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Preface

Biological diversity or biodiversity, according to the United Nations Convention on
Biological Diversity, “means the variability among living organisms from all sources
including, inter alia, terrestrial, marine and other aquatic ecosystems and the eco-
logical complexes of which they are part” and includes genetic diversity, species
diversity, and ecological diversity. Authors trying to estimate the number of extant
yeast species usually come to the conclusion that, similarly to other groups of
microorganisms, a very small proportion of the yeasts, possibly only 1% of the
species, have been described.

Studies on “yeast biodiversity” are more focused on taxonomic inventories, with
emphasis on the description of novel species. Approximately 30% of known yeast
species were described from a single strain, and information about the ecology and
the genetic and physiological variability of these yeasts is missing or incomplete.

In the last few decades an increasing number of new yeast habitats have been
explored. As a result, a large body of ecological information has been accumulated
and the number of known yeast species has increased rapidly. The volume
“Biodiversity and ecophysiology of yeasts” provides a comprehensive and up-to-
date overview of several areas in the field of yeast biodiversity and ecology. The
chapters are written by respected experts in various fields. The first chapters
approach yeast biodiversity from different points of view, including phylogenetics
and genomics. Some aspects of sugar and nitrogen metabolism are also discussed.
Separate chapters are devoted to stress responses of yeasts, to environmental factors
influencing them, to antagonistic interactions among them, to methods used for
investigating yeast biodiversity, and to the role of culture collections in handling the
ever-increasing number of yeast strains and relevant data.

The chapters dealing with yeast communities from different habitats include
reviews on yeasts from invertebrates, the phylloplane, soil, freshwater and marine
ecosystems, cactophilic communities, as well as Antarctic and tropical forest ecosys-
tems. In some chapters the effect of human activity on yeast communities is also
considered. The black yeasts are treated in a separate chapter, and finally the role of
yeast biodiversity in biotechnology is reviewed.

We gratefully acknowledge the contributors to this book. We hope that it will
provide a useful overview of the biodiversity and ecophysiology of yeasts, and that
it will stimulate increasing efforts in yeast biodiversity research.

Carlos Rosa
Gabor Péter
May 2005
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Chapter 1

Yeast Biodiversity: How Many and How Much?

MARC-ANDRE LACHANCE

Department of Biology, University of Western Ontario, London, ON, Canada N6A 5B7
(e-mail: lachance@uwo.ca)

1.1 Introduction

Biodiversity is now a common word. Harper and Hawksworth (1995) tabulated the
frequency of use of the term in Biosis and reported its first occurrence in 1988 fol-
lowed by an increase to approximately 900 by 1994. A similar search of the PubMed
database yielded a cumulative total of 1,361 hits by the end of 2003. By comparison,
the number of articles using the word “yeast™ is approaching 100,000. If the present
trend continues, by the year 2016 searches for either word will produce in excess of
36,000 hits for that year only. The task at hand is to make similar predictions about
yeast biodiversity.

Biodiversity means different things to different individuals. Gaston (1996)
reviewed several definitions and concluded that the concept is an abstract expression
of all aspects of the variety of life. Recent publications dealing with yeast diversity,
had they appeared only 15 years earlier, might have used instead such terms as fax-
onomy, ecology, or survey (Nout et al. 1997; Buzzini and Martini 2000; Fell et al.
2000; Poliakova et al. 2001; Gadanho et al. 2003; Granchi et al. 2003; Lachance et al.
2003a; Ganga and Martinez 2004; Renker et al. 2004) or even enzymology (Lamb
et al. 1999). The Convention on Biological Diversity (Anonymous 1992) defines bio-
logical diversity as “the variability among living organisms from all sources includ-
ing, inter alia, terrestrial, marine and other aquatic ecosystems and the ecological
complexes of which they are part; this includes diversity within species, between
species and of ecosystems.” As with most things in our society, biodiversity became
a tangible reality when it could be assigned a significant economic value. And as
with most things in science, the recognition of biodiversity as a worthy research
topic is predicated on measurability and the generation of testable hypotheses. The
current urgency of the scientific study of biodiversity stems from the realization that
only a small fraction (approximately 8%) of the total diversity of life is known
(Stork 1999) and that species extinction is occurring at a measurable and increasing
rate (Purvis and Hector 2000).
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1.2 Measurement and Significance of Biodiversity
1.2.1 Levels of Diversity

The inclusion of any level of biological variation in the definition of biodiversity
could lead to a trivialization of the concept, as variation is the very essence of biol-
ogy. A more restrictive circumscription should limit the term to ecological and evo-
lutionary variation. Theoretical ecologists, following the model of Whittaker (1960),
often subdivide species diversity into three hierarchical components, namely within-
sample (o), between-samples (), and global (y) diversity. These components may
be considered additive (y = a + B, Crist et al. 2003). The main units of measure-
ment are richness (simple species count) and heterogeneity (relative abundance of
each species in a community). The two measures can be examined simultaneously
in relative abundance plots, which contrast the number of species in a sample as a
function of the number of individuals representing each species. Considerable
interest in the underlying causes of such distributions was stimulated by the pivotal
publication of MacArthur and Wilson’s (1967) treatise on island biogeography.
A recent model (Hubbell 2001) attributes a large portion of the species composition
of a community to chance. Implicit to this view (but perhaps not sufficiently explicit)
is that membership of a species in a community depends initially on its fundamen-
tal niche, in other words, the sum of its intrinsic properties. For example, the com-
munity of floral nectar rarely contains basidiomycetous yeasts. This is not due to
chance, but to the fact that such a habitat favours fermentative, osmotolerant, copi-
otrophic species, which are found most often in the Saccharomycetales. In the neu-
tral model, a community is seen as an assemblage of ecologically equivalent species,
where the abundance of each species within a local community is not so dependent
on the fundamental niche. Instead, species composition is affected by speciation in
the metacommunity, the rate of influx of species, the size of the local community,
and the local rate of extinction. This is almost entirely analogous to Kimura’s (1983)
neutral model of evolution. Natural selection remains the preliminary screen that
causes rapid elimination of deleterious mutations and rapid fixation of adaptive
alleles, just as the environment determines whether or not a species can enter a com-
munity. The majority of species in the community have already “passed the test” of
selection, and are equally adapted. As is the case for selectively neutral mutations,
the relative abundance of a species will be due not so much to some intrinsic prop-
erty, but to chance.

Application of such theories to yeast communities is not yet completely practical.
Most models of community ecology were developed for communities where mem-
bers can be identified and enumerated rapidly, e.g., forest trees and insect biota.
The recent development of identification methods based on DNA sequencing
(Kurtzman and Robnett 1998; Fell et al. 2000) has not yet resulted in practical
means of identifying yeasts instantly, in the field, but such technologies are no doubt
forthcoming. An attempt to explore the factors that underlie community structure
was made recently (Lachance et al. 2003a). The yeast biota of morning glory flow-
ers and associated nitidulid beetles was characterized in a “forest island” (kipuka)
on the slope of the Mauna Loa volcano in Hawaii. The yeast community is highly
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specialized, consisting almost entirely of members of two clades with affinities to
Metschnikowia and Wickerhamiella: the former clade is vectored primarily by the
beetles, and the latter by drosophilid flies. Although the resulting community is a
mixture, each clade can be studied separately with selective media. The
Metschnikowia clade members in the community consists of six species and whose
frequencies follow the expected log series distribution, from abundant to rare. Two
of the species (Metschnikowia hawaiiensis and Candida kipukae) are probably
Hawaiian endemics. The others have also been found in Central America and are
thought to have reached Hawaii in recent history. The six species are similar physio-
logically, suggesting that they might be mutually neutral with respect to niche.
However, their distribution within the kipuka is not random and follows closely the
distribution of the host beetles. The latter consist of two major species, one
Hawaiian endemic and one that was introduced in the early twentieth century.
Maximum growth temperature and insect choice may be important factors in the
local distribution, such that a completely neutral model would have to be ruled out.
The study is in progress, and increased sampling is hoped to provide a test of the
neutral hypothesis.

1.2.2 Diversity Within Species

Even if one agrees that species abundance is central to the characterization of bio-
diversity, genetic diversity is an essential feature of the species itself. Even orthodox
proponents of the phylogenetic/autapomorphic species concept would have to
agree that a “species” that is completely devoid of variation can hardly be regarded
as a species (Wheeler and Meier 2000). Variation among members of a species has
long plagued pragmatic systematists in their search for stable diagnostic (autapo-
morphic) characters (Lodder and Kreger-van Rij 1952). As DNA sequence analy-
sis took the study of yeast diversity by storm, the recurring dream of an invariant
species trait was temporarily rekindled (Kurtzman and Robnett 1998). However,
the sequencing approach has in some instances brought to light considerable vari-
ability among individuals that share a common gene pool and thus are members of
the same biological species. One response might be to denounce the biological
species concept as antiquated and inoperable (Wheeler and Meier 2000). Another
would be to accept that the genes that are most amenable to phylogenetic construc-
tion are not necessarily involved in conferring a common evolutionary destiny to
members of a species, and that species cannot be defined on the basis of invariance
in gene sequences.

In a study of the distribution of yeasts in seawater, Gadanho et al. (2003) sub-
jected 234 isolates to microsatellite-primed PCR fingerprinting and demonstrated
that in most cases multiple isolates of various basidiomycetous yeast species contain
a substantial amount of genomic variation. Ascomycetous species recovered in that
habitat exhibited less variation.

Intraspecific variability has been examined in the two species in the genus
Clavispora, both of which occur in nature as heterothallic, haploid mating types.
This offers the advantage that species boundaries can be assessed by mixing of
compatible strains and observation of ascospores. Clavispora opuntiae has so far
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been isolated exclusively from necrotic tissue or tunnels of moth larvae found in
cacti. Hundreds of specimens have been recovered globally and preserved for study.
Although the growth responses of most isolates are generally constant, polymor-
phisms have been detected at the level of the ribosomal DNA (rDNA) gene cluster
(Lachance et al. 2000b). In some 500 isolates examined by restriction mapping, over
40 variants were recognized. These correlated to a large degree with geography,
host plant species, and insect vectors. Most of the variation was shown by sequenc-
ing to be located in the intergenic spacer region, although a small amount of poly-
morphism was also detected in the large subunit rRNA gene. Strains representing
the extremes of that variation had been shown previously to exhibit a lower degree
of interfertility (Lachance et al. 1994) and perhaps represent the beginning of a
speciation event.

C. lusitaniae is similar morphologically and physiologically to C. opuntiae, but
exhibits much less habitat specificity, having been recovered in cactus fruit, agave rots,
industrial wastes, clinical specimens, and several other sources. Mating compatibility
and large subunit rDNA sequences were determined in 37 strains (Lachance et al.
2003c). The sequences could be assigned to ten types belonging to two families that
differed by as much as 32 substitutions in the D2 domain. The variation was not cor-
related with mating intensity or abundance of mature asci.

Although these studies do not allow generalizations about the evolutionary or
ecological significance of genetic diversity within yeast species, they would seem to
support the view that variability is an intrinsic property of species.

1.2.3 Species Diversity

From the first to the current edition of the The yeasts, a taxonomic study, the num-
ber of species described has grown from 164 in 1952, to 349 in 1970, to 500 in 1984,
and to 700 in 1998 (Lodder 1970; Kurtzman and Fell 1998). Extrapolation of these
numbers leads to the prediction that an eventual 2016 edition would contain
approximately 1,000 species. However, this number may very well be exceeded in
the forthcoming fifth edition, planned for 2005. The increase is due to several fac-
tors, including methodology and species concepts. In the first edition (Lodder and
Kreger-van Rij 1952), species were circumscribed on the basis of morphology and
a small number of growth tests. The doubling in the number of species found in
the second edition was due in part to the use of a much larger battery of nutri-
tional properties. Early application of molecular approaches had a considerable
impact on the third edition, but was not entirely accountable for species prolifera-
tion, as the shift to a genomic basis for species delineation also caused the merger
of physiological or morphological variants into larger and more diverse species.
The publication of the fourth edition coincided with early application of DNA
sequencing in yeast identification and phylogenetic reconstruction, although the
full impact of this approach came later. Again, the result is a mixture of species
fusions and subdivisions.

The definition of species is fundamental in the generation of meaningful estima-
tions of biodiversity, which accounts in part for the heartiness of the debate on that
subject (Wheeler and Meier 2000). The species problem as it applies to bacterial and
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fungal diversity has been discussed by O’Donnell et al. (1995), who pointed out the
lack of a common standard. Although species concept controversies are not alien to
yeast systematics, many practitioners agree that species should, whenever possible,
represent cohesive evolutionary units. Individual researchers may disagree on how
best to document the boundaries of such units, but the result is nonetheless a rela-
tively stable consensus. As the issue is far too complex to be examined here in detail,
it will be expedient to assume, rightly or wrongly, that taxa which are recognized at
any given time constitute genuine and meaningful species.

Sequence analysis resulted in an enormous increase in the ease and speed of
identification, making intense biodiversity surveys almost manageable. Many
species descriptions currently being published come from material collected in the
past and stored in collections in the hope that new technologies would eventually
facilitate meaningful species assignments. The sequencing approach has fulfilled
this need. Unfortunately, the clarifications brought forward by sequencing have
done little to improve our understanding of the natural history or ecology of the
species being described. Unless the ecological context of species is also docu-
mented, Linnean binomials will remain no more than mere labels of little relevance
to biodiversity. By their very nature as unicellular heterotrophs, yeasts are inex-
orably dependent on other fungi, bacteria, animals, and plants for their existence,
and ideally species descriptions should include data on these interactions. The old
precept, “everything is everywhere”, although no longer tenable, sadly continues to
influence yeast taxonomy. An inordinate amount of energy is devoted to trans-
forming sequence data into “correct” trees, at the expense of the yeasts themselves
and their biology. Another important consequence of the dependence of yeasts on
other life forms is the urgency of documenting their natural history before their
very habitats disappear. Unless conservation efforts are intensified, it will become
easier to determine the rate of extinction of yeasts than to estimate the number of
extant species. The fact that the construction of a comprehensive inventory of life
on Earth is seen as a priority by an increasing number of researchers, governments,
and granting agencies (Mulongoy et al. 1999) should be viewed with optimism.
Equally encouraging is the emergence of more frequent studies aimed at charac-
terising whole yeast communities in relation to their insect vectors. A case in point
is a recent description of 16 closely related species originating from fungivorous
beetles and their habitats (Suh et al. 2004). Members of the Coleoptera associated
with tree decay have long been known to harbour numerous yeast species, as evi-
denced by the work of pioneers such as L.J. Wickerham, J.P. van der Walt, and H.J.
Phaff. These yeasts are suspected to engage in intimate symbiotic relationships
with insects, although the nature of the interaction remains elusive in most cases.
Recent studies of yeasts found in tropical bees led to the discovery of the genus
Starmerella (Rosa and Lachance 1998), the nucleus being a growing clade whose
membership has increased from 12 described species in 1998 to 29 putative species
at the last published count (Rosa et al. 2003). Studies of nitidulid beetles associ-
ated with ephemeral flowers have resulted in the near doubling of described
species of Metschnikowia (Lachance et al. 2003b) and a significant expansion of
the formerly monotypic genera Kodamaea (Lachance et al. 1999) and
Wickerhamiella (Lachance et al. 2000a).
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1.3 Predicting the Number of Yeast Species

Hawksworth (1991) attempted to predict the number of fungal species on the basis
of an estimated 69,000 described species and the ratio of fungi to other life forms.
By reference to vascular plants, he proposed a conservative estimate of 1.5 million
fungal species, and a comparison with insect species extended the range to three mil-
lion. The proportion of fungi described (in 1991) was thus thought to be approxi-
mately 5% of the total fungal biota. A hasty transposition of Hawksworth’s
reasoning to the yeasts generates a forecast of approximately 12,000 species.

Hughes et al. (2001) pointed out that microbes may be too diverse to enumerate
exhaustively and argued for a statistical approach. One tool used in reaching this
objective is the accumulation curve, where species abundance is plotted as a function
of sampling intensity. Species sampling follows a rarefaction pattern in which the rate
of increase in the detection of species obeys the law of diminishing returns. Well-
sampled habitats produce curves that can be fitted to saturation models such as the
Michaelis-Menten equation or the negative-exponential function, characterized by
growth towards an asymptotic maximum. Poorly sampled habitats produce nearly
linear curves. Gadanho et al. (2003) applied this approached to yeasts in seawater and
estimated that the 31 species recovered represented approximately 60% of the exist-
ing species in their study site. In order to extrapolate beyond a single site, Lachance
(2000a) used random internal sampling of collection records to generate accumula-
tion curves. The data were fitted to trend line functions available in Microsoft Excel
and the curves were extrapolated to large sample sizes. For insects associated with
ephemeral flowers, data from eight localities worldwide (26 yeast species in total) led
to the prediction that sampling from 50 localities would raise the number to
42 species. Simulations based on yeasts from tree fluxes were validated by predicting,
from eight samples, the total number of yeast species (45) present in 47 actual sam-
ples. Extrapolation to 1,000 samples predicted that the number of species would
rise to approximately 500. In Fig. 1.1, the same data were analysed using the
Michaelis—-Menten model. Linear regressions of the double-reciprocal plots of
species richness as a function of sampling intensity predict asymptotic maxima of
40 species for floricolous insects and 182 species for tree fluxes, which is not entirely
inconsistent with the previous predictions. Using these numbers and an estimate of
1,000 currently described yeast species, a simple rule of 3 predicts that the number of
yeast species on Earth is in the order of 1,500 on the basis of the insect model, and
15,000 on the basis of the flux model. The lower value comes from a highly specific
yeast community, whereas the upper boundary is characteristic of a more generalis-
tic community. Other well-sampled, highly specific communities follow a conservative
pattern similar to that of flower insects. Calderone (2002) recognised 13 Candida
species as human pathogens compared with eight in 1988. The highly specialized
nature of yeasts associated with humans, combined with the extremely high sampling
intensity makes the current number of species a good approximation of the satura-
tion point. In the case of the moderately specific community of yeasts associated with
necrotic cacti, 3,701 samples yielded fewer than 80 species (Starmer et al. 1990).

The broad range of predictions from 1,500 to 15,000 yeast species in total reflects
the fact that the average degree of specificity for all yeast communities is not known.



1 - Yeast Biodiversity: How Many and How Much?

7

Michaelis-Menten prediction of species abundance
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Fig. 1.1. Prediction of yeast species abundance in tree sap fluxes and in insects associated
with morning glories based on pseudoreplicated collections from N=8 localities. As the
data follow Michaelis—Menten kinetics, double reciprocal plots were used to predict S(ee), the
number of species that would be found in similar habitats in an infinite number of localities.
The corresponding linear equations and their regression coefficients are given. The equation
S (total) = 1000(S()/S(8)) was used to estimate of the total number of extant yeast species assum-
ing that the global depletion curve is similar, which of course may not be the case

Furthermore, the numbers and kinds of habitats remaining to be studied are
unknown. As floricolous insect and tree flux communities are greatly affected by the
activity of members of Coleoptera, whose number of described species is in the
order of 350,000, one might predict similar numbers for yeasts; however, the pro-
portion of beetles that harbour yeasts remains to be established. Although tree-
boring species and floricolous nitidulids frequently contain yeasts, the very speciose
family Chrysomelidae seldom does. It is therefore not reasonable to assume that the
number of yeasts is commensurate to that of beetles as a whole.

References

Anonymous (1992) Convention on biological diversity, United Nations. Adopted in 1992 at
the Rio de Janeiro Earth Summit. http://www.biodiv.org/convention/articles.asp



Marc-André Lachance

Buzzini P, Martini A (2000) Biodiversity of killer activity in yeasts isolated from the Brazilian
rain forest. Can J Microbiol 46:607-611

Calderone RA (2002) Taxonomy and biology of Candida. In: Calderone RA (ed) Candida and
Candidiasis. ASM, Washington, DC

Crist TO, Veech JA, Gering JC, Summerville KS (2003) Partitioning species diversity across
landscapes and regions: a hierarchical analysis of o, B, and y diversity. Am Nat 162:734-743

Fell JW, Boekhout T, Fonseca A, Scorzetti G, Statzell-Tallman A (2000) Biodiversity and sys-
tematics of basidiomycetous yeasts as determined by large-subunit rDNA D1/D2 domain
sequence analysis. Int J Syst Evol Microbiol 50:1351-1371

Gadanho M, Almeida JM, Sampaio JP (2003) Assessment of yeast diversity in a marine envi-
ronment in the south of Portugal by microsatellite-primed PCR. Antonie van Leeuwenhoek
84:217-227

Ganga MA, Martinez C (2004) Effect of wine yeast monoculture practice on the biodiversity
of non-Saccharomyces yeasts. ] Appl Microbiol 96:76-83

Gaston KJ (1996) What is biodiversity? In: Gaston KJ (ed) Biodiversity: a biology of numbers
and difference. Blackwell, Oxford, pp 1-9

Granchi L, Ganucci D, Viti C, Giovannetti L, Vincenzini M (2003) Saccharomyces cerevisiae
biodiversity in spontaneous commercial fermentations of grape musts with ‘adequate’ and
‘inadequate’ assimilable-nitrogen content. Lett Appl Microbiol 36:54-58

Harper JL, Hawksworth DL (1995) Preface. In: Hawkworth DL (ed) Biodiversity: measure-
ment and estimation. The Royal Society/Chapman and Hall, London, pp 5-12

Hawsworth DL (1991) The fungal dimension of biodiversity: magnitude, significance, and
conservation. Mycol Res 95:441-456

Hubbell SP (2001) The unified neutral theory of biodiversity and biogeography. Princeton
University Press, Princeton

Hughes JB, Hellman JJ, Ricketts TH, Bohannan BJM (2001) Counting the uncountable: statis-
tical approaches to estimating microbial diversity. Appl Environ Microbiol 67:4399-4406

Kimura M (1983) The neutral theory of molecular evolution. Cambridge University Press,
Cambridge

Kurtzman CP, Robnett CJ (1998) Identification and phylogeny of ascomycetous yeasts from
anlysis of nuclear large subunit (26S) ribosomal DNA partial sequences. Antonie van
Leeuwenhoek 73:331-371

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

Lachance MA (2000) Yeast biodiversity: how much and how many? 10th international sym-
posium on yeasts, Papendal, Arnhem, The Netherlands

Lachance MA, Nair P, Lo P (1994) Mating in the heterothallic haploid yeast Clavispora opun-
tiae, with special reference to mating type imbalances in local populations. Yeast 10:895-906

Lachance MA, Bowles JM, Starmer WT, Barker JSF (1999) Kodamaea kakaduensis and
Candida tolerans, two new yeast species from Australian Hibiscus flowers. Can J Microbiol
45:172-177

Lachance MA, Bowles JM, Mueller C, Starmer WT (2000a) On the biogeography of yeasts in
the Wickerhamiella clade and description of Wickerhamiella lipophila sp. nov., the teleo-
morph of Candida lipophila. Can J Microbiol 46:1145-1148

Lachance MA, Starmer WT, Bowles JM, Phaff HJ, Rosa CA (2000b) Ribosomal DNA,
species structure, and biogeography of the cactophilic yeast Clavispora opuntiae. Can J
Microbiol 46:195-210

Lachance MA, Bowles JM, Starmer WT (2003a) Geography and niche occupancy as deter-
minants of yeast biodiversity: the yeast-insect-morning glory ecosystem of Kipuka Puaulu,
Hawai’i. FEMS Yeast Res 4:105-111



1 - Yeast Biodiversity: How Many and How Much?

Lachance MA, Bowles JM, Starmer WT (2003b) Metschnikowia santaceciliae, Candida hawai-
iana, and Candida kipukae, three new yeast species associated with insects of tropical morn-
ing glory. FEMS Yeast Res 3:97-103

Lachance MA, Daniel MH, Meyer W, Prasad GS, Gautam SP, Boundy-Mills K (2003¢) The
D1/D2 domain of the large subunit rDNA of the yeast species Clavispora lusitaniae is
unusually polymorphic. FEMS Yeast Res 4:253-258

Lamb DC, Kelly DE, Manning NJ, Kaderbhai MA, Kelly SL (1999) Biodiversity of the P450
catalytic cycle: yeast cytochrome bS/NADH cytochrome b5 reductase complex efficiently
drives the entire sterol 14-demethylation (CYP51) reaction. FEBS Lett 462:283-288

Lodder J (ed) (1970) The yeasts, a taxonomic study, 2nd edn. North-Holland Publishing,
Amsterdam

Lodder J, Kreger-van Rij NJW (eds) (1952) The yeasts: a taxonomic study, 1st edn. North-
Holland Publishing, Amsterdam

MacArthur RH, Wilson EO (1967) The theory of island biogeography. Princeton University
Press, Princeton

Mulongoy KJ, Bragdon S, Ingrassia A (1999) Convention on biological diversity: program pri-
orities in the early stage of implementation. In: Cracraft J, Grifo FT (eds) The living planet:
biodiversity science and policy in crisis. Columbia University Press, New York, pp 261-271

Nout MJ, Platis CE, Wicklow DT (1997) Biodiversity of yeasts from Illinois maize. Can J
Microbiol 43:362-367

O’Donnell AG, Goodfellow M, Hawksworth DL (1995) Theoretical aspects of the quantifi-
cation of biodiversity among microorganisms. In: Hawkworth DL (ed) Biodiversity: meas-
urement and estimation. The Royal Society/Chapman and Hall, London, pp 65-73

Poliakova AV, Chernov Ilu, Panikov NS (2001) Yeast biodiversity in hydromorphic soils with
reference to grass-Sphagnum swamp in Western Siberia and the hammocky tundra region
(Barrow, Alaska). Mikrobiologiia 70:714-720

Purvis A, Hector A (2000) Getting the measure of biodiversity. Nature 405:212-219

Renker C, Blanke V, Borstler B, Heinrichs J, Buscot F (2004) Diversity of Cryptococcus and
Dioszegia yeasts (Basidiomycota) inhabiting arbuscular mycorrhizal roots or spores. FEMS
Yeast Res 4:597-603

Rosa CA, Lachance MA (1998) The yeast genus Starmerella gen. nov. and Starmerella bombi-
cola sp. nov., the teleomorph of Candida bombicola (Spencer, Gorin & Tullock) Meyer &
Yarrow. Int J Syst Bacteriol 48:1413-1417

Rosa CA, Lachance MA, Silva J, Teixeira A, Marini MM, Antonini Y, Martins RP (2003)
Yeast communities associated with stingless bees. FEMS Yeast Res 4:271-275

Starmer WT, Lachance MA, Phaff, HJ, Heed, WB (1990) The biogeography of yeasts associ-
ated with decaying cactus tissue in North America. Evol Biol 24:253-296

Stork NE (1999) The magnitude of global biodiversity and its decline. In: Cracraft J, Grifo FT
(eds) The living planet: biodiversity science and policy in crisis. Columbia University Press,
New York, pp 3-32

Suh S-O, McHugh JV, Blackwell M (2004) Expansion of the Candida tanzawaensis yeast
clade: 16 new Candida species from basidiocarp-feeding beetles. Int J Syst Evol Microbiol
54:2409-2429

Wheeler QD, Meier R (eds) (2000) Species concepts and phylogenetic theory: a debate.
Columbia University Press, New York

Whittaker RH (1960) Vegetation of the Siskiyou Mountains, Oregon and California. Ecol
Monogr 30:279-338



Chapter 2

Yeast Systematics and Phylogeny - Implications
of Molecular Identification Methods for Studies in
Ecology

CLETUS P. KurTZMAN' AND JACK W. FELL?

" Microbial Genomics and Bioprocessing Research Unit, National Center for Agricultural
Utilization Research, Agricultural Research Service, US Department of Agriculture, 1815 N.
University St., Peoria, IL 61604, USA

(e-mail: kurtzman@ncaur.usda.gov)

2 Djvision of Marine Biology and Fisheries, Rosenstiel School of Marine and Atmospheric
Science, University of Miami, Key Biscayne, FL 33149, USA

(e-mail: jfell@rsmas.miami.edu)

2.1 Introduction

A major factor that determines the validity of studies in yeast ecology is the correct
identification of species in the ecosystem. Before the present era of yeast taxonomy,
which uses gene sequences and other molecular criteria, identifications were of
necessity based on phenotypic tests. Although phenotype can sometimes be used to
correctly identify species, molecular comparisons have shown that many earlier iden-
tifications based on phenotype have been incorrect. While this does not mean that
earlier work in yeast ecology is invalid, it does say that conclusions drawn from this
work may need to be reexamined following more accurate identification of species.
In particular, the often-asked question “Is everything everywhere?” cannot be ade-
quately addressed until taxa are correctly identified. In this chapter, we will discuss
molecular methods now used for identification of yeasts, what we perceive of their
genetic resolution, their impact on systematics, and finally a description of some of
the rapid molecular methods that are applicable to the large species populations
often examined in ecological studies.

2.2 Molecular Identification of Species

The transition from phenotypic identification of yeasts to molecular identification
began with determination of the mole percent guanine (G) plus cytosine (C) ratios
of nuclear DNA. These analyses demonstrated that ascomycetous yeasts range from
approximately 28 to 50 mol% G+ C, whereas basidiomycetous yeasts range
from approximately 50 to 70 mol% G+ C. Depending on the analytical methods
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used, strains differing by 1-2 mol% are recognized as separate species (Price et al.
1978; Kurtzman and Phaff 1987). The need for quantitative assessment of genetic
similarity between strains and species was satisfied, in part, by the technique of
nuclear DNA reassociation or hybridization. DNA from the species pair of interest
is sheared, mixed, made single-stranded, and the degree of relatedness determined
from the extent of reassociation. Many different methods are used to measure this
process, which can be done spectrophotometrically or through use of radioisotopes
or other markers (Kurtzman 1993a).

A major question has been how to interpret DNA reassociation data.
Measurements of DNA complementarity are commonly expressed as percent relat-
edness. This usage can be misleading because DNA strands must show at least
75-80% base sequence similarity before duplexing can occur and a reading is regis-
tered on the scale of percent relatedness (Bonner et al. 1973; Britten et al. 1974).
Experimental conditions can greatly influence the extent of duplex formation, but
under optimum conditions, different methods of assessing DNA relatedness do
give essentially the same result (Kurtzman 1993a). Percent DNA relatedness pro-
vides an approximation of overall genome similarity between two organisms, but
the technique does not detect single gene differences or exact multiples of ploidy,
although aneuploidy can sometimes be detected (Vaughan-Martini and Kurtzman
1985).

On the basis of shared phenotype, strains that showed 80% or greater nuclear
DNA relatedness were believed to represent members of the same yeast species
(Martini and Phaff 1973; Price et al. 1978). This issue was also examined on the
basis of the biological species concept (Dobzhansky 1976), asking what is the fertil-
ity between strains showing varying degrees of DNA relatedness (Kurtzman 1984a, b,
1987; Kurtzman et al. 1980a, b). In one of these studies, the heterothallic species
Pichia amylophila and P. mississippiensis, which showed 25% DNA relatedness, gave
abundant interspecific mating, but ascus formation was limited and no ascospores
were formed. Similar results were found for crosses between P. americana and
P bimundalis (21% DNA relatedness) and between P alni and P canadensis
(Hansenula wingei), the latter pair showing just 6% DNA relatedness. The varieties
of Issatchenkia scutulata, which exhibit 25% DNA relatedness, behaved somewhat
differently. Crosses between I. scutulata var. scutulata and I scutulata var. exigua
gave an extent of mating and ascospore formation comparable to that of intravari-
etal crosses. Ascospore viability from these intervarietal crosses was about 5%, but
sib-matings of the progeny had 17% ascospore viability. However, backcrosses to the
parentals gave poor ascosporulation and very low viability, which suggests that these
two varieties represent separate species. Williopsis saturnus is a homothallic species
with five varieties that range in DNA relatedness from 37 to 79% (Kurtzman 1987).
Intervarietal fertility is reduced and varies depending on the strains crossed.
Consequently, the preceding studies show that mating among heterothallic as well as
homothallic taxa can occur over a wide range of DNA relatedness values, but that
highly fertile crosses, which demonstrate conspecificity, seem to require 70-80% or
greater DNA relatedness between strains. Because species barriers are complex and
involve a number of factors, the numerical range of 70-100% DNA relatedness as
indicative of conspecificity should be viewed as a prediction.
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Nuclear DNA reassociation studies have had a marked impact on recognizing
yeast species, but the method is time consuming and the extent of genetic resolution
goes no further than that of closely related species. Gene sequencing offers a rapid
method for recognizing species and resolution is not limited to closely related taxa.
Peterson and Kurtzman (1991) determined that domain 2 of large subunit (26S)
ribosomal RNA (rRNA) was sufficiently variable to resolve individual species.
Kurtzman and Robnett (1998) expanded the preceding work by sequencing both
domains 1 and 2 (approximately 600 nucleotides) of 26S ribosomal DNA (rDNA)
for all known ascomycetous yeasts, thus providing a universally available database
for rapid identification of known species, the detection of new species, and initial
phylogenetic placement of the species. Fell et al. (2000) published the D1/D2
sequences of known basidiomycetous yeasts, thus completing the database for all
known yeasts. Resolution provided by the D1/D2 domain was estimated from com-
parisons of taxa determined to be closely related from genetic crosses and from
DNA reassociations. In general, strains of a species show no more than zero to three
nucleotide differences (0-0.5%), and strains showing six or more noncontiguous
substitutions (1%) are separate species. Strains with intermediate nucleotide substi-
tutions are also likely to be separate species. One impact of the D1/D2 database has
been to permit detection of a large number of new species, which has resulted in a
near doubling of known species since publication of the most recent edition (fourth)
of The yeasts, a taxonomic study (Kurtzman and Fell 1998). Another use is that the
nontaxonomist can now quickly and accurately identify most known species, as well
as recognize new species, by sequencing approximately 600 nucleotides and doing a
BLAST search in GenBank.

The internal transcribed spacer regions ITS1 and ITS2, which are separated by
the 5.8S gene of rDNA, are also highly substituted and often used for species iden-
tification, but for many species, ITS sequences give no greater resolution than that
obtained from 26S domains D1/D2 (James et al. 1996; Kurtzman and Robnett
2003). However, Fell and Blatt (1999) were able to resolve cryptic species in the
Xanthophyllomyces dendrorhous species complex that had been unresolved from
D1/D2 sequence analysis, and Scorzetti et al. (2002) reported ITS sequences to pro-
vide somewhat greater resolution among many basidiomycetous species than was
found for D1/D2, although, a few species were less well resolved by ITS than by
D1/D2. Consequently, it appears useful to sequence both D1/D2 and ITS when
comparing closely related species. The intergenic spacer (IGS) region of rDNA
tends to be highly substituted and sequences of this region have been used with good
success to separate closely related lineages of Cryptococcus (Fan et al. 1995; Diaz
et al. 2000), Xanthophyllomyces (Fell and Blatt 1999), Mrakia (Diaz and Fell 2000)
and Saccharomyces (Kurtzman et al., unpublished). Because of the occurrence of
repetitive sequences and homopolymeric regions, the IGS region tends to be difficult
to sequence for some species. Small subunit (18S) rDNA, which has been extremely
important in broad-based phylogenetic analyses, is generally too conserved to allow
separation of individual species (James et al. 1996; Kurtzman and Robnett 2003).

The focus of our discussion on species identification from gene sequences
has been on rDNA. A major advantage of rDNA is that it is present in all living
organisms, has a common evolutionary origin, occurs as multiple copies and is easy
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to sequence because primer pairs for conserved regions can generally be used for all
organisms. However, gene sequences other than those of the rDNA repeat have been
used for separation of species from many kinds of fungi (Geiser et al. 1998;
O’Donnell et al. 2000), including the yeasts. Belloch et al. (2000) demonstrated the
utility of cytochrome oxidase II for resolution of Kluyveromyces species, Daniel
et al. (2001) successfully used actin-1 for species of Candida, and Kurtzman and
Robnett (2003) showed the usefulness of elongation factor 1-a and RNA poly-
merase II for resolution of Saccharomyces species. At present, the main impediment
to widespread use of gene sequences other than rDNA is developing sequencing
primers that are effective for essentially all species, and construction of databases
that include sequences from all known species. Daniel et al. (2001) and Daniel and
Meyer (2003) have made considerable progress in development of an actin sequence
database for species identification, although no primer set has been effective for all
species, thus requiring additional primers to obtain these sequences. The need for
multiple primers seems to be a problem common to sequencing of protein encoding
genes because of frequent nucleotide substitutions. Resolution of taxa from actin is
somewhat greater than from D1/D2, but not surprisingly, clear separation of closely
related species is not always certain.

Separation of species using single gene sequences is not always reliable. Different
lineages may vary in their rates of nucleotide substitution for the diagnostic gene
being used, thus confusing interpretation of genetic separation, and hybrids are
common and appear to be part of the speciation process. For example, Vaughan-
Martini and Kurtzman (1985) proposed from DNA reassociation studies that
Saccharomyces pastorianus is a natural hybrid of S. cerevisiae and S. bayanus.
Peterson and Kurtzman (1991) confirmed the proposal by showing that the D2
domain rRNA sequence of S. pastorianus is identical to that of S. bayanus, but
divergent from S. cerevisiae. The three varieties of Candida shehatae may also rep-
resent hybrids, or are examples of a lineage with a slow rate of nucleotide substitu-
tion in the rDNA. From DNA reassociation, the varieties show approximately 50%
relatedness, but they have essentially identical domain 2 large subunit sequences
(Kurtzman 1990). Groth et al. (1999) discovered a natural chimeric isolate of
Saccharomyces with genetic material from three species, and Nilsson-Tillgren et al.
(1981) presented evidence that several natural and industrial yeast strains are
hybrids. Kurtzman et al. (2005) reported that Kazachstania heterogenica appears to
be a natural hybrid that shares an RNA polymerase II gene with K. pintolopesii. In
an additional study, Lachance et al. (2003) found interfertile strains of Clavispora
lusitaniae that are highly polymorphic in the D1/D2 domain. Detection of unex-
pected divergence in a gene sequence should be possible from its lack of congruence
with other gene sequences. Single gene sequences are extremely useful for rapid
species identification, but from the foregoing examples, caution in interpretation of
species identity is required.

Other molecular-based methods commonly used for species identification include
species-specific primer pairs and probes, randomly amplified polymorphic DNA
(RAPD), amplified fragment length polymorphisms (AFLP), restriction fragment
length polymorphisms (RFLP), and karyotyping. Species-specific primers are effec-
tive when used for PCR-based identifications involving a small number of species or
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when a particular species is the subject of the search (Fell 1993; Mannarelli and
Kurtzman 1998). Otherwise, there is the likelihood that PCR mixtures containing
large numbers of species-specific primer pairs will lead to uncertain banding pat-
terns. Microsatellite-primed RAPDs (Gadanho et al. 2003) and AFLP fingerprints
(de Barros Lopes et al. 1999) have been effectively used in some laboratories. One
concern in using these latter two techniques is reproducibility between laboratories
because small differences in PCR conditions may impact the species-specific pat-
terns that serve as a reference. Karyotyping with pulsed-field electrophoresis and
RAPD on mitochondrial DNA can serve in the initial characterization and identifi-
cation of yeast species. However, the interpretation of the chromosome band pat-
terns and mitochondrial restriction fragments for taxonomic purposes is
complicated by the high degree of polymorphism, such as chromosomal rearrange-
ments, within some yeast taxa (Spirek et al. 2003).

2.3 Molecular Phylogeny and Systematics of the Yeasts — an
Overview

In the previous section, we discussed various molecular methods for species identi-
fication. In addition, many phylogenetic relationships among the yeasts and other
fungi have been resolved from analysis of gene sequence divergence. These studies
presume that horizontal gene transfer among different lineages has been limited,
which can be tested by comparing the congruence of phylogenies derived from dif-
ferent genes. Most of the analyses have used rDNA sequences, but there are gener-
ally no major differences in tree topologies whether the analyses are from rDNA
sequences or from those of other genes (Geiser et al. 1998; Liu et al. 1999;
O’Donnell et al. 2000; Kurtzman and Robnett 2003). Although phylogenetic trees
derived from analyses of various genes are generally congruent, support for basal
lineages from single gene analyses is often weak (Kurtzman and Robnett 2003;
Rokas et al. 2003). Because of this weak support, branching order is uncertain, lead-
ing to ambiguity of what constitutes a genus, a family or an order. Hawksworth et al.
(1995) addressed this issue in part by stating “there are no universally applicable cri-
teria by which genera are distinguished, but in general the emphasis is now on there
being several discontinuities in fundamental characters ...”. Many systematists now
regard these fundamental characters as gene sequences. However, a number of fac-
tors impact our recognition of genera and higher levels of classification.
Phylogenetic trees determined from single genes are seldom robust, leading to uncer-
tainty whether neighboring species groups are a separate genus or members of a
more broadly based genus. Multigene analyses generally strengthen support for
basal lineages. Kurtzman and Robnett (2003) examined relationships among the
approximately 80 species of the “Saccharomyces complex” from multiple genes.
Combined analysis of 18S, 26S, 5.8S/conserved ITS and mitochondrial small sub-
unit rDNAs with elongation factor 1-o¢ and cytochrome oxidase II gave high boot-
strap support for moderately deep lineages, which were interpreted as genus-level,
but not for more basal lineages.

Rokas et al. (2003) screened the published genome sequences from seven
Saccharomyces species and that of Candida albicans and selected 106 widely distributed
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orthologous genes for phylogenetic analysis. The resulting analyses showed that a
dataset comprising a concatenation of a minimum of nearly any 20 genes gave well-
supported trees that were comparable to those of a dataset comprising 106 genes. This
work clearly illustrates that a much larger number of genes is required for reconstruct-
ing phylogenies than is currently being analyzed in most laboratories. Whether 20 gene
sequences will strongly resolve species clades larger than Saccharomyces needs to be
determined. However, partial genome sequence analysis appears sufficient to resolve
phylogenetic relationships within different groups of yeasts. Another factor that
impacts resolution, as well as circumscription of genera, is the issue of missing taxa. It
seems likely that fewer than 1% of extant species are known, which can be inferred
from the high frequency of long single-species branches in phylogenetic trees.
Consequently, the majority of the yeasts are yet to be discovered and characterized, and
their addition to future phylogenetic analyses is likely to influence our perception of
genera, even those that are presently circumscribed from multigene analyses.

2.4 Ascomycetous Yeasts

The distinction between yeasts and dimorphic filamentous fungi has often been
uncertain. Some authorities have viewed the yeasts as primitive fungi, whereas oth-
ers perceived them to be reduced forms of more evolved taxa (Cain 1972; Redhead
and Malloch 1977). Phylogenetic analyses of TDNA sequences demonstrated the
ascomycetous yeasts, as well as yeast-like genera such as Ascoidea and Cephaloascus,
to comprise a clade that is a sister group to the “filamentous” ascomycetes (euas-
comycetes). Schizosaccharomyces, Taphrina, Protomyces, Saitoella, Pneumocystis,
and Neolecta, a mushroom-like fungus, form a divergent clade basal to the yeast-
euascomycete branch (Hausner et al. 1992; Hendriks et al. 1992; Kurtzman 1993b;
Nishida and Sugiyama 1993; Wilmotte et al. 1993; Kurtzman and Robnett 1994,
1995, 1998; Landvik 1996; Sjamsuridzal et al. 1997; Sugiyama 1998; Kurtzman and
Sugiyama 2001). Nishida and Sugiyama (1994) have termed the basal ascomycete
clade the “archiascomycetes.” Some members of the yeast clade, such as certain
species of Ascoidea and Eremothecium, show no typical budding, whereas budding
is common among the so-called black yeasts in the genera Aureobasidium and
Phialophora, as well as in certain other dimorphic euascomycete genera. Similarly,
vegetative reproduction by fission is shared by Dipodascus and Galactomyces, mem-
bers of the yeast clade, as well as by the distantly related genus Schizosaccharomyces.
Consequently, yeasts cannot be recognized solely on the basis of the presence or the
absence of budding, but with a few exceptions, ascomycetous yeasts can be sepa-
rated phenotypically from euascomycetes by the presence of budding or fission and
the formation of sexual states unenclosed in a fruiting body.

During the past 10 years, the widespread use of molecular taxonomic methods
has resulted in the discovery and description of a large number of new taxa, bring-
ing the total of ascomycetous species to nearly 1,000. Many of these new species are
readily detected by sequencing a single species-resolving gene, such as domains
D1/D2 of large subunit rDNA, keeping in mind the exceptions discussed in the pre-
vious section. If we accept that fewer than 1% of extant species are known and that
current sequencing technologies allow rapid detection of new species, the limiting



2 . Yeast Systematics and Phylogeny

17

factor for presenting new species is the time required for formal description, which
includes information on vegetative and sexual states, fermentation and assimilation
reactions, and ecology, where known.

From single gene analyses, such as the D1/D2 phylogenetic trees presented by
Kurtzman and Robnett (1998), it is apparent that many of the ascomycetous yeast
genera are not well circumscribed, but actual boundaries are often not clear.
Multigene sequence analyses have been applied to just a few genera, such as those of
the “Saccharomyces complex”, which includes Saccharomyces, Kluyveromyces,
Tetrapisispora, Torulaspora, and Zygosaccharomyces, as well as the neighboring gen-
era Eremothecium, Hanseniaspora, and Saccharomycodes (Kurtzman and Robnett
2003). In this multigene study, approximately 80 species were compared from the
combined signal of seven genes. The analysis gave 14 phylogenetically defined
clades, most of which had strong bootstrap support. From this study, the major gen-
era Saccharomyces, Kluyveromyces, and Zygosaccharomyces were shown to be poly-
phyletic, leading to reclassification of certain of the species in the new genera
Naumovia, Nakaseomyces, Vanderwaltozyma, Zygotorulaspora, and Lachancea, and
expansion of the earlier described genus Kazachstania (Kurtzman 2003) (Fig. 2.1).
Lineages basal to the branches supporting the 14 clades generally had low bootstrap
support, leaving uncertain the genetic relationships among the genera. The genus
Eremothecium appears separate from the family Saccharomycetaceae and was main-
tained in the Eremotheciaceae. Similarly, the sister genera Hanseniaspora and
Saccharomycodes, which reproduce by bipolar budding rather than multilateral
budding typical of the Saccharomycetaceae, were retained in the family
Saccharomycodaceae. As demonstrated from this analysis, as well as that of Rokas
et al. (2003), a relatively large number of gene sequences will be required to under-
stand phylogenetic relationships among the yeasts. Currently accepted ascomyce-
tous yeast genera are listed in Table 2.1 with their proposed assignments to orders
and families. Because of weak basal resolution in phylogenetic trees, many of the
genera cannot be reliably assigned to families. Furthermore, on the basis of the large
amount of phylogenetic divergence conveyed by present datasets, it seems likely that
many new families will need to be described.

From D1/D2 sequence analysis, the greater than 100 species assigned to the genus
Pichia are seen to be distributed across the Saccharomycetales (Kurtzman and
Robnett 1998). Major species groups in Pichia are centered on P. membranifaciens,
P. anomala, and P. angusta (Hansenula polymorpha), the latter species representing
the majority of methanol-assimilating taxa. Some of the species will be maintained
in Pichia and some will need to be placed in new genera as stronger datasets become
available. A few of the outlying species have already been assigned to new genera.
P, pastoris, the outlying member of the methanol-assimilating yeasts, was transferred
to Komagataella (Yamada et al. 1995a), and support for this genus as a distinct clade
recently increased with the discovery of two additional species of Komagataella
(Dlauchy et al. 2003; Kurtzman 2005). P. burtonii, now transferred to Hyphopichia,
is phylogenetically distant from the three main clades of Pichia, as are the D-xylose-
fermenting species P. stipitis and P. segobiensis. An additional change was the assign-
ment of P. ohmeri to the genus Kodamaea (Yamada et al. 1995b). Support for
this genus has increased with the discovery of additional species closely related to



18

Cletus P. Kurtzman and Jack W. Fell

92

50

89

68 S..cerevisiae
S. paradoxus|
69— S. mikatae

67

Clade 1

S. car

S. kudriavzevii

S. pastorianus

S. bayanus—

A. telluris

S. servazzii
S. unisporus

Saccharomyces

K. africanus
Kaz.

S. rosinii
K. piceae

851 S. exiguus

bulderi

- —S. tr
K. sinensis

S. martiniae
S. spencerorum
K. lodderae
S. kunashirensis

S. turicensis

S. barnettii

viticola
|_Clade 2
Kazachstania

S. castellii —

dida humilis

Clade 3

Iabrata
ensis

S.d
a0 100 Candlda
_'E( bacrl isporus —Ji
Candida castellu

K polysporus

K. yarrowii
Z rouxii
Z. mellis

Z. kombuchaensis
Z. lentus

Tor. globosa
5 — Tor. franciscae
Tor. pretoriensis
Tor. delbrueckii

Z. microellipsoides —
Z. cidri

K.
S. kluyven =

Z. fermentati
K. thermotolerans
waltii

70 1

K nonfermenrans
K. wickerhamii
721 K. lactis

K. marxianus
K. dobzhansku —

0SSypii
£ asho”"

98 ar;
|_‘— E coryll
. Sil d
98 H. valbyensis
100 HKIo lhn neri dii
|: guilliermondii
100 100 H. uvarum
98 100 H. vineae

H. osmophila
H.

Fig. 2.1.

Robnett 2003)

g ii _|
Pichia anomala

Naumovia
Clade 4
Nakaseomyces

T oham
T. phai
T. nanseiensis Clade 5 .
T. arboricola | Tetrapisispora
T. iriomotensis

Clade 6
Vanderwaltozyma

Clade 7

Zygosaccharomyces

Clade 8
Zygotorulaspora
Clade 9
Torulaspora

Clade 10
Lachancea

Clade 11
Kluyveromyces

Clade 12
Eremothecium

Clade 13
Hanseniaspora

Clade 14
Saccharomycodes

Maximum parsimony tree resolving species of the “Saccharomyces complex” into 14
clades, which are interpreted as phylogenetically circumscribed genera. The analysis resulted
in the description of five new genera. Earlier generic assignments are given for each species.
This phylogenetic tree was derived from analysis of a dataset comprised of nucleotide
sequences from 18S, 5.8S/alignable ITS, and 26S (three regions) rDNAs, elongation factor 1-c,
mitochondrial small subunit rDNA and COXII. Branch lengths are based on nucleotide sub-
stitutions as indicated by the bar, and bootstrap values under 50% are not given. Pichia anom-
ala is the outgroup species in the analysis. (Modified from Kurtzman 2003; Kurtzman and
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Table 2.1 Classes, orders and families of yeasts and yeast-like genera of the Ascomycota

Neolectomycetes
Neolectales Landvik, O.E. Eriksson, Gargas & P. Gustafsson
Neolectaceae Redhead
Neolecta Spegazzini (T)

Pneumocystidomycetes
Pneumocystidales O.E. Eriksson
Pneumocystidaceae O.E. Eriksson
Pneumocystis P. Delande & Delande (A)

Schizosaccharomycetes
Schizosaccharomycetales Prillinger, Doérfler, Laaser, Eckerlein & Lehle ex Kurtzman
Schizosaccharomycetaceae Beijerinck ex Klocker
Schizosaccharomyces Lindner (T)

Taphrinomycetes
Taphrinales Gaumann & C.W. Dodge

Protomycetaceae Gray
Burenia M.S. Reddy & C.L. Kramer (T)
Protomyces Unger (T)
Protomycopsis Magnus (T)
Saitoella S. Goto, Sugiyama, Hamamoto & Komagata (A)
Taphridium Lagerheim & Juel ex Juel (T)
Volkartia Maire (T)

Taphrinaceae Gaumann & C.W. Dodge
Lalaria R.T. Moore (A)
Taphrina Fries (T)

Saccharomycetes
Saccharomycetales Kudryavtsev
Ascoideaceae J. Schroter
Ascoidea Brefeld & Lindau (T)
Cephaloascaceae L.R. Batra
Cephaloascus Hanawa (T)
Dipodascaceae Engler & E. Gilg
Dipodascus Lagerheim (T)
Galactomyces Redhead & Malloch (T)
Geotrichum Link:Fries (A)
Endomycetaceae J. Schroter
Endomyces Reess (T)
Helicogonium W.L. White (T)
Myriogonium Cain (T)
Phialoascus Redhead & Malloch (T)
Eremotheciaceae Kurtzman
Coccidiascus Chatton emend. Lushbaugh, Rowton & McGhee (T)
Eremothecium Borzi emend. Kurtzman (T)
Lipomycetaceae E.K. Novak & Zsolt
Babjevia van der Walt & M.Th. Smith (T)
Dipodascopsis Batra & Millner (T)
Lipomyces Lodder & Kreger van Rij (T)
Myxozyma van der Walt, Weijman & von Arx (A)
Zygozyma van der Walt & von Arx (T)
Metschnikowiaceae T. Kamienski
Clavispora Rodrigues de Miranda (T)
Metschnikowia T. Kamienski (T)

Continues
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Table 2.1 Classes, orders and families of yeasts and yeast-like genera of the Ascomycota—
cont'd

Pichiaceae Zender

Brettanomyces Kufferath & van Laer (A)

Dekkera van der Walt (T)

Pichia Hansen (pro parte) (T)

Saturnispora Liu & Kurtzman (T)
Saccharomycetaceae G. Winter

Kazachstania Zubkova (T)

Kluyveromyces Kurtzman, Lachance, Nguyen & Prillinger (T)

Lachancea Kurtzman (T)

Nakaseomyces Kurtzman (T)

Naumovia Kurtzman (T)

Saccharomyces Meyen ex Reess (T)

Tetrapisispora Ueda-Nishimura & Mikata (T)

Torulaspora Lindner (T)

Vanderwaltozyma Kurtzman (T)

Zygosaccharomyces Barker (T)

Zygotorulaspora Kurtzman (T)
Saccharomycodaceae Kudryavtsev

Hanseniaspora Zikes (T)

Kloeckera Janke (A)

Saccharomycodes Hansen (T)
Saccharomycopsidaceae von Arx & van der Walt

Saccharomycopsis Schiénning (T)

Saccharomycetales incertae sedis
Aciculoconidium King & Jong (A)
Ambrosiozyma van der Walt (T)
Arxula van der Walt, M.Th. Smith & Y. Yamada (A)
Ascobotryozyma J. Kerrigan, M.Th. Smith & J.D. Rogers (T)
Blastobotrys von Klopotek (A)
Botryozyma Shann & M.Th. Smith (A)
Candida Berkhout (A)
Citeromyces Santa Maria (T)
Cyniclomyces van der Walt & Scott (T)
Debaryomyces Lodder & Kreger-van Rij (T)
Hyphopichia von Arx & van der Walt (T)
Kodamaea Y. Yamada, T. Suzuki, Matsuda & Mikata emend. Rosa,
Lachance, Starmer, Barker, Bowles & Schlag-Edler (T)
Komagataella Y. Yamada, Matsuda, Maeda & Mikata (T)
Kuraishia Y. Yamada, Maeda & Mikata (T)
Lodderomyces van der Walt (T)
Macrorhabdus Tomaszewski, Logan, Snowden, Kurtzman & Phalen (A)
Nadsonia Sydow (T)
Nakazawaea Y. Yamada, Maeda & Mikata (T)
Ogataea Y. Yamada, Maeda & Mikata (T)
Pachysolen Boidin & Adzet (T)
Phaffomyces Y. Yamada, Higashi, S. Ando & Mikata (T)
Schizoblastosporion Ciferri (A)
Sporopachydermia Rodrigues de Miranda (T)
Starmerella Rosa & Lachance (T)
Starmera Y. Yamada, Higashi, S. Ando & Mikata (T)
Stephanoascus M. Th. Smith, van der Walt & Johannsen (T)
Sympodiomyces Fell & Statzell (A)
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Table 2.1 Classes, orders and families of yeasts and yeast-like genera of the Ascomycota—
cont'd

Trichomonascus Jackson (T)

Trigonopsis Schachner (A)

Wickerhamia Soneda (T)

Wickerhamiella van der Walt (T)

Yamadazyma Billon-Grand emend. M. Suzuki, Prasad & Kurtzman (T)
Yarrowia van der Walt & von Arx (T)

Zygoascus M.Th. Smith (T)

1(A) = Anamorphic genus, (T) = Telemorphic genus.

2Anamorphic and teleomorphic genera are placed together in the same family when relationships are
known. For many anamorphic and teleomorphic genera, phylogenetic relationships are unclear and
the genera are placed in Saccharomycetales incertae sedis until family relationships become known.

K. ohmeri (Rosa et al. 1999). On the basis of single gene analyses, species of the
Lipomycetaceae and such genera such as Yarrowia, Citeromyces, and Saccharomycopsis
appear to be natural groups. Metschnikowia, which is characterized by elongated,
needlelike ascospores, is represented by a large number of phylogenetically divergent
species, but molecular data are insufficient to determine if the genus is mono-
phyletic. Consequently, multigene sequence analysis will be required to resolve rela-
tionships between the preceding genera as well as for determining relationships
within the genera.

2.5 Basidiomycetous Yeasts

The division Basidiomycota is a group of approximately 30,000 described species,
with a distinct sexual cycle that includes the production of spores on a clublike struc-
ture (basidium). The majority of the species, which are easily recognized as mush-
rooms, bracket fungi, rusts, and smuts, produce filamentous hyphae and do not have
a yeast phase. The recognition of a phylogenetic connection between yeasts and
basidiomycetes was slow to evolve. An initial observation of the presence of ballis-
toconidia led Kluyver and van Niel (1924, 1927) to suggest that Sporobolomyces was
related to the basidiomycetes. An often overlooked basidiomycete connection was
provided by Nyland’s (1949) description of the teliosporic genus Sporidiobolus.
Subsequently, Banno’s (1967) description of a teliosporic life cycle in
Rhodosporidium toruloides gave a solid recognition to the presence of basid-
iomycetes among the yeasts. That discovery was followed by descriptions of several
teleomorphic genera, including Filobasidium (Olive 1968), Leucosporidium (Fell
et al. 1969), Filobasidiella (Kwon-Chung 1975), Cystofilobasidium (Oberwinkler
et al. 1983) and Bulleromyces (Boekhout et al. 1991). The phylogenetic relationship
between the genera and to the anamorphic species remained open to conjecture until
sequence analyses became readily available.

Many researchers explored basidiomycete phylogeny, and a particularly significant
report (Swann and Taylor 1995) of 18S rDNA analysis found that basidiomycetous
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yeasts occur in three classes: Uredinomycetes, Hymenomycetes, and Ustilagenomycetes.
The Hymenomycetes are generally associated with the jelly fungi (Tremellales).
Yeasts are found within four major clades of the Hymenomycetes: Tremellales,
Trichosporonales, Filobasidiales, and Cystofilobasidiales. The Uredinomycetes, which
are often linked with the rust fungi, include four major clades of yeasts and related
genera: Agaracostilbales, Microbotryales, Sporidiobolales, and the Naohidea clade.
The majority of the Ustilaginales are plant and fungal parasites, with the smuts
as well-known examples. Sampaio (2004) reported three major groups in the
Ustilaginales: Entorrhizomycetidae, Exobasidiomycetidae, and Ustilaginomycetidae.
Yeasts are found in the latter two subclasses.

A list of the genera assigned to the three classes (Table 2.2) was modified from
the information provided by Scorzetti et al. (2002) and Sampaio (2004). An obser-
vation of note is the presence of anamorphic genera Cryptococcus, Rhodotorula, and
Sporobolomyces in more than one phylogenetic group. Historically, anamorphic
genera were described on phenotypic characteristics. For example, the genus
Rhodotorula was originally delineated by the characteristic red color of the colony,
although species with white and cream colonies were subsequently included in the
genus (Weijman et al. 1988). A cursory identification of a red yeast as Rhodotorula
has a high probability of being correct, however, the color is not phylogenetically
specific. These phenotypic names are temporarily being maintained, with conversion
to teleomorphic nomenclature as sexual cycles and species relationships are deter-
mined. For example, Sampaio et al. (2004) found the complete sexual cycle of

Table 2.2 Classes and orders of yeasts and yeast-like genera of the Basidiomycota

Hymenomycetes
Cystofilobasidiales Boekhout & Fell
Cystofilobasidium Oberwinkler & Bandoni (T)
Cryptococcus Vuillemin (A)
Guehomyces Fell & Scorzetti (A)
Itersonilia Derx (A)
Mrakia Y. Yamada & Komagata (T)
Phaffia Miller, Yoneyama & Soneda (A)
Tausonia Bab’eva (A)
Udeniomyces Nakase & Takematsu (A)
Xanthophyllomyces Golubev (T)
Filobasidiales Julich
Cryptococcus Vuillemin (A)
Filobasidium Olive (T)
Trichsporonales Boekhout & Fell
Cryptococcus Vuillemin (A)
Trichosporon Behrend (A)
Tremellales Rea emend. Bandoni
Auriculibuller Sampaio (T)
Bullera Derx (A)
Bulleribasidium Sampaio, Weiss & Bauer (T)
Bulleromyces Boekhout & Fonseca (T)
Cryptococcus Vuillemin (A)
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Table 2.2 Classes and orders of yeasts and yeast-like genera of the Basidiomycota— cont’d

Cuniculitrema Sampaio & Kirschner (T)

Dioszegia Zsolt emend.Takashima, Deak & Nakase (A)
Fellomyces Y. Yamada & Banno (A)

Filobasidiella Kwon-Chung (T)

Holtermannia Saccardo & Traverso (T)

Kockovaella Nakase, Banno & Y. Yamada (A)
Sirobasidium Lagerheim & Patouillard (T)
Sterigmatosporidium Kraepelin & Schulze (T)

Tremella Persoon (T)

Trimorphomyces Bandoni & Oberwinkler (T)
Tsuchiyaea Y. Yamada, Kawasaki, M. Itoh, Banno & Nakase (A)

Uredinomycetes
Agaricostilbales Oberwinkler & Bauer
Agaricostilbum Wright emend. Wright, Bandoni & Oberwinkler (T)
Bensingtonia Ingold emend. Nakase & Boekhout (A)
Chionosphaera Cox (T)
Kondoa Y. Yamada, Nakagawa & Banno emend. Fonseca et al. (T)
Kurtzmanomyces Y. Yamada, M. Itoh, Kawasaki, Banno & Nakase emend.
Sampaio (A)
Sporobolomyces Kluyver & van Niel (A)
Sterigmatomyces Fell emend. Y. Yamada & Banno (A)
Microbotryales
Bensingtonia Ingold emend. Nakase & Boekhout (A)
Curvibasidium Sampaio & Golubev (T)
Leucosporidiella Sampaio (A)
Leucosporidium Fell, Statzell, Hunter & Phaff (T)
Mastigobasidium Golubev (T)
Reniforma Pore & Sorenson (A)
Rhodotorula Harrison (A)
Rhodosporidium Banno (T)
Sporobolomyces Kluyver & van Niel (A)
Naohidea clade
Bannoa Hamamoto (T)
Erythrobasidium Hamamoto, Sugiyama & Komagata (T)
Naohidea Oberwinkler (T)
Rhodotorula Harrison (A)
Sakaguchia Y. Yamada, Maeda & Mikata (T)
Sporobolomyces Kluyver & van Niel (A)
Sporidiobolales Sampaio,Weiss & Bauer
Rhodotorula Harrison (A)
Rhodosporidium Banno (T)
Sporidiobolus Nyland (T)

Ustilaginomycetes
Rhodotorula Harrison (A)
Sympodiomycopsis Sugiyama, Tokuoka & Komagata (A)
Malassezia Baillon (A)
Pseudozyma Bandoni emend. Boekhout (A)
Tilletiopsis Derx ex Derx (A)

(A) = Anamorphic genus, (T) = Telemorphic genus.
2Some genera, such as the anamorphic genus Cryptococcus, are presently polyphyletic as defined,
and members of the genus are found in more than one teleomorphic order.
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Rhodotorula fujisanensis, for which they described the genus and species
Curvibasidium cygneicollum. Wholesale description of new anamorphic genera on
the basis of clade relationships should be avoided. These nomenclatural changes
would result in temporary taxonomic fixes that would be confusing and potentially
phylogenetically incorrect.

The development of extensive basidiomycetous rDNA (ITS and D1/D2) data-
bases (Fell et al. 2000; Scorzetti et al. 2002) provided a springboard for sizeable
expansion in the rate of the descriptions of new species and genera. The number of
genera increased from 33 (Kurtzman and Fell 1998) to approximately 55 (Sampaio
2004). The increase in number of species can be exemplified by the genus
Trichosporon: 19 (Guého et al. 1998) to 36 (Fell and Scorzetti 2004). Importantly, the
resulting phylogenetic trees indicate the extent of genetic diversity and the extent of
relationships between species, including the anamorphic and teleomorphic species.

The definition of a basidiomycetous species, based on sequence analysis, needs
considerable attention. As previously discussed, zero to three nucleotide differences
among ascomycetous yeasts in the D1/D2 region generally signifies strains within a
single species. This general concept is not always applicable among basidiomycetes.
Several significant examples exist, which demonstrate that other genetic regions
must be examined to distinguish taxa. Mrakia gelida and M. frigida are identical in
the D1/D2 and significantly different in the ITS and IGS regions (Diaz and Fell
2000). Similarly, the pairs Filobasidiella neoformans: F. bacillispora and Phaffia
rhodozyma: Xanthophyllomyces type strains differ by one base pair in the D1/D2
domains and significantly in the ITS and IGS regions (Fell and Blatt 1999; Scorzetti
et al. 2002).

2.6 Rapid Identification of Yeasts from Ecological Studies

Prior to the existence of molecular phylogeny, ecological research on basidiomyce-
tous yeasts was hampered by reliance on phenotypic characteristics. As a conse-
quence, there was a generalized concept that many of the species have worldwide
distributions in diverse environments. This concept was particularly true for species
such as Cryptococcus albidus and Rhodotorula glutinis. Fonseca et al. (2000) dis-
pelled this concept by demonstrating that C. albidus is a complex of 12 species. This
concept is further dispelled as established species and their phenotypic synonyms are
being examined, e.g., Rhodosporidium (Sampaio et al. 2001), and as new species are
being described that are phenotypically indistinguishable from related and unrelated
species, e.g., Trichosporon (Middelhoven et al. 2004).

A major ecological problem is that estimates indicate that only 1% of the yeast
species in nature have been described. Yeast ecology, therefore, is at a stage of dis-
covery. The ability to undertake biocomplexity studies, viz., environmental/popula-
tion interactions, is difficult, if the individual players (species) are unknown. A case
in point is an ongoing study of yeast populations in the Florida Everglades (Fell and
Statzell-Tallman, unpublished). This study involves quarterly (seasonal) sampling in
a subtropical Everglades watershed that ranges from freshwater marshes to seawater
mangrove habitats. The number of cells ranges from 100 to 2,700 per liter of water.
These variations in density correlate with sample location and season of the year.
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Preliminary data demonstrate that the biodiversity in the water is comprises 23 gen-
era and 120 species of basidiomycetes and ascomycetes. The undescribed species in
these collections represented 54% of the taxa. More than 800 strains were sequenced
during this study. In order to examine a large number of strains, ecological studies
are most efficiently undertaken with the assistance of a high throughput sequencer.
These instruments can sequence approximately 1,000 strains/day. Throughputs of
this magnitude are beyond the capabilities of the average single researcher to manip-
ulate and analyze on a daily basis; however, large numbers of strains can be
sequenced on a weekly and monthly basis.

Studies of complex unknown communities, such as illustrated with the Florida
Everglades program, are most efficiently studied by direct sequence analysis of the
species. In contrast, monitoring of ecological niches with known community struc-
ture can employ a variety of techniques, including temperature and denaturing gra-
dient gel electrophoreses (TGGE and DGGE), single-strand conformation
polymorphism (SSCP), terminal RFLP (T-RFLP), amplified rDNA restriction
analysis (ARDRA) and amplified ribosomal intergenic spacer analysis (ARISA).
The application of these techniques to fungal ecology was reviewed by Anderson
and Cairney (2004). By necessity, all of these techniques must be confirmed by
sequence analysis. Therefore, the bias and research concentration in our laboratories
has been directed to sequence-based identification methods.

PCR-based species-specific primers represent the least expensive and easiest
method for identification of small numbers (one to ten) of taxa (Chapman et al.
2003). Multiplex PCR of larger numbers of primers in a single reaction is difficult
owing to various factors, such as formation of primer dimers and differences in tem-
perature requirements for primer hybridizations. Our laboratories have been explor-
ing a high-throughput probe hybridization method for detection of multiple species
in multiple samples. The method (Diaz and Fell 2004; Page and Kurtzman, 2005) is
an adaptation of the Luminex xMAP technology (Luminex Corporation), which
consists of a combination of 100 different sets of fluorescent beads covalently
bound to species-specific capture probes. Upon hybridization, the beads bearing the
target amplicons are classified in a flow cytometer by their spectral addresses with a
635-nm laser. The hybridized biotinylated amplicon is quantitated by fluorescence
detection with a 532-nm laser. The multiplex assay is specific and fast: species that
differ by one nucleotide can be discriminated and the assay can be performed, after
amplification, in less than 50 min in a 96-well format with as many as 100 different
species-specific probes per well. The advantage of this method for ecological
research is that multiple species can be identified from multiple samples, such as
water and soil. In practice, DNA is extracted followed by the Luminex xMAP pro-
cedures. This technique is applicable to a variety of ecological monitoring strategies.
For example, we have been successfully employing this method for the analysis of
sewage-associated bacteria in waters adjacent to marine recreational beaches (Fell
et al., unpublished).

In summary, rapid detection and accurate identification of yeasts is now possible
through use of a variety of molecular methods. Application of these methods will
bring a greater degree of clarity to studies in yeast ecology, which previously was not
possible when yeasts were identified from the phenotype.
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3.1 Introduction

It is in the nature of humans to collect, to classify, to organize and to summarize
their findings. From the early days of taxonomic surveys and collecting fieldtrips,
scientists and amateurs have been gathering samples and evidence related to their
discoveries. In those days, the only way to keep track of previous findings was to
describe the morphology, the ecology and some basic physiological properties.
Species of yeasts were then often described on the basis of one or several specimens
but the latter were not always mentioned and/or properly described, analyzed and
preserved. When it became mandatory to designate type specimens, for every new
species to be described and to keep them available for future reexaminations, the
need for proper storage of the material was raised. The first and most obvious way
of doing this was by the drying of living specimens and the creation of herbaria.
Dried, nonliving material is of great importance in mycology but of limited use for
yeasts, since the physiological, biochemical, genetic and ecological properties cannot
be properly studied or reexamined. In order to perform more advanced investiga-
tions and analyses on previously collected specimens, they had to be kept alive and
maintained in a condition as close as possible to their “original” state. This is where
the culture collections (CCs) came into the picture, which still play a key role in the
preservation of the yeast biodiversity (Agerer et al. 2000; Hawksworth 2004).
Proper preservation methods have been mainly developed by scientific staff working
for CCs (Mikata and Banno 1989; Tan et al. 1991, 1994, 1995, 1998; Tan 1997; Tan
and van Ingen 2004). CCs often host a pool of scientists who study the strains of the
collection and produce a wealth of new and valuable data on these strains. CCs are
not only large biological storage and distribution facilities, they are also information
and references centers that provide advice, courses, training and valuable informa-
tion through their catalogues and more recently the Internet. Consequently, other
researchers working in academic institutions, clinics or industry benefit greatly from
the services of CCs.
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3.2 Strains and Species

In the past, most members of the scientific community considered the species as the
basis of the exchange of information. Nowadays, researchers are increasingly using
information at the strain level. The definition of a yeast species is a summary made
by systematicians and is based on the observation of taxonomically informative
characteristics of one or several strains, thought to belong to the same biological,
phenetic and/or phylogenetic entity. These entities can be large, like Saccharomyces
cerevisiae, or small when a species is known from a single strain only. The size or
the volume of species clusters does not only depend on the number and the hetero-
geneity of the strains used for its circumscription, but also on the variability of the
set of characteristics that is considered. Known taxonomic information associated
with the species is not always relevant or sufficient for workers in other disciplines.
For example, people working in industry, in ecology, in biotechnology or in clinical
settings may not be satisfied with a species name. They may require data related to
the resistance to heat in sterilization procedures that can be strain- and not species-
dependent, or they may want to know the transformation potential of strains in
complex ecological cycles. Clinicians are usually interested in the pathogenicity and
the resistance of the strains against antibiotics. As many properties can be variable
within a given species, it is of the utmost importance to record and keep data
related to the strains and to be able to dynamically create homogeneous groups of
strains that share the same phenotypic profiles. Species are often subjective entities
and their circumscriptions, definitions and volumes are variable and may evolve
with time, the methods used to study them and the understanding of the taxono-
mists. When properly preserved, strains may keep the same properties and can
therefore be used and reused in many different types of studies, such as physiology,
genetics or biotechnology. All previously recorded data associated with a given
strain can be complemented with new ones. This allows continuous updating and
improvement of our understanding of the mechanisms underlying the basal
processes connected with metabolism, pathogenicity and many other strain-related
characteristics and properties. It also permits some cross-character correlations to
be performed that would not be possible or desirable otherwise when working with
species only.

Strain preservation, characterization, identification, analysis and distribution
are the core business of CCs. Therefore, and even more than herbaria and muse-
ums, CCs remain the ideal place for taxonomic endeavors. In the past, systematic
work was usually the main task of CCs, but this is not the case anymore in many
cases, as applied research is becoming more and more important. In addition, many
CCs tend to specialize (viz., mutant collections, specialized applications in fermen-
tation industries, screening for new biologically active compounds). However, sev-
eral major yeasts CCs have hosted most of the editors of major monographs on
yeasts [e.g., Lodder 1934, 1970; Diddens and Lodder 1942; Wickerham 1951;
Lodder and Kreger-van Rij 1952; Kreger-van Rij 1984; Yarrow (in Barnett et al.
1983, 1990a, 2000a); Kurtzman and Fell 1998]. This made sense since those
researchers had access to all type strains and had the possibility to review them by
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Fig. 3.1 Number of strains deposited in the yeast collection of the Centraalbureau voor
Schimmelcultures (CBS) between 1895 and 2004. The smooth line represents the annual
deposit, while the line with bars represents the cumulative curve

applying the new methods that became available. Since the early days of yeast
taxonomy, the methods employed for the characterization of yeasts have constantly
evolved. In the early days, only microscopically and macroscopically visible mor-
phological features were recorded. Later, some basic physiological tests were intro-
duced and a number of them are still used in today’s standard testing panels. More
recently, biochemical data were added (viz., cell wall carbohydrates, coenzyme Q,
GC contents), followed by sequence data of the ribosomal genes. Certainly, one can
expect more new features to be included in the descriptions panels, such as tran-
scriptome, proteome and metabolome data. Modern CCs are not only able to keep
strains in the original condition, but they also archive all previously recorded data
at the unit level (strains); therefore, they allow researchers to build on existing
knowledge and to concentrate their efforts on new developments. Since species are
usually or ideally based on several units (strains, specimens), the addition of new
data cannot be linked to them in a straightforward manner, as previously collected
data should be reviewed again. With the growing number of species described and
accepted, namely182 in 1952 (Lodder and Kreger-van Rij), 341 in 1970 (Lodder),
518 in 1984 (Kreger-van Rij), 597 in 1990 (Barnett et al. 1990a), 678 in 2000
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(Barnett et al. 2000a) and more than 900 in 2004 (Robert et al. 2004), it has become
almost impossible to reanalyze all these species and their related strains, thus stress-
ing the value of maintaining strain-related data.

Recently, a trend emerged to isolate more strains from the environment and to
explore new niches (see the annual and cumulative deposit at the Centraalbureau
voor Schimmelcultures,CBS, CC in Fig. 3.1).

There are three good reasons for this. The first one is that new methods such as
DNA sequencing are now relatively cheap, easy, reliable and, thanks to the pioneer-
ing work of some yeast taxonomists, complete databases are available for identifica-
tion. The second reason is that the increased rate of destruction of our environment
makes it important to investigate “unconventional” niches. The third one relates to
the work of biotech companies that are isolating and screening large numbers of
strains for biologically interesting compounds. Figure 3.2 shows the geographic ori-
gin of the currently available strains in the CBS CC. Although the analysis is obvi-
ously biased since only 66% of the exact geographic coordinates of the strains are
available, it can easily be seen that most activity has been performed in some “hot
spots” such as western Europe, Japan, the USA, South Africa and some coastal
regions.

