbiology and 
Molecular Biology Reviews 66:506–577.

• Marschner H. & Dell, B. 1994. Nutrient uptake in 
mycorrhizal symbiosis. Plant and Soil 59:89–102.

• Masih, E.I. & Paul, B. 2002. Secretion of b-1,3-
glucanases by the yeast Pichia membranifaciens and 
its possible role in the biocontrol of Botrytis cinerea 
causing grey mold disease of the grapevine. Current 
Microbiology 44:391–395.

• Medina, A., Vassileva, M., Caravaca, F., Roldán, 
A. & Azcón, R. 2004. Improvement of soil 
characteristics and growth of Dorycnium 
pentaphyllum by amendment with agrowastes and 
inoculation with AM fungi and/or the yeast Yarrowia 
lipolytica. Chemosphere 56:449–456.

• Men’ko, E. V., Chernov, I.Yu., Byzov, B.A. 2006. 
Interrelationships between yeast fungi and 
collembolans in soil. Microbiology 75:708–715.

• Miao, L., Chi, S., Tang,Y., Su, Z., Yin, T., Guan, G., 
Li, Y. 2011. Astaxanthin biosynthesis is enhanced 
by high carotenogenicgene expressionand decrease 
of fatty acids and ergosterol in a Phaffia rhodozyma 
mutant strain. FEMS Yeast Research 11:192–201.

• Mitchell, T.G. & Perfect, J.R. 1995. Cryptococcosis 
in the era of AIDS - 100 years after the discovery 
of Cryptococcus neoformans. Clinical Microbiology 
Reviews 8:515–548.

• Moawad, H., Salem, S.H., Badr El-Din, S.M.S., 
Khater, T. & Iskandar, M. 1986. Yeasts in soils of 
Egypt. Zentralblatt fur Mikrobiologie 141:431–435.

• Mohamed, H.A. & Gomaa A.M. 2005. Faba bean 
growth and green yield and its quality as influenced 
by the application of bio-organic farming system. 
Journal of Applied Sciences Research 1:380–385.

• Mos, L., Morsey, B., Jeffries, S.J., Mark, B., Yunker, 
M.B., Raverty, S., De Guise, S. & Ross, P.S. 2006. 
Chemical and biological pollution contribute to 
the immunological profiles of free-ranging harbor 
seals. Environmental Toxicology and Chemistry 
25:3110–3117.

• Mylonakis, E., Ausubel, F.M., Perfect, J.R., Heitman, 
J. & Calderwood, B. 2002. Killing of Caenorhabditis 
elegans by Cryptococcus neoformans as a model 
of yeast pathogenesis. Proceedings of the National 

17



Academy of Sciences of the United States of America 
99:15675–15680.

• Neilands, J.B. 1981. Microbial iron compounds. 
Annual Review of Biochemistry 50:715–731.

• Pang, S.F., Lui, A., Goold, G., Chu, A., Wong, 
W., Li, S., Chan, E., Kwok, I. & Cheung, L. 2003. 
NutriSmart®: A fertiliser capable of re-establishing 
the sustainability of ecosystems and enhancing 
the productivity of farmland. In: “Solutions for 
a better environment”. Proceedings of the 11th 
Australian Agronomy Conference, 2-6 February 
2003, Geelong, Victoria. Australian Society of 
Agronomy (on line) http://www.regional.org.au/au/
asa/2003/p/6/pang.htm (8 March 2010).

• Pasteur, L. 1866. Etudes sur le Vin. Imprimeurs 
Impérials. Paris.

• Pasteur, L. 1876. Etudes sur la Bière. Gauthier-
Villars. Paris.

• Perepnikhatka V., Fischer F.J., Niimi M., Baker 
R.A., Cannon R.D., Wang Y.K., Sherman F. 
& Rustchenko E. 1999. Specific chromosome 
alterations in fluconazole resistant mutants of 
Candida albicans. Journal of bacteriology 
181:4041–4049.