Countries in dark shades have been poorly investigated until now, usually
because they lack the facilities needed, research labs and CCs. The presence of
active researchers working in previously nonsampled areas can be very “reward-
ing”, and result in the discovery of many species new to science. The example of
J. van der Walt in South Africa is very striking. Before he started collecting, very
few strains, if any, were isolated from South Africa. During his long and fruitful
career, he and his colleagues collected, described and published many new findings
that were all deposited in CCs and are still available now. H.J. Phaff and M.-A.
Lachance, among many others, also did pioneering work by collecting previously
ignored or less sampled areas or substrates like cacti or insects. From our experi-
ence of fieldtrips to South America, Africa and Asia, we estimate that roughly 50%
of the material collected, which mainly originated from flowers, represented new
species. Strikingly, a number of isolates originating from different continents
belonged to the exact same new species (not yet published but available from the
CBS CC). Suh et al. (2004) and Suh and Blackwell (2005) found that almost one
third of their 650 isolates from beetles represented new species. The same kinds of
findings were obtained by other researchers working on beetles who found the same
species distributed all over the American continent (Lachance et al. 1998; Rosa
et al. 1999). This suggests that even with a statistically nonrepresentative number of
isolates, we can still discover new species that have a pandemic distribution (Robert
et al. 1998; Hawksworth 2004; Suh et al. 2004; Suh and Blackwell 2005). This
means that our understanding of yeast biodiversity is still extremely poor, which is
in agreement with a number of publications in which the importance of fungal
biodiversity, particularly in tropical and threatened or fragile environments, was
discussed (Hawksworth 1991, 2001, 2004; Bills and Polishook 1994; Hawksworth
and Rossman 1997; Hyde and Hawksworth 1997; Rossman 1997; Lachance and
Starmer 1998; Prance et al. 2000).
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3.3 Culture Collections, Diversity and Expertise

CCs are hosting a wide range of activities and scientific disciplines. Statistics
maintained by the World Data Centre for Microorganisms (WDCM, at
http://wdcm.nig.ac.jp) show this diversity of objectives and focus points amongst
the various CCs. Four hundred and eighty-nine CCs from over 65 countries are
registered in the WDCM system. Most of them are governmental bodies (33%),
semigovernmental bodies (7%) or linked to universities (27%). Only a small propor-
tion of the CCs are supported by private institutions or industry (5%). There was no
information available for the other 28%. A total of 2,700 researchers, technicians
and administrative staff are employed by the CCs and about one third of them pro-
duce a catalog. Slightly fewer than half of the CCs provide storage, distribution,
identification, training and consulting services. As can be seen from Tables 3.1 and
3.2, most of the collections are located in Europe, Asia or America. Very few are sit-
uated in Africa, although this continent is likely to hold a large portion of the
world’s biodiversity of yeasts. The geographic distribution of the CCs can be directly
correlated to the origin of the yeast strains present in the CBS CCs (Fig. 3.2). This
implies means that huge effort should be invested to set up CCs in Africa and other
less developed parts of the world and to properly train the staff to enable them to
collect the many yeast strains that are available in their countries. However, the setup
and maintenance of new CCs is costly, and it is unlikely that many African govern-
ments will be able or tempted to support such infrastructures, especially in times
where struggles against poverty, hunger and disease are legitimate priorities.
Presently, existing well-established CCs can help in the training of scientists from
less developed countries and can provide them with the facilities they need to store
and study their strains. It is also the duty of CCs to initiate and support forays in
those unexplored areas, which is in agreement with the Rio Convention on
Biodiversity (CBD).

In Table 3.2, some of the largest CCs that accept, maintain and/or work with
yeasts are listed with their URLs. CCs that are not members of the World

Table 3.1 Geographic origins and type of services provided by the culture collections (CCs).
(Data from World Data Centre for Microorganisms)

Distri- Identifi- Consul- No. of CCs/
Patent Storage  bution cation Training tancy no. of
Region deposit service service service offered service cultures

Africa 1 4 4 6 23 8 10/8,540,
Asia 13 54 52 59 168 121 161/248,845
Europe 47 86 93 92 243 232 161/487,405
America 7 42 56 53 164 132 114/319,179
Pacific 1 14 17 22 28 36 43/88,206

Total 69 200 222 232 626 529 489/1,152,175
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Federation of Culture Collections (WFCC) have been omitted, as they usually do
not have the required structure for distribution, and indeed they rarely distribute
strains on a regular basis to third parties. There are also large collections outside the
public domain (e.g., pharmaceutical or biotech companies) that are not included in
the statistics displayed in Tables 3.1 and 3.2.

Out of the 1,152,175 microbial strains that are maintained in public CCs world-
wide, about 400,000 are fungi, including some 80,000 yeasts. The largest yeast CCs
are biodiversity collections that maintain living-type specimens and related strains.
The North American collections, with the NRRL, the UCD, the UWO and the
ATCC, maintain almost 30,000 strains of yeasts. The ATCC is a generalist collec-
tion with a strong focus on Saccharomyces mutants. The others are general biodi-
versity collections but are also developing projects with industry. In South America
some large institutions, like the Fiocruz in Brazil, the Corpoica in Colombia and
several others in Mexico, Cuba, Chile and Argentina, have CCs. Europe hosts vari-
ous yeast CCs. The CBS is the largest among them and focuses, like BCCM/MUCL,
IGC, DSMZ and VKM, mainly on type strains and general yeast biodiversity, but
they also maintain industrially important strains, notably under the Budapest
Treaty. The NCYC, DBVPG, CECT, NCAIM, ZIM and CLIB, as well as some oth-
ers, are more specialized CCs and work in close connections with food and agricul-
ture related industries, e.g., the wine and beer industries. In Asia, several major CCs
have a long history in zymology and many taxonomists have been active in both the
NRBC (former IFO) and the JCM in Japan. In addition to industry-associated
research, they remain active in the field of biodiversity studies in general and
develop projects linking several Asian institutions through bilateral and/or multilat-
eral projects (e.g., through the MIRCEN Network). Institutions like Biotech and
TISTR in Thailand host growing collections of yeasts that are used to screen the
biodiversity for potential industrial and pharmaceutical applications. Researchers
associated with the Chinese Academy of Science in Beijing are involved in studies on
China’s vast yeast biodiversity, which resulted in the discovery of many new species.
As said before and with the notable and important exception of South Africa, Africa
lacks important yeast-associated CCs.

3.4 Preservation and Stability

Proper preservation of yeast cultures is essential if one wants to maintain them for
future investigations. As the cultures need to keep the same morphological and
physiological properties, preservation studies and media optimization have received
considerable attention at CCs. The early-used methods consisted of regular subcul-
turing of the strains, thus allowing for important stability and mutational problems
to occur. The introduction of lyophilization and cryopreservation techniques per-
mitted major enhancements of the stability of the strains. A better understanding of
the freeze-drying (lyophilization) techniques, especially provoked by the develop-
ment of cryomicroscopes, has resulted in the possibility to dry recalcitrant organ-
isms and a prolonged shelf life of freeze-dried specimens as well.

Freeze-drying is a rather complicated series of processes, aimed at the drying
of organisms to such an extent that the metabolic activity is strongly reduced.



40

Vincent Robert et al.

The result should allow for the storage of these organisms at a practical temperature
and guarantee a successful revival after a prolonged period. The process starts with
a suspension of living cells in a lyoprotectant. This suspension is frozen and subse-
quently dried by providing an open connection to a colder condenser under a rela-
tively low vacuum. The drying occurs in two steps: primary drying, in which the
frozen free water (crystalline) is removed, and secondary drying at higher tempera-
tures. During primary drying the cells dehydrate by exposure to an eutectic solution
with a high osmotic value, which freezes later to become a glass. The aim of sec-
ondary drying is to reduce the residual moisture content of the primary dried mate-
rial in order to obtain a stable glass at preservation temperature. Residual moisture
content is expressed as a percentage of the absolute dry weight. For fungi the toler-
ance of residual moisture content is between 1 and 2.5%. More severe drying will
result in irreversible damage to the cells owing to denaturation of proteins and lipids,
while higher moisture contents will reduce the shelf life of the material. Most yeast
strains can now be lyophilized reliably.

Although for distribution freeze-drying has advantages over freezing, the method
of choice for the preservation of yeasts is freezing at ultralow temperatures. It is the
stablest and most reliable technique and it also allows for a better preservation
compared with periodical subculturing. Yeast researchers can concentrate on
their research without worrying about the stability of the strains that are provided
by CCs.

The usage of the latter methods is of the utmost importance, not only for the
quality of the stored microbiological materials, but also because they allowed for a
drastic reduction of the time spent in subculturing.

3.5 Distribution

One of the major functions of CCs is the distribution of strains. Nowadays, the
quality of the material, such as correct identity and physiological condition, is only
a part of the task of the CCs. More and more governmental and postal regulations
have important implications for CCs. For example, quarantine organisms, which can
cause harm to humans, animals or local crops, or organisms that potentially can be
used by terrorists are not easily distributable anymore and are subject to restrictions.
There are now a number of obligations that are imposed by international treaties
such as the Convention on Biodiversity, the Budapest Treaty (patents) or by trans-
port regulations (IATA, road transport). Because of all these elements, qualified
personnel are needed and special protocols have to be followed, which has consider-
able implications and costs.

The Convention on Biological Diversity (CBD), now ratified by over 185 coun-
tries, was established to support the conservation and utilization of biodiversity,
ensuring fair and equitable sharing of benefits arising from the latter and was imple-
mented in 1993. It has three major objectives, namely, conservation of biodiversity,
sustainable development of genetic resources and fair and equitable sharing of
resultant benefits. The CBD assigns sovereign rights to the country of origin and
requires that prior informed consent (PIC) be received from the country in which
access to organisms is requested. Mutually agreed terms (MAT) on the conditions
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under which access is granted and on which benefits will be shared, should they
occur from the use of the organisms, must be put in place. Benefit sharing may
include monetary elements, but may also include information, technology transfer
and training. The supply of organisms must also be under agreed terms under mate-
rial transfer agreements (MTA) between supplier and recipient to ensure benefit
sharing with, at least, the country of origin.

CCs must put in place mechanisms to comply with the provisions of the CBD,
but they cannot completely police the distribution of strains. What they can do is to
restrict further distribution, to allow traceability, to raise the attention of the client
to the obligations related to the CBD and to provide the means to do so. When
authorized they can also negotiate between the client and the country of origin.

Key developments for the endorsement of a voluntary code of conduct for access
and benefit sharing have been made thanks to the Microorganisms Sustainable Use
and Access Regulation International Code of Conduct (MOSAIC) project and the
Bonn Guidelines.

3.6 Underpinning Science and Industry

Preserving strains under good and stable conditions at CCs contributes largely to
scientific research in general by providing valuable quality material for the technol-
ogists to develop new or better products. However, CCs are not just biological stores,
as the research staff of CCs also contribute to the value of the collections by bring-
ing new methodological data (Barnett et al. 1985, 1987, 1990b, 1994, 1996, 2000b;
Mikata and Banno 1989; Tan et al. 1991, 1994, 1995, 1998; Deak 1992, 1995; Robert
et al. 1997, 2004; Tan 1997; Esteve-Zarzoso et al. 1999; Boekhout et al. 2002; Robert
and Szoke 2003; Tan and van Ingen 2004), expertise and new isolates (Suh et al.
2004; Suh and Blackwell 2005). These interests have sparked the development of
research programs at leading collections, which include investigations into phy-
logeny, taxonomy and nomenclature, strain preservation techniques, functional
genomics, screening and bioinformatics.

In order to make CCs ever more useful and to share the important information
that is kept at the strain and species levels, CCs have developed software and Internet
websites. As an example, the CBS codeveloped the BioloMICS software (Robert and
Szoke 2003) for the management of strains and species data, the statistical analysis
of those data and for identification and classification of the isolates. Detailed infor-
mation about more than 900 yeast species and 6,600 yeast strains is available online
(http://www.cbs.knaw.nl/yeast.htm). Hundreds of characters are annotated for each
record, which include morphological, physiological and molecular data. This infor-
mation is freely accessible for each record, as is textual, bibliographic, geographic
and taxonomic information. The database includes thousands of macroscopic and
microscopic images and a bibliography of almost 10,000 references. The taxonomic
database features 23,500 scientific names (including anamorph and teleomorph
names, as well as synonyms). It is also possible for users to align their own sequences
with a database containing up to 450,000 fungal sequences. The BioloMICS soft-
ware also allows for online polyphasic similarity-based identifications, which can be
performed using any combination of geographic, morphological, physiological or
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molecular data. The CBS in The Netherlands, CABI in the UK and Landcare
Research in New Zealand have launched the Mycobank website (Crous et al. 2004;
www.mycobank.org) that allows the online registration of new fungal names as well
as associated data. For the yeasts, this website is coupled to the yeast BioloMICS
database and new species are made available online directly. We hope that this will
be a highly valuable tool for all yeast researchers, especially those working on biodi-
versity and ecology.

3.7 Conclusions

The results obtained from biodiversity and functional studies of yeasts should be
investigated in a more global and comprehensive approach, allowing a better
understanding of the roles of these organisms in nature and their relationships to
other living beings. Attaining this seemingly idealistic goal necessitates the use of
collaborative teams of scientists as well as the training of additional taxonomists.
Ecologists, taxonomists, botanists, zoologists and chemists must prioritize the niches
that must be explored in the light of endangered habitats and ecosystems. These sci-
entists should work with statisticians to define sampling plans, with field technicians
to assist in the collection, isolation and the characterization of the isolates, with bio-
chemists to search for interesting properties, and with computer scientists to con-
struct useful databases. They must also convince politicians of the importance of
long-term, comprehensive studies in order to finance the development and contin-
ued existence of large, multidisciplinary scientific teams and CCs. International col-
laboration will be crucial, not only for financing these scientifically difficult studies,
but also because scientific expertise and technology and financial and ecological
resources are scattered over different countries throughout the world. CCs are at the
heart of this problem and should act and be seen as the core basic instrument allow-
ing us to reach the previously mentioned targets.
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4.1 Introduction

The first complete nucleotide sequence of a yeast — Saccharomyces cerevisiae —
genome was published in 1997 (The Yeast Genome Consortium 1997). It was also
the first case of complete genome sequencing of a eukaryotic genome. The analysis
of this yeast genome has revealed a set of conceptually new and unexpected features
whose meanings were not fully understood for quite a while (number of genes, gene
duplications, segmental duplications, etc.). By a concerted effort of the yeast
research community the sequencing program was then developed to a systematic
functional analysis, achieving a functional description of a large part of the genetic
information.

The full eukaryotic genome sequences which followed this first attempt
(Caenorhabditis elegans, by the C. elegans Sequencing Consortium 1998; Drosophila
melanogaster, by Adams et al. 2000; Arabidopsis thaliana, by the Arabidopsis
Genome Initiative 2000; Homo sapiens, by Lander et al. 2001 and Venter et al. 2001;
Anopheles gambiae by Holt et al. 2002; Mus musculus by Waterston et al. 2002)
belonged to organisms dispersed in the evolutionary tree of life. It is only recently
that a set of ascomycetes complete genome sequences appeared in the literature and
their availability is a real bonus to undertake comparative genomics studies. Yeasts
share a common way of life as unicellular eukaryotic organisms (developmental
steps are minimum, cell-to-cell communications is restricted to specific pathways
such as sexual conjugation, killer system, etc.), but are largely dispersed along the
evolutionary tree. The five yeasts analyzed by Dujon et al. (2004) appear molecularly
more diverse than the whole phylum of chordates. During this long period of evo-
lution and speciation, they also found their specific ecological niches and lifestyle.
Several yeast genome sequences are now available (see Fig. 4.1 for their phylogenetic
relationship). This information can be used to identify the molecular events that
drove their evolution, and also to analyze the process of environmental adaptation.
For the past few years, biologists have studied evolutionary developmental mecha-
nisms also called “Evo-Devo” (reviewed by Hall 2003). A focus of this complex
problem has been the mechanisms by which the transcriptional regulatory systems
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Fig. 4.1. Schematic phylogenetic relationships of the genome-sequenced yeasts. (Taken from
Wolfe 2004)

evolved (published works are largely based on the studies of homeotic genes), and
the contributions of these regulatory changes in the evolution of phenotype (Wray
2003). Such studies can now be undertaken with yeasts, based this time on complete
genome sequence, in order to understand what could be called “Evo-Adapt” mech-
anisms. There are several recent reviews which deal with yeast genome evolution
(Herrero et al. 2003; Piskur and Langkjaer 2004; Wolfe 2004). This short review is
not exhaustive but intends to present our personal, perhaps biased, view of the pres-
ent developments and perspectives of this new exciting field.

4.2 The Which and Why of Complete Yeast Genome Sequencing

The S. cerevisiae genome sequencing project was proposed 2 decades ago by Goffeau
to the European Community and received strong support from the yeast research
community. S. cerevisiae was not only an essential industrial yeast, but also “the”
model yeast for basic research at that time. Sequencing of other yeast genomes
started later, but the choice of species and the work calendar were not coordinated,
and were rather dictated by circumstances and specific interests of different research
groups. The genome sequencing of Schizosaccharomyces pombe, another model
yeast for some aspects of cell biology, such as “cell cycle”, and of the medically
important Candida albicans (Tzung et al. 2001) were the first to be undertaken. The
complete analysis of the S. pombe genome came out in 2002 (Wood et al. 2002).
The determination of the complete nucleotide sequence of several sensu stricto and
sensu lato Saccharomyces was undertaken with particular interest focused on inter-
genic regions. Since these regions diverge much faster than coding sequences, the
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detection of conserved features in such regions required a comparative study of
closely related yeasts (Cliften et al. 2003; Kellis et al. 2003; see Sect. 5.1 for more
details). The Ashbya gossypii (Eremothecium gossypii) project also started a few years
ago and the results were published recently (Dietrich et al. 2004). The choice of this
yeast was based on several features of particular interest, including the very small
size of its genome, the high degree of open reading frame (ORF) conservation with
respect to S. cerevisiae and its filamentous form. More recently the genome sequence
of Kluyveromyces waltii (= Lachancea waltii) was reported (Kellis et al. 2004).
Sequence analysis of K. waltii and A. gossypii confirmed the view that the complete
genome duplication occurred before the S. cerevisiae speciation, a hypothesis pro-
posed earlier by Wolfe and Shields (1997). In the meantime, the French consortium
“Génolevures” explored the hemiascomyceteous phylum (that includes most of the
commonly known yeast species) by very partial shotgun sequencing of 13 different
species well dispersed along the evolutionary tree of hemiascomycetes (The
Génolevures Consortium 2000). This project was later completed by total genome
sequencing of four selected species chosen on the basis of their adaptation to dif-
ferent environmental conditions as well as their supposed positions in the evolu-
tionary tree (C. glabrata, K. lactis, Yarrowia lipolytica, and Debaryomyces hansenii)
(Génolevures II, Dujon et al. 2004). Finally, the genome of Hansenula polymorpha
(= Pichia angusta = Ogataea polymorpha) was sequenced and analyzed because of
the well-known industrial interest in this yeast (Ramezani-Rad et al. 2003). In the
near future, many more yeast sequences are expected to be released, increasing our
repertoire and the possibilities of comparative genomic analysis.

An important fallout of all these projects was the improvement of annotation of
the S. cerevisiae genome based on genome sequence comparison. This allowed the
number of coding sequences to be reduced from the initial 6,200 to about
5,700-5,800 (Blandin et al. 2000; Brachat et al. 2003; Cliften et al. 2003; Kellis et al.
2003).

Speaking of a complete nucleotide sequence, the published data are not of the
same level of completeness. In most cases, sequences are based on shotgun sequenc-
ing (usually between 5 and 8 times genome coverage), which leaves unfinished pieces
and makes assembly difficult, resulting in a collection of large contigs. For the
moment only a few genomes have been fully assembled as was done for S. cerevisiae:
such is the case for A. gossypii, S. pombe, and the Génolevures II program (C.
glabrata, K. lactis, Y. lipolytica). According to the type of analysis to be done, this
(in)completeness has some importance as will be discussed in Sect. 4.1.

A comparison of genomes revealed first that all ascomycetes genomes were in the
range 9-20 Mb, a small variation compared with the size of most eukaryotic
genomes. Compared with higher eucaryotes, these small genomes also share com-
mon features. The number of ORFs varies around 6,000 (A. gossypii, the smallest
one, contains 4,718 ORFs, while Y. lipolytica is supposed to encode 6,703 ORFs).
Goffeau’s description for S. cerevisiae, i.e., “life with 6,000 genes” (Goffeau et al.
1996) seems to apply to other yeasts. In addition, intergenic regions are generally
short, and there are few introns, or repetitive elements, even if the genome of
Y. lipolytica tends to be slightly more expanded than the others. Transposons are
scarce and only a few cases of horizontal transfer have been detected.
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Despite these common characteristics of their genome, each yeast species shows
a distinct physiology. Their niches are diverse: trees and fruits (S. cerevisiae), dairy
products (K. lactis), decaying organic compounds (Y. lipolytica), seawater (K. aestu-
ari), high-salt food (D. hansenii) or highly acidic media (Zygosaccharomyces bailii).
Some can be pathogens (C. glabrata, C. albicans). Even within the sole
Saccharomyces group a quantitative difference of phenotype is evident, such as the
low level of glucose repression typically observed in S. kluyveri (= Lachancea
kluyveri) (Moller et al. 2002). Sugar assimilation patterns also illustrate the diversity,
offering a convenient key for yeast classification. A general description of sugar
assimilation patterns of yeasts can be found in Kurtzman and Fell (1998).

To summarize, the hemiascomycetous yeasts share many basic features of the
genome, and contain roughly the same number of ORFs, whereas their physiology
varies greatly. We may ask how yeast generates this diversity from the largely similar
genomic components. The question can now be approached by both bioinformatics
and experimental tests. We will consider here three possible mechanisms, not mutu-
ally exclusive, that may be at the basis of this adaptation process. The observed phe-
notypic variations could involve (1) large chromosomal rearrangements (such as
translocations for example), (2) gene duplication/gene loss, possibly associated to
functional differentiation, and (3) modified expression of the same gene subsets
under the control of different regulatory mechanisms (variation of regulatory net-
works). Many earlier studies focused on the second mechanism, but more recent
works have analyzed the two other possibilities. The respective weights of these dif-
ferent mechanisms in the functional evolution of yeasts are for the moment difficult
to estimate. The aim of this review is to sum up the recent approaches dealing with
these mechanisms.

4.3 Gross Chromosomal Rearrangements

In 2000, Fischer et al. analyzed the genomes of six closely related Saccharomyces
species belonging to the sensu stricto complex for the possible presence of gross
chromosomal rearrangements and identified several translocations (mostly recipro-
cal). These rearrangements happened at specific points (“hot spots”) and were asso-
ciated to ectopic recombination between Ty elements or duplicated pairs of genes.
Highly polymorphic chromosomes appear to be a common characteristic of indus-
trial Saccharomyces strains (Codon et al. 1998; for a review, see Mortimer 2000)
where Ty-mediated reciprocal translocations have been identified (Codon et al. 1997,
Rachidi et al. 1999; Infante et al. 2003). In some cases, these rearrangements have
been shown to increase adaptative evolution. During long-term cultivation experi-
ments in glucose-limited medium, sequence alterations occurred which have been
correlated with adaptive changes of physiology (Dunham et al. 2002). In another
observation on a wine yeast strain, a reciprocal translocation led to a promoter
change in the SSUI gene, coding for a sulfite transporter involved in the resistance
to sulfite, a preservative used in winemaking (Perez-Ortin et al. 2002).

Such gross rearrangements have been postulated as a potential mechanism of
speciation, since these strains can mate, but interspecific pairings produce a sterile
hybrid. A closer examination of the chromosome structure of different sensu stricto
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yeast strains (Fischer et al. 2000) revealed that gross rearrangements were not pres-
ent in all the species since the chromosomal maps of S. paradoxus and S. kudriavze-
vii were collinear with the S. cerevisiae map. Such a result showed that gross
rearrangements such as translocations did not drive alone the speciation process.
Taking a direct experimental approach, Delneri et al. (2003) engineered a S. cere-
visiae strain by modifying its chromosomes to make them collinear with two
S. mikatae strains. When interspecific hybrids were produced from these strains,
their progeny were mostly viable, but they were extensively aneuploid, while the
crosses between the noncollinear version of the otherwise isogenic strains indicated
that reciprocal translocations caused a marked reduction in hybrid fertility. This
confirms that translocations can contribute to the reproductive isolation between
species, in combination with other mechanisms such as mismatch repair (Hunter
et al. 1996).

4.4 Gene Duplications Leading to Adaptation and Biodiversity

Gene duplications have long been thought to be a major driving force in biological
evolution. This mechanism provides an extra copy which can later be modified to
produce a “novel function” (Ohno 1970) without losing — initially at least — the orig-
inal function and therefore without risk. The importance of this mechanism in evo-
lution has already been evidenced in many cases (Papp et al. 2003; Gu et al. 2004;
Zhang and Kishino 2004, references therein).

4.41 Gene Duplication in Functional Evolution

Wolfe and Shields (1997) have proposed that a global genome duplication occurred
prior to the speciation of Saccharomyces (sensu stricto). This seems to be confirmed
by the analysis of the complete sequence of K. waltii (Kellis et al. 2004). Further
analyses of the various genomes now at our disposal revealed a large variety of
events which may superpose their effects prior or posterior to the global duplication
event. Rearrangements and gene loss followed the complete genome duplication
(Wong et al. 2002). Spontaneous local duplications have also been shown experi-
mentally to happen quite frequently (Koszul et al. 2004) and could play an impor-
tant role in reshaping the genome. Paralogous genes thus generated can follow
separate fates. The two copies can evolve to different functions as mentioned before,
or keep the same function. Alternatively one of the copies can be lost by deletion or
inactivated by mutation leaving in place a pseudogene (also called a “relic” when
highly degenerate). Some relic genes have been identified recently (Lafontaine et al.
2004).

There are no general rules that allow us to predict the functional fate of dupli-
cated genes or the proportion of duplicates which are functionally differentiated. In
addition, the notion of functional differentiation is loosely defined since it may
mean the same function with a different expression (as for example the pair of
anaerobic/aerobic genes of S. cerevisiae which play the same function but are
expressed in two different physiological conditions), or a duplicate gene can actually
change to exert a function different from that of the original gene. This question was
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approached experimentally by examining the function of pairs (or more) of gene
families as described, for example, in Llorente et al. (1999). In this case the two most
closely related pairs of three genes were shown to have the same function with no
differences in expression, while the third one, which acquired another domain (gene
fusion), seemed to encode a protein with a different (and yet unknown) function.
Delneri et al. (1999) analyzed the family of aryl alcohol dehydrogenase and showed
that in terms of response to oxidative stress, the apparent genetic redundancy is
more apparent than real since only one gene seems to be the key player; nevertheless,
the real function of these genes has still to be established. In another report on the
THIS5 gene family (involved in thiamine biosynthesis), only very subtle differences in
the regulation were revealed (Wightman and Meacock 2003). In the last two
cases, the genes are located within the subtelomeric regions, which may act as a “nest”
for the formation of newly duplicated sequences, as proposed by Piskur and Langkjaer
(2004) in their review. Such (evolutionary) very young copies did not have enough
time to differentiate. With a more theoretical approach, Langkjaer et al. (2003) tried
to assess the initial assumption that “rarely paralogues are preserved because they
differentiate and become functionally specialized” but they could only deduce by
phylogenetic studies whether the gene duplicated before or after the divergence of
two yeast lineages. Using a different approach, Zhang and Kishino (2004) tried to
predict the fate of a duplicate with respect to the recombination rate of the genomic
region around this gene. An alternative way of functionally classifying proteins is to
rely on their capacity of protein—protein interactions independently of sequence
data. Baudot et al. (2004) developed a bioinformatic method called PRODISTIN
which was applied to 899 duplicated genes. Their main conclusion is that the fate of
duplicate genes is distributed quite unequally between three categories: the majority
(63%) of protein pairs are involved in the same biological process, 7.5% may be
involved in different aspects of the same biological process. Only a limited fraction
(22%) acquire new biological functions. If this is confirmed by other methods, one
may consider that the role of duplication in functional evolution, based on acquisi-
tion of new functions, has probably been quantitatively overestimated.

Despite these attempts, most of our means to understand functional evolution of
a biological pathway are restricted to a systematic comparative analysis in different
species of the presence/absence/copy number of the genes involved in that pathway.
This approach has been successfully applied to several biological processes, such as
mating type genes, silencing and subtelomeric gene families (Fabre et al. 2004), the
MAT locus and HO endonuclease (Butler et al. 2004) or DNA replication, repair
and recombination (Richard et al. 2005), allowing stimulating hypotheses to be for-
mulated for the acquisition of new functions. This comparison also led to the obser-
vation that the simultaneous loss of genes of the GAL pathway in some species was
a way to their adaptation to specific ecological “niches” (Hittinger et al. 2004). In
our laboratory we are examining carbon and oxygen metabolism on the same basis
(Bolotin-Fukuhara et al. 2005; Bolotin-Fukuhara and Bao, unpublished data) and
some of the data which complete the analysis on anaerobiosis by Gojkovic et al.
(2004) are presented later.

Before any conclusions are drawn however, one should be aware that this type of
analysis (presence/absence of genes/copy number) relies entirely upon the quality of
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the sequence in terms of assembly and polishing. When the genome coverage is low,
the absence of the homologue may only mean that either the corresponding
sequence is absent, or that the partial sequence did not allow detection of the homo-
logue. The same holds true for the detection of duplicates. This problem was
encountered in the Génolevures I program, for which functional analysis was not
very informative (Gaillardin et al. 2000). Only completely finished sequences can
lead to precise and definitive conclusions. Therefore, the recent works described in
the preceding discussion relied to a great part on the completely sequenced and
assembled genomes from the Génolevures II project. This point has been discussed
in detail in Bolotin-Fukuhara et al. (2005).

4.4.2 Central Metabolism

The sugar sources which can be assimilated vary greatly according to yeast species
(Barnett 1976), but glucose remains a universal carbon source of yeasts. Glucose is
directed to pyruvate through glycolysis and most yeasts metabolize pyruvate partly
though fermentation and partly through respiration (such is the case of K. lactis or
P, stipitis) or use it exclusively for respiration as does Y. lipolytica and other typically
respiratory species. S. cerevisiae and closely related species are, in contrast, predom-
inantly fermentative yeast in which respiratory pathways are strongly repressed by
glucose (Crabtree effect positive). Very complete carbon source assimilation spectra
are listed in Kurtzman and Fell (1998). A more recent review addressing carbohy-
drate and energy-metabolism in nonconventional yeasts (Flores et al. 2000) con-
cluded that “basic knowledge is missing on many components of these pathways
and that studies on regulation of critical steps are scarce.” The existence of genomic
data offers, therefore, an opportunity to reinvestigate these important pathways.

In a previous review (Bolotin-Fukuhara et al. 2005), we compared the pres-
ence/absence of genes involved in glycolysis, the tricarboxylic acid cycle and related
pathways. We took advantage of the fact that the three yeasts which were analyzed,
S. cerevisiae, K. lactis and Y. lipolytica represent three different levels of balance
between fermentation and respiration. A decade ago the glycolytic pathway was
studied in K. lactis by screening for Rag mutants (RAG means resistance to
antimycin on glucose and allows mutants of the glycolytic pathways to be selected).
Fourteen complementation groups have been identified in this screen (Wesolowski-
Louvel et al. 1992) and later molecular analysis revealed a low level of gene redun-
dancy as compared with that in S. cerevisiae. In the latter most of the glycolysis
genes are duplicated or even multiplicated (such as multiple hexose transporters).
The systematic analysis made on the three genomes confirmed this trend (Bolotin-
Fukuhara et al. 2005). Extending this type of analysis to the yeasts whose genome
is sequenced reinforces this idea since the genes of the upper part of the glycolysis
pathway (Table 4.1) are generally not redundant in these yeasts, as opposed to
S. cerevisiae. This may be explained — among other hypotheses — if we assume that
storage reactions have to be more active in fermentative yeasts like S. cerevisiae since
the energetic yield of glycolysis is smaller than in respiratory metabolism. It is inter-
esting to note that this low redundancy of the genes involved is not restricted to the
species placed in the phylogenetic tree before the general duplication of the genome.
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Table 4.1 Distribution of some genes involved in carbon metabolism in yeast. Yeast species
are placed in the order of the phylogenetic tree presented in Fig. 4.1. The yeast species abbre-
viations are Sc for Saccharomyces cerevisiae, Sa for S. castellii, Cg for Candida glabrata, Kw
for Kluyveromyces waltii, Sy for S. kluyveri, Kl for K. lactis, Ag for Ashbya gossypii, Dh for
Debaryomyces hansenii, Ca for C. albicans and Yl for Yarrowia lipolytica. Genes encoding
enzymes involved in carbohydrate storage and the pyruvate decarboxylase genes. A question
mark indicates that the data are unclear (partial sequence only, ambiguity in allele attribution,
weak similarity which does not discriminate between the pairs, etc., see also the discussion in
Sect. 2)

Part A: carbohydrate storage

Enzyme activity Sc Sa Cg Kw Sy KI Ag Dh Ca Yl

Phospho- 2: PGM1 2 2 1 1 1 1 1 1 1

glucomutase PGM2

Glycogen synthase  2: GSY1 2 2 1 1 1 1 1 1 1
GSY2

Glycogenin 2: GLG1 1? 1 1 1 1 1 2 1?1

glucotransferase GLG2

alpha, alpha- 2: TPS3 1 2 1 1 1 1 1 1 1

trehalose- TSL1

phosphate

synthase (regu-
latory activity)

alpha, alpha- 2: NTH1 1 2 1 1 1 1 1 1 1
trehalase NTH2

Part B: pyruvate decarboxylase

3: PDC1 37 2 1 3 1 2 3 2 1
PDC5
PDC6

Therefore, the situation may reflect particular physiological requirements of each
species. A species such as S. castellii does not maintain the complete set of duplicate
genes perhaps because its metabolism is less fermentation-oriented than that of
S. cerevisiae and its sensu stricto relatives. This absence of redundancy may also be
linked to the reduced glucose repression in S. kluyveri, a sensu lato Saccharomyces
like S. castellii.

The general redundancy of glycolysis genes in S. cerevisiae may suggest that it
is a way of increasing the metabolic flux of this pathway. However, no direct evi-
dence has been provided yet for actually increased levels of most enzymes. A few
attempts at genetic engineering have been made on key metabolic points which are
often critical in industrial processes. Such is the case of pyruvate decarboxylase
(PDC) genes. PDC is a key enzyme that directs pyruvate to fermentation rather
than respiratory pathways. Indeed, construction of S. cerevisiae strains with
reduced specific Pdcp activity has been attempted (Flikweert et al. 1999; Remize
et al. 2000). PDC is encoded by three genes in S. cerevisiae (a major form, PDCI,
and a minor form, PDC5, Hohmann and Cederberg 1990; the third enzyme,
PDC6, is inducible by sulfur limitation, Fauchon et al. 2002), while in K. lactis
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there is only one single gene (Bianchi et al. 1996). In this case, the reduced copy
number of PDC genes is probably not associated with increased respiratory activ-
ity. In other species (Table 4.1), the number of PDC genes is variable and is not
correlated with the intensity of the respiratory metabolism of each species.
Experimental data also point to this conclusion. Moller et al. (2004) identified
three PDC genes in the yeast S. kluyveri and measured the enzyme activity under
various conditions. They could show that S. kluyveri and S. cerevisiae, grown
under comparable conditions, had different flux distributions at the pyruvate
branch point, and hypothesized that factors other than the Pdcp activities are
responsible for this difference.

4.4.3 The Case of Aerobiosis/Anaerobiosis

Yeasts cannot grow on strict anaerobiosis, with the exception of some
Saccharomyces yeasts. Among the yeasts for which the genome has been completely
sequenced, there are two types of physiology: S. cerevisiae and the Saccharomyces
sensu stricto species (S. bayanus, S. kudriavzevii, S. Paradoxus and S. mikatae) and
sensu lato species (S. kluyveri and S. castellii) are able to grow anaerobically, while
K. lactis, D. hansenii, C. glabrata, A. gossypii, C. albicans and Y. lipolytica are not.
As an example of functional evolution, the study of these genomes may shed light
on the question of how some yeasts have acquired (or lost) the capacity to grow
anaerobically. For S. cerevisiae, a systematic study has been done to compare the
genes expressed in anaerobiosis versus aerobiosis by a genome-wide transcriptional
analysis (Ter-Linde et al. 1999). Only a small number of genes responded to these
different physiological conditions. The study revealed ROXI (the repressor of
hypoxic and specific anaerobiosis genes) as a main site of response, mediating the
other targets. This was further confirmed by transcriptome studies of Rox1p targets
(Ter Linde and Steensma 2002). Some pathways are usually dependent upon oxygen
and anaerobic yeasts developed a way to circumvent oxygen limitation. Such is the
case of the fourth step of the pyrimidine biosynthesis pathway, the dihydroorotate
dehydrogenase (DHODase) encoded by the URAI gene in S. cerevisiae. In relation
with the DHODase, Gojkovic et al. (2004) recently proposed an explanation why
some yeasts are obligate acrobe. In most species this enzyme activity is dependent
upon oxygen, because they possess only a mitochondrial form of the enzyme. In
S. cerevisiae (and in other Saccharomyces yeasts) there is a cytoplasmic form of the
enzyme. This cytoplasmic enzyme is phylogenetically related to a bacterial
DHODase and Gojkovic et al. postulated that yeast has acquired the corresponding
gene by horizontal transfer. An elegant confirmation of the model was presented on
the basis of an analysis of the S. kluyveri genome, which possesses both mitochon-
drial and cytoplasmic forms of DHODase. Each of the corresponding genes was
separately disrupted and the effects were analyzed (Gojkovic et al. 2004) to substan-
tiate the proposal.

Another oxygen-dependent pathway is the sterol biosynthesis pathway. When it is
functional, yeast does not take up a significant amount of exogenous sterols (a phe-
nomenon called aerobic sterol exclusion, Lewis et al. 1985). In anaerobiosis however,
S. cerevisiae has to rely on external sterol supply for growth. Only if ergosterol is
added to the medium S. cerevisiae grows in the absence of oxygen. Wilcox et al.



54

M. Bolotin-Fukuhara

(2002) have shown that a few genes are essential for sterol influx: the two paralogous
sterol transporters Auslp and Pdrllp, as well as the cell-wall protein called Danlp
and the transcription factor Upc2p. Another hypoxic transcription regulator, Sutlp,
is probably also involved in the process (Alimardani et al. 2004). In a previous com-
parison (Bolotin-Fukuhara et al. 2005), we came to the conclusion that the sterol
uptake pathway was probably absent in the two aerobic yeasts K. lactis and Y. lypo-
litica. In order to generalize the role of sterol transport in anaerobic growth of
yeasts, this line of study has been extended to other yeasts. Table 4.2 indicates the
presence/absence of the corresponding genes in the complete panel of yeasts whose
complete genome has been sequenced. It seems reasonable to conclude that all sensu
stricto Saccharomyces yeasts have the complete set of genes for sterol uptake as well
as the cytoplasmic form of URAI, which account for their ability to grow anaerobi-
cally, although this conclusion has restrictions inherent to the analysis of incomplete
genomes as discussed before (see Sect. 4.1). Interestingly, other yeasts that are less
closely related to S. cerevisiae (S. castellii, S. kluyveri and C. glabrata) have only one
copy of the sterol transporters (Auslp/Pdrllp), suggesting that the duplication of
sterol transporter gene is probably a late event in evolution. The presence of the spe-
cial cell-wall protein Danlp is considered to be essential for anaerobic growth
(Alimardani et al. 2004). Indeed, the corresponding gene has been detected only in
sensu stricto Saccharomyces and in S. castellii (this yeast can grow anaerobically
according to Langkjaer et al. 2003) and, surprisingly, in K. waltii (but only as a frag-
ment; the capacity of anaerobic growth of this species is not known). C. glabrata
seems to possess most of the genes necessary for sterol import despite its inability to
grow anaerobically. The absence of the DANI gene was a possible explanation, but
a closer examination revealed that this species did not contain the cytoplasmic
URAI gene form which, according to the Gojkovic hypothesis (Gojkovic et al.
2004), should be present. A general scheme of introduction of new anaerobic traits
during the evolution of yeasts is represented Fig. 4.2. This complexity only confirms
that many events superimposed their effect on lineage evolution and took place dur-
ing the general evolution of yeasts as was discussed previously. While information
gained from the sequence data and their bioinformatic analysis provides ideas about
the process of acquisition of the capacity of anaerobic growth, experimental confir-
mation is required to confirm/invalidate the different hypotheses proposed.

4.5 Changes in Regulatory Circuits for Adaptation to New
Environments and Physiology

As described before, modification of expression of a subset of genes by changing
their (coordinated) regulation is one of the possibilities of adaptation of a species to
a different environment. On S. cerevisiae, much effort has been made in the past year
to unravel the regulatory circuitries through either theoretical or experimental
approaches with the aim to predict the behavior of S. cerevisiae in different condi-
tions. Even though global pictures of the regulatory circuitry of S. cerevisiae are
emerging (Lee et al. 2002), we have still a long way to go to reach this goal.
Extending these approaches to the other yeasts further requires identification of the
cis and trans elements involved in transcriptional control, followed by a comparative
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S. cerevisiae A
S. paradoxus
S. mikatae
S. kudriavzevii
S. bayanus
<+—— Special cell wall proteins (DAN1)
S. castelli - .
< Whole genome duplication (review
in Wolfe, 2004)
C. glabrata Sterol transport ( transporters
‘ and UPC2 regulation)
K. walltii
S. kluyveri
K. lactis
<+—— Acquisition of anaerobic DHDOase
A. gossypii
D. hansenii
C. albicans

Y. lipolytica

Fig. 4.2. Introduction of new anaerobic traits during the evolution of yeasts. The acquisition
of traits related to anaerobiosis such as a new cytoplasmic form of the dihydroorotate dehy-
drogenase, or different functions related to sterol uptake, are indicated along the evolutionary
tree of yeasts as represented Fig. 4.1

analysis of their regulatory networks. The availability of several complete genomic
sequences of yeasts now offers the necessary tools to reach this ultimate goal.

4.5.1 Identification of cis-Regulatory Elements by a Comparative
Genome Approach

It is not an easy task to systematically identify the cis-regulatory elements in a
genome. Several methods have been developed for this purpose. One may wonder if
comparison of genomic sequences can help to find out functionally conserved inter-
genic sequences, in the way we are searching for orthologous genes. The difficulty
comes from the facts that (1) intergenic regions diverge rapidly as compared with
coding sequences and (2) the regulatory sequences are generally short and often tol-
erant to some sequence variation. Comparison between species for which coding
sequences are already quite different will not be helpful because the signal-to-noise
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ratio of these short sequences is not significant enough. In contrast, exploiting
sequences of closely related yeasts may be less informative for functional domain
analysis of proteins but should allow the detection of conserved signals (“phyloge-
netic footprints”) in intergenic regions. Previous work (Moses et al. 2003) has indeed
shown that binding sites for transactivating elements evolve slower than their sur-
rounding sequences. Therefore, we expect that an improved analysis of intergenic
sequences may detect regulatory elements.

This was the rationale followed by two groups who chose to analyze
Saccharomyces sensu stricto species S. paradoxus, S. mikatae and S. bayanus in one
case (Kellis et al. 2003) and several yeasts of the sensu stricto and sensu lato
Saccharomyces groups (S. mikatae, S. kudriavzevii, S. bayanus, S. castellii and
S. kluyveri) in the other (Cliften et al. 2003). The sensu lato strains were included
here in order to help pinpoint some sequences when the background intergenic
sequences are not divergent enough.

The two groups developed different algorithms to identify the binding sites of tran-
scription factors and proposed 72 and 79 cis-binding sites respectively. However, while
Kellis et al. (2003) emphasized that “such an approach has the power to identify key
functional elements without previous biological knowledge,” many biological results
(functional significance of neighboring genes, chromatin immunoprecipitation, ChIP-
chip assays, coregulation, etc.) were in fact used in this work to select the best candi-
dates. The regulatory sequences thus identified are thought to be of biological
significance, because the result of the search included the already known, functionally
characterized elements. Further experimental data may still be necessary to substanti-
ate this approach.

4.5.2 The Repertoire of Transactivators

Transcriptional regulators have been well described in S. cerevisiae and for many of
them their binding sites and (at least some of) their cellular functions have been iden-
tified. Homologues of these regulators can be searched for in the genomes of other
yeast species. This systematic work has been achieved on the basis of the Génolevures
I data (Bussereau et al. 2004). From these data it was inferred that if the DNA-
binding motifs are well conserved, the rest of the sequences diverge very rapidly. This
means that functional homologues could probably be identified rather easily in the
species close to S. cerevisiae as was the case for the cis sequences reported in Sect. 5.1.
For more distant species the task may be more difficult, but such systematic analysis,
combined with phylogenetic studies, is now in progress (Bolotin-Fukuhara et al.,
unpublished data). The number and distribution of transactivators between the dif-
ferent DNA-binding classes is also of interest, and in particular for the group which
is only found in ascomycetes, such as the zinc-binuclear cluster group (Todd and
Andrianopoulos 1997). A few questions may be of particular interest: is the number
of transactivators belonging to each class more or less constant along the phyloge-
netic tree? Are these proteins evolving by domains (disappearance or addition of new
motifs) to produce new proteins not directly recognizable anymore but able to func-
tion in higher eucaryotes? Along this evolution what functions tend to be conserved
more than others? Are they specific of ascomycetes?
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The transcriptional repressor Rox1p is a good example of the problems raised in
transcriptional regulator analysis. In S. cerevisiae, this repressor has an essential reg-
ulatory role as a function of oxygen (see Sect. 4.3). Several genes expressed in anaer-
obiosis are repressed by Rox1p in aerobiosis. Searching for Rox1p homologues in the
Saccharomyces species allows the identification of a putative protein which is highly
conserved in the sensu stricto group (Fig. 4.3a). However, this conservation becomes
less obvious in S. castellii and S. kluyveri, with the exception of the readily recog-
nizable HMG box motif (Fig. 4.3b). This illustrates the difficulty to identify trans-
activator homologues along the evolutionary tree (even in related species). Yet, all
the yeasts mentioned previously can grow anaerobically and we expect the presence
of a functional homologue of Roxlp. In other yeast species which cannot grow in
anaerobiosis, the presence of a Roxlp-like protein may be questioned. Sequence
analysis reveals in all cases the presence of a protein which contains a HMG motif
but has no other sequence similarities (Bolotin-Fukuhara et al. 2005). One may won-
der what is the biological meaning of such a finding. Obviously, experiments have to
be done to decide if these proteins are functional equivalents of Roxlp. A similar
question has been asked about the Hap4p protein, which is the regulatory and trans-
activator part of a transcriptional regulation complex (the HAP complex). For a
long time this protein has been known only in S. cerevisiae. This seemed to make
sense because its role in the cell is to allow the transcriptional reprogramming when
the cell goes from a fermentative to a respiratory metabolism (DeRisi et al. 1997,
Buschlen et al. 2003; Lascaris et al. 2003). However, we were able to isolate a HAP4
functional homologue from the respiratory yeast K. lactis (Bourgarel et al. 1999) and
more recently identified such proteins from all ascomycetes whose genome is
sequenced using two short conserved motifs detected by comparing the K. lactis and
S. cerevisiae sequences. A HAP4 homologue from H. polymorpha, a respiratory
yeast species more distant from S. cerevisiae than K. lactis in the phylogenetic tree,
was shown to be fully functional despite the absence of one of the conserved motifs
(Sybirna et al. 2005). The questions raised for ROXI can consequently also be raised
for HAP4 and probably many other transactivators.

4.5.3 Comparison of Regulatory Networks in Different Yeasts

As discussed before, it is possible to identify conserved cis-binding motifs specific for
transcriptional regulators which themselves seem to be conserved in most cases. The
next step is therefore to know to what extent the regulatory network controlled by a
given transactivator is conserved in related species. Two possibilities can be consid-
ered: (1) either the same set of genes are coregulated or (2) only the global function
of the network (such as energy control and production of specific metabolites) is
conserved but is achieved through the regulation of a modified set of genes. To dis-
criminate between these two possibilities, experiments are needed and are awaiting
the necessary experimental genome-wide tools. Some information comes from the
studies of K. lactis. From this yeast, several transactivators homologous to S. cere-
visiae MIGI (Cassart et al. 1995), HAP4 (Bourgarel et al. 1999) and CATS (Georis
et al. 2000) have been cloned and analyzed. While CAT8 controls the key enzyme of
gluconeogenesis in S. cerevisiae, the K. lactis homologue did not show this function.



59

4 . Genomics and Biodiversity in Yeasts

(panuijuo) )

LR

L T L I * LR X

XXEF X

MdSITOINVIAEINNSYNWIOHTA INONJ I
MdSATSIMNVIAZNNNYNI IOHTS INONSI
MdSATSIMNVYLIAENN-SNIIOHTdINONAI
MdSATSIMNYLIHINSSNNIOHTd INONG I
MAdSATSIMVIAZINSSNIIOHTd INONG I

Hd IHHHHLAVVISTINDYIHSTAMAIALIDTONTOHAOQTOIA0TSdTIdddTAONSNNI
HA IHHH- LdLLLSTINNYVHSTAMAIALdDOWOMNTO0A0ATOAQ0TSdTTIddd TAONTSNI
Hd IHHH-IdLLLSTINNYIHSTAMAIXALdDNOMNTO0XA0AT0AA0TSdTIddd TAONSNNI
HAIHHH-LdLLLSTINNYIHSTAMAIALdDWOMNTO0A0ATOAA0TSdTIddd TAONSINI
HAIHHH- LdLLLSTINNIIHSTAMAIXLdDWOMTOOA0AT0AA0TSATTIddd TAONSNNI

FEXKRER  KRERRF

¥ XK * ¥

FOARERERKRRRN

X X ¥ X

SNTINNISASSNASSLAMNDISSIHLLLLLLIVE - LONNNNNNNNIISSITdTOdLSNYId0
ONTINNESISSNASSSAMNASSYYLLSVILLIN-IAdLONNSNIIISSITAdTOdLSNVId -
SNTINNHIISSNdSSSTISdSSIVILLLIVISNIASLO-NSSNIISSITdTOdLSNYId0
SNTINNATISSNdSSSAMSdSSIVLLLLLLLL- IAdLO-SNNNIISSITdT0dLSNYId0
SNTYNNHTASSNdSSSANDISSIVILLSLLLL - LAdLO - SSNNI ISSIAdTOdLSNYIdO

XX FF X

¥

¥ XFF

X OXARE *

40<HZA@EZMBBmQNHmmNM&Z&IJO@mHO&quQHMQIHAQJGZmmMm>ANZ©<mwZHw
-OVANTA - HHIVLSAHLVdAAd IVHTOS STOd TADOVIM HHY Td TONTd U SYWAN—d SNAS
YOVINTAHHYLVYSAHAVSAHAISHAOSSTOdTAIAVIAHVIdTONTIISANAN - -dSSAS
YOVANTAHHYLSYAHOVSAAd ISNTIOSSTOATAIVINIHS TdTOSTSISANAN - ~dSNAS
VOVANTAHHYLSdAHAVSAAdISNTIOSSTOATAIVINAHLIITOSTSISANAN - - SINAS

¥ ORERE REFFEE XXX FEFE XXXEFEXRE XFF XXX
dNdTIIAANNTOAOXASNSSSASSSASTSHYMMNTI INNSNTd0TOd00000001d00001T
SISSS---==--------- - - - - ——— - —— o
dIdTIYAANNTOADASNSSSASSSASTSHYDINTAINNNAIODTOd0d0LOY - - -

ANdTIJIANNTOXOASSSS

dIdTINAANNTOA0ASNSSSASSSASTSHYINTI INNNAIOOTOS0d0d0d
dIdTIATANNTOA0ASNS SSASSSASTSHYIMNTAINNNAJZOOTOdOSONO

¥ X¥¥

FE¥

FEERF

moooo_.Eoo«ooao«oooam%maaqomgm S]]

NMMTIYTITAD

....... O0L- - -O0000HAATA TTTIOMMA S]]
\\\\\\\ 000000000000 E T AN TTIOMMA ST ]]
\\\\\\\ 000EI0000000E I EXTTTOMMA ST AN

e

¥ OXXF ¥

AN AN AT ANIHHATIHNAVTSHMHSY

AMAMAHd ANIHHATIEMAVTAIMHY
AN AN AFdANIHHATIHENAVITSHMHYT
AMAMAHd ANIHHATIINHY INEMHY

FEEFFERRRRFRERRRFFFELRRNEF KRN
HEAOTOMMMIOT INSINSNHA IHADOLIMEASNMMN - - - -~ -~ ==~-~-------

KA RN NN

HIJOTOMMALOI IMSINSNHA IHADOVIMEAITINHAHOYATIAVNMIdNd IMd LS

QEJOTOMMIIOI INSINSNHA ITHADOVIMEAITINHAHOYATIAVNIdId INd LY

XAFAEFEXR

SAdNIN
SAANN

snueleq
TrASZAPTIPNY
spyexTU
snxopered
orPrsIrA9I90

snuedleq
ITASZABTIDNY
orjeyTW
snxopered
oPISTASI9D

snueleq
Iraszaerapny
El=1=38 0]
snxopezed
oPISTASIID

snueleq
IIASZARTIPNY
EEFI 0
snxopezed
o°IrsSTASI2D

snuedleq
IrA9ZAPTIPNY
El137s 7]
snxopered
oPISTASI9D

snueleq
Iraszaerapny
El138 4]
snxopezed
o°PISTASTSD

snueleq
ITASZARTIONY
srgyeyTW
snxopezed
oPISTASISD

NNURY 009Gy Y

NUNYRYL  YUNRY  NNNYY  BRYYNY

NN YY Y



M. Bolotin-Fukuhara

60

douanbas d[x0y 2y} Ul pauTeIuOd JIIOW HIAH ) SAI0ISIIPUN X0 Y ], 9[GR[IBAR $90UNbas oY) WIOI] PIYNUIPI 39 JOU P[NOI
snurdpqg 'S pue naazaviipny S jo sangojowoy dyxoy oy} Jo 1red G YL 'SONIIUIPI SIILOIPUI YSLIAISH WY “124dnpy 'S PUR 11fja1sp2 S WOIJ sanSojowoy
s ur)oxd apisiaa40o g A JO JUAWUSIY q -douanbas d[x0y ay) Ul paureIuod Juow HIATH Y} SAI0dSIdIPUN X0q ], [qe[IeAk saouanbas oy} woy
PAYIIUAPI 2q J0U PINOd snupdpg g pue 114azanlipny S Jo sandojowoy dxoy ) Jo 1ed G YT "SINNUIPI SALIIPUI YS112ISD U SAdS 070L1)S nsuas
$224wi0.py2ovg 34} Ul juatuugife sangojowoy dxoy & 'sarads Jseak Juarayyip woly surdjold aaneind dyxoy jo syjuawusdie A\ [eisn)) (3,puod) gy "614

- - - - MMAXEASDVI - Ir[reises ‘s
MIITASANTIAISAN rzoadnry S
- - - -MdSATSIMYLIA oprsraezeo g
"
- - -NINIVSTdd Id IOV IHINS SSASTISATIAAOINIAd TS SLdAd TITIHNNOAN Irr[93880 '3
OWSYAHTOEOHOS dOOODTOTHOHOOOOODTTHOD ADTODDDOOOIDLNHEAdHLISOOD rI944NTY ‘85
HINSSNI IOHTd INONd IHA THHHIALLLS TINNYIHS TAMAIALA - - ONOMTOOAOATO oprsraezso s
* ¥* * X
INNAANSMIAINSOSOOONAIOONIS SNHAAWSASA IdDONAODANINOSHTIAdSAHASYA Irrre1ses °s
OODOHIHOHAODTONADAd AHATNNS TISOVLSAS -DSSNLSLSSASDSSSDHLANNDADS rzoAdnTY °S
AA0TSATIdddTAONSNNI SNTENNITASSNASSS - AMOd SSIVLLLS LLLLLAdLOSSN orIsTASI9D S
*
MATYNIOTIY -~ ----=-=-=--=-=---- AASAADMNITIN- - - -NINOADSYHASIAD IIr793580 8§
SLSOUNOOTO- -~ --=-=-=-==-=-=---~- OOAVIMADAYAT - - - TddAINNISHNHIS rIeadnry s
NIISSIAdTOdLSNYIdOVOVANTAHHILSdAHAVSAAdISNTOSSTOdTAIVIMAHL I oprsraszen g
* *
NIHOOdOOHOOHOAADNNALIAANID INAODOHD - - - - -~ - - - - - - OODANSTIOADMAL Ir[r23582 °3
AISHVSIAdAHATHI ATLAVIAALIHIANIAS - - - - -~ --------~- NSWAdHOOALLAT rzoadnTY S
TOSTSYSANANSLNASA Id T TANNTOADASNSSSASSSASTSHYMMNWTIA INNNAdOOT sprsraezso 5

L Y T I L I

YHITIMdA-=-=-=-=--=-=------- MY IMIILANAA RO A THA T HE Y TASMHLY TIrreiseo s
DAASNY----=--=---=--=---------- DIIIATIANAAd A EHEIM HTOVI SAMA ST rrsadnry °g
0d0S0MO000ENO000000E I EA TT IO SHIAIN AN ATI AN IIHI T AN IV INIMHYY SBISTASISD S
* EXXFENX FRXXK * XXX ¥ XRRRRFRRN RXRFR
HNHS INMMMADTIMSIHSNHA IALOVIIMEAI TENHAHOYATI AV YA INHTIDINHI IIrro@3ses s
HALSTSYMEIOTTMSIESNHA IdMDIEITOAI TTMHHHOYATIAYNIdYd INYJHN- - - - - rzeadnry s
QEJOTOMMAIOI IMSINSNHA ITHADOVIMEAITIYHAHOYATIAVNMdYd INJLSSMANN errsrAsILeD 'S
YONNNAAISSSANANNAINTIALIddTS LYLLA ISHNNINSNLd SAALNLIAYASTS AL IIrre3ses s
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| rToadAnry g
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| oPISTASID 5



4 . Genomics and Biodiversity in Yeasts

61

Further analyses have revealed some functional conservations in the pathway (in
particular the relation SNFI/CATS) as well as differences in specific gene regulation
(Lodi et al. 2001; Charbon et al. 2004). Clearly the range of function of CATS is dif-
ferent in K. lactis. The same holds true for the other transactivators. The invertase
gene is tightly regulated by MIGI in S. cerevisiae, but is not regulated in K. lactis
(Georis et al. 1999). Disruption of the components of the K. lactis HAP complex
(Nguyen et al. 1995; Bourgarel et al. 1999) does not lead to any growth defect on
respiratory carbon sources, and the CYCI gene regulated by the HAP complex in S.
cerevisiae is not regulated in K. lactis (Ramil et al. 1998). The possibility to study
global gene expression with DNA arrays in the different yeasts should help us to
unravel this complexity and better understand the evolution of regulatory circuits.

4.6 Conclusions

Yeast species live in different ecological niches, but their genomes reveal many con-
served characteristics. This short review has tried to analyze and evaluate how the
species exploit this basic genomic information to adapt to their new environment.
Function evolution can be acquired by different mechanisms, based on gross chro-
mosomal rearrangements, gene gain or loss or differences in gene expression. Much
of the information we now have is predictive and is based mostly on bioinformatics
analysis. While these data are very helpful for analyzing the mass of information
now available, this new research field badly needs experimental data to
confirm/invalidate those predictions. Fortunately, the “omics” tools necessary to
obtain such data are or will soon be available for these so-called nonconventional
yeasts (complete sequence, transcriptomics, proteomics, metabolomics, etc.). Some
of these are even amenable to experimentation by classical and molecular genetics.
These possibilities open the way to many comparative functional studies and will
certainly change the respective importance of the different yeasts, building up new
model yeasts for specific studies.
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5.1 Introduction

Much can be learned from a comparison of the methods used for microbial analy-
sis of various materials by different specialists. Methods that are reproducible, spe-
cific, and accurate for one substrate can be appropriately modified for a new
substrate. For this reason, in this chapter, some aspects of standardized industrial
and clinical methods will be compared with those used for sampling natural ecosys-
tems. Microbial methods developed for enumeration and detection of bacteria that
can be or are being applied to yeast are also discussed. This chapter is not intended
to be a complete description of all yeast sampling, detection, and enumeration
methods that have been used. Rather it is a cross-section of methods used in a vari-
ety of applications, chosen to illustrate the many factors to consider when designing
your own experimental protocol. Topics in this chapter include sampling, plating,
microscopy, and culture-independent methods. The sampling, detection, and enu-
meration methods most appropriate for a specific application depend on what ques-
tion is being asked. Different methods would be used for general surveys of the most
common species present in a habitat than for detection of a low-abundance
pathogen, for example. Details of detection and enumeration methods developed for
sampling of specific habitats such as the phylloplane, marine and fresh water, and
cacti can be found in other chapters of this book.

In recent decades, increasing numbers of researchers have discovered the rich
field of yeast ecology. Yeasts interact in fascinating ways with other organisms and
with their environment, whether in a wine fermentation, a mycosis, or decaying
plants. Much of our knowledge of yeast ecology has been gleaned through culture-
dependent enumeration and detection methods; however, inherent restrictions
placed by culture-dependent methodologies have limited our progress in under-
standing the ecology of yeast habitats. While they have limitations of their own,
recently developed culture-independent methods are providing new insights into
yeast ecology.

A broad diversity of microbial species including yeast play crucial roles in bio-
geothermal cycles and cycling of organic compounds, as well as human endeavors,
including the food, biotechnology, and pharmaceutical industries. The global pro-
duction of fermented beverages, involving primarily the yeast species Saccharomyces
cerevisiae, amounts to billions of dollars annually. Non-Saccharomyces yeast species
(nonconventional yeast) are being used in an increasing array of applications,
including chemicals, enzymes, feed additives, fuels, flavors, and neutraceutical and
pharmaceutical compounds (reviewed in Abbas 2003). Furthermore, the growing
population of immunocompromised individuals has resulted in an alarming
increase in the occurrence of mycoses. Pathogens and opportunistic pathogens are
wreaking havoc on the medical care system. The influence of yeasts on human soci-
ety is not a recent development. S. cerevisiae has been called the “oldest cultivated
plant” (Braidwood 1953; Rose 1960) owing to its role in beverage fermentations.
Moreover, it has been proposed that humans relinquished their nomadic lifestyle in
favor of an agricultural one primarily to cultivate grain for fermented beverages
(Braidwood 1953). Although this may be pressing the point, few would deny that
yeast-fermented grain beverages are far more enticing than nonfermented ones.
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Despite the huge influence of yeasts on natural ecosystems and human society, it
is estimated that less than 5% of yeast species have been described (Staley et al.
1997). It is not known if this small percentage is representative of overall yeast diver-
sity. The number of yeast species described to date (over 800) (Barnett et al. 2000;
Kurtzman and Fell 2000 and subsequent publications) has been limited by several
factors, including the limited number of yeast ecologists, systematists, and taxono-
mists. Another contributing factor is the constraints placed by the culture-depend-
ent methods used to detect and characterize yeasts. The similar rich media and
aerobic incubation conditions used for yeast surveys may not allow growth of many
yeast species. For example, the large budding yeast species Cyniclomyces guttulatus
was observed in the intestinal tract of rabbits in 1845 (Remak 1845), but was not
successfully cultured for over 100 years. Repeated attempts to culture this organism
on commonly used media such as malt extract were not successful, until the correct
growth conditions were determined, which include humidity, temperature, pH, and
nutritional requirements (Shifrine and Phaff 1958). Similarly, the yeast species
Coccidioascus legeri was observed long ago within the cells of the intestinal epithe-
lium of Drosophila funebris (Chatton 1913), and can be observed in Geimsa-stained
gut smears of live Drosophila (Ebbert et al. 2003), but has eluded cultivation and
characterization.

A revolution is currently under way in microbial ecology, owing to several cul-
ture-independent molecular, biochemical, and microscopy methods developed for
the study of microbial ecology in various fields ranging from natural ecology to
pathology to food spoilage to fermentation science. For example, unprecedented
biological diversity is being revealed in many ecosystems through molecular meth-
ods such as the polymerase chain reaction (PCR) followed by hybridization or
sequencing. Huge numbers of undescribed species are being detected solely on the
basis of ribosomal DNA sequences. Unfortunately, while a ribosomal sequence may
allow presumptive phylogenetic placement of a species, proper characterization of
these uncultivable (or more properly, “not yet cultivated”), low-incidence, fastidious,
or otherwise recalcitrant species must await further technological developments,
including cultivation methods.

5.2 Sampling Methods

The sampling method used in any given application depends on what question is
being asked. Similar questions are asked in a number of natural and anthropogenic
contexts, including:

B What are the dominant yeast species in a habitat, and what is their relative and
absolute abundance at various times?

B What are the nondominant species or strains?

B What vectors deliver these yeasts to this habitat?

B [s a specific species present, and in what abundance?

As fungi, yeasts are saprophytic, and thrive in habitats containing a simple car-
bon source. A host of yeast habitats have been surveyed by yeast ecologists, as
described in other chapters of this book: the phylloplane, cactus, marine and fresh
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water, insects, soil, forests, and extreme environments. These surveys have revealed
that many yeast species are specialists, meaning they are found almost exclusively in
specific habitats. New species, and new habitats of known species, have recently been
discovered from sampling of habitats as diverse as leaves (Wang and Bai 2004), bees
(Rosa et al. 2003; Brysch-Herzberg 2004), beetles (Lachance and Bowles 2002), cork
(Villa-Carvajal et al. 2004), pickles (Tominaga 2004), and soft drinks (Stratford et al.
2002). Future analysis of unexplored habitats, such as insects and other inverte-
brates, will undoubtedly uncover additional species. Even frequently studied habitats
such as soil contain undescribed species (Renker et al. 2004).

Certain food and beverage industries have developed standardized methods for
microbial sampling, detection, and enumeration for quality control purposes, such
as to confirm sanitation of equipment, or to follow the course of fermentation.
These methods are more critical in some industries than in others. For example, the
temporal and regional variation of product in the wine industry is not only accepted
but celebrated, and ascribed such terms as vintage or zerroir. Consumers enjoy the
result of variation in fermentation conditions. On the other hand, the brewing
industry, particularly any internationally marketed brand, depends on consistency
of their product across the globe and over the years, and sanitation of the facility is
more crucial for product quality and safety. The American Society of Brewing
Chemists (ASBC) has, since 1945, produced a regularly updated handbook (ASBC
2003) with detailed protocols for the detection and enumeration of yeasts and bac-
teria from equipment, ingredients, and at various stages of the production process.
Specific methods for microbial analyses of process water and compressed air sup-
plies are even described. Internationally standardized methods for microbial analy-
sis of wine have also been published, such as those by the Office International de la
Vigne et du Vin (OIV) (OIV 2004). Owing to high risks of spoilage, methods for
microbial analysis of dairy products (IDF 1987; APHA 2001) are particularly strin-
gent. In the 1930s and 1940s, the International Association of Milk and Food
Sanitarians and the American Public Health Association tested various media for-
mulations to find one that could be used for aerobic plate counts of the broadest
variety of fresh foods. “Standard methods agar” (now called plate count agar) was
designated as the official medium for aerobic plate counts (Walter 1967). Detailed
sampling, dilution, and plating methods for meats, produce, dairy products, water,
food ingredients, and processed foods have been compiled by the International
Commission on Microbial Specifications for Foods (ICMSF 1978, 1986). Despite
publication of these recommended protocols, a review of 100 studies of plate counts
of fresh meat and poultry products since 1985 found that 15 different plating media
were used, as well as many different incubation temperatures and times (Jay 2002).

Studies of biodiversity in natural ecosystems must consider many of the same
issues as industrial analyses, namely, the heterogeneity of samples, and temporal and
spatial variability of populations within the substrate. Sampling, detection, and enu-
meration techniques must be carefully designed to take these factors into considera-
tion. For example, when describing a new species, it has been recommended that the
description be based on the isolation and characterization of a number of strains
gathered at different times from different locations in order to obtain a clear view of
the habitat preference and the biogeography of the species (Phaff et al. 1978). In
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addition, the biogeography of a species has larger ramifications. The effect of geo-
graphic isolation of populations on the speciation of larger organisms has long been
known. The effect of spatial separation of two or more populations on microbial
speciation has recently been recognized (Papke and Ward 2004).

5.2.1 Surface Sterilization and Aseptic Sample Collection

A variety of methods have been used for gathering a sample for microbial analysis.
In cases where the sample is inherently of very small volume and homogenous, such
as the nectar in a flower, the liquid can be withdrawn with a sterile capillary pipet,
and plated directly on isolation medium (Herzberg et al. 2002). Substances such as
tree sap flux (Lachance et al. 2001) or insect frass (Phaff and do Carmo-Sousa 1962)
have been directly placed or streaked onto the surface of plates. When determining
the microbial flora present on plant surfaces, the plant material such as a leaf or
flower petal can be pressed to the surface of a plate (Brysch-Herzberg 2004). Yeasts
on the tarsi and other outer surfaces of insects have been isolated using a “walk
plate,” in which an insect such as a fruit fly (Lachance 1995) or bee (Rosa et al. 2003)
is allowed to walk on the surface of an agar plate for 15-60 min, then removed. The
material deposited by the insect may be spread over the surface of the plate with a
sterile loop (Lachance et al. 1999). Yeasts that produce forcefully ejected ballis-
tospores can be isolated from substances such as leaves using the ballistospore-fall
method, described by Derx (1930). A leaf or other specimen is suspended above an
agar plate, and the ballistospores are deposited onto the surface of the plate.

Other sampling methods must be used when sampling a larger specimen. With
the exception of a laboratory fermenter, with its aerator aerating and impeller
impelling, few microbial microcosms of significant size exhibit a uniform distribu-
tion of oxygen, nutrients, pH, moisture, or cell density. Furthermore, yeast are
immobile, and thus the distribution of microorganisms is most likely not homoge-
nous. For example, yeasts are most abundant on the surface of a grape in areas
where juice might escape, such as around the stem (Belin 1972).

Thus it is important to select a sampling method that addresses the question at
hand. If one is interested in determining what microbes may be deposited by or con-
sumed by certain insects, the surface of a rot should be sampled. Identification of
yeasts consumed by larvae feeding within the rot would require sampling of deeper
tissues. Collection of several samples over a period of time would reveal the tempo-
ral succession of microflora. A survey of all yeasts present in the rot would require
homogenization of a cross-section of rot, including sections both near the surface
and within the rot.

This concept is reflected in recommended methods for obtaining a representative
sample of brewing yeast. Yeast inocula used in brewing, whether a slurry or a com-
pressed cake, “can easily become stratified” (ASBC 2003). Combination of a series
of samples gathered aseptically from various sections of the yeast cake or yeast
slurry is therefore recommended. Sampling techniques used in the brewery include
letting several liters of liquid flow through the tap before collecting a sample (ASBC
2003). Similarly, in a clinical setting, patients are told to collect mid-stream urine.
Examples of recommended methods for sampling various food products include
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drilling to the center of a container of frozen eggs using a sterile bit, slicing a sector
of Gouda cheese with a sterile blade, or aseptically collecting one center and one
peripheral sample from canned meats (ICMSF 1986).

Sampling must also consider the differentiation between surface contaminants
and autochthonous inhabitants. Often samples are surface-sterilized prior to
removal of a sample for microbial analysis. Brewers may disinfect the zwickel cock
with 70% ethanol, followed by flaming with a propane torch (C. Wallin, personal
communication). Quality control technicians in a dairy packaging facility, on the
other hand, may use an iodine solution to sanitize the sampling spigot. Certain
clinical specimens are collected after swabbing the area with iodine, ethanol, or
2-propanol solutions to remove surface bacterial and other contaminants (ALA
1985). Similar methods can be used for surface sterilization of natural hosts of
yeasts, but selection of a method requires careful consideration of the biology of the
specimen being sampled. For example, sampling the intestinal microflora of small
insects such as Drosophila must be performed very soon after collecting the speci-
men, because the ingested yeast are digested quickly (Shehata and Mrak 1951).
Soaking certain insects in 70% ethanol is best preceded by immobilization by freez-
ing for a few minutes to suppress the insect’s regurgitation and ingestion reflex.
Alternatively, the insect can be anesthetized with carbon dioxide prior to pressing
the surface of the insect to an agar plate (Brysch-Herzberg 2004). Discussions with
specialists with knowledge of the biology of the host organisms are highly valuable.
Botanists can provide advice on the season and time of day when certain flowers will
be in bloom and open, as well as where they may be found. Entomologists can be
asked what season, weather conditions, and times of day are optimal for finding cer-
tain insect species, where they may be feeding, what luring and trapping methods are
best used for that insect species, what body cavities may most likely harbor microbes,
and how they can be dissected.

Different researchers may use different methods for surface sterilization of the
same substance. For example, Rogers et al. (2004) compared several methods of sur-
face sterilization of glacial ice cores prior to plating or PCR analysis, including
exposure to bleach, ethanol, UV radiation, acid and base, and hydrogen peroxide.
Treatment with bleach was found to be most effective in killing surface contaminants
with the least loss of viability of interior microorganisms.

Aseptic sampling can involve a variety of implements, such as a sterile spatula,
an inoculation loop, a needle, a swab, a pipet, or the collection of a liquid sample.
The sample volume depends on the concentration of cells and the detection method
to be used. Yeast in liquids with low concentrations of particulate matter, such as
beverages or marine water, can be visualized and enumerated directly by microscopy,
if present in sufficient abundance.

One of the most extensively studied yeast habitats is the wine fermentation. The
resident yeast community has been examined from the grape in the vineyard
through the stages of fermentation to the final product (Amerine and Kunkee 1968;
Kunkee and Amerine 1977; Martini et al. 1980; Kunkee and Bisson 1993; Fleet
et al. 2002; Ganga and Martinez 2004). As has been reviewed extensively, it is clear
that the abundance and identity of yeast species shifts as the biochemical composi-
tion of the medium changes. Apiculate yeasts are common on the surface of the
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grape, and in the early stages of fermentation. As the sugar level drops, and the
ethanol level rises, ethanol-sensitive species subside, and S. cerevisiae, the champion
of ethanol tolerance, predominantes. Successional stages of microbial flora have
been observed in a number of other habitats, including, for example, a single slime
flux over the course of a year (Phaff et al. 1964), a commercial malt whisky fer-
mentation (van Beek and Priest 2002), degrading wood (Gonzalez et al. 1989),
amapa fruit (Morais et al. 1995), and cocoa fermentation (Schwan and Wheals
2004). The biochemical and physiological environment of a microorganism is
altered by the metabolic activity of the microbes themselves, which can affect sev-
eral factors, including macronutients and micronutrients, pH, temperature, metabo-
lites, and killer toxins. The community development in many cases “can be thought
of as an orderly sequence of chemical changes each catalyzed by species waiting
their turn in an imaginary eco-queue” (Giraffa 2004). Careful observation of the
physiological state of a substrate is necessary to determine the optimal sampling
strategy for enumeration and detection of yeasts. If the temporal course is of inter-
est, samples should be collected before or shortly after the introduction of a yeast
to a substrate, and at several points during and after the development of the yeast
population.

Carefully recorded sampling details will not only allow future reisolation of spe-
cific species, but will also reveal details of the preferred habitat of a yeast species, suc-
cessional stages, and geographic distribution. It has been shown that the yeast
community present on grapes varies with factors such as climate, including tempera-
ture, rainfall, and geographic location (Parish and Carroll 1985; Longo et al. 1991);
application of antifungal compounds (Monteil et al. 1986); grape variety and vine-
yard age (Martini et al. 1980; Rosini 1982; Pretorius et al. 1999); and soil type (Farris
et al. 1990). Data that should be recorded when sampling any substance for yeast
include geographic location (Global Positioning System, GPS, coordinates if possi-
ble), habitat sampled, state of the hosts and vectors present (whether flowers are in
bloom, whether cactus flesh is rotting, presence of any insects), composition of any
diluent used before plating or microscopy, surface sterilization method, medium for-
mulation of plates used, and the length of any time delay between sampling and plat-
ing. Metadata that may be noted include references for host species identification,
such as a field guide, and the reference datum used for GPS coordinates.

5.2.2 Sample Homogenization

The importance of collecting a representative sample, or a statistically significant
number of samples, cannot be overstated. Yeasts and other microbes are not often
evenly distributed in a substance. Scanning microscopy studies of leaves (Beech and
Davenport 1970) and grapes (Belin 1972) have shown that yeasts adhere tightly to
surfaces in the form of microcolonies. Bacteria are known to cluster in the rhizos-
phere around the roots of plants (Curl and Truelove 1986); yeasts may behave simi-
larly. In certain foods, yeasts are also highly localized at high densities in reticulate
structures (Fleet 1999). Geostatistical methods have been developed to describe
spatial distribution of soil microorganisms, and power analyses can be used to
determine the optimal sample size (Klironomos et al. 1999).
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Where appropriate, a representative sample can be homogenized before analysis.
This will give an estimate of the overall abundance of various species throughout the
sample. Various methods have been used to homogenize specimens before enumera-
tion by plating or other methods. The sample can be ground if necessary, then com-
bined with a known volume of one of the diluents described later. The sample can
be shaken manually or in a wrist-action shaker, pummeled in a peristaltic agitator
such as a Stomacher, stirred on a magnetic stirrer, swirled in an orbital shaker, or
pureed in a blender. Low-tech methods are also used: sterile gloves were used to
hand-squeeze aseptically collected grapes in a study of S. cerevisiae isolated from
indigenously fermenting musts (Cappello et al. 2004). Homogenization methods
must be carefully selected. Fleet (1999) has summarized in detail the implications of
erroneous enumeration of cell density owing to improper maceration and dilution
steps when analyzing microbes in foods.

Fortes et al. (2001) have detected the pathogen Cryptococcus neoformans in the
hollows of trees in Brazil. In cases such as this in which homogenization of a large
sample, such as a tree, is not practical, a number of samples must be collected from
different parts of the same rot and analyzed. Spatial heterogeneity results from
inherent variability in the structure and composition of organic matter, differences
in the external environment, and also results from microbial activity.

5.2.3 Sample Concentration

Many methods of enumeration of yeasts require a particular cell concentration
range. Dilute liquid specimens can be concentrated by centrifuging at 3,000g or
higher for several minutes, removing the supernatant, and resuspending the pellet in
the remaining liquid (OIV 2004).

Yeast are known to be present in both freshwater (van Uden and Ahearn 1963;
Spencer et al. 1964) and marine environments (Fisher and Brebeck 1894; van Uden
and Fell 1968), and are known to be the dominant fungi in oceans (Sieburth 1979).
However, direct plating is difficult owing to low cell counts, ranging from ten to 1,000
colony forming units (CFU) per liter (van Uden and Fell 1968). For enumeration of
yeasts in liquids with low cell counts, whether marine water or beverages after bottling,
membrane filtration is used to concentrate the cells to a detectable level. For most plat-
ing methods including membrane filtration, a target of 30-300 CFU per plate
(Fugelsang 1997) or 20-200 CFU for wine (OIV 2004) or wastewater (Greenberg et al.
1992) or 25-250 CFU for various prepared foods (Zipkes et al. 1981) has been recom-
mended as a statistically significant and countable range. A measured volume of lig-
uid is passed through a sterile filter. Cellulose acetate or cellulose nitrate membranes
with 0.45-um porosity are recommended for beer samples (ASBC 2003). Antifoam can
be placed in the receiving flask when filtering beer samples (ASBC 2003); this may be
helpful for filtration of other liquids with the potential of foam formation. In the
brewery, saline solution consisting of 0.85% NaCl is used to wash the membrane
before transfer to an agar plate (ASBC 2003). Membrane filtration has also been used
in the analysis of marine yeasts (van Uden and Fell 1968; Gadanho et al. 2003). After
filtration, the membrane is placed on the surface of an appropriate agar medium, and
colony formation on the surface of the membrane is monitored.
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5.2.4 Sample Dilution

Desiccated substances, such as tree exudates, have been rehydrated with sterile water
(Phaff and Starmer 1987). Samples with high concentrations of yeasts, such as
decaying fruits, must be diluted before plating in order to obtain a countable and sig-
nificant number of colonies upon plating. Serial dilution involves preparation of a
series of tenfold dilutions in sterile diluent. Aliquots of each dilution are plated on
appropriate media, and the number of colonies is used to calculate the concentra-
tion of yeasts in the original sample, expressed as CFU per milliliter.

Various diluents have been utilized for enumeration of yeasts in different con-
texts. Distilled water is not recommended in most cases owing to osmotic shock
effects. Saline solution (0.85% NaCl) is used by brewers (ASBC 2003); 0.85%
NaCl or Ringer’s solution have been recommended for wine (OIV 2004); 0.1%
peptone solution is used in analysis of foods (Mian et al. 1997); milk or
Butterfield’s phosphate-buffered water are used as diluents in analysis of diary
products (Maturin and Peeler 1998). A low concentration of surfactant such as
Tween 80 (0.01-0.05%) can be included in the diluent to aid in separation of cell
clumps and filamentous structures (Deak 2003). Diluents with lower water activ-
ity must be used with osmotolerant yeast, such as Zygosaccharomyces rouxii,
which may be encountered in very high sugar environments. Glucose concentra-
tions of 20-30%, or glycerol concentrations of 18-26%, have given good recovery
of this species from fruit juice concentrates and syrups (Hernandez and Beauchat
1995; Hocking et al. 1992).

Yeast in diluent must be plated promptly, particularly in saline solutions, which
have been shown to have an adverse effect on viability, even for salt-tolerant yeast
such as Debaryomyces hansenii (Andrews et al. 1997). Using the traditional plating
method, 50-100 uL of a series of tenfold dilutions is placed on the surface of agar
plates and spread with a flame-sterilized bent-glass rod while spinning the plate.
Alternatively, a pour plate can be prepared by adding 15-20 mL of molten agar to
up to 1 mL of liquid sample, and swirling to distribute the sample in the medium.
These procedures involve a considerable expenditure in disposable plastics and
media. The “track-dilution technique” is a modification of this method that
decreases the time and expense involved (Jett et al. 1997). One 10-uL aliquot of each
of six tenfold dilutions is spotted along one edge of a square agar plate. The plate is
tipped so that the dilutions migrate in parallel tracks down the plate. After incuba-
tion, the dilutions with a countable numbers of colonies are selected and enumer-
ated. Use of this method with wine-associated yeast cultures appears effective
(D. Mills, personal communication).

Spiral plate counting is used in the food industry for enumeration of bacteria,
and could also be used for enumeration of yeasts. Four logs of dilution of a sample
are delivered on a single plate using a spiral plater. The dispensing stylus deposits
decreasing amounts of a sample onto the surface of a rotating agar plate as it moves
from the center of the plate outward. A sector with a reasonable number of colonies
is selected for counting. The number of colonies in that sector is divided by the vol-
ume of sample dispensed on that sector to obtain the cell density, expressed as CFU
per milliliter.
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5.3 Direct Observation Methods

Antonie van Leeuwenhoek first viewed “animalcules,” including brewing yeast, in
the 1680s using his meticulously ground glass lenses. The microscope continues to be
an extremely valuable tool in the microbiologist’s laboratory. Direct observation of
yeasts in a variety of substrates is used for detection and enumeration.

5.3.1 Microscopy

Light microscopy is useful for detection and enumeration of yeasts when the con-
centration of yeasts in the sample exceeds 5x10° cells/fmL. Cell concentrations can
be adjusted by concentration or dilution as described before. A detailed summary of
yeast specimen preparation and photomicrography methods is presented in Barnett
et al. (2000). The four optical systems commonly available and used to visualize
yeast are bright field, dark field, phase contrast and differential interference contrast
(DIC). Barnett et al. (2000) prefer the use of DIC for visualization of nonfilamen-
tous vegetative cells, bright field for ascospores, and phase contrast for filaments.

In a clinical setting, a presumptive identification of certain fungal genera can be
made on the basis of microscopic examination of clinical specimens (summarized in
Koneman et al. 1997). For example, Candida spp. are seen as pseudohyphae, and
sometimes as budding yeast forms. Cryptococcus spp. are seen as spherical and
irregular-sized yeast forms, some with a thick polysaccharide capsule, and buds
attached by a narrow constriction. In the winery, apiculate yeast species and
Brettanomyces/Dekkera species also have characteristic cell morphologies. Some
processing of specimens may be required to reveal the presence of yeasts. Potassium
hydroxide is added to clinical specimens to dissolve epithelial and bacterial cells,
allowing visualization of alkali-resistant yeast spores and hyphae by microscopy
(Reilly 1991).

Electron microscopy has also been used to detect yeast cells in substrates such as
ancient wine (McGovern 2003).

5.3.2 Direct Enumeration

Direct microscopy is used for the enumeration of many types of liquid suspensions
of cells including yeast in various substrates. Brewers (ASBC 2003) and enologists
(Fugelsang 1997; OIV 2004) commonly use a hemocytometer with Neubauer ruling,
which has two etched 1-mm? grids of 400 squares each in a 0.1-mm-deep well, giv-
ing a volume of 0.1 uL. A sample of appropriate cell concentration is prepared.
After homogenization and degassing, a sample is placed in the counting chamber
and visualized under bright field illumination. The ASBC manual describes detailed
protocols for reproducible counting, including whether to count cells touching the
boundary lines, and when to count buds as additional cells. The number of cells per
grid is multiplied by 10* and any dilution factor to obtain the number of cells
per milliliter in the original sample.

The cell density of pure cultures in liquid medium can be estimated spectropho-
tometrically by measuring the optical density at 600 nm (ODy,). Cultures should be



5 . Methods for Investigating Yeast Biodiversity

71

diluted so that the OD, is less than 1. The OD,, should be calibrated against
another method of determining cell density, such as direct counting in a hemocy-
tometer or plating for viable colonies. For the species S. cerevisiae, for example, an
OD,, of 1 corresponds to roughly 3x107 cells/mL (Treco and Winston 2001).

5.3.3 Viability Staining

Brewers, enologists, histologists, and others use a variety of stains such as methylene
blue, Ponceau-S, and Walford’s stain to distinguish between viable and nonviable
yeast cells. Of the various staining procedures available, methylene blue is preferred
in both the wine and the brewing industries (Smart et al. 1999; ASBC 2003; OIV
2004). Methylene blue stains dead cells blue, while viable cells remain unstained.
Various formulations are used, with and without buffers, but the preferred method
for brewing yeast is the Fink—Kiihles phosphate-buffered methylene blue method
(Fink and Kiihles 1933).

5.3.4 Fluorescent Labeling

DNA or RNA hybridization to probes specific for a species or group of species is an
important tool for microbial ecology. Originally, radioactive labels were required,
but more recently probes have been tagged at the 5" end with markers such as fluroes-
cein or rhodamine. After dot blotting, the cells are lysed to release nucleic acids, and
the probes are hybridized. Changes in the relative amount of hybridization to ribo-
somal RNA (rRNA) reflect changes in the abundance and/or the rRNA content of
the population being probed (Theron and Cloete 2000). Hybridization of mono-
clonal antibodies or nucleotide probes can also be performed in situ on environ-
mental samples, which provides information on the spatial distribution of the
species of interest. This method, called fluorescent in situ hybridization (FISH), has
been used to study the spatial distribution of bacteria in minimally disturbed habi-
tats such as in seafood (Connil et al. 1998), wine (Sohier and Laonvaud-Funel 1998),
and cheese (Kolloffel et al. 1999), and yeast in tissue sections (Lischewski et al. 1996,
1997), Aureobasidium pullulans on leaf surfaces (Li et al. 1997), and Brettanomyces
in wine (Stender et al. 2001). Use of FISH to analyze yeast on the phylloplane is
described elsewhere in this book (see Chap. 13).

5.4 Culture-Dependent Methods

In the past, surveys of the yeast species resident in a habitat, host, or vector such as
plants, insects, and soil were only possible through plating a specimen, incubating to
allow for colony formation, noting the number and type of distinguishable colony
morphologies, and identifying one or more isolate of each colony morphology
(Phaff et al. 1978; Phaff and Starmer 1987). These types of plating methods involv-
ing selective plating and direct viable counts are relatively inexpensive, and provide
information on the active, heterotrophic organisms in a population. These methods
have given us innumerable insights into the life of yeasts, such as the range of species
present, the substrates that support growth of certain yeast species, and the vectors
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that distribute yeast to new habitats. We have learned that many yeast species are
associated with a specific habitat and geographic range, which allows the isolation
of a particular species at will from its known habitat. Culture-dependent methods
have also resulted in the isolation of thousands of pure cultures that can be further
characterized and utilized by future generations. In cases where the spectrum of res-
ident species is well known, such as beverage fermentations, culture-dependent
detection and enumeration techniques are preferred because they are reproducible,
inexpensive, and accurately reflect the prevalence of the species of interest.

However, culture-dependent methods have limitations. Oftentimes different yeast
species have indistinguishable colony morphologies, or one species may exhibit two
or more colony morphologies, leading to inaccuracies in determining relative species
abundances. Furthermore, there are very likely many species that do not grow under
the growth conditions used, including temperature, pH, and a host of macronutri-
ents and micronutrients. Cells growing in microcolonies or biofilms must be dis-
lodged from their support medium in order to be enumerated accurately. Plate
growth favors species that grow quickly. Taken together, these limitations influence
the apparent diversity of the microbial community being analyzed. It may be impos-
sible to estimate how many species are not detected using these methods.

It is now widely accepted that plate culturing techniques reveal only a portion of
the true yeast diversity of a natural or man-made ecosystem: those individuals that
are viable, and culturable. Organisms that are stressed, are in the so-called viable
nonculturable (VNC) state, or that cannot grow under the conditions used are not
detected. This in part explains why only a small fraction of the yeast species believed
to exist have been described. A sublethally injured cell, including cells in the VNC
state, may not be detected, but can survive until conditions improve. This has been
observed in the case of lactic acid bacteria during wine storage and ageing (Millet
and Lonvaud-Funel 2000), and has also been demonstrated for non-Saccharomyces
yeast in wine fermentation (Cocolin et al. 2000a). Yeast cells that have been sub-
lethally injured by heat or osmotic shock may grow poorly on plates, but can be
revived by various resuscitation techniques (Fleet 1992; Deak and Beauchat 1996),
indicating that they still influence the ecosystem.

5.4.1 Liquid and Solid Media

Being fungi, yeasts are saprophytic. Yeasts cannot perform photosynthesis or nitro-
gen fixation, and thus require carbon and nitrogen sources for growth. Yeasts also
require a range of vitamins, minerals, and other growth factors, the range of which
depends on the yeast species. Several rich media formulations have all the necessary
factors required for the growth of many known yeast species. Media used for isola-
tion and enumeration are generally complex and nutritionally rich. Common ingre-
dients include a carbon source (e.g., glucose, fructose, sucrose), a nitrogen source,
such as a digested protein (e.g., peptone, tryptone, casitone), and a complex supple-
ment (e.g., yeast extract, malt extract). Selective and differential media are used to
detect specific species or groups of yeasts. Some of the more commonly used rich
media are described later. A sample of the selective and differential media that can
be used in detection of specific species is also presented.
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Malt extract medium, an early yeast medium formulation, was developed for the
benefit of the brewing industry. This medium was made from diastatic malt, and was
used either in a solid (malt extract agar) or in a liquid form. Wickerham modified
this recipe by including yeast extract and peptone, resulting in yeast extract-malt
extract (YM) medium still commonly used for maintaining and storing yeast cul-
tures (Wickerham 1951). YM and many other standardized isolation and selection
media formulations are commercially available in premixed form.

Several formulations of rich media are used by researchers in various fields.
Clinical yeast isolations are often performed using Sabouraud’s glucose agar (SGA)
(Odds 1991). Brewers often use universal beer agar (ASBC 2003). In addition to
malt extract and YM media, commercially available rich media useful for the culti-
vation of yeasts include yeast extract, peptone, and dextrose (YEPD), potato dex-
trose agar (PDA), and tryptone-glucose—yeast extract agar (TGYA). The
development of these and other media has been described (King et al. 1986; Jarvis
and Williams 1987; Fleet 1990; Deak 1991). Variants on TGYA have been devel-
oped, with differences in glucose concentration, or supplemented with chloram-
phenicol to retard growth of bacteria, or acidified to pH 3.5. One variant, yeast
extract glucose chloramphenicol agar, lacking tryptone, has been recommended by
the International Organization for Standardization as an international standard
medium (ISO 1987) for use in food analysis. Yeasts from high-sugar environments
such as nectar (Herzberg et al. 2002) have been grown on a medium containing 40%
sugar (Hautman 1924).

The presence of bacteria and spreading molds in certain foods, decaying fruits,
and soil complicates plating-based enumeration of yeasts. Supplements added to
media include antibiotics such as oxytetracycline or chloramphenicol to decrease the
growth of bacteria. Propionic acid or calcium propionate decrease mold growth sig-
nificantly, but also limit growth of some aerobic yeast (Buhagiar and Barnett 1971).
Rose Bengal (Martin 1950), ox gall (Miller and Webb 1954), eugenol, dichloran (Bell
and Crawford 1967), or oligomycin can be added to inhibit rapidly spreading molds.
Deak et al. (1998) have recommend that media containing Rose Bengal should be
kept in the dark, to prevent degradation of Rose Bengal to a mold-inhibiting deriv-
ative. Studies of the recovery of yeasts from food products, including cheese and
other foods, have indicated that media containing these additives perform more
favorably than previous media acidified with organic or inorganic acids (Beauchat
1993). Researchers in five countries recently evaluated 11 selective media for the enu-
meration of yeasts from blue-veined cheese (Viljoen et al. 2004), which contains high
levels of Penicillium species, bacteria, and often yeasts as natural contaminants,
causing spoilage or affecting the final flavor. The tested media contained various
additives such as biphenyl, molybdate, oxytetracycline, gentamycin, chlorampheni-
col, and eugenol to control bacteria or molds. Biphenyl was superior to Rose Bengal
in controlling mold growth. The results indicated that dichloran 18% glycerol agar
(DG18) and malt extract with biphenyl were superior in mold inhibition and yeast
recovery from blue cheese, while Rose Bengal chloramphenicol agar, dichloran Rose
Bengal chloramphenicol (King et al. 1979), and malt extract agar supplemented with
sodium chloride and oxytetracycline were also acceptable for sampling this sub-
strate. The use of plates containing Rose Bengal and/or chloramphenicol in recent
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ecological studies (Lachance et al. 2001; Rodrigues et al. 2001; Rosa et al. 2003;
Villa-Carvajal et al. 2004) marks a shift from the long-standing use of acidified
media for control of bacteria.

When the spectrum of yeast species commonly found in a particular substrate has
been extensively studied, it is possible to design a selective minimal medium in which
only one or a few of the resident species are able to grow, based on the carbon and
nitrogen assimilation patterns or other growth characteristics. Positive selection can
be used to enumerate only yeast that can grow on a particular carbon or nitrogen
source. For example, the cactus-specific yeast Candida sonorensis has been enumer-
ated on yeast nitrogen base agar with 0.5% methanol as the sole source of carbon
(Miller et al. 1976). Negative selection can be used to eliminate the growth of yeast
species that can only grow in the presence of a particular nutrient, such as the sul-
fur-containing amino acids required by Pichia amethionina (Starmer et al. 1978).
Media and growth conditions have been developed for selection of psychrotrophic,
acid-resistant, or xerotolerant yeasts (Fleet 1992; Deak and Beauchat 1996). Several
selective media are used in the brewery to detect wild Saccharomyces and non-
Saccharomyces species. Detection of contaminating wild yeast is particularly crucial
in brewing because pitching yeast is often reused for several fermentations. Several
selective media have been designed for the detection of wild yeast contaminants in
the presence of brewing yeast (ASBC 2003). Lysine medium contains L-lysine as the
sole nitrogen source (Heard and Fleet 1986; Walters and Thiselton 1953). Wild non-
Saccharomyces species grow on this medium, while brewing and wine strains of
S. cerevisiae do not. Lin’s wild yeast medium contains fuchsin sulfite and crystal vio-
let, and restricts growth of brewery yeasts and permits growth of wild yeasts.
Medium containing dextrin as the sole carbon source can be used to detect superat-
tenuating yeast (Ingledew and Casey 1982). CLEN medium contains cadaverine,
lysine, ethylamine, and nitrate as nitrogen sources, and allows some wild yeast to
grow, while brewing yeasts are unable to grow. Additional differential media include
Schwarz differential medium (Brenner et al. 1970), and MYGP plus copper sulfate
medium (Taylor and Marsh 1984) (MYGP is another name for YM medium, so
named because it contains malt extract, yeast extract, glucose and bacto peptone.)
Certain contaminating yeast can also be detected by incubation at 37°C. A compar-
ison of several of these methods for detection of nonbrewing yeasts in pitching yeast
was performed by van der Aa Kuhle and Jespersen (1998). In an analysis of 101
pitching yeast samples from 45 breweries, contaminating yeast were most often
detected on MYGP plus copper sulfate medium. Because different contaminants
grow on different media, analysis on multiple media has been recommended (van der
Aa Kuhle and Jespersen 1998).

Molybdate agar containing 0.125% propionate can be used to distinguish several
yeast species found on tropical fruit (Rale and Vakil 1984). Kish et al. (1983) devel-
oped ethanol sulfite agar, containing 12% v/v ethanol and 150 mg/L sulfite to detect
S. cerevisiae when outnumbered by apiculate yeasts. Acid-resistant yeasts can be
enumerated on Z. bailii agar (Erickson 1993), or TGYA. Xerotolerant yeast can be
enumerated on DGI18 (Deak and Beauchat 1996). Zygosaccahromyces differential
medium was developed to detect the spoilage yeast Z. bailii in wine (Schuller et al.
2000).
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Agar medium can be supplemented with indicator compounds to distinguish
between yeast species, or strains within a species. For example, acid-producing yeast
species can be identified on plates containing a pH indicator such as bromocresol
green or bromophenol blue. 5-Bromo-4-chloro-3-indolyl-a-galactoside (X-o-gal) is
used to differentiate between melibiase-secreting lager yeast and nonsecreting ale
yeast. Ale yeast colonies grown on medium containing X-o~gal remain white, while
lager yeast colonies turn blue-green. The pathogen Cr. neoformans is identified in
clinical specimens by formation of a black pigment on medium containing 3,4-
dihydroxyphenylalanine (Chaskes and Tyndall 1975). Dekkeral Brettanomyces differ-
ential medium was developed to detect low levels of Brettanomyces and Dekkera
species, which can cause phenolic taint in wine (Rodrigues et al. 2001). This medium
is partially selective for Brettanomyces and Dekkera owing to the presence of ethanol
as the sole carbon source and inclusion of cycloheximide, and is differential for the
detection of these genera based on colony morphology, the time required for colony
growth, the color change of a pH indicator, and the distinctive odor released by
metabolism of p-coumaric acid to phenolic compounds. Another example of a dif-
ferential medium is Niger seed agar (NSA), which was developed for testing envi-
ronmental samples for the presence of Cr. neoformans, which forms brown colonies
on this medium (Staib 1962). NSA has been used to detect Cr. neoformans in vari-
ous trees and bird droppings (Pfeiffer and Ellis 1992; Sorrell et al. 1996; Lazera et al.
1998, 2000; Fortes et al. 2001). This medium can also be used to screen clinical
specimens (Sukroongreung et al. 2001).

In the analysis of clinical specimens, SGA is frequently used as a primary isola-
tion medium. However, differentiation of Candida species on the basis of colony
morphology is not possible on this medium. Different yeast species plated on
CHROMAgar Candida (CHROMAgar Co., Paris, France), which contains a pro-
prietary chromogenic substrate, produce distinctive colony colors. Because this
medium contains chloramphenicol to suppress bacterial growth, it can be used as
both a primary isolation plate and a differential screening plate. Of 22 clinically rel-
evant species screened, only C. albicans formed green colonies on this medium,
allowing a presumptive identification of this species from clinical samples (Odds and
Bernaerts 1994). This medium has been particularly useful to identify mixed infec-
tions, allowing appropriate antifungal treatment (Yera et al. 2004). The range of
colony colors obtained with different yeast species may make this medium useful as
a primary isolation plate for ecological surveys. Molds, however, are able to spread
on this medium.

Variations on the standard Petri plate include Petrifilm (3M, St. Paul, MN, USA)
and SimPlate (BioControl Systems, Bellevue, WA, USA), which are reported to pro-
duce comparable enumeration results to standard plate counts in the analysis of var-
ious foods (Beauchat et al. 1990, 1991, 1998). The thin, flexible Petrifilm yeast and
mold count plate may prove convenient in remote locations for isolation of yeasts
from certain natural habitats. A thin, clear film is peeled back to expose a water-sol-
uble gel matrix. After addition of a liquid specimen, the film is replaced and the
plate is incubated. After growth, colonies can be removed for purification and analy-
sis. This film compares favorably to conventional plate counts in the enumeration of
yeasts from various foods (Beauchat et al. 1990). Limitations include the inability to
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streak for separation of colonies, and differences in colony morphology from those
seen on standard Petri plates owing to the contact of the cover membrane with the
growth medium.

5.4.2 Growth Conditions

In general, yeasts are grown in the laboratory under conditions similar to those of
their natural habitat. Nutrients and other growth conditions can be manipulated to
select for growth of particular species or groups of species. Enrichment cultures are
used to isolate and characterize any number of niche-specific microbes, ranging
from pesticide-degrading bacteria to thermophilic bacteria to halotolerant yeast.
Simply stated, a specimen is placed in media with restrictive growth conditions, and
passaged for several generations until the organisms best able to grow predominate.
The restrictive growth conditions can be the presence of a certain compound as the
sole carbon and/or nitrogen source, the presence of a growth-inhibiting compound,
low water activity, or high or low temperature. The fermentation of wine can be con-
sidered one of the earliest enrichment culture techniques used by man. While S. cere-
visiae is present in very low numbers on grapes (Rosini et al. 1982; Martini et al.
1996), the proportion of this ethanol-tolerant species relative to that of other yeast
species rises dramatically as the ethanol concentration increases. Indigenous fer-
mentation has been used as an enrichment technique to isolate wild strains of
S. cerevisiae from aseptically gathered grapes (Cappello et al. 2004; Versavaud et al.
1995). An enrichment technique was also used to isolate novel limonene-degrading
yeast species (Ngyuen Thanh et al. 2004).

The growth of most yeast species is not inhibited by a pH value as low as 3.0,
although the optimal pH range for growth of most species is 4.5-6.5 (Phaff et al.
1978). Low pH media have been used in yeast surveys for decades to inhibit growth
of bacteria (Miller et al. 1962).

Yeast can generally be grown at temperatures close to that of their natural habi-
tat. This is particularly important for yeasts isolated from low temperatures, such as
the Cr. vishniacii isolated from soil in Antarctica (Vishniac and Hempfling 1979), the
type strain of which grows well at 10°C but poorly at 20°C. Many species isolated in
temperate zones grow well at 20-25°C, and poorly at 30°C. A few psychrophobic
yeasts, isolated from warm-blooded animals, require incubation temperatures above
30°C (Travassos and Cury 1971).

Aerobic plating conditions are used predominantly for quality control in the food
industry (APHA 2001) and also in most surveys of yeast biodiversity. However, the
presence of oxygen severely inhibits growth of many microbial species. The use of
anaerobic in addition to aerobic conditions may improve yeast surveys of potentially
anaerobic or microaerobic environments such as deep water, vertebrate and invertebrate
guts, and the interior of plant rots. Under field conditions where anaerobic incubators
are impractical, convenient anaerobic devices such as a candle jar or the Gas Pak cham-
ber or bag (BD Biosciences) can be used for generation of anaerobic, microaerophilic,
or CO,-enriched conditions. Alternatively, a novel paraffin wax overlay method has
been used to exclude oxygen from pour plates, allowing the isolation and enumeration
of purple non-sulfur bacteria from flooded paddy soil (Archana et al. 2004).
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Many yeast species form colonies on agar plates within 2-3 days. However, when
exposed to a variety of stresses (including lyophilization and cryopreservation),
colony formation by even fast-growers may be delayed. Slow-growing yeast species
such as Z. bailii or Dekkera bruxellensis may require up to 14 days to form colonies
(Millet and Lonvaud-Funel 2000; Rodrigues et al. 2001). An appropriate incubation
time must be selected to allow growth of yeasts of interest.

Manipulation of incubation conditions may reveal the presence of rare or slow-
growing yeasts. A decrease in incubation temperature from 25 to 17°C, an increase
in humidity, and periodic replacement of the plates used in a ballistospore-fall plate
(Nakase and Takashima 1993) resulted in the isolation of four novel slow-growing
Sporobolomyces yeast species from plant leaves in Japan (Wang and Bai 2004).

Some yeast species require medium amendments for satisfactory growth on agar
media. For example, Schizosaccharomyces octosporus will grow poorly on minimal
medium unless it is supplemented with 15 mg adenine/L (Northam and Norris 1951).
The yeast Debaryomyces mycophilus, associated with wood lice, is only able to grow
on media supplemented with chelated iron (Thanh et al. 2002). While most halotol-
erant yeast species can grow well on media lacking sodium chloride, strains of the
species Metschnikowia bicuspidata will not grow on media with salt concentrations
less than 2% (Lachance et al. 1976). In contrast, sugar-tolerant yeast species such as
Z. bisporus or Z. rouxii, found in high-sugar environments such as honey, do not
grow well when placed directly on standard media containing much lower sugar con-
centrations. It has been recommended to use media with 30-40% sugar for primary
isolation of yeasts from these environments, followed by transfer to lower-sugar
media (Phaft and Starmer 1987). The yeast-like organism Eremascus albus, however,
does not have the ability to adapt to lower-sugar media (Phaff and Starmer 1987).

5.4.3 Liquid Culture Methods

The most probable number (MPN) method was developed for the enumeration of
microorganisms. This method is particularly useful for enumeration of yeasts in a
specimen containing a high particulate content which would preclude membrane fil-
tration or microscopy, such as must or solid food. The specimen is homogenized,
and a series of tenfold dilutions are prepared. When inoculated in culture medium,
the more concentrated cell suspensions will result in growth, while the more dilute
suspensions will not. Using a table based on McCrady’s probability calculations, the
positive and negative growth results from the dilutions are used to extrapolate the
concentration of cells in the original sample (Greenberg et al. 1992). This method is
used in the analysis of food (Harrigan 1998), wine (Fugelsang 1997; OIV 2004) and
wastewater (Greenberg et al. 1992). When used in conjunction with selective media,
the MPN technique can be used to enumerate minority spoilage or fermenting yeast
(Loureiro and Malfeito-Ferreira 2003).

Just as a pure microbial culture displays a distinct pattern of carbon source uti-
lization, a mixed population of microbes also exhibits a distinct pattern (Garland
and Mills 1991). Changes in microbial populations are reflected in changes in
carbon utilization patterns, which are measured using a technique called community
level physiological profiling (CLPP). Biolog (Hayward, CA, USA) distributes
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fungal-specific microtiter plates, SEFN2 and SFP2, with three replicates of 31 envi-
ronmentally relevant carbon sources in liquid media (Classen et al. 2003). After
inoculation with environmental samples, the ability of the resident microbial com-
munity to utilize the various substrates is monitored. Multivariate analysis is used to
determine functional diversity of environmental populations. This method has been
used to assess metabolic diversity in environmental substrates including plant rhi-
zospheres (Ellis et al. 1995; Garland 1996; Grayston and Campbell 1996; Grayston
et al. 1998). The API system (bioMerieux, France), including strips for identification
of yeast species, could be used to measure functional diversity of yeasts and other
microbial communities (Torsvik et al. 1990). The advantages of this method are that
it is fast, reproducible, relatively inexpensive, and can distinguish differences in
microbial communities. Because CLPP is a culture-dependent method, however, it
has the limitations common to these methods: the profile only represents the cultur-
able portion of the community, and it favors fast-growing organisms (Kirk et al.
2004). Moreover, the in vivo metabolic diversity may not reflect in situ diversity.

5.5 Indirect Detection Methods

Although brewing yeast were some of the first microorganisms visualized by van
Leeuwenhoek, many of the recent advances in microbiology first emerged in studies
of prokaryotes and were then applied to eukaryotes. Yeast researchers have applied
these new methods, from DNA-DNA hybridization to ribosomal sequencing,
resulting in new knowledge of yeast biodiversity. Some recent advances in detection
and enumeration of mixed microbial populations have also been based on methods
used to characterize pure cultures.

5.5.1 Biochemical-Based Methods

Signature fatty acids are indicative of specific taxonomic groups, and form a rela-
tively constant proportion of cell biomass when standardized culture conditions are
used. Just as species can be differentiated by fatty acid methyl ester (FAME) analy-
sis, a change in the fatty acid profile of a community can be detected. Zelles (1999)
has reviewed the use of FAME analysis to characterize microbial communities.
FAME analysis does not require culturing, and the detection of signature fatty acids
indicates the presence of certain taxonomic groups. However, this method has limi-
tations, including the fact that the cellular fatty acid composition can vary under
different growth conditions, such as temperature and nutrition.

5.5.2 Molecular Methods

Molecular, DNA-based methods of detection and enumeration have gained popular-
ity in recent years owing to the ease of use, specificity, and, unlike biochemical meth-
ods such as FAME analysis, independence of the metabolic state of the cell.
PCR-based methods are particularly powerful owing to the sensitivity of these meth-
ods, as will be discussed later. Many methods are based on PCR amplification of
DNA from a mixed population, followed by separation by a variety of techniques.
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5.5.2.1 Community Profiling Methods

Two DNA-based methods developed for the analysis of pure cultures have recently
been modified for profiling the genetic diversity of communities of microorganisms:
guanine plus cytosine (G+C) content and nucleic acid reassociation. While they do
not provide detailed information on the identity of individual species present, they
can be used as a measure of the genetic diversity of a microbial community, and can
detect shifts in microbial community profiles.

The G+C content of DNA is characteristic of a yeast species, with ascomycetous
yeast species having G+C contents of 27-50%, and basidiomycetous species having
contents of 48-70%. The overall G+C content of mixed populations, as well as other
methods, has been used to study the differences in microbial diversity between for-
est cover and pasture in Hawaiian soil (Nusslein and Tiedje 1999). This method has
the advantage in that it is not subject to PCR amplification biases, but it does require
large amounts of DNA.

The rate of DNA-DNA reassociation of two yeast strains is an extremely valu-
able measure of genetic similarity of closely related species and strains. DNA reas-
sociation rates have also been used to assess the genetic complexity of DNA from an
environmental sample, which reflects the biodiversity of the resident microbial com-
munity (Torsvik et al. 1990). The rate of reassociation of DNA extracted from an
environmental sample depends on the complexity of the DNA sequences present: as
the complexity increases, the rate of DNA reassociation decreases (Theron and
Cloete 2000). The time needed for half the DNA to reassociate (C_t1/2) is consid-
ered a diversity index, which can be compared with that of other environmental
samples. Moreover, the rate of reassociation of DNA isolated from two different
environmental samples has been used to measure the similarity of their microbial
communities (Griffiths et al. 1999).

5.5.2.2 Detection of Species or Groups of Species

Hybridization-based molecular methods can be used to detect specific species or
groups of species in environmental or other samples. While these methods can pro-
vide detailed information on the species present in a sample, they suffer from lack of
sensitivity: nondominant species may not be detected. PCR amplification of target
sequences prior to hybridization can often be used to eliminate this problem. DNA
can be amplified directly to detect all species present, whether active or dormant,
and complementary DNA from reverse transcription of messenger RNA (mRNA)
can be amplified to detect active microbial communities.

Flow cytometry has been used to detect, enumerate, and characterize liquid sus-
pensions ranging from bacteria to mammalian cells (reviewed in Davey 2002), and
has been used extensively for analysis and sorting of cells, including yeast. For exam-
ple, Jespersen et al. (1993) used an enrichment technique followed by flow cytome-
try to detect as few as one wild yeast cell in a background of 106 brewer’s yeast cells.
The Luminex 100 is a flow-cytometer system utilizing a set of color-coded fluores-
cent latex beads, each of which can be tagged with a different nucleotide probe.
Using species-specific capture probes based on ribosomal sequences, this method
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has been used for detection and enumeration of yeasts of the genus Trichosporon in
a mixed population (Diaz and Fell 2004). The Luminex system is extremely rapid,
sensitive, and can distinguish between sequences differing by a single nucleotide. The
range of species being detected must be determined in advance.

PCR methods have been developed for the detection and identification of a sin-
gle species or group of species. Species-specific primers have been developed for the
identification of pure cultures, as discussed elsewhere in this book. These primers
have been useful in detecting specific species in mixed population and environmen-
tal samples. For instance, S. cerevisiae was detected in an ancient wine jar from the
tomb of King Scoprion I in Egypt, dated to 3,000 B.C. (Cavalieri et al. 2003) using
primers that amplify the S. cerevisiae ITS1, 5.8S, and ITS2 region (Guillamon et al.
1998). A mixed microbial community can be profiled by amplifying a target
sequence, then separating the amplicons by a variety of methods.

Variations on PCR-based detection methods introduce even more sensitivity.
A nested PCR method developed for detection of Dekkeral Brettanomyces strains
was sensitive to as few as ten cells in sherry (Ibeas et al. 1996). In multiplex PCR,
primers to several target genes are combined in one PCR amplification. This has
been used, for example, to detect and discriminate between pathogenic Escherichia
coli strains on the basis of the presence of six strain-specific toxins and virulence fac-
tors (Watterworth et al. 2004).

Quantitative PCR (Q-PCR) can be used to detect the presence of specific organ-
isms in environmental samples. An extremely sensitive and accurate Q-PCR method
has recently been developed for the detection of six pathogenic Candida species in
drinking water (Brinkman et al. 2003). Species-specific PCR primers were designed
to amplify a region of the D1/D2 domain of the large (26S) ribosomal subunit. This
filter-based method could detect as few as 1-3 cells per filter. Another Q-PCR assay
using species-specific primers to the D1/D2 domain of the 26S rRNA gene was
developed to detect and enumerate the spoilage yeast D. bruxellensis from wine
(Phister and Mills 2003).

Ribosomal intergenic spacer (IGS) analysis and automated ribosomal IGS analy-
sis have been used to profile bacterial communities. In these methods, the IGS
between the 16S and 23S ribosomal subunits is amplified by PCR, denatured, and
analyzed on a polyacrylamide gel under denaturing conditions. The IGS region of
different species differs in length and sequence. These differences are detected
directly by silver staining of the gel, or by automated detection of a fluorescently
labeled primer (Fisher and Triplett 1999). These methods have been used to compare
microbial diversity in soil (Borneman and Triplett 1997; Ranjard et al. 2000) and the
rhizosphere of plants (Borneman and Triplett 1997).

Molecular detection methods have the distinct advantages of being culture-
independent, and, if DNA sequencing is involved, can also provide information on
the phylogenetic placement of species detected. These molecular methods have revealed
the presence of previously undetected and uncharacterized species. However, DNA-
based methods have limitations and potential biases at each step, including cell lysis,
DNA extraction, and purification. The efficiency at which cells or mycelia are lysed
can vary within and between microbial groups (Prosser 2002): spores and mycelia
lyse differently, and mycelia of different ages lyse differently. DNA and RNA extrac-



5 . Methods for Investigating Yeast Biodiversity

87

tion methods that result in DNA shearing, such as bead beating, can also lead to
biases (Wintzingerode et al. 1997). Certain contaminants in DNA preparations such
as humic acids from soil can interfere with PCR amplification. Subsequent purifica-
tion steps can lead to loss of DNA or RNA. Furthermore, detection of cells that
have been stressed or injured can be difficult.

Wintzingerode et al. (1997) have summarized factors that can result in differen-
tial PCR amplification of templates within a mixed population, including different
affinities of primers to various templates, different copy number of templates, and
varying levels of hybridization efficiency and primer specificity. Furthermore,
sequences with lower G+C content may separate more easily, and therefore be pref-
erentially amplified (Wintzingerode et al. 1997). This could conceivably lead to
biases in amplification in mixed populations of ascomycetous and basidiomycetous
yeasts, which differ in G+C content.

DNA microarrays bring a new level of specificity to DNA-DNA hybridization
studies. Because a single array can contain thousands of DNA sequences, a large
number of target sequences can be detected in an environmental sample simultane-
ously. These target sequences can be either species-specific probes to detect and
quantify particular species, or they can be function-specific probes, such as meta-
bolic genes, to detect functional diversity. Microarrays have been used to detect and
quantify several bacterial species in a sample with high specificity (Cho and Tiedje
2001). Direct profiling of microbial communities in sediment samples was per-
formed by hybridization of extracted rRNA to microarrays containing oligonu-
cleotides specific for major microbial groups (El Fantroussi et al. 2003).

Target regions to be amplified are often rRNA genes or internal transcribed
spacer (ITS) regions, because these are present in all organisms, they are not subject
to horizontal transfer, and sequence databases are publicly available. Although only
a small proportion of yeast species have been described, certain DNA regions such
as the D1/D2 region of the large (26S) ribosomal subunit as well as the ITS1 region
have been sequenced in the majority of known yeast species. This information is
extremely useful for identification of yeast species, as discussed elsewhere in this
book, as well as for the detection of specific species within a mixed population.
Moreover, community-level fingerprints representative of microbial diversity can be
obtained using PCR amplification of target DNA such as D1/D2 or ITS regions, fol-
lowed by separation of amplicons by two similar methods, denaturing gradient gel
electrophoresis (DGGE) (Muyzer et al. 1993) or temperature gradient gel elec-
trophoresis (TGGE). The difference between these two methods is the nature of the
gradient: denaturing chemicals (urea and formamide) in the former, and tempera-
ture in the latter. In both techniques, the forward primer contains a 35-40 base pair
GC clamp, which ensures that part of the amplified DNA fragment remains double-
stranded as it passes through the denaturant. Amplicons are separated on a poly-
acrylamide gel. As they pass through an increasing concentration of denaturants,
domains melt in sequence-specific manner, with AT-rich domains denaturing before
GC-rich ones. The bands can be excised, reamplified, and sequenced to identify the
species. The number and intensity of the bands is indicative of the genetic diversity
of the sample. Theoretically, a single base-pair difference can be detected. DGGE
and TGGE are reliable, reproducible, rapid, and multiple samples can be analyzed
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simultaneously. DGGE and TGGE have been used extensively to detect bacterial
and/or fungal diversity in a range of habitats, such as the guts of pigs (Simpson et al.
2000) and chickens (van der Wielen et al. 2002), soil (Gomes et al. 2003), and rhi-
zosphere (Duineveld et al. 1998, 2001; Smalla et al. 2001). Cocolin et al. (2000a) used
this method to analyze the yeast species present at successional stages in wine fer-
mentations. Nonculturable yeast were detected late in the fermentation of a Botrytis-
affected wine (Mills et al. 2002). Prakitchaiwattana et al. (2004) compared DGGE
with traditional plating methods to study the yeast ecology of wine grapes. DGGE
was less sensitive than agar plating methods, detecting only populations of more
than 104 cells/mL, but a greater diversity of species was detected. DGGE has also
been used to detect yeast in the fermentation of Coffea arabica (Masoud et al. 2004)
and sourdough (Meroth et al. 2003a).

Theoretically, the PCR primers selected should amplify all species of interest in
the microbial community. Universal or group-specific ribosomal DNA regions are
often used. For instance, primers to the bacterial nitrite reductase gene (nirK) were
used to detect denitrifying bacteria in soils. The sequences of most of the of 56 PCR
products analyzed were similar, but not identical, to those of known species, indi-
cating the presence of uncultivated denitrifying species (Henry et al. 2004). In some
cases, reverse-transcriptase PCR (RT-PCR) of short-lived mRNA is used to prefer-
entially detect metabolically active cells (Sheridan et al. 1998). For example, an RT-
PCR method was recently published for the detection of Cr. neoformans in clinical
specimens, based on the amplification of the capsular CAP10 gene mRNA (Amjad
et al. 2004). Very little target DNA is required.

Single-strand conformation polymorphism (SSCP) is also based on the elec-
trophoretic separation of DNA molecules on the basis of small differences in
DNA sequence. Polyacrimide gel electrophoresis is used to separate single-stranded
PCR-amplified DNA on the basis of differences in their secondary structure (Lee
et al. 1996) caused by differences in sequence. In addition to several bacterial
studies, this method has been used to study the arbuscular mycorrhizal fungi
species present in roots (Simon et al. 1993; Kjoller and Rosendahl 2000). SSCP has
also been used to detect polymorphisms in clinical isolates of C. albicans (Graser
et al. 1996). Limitations of this method are similar to those of DGGE/TGGE.
Unlike DGGE/TGGE, however, SSCP does not require a GC clamp or the use of
gradient gels.

Restriction fragment length polymorphism (RFLP) patterns, in addition to
amplified rDNA restriction analysis, are very useful to identify pure microbial cul-
tures, including yeasts (Esteve-Zarzoso et al. 1999). RFLP patterns have also been
used to detect changes in bacterial community structure (Massol-Deya et al. 1995),
but cannot be used to quantify diversity or detect specific phylogenetic groups (Liu
et al. 1997). The use of a 6-base rather than a 4-base recognition restriction enzyme
would result in a less complex pattern when mixed microbial communities are
analyzed.

The RFLP method has been modified to address some of these limitations. In
terminal RFLP, one of the PCR primers is labeled with a fluorescent dye, which
allows the detection of only the terminal restriction fragment. This results in a
simplified banding pattern, with one labeled fragment representing each sequence
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present (Tiedje et al. 1999). A similar method, terminal fragment length polymor-
phism analysis, has been developed for the differentiation of Malassezia yeast
species (Gemmer et al. 2002). This nested PCR approach utilizes a second PCR reac-
tion rather than restriction digestion, and could be useful for the detection and
discrimination of other fungal species.

5.6 Concluding Remarks

Both culture-based and culture-independent detection and enumeration methods
have great utility in the detection and enumeration of yeasts, but they also have lim-
itations. A polyphasic approach is recommended to draw on the strengths of both
these methods. As a case in point, in a study of the microbes responsible for the tra-
ditional fermentation of cassava dough, some Lactobacillus species detected by
DGGE were not recovered on plating, while some species recovered from enrich-
ments were not detected by DGGE (Miambi et al. 2003). A combination of
DGGE/TGGE and plating methods was more informative than either method alone
for the identification of dominant populations within the community in studies of
sausage (Cocolin et al. 2000b), cheese (Ercolini et al. 2002; Ogier et al. 2002;
Randazzo et al. 2002), and doughs (Meroth et al. 2003b). Prakitchaiwattana et al.
(2004) compared DGGE with cultural isolation of yeasts from wine grapes, and
found that DGGE was less sensitive to low-concentration organisms, but detected a
greater diversity than plating. The use of a combination of culture-dependent and
molecular methods is recommended in detecting the spectrum of yeast species that
may be present in a substrate.

When examining a substrate that may contain nonculturable organisms,
microscopy methods such as FISH in addition to plating have been successful in the
study of the microflora of cheese (Kolloffel et al. 1999) and wine (Millet and
Lonvaud-Funel 2000). However, FISH has a low level of sensitivity, making it diffi-
cult to enumerate nondominant populations. Furthermore, cells with low rRNA lev-
els, or damaged or stressed cells, may be difficult to detect by FISH. DNA-based
methods that do not require cultivation of microorganisms, such as shotgun
metagenome sequencing, are revealing aspects of the metagenome of mixed micro-
bial populations such as soil (Rondon et al. 2000) and marine water (Venter et al.
2004). While information on individual species is difficult to obtain by shotgun
sequencing, particularly for organisms such as yeast that have multiple chromo-
somes, a billion base pairs of nonredundant sequence revealed a plethora of infor-
mation on the gene content, diversity, and relative abundance of organisms present
in sea water (Venter et al. 2004), including the presence of 148 previously unknown
bacterial phylotypes and 782 new rhodopsin-like photoreceptors. While these stud-
ies do not result in isolation of type cultures, amazing insights into the lives of yeasts
can be obtained by these methods.

While PCR-based methods are powerful and useful methods, limitations of these
methods include PCR biases (Ercolini et al. 2002), labor, and the difficulty in detect-
ing organisms representing less than 1-2% of the population (MacNaughton et al.
1999). Also, one band may represent more than one species, and one species
may give multiple bands on the gel. Intragenomic sequence heterogeneity in the
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ribosomal region has been demonstrated with many bacterial species (Coenye and
Vandamme 2003) and also in the yeast species Clavispora lusitaniae (Lachance et al.
2003). This sequence heterogeneity within a strain could result in multiple bands.

Some methods introduced for the analysis of bacterial communities hold great
promise for use in detection and enumeration of pure and mixed communities of
yeasts. These include microarrays containing species-specific probes to a number
of species, and the many variants of PCR analysis. However, the use of culture-
dependent methods is far from obsolete. Culture-based methods using new selec-
tive and differential media and variations in growth conditions will continue to be
valuable tools of the yeast ecologist.
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6.1 Introduction

Yeasts are ubiquitous unicellular fungi widespread in natural environments coloniz-
ing from terrestrial, to aerial to aquatic environments, where the successful colo-
nization is intimately related to their physiological adaptability to a highly variable
environment. The metabolic pathways of the central carbon metabolism are basi-
cally identical between different yeast species, suggesting that these microorganisms
might constitute a metabolic homogenous group. Nonetheless, the mechanisms for
nutrient uptake, the number of different isoenzymes and most importantly the reg-
ulation of fermentation and respiration differ substantially (Flores et al. 2000) and
make yeasts a highly heterogeneous and complex metabolic group.

In yeasts, like other heterotrophic organisms, the energy and carbon metabolism
are intimately interconnected, i.e., anabolism is coupled with catabolism. ATP is pro-
vided by the oxidation of organic molecules that also act as carbon sources for biosyn-
thesis, and ultimately it is used as energetic currency for all kinds of cellular work.

In the natural environment yeast species have a broad set of carbon sources (e.g.,
polyols, alcohols, organic acids and amino acids) that can support their growth but
preferentially they metabolize sugars. The information related to the metabolism of
different carbon sources is huge, the most widely studied being sugars such as hex-
oses (glucose, fructose, galactose or mannose) and disaccharides (maltose or
sucrose) as well as compounds with two carbons (ethanol or acetate). The metabolic
networks employed for the metabolism of hexoses and disaccharides share the same
pathways (most metabolic building blocks are derived from intermediaries of gly-
colysis, the tricarboxylic acid cycle (TCA), and the pentose phosphate pathway) and
differ only in the initial basic steps of metabolism. However, significant changes
could be observed when the metabolism of sugars is compared with that of the
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two-carbon compounds. In this case, the TCA, the pentose phosphate pathway
together with gluconeogenesis and the glyoxylate cycle are essential for the provision
of anabolic precursors.

Yeast environmental diversity mostly leads to a vast metabolic complexity driven
by carbon and the energy available in environmental habitats. It is the scope of this
chapter to contribute a comprehensible analysis of yeast metabolism specifically
associated with glucose catabolism in Saccharomyces cerevisiae, under both aerobic
and anaerobic environments. A brief introduction to glycolysis together with the
most relevant effects triggered by oxygen and glucose are presented in order to cen-
ter the reader in the problems discussed later. Most of our attention is given to the
metabolic flux on the pyruvate branch point, with reference to alcoholic fermenta-
tion and respiration. As a last issue we address the most pertinent features of anaer-
obic metabolism, culminating with the hitherto unexplained metabolic requirements
for fully anaerobic growth.

6.2 A Brief Comment on Pasteur, Crabtree and Custer Effects

Yeasts may be physiologically classified with respect to the type of energy-generat-
ing process involved in sugar metabolism, namely non-, facultative- or obligate-
fermentative (van Dijken and Scheffers 1986). The nonfermentative yeasts have
exclusively a respiratory metabolism and are not capable of alcoholic fermentation
from glucose (e.g., Rhodotorula glutinis), while the obligate-fermentative yeasts —
“natural respiratory mutants” — are only capable of metabolizing glucose through
alcoholic fermentation (e.g., Candida slooffii = Kazachstania slooffiae). Most of the
yeasts identified are facultative-fermentative ones, and depending on the growth
conditions, the type and concentration of sugars and/or oxygen availability, may dis-
play either a fully respiratory or a fermentative metabolism or even both in a mixed
respiratory-fermentative metabolism (e.g., S. cerevisiae or Pichia jadinii — the latter
is herein always referred to as C. utilis).

The sugar composition of the media and oxygen availability are the two main
environmental conditions that have a strong impact on yeast metabolic physiology.
There are three frequently observed effects associated with the type of energy-gen-
erating processes involved in sugar metabolism and/or oxygen availability: Pasteur,
Crabtree and Custer. The known Kluyver effect is beyond the scope of the metabolic
overview of this chapter (see the review in Fukuhara 2003 for more details).

6.2.1 Pasteur Effect

In modern terms the Pasteur effect refers to an activation of anaerobic glycolysis in
order to meet cellular ATP demands owing to the lower efficiency of ATP production
by fermentation compared with respiration. In 1861 Pasteur observed that S. cere-
visiae consume much more glucose in the absence of oxygen than in its presence.
However, there are several misinterpretations concerning the results presented by
Pasteur that were reviewed in depth by Lagunas (1981, 1986, and references therein).
This author gathered all the information referred to S. cerevisiae and showed that the
initial descriptions of Pasteur were an artefact due to anaerobic growth impairment
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by the lack of sterols and fatty acids. In fact, S. cerevisiae only shows a Pasteur effect
under special experimental conditions, specifically at low growth rates (sugar-limiting
continuous culturing) and at resting-cell conditions, where a high contribution of
respiration to sugar catabolism occurs owing to the loss of fermentative capacity.

6.2.2 Crabtree Effect

The Crabtree effect is currently defined as the occurrence of alcoholic fermentation
under aerobic conditions (for a review see Pronk et al. 1996, and references therein).
After the initial descriptions of Crabtree, it was shown that S. cerevisiae catabolyzes
glucose mainly by a fermentative process, and this effect was presented as the
Crabtree effect (Swanson and Clifton 1948). From all the theories presented in the
literature one should stress that the Crabtree effect has received special attention
from several research teams and, even today, a lack of consensus in terms of its def-
inition is observed. De Deken (1966) described the Crabtree effect as “...the pheno-
typic expression of a regulatory system involved in the synthesis of cytochromes...”
Glucose repression became accepted as synonymous of the Crabtree effect until the
1980s with the emergence of the theory involving an “overflow/limited respiratory
capacities” in the branching point of pyruvate metabolism (Kappeli 1986). The
Crabtree effect was divided into short- and long-term effects, mainly based on con-
tinuous culturing studies where under steady-state conditions the growth rate can be
experimentally manipulated (Petrik et al. 1983). The short-term effect is defined as
the capability of triggering alcoholic fermentation upon the sudden condition of
glucose excess, whereas the long-term effect is characterized as the respiration-
fermentative metabolism observed with batch cultivations or with continuous
culturing above critical dilution rates.

6.2.3 Custer Effect

The Custer effect is known as the inhibition of alcoholic fermentation by the
absence of oxygen. A clear example of the Custer effect is found in yeasts belonging
to the Brettanomyces and Dekkera genera that ferment glucose into ethanol and
acetic acid under aerobic conditions (Wijsman et al. 1984; van Dijken and Scheffers
1986). However, upon a shift to an anaerobic condition, fermentation is strongly
inhibited. This phenotype can be fully rescued by the reintroduction of oxygen into
the culture media or by the addition of H* acceptors such as acetoin (which is
reduced to 2,3-butanediol) or other aliphatic carbonyl compounds (Sheffers 1966;
Wijsman et al. 1984). From all the previous considerations it is thought that the
Custer effect is caused by reductive stress. It seems that yeasts displaying this
effect are somehow incapable of closing the redox balance through the production
of glycerol or other highly reduced compounds.

6.3 Glycolytic Metabolic Central Block: a Brief Summary

After glucose uptake, intracellular glucose is fated to be dissimilated and/or assimi-
lated by metabolic processes (see reviews in Lagunas 1993; Boles and Hollenberg
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1997; Forsberg and Ljungdahl 2001; Jeffries and Jin 2004). In this section we will
briefly summarize the glycolytic pathway that constitutes the central block of hex-
ose and disaccharide metabolism and that has been extensively revised during the
last few years (for reviews see Gancedo and Serrano 1989; Richard 2003;
Kruckeberg and Dickinson 2004).

Once inside the cell, glucose is phosphorylated by kinases to glucose 6-phosphate
and then isomerized to fructose 6-phosphate, by phosphoglucose isomerase. The
next enzyme is phosphofructokinase, which is subject to regulation by several
metabolites, and further phosphorilates fructose 6-phosphate to fructose 1,6-
bisphosphate. These steps are the first part of glycolysis that requires energy in the
form of ATP.

The subsequently acting enzymes are aldolase, triosephosphate isomerase, glyc-
eraldehyde 3-phosphate dehydrogenase, phosphoglycerate kinase, phosphoglycerate
mutase, enolase and pyruvate kinase. The last block of glycolysis leads to pyruvate
formation associated with a net production of energy and reducing equivalents.

Essentially the glycolytic pathway is common to all yeast species, the carbon
flux regulation being done at the level of the pentose phosphate pathway. Several
flux analyses have shown that approximately 50% of glucose 6-phosphate is
metabolized via glycolysis and 30% via the pentose phosphate pathway in Crabtree
negative yeasts. However, about 90% of the carbon going through the pentose
phosphate pathway reentered glycolysis at the level of fructose 6-phosphate or
glyceraldehyde 3-phosphate. The distribution of carbon flux between glycolysis
and the pentose phosphate pathway seems to play a more important role in glu-
cose dissimilation in Crabtree negative yeasts than in Crabtree positive ones
(Bruinenberg et al. 1983; Gonzalez-Siso et al. 2000). Specifically, S. cerevisiae, a
Crabtree positive yeast, was shown to have low catabolic fluxes through the pen-
tose phosphate pathway (Blank and Sauer 2004). These observations indicate that
the pentose phosphate pathway in Crabtree positive yeasts is predominantly used
for NADPH production but not for biomass production or catabolic reactions, as
will be discussed later for redox balances.

6.4 From Pyruvate to Acetyl-Cofactor A

At the pyruvate (the end product of glycolysis) branching point, pyruvate can follow
three different metabolic fates depending on the yeast species and the environmen-
tal conditions (Pronk et al. 1996). On the other hand, the carbon flux may be
distributed between the respiratory and fermentative pathways.

Pyruvate might be directly converted to acetyl-cofactor A (CoA) by the mito-
chondrial multienzyme complex pyruvate dehydrogenase (PDH) after its transport
into the mitochondria by the mitochondrial pyruvate carrier. Alternatively, pyruvate
can also be converted to acetyl-CoA in the cytosol via acetaldehyde and to acetate
by the so-called PDH-bypass pathway (reviewed in Pronk et al. 1996). The PDH-
bypass pathway requires the activity of three different enzymes: (1) pyruvate decar-
boxylase, which converts pyruvate to acetaldehyde; (2) acetaldehyde dehydrogenase
(ALD), which converts acetaldehyde to acetate; and (3) acetyl-CoA synthetase
(ACS), which converts acetate to cytosolic acetyl-CoA that can then be transported
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unidirectionally into the mitochondria via the carnitine acetyltransferase system
(Kispal et al. 1991; Pronk et al. 1996) (Fig. 6.1). It is still matter of debate if the flux
distribution during pyruvate metabolism determines whether the pyruvate flows
inward through the PDH complex or through the PDH-bypass pathway and thereby
the split between respiration and fermentation (Pronk et al. 1996).

One of the mechanisms underlying the regulation of pyruvate flux through the
different routes is the regulation of the enzymes involved and their kinetic proper-
ties (Pronk et al. 1996). Compared with cytosolic pyruvate decarboxylase, the mito-
chondrial PDH complex has a higher affinity for pyruvate and therefore most of the
pyruvate will flow through the PDH complex at low glycolytic rates. However, at
increasing glucose concentrations, the glycolytic rate will increase and more pyru-
vate is formed, saturating the PDH bypass and shifting the carbon flux through
ethanol production and beginning the fermentation (Fig. 6.1).

In addition to the different enzyme affinities for pyruvate, the enzymatic activities
may also play a role in the regulation of pyruvate flux. In S. cerevisiae, high glucose
concentrations induce an increase of 3—4 times the pyruvate decarboxylase activity
and a decrease of acetaldehyde dehydrogenase activity, favoring the alcoholic fer-
mentation. On the other hand, at low glucose concentrations, pyruvate is mainly
converted to acetyl-CoA by the PDH complex. From an energetic point of view
PDH-bypass is less efficient owing to the consumption of an ATP molecule, which
is converted into AMP by the acetyl-CoA synthetase (Steensma 1997).

As already discussed and particularly in the yeast S. cerevisiae, the external
glucose level controls the switch between respiration and fermentation. Although

oxaloacetate T Pyruvate — » acetaldehyde 4——6-—> ethanol
2
3
1
PDH-bypass
\f/ \15'/ acetate
4
«—— Acetyl CoOA |
TCA cycle cety Co P
(&) Acetyl CoA
Mitochondria Cytosol

Fig. 6.1. Scheme of pyruvate branch point pathways. Pyruvate formed in glycolysis is con-
verted to acetyl-cofactor A (CoA) and/or oxaloacetate, both intermediates of the trycar-
boxylic acid cycle. I pyruvate dehydrogenase complex, 2 pyruvate decarboxylase,
3 acetaldehyde dehydrogenase, 4 acetyl-CoA synthetase, 5 pyruvate carboxylase and 6 alcohol
dehydrogenase. 4 mitochondrial oxaloacetate carrier; B mitochondrial pyruvate carrier and
C carnitine acetyltransferase
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significant ethanol production is generally absent in Crabtree negative yeasts during
aerobic conditions (de Deken 1966; Gonzalez-Siso et al. 1996), yeast species such as
Pichia anomala, C utilis and Kluyveromyces lactis, during aerobic conditions and
high glucose concentration, temporarily (during the exponential growth phase) pro-
duce ethanol. However, it has been shown that this transient ethanol production is
mainly due to inadequate aeration (Kiers et al. 1998).

6.5 Tricarboxylic Acid Pathway

Acetyl-CoA generated either by the PDH complex or by PDH bypass is the link
between glycolysis and the tricarboxylic acid (TCA) cycle. The main catalytic func-
tion of the TCA cycle is to provide reducing equivalents to the respiratory chain
through the oxidative decarboxylation of acetyl-CoA. However, the TCA cycle
also functions in furnishing biosynthetic metabolism and, with the exception of
isocitrate, every TCA cycle intermediate is commonly used by other metabolic reac-
tions. The eight enzymes from the TCA cycle are encoded by 15 nuclear genes in
S. cerevisiae (McAlister-Henn and Small 1997; Przybyla-Zawislak et al. 1999). The
first reaction of TCA is catalyzed by citrate synthase (encoded by CITI, CIT2 and
CIT3) and it is the condensation of acetyl-CoA and oxaloacetate resulting in the
formation of citrate (McAlister-Henn and Small 1997). Only Ct2p is a nonmito-
chondrial protein peroxisomally localized contributing to the efficiency by which
the cells use two-carbon compounds in anaplerotic pathways especially in the
glyoxylate cycle.

The second reaction of the TCA cycle is catalyzed by aconitase, leading to the
conversion of citrate into isocitrate. Aconitase (encoded by 4ACOJ) is located both
in mitochondria and in cytosol.

The next step of the TCA cycle is the oxidative decarboxylation of isocitrate to
o-ketoglutarate. There are three known isoenzymes of isocitrate dehydrogenase, a
mitochondrial NAD"-specific one and two NADP*-dependent ones (one mitochon-
drial and the other cytosolic). A number of pieces of evidence point to the role of
mitochondrial NAD*-specific isocitrate dehydrogenase in the regulation of the rate
of mitochondrial assembly besides its specific role in the TCA cycle (Kruckeberg
and Dickinson 2004).

The formation of succinate is catalyzed by o-ketoglutarate dehydrogenase, which
promotes the oxidative decarboxylation of o~ketoglutarate via succinil-CoA to suc-
cinate, which is then converted to fumarate by succinate dehydrogenase. The next
step of the TCA cycle is the conversion of fumarate to malate by the enzyme
fumarase, which exists as separate cytosolic and mitochondrial forms. There is not
yet a clear explanation for the existence of these two forms; however, the localization
and distribution of fumarase appears to be unique because there is only one trans-
lation product which is targeted to mitochondria (Sass et al. 2001).

Malate dehydrogenase catalyzes the last step of the TCA cycle and leads to the
oxidation of malate to oxaloacetate. There are three isoenzymes of malate dehydro-
genase: a cytosolic, a mitochondrial and a peroxissomal one; however, the mito-
chondrial one accounts for 90% of malate dehydrogenase activity when glucose is
being metabolized (Steffan and McAlister-Henn 1992).
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TCA cycle flux appears to be constricted at two steps on the basis of the limited
availability of the substrates oxaloacetate and o-ketoglutarate. As represented in
Fig. 6.1, in S. cerevisiae, the synthesis of oxaloacetate from cytosolic pyruvate cat-
alyzed by pyruvate carboxylase constitutes the anaplerotic pathway for the replen-
ishment of this TCA-cycle intermediate. The TCA cycle works in a two-minicycles
model interconnecting these two substrates (oxaloacetate and a-ketoglutarate) and
their transamination products (glutamate and aspartate) (Yudkoff et al. 1994;
Rustin et al. 1997). This model is consistent with the unique regulation of the first
three enzymes of the TCA cycle in yeasts (McCammon et al. 2003).

The genes encoding TCA cycle proteins might also be regulated by glucose levels.
In S. cerevisiae the depletion of glucose increases 3—-10 times the TCA messenger
RNAs (DeRisi et al. 1997). Oxygen limitation could also induce a shift in the TCA
pathway, which operates as a cycle during aerobic growth and as a two-branched
pathway under oxygen limitation, sustaining only the synthesis of the biomass pre-
cursor’s oxaloacetate and o-ketoglutarate as will be discussed hereafter. However,
TCA operating as a two-branched pathway was also identified in S. cerevisiae during
aerobic fermentation on glucose (Gombert et al. 2001).

6.6 Aerobic Metabolism: Oxidative Phosphorilation and
Redox Balance

6.6.1 Oxidative Phosphorilation

The mitochondrial oxidative phosphorylation is a complex and highly controlled
network through which ATP synthesis must be continuously adapted to changes in
the cell energy demand to sustain growth and/or homeostasis. During respiratory
metabolism, both cytosolic and mitochondrial NADH are reoxidized by the respi-
ratory chain. However, S. cerevisiae, in contrast to many eukaryotic cells including
other yeast species, lacks the multi-subunit complex-I-type NADH dehydrogenase
(Nosek and Fukuhara 1994). Instead, S. cerevisiae contains a single-subunit
NADH:ubiquinone oxidoreductase, which couples the oxidation of intramitochon-
drial NADH to the respiratory chain. This enzyme (encoded by NDII), referred to
as the “internal NADH dehydrogenase,” catalyzes the transfer of two electrons from
intramitochondrial NADH to ubiquinone (de Vries and Grivell 1988; Marres et al.
1991).

Nonetheless, yeast mitochondria, like those of plants (Moller et al. 1993), not
only contain the internal mitochondrial NADH dehydrogenase, but also a mito-
chondrial external NADH dehydrogenase activity (von Jagow and Klingenberg
1970). S. cerevisiae has two genes encoding external NADH dehydrogenase isoen-
zymes, NDEI and NDE2, both of them typical aerobic expressed genes (Luttik et al.
1998; Small and McAlister-Henn 1998). Like the internal NADH dehydrogenase,
the external isoenzymes do not pump protons (von Jagow and Klingenberg 1970).
Therefore, S. cerevisiae has a low ATP stoichiometry of oxidative phosphorylation.
Notwithstanding this low stoichiometry of oxidative phosphorylation, complete res-
piratory dissimilation of a glucose molecule yields approximately 16 ATP molecules
(four ATP molecules from substrate-level phosphorylation — two from glycolysis and
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two from GTP formed in the TCA cycle — and about 12 ATP molecules from oxida-
tive phosphorylation). This is eightfold higher than the maximum ATP yield from
glucose dissimilation via alcoholic fermentation. The much higher ATP yield
from respiratory sugar dissimilation is reflected in the biomass yields of sugar-
limited cultures: the typical biomass yield on glucose of respiring cell cultures is five-
fold higher than that obtained in fermenting cell cultures (Verduyn 1991).

Another peculiar feature of the S. cerevisiae respiratory chain is that the com-
plexes bel (III) and cytochrome ¢ oxidase (IV) were shown to assemble into large
supercomplexes (Schagger and Pfeiffer 2000). The respiratory chain of S. cerevisiae
differs from that of other fungi and of plants not only in the presence of the NADH
dehydrogenase not coupled to the proton pump but also owing to the absence of
a cyanide-insensitive alternative oxidase which catalyzes the direct oxidation of
ubiquinone by molecular oxygen without generating a proton motive force
(Vanlerberghe and MclIntosh 1997).

Resting cells of the yeast S. cerevisiae have shown that the overall rate of oxidative
phosphorylation is short-term controlled (1) downstream from the ATP synthase by
the cytosolic ATP turnover, (2) upstream from the respiratory chain by reducing
equivalent availability and allosteric activation of dehydrogenases and (3) by the ionic
permeability of the inner mitochondrial membrane (Beauvoit et al. 1993).

Dejean et al. (2000) have shown that mitochondria are the major energy dissipa-
tive system in a fully aerobic metabolism and that energy dissipation can be regu-
lated by the decrease in mitochondrial enzyme content to maintain the oxidative
phosphorylation regime.

6.6.2 Redox Balances

The pyridine-nucleotide cofactors NAD*/NADH and NADP*/NADPH play a cen-
tral role in yeast metabolism. NADH is preferentially used in dissimilatory metabo-
lism, whereas NADPH is generally required for assimilatory reactions (van Dijken
and Scheffers 1986). In S. cerevisiae, C. utilis, and probably in the yeasts in general,
NADH and NADPH cannot be interconverted owing to the absence of a transhy-
drogenase activity (Bruinenberg et al. 1983). The maintenance of a redox balance is
a prerequisite for living cells in order to sustain the regular metabolic activity and
enable growth. Hence, since biological membranes are impermeable to pyridine-
nucleotides, to maintain the redox balances, the reduced coenzymes must be reoxi-
dized in the compartment in which they are produced.

Cytosolic NADPH is produced by the oxidative part of the pentose phosphate
pathway, which branches off from glycolysis at the level of glucose 6-phosphate.
Also, NADP*-dependent isocitrate dehydrogenase and NADP*-dependent acetalde-
hyde dehydrogenase can contribute to NADPH production (Bruinenberg et al. 1983;
Minard et al. 1998). S. cerevisiae cannot directly couple the oxidation of NADPH to
the respiratory chain (Bruinenberg 1986) and therefore is unable to directly oxidize
the surplus of cytosolic NADPH. Consequently, the pentose phosphate pathway,
which produces the NADPH required for biosynthesis, cannot function as a dissim-
ilatory route in S. cerevisiae (Gonzalez-Siso et al. 1996). Also in S. cerevisiae fer-
mentative sugar dissimilation, the role of NADPH is limited, as the major alcohol
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dehydrogenases are strictly NAD*-dependent (Ciriacy 1979). In contrast, K. lactis
uses the pentose phosphate pathway for glucose dissimilation when glycolysis is
blocked, suggesting that, in this yeast species, oxidation of the cytosolic NADPH
generated in the pentose phosphate pathway can be efficiently coupled to the mito-
chondrial respiratory chain (Gonzalez-Siso et al. 1996). On the other hand,
mitochondrial NADPH dehydrogenases, which couple the oxidation of cytosolic
NADPH to the mitochondrial respiratory chain, are common in plants, and this
mitochondrial NADPH oxidizing activity has also been reported in C. wutilis
(Bruinenberg 1986; van Urk et al. 1989) but it is absent from S. cerevisiae (de Vries
and Marres 1987; van Urk et al. 1989; Small and McAlister-Henn 1998).

S. cerevisiae has several mechanisms to reoxidize NADH allowing the metabo-
lism to proceed (Bakker et al. 2001). The reduction of NAD" occurs both in the
cytosol by glycolysis and in the mitochondria by the PDH complex and dehydroge-
nases of the TCA cycle. Both pools of NADH can be oxidized by the mitochondr-
ial respiratory chain with oxygen as the terminal electron acceptor (de Vries and
Marres 1987; Luttik et al. 1998; Overkamp et al. 2000; Bakker et al. 2001).

Aerobically, several systems for conveying excess cytosolic NADH to the mito-
chondrial electron transport chain exist in S. cerevisiae (Bakker et al. 2001). The two
most important systems in this respect seem to be the external NADH dehydroge-
nase (Ndelp/Nde2p) (Luttik et al. 1998; Small and McAlister-Henn 1998) and the
glycerol 3-phosphate shuttle (Larsson et al. 1998) although other shuttles could in
particular situations play some role (Bakker et al. 2001) (Fig. 6.2). While the exter-
nal NADH dehydrogenase is suggested as the main system employed for oxidation
of cytosolic NADH, the glycerol 3-phosphate shuttle is proposed to be of some
importance at low growth rates and perhaps its real significance is only expressed
during starvation conditions. The relative importance of these two systems under
different conditions is still to a large extent an unsolved matter. Since the external
NADH dehydrogenase and the glycerol 3-phosphate shuttle fulfill the same physio-
logical function some kind of regulatory interactions between the two systems
would be expected. However, it was shown that the glycerol 3-phosphate shuttle sys-
tem, which involves the flavin adenine dinucleotide (FAD) dependent Gut2p
(Pahlman et al. 2001), is a more efficient system used under conditions where the
availability of energy is limited and in fact this system has a higher ATP/O ratio
compared with the external NADH dehydrogenase (Larsson et al. 1998). On the
other hand, the external NADH dehydrogenase is superior in terms of producing
ATP at a high rate and it is therefore the preferred alternative under most other con-
ditions. Nonetheless, all known pathways of respiratory NADH oxidation in S. cere-
visiae converge at the ubiquinone pool of the respiratory chain.

Kinetic interactions between Ndelp/Nde2p and Gut2p have been demonstrated
since the deletion of either of the external dehydrogenases causes an increase in the
efficiency of the remaining enzyme (Pahlman et al. 2001). Moreover, the same
authors showed that the activation of NADH dehydrogenase inhibited Gut2p,
although this inhibition was not a consequence of the direct action of NADH on
Gut2p (Pahlman et al. 2001). Most interestingly is the recent work of Bunoust et al.
(2005) where they described that electrons coming from Ndelp have the right of way
over those coming from either Gut2p or Ndilp. Therefore, they proposed that the
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Fig. 6.2. Scheme of redox balance systems in Saccharomyces cerevisiae. Adh alcohol dehy-
drogenase; bcl bel complex; cox cytochrome ¢ oxidase; Gpd soluble glycerol 3-phosphate
dehydrogenase; Gut2 membrane-bound glycerol 3-phosphate dehydrogenase; Nde external
NADH dehydrogenase; Ndil internal NADH dehydrogenase; Q ubiquinone (Adapted from
Bakker et al. 2001)

metabolic organization of the respiratory chain is such that it allows a selection and
a priority in electron supply, pointing to a new mechanism of regulation of the yeast
oxidative metabolism.

The regulation between the two NADH reoxidation systems has also to contemplate
the glucose catabolic repression especially when we are talking about S. cerevisiae. At
high glucose concentrations respiration is only partly repressed (Blomberg et al. 1988;
Larsson et al. 1998). These traits will render the glycerol 3-phosphate shuttle inactive
since one of its components, Gut2p, is subject to glucose repression (Sprague and
Cronan 1977). To a large extent, under these conditions, cytosolic redox balance is
restored by ethanol and glycerol formation, though the activity of the external NADH
dehydrogenase might explain the lower glycerol formation obtained during aerobic
compared with anaerobic batch cultures of S. cerevisiae (Rigoulet et al. 2004). On the
other hand, during aerobic growth at low glucose concentrations in chemostat cultures,
both the external NADH dehydrogenase and the glycerol 3-phosphate shuttle seem
operative simultaneously (Rigoulet et al. 2004) (Fig. 6.2). However, the NADH
dehydrogenase activity appears more important under these conditions.

6.7 Anaerobic Metabolism

As referred to before, yeasts may be physiologically classified with respect to the
type of energy-generating process involved in sugar metabolism, namely non-,
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facultative- or obligate-fermentative. Within these classes only the last two have a
fully operative pathway that can provide free-energy-transduction under anaerobic
growth. Alcoholic fermentation is acknowledged as the catabolism of glucose to
ethanol. According to the stoichiometry of alcoholic fermentation two molecules of
ATP are produced per molecule of glucose converted into ethanol functioning as the
main energy supply for maintenance and growth. Additionally, the alcoholic fer-
mentation is a redox-neutral process, since the NADH produced during the oxida-
tion of glyceraldehyde 3-phosphate by glyceraldehyde 3-phosphate dehydrogenase is
subsequently reoxidized in the reduction of acetaldehyde to ethanol by alcohol
dehydrogenase (van Dijken and Scheffers 1986) (Fig. 6.2). However, one cannot
overlook that growth is associated with anabolic processes and yeasts have an over-
all biomass composition that is more oxidized than that of compounds like glucose,
which implies that anabolic processes lead to a surplus of reducing equivalents. In
contrast to aerobic conditions, the absence of oxygen abolishes the possible oxida-
tion of reduced pyridine nucleotides in the respiratory chain coupled to oxidative
phosphorilation. One common way to satisfy the redox balances during growth
under anaerobic conditions is the split of glucose metabolism towards glycerol.
Glycerol is produced by reduction of the glycolytic intermediate dihydroxyacetone
phosphate to glycerol 3-phosphate followed by a dephosphorylation of glycerol
3-phosphate to glycerol. The first step is catalyzed by NAD"-dependent glycerol
3-phosphate dehydrogenase (encoded by the two isogenes GPDI and GPD2),
whereas the second reaction is catalyzed by the activity of glycerol 3-phosphatase
(encoded by GPPI and GPP2) (Eriksson et al. 1995; Larsson et al. 1993; Norbeck
et al. 1996).

Additionally, the up-regulation of GPD2 associated with an anaerobic growth
impairment of S. cerevisiae gpd2 mutant clearly establishes the metabolic relevance
of this isoenzyme (Ansell et al. 1997; Bjorkqvist et al. 1997; Nissen et al. 2000). In
the same line of thought, whereas the Gpp2p seems not to play a relevant role in
glycerol production under anaerobic conditions, mutants lacking GPPI display
a growth defect under identical conditions. One should stress that the anaerobic
growth defects presented by the latter mutant are not due to redox balance impair-
ments but are mainly due to growth-inhibiting levels of intracellular glycerol 3-phos-
phate (Pahlman et al. 2001). Moreover, anaerobic conditions do not affect
expression of GPP2, while GPPI is induced (ter Linde et al. 1999). Hence, the glyc-
erol biosynthesis has defined physiological roles in the metabolic adaptation of
S. cerevisiae. The correlation between glycerol production and growth under anaer-
obic conditions is clearly illustrated by the restoring of anaerobic growth defects of
mutants with impaired glycerol production by the presence of the electron acceptors
acetoin (3-hydroxy-2-butanone) and acetaldehyde. These two compounds alleviate
the imposed cellular reductive stress since they enzymatically oxidize intracellular
NADH to NAD". Furthermore, the increasing flux towards glycerol biosynthesis
with the increasing of growth rate is well established. This metabolic shift is the
result of an increasing drain from the catabolic pathways to support the higher level
of biosynthetic molecules such as RNA and proteins (Nissen et al. 1997).

On the other hand, several yeast species, including S. cerevisiae, are well known
by their capability of producing acetic acid under both aerobic and anaerobic/
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oxygen-limiting conditions. In S. cerevisiae, the further metabolism of acetic acid
through acetyl-CoA synthetase (encoded by ACSI and ACS2 genes) is the only
source of cytosolic acetyl-CoA, an imperative building block of fatty acid biosyn-
thesis (van den Berg and Steensma 1995; Flikweert et al. 1996). When acetaldehyde
is converted into acetic acid a surplus of two reducing equivalents is produced. The
formation of such a product poses an additional problem in the redox balances, once
again circumvented by the production of glycerol. However, if the yeasts cannot
cope with the surplus of reducing equivalents the anaerobic activity will come to a
standstill, as discussed hereafter. From an anabolic point of view, when acetaldehyde
is converted into acetate, NADPH is generated. From the five currently known iso-
genes of acetaldehyde dehydrogenases, only ALD4, ALD5 and ALD6 gene products
have a role in acetate production during glucose fermentation under both aerobic
and anaerobic/oxygen limiting conditions (Remize et al. 2000; Saint-Prix et al.
2004). While the last one encodes a cytoplasmic isoform of acetaldehyde dehydro-
genase, the first two encode mitochondrial proteins (Meaden et al. 1997; Tessier
et al. 1998; Wang et al. 1998). Moreover, this reaction together with the ones cat-
alyzed by malic enzyme (encoded by M AEI) and NADP*-dependent isocitrate dehy-
drogenase (encoded by IDPI) are currently known to generate mitochondrial
NADPH, necessary for biosynthetic purposes.