• Phaff, H.F., Miller, M.W. & Mrak, E.M. 1966. 
Chapter VIII, ecology. In Phaff, H.F., Miller, M.W. 
& Mrak, E.M. (Eds.). The Life of Yeasts. Cambridge: 
Harvard University Press. 93–123.

• Pretorius, I.S., Van der Westhuizen, T.J. & 
Augustyn, O.P.H. 1999. Yeast biodiversity in 
vineyards and wineries and its importance to the 
South African wine industry. South African Journal 
of Enology and Viticulture 20:61–74.

• Ravnskov, S., Larsen, J., Axel Olsson, P. & Jakobsen 
I. 1999. Effects of various organic compounds 
on growth and phosphorus uptake of an 
arbuscular mycorrhizal fungus. New Phytologist 
141:517 –524.

• Reichenbach, H. 1999. The ecology of the 
myxobacteria. Environmental Microbiology 
1:15–21.

• Rikkinen, J. & Poinar, jr, G.O. 2001. Fossilized 
fungal mycelium from tertiary dominican amber. 
Mycological Research 105:890–896.

• Rikkinen, J. & Poinar, jr, G.O. 2002 Yeast-like 
fungal cells in Dominican amber. Karstenia 
42:29–32

• Roberts, R.G. 1990. Postharverst biological control 
of gray mold of apple by Cryptococcus laurentii. 
Phytopathology 80:526–530.

• Roman, W. 1957. Biologia et Industria, Yeasts. The 
Hague: Dr. W. Junk Publishers. 246.

• Rosa, C.A. & Péter, G. 2006. The yeast handbook; 
biodiversity and ecophysiology of yeasts. Berlin: 
Springer-Verlag. 579.

• Rustchenko, E. P., Howard, D. H. & Sherman, F. 
1994. Chromosomal alterations of Candida albicans 
are associated with the gain and loss of assimilating 
functions. Journal of Bacteriology 176:3231–3241.

• Rustchenko E. P., Howard D. H. & Sherman F. 
1997. Variation in assimilating functions occurs 
in spontaneous Candida albicans mutants 
having chromosomal alterations. Microbiology 
143:1765–1778.

• Sampedro, I., Aranda, E., Scervino, J.M., Fracchia, 
S., García-Romera, I., Ocampo, J.A. & Godeas, A. 
2004. Improvement by soil yeasts of arbuscular 
mycorrhizal symbiosis of soybean (Glycine max) 
colonized by Glomus mosseae. Mycorrhiza 
14:229–234.

• Sansone, G., Rezza, I., Calvente, V., Benuzzi, D. 
& Sanz de Tosetti, S.I. 2005. Control of Botrytis 
cinerea strains resistant to iprodione in apple with 
rhodotorulic acid and yeasts. Postharvest Biology and 
Technology 35:245–251.

• Schmidt, A.R., Dörfelt, H. & Perrichot, V. 
2008. Palaeoanellus dimorphus Gen. et sp. nov. 
(Deuteromycotina): A cretaceous predatory 
fungus. American Journal of Botany 95:1328–1334.

• Schmitz, C., Goebel, I., Wagner, S., Vomberg, A. 
& Klinner, U. 2000. Competition between 
n-alkane-assimilating yeasts and bacteria 
during colonization of sandy soil microcosms. 
Applied Microbiolology and Biotechnology 
54:126–132.

• Sen, R. 2003. The root-microbe-soil interface: 
new tool for sustainable plant production. New 
Phytologist 157:391–398.

18



• Silberstein, M. & McGeever, M. 1999. The search 
for ontological emergence. The Philosophical 
Quarterly 49:182–200.

• Singh, C.S., Kapoor, A. & Wange, S.S. 1991. The 
enhancement of root colonization of legumes 
by vesicular-arbuscular mycorrhizal (VAM) fungi 
through the inoculation of legume seed with 
commercial yeast (Saccharomyces cerevisiae). Plant 
and Soil 131:129–133.