TCA pathway activity is maintained during fermentation for primary fuel
biosynthetic reactions supplying cells with four and five carbon compounds, namely
oxaloacetate and 2-oxoglutarate, the precursors of aspartate and glutamate. The
TCA pathway is known to operate in a branched fashion under anaerobiosis or con-
ditions of glucose repression (Gombert et al. 2001) where succinate dehydrogenase
is nonfunctional (Camarasa et al. 2003). Hence, the flux from 2-oxoglutarate to
oxaloacetate is zero. Therefore, the split of the carbon flux in the TCA cycle results
in the formation of one oxidative branch leading to the formation of 2-oxoglutarate
(Nunez de Castro et al. 1970) and one reductive branch that culminates with the for-
mation of fumarate (Atzpodien et al. 1968). The key enzyme of the redutive branch
is the fumarate reductase encoded by FRDS and OSM1 genes (Arikawa et al. 1998).
The relevant role of this reaction in the reoxidation of intracellular NADH is high-
lighted by the inability to grow under anaerobic conditions of fumarate reductase
null mutant that is restored by the addition of the oxidized form of methylene blue
or phenazine methosulfate, which nonenzymatically oxidizes cellular NADH to
NAD* (Enomoto et al. 2002). It may perhaps be considered that the role of the
enzyme pyruvate carboxylase is to catalyze the reaction of pyruvate to oxaloacetate
at the expenses of one molecule of ATP and carbon dioxide (de Jong-Gubbels et al.
1998). This anaplerotic reaction functions to further replenish the TCA pathway for
biosynthetic purposes or organic acid production as referred to previously.

The synthesis of precursors for biomass building blocks actively results in the net
formation of NADH in the mitochondrial matrix (Visser et al. 1994). The reductive
branch, thermodynamically favorable, and the ADHI1/ADH3 shuttle (Fig. 6.2) are
two feasible routes for the oxidation of the surplus of NADH produced in mito-
chondria by both the oxidative TCA branch and the synthesis of amino acids. It
should be noted that, stoichiometrically, the formation of succinate by the reductive
pathway or by the oxidative pathway results, respectively, in two molecules of FAD
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oxidized or in five molecules of reduced NADH per molecule of glucose consumed.
The surplus of reducing equivalents may be reoxidized by the ADH1/ADH3 shuttle
involving the mitochondrial alcohol dehydrogenase, adh3p, that results in a net pro-
duction of NADH in the cytosol and that can be circumvallated by glycerol
production (Nissen et al. 1997; Bakker et al. 2000). In fact, Nissen et al. (1997)
showed that the ADHI1/ADHS3 shuttle is responsible for the regeneration of NAD?,
whereas the reductive branch is associated with succinate production. Nevertheless,
the ADHI/ADH3 shuttle does not strictly control the redox balance under anaero-
bic conditions, since a null 4D H3 mutant still shows anaerobic growth, albeit slower
than that of the wild type (Bakker et al. 2000). The TCA pathway during fermenta-
tion also leads to the formation of organic acids, mainly citrate, malate and succi-
nate (Heerde and Radler 1978), and depending on the different yield products there
are differences in the way that cells have to cope with the redox balance. As yet, how-
ever, the nitrogen source strongly influences cellular metabolism and product for-
mation in S. cerevisiae, especially owing to redox contour-balancing under anaerobic
conditions (Albers et al. 1996). A high demand of NADPH is required for glutamate
formation when cells are using ammonium as the only nitrogen source. In contrast,
when glutamate is used as a nitrogen source the reduced synthesis of 2-oxoglutarate
from glucose causes fewer reducing equivalents to be formed, which reduces the
glycerol yield and hence increases the ethanol yield (Albers et al. 1996; Camarasa
et al. 2003).

The regulatory pattern of malic enzyme (encoded by M AET) suggests the specific
physiological function in the provision of intramitochondrial NADPH or pyruvate
in anaerobic metabolism; however, this enzyme does not have a strict function in
redox metabolism, since null mutant in MAE] shows identical glycerol production
under anaerobic conditions (Boles et al. 1998).

6.8 Yeast Growth Ability under Anaerobic Conditions:
Is There a Common Prerequirement?

Of the 678 recognized species, around 60% are considered to be fermentative on the
basis of taxonomic tests such as gas production in Durham tubes (Barnett et al.
2000). However, this number is even higher since, under certain conditions, some of
those species considered as nonfermentative are also able to ferment glucose (van
Dijken et al. 1986; Visser et al. 1990). While the ability to ferment glucose under oxy-
gen limitation turns out to be a common feature of the different yeast species, appar-
ently the capability of growth under anaerobic conditions is not widespread among
these microorganisms (Visser et al. 1990). In fact, only very few yeast species are
capable of fast growth under those conditions and S. cerevisiae stands out as the
yeast generally acknowledged as a facultative anaerobe (Verduyn et al. 1990; Visser
et al. 1990). It is commonly accepted that facultative anaerobes have the ability to
grow both under aerobic and anaerobic conditions using, respectively, molecular
oxygen or another compound as the final electron acceptor of the reducing equiva-
lents that overflow from anabolic processes. Owing to the fact that anaerobic growth
is associated with a low energy yield compared with that observed under complete
oxidative processes, these microorganisms display two common characteristics:
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(1) the rate of sugar-substrate consumption is higher under anaerobic processes than
that observed under aerobic conditions and (2) oxygen is used as a preferential
source of the final electron acceptor.

As clearly pointed out by Lagunas (1979, 1981, 1986), S. cerevisiae can roughly
meet the previously described criteria for the reasons given hereafter. Even though
S. cerevisiae is capable of rapid anaerobic growth it requires an external supply of
sterols and fatty acids (Verduyn et al. 1990). The biosynthetic pathways involved in
the production of these compounds, essential for membrane turnover, require
molecular oxygen (Andreasen and Stier 1953, 1954). Besides the expected benefits
that would be produced from a shift from an anaerobic (where energy is the limiting
factor) to an aerobic environment (with the putative ability to produce 1.4-5.4 times
more ATP per mole of sugar) they are almost irrelevant in S. cerevisiae (Lagunas
1979, 1986, and references therein; Rodrigues et al. 2001). It should be stressed that
in this species only around 5-10% of glucose, maltose or fructose is not metabolized
via alcoholic fermentation under aerobic batch growth. The ratios between the flux
of those sugar consumptions under aerobic and anaerobic conditions are, respec-
tively, 1.05, 0.90 and 1.08 (Lagunas 1979). Ultimately, a rate value close to 1 means
that no Pasteur effect occurs for the metabolism of the sugars described before.

Nevertheless, the biosynthetic oxygen requirements of facultative-fermentative
yeasts are extremely small. Therefore, for reliable and meaningful identification of
yeast species with the ability to grow under strictly anaerobic conditions special pre-
cautions (e.g., use of oxygen-resistant tubing and ultrapure nitrogen gas for spark-
ing) are needed during the setup process of growth to minimize oxygen entry to the
extent that these small oxygen requirements become apparent (Visser et al. 1990;
Rodrigues et al. 2001). Albeit, in some cases the requirements of molecular oxygen
may be substantial, whereas, for instance, an insignificant leakage of oxygen
between 0.3 and 6 umol of O2 h™!, corresponding to normal strict anaerobic condi-
tions, is sufficient to allow the yeasts Zygosaccharomyces bailii and C. utilis to grow
(Rodrigues et al. 2001). In spite of the linearity of the growth kinetics characteris-
tics of oxygen limitation, C. utilis requires 1.5-fold more time than Z. bailii to finish
cell proliferation, highlighting the differences in oxygen demand of both species for
growth. This raises the general question, what are the further limitations that explain
the anaerobic growth incapability of “non-Saccharomyces” yeasts?

During the last few years, different research groups have raised several hypothe-
ses, most of them related to the inability to fulfill the biosynthetic requirements
under anaerobic conditions. Ergosterol and unsaturated fatty acids were shown to be
essential for S. cerevisiae and S. kluyveri (Moller et al. 2001). Strengthening the spe-
cific requirements of S. cerevisiae for ergosterol and unsaturated fatty acids, Wilcox
et al. (2002) showed that the ATP-binding transporters Auslp and Pdrl1p, associ-
ated with sterol uptake, are essential for anaerobic growth. However, it seems that
Schizosaccharomyces japonicus does not require ergosterol for growth (Bulder 1971).
On the other hand, the discovery by Nagy et al. (1992) that S. cerevisiae has one
dihydroorotate dehydrogenase (DHODase) (encoded by the gene URAI), which cat-
alyzes the single redox reaction converting dihidroorotate into orotate, not depend-
ent on the functionality of the respiratory chain, opened a new line of research into
the ability of yeasts to grow under anaerobic conditions. In this line, it was possible
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to turn the oxygen-dependent yeast Pichia stipitis into an anaerobic culturable yeast
just by expressing the URAI gene from S. cerevisiae (Shi and Jeffries 1998). More
recently, it was experimentally shown that the genome of S. kluyveri also encodes a
DHODase, functionally equivalent to that of S. cerevisiae (Gojkovic et al. 2004).
The nice study of Gojkovic et al. (2004) illustrated that while aerobic yeasts, such as
S. pombe and C. albicans contain just a mitochondrial DHODase, with a quinine-
type electron acceptor, the facultative anaerobes yeasts, such as S. cerevisiae,
S. bayanus and S. castellii contain a cytosolic DHODase, with a fumarate-type elec-
tron acceptor, whereas S. kluyveri contains both. This study pointed to horizontal
gene transfer from bacteria to the progenitor of these lineages, and raised the
hypothesis that a remodeling of the biochemical pathways during yeast diversifica-
tion took place, allowing the progressive reduction of oxygen requirements for
growth. As yet, however, the capability of Z. bailii to grow under anaerobic condi-
tions in yeast—peptone—glucose opposed to defined media is still unexplained since
it is not due to uracil auxotrophy (Rodrigues et al. 2001). The involvement of addi-
tional biosynthetic requirements may perhaps be considered in other cases.
Another even more generalized limitation to anaerobic growth may be related to
either/both a sufficiently high rate of ATP formation of a given substrate or/and an
impaired mitochondrial ADP/ATP translocation, as well as constraints on redox
metabolism (van Dijken and Scheffers 1986; Verduyn et al. 1990; Visser et al. 1994;
Trezeguet et al. 1999). Under anaerobic conditions and in contrast to aerobic con-
ditions, the TCA cycle has only an anabolic function and the cell growth is
completely dependent on ethanol formation for the provision of energy. In theory it
is conceivable that, for certain yeast species, the glycolytic flux is not sufficient to
drive the free energy for cellular processes. Verduyn et al. (1992) showed that the
S. cerevisiae fermentation rate limits the supply of ATP for maintenance purposes
above that required for anabolic reactions, to a value of approximately 17 mmol
ATP Eq g! h™!. However, when the maintenance requirement increases to a thresh-
old value (e.g., triggered by the uncoupling effect of weak carboxylic acids or by the
decrease of the pH of the culture medium below 2.8), glycolytic flux can no longer
provide further ATP, leading to cytosolic acidification and subsequently cell death
(Verduyn et al. 1990). It is to be stressed that the previous considerations are not
related to the well-known Custers effect on yeast which is characterized by fermen-
tation inhibition upon the transition to an anaerobic environment. In Torulaspora
delbrueckii, it seems that the increase of glycolytic flux under anaerobic conditions
is not sufficient to cope with growth demands (Hanl et al. 2004). On the other hand,
an impairment of mitochondrial ADP/ATP translocation may lead to growth arrest
in the absence of oxygen. In S. cerevisiae it was shown that the blockage of
ADP/ATP translocators by bongkrekic acid induced a reduction of approximately
50% in the growth rate under anaerobic conditions (Visser et al. 1994). This depend-
ence was further established by the inability of S. cerevisiae null mutant in 4AC
genes (AACI, AAC2, AAC3; coding ADP/ATP translocators) to grow under those
conditions. One should emphasize that the same authors showed that this triple
mutant was still able to grow on fermentable sources in the presence of oxygen and
that AAC3 was induced under anaerobic conditions (Kolarov et al. 1990; Lawson
et al. 1990; Drgon et al. 1991). Furthermore, in S. cerevisiae batch cultivations, the
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surplus of reducing equivalents formed in anabolic reactions has to be balanced by
the formation of glycerol estimated in approximately 5% of glucose breakdown. In
this species, the null mutant in glycerol 3-phosphate dehydrogenase is incapable of
growth under anaerobic conditions, and the simple deletion of the GPDI gene leads
to a decrease of 5 times the growth rate (Nissen et al. 2000). More surprisingly, the
same authors showed that the expression of a cytoplasmic transhydrogenase from
Azotobacter vinelandii could not rescue the phenotype, showing that the NAD* pool
that limited growth was lower than the threshold value favoring the transhydroge-
nase reaction. Therefore, an impaired redox metabolism may, in some cases, be
behind the inability to grow anaerobically.

From everything discussed here, the hitherto unexplained inability of most yeast
species to grow under anaerobic conditions is still an unsolved puzzle. Scientific
efforts must, therefore, focus on an integrated approach keeping the essential strait
balance between the two complementary approaches — the yeast physiology and the
yeast molecular biology — and thus driving the expected increase in knowledge of
yeast performance.
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7.1 Introduction

Yeasts are capable of utilizing a wide diversity of nitrogen compounds as nitrogen
sources, and the ability or inability to utilize one or several of these compounds can
be used in classifying yeasts. It is worth noting that nitrogen compounds can also be
used as a carbon source or be incorporated into proteins, but these metabolisms will
not be considered in the present chapter.

More than 50 different nitrogen sources are known to be utilizable by yeast
species, including L-amino acids, D-amino acids, pyrimidines, purines, polyamines,
amines, nitrate and nitrite. However, the nitrogen utilization profiles markedly vary
according to yeast species, many of which are much more versatile than
Saccharomyces cerevisiae. The utilization of nitrogen compounds as a nitrogen
source has been well studied in S. cerevisiae, and less extensively in other yeasts. In
1986, Large (1986) presented an extensive survey of organic-nitrogen-compound
utilization by yeast strains from various genera. This article focused on the diversity
of nitrogen compound degradation, especially in its chemical and metabolic aspects.
Since 1986, mainly for S. cerevisiae, many new data have become available concern-
ing the levels of transport and the control of nitrogen metabolisms allowing the
establishment of metabolic and regulatory networks and an integration of nitrogen
metabolism. In contrast, for other yeast species the study of nitrogen metabolism
and its regulation did not raise the same interest, and only dispersed data with no
integration are available in the literature, with the exception of nitrate/nitrite metab-
olism in Hansenula. However, since the genome sequence of 24 yeasts (as stated by
the consortium Génolevures) was recently performed, the comparison between
genes from S. cerevisiae and related hemiascomycetous yeasts or a more distant
yeast species such as Schizosaccharomyces pombe could lead to the development of
new approaches to study the diversity of nitrogen metabolism among yeasts. Such
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comparisons could bring to light the reason for nonutilization of some nitrogen
compounds, and could also provide new data on molecular evolution.

Degradation of nitrogen-containing compounds as the sole source of nitrogen
for growth leads to the formation of three key nitrogen compounds in the cell,
ammonia, glutamate and glutamine. These are interlinked by three enzyme systems:
NADP-dependent glutamate dehydrogenase (GDH) (ammonia—glutamate, reac-
tion 1), NAD-dependent GDH (glutamate—ammonia, reaction 2) and the gluta-
mine synthetase/glutamate synthase system (reactions 3, 4) as illustrated in Fig. 7.1.
The major pathway for glutamate synthesis is through combination of ammonia with
o-ketoglutarate. Glutamine is synthesized by the combination of ammonia with glu-
tamate by glutamine synthetase. The glutamine synthetase coupled to the glutamate
synthase system is an alternative pathway to produce glutamate, which is common
in bacteria (Tempest et al. 1970), but is present only in a small number of yeasts.
Although glutamine synthetase is widespread in yeasts, glutamate synthase activity
has only been detected in S. cerevisiae (Roon et al. 1974) and in certain
Schizosaccharomyces species (Brown et al. 1973). Comparison among five yeast
genomes that have been completely sequenced revealed the presence of ortholog
genes to GLTI (coding for glutamate synthase in S. cerevisiae) in Candida glabrata,
Yarrowia lipolytica, and Kluyveromyces lactis. It is probably also present in
Debaryomyces hansenii, because there are two contiguous open reading frames
whose products share strong similarity to S. cerevisiae glutamate synthase. The
importance of this alternative pathway in S. cerevisiae is supported by the fact that
a mutant lacking NADP-GDH grows on ammonia at approximately half the rate of
the wild type. However a double gdhl, glt] mutant still presents residual growth with
ammonia as the sole nitrogen source, indicating the existence of another alternative
pathway. A computer search identified a new gene, GDH3, whose product shows
similarity to GDHI product, and the triple mutant strain was strict glutamate
auxotroph (Avendano et al. 1997). In contrast, in S. pombe, C. glabrata, Y. lipolyt-
ica, K. lactis, and D. hansenii, there is only one putative gene encoding the NADP-
dependent GDH.

NH4"

NADPH-glutamate ADP
NADPH dehy dmm,n 15¢ Glutamine

GDH1 ATP synthetase
N : ~ GLN1T
a-ketoglutarate | Glutamate | W
GDH2

NAD-glutamate  yap
dehydrogenase

+
NADH

GLT1
Glutamate
synthase

Fig. 7.1. Central pathways for nitrogen metabolism. The Saccharomyces cerevisiae gene for
each of the enzymatic steps is designated in italics



7 - Diversity of Nitrogen Metabolism Among Yeast Species

125

7.2 Nitrogen Transporters

Transport of amino acids for breakdown to supply nitrogen for the synthesis of
other molecules involves transporters, such as Gapl and Agpl. The general amino
acid permease (Gapl) (Grenson et al. 1970; Jauniaux and Grenson 1990) can recog-
nize most if not all amino acids, including ones not present in proteins (e.g., cit-
rulline, ornithine, -aminobutyric acid), D-isomers, S-alanine, and many toxic amino
acid analogs. Contrary to a widely held belief, Gap1 displays a very high affinity for
most of its substrates (apparent K _ in the micromolar range). This permease is most
active under limiting nitrogen supply conditions, e.g., when the sole nitrogen source
is ammonia at low concentration, urea, or proline. The main function of Gapl under
these conditions is probably to scavenge traces of amino acids to be used as a source
of nitrogen. When amino acids (other than proline) are present at relatively high
concentrations, Gapl is inactive and broad-range-specificity amino acid permeases
are induced. Among the latter is Agpl, an amino acid permease able to recognize
most neutral amino acids. The affinity of Agpl for these amino acids is lower (K
about 100-200 uM) than the affinity of Gapl (Iraqui et al. 1999b; reviewed in Boles
and Andre 2004). Proline uptake is also mediated by Put4, also able to recognize
Yaminobutyric acid (GABA) (Vandenbol et al. 1989), alanine and glycine (Regenberg
et al. 1999). Other amino acid permeases first believed to recognize only a single or
a few amino acids (Bap2, Bap3, Gnpl, Tatl, Tat2, Dip5) actually recognize larger
sets of amino acids, although their specificity ranges do seem narrow as compared
with Agpl. Bap2 preferentially transports branch-chained amino acids, and gluta-
mine and asparagine are efficiently transported into the cell by the products of
GNPI and AGPI genes (Zhu et al. 1996; Schreve et al. 1998). Tatl transports at least
leucine and tyrosine, Tat2 mainly transports tryptophan, and Dip5 transports dicar-
boxylic amino acids (Schmidt et al. 1994; Regenberg et al. 1998). GABA is trans-
ported into the cell by the inducible Uga4 high affinity permease, and urea entry is
mediated by the inducible permease Dur3. DAL4 encodes the allantoin permease, a
member of the uracil/allantoin permease family, and DALS5 the allantoate and urei-
dosuccinate permease (Andre 1995). Besides these transporters, S. cerevisiae also
synthesizes specific permeases mediating high-affinity uptake of arginine (Canl,
Alpl), lysine (Lypl), histidine (Hipl), and methionine (Mupl, Mup2) (reviewed in
Boles and Andre 2004). Ammonia transport requires three permeases encoded by
the MEPI, MEP2, and MEP3 genes (Marini et al. 1997).

Genes encoding amino acid transporters have also been reported in yeasts other
than S. cerevisiae. The gene CaGAPI of C. albicans can functionally complement a
S. cerevisiae gapl mutant. Mutation of the CaGAPI gene has an effect on citrulline
uptake in C. albicans. Transcription of CaGAPI is regulated by the quality of the
nitrogen source, and is dependent on the Cphl-mediated Rasl signaling pathway.
Defective filamentation or abnormal colony morphology in homozygous and het-
erozygous CaGAPI disruptants is found under certain conditions (Biswas et al.
2003). The C. albicans CaCANI gene, encoding a high-affinity permease for argi-
nine, lysine, and histidine, can complement a S. cerevisiae strain lacking basic amino
acid permeases. The CaCanl protein sequence is strongly homologous to both
permeases for basic amino acids, Canl and Lypl of S. cerevisiae (Sychrova and
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Souciet 1994). The expression of CaCanl was influenced by the available nitrogen
source, being almost negligible when cells were grown in the presence of ammonia
(Matijekova and Sychrova 1997). In S. pombe, there is only a single high-affinity sys-
tem for the transport of basic amino acids (Sychrova et al. 1992).

Tight regulation at the level of transporter synthesis or at the level of transporter
activity and stability in response to nitrogen availability allows fine-tuning of nitro-
gen import. These aspects will be discussed in a further section.

7.3 Nitrogen Sources and Their Degradative Pathways

Yeasts are capable of utilizing the diversity of nitrogenous compounds that they find
in their rich natural environment. Figure 7.2 summarizes the nitrogen compounds
known to serve as a source of nitrogen for yeasts. An exhaustive list of these nitro-
gen compounds is presented in Large (1986). All these degradative pathways lead to
ammonia or glutamate or both. Ornithine, GABA, tryptophan, tyrosine, phenylala-
nine, isoleucine, leucine, valine, alanine, methionine, and aspartate provide by
transamination, glutamate or the o-ketoacid analog of the corresponding amino
acid, whereas glutamine, asparagine, threonine, cytosine, adenine, cytidine, guanine,
and urea lead to ammonia production by deamination. In S. cerevisiae, two asparag-
inases have been implicated in asparagine metabolism (Jones 1977), one of these,
asparaginase I (4SPI) is cytosolic and acts only on intracellular L-asparagine.
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Fig. 7.2. Schematic representation of the main reactions involved in nitrogen utilization in
yeasts grown on various nitrogenous compounds. See the text for specific pathways used by
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Asparaginase II is produced extracellularly and can hydrolyze both D-asparagine
and L-asparagine in the growth medium. Some strains of S. cerevisiae lack asparag-
inase II (4SP3) (Dunlop et al. 1976), but this enzyme occurs in a wide range of
yeasts (Imada et al. 1973). Degradation of serine and threonine is catalyzed by the
catabolic L-serine (L-threonine) dehydratase (CHAI), which converts serine in one
step into pyruvate and ammonia (Ramos and Wiame 1982; Petersen et al. 1988).
GABA is degraded in two steps to glutamate. Gene UGA I encodes 4-aminobutyrate
aminotransferase, and gene UGAZ2 encodes succinate semialdehyde dehydrogenase
(Ramos et al. 1985). Arginine is cleaved by arginase (CARI) to ornithine and urea.
The ornithine so formed is converted via transamination (CAR?2) to glutamate and
glutamate semialdehyde. S. pombe genome contains two putative orthologs of gene
CARI. One of these genes (SPB26C9.02c) has been cloned by functional comple-
mentation of a carl mutant strain of S. cerevisiae (van Huffel et al. 1994). Further
catabolism of ornithine proceeds via the amino acid proline, whose catabolism
occurs in the mitochondria (Brandriss and Magasanik 1980). Proline is oxydized by
proline oxydase (PUT1T) to A-pyrroline 5-carboxylate, which is then oxydized to glu-
tamate by the mitochondrial pyrroline 5-carboxylate dehydrogenase (PUT2).
Citrulline is used as a nitrogen source by conversion to arginine by the two last argi-
nine biosynthetic enzymes, argininosuccinate synthetase (4RGI) and argininosucci-
nase (4RG4). Urea produced by the degradation of arginine or purines, or present
in the medium, can be processed via two different routes depending on the yeasts.
Schizosaccharomycetacae are the only urease-positive ascomycetous yeasts reported
(Booth and Vishniac 1987), but basidiomycetous yeasts such as Cryptococcus neo-
formans and Rhodotorula spp., also present urease activity (Seeliger 1956; Sen and
Komagata 1979). In the other yeasts (listed in Fig. 7.7), including Y. lipolytica, the
reaction proceeds via the intermediate formation of allophanic acid and the process
requires ATP. The two enzymes, urea carboxylase and allophanate hydrolase
(DURI,2) are tightly associated in S. cerevisiae in a multienzyme complex (Sumrada
and Cooper 1982; Whitney and Cooper 1972). DURI,2 orthologs can be found in
D. hansenii, Y. lipolytica, C. glabrata and K. lactis.

The catabolism of the branched-chain (leucine, isoleucine, valine) and aromatic
amino acids (tryptophan, phenylalanine, tyrosine) in S. cerevisiae proceeds through
the Erlich pathway involving three enzymatic steps (Dickinson 2000; Dickinson
et al. 2003). A first transamination produces the o-ketoacid analogs of the amino
acids, a decarboxylation step yields the corresponding aldehydes, and in a third step,
the resulting aldehydes are reduced to alcohols, collectively referred to as fusel oils.
This general scheme of amino acid degradation has long been proposed from stud-
ies of metabolic intermediates and end-product formation. But only in recent years,
the enzymes involved in these degradative pathways and their genetic determinants
have been studied. Degradation of the branched-chain amino acids starts with
the reversible transfer of the o-amino group to o-ketoglutarate to form glutamate
and the respective branched-chain o~keto acids (o~ketoisocaproic from leucine,
o-ketoisovaleric acid from valine, and o~keto-fB-methylvaleric acid from isoleucine).
These reactions are mainly catalyzed by the branched-chain aminotransferase
isozymes, mitochondrial Batl and cytosolic Bat2; batl bat? double mutants are
indeed auxotrophic for isoleucine, valine, and leucine (Eden et al. 1996; Kispal et al.
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1996; Prohl et al. 2000). Batl and especially Bat2 diversely contribute also to the for-
mation of higher alcohols from branched-chain amino acids (Eden et al. 2001;
Yoshimoto et al. 2002), but their respective contribution to branched-chain amino
acid utilization as nitrogen sources remains to be investigated. There are significant
differences in the way each o-ketoacid is subsequently decarboxylated. In the leucine
degradation pathway, the major decarboxylase is encoded by KID1/YDL080c
(Dickinson et al. 1997). In valine degradation, any one of the three isozymes of
pyruvate decarboxylase encoded by PDCI, PDC5, and PDC6 can decarboxylate
o-ketoisovalerate (Dickinson et al. 1998), and in isoleucine catabolism, any member
of the family of decarboxylases encoded by PDCI, PDCS5, PDC6, KIDI, and
AROI10/YDR380w is apparently sufficient for the conversion of isoleucine to active
amyl alcohol (Dickinson et al. 2000). In aromatic amino acid metabolism also, two
isozymes can catalyze in vitro the reversible conversion of tryptophan, phenylala-
nine, and tyrosine to indol-3-pyruvate, phenylpyruvate, and hydroxyphenylpyruvate,
respectively: the constitutive aromatic amino acid aminotranferase I, encoded by
AROS, and the inducible aromatic aminotranferase II, encoded by ARO9Y
(Kradolfer et al. 1982; Iraqui et al. 1998; Urrestarazu et al. 1998). Both catalyze the
last step of phenylalanine and tyrosine biosynthesis, as aro8 or aro9 single mutants
are prototrophs, whereas aro8 aro9 double mutants are phenylalanine and tyrosine
auxotrophs (Urrestarazu et al. 1998). Aro9 catalyzes the first step of tryptophan
degradation as aro9 mutant strains grow poorly on tryptophan, whereas the enzyme
is dispensable for growth on phenylalanine or tyrosine, indicating that Aro8 or other
transaminases can also ensure their degradation (Iraqui et al. 1999a). In both pheny-
lalanine and tryptophan catabolism the decarboxylation step can be carried out by
any one of the gene products of PDCI, PDC5, PDC6, or AROI10 (Dickinson et al.
2003). In fact, it has been shown for phenylalanine that the inducible Arol0 is the
physiologically relevant 6-phenylpyruvate decarboxylase in wild-type cells; in arol0
mutants, an alternative activity was observed requiring the combined presence of
Kidl and at least one of the three pyruvate decarboxylases, PdcS, Pdcl, or Pdc6
(Vuralhan et al. 2003). According to Dickinson et al. (2003), any one of six alcohol
dehydrogenases (encoded by ADHI, ADH2, ADH3, ADH4, ADHS5, or SFAI) is suf-
ficient for the final stage of aromatic and branched-chain amino acid catabolism
that converts an aldehyde to a long-chain or complex alcohol. This preliminary
work, however, does not determine what are the physiologically relevant alcohol
dehydrogenases that contribute to fusel oil formation in wild-type cells.

Glycine can serve as the sole nitrogen source, but only very poorly (Sinclair and
Dawes 1995) (Fig. 7.3). This degradation involves a mitochondrial glycine decar-
boxylase complex, which catalyzes the breakdown of glycine to CO, and ammonia,
yielding the activated one-carbon unit 5,10-methylenetetrahydrofolate and NADH.
In S. cerevisiae the GCV complex comprises four subunits: the T-protein (GCV1),
the P-protein (GCV2), the H-protein (GCV3) and the L-protein (LPDI) (Ross et al.
1988; Sinclair et al. 1996; McNeil et al. 1997; Nagarajan and Storms 1997). Possibly
the physiological role of the GCV complex is more attuned to one-carbon metabo-
lism rather than for provision of nitrogen. Nonetheless it is possible to show a non-
growth phenotype of the gevl, gev2, gev3, or Ipdl mutants on a medium with glycine
as the sole nitrogen source.
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Fig. 7.3. Growth tests of a wild-type S. cerevisiae strain on various nitrogen sources. Tenfold
serial dilutions of cells from the haploid strain ¥,1278b were plated and incubated at 30°C for
3 days (except when otherwise indicated) on minimal medium with 2% glucose and the differ-
ent nitrogen sources as indicated (Img/ml). The growth tests are classified according to the
growth rates on each nitrogen source. The growth reference is the same minimal medium with-
out nitrogen
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Many yeasts, but not S. cerevisiae, are able to utilize histidine or lysine as the sole
nitrogen source. The histidine degradative pathway remains uncharacterized, whereas
the lysine degradative pathway has been studied. Among the archiascomycete and
hemiascomycete yeasts S. pombe, Y. lipolytica, Debaryomyces, and different Candida,
Pichia, and Kluyveromyces are lysine utilizers. The lysine degradation pathway has
been investigated in Y. lipolytica by the group of Gaillardin (1976). The first enzyme
— lysine N6-acetyltransferase — is encoded by the LYCI gene, which has been cloned
and sequenced (Beckerich et al. 1994). The second step involves a N6-acetyllysine
aminotransferase providing glutamate by transamination of a-ketoglutarate. Lysine
No6-acetyltransferase activity was found in C. tropicalis (Large 1986), which grows on
lysine as the sole nitrogen source. For other yeasts no information about enzyme
activity is available. Recently a comparison of genomic sequences revealed in S. cere-
visiae the presence of a sequence YGRI111w presenting a very weak similarity to
S. pombe Lycl. This sequence is also present in C. glabrata and K. lactis. The gene
encoding N6-acetyllysine aminotransferase has not yet been characterized. It is thus
still unclear why some yeasts grow on lysine and others do not. The ability to degrade
purines to provide nitrogen is widespread. Adenine deamination by adenine deami-
nase (AAHI) leads to the formation of hypoxanthine, which is then oxidized to uric
acid via xanthine dehydrogenase (gene uncharacterized in any yeast). Guanine deam-
inase (GUDI) converts guanine to xanthine. Uric acid is degraded via allantoin and
allantoate to urea. These different steps are catalyzed by urate oxydase (gene unchar-
acterized in any yeast), allantoinase (DALI), and allantoicase (DAL2). Gene DAL3
encodes ureidoglycolate hydrolase, which converts ureidoglycolate to glyoxylate,
ammonia, and CO2.

Many yeasts can use cytosine and uracil as good nitrogen sources, but thymine is
less frequently used (LaRue and Spencer 1968). However S. cerevisiae grows well on
cytosine but not on uracil. Cytosine deaminase activity (FCY1) provides ammonia
and uracil. When uracil is used as a nitrogen source, it is degraded in three steps to
B-alanine and ammonia (as shown in Fig. 7.2).

Since all nitrogen sources are not used with equal efficiency, the quality of different
nitrogen sources has been evaluated by growth tests (serial dilutions) of a wild-type
S. cerevisiae strain (£1278b background) on different nitrogen compounds compared
with the residual growth without nitrogen in the medium (Fig. 7.3). This residual
growth could result from the storage of nitrogen compounds in the cell, but the pres-
ence of nitrogen traces in the agar cannot be excluded. The best nitrogen sources are
glutamine, asparagine, and ammonia (doubling time about 2 h), followed by aspartate,
glutamate, arginine, cytosine, allantoin, and phenylalanine. A significant reduction in
growth rate is observed on urea, valine, alanine, serine, isoleucine, tyrosine, methion-
ine, and GABA. On leucine, proline, threonine, or tryptophan the doubling time is at
least 3 h. Adenine and glycine are very poor nitrogen sources, and lysine, putrescine,
thymine, and uracil cannot serve as a nitrogen source. Cysteine and spermidine are
even inhibitors of residual growth. Growth on histidine was not tested.

Although the genera Saccharomyces and Schizosaccharomyces are unable to use
nitrate or nitrite as nitrogen sources, more than 150 species of different genera can
grow on these compounds (Fig. 7.4). Curiously some yeasts are able to use nitrite but
not nitrate. Recently, the availability of classical genetics and molecular biology
tools for the yeast Hansenula polymorpha (renamed Pichia angusta = Ogataea poly-
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Fig. 7.4. Nitrate/nitrite utilization pathway and yeast utilizers. Some of the species of this
genera utilize nitrite but not nitrate. The genes for each enzymatic step are in italics

morpha) has shed some light on this metabolic pathway in yeast (reviewed in Siverio
2002). Nitrate is transported in the cell by Yntl, a high-affinity nitrate transporter,
which is also able to transport nitrite. Yntl belongs to the major facilitator super-
family (MFS). In addition, nitrite uptake takes place by a nitrite-specific transporter
(Machin et al. 2004). Nitrate assimilation in yeast follows the same pathway as that
described for plants and filamentous fungi. Nitrate is converted to ammonia by two
successive reductions catalyzed, respectively, by nitrate and nitrite reductase. YNRI
gene is the only one that encodes nitrate reductase, and YNII gene encodes nitrite
reductase. These genes lie closely together in a cluster also containing two other
genes encoding transcriptional regulatory factors. Regulation of this pathway will be
addressed in the following section.

7.4 Regulation and Coordination of Nitrogen Catabolism

7.4.1 Control of Gene Expression in Response to the Quality of the
Nitrogen Source

Selective nitrogen source utilization in S. cerevisiae is accomplished through a
physiological process designated nitrogen catabolite repression (NCR) (Cooper
1982; Wiame et al. 1985). NCR consists in the specific inhibition of transcriptional
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activation systems of genes encoding the permeases and catabolic enzymes needed
to degrade poor nitrogen sources (e.g., allantoin, proline, GABA). When readily
used nitrogen sources (e.g., Asn, Gln or, ammonia in some strains) are available,
NCR-sensitive genes are expressed at low levels. Upon depletion of these repressive
nitrogen sources, NCR is relieved and transcription of NCR-sensitive genes is
increased. There are two different criteria that can be used to judge the quality of a
particular nitrogen source. The growth rate that can be supported by a source of
nitrogen would seem to be the simplest criterion for quality. As shown in Fig. 7.3 the
differences in the growth rate are often small and it is therefore difficult to use the
growth rate to make clear distinctions between the qualities of different nitrogen
sources. A second criterion is based on the level to which systems for use of alter-
native nitrogen sources are derepressed during growth on a particular nitrogen
source. The relation between the quality of the nitrogen source and the level of gene
activation is illustrated in Fig. 7.5. On glutamine, the level of NCR-sensitive genes
such as MEP2 and DALS is very low, compared with the level on proline, which is
the nitrogen source leading to optimal derepression of these genes. Arginine and glu-
tamate lead to a moderate increase of expression of NCR-sensitive genes, inde-
pendently of the genetic background of the strain. Some observations (see later)
provide evidence that intracellular concentration of glutamine would be the signal
responsible for NCR establishment. However, although wild-type strains of S288c
or X1278b background grow on ammonia as efficiently as on glutamine, there seems
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Fig. 7.5. Expression of nitrogen catabolite repression (NCR) sensitive genes of two wild-type
S. cerevisiae strains on different nitrogen sources by Northern blot analysis. Total RNAs were
extracted from strains >1278b and S288c and 30 ug was analysed by Northern blotting with
DALS5, MEP2, and ACTI (encoding actine as a control) DNA probes. These strains were
grown on the following nitrogen sources: glutamine (g/n), ammonia (am), glutamate (glut),
proline (prol), y-aminobutyrate (GABA), and arginine (arg)
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to be a difference in regulation between the two strains. In the £1278b background,
ammonia exerts a strong repression on MEP2 and DALS5 genes, whereas in the
S288c background, expression of these genes is partially derepressed on that
medium (Fig. 7.5). In the £1278b genetic background, it was reported that ammo-
nia could regulate nitrogen repression without being converted into glutamine
(Dubois et al. 1977; ter Schure et al. 1998).

Modulation of NCR gene expression results from interplay between four GATA
factors, each containing a GATA binding zinc-finger motif that has been conserved
in organisms from yeast to metazoans. GIn3 and Nill/Gatl act as transcriptional
activators, and for some NCR genes their action is counteracted by two negative
GATA factors, Dal80/Uga43, and Nil2/Gzf3. The NILI, DALS0, and GZF3 genes
are subject to nitrogen regulation, whereas GLN3 is expressed constitutively regard-
less of the nitrogen source (Coffman et al. 1997; Soussi-Boudekou et al. 1997). There
is thus a network of cross-regulating- and autoregulating GATA factors. A major
role of this regulation might be to ensure a proper balance between the concentra-
tions of the four GATA factors, this balance being tightly adapted according to
nitrogen supply. It is noteworthy that NCR-sensitive genes are activated either by
GIn3, or by Nill, or by both factors, but the organization of the promoters does not
provide a clue to predict by which factor(s) the gene will be regulated. Indeed all the
genes responding to GIn3 and Nill activation contain a sequence named UASNTR,
consisting of at least two GATAAG or GATTAG sequences. Some promoters
require an auxiliary binding site, TTGT/GT, or a binding site for Abfl or Rapl. The
amplitude of response for each NCR-sensitive gene depends on the number and
the position of these regulatory elements (reviewed in Magasanik and Kaiser 2002).
The nitrogen-utilizing genes, encoding either transporters or degradative enzymes
and responding to NCR regulation, are listed in Fig. 7.6 (shaded in gray). In addi-
tion to the four GATA family transcription factors, nitrogen catabolic gene expres-
sion is negatively regulated by Ure2. In a ure2 mutant strain, repression no longer
occurs (Drillien et al. 1973; Dubois and Grenson 1974; Grenson et al. 1974;
Courchesne and Magasanik 1988).

It has been shown that the TOR kinases have an essential role in preventing the
expression of nitrogen-regulated genes in cells using glutamine as a source of nitro-
gen (Beck and Hall 1999). Treatment of yeasts with rapamycin, an immunosuppres-
sant drug, results in the activation of the expression of nitrogen-sensitive genes.
Tor1/2 proteins inhibit expression of NCR genes by sequestering the GATA binding
transcription factors GIn3 and Nill in the cytoplasm. In the presence of a good
nitrogen source, GIn3 is phosphorylated in a TOR-dependent manner and is thereby
tethered to the cytoplasmic Ure2 protein. Upon rapamycin treatment, GIn3 is
dephosphorylated by the type-2A-related phosphatase Sit4, released from Ure2
inhibition, and translocated into the nucleus, where it activates target genes
(Bertram et al. 2000). Recent data suggest that the TOR pathway senses glutamine
(Crespo et al. 2002). This signaling mechanism had been extrapolated to the cell
response to nitrogen starvation and to nitrogen availability. However, recently the
Cooper group showed that on a poor nitrogen source GIn3 is localized in the nucleus
despite its hyperphosphorylation (Cox et al. 2004). These data suggest that
rapamycin treatment, a short-term response, and growth on poor nitrogen sources,
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a long-term response, generate the same cellular response but likely do so by differ-
ent mechanistic pathways (reviewed in Cooper 2002; Crespo and Hall 2002,
Magasanik and Kaiser 2002; Rohde and Cardenas 2004).

Interestingly, Ure2 does not only inhibit GIn3 or Nill, but could fulfill other cel-
lular functions. Ure2 exhibits primary sequence and three-dimensional homologies
to known glutathione S-transferases. Rai et al. (2003) showed that Ure2 is required
for detoxification of glutathione S-transferase substrates and cellular oxydants. ure2
mutants are hypersensitive to cadmium and nickel ions and hydrogen peroxide. ure2
mutations possess the same phenotypes as mutations in known S. cerevisiae and
S. pombe glutathione S-transferase genes, suggesting that Ure2 could serve as
glutathione S-transferase in yeast. Whether this enzyme activity of Ure2 is involved
in NCR regulation is still unknown. In addition the ure2 mutation prevents the
inactivation of glutamine synthetase when glutamine is added to wild-type cells
grown with glutamate as a nitrogen source (Legrain et al. 1982; Coschigano and
Magasanik 1991), suggesting a broader role for Ure2 in the control of nitrogen
metabolism.

The presence of Ure2 orthologs in ascomycetous yeast species was searched for
by comparative sequence analysis. A single Ure2 protein with typical structural fea-
tures allowing clear distinction with classical glutathione S-transferase enzymes was
found in all the yeast species analyzed and presented in Fig. 7.7, except in S. pombe.
There is thus no clear coevolution between Ure2 and GIn3, i.e., yeast species like
D. hansenii without any true GIn3 ortholog have a Ure2 protein. This is consistent
with the ability of Ure2 proteins to control the subcellular location of GATA fac-
tors other than GIn3, e.g., Nill in S. cerevisiae (see later). Interestingly, S. pombe has
one protein with a single GATA zinc finger (GZF) domain but no Ure2 ortholog.

GATA factors have been studied in other yeast species, e.g., S. pombe (Gaf2) and
C. albicans (Gatl) as well as in Ustilago maydis (Urbsl). The Gaf2 and Urbsl fac-
tors have two GZF domains, a property shared by several other proteins found in
D. hansenii, C. albicans, and Y. lipolytica (Fig. 7.7). The S. pombe Gaf2 is transcribed
constitutively, irrespective of the nitrogen source in the medium and up till now
there is no evidence of a role of Gaf2 in the control of nitrogen-utilizing genes (Hoe
et al. 1996). In contrast, Gatl of C. albicans seems to be implicated in nitrogen reg-
ulation. The growth of mutants lacking Gatl is reduced when isoleucine, tyrosine,
or tryptophan are the sole sources of nitrogen, and gat/ mutants are unable to acti-
vate expression of GAPI, UGA4, or DALS, nitrogen-responsive genes in C. albicans.
This regulatory defect does not prevent filamentation of gat/ mutants in nitrogen
repressing or nonrepressing conditions, demonstrating that NCR does not influence
dimorphism. However, the mutants are highly attenuated in a murine model of dis-
seminated candidiasis, suggesting an important role for nitrogen regulation in the
virulence of C. albicans (Limjindaporn et al. 2003).

All yeast species analyzed shown in Fig. 7.7 contain three to five proteins of the
GZF domain family. These proteins may be classified in three categories: (1) some
factors (hereby named GZF) contain a single GZF domain, like the positive factors
GIn3 and Nill of S. cerevisiae; (2) some (named GZF-GZF) contain a duplicated
GZF domain, e.g., the S. pombe Gaf2 protein; (3) others (named GZF-LZ) contain
a single GZF domain associated with a leucine zipperlike (LZ) domain likely
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involved in dimerization, e.g., the negative factors Dal80 and Gzf3 of S. cerevisiae
(Fig. 7.7). Yeast species closely related to S. cerevisiae (sensu stricto) have a Gln3 and
a Nill ortholog, with the Nill orthologs displaying much higher divergence than the
GIn3 orthologs. More distant species (down to A. gossypii in Fig. 7.7) have a GIn3
ortholog plus a second GZF factor that may not be considered as a true Nill
ortholog. Still more distant species have one to three GZF factors which do not cor-
respond to true GIn3 or Nill orthologs (Fig. 7.7). These distant species also contain
a single GZF-GZF protein. In contrast, the S. pombe proteome contains only one
GZF and two GZF-GZF factors. This yeast species does not contain any member
of the GZF-LZ family. All other yeast species indicated in Fig. 7.7 have at least one
GZF-LZ factor. In species deriving from the one that has undergone whole genome
duplication (WGD) (Wolfe and Shields 1997; Kellis et al. 2004), two genes encoding
a GZF-LZ protein are present. In the Saccharomyces sensu stricto species, a clear
divergence between Dal80-type and Gzf3-type GZF-LZ proteins is observable, with
a much higher divergence among Gzf3 than Dal80 orthologs. These results suggest
the following evolutionary scenario. Ancestral yeast species likely contained a single
GZF factor gene. Duplication events probably led to the appearance of GZF par-
alogs and/or to one or several genes encoding GZF-GZF proteins. After the sepa-
ration of lineages leading to S. cerevisiae and S. pombe, one of the GZF-encoding
genes likely evolved into one coding for a GZF-LZ factor that has acquired a nega-
tive regulatory function. After separation of the lineages leading to S. cerevisiae and
C. albicans, one of the GZF proteins evolved to the main regulator Gln3 likely involved
in transcriptional activation of the other genes encoding GZF or GZF-LZ proteins
(as is the case in S. cerevisiae). Finally, after WGD, the duplicated GZF-LZ factor
genes were maintained, while the extra copies of each of the two GZF-encoding
genes disappeared. The duplicated GZF-LZ factors finally evolved to generate the
Dal80 and Gzf3 proteins known in S. cerevisiae and the sensu stricto species.

The S. pombe homologs of the TOR genes have been characterized. The S. pombe
TOR? gene is essential for growth, whereas TOR/ is required only under starvation,
osmotic, and oxydative stresses. So far, no role for the Tor proteins in the control of
nitrogen-gene expression has been reported (Weisman and Choder 2001). It was
found from a comparison of yeast genomes that Torl and Tor2 proteins are present

-

Fig. 7.7. Phylogenetic distribution of GATA zinc-finger (GZF) domain proteins among
diverse yeast species. The tree represents yeast species whose genome has been completely
sequenced (indicated in bold) (Goffeau et al. 1996; Wood et al. 2002; Cliften et al. 2003; Kellis
et al. 2003; Dietrich et al. 2004; Dujon et al. 2004; Kellis et al. 2004; Jones et al. 2004) plus sev-
eral others whose genome sequencing is in progress by the Genolevure consortium
(http://cbi.labri.fr/Genolevures/). The estimated position of the whole genome duplication
(WGD) event is indicated, as well those of the main divergence points (M DP). The columns on
the right represent the number of (1) proteins with a single GZF domain which are highly
related to GIn3 or Nill and those which are not highly similar to GIn3 nor to Nill outside of
their GZF domain, (2) proteins with a single GZF plus a leucine zipperlike (LZ) domain
which are highly similar to Dal80 or Gzf3 and those which are not highly related to Dal80 nor
to Gzf3 outside of their GZF and LZ domains, and (3) proteins with a double GZF domain
similar to that of S. pombe Gaf2 protein
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in C. glabrata, whereas in K. lactis and D. hansenii only the Tor2 ortholog was found,
and in Y. lipolytica there is only one Tor protein with equivalent similarity to S. cere-
visiae Torl and Tor2 proteins.

7.4.2 Control of Gene Expression by Specific Effectors: Arginine,
Proline, Allantoin/Urea, y- Aminobutyrate, Serine,
Tryptophan, Amino acids, and Nitrate/Nitrite

In addition to general nitrogen control, some degradative pathways respond to spe-
cific inducers. Figure 7.6 summarizes the network of catabolic pathways regulated
by NCR and by specific factors and effectors.

The metabolism of arginine presents the unique feature of possessing a regula-
tory mechanism coordinating its biosynthesis and its degradation. This coordination
is achieved through the involvement of the same regulatory elements in the control
of both pathways. In the presence of arginine, Arg80/ArgRI, Arg81/ArgRII, Mcml,
and Arg82/ArgRIII are required to repress the synthesis of five anabolic enzymes
and to induce the synthesis of two catabolic enzymes. Arg81, a zinc cluster protein,
is the sensor of arginine and interacts with the two MADS box proteins Arg80 and
Mcml to form a complex (called ArgR—Mcm1) at the “arginine boxes” present in all
the arginine coregulated genes. Arg82, an inositol polyphosphate kinase, acts as a
chaperone for Arg80 and Mcml by stabilizing them in the nucleus. The inositol
polyphosphate kinase activity of Arg82 is not required for arginine control
(Messenguy et al. 1991; Amar et al. 2000; Dubois et al. 2000; El Bakkoury et al.
2000; Messenguy and Dubois 2000). Expression of CARI and CAR2 genes is not
only regulated specifically by arginine and by the quality of the nitrogen source, but
also in response to nitrogen availability by the histone deacetylase complex
Ume6-Sin3-Rpd3. Ume6 is a DNA-binding protein belonging to the Zn2C6 family
of transcription factors, interacting with DNA at a sequence named URSI (Strich
et al. 1994). Ume6 recruits the Rpd3-histone deacetylase complex by interacting
with Sin3 (Kadosh and Struhl 1997). The role of the Ume6-Sin3—-Rpd3 complex in
the control of arginine catabolism is to block the expression of CARI and CAR2
promoters as long as exogenous nitrogen is available (Messenguy et al. 2000).

Vissers et al. (1982) investigated the repression of arginine biosynthesis (ornithine
carbamoyltransferase, OTCase) and induction of the catabolism (arginase) in
response to arginine, in the presence or absence of ammonia in the growth medium,
in 28 yeast species. These species were obligate aerobes, such as D. hansenii, faculta-
tive anaerobes with a strong Pasteur effect, such as K. lactis, and facultative anaer-
obes with a weak Pasteur effect, such as S. cerevisiae and S. pombe. Most yeasts
showed the classical repression of anabolic OTCase and induction of catabolic
arginase, when arginine was added to the growth medium. In addition, they were
subject to NCR, as judged by the increase in arginase synthesis when arginine was
the only source of nitrogen compared with ammonia plus arginine as the nitrogen
nutrient. No specific regulators involved in arginine regulation have been identified
so far in these yeast species. Moreover, the promoter of the S. pombe CARI gene
does not contain the arginine boxes defined as the targets of the ArgR-Mcml pro-
teins in the promoters of the arginine coregulated genes in S. cerevisiae. In addition,
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the heterologous expression of S. pombe CARI gene in S. cerevisiae is independent
of the Arg81 gene product (van Huffel et al. 1994).

The expression of PUT genes involved in proline degradation is regulated by the
Put3 activator protein, which responds to the presence of proline in the medium and
increases the transcription of the PUTI and PUT2 genes (Wang and Brandriss
1987). Put3 appears to respond to two signals, the presence of proline and the
absence of preferred nitrogen sources, which are the conditions for maximal activa-
tion of PUTI and PUT2. Hyperphosphorylation of Put3 is correlated with growth
on nonpreferred nitrogen sources (Huang and Brandriss 2000; Saxena et al. 2003).
Put3 containing a six-cysteine, two-zinc domain (Zn2Cys6) constitutively binds to
the upstream activation sequences in the promoters of both PUTI and PUT2 genes
in vitro and in vivo but activates transcription only in the presence of proline
(Axelrod et al. 1991). The presence of the specific inducer causes a conformational
change in the Put3 protein, allowing Put3 to shift from an inactive to an active state
(des Etages et al. 1996, 2001).

Among the genes involved in allantoin and urea degradation, some, such as
DALS, are only NCR-sensitive, some, such as DAL3, are also down-regulated by
Dal80, and others, such as DAL7 and DURS0, are in addition regulated in response
to the inducer, allophanate or its analog oxalurate (Yoo and Cooper 1991).
Induction requires the dodecanucleotide sequence, UlSall, and two transactive fac-
tors, Dal82/DurM and Dal81/DurL/Uga35. The precise function of Dal81 is still
unknown, although this protein contains a zinc cluster motif, whereas Dal§2,
despite the absence of any known DNA-binding motif, binds UlSall, present in the
promoters of some DAL genes and also in the CAR2 promoter (Dorrington and
Cooper 1993; Park et al. 1999). Dal82 was recently shown to bind to UlSall, and
in vitro the 85 N-terminal amino acids of Dal82 are sufficient to bind UISall (Scott
et al. 2000). In the absence of inducer, even on a poor nitrogen source, Dal80-
mediated repression prevails and allantoin pathway genes are expressed at a low
basal level (Rai et al. 1999). In the presence of an inducer, Gln3-Nill-mediated tran-
scription prevails and the expression of these genes occurs at a high level. This sug-
gests that the role of the inducer would be to release repression by Dal80 at the
GATAA sequences, allowing the binding of the two GATA activators, although this
has never been demonstrated.

GABA induces transcription of the UGA genes required for its utilization as a
nitrogen source. These genes contain in their promoters a conserved GC-rich
sequence (UASgaba) essential to induction by GABA. To be effective, UASgaba
requires two positive-acting proteins that both contain a zinc cluster motif, namely
pathway-specific Uga3 and pleiotropic Dal81/Uga35 (Andre et al. 1995; Talibi et al.
1995). Alone the UASgaba element is sufficient to enable transcription of a reporter
gene in the presence of GABA, even on a good nitrogen source; however, in the full-
length promoters of UGA genes, the regulation is more complex, because another
UASgata element, located just upstream from UASgaba, plays a determining role in
producing a high level of induced expression. In the absence of an inducer,
Dal80/Uga43 would prevent GIn3 or Nill from binding, whereas in the presence of
the inducer Uga3 and Uga35/Dal81 factors acting through UASgaba promote some
levels of transcriptional activation on their own, but could also facilitate binding of
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GIn3 or Nill to the adjacent UASgata. This synergistic action leads to the optimal
expression of UGA genes, only when GABA is the unique nitrogen source.

The transcription of CHAI, the gene encoding the catabolic L-serine (L-threo-
nine) deaminase responsible for utilization of serine/threonine as nitrogen sources is
activated by Cha4, a zinc cluster protein. Two serine—threonine response elements
have been identified in the CHAI promoter, to which Cha4 is bound constitutively
(Holmberg and Schjerling 1996). Regulation of CHAI basal expression involves
assembly of a positioned nucleosome over the TATA element which requires the
RSC complex (Moreira and Holmberg 1998, 1999) Upon activation, this nucleo-
some is removed, but so far no role for Cha4 in this chromatin remodeling has been
reported.

Transcription of ARO9 and YDR380w/AROI0 is induced by aromatic amino
acids by the transacting factor Aro80, a zinc cluster protein (Iraqui et al. 1999a).
aro80 cells are unable to grow on tryptophan medium, but their growth is only
slowed down on a medium containing tyrosine or phenylalanine as a nitrogen
source. A 36-base-pair element present in A RO9 and ARO10 5’ regulatory regions is
necessary and sufficient to mediate transcriptional activation of a reporter gene in
response to aromatic amino acids. UASaro could thus be the DNA element to which
Aro9 binds.

In response to external amino acids, S. cerevisiae induces the expression of amino
acid permease genes, such as AGPI, BAP2, BAP3, TATI, TAT2, and GNPI, and the
dipeptide and tripeptide permease gene PTR2 (reviewed in Boles and Andre 2004).
The presence of external amino acids is transmitted to the transcription machinery
through the Ssyl amino acid sensor (de Boer et al. 1998; Didion et al. 1998;
Jorgensen et al. 1998; Iraqui et al. 1999b; Klasson et al. 1999; Forsberg et al. 2001)
Ssyl is part of a multicomponent membrane-associated signaling complex (SPS),
which includes at least two other proteins, Ptr3 and Ssy5 (Forsberg et al. 2001). Ssy1
contains 12 transmembrane spans (TM1-TM12), and its long N-terminal cytosolic
tail likely plays a crucial role in signaling (Bernard and Andre 2001) together with
Ptr3. The signal generated by Ssyl and Ptr3 would be transmitted to Ssy5, which
appears to interact with Ptr3. A next step in the signaling pathway is the endoprote-
olytic processing of transcription factors Stpl and Stp2 (Andreasson and Ljungdahl
2002), requiring the SCFGrrl ubiquitin-ligase complex. Recent data indicate that
Ssy5 would be the endoprotease cleaving Stpl (Abdel-Sater et al. 2004a) After pro-
cessing, truncated Stpl is translocated into the nucleus, and acts via an upstream
sequence (UASaa) to activate gene expression. UASaa consists of at least two copies
of the 5-CGGC-3’ tetranucleotide separated by four to nine nucleotides (de Boer
et al. 1998; Abdel-Sater et al. 2004b). Another transcription factor, Uga35/Dal80, is
also important for induction of Ssyl-regulated genes.

Ssyl, Ptr3, and Ssy5 orthologs are present in all yeast species shown in Fig. 7.7,
but S. pombe (Souciet et al. 2000; Cliften et al. 2003; Kellis et al. 2003). Hence, yeast
species always have the three or none of the Ssyl-Ptr3-Ssy5 proteins, a result com-
patible with the three proteins being associated into a complex (SPS) (Forsberg et al.
2001). The Ssy5 orthologs share a well-conserved C-terminal protease domain and
a rather divergent N-terminal domain possibly involved in the interaction with Ssyl
and Ptr3. The Ptr3 orthologs exhibits structural similarities with WD40 proteins and
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they are also more closely related in their C-terminal regions. Comparison of the
Ssyl orthologs revealed that the large N-terminal tails and the extrapeptide
regions between TM7 and TMS8 have poorly similarity, while the extrapeptide regions
between TMS and TM6 are highly conserved. As shown in Fig. 7.8, the Ssyl N-ter-
minal end from D. hansenii, C. albicans and Y. lipolytica, present some degree of
conservation despite their difference in length. The C. albicans Ssyl end-terminal tail
is composed of two regions, one present in Y. lipolytica Ssyl (dark gray) and the
other in D. hansenii Ssyl (medium gray). Furthermore, all Ssyl proteins contain
an invariant triad (L/TFP) at their N-terminal end. Recently, the SSY/ ortholog of
C. albicans was functionally characterized (Brega et al. 2004). This protein (Cysl) is
required for induction at the transcriptional level of several amino-acid permease
genes as well as for filamentation in serum and amino acid based media.
Interestingly, the range of amino acids to which Cysl responds markedly differs
from that of Ssyl.

The genes, YNTI, YNRI, and YNII, encoding the enzymes for the nitrate-
assimilation pathway are clustered in H. polymorpha. The genes encoding the tran-
scriptional factors, YNAI and YNA2, two zinc cluster proteins, are located in the
same cluster (Avila et al. 1998; Siverio 2002), but these genes are independently tran-
scribed. Ynal and Yna2 present similarity to the transcriptional factors nirA and
nit4, involved in the nitrate induction in Aspergillus nidulans and Neurospora crassa,
respectively. Deletion of YNAI or YNAZ2 impairs growth on nitrate and nitrite, and
leads to the absence of expression of YNTI, YNRI, and YNII. A similar specific
regulation occurs in Hansenula (Pichia) anomala (Garcia-Lugo et al. 2000). It has
been shown that nitrate reductase has no role in the transcriptional induction of the
nitrate-assimilatory genes in H. polymorpha, in contrast to data reported for fila-
mentous fungi (Hawker et al. 1992; Siverio 2002). Expression of these genes is also
subject to NCR, but only in H. polymorpha. Indeed there is a striking drop in
nitrate-utilizing-enzyme activities when the cells are grown on glutamine plus nitrate
compared with the levels on nitrate, and the fact that rapamycin abolishes NCR
reveals the involvement of a TOR signaling pathway in the control of nitrate-
assimilation genes (Navarro et al. 2003). It was reported that NMRI gene could be
important in mediating the negative effect of the optimal nitrogen source on the
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Fig. 7.8. Organization of Ssyl transporters in different yeast species and comparison of their
N-terminal tails
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nitrate-assimilation pathway, since an nmrl mutant exhibits activation of these genes
in the presence of nitrate plus ammonia (Serrani et al. 2001).

7.4.3 Control at the Level of Enzyme Activity and Enzyme Localization

S. cerevisiae has developed several regulatory mechanisms which exclude interfer-
ence between biosynthesis and degradation of arginine. In addition to coordinated
repression of biosynthesis and induction of catabolism by arginine and the
ArgR-Mcml complex, this yeast has a peculiar mechanism to avoid the formation
of a futile urea cycle when yeast is growing on arginine as the sole nitrogen source
(Messenguy and Wiame 1969) Arginase, the first enzyme of the arginine degradative
pathway, converts this amino acid into ornithine and urea. This enzyme is able to
inhibit OTCase, the biosynthetic enzyme which converts ornithine and car-
bamoylphosphate to citrulline and phosphate. In the presence of ornithine and argi-
nine, the respective substrates of the two enzymes, OTCase and arginase, both
trimeric enzymes, form a one-to-one enzyme complex in which the activity of
OTCase is inhibited, whereas arginase remains catalytically active. This regulation
prevents the recycling by OTCase of ornithine produced by arginase, thus further
excluding interference between anabolism and catabolism of arginine, since both
enzymes are cytosolic in S. cerevisiae. This regulation was found to occur in vivo in
eight out of 32 yeast species tested (Vissers et al. 1982). Obligate aerobes were
devoid of this regulation (such as D. hansenii). Among fermenting species,
Schizosaccharomyces and budding genera had different properties: all
Schizosaccharomyces species were devoid of this regulation, whereas all species of
budding yeasts tested showing a weak or absent Pasteur effect had this regulation
(Saccharomyces fermentati = Torulaspora delbrueckii, Saccharomyces kloekerianus =
T. globosa). Strains showing a strong Pasteur effect and taxonomically related to
Saccharomyces (Kluyveromyces) had the regulation. It was also reported that
S. pombe arginase is a hexamer instead of being a trimer, which can explain why
S. cerevisiae OTCase is not inhibited by S. pombe arginase in vitro (El Alami et al.
2003). The absence of this epiarginasic regulation in some species can be linked to a
mitochondrial localization of OTCase, whereas arginase is cytosolic, as for example
in D hansenii, H. anomala, and S. pombe (Jauniaux et al. 1978). So yeasts can use dif-
ferent methods to control efficiently the flux of metabolites (in this case arginine and
ornithine), and an efficient compartmentation of enzymes and metabolites can be
sufficient to replace the sophisticated regulatory mechanisms operating in S. cere-
visiae. Metabolites such as amino acids can be sequestered in the vacuole, so allow-
ing them to function as a nitrogen reserve even under conditions when enzymes that
are capable of catabolizing them are present at high levels in the cell. When growing
on ammonia as a source of nitrogen, basic amino acids (arginine, lysine, histidine)
are 90% vacuolar, threonine, serine, glycine, alanine, valine, tyrosine, and phenyala-
nine are 75% vacuolar, leucine and isoleucine are equally distributed between the
vacuole and the cytoplasm, whereas glutamate and aspartate are mainly cytosolic
(Messenguy et al. 1980). Since most of these amino acids can supply nitrogen, their
release from the vacuole to the cytoplasm under conditions of starvation would then
allow their nitrogen to be immediately available. However, when the cells are shifted
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from a minimal medium containing ammonia to a minimal medium devoid of a
nitrogen source, not all amino acids are released immediately from the vacuole
(Messenguy et al. 2000). Interestingly, nitrogen deprivation leads to a rapid con-
sumption of cytosolic glutamate without release from the vacuole. Glutamine is
80-90% vacuolar when the cells are grown on ammonia medium but is quickly
released in the cytoplasm and immediately utilized as a nitrogen source upon nitro-
gen starvation. In contrast, the vacuolar arginine, whose pool concentration is much
higher than that of glutamine, is released more slowly. After 40 min of starvation
only 15% of the vacuolar arginine is consumed without accumulation in the cytosol.
In contrast, when cells growing on arginine as the sole nitrogen source are shifted to
a medium without nitrogen, the very high arginine vacuolar pool decreases rapidly
because arginine is consumed very efficiently by the highly induced cytosolic
arginase (Kitamoto et al. 1988). Thus, mobilization of vacuolar reserves may depend
on environmental growth conditions.

7.4.4 Control at the Level of Protein Stability

In addition to control at a transcriptional level, many plasma membrane trans-
porters are subject to tight control at the membrane trafficking level and modulation
of intrinsic activity. Typical physiological conditions inducing these controls
include changes of substrate concentration and availability of alternative nutrients.
These changes of conditions often provoke the downregulation of specific trans-
porters eventually accompanied by upregulation of others which are more appro-
priate to the new conditions. Downregulation involves the onset or acceleration of
endocytosis of the transporters and subsequent targeting to the vacuole where it is
degraded. The same physiological signal can also induce diversion of the neosyn-
thesized transporter from the Golgi apparatus to the endosomal/vacuolar degrada-
tion pathway without passing through the plasma membrane (reviewed in
Haguenauer-Tsapis and Andre 2004).

S. cerevisiae possesses about 20 different amino acid permeases, the substrate
specificities of which overlap in many cases. These proteins are not simultaneously
present in the cell, most are differentially regulated according to the nitrogen and/or
amino acid content of the growth medium. In conditions of poor nitrogen supply
the synthesized Gapl permease accumulates at the plasma membrane in an active
and stable form (Grenson 1983a; de Craene et al. 2001; Soetens et al. 2001). Upon
the addition of ammonia, Gapl is internalized by endocytosis and targeted to the
vacuole for degradation (Nikko et al. 2003). Ubiquitination of Gapl involving the
ubiquitin ligase (Npil/Rsp5) is essential to this ammonia-induced downregulation
(Hein et al. 1995; Springael and Andre 1998). This downregulation may also be trig-
gered by addition of amino acids (Stanbrough and Magasanik 1995). NPRI encod-
ing a protein kinase is another gene involved in the posttranscriptional control of
Gapl. In npri mutants growing on a poor nitrogen source, the amount of GAPI
transcript is unaltered but Gapl is inactive (Grenson 1983a). Other ammonia-
sensitive permeases, including the proline permease Put4 (Vandenbol et al. 1990), the
ureidosuccinate, and allantoate permease Dal5 (Rai et al. 1988), and the inducible
GABA permease Uga4 (Andre et al. 1993) are also dependent on Nprl to be active.
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The negative effect of an npri mutation on Gapl activity is suppressed by mutations
inhibiting Gapl downregulation such as npil. This suggests a role of Nprl in the
control of Gapl trafficking (Grenson 1983b). Recently it was shown that Nprl
phosphorylation is regulated by nitrogen through the TOR signaling pathway.
Nitrogen starvation or growth on proline results in Nprl dephosphorylation
(Schmidt et al. 1998). During the downregulation of Gapl following the addition of
high concentration of amino acids, other broad-specificity amino acid permeases
such as Agpl, Tat2, Tatl, and Bap2 are induced (Iraqui et al. 1999b). These perme-
ases, therefore, take on the functions of Gapl. Unlike Gapl, these permeases are
synthesized and active in cells grown on YPD medium. Shifting cells from YPD to
nitrogen-starvation conditions results in the derepression of Gapl and the rapid
downregulation of Tat2 and Bap2. This downregulation process may also be
induced by adding rapamycin to the medium. The requirements for ubiquitin, Rsp5,
and lysines in the downregulation of Tat2 and Bap2 have been extensively studied
(Beck et al. 1999; Omura et al. 2001; Umebayashi and Nakano 2003; reviewed in
Boles and Andre 2004). The fate of newly synthesized transporters present in the
secretory pathway may also depend on environmental conditions: the protein may
be targeted to the cell surface, or directly diverted to the multivesicular bodies/vac-
uole for degradation without passing through the plasma membrane. For example,
in cells grown on glutamate as the sole nitrogen source Gapl is synthesized but is
inactive because it is diverted from the secretory pathway to the vacuole without
passing through the plasma membrane (Roberg et al. 1997a, b). Bull and Bul2 are
redundant proteins required for the direct sorting of Gapl to the vacuole and for its
polyubiquitylation, suggesting that polyubiquitylation is required for direct sorting
of the permease to the vacuole (Helliwell et al. 2001). The sorting of Tat2 is also reg-
ulated by cellular nitrogen status (Beck et al. 1999). Tryptophan availability in the
medium plays an important role in controlling the fate of newly synthesized Tat2
(Umebayashi and Nakano 2003). In the presence of low concentrations of trypto-
phan Tat2 is targeted to the cell surface, whereas on media containing a high con-
centration of tryptophan Tat2 is sorted from the secretory pathway to the vacuole.
Lipid rafts and ubiquitin play key roles in this regulated permease sorting.

7.5 Concluding Remarks

In the last decade biochemical and genetic studies allowed us to get deeper insight
into nitrogen metabolic pathways, mainly in S. cerevisiae. Genes encoding enzymes
catabolyzing aromatic and branched-chain amino acids have been characterized and
new regulators involved in their control have been identified. In contrast, in other
yeast species little new information has been provided about nitrogen degradative
pathways, with the exception of nitrate/nitrite utilization and its regulation in
H. polymorpha. It seems that most efforts were aimed at elucidating the complex and
multiple regulations controlling nitrogen utilization in S. cerevisiae, and even for this
yeast we still have a long way to go. Now that the genome sequences of many yeasts
are known, it is rather easy to identify orthologs of genes encoding nitrogen-utilizing
enzymes and their regulatory factors. However, biochemical and genetic studies
are still necessary to test their functionality. This is especially true for the regulatory
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factors, in which the best conserved sequences are the DNA-binding motifs, sug-
gesting a putative regulatory function but not necessary involved in the control of
the same pathway. Moreover, this comparative genomic analysis will not lead to an
understanding of why yeasts use a particular nitrogenous compound or not, unless
the genes and gene products involved in this degradation are characterized at least
in one species, and this is far from being the case for many pathways. Hopefully, the
novel approach to “evolutionary genomics” proposed by the Génolevures consor-
tium will provide a rationale and better criteria to further unravel the full diversity
of nitrogen utilization among yeast species.
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8.1 Introduction

Yeasts are ubiquitous microorganisms that form part of the microbiota of most if
not all natural ecosystems. A wide variety of yeast species occur in soil, fresh water
and marine water, they are normal inhabitants on plants, are commonly associated
with animals, and are also found frequently in man-made habitats such as foods.
The conditions prevailing in these natural and artificial habitats determine the
metabolic activity, growth and survival of yeasts. A variety of abiotic and biotic
factors influence the life of yeasts, and exert stress conditions which the cells must
withstand and adapt to or otherwise they die. Death of individual cells may not
bring about the extinction of a whole population as there is a large variation in
resistance to stress factors among cells. Also, these factors change with time and
show spatial heterogeneity; their effect is manifested differently in microenviron-
ments. So, when looking at the environmental relations of yeasts, we should deal
with a very complex interrelation of factors that are only partially understood.
Nevertheless, basic knowledge of these is important for understanding the ecology
and biodiversity of yeasts as well as to control the environmental factors in order
to enhance the exploitation of yeasts or to inhibit or stop their harmful and
deleterious activity.

In this chapter our current knowledge of the environmental relations of yeasts is
summarized. First, the most relevant physical, chemical and biotic factors and their
interactions are described in a changing environment. Further on, responses of yeast
cells to stress conditions are discussed at single cell and population level. In-depth
treatment of the genetic background of variation, and the mechanism of adaptation
to stress factors would be beyond the limits of this chapter. Further chapters in this
book are devoted to their discussion. Reference is made to relevant literature and to
the large amount of data covered and summarized in previous works and reviews
(Phaff and Starmer 1987; Rose 1987; Watson 1987; Boddy and Wimpenny 1992;
Fleet 1992; Deak and Beuchat 1996; Deak 2004).
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8.2 Physical Factors

The most important physical factor influencing the life of yeasts is temperature.
Other factors exerting less definite, and also less studied effects are light, radiation
and pressure. In a wider sense, geography, locality and climate can be considered as
ecological factors.

8.2.1 Temperature

The temperature limits and range for growth of yeasts vary with species. Most yeasts
are mesophilic, and grow best at temperatures between 20 and 30°C. In a study
covering nearly 600 strains of more than 100 species including genera of
Saccharomyces, Kluyveromyces, Debaryomyces, Pichia, Candida and others (Vidal-
Leira et al. 1979), the upper limit for growth of 98% of yeasts fell between 24 and
48°C, for a few it was below 24°C but for none was it above 50°C (Table 8.1). Yeasts
such as Leucosporidium scottii, Mrakia frigida and a few others can be considered
psychrophilic, having a minimum growth temperature as low as —1 to 4°C and a
maximum at about 20°C. At 37°C only a limited number of species can grow, mostly
those associated with warm-blooded animals, at least temporarily, such as Candida
albicans and a number of other opportunistic pathogenic yeasts. Most strains of
Saccharomyces cerevisiae occurring widely in industrial fermentation can grow at
37°C, whereas growth of S. bayanus in a similar environment is limited up to
30-35°C. As to the lower limit of growth temperature, it may extend a few degrees
below 0°C for psychrophiles provided the water suspension remains fluid, such as
the salty seawater in arctic regions. A number of yeasts can be considered psy-
chrotrophic, possessing a range of growth temperatures between 0 and 25°C,
whereas some mesophilic species may also grow at 5-10°C as the lowest limit. Even
those yeasts isolated from the water and marine animals of the Arctic Ocean, as well
as from frozen foods, grow faster at higher temperatures, and develop colonies in 1
week at 20°C but in 2 weeks at 5°C. Some yeasts are characterized with a rather wide

Table 8.1 Maximum growth temperatures of some yeast species

Species T . °C)
Kluyveromyces marxianus 44-47
Candida glabrata 43-46
Candida albicans 42-46
Pichia guilliermondii 38-43
Pichia anomala 35-37
Yarrowia lipolytica 33-39
Metchnikowia pulcherrima 31-39
Candida zeylanoides 32-34
Candida vini 27-31
Leucosporidium scottii 22-24

Adapted from Vidal-Leira et al. (1979)
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range of growth temperature, e.g., for Pichia membranifaciens it extends from 5 to
45°C, whereas others have much narrower limits, e.g., 28-42°C for Candida sloofii.
Few yeasts only can grow above 40°C and none can be considered termophilic.
Kluyveromyces marxianus is rather thermoduric; many strains of this species can
grow up to 45-47°C; a few strains of exceptional thermotolerance were found to be
able to grow and ferment at 52°C (Banat and Marchant 1995). Temperatures above
50°C are lethal for yeast cells and not even the sexual spores show much higher heat
resistance.

The minimum, optimum and maximum limits of the growth temperatures are not
absolute degrees as they are influenced by the physiological state of the cells as well
as other environmental conditions. Inhibitory factors such as low water activity, low
pH and the presence of antimicrobial substances, e.g., ethanol, will limit the range
of the growth temperature. In turn, temperatures below or above the optimum
would decrease the resistance of yeasts to other stress factors.

Temperature would not only determine whether or not a yeast strain is able to
grow but it also influences the rate of growth (or its reciprocal, the generation time)
once it started. Within the range of the growth temperature, changing of the growth
rate can be described by the equation developed by Arrhenius according to which
the growth rate increases linearly with temperature in the optimum range, approach-
ing the minimum it decreases steadily, whereas moving from the maximum it
decreases abruptly.

8.2.2 Light and Solar Radiation

Yeasts are not photosynthetic organisms; hence, illumination is not vital for their
existence. Few observations refer to any effect of light on them, but they point to the
possible killing effect of UV wavelengths of sunlight. This may explain the relative
abundance of pigmented species (e.g., Cryptococcus, Rhodotorula) on surfaces of
plant leaves. A systematic study on a phylloplane microbial community suggested
that the position of a leaf within an apple tree canopy substantially affects the resi-
dent population (Andrews et al. 1980). Differences in the density of phylloplane
microbiota could be attributed to a variation in the exposure to light and rainfall
and also to the accessibility of leaves to airborne microbes (see Chap. 13).

8.2.3 Pressure

Under natural land conditions, atmospheric pressure does not affect the life of
yeasts. When they occur in deep sea, the cells should withstand high hydrostatic
pressure. Yeasts are frequently found in shallow marine environments but only
recently have isolates been obtained from sediments and benthic microorganisms
from deep sea of 2,000-6,500 m. Red yeasts (Rhodotorula and Sporobolomyces)
were commonest among the isolates, some of them represented new species, such
as Kluyveromyces nonfermentans (Nagahama et al. 1999, 2001). Unlike bacteria,
however, no data refer to the physiology of yeasts occurring in the deep sea. Our
knowledge of baroresistance of yeast cells comes from studies on the possible
application of high hydrostatic pressure in food preservation (Smelt 1998). High
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pressure exerts a strong effect on cell structures, and the viability of yeasts decreases
with increasing pressures above 100 MPa; between 200 and 300 MPa cells are killed
(Palhano et al. 2004). Unexpectedly, when cells were exposed to mild stress (hydro-
gen peroxide, ethanol or cold shock), it induced higher resistance to pressure. This
hints to the function of a general mechanism of stress response in yeast cells, similar
to that protecting them against other stress factors (see Sect. 8.5).

8.2.4 Geography, Climate

By and large, geography, locality and climate act as ecological determinants on the
biodiversity and communities of yeasts. These large-scale phenomena manifest
themselves through changes of temperature, rainfall, wind, solar radiation, drought,
soil composition, vegetation, insect vectors and the like. Several studies have shown
the impact of these factors on the ecology of yeasts at the microhabitat level
(Andrews et al. 1980; Barker et al. 1987; Starmer et al. 1992; Chand-Goyal and
Spotts 1996; Slavikova and Vadkertiova 1997).

8.3 Chemical Factors

Among these factors are included the availability of nutrients and water, the acidity
and pH, the oxygen relations, as well as the effect of inhibitory and antimicrobial
substances. Mutual interactions between these factors as well as the physical envi-
ronment bring about very complex relations. Their manifestation is hardly known in
natural habitats and has been mostly studied under laboratory conditions.

8.3.1 Nutrients

Yeasts require for maintenance and growth some sources of carbon, nitrogen, min-
eral salts and certain vitamins and growth factors. The different ability of yeasts to
utilize various nutrients is one of the most important ecological factors to determine
habitat specificity.

The most important carbon and energy sources are carbohydrates, mostly sugars
such as hexoses and oligosaccharides. Glucose and a number of simple sugars can
be utilized by many yeasts both fermentatively and oxidatively. A wide range of
other carbon sources (e.g., alcohols, organic acids) can be metabolized only by aer-
obic respiration. A faulty generalization arising from the vigorously fermentative
group of Saccharomyces species is that all yeasts are capable of fermenting. In real-
ity, about half of the currently known yeast species lack the ability to ferment and
carry out aerobic oxidation exclusively. Not even the fermentative species can per-
manently survive under anaerobic conditions because some constituents of mem-
brane lipids can be synthesized only aerobically. Both the aerobic and the anaerobic
utilization of various carbon sources has been traditionally used for the physiologi-
cal characterization and identification of yeasts; the list of these compounds extends
to over 40 (Yarrow 1998; Barnett et al. 2000).

Polysaccharides and other macromolecules such as proteins and lipids are not
commonly used nutrients of yeasts. Few species produces a substantial amount of
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hydrolytic enzymes extracellularly. The number of amylolytic yeasts is small and
none are known to hydrolyze intact cellulose. It seems, however, that protease, pep-
tidase or lipase activities are widespread in yeasts. In studies on tropical yeast com-
munities, 40-60% of isolates was found to possess proteolytic enzymes and around
30% produced pectinases (Abranches et al. 1997; Trindade et al. 2002). This empow-
ers the yeasts to expand their ecological niche and make better use of the available
carbon sources.

All yeasts can utilize inorganic nitrogen sources such as ammonium salts, many of
them also nitrates. Amino acids, urea and other organic nitrogen sources can be uti-
lized by various species. Some yeasts can grow without any external vitamin sources,
others may require biotin, thiamin, nicotinic acid or some other growth factors.
Inorganic phosphate salts satisfy the need of all yeasts; sulfate, sulfite and thiosulfate
can serve as a sulfur source. A number of other inorganic elements, e.g., potassium,
magnesium, iron and zinc, are required in low concentration. These requirements are
generally met in most natural habitats of yeasts. Under laboratory conditions care
should taken to satisfy specific needs of certain yeasts, but most of them can be cul-
tivated on relatively simple growth media. If an essential micronutrient is lacking
some members of the natural community may be lost in laboratory culture.

8.3.2 Water

Nutrients are taken into yeast cells in the form of water solutions and water itself is
an essential requirement for life. Water should be fluid and free (not chemically
bound) in order to be absorbed. The availability of water is usually expressed in
terms of water activity (a,); the more exact physicochemical term water potential
(w) is used less frequently in microbial ecology (Marechal et al. 1995).

Yeasts living in marine habitats and large bodies of fresh water must cope with
the highly diluted nutrients, and are rarely exposed to the osmotic pressure exerted
by concentrated solutes that more frequently occur in habitats of solid matrices,
such as soil or foodstuffs. Most yeasts can develop well at water activities around
0.95-0.90 (Table 8.2). A particular group of yeasts, however, is notable of being able
to grow at much lower a values. In the earlier literature, an @, value of 0.61 was
given as the minimum value for growth. This was not confirmed in recent reinvesti-
gations that resulted in values around 0.70 (Jermini and Schmidt-Lorenz 1987). This
group of yeasts is often called osmophilic and halophilic depending on whether the
solutes are sugars or salts, respectively, bringing about low water activities, corre-
sponding to 55-65% sugar or 15-25% salt concentrations. A more general and
appropriate term is xerotolerant for most strains of the species in question can
grow in dilute solutions and do not require increased solute concentrations (Silva-
Graca et al. 2003). Zygosaccharomyces rouxii, Z. mellis, Z. bisporus, Debaryomyces
hansenii, Candida versatilis, C. lactiscondensi and C. halonitratophila are the species
most notable for being xerotolerant; several other yeasts, among them certain
strains of S. cerevisiae as well as Schizosaccharomyces pombe, Torulaspora
delbrueckii, Pichia anomala and others possess less tolerance to a, lower than 0.80.

Xerotolerant yeasts are of special importance to the food industry because they
are able to cause spoilage of foods preserved by added sugar or salt. It was found
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Table 8.2 Minimum «a_ for growth of yeasts in media adjusted by different solutes

Yeast species Minimum a, for growth controlled by
Glucose Fructose Sucrose NaCl
Candida lactiscondensi 0.79 0.78 0.70 0.92
Candida versatilis 0.79 0.80 0.79 0.84
Debaryomyces hansenii 0.84 0.86 0.81 0.84
Hanseniaspora uvarum 0.90 0.93 0.90 0.95
Pichia membranifaciens 0.90 0.92 0.90 0.94
Rhodotorula mucilaginosa 0.90 0.92 0.90 0.90
Saccharomyces cerevisiae 0.89 0.91 0.91 0.92
Torulaspora delbrueckii 0.86 0.89 0.87 0.90
Zygosaccharomyces bisporus 0.85 0.85 0.79 0.95
Zygosaccharomyces rouxii 0.79 0.82 0.79 0.86

Data from Tokouka and Ishitani (1991)

that various processing factors such as temperature, pH and the composition of the
food interact with water activity with regard to the inhibitory effect of growth
(Tokouka 1993); it can be supposed that these factors interact whenever low water
activity is encountered in the environment.

The physiological background of resistance to low a, stress conditions has also
been the subject of a wide range of studies. Production of compatible solutes (glyc-
erol, mannitol), active pumping out of sodium ions or their exchange for K*, induc-
tion and differential expression of stress-responsive genes have been supposed as
protective mechanisms; however, different species show contrasting reactions
(Ramos 1999; Hohman 2002). Extreme osmotic stress can exceed the osmoregula-
tory capacity of cells and cause loss of viability (Table 8.3). Beyond industrial
concern, understanding the phenomenon of xerotolerance is of relevance for the
biodiversity of yeasts in natural habitats such as plant nectars and saps or salt
ponds, where ecological factors are exerted in high solute concentrations.

Table 8.3 Viability of Saccharomyces cerevisiae in relation to osmotic stress

Cell viability (% related to control)

Poly(ethylene
Water activity (a,) Water potential (MPa) Glycerol glycol) 600
0.90 -14.5 92 59
0.80 -30.8 65 58
0.70 -49.2 55 40
0.60 -70.5 20 28
0.50 -95.7 10 0

Data from Marechal et al. (1995)



8 - Environmental Factors Influencing Yeasts

161

8.3.3 Oxygen Relations

Yeasts are basically aerobic organisms although they are most noted for the vigorous
fermentation of sugars — a remarkable characteristics of Saccharomyces species and a
number of other genera but this certainly does not hold good for all yeasts as pointed
out in Sect. 8.3.1. Most basidiomycetous yeasts, Cryptococcus, Rhodotorula and oth-
ers, are strictly aerobic and not able to ferment. Even the fermentative yeasts are fac-
ultatively anaerobic and under aerobic conditions they switch to respiration under the
well-known metabolic regulation, the Pasteur effect. This regulation is more complex,
however, because in addition to oxygen the concentration of glucose is also an effec-
tor in that at high glucose concentrations yeasts start alcoholic fermentation even
under aerobic conditions (Crabtree effect) (Gancedo 1998) (see also Chap. 6).

In most natural habitats normal atmospheric conditions prevail, with high oxy-
gen and low carbon dioxide concentrations. In an aquatic environment the dissolved
oxygen in water may be a factor influencing metabolism and growth. The degree of
saturation depends on the climate, in particular temperature, and other factors, e.g.,
the stirring of water.

Carbon dioxide is a metabolic product of various microorganisms, including
alcoholic fermentation of yeasts. Under natural conditions, CO, accumulates rarely
in inhibitory concentrations. Yeasts living in the intestinal tract of insects may be
subjected to high CO, concentrations. More often, being easily soluble in water but
depending on the pH, carbon dioxide forms bicarbonate ions, which inhibit growth
of yeasts (Curran and Montville 1989; Dixon and Kell 1989).

8.3.4 Acidity and pH

In general, yeasts prefer a slightly acidic medium and have an optimum pH between
4.5 and 5.5 (Table 8.4). However, they tolerate a wide range of pH and grow readily
at pH values between 3 and 10. Moreover, yeasts show a remarkable tolerance to
pH, and several species can grow at strong acidic pH values as low as 1.5. The actual
pH range of growth for a given species depends upon the kind of acid dissociating
in the medium. Acetic acid is generally more inhibitory than lactic, propionic, citric
and other organic as well as inorganic acids. As in the case of each environmental
factor, the impact of pH on growth is influenced by other factors. For instance, at

Table 8.4 Effect of pH and a on the specific growth rates of Zygosaccharomyces rouxii

pH Specific growth rate (uh') at a, values

0.957 0.923 0.904 0.880 0.843
2.5 0.21 0.15 0.12 0.08 0.05
3.5 0.33 0.23 0.18 0.14 0.08
4.5 0.34 0.24 0.19 0.14 0.09
5.5 0.30 0.21 0.17 0.12 0.07

a,, values adjusted with 300, 500, 600, 700 and 800 g I-! final sugar concentrations obtained by mix-
ing 30% glucose and 70% fructose; temperature 25°C. (Adapted from Membré et al. 1999)
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low temperatures the minimum pH permitting growth is higher. In this respect, the
interaction of yeasts with other organisms in microbial communities should be con-
sidered. Yeasts and lactic acid bacteria occur together in many natural habitats
because they possess many common ecological requirements. The concentration of
lactic acid produced by bacteria and the corresponding low pH could be inhibitory
for fermentative yeasts; on the other hand, yeasts pursuing aerobic metabolism
can utilize lactic acid oxidatively. A particular group of yeasts, genus Dekkera
(anamorph Brettanomyces) is noted for a peculiar metabolic regulation that increases
alcoholic fermentation under aerobic conditions and also results in the production
of a high amount of acetic acid. In narrow habitats (e.g., in laboratory culture) the
concentration of acetate may accumulate up to a level that Kkills the cells of the
producing yeast.

8.3.5 Antimicrobial Compounds

In addition to acetate, lactate and others, some weak organic acids exert specific
inhibitory effects towards yeasts, such as benzoic and sorbic acid. These are widely
used preservatives in the food industry, but are rarely encountered in natural habi-
tats. Plant and animal tissues, however, contain a variety of compounds that may
inhibit yeast growth. Spices and herbs are particularly rich in phenolic and aromatic
compounds, essential oils, volatile fatty acids, oleoresins and other constituents that
have antifungal activity (Kim et al. 2004). Antibiotics are well known, and some of
them are strong fungicides; these and other metabolites of microorganisms, among
them yeast products, are discussed in the next paragraph.

The main product of alcoholic fermentation of yeasts, ethanol, exerts a toxic
effect on various organisms (not to mention humans), among them yeasts and the
producing strain itself. The ethanol tolerance of yeasts has been the subject of exten-
sive studies especially concerning the production of wine (Fleet and Heard 1993).
Natural residents on grapes such as Hanseniaspora (Kloeckera) and Candida species
that start the spontaneous fermentation of grape juice are relatively sensitive to
ethanol, and die out soon at concentrations around 5-8%. Most strains of the
true wine yeast, S. cerevisiae, can tolerate 13-15% ethanol, some strains up to
18% or somewhat higher. As in the case with many inhibitors, tolerance to ethanol
is affected by other environmental factors, in particular temperature and pH
(Fleet 2003), and according to recent results some strains of Candida stellata
and Hanseniaspora spp. may show resistance to ethanol comparable to that of
S. cerevisiae (Table 8.5).

8.3.6 Interactions Between Environmental Factors

Under natural conditions the effect of no environmental factor manifests itself
alone isolated from other factors. Many of these come into force together and simul-
taneously, mutually influencing the effect of the others; moreover, their interaction
is dynamic and changes in time and space. The outcome of interaction is hardly pre-
dictable when several factors come into play. For practical applications, the food
industry is very interested in the combination of physical and chemical treatments
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Table 8.5 Minimum inhibitory concentration of ethanol on yeast growth

Species Ethanol % (v/v)
Candida utilis 6.1-6.5
Kluyveromyces marxianus 8.6-9.4
Pichia anomala 10.0-10.9
Schizosaccharomyces pombe 11.8-12.5
Hanseniaspora valbyensis 11.9-13.2
Saccharomyces cerevisiae 11.3-13.7

Glucose-peptone broth, pH 5.6, 30°C. (Adapted from Antoce et al. 1997)

in order to better retain the safety, quality and stability of minimally processed foods
(Tapia de Daza et al. 1996). Extensive experiments have been carried out and com-
plex statistical methods as well as predictive mathematical models have been devel-
oped for their evaluation (Kalathenos et al. 1995; Table 8.6). The interaction
between temperature, water activity, pH, salt, sugar and preservatives has been stud-
ied in various combinations with different types of food. Reference is made only to
some examples relating to the growth inhibition of spoilage yeasts (Praphailong and
Fleet 1997; Charoenchai et al. 1998; Betts et al. 2000; Battey et al. 2002). Although
these studies have greatly increased our understanding of the interaction between
environmental factors on the spoilage yeasts from the point of view of how to
inhibit their activity, they bear little on what reactions and interactions really occur
in natural habitats (Fleet 1998). Nevertheless, the concerted action of the very same

Table 8.6 Combinations of ethanol, fructose, pH and «_, on the doubling time of Saccharomyces
cerevisiae

Ethanol (% v/v) Fructose (% w/v) pH a, Doubling time (h)
0 2.5 3.5 0.991 1.69
4 2.5 5.5 0.985 2.19
8 2.5 5.5 0.973 2.34
12 2.0 3.2 0.962 8.49
0 4.0 2.5 0.996 2.49
0 16.0 2.5 0.984 2.68
0 32.0 2.5 0.969 2.93
0 50.0 2.5 0.952 6.73
0 50.0 5.5 0.952 5.72
0 50.0 8.0 0.952 5.71
3 8.0 4.0 0.983 1.88
3 8.0 7.0 0.983 2.64
3 40.0 4.0 0.953 4.29
3 40.0 7.0 0.953 6.60

Selected values from a multifactorial response surface experiment conducted at 25°C in Bacto yeast
nitrogen base broth adjusted to various treatment combinations. (Adapted from Kalathenos et al.
1995)
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and similar factors plays a prominent role in determining the biodiversity and life of
yeast communities in natural habitats as well, but they have been studied and
explored less intensively until now. For example, it has been shown that the compo-
sition of yeast communities associated with sugarcane is under the influence of tem-
perature, pH and the concentration of sugars as they change with various parts of
the plant and the time passed since plantation (de Azeredo et al. 1998). Specific yeast
communities have also been described for a great variety of plant microhabitats
(fruits, flowers, leaves, tree saps, decaying tissues, etc; Spencer et al. 1992; Rosa et al.
1995; Santos et al. 1996), and these studies revealed habitat specialization being
influenced by a variety of the respective biotic and abiotic factors. From these stud-
ies it also emerged that a biotic factor, the insect vectors, is of particular significance
in shaping yeast communities. This will be discussed in more detail in the next
section.

8.4 Biotic Factors

In natural and artificial ecosystems yeasts are always subjected to interactions with
other organisms. These effects can be mutual or unidirectional, neutral, synergistic
or antagonistic, and involve interactions of yeasts with themselves, bacteria, fila-
mentous fungi and higher organisms (Lachance and Starmer 1998).

8.4.1 Yeasts and Yeasts

Abundant literature deals with the products of yeasts lethal to other yeasts, called
killer toxins. These polypeptides are genetically determined on plasmids or chromo-
somes, and about a dozen types of them have been described (Magliani et al. 1997;
Marquina et al. 2002; Schmitt and Breinig 2002). Growth inhibitory or lethal action
of killer toxins impacts mainly on yeasts; earlier claims to extend it to bacteria and
eukaryotes other than yeasts have been verified with certain plant pathogenic and
wood decaying fungi (Walker et al. 1995). A killer positive property is widespread
among yeasts. Strains of the producing species are resistant, while other species can be
sensitive or neutral to the toxin. In natural communities 9-27% of species were shown
to produce toxin, in some cases, €.g., in fermenting grape juice, toxigenic strains
reached 50-75%, whereas the ratio of sensitive yeasts varied between 10-40% (Starmer
et al. 1992; Vagnoli et al. 1993). Indigenous species are less sensitive than members of
different communities; within the same habitat 3—-10% of killer sensitive species occur
but 20-40% among yeasts from different localities and habitats (Abranches et al. 1997,
Trindade et al. 2002). The ecological role of killer yeasts in natural communities can
be attributed to the competition with sensitive species leading to their exclusion from
sources of nutrients (Starmer et al. 1987) (see also Chap. 10).

Killer yeasts often play a role in the competitive interaction between yeast species
associated with fruits. Initially, ripening fruits are always colonized by apiculate
yeasts belonging to the genera Hanseniaspora and Kloeckera. These fermentative
species have a narrow assimilative profile and are replaced, after a few days, by
yeasts utilizing a broader range of substrates and/or fermenting more strongly
(Abranches at al. 2001). Killer strains may also facilitate the dominance of wine
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yeasts during the spontaneous fermentation of grape juice. In other fermentation
this may not be the case (Lachance 1995), and the succession of yeast species in the
course of fermentation is governed by the competition for nutrients and the toler-
ance to ethanol. The successional development in grape juice of Hanseniaspora
(Kloeckera), Metschnikowia, Pichia and Candida species and finally the true wine
yeast S. cerevisiae has been thoroughly demonstrated and generally attributed to the
degree of ethanol tolerance of the respective yeasts (Fleet and Heard 1993). In com-
mercial wine production, however, the spontaneous course of events is disturbed by
human intervention. This takes place by the treatment of grape juice with sulfur
dioxide and the inoculation of selected wine yeast starter in order to control
fermentation (Fugelsang 1997).

Predation among yeasts has been considered as a unique and rare phenomenon,
but recent findings show that it may be a widespread property of filamentous species
of Saccharomycopsis and related yeasts (Lachance and Pang 1997). Yeast and
moulds may serve for prey and they are attacked by haustoria-like outgrowths that
penetrate and kill other cells. The ecological impact of predacious yeasts remains to
be assessed. As a peculiar property, predation has also been demonstrated in several
yeast species. These belong mostly to Saccharomycopsis and related hyphal genera
(Lachance and Pang 1997). Predatory species were found to be sulfur auxotrophs,
and it is believed that the ecological significance of predation lies in obtaining
nutrients.

8.4.2 Yeasts and Molds

Yeasts may rely on nutrients produced by molds, e.g., take up simple sugars liberated
by the polysaccharide-splitting enzymes of molds. Recently, strict dependence of a
yeast, Debaryomyces mycophilus, was shown on the iron-containing siderophore, a
metabolic product of some common soil fungi such as Cladosporium cladosporoides,
Aspergillus alliaceus, and Penicillium spp. (Than et al. 2002).

Some yeast species, in particular Pichia guilliermondii and P. anomala, inhibit the
growth of certain moulds attacking fruits during postharvest storage (Wisniewski
and Wilson 1992; Suzzi et al. 1995). Conversely, a large number of mycelial fungi can
attack yeasts. Parasitism is commoner among the basidiomycetes than in other fun-
gal groups; nearly 50% of the basidiomycete fungi tested positive (Hutchinson and
Barron 1996). Mycoparasitic fungi utilize yeasts as a nutrient source either by lysing
yeast cells or by penetrating the cell wall, similar to the way they attack plants and
nematodes.

8.4.3 Yeasts and Bacteria

Reference has been made (Sect. 8.3.4) to the association of yeasts with lactic acid
bacteria in a number of spontaneous and controlled fermentations. Further exam-
ples for mutualistic and synergistic interactions are given here. In kefyr grains their
interaction is synergistic; the vitamins provided by yeasts and the lactate produced
by bacteria are mutually utilized (Leroi and Courcoux 1996). A similar association
develops in sour dough between the maltose fermenting lactobacilli and glucose
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fermenting yeasts (Gobetti et al. 1994). In the fermentation of sauerkrauts and pick-
les, both fermentative and oxidative yeasts live together with lactic acid bacteria; the
yeasts often form films on the surface of salt brine where the aerobic decomposition
of lactic acid may open a way to spoilage (Buckenhiiskes 1997). In red wine, the mal-
olactic fermentation by Oenococcus (Leuconostoc) oenos is facilitated by vitamins
and amino acids produced by yeasts (Alexandre et al. 2004). In oriental fermenta-
tion of rice, soy, vegetables and even fishes, mixed communities of molds, yeasts, lac-
tic acid and other bacteria and bacilli participate with manifold interactions among
them (Nout 2003). In the ripening of sausages, cheeses and other dairy products,
yeasts develop interactive associations with bacteria and molds alike (Viljoen 2001).

Lactic acid bacteria are known for the production of various bacteriocins, the
direct effect of which on yeasts is not verified (Magnusson et al. 2003). Hydrogen
peroxide, often liberated by catalase-negative lactic acid bacteria, may have a lethal
effect on yeasts. In turn, disregarding the inhibitory effect of ethanol, no specific
compounds are produced by yeasts that are antagonistic to bacteria.

Special and strong metabolic interactions, mutualistic relations and competition
take place in biofilms developing on solid surfaces where mixed communities of cells
get in close spatial contact. Biofilms are formed mostly by bacteria, with yeasts often
contributing to them. Yeasts producing extracellular slime and capsules play an
important role in the adhesion to sites. A complex structure of biofilms occurs on
the mucosal membranes covering the gastrointestinal tract and other body cavities
of macroscopic organisms and they have become the subject of intensive studies
from the medical point of view (Costerson and Lewandowski 1997; Watnick and
Kolter 2000; El-Azizi et al. 2004). On soil particles, living and inanimate underwater
objects and other natural habitat biofilms are common life forms of microorgan-
isms. The formation of biofilms facilitates the colonization of habitats and
offers protection to stress reaction caused by the changing physical and chemical
conditions of the environment.

8.4.4 Yeasts, Plants and Animals

Yeasts are generally saprotrophic organisms, but a few species are parasitic on plants
or pathogenic to animals. Typical examples are, respectively, Nematospora coryli and
Metschnikowia bicuspidata. For humans, Cryptococcus neoformans and Candida
albicans are the most threatening pathogenic yeasts, although in recent years the
number of opportunistic pathogen species has greatly increased (C. glabrata,
C. tropicalis, C. krusei and others). Adaptive evolution of tolerance to antifungal
agents may be responsible for the emergence of these yeasts as epidemiological
agents (Ahearn 1998). Pathogenicity of yeasts to warm-blooded animals is beyond
the scope of the present chapter. Other manifold relations between yeasts and inver-
tebrates will not be discussed either; this topic is covered extensively by Phaff and
Starmer (1987) and Ganter in this Volume (see Chap. 14). However, one aspect of
this interrelation is of prominent significance from an ecological point of view, i.e.,
the role of insect vectors in transmitting and distributing yeasts in different habitats.

Insects serve not only for vectors but also feed on yeasts. In both ways they con-
tribute actively in structuring yeast communities (Morais et al. 1995; Lachance et al.
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2001). Association between yeasts, bees and flies, in particular Drosophila species,
may be highly specialized and results in coadaptation of the partners (Starmer and
Fogelman 1986; Rosa et al. 2003). Extensive studies carried out by Phaff’s group on
yeasts associated with cacti also revealed the intimate relations with drosophilas and
other insects visiting the plant (Phaff and Starmer 1987; Starmer et al. 1991).
Similar close relations have been detected between yeasts, flowers and insects that
can be considered as natural ecosystems (Lachance et al. 2001, 2003).

8.5 Effect of Environmental Factors on Populations

Much of our knowledge of the effect of environmental factors on yeasts comes from
observations obtained with populations. In natural conditions communities are
formed from mixed populations of species, whereas the laboratory pure cultures rep-
resent in the best-case clones of a single species. Investigations provide average
responses of all cells in a population but no information on individual cells or sub-
populations. It has become possible only recently, with the development of the tech-
nique of fluorescent flow cytometry, to sort individual cells and get information on
the heterogeneity of the population (Attfield et al. 2001). Long before, it was recog-
nized that heterogeneity is a natural attribute of a cell population. For instance,
studies on lethal stress factors often resulted in survival curves with a shoulder
and/or a tail, revealing the different resistance among cells in a culture. S-shaped
survival curves are obtained frequently after heat treatment or irradiation.
Heterogeneity may be due to mutation and other genetic changes, and this forms the
basis of natural selection, adaptation and evolution (Zeyl 2000). However, hetero-
geneity also occurs in isogenic populations and manifests itself in differential sensi-
tivity to stress conditions which can be fundamental to the fitness and persistence of
an organism in its habitat (Booth 2002). The reasons for phenotypic heterogeneity
are manifold. Cell-to-cell variations come from differences in cell cycle stages,
growth phases and growth rate, the age of cells and other properties that show a sto-
chastic distribution (Sumner and Avery 2002). Yeast cells have a definite life span
which lasts until the cessation of cell division. The age of a cell is marked by the
number of bud scars (in the case of S. cerevisiae the average is about 20). Aging is
genetically determined, and with aging changes take place in physiological processes,
metabolic regulation and stress responses (Sinclair et al. 1998; Jazwinski 1999). The
practical significance of heterogeneity among cells is the ability of a fraction of the
population to survive exposure to stress factors that kill the majority of the cells.
When the survivors outgrow into a new population, it will have the same degree of
variation as the original culture.

In addition to phenotypic heterogeneity, yeast populations are capable of devel-
oping an adaptive response to stress factors. Starvation is one of the most common
stresses encountered in natural habitats. Starving yeast cells enter into a stationary
phase and maintain viability until they resume growth again (Werner-Wasburne
et al. 1993). Sublethal stress imposed by heat, osmotic shock, toxic chemicals or
other inhibitors confers yeasts with resistance to withstand subsequent higher
doses of stress. In recent years several studies have focused on the elucidation of the
mechanism of adaptation. Induction of adaptive responses include the synthesis of
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heat-shock proteins, activation of plasma membrane H*-ATPase and the accumula-
tion of trehalose conferring cells to maintain intracellular pH homeostasis and pro-
tecting membrane integrity and functional proteins (Mager and Ferreira 1993;
Ribeiro et al. 1999; Piper et al. 2001; Cabral et al. 2004). In-depth studies have
revealed a common pattern of stress sensor system and signal transduction path-
ways which activate the genetic transcription of many genes in response to environ-
mental stress (Bauer and Pretorius 2000; Rossignol et al. 2003; Garay-Arroyo et al.
2004; Zuzuarregui and del Olmo 2004). It is beyond the scope of this chapter to go
into more detail, and we conclude that physiological adaptation of yeast cells is
crucial to maintain viability and is essential for the cells to survive stressful
environmental transitions (see also Chap. 9 and Chap. 15).

Despite the armory of protective responses to stress factors, yeast cells suffer sub-
lethal injury as a result of exposure to adverse conditions. Plasma membrane,
enzyme proteins, DNA and gene transcription may be damaged rendering cells to
lose the ability to grow and retain viability. Injured cells may be able to repair dam-
age and resume growth under appropriate conditions (Fleet and Mian 1998). The
viable but nonculturable state of cells has been the subject of numerous studies. It
may draw a false picture in the assessment of pathogens after clinical treatment or
food preservation, and also of the real composition of microbial communities
occurring in a natural habitat. If selective media are used without resuscitation,
injured cells would not be able to form colonies; hence, plate counts less then real are
obtained (Beuchat 1984).

8.6 Concluding Remarks

Major advances have been made in understanding the ecology of yeasts in various
habitats and ecosystems. However, the majority of yeast ecological studies focused
on the identification of species, often determining the most frequent isolates only.
Moreover, much of our knowledge is derived from laboratory studies on isolated
strains about how the various growth factors regulate growth and survival. Despite
enormous progress, much has to be learned on the responses to environmental
stresses and interactions of individual cells, their population and mixed communi-
ties of different species occurring in most natural habitats.

According to an excellent analysis by Fleet (1998), to understand the growth and
activities of yeasts in their habitats further information and data are required on:

— The physiological properties of species that permit their growth and activity in
the ecosystem

— Quantitative data on the limits for growth of environmental factors regarding
populations and communities

— The specific interactions between different strains and species of yeasts and
between other microorganisms occupying a common habitat

— The dynamics and changing of activity, growth and survival of species and pop-
ulations in time and space in response to the changing environment

Rarely does a single species occur in any habitat, rather populations of different
species, yeasts and other microorganisms are assembled in communities; therefore,
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the activity and growth of any one strain or species is influenced by the presence of
other microorganisms. Little is known about how cells sense and communicate with
each other and the mechanism regulating population growth.

In colonizing the habitat yeasts grow in spatial heterogeneity and form micro-
colonies and biofilms, also with other microorganisms. In the complex structure of
the biofilm spatially organized mixed populations develop where metabolic interac-
tions and interspecies competition and cooperation manifest themselves. Almost
nothing is known about yeast biofilms, apart from the special cases of dental
plaques and human body cavities (El-Azizi et al. 2004).

Species communities in an ecosystem are not static in time. The sequential devel-
opment of strains and species lead to a continuously changing association both
qualitatively and quantitatively in response to the changing environment. Moreover,
the cells are simultaneously exposed to a combination of stress factors, and their
effect may be additive or synergistic. The changing microenvironment and interac-
tions between biotic and abiotic factors will determine the actual niche of an organ-
ism in the habitat.

Recent advances in the techniques of molecular biology will allow the assessment
of the composition of species in mixed populations and their localization in space
and the change with time. Culture-independent methods (e.g., the direct epifluores-
cent filter technique, DEFT, flow cytometry, fluorescent in situ hybridization, FISH)
as well as refined PCR-based methods (denaturing gradient gel electrophoresis,
DGGE, thermal gradient gel electrophoresis, TGGE, amplified fragment length
polymorphism, AFLP) have recently been applied to study bacterial biodiversity in
natural ecosystems (Schloter et al. 2000; Giraffa and Neviani 2001; Giraffa 2004),
but their use for investigating yeasts has just started (Cocolin et al. 2000; Brul et al.
2002; Zuzuarregui and del Olmo 2004).

In microbial populations a large genetic variation is always present, which is the
prerequisite for biological evolution. New molecular analytical approaches will
allow us to understand the underlying genetic mechanisms and the impact of the
microenvironment on the diversification of genes and their expression (Gibson 2002;
Rodriguez-Valera 2004). The increasing number of completely sequenced yeast
species ranks these organisms in the frontiers of research on environmental
genomics (Zeyl 2000, 2004; Kellis et al. 2003; Querol et al. 2003). The interplay
between genetic microdiversity and the influences of the microenvironment guaran-
tees the creation, existence and maintenance of rich biodiversity in populations and
the development of new evolutionary lines.
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9.1 Introduction

In their natural habitat, yeasts are continuously exposed to a myriad of changes in
environmental conditions. These changes may occur suddenly or may take place
over an extended period of time and they can constitute a single specific change or
a combination of changes. It is clear that extreme changes, e.g. in physical and chem-
ical conditions, will always represent a stress to the cells and will require specific
response mechanisms in order to protect and adapt the cells to the new condition.
The same is true for starvation and any dramatic change in the nutrient supply. Such
conditions are generally referred to as stress conditions and the adaptation mecha-
nisms they evoke as stress responses (Hohmann and Mager 2003). On the other
hand, in the case of moderate changes in the growth conditions the amount of stress
experienced by the cells is not always clear. The difference between response to stress
and adaptation to a new growth condition is not clear-cut and probably in reality
also represents a gradual transition. Yeast cells must always be on guard to protect
themselves in order to continue to survive, grow and multiply. For example, yeasts
found on the surface of sugar-containing plant material can expect to be exposed to
high sugar concentrations under dry conditions that might change rapidly with rain-
fall. Similarly on the same plant material, fermentation of the sugar can result in an
elevated ethanol concentration and a reduced pH that also impose stress on the
yeast. Once the nutrients are exhausted, a prolonged nutrient starvation period usu-
ally follows. In order to survive and multiply under dramatically variable conditions,
microorganisms like yeasts have developed a complex set of sensing and signalling
mechanisms that enable them to rapidly adapt their physiology to the new
conditions.
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9.2 Types of Stress

A large number of stress-inducing conditions have been described and may be either
physical or chemical or biological in nature. They include changes in temperature,
osmotic pressure, pH and concentration of water, ions and solutes, as well as expo-
sure to extremes of radiation, pressure and toxic chemicals, to oxidative conditions
and to nutrient starvation. Stress is also imposed on pathogenic yeasts by the host
defence mechanisms. For example, the high levels of reactive oxygen species pro-
duced by neutrophil cells called an oxidative burst are an important host defence
mechanism used to eliminate pathogenic yeasts (Moye-Rowley 2003).

Some stress effects are implicated in more than one type of stress. For example,
NaCl elicits both an ionic and an osmotic stress. The yeast responds physiologically
in a similar way to an ionic and a nonionic solute such as sugar by initially shrink-
ing, excluding the extracellular osmotica followed by intracellular accumulation of
compatible solutes to restore cell volume and turgor. However, with NaCl additional
stress is placed on the yeast by the intracellular accumulation of Na* that the cell
must export in order to prevent general cellular damage (Wadskog and Adler 2003).

In nature yeasts might be exposed to various types of stress simultaneously or
sequentially. Saccharomyces cerevisiae typically grows under fermentative conditions
where high sugar and ethanol concentrations occur and the yeast needs to tolerate
stress imposed by osmotic pressure, water stress and ethanol toxicity. During a wine
fermentation the yeast is initially exposed to a sugar concentration often greater
than 250 g/l that results in an osmotic stress response. As the sugar is fermented to
ethanol, the osmotic stress is reduced but simultaneously ethanol increases, impos-
ing water and ethanol stress on the yeast. In order to cope with the differing stresses,
the yeast expresses a sequence of different stress response genes (Zuzuarregui and
del Olmo 2004). Respirative yeasts, on the other hand, are exposed to reactive oxy-
gen species as by-products of their cellular metabolism that impose an oxidative
stress which can occur in combination with other stresses such as nutrient starvation
in the stationary growth phase.

Yeasts that commonly proliferate in extreme environments would be expected to
adapt more easily to environmental stress when compared with less tolerant yeasts.
These yeasts have been studied poorly or not at all at the molecular level and while
there are response mechanisms that appear to be conserved in all yeasts investigated
to date, it appears that some response mechanisms might be specific to a yeast
species and related to the particular habitat where the yeast is found. Investigation
of the genomic makeup of the highly osmotolerant yeast Zygosaccharomyces rouxii
has revealed that many of the genes involved in salt stress response in the less osmo-
tolerant S. cerevisiae are also present in this yeast (Iwaki et al. 1998, 1999). However,
the regulation of these genes might be different: in Z. rouxii induction of glycerol
3-phosphate dehydrogenase does not seem to respond to osmotic stress as observed
in S. cerevisiae (van Zyl et al. 1991; Albertyn et al. 1994b; Iwaki et al. 2001). Z. rouxii
also possesses a NaCl-induced glycerol uptake system that has not yet been reported
to be present in S. cerevisiae (van Zyl et al. 1990).

In nature many types of stress would be expected to be imposed over an extended
period, whereas in the laboratory because of limitations of available time and facili-
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ties, most stress experiments are conducted over a much shorter period. S. cerevisiae
has been found to adapt differently to short-term and long-term stress. For example,
when hyperosmotic conditions are imposed on S. cerevisiae, growth ceases, the yeast
rapidly loses water and plasmolysis occurs. This is followed by a recovery phase where
compatible solutes are produced and accumulated until osmotic homeostasis is
achieved to enable cell proliferation to recommence. The time required to recover is
dependent upon the degree of osmotic stress imposed. The greater the stress imposed,
the longer the time that the yeast requires to recover (Albertyn et al. 1994a).

9.3 General and Specific Stress Responses

An overview of the best studied examples of stress responses in S. cerevisiae is
shown in Fig. 9.1.

9.3.1 General Stress Response

It has been discovered that yeast cells respond to a variety of stress conditions
with a similar response at the transcriptional level and that this response is mediated
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Fig. 9.1. Best-established stress response mechanisms in Saccharomyces cerevisiae. The gen-
eral stress response is triggered by a variety of stressful conditions. It involves transfer of the
Msn2 and Msn4 transcription factors into the nucleus, where they induce transcription by
binding to the stress-response elements (STRE) in the promoters of target genes. In the spe-
cific stress responses heat-shock factor Hsfl activates heat-shock-induced transcription
through the heat-shock elements (HSE), whereas in the osmostress response the Hogl protein
migrates to the nucleus, where it interacts with several transcription factors to activate tran-
scription of osmostress-induced genes. Salt stress specifically triggers entry of the Crzl
transcription factor into the nucleus, where it interacts with the calcineurin-dependent-
response element (CDRE) in target gene promoters. Oxidative stress specifically causes accu-
mulation of the Yapl transcription factor in the nucleus, where it induces transcription of
antioxidant genes through interaction with Yapl-response elements (YRE). Nutrient starva-
tion activates the Gisl transcription factor, which induces stationary-phase genes through
interaction with the postdiauxic shift element (PDS)
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by the widely distributed stress-response element (STRE) promoter (Marchler
et al. 1993; Ruis and Schuller 1995). Recent work using genome-wide gene expres-
sion analysis has shown that about 9-14% of all genes in S. cerevisiae and
Schizosaccharomyces pombe are involved in this general stress response (Gasch et al.
2000; Chen et al. 2003). Major targets of the general stress response in S. cerevisiae
are the transcription factors Msn2 and Msn4, which bind to the STREs in the pro-
moters of about 200 target genes, and are required for induction of a large number
of stress-induced genes (Martinez-Pastor et al. 1996). Other genes depend on other
transcription factors and many genes are also repressed as part of the general stress
response. Genes induced are involved in carbohydrate metabolism, metabolite trans-
port, fatty acid metabolism, maintenance of the cellular redox potential, detoxifica-
tion of reactive oxygen species, autophagy, protein folding and degradation, cell wall
modification, DNA-damage repair, secretion, vacuolar and mitochondrial func-
tions, intracellular signalling, and a relatively large number of genes with unknown
function. Genes repressed are mainly involved in protein synthesis (e.g. ribosomal
protein genes) and other growth-related functions (Gasch et al. 2000). The tran-
scriptional response to stress conditions is often transient with the largest change
occurring rapidly after the stress (Rep et al. 1999). This allows rapid adaptation of
the cells to the new environmental conditions. Initially it was thought that the gen-
eral stress response might be triggered by a common effect of the different stress
treatments by which it is activated, such as protein denaturation, change in intracel-
lular pH, change in cyclic AMP level, etc. However, it appears that at least part of
the integration of the response to different types of stress conditions might also
occur at the level of the targets themselves, e.g. through different specific STREs
occurring in the promoter of the same target gene. A typical consequence of the
general stress response is the occurrence of cross-protection: submission of the cells
to one stress condition renders them not only more resistant to the same stress
condition but also to other stress conditions (Lewis et al. 1995).

Another pathway found in S. cerevisiae that is activated by different stress condi-
tions, such as heat shock, low osmolarity, cell wall perturbing agents, but also inter-
nal signals generated in morphogenetic processes, is the cell integrity pathway. It
appears to adapt the cell wall assembly to external stress conditions as well as to
growth and developmental processes that require cell wall remodelling (Gustin et al.
1998). The Wscl and Mid2 plasma membrane proteins are considered to be sensors
for cell wall strength. They control activity of protein kinase C, Pkcl, which in turn
controls the expression of cell wall biosynthesis genes through an MAP kinase
cascade (Levin et al. 1994; Heinisch et al. 1999).

In S. pombe the Styl MAPK pathway responds to a variety of stress conditions
and also plays a role in cell cycle control and developmental switches (Degols et al.
1996). Although Styl is the homologue of Hogl in S. cerevisiae, the latter appears
to be more specifically involved in the response to osmostress (see further).

9.3.2 Response to Heat Stress
Apart from the general stress response (Wieser et al. 1991) heat stress is known to

induce a specific response which is commonly known as the heat shock response and
apparently occurs in all organisms (Lindquist 1986). In eukaryotic cells the heat
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shock response is mediated by the heat shock transcription factor, which in yeast is
encoded by the HSFI gene (Sorger 1991). Upon activation by heat shock, the Hsf1
transcription factor binds to heat-shock elements (HSE) in the promoters of target
genes (Morimoto 1993). Many of the Hsf1 target genes are chaperones which often
display a basal expression level that is also important for normal cellular function-
ing by stabilizing and refolding protein-folding intermediates or facilitating protein
degradation (Morimoto et al. 1997). This explains why HSFI itself is also an essen-
tial gene under normal growth conditions. Interestingly, several heat shock genes
contain both HSE and STRE in their promoter and these are used redundantly
upon heat shock induction (Treger et al. 1998).

9.3.3 Response to Osmostress

The main pathway triggered by osmostress in S. cerevisiae is the HOG or ‘high-
osmolarity-glycerol’ response pathway (Hohmann 2002). It causes rapid accumula-
tion of the compatible solute glycerol and this is brought about by several distinct
mechanisms. First, the GPDI gene encoding the main rate-limiting enzyme of glyc-
erol biosynthesis, glycerol-3-phosphate dehydrogenase, is rapidly induced (Albertyn
et al. 1994b). Second, the flux through glycolysis is stimulated at the level of phos-
phofructokinase which is apparently required for ‘overflow’ of glycolysis into ele-
vated glycerol production (Dihazi et al. 2004). Third, the accumulation and release
of glycerol from the yeast cells is favoured by the rapid closure and opening of the
Fpsl glycerol channel in the plasma membrane in response to hyper- and hypoos-
mostress (Luyten et al. 1995). Osmostress probably affects the Fps1 channel directly.
The stimulation of glycerol biosynthesis is triggered by a complex signalling path-
way, starting with the putative osmosensors SInl and Shol in the plasma membrane
which each stimulate a pathway leading to activation of the MAP kinase Pbs2,
which in turn phosphorylates the MAP kinase Hogl. This leads to its accumulation
in the nucleus and subsequent activation of several transcription factors, such as
Skol and Hotl, but also the Msn2 and Msn4 factors (Hohmann 2002). The HOG
signalling pathway also affects other targets besides glycerol production, such as
cytoskeletal organization and plasma membrane composition.

Several components of the glycerol synthesis and HOG pathways have been iden-
tified in other yeast species. The genomes of both S. pombe and Z. rouxii contain a
GPDI homologue but the expression of the gene in Z. rouxii in response to osmotic
stress differs from that in S. cerevisiae and S. pombe (Ohmiya et al. 1995; Iwaki et al.
2001). A number of FPSI homologues have been found in other yeasts but surpris-
ingly when the homologue was deleted in S. pombe, the yeast still released glycerol
under hypoosmostress, suggesting that other mechanisms might regulate glycerol in
this yeast (Kayingo et al. 2004). HOGI homologues are found in Candida albicans
and Z. rouxii and their deletion also results in reduced glycerol production and
osmosensitivity (San Jose et al. 1996; Alonso-Monge et al. 1999; Iwaki et al. 1999).

9.3.4 Response to Salt Stress

Addition of high salt concentrations not only evokes osmotic stress but also
ionic stress. The plasma membrane transport systems such as the highly abundant
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H*-ATPases, sodium transporters and Na*/H* antiporters of S. cerevisiae are promi-
nent cell components involved in excluding NaCl from the cell, thereby maintaining
a high intracellular K*-to-Na* ratio and ion homeostasis (Serrano et al. 1986;
Garciadeblas et al. 1993; Banuelos et al. 1998). Expression of Enal, the major
plasma membrane Na* efflux pump in yeast cells, is controlled at the transcriptional
level by a complex network of pathways, including the HOG, PKA and Ca*"/cal-
cineurin pathways (Serrano and Rodriguez-Navarro 2001). Na* stress stimulates
through the Ca*"/calcineurin pathway entry of the Crzl transcription factor into the
nucleus, where it induces ENAI expression through the calcineurin-dependent-
response element (CDRE) in the promoter (Mendizabal et al. 2001). The role of
Crzl in NaCl tolerance is supported by the failure of the ¢rz/A mutant to induce
ENAI expression and by their hypersensitivity to NaCl stress (Mendizabal et al.
1998). Accumulation of Na* in the vacuole is a second protection mechanism used
to maintain a low cytosolic Na* concentration upon NaCl stress (Nass et al. 1997).
On the other hand, comparison of transcriptional responses in S. cerevisiae with
isoosmotic sorbitol and NaCl have shown similar expression patterns (Rep et al.
2000; Causton et al. 2001). Only ten additional genes were induced significantly
more strongly by 0.7 M NaCl than an isoosmotic concentration of sorbitol (Rep
et al. 2000).

9.3.5 Other Forms of Water Stress

Besides osmotic water stress also nonosmotic forms of water stress have been
described (Hallsworth 1998). A net loss of water from the cell due to high levels of
extracellular solutes unable to freely penetrate the cell membrane that reduce cell
turgor has been described as an osmotic form of water stress (Hallsworth 1998).
On the other hand, chaotropic compounds such as ethanol that diffuse through the
plasma membrane impose a nonosmotic water stress. Ethanol reduces the intracel-
lular water activity by decreasing the strength of hydrogen bonding and perturbing
the structure and function of hydrated macromolecules, including nucleic acids,
proteins and lipids. As is found with osmotic stress, compatible solutes are able to
protect cell metabolism against nonosmotic water stress (Hallsworth 1998). Since
ethanol is formed in high concentrations in natural fermentations of S. cerevisiae
it is of paramount importance for the ecology of this yeast species. Apparently, the
build-up of the high ethanol concentration combined with the high intrinsic
ethanol tolerance of S. cerevisiae cells is the major factor that inhibits the growth
of competing microorganisms and makes S. cerevisiae the dominating microor-
ganism near the end of natural fermentations of sugar-rich media (Bauer and
Pretorius 2000).

9.3.6 Response to Oxidative Stress

A cellular imbalance between the level of oxidants and the capacity of antioxi-
dants and repair systems will lead to oxidative stress. Accumulation of reactive
oxygen species, including different oxidation states of dioxygen (O,) and singlet
oxygen, superoxide anion (O, "), hydrogen peroxide (H,O,) and the highly reactive
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hydroxyl radical (OH") at toxic levels have been implicated in oxidative stress
(Halliwell and Gutteridge 1999). These reactive oxygen species are produced dur-
ing respiration when O, is incompletely reduced and during fatty acid metabolism
in the peroxisome (Toledano et al. 2003). They attack molecules containing aro-
matic rings, such as purine or pyrimidine bases, lipids, metal-containing proteins
or amino acids such as cysteine and methionine. The concentration required to
elicit an oxidative stress varies. Peroxides such as lipid hydroperoxides and H,O,
in the respective toxic concentrations of 0.05 and 5 mM have been used to inves-
tigate the oxidative stress response in S. cerevisiae, whereas menadione is toxic in
the 100 uM range to S. cerevisiae (Toledano et al. 2003). H,O, has been used
extensively to generate oxidative stress in yeasts. The molecular response mecha-
nisms to these various oxidants have a number of common features in S. cere-
visiae, whereas other components of the response mechanism differ between the
oxidants, suggesting the presence of both common and oxidant-specific defence
mechanisms (Moye-Rowley 2003). Oxidative stress causes massive induction of
the genes encoding the defence systems, as well as additional genes encoding heat
shock proteins, trehalose biosynthesis enzymes and enzymes of the pentose phos-
phate pathway which are important for the generation of reducing power (Gasch
et al. 2000). The major transcription factor in yeast specifically activated by oxi-
dants is Yapl. Oxidative stress causes Yapl to accumulate in the nucleus and this
is due to inhibition of its rapid nuclear export rather than to stimulation of its
import (Kuge et al. 1997). Yapl binds to its recognition element, YRE, present in
the promoters of the antioxidant biosynthesis genes (Kuge and Jones 1994; Wu
and Moye-Rowley 1994). Although Yapl is thought to be a redox sensor itself, it
is still not known whether peroxides directly oxidize Yapl. Moreover, different
oxidants appear to affect Yapl in different ways (Kuge et al. 2001). Yap1 acts in
association with Skn7 (Lee et al. 1999). However, the action of Skn7 is not spe-
cific to the oxidative stress response. In addition to Yapl, Skn7 also associates
with other transcription factors that regulate stress and metabolic responses
(Toledano et al. 2003).

9.4 Stress-Protection Mechanisms

In yeast, stress-induced cellular injury is to a certain extent specific for one type
of stress, but can also be common for different types of stress. Different stress
conditions seem to cause injury through common mechanisms, which renders it
plausible that the mechanisms of protection and repair are likewise partially over-
lapping (Davidson et al. 1996; Beck et al. 2000; Mager et al. 2000; Pahlman et al.
2001; Rep et al. 2001; Tanghe et al. 2003). The major yeast stress-protection
mechanisms recognized so far, i.e. trehalose accumulation, synthesis of molecular
chaperones, synthesis of antioxidant proteins, accumulation of compatible
solutes, synthesis of hydrophylins and adaptation of plasma membrane composi-
tion, have indeed been shown to protect the yeast cell against various stress types.
On the other hand, expression of aquaporins has been identified as a mechanism
specifically protecting against freeze stress and not against other stress conditions
(Tanghe et al. 2003).
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9.4.1 Trehalose Accumulation

The nonreducing disaccharide trehalose (a-D-glucopyranosyl o~D-glucopyranoside)
is widespread in nature. For a long time it had been assigned a role only as a storage
compound, but more recently its unique stress-protection properties have been
revealed (reviewed in Frangois and Parrou 2001; Elbein et al. 2003). In baker’s yeast,
for instance, improved stress tolerance is often correlated with higher trehalose lev-
els as a function of the growth condition (Hottiger et al. 1987, 1994; de Virgilio et al.
1994; van Dijck et al. 1995). Further evidence for a stress-protective role of trehalose
has been provided with yeast strains genetically engineered in trehalose metabolism,
revealing a clear link between trehalose levels and tolerance to different stress types,
including freeze, heat, dehydration, ethanol, osmotic and oxidative stress (Attfield
et al. 1992; Eleutherio et al. 1993; Kim et al. 1996; Hounsa et al. 1998; Shima et al.
1999; Fillinger et al. 2001; Alvarez-Peral et al. 2002). This observation has also been
extended to other yeast species, such as S. pombe (Ribeiro et al. 1997), C. albicans
(Arguelles 1997), Z. rouxii (Kwon et al. 2003) and Hansenula polymorpha (Reinders
et al. 1999).

How trehalose provides protection to cells is not entirely clear. Both in vitro and
in vivo evidence has been obtained for a dual mechanism: preservation of the intra-
cellular water structure and stabilization of membranes and proteins by replacing
water (Sano et al. 1999). In line with the stress-protective effect of both endogenous
(Hirasawa et al. 2001) as well as exogenous trehalose (Diniz-Mendez et al. 1999), it
has been proposed that the protection exerted by trehalose requires its presence at
both sides of the plasma membrane (de Araujo 1996).

9.4.2 Synthesis of Molecular Chaperones

Denaturation of proteins is a major injury factor following stress and, not surpris-
ingly, the action of molecular chaperones is a major stress tolerance mechanism in
yeast cells. Molecular chaperone proteins stabilize macromolecules to prevent them
from aggregating. They recognize, selectively bind and reassemble proteins with an
aberrant structure (Lindquist and Craig 1988; Buchner 1996). They might help to
maintain a low degree of protein denaturation and reassemble damaged proteins
during and after the imposition of the stress. Historically, molecular chaperones
were discovered to be heat-shock-induced proteins but they are also involved in
resistance to various other types of stress and also play an important role in many
basic cellular functions where protein folding is involved.

There is increasing evidence that trehalose and molecular chaperones act syner-
gistically as stress protectants (reviewed in Frangois and Parrou 2001). During heat
stress, trehalose has been shown to suppress the aggregation of denatured proteins
in yeast, maintaining them in a partially folded state from which they can be acti-
vated by molecular chaperones (Elliott et al. 1996; Singer and Lindquist 1998a).
However, the refolding activity of molecular chaperones itself is inhibited by tre-
halose. Hence, the rapid mobilization of trehalose upon removal of the stress con-
dition is essential for the concerted action of trehalose and molecular chaperones in
preventing cellular stress-induced injury (Singer and Lindquist 1998Db).
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Exposure of yeast cells to a mild dose of a particular type of stress results in the
acquisition of resistance against a subsequent treatment with the same or another
type of stress (Lewis et al. 1995). Accumulation of trehalose and synthesis of molec-
ular chaperones are most likely to be the main players in these so-called acquired
stress resistance and cross-protection phenomena (Soto et al. 1999).

The importance of trehalose and molecular chaperones as general stress protec-
tants is also illustrated by the fact that the general stress resistance of yeast and other
fungal cells strongly depends on the growth conditions. In yeast and many other
fungi, slower growth is generally correlated with higher general stress resistance
(Thevelein 1996) as well as high trehalose and molecular chaperone levels.

The concerted action of trehalose and molecular chaperones can nevertheless
not account for all the stress resistance observed in yeast. There are studies
reporting inconsistencies between stress tolerance and levels of trehalose and
molecular chaperones, which apparently indicate the existence of other factors
that are important or required for maintenance of viability under these condi-
tions (van Dijck et al. 1995). Besides differences in trehalose and molecular chap-
erone levels, cells present in different growth phases or cultured under different
conditions are likely to differ also in other properties which might contribute to
stress tolerance. The importance of such other factors has only recently been
revealed but their precise contribution is not clear yet (Versele et al. 2004).
Evidence is forthcoming that the accumulation of antioxidant proteins, compati-
ble solutes and hydrophylins, as well as the adaptation of plasma membrane com-
position together may at least account partly for the tolerance of yeast cells
against different stress conditions.

9.4.3 Antioxidant Proteins and Other Molecules

The main antioxidant defences are a suite of metal-containing antioxidants:
superoxide dismutases and catalases, and the thiol dependent antioxidants thiore-
doxin and glutathione. The breakdown of H,0, to O, is catalysed by two catalase
enzymes located in the cytosol and peroxisome in S. cerevisiae. Of the two super-
oxide dismutases found in yeast, the cytosolically located enzyme removes super-
oxide anions from the cytoplasm, whereas mitochondria are protected from
superoxides generated during respiration by a mitochondrial-located enzyme
(Jamieson 1998). Glutathione, a-tripeptide y~L-glutamyl-L-cystinylglycine, is prob-
ably the most abundant redox-scavenging molecule in yeast. This molecule acts as
a radical scavenger with the redox-active sulphydryl group reacting with oxidants
to produce reduced glutathione (Jamieson 1998). Genes involved in glutathione
synthesis have been identified in S. cerevisiae and mutants are hypersensitive to
superoxide generators. Thioredoxin is a small sulphydryl-rich protein which acts as
a reductant for thioredoxin peroxidase and for ribonucleotide reductase. The pre-
cise physiological function of thioredoxin is uncertain as deletion of the genes
encoding thioredoxin is not lethal in S. cerevisiae. A number of other proteins,
such as pentose phosphate pathway enzymes, metallothioneins and peroxidases,
are also apparently involved in the protection of yeasts against oxidants (Juhnke
et al. 1996; Jamieson 1998).
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9.4.4 Compatible Solutes

Another damaging factor associated with many types of stress is osmotic distur-
bance. To be able to respond to changes in the osmotic pressure of their environ-
ment, yeast cells have so-called osmolytes, osmoprotectants or compatible solutes at
their disposal (Kempf and Bremer 1998). In response to high osmolarity stress, they
are able to accumulate those solutes through uptake and synthesis, whereas upon
return to low-osmolarity conditions they can rapidly release them. Their accumula-
tion is also correlated with higher tolerance to various other stresses, including heat
stress, desiccation stress and freeze stress (Welsh 2000). The nature of these solutes
in microorganisms is diverse, ranging from amino acid derived osmoprotectants
such as proline and glycine betaine to sugar-related osmoprotectants such as tre-
halose, fructans and polyols. In S. cerevisiae and other yeasts, glycerol has been
demonstrated to serve as the major compatible solute although other polyols such
as arabitol and mannitol may also act as compatible solutes (Brown and Simpson
1972; Albertyn et al. 1994b; Tamas et al. 1999; Hohmann and Nielsen 2000).
Notwithstanding its minor role as an osmolyte in yeast cells, proline at high levels
has been reported to protect mature yeast ascospores against desiccation (Ho and
Miller 1978) and intracellular accumulation of proline has been shown to improve
freeze tolerance (Morita et al. 2003).

9.4.5 Hydrophylins

Proteins that meet the hydrophylin criteria — a high percentage of glycines and a high
hydrophylicity — have mainly been found in plants but also in fungi (Garay-Arroyo
et al. 2000). They are suggested to possess both water- and protein-binding regions,
enabling them to protect enzymes from water loss, as has been demonstrated for
some enzymes upon dehydration and freezing in vitro (Honjoh et al. 2000;
Covarrubias et al. 2001). The so-called late embryonic abundant (LEA) proteins also
belong to the family of hydrophylins. In baker’s yeast, the LEA-like protein Hsp12
(Mtwisha et al. 1998) has been demonstrated to increase dessication-, ethanol- and
barotolerance (Sales et al. 2000; Motshwene et al. 2004).

9.4.6 Plasma Membrane Composition

As the plasma membrane of unicellular organisms is in close contact with the sur-
rounding medium, it is likely that its characteristics will influence the tolerance of
the cells to all kinds of environmental challenges. A correlation has indeed been
found between membrane composition and tolerance to heat, oxidation, ethanol
and salt in several instances (Steels et al. 1994; Chi and Arneborg 1999; Swan and
Watson 1999; Allakhverdiev et al. 2001; Sakamoto and Murata 2002). In addition,
different types of stress have been shown to influence membrane composition (Low
and Parks 1987; Singh et al. 1990; Sajbidor and Grego 1992). Fluidity and perme-
ability are the most studied membrane characteristics. Freeze resistance, for instance,
has been positively correlated with membrane fluidity (Calcott and Rose 1982) and
membrane water permeability (Lewis et al. 1994; Tanghe et al. 2002). The precise
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relationship between these membrane characteristics and stress tolerance is, however,
not always clear (Swan and Watson 1997).

9.4.7 Aquaporins

Recently, a link was found between freeze tolerance and expression of the aquaporin
encoding genes AQYI and AQY2 (Tanghe et al. 2002). This observation supports a
role for plasma membrane water transport activity in determination of freeze toler-
ance in yeast. It is proposed that rapid osmotically driven efflux of water during the
freezing process might reduce intracellular ice crystal formation and resulting cell
damage. This is in accordance with the observation that aquaporin-mediated
improvement of freeze tolerance is limited to fast freezing conditions (Tanghe et al.
2004). Changes in aquaporin expression levels do not seem to alter other cell
characteristics, including tolerance to other stress types (Tanghe et al. 2002).

9.5 Growth Conditions, Stress Tolerance and Activity of the
Protein Kinase A Pathway

In S. cerevisiae there is a striking correlation between the growth conditions, the
stress tolerance of the cells and the apparent activity of the protein kinase A (PKA)
pathway. Although a relationship between stress tolerance and growth conditions
has also been noted in other yeast species, very little is known about the underlying
mechanisms in these species. When S. cerevisiae cells grow rapidly on fermentable
sugars, like glucose and fructose, they display low stress tolerance. When they grow
slowly on nonfermentable carbon sources or when they are in a stationary phase
they display high stress tolerance (Schenberg-Frascino and Moustacchi 1972; Plesset
et al. 1987). The connection between stress tolerance and the PKA pathway has been
revealed by mutations either reducing or enhancing activity of the pathway. For
instance, mutations in adenylate cyclase (Cyrl1/Cdc35), in its activators Rasl,2 or
Cdc25, or mutations in the catalytic subunits of PKA will reduce activity of the
pathway and enhance stress resistance. On the other hand, mutations in the Ras
inhibitors Iral and Ira2, or in the regulatory subunit Bcyl of PKA, will enhance
activity of the pathway and reduce stress resistance (Sass et al. 1986; Toda et al.
1987a, b; Cameron et al. 1988; Park et al. 1997). Extensive characterization of these
mutants has revealed many other targets of the PKA pathway: trehalose and glyco-
gen content, starvation survival, cell wall strength, sporulation and pseudohyphal
growth capacity, etc. (Broach and Deschenes 1990; Chi and Arneborg 1999;
Thevelein and de Winde 1999). The stress tolerance level and the status of the other
targets of the PKA pathway indicate that in cells growing on rapidly fermented sug-
ars, the activity of the pathway is apparently high, whereas in respiratively growing
cells or in the stationary phase the activity of the pathway must be low.
Downregulation of stress tolerance by the PKA pathway occurs at the level of the
Msn2 and Msn4 transcription factors, which are excluded from the nucleus when
PKA activity is high (Gorner et al. 1998). A second system downregulated by the
PKA pathway consists of the postdiauxic shift (PDS) element, which closely resem-
bles the Msn2/Msn4-controlled STRE (Boorstein and Craig 1990). Downregulation
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of the PDS element by PKA occurs through inhibition of the Rim15 protein kinase
which is required for the activity of Gisl, the transcription factor that induces PDS-
controlled genes (Reinders et al. 1998; Pedruzzi et al. 2000).

The presence or absence of a fermentable sugar in the growth medium is not the
sole determinant for the level of stress tolerance in yeast cells. When yeast cells are
starved of an essential nutrient, like nitrogen, phosphate or sulphate, in the presence
of a fermentable sugar, they arrest growth and become highly stress tolerant. Hence,
it is the combination of a fermentable sugar and active growth that in some way keeps
stress tolerance low. The pathway involved has been called the ‘fermentable-growth-
medium-induced pathway’ (Thevelein 1994). As a result, a rapid drop in stress resist-
ance cannot only be induced by addition of a fermentable sugar like glucose to
respiring cells (van Dijck et al. 1995) but also by addition of a nitrogen source or
phosphate to cells starved in the presence of glucose for nitrogen (Donaton et al.
2003) or phosphate (Giots et al. 2003), respectively. Mutants and multicopy suppres-
sor genes have been isolated that were more resistant to fermentation-induced loss of
stress resistance (‘fil’) and they were identified as components of the cAMP-PKA
pathway (Kraakman et al. 1999; Versele et al. 1999; van Dijck et al. 2000).

What is the reason for the correlation between stress tolerance and the growth
conditions? It has been argued that the higher stress tolerance (which is due to the
expression of stress-protection-related genes) on respirative carbon sources indicates
that the cells are more ‘stressed’ on these carbon sources. If the amount of stress that
cells experience can be deduced from the number of stress-protection mechanisms
that are induced then this conclusion seems to be warranted. However, an alterna-
tive conclusion is that the cells induce stress-protection mechanisms because they
expect to experience more stress; hence, as a preparation to survive stress. Resting
stages, such as stationary-phase cells or ascospores in yeast, and seeds, cysts and
other survival forms in other organisms are highly stress resistant clearly as a prepa-
ration for stressful conditions rather than as a reaction to the stress that is experi-
enced. Hence, the higher stress resistance in yeast cells growing on nonfermentative
carbon sources (in nature this will generally be ethanol) might be a preparation
for the stress that the cells will experience due to the accumulation of the ethanol or
as a preparation for the subsequent stationary phase which inevitably follows
exhaustion of the ethanol.

Another point that needs attention is the general inverse relationship that exists
in nature between metabolic activity and stress resistance. The more actively cells are
metabolizing and multiplying the less stress resistant they are. Several explanations
can be proposed for this observation. For yeasts cultivated in conditions that allow
rapid growth, investment in maximal proliferation of the cells might be much more
useful for survival in the long term than investment in higher stress resistance for the
individual cells. Stress-protection mechanisms might also be incompatible with
metabolic activity. Evidence in this respect has been reported for trehalose, which in
high levels confers stress protection but reduces the activity of molecular chaperone
proteins (Singer and Lindquist 1998a). Hence, folding activity of proteins, catalytic
activity of enzymes and actually any protein activity might be hampered by stress-
protection mechanisms. This would leave a yeast with a limited (or obligate?) choice
between rapid proliferation and preparation for stress survival.
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9.6 Stress and the Distribution of Yeasts in Nature

With respect to stress under natural conditions, it is important to emphasize that
research on the molecular basis of stress responses and tolerance in the laboratory
is generally conducted on uniform cell suspensions of yeast cells complemented with
plate assays of growth. In nature yeasts usually grow in mixed populations and
sometimes in special communities, such as biofilms. Cells in such mixed or special-
ized communities might respond quite differently to stress conditions. This is shown,
for instance, by the much greater resistance to antifungals of C. albicans cells grow-
ing in biofilms (Baillie and Douglas 1998). The type of solid substrate on which the
cells are growing and interactions with other microorganisms might also influence
stress tolerance and stress response. Very little is known in this respect.

The ability of yeasts to tolerate stress and to grow in extreme environments is
often species-specific (see Chaps. 15, 16). Certain yeast species like many other
microorganisms have developed mechanisms that enable them to grow in extreme
environments that exclude most other species. Well-known examples include the
highly osmotolerant yeasts Z. rouxii and Debaryomyces hansenii (Brown 1978;
Blomberg and Adler 1992). Pathogenic yeasts, such as C. albicans, can proliferate in
the stressful environment of the host because part of its virulence factors constitute
stress-protection mechanisms (Calderone and Fonzi 2001). Undoubtedly, the capac-
ity to proliferate under specific stress conditions has a major impact on the distri-
bution of the yeast in nature. Yeasts also have the ability to survive beyond the limits
of growth in extreme conditions, such as low and high temperature, dehydration,
extreme pH, excessive ethanol and limited nutrients. The survival mechanisms to
these extreme conditions can be expected to be related in many instances to the
adaptation mechanisms that yeasts use to grow under stressful conditions. The
capacity of the yeast to survive under extreme conditions will also impact on its
distribution in nature but this will be more difficult to reveal compared with that of
yeast species able to multiply under extreme conditions.

9.7 Conclusions and Perspectives

We have shown in this review that the responses of yeasts to stress involve multiple
components of cell metabolism. Most studies have focussed on the specific interac-
tion of a certain aspect of metabolism and a stress condition. Recent investigations
based on a global approach to the study of gene expression in some yeasts have
shown that yeasts possess general stress responses as well specific responses to each
stress type. These observations imply that the yeast cell is programmed to withstand
the myriad of stresses that the yeast can expect during its lifetime. Some yeast species
withstand the extremes of stress more successfully than others. However, in many
instances we do not understand the basis for the greater stress resistance of one
species compared with another. Furthermore, yeasts in nature seldom occur in pure
culture but usually exist in complex communities consisting of numerous species
together with other microorganisms. How these communities respond to stress has been
poorly studied and the interactions between yeasts and their environment represent
a future challenge for the yeast biologist to investigate. The tools to understand these
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complex questions are now becoming available. With the recent explosion of yeast
genomic sequences and improvements in computing power, the stage is now set not
only to investigate specific changes to stress but rather to take an integrative
approach that studies the interplay of genes, proteins, molecules and organelles with
the environment, thereby obtaining a global picture of how the yeast operates under
stress.
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10.1 Introduction

In every biocenosis, competition for nutrients and space is one of the major factors
that determines which organisms succeed and become established. The reasons for
such ecological success vary. In many cases, the microbes often alter the environment
with their metabolic products, securing their dominance in the habitat as they create
conditions unfavourable for the survival of other microorganisms. Such interaction
is known as antagonism. Some of these antimicrobial compounds are nonspecific.
For example, the antibacterial activity of yeasts is commonly caused by pH changes
in the medium as a result of organic acid production or by producing high concen-
trations of ethanol. This chapter will focus on much more specific interactions stem-
ming from antifungal agent secretion by yeasts.

By now two classes of such extracellular agents of yeasts are known: (glyco)pro-
teins and glycolipids (Fig. 10.1). The proteinaceous compounds having fungicidal or
fungistatic action are termed mycocins (zymocins, killer toxins) and they have been
investigated for some 40 years, whereas the fungicidal activity of their extracellular
glycolipids has only recently come to light.

10.2 Mycocinogeny

The synthesis of proteinaceous antimicrobial compounds (killer phenomenon) is
not unique for yeasts; they are produced by various species ranging from bacteria to
mammals (Nissen-Meyer and Nes 1997). As for microorganisms, secretion of pro-
teins with a toxicity specific for related organisms, which is associated with specific
immunity, is known in smut fungi (Koltin 1988), paramecia (Quackenbush 1988),
slime molds (Mizutani et al. 1990) and bacteria (James et al. 1991). The bacterial
protein antibiotics are termed bacteriocins and, to emphasize the general nature of
such antagonistic interactions, it is preferable to call yeast toxins mycocins and
killers mycocinogenic strains. Mycocins are antifungal proteins whose activity is
directed against organisms which are taxonomically related to mycocin producers.
The latter themselves are immune to their own mycocin but not to others mycocins.
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Fig. 10.1. Mycocin and cellobiolipid secretion by Filobasidium capsuligenum VKM Y-1439
(5) and Cryptococcus humicola 9-6, VKM Y-1613, 2238 (I, 3, 4) strains. They were streaked
onto the surface of the medium that had been seeded with a lawn of a test culture that is insen-
sitive to Cystofilobasidium bisporidii VKM Y-2700 (2) mycocin

In addition, there are some (neutral) strains which neither secrete mycocin nor are
sensitive to it. Mycocins do not act against bacteria or protozoa, and no pharmaco-
logical activity has been detected in tests with animal organs (Ohta et al. 1984;
Pfeiffer et al. 1988). A few reports of the antibiotic action of yeast strains against a
wide variety of prokaryotic and eukaryotic organisms have come from an unwar-
ranted interpretation of any observed growth inhibition as mycocinogeny (Polonelli
and Morace 1986). No attempts were made to characterize the toxic substances cited
in these reports and the growth inhibition was most likely to be due to metabolic
products other than mycocins. With respect to antifungal activity, it is necessary to
distinguish the mycocinogeny from other inhibition effects, for example, the arrest-
ing of growth from mating pheromones. The broad anti-yeast activity of
Metschnikowia pulcherrima is associated with excretion of the iron-binding agent
pulcherriminic acid (Vustin et al. 1990; Nguyen and Panon 1998).

10.2.1 Assay for Mycocinogenic Activity

Both the level and the expression of mycocinogenic activity depend on a number of
variables. One of the most important conditions for its detection is the pH of the test
medium. Killer activity is expressed under acidic conditions, usually between pH 3
and 6. As a rule, mycocins are most active at pH 4-5 (Woods and Bevan 1968; Young
and Yagiu 1978; Middelbeek et al. 1979; Tolstorukov et al. 1989). Because of their
proteinaceous nature, mycocins are inactivated at high temperatures, and in most
cases 15-20°C is optimal for incubation when assaying for mycocinogenic activity.
Adding glycerol (5-15%) to the medium produces broader inhibition zones around
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Kluyveromyces and Pichia mycocinogenic strains and increases the sensitivity of the
bioassay significantly (Lehmann et al. 1987b; Golubev and Blagodatskaya 1993).
The antifungal action of mycocins produced by halotolerant yeasts (Candida,
Debaryomyces and Pichia spp.) is evoked and enhanced in the presence of increasing
(4-12%) NaCl concentrations (Kagiyama et al. 1988; Suzuki et al. 1989; Gunge et al.
1993; Llorente et al. 1997). Mycocins are stabler in a solid medium than in a liquid
medium, and agitation can cause their inactivation (Woods and Bevan 1968; Wilson
and Whittaker 1989). The concentration of sensitive cells influences the sensitivity
of the bioassay; when the lawn of the target strain is too dense and the inoculum of
the mycocinogenic strain is small, the inhibition zone can be narrow and rapidly
overgrown or not developed at all. In addition, the composition of the medium and
buffer solution may affect to the sensitivity of the assay (Panchal et al. 1985). In
most cases, glucose-yeast extract—peptone agar with sodium citrate-phosphate
buffer are used. The assay conditions are particularly important for detecting
mycocinogenic strains with low activity and those organisms that are only slightly
sensitive.

However, using optimal conditions does not guarantee successful screening,
because the principal trait of mycocins is the specificity of their toxicity. Hence, the
choice of appropriate sensitive strains is crucial for detecting mycocinogenic strains.
Their incidence was found to be much higher when screening for mycocinogenic
activity with target cultures of the same species (or one closely related taxonomi-
cally) as that being tested (Thornton 1986; Heard and Fleet 1987; Golubev and
coworkers 1990, 1993).

After the discovery of mycocinogeny in Saccharomyces cerevisiae (Makower and
Bevan 1963), it soon became evident that the production of mycocins is a general
phenomenon for most, if not all, yeasts. At present, mycocinogenic strains have been
found in over 100 species from more than 20 genera among both ascomycetous and
basidiomycetous yeasts (Table 10.1). Several types of mycocinogenic strains were
identified in some species (Cryptococcus laurentii, Pichia membranifaciens,
Rhodotorula mucilaginosa, Saccharomyces cerevisiae).

10.2.2 Characteristics of Mycocins

All mycocins are either proteins or glycoproteins that often consisted of two or three
subunits. Most yeasts secrete mycocins with a molecular mass of about 10-30 kDa,
although those of Kluyveromyces lactis, P. acaciae, P. anomala and P. inositovora are
much higher, about 100 kDa or greater (Sawant et al. 1989; Stark et al. 1990;
McCracken et al. 1994; Klassen and Meinhardt 2003). The best known and most
fully studied K1 mycocin (20 kDa) of Saccharomyces cerevisiae is secreted as a mol-
ecule consisting of o and S disulfide-bonded unglycosylated polypeptides with a rel-
atively high content of hydrophobic and charged amino acids (Zhu et al. 1987). Its
precursor has been synthesized in cells as a large single-strand polypeptide that has
a 0-o—y-f3 domain organization. The  domain is a leader sequence that mediates
folding and secretion; the o and B domains are separated by an interstitial glycosy-
lated yregion which is required for maturation (Lolle and Bussey 1986). The 3 sub-
unit is a lectin-like domain and is essential for recognition and binding to whole
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Table 10.1 Yeast species for which mycocinogenic activity has been reported

Yeast species

Bullera alba

B. hannae

B. sinensis

B. unica

Candida albicans

C. berthetii

C. cacaoi

C. diversa

C. freyschussii

C. glabrata

C. homilentoma

C. maltosa

C. naeodendra

C. nodaensis

C. oleophila

C. parapsilosis

C. silvae

C. sonorensis

C. species

C. stellata

C. versatilis
Cryptococcus aerius

C. albidus

C. aquaticus

C. flavus

C. laurentii

C. luteolus

C. nemorosus

C. perniciosus

C. podzolicus
Curvibasidium pallidicorallinum
Cystofilobasidium bisporidii
Cyst. infirmominiatum
Cyst. species
Debaryomyces carsonii
D. castellii

D. etchelsii

D. hansenii (C. famata)

D. occidentalis

D. polymorphus

D. vanrijiae

Fellomyces penicillatus
Filobasidium capsuligenum
Hanseniaspora uvarum
(Kloeckera apiculata)

H. vineae (K. africana)

H. valbyensis (K. japonica)
Issatchenkia orientalis (C. krusel)
I. scutulata

I terricola
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Table 10.1 Yeast species for which mycocinogenic activity has been reported—cont’d

Yeast species

Kloeckera lindneri
Kluyveromyces aestuarii
K. dobzhanskii

K. lactis (C. sphaerica)
K. loddereae

K. marxianus (C. pseudotropicalis)

K. phaffii
K. polysporus

K. thermotolerns (C. dattila)

K. waltii

K. wickerhamii
K. wikenii
Pichia acaciae
P. americana
P, amethionina
P anomala

P, antillensis

P, bimundalis
P, burtonii

P, cactophila
P. canadensis
P, ciferrii

P, fabianii

P, farinosa

P, guilliermondii (C. guilliermondii)

P, haplophila
P, holstii

P, inositovora
P, jadinii

P, kluyveri

P. membranifaciens (C. valida)

P. mexicana

P. minuta

P. ohmeri

P. opuntiae

P, petersonii

P, pini

P, punctispora

P. quercuum

P, spartinae

P, stipitis

P, subpelliculosa

P, thermotolerans
Pseudozyma antarctica
Rhodotorula dairenensis
R. glutinis

R. graminis

R. lactosa

R. lignophila

R. mucilaginosa
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Table 10.1 Yeast species for which mycocinogenic activity has been reported—cont’d

Yeast species

R. pallida

Saccharomyces cerevisiae
S. exiguus (C. holmii)

S. paradoxus

S. unisporus
Schizosaccharomyces pombe
Sporidiobolus pararoseus
S. salmonicolor

Tilletiopsis albescens

T. flava

Torulaspora delbrueckii
Trichosporon asteroides

T. capitatum

T. jirovecii

T. pullulans

Williopsis pratensis

W. saturnus

W. saturnus var. mrakii

W. saturnus var. subsufficiens
Zygosaccharomyces bailii
Z. fermentati

Z. florentinus

Z. microellipsoides
Zygowilliopsis californica
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cells, while the o subunit acts at the cytoplasmic membrane to produce a collapse of
a transmembrane proton gradient (Sturley et al. 1986; Douglas et al. 1988; Zhu and
Bussey 1991). Unlike most reported mycocins, some produced by Pichia and
Williopsis species show a higher thermostability and function over a wide pH range
(Ashida et al. 1983; Ohta et al. 1984; Vustin et al. 1989). This stability appears to be
due to the large number of disulfide bonds in these cysteine-rich molecules.