• Sipiczki, M. 2006. Metschnikowia strains isolated 
from botrytized grapes antagonize fungal and 
bacterial growth by iron depletion. Applied and 
Environmental Microbiology 72:6716–6724.

• Spencer, J.F.T. & Spencer, D.M. 1997. The Yeasts: 
Sex and nonsex. Life cycles, sporulation and 
genetics. In Spencer, J.F.T. and Spencer, D.M. 
(Eds.). Yeasts in natural and artificial habitats. 
Berlin: Springer. 133–152.

• Steyn, A.J.C. & Pretorius, I.S. 1990. Expression and 
secretion of amylolytic enzymes by Saccharomyces 
cerevisiae. Acta Varia 5:147–169.

• Sorrell T. & Ellis D. 1997. Ecology of Cryptococcus 
neoformans. Revista Iberoamericana de Micologia 
14:42–43.

• Taylor, J.W. & Berbee, M.L. 2006. Dating 
divergences in the fungal tree of life: review and 
new analyses. Mycologia 98: 838–849.

• Vadkertiova, R. & Slávik ová, E. 2007. Killer activity 
of yeasts isolated from natural environments 
against some medically important Candida species. 
Polish Journal of Microbiology 56:39–43.

• Van der Walt, J.P. 1971. Criteria and methods 
used in classification. In Lodder, J. (Ed.). The yeasts, 
a taxonomic study. Amsterdam: North-Holland 
Publishing Company. 34–113.

• Van Heerden, A., Van Zyl, W.H., Cruywagen, 
C.W., Mouton, M. &  Botha, A. 2011. The 
lignicolous fungus Coniochaeta pulveracea and its 
interactions with syntrophic yeasts from 
the woody phylloplane. Microbiologal Ecology 
(in print).

• Vassilev, N., Vassileva, M., Azcon, R. & Medina, 
A. 2001. Application of free and Ca-alginate-
entrapped Glomus deserticola and Yarrowia lipolytica 
in a soil-plant system. Journal of Biotechnology 
91:237–242.

• Veiga-Crespo, P., Poza, M., Prieto-Alcedo, M.T.G. 
& Villa, T.G. 2004. Ancient genes of Saccharomyces 
cerevisiae. Microbiology 150:2221–2227.

• Vreulink, J., Esterhuyse, A., Jacobs K. & Botha 
A. 2007. Note: Soil properties that Impact on 
yeast And Actinomycete Numbers In Sandy Low 
Nutrient Soils. Canadian Journal of Microbiology 53: 
1369–1374.

• Vreulink, J., Stone, W. &   Botha, A. 2010. Effects 
of small increases in copper levels on culturable 
basidiomycetous yeasts in low nutrient soils. Journal 
of Applied Microbiology 109:1411–1421.

• Yamanaka, S., Kanbe, S. & Fudo, R. 1993. Lysis of 
basidiomycetous yeast, Rhodotorula glutinis caused 
by myxobacteria. Journal of General and Applied 
Microbiology 39:419–427.

• Young, T.W. 1989. Killer Yeasts. In Rose, A.H., 
Harrison, J.S. (Ed.). The Yeasts, Vol 2; Yeasts 
and the environment. London: Academic Press. 
131–164.

• Zachow, C., Berg, C., Müller, H., Meincke, R., 
Komon-Zelazowska, M., Druzhinina, I.S., Kubicek, 
C.P. & Berg, G. 2009. Fungal diversity in the 
rhizosphere of endemic plant species of Tenerife 
(Canary Islands): relationship to vegetation zones 
and environmental factors. The Multidisciplinary 
Journal of Microbial Ecology 3:79–92.

• Zhang, L. 2002. Biological fertilizer based on yeasts. 
United States Patent issued on July 9, No. US 
6,416,982 B1.

19





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