10.2.3 Modes of Action

After exposure to most mycocins, growing sensitive cells exhibit a reduction in intra-
cellular pH and leakage of potassium ions, ATP and other cellular intermediates.
Amino acid transport and proton pumping into the culture medium are also inhib-
ited (Skipper and Bussey 1977; Middelbeek and coworkers 1980a—c; Ashida et al.
1983). All of these effects are indicative of an increase in proton permeability in
mycocin-sensitive cells (de la Pena et al. 1981). Apparently, mycocin either inhibits a
component of the proton pump or becomes incorporated into the cytoplasmic mem-
brane and creates ion-permeable channels (Kagan 1983; Martinac et al. 1990; Santos
and Marquina 2004). The K1 mycocin was shown to induce aberrant activity of ion
channels, which leads to dysregulated potassium homeostasis (Ahmed et al. 1999).
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The overall effect of pore formation disrupts the cell electrochemical potential
across the plasma membrane and results in cell death (Fig. 10.2). Many, but not all
mycocins, have a membrane-damaging activity. The Kluyveromyces lactis toxin, for
example, does not elicit leakage of potassium ions and ATP but causes an arrest in
the G1 phase of the cell cycle (Butler et al. 1991); while the mycocin of Williopsis
saturnus var. mrakii inhibits -1,3-glucan synthesis (Yamamoto et al. 1986) and the
KT28 mycocin of Saccharomyces cerevisiae inhibits DNA synthesis (Schmitt et al.
1989).

Regardless of the mode of action of mycocins, it occurs in two phases. The first
stage of cell interaction is a rapid and energy-independent binding to the cell wall
surface. The second stage, the time-lag and energy-dependent process, involves
mycocin translocation to the cytoplasmic membrane and interaction with a mem-
brane receptor (Al-Aidroos and Bussey 1978; Bussey et al. 1979). Binding is pH-
dependent and may be responsible for the pH range of mycocin activity on yeast
cells. Binding sites may be particular cell wall receptors, which have other functions,
such as the uptake of nutrients. Until now, the primary functions of these receptors
have not been elucidated for any yeasts.

Comparison of the mycocin killing spectra on whole cells and on spheroplasts
showed that it is the cell wall which determines the specificity of sensitivity to
mycocins. Saccharomyces cerevisiae mycocin K1 can kill cells of the same species
and those of Candida glabrata, but has a wide spheroplast-killing action and can
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Fig. 10.2. Killing of Mrakia nivalis VKM Y-1443 cells incubated with Cryptococcus aquati-
cus VKM Y-2428 mycocin-containing culture filtrate (pH 4.5, 18°C). Survival is expressed as
the percentage of cells able to produce colonies, where 100% is the number of colonies counted
immediately before addition of the mycocin-containing filtrate
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destroy the spheroplasts of C. albicans, C. utilis, Kluyveromyces lactis and
Debaryomyces occidentalis. However, the whole cells of these species are insensitive
to this mycocin (Zhu and Bussey 1989). Mutations that change the molecular struc-
ture of cell wall glucans and mannans alter their capacity to act as binding sites of
mycocins and induce resistance to them (Schmitt and Radler 1988; Nakajima et al.
1989). As yeast and hyphal forms of the same organisms vary in the composition of
their walls they can differ in sensitivity to mycocins (Golubev and Boekhout 1992).
Any of the principal cell wall components can be involved in their binding.
For mycocins produced by Hanseniaspora uvarum, P. anomala, P. membranifaciens,
S. cerevisiae (K1 and K2 types) and Williopsis saturnus, the binding components
have been identified as 3-1,6-glucans; those for mycocins of Debaryomyces occiden-
talis, S. cerevisiae (K28 type) and Zygosaccharomyces bailii are mannans, whereas
chitin may represent the binding site for mycocins of Kluyveromyces lactis and
P. acaciae (Hutchins and Bussey 1983; Schmitt and Radler 1988; Sawant and
Ahearn 1990; Radler et al. 1993; Takita and Castilho-Valavicius 1993; Kasahara
et al. 1994; McCracken et al. 1994; Schmitt et al. 1997; Santos et al. 2000).

10.2.4 Genetic Basis for Mycocinogeny

Mycocin determinants can be either cytoplasmically or chromosomally inherited. In
most cases mycocin production is presumed to be determined by nuclear genes but
these have clearly been identified in a few species only (Sriprakash and Batum 1984;
Goto et al. 1990; Kimura et al. 1993; Suzuki and Nikkuni 1994).

Much more attention is given to the extrachromosomal genetic elements, double-
stranded RNA (dsRNA) viruses and linear double-stranded DNA (dsDNA) plas-
mids which are responsible for a mycocinogenic phenotype. The virally encoded
mycocinogeny has been most intensively studied in S. cerevisiae (Wickner 1996), but
has also been described for Hanseniaspora uvarum (Zorg et al. 1988) and
Zygosaccharomyces bailii (Schmitt and Neuhausen 1994). In addition, the mycocin-
coding dsRNA viruses have been identified in the basidiomycetous yeasts,
Cystofilobasidium bisporidii (Karamysheva et al. 1991), C. infirmominiatum
(Golubev et al. 2003b), Sporidiobolus salmonicolor (Kitaite and Citavicus 1988) and
Trichosporon pullulans (Golubev et al. 2002). Currently, these isometric dsRNA
viruses with undivided genomes are classified in the genus Totivirus in the family
Totiviridae (Ghabrial 1994). In contrast to most plant and animal RNA viruses,
yeast viruses are noninfectious and are transmitted by vegetative cell division or
through sexual fusion. The mycocins are encoded by different satellite dsSRNA
viruses (denoted M) which are dependent on another group of helper dsRNA
viruses (denoted L). These encode capsid and RNA polymerase for replicating both
virus types. Curing of viruses from mycocinogenic strains results in loss of activity
and immunity to their own mycocins.

Mycocinogenic strains of Kluyveromyces lactis (Schaffrath and Breunig 2000),
P, acaciae (Bolen et al. 1994) and P. inositovora (Ligon et al. 1989) contain two types
of linear dsDNA plasmids differing in size. The loss of these plasmids also gives
rise to cultures which are not only incapable of producing mycocins, but are also
susceptible to them.
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10.2.5 Taxonomic Implications of Sensitivity to Mycocins

By virtue of the fact that cell walls of yeast taxa vary in structure and chemical com-
position (Kreger-van Rij and Veenhuis 1971; Weijman and Golubev 1987; Fleet
1991), and as different wall components are involved in mycocin binding, it is rea-
sonable to infer that mycocin activity against whole cells may be restricted to taxo-
nomically related organisms, so that mycocin sensitivity patterns are of taxonomic
importance (Golubev and Boekhout 1995). The differences between yeasts in this
respect are associated with a whole range of taxonomic and phylogenetic markers,
such as septal pore ultrastructure, monosaccharide composition of extracellular
polysaccharides, and sequence similarity of small and large subunit ribosomal
RNAs (Golubev 1998a). However, it must be emphasized that there are no definite
taxonomic levels criteria for the action of mycocins, as their host ranges vary con-
siderably. Although the mycocins are active against organisms phylogenetically and
taxonomically related to the mycocinogenic strains, the degree of relatedness may
vary from strains of the same species to species of related genera or even higher taxa.
Apparently, the diversity of cell-wall receptors involved in binding of mycocins can
be both unique and common for certain taxa and may provide the basis of differ-
ences in the ranges of mycocin action. In practice, this feature dictates that the use
of each mycocin as a taxonomic tool must be preceded by a careful study of its
killing pattern. The differences in host ranges may serve to resolve different levels of
taxonomic organization. Broad-spectrum mycocins are apparently of most interest
for overall phylogenetic evaluations, whereas narrow-spectrum ones may be used for
clarification of the taxonomy of closely related organisms.

As a rule, ascomycetous yeasts are insensitive to mycocins produced by basid-
iomycetous yeasts and conversely. The exceptions are the mycocins of Williopsis
pratensis, Bullera alba and Curvibasidium pallidicorallinum. That of W. pratensis
is active not only against ascomycetous yeasts but also against some sporidiobo-
laceous species (Vustin et al. 1991), whereas that of B. alba is active against
some ascomycetous yeasts (mainly the members of the Lipomycetaceae) in addi-
tion to basidiomycetous species (Golubev et al. 1997a). The mycocin produced by
C. pallidicorallinum (previously identified as Rhodotorula fujisanensis) mainly acts
against sporidiobolaceous yeasts and also shows a weak activity against some
tremellaceous yeasts (Golubev 1992a). In most cases, all strains of the same species
and closely related species of the same genus have identical responses to specific
mycocins. However, some taxa are heterogeneous not only within a genus but also
within a species. The major reason for such variability is the heterogeneity of many
yeast taxa. Most teleomorphic taxa are homogenous, unlike the anamorphic taxa in
which heterogeneity in sensitivity patterns is much more widespread. The additional
reasons are the immunity of mycocinogenic strains. The responses to mycocins that
are free from the effects of immunity are of taxonomic interest. There is the prob-
lem associated with distinction of immunity from resistance to mycocins. Resistance
and immunity are similar phenotypically, and plate assays do not allow one to
distinguish between these two types of insensitivity which differ both in their
genetic mechanisms and in their taxonomic significance. Resistant yeasts lack
the specific receptors necessary for the adsorption, and hence action, of mycocin.
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Mycocinogenic strains, like sensitive ones, still possess these receptors, but the
mycocins contain a component which gives immunity (specific for only one mycocin
type) to mycocinogenic cultures. Immunity appears to be conferred at the cytoplas-
mic membrane level by a component which may act as a competitive inhibitor of
mycocin by saturating membrane receptors (Boone et al. 1986; Hanes et al. 1986;
Douglass et al. 1988). The so-called neutral strains contain genetic determinants for
mycocin synthesis, either the mycocin is produced in an inactive form or it is not
secreted. Consequently, such strains retain their immunity (Bussey et al. 1982;
Wingfield et al. 1990). Thus, the insensitivity caused by immunity is a clone-related
property, which coupled with possible cross-immunity between immunologically
similar mycocins, may interfere with the resistance shown at the cell-wall level and
conferred by the nuclear genotype. All these reasons taken together give a compli-
cated picture of mycocin-sensitive relationships. Consequently many authors con-
sider the sensitivity patterns to be strain-related and propose using them for
fingerprinting in order to biotype the strains of a species (Morace et al. 1983/1984;
Lehmann et al. 1987a; Vaughan-Martini et al. 1988; Vaughan-Martini and Rosini
1989).

Current molecular studies have shown that many classical features used to define
taxa, such as the formation of pseudomycelium, the presence and morphology of
spores, fermentation and assimilation of sugars and nitrate, have limited value. In
this situation, sensitivity testing by the use of a set of mycocinogenic strains with
known and different host ranges could be a very useful taxonomic tool. Although
immunity to mycocins and the possible occurrence of resistant mutants limits the
value of mycocin sensitivity patterns for identification, these difficulties can be over-
come by using a panel of mycocinogenic strains with known and different host
ranges. Mycocinotyping may then become an additional taxonomic tool with which
to examine yeast classification.

10.3 Extracellular Glycolipids

While mycocinogeny was described at the beginning of 1960s, the antibiotic effect of
extracellular glycolipids was only discovered 30 years later (Golubev 1992b),
although these yeast compounds had long been known (Spencer et al. 1979). They
were commonly considered as emulsifying agents associated with the growth of
microorganisms on water-insoluble substrates. Thus far, the antibiotic activity of
extracellular glycolipids has been recorded in only a few species: Cryptococcus humi-
cola (Puchkov et al. 2002), Pseudozyma flocculosa (Cheng et al. 2003), P. fusiformata
(Golubev et al. 2001) and Sympodiomycopsis paphiopedili (Golubev et al. 2004). The
first species belongs to the tremellaceous yeasts, while the others are phylogenetically
distributed among the Ustilaginomycetes. In this connection it should be mentioned
that such compounds have long been known in smut fungi (Lang and Wagner 1987).

10.3.1 Characteristics of Glycolipids

Almost all known antifungal glycolipids contain cellobiose (4-O-f-D-glucopyra-
nosyl-D-glucose) glycosidically linked to saturated fatty hydroxy acids (C16, C18).
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So, Ustilago maydis produces a mixture of cellobiolipids in which cellobiose is ester-
ified with 15,16-dihydroxyhexadecanoic or 2,15,16-trihydroxyhexadecanoic acid
termed “ustilic acids”. Similar compounds were also shown to be secreted by several
yeasts. In Cr. humicola they are composed of a highly acetylated cellobiose linked to
2,16-dihydroxyhexadecanoic acid. The acyl chain forming aglycon can be replaced
by 2,18-dihydroxyoctadecanoic, 2,16,18-trihydroxyoctadecanoic or 2,17,18-trihy-
droxyoctadecanoic acid (Puchkov et al. 2002). The structure of P. flocculosa glycol-
ipid was 2-(2’,4’-diacetoxy-5"-carboxy-pentanoyl)octadecyl cellobioside (Cheng
et al. 2003). The fatty acid moiety of S. paphiopedili cellobiolipid (Fig. 10.3) was
2,15,16-trihydroxyhexadecanoic acid (Kulakovskaya et al. 2004). The glycolipids
secreted by P. fusiformata were only incompletely characterized but they are also cel-
lobiose lipids (Golubev et al. 2001).

As with mycocins, antifungal activity of extracellular glycolipids occurs under
acidic conditions, but in contrast to them, glycolipids have a much broader range of
action. Their killing patterns are not taxonomically specific, but also include many
of both ascomycetous and basidiomycetous yeasts, as well as mycelial fungi
(Fig. 10.4, Table 10.2). Increased sensitivity of related organisms can only be noted
(Golubev and Shabalin 1994; Golubev et al. 2001, 2004; Kulakovskaya et al. 2003).

10.3.2 Mode of Action
Cellobiolipids have a fungicidal action which involves a gross increase of the

nonspecific permeability of the cytoplasmic membrane. Sensitive cells treated with
cellobiolipids showed a leakage of intracellular compounds, including electrolytes

1COOH
Fig. 10.3. Extracellular cellobiose lipid of Sympodiomycopsis paphiopedili VKM Y-2817
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Fig. 10.4. Inhibitory activity of Sympodiomycopsis paphiopedili (streak) against Sclerotinia
sclerotiorum (lawn). Glucose—peptone agar (pH 4.0, 20°C)

and ATP (Puchkov et al. 2001; Kulakovskaya et al. 2003). Probably, cellobiolipids
can intercalate into the lipid matrix. This intercalation leads to permeability changes
which disturb the membrane order and integrity, resulting in cytoplasmic disorder,
cell disintegration and eventually in cell death.

Table 10.2 The genera of fungi (251 species tested) sensitive to the cellobiolipid of
Sympodiomycopsis paphiopedili

Agaricostilbum Gymnosporangium Schizosaccharomyces
Arthroascus Holtermannia Sclerotinia

Arxula Issatchenkia Septobasidium
Bensingtonia Itersonilia Sorosporium
Bullera Kluyveromyces Sphacelotheca
Bulleromyces Kockovaella Sporidiobolus
Candida Kurtzmanomyces Sporisorium
Citeromyces Leucosporidium Sporobolomyces
Clavispora Lipomyces Stephanoascus
Cryptococcus Lodderomyces Sterigmatomyces
Cystofilobasidium Malassezia Taphrina
Debaryomyces Mastigobasidium Tilletia

Dekkera Mastigomyces Tilletiaria

Diaporthe Metschnikowia Tilletiopsis
Dioszegia Microbotryum Torulaspora
Dipodascus Mrakia Trichosporon
Endomyces Myxozyma Trimorphomyces
Endophyllum Nadsonia Tsuchiyaea
Erythrobasidium Pichia Udeniomyces
Exobasidium Protomyces Ustilago

Farysia Pseudozyma Wickerhamia
Fellomyces Puccinia Williopsis
Filobasidiella Rhodosporidium Xanthophyllomyces
Filobasidium Rhodotorula Zygosaccharomyces
Guilliermondella Saturnispora Zygozyma
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Obviously, a difference in the cytoplasmic membrane lipid composition (specifi-
cally, sterol content, Avis and Bélanger 2002) among fungi is the major factor in
determining their level of sensitivity to cellobiolipids. A difference in the cell enve-
lope composition and surface charge may possibly also cause some variations in the
sensitivity of fungi to these membrane-damaging compounds.

10.3.3 Genetic Basis

The synthesis of extracellular glycolipids may be controlled by chromosomal genes,
since neither dsRNA viruses nor DNA plasmids were detected in any species secret-
ing antifungal cellobiolipids (Golubev and Shabalin 1994). This is consistent with
the observation that such a phenotype is cureless (Golubev and coworkes 2001,
2004). Moreover, multiple genes are probably involved in glycolipid production in
P. flocculosa (Cheng et al. 2003).

10.4 The Ecological Role of Antagonistic Yeasts

Negative antagonistic interactions between microbes are more frequent than posi-
tive ones; and, indeed, production of antibiotic substances has long been established
as a commonplace phenomenon among many groups of prokaryotic and eukaryotic
microorganisms. Although yeasts are consistent and normal members of the micro-
bial biota associated with plants, animals, soils and waters in all geographic areas,
until recently they have been considered mainly as suppliers of growth-promoting
substances (vitamins, sterols) for other members of biocenoses. The discovery of
antagonistic activity in yeasts has important implications for a proper understand-
ing of their role in natural communities. At the present time, only mycocinogeny can
be considered from this viewpoint as secretion of fungicidal glycolipids by yeasts has
only been revealed quite recently and the impact of this phenomenon on natural
fungal communities remains to be studied.

Mycocin-producing strains of yeasts may be isolated from various sources, but
they occur much more frequently in habitats where yeast populations reach relatively
high densities, so that competition is more intense. Table 10.1 shows that most of the
species listed are associated with plants and food; while mycocinogenic cultures have
not been found among specific soil species (Cryptococcus terreus, Lipomyces spp.,
Schizoblastosporion starkeyi-henricii) that have been isolated exclusively from soils
which usually have low yeast concentrations (Golubev, unpublished data). During
the 4-year study of yeast communities from the phyllosphere and soil of the
Prioksko-terrasny biosphere reserve (Russia), mycocinogenic strains were found to
comprise one quarter of all isolates from steppe plants that had total yeast counts in
the range 10°-10° CFU/g, whereas no mycocinogenic yeasts were isolated from soils
where the total numbers of yeasts were about 10* CFU/g (Golubev and Golubeva
2004).

Mycocinogeny has a marked impact on competition between related yeasts for
their favoured ecological niche. This is because sensitivity to mycocins is specific,
and only the yeast cells containing receptors for the mycocins are sensitive to
them. The competitive advantage of mycocin production has been exemplified by
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demonstrating the predominance of mycocin-producing Trichosporon pullulans iso-
lates both in the spring exudates from birch and under laboratory-simulated condi-
tions (Golubev et al. 2002). During the initial phase of the exudation, when the
density of yeast populations is low (10> CFU/ml), the incidence of T. pullulans
mycocinogenic strains was 3—4%; but towards the end of the exudation period the
density increases to as much as 10’ CFU/ml (Golubev et al. 1977). These represented
20-40% of all T pullulans isolates. Mycocinogenic cultures are able to exclude
sensitive ones from industrial fermentations (Vondrejs 1987).

Mycocinogenic yeasts isolated from particular habitats were found to have
greater killing activity against yeasts of other habitats than against those in their
own habitat. The activity (number killed per number tested) of P. kluyveri against
yeasts from a fruit habitat was 12%, while the activity against yeasts from other habi-
tats was 64% (Starmer et al. 1987). Further, only 9% of the yeasts originating from
fruit were sensitive to P. kluyveri mycocinogenic strains, whereas 42% of the strains
from habitats other than fruit were sensitive to the P. kluyveri strains tested (Starmer
etal. 1992). Analogously, almost all soil isolates were sensitive to mycocins produced
by yeasts originating from the phyllosphere but there were many resistant strains
among isolates from plants, indicative of a selection within communities to the
mycocins present (Golubev and Golubeva 2004). Clearly, the production of
mycocins has an important function for mycocinogenic cells by defending an eco-
logical niche against invading cells which have the same nutritional requirements
and may occupy the same sites. In other words, mycocinogeny has a role in main-
taining community composition by excluding “foreign” competitor yeasts from
particular habitats.

The energy and cellular machinery used to produce mycocins cannot also be used
for reproduction. Hence, mycocin synthesis may reduce the growth rate and com-
petitiveness of mycocin producers (Pintar and Starmer 2003). Probably, the cost of
mycocin production, together with spatial and temporal heterogeneity of habitats,
makes possible the coexistence of mycocinogenic and sensitive populations, as is
observed in natural communities.

10.5 Applications of Antagonistic Yeasts

Since its initial discovery, mycocinogeny has come to the attention of specialists in
genetics, virology, biochemistry and molecular biology, who have used it as an excel-
lent model to study host-virus interactions in eukaryotic cells (Wickner 1996), the
mechanisms of regulation in eukaryotic protein processing (Riffer et al. 2002) and
mycocin-based cloning vectors which are highly efficient for the effective secretion of
heterologous proteins (Heintel et al. 2001). Antagonistic yeasts have also attracted
attention not only from those doing applied research, but from those doing funda-
mental research as well.

10.5.1 Food and Fermentation Industries

Many commercial yeast strains used in the production of wine, beer and bread have
been found to be sensitive to mycocins, and hence wild mycocinogenic yeasts can
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cause protracted or block fermentations and negatively affect the quality of prod-
ucts. To protect industrial fermentations against contaminating yeasts, many
attempts have been made to use suitably constructed strains with mycocinogenic
activity as starter cultures (van Vuuren and Jacobs 1992; Javadekar et al. 1995;
Schmitt and Schernikau 1997). In addition, mycocinogenic yeasts have been used for
biotyping patented industrial strains (Buzzini and Martini 2000a; Buzzini et al.
2001).

10.5.2 Medicine

Considerable effort has also been devoted to biotyping medically important yeasts.
Mycocin sensitivity patterns have been used as epidemiological markers for the
intraspecific discrimination of pathogenic strains (Caprilli et al. 1985; Polonelli et al.
1985; Boekhout and Scorzetti 1997; Golubev et al. 2000). The use of mycocins as
novel agents has also been proposed for treating fungal infections (Polonelli et al.
1986; Seguy et al. 1998). This use may be effective for treating superficial lesions, but
mycocins cannot be used orally or intravenously, as they are protease-sensitive, anti-
genic, inactive at 37°C and active within a narrow pH range only. However, it was
possible to obtain anti-idiotypic antibodies which apparently share the active site of
the P. anomala mycocin and have anti-Candida albicans activity (Polonelli et al.
1997). Viral dsRNAs from yeasts were shown to have interferon-inducing activity
(Nosik et al. 1984).

10.5.3 Agriculture

Mycocinogenic yeasts are commonly considered as promising natural biocontrol
agents of plant-pathogenic fungi and in feed and food preservation from yeast
spoilage (Petersson and Schnurer 1995; Walker et al. 1995; Kitamoto et al. 1999;
Lowes et al. 2000). However, rare mycocins (for example, HMK mycocin of
Williopsis mrakii) that have the broad spectra of activity, pH and temperature
stability may be suitable for this purpose. Nearly all mycocins have narrow spectra
of activity and are unstable. For this purpose, glycolipid-secreting yeasts are
more promising as their thermostable cellobiolipids have much broader spectra of
antifungal activity (Golubev et al. 1997b; Avis and Bélanger 2002).
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11.1 Introduction

Most reviews on the microbial ecology of soil barely mention the existence of soil
yeasts, while the majority of ecological studies conducted on these yeasts were
merely surveys utilizing classic microbiological techniques, indicating the presence of
yeasts culturable on the isolation media used by the researcher. Thus, not all yeasts
occurring in a particular soil sample may have been observed. Also, relatively little
is known about the interactions of soil yeasts in situ, since the majority of studies in
this regard were conducted in vitro or with soil microcosms under controlled condi-
tions in the absence of a plethora of factors that may impact on soil yeast metabo-
lism, when these organisms are growing in their natural habitat.

Nevertheless, ecological studies of culturable soil yeast populations provide some
insight into the distribution of yeasts in soils and the role of soil yeast communities.
In addition, in vitro studies on cardinal growth temperatures, nutrient assimilation
and antibiotic resistance may provide us with a glimpse of the intrinsic abilities of
particular yeasts (Lachance and Starmer 1998). Although not always a true indica-
tion of the ecological niche, the latter may provide insight into the fundamental
niche of a yeast species. Similarly, binary interactions of yeasts with other microbes
studied in vitro may help us to understand interactions of soil yeasts in their natu-
ral habitat (Fracchia et al. 2003). However, it must always be borne in mind that soil
yeasts, in their natural habitat, may often intimately co-exist with a wide diversity of
algae, moulds, prokaryotes, protists, macroscopic and microscopic fauna, as well as
plant roots.

Growth and survival of a particular yeast species in soil may therefore not solely
depend on the intrinsic abilities of the yeast, but is the cumulative result of a num-
ber of interactions within the soil microbial community. With the previous consid-
erations as a background the purpose of this study was to review our current
knowledge on soil yeast ecology and to provide a base for further investigations into
this largely unexplored field of study.
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11.2 Soil as a Habitat

A review on the ecology of soil yeasts would be incomplete without a brief discussion
on their habitat, in which these fungi co-exist with other organisms. Soils consist of
mineral and organic particles forming heterogeneous aggregates of various sizes,
which contain a complex network of pores (Gray and Williams 1979; Young and
Crawford 2004). The latter may be filled with atmospheric gasses, water vapour or
aqueous solutions of various salts. Characteristic of soil as a habitat are the remark-
able spatial and temporal heterogeneities regarding physico-chemical properties
including available nutrients, pore size, temperature and water availability. This results
in similar heterogeneities in microbial numbers and diversity, as well as biological
processes brought about by soil microbes playing a pivotal role in ecosystem function.

Within the ecosystem, organic carbon acting as nutrient source for soil-borne
microbial decomposers ultimately originates from plants (Wardle et al. 2004). The
activity of these decomposers in turn indirectly regulates plant growth and commu-
nity composition by determining the supply of available soil nutrients to plants.
Plants may also provide organic carbon directly to organisms in the rhizosphere,
such as root herbivores, pathogens and symbiotic mutualists like mycorrhizal fungi.
These root-associated organisms and their consumers influence plants directly. In
addition, they also influence the flow of energy and nutrients between plants and the
decomposers. Considering these interactions of plants with soil microbes, the find-
ings that vegetation type, or even individual plants, may influence the composition
of soil microbial communities (Saetre and Baath 2000; Grayston et al. 2004) come
as no surprise.

It must be remembered, however, that despite the carbon inputs originating from
plants and deposited in soil as dead organic matter, the amounts of available nutri-
ents in soils are limited (Gray and Williams 1971; Poindexter 1981; Williams 1985).
Water extracts from soils may contain less than 2 and 5 pg ml™' amino acids and car-
bohydrates respectively (Ko and Lockwood 1976). It is therefore understandable
that soils are generally viewed as being in a state of oligotrophy (Williams 1985).

Soil yeasts are known to be able to grow under oligotrophic conditions (Kimura
et al. 1998), but are also isolated from relatively nutrient rich habitats such as the rhi-
zosphere (Kvasnikov et al. 1975) and organic debris like dung and decaying toad-
stools (Fell and Statzell-Tallman 1998). However, considering the previously
mentioned heterogeneity of soil as a habitat, it can be expected that yeast numbers
and species would be unevenly distributed in soil and would show temporal
variation, depending on ever-changing environmental conditions.

11.3 Yeast Distribution in Soil

It is commonly known that yeasts occur in a wide range of soil types from a vast
diversity of geographical areas ranging from the artic zones to the tropics (Carmo-
Sousa 1969; Phaff and Starmer 1987; Spencer and Spencer 1997; Lachance and
Starmer 1998). Many different ascomycetous and basidiomycetous yeasts were
found in soil. In most cases, however, yeast numbers and species composition were
found to be distributed quite unevenly and the numbers of these fungi are low com-
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pared with that of prokaryotes and moulds. The number of yeasts that mostly occur
in the top 10 cm of soil as a result of their ability to grow aerobically on a wide diver-
sity of carbon compounds may range from less than 10 to 10° culturable cells per
gram of soil. It was found that nutrient-rich moist soil may support a wider diver-
sity of yeast species than nutrient-poor arid soils (Spencer and Spencer 1997). About
25-50% of the yeasts in nutrient-rich moist soils were found to be able to ferment
carbohydrates. More yeasts are usually found in the soil beneath plants bearing
fruits rich in carbohydrates, since the latter may act as a nutrient-rich yeast inocu-
lum when the spoiled fruit is deposited in the soil (Phaff et al. 1966). Soil further
away from a plant usually contains fewer yeast species associated with that particu-
lar plant. This phenomenon was already demonstrated in the 1950s for oak and pine
trees and the associated genera Saccharomyces and Schizosaccharomyces (Carmo-
Sousa 1969). More recently it was demonstrated that Saccharomyces cerevisiae and
Saccharomyces paradoxus can be isolated from oak-associated soils using enrich-
ment culturing medium containing 7.6% (v/v) ethanol (Sniegowski et al. 2002).
Other yeast species, belonging to the genera Cryptococcus, Debaryomyces,
Lipomyces and Schizoblastosporion were repeatedly isolated from various soils, indi-
cating that the ecological niches of these fungi occur in soil (Phaff and Starmer
1987). The ability of these autochthonous soil yeasts to survive in this habitat was
ascribed to a number of traits. For example, most of these yeasts possess a wide
spectrum of metabolic activities enabling them to assimilate the hydrolytic products
of plant materials, generated by moulds and prokaryotes. Lipomyces and Williopsis
saturnus are able to produce resistant spores. Some like Lipomyces, Cryptococcus
and Rhodotorula produce exopolymeric capsules and it was suggested that this
would enable them to survive better in habitats that are poor in available nutrients.
It was found that semi-arid soils, low in nutrients and moisture, were mostly popu-
lated by cryptococci and related basidiomycetous yeasts (Spencer and Spencer
1997). Interestingly, it was found that some soil cryptococci are able to produce
extracellular polymeric substances (EPS) and form biofilms when cultivated in flow
cells under oligotrophic conditions (Joubert et al. 2003). The formation of these
biofilms is a known mechanism whereby microbes are able to sequester and concen-
trate nutrients while growing in low-nutrient environments (Decho 1990). Figure
11.1 illustrates the ability of a common soil inhabitant, Cryptococcus laurentii, to
grow under oligotrophic conditions as a biofilm on soil particles such as sand grains.

11.4 The Role of Yeast Communities in Soil
11.4.1 Dissipation and Transformation of Energy Through the Ecosystem

Within a functional soil ecosystem, dissipation and transformation of energy con-
tinually occurs away from the primary producers, i.e. plants, into organisms farther
along the food chain, thus supporting a wide diversity of heterotrophs, including
microbes and macroscopic fauna (Coleman and Crossley 1996). The primary agents
of decomposition, able to degrade compounds directly or indirectly derived from
plants, were found to be bacteria and fungi. However, the yeasts are also part of the
fungal domain and the vast majority of yeasts discovered so far are saprotrophs
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Fig. 11.1. Scanning electron micrograph illustrating biofilm formation (b) by Cryptococcus
laurentii under oligotrophic conditions on sand grains (g), as well as a connective bridge (¢b)
formed between the sand grains as a result of excessive extracellular polymeric substances
(EPS) production by the yeast. Sand grains with attached yeast cells were mounted onto stubs,
sputter-coated with gold, and viewed unfixed and fully hydrated with a LEO 1430 VP scan-
ning electron microscope operated at 7 kV. (Photograph; L. Joubert, Department of
Microbiology, University of Stellenbosch)

contributing to mineralization processes in the environment by utilizing a wide range
of organic carbon compounds. Some of these yeasts have the ability to ferment car-
bohydrates, but many are able to respire both carbohydrates and non-fermentable
organic compounds (Kurtzman and Fell 1998a). The occurrence of autochthonous
soil yeasts (Lachance and Starmer 1998) indicates that yeasts do play a role in the
decomposition and dissipation of energy within the soil ecosystem as mentioned
before for bacteria and fungi in general.

Most of the yeast species frequently encountered in soil (Table 11.1) are able to
aerobically utilize L-arabinose, D-xylose and cellobiose. These carbohydrates are
known to be products of the enzymatic hydrolysis of lignocellulosic plant materials
by bacteria and moulds (Bisaria and Ghose 1981; Tomme et al. 1995). Some of the
frequently encountered yeasts in soil were also found to assimilate intermediates of
lignin degradation i.e. ferulic acid, 4-hydroxybenzoic acid and vanillic acid
(Middelhoven 1993; Sampaio 1990). However, despite their ability to utilize the
degradation products of woody material, it was suggested that soil yeasts do not
play a major role in the decomposition of organic matter, because of their relatively
low numbers compared with those of moulds and prokaryotes occurring in the same
habitat (Phaff and Starmer 1987). Nevertheless, in some habitats, such as in the arc-
tic zones, yeasts may be the dominant culturable soil microbes (Wynn-Williams
1982). This will enable them to make a significant contribution to decomposition of
soil organic matter.
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As part of the soil microbial biomass, yeasts may serve as a food source for bac-
teria and microbivorous eukaryotes. Invertebrate fauna such as micro-arthropods
and nematodes, as well as protista are major soil predators (Bardgett and Griffiths
1997) and are known to graze upon soil yeast populations, thereby ensuring the con-
tinual dissipation and transformation of energy through the soil ecosystem. Both
ascomycetous and basidiomycetous yeasts were digested in the gut of the soil milli-
pede Pachyiulus flavipes (Byzov et al. 1998), while nematodes, belonging to the
genera Alaimus, Panagrellus and Rhabditis were found to graze upon yeasts e.g.
S. cerevisiae (Hechler 1970; Yeates 1971). Another soil nematode, Caenorhabditis
elegans, was found to graze upon C. laurentii and C. kuetzingii (Nicholas 1984;
Mylonakis et al. 2002). Under laboratory conditions, C. elegans was able to survive
on both these yeast strains as the sole food source, maintaining brood sizes similar
to when it is cultivated on Escherichia coli, the usual laboratory food source for this
nematode.

Protista, of which the activity is limited to the water film within soil pores, may
contribute up to 30% of the total net nitrogen mineralization that takes place in soil
(Bardgett and Griffiths 1997). Although it is known that mycophagous protista do
exist, very little is known about their interactions with yeasts. However, the fact that
the majority of yeasts are found in the top cm of soil and that protists are more
numerous in this part of the soil suggests that interactions between these two groups
are inevitable within the natural soil environment. Acanthamoeba is a protist occur-
ring in soil (Sawyer 1989) and it was found to feed on yeasts (Allen and Davidowicz
1990). Benting et al. (1979) found that when Acanthamoeba polyphaga was incubated
with some strains of Cryptococcus neoformans, the amoeba was able to phagocytize
and kill up to 99% of the yeast cells of within 9 days.

Yeasts were also found to be the nutrient source of bacteria, a number of Gram-
positive bacteria isolated from soil were found to cause lysis of S. cerevisiae (Goto-
Yamamoto et al.1993 ). It was also demonstrated that a group of Gram-negative
bacteria commonly found in soil, the Myxobacteria (Reichenbach 1999), are able
cause lysis of a wide diversity of yeasts including Cryptococcus albidus, Filobasidium
capsuligenum (syn. Candida japonica), Geotrichum candidum, Rhodosporidium toru-
loides, Rhodotorula glutinis and S. cerevisiae (Yamanaka et al. 1993).

11.4.2 Dissolution of Rock and Release of Nutrients

It has also become apparent that some yeasts, because of their oligotrophic capabil-
ities, may not only occur within soil, but are able to grow on rocks above ground
(Sterflinger and Prillinger 2001; Burford et al. 2003). Such epilithic and endolithic
fungi comprise a significant proportion of the microbial community in a wide range
of rocks, including granite, gypsum, limestone, marble, sandstone and siliceous rock
types such as silica, silicates and aluminosilicates. The yeasts and other fungi occur-
ring in these rocks may contribute to weathering thereof, soil formation, as well as
to the supply of soluble nutrients to the soil microbial community (Gadd and Sayer
2000; Burford et al. 2003). Dissolution of rock as a result of fungal metabolic
activity may therefore result in phosphorous, sulphur and trace elements becoming
bio-available. It was found that this dissolution is the result of the reactions of
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metabolic end-products such as H* and organic acids, as well as siderophores.
Solubilization of insoluble metal compounds in ores may therefore be the result of
protonation of the anion of the metal compound, decreasing its availability to the
cation. Sources of protons are the proton-translocating ATPase of the fungal
plasma membrane and organic acids produced by these fungi. Soluble metal com-
plexes may also be formed between organic acid anions and metal cations, depend-
ing on the relative concentrations of these ions, pH and the stability constants of the
various complexes. Another mechanism whereby metals, specifically iron(I1I), are
brought into solution and made bio-available is by reacting with low molecular mass
(500-1,000 Da) iron-chelating compounds called siderophores. These ferric-specific
ligands were found to be produced by a wide diversity of microbes (Neilands 1981),
including basidiomycetous yeasts, such as Leucosporidium scottii, Rhodotorula glu-
tinis, R. mucilaginosa and Sporobolomyces roseus (Atkin et al. 1970) which are com-
monly found in soil (Table 11.1).

Interestingly, both ascomycetous and basidiomycetous genera such as Candida,
Lipomyces, Rhodotorula and Trichoderma were isolated from rock substrates
(Sterflinger and Prillinger 2001; Burford et al. 2003), with euascomycetes taxa found
in an even wider diversity of rock types. The latter taxa, which include meristematic
fungi and the so-called black yeasts, may grow yeast-like in culture and represent the
genera Aureobasidium, Exophiala, Hormonema, Hortaea, Lecythophora, Phaeotheca,
Rhinocladia and Sarcinomyces. The melanized cell walls of these fungi, chlamy-
dospore formation, as well as their clump- or yeast-like morphology with optimal
surface-to-volume ratio, were found to make them well adapted for epilithic stress
conditions, such as high levels of UV irradiation, large variations in temperature and
available water, as well as low nutrient conditions (see Chap. 20).

11.4.3 Soil Aggregate Formation

Another way in which yeast populations may interact with their physico-chemical
environment, and thus impact on biological processes in soil, is by producing EPS.
Production of these extracellular compounds enables soil yeasts from the genera
Cryptococcus and Lipomyces to play a role in the formation of soil aggregates,
thereby impacting on soil structure (Bab’eva and Moawad 1973; Vishniac 1995).
Figure 11.1 illustrates a connective bridge formed between two sand particles, as a
result of cryptococcal EPS production, thereby contributing to aggregate formation.
A high degree of aggregate stability and favourable soil structure was found to be
associated with a decrease in erodibility, enhanced porosity and water-holding
capacity, as well as improved soil fertility (Bronick and Lal 2004).

11.5. Ecological Interactions
11.5.1 Interactions with the Physico-Chemical Environment
Using sterile sandy loam soil as a growth medium it was demonstrated that the

growth rate of the common soil yeast C. albidus, over the first 24 h after inoculation,
was higher in the presence of 3-9% than in the presence of 1 or 2% added water
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(Vishniac 1995). After monitoring yeast populations in different forest soils, seasonal
changes in population sizes were partly ascribed to changes in soil moisture content
(Slavikova and Vadkertiova 2000). Other factors are also known to impact on soil
yeast populations. After sampling different soil types, it was found that a positive cor-
relation (at 1% level) exists between soil yeast population size and both organic car-
bon (r=0.884) and organic nitrogen content (+=0.829) of the soil (Moawad et al.
1986). While no significant correlation was observed between the number of soil
yeasts, soil CaCO, content, pH or soil texture. However, the study did not take into
account the seasonal changes in the physico-chemical composition of the soils.

An investigation of the post-fire effects of vegetation covering different soils dur-
ing a hot dry summer on the sizes of culturable yeast populations in the top 100 cm of
soil revealed that yeast populations started to recover during the onset of the cooler,
wetter weather of autumn (Cilliers et al. 2004). During this period the availability of
macronutrients (P, K, Na, NO,) was an important determinant of soil yeast popula-
tion sizes. After further recovery during winter and spring, the most important deter-
minants of soil yeast population sizes, however, were Mg, Na and soil texture.

Soil yeast populations, on the other hand, were also found to impact on the
chemical composition of soils. Results indicated that nitrification of added ammo-
nium, the hydrolysis of urea and the subsequent nitrification of released
ammonium, all of which were stimulated after sugar beet emendation, may have
largely been due to increased soil yeast numbers (Wainwright and Falih 1996).
During these experiments representatives of G candidum and Williopsis californica
were found to increase in number in the emended soil.

Most of the previously mentioned studies on yeast interactions with their
physico-chemical environment highlighted interactions of yeast populations in soil,
rather than the interactions of individual species or strains in this habitat. The
majority of studies conducted on the interactions of individual yeast strains with
their physico-chemical environment were done in vitro mostly either to elucidate the
physiology of the yeast cell while growing in monoculture (Rose and Harrison 1987)
or to classify pure yeast cultures during taxonomic investigations (Kurtzman and
Fell 1998a). These studies provided insight into the intrinsic abilities of particular
species and were essential in the rapid development of yeast biotechnology. In addi-
tion, the studies highlighted the diversity of yeast species occurring in nature.
During the course of these studies, however, in vitro investigations into cardinal
growth temperatures, nutrient assimilation and antibiotic resistance may have pro-
vided only limited insight into the ecological niche of certain yeast species
(Lachance and Starmer 1998). For example, while the ability of Cryptococcus pod-
zolicus to assimilate carbohydrate products of the enzymatic hydrolyses of lignocel-
lulosic plant materials (Table 11.1) may explain its presence in soil containing
decaying plant material, the inability of this species to utilize monomeric aromatic
acids associated with podzolic soils (Lunstrom et al. 2000) as sole carbon sources
(Sampaio 1999) does not explain its presence in these soils (Bab’eva and Rheshetova
1975). Similar anomalies were uncovered regarding the ability of soil yeasts in their
natural habitat to respond to perturbations with heavy metals. During enumeration
of yeasts in virgin soil with a relatively low natural Cu content (approximately 2 mg
kg™' Cu), plate counts were dominated by hymenomycetous strains able to tolerate
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Cu levels of up to 500 mg I"! Cu in a liquid medium (Cornelissen et al. 2003). When
1,000 mg kg~' Cu was added to the soil, a shift in the soil yeast community occurred,
resulting in urediniomycetous strains, with similar high Cu tolerance levels, domi-
nating the enumeration plates. The survival and growth of a particular yeast strain
in soil therefore seems not to depend solely on the intrinsic abilities of the particu-
lar strain to maintain itself within the chemical environment. Other factors, such as
interactions with members of the soil microbial community, may also be determina-
tive factors in shaping the species composition of soil yeast populations.

11.5.2 Interactions with Soil Organisms

A list of the possible microbe-microbe interactions that terrestrial yeasts may par-
ticipate in was provided by Lachance and Starmer (1998). These included amensal-
ism, commensalism, competition, mutualism or symbiosis, neutralism, parasitism,
predation and synergism. Taking the wide diversity of organisms into account that
intimately coexist with soil yeasts in their natural habitat, it is conceivable that at a
particular time a yeast in its ecological niche may participate in more than one of
these microbe-microbe interactions. In addition, these yeasts are known to be
grazed upon by soil fauna and protists. Therefore, to study a single interaction
between two soil organisms in their natural habitat would seem to be a daunting
task. Nevertheless, evidence for the intrinsic ability of some soil yeasts to participate
in a number of these interactions was uncovered in different studies.

5.2.1 Amensalism

It was found that a yeast commonly found in soil, C. laurentii, is able to inhibit
growth of filamentous fungal post-harvest pathogens on damaged fruit (Roberts
1990; Chand-Goyal and Spotts 1997). Environmental conditions, such as tempera-
ture (Roberts 1990) and available nutrients in agar plates (own unpublished results),
were found to impact on the antagonistic effect of C. laurentii on filamentous fungi.
No in situ experiments on yeast antagonism, however, have been conducted in bulk
soil in the absence of plant roots. Also, the exact mode of action of this antagonis-
tic effect of yeasts is still unclear, although it has been suggested that amensalism
(chemical interference) such as killer activity or the production of enzymes, e.g. glu-
canases, may play a role (Roberts 1990; Fredlund et al. 2002; Masih and Paul 2002).
In addition, the antagonistic effect has been ascribed to nutrient competition.

5.2.2 Competition

Considering the oligotrophic state of most soils (Williams 1985) the environmental
factors most likely to be in short supply, and hence the objects of competition, are
carbon and nitrogen sources (Lockwood 1992). Competition for ferric iron was also
found to occur quite commonly in soil. It is known that such competition for nutri-
ents impacts on the species composition of soil microbial communities. For exam-
ple, it was demonstrated that yeasts such as Candida tropicalis emerge as dominant
n-alkane-utilizing microbes when soil microcosms containing inocula from petro-
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leum contaminated soil were treated with a mixture of n-alkanes (Schmitz et al.
2000). Competition experiments in soil microcosms with n-alkane-utilizing microbes
from different culture collections confirmed that yeasts overgrow bacteria in sandy
soil. This was partly ascribed to the acidification of the soil as a result of yeast meta-
bolic activity, because when bentonite, a clay mineral with high ion-exchange capac-
ity, was added to the soil, yeasts and bacteria belonging to the genus Pseudomonas
coexisted in similar numbers. It was also found that n-alkane-utilizing yeast strains
from culture collections, representing different yeast species, showed different levels
of competitiveness in these n-alkane-treated microcosms. Strains of Arxula
adeninivorans, Candida maltosa and Yarrowia lipolytica overgrew strains of Candida
shehatae, C. tropicalis and Pichia stipitis. However, C. maltosa and Y. lipolytica were
able to coexist in equal number within these soil microcosms.

5.2.3 Predation

While studying binary interactions of predatory yeasts with their prey on agar
plates, it was found that some Saccharomycopsis strains are able to prey on a range
of ascomycetous and basidiomycetous yeasts by forming infection pegs to penetrate
and kill these organisms (Kreger-van Rij and Veenhuis 1973; Lachance and Pang
1997; Lachance et al. 2000). It can therefore be assumed that such interactions will
also occur in soil under the appropriate environmental conditions, especially since
two of the Saccharomycopsis species associated with predation, i.e. S. fermentans
and S. javanensis, have been isolated from soil (Kurtzman and Smith 1998).

5.2.4 Synergism and Antagonism Regarding Nematodes

Recently a synergistic relationship was discovered involving ethanol production by
S. cerevisiae resulting in enhanced growth of Acinetobacter, a bacterium which may
occur in the same ecological niche as the yeast (Smith et al. 2004). The ethanol was
found to also enhance pathogenicity of the bacterium towards the soil-borne pred-
ator C. elegans. It was suggested that by producing ethanol the yeast may therefore
be able to indirectly reduce the numbers of its predator.

When preyed upon some yeast species may also exert a lethal effect directly on
their predator. For example, when C. neoformans, a yeast periodically isolated from
soil, was used as a food source for the soil nematode C. elegans, it caused distention
of the nematode intestine when ingested (Mylonakis et al. 2002). The lethal effect
was ascribed to the yeast capsule, as well as to a series of genes associated with
mammalian virulence. However, killing of the nematode by an acapsular strain of
C. neoformans was also observed. It was speculated that the nematode was killed
either by toxins produced by the yeast, or by toxic components released during
degradation of the cell wall within the nematode.

11.6 Yeasts Associated with the Rhizosphere

The rhizosphere is the narrow zone of soil extending for a few millimetres from the
plant root surface out into the surrounding soil (Huang and Germida 2002). It may
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also be considered as an interface through which energy is channelled away from the
plant to the soil biota of the belowground ecosystem, because up to 18% of the car-
bon assimilated during photosynthesis is released from the roots. This may result in
larger microbial populations in the rhizosphere than in the bulk soil away from the
roots. As a result of root metabolic activity the chemical characteristics of the rhi-
zosphere, such as pH, redox potential, as well as concentration and composition of
organic compounds, may differ from those of the bulk soil. It was also proposed
that, depending on soil conditions, the rhizosphere may select for specific microbial
populations. This phenomenon was demonstrated when 18S ribosomal DNA
(rDNA) fragments, that were amplified from soil and maize rhizosphere DNA, were
cloned and sequenced (Gomes et al. 2003). On the basis of the sequence similarity
of these rDNA fragments with known 18S rDNA sequences in a database, it was
concluded that the rhizospheres of young maize plants seemed to select for
Ascomycetes belonging to the order Pleosporales, while different members of
the Ascomycetes, as well as basidiomycetous yeasts were detected in the rhizospheres
of senescent maize plants. A group of filamentous fungi commonly associated with
the rhizosphere and known to form mutualistic symbioses with plants is mycorrhizal
fungi (Huang and Germida 2002). These fungi may facilitate uptake of up to 80%
of the phosphorous and 25% of the nitrogen requirements of the host plant
(Marschner and Dell 1994). In turn the plant provides photosynthate for the fungus.
This nutrient exchange takes place via specialized fungal structures intimately asso-
ciated with host root cells. However, a wide diversity of other microbes also occur in
the rhizosphere; some are known to fix N,, some are known to degrade complex
organic compounds, thus participating in soil mineralization processes, while the
ecological role of others has not been fully established yet.

A variety of both ascomycetous and basidiomycetous yeasts were isolated from
the rhizosphere (Table 11.2). If the redox potential in the rhizosphere should
decrease as a result of water logging (Huang and Germida 2002) some of these
yeasts will still able to grow as result of a fermentative metabolism. It was found
that, similar to the microbial populations in general, larger yeast populations nor-
mally exist in the rhizosphere than in the bulk soil away from the roots (Moawad
et al. 1986). Root exudates containing a variety of potential yeast carbon and nitro-
gen sources (Table 11.3) may contribute to the growth and maintenance of yeast
populations on or near the roots. As the chemical profiles of these exudates differ
with plant species, genotypes and growth conditions (Fan et al. 2001) it may be
assumed that these differences impact on the species composition of the yeast com-
munity in the rhizosphere. Figure 11.2 illustrates a yeast microcolony on the rhizo-
plane of a sorghum seedling growing in washed sand containing no carbon sources
other than those provided by the plant. Figure 11.3 illustrates the relative abundance
of yeasts in the rhizosphere and in the bulk soil away from the roots.

Although the biological interactions of the rhizosphere yeasts are largely
unknown, it can be assumed that similar interactions would occur in the rhizosphere
as discussed before. It was found that inoculation of legumes with viable S. cerevisiae
increased nodulation and arbuscular mycorrhizal (AM) fungal colonization (Singh
et al. 1991). Later, hyphal growth of the AM fungus Glomus intraradices colonizing
cucumber roots was found to be enhanced by the presence of baker’s dry yeast
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Table 11.2 Some yeasts species that were found to occur in the rhizosphere during a number

of surveys

Species according
to Kurtzman
and Fell (1998a)

Bullera species
Candida azyma
Candida krusei
Candida maltosa
Cryptococcus albidus

Cryptococcus curvatus
Cryptococcus humicolus
Cryptococcus laurentii

Debaryomyces hansenii

Debaryomyces
polymorphus
Debaryomyces vanrijiae
Fellomyces species
Hanseniaspora uvarum

Leucosporidium scottii

Metschnikowia
pulcherrima

Pichia guilliermondii

Rhodotorula glutinis

Rhodotorula minuta

Rhodotorula
mucilaginosa

Torulaspora delbreuckii

Tremella mesenterica
Trichosporon cutaneum

Saccharomyces
cerevisiae

Williopsis californica

Williopsis saturnus

aAbility of species to ferment carbohydrates according to Kurtzman and Fell (1998b); + positive,

— negative, v variable

Original
identification
during survey

Bullera species
Candida azyma
Candida krusei
Candida maltosa
Cryptococcus
albidus/diffluens

Candida curvata

Candida humicola

Cryptococcus
laurentii

Debaryomyces
hansenii/kloeckeri,
Torulopsis famata

Debaryomyces
phaffii/cantarelli

Debaryomyces vanriji

Fellomyces species

Hanseniaspora
apiculata

Leucosporidium
scottii

Metschnikowia
pulcherrima

Pichia guilliermondii

Rhodotorula glutinis

Rhodotorula minuta
Rhodotorula
mucilaginosa
Torulaspora
delbreuckii
Tremella mesenterica
Trichosporon
cutaneum
Saccharomyces
cerevisiae
Hansenula californica
Hansenula saturnus

Reference

De Azeredo et al. (1998)
De Azeredo et al. (1998)
Kvasnikov et al. (1975)

De Azeredo et al. (1998)

Kvasnikov et al. (1975);
Moawad et al. (1986);
de Azeredo et al. (1998)

Moawad et al. (1986)

Moawad et al. (1986)

Kvasnikov et al. (1975);
de Azeredo et al.
(1998)

Moawad et al. (1986);
de Azeredo et al.
(1998)

Kvasnikov et al. (1975)

Kvasnikov et al. (1975)
De Azeredo et al. (1998)
Kvasnikov et al. (1975)
De Azeredo et al. (1998)
Kvasnikov et al. (1975)
De Azeredo et al. (1998)
Moawad et al. (1986); de
Azeredo et al. (1998)

De Azeredo et al. (1998)
De Azeredo et al. (1998)
De Azeredo et al. (1998)

De Azeredo et al. (1998)
Kvasnikov et al. (1975)

De Azeredo et al. (1998)

Kvasnikov et al. (1975)
Kvasnikov et al. (1975)

I+ + |1
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Fig. 11.2. Epifluorescence micrograph of yeast microcolony on the rhizoplane of a 2-week-
old sorghum seedling growing in a medium of washed sand with no additional carbon source.
Yeasts were visualized after staining with the fluorescent probes FUN 1 and Calcofluor White
M2R (both from Molecular Probes). FUN 1 is a yeast-viability stain, marking intravacuolar
structures of metabolically active cells. Calcofluor is a UV-excitable dye which labels yeast cell
walls. The bar represents 10 um. (Photograph; L. Joubert, Department of Microbiology,
University of Stellenbosch)
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Fig. 11.3. A simplified illustration demonstrating only the distribution of soil yeasts (y) in
relation to a plant root (r), omitting the remainder of the soil microbial community. More
yeasts are found in the rhizosphere close to the root than further away from the plant in the
bulk soil, where nutrients are less readily available. Yeasts in the latter nutrient-poor region are
usually able to form biofilms (b) enabling them to sequester nutrients. These EPS-producing
yeasts play a role in soil aggregate formation by binding soil particles (g) together
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(Ravnskov et al. 1999). Uptake of phosphorous by the AM fungus, however, was
unaffected by the yeast. When the ascomycetous yeast Y. lipolytica and Glomus
deserticola, both entrapped in alginate gel, were used as an inoculum for tomato
plants growing in soil microcosms enriched with rock phosphate, the yeast cells stim-
ulated the level of mycorrhizal-root colonization (Vassilev et al.2001).

The basidiomycetous soil yeasts were also found to enhance AM fungal growth
(Fracchia et al. 2003). R. mucilaginosa stimulated AM hyphal lengthening during
in vitro spore germination of Glomus mosseae and Gigaspora rosea. This stimulatory
effect on AM hyphal lengthening was also observed when exudates of the yeast pro-
duced in liquid culture were added to the spores. In addition, in glasshouse experi-
ments it was found that these exudates increased AM colonization of soybean by
G. mosseae and red clover by G rosea. These results on the stimulatory effects of
yeast exudates on AM fungi were later confirmed when the effects of C. laurentii,
R. mucilaginosa and S. kunashirensis were studied on G. mosseae in similar in vitro
and glasshouse trials (Sampedro et al. 2004). It was found that the presence of the
yeasts, or their soluble and volatile exudates, stimulated the percentage spore germi-
nation and hyphal growth of the AM fungus. The percentage root lengths colonized
by this AM fungus and plant dry matter of soybean were increased only when the
soil yeasts were inoculated prior to the AM fungus.

Recently it was found that basidiomycetous yeasts, such as Cryptococcus and
Dioszegia species, occur on AM fungal spores in soil, as well as on roots colonized
with these fungi (Renker et al. 2004). The type of interaction that exists between
these yeasts and mycorrhizal fungi is still unknown. Other yeasts isolated from the
rhizosphere, i.e. Candida valida, R. glutinis and Trichosporon asahii, were found to be
antagonistic towards growth of the fungal root pathogen Rhizoctonia solani (El-
Tarabily 2004). The antagonistic effect of C. valida was ascribed to B-1,3-glucanase
activity, of R. glutinis to the production of inhibitory volatiles and of 7. asahii to the
production of diffusible antifungal metabolites. It was also found that these yeasts
were able to colonize sugar beet roots and protect the seedlings and mature plants
from R. solani diseases in glasshouse trails. Interestingly, the three yeasts exerted a
synergistic effect on disease suppression and promoted plant growth. The latter was
ascribed to the production of indole-3-acetic acid and gibberellic acid by the yeast
isolates used in the study. The study indicated that yeasts have the potential to be
used as biological fertilizers.

11.7 Conclusion

Studies on yeast interactions were conducted on only a minute fraction of the vast
diversity of soil yeasts. It can therefore be anticipated that when more yeast species
are discovered and studied, more types of interactions will be uncovered and the role
of yeasts in the soil ecosystem will be further elucidated. A challenge however, will
be to determine the relative contribution of soil yeasts to ecological processes known
to involve a wide range of soil organisms. Also, the fate of individual strains or
species within a natural soil ecosystem needs to be studied. New technological
advances in the field of rTDNA sequence analyses of the total soil community DNA
(Hunt et al. 2004), as well as fluorescence in situ hybridization (Spear et al. 1999),
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make future studies of soil yeasts in their natural habitats an exciting possibility.
Considering the enormous potential effect of soil yeasts on, for example crop per-
formance, further investigation into this yet largely unexplored realm is expedient.
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12.1 Introduction

Many investigators have reported a variety of yeasts in substrates such as water, sed-
iment, plants, animals and other organic matter in aquatic environments, including
rivers (Spencer et al. 1970, 1974; Simard and Blackwood 1971a, b; Kvasnikov et al.
1982; Slavikova and Vadkertiova 1997; Libkind et al. 2003), lakes and ponds (van
Uden and Ahearn 1963; Spencer et al. 1974; Kwasniewska 1988; Slavikova et al.
1992; Slavikova and Vadkertiova 1995; Boguslawska-Was and Dabrowski 2001;
Lahav et al. 2002; Libkind et al. 2004), estuaries, coasts, and mangrove areas (Goto
et al. 1974a; Hagler and Mendonga-Hagler 1979; Hagler and Mendonga-Hagler
1981; Boiron and Agis 1982; Hagler et al. 1982, 1993; de Araujo et al. 1995; Soares
et al. 1997; Gadanho and Sampaio 2004), oceans and the deep sea (Goto et al.
1974b; Yamasato et al. 1974; Fell 1976; Kohlmeyer and Kohlmeyer 1979;
Hernandez-Saavedra et al. 1992; Nagahama et al. 1999, 2001b, 2003b; Gadanho
et al. 2003). The accomplishments before 1987 have been expatiated upon in some
reviews (Kriss 1963; Kriss et al. 1967; Morris 1968, 1975; van Uden and Fell 1968;
Fell 1976; Hagler and Hagler 1978; Kohlmeyer and Kohlmeyer 1979; Sieburth 1979;
Hagler and Ahearn 1987). In this paper, I will try to summarize the advances in the
ecological and taxonomical study of aquatic yeasts during the last 2 decades, and
will place in that context our investigation of yeasts taken from deep-sea floors in
the Pacific Ocean.

12.2 Sampling and Isolation

The sampling methods for yeast isolation do not differ fundamentally from those
used for bacteria. However, because the frequency of yeasts in natural aquatic envi-
ronments is lower than that of bacteria, especially in places with low nutrient con-
ditions, a higher volume of samples is required. Sterile bottles, boxes or containers
have been used in various samplings from such accessible sites as the surface or
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shallow regions of marine and freshwater environments. Whereas this sampling
method is relatively easy to implement, sampling from offshore and deep-sea regions
involves higher expenses and more complicated equipment. For water sampling,
some known samplers are the Nansen bottle, the Niskin sampler and the van Dorn
sampler. In order to avoid contamination, sterile samplers, such as the Niskin
biosampler (or some modified form of it), can be used, as formerly discussed by Fell
(1976). The J-Z sampler (or some modified form of it) has also been used frequently
in bacterial studies. Yeasts in aquatic sediments have been studied less (Hagler and
Ahearn 1987). The sampling of deep-water sediments has normally been performed
with core samplers, though there is the risk of contamination. We have developed
some samplers for the aseptic sampling of deep-sea sediments. A primitive version
of this sterile sediment sampler is shown in Fig. 12.1 (Ikemoto and Kyo 1993); it can
be incorporated into a manned or an unmanned submersible and can be handled by
the manipulators (Fig. 12.1). However, the amount of sediment obtained through
this method (maximum 50 ml) is too small to allow the isolation of yeasts, because
this sampler was originally designed for bacterial sampling. Later, a second version
was produced which could sample 10 times as large a volume as the primitive ver-
sion; however, it was too heavy and bulky. The more advanced systems were capable
of sampling water (Jannasch and Wirsen 1977; Jannasch et al. 1982) or sediment
(Kyo et al. 1991) while retaining the hydrostatic pressure and low temperature char-
acteristic of deep-sea environments, but their sampling capacity was very low.

The isolation procedure varies depending on yeast density, the volume and shape
of the source, and the source itself (water, sediment, plant or animal material). Yeast
cells in water samples were mostly filtrated through membranes and then used for
isolation, because of the low number of yeast cells, especially from open and deep-
sea waters. The solid sources, such as plants, animals and sediments from polluted

Fig. 12.1. Sterile sediment samplers. Each numbered arrow indicates the following: / a 50-ml
polypropylene tube for retrieving sediment; 2 the entry point for sediment; 3 a manipulator of
the submersible; 4 a sediment sampler in a sealed outer bracket; 5 an outer bracket
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environments, which usually carry denser yeast populations, can be applied to the
agar plate media directly or after being broken into pieces. These samples may be
washed with water, and then the suspended cells in the water can be collected by fil-
tration. Instead of filtration, organic contents, including yeast cells, have also been
collected from water by using a precipitant (Slavikova and Vadkertiova 1995, 1997).
When the sampling volume is too low owing to the capacity of the sampler, the sam-
ple can be enriched, but it should be noted that enrichment often changes the pro-
portion of the yeast population and occasionally leads to a disappearance of the
minority species or the slower-growing species. On the other hand, some enrichment
media used for isolating specific yeast species from marine environments have been
reported (Yanagida et al. 2002).

Because our ecological knowledge of the whole range of yeasts is very limited
and many niches in aquatic environments have remained unexplored, it may be
worth considering to attempt various new isolation media and conditions. The selec-
tion of media for isolating yeast strains from aquatic environments is important.
Nevertheless, the media currently used are not so different from those used for ter-
restrial yeasts, even though aquatic environments generally contain lower organic
nutrient concentrations than terrestrial environments. Most investigators prefer
organic media mainly consisting of malt extract, yeast extract, peptone and glucose
(Hagler and Ahearn 1987). Gadanho and colleagues (Gadanho et al. 2003;
Gadanho and Sampaio 2004) employed media with MYP (0.7% malt extract, 0.05%
yeast extract, 0.25% soytone) agar, broth, and no added glucose (Bandoni 1972). We
also tried different media, but now we usually use five kinds of agar: yeast
extract-malt extract (YM) agar, tenfold diluted YM agar, potato—dextrose agar,
corn-meal agar and marine agar (all Difco), with 0.01% chloramphenicol. A new
species of the genus Cryptococcus (Nagahama et al. 2003b) and a possibly an unde-
scribed species of the genus Dipodascus (unpublished data) have been obtained as a
result of cultivation in media unusual for yeast isolation, such as corn-meal and
marine agar 2216. Seawater or sodium chloride was usually added, although this is
not essential for the reproduction of most yeast species. But a marine yeast species
which requires seawater for reproduction has been reported (Tong and Miao 1999).
The temperature and pH of the media are often adjusted to prevent the growth of
bacteria and filamentous fungi as competitors against the yeasts, as reviewed in
many articles (Morris 1968, 1975; Fell 1976; Hagler and Hagler 1978; Hagler and
Ahearn 1987). Recent investigators prefer to add chloramphenicol as an antibiotic,
in concentrations sufficient to suppress the coexistent bacterial population
(Slavikova and Vadkertiova 1995; Nagahama et al. 2001b, 2003b; Gadanho et al.
2003; Gadanho and Sampaio 2004); another method is acidification of the medium
(Hagler et al. 1993; de Araujo et al. 1995; Soares et al. 1997; Libkind et al. 2003).

12.3 Identification and DNA Detection

Yeasts occurring in marine and other aquatic environments in high concentrations
often comprised basidiomycetous yeasts. This made identification troublesome,
owing to the unstable reactions in the assimilation tests and the lack of morpholog-
ical information on the sexual reproduction of many basidiomycetes. But such
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problems have been overcome with the progress of molecular taxonomy in the last 2
decades. The efficiency of using nucleotide sequences to identify marine yeasts was
demonstrated in early reports (Fell and Kurtzman 1990; Fell et al. 1992). The exten-
sive application of nucleotide sequences from the D1/D2 region of the large subunit
of the ribosomal RNA gene (26S rDNA) and from the internal transcribed spacer
(ITS) regions between the 18S rDNA, 5.8S rDNA and 26S rDNA domains vastly
facilitated the identification of yeasts, which led to the discovery of novel yeast
species (Kurtzman and Robnett 1998; Fell et al. 2000; Scorzetti et al. 2002).
Combined analyses with other molecules may further improve the phylogenetic reli-
ability of identifications within a taxonomic group if the issue is unresolved based
on the D1/D2 or/and ITS sequences (Kurtzman and Robnett 2003). Molecular tax-
onomic identification has the advantage of giving scalable genetic distances, as
opposed to conventional identification based on morphological and physiological
characteristics. Conserved gene sequences such as 18S rDNA, 26S rDNA, transla-
tion elongation factor 1-o (EF-1a), or RNA polymerase II (RPB2) are useful for the
inference of higher relationships, whereas the rapidly substituted molecules, such as
ITS or intergenic spacers (IGS) between 26S rDNA and 18S rDNA, can be used to
estimate the relationships between closely related species or the intraspecific varia-
tion between strains with different geographic origins. This method can successfully
discriminate aquatic species or strains from terrestrials, the two never having been
distinguishable phenotypically.

In contrast, small- or single-molecule sequence data are prone to give wrong or
ambiguous results. In this, morphological, physiological, biochemical and molecular
fingerprinting analyses, which are often called polyphasic taxonomic approaches
(Vandamme et al. 1996), can lend added support. In such analyses, fingerprinting
techniques such as those based on restriction fragment length polymorphisms
(RFLPs) (Mantynen et al. 1999; Montes et al. 1999; Villa-Carvajal et al. 2004) and
microsatellite-primed PCR (Gadanho et al. 2003; Libkind et al. 2003) are often per-
formed prior to sequencing, with the aim of avoiding sequencing redundancy and
minimizing the expenditure of reagents. These procedures should be considered if it
is observed that identical strains tend to appear repeatedly in numerous isolates.

The traditional isolation approaches mentioned before depended on cultivation
in the laboratory, and it was often not possible to grow and isolate the organisms in
proportions reflecting their natural communities. On the other hand, a complete
DNA-sequence database for yeasts enables the investigation of the microbial com-
munity and the identification of component species by means of direct DNA extrac-
tion from environmental samples. This cultivation-independent analysis has
successfully detected uncultured prokaryotic microorganisms (Ward et al. 1990) and
fungi in the soil and the rhizosphere (Crowe 2002; Anderson and Cairney 2004). In
contrast to the microorganisms mentioned before, the direct analysis of yeasts from
sources in marine and other aquatic environments is just beginning (Gadanho and
Sampaio 2004), probably because uncultivable yeasts were not expected to be found
in these environments. In the study of Gadanho and Sampaio, fingerprinting was
performed by means of temperature-gradient gel electrophoresis and clone sequenc-
ing of the fungal PCR amplicon of 26S rRNA, from the DNA samples extracted
directly or via enrichment from the estuarine water in Portugal. These approaches
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may assist the discovery of new marine or other aquatic yeasts as well as their eco-
logical niches.

Some new inexpensive techniques for examining the specific abundance of yeast
species have been reported. In order to detect rapidly and specifically such clinically
important species as Candidas, quantitative PCR has been utilized (Brinkman et al.
2003; Filion et al. 2003). A hybridization macroarray assay has been developed for
the rapid identification of yeasts occurring frequently in marine environments
(Kiesling et al. 2002).

12.4 Yeast Distribution and Biodiversity in Aquatic
Environments

12.4.1 Cell Density

Water is common as a source to isolate yeasts from either freshwater or marine envi-
ronments (Kohlmeyer and Kohlmeyer 1979). This may indicate that the main inter-
est of many investigators has been water pollution. Yeast populations in fresh water
are denser than in marine water (Hagler and Ahearn 1987), but the density varies
with the substrate and the pollution level. Yeast densities are known to be below 10
cells/l in open ocean water and below 100 cells/l in unpolluted lakes and coasts.
Lower yeast counts have been observed in an inaccessible lake in Patagonia,
Argentina (Libkind et al. 2003). The exceptional increase of the cell counts in
oceanic water is often associated with increased concentrations of invertebrates or
plankton blooms, and may exceed 3x10%/1 (Fell 1976). The total yeast count usually
increases with increasing pollution, and occasionally exceeds 2x10% cells/l (in
sewage). A great variation in the number of yeast cells with depth was observed in
the Gulf Stream (Fell and van Uden 1963). The number of yeasts in seawater above
the Alvares Cabral Trench averaged about 5.4 cells/l and varied with depth
(Gadanbho et al. 2003).

In sediments, cell counts above 100/g have been reported in polluted areas
(Hagler and Ahearn 1987). The yeast-cell frequency in sediment depends on the type
of sediment (Fell et al. 1960). In our research of deep-sea floors, no yeast colony has
been discovered so far in sandy sediments, except in hydrothermal vent areas. Hagler
and colleagues have extensively surveyed the various substrates in the polluted estu-
aries of Sepetiba Bay, Rio de Janeiro, Brazil. The yeast population at the beach was
3.7x10° most probable number (MPN) cells/l in water, whereas the density in mud
sediments was about 20 times higher, and that in shrimp intestines was more than
400 times higher than that in water, at the same site (Pagnocca et al. 1989). The aver-
age MPN count in invertebrates was about 37 times higher than that in water (de
Araujo et al. 1995). In intertidal estuary sediments, the MPN counts were about
20-30 times higher than in the water (Soares et al. 1997). In contrast, some
researchers reported that there were fewer yeast cells in invertebrates than in the sur-
rounding sediments (Volz et al. 1974; Hagler and Ahearn 1987). It is possible that
the obligatory localization of yeast vegetation in/on invertebrates depends on a cer-
tain association between the species and the environmental situation. Yeast counts
in the water of mangrove bromeliads were from 10* to 10° cells/l (Hagler et al. 1993).
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12.4.2 Fresh Water

Perfectly natural and unpolluted aquatic sources are almost impossible to find on
Earth, and sampling while avoiding as far as possible the effects of human activity
is difficult and usually expensive. In the past 2 decades, yeast communities in fresh-
water environments have been studied mostly in association with polluted water.
Studies on freshwater yeasts have been focused mostly on their application as
organic pollution indicators. Freshwater rivers and lakes in Europe, recreational
lakes (Slavikova et al. 1992), fish ponds (Slavikova and Vadkertiova 1995), rivers
(Slavikova and Vadkertiova 1997) and lagoons (Boguslawska-Was and Dabrowski
2001) were found to host mainly the genera Candida, Cryptococcus, Pichia
(Hansenula) and Rhodotorula. Some species in these genera are regarded as bioindi-
cators of the level of pollution (Dynowska 1997). Common species are
Aureobasidium pullulans, Cryptococcus albidus, Cr. laurentii, Debaryomyces hansenii
(C. famata) and Rhodotorula mucilaginosa (Rh. rubra) (Table 12.1). The black yeast

Table 12.1 Twenty species frequently isolated in four studies at European freshwater sites

Phylum Species Frequency (%)
Origins?
Ascomycota Aureobasidium pullulans 17.5 27.8 8.0 1.1
Saccharomyces cerevisiae - 2.0 17.3 7.8
Pichia anomala 14.7 6.3 1.7 -
Issatchenkia orientalis/ 11.2 2.2 6.6 —
Candida krusei
Debaryomyces hansenii/ 0.6 0.9 1.4 11.5
Candida famata
Pichia fermentans/Candida 7.5 0.7 4.5 -
lambica
Pichia guilliermondii/ Candida 11.2 1.3 - -
guilliermondii
Pichia burtonii 4.2 3.4 1.4 -
Candida maltosa - - 8.0 -
Geotrichum capitatum - - 6.9 -
Candida sake - 23 - 41
Galactomyces geotrichum/ 3.3 2.5 - -
Geotrichum candidum
Basidiomycota Rhodotorula glutinis 8.8 - 7.3 36.8
Sporobolomyces roseus - 22.9 - -
Cryptococcus albidus 0.6 3.6 5.2 6.8
Cryptococcus laurentii 0.4 4.5 3.8 4.9
Rhodotorula mucilaginosa/ 4.8 1.1 1.4 6.2
Rhodotorula rubra
Trichosporon cutaneum = 5.2 3.5 4.0
Cystofilobasidium capitatum - - 7.3 -
Rhodotorula minuta 0.7 0.5 5.2 -

aA Slavikova et al. (1992), B Slavikova and Vadkertiova (1995), C Slavikova and Vadkertiova (1997),
D Boguslawska-Was and Dabrowski (2001)
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A. pullulans is an opportunistic pathogen (Koppang et al. 1991; Girardi et al. 1993,
Redondo-Bellon et al. 1997), and accounts for the highest population in the total
yeast population of recreational lakes (56-76%) and fishponds (38-48%) during
autumn. It has only been found in water (Boguslawska-Was and Dabrowski 2001)
and is considered to enter aquatic zones with plants, flowers, fruits, etc. A significant
incidence of the black yeasts in lake water has been reported globally, including lake
St. Clair, Canada (Kwasniewska 1988), and Lagoa Olhos d’Agua, a lake on the
karstic plateau of Lagoa Santa, Brazil (Rosa et al. 1995). Cr. albidus, Cr. laurentii,
D. hansenii and Rh. mucilaginosa were found to be small, stable components at the
European sites. The majority of ascomycetous yeasts, such as Candida spp. and
Pichia spp., tend to be prevalent in summer. These are considered to be of human
origin in recreational lakes (Slavikova et al. 1992), and may be related to the increase
in phytoplanktons during summer in eutrophicated waters. The species relatively
specific to studies in these European areas were Bullera alba, Galactomyces geot-
richum (Geotrichum candidum), Pichia burtonii and Lachancea (Saccharomyces)
kluyveri, although their proportions were low.

The increased numbers of red yeasts in autumn, including the ballistospore-forming
Sporobolomyces spp. (Slavikova and Vadkertiova 1995, 1997), may be affected by the
microbial effluents from the phyllosphere carried by the fallen leaves of terrestrial
plants. Rh. minuta and Rh. mucilaginosa were found in relatively low proportions in
almost all of the studies, whereas Rh. glutinis and Sporobolomyces roseus unexpectedly
increased in their specific area (Table 12.1) and season (Slavikova and Vadkertiova
1995). It has been reported that red yeasts are found in higher proportions in the total
yeast population of clean water, as compared with polluted water (Hagler and Ahearn
1987), but the response to pollution may depend on the red yeast species involved.

Rh. mucilaginosa was one of two dominant species found in high-salinity condi-
tions in chemical wastewater evaporation ponds (Lahav et al. 2002). This species was
prevalent also in many of the oligotrophic lakes in northern Patagonia, Argentina
(Libkind et al. 2003), but it was not found in ultra-oligotrophic lakes with little expo-
sure to human activity, and its niches were mainly occupied by some ballis-
tosporogenous species comprising the undescribed yeasts Sporidiobolus longiusculus
and Sporobolomyces patagonicus (Libkind et al. 2005). In the same series of olig-
otrophic lakes, members of the Occultifur lineage (Fig. 12.2), Rh. minuta, Rh. sloof-
fiae and Rh. pinicola, along with ballistosporogenous yeasts such as Sporidiobolus
salmonicolor, S. ruberrimus and S. roseus, have also been isolated.

Red yeasts have also been isolated from the deep groundwater (Ekendahl et al.
2003) and identified as Rh. minuta on the basis of 18S rDNA phylogeny and the
physiological properties. In our study, these phylogenetic positions were reconsid-
ered, and the strains J1, J2 and J3 were subsequently revealed to be different from
Rh. minuta (Fig. 12.2). Strains J1 and J3 were found to be related to Rh. slooffiae,
whereas the classification of strain J2 was unclear owing to low bootstrap reliability.
Nevertheless, all three strains were at a remarkable distance from their closest rela-
tives, and seemed to be new species. Unlike the type strain of RhA. slooffiae, strains
J1 and J3, which cannot grow above 23°C, were found to be psychrophilic. Strain J2
had a unique physiology in that the optimum growth temperature was 4°C, although
the maximum was 30°C.
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Fig. 12.2. The phylogenetic relationship within the Occultifur lineage and the positions of the
red yeasts isolated from deep groundwater, based on the 18S ribosomal DNA (rDNA)
sequences. The maximum likelihood tree was calculated by using the Bayesian phylogenetic
inference on the program MrBayes (Huelsenbeck and Ronquist 2001; Ronquist and
Huelsenbeck 2003) with the GTR+I+G model. The numbers on the branches are estimates
of a posteriori probabilities. A dagger indicates species that have been isolated from aquatic
environments

12.4.3 Estuaries and Mangrove Areas

Yeast communities of polluted estuary and mangrove ecosystems in subtropical
marine environments were found to exhibit extreme diversity. The species diversity
of basidiomycetous yeasts in these communities was less than or not notably differ-
ent from that in other aquatic regions, but the ascomycetous yeasts comprised a
remarkably greater number of species in these ecosystems than in other aquatic envi-
ronments (Hagler and Mendonga-Hagler 1981; Hagler et al. 1982, 1993; Pagnocca
et al. 1989; de Araujo et al. 1995; Soares et al. 1997). But highly dominant species
tended to be absent, because many of the ascomycetous yeast species were repre-
sented by only one or a few isolates. Many of these species were considered to be
allochthonous (de Araujo et al. 1995). Basidiomycetous yeasts were generally less
frequent than ascomycetous yeasts in the polluted aquatic environments (Hagler and
Ahearn 1987). The average proportion of basidiomycetous yeasts in the total yeast
population in some studies conducted at Sepetiba Bay was 12.6% (Pagnocca et al.
1989; Hagler et al. 1993; de Araujo et al. 1995; Soares et al. 1997). The higher pro-
portion of basidiomycetes in water (12.0%) as compared with sediment (3.8%) or
invertebrates (3.5%) at same sites (Pagnocca et al. 1989) could be due to the fact that
basidiomycetous yeasts are mostly oxidative and frequently occur on the water
surface. C. intermedia, D. hansenii, Issatchenkia occidentalis (C. sorbosa), P. guillier-



12 . Yeast Biodiversity in Freshwater, Marine and Deep-Sea Environments

249

mondii and P. membranifaciens (C. valida) were the ubiquitous ascomycetous species
in the yeast studies conducted at Sepetiba Bay. The comprehension of a widely
diverse ecology comprising numerous species, such as the yeast community in the
subtropical mangrove ecosystem, may be impeded by the uncertain identities of the
species owing to the ambiguous taxonomic results of phenotypic characterization.

Kluyveromyces aestuarii was found to be associated with detrital feeding inverte-
brates and sediments within specific mangrove areas (de Araujo et al. 1995; Soares
et al. 1997). Previously, this species was presumed to be an obligate marine species
(Kohlmeyer and Kohlmeyer 1979; Lachance 1998), and the other strains were iso-
lated from shallow sediments of South Florida and the Bahamas and from the man-
grove brackish area of the Everglades in Florida and the seawater from Torres Strait,
Australia. K. aestuarii is phylogenetically placed in the K. marxianus lineage, genus
Kluyveromyces nom. cons. (Kurtzman 2003) or the genus “Zygofabospora” (Naumov
and Naumova 2002), and is ecologically similar to some members of the lineages
K. lactis and K. nonfermentans. The “aquatic” strains of K. /actis (Naumova et al.
2004), which were isolated from rhizosphere sediments in the marine marshlands
(Meyer et al. 1971), were suggested to be evidence of the possible evolution of the
mangrove-inhabiting species K. aestuarii from the marshland-inhabiting species
K. lactis (de Araujo et al. 1995; Soares et al. 1997). But the ITS phylogeny of the
genus Kluyveromyces (Fig. 12.3) did not support the theory of direct evolution from
K. lactis to K. aestuarii, whereas K. aestuarii obviously shared a common ancestor
with K. nonfermentans, which was isolated from sediments and invertebrates in deep-
sea environments. K. nonfermentans may have lost its fermentative ability as a
consequence of adapting to oligotrophic oceanic environments.

Plant-associated yeasts on bromeliads in mangrove areas are distinct from those
typical of polluted areas, and comprise a larger number of species and isolates with
basidiomycetous affinities (Hagler et al. 1993). Some human-associated species, such
as C. parapsilosis and C. tropicalis, and the prevalent species in polluted water, such
as Hanseniaspora uvarum (Kloeckera apiculata), I. orientalis (C. krusei) and P. anom-
ala, were absent, although they were common in other sources from the mangrove
ecosystem.

Yeasts are prevalent in salt marshes or mangrove ecosystems where the yeasts
play an important role in the detrital food web (Meyers et al. 1975), and they might
be a food source for some marine invertebrates and zooplanktons. The fungus-grow-
ing behavior of the marine snail on the marine marsh grass was recently reported
(Silliman and Newell 2003). In contrast, the infection of the freshwater prawns
Macrobrachium rosenbergii by C. sake (Lu et al. 1998) and Metschnikowia bicuspi-
data (Chen et al. 2003) is known. In Spartina grass, in addition to K. lactis, P. sparti-
nae has been previously found as the prevalent species in the outer- or intra-culm
(fistulous stalk) cells and tissues, but PCR-based analysis of an ascomycetous com-
munity colonizing decaying Spartina alterniflora blades in the salt marsh was not
able detect these two yeasts or any other yeast clones (Buchan et al. 2002). Further
extensive research could reveal the ecological roles of these yeasts and their interac-
tion with the other organisms of the salt marsh.

The yeast community from the estuary in Portugal, investigated with the help of
fungal DNA clones, suggested the presence of some species known to be prevalent
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Fig. 12.3. The phylogenetic relationship of the genus Kluyveromyces, as inferred from inter-
nal transcribed spacer and the 5.8S rDNA sequences. The tree was drawn as for Fig. 12.2. The
numbers on the branches are estimates of a posteriori probabilities. The marine species are in
the gray oval. The accession numbers for the sequences (see the number after the name of the
species) are as follows: I IFO 1090, ABO11515; 2 JCM 6846, AB011516; 3 CECT 1121,
AJ401702; CECT11401, AJ401718; CECT10366, AJ401708; CECT10364, AJ401707;
CECT10361, AJ401706; CECTI11395, AJ401715; CECT1961, AJ401704; CECT11401,
AJ401718; 4 CECT 1122, AJ401703; CECT10669 AJ401710; CECTI11380, AJ401713;
CECT11394, AJ401714; CECT11396, AJ401716; 5 JCM 9563, AB011517; 6 CBS 6170,
AY338967;, CBS6171, AY628330; 7 UWO79-169, AY628331; CECT10390, AJ401709;
CECT11337, AJ401711; UCD61-200, AY623808; CECT11340, AJ401712; UWO79-169,
AY628331; UWO80-45, AY623809; 8§ UWO79-127, AY626022; UWOS80-12, AY626023; 9
UCD 69-8, AY338968; DV30, AY338969; 10 IFO 1675, AB011521; 11 IFO 10005, ABO11518;
JCM 1630, AB011519; CECT1123, AJ401692; CECT1031, AJ401694; CECT1058, AJ401698;
CECT1066, AJ401699; 12 JCM 2188, AB011520; 13 CECT 1048, AJ401700; 14 CECT 1442,
AJ401693; CECT1035, AJ401695; CECT1036, AJ401696; CECTI1058, AJ401697;
CECT1138, AJ401701; 15 TFO 10603, AB011514; NRRL Y-1974, AY046215; CECT 1952,
AJ401719; 16 CBS 210, AJ229068; 17 CECT 10177, AJ401720; CECT 10180, AJ401721;
CECT 10187, AJ401722; 18 NRRL YB-4510, AY046210; 19 NRRL Y-4510, U09324; 20 IFO
10597, ABO11513; 2/ JCM 10227, AB011507; JCM 10230, ABO011508; JCM 10231,
ABO011509; JCM 10234, AB011510; JCM 10236, AB011512; JCM 10232, AB012264

in polluted aquatic environments, and six yeast species were regarded as putative
undescribed species (Gadanho and Sampaio 2004). From among these yeast species,
all five ascomycetous yeasts were relatively closely related to species which have
been reported to occur in aquatic environments, e.g., C. inconspicua, C. intermedia,
D. hansenii and P. guilliermondii, whereas the only basidiomycetous yeast, which,
interestingly, was considered to be uncultured, was found to be related to Cr. longus,
which had previously not been reported to be aquatic.
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12.4.4 Offshore and Deep-Sea Environments

There have been a few yeast studies conducted in oceanic regions in the last 2
decades. This is probably because there has been little expectation of obtaining new
findings in this area, and, in addition, the expenses for offshore and oceanic sam-
pling are considerable. In an extensive study of yeasts in oceanic regions (Fell 1976),
the yeast communities appeared to be constituted of the ubiquitous species and
species restricted geographically, hydrographically and biologically. Among the
ascomycetous yeasts, the halotolerant species D. hansenii was a typical ubiquitous
species in oceanic regions as well as in other aquatic environments. Among the
basidiomycetous yeasts, some species of Cryptococcus, Rhodotorula,
Sporobolomyces and their teleomorphs were found to be widespread across various
oceanic regions. Generally, basidiomycetous yeasts often account for the over-
whelming majority of the total yeast population in oligotrophic oceanic water.
Candida spp. also occur, but at lower frequencies than in the inshore or polluted
freshwater regions, and the occurring species are also different in these habitats.
Some of the Candida species appeared only in the oceanic regions around
Antarctica, and, along with Leucosporidium spp. and Sympodiomyces parvus, they
are known to be psychrophilic. They are probably autochthonous marine species
(Lachance and Starmer 1998). Metschnikowia spp. are known to be associated with
seawater, fresh water, invertebrates, fish and algae. The phylogenetic relationship
(Fig. 12.4) shows that M. australis, M. bicuspidata var. bicuspidata, M. bicuspidata
var. chathamia, M. krissii and M. zobellii, all of which are prevalent in marine envi-
ronments, are monophyletic, whereas the occasionally aquatic species M. reukaufii
and M. pulcherrima are distant, as previously reported (Mendonga-Hagler et al.
1993). The latter two are usually found to associate with terrestrials such as flowers,
fruits and insects, like almost all of the other Metschnikowia species. The monophyly
of the marine species suggests that their divergence has evolved in the course of
association with marine environments.

The ubiquitous species in various marine habitats are usually regarded as being
allochthonous. Especially because many basidiomycetous yeasts are often found
to associate with the phyllosphere of terrestrial plants, the marine occurrences
were considered to be run-offs from the phylloplane (Hagler and Ahearn 1987,
Lachance and Starmer 1998). The yeasts of the ballistosporogenous genera
Sporobolomyces and Bullera and their teleomorphs are typical inhabitants of the
phylloplane. During a survey of yeasts in the Pacific Ocean off Mexico, yeasts of
the genus Sporobolomyces (and Bullera) were the most commonly encountered
(Hernandez-Saavedra et al. 1992). Interestingly, the frequencies increased with
increasing distance from the coastline and increasing depth. The yeasts of these
genera were also found in benthic invertebrates collected from deep-sea floors in
the Pacific Ocean off Japan (Nagahama et al. 2001b). These facts may indicate
that ballistosporogenous yeasts are not effluents from terrestrial plant foliages but
are indigenous to the sea.

In a study of yeasts in the seawater of the Atlantic Ocean off Faro in the south
of Portugal (Gadanho et al. 2003), however, few ballistosporogenous yeasts were
found, and mainly basidiomycetous yeasts were isolated. Rhodosporidium babjevae
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Fig. 12.4. A 26S rDNA D1/D2-based tree for the genus Metschnikowia and its relatives. The
tree was drawn as for Fig. 12.2. The numbers on the branches are estimates of a posteriori
probabilities. The species associated with aquatic environments are in the gray oval
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and R. diobovatum, the two possible species previously identified as Rh. glutinis,
and Sakaguchia dacryoides and Pseudozyma aphidis were frequent among the
basidiomycetous yeasts. Notably, an ustilaginomycetous yeast, P. aphidis, was
widely distributed in the area studied, but its ecological behavior in the sea is still
unknown. As in the case of the Rh. glutinis species complex, a species previously
identified as Cr. laurentii also occurred, and was found to be involved with unde-
scribed species.
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From quantitative surveys of microbiota in deep-sea sediment, abundance of
yeast-like cells has been reported (Burnett 1981; Alongi 1987, 1992). During a sur-
vey of the yeast distribution in deep-sea environments around the Pacific Ocean, a
number of yeasts have been isolated (Nagahama et al. 1999, 2001a, b, 2003a, b). Our
most frequently visited site is around a cold seep at a depth of about 880-1,200 m
near Hatsushima Island, Sagami Bay. At this site, giant white clams (Calyptogena
spp.) and tubeworms (Lamellibrachia spp.), which inhabit the area, were collected.
Suruga Bay (380-2,500 m), the Japan Trench (4,500-7,500 m) and ITheya Ridge
(990-1,400 m) have been investigated a few times. The other sites (Kagoshima Bay,
220-260 m; the Mariana Trench, about 11,000 m; the Palau-Yap Trench,
3,700-6,500 m; the Manus Basin, 1,600-1,900 m) have only been visited once
(Fig. 12.5). Theya Ridge and the Manus Basin have biologically fertile spots owing
to the hydrothermal vent ecosystem, and tubeworms (Lamellibrachia spp.) were col-
lected at the former site.

R. sphaerocarpum, Williopsis saturnus and C. pseudolambica were found to be fre-
quent species in a total account of all of the sites (Table 12.2), but their distributions
were limited mostly to the sediments of Suruga Bay and Kagoshima Bay. D. hansenii
occurred only in the sediments of Sagami Bay and Suruga Bay, although it had been
known to be the commonest ascomycete in marine waters (Hagler and Ahearn
1987). Almost all ascomycetous yeasts were isolated only from sediments. The only
exception was K. nonfermentans, which was common to both sediments and benthic
invertebrates, whereas its distribution was limited to Sagami Bay and Suruga Bay. In
contrast, R. diobovatum and Rh. mucilaginosa were widely prevalent in the various
locations and sources.

The frequency of occurrence of each corresponding phylogenetic taxon is obvi-
ously different according to the source and geographical origin (Fig. 12.6). The
ascomycetous yeasts constituted the majority of the total yeast population in the
sediments of Sagami Bay, Suruga Bay and Kagoshima Bay, sites which are relatively
inshore (5-20 km) near urban and industrial areas and where the deep-sea floors are
affected by the human activities. But P anomala and H. uvarum, which are known
as the pollution-associated species, did not appear. Species in the Erythrobasidium
clade have been isolated mostly from the benthic invertebrates, and the exceptional
isolates from the sediments of the Manus Basin are considered to give clues about
the hydrothermal ecosystems. Many of these species belong to the Occultifur lineage
(Fig. 12.2), and some were found to be undescribed species (Nagahama et al. 2001a,
2003a). The association with animals is probably favorable for yeasts, owing to the
abundance of nutrients (Hagler and Ahearn 1987). The reasons why species asso-
ciated with animals are limited are unknown so far. Hymenomycetous species,
mostly assigned to the genus Cryptococcus, were localized in the Japan Trench,
Sagami Bay and Suruga Bay, and did not appear farther southwest. Species of
Sporidiobolales were present at all of the sites.

However, there is poor evidence for physiological adaptation. Yeasts with an opti-
mum growth under elevated hydrostatic pressure condition have not been reported,
whereas many yeast species from both terrestrial and marine origins are moderately
pressure-tolerant (ZoBell and Johnson 1949; Yamasato et al. 1974). Especially, the
carotenogenic basidiomycetous yeasts such as Rhodotorula and Rhodosporidium were
reported as psychro- and pressure-tolerant (Davenport 1980). A Rhodotorula species
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Fig. 12.5. Sampling sites in the Pacific Ocean

showed that growth at 20 MPa (equivalent to 2,000-m depth) was not significantly
different as compared with that at 0.1 MPa and growth at 40 MPa was reduced to
20-30% (Lorenz and Molitoris 1997). But it should be noted that the growths were
observed at a remarkably high temperature (27°C). In our study, the yeasts isolated
from seafloors deeper than 4,000 m did not grow well under hydrostatic pressures
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Table 12.2 The yeast species and the number of isolates from sediment and invertebrates col-
lected from deep-sea floors around the northwest Pacific Ocean

Species? Sediment Invertebrates Total (n>2)

Rhodosporidium sphaerocarpum 88 - 33
Williopsis saturnus var. saturnus 30 - 30
Candida pseudolambica 27
Debaryomyces hansenii var. hansenii 25
Rhodosporidium diobovatum 16
Kluyveromyces nonfermentans 15
Rhodotorula benthica 10
Rhodotorula mucilaginosa
Candida vartiovaarae
Cryptococcus gastricus
Debaryomyces hansenii var. fabryii
Kondoa aeria

Rhodotorula lamellibrachiae like
Rhodotorula minuta

Candida melibiosica

Williopsis californica
Aureobasidium pullulans
Cryptococcus albidus
Cryptococcus laurentii like
Rhodosporidium toruloides like
Sporobolomyces salmonicolor
Candida boidinii

Candida sake

Pichia pinus like

Sarcinomyces petricola
Cryptococcus victoriae
Trichosporon pullulans
Rhodotorula dairenensis
Rhodotorula dairenensis like
Sporidiobolus pararoseus
Rhodotorula calyptogenae
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a“| ike” represents a similar but not identical species with greater than 1% differences in the com-
parisons of D1//D2 26S ribosomal DNA or internal transcribed spacer sequences.

corresponding to the sources at which they were collected (2-4°C, more than 40
MPa). But this result may also be due to the specifications of our compressed incu-
bation system, which allows sharp pressure changes and insufficient oxygen supply.
Psychrophilic strains have not been found so far in the deep sea, but many isolates
were psychrotolerant and grew well at less than 4°C (unpublished data).

12.5 The Impact of Molecular Taxonomic Approaches on the
Ecological Studies of Yeasts in Marine and Other Aquatic
Environments

It is still difficult to give a convincing answer to an old question about marine yeasts:
“Are there indigenous marine yeasts?” (Kohlmeyer and Kohlmeyer 1979). Even if
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Fig. 12.6. The frequency of occurrence of each phylogenetic taxon by geographical origin
and source

there is evidence that there are, there is another question: “Which are indigenous?”
In general, the physiological properties of yeasts do not give clues as to whether they
are marine species or terrestrial species. Although some marine species may be resist-
ant to higher NaCl concentrations than related terrestrial species, almost all yeast
species can grow well in media with NaCl concentrations exceeding those normally
present in the sea (Kohlmeyer and Kohlmeyer 1979). Few yeast species with a phys-
iological dependence on NaCl or other seawater components have been reported.
Yeast concentrations in marine environments are known to decrease with increasing
depth and increasing distance from land. But this tendency could be explained in
two ways: one is the availability of nutrients coming from land, and the other is fre-
quent encounters with terrestrial yeasts (Sieburth 1979). Thus, physiological charac-
terization cannot discriminate between marine and terrestrial yeasts.

Many of the yeast species found in aquatic environments are considered to be
allochthonous (Lachance and Starmer 1998). The number of yeast species prevalent
in marine environments is limited, but each species of marine yeast is very similar to
its terrestrial counterpart. Only a few of the isolated species have been found to be
restricted to marine environments. These physiological and taxonomical observa-
tions could imply that most of the marine species are terrestrial contaminants.
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Yeasts are known to be the dominant fungi in the open ocean, though the bacte-
rial population is hundreds of times denser than the yeast population, according to
counts of colony-forming units (Sieburth 1979). Because most natural seawater con-
tains amounts of organic carbon nutrients insufficient for yeast-cell reproduction,
many marine and other aquatic environments may be used by the yeasts as transit
areas only. The candidates for autochthonous marine yeasts are not thought to be
ubiquitous; their occurrence is thought to be restricted to specific geographical lati-
tudes or to associations with certain macroorganisms, as in the case of the psy-
chrophilic species from the circumpolar area or Metschnikowia spp.

Many of the yeast species that have a widespread distribution across aquatic envi-
ronments often pose identification problems, owing to their ambiguous phenotypic
characteristics. However, this problem has been overcome through the development
of phylogenetic molecular identification. The aquatic strains that had been consid-
ered phenotypically identical to or indistinguishable from terrestrial strains can now
be segregated genetically. Evidence of such imperceptible differentiation is offered
by rapidly substituted molecules such as ITS or IGS. Thus, the aquatic strains of the
species K. lactis were revealed to be differentiated as the variety level, by means of
RFLP fingerprinting of the PCR replicons in IGS and the phylogenetic relation-
ships based on ITS sequences (Naumova et al. 2004).

Red yeasts may also provide clues as to the differentiation of aquatic yeasts from
terrestrials. These basidiomycetous yeasts are characterized as having the ability to
produce carotenoids or carotenoid-like compounds, and are found in higher pro-
portions in the total yeast population of clean freshwater than of open-sea water.
The species Rh. glutinis, Rh. minuta and Rh. mucilaginosa are the predominant red
yeasts in aquatic environments, although each has been considered to be multitypi-
cal. Notably, many strains previously identified as RA. glutinis may genetically differ
from the type strain of this species, and may be anamorphs of species in the genus
Rhodosporidium or may belong to a novel species. The marine isolates related to the
three Rhodotorula species have been found as undescribed species (Gadanho and
Sampaio 2002; Nagahama et al. 2003a). The Sporidiobolales, which include RA. glu-
tinis and Rh mucilaginosa, and the Occultifur lineage, which includes Rh. minuta
(Fig. 12.2), comprise many species which often are associated with aquatic sources.

Cr. laurentii is one of the commonest basidiomycetous yeasts in aquatic environ-
ments, but some aquatic strains previously identified as belonging to this species are
possibly different from this type strain, as in the case of the Rhodotorula species
mentioned before. Some new combinations have been recently reported in the
Cr. laurentii species complex. Cr. peneaus is one of these, and has been isolated from
the surface of shrimp. More new aquatic species may be recognized on the basis of
further taxonomic studies of this complex. The widespread yeasts occurring across
various ecological niches often form varieties or species complexes, and the iden-
tification of these yeasts based on traditional taxonomical approaches is difficult.
A reexamination of aquatic strains previously classified into certain species is worth
considering.

In contrast, C. austromarina, known as a psychrophilic marine species inhabiting
the Antarctic Ocean, was regarded as a synonym of a mesophilic species, C. sake,
because of the identical D1/D2 26S rDNA sequence. Because C. sake is widely
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distributed in oceanic and other aquatic regions, C. austromarina is considered to be
a variety indigenous to the Antarctic region. This conspecificity suggests the possi-
bility that the psychro-adaptation occurred over a short period of time. Their genetic
differentiation could be determined through further comparisons of rapidly substi-
tuted genes.

References

Alongi DM (1987) The distribution and composition of deep-sea microbenthos in a bathyal
region of the western Coral Sea. Deep Sea Res 34:1245-1254

Alongi DM (1992) Bathymetric patterns of deep-sea benthic communities from bathyal to
abyssal depths in the western South Pacific (Solomon and Coral Seas). Deep Sea Res
39:549-565

Anderson IC, Cairney JW (2004) Diversity and ecology of soil fungal communities: increased
understanding through the application of molecular techniques. Environ Microbiol
6:769-779

Bandoni RJ (1972) Terrestrial occurrence of some aquatic hyphomycetes. Can J Bot
50:2283-2288

Boguslawska-Was E, Dabrowski W (2001) The seasonal variability of yeasts and yeast-like
organisms in water and bottom sediment of the Szczecin Lagoon. Int J Hyg Environ Health
203:451-458

Boiron P, Agis F (1982) A preliminary study of the yeast flora of medical interest from
Guadeloupe coastal waters (French West Indies) (author’s translation). Bull Soc Pathol
Exot Filiales 75:272-278

Brinkman NE, Haugland RA, Wymer LJ, Byappanahalli M, Whitman RL, Vesper SJ (2003)
Evaluation of a rapid, quantitative real-time PCR method for enumeration of pathogenic
Candida cells in water. Appl Environ Microbiol 69:1775-1782

Buchan A, Newell SY, Moreta JI, Moran MA (2002) Analysis of internal transcribed spacer
(ITS) regions of rRNA genes in fungal communities in a southeastern U.S. salt marsh.
Microb Ecol 43:329-340

Burnett BR (1981) Quantitative sampling of nanobiota (microbiota) of the deep-sea benthos-
III. The bathyal San Diego Trough. Deep-sea Res 28 A:647-663

Chen SC et al (2003) Metschnikowia bicuspidata and Enterococcus faecium co-infection in the
giant freshwater prawn Macrobrachium rosenbergii. Dis Aquat Organ 55:161-167

Crowe F (2002) Fungal diversity and plant roots. Science 296:1969; author reply 1969

Davenport RR (1980) Cold-tolerant yeasts and yeast-like organisms. In: Davenport RR (ed)
Biology and activity of yeasts. Academic, London, UK, pp 215-230

De Araujo FV, Soares CA, Hagler AN, Mendonga-Hagler LC (1995) Ascomycetous yeast
communities of marine invertebrates in a southeast Brazilian mangrove ecosystem. Antonie
van Leeuwenhoek 68:91-99

Dynowska M (1997) Yeast-like fungi possesing bio-indicator properties isolated from the
Lyna river. Acta Mycol 32:279-286

Ekendahl S, O’Neill AH, Thomsson E, Pedersen K (2003) Characterisation of yeasts isolated
from deep igneous rock aquifers of the Fennoscandian Shield. Microb Ecol 46:416-428

Fell JW (1976) Yeasts in oceanic regions. In: Jones EBG (ed) Recent advances in aquatic
mycology. Elec, London, pp 93-124

Fell JW, Kurtzman CP (1990) Nucleotide sequence analysis of a variable region of the large
subunit rRNA for identification of marine-occurring yeasts. Curr Microbiol 21:295-300

Fell JW, van Uden N (1963) Yeasts in marine environments. In: Oppenheimer CH (ed)
Symposium on marine microbiology. Thomas, Springfield, IL, pp 329-340



12 . Yeast Biodiversity in Freshwater, Marine and Deep-Sea Environments

259

Fell JW, Ahearn DG, Meyers SP, Roth FJ Jr (1960) Isolation of yeasts from Biscayne Bay,
Florida and adjacent benthic areas. Limnol Oceanogr 5:366-371

Fell JW, Statzell-Tallman A, Lutz MJ, Kurtzman CP (1992) Partial rRNA sequences in marine
yeasts: a model for identification of marine eukaryotes. Mol Mar Biol Biotechnol 1:175-186

Fell JW, Boekhout T, Fonseca A, Scorzetti G, Statzell-Tallman A (2000) Biodiversity and sys-
tematics of basidiomycetous yeasts as determined by large-subunit rDNA D1/D2 domain
sequence analysis. Int J Syst Evol Microbiol 50(3):1351-1371

Filion M, St-Arnaud M, Jabaji-Hare SH (2003) Direct quantification of fungal DNA from
soil substrate using real-time PCR. J Microbiol Methods 53:67-76

Gadanho M, Sampaio JP (2002) Polyphasic taxonomy of the basidiomycetous yeast genus
Rhodotorula: Rh. glutinis sensu stricto and Rh. dairenensis comb. nov. FEMS Yeast Res 2:47-58

Gadanho M, Sampaio JP (2004) Application of temperature gradient gel electrophoresis to
the study of yeast diversity in the estuary of the Tagus river, Portugal. FEMS Yeast Res
5:253-261

Gadanho M, Almeida JM, Sampaio JP (2003) Assessment of yeast diversity in a marine envi-
ronment in the south of Portugal by microsatellite-primed PCR. Antonie van Leeuwenhoek
84:217-2-27

Girardi LS, Malowitz R, Tortora GT, Spitzer ED (1993) Aureobasidium pullulans septicemia.
Clin Infect Dis 16:338-339

Goto S, Ohwada K, Yamasato K (1974a) Identification of yeasts isolated from seawater and
sediment in Aburatsubo Inlet. ] Gen Appl Microbiol 20:317-322

Goto S, Yamasato K, lizaka H (1974b) Identification of yeasts isolated from the Pacific
Ocean. J Gen Appl Microbiol 20:309-316

Hagler AN, Hagler LC (1978) The yeasts of fresh water and sewage. Ann Microbiol (Rio de
Janeiro) 23:79-103

Hagler AN, Mendonga-Hagler LC (1979) Taxonomic implications of Rhodotorula rubra iso-
lates from polluted sea water in Rio de Janeiro, Brazil. Rev Bras Pesq Med Biol 12:63-66

Hagler AN, Mendonga-Hagler LC (1981) Yeasts from marine and estuarine waters with dif-
ferent levels of pollution in the state of Rio de Janeiro, Brazil. Appl Environ Microbiol
41:173-178

Hagler AN, de Oliveira RB, Mendonga-Hagler LC (1982) Yeasts in the intertidal sediments of
a polluted estuary in Rio de Janeiro, Brazil. Antonie van Leeuwenhoek 48:53-56

Hagler AN, Ahearn DG (1987) Ecology of aquatic yeasts. In: Rose AH, Harrison JS (ed) The
yeasts, vol 2, Yeasts and the environment. Academic, London, pp 181-205

Hagler AN, Rosa CA, Morais PB, Mendonga-Hagler LC, Franco GMO, Araujo FV, Soares
CAG (1993) Yeasts and coliform bacteria of water accumulated in bromeliads of mangrove
and sand dune ecosystems of southeast Brazil. Can J Microbiol 39:973-977

Hernandez-Saavedra NY, Hernandez-Saavedra D, Ochoa JL (1992) Distribution of
Sporobolomyces (Kluyver et van Niel) Genus in the Western Coast of Baja California Sur,
Mexico. Syst Appl Microbiol 15:319-322

Huelsenbeck JP, Ronquist F (2001) MRBAYES: Bayesian inference of phylogenetic trees.
Bioinformatics 17:754-755

Ikemoto E, Kyo M (1993) Development of microbiological compact mud sampler. JAMSTEC
Research 30:1-16

Jannasch HW, Wirsen CO (1977) Retrieval of concentrated and undecompressed microbial
populations from the Deep Sea. Appl Environ Microbiol 33:642-646

Jannasch HW, Wirsen CO, Taylor CD (1982) Deep-Sea bacteria: isolation in the absence of
decompression. Science 216:1315-1317

Kiesling TL, Diaz MR, Statzell-Tallman A, Fell JW (2002) Identification of yeasts with DNA
hybridization macroarrays. In: Hyde KD (ed) Fungi in marine environment. Fungal diver-
sity research series 7. Fungal Diversity Press, Hong Kong, pp 69-80



260

Takahiko Nagahama

Kohlmeyer J, Kohlmeyer E (1979) Marine mycology: the higher fungi. Academic, New York,
pp 556-606

Koppang HS, Olsen I, Stuge U, Sandven P (1991) Aureobasidium infection of the jaw. J Oral
Pathol Med 20:191-195

Kriss AE (1963) Marine microbiology. Oliver and Boyd, Edinburgh

Kriss AE, Mishustina IE, Mitskevich N, Zemtsova EV (1967) Microbial population of oceans
and seas. Arnold, London

Kurtzman CP (2003) Phylogenetic circumscription of Saccharomyces, Kluyveromyces and
other members of the Saccharomycetaceae, and the proposal of the new genera Lachancea,
Nakaseomyces, Naumovia, Vanderwaltozyma and Zygotorulaspora. FEMS Yeast Res
4:233-245

Kurtzman CP, Robnett CJ (1998) Identification and phylogeny of ascomycetous yeasts from
analysis of nuclear large subunit (26S) ribosomal DNA partial sequences. Antonie van
Leeuwenhoek 73:331-371

Kurtzman CP, Robnett CJ (2003) Phylogenetic relationships among yeasts of the
‘Saccharomyces complex” determined from multigene sequence analyses. FEMS Yeast Res
3:417-432

Kvasnikov EI, Nagornaya SS, Kuberskaya SL (1982) Yeast in the Dnieper river water.
Mikrobiol Zh (Mosk) 44:42-46

Kwasniewska K (1988) Horizontal distribution and density of yeasts and filamentous fungi in
lake St. Clair water. J Great Lakes Res 14:438-443

Kyo M, Tsuji T, Usui H, Itoh T (1991) Collection, isolation and cultivation system for deep-
sea microbes study: concept and design. Oceans 1:419-423

Lachance M-A (1998) 36. Kluyveromyces van der Walt emend. van der Walt. In: Kurtzman CP,
Fell JW (eds) The yeasts, a taxonomic study. Elsevier, Amsterdam, The Netherlands,
pp227-247

Lachance M-A, Starmer WT (1998) Ecology and yeasts. In: Kurtzman CP, Fell JW (eds) The
yeasts, a taxonomic study, 4th edn. Elsevier, Amsterdam, The Netherlands, pp 21-30

Lahav R, Fareleira P, Nejidat A, Abeliovich A (2002) The identification and characterization
of osmotolerant yeast isolates from chemical wastewater evaporation ponds. Microb Ecol
43:388-396

Libkind D, Brizzio S, Ruffini A, Gadanho M, van Broock M, Sampaio JP (2003) Molecular
characterization of carotenogenic yeasts from aquatic environments in Patagonia,
Argentina. Antonie van Leeuwenhoek 84:313-322

Libkind D, Brizzio S, van Broock M (2004) Rhodotorula mucilaginosa, a carotenoid produc-
ing yeast strain from a Patagonian high-altitude lake. Folia Microbiol (Praha) 49:19-25

Libkind D, Gadanho M, van Broock M, Sampaio JP (2005) Sporidiobolus longiusculus sp. nov.
and Sporobolomyces patagonicus sp. nov., novel yeasts of the Sporidiobolales isolated from
aquatic environments in Patagonia, Argentina. Int J Syst Evol Microbiol 55:503-509

Lorenz R, Molitoris HP (1997) Cultivation of fungi under simulated deep sea conditions.
Mycol Res 101:1355-1365

Lu CC, Tang KFJ, Chen SN (1998) Identification and genetic characterization of yeasts iso-
lated from freshwater prawns, Macrobrachium rosenbergii de Man, in Taiwan. J Fish Dis
21:185

Mantynen VH et al (1999) A polyphasic study on the taxonomic position of industrial sour
dough yeasts. Syst Appl Microbiol 22:87-96

Mendonga-Hagler LC, Hagler AN, Kurtzman CP (1993) Phylogeny of Metschnikowia species
estimated from partial rRNA sequences. Int J Syst Bacteriol 43:368-373

Meyer SP, Ahearn DG, Miles P (1971) Characterization of yeasts in Baratara Bay. La St Univ
Coastal Stud Bull 6:7-15



12 . Yeast Biodiversity in Freshwater, Marine and Deep-Sea Environments

261

Meyers SP, Ahearn DG, Alexander SK, Cook WL (1975) Pichia spartinae, a dominant yeast
of the Spartina salt marsh. Dev Ind Microbiol 16:262-267

Montes MJ et al (1999) Polyphasic taxonomy of a novel yeast isolated from antarctic envi-
ronment; description of Cryptococcus victoriae sp. nov. Syst Appl Microbiol 22:97-105

Morris EO (1968) Yeasts of marine origin. Oceanogr Mar Biol Annu Rev 6:201-230

Morris EO (1975) Yeasts from the marine environment. J Appl Bacteriol 38:211-223

Nagahama T, Hamamoto M, Nakase T, Horikoshi K (1999) Kluyveromyces nonfermentans sp.
nov., a new yeast species isolated from the deep sea. Int J Syst Bacteriol 49:1899-1905

Nagahama T, Hamamoto M, Nakase T, Horikoshi K (2001a) Rhodotorula lamellibrachii sp.
nov., a new yeast species from a tubeworm collected at the deep-sea floor in Sagami bay and
its phylogenetic analysis. Antonie van Leeuwenhoek 80:317-323

Nagahama T, Hamamoto M, Nakase T, Takami H, Horikoshi K (2001b) Distribution and
identification of red yeasts in deep-sea environments around the northwest Pacific Ocean.
Antonie van Leeuwenhoek 80:101-110

Nagahama T, Hamamoto M, Nakase T, Horikoshi K (2003a) Rhodotorula benthica sp. nov.
and Rhodotorula calyptogenae sp. nov., novel yeast species from animals collected from the
deep-sea floor, and Rhodotorula lysiniphila sp. nov., which is related phylogenetically. Int J
Syst Evol Microbiol 53:897-903

Nagahama T, Hamamoto M, Nakase T, Takaki Y, Horikoshi K (2003b) Cryptococcus suru-
gaensis sp. nov., a novel yeast species from sediment collected on the deep-sea floor of
Suruga Bay. Int J Syst Evol Microbiol 53:2095-2098

Naumov GI, Naumova ES (2002) Five new combinations in the yeast genus Zygofabospora
Kudriavzev emend. G. Naumov (pro parte Kluyveromyces) based on genetic data. FEMS
Yeast Res 2:39-46

Naumova ES, Sukhotina NN, Naumov GI (2004) Molecular-genetic differentiation of the
dairy yeast Kluyveromyces lactis and its closest wild relatives. FEMS Yeast Res 5:263-269

Pagnocca FG, Mendonga-Hagler LC, Hagler AN (1989) Yeasts associated with the white
shrimp Penaeus schmitti, sediment, and water of Sepetiba Bay, Rio de Janeiro, Brasil. Yeast
5:5479-S483

Redondo-Bellon P, Idoate M, Rubio M, Ignacio Herrero J (1997) Chromoblastomycosis pro-
duced by Aureobasidium pullulans in an immunosuppressed patient. Arch Dermatol
133:663-664

Ronquist F, Huelsenbeck JP (2003) MrBayes 3: Bayesian phylogenetic inference under mixed
models. Bioinformatics 19:1572-1574

Rosa CA, Resende MA, Barbosa FAR, Morais PB, Franzot SP (1995) Yeast diversity in a
mesotrophic lake on the karstic plateau of Lagoa Santa, MG-Brazil. Hydrobiologia
308:103-108

Scorzetti G, Fell JW, Fonseca A, Statzell-Tallman A (2002) Systematics of basidiomycetous
yeasts: a comparison of large subunit D1/D2 and internal transcribed spacer rDNA regions.
FEMS Yeast Res 2:495-517

Sieburth JM (1979) Sea microbes. Oxford University Press, New York, pp 340-349

Silliman BR, Newell SY (2003) Fungal farming in a snail. Proc Natl Acad Sci USA
100:15643-15648

Simard RE, Blackwood AC (1971a) Ecological studies on yeasts in the St. Lawrence river. Can
J Microbiol 17:353-357

Simard RE, Blackwood AC (1971b) Yeasts from the St. Lawrence river. Can J Microbiol
17:197-203

Slavikova E, Vadkertiova R (1995) Yeasts and yeast-like organisms isolated from fish-pond
waters. Acta Microbiol Pol 44:181-189

Slavikova E, Vadkertiova R (1997) Seasonal occurrence of yeasts and yeast-like organisms in
the river Danube. Antonie van Leeuwenhoek 72:77-80



262

Takahiko Nagahama

Slavikova E, Vadkertiova R, Kockova-Kratochvilova A (1992) Yeasts isolated from artificial
lake water. Can J Microbiol 38:1206-1209

Soares CAG, Maury M, Pagnocca FC, Araujo FV, Mendonga-Hagler LC, Hagler AN (1997)
Ascomycetous yeasts from tropical intertidal dark mud of southeast Brazilian estuaries.
J Gen Appl Microbiol 43:265-272

Spencer JFT, Gorin PAJ, Gardner NR (1970) Yeasts isolated from the South Saskatchewan, a
polluted river. Can J Microbiol 16:1051-1057

Spencer JFT, Gorin PAJ, Gardner NR (1974) Yeasts isolated from some lakes and rivers of
Saskatchewan. Can J Microbiol 20:949-954

Tong SL, Miao HZ (1999) A new species of marine yeast Kluyveromyces penaeid isolated from
the heart of penaeid shrimp Penaeus chinensis. J Marine Biol Assoc UK 79:559-561

Van Uden N, Ahearn DG (1963) Occurrence and population densities of yeast species in a
fresh-water lake. Antonie van Leeuwenhoek 29:308-312

Van Uden N, Fell JW (1968) Marine Yeasts. In: Wood EJF (ed) Advances in microbiology of
the sea. Academic, New York, pp 167-201

Vandamme P, Pot B, Gillis M, de Vos P, Kersters K, Swings J (1996) Polyphasic taxonomy,
a consensus approach to bacterial systematics. Microbiol Rev 60:407-438

Villa-Carvajal M, Coque JJ, Alvarez-Rodriguez ML, Uruburu F, Belloch C (2004) Polyphasic
identification of yeasts isolated from bark of cork oak during the manufacturing process of
cork stoppers. FEMS Yeast Res 4:745-750

Volz PA, Jerger DE, Wurzburger AJ, Hiser JL (1974) A preliminary survey of yeasts isolated
from marine habitats at Abaco Island, The Bahamas. Mycopathol Mycol Appl 54:313-316

Ward DM, Weller R, Bateson MM (1990) 16S rRNA sequences reveal numerous uncultured
microorganisms in a natural community. Nature 345:63-65

Yamasato K, Goto S, Ohwada K, Okuno D, Araki H, lizaka H (1974) Yeasts from the Pacific
Ocean. J Gen Appl Microbiol 20:289-3-07

Yanagida F, Kodama K, Shinohara T (2002) Selection of marine yeast stock for making white
wine. J Brew Soc Jpn 97:150-161

ZoBell CE, Johnson FH (1949) The influence of hydrostatic pressure on the growth and via-
bility of terrestrial and marine bacteria. J Bacteriol 57:179-189



Chapter 13

Phylloplane Yeasts

A. FONSECA AND J. INACIO

Centro de Recursos Microbioldgicos (CREM), S.A. Biotecnologia, Faculdade de Ciéncias
e Tecnologia, Universidade Nova de Lisboa, Quinta da Torre, 2829-516 Capatrica, Portugal
(e-mail: amrf@fct.unl.pt, Tel.: +351-21-2948500, Fax: +351-21-2948530)

Abbreviations

BC Ballistoconidiogenic

CFU Colony forming units

DGGE Denaturing gradient gel electrophoresis
EPS Extracellular polysaccharide

FISH Fluorescence in situ hybridization
rDNA Ribosomal DNA

SEM Scanning electron microscopy

SFM Spore-fall method

13.1 The Phylloplane as a Microbial Habitat

Plant surfaces have been recognized as an important habitat for microorganisms for
over a century. Different zones along the plant axis provide a multitude of topo-
graphical features, sources of nutrients and water, and a range of microclimatic con-
ditions for correspondingly diverse communities of microbes, which in turn establish
varied relationships with their hosts (Andrews and Harris 2000). These associations
range from relatively inconsequential or transient (unspecific or ephemeral epiphytic
saprophytes) to substantial or permanent (epiphytic residents, endophytes or
pathogens). Phytopathogens have long been identified and studied owing to the eco-
nomic impact of the diseases they cause on agricultural crops (e.g. Leben 1965;
Morris 2001) but for many years much less was known about the identity or prop-
erties of the numerous saprophytic microbes that inhabit plant surfaces. However,
the last few decades have witnessed a renewed interest in microbial epiphytes that
apparently play important roles in nutrient cycling or in modulating population sizes
of deleterious microbes, and some are being exploited as biological control agents
for disease or frost control (Windels and Lindow 1985; Fokkema 1991; Andrews
1992; Lindow and Leveau 2002). Two main physical environments (or vertical strat-
ification zones) for microbial colonization are distinguished: the aboveground sur-
faces, often referred to as the phyllosphere or the phylloplane, and the belowground
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surfaces, termed the rhizosphere or rhizoplane (Diem 1973; Fokkema and Schippers
1986; Andrews and Harris 2000). In this chapter we will focus exclusively on the aer-
ial surfaces of plants and in particular on the leaves. We have chosen the term phyl-
loplane to refer to leaf surfaces (Last and Price 1969), although other authors
advocate the use of the term phyllosphere (Fokkema 1991; Morris 2001; Lindow
and Brandl 2003) originally proposed by Last (1955) and Ruinen (1956).! Our
rationale was that the latter also comprises the internal leaf tissue that may be colo-
nized by endophytes, which are not the object of this review.?

Plant leaves constitute one of the largest terrestrial microbial habitats and the
total surface area available for colonization has been estimated to be about 2-6x10%
km? (Morris 2001; Lindow and Brandl 2003). Leaf surfaces have been studied as
habitats for microbial epiphytes since the 1950s and phyllosphere microbial ecology
has been the theme of a regular series of scientific meetings since the early 1970s.
The proceedings of those meetings summarize the progress made in understanding
the nature of leaf habitats, their microbial colonists, and the interactions among
microbes and between microbes and plants (Morris 2001, and references therein).
The epiphytic (non-phytopathogenic) microbial communities of leaves are very
diverse and their best-studied components have been bacteria and fungi, including
yeasts (Andrews and Harris 2000; Hirano and Upper 2000; Morris 2001; Lindow
and Brandl 2003). Bacteria are generally the earliest colonists of leaves and may be
the most numerous, often being found in densities up to 107 cells/cm? (approxi-
mately 10% cells/g) of leaf under favourable environmental conditions, such as when
high relative humidity or free water is present (Hirano and Upper 2000; Morris
2001; Lindow and Brandl 2003). Filamentous fungi are often considered transient
inhabitants of leaf surfaces, being present predominantly as spores, whereas rapidly
sporulating hyphomycetes, dimorphic species such as Aureobasidium pullulans, and
yeasts appear to colonize this habitat more actively (Pennycook and Newhook
1981; Fokkema and Schippers 1986; Andrews and Harris 2000; Lindow and Brandl
2003). Some epiphytic mycelial fungi appear to be particularly active in leaf litter
decomposition following leaf fall, at least in its initial stages (Mishra and
Dickinson 1981; Osono 2002). However, extensive hyphal growth on healthy, intact,
non-senescent leaves is relatively rare (except of course for biotrophic plant
pathogens).

From a microbe’s perspective the phylloplane is a continuously fluctuating phys-
ical environment both spatially and temporally, and may thus be considered an
extreme environment (Hirano and Upper 2000; Morris 2001). Exposed to the atmos-
phere and the sun, leaf surfaces and, hence, their resident microbes are subjected to
changes in aspects of microclimate such as temperature, relative humidity, wind
speed, radiation, and others that occur on different time scales, from a few minutes
to months. Water availability, for instance, is one of the most dynamic parameters of
the phylloplane environment: condensation (dew, fog) and impaction of water

! 1t should be noted that in some texts the term phylloplane is used to refer to any aerial plant sur-
face, including bark or fruits (Andrews and Harris 2000).

2 Yeast endophytes in leaves have been reported by, for example, Larran et al. (2001) and Pirttild
et al. (2003).
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droplets (rainfall) on leaf surfaces alternates with evaporation and run-off of water
in cycles that are generally diurnal. The property that makes the phylloplane a harsh
environment is not the extremes to which it is exposed, but the frequent, repeated,
rapid shifts in those very different conditions, any one of which may be considered
stressful to at least some of the prospective microbial colonists.

Cuticle composition and topographic features (stomata, trichomes, veins, etc.)
are also highly variable both within a leaf and among different plant species (Baker
1971; Hallam and Juniper 1971) and may influence the composition and distribution
of phylloplane communities (Kinkel 1997). Besides topography and microclimatic
conditions, the nature and the size of epiphytic microbial populations are also
shaped by the availability of nutrients and in this respect the phylloplane is generally
considered oligotrophic (Andrews and Harris 2000). There are multiple possible ori-
gins of nutrients on the phylloplane. These can be endogenous and include diffusion
of compounds out of the leaf tissue from hydathodes, trichomes or fissures in the
cuticle accompanying weathering or injury, or exogenous, such as nutrients in gut-
tation fluids or compounds contained in debris, pollen and honeydew, or originat-
ing in other organisms (microbes or insects). Molecules leached from plant leaves
include a variety of organic and inorganic compounds, such as sugars, organic acids,
amino acids, methanol and various salts (Blakeman 1971; Tukey 1971; Morris 2001).
The abundance of such nutrients varies with plant species, leaf age and growing con-
ditions. Exogenous nutrient sources, such as aphid honeydew and pollen, have been
associated with dramatic increases in the microbial carrying capacities of some
leaves (Diem 1974; Fokkema et al. 1983; Stadler and Miiller 1996). However, in the
common absence of such significant but ephemeral nutrient sources, plant leaves are
still usually colonized by large microbial populations. Nutrients released to the leaf
surface should thus be adequate to support microbial growth and depletion of sug-
ars on the phylloplane by bacteria and yeasts has been demonstrated (Dik et al.
1991; Leveau and Lindow 2001). This suggests that epiphytic microorganisms nor-
mally compete for a limited amount of nutrients, which in turn determine the micro-
bial carrying capacity of the leaf. Depending on the system studied, carbon
compounds alone or both carbon and nitrogen compounds were shown to be limit-
ing factors for bacterial and yeast populations on leaves (Bashi and Fokkema 1977,
Mercier and Lindow 2000). Antimicrobial compounds may also leach to leaf sur-
faces and were found to affect the composition of phylloplane communities (Irvine
et al. 1978; Fokkema 1991).

All the factors just discussed taken together account for the extraordinary plas-
ticity and diversity of phylloplane microbial populations. Some of those aspects will
be discussed in more detail in the following sections, with particular emphasis on
yeasts.

13.2 Methods for Detection, Enumeration and Identification
of Epiphytic Microorganisms

Several methods have been used for the detection, isolation and/or enumeration of
microorganisms from the phylloplane, including yeasts (reviewed by Beech and
Davenport 1971; Drahos 1991; Jacques and Morris 1995). Standard direct detection
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methods, mainly in studies before the 1980s, were based on optical or scanning elec-
tron microscopy (SEM) of the leaf surface or corresponding leaf impressions (e.g.
in nail varnish pellicles or acetate adhesive tape). These methods are generally quite
laborious, there are difficulties in detecting small yeast cells or small cell densities
against the background, and observations may be hindered by topographical
features of the leaf surface. Some authors employed leaf clearing and staining pro-
cedures (Lindsey and Pugh 1976; McBride and Hayes 1977; Andrews and Kenerley
1978), which can alter the position of the epiphytic microorganisms on the leaf sur-
face, therefore cancelling out some of the advantages of direct observation.
Moreover, it is not usually possible to distinguish between different species with sim-
ilar cell morphologies, or between viable, viable but non-culturable and dead cells.
This is one possible explanation for the common finding that microscopy-based
quantification of phylloplane microorganisms gives rise to higher counts than culti-
vation-based methods (Babjeva and Sadykov 1980; Mishra and Dickinson 1981).
About one third of the 35 studies listed in Table 13.1 employed the direct observa-
tion of leaves and/or leaf impressions with optical microscopy, usually in comple-
ment to some other cultivation-based method. Five studies used SEM (Table 13.1).
The main targets for the majority of these studies were filamentous fungi. In some
cases yeasts were only detected using cultural methods, but not by direct microscopy
(Hogg and Hudson 1966; Lindsey and Pugh 1976).

Enumeration of microbial populations associated with leaves relies almost exclu-
sively on indirect methods, involving culture of the organisms on artificial agar
media (Table 13.1). About two thirds of the studies in Table 13.1 employed methods
based on the plating of leaf washings (or of leaf macerates) onto selected media for
the isolation and enumeration of phylloplane microbial communities. These meth-
ods may underestimate the occurrence of non-spore-forming hyphal fungi and over-
estimate the spore-forming ones, but are generally considered appropriate for yeast
quantification (Fokkema 1991). Leaves are usually cut into small pieces and sub-
merged in a washing solution (e.g. water or Ringer solution, with or without low
concentrations of a surfactant to aid dislodging of cells), which is then shaken more
or less vigorously for a certain length of time (e.g. with the aid of a vortex, rotary
shaker or sonicator). The resulting suspension is then serially diluted and aliquots
are plated onto appropriate media. Several additives can be added to the culture
medium, enabling the selective isolation of specific microorganisms (e.g. an antibac-
terial antibiotic such as chloramphenicol is normally used to prevent bacterial
growth for isolation of fungi or yeasts). Isolation and quantification of yeasts from
leaves is sometimes difficult owing to the growth of rapidly expanding moulds that
overgrow yeast colonies. There is no single methodology or medium that inhibits one
type of organism without affecting the other. For example, Azeredo et al. (1998)
compared two agar media for yeast isolation from sugarcane leaf washings: yeast
extract -malt extract and yeast nitrogen base with 1% glucose (both media supple-
mented with chloramphenicol to prevent bacterial growth). They claimed that the
latter medium was superior owing to a lesser expansion of mould colonies.
According to our own experience, however, yeast colonies develop poorly on this
medium and are thus difficult to distinguish from one another. Some authors advo-
cate the use of media supplemented with Rose Bengal (Pennycook and Newhook
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1981; Inacio et al. 2002) or incubation at lower temperatures (e.g. 5°C, Maksimova
and Chernov 2004) to delay mould growth. The utilization of lower incubation tem-
peratures may however select for psychrophilic yeast species (Beech and Davenport
1971). Rose Bengal and other dyes have the disadvantage of being taken up by some
yeasts, thus inhibiting their growth or endowing their colonies with a pinkish tinge
that can be mistaken for the carotenoid pigments of true “pink” yeasts. Instead of
agar media some authors advocate the utilization of artificial substrates that mimic
leaf nutritional conditions, such as a wax-based medium amended with nutrients
(McCormack et al. 1994a). Counting and isolation of single colonies for subsequent
characterization are usually done by selecting randomly from the plates or by pick-
ing colonies of each morphological type. Two major limitations of this procedure
are that unrelated organisms may display similar colony morphologies and that fast-
growing moulds may hamper the enumeration and isolation of other, more fastidi-
ous, organisms. Moreover, microorganisms from populations in numerical minority
(less than 1% of the dominant species numbers) will most probably go undetected
(Flannigan and Campbell 1977). All of the indirect methods mentioned previously
are labour-intensive, time-consuming and have the inherent limitations of culture-
dependent methods. It is often difficult to compare results from different studies
owing to different sampling strategies, washing procedures, culture media and incu-
bation conditions (Jacques and Morris 1995). For example, Azeredo et al. (1998)
showed that although the two different washing methods used (sonication and agi-
tation for 30 min on a rotary shaker) gave similar total yeast counts, they resulted in
different proportions of the isolated yeast species. The second most used cultivation-
based method for yeast isolation from the phylloplane was the spore-fall method
(SFM), which is largely specific for ballistoconidiogenic (BC) yeasts (see also Sect.
13.4). Leaf samples are fixed under the lid of a Petri dish, suspended above the agar
surface, and colonies develop from discharged spores that fall on the culture medium
(Nakase and Takashima 1993). Only a few studies aimed mainly at epiphytic fila-
mentous fungi used isolation methodologies based on the plating of leaves, with or
without previous washing, or on leaf impressions onto agar media (Table 13.1).

In recent years several molecular methods have been used for studying the ecology
of phylloplane microorganisms without the need of cultivation steps. The main tar-
get organisms have been bacteria, but in a few cases yeasts and dimorphic fungi were
also included. For example, Yang et al. (2001) used denaturing gradient gel elec-
trophoresis (DGGE) of DNA fragments amplified with universal primers for ribo-
somal DNA (rDNA) regions, followed by cloning and sequencing of the dominant
amplicons, to study bacterial populations in the phyllosphere of Citrus sinensis
(orange). Among several organisms detected, some DNA bands were ascribed to the
ubiquitous epiphytic fungus A. pullulans. Bramwell et al. (1995) compared a range of
DNA extraction protocols for microbial cells on leaf samples for this type of study.
A different molecular technique, fluorescence in situ hybridization (FISH), has been
used successfully in the direct detection and identification of microorganisms in their
natural environments (e.g. Moter and Gobel 2000). The rationale underlying FISH is
that, under appropriate hybridization conditions, the annealing between complemen-
tary sequences in the oligonucleotide fluorochrome-labelled probe and target mole-
cules (usually rRNA sequences) can be detected by fluorescence microscopy (or flow
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cytometry) in intact cells. Despite some methodological problems that arise when
working with whole leaf samples or the respective washings (e.g. background fluo-
rescence of chlorophyll of leaf tissues or topographical structures like trichomes),
FISH has already been used for detecting and/or enumerating A. pullulans on apple
leaves (Li et al. 1997; Spear et al. 1999; Andrews et al. 2002), Taphrina deformans on
peach leaves (Tavares et al. 2004), and Cryptococcus sp. nov. and other yeasts on
leaves of different Mediterranean plant species (Inacio 2003).

The motto ‘no ecology without taxonomy’ has often been applied to microbial
ecology (Phaff and Starmer 1987; Fokkema 1991) and pertains to the crucial issue
of accurate identifications of phylloplane microbes. Yeast identifications in the stud-
ies published until the late 1990s were based mainly on more or less extensive phe-
notypic characterizations (see Table 13.1) and in many cases can be merely
considered tentative. However, the last decade has witnessed remarkable improve-
ments in yeast (and fungal) systematics as a consequence of the so-called molecular
revolution (Kurtzman and Fell 1998). In fact only the full implementation of molec-
ular methods facilitates fast and unambiguous identifications, which are now possi-
ble owing mainly to the comprehensive rDNA sequence databases made available by
the work of Kurtzman and Robnett (1998) for ascomycetous yeasts and of Fell et al.
(2000) and Scorzetti et al. (2002) for basidiomycetous yeasts. The impact of these
developments is especially significant in the ecology of epiphytic yeasts in view of
the many changes that took place in the classification system of basidiomycetous
yeasts in recent years (Fell et al. 2001; Sampaio 2004; see Sect. 3). Therefore, it can-
not be ruled out that the apparent ubiquity of various epiphytic yeasts, irrespective
of host plant and/or locality, stemming from many studies is a result of inaccurate
identifications (see Sect. 13.4). In fact yeast species deemed to be ubiquitous phyllo-
plane colonists have been shown to be taxonomically heterogeneous on the basis of
molecular phylogenetic analyses only in the last 4 years: Cr. albidus (Fonseca et al.
2000; Sugita et al. 2001); Cr. laurentii (Sugita et al. 2000; Takashima et al. 2003);
Rhodotorula minuta (Fell et al. 2000); Sporobolomyces roseus (Bai et al. 2002; Fell
et al. 2002). A different picture of the composition of epiphytic yeast communities
is indeed already emerging from the results of recent studies that used molecular
identification methods (Inacio 2003; Prakitchaiwattana et al. 2004).

13.3 Plant Surfaces as Yeast Habitats

The occurrence of yeasts in association with plants has been acknowledged for many
years (Lund 1954; Last and Price 1969; Phaff et al. 1978; Phaff and Starmer 1987).
Their ability to utilize a plethora of organic compounds through respiratory
processes greatly expands the range of ecological niches that they may colonize
beyond sugar-rich substrates such as fermenting fruit juices. Many compounds, such
as pentoses, polyols, organic acids, aromatic compounds and amino acids, which
specific yeasts can assimilate, are either products of plant metabolism or products of
other microorganisms from precursors in plants (Phaff et al. 1978). Examples of
plant habitats that have been extensively investigated for their yeast inhabitants
include the nectar of flowers (Golonka 2002; Herzberg 2004), tree exudates or slime
fluxes (Phaff and Starmer 1987) and the necrotic tissues of cacti (Starmer et al.
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1991). The yeast communities found therein and whose composition was specific
for each type of habitat were generally dominated by ascomycetous species and
insects were identified as the major vectors for the introduction and/or dispersal
of those yeasts (Phaff and Starmer 1987; Babjeva and Chernov 1995). In contrast,
communities found on plant surfaces such as leaves, flowers (excluding nectaries),
immature or intact fruits and bark were dominated by basidiomycetous yeasts and
the species composition of those communities was generally considered more uni-
form (Last and Price 1969; Phaff and Starmer 1987; Babjeva and Chernov 1995).
The microenvironments that involve aerial organs of plants such as stems, fruits or
flowers are analogous to those found on the phylloplane and it is thus not surpris-
ing to find parallels in the dynamics and composition of the respective yeast com-
munities (Last and Price 1969; Buck et al. 1998). The distinctive nature of epiphytic
yeasts received further support from comparisons with the communities found in the
rhizosphere, ensuing from the early work of di Menna with pasture plants in New
Zealand (reviewed in Carmo-Sousa 1969 and Last and Price 1969) and later con-
firmed by other workers (Kvasnikov et al. 1975; Fokkema and Schippers 1986;
Maksimova and Chernov 2004). The results of those studies showed that although
basidiomycetous yeasts were also dominant, the species found in soils near the roots
of plants (e.g. Cr. albidus, Cr. diffluens, Cr. humicola, Cr. curvatus; di Menna 1959)
did not coincide with those isolated from the aerial surfaces of the same plants
(Cr. laurentii, Rh. ingeniosa, Rh. graminis, Rh. mucilaginosa, Sp. roseus; di Menna
1959). Another relevant observation by di Menna was that while the composition of
the soil yeast communities varied with soil type but not with season, the phyllos-
phere populations changed with season but not with locality or plant (see Sect. 13.5).
Similar conclusions ensued from the work carried out at the Department of Soil
Biology of the State University of Moscow by Babjeva and co-workers since the
1980s (Babjeva and Chernov 1995). A reasonable corollary from these observations
is that basidiomycetous yeasts seem to have distinct niches in the same geographic
location despite displaying apparently similar phenotypes (strictly aerobic and gen-
erally oligotrophic). Another observation that points to the distinctive nature of epi-
phytic yeasts stemmed from studies of the communities found on the surfaces of
fruits. Work by different authors revised in Last and Price (1969) and Phaft and
Starmer (1987) suggested the frequent occurrence of important shifts in the yeasts
populations present on intact fruits (generally dominated by basidiomycetous
yeasts) when compared with those found on damaged or fermenting fruits (domi-
nated by ascomycetous and/or fermenting yeasts). This trend was nicely demon-
strated in a recent study of the yeast communities on the surface of grapes by
Prakitchaiwattana et al. (2004), who found species of Hanseniaspora and
Metschnikowia only on damaged, ripe grapes, whereas undamaged berries in differ-
ent ripening stages were populated by basidiomycetous yeasts (besides A. pullulans).
Some of these topics will be further discussed in the following sections.

Before proceeding we want to mention an apparently minor issue but one of rel-
evance to the ensuing discussions on the nature and dynamics of phylloplane yeasts.
It pertains to the euascomycete A. pullulans. This dimorphic fungus, sometimes
inappropriately called yeast-like, is apparently ubiquitous on aerial plant surfaces in
temperate or subtropical regions worldwide (Andrews et al. 1994) and has been
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reported as the dominant fungal epiphyte of intact fruits (apple, Beech and
Davenport 1970; pear, Chand-Goyal and Spotts 1996; grapes, Prakitchaiwattana
et al. 2004) and leaves of trees such as Acer platanoides (Norway maple, Breeze and
Dix 1981), llex aquifolium (holly, Mishra and Dickinson 1981), Fagus sylvatica
(beech, Hogg and Hudson 1966), Malus domestica (apple, Andrews and Kenerley
1978) and Mangifera indica (mango, de Jager et al. 2001). In some studies A. pullu-
lans was even considered a member of the yeast community (Breeze and Dix 1981;
de Jager et al. 2001) but in this review we will focus mainly on the yeast taxa dealt
with in Kurtzman and Fell (1998).

13.4 Diversity of Phylloplane Yeasts

Yeasts have been recognized as important phylloplane colonists since the classic
publications by Last (1955), di Menna (1959) and Ruinen (1961). These and other
early studies were reviewed in Last and Price (1969) and Phaff and Starmer (1987).
We have summarized in Table 13.1 the results of those studies, as well as others
not covered in the mentioned reviews or published more recently. The studies were
grouped according to plant type and/or to the climatic characteristics of the sam-
pling site. Whenever possible we have tried to update species names according to cur-
rent notions on yeast classification (Kurtzman and Fell 1998; Sampaio 2004).
Methods used for yeast isolation and identification are also indicated since they have
a major influence on the results obtained (see Sect. 2).

The most obvious trend that emerges from the analysis of Table 13.1 is the clear
dominance of basidiomycetous yeasts on leaves, a feature common to most aerial
plant surfaces (see Sect. 3). Phylloplane communities usually comprise deeply pig-
mented species belonging to the genera Rhodotorula and Sporobolomyces (collec-
tively referred to as ‘pink yeasts’ in many studies) and non-pigmented Cryptococcus
species (‘white yeasts’) (Hislop and Cox 1969; McBride and Hayes 1977; Fokkema
et al. 1979; McCormack et al. 1994b). In some cases, however, ascomycetous yeasts
were reported as important leaf colonists (Phaff and Starmer 1987; Middelhoven
1997; Azeredo et al. 1998; de Jager et al. 2001). Attempts to draw inferences on dis-
tribution patterns of phylloplane yeast species from published data are hampered by
the inherent limitations of the conventional methodologies used for strain
identification in all but one of the studies listed in Table 13.1. In some cases identi-
fications were admittedly tentative because the authors were essentially interested in
unravelling the dynamics of the phylloplane populations (Hislop and Cox 1969;
McBride and Hayes 1977; Irvine et al. 1978; Fokkema et al. 1979; de Jager et al.
2001). Some authors acknowledged the difficulties in achieving accurate identifica-
tions on the basis of phenotypic properties and noted the heterogeneity of certain
yeast species (Hislop and Cox 1969; Flannigan and Campbell 1977; Azeredo et al.
1998). Comparison of the results of those studies is also constrained by the use of
diverse isolation methods by different authors, an illustrative example being the use
of the SFM specific for recovery of BC yeasts (Last 1955; Hogg and Hudson 1966;
Lindsey and Pugh 1976; Pugh and Buckley 1971; Pugh and Mulder 1971). In fact,
members of the genera Bullera, Sporobolomyces or Tilletiopsis are thought to be
especially adapted to this kind of habitat owing to the production of forcibly ejected
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conidia that ensure their efficient dispersal and are thus commonly isolated from
leaves (Nakase 2000; Sampaio 2004). However, the SFM is not amenable to quan-
tification (Pennycook and Newhook 1981; Fokkema 1991) and it is therefore not
possible in those studies to estimate the relative size of BC yeast populations within
the phylloplane communities. These yeasts will be dealt with separately at the end of
this section.

Another general trend observed in studies that employed plating of leaf washings
for yeast isolation is that populations are commonly dominated by relatively few
abundant species (Table 13.1), a situation also observed for other microbial epiphytes
(Andrews 1991). Nevertheless, minor species may account for a significant fraction of
species richness on the phylloplane, especially in samples with large yeast counts, as
demonstrated in some studies (Inacio et al. 2002; Maksimova and Chernov 2004) and
many novel taxa were discovered among them (Nakase 2000; Inacio 2003). Amongst
the dominant species, Cr. laurentii, Cr. albidus (less abundant than Cr. laurentii and
not as widespread), Rh. glutinis, Rh. minuta, Rh. mucilaginosa and Sp. roseus appear
to be prevalent regardless of plant type or geography (Table 13.1). However, as
pointed out in Sect. 13.2, the majority of these species were recently found to be
genetically heterogeneous and their apparent ubiquity thus needs revaluation.
Whereas the presence of the previously mentioned species seems to be essentially
independent of plant type and geography, their relative abundance varies not only
with plant type but also with season (see also Sect. 13.5). For instance, non-
pigmented Cryptococcus spp. (mainly Cr. laurentii) dominated phylloplane communi-
ties on pasture plants and other herbaceous plants (di Menna 1971; Buck and Burpee
2002; Glushakova and Chernov 2004) but pigmented yeasts (namely Rh. glutinis
and/or Sp. roseus) were prevalent on barley and wheat (Diem 1967, cited in Last and
Price 1969; Flannigan and Campbell 1977; Southwell et al. 1999) and possibly on
conifers (McBride and Hayes 1977). Deeply pigmented Rhodotorula and
Sporobolomyces spp. were also dominant on xerophytic shrubs when compared with
other Mediterranean plant species sampled simultaneously (Inacio et al. 2002; Inacio
2003). Another trend that emerged from surveys on multiple plants was that yeast
densities and species richness were consistently lower on leaves of xerophytic shrubs
and coniferous trees than on those of hydrophytic or mesophytic herbs and decidu-
ous trees (Inacio et al. 2002; Maksimova and Chernov 2004). On the other hand,
some species appear to be restricted to specific biocoenoses or geographic regions:
Rh. ingeniosa on pasture plants and apple leaves in New Zealand (di Menna 1971;
Pennycook and Newhook 1981); RhA. fujisanensis, Cystofilobasidium capitatum and
Leucosporidium scottii in subboreal forests in Russia, mainly on senescent leaves
(Glushakova and Chernov 2004; Maksimova and Chernov 2004); Rh. bacarum as
well as a few Rhodotorula and Sporobolomyces spp. belonging to the Erythrobasidium
lineage (sensu Fell et al. 2000) on Mediterranean plants in Portugal (Inacio et al.
2002; Inacio 2003). Associations of particular yeast species to specific plants appear
to be rare (Andrews 1991) but one such case was reported by Inacio and co-workers,
who found consistently significant numbers of a putative novel Cryptococcus species
with orange colonies on the leaves of the evergreen shrub Cistus albidus (grey-leaved
cistus or white-leaf rock rose) but not on four other plant species sampled at the same
sites for two consecutive years (Inacio et al. 2002; Inacio 2003).
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Ascomycetous yeasts are usually rare on the phylloplane but the species
Debaryomyces hansenii was found with high frequency on plants from the Canary
Islands (Middelhoven 1997) and on sugarcane in Brazil (Azeredo et al. 1998) and
was also reported to occur on leaves of forest plants in Russia (Babjeva et al. 1999;
Glushakova and Chernov 2004; Maksimova and Chernov 2004). Yeasts related to
the archiascomycete genus Zaphrina and classified in Lalaria (Inacio et al. 2004)
were found in high densities on Mediterranean plants in Portugal (Inacio et al. 2002;
Inacio 2003). Putative Lalaria spp. were also reported on forest trees in Russia by
Babjeva and co-workers (Babjeva and Reshetova 1998; Babjeva et al. 1999). This is
an unexpected finding since members of the dimorphic phytopathogenic genus
Taphrina are rarely isolated from plant material other than infected tissues of the
host (Kramer 1987). Inacio et al. (2004) claim that their Lalaria isolates may repre-
sent genuine phylloplane inhabitants that have lost the parasitic stage altogether.
The relatively rare occurrence of ascomycetous yeasts on the phylloplane is also evi-
denced by comparing the composition of epiphytic yeasts on fruits and leaves of the
same plant species (Beech and Davenport 1970; Robbs et al. 1989). For example, on
apple fruit skin (Beech and Davenport 1970; Bizeau et al. 1989) species of
Hanseniaspora and Metschnikowia are commonly present together with the basid-
iomycetous species (and Aureobasidium) that are also found on the leaves, on which
the former are absent (Pennycook and Newhook 1981). The unusual finding of
species of Torulaspora and Kluyveromyces on elm trees in California was probably
due to the sugary syrup secreted by its leaves (Phaff and Starmer 1987).

A different approach to the ecology of epiphytic yeasts has been undertaken by
Babjeva and co-workers: instead of focusing on specific substrates (i.e. plant species)
they have chosen to analyse the spatial structure and biogeography of yeast popula-
tions obtained from large numbers of samples in plant—soil systems from different
geographic regions (Babjeva and Chernov 1995; Maksimova and Chernov 2004).
They distinguished three yeast complexes occupying different substrates that corre-
spond to a vertical stratification of each type of ecosystem studied (tundra, forest,
steppe and desert): the epiphytous complex, i.e. the yeasts that occur on living, green
aboveground plant parts (mainly the phylloplane); the litter complex, i.e. the yeasts
that are present on senescent leaves and leaf litter; and the soil complex, i.e. the
species inhabiting mineral soil horizons. The dominant species of the first complex,
consisting mainly of Cr. laurentii and Sp. roseus, were regarded as non-geographic
(similar species composition in different zones). However, species richness and
minor species varied from tundra to desert ecosystems. Higher yeast densities and
species richness were found in forest biotopes for which some differences in commu-
nity composition were noted depending on the plant type (hydrophytic vs. xero-
phytic, conifer vs. broad leaf) or forest type (spruce, alder or birch) (Maksimova and
Chernov 2004).

As mentioned previously, BC yeasts in general and the species Sp. roseus in par-
ticular are frequently associated with leaf surfaces and were already reported in the
early phylloplane work by Last (1955), Kerling (1958, cited in Last and Price 1969)
and di Menna (1959) (Table 13.1). Production of ballistoconidia provides a clearly
efficient means for dispersal of those yeasts and appears to be stimulated by the
nutrient-poor conditions found on leaf surfaces. In some studies the SFM was used
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as the sole method for yeast isolation and therefore only that type of yeast was
recovered from the phylloplane (Table 13.1). The majority of recognized species in
the genera Bensingtonia, Bullera and Sporobolomyces were in fact isolated from phyl-
loplane yeast surveys employing the SFM and were conducted mainly by researchers
in Asia (Nakase 2000). However, it should be noted that BC yeasts may occur in very
different habitats, such as seawater (Sampaio 2004), and that the SFM may yield
non-BC yeasts (Inacio 2003; Inacio et al. 2004). The ubiquitous phylloplane species
Sp. roseus was thought to have a worldwide distribution (Last and Price 1969) but
may actually be more abundant in temperate regions (climate types C and D;
Koppen’s system). Babjeva and co-workers found Sp. roseus in high frequencies as a
member of the epiphytous complex in tundra, forest and steppe ecosystems in
Russia but not in desert biotopes (Babjeva and Chernov 1995). This species was
dominant on steppe plants but in the different forest types studied it was never found
on mosses despite being isolated from the phylloplane of all other herbaceous and
ligneous plants (broad-leaved or conifers) sampled (Maksimova and Chernov 2004).
Sp. roseus was also found on Mediterranean plants in Portugal but only using the
SFM and was seldom detected on plates inoculated with leaf washings (Inacio et al.
2002; Inacio 2003). In an overview of the occurrence of BC yeasts in the
Asia—Pacific region, Nakase (2000) claims that there is no correlation between the
presence of each yeast species and the respective host plant but that there appear to
be some geographic patterns. Once again Sp. roseus was apparently most frequently
isolated in temperate and continental regions (climate types C and D) but not in the
tropics (climate type A). According to the same author this pattern is shared by less
frequent species such as Udeniomyces pyricola, Sp. inositophilus, Sp. sasicola and
Bensingtonia naganoensis. Conversely, species that were isolated exclusively in the
tropics include Sporidiobolus ruineniae and particular species in the genera
Kockovaella, Sporobolomyces (namely those having hydrogenated CoQ10) and
Bullera. Species such as Bullera alba, B. crocea, B. variabilis, S. pararoseus and
S. salmonicolor were found in all the surveys reviewed by Nakase (2000) independ-
ent of climatic region.

13.5 Population Dynamics on the Phylloplane: Variation
in Space and Time

One unifying feature of phylloplane microbial populations is their variability across
a wide range of spatial and temporal scales (Kinkel 1997; Andrews and Harris 2000;
Morris 2001). Some information is available about the patterns of epiphytic micro-
bial community dynamics, at least for some of its components, but elucidation of the
processes that generate those patterns is limited (Kinkel 1997). The dynamics of
microbial populations on leaves are a function of four processes: immigration (I),
emigration (E), growth (G) and death (D). The contribution of each process to the
variability in phylloplane community sizes and composition is likely to differ
markedly over time and for different organisms. Some studies dealing with changes
in numbers of given species in the phyllosphere over time and with patterns of their
localization on leaves focused mainly on bacteria (Kinkel 1991; Jacques et al. 1995;
Hirano and Upper 2000) or fungi (Andrews et al. 1987, 2002; Kinkel et al. 1989) but
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comparatively less is known about yeasts. However, some of the general trends
observed may be extrapolated for different epiphytic microbes (Kinkel 1997).

The significance of the atmosphere as both a source (I) and sink (E) for phyllo-
plane populations has been acknowledged by many authors (Andrews 1991; Kinkel
1997). However, despite a substantial body of literature on airborne propagules and
their significance to dispersal of epiphytic microbes (yeasts: Last and Price 1969)
there have been few attempts to correspond shifts in air inocula with specific changes
in phylloplane populations and there is little quantitative information on the dynam-
ics of those airborne cells in relation to immigration and emigration of microbes on
individual leaves (Andrews et al. 1987). Emigration from leaves occurs as a function
of active dispersal mechanisms generated by rain, water movement or wind.
Immigration to leaves occurs by impaction of particles onto the leaf surface, gravity
settling or sedimentation, or rain-splash dispersal to the leaf surface (Kinkel 1997).
The uniformity in occurrence (but not necessarily population size; see later) of the
dominant yeast species on leaves of different plants in the same geographic area (di
Menna 1971; Babjeva and Sadykov 1980; Inacio et al. 2002; Maksimova and
Chernov 2004) suggests that immigration is a quantitatively significant process in
the build-up of phylloplane populations. Within-leaf processes of growth and death
are a function of leaf age, season and plant species but are also influenced by the
physical environment: growth of bacteria, filamentous fungi or yeasts on leaf sur-
faces is generally more significant when temperatures are moderate and moisture
levels are high (fungi/yeasts: Bashi and Fokkema 1977; Inacio et al. 2002); death of
microbes on plant surfaces is enhanced under conditions of intense UV radiation,
high temperatures, low relative humidity and/or low availability of free moisture
(Kinkel 1997). However, the presence of protected sites on leaf surfaces and the sur-
vival mechanisms of many microbial epiphytes allow individuals within the popula-
tion to persist despite the prevalence of conditions non-conducive to growth or
survival. In summary, differences in populations of microbial epiphytes among
leaves of different plant species (and over time) may be initiated as a function of
immigration and emigration, and the subsequent effects of differential growth and
death are likely to act to further distinguish leaves as habitats (Kinkel 1997).
Significant variations in relative sizes of populations of different yeast species on
different plants in the same geographic area were demonstrated in the studies by
Inacio et al. (2002) and Maksimova and Chernov (2004).

13.5.1 Patterns in Space

Microbial populations are unevenly distributed across individual leaf surfaces.
Aggregated populations have been noted for bacteria (Morris et al. 1997), yeasts
(Bashi and Fokkema 1976; Babjeva and Sadykov 1980) and filamentous fungi (Pugh
and Buckley 1971; Mishra and Dickinson 1981). Aggregation of microbial cells is
often correlated with specific structures on the leaf surface (leaf veins, trichomes,
stomates, fungal hyphae, pollen grains) or may be a function of their existence within
biofilms or within an extracellular matrix on the leaf surface (Kinkel 1997; Andrews
and Harris 2000). The importance of discrete sites conducive to microbial growth
and survival suggests that population densities are likely to be correspondingly
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aggregated. Such patterns have been recently revealed in a study of the distribution
of A. pullulans on the apple leaf surface using FISH (Andrews et al. 2002). The
authors found that most of the leaf surface was not colonized and that there was a
highly patchy occupancy of leaf space by A. pullulans often related to landmarks,
especially the midvein. The reasons for this pattern in the distribution of micro-
colonies were not elucidated, but physiological and anatomical evidence suggests
that veins may be zones of nutrient enrichment (Andrews et al. 2002). Veinal distri-
bution patterns had already been shown for other phylloplane microbes (Kinkel
1997) and in particular for BC yeasts in studies that used the SFM (Last and Price
1969; Lindsey and Pugh 1976) and were confirmed by optical microscopy for other
yeasts (Babjeva and Sadykov 1980) and by SEM for fungi in general (Pugh and
Buckley 1971). Association of fungi with trichomes was revealed also using SEM on
leaves of Hyppophae rhamnoides (sea buckthorn, Lindsey and Pugh 1976) and of
apple (Andrews and Kenerley 1978). Inacio et al. (2002) suggested that the dense tri-
chome cover on the leaves of the evergreen shrub Cistus albidus may have accounted
for the high densities and species diversity of fungi on this plant when compared
with those observed on other plants sampled concurrently. Andrews et al. (2002)
also found that leaves were rarely seen with natural occurring wounds in early sum-
mer but that such damage (almost exclusively in the interveinal areas) increased over
the course of a growing season. The authors claim that natural wounds accounted
overall for an increasing fraction of the total A. pullulans population on leaves. If
confirmed for other leaf-microbe systems, wounding, and the consequent increased
leaching of nutrients, may contribute significantly to well-known but unexplained
phenomena such as seasonal (see later) and leaf-to-leaf variations in microbial
counts.

Epiphytic bacterial populations tend to be log-normally distributed even among
identical leaves, as well as among small leaf segments (Kinkel 1997; Andrews and
Harris 2000). Evidence based on colony forming units (CFU) counts on plates inoc-
ulated with washings from wheat leaves suggested that phylloplane yeasts and fila-
mentous fungi were normally as opposed to log-normally distributed (Fokkema and
Schippers 1986). However, more recent studies using improved plate count methods
(Woody et al. 2003) or FISH (Inécio 2003) suggest that 4. pullulans on apple leaves
and Cryptococcus sp. nov. on Cistus albidus leaves, respectively, followed log-normal
distributions.

Microbial populations tend to be higher on the lower (abaxial) than the upper
(adaxial) leaf surface (Kinkel 1997), presumably owing to more favourable nutrient,
microhabitat or microenvironmental settings, but this pattern possibly varies with
plant type. Available data for yeasts are not consistent. Pugh and Buckley (1971)
reported that Sporobolomyces evaluated with the SFM was present predominantly on
adaxial surfaces and the same trend was found by Last and Deighton (1965, cited in
Pugh and Buckley 1971) on elm leaves, by Lindsey and Pugh (1976) on leaves of
Hyppophae rhamnoides and by Pennycook and Newhook (1981) on apple leaves. The
opposite situation was found on leaves of chrysanthemum and rowan but no signifi-
cant differences between the two surfaces were detected for barley (Last and
Deighton 1965, cited in Pugh and Buckley 1971). Pennycook and Newhook (1981)
claim that evidence for the distribution of Sp. roseus based on spore-fall data must be
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treated with caution, since they found that spore discharge rates do not necessary cor-
relate with population size (see Sect. 4). Moreover, using a maceration-dilution plat-
ing method they found that the yeast population on the abaxial surface was
approximately twice as dense as that on the adaxial surface at all sampling dates
(Pennycook and Newhook 1981). However, Andrews and Kenerley (1978) found no
consistent differences between yeast counts on adaxial or abaxial apple leaf surfaces
using a leaf-imprinting method. On the other hand, Mishra and Dickinson (1981)
examined impression films taken from green Ilex aquifolium leaves of different ages
and showed that the abaxial surfaces usually supported larger numbers of yeasts than
adaxial surfaces, the differences between surfaces being most pronounced on younger
leaves. Breeze and Dix (1981) observed the opposite situation for 4. pullulans on the
leaves of Acer platanoides, using the same technique. These apparent contradictory
results could be due to different leaf topography of each surface (e.g. dense trichome
cover of abaxial vs. adaxial surface of apple leaves; Andrews et al. 2002), which may
have gone unnoticed and was not taken into account in most studies.

Variability in phylloplane population sizes among leaves is sometimes correlated
with leaf position, especially height in the canopy, but varies with plant species
(Kinkel 1997). For yeasts limited evidence suggests that the largest populations gen-
erally occurred on leaves from the basal portion of shoots (Mishra and Dickinson
1981) and on leaves closer to the ground (Andrews et al. 1980). Densities of phyllo-
plane microbes are also determined by plant position in the field as shown in stud-
ies with barley (Diem 1967, cited in Last and Price 1969) and apple (Bakker et al.
2002).

13.5.2 Patterns in Time

The processes that govern the dynamics of epiphytic microbial populations depend
on many intrinsic (e.g. abundance and composition of plant exudates) and extrinsic
(e.g. temperature, humidity, solar radiation) factors, which in turn undergo signifi-
cant seasonal and ontogenetic changes, thus causing pronounced temporal shifts in
the species composition of phylloplane communities. Although short-term varia-
tions have been studied by some authors, they appear to be more significant for bac-
teria than fungi (including yeasts) (Thompson et al. 1995; Kinkel 1997). More
importantly, the largest body of evidence comes from the numerous studies on sea-
sonal dynamics of epiphytic populations and concerns long-term patterns (Kinkel
1997; Andrews and Harris 2000). The most consistent trends observed in those stud-
ies were (1) a general increase in population sizes over time (i.e. with leaf age and/or
season) and (2) a seasonal succession in bacterial and fungal populations, featuring
an early prominence of bacteria, followed by yeasts, and eventually filamentous
fungi as leaves mature and senesce. These features also emerged from a significant
number of detailed studies that focused on or included yeasts, listed in Table 13.1.
Absolute values of yeast densities reported in different studies are difficult to com-
pare owing to utilization of different methods of isolation and enumeration.
However, there appear to be some significant differences in the maximum capacity
of leaves depending on plant type and/or climate: values of 103-10* CFU/cm?
(equivalent to approximately 10*-10° CFU/g) are common on leaves of herbs or
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deciduous trees in temperate climates but values as high as 10° CFU/cm? (approxi-
mately 107 CFU/g) were found in some cases (Table 13.1). Yeast population densi-
ties estimated from plate counts often exceeded those of filamentous fungi and this
trend was corroborated by estimates from direct counts (Hogg and Hudson 1966;
Dickinson 1967, cited in Last and Price 1969; McBride and Hayes 1977; Breeze and
Dix 1981; Pennycook and Newhook 1981).

Studies that evaluated the dynamics of yeast populations and provided evidence
for the increase of population sizes with leaf age focused on different plant types: a
deciduous conifer (larch, McBride and Hayes 1977), a deciduous broad-leaved tree
(apple, Pennycook and Newhook 1981) and two evergreen trees (holly, Mishra and
Dickinson 1981; mango, de Jager et al. 2001). Other studies demonstrated similar
trends but yeasts were evaluated solely by the SFM (Last 1955; Hogg and Hudson
1966; Pugh and Mulder 1971). The general increase in phylloplane populations was
attributed to immigration processes, which should be more pronounced in the initial
stages of leaf development, and to growth at the later stages mainly due to increased
leaching of nutrients onto the leaf surface (see Sect. 5.1). Inoculation experiments
on cereals provided circumstantial evidence that the limited nutrient availability on
young leaves is a most probable cause for the relatively poor development of yeasts
on non-senescing leaves (Bashi and Fokkema 1977). The fact that older leaves are
more conducive to microbial growth has also been attributed to changes in surface
properties, namely increasing wettability, i.e. lower hydrophobicity (Mishra and
Dickinson 1981; Buck and Andrews 1999a), or to diminishing concentrations of
antimicrobial compounds (Irvine et al. 1978). The interplay of the previously men-
tioned processes is evidenced in the thorough study of the mycobiota of apple buds
and leaves by Pennycook and Newhook (1981): on newly unfurled rosette leaves the
phylloplane yeasts were similar to those in unopened buds, but within 5 days some
of the components began to disappear and new ones took their place; there was a
sharp initial decline in population densities followed by a more gradual increase; the
authors claim that the initial decrease was partly caused by the loss of those species
of the bud microflora which were ill-adapted for survival on exposed leaf surfaces
(D) and partly to dilution of the populations by the rapid increase in the surface area
of each lamina during its expansion, the subsequent increase in population densities
being due to multiplication of the surviving species (e.g. A. pullulans, Cr. laurentii,
Rh. ingeniosa, Rh. mucilaginosa) of the bud microflora (G), and to deposition and
establishment of new species (e.g. Sp. roseus) derived from the air spora (I). The
presence of yeasts (and other microbes) inside leaf buds as possible sources of leaf
inocula was confirmed by Andrews and Kenerley (1980). The prominence of yeasts
on senescent leaves and on leaf litter in the initial stages of decomposition was
demonstrated by Dickinson (1967, cited in Last and Price 1969), di Menna (1971),
Mishra and Dickinson (1981) and Maksimova and Chernov (2004). The latter
authors also noted important shifts in the yeast community composition on leaf lit-
ter of subboreal forests in Russia with the clear dominance of species that were
minor components on green leaves, namely Rh. fujisanensis, Cy. capitatum and
Le. scottii.

Several studies evaluated the seasonal dynamics of size and composition of phyl-
loplane fungal and/or yeast communities on different plant types — pasture herbs,
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di Menna (1959, 1971); wheat, Flannigan and Campbell (1977); wood sorrel,
Glushakova and Chernov (2004); apple, Pennycook and Newhook (1981); larch,
McBride and Hayes (1977); Mediterranean plants (Inacio et al. 2002) — while others
focused mainly on population sizes (maple, Irvine et al. 1978; holly, Mishra and
Dickinson 1981; mango, de Jager et al. 2001). A continuous increase in population
size from spring to autumn/winter was the general rule but a significant decrease in
autumn was observed on beet (Kerling 1958, cited in Last and Price 1969), apple
(Hislop and Cox 1969; Pennycook and Newhook 1981) and wheat (Flannigan and
Campbell 1977). A notable exception was the finding of higher densities of yeasts
and fungi in winter and spring on mango leaves by de Jager et al. (2001), which the
authors attributed to the winter flowering of this species that released large amounts
of pollen (see Sect. 13.1). The increase in population size later in the growing season
may be due to the factors mentioned before for leaf age but some authors also sug-
gest the positive impact of the more conducive environmental factors that prevail in
autumn, such as higher humidity and milder temperatures (Breeze and Dix 1981;
Kinkel 1997). An almost universal trend in many of the studies mentioned before
was that higher yeast densities were associated with larger numbers of species being
recovered (species richness) (Inacio et al. 2002; Maksimova and Chernov 2004).
However, important shifts in the composition of phylloplane yeast communities
with season were reported in studies that evaluated the dynamics of species diversity
in more detail: apple (Pennycook and Newhook 1981), wood sorrel (Glushakova
and Chernov 2004), pasture plants (di Menna 1959, 1971). The most notable trend
was the predominance of deeply pigmented Rhodotorula and/or Sporobolomyces
spp. during the summer months that was attributed exclusively to environmental
parameters such as prevailing temperatures, moisture levels and/or daily duration
and intensity of sun exposure to which those yeasts are presumably better adapted.
Conversely, Cryptoccocus spp., namely Cr. laurentii, dominated during the colder,
more humid months (spring and late autumn/winter) when overall yeast populations
were relatively sparse.

13.6 What are the Makings of a ‘Phylloplane Yeast’?

Microbial phylloplane colonists (i.e. the residents as opposed to the transients) are
presumably endowed with suitable phenotypes for survival and/or growth in their
particular surface habitats. The adaptations shared by the diverse microbial
colonists of a given region have been referred to as niche-specific traits. Some of
these attributes include fast growth rates, the ability to compete for nutrients and to
withstand periods of drought or intense light, varying nutrient levels, osmotic con-
ditions and temperatures (Andrews and Harris 2000; Morris 2001; Lindow and
Brandl 2003). Many fitness traits are intuitive and have been sustained experimen-
tally but others are not, or are actually counterintuitive (Lindow 1991; Andrews and
Buck 2002). Some of those traits have been elucidated for bacteria using modern
molecular genetic tools and include production of extracellular polysaccharide
(EPS), production of surfactants that modify surface properties such as wettability
or production of compounds that stimulate release of nutrients (Lindow and Brandl
2003). Those methodological approaches have not yet been applied to fungi or yeasts
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and available data on fitness traits in the latter organisms are mostly circumstantial.
Is it possible then to propose a preliminary definition for ‘phylloplane yeast’? In the
absence of solid evidence we chose to offer some speculative thoughts that are
intended merely as potentially useful hints for future studies.

Dominant phylloplane yeast colonists are mostly of basidiomycetous affinity.
Phenotypic traits associated with these yeasts include a strictly respiratory metabolism,
oligotrophic nutrition and production of ballistoconidia, and these characteristics
seem most adequate for growth or dispersal on leaf surfaces (Last and Price 1969).
However, basidiomycetous yeasts are also prevalent in quite different habitats, such
as soil or aquatic environments (Sampaio 2004), suggesting that those traits are not
unique to phylloplane colonists. Another interesting observation is that basid-
iomycetous phylloplane isolates are usually anamorphic yeast stages, whereas their
teleomorphic filamentous counterparts are rarely found on leaves (Inacio 2003;
Maksimova and Chernov 2004). An obvious if rather naive corollary is that unicel-
lular growth forms are better suited for phylloplane colonization owing to more effi-
cient nutrient uptake and dispersal, whereas a mycelial growth habit is better suited
for invasion of leaf tissues. The latter situation occurs most likely during leaf decom-
position and it concurs with the finding on leaf litter of filamentous yeast taxa (e.g.
Cy. capitatum, Trichosporon pullulans) not present on green leaves (Maksimova and
Chernov 2004).

A more tangible fitness trait, common to many phylloplane yeasts, is the produc-
tion of EPS capsules (Bashi and Fokkema 1976; Babjeva and Sadykov 1980;
Glushakova and Chernov 2004) mainly by members of Cryptococcus but also by
some Rhodotorula spp. (Golubev 1991). EPS has already been shown to confer
improved fitness to phylloplane bacteria (see earlier) and the importance of biofilms
in bacterial colonization of surfaces is widely recognized (Andrews and Harris
2000). Experimental evidence for yeasts suggests that the role of capsules in provid-
ing increased fitness for survival and growth on natural substrates pertains to two
environmental factors that are particularly significant on the phylloplane: water and
nutrient stresses (Golubev 1991). On one hand capsules appear to act as cellular
buffer systems preventing too rapid a loss of water and providing for efficient rehy-
dration following periods of drought (Golubev 1991, and references therein). On the
other hand capsular material was shown to bind both ionic and non-ionic nutrients
providing for higher growth rates of encapsulated yeast cells versus non-capsulated
(or hypocapsulated) variants on nutrient-poor media (Golubev 1991). Improved
capacity for growth of encapsulated yeasts in oligotrophic conditions was also
demonstrated by Kimura et al. (1998). Conversely, nutrient-poor media, particularly
with low nitrogen content (high C-to-N ratio), which parallel the situation normally
encountered on leaf surfaces, were shown to stimulate EPS production by yeasts
(Golubev 1991). The presence of capsules confers yeast colonies with a mucous tex-
ture on solid media as was already noted by Ruinen (1963) in her pioneering studies
of phylloplane yeasts. However, she attributed the observed mucilage to lipid pro-
duction by the yeasts. Interestingly, lipid production was later confirmed in studies
by Ruinen and other authors mainly by Rhodotorula spp. (e.g. Rh. bogoriensis, Rh.
graminis) that do not produce considerable amounts of EPS (Hunter and Rose
1971). The significance of these compounds for leaf colonization has not been deter-
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mined but they might well function as biosurfactants in a manner similar to that of
equivalent compounds produced by phylloplane bacteria (see earlier). Bashi and
Fokkema (1976) had already suggested that the mucilage secreted by Sp. roseus cells
on barley leaves seemed to impregnate (but not dissolve) the wax layer of the leaf
cuticle, thus changing surface properties (viz. wettability).

As previously mentioned oligotrophy appears to be a suitable trait for growth on
the generally nutrient-poor leaf surfaces. Yeast species often found on the phyllo-
plane (but also in soils) have been shown to be particularly fit to grow in media with
extremely low concentrations of nutrients (Vishniac 1982; Kimura et al. 1998). This
feature has been attributed to the exceptionally high affinity uptake systems for sug-
ars and amino acids found in those yeasts (Kimura et al. 1998). A low nitrogen
requirement by phylloplane yeasts was already noted by Ruinen (1963) and di
Menna (1959) and although their findings have not been confirmed in later studies
they clearly deserve to be further investigated. Ruinen’s phylloplane isolates were
actually obtained on nitrogen-deficient media which she used for isolation of nitro-
gen-fixing bacteria (Ruinen 1963). Oligotrophy is thought to provide an advantage
in competition for nutrients on the phylloplane and oligotrophic microbes are likely
to outcompete copiotrophic ones (Andrews and Harris 2000). This trait could
explain preliminary results of co-inoculation of A. pullulans and Tremella foliacea
(soil isolate) on an artificial wax substrate that was claimed to mimic the leaf surface
(McCormack et al. 1994a).

Tolerance to UV radiation by means of efficient DNA repair systems and/or
abundant production of pigments by both fungi and bacteria is thought to be a fit-
ness trait for phylloplane colonists (Pugh and Buckley 1971; Lindow 1991; Moody
et al. 1999; Morris 2001). Some solid evidence exists for bacteria (Lindow and
Brandl 2003) but available data for yeasts are manifestly insufficient to prove a direct
and major role of pigments in enhancing survival on the phylloplane (Pugh and
Buckley 1971; Gunasekera et al. 1997). Nevertheless, it is noteworthy that a large
majority of yeasts found on the phylloplane (notably deeply pigmented Rhodotorula
and/or Sporobolomyces spp.) produce potentially photoprotective compounds,
namely carotenoids, and that these yeasts occurred in higher frequencies in the
summer months (see Sect. 13.5). A new class of UV-inducible compounds
(mycosporines) was recently found in a number of basidiomycetous yeast species
from freshwater lakes (Libkind et al. 2004), some of which are also found on the
phylloplane (e.g. Cr. laurentii, Rh. minuta). It should be emphasized that
mycosporines as well as some carotenoids (e.g. -carotene) are not restricted to
‘pink’ yeasts but are also present in some of the non-pigmented (i.e. ‘white’) yeasts
commonly found on the phylloplane (namely Cryptococcus spp.).

Production of hydrolytic enzymes (cutinases, pectinases, etc.) has been suggested
to enhance the capacity of phylloplane colonists to actively extract nutrients from
the plant tissue (Kinkel 1991; Morris 2001) but available evidence suggests that
microbial epiphytes grow essentially at the expense of compounds that leach pas-
sively to the leaf surface (Mercier and Lindow 2000; Leveau and Lindow 2001).
Conversely, production of hydrolytic enzymes is demonstrably essential for the
efficient invasion of leaf tissues by many phytopathogenic bacteria and fungi
(St. Leger et al. 1997; Hirano and Upper 2000). Nevertheless, some authors have
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emphasized the biodegradative abilities of microbial epiphytes. In the case of yeasts,
Ruinen (1963) found that the majority of phylloplane isolates produced extracellu-
lar lipases and she later claimed that those yeasts were able to degrade leaf cuticles
(Ruinen 1966). However, later studies gave rise to conflicting results (Bashi and
Fokkema 1976; McBride 1972, cited in Buck and Andrews 1999b). Middelhoven
(1997) assayed many biochemical activities by the phylloplane yeast isolates he had
obtained and found that the large majority were lipolytic and proteolytic and a con-
siderable fraction of the basidiomycetous isolates were able to hydrolyse xylan and
pectin (but not cellulose) and/or to assimilate phenolic compounds. Inacio (2003)
also tested for different enzymatic activities (e.g. proteases, lipases, pectinases,
xilanases) among a set of representative strains from a survey of yeasts on the phyl-
loplane of Mediterranean plants. He detected significant extracellular hydrolytic
abilities in Cryptococcus spp. belonging to the Filobasidiales (proteases, lipases, pecti-
nases, cellulases and/or xilanases) and by some members of the Ustilaginomycetes
(proteases and/or lipases); however, those were not the dominant species on the phyl-
loplane of the sampled plants. Nevertheless, proteolytic, amylolytic and/or
cellulotytic activities were detected in some strains of Cryptococcus spp. in the
Tremellales and strong lipolytic activity was observed by some members of the
Sporidiobolales, namely Sp. cf. roseus (in agreement with the results of Ruinen 1963),
these yeasts being more prevalent on the same plants. It is not known if the observed
activities are strain-specific and restricted to phylloplane isolates of each species or if
they endow those yeasts with any competitive advantage on leaf surfaces.

Adhesion of cells to leaves is an intuitive pre-requisite for successful colonization
of the phylloplane in analogy to what is known for other surface-inhabiting
microbes, notably human and plant pathogens (Andrews and Harris 2000).
However, available evidence for epiphytic bacteria and yeasts points to a more com-
plex situation. Several publications by Buck and Andrews (reviewed in Andrews and
Buck 2002) describe experiments aimed at unravelling the role and the mechanism
of adhesion of the yeast R. toruloides to barley leaves. Their major findings were
that although attachment of cells to the leaf could be demonstrated, especially by
actively growing cells, this attachment was transient and the majority of cells could
be easily removed by agitation. The authors concluded that adhesive ability does not
appear to play a major role in leaf colonization and that instead efficient dispersal
(i.e. emigration) and rapid recolonization (i.e. growth) may be more important
attributes of a well-adapted phylloplane colonist (i.e. a resident). Transient adhesion
should, however, be important to maintain a reservoir of cells that would expand
quickly when nutrient availability and environmental conditions are conducive for
growth allowing them to outcompete their less fit neighbours. However, rather sur-
prisingly the yeast species chosen for this study is not a prevalent phylloplane
colonist (the strain used most extensively was a soil isolate) and reports on the more
or less ease of removal of yeasts, namely Sp. roseus, from leaf surfaces are contra-
dictory (di Menna 1959; Preece and Dickinson 1971; Bashi and Fokkema 1976;
Buck and Andrews 1999b).

Although the phenotypes cited here may be found in yeasts in a wide range of
habitats (e.g. soil), many of the yeasts in these habitats are apparently incapable
of growing and/or surviving on the phylloplane (see Sect. 13.3). Likewise, a large
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number of the yeasts adapted to the phylloplane survive poorly in aquatic or soil
ecosystems, for example. However, it seems clear that the key phenotypes essential
for the fitness of phylloplane yeasts have not yet been fully elucidated.

13.7 Future Directions in Ecological Studies of Epiphytic Yeasts

In the previous sections we have tried to give a brief overview of the knowledge
accumulated in recent years on the ecology of phylloplane microorganisms, with an
obvious emphasis on yeasts. In spite of the considerable number of studies covering
the topic many issues remain unresolved, including the defining characteristics of a
phylloplane yeast (Sect. 13.6) and a more precise rendering of the diversity of epi-
phytic yeast populations on many different types of plants and climatic regions
(Sect. 13.4). A better understanding of phyllosphere microbiology is important not
only from a fundamental perspective, for leaf-inhabiting microbes are a fundamen-
tal component of terrestrial ecosystems and thus contribute to the nutrient cycling
processes that occur therein, but also for their recognized potential as biocontrol
agents or as sources of bioactive compounds of biotechnological interest (e.g.
Fokkema 1991; Lindow and Leveau 2002). Here we provide some additional sug-
gestions for future research efforts (see also Andrews 1991).

Firstly, sampling strategies and the methods used for isolation, enumeration and
identification of phylloplane yeasts should be thoughtfully planned according to
research goals. Aspects to be considered include the intensity of sampling (one plant
vs. multiple plants, frequency of leaf collection, examination of other aerial organs
for comparative purposes, etc.), the choice of protocols for removal of yeast cells
from leaves and of adequate culture media and incubation conditions, etc. (see Sect.
13.2). A range of recently developed culture-independent methods have found appli-
cation in microbial ecology (e.g. DGGE or temperature gradient gel electrophoresis,
direct DNA extraction followed by cloning and sequencing) but only a few studies
with phyllosphere microorganisms have made use of those methods (see Sect. 13.2);
however, these methods have their own limitations and rather than replacing tradi-
tional isolation methods they should be used concurrently (Prakitchaiwattana et al.
2004). Sequence data available in public databases facilitate rapid and accurate iden-
tifications and it is imperative that such data be used in new surveys of phylloplane
yeasts or that isolates from previous studies be re-identified using molecular
approaches (see Sect. 13.4). Only then can phylloplane yeast communities be accu-
rately appraised and their distribution patterns determined, which will in turn enable
unravelling of possible associations with specific plants, biotopes and/or geography.
Those patterns have already been disclosed for other yeast habitats such as tree exu-
dates (Lachance et al. 1982), ephemeral flowers (Lachance et al. 2001) and cacti
(Starmer et al. 2003). The resolution power of certain molecular typing methods
provides the means to further discriminate distinct populations within a species and
to test hypothesis about their turnover on leaves or the biogeography of ubiquitous
phylloplane inhabitants such as A. pullulans.

The issue of population dynamics on the phylloplane remains vastly unexplored
especially with respect to yeasts (see Sect. 13.5). Molecular genetics tools offer the
possibility of examining the relative contributions of the processes of immigration,
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growth and emigration to the development of microbial communities on leaf sur-
faces, but such studies have not yet been carried out with yeasts. The possible role of
insects in the immigration and/or emigration processes of phylloplane yeasts has not
been investigated, which is somewhat surprising given the well-known involvement
of insect vectors in other yeast habitats (Starmer et al. 1991; Lachance et al. 2001).
It is therefore desirable to assemble multidisciplinary teams for ecological surveys of
phylloplane yeasts, which should involve the collaborative efforts of yeast biologists,
entomologists and botanists. Knowledge of the topography, biochemistry and phys-
iology of leaves is also important to understand the role of the leaf in shaping both
the spatial and temporal patterns of its epiphytic microbial populations.

Another issue that deserves being looked into is the possible existence of
yeast-plant interactions through molecular signalling mechanisms which might
provide clues on why some yeast species are found on the phylloplane of certain plants
and others are not. Although only a few yeast species were found to infect plants
(Phaff and Starmer 1987) it is worth emphasizing in this respect the close phylogenetic
relationship between some of the yeasts found on plant surfaces and dimorphic plant
parasites (e.g. LalarialTaphrina; Rh. bacarum/Microstroma spp.; Pseudozymal
Ustilago). Likewise, interactions between the different members of the epiphytic com-
munities have not been consistently explored and since bacteria constitute normally
the early leaf colonists it would be most interesting to determine whether or not yeasts
depend on those bacteria for their own colonization of leaf surfaces. Ruinen (1963)
suggested that the common presence of nitrogen-fixing bacteria on the phylloplane
might be beneficial for the ensuing colonization by yeasts. Some phylloplane yeasts
have been found to produce antimicrobial compounds (McCormack et al. 1994b) but
their ecological significance is not known. Moreover some yeasts with the ability to
antagonize plant pathogenic fungi by producing lipids with fungicidal activity and
that are being used as biocontrol agents may also be found on plant surfaces (Avis and
Bélanger 2002).

Finally, it was not possible to identify with certainty which of the characteristics
displayed by the yeasts commonly isolated from leaf surfaces define the required fit-
ness traits for successful colonization of the phylloplane (see Sect. 13.6). For
instance, while production of ballistoconidia is an obvious advantage as an efficient
means of dispersal and is found in many yeasts inhabiting leaf surfaces, it is appar-
ently not a pre-requisite for many other equally prominent phylloplane species (see
Sect. 13.4). It would therefore be most interesting to uncover the selective pressures
for the conservation of this phenotypic trait as well as its genetic determinants since
it is well-known that BC yeasts tend to lose this capacity upon maintenance on nutri-
ent-rich artificial culture media and are phylogenetically intertwined with non-BC
taxa (Nakase 2000). Other frequent putative fitness traits of phylloplane yeasts are
the production of EPS capsules and of photoprotective compounds. However, con-
clusive evidence of their relevance for yeast survival and/or growth on leaves is still
lacking. The same applies to the adhesiveness of cells onto leaf surfaces which
seemed like a good candidate to explain the observed differences between residents
and transients in phylloplane colonization.

It seems clear that there are still many significant gaps in our understanding of
the nature, dynamics and ecological role of phylloplane yeast populations. We are
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maybe at the proverbial tip of the iceberg in accessing some of those topics and this
appears to be the right time to make good use of the plethora of DNA-based meth-
ods and of molecular genetics tools already available for that purpose. In this con-
text it seems fitting to quote Andrews (1991): “Renewed efforts at an experimental
[i.e. hypothesis-testing] as opposed to a descriptive approach, integration of relevant
advances from other disciplines, and recognition of the interplay among theory,
experimentation, and observation, will be the essential ingredients for expanding our
knowledge of phyllosphere ecology in the coming decades.”
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14.1 Introduction

The genesis of this review occurred at the 23rd International Special Symposium on
Yeasts. The meeting was excellent, but, as I listened to the presentations, I was taken
by the realization that most of presentations dealing with interactions between
yeasts and their environments, especially presentations that could be thought of as
applied science, focused on yeast—substrate interactions. This has been noted previ-
ously (do Carmo-Sousa 1969). Because the talks and posters presented interesting
new data and insights, I did not think this a situation in need of correction but I did
feel that yeast—animal interactions were a bit underrepresented. In several instances,
yeast—animal interactions could have offered alternative explanations for the data or
might have suggested answers to questions generated by the data. What caught my
attention was that, in discussing their data, only one of the presenters made specific
reference to animals as a possible alternative. Recalling this impression gave me a
goal for this review. What I would like to accomplish is to present an argument that
yeast—animal interactions are common, understudied, and a necessary part of
understanding yeast ecology and evolution.

I will not review situations where yeasts are known to be animal parasites or
pathogens. However, many interactions are not well understood and the nature of
relationships is not fixed but is subject to evolutionary change. This sometimes made
it difficult to set a proper boundary for the review and I chose to be inclusive rather
than exclusive. It is organized according to the animals that are involved in the inter-
actions. This decision was made because the field of study of yeast-animal interac-
tions is organized, to the degree one can say that it is organized, in this fashion. The
result is that ecological and evolutionary ideas may be revisited within separate sec-
tions. The alternative, organizing according to the evolutionary or ecological ideas
presented, would mean revisiting animal groups instead of ecological concepts.
More importantly, organizing the review by concept would give the impression that
some overall scheme for animal—yeast interactions exists at this time. I believe that it
would be misleading to imply conceptual unity beyond some broad generalizations.
Animal-yeast interactions are varied, from mutualistic endosymbioses to simple
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phoresy, from pairs of interacting animal and yeast species to interacting animal and
yeast communities. So, if I am correct in my belief that much more remains to be
discovered about yeast—animal interactions than we currently know, presenting the
field as a coherent set of relationships might be premature.

Eliminating pathogenic and parasitic interactions has other ramifications.
Vertebrate associations receive little attention here owing to a paucity of informa-
tion about nonpathogenic interactions, although yeasts can be isolated from verte-
brate guts (do Carmo-Sousa 1969; Abranches et al. 1998) and at least one yeast,
Cyniclomyces guttulatus (Phaff and Miller 1998), is an endocytobiont. The scope of
relationships reviewed here potentially involves fungivory, mutualism, commensal-
ism, or amensalism (no interaction, simply co-occurrence). Other categories, such as
competition or predation, are not likely. Symbiosis, another descriptor of interac-
tions, does not seem to have a universally agreed upon definition. Some use it
broadly for any relationship in which two organisms spend significant time in con-
tact (parasites and pathogens may then be symbionts) and some authors restrict it
to mutualistic or commensal interactions (the caveat about contact applying). Here,
I will attempt to use the more restricted meaning when either observational or exper-
imental evidence reasonably justifies the implication of a positive interaction.

Some broad generalizations are useful to state at the outset. When considered a
subset of all fungus—animal interactions, there seems to be little that is unique to
yeast—animal interactions. Most relationships are based on yeasts as a food for the
animal and the animal as a vector for the yeasts. What is interesting is the wide-
spread nature of the association. Table 14.1 is a reasonably complete and up-to-date
list of yeasts associated with beetles found in wood and mushrooms. It is over 200-
species long. For the vast majority of instances, we do not know if the association is
happenstance or significant. I suspect that most are significant but do not involve
obligate pairwise interactions between one species of yeast and one species of insect.
If true, this would mean that most yeast-animal relationships must be studied in
multispecies assemblages if the nature of the relationship is to be fully understood.
The number of possible iterations becomes large, especially if variation in environ-
mental factors, which may change the nature of yeast-animal interactions, are con-
sidered. It is a daunting task but there are also positive sides to the situation. Many
necessary techniques have been perfected (obtaining axenic insects and pure cultures
of yeasts, efficient means of differential yeast population counts, detection of spa-
tial inhomogeneities with differential dye labeling, etc.) that might be applied to
experiments on the dynamics of yeast—animal relationships. Both yeast and animal
systematics are improving to the point that comparative phylogenetics may be used
to generate a subset of testable hypotheses from a much larger set of possible
hypotheses. Coalescence theory promises insights into basic ecological parameters
(e.g., effective population size, dispersal patterns, and prevalence of recombination)
and historical aspects of population biology (e.g., recent bottlenecks and founder
events).

There have been several excellent reviews of the associations between yeast and
animals, often as part of a more general review of yeast habitats (do Carmo-Sousa
1969; Phaff et al. 1978; Phaff and Starmer 1987). Here, I will focus, when possible,
on recent additions to the field. Some terminological standards should be set at the
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Table 14.1 Yeasts associated with beetles or beetle larval substrates (not including flowers)

Candida diddensiae
C. oregonensis

C. (Torulopsis)
nitratophila
Cryptococcus
albidus var. diffluens
Cr. curvatus

(C. curvata)

Cr. magnus

Cr. skinneri
Cuniculitrema
polymorpha
Debaryomyces
hansenii
Dipodascus
aggregatus
Myxozyma melibiosi
(T melibiosum)
Pichia (Hansenula)
bimundalis

P. (H.) capsulata
P, haplophila

P. (H.) holstii

(C. silvicola)

P, pini

P. (E.) scolyti

P, tolentana
Rhodotorula
aurantiaca (crocea)
Rh. (C.) hylophila
Sporobolomyces
(Bullera) tsugae
Sp. singularis

—_ a a a

50
30, 32, 64

30
32, 64
30
32
58
30

42

32,43

32
32
30, 32, 21

30, 32
32,43
30, 43
2

18, 30
2

32

Continues



Table 14.1 Yeasts associated with beetles or beetle larval substrates (not including flowers)—

cont’d
Tsuchiyaea 1 33
(Sterigmatomyces)
wingfieldii
Ascoidea hylecoeti 1 39
C. arabinofermentans 1 47
C. ernobii 1 1 50, 21
C. homilentoma 1 17
C. litsaeae 1 60
C. melibiosica 1 50
C. piceae 1 57
C. ponderosae 1 60
C. quercitrusa 1 50
C. quercuum 1 21
C. rugosa 1 21
C. silvanorum 1 1 13, 21
C. tenuis 1 111 2,21
C. ulmi 1 56
C. wickerhamii 1 50
C. wyomingensis 1 1 57
Clavispora 1 21
(Candida) lusitaniae
Cr. humicolus 1 21
Cr. laurentii 1 21
D. vanrijiae var. 1 51
yarrowii
Issatchenkia 1 46
scutulata var. exigua
Ogataea (P.) 1 43
glucozyma
O. (P.) henricii 1 43
O. (P.) kodamae 1 32
O. polymorpha 1 43

(P angusta, H.
polymorpha)



Table 14.1 Yeasts associated with beetles or beetle larval substrates (not including flowers)—

cont’d

P. (H.) americana
P. amylophila

P, bovis

P, canadensis
(Hansenula wingei)
P, euphorbiae

P. (H.) euphorbiaphila
P. hampshirensis
P, heimii

P, japonica

P. media

P. membranifaciens
(C. valida)

P. mexicana

(C. entomoea,

C. terebra)

P. meyerae

P. mississippiensis
P, nonfermentans
P, pastoris

P, philodendri

P. ramenicola

P, segobiensis
Stephanoascus
smithiae
Torulaspora
delbruckii
Trichosporon
cutaneum
Williopsis
californica
Zygosaccharomyces
bisporus

—_ A a4

- 4 4 a4 a g

- 4 a4 4 A a4 a4

2,32,43
32
21
43

20
18
31
32
31
43
21

15, 21
19

3

21

43

21

57
32, 43, 62
54

44
2,21
45

21

Continues



Table 14.1 Yeasts associated with beetles or beetle larval substrates (not including flowers)—

cont’d

Z. rouxii 1 21
Zygozyma 1 53
oligophaga

Ambrosiozyma (P.) 1 9, 14
ambrosiae

A. (P.) cicatricosa 1 8, 14
A. (E.) monospora 1 14
A. philentoma 1 52
A. (E.) platypodis 11 14
Ascoidea africana 1 39
C. berthetii 1 1 32
C. (T.) dendrica 11 12
C. dendronema 1 13
C. entomophila 1 13

C. (T) insectalens 11 12
C. insectorum 1 15
C. maritima 1 1 25, 34, 50
C. mycetangii 1 56
C. (T)) nemodendra 1 12
C. (T)) silvatica 1 12
C. trypodendroni 1 48
Dipodascus ambrosiae 1 42
Fellomyces 1 5, 48
(Sterigmatomyces)

polyborus

O. (P.) (H.) 1 1 5
philodendri

P. (H.) dryadoides 1 7

P, (H.) sydowiorum 111 4,15
(C. nitrativorans)

P, acaciae 1111 1

Rh. (C.) philyla 1 12
Saccharomycopsis 1 11

synnaedendra



Table 14.1 Yeasts associated with beetles or beetle larval substrates (not including flowers)—

cont'd

Zygozyma smithiae

C. ergastensis 1
C. parapsilosis var. 1
intermedia

C. rhagii 1
C. shehatae 1
var. inesctosa

Schizosaccharomyces 1
fibuligera

?P. onychis

(P, xylopsoci) -

lost culture

C. (T) torresii

C. fennica (Trichosporon
melibiosaceum)

Cr. amyloentus

(C. amylolenta)

P. (H.) anomala

P, burtonii (Trichosporon
behrendlii)

P. (H.) ciferrii

P, stipitis 1
Bullera dendrophila

C. insectamans

C. naeodendra

C. silvicultrix

D. vanrijiae var.
vanrijiae

P. (C.) guilliermondii

T. behrendii
Blastobotrys elegans-
like

C. ambrosiae-like

C. pyralidae-like
Malassezia restricta 1

- 4 a4 g

32, 61
50

2
32,35,62

2,32

10

32

15

32
32, 63

32

2

6

15

16
15, 32
32

32
32
32

64
64
64

Continues



Table 14.1 Yeasts associated with beetles or beetle larval substrates (not including flowers)—
cont’d

Stephanoasaus

farinosus-like

C. athensensis 1 1 11 67
Candida sp. 1 1 64
T. scarabaeorum 1 65
Ascoidea corymbosa 1 39
A. rubescens 1 39
Blastobotrys 1 41
capitulata

C. ambrosiae 1 59
C. ancudensis 1 28
C. antillancae 1 22
C. bertae 1 23
C. castrensis 1 22
C. chilensis 1 50
C. coipomoensis 1 29, 34
C. drimydis 1 25
(same rDNA as

C. ancudensis)

C. freyschussii 1 50
C. hungarica 1 61
C. ingens 1 34
C. laureliae 1 29
C. llanquihuensis 1 29
C. novakii 1 37
C. oleophila 1 26, 34
C. ontarioensis 1 48
C. parapsilosis 1 29, 34
C. peoriaensis 1 60
C. petrohuansis 1 27
(same rDNA as C.

ancudensis)

C. pini 1 50

C. pyralidae 1 59



Table 14.1 Yeasts associated with beetles or beetle larval substrates (not including flowers)—
cont'd

C. railenensis 1 23,24, 34
C. santjacobensis 1 28

C. savonica 1 50

C. shehatae var. 1 50
lignosa

C. shehatae var. 1 50
shehatae

C. sophiae-reginae 1 26

C. tammaniensis 1 48

C. tepae 1 50

C. xylopsoci 1 59
Cephaloascus 1 40
fragrans

Cr. huempii 1 25

D. carsonii 1 51
Leucosporidium scolyti 1 24,34
Metschnikowia 1 27, 34
pulcherrima

O. (P.) dorogensis 1 61

O. (P.) methylivora 1 43

O. (P.) zsoltii 1 61

P, castillae 1 43, 48
P, pilisensis 1 61

Rh. futronensis 1 24, 34
Rh. nothofagi 1 24, 34
C. anneliseae 1 66

C. atakaporum 1 66

C. bokatorum 1 66

C. bolitotheri 1 66

C. bribrorum 1 66

C. chickasaworum 1 66

C. choctaworum 1 66

C. elateridarum 1 1 67

C. emberorum 1 66

Continues



Table 14.1 Yeasts associated with beetles or beetle larval substrates (not including flowers)—

cont’d

1

C. fermentati

C. guaymorum

C. kruisii

C. kunorum

C. maxii

C. panamericana
C. schatavii

C. smithsonii

C. taliae

C. terraborum

C. wounanorum
C. yuchorum

D polymorphus
Dipodascus armillariae
Dipodascus
macrosporus
(actually from a
myxomycete)
Endomyces
cortinarii (parasite
of basidiocarp)

E. decipiens (parasite
of basidiocarp)

E. polyporicola
(parasite of
basidiocarp)

E. scopularum (parasite
of basidiocarp)
Kluyveromyces
dobzhanskii

K. lactis var.
drosophilarum

K. thermotolerans
K. waltii

—_ 4 4 4 4 a4 a4 a4 A

63

66
50
66
66
34, 66
50
1 1 67
66
66
66
66
51
42
42

38

38

38

38
49
49

49
49



Table 14.1 Yeasts associated with beetles or beetle larval substrates (not including flowers)—
cont'd
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O. (P.) minuta 1 43
var. minuta
Saccharomyces 1 55
dairenensis
S. farinosus 1 54
C. karawaiewii 1 50
C. xestobii 1 50

a1 van der Walt (1966), 2 do Carmo-Sousa (1969), 3 Pignal (1970), 4 Scott and van der Walt (1970a), 5 Scott and van
der Walt (1970b), 6 van der Walt and Scott (1970), 7 Scott and van der Walt (1971a), 8 Scott and van der Walt (197 1b),
9van der Walt and Scott (1971a), 70 van der Walt and Scott (1971b), 77 van der Walt and Scott (1971c), 72 van der Walt
et al. (1971a, 13 van der Walt et al. (1971b), 74 van der Walt (1972), 15 van der Walt et al. (1972), 16 van der Walt
et al. (1973), 17 van der Walt and Nakase (1973), 78 van der Walt (1982a), 79 van der Walt (1982b), 20 van der Walt and
Opperman (1983), 21 Bridges et al. (1984), 22 Ramierez and Gonzalez (1984e), 23 Ramierez and Gonzalez (1984a),
24 Ramierez and Gonzélez (1984b), 25 Ramierez and Gonzalez (1984c), 26 Ramierez and Gonzalez (1984d), 27
Ramierez and Gonzalez (1984f), 28 Ramierez and Gonzalez (1984g), 29 Ramierez and Gonzalez (1984h), 30 Leufvén
and Nehls (1986), 37 Kurtzman (1987), 32 Phaff and Starmer (1987), 33 van der Walt et al. (1987), 34 Ramierez (1988),
35 Kurtzman (1990), 36 van der Walt et al. (1990), 37 Péter et al. (1997), 38 de Hoog (1998a), 39 de Hoog (1998b),
40 de Hoog and Kurtzman (1998), 47 de Hoog and Smith (1998), 42 de Hoog et al. (1998), 43 Kurtzman (1998a), 44
Kurtzman (1998b), 45 Kurtzman (1998c), 46 Kurtzman (1998d), 47 Kurtzman and Dien (1998), 48 Kurtzman and
Robnett (1998b), 49 Lachance (1998), 50 Meyer et al. (1998), 51 Nakase et al. (1998), 52 Smith (1998a), 53 Smith
(1998b), 54 Smith and de Hoog (1998), 55 Vaughn-Martini and Martini (1998), 56 Kurtzman (2000a), 57 Kurtzman
(2000b), 58 Kirschner et al. (2001), 59 Kurtzman (2001a), 60 Kurtzman (2001b), 61 Péter et al. (2003), 62 Suh et al.
(2003), 63 Vega et al. (2003), 64 Zhang et al. (2003), 65 Middelhoven et al. (2004), 66 Suh et al. (2004b), 67 Suh and
Blackwell (2004c)

outset. The literature has some overlapping terms and terms with multiple meanings
and I will try to use only one when multiples are available. A member of a symbiotic
relationship can be either a symbiote or a symbiont and I will prefer symbiont. The
term is more often applied to the microbe than the animal, which is commonly called
the host. Mycetocytes are specialized animal cells that host endocytobionts (Jones
et al. 1999 for the latter term). Many authors make no distinction based on the
nature of the microbe but others use bacteriocyte when bacteria are resident and
confine mycetocyte to situations when the resident is a fungus. I will use the term in
the narrower sense. Association and interaction are not totally overlapping terms
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in this review and the distinction is important. An association means that co-occur-
rence has been established. The use of “interaction” implies that some functional
relationship has been established or that observational data strongly implies a func-
tional relationship. Phoresy is the dispersal of small organisms, seeds, or spores by
animals. Some authors use the term only for a commensal relationship and others
use it no matter what sort of relationship exists between the carrier and the organ-
ism carried, which is how I will use it. Mycangia are external pockets on arthropods
that hold microbes during dispersal by the animal. They may be almost anywhere on
the host and range from simple depressions to more elaborate structures that may
nourish the fungus or bacterium. “Mycetangia” looks confusingly similar to mycan-
gia but refers to an organ or a cluster of cells within an organ that house an endo-
cytobiont inside the body. Finally, several abbreviations occur more than once: LSU
and SSU for large and small subunit plus ITS for internal transcribed spacer (of the
ribosomal RNA gene); and YLS for a yeast-like symbiont.

14.2 Beetles

Most yeast—beetle interactions involve beetles that live on plants (although the inter-
actions of yeasts and beetles associated with mushrooms discussed in the last part
of this section are a significant exception). Beetles are closely associated with plants
and Farrell (1998) has suggested that this association (especially with angiosperms)
is a major cause of beetle diversity. Beetles use all parts of plants (see flower-associ-
ated beetles in Sect. 14.2.5) but a significant part of beetle diversity is due to the
many beetles that use wood as a refuge, a nest, and a source of food. They feed on
all parts of the woody stem: sap, phloem, cambial tissue, bark, wood, and the fungi
that digest wood or attack the plant’s living tissues (Lawrence 1989). The fossil
record indicates they have done so for a very long time (Kirejtshuk 2003). Eating
wood involves digestion of lignified cellulose and overcoming the toxins found there
(Eriksson et al. 1990). (Farrell et al. 2001 point out that fallen logs are often pro-
tected by toxins, perhaps because mature trees are a combination of living and dead
tissue and so have an interest in what eats dead wood.) Digestion and detoxification
are often accomplished through symbioses between beetles and microbes that range
from endocytobiosis to agricultural associations (Mueller et al. 1998; Farrell et al.
2001; Mueller and Gerardo 2002). Historically, most attention has been paid to
xylophagic (or xylophagy-related) yeast—beetle interactions. It is my intention to dis-
cuss recent additions to this rich literature (see Buchner 1965; Phaff and Starmer
1987; Lawrence and Milner 1996 for previous reviews) and to cover some recent
work on associations between floricolous yeasts and beetles and on yeasts and bee-
tles from basidiocarps.

There are several feeding strategies used by beetles that feed on woody stems
(Berryman 1989). Many Nitidulid beetles feed on fermenting plant sap and yeasts
are among the microbes responsible for sap fermentation. Production of low molec-
ular-weight volatile compounds by yeasts attracts nitidulid beetles (Nout and Bartelt
1998). Volatile production by bacteria growing on the same substrates as the yeasts
did not attract the insect. Some nitidulids live in flowers and are associated with
yeasts that feed on nectar and pollen. Many Scolytid beetles feed on the living tis-
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sues beneath the bark. These bark beetles are often associated with euascomycete
phytopathogens in the Ophiostoma and Ceratocystis clades as well as yeast and fila-
mentous basidiomycetes. Infestation often leads to the rapid death of the plant as
volatiles produced by attacking organisms attract more beetles to the attack. The
relationship between the fungi and the beetles involves transport for the fungi and
both facilitation of the attack (the fungi can block resin or latex channels from
flooding beetle galleries) and nutrition for the beetles. Other Scolytid (as well as
Platypodid) beetles, collectively termed ambrosia beetles, bore into the xylem of liv-
ing trees where they feed on fungi that line their tunnels (galleries). However, most
of the xylem eaten by beetles is eaten by beetles that bore into dead branches or
trunks. Passalid beetles form multigeneration colonies in dead wood and are associ-
ated with yeasts able to digest xylose, a major component of lignocellulose. In addi-
tion, species from other beetle families also feed on xylem, including members of the
Anobiid, Cerambycid, Buprestid, Bostrichid, and Scarabaeid beetle families. For
many of these families, xylophagy is believed to be the ancestral feeding mode. Yeast
or yeast-like endosymbionts have been isolated from the guts of many of them
(Table 14.1).

In addition to the xylophagic beetles, fungi (including yeasts) are associated with
other beetles and other beetle feeding modes. Recent efforts have identified yeasts
associated with flower beetles and with beetles that feed on basidiocarps. Owing to
the number of species that have been isolated from beetles, beetle frass, galleries, or
rotting wood infested with beetles, they are summarized in Table 14.1, which does
not include those found in association with flowers, which are summarized in
Table 14.2.

14.2.1 Bark Beetles

The feeding strategies of Scolytid beetles have been summarized by Berryman
(1989). There are three basic types: saprophagy (Scolytids that feed in rotting logs),
phytophagy (bark beetles), and mycetophagy (ambrosia beetles). Berryman views
saprophagy as the ancestral state. Saprophagous Scolytids feed on the fungi in the
wood and use fermentation products to locate fallen wood. Perhaps because this
group of beetles is not economically important, they remain understudied and spe-
cific associations among the fungi and beetles in this group have not been investi-
gated. However, the use of fermentation products to locate suitable resources was
probably an important preadaptation for both the phytophagous and myce-
tophagous life styles that followed. Both bark and ambrosia beetles use pheromones
that are often wood components modified by fungal symbionts. Bark beetles use
both aggregation (verbenol from pinene, Berryman 1989) and avoidance
pheromones (verbenone from verbenol; Hunt and Borden 1990; Paine et al. 1997),
so that adults are recruited to the tree during early stages of infestations and dis-
couraged from joining the attack during later stages. Colonial living is characteristic
of Scolytid beetles and Berryman believes that the use of fungal products to locate
wood leads to colony formation, which he views as a preadaptation for both the
phytophagous and mycetophagous life styles that followed. Bark beetles, the phy-
tophagous group, are either colonial and virulent or solitary and far less virulent
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(Berryman 1989; Paine et al. 1997). The mechanism of tree death depends on the
impact of the beetles, including their tendency to aggregate and to girdle the tree as
they burrow tunnels, and the effect of the fungi, which attack the sapwood (many
are blue-staining) and can range from deadly to mildly detrimental to the tree (Paine
et al. 1997). The specificity of the relationship between bark beetle and fungi is low,
with most beetle species associated with different pathogenic fungi at different times
and places or on different host species. However, it is clear that the beetles exploit
the fungi as food, as a means of reducing the toxicity of the tree, and as a means of
overcoming the physical defenses of the tree, primarily by blocking resin or latex
secretion that are primary defenses and by responding to the induced defenses (cell
wall alterations, additional toxins, etc.) provoked by the attack on the tree (Paine
et al. 1997; Farrell et al. 2001). However, the association may also involve cost to the
beetles. In laboratory experiments, Roptrocerus xylophagorum and Spathius pallidus,
Hymenopteran parasitoids, were attracted to odors from loblolly pine, Pinus taeda
infected with strains of Ophiostoma spp. (Sullivan and Berisford 2004). Data from
the field were less clear, as the fungus alone was not sufficient to explain long-range
host location.

Fungi may benefit from the beetles’ burrowing and from physiological changes
their presence provokes in the tree’s tissues but they clearly benefit from vectoring by
the beetles. Many fungi have been isolated from the external surface of the beetles
(Paine et al. 1997) but the clearest indication that the beetles vector fungi from their
galleries is the presence of special cuticular structures, mycangia, that transport
fungi, including yeasts (Whitney and Harris 1970). Mycangia are a diverse set of
structures (including pits on various body parts such as the head and feeding
appendages, grooves on the pronotum, and patches of setae that can hold spores and
cells between the shafts) that are often secretory, producing waxes, fatty acids, and
amino acids. The type of mycangia does not appear to be a diagnostic trait in
Scolytid taxonomy (Berryman 1989). Mycangia are also found in the ambrosia bee-
tles, in nonxylophagous Scolytids (Morales-Ramos et al. 2000), and even in other
insect orders (Vasiliauskas and Stenlid 1999).

Bark-beetle-associated fungi include dimorphic Euascomycetes and
Hemiascomycetes. The euascomycete species were once thought to belong to a sin-
gle taxonomic group but recent DNA sequence analysis has not supported mono-
phyly. The Ophiostoma and Ceratocystis clades are related perithecal euascomycete
clades that contain plant pathogens and species associated with bark beetles
(Spatafora and Blackwell 1994). They include numerous anamorphs, mostly in the
genera Ambrosiella, Leptographium and Pesotum. Some have obligate associations
with beetles and are transported in mycangia, while others have facultative associa-
tions and are vectored on the beetles mouthparts and body surfaces. Other teleo-
morphic genera (Pyxidiophora, Kathistes, and Subbaromyces), once included with
Ophiostoma and Ceratocystis, are only distantly related (Blackwell and Jones 1997,
Hausner et al. 2000). They have peritheca and are dispersed by beetles, but the for-
mer characteristic may be the result of convergent evolution due to their association
with beetles.

It has long been unclear if many of the anamorphic and teleomorphic species in
these clades deserve specific status or if the generic and specific designations repre-
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sented monophyletic groupings. Recent molecular data have confirmed that there
are ambiguities in the current classification. SSU ribosomal DNA (rDNA) sequence
analysis has shown Ambrosiella to be polyphyletic, with some species related to
Ceratocystis and others to Ophiostoma, which may be two separate clades (Cassar
and Blackwell 1996; Rollins et al. 2001). Hausner et al. (2000) determined that nei-
ther Leptographium nor Pesotum were monophyletic. Problems can extend to spe-
cific designations, also. Using a multigene (rDNA, actin, fS-tubulin, and
transcription elongation factor 1) and multistrain approach to the relatedness of a
cluster of species physiologically and ecologically similar to Ophiostoma clavigerum,
Lim et al. (2004) demonstrated that one (L. terebrantis) of the five species examined
was paraphyletic in the combined tree and it was not clear if this would have been
resolved with the addition of more loci to the analysis. Using a separate locus
(rDNA ITS), ambiguous results were also obtained for a clade of teleomorph
species related to O. stenoceras (de Beer et al. 2003). Although strains of O. steno-
ceras from Colombia, Kenya, Uruguay, and South Africa were included, there was
no intraspecific variation linked to geographic origin and the sequences of both O.
albidum and O. ponderosae were indistinguishable from those of O. stenoceras. The
specific status was also ambiguous for the other two members of this clade, O. nar-
cissi and O. abietinum. There was some sequence variability among O. narcissi
strains and the species is paraphyletic as the O. abiethinum strains lie within the O.
narcissi clade. It appears that, independent of the sequences studied, closely related
species of Ophiostoma and its anamorphs need careful analysis to distinguish among
species and physiological variants.

Yeasts are commonly isolated from bark beetles (Table 14.1). In an extensive sam-
pling of Dendroctonus ponderosae, Six (2003) found yeasts in 80% of the mycangia
(n=224) and was able to isolate them from the surface of 90% of the beetles (1=256)
sampled in western USA. Unfortunately, the yeasts were only enumerated and not
identified. Some Ophiostoma species isolated from bark beetles appear to be vec-
tored both on the beetle’s surface and in mycangia, while others appear not to sur-
vive well on the surface and show greater dependence on dispersal in mycangia (Six
2003). In a quantitative study of yeasts associated with a bark beetle, Ips typogra-
phus, Leufvén and Nehls (1986) found several species of yeasts on or in the beetle.
Some species were present throughout the beetle’s life cycle (Table 14.1), but Pichia
holstii and Candida diddensiae outgrew the other species by several orders of mag-
nitude as the galleries were excavated, eggs laid, and larvae reared. Gallery initiation
corresponded to the lowest yeast population sizes, perhaps owing to the release of
resin during this phase. Older galleries also did not support large yeast populations,
perhaps owing to resource depletion. Because yeasts were isolated from whole-bee-
tle homogenates, it was impossible to separate those on the surface from those in the
gut and so it is not known if the beetles fed on yeasts. C. diddensiae (as well as two
other less common species) is able to convert cis-verbenol (an important component
of the beetle’s aggregation pheromone) into verbenone (Leufvén and Nehls 1984).
Bridges et al. (1984) reared wild-caught beetles in pine bolts brought into the labo-
ratory. They sampled the bacteria, fungi, and yeasts from the larval chambers exca-
vated by the wild-caught beetle’s progeny. Fungi were absent from all substrates
(frass and phloem in the vicinity of the egg niche, larval mines and chambers) at the
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egg and young larvae stages. Whenever significant populations of fungi were present,
all four substrates were dominated by yeasts [28 species in all, dominated by
Pichia pini, C. tenuis, P. capsulata, and Ogataea polymorpha (P. angusta) — including
three isolates from two basidiomycetous species]. Bacteria were present at all times, but
at low numbers. Thus, yeasts may be of greater importance to larval development than
isolations done from the portions of galleries occupied by the adults would suggest.

Yeasts recently isolated from beetles or beetle frass include a clade of anamorphic
strains related to C. tanzawaensis. Kurtzman (2001b) isolated six new species, three
from insect frass or tunnels (C. ambrosiae, C. pyralidae, and C. xylopsoci), one from
soil (C. canberraensis, later isolated from beetle gut contents), and two from trees
(C. prunicola and C. caryicola). The clade is only distantly related to a sexual genus
(Lodderomyces). The collections were done from widely spaced sites (Illinois, USA;
Natal, South Africa; and Canberra, Australia) and no beetles were examined, so it
is not known if this represents a major clade of beetle symbionts but the data would
indicate a speciose clade that has been undersampled in the past. Dimorphic basid-
iomycetes are not commonly isolated from bark beetles. Two species of
Fibulobasidium were isolated near galleries and are probably associated with the bee-
tles (Bandoni 1998). There is little doubt about a beetle association for Atractocolax
pulvinatus as it was isolated from bark beetles (Kirschner et al. 1999). Kirschner
et al. (2001) found a second, dimorphic basidiomycete, Cuniculitrema polymorpha,
on bark beetles. It is very similar (physiological profile, LSU rDNA sequence, and
DNA-DNA homology) to Sterigmatosporidium polymorphum and Kirschner et al.
believe Sterigmatosporidium to be an anamorphic genus and Cuniculitrema its teleo-
morph. Little is known about the role these fungi might have in the bark-beetle sys-
tem but it is suggested that C. polymorpha may be a mycoparasite owing to the
presence of haustoria.

Stevens (1986) studied the biogeography of wood-boring beetles in the
Scolytidae, Buprestidae, Cerambycidae, and Curculionidae in eastern North
America. He found that the number of beetle species using dead wood depended on
the size of the geographic range of the plant that supplied the wood. His data sup-
ported the hypothesis that plant species with greater ranges supported more beetle
species because habitat diversity increased as the plant’s range increased. However,
Stevens was not able to suggest what sort of habitat diversity increased with plant
range. His consideration of habitat diversity was confined to edaphic factors and did
not stray into habitat differences related to the numbers or types of fungal species
inhabiting the wood. Stevens mentions that beetle species that inhabit a plant’s wood
may be inexplicably missing from parts of the plant’s range. Data on the distribution
of the beetle’s fungal associates may be pertinent in such cases.

There are cases of yeasts associated with Scolytid beetles that do not bore wood.
An example is the coffee bean borer, Hypothenemus hampei. P. burtonii and C. fer-
mentati were isolated from the internal organs of the beetle (Vega et al. 2003). Since
caffeine is one of the better known insecticidal plant secondary compounds, Vega
et al. (2003) investigated one of the yeast species for its ability to detoxify the bee-
tle’s diet. In this case, not only does P. burtonii not detoxify the beetle’s diet, it suf-
fers reduced spore production in the presence of the toxin at levels commiserate with
those in coffee beans (C. fermentati was not tested). While this study failed to
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identify any potential value of the yeasts to the beetle, it does underline the need to
be cautious in inferring more to an association between yeasts and insects than has
been experimentally demonstrated. Vega et al. suggest that the yeasts may be an
important source of nutrition, but there is a stronger case for Fusarium solani as the
beetle’s fungus of choice, as the yeast provides ergosterol to the beetle (Morales-
Ramos et al. 2000).

14.2.2 Ambrosia Beetles

There are over 3,400 species of ambrosia beetles. Ambrosial associations appear to
have arisen at least 6 times within the Scolytid lineage (which includes the
Platypodinae) (Farrell et al. 2001). There are several differences between bark and
ambrosia beetles. Both adult and larval bark beetles tunnel but most ambrosia bee-
tles have a form of parental care in which the adults tunnel, maintain the tunnel
fungi, and feed the larvae, which may be solitary or aggregated in special chambers.
Several clades of ambrosia beetles have developed sib-mating. The largest clade
(1,300 species) has taken sib-mating to the extreme, abandoning outcrossing and
developing flightless, dwarf males and haplodiploidy, perhaps as a means of con-
trolling brood sex ratios (Jordal et al. 2002). Inbreeding may be a means of increas-
ing the rate of establishment of successful colonies (Jordal et al. 2001). This suite of
characters appears to be successful, as beetles from the haplodiploid clade dominate
the wood-boring-beetle community in tropical lowlands (Jordal et al. 2000).
Ambrosia beetles also respond to aggregation chemicals, but colonization by
ambrosia beetles does not normally result in the death of the tree. These beetles form
obligate mutualisms with vertically transmitted dimorphic fungi that are seen by
entomologists as “domesticates” cultivated by diligent arthropod agriculturalists.
Insect agriculturalists (including beetles, termites, and attine ants) can be important,
even dominant, members of terrestrial herbivorous or macrodecomposer communi-
ties (Farrell et al. 2001; Mueller and Gerardo 2002). Some Lymexylid beetles have a
life history that is similar to the ambrosia beetles. Adult Melittomma and Elateroides
do not bore galleries but lay eggs coated with Ascoidea spp. on bark. The larvae bore
tunnels that become lined with yeasts that are eaten by the larvae (Francke-
Grosmann 1967).

In addition to the primary (ambrosial) fungus, yeasts (Table 14.1) and euas-
comycete fungi grow in ambrosial beetle galleries and can be isolated from mycan-
gia of adults, although at lower numbers than ambrosial fungi. Batra (1966)
demonstrated that these fungi could support the growth and development of
ambrosia beetles. Most of the yeasts and fungi tested could not support all of the
beetles tested and the proportion of successful larvae was lower for larvae reared on
auxiliary fungi than for those reared on primary (ambrosia) fungi, so it appears that
agricultural monocultures are potentially harmful to the beetles. The identification
of an association between a yeast community and the beetles complicates the situa-
tion but raises many interesting questions about interactions between beetles,
between the beetles and the fungi, and between beetle species.

Many of the fungi associated with ambrosia beetles are dimorphic and grow as
hyphae in the beetle’s galleries, including some of the Hemiascomycetes. However,
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the literature is split on how they are vectored. Batra (1966) believed them to be vec-
tored as yeast-like cells and was able to show that the transformation from hyphal to
yeast forms occurred in the mycangia. Numerous subsequent authors have described
the mycangia as specialized for fungal spore transport. Related to the transport issue
is the means by which the beetles influence which species of fungi are present in their
galleries. There is evidence that the adult beetles are responsible for eliminating air-
borne fungal contaminants from the system (Batra 1966). How this is accomplished
is not known, although some beetles produce exocrine secretions with antiyeast
activity (Gross et al. 1998). If the adults could potentially eliminate auxiliary yeasts
from their galleries, then the continued presence of yeasts may indicate that they
have a role to play in the ambrosia fungus—beetle system.

Several recent discoveries have enlarged the group of yeasts associated with
ambrosia beetles. C. trypodendroni, an anamorph related to C. insectorum ( on the
basis of rDNA sequence data), has been isolated from Trypodendron lineatum, an
ambrosia beetle (Kurtzman and Robnett 1998b). As it is in a poorly resolved clade,
the relationship with C. insectorum is somewhat unclear, but the clade is rich with
other ambrosia beetle and bark beetle yeasts, including another yeast described at
the same time from insect frass in an insect tunnel in a dead oak, C. tammaniensis.
Kurtzman and Robnett described a third species from frass in spruce trees, C. ontar-
ioensis. This species partial LSU rDNA sequence was not very similar to any known
yeast sequence (C. entomophila was most similar, but still 18% divergent). C. myc-
etangii and C. ulmi are also both beetle-associated, the former with an ambrosia bee-
tle and the latter from insect frass (Kurtzman 2000a). It is not known if the newly
described yeasts are functionally associated with beetles.

14.2.3 Anobiid Beetles

Anobiidae, a family in the Polyphaga, are related to powder-post (Lyctidae) and twig
boring beetles (Bostrichidae). Xylophagy is thought to be the ancestral feeding habit
of the family (Jones et al. 1999) although some species have become adapted to
anthropogenic habitats. Two such species, Lasioderma serricorne (the cigarette bee-
tle) and Stegobium paniceum (the drugstore beetle) have become pests. Both harbor
fugal endocytobionts in the cecal cells between the midgut and the foregut. The YLS
supply nutrients (vitamins and sterols, Pant and Fraenkel 1954; Pant et al. 1960;
Buchner 1965; Nasir and Noda 2003) and detoxify various substances for their hosts
(Dowd 1989, Shen and Dowd 1991). Unlike Homopteran YLS (see later), Anobiid
YLS are culturable and have been the object of much systematic attention. They
were first thought to be Candida (= Torulopsis) yeast but were later removed from
the Hemiascomycetes and placed in the Taphrinales as Symbiotaphrina kochii and S.
buchneri (van der Walt 1961; Gams and von Arx 1980). Using SSU rDNA, Noda
and Kodama (1996) were able to confirm that the two were separate, related lineages
(on the basis of sequence differences and the presence of five group I introns in the
SSU locus of S. buchneri). However, their analysis removed these fungi from the
Taphrinales and placed them in the paraphyletic Discomycetes. Sequence compari-
son of ERG5 (a locus in the ergosterol synthesis pathway) from Saccharomyces
cerevisiae, Schizosaccharomyces pombe, and C. albicans with the locus from beetle
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and planthopper YLS clearly supports this conclusion (Noda and Koizumi 2003)
although it does not help resolve their placement beyond that.

In addition to S. buchneri and S. kochii, there are other YLS found in Anobiid
beetles and still classified as Candida species. C. ernobii, C. karawaiewii, and C.
xestobii are all endocytobionts of Anobiid beetles (Jones et al. 1999). Other beetle
families host YLS. Cerambycid beetles, only distantly related to Anobiids, are also
xylophagous and harbor culturable YLS described as Candida (C. rhagii, C. she-
hatae var. insectosa, C. ergatensis, C. parapsilosis var. intermedia, Rhodotorula gluti-
nis, and C. tenuis). Except for Rh. glutinis, all of these are Hemiascomycetes, on the
basis of both LSU and SSU rDNA sequences (Jones et al. 1999). For those species
where analysis of their LSU sequences is possible (too few SSU sequences are avail-
able to allow a comparable analysis using SSU sequences), some Cerambycid YLS
are siblings of teleomorphic species (C. rhagii and P. heimii, C. xestobii, and P. guil-
liermondii, Kurtzman and Robnett 1997). Some questions remain. LSU sequences
indicate that C. ernobii and C. karawaiewii are conspecifics and related to P. holstii
(Meyer et al. 1998). However, SSU sequence analysis indicates that they are not the
same species (Jones et al. 1999). As Jones et al. (1999) point out, the origins of bee-
tle YLS in both the Euascomycetes and the Hemiascomycetes are an interesting case
of multiple, independent origins and convergent evolution occurring within (in the
case of the Anobiids) a single host family. Further comparisons of YLS and their
nonsymbiotic relatives might shed light on the adaptive characteristics (and
preadaptations) for successful association with beetles.

14.2.4 Other Xylophagous Beetles

Beetles in the Passalidae are subsocial and live in multigeneration colonies in wood
undergoing degradation by white-rot fungi. Larvae and adults feed on adult fecal
pellets plastered onto tunnel walls by the adults. Coprophagy is a possible means of
providing the microbes time and the proper conditions for further digestion of
refractory food items such as lignocellulose. Suh et al. (2003) have isolated yeasts
from the guts of two members of the family, Odontotaenius disjunctus and Verres
sternbergianus, one common in temperate North America and the other from
Central America. Two undescribed varieties were present and both were able to fer-
ment xylose, possibly beneficial to both yeast and beetle. Xylose fermentation is
characteristic of the clade that includes these yeasts and P. segobiensis and P. stipi-
tis. It was not clear whether these lineages were separate species or varieties
of P, stipitis. Both have sequences and physiologies that differ slightly from those of
P stipitis. One lineage had been identified previously as a FEuascomycete,
Enteroramus dimorphus (Lichtwardt et al. 1999), owing to its hyphal growth (all
members of this clade are capable of hyphal growth).

Scarab beetles have also been found to harbor yeasts. The green June beetle, Cotinis
nitidia, has no yeast in its gut during the larval or pupal stages but adults develop a
diverse yeast flora that is vectored to new food items (Vishniac and Johnson 1990).
The yeasts include Aureobasidium pullulans, C. guilliermondii, C. krusei, C. sake,
C. tropicalis, Cryptococcus albidus, Debaryomyces hansenii, Hanseniaspora uvarum,
Rh. glutinis, Rh. rubra, and Trichosporon cutaneum. The xylophagous scarabs, Pachnoda
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ephippiata and the rose chafer P. marginata, have bacterial endosymbionts that con-
tribute to their ability to digest plant fibers, but have not been sampled for yeasts
(Cazemier et al. 1997; Egert et al. 2003; Lemke et al. 2003). The gut flora has been
implicated in the beetle’s ability to digest plant fibers (Cazemier et al. 1997). It should
be noted that other insects (Schistocerca gregaria, the Cerambycid Psacothea hilaris,
and the Phasmid, Eurycanta calcarata) are able to digest wood without the aid of
microbes, so a microbial association is not necessary for this mode of feeding
(Cazemier et al. 1997; Scrivener et al. 1997).

14.2.5 Flower Beetles

Flowers are visited by many insects, including beetles from several families. Recent
efforts by Lachance and colleagues have isolated numerous species of yeasts either
from floricolous beetles (mostly Nitidulids) or from the flowers with which they are
associated. Rather than list individual instances, a table of recently described species
is provided (Table 14.2).

The beetle-flower—yeast system is dominated by ascomycetous yeasts from the
Saccharomycetales, which account for about 90% of the strains isolated from beetles
(Lachance et al. 2001d). Many of the basidiomycetes and nonsaccharomycetales
Ascomycetes from the system were either widely distributed (and, so, show little
habitat specificity), dispersed through the air (Aureobasidium), or so rare that their
occurrence was probably serendipitous. Lachance et al. (2001d) include many unde-
scribed species, which have been included in Table 14.2. The table also includes
species from flowers that are related to those from beetles with the exception of
flower strains associated with bees, which are discussed in the section on
Hymenoptera. There is a second set of yeasts from flowers (Wickerhamiella aus-
traliensis, W. occidentalis, Metschnikowia santaceciliae, C. drosophilae, C. lipophila,
and C. tolerans) that have been isolated from Drosophila that lay eggs in the open
flower, which they inoculate with yeast, and the larvae develop on the fermenting
flower tissue (Lachance et al. 1998c, 1999, 2003). M. santaceciliae has been isolated
from both beetles and flies, and so it included in Table 14.2. Cladograms based on
partial LSU rDNA sequences show that flower-beetle-associated yeast cluster into
several unrelated clades within the Saccharomycetales (Lachance et al. 2001d, or
many of the references cited in Table 14.1) and Table 14.1 is organized by these
clades. Each includes a single sporogenous genus, which gives the clade its name, and
one or more asexual species (as defined by rDNA sequence divergence).

The Metschnikowia clade in Table 14.2 has been subdivided with information
extracted from the several cladograms published for these species. The systematics of
this clade is not completely understood. Hybridization experiments with auxotrophs
showed that, like many sexual eukaryotes, some hybridization and horizontal gene
transfer is possible between some species but that there is significant reproductive
isolation among sexual Metschnikowia species (Marinoni and Lachance 2004). Some
Metschnikowia species have several insertions in the region of the 26S rDNA used
for phylogenetic studies (Hong et al. 2003). As the presence and sequences of the
insertions can vary among species, it is not apparent whether or not to include this
information in phylogenic analyses. Although the composition of subclades within
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Metschnikowia are often well supported (over 70% bootstrap support), basal sup-
port for connecting the subclades is often weak. This impression is further strength-
ened by the cladogram (on the basis of the D1/D2 loop region of the LSU rDNA)
presented by Suh et al. (2004a) as part of their description of M. chrysoperlae from
lacewings. This species and two closely related anamorphs (C. picachoensis and
C. pimensis) belong to a well-supported clade with M. pulcherrima, M. fructicola,
and three undescribed species. However, much of the genus is part of a large poly-
tomy consisting of well-supported subclades (including those in Table 14.1 and oth-
ers). This ambiguity may indicate that the genus needs to be split or that species with
transitional sequences have not yet been sampled. It is difficult to assess the degree
of completeness of the known Metschnikowia sequences (indeed, this is difficult to
know for any lineage). Lachance et al. (2001d) concluded that the biogeography of
these yeasts depends on location and beetle, which are confounded (Aethina replaces
Conotelus as the beetle species most often sampled in Australia and the South
Pacific, except in Hawaii, where both are introduced). While their efforts have been
extremely wide ranging (Table 14.1 includes samples from North America, Costa
Rica, Brazil, Australia, Hawaii, Korea, and several South Pacific islands), there are
many gaps (Europe, most of Asia, and Africa), which means that there may be sys-
tematic gaps in the current set of known species.

Sampling gaps or not, the conclusion that yeast species in the flower—beetle—yeast
system tend to occur in restricted locales and that the distribution of the yeast is
related to the distribution of both host plants and vectors is well supported. Within
each clade, the teleomorphic species tends to have a wider distribution than the
anamorphic species (Table 1 in Lachance et al. 2001d) but no species is truly ubiqui-
tous throughout the system. This situation is similar to that in the
cactus—Drosophila—yeast system. Both have several clades of related species. Some cac-
tus—Drosophila—yeast system clades (such as the Starmera and Phaffomyces clades)
conform to the plant-beetle-yeast model of geographic subdivision. However, some
species (P. cactophila and C. sonorensis) seem to be ubiquitous, a situation without par-
allel in the flower—yeast—beetle system. This may be an historical artifact. Many of the
species in the cactus—Drosophila—yeast system were described before sequencing
became routine. Recent data from that system support the plant-beetle-yeast model.
Sporopachydermia cereana was once listed among the ubiquitous members of the sys-
tem but isolations were often reported as “S. cereana complex” owing to physiological
variation. It is now known that this “complex” is composed of at least ten species,
most with very restricted distributions (Lachance et al. 2001c). C. sonorensis, an exclu-
sively asexual lineage, is genetically variable with a strong correlation between genetic
variation and geography (Ganter et al. 2004). New collections from the Caribbean and
South America indicate that P. cactophila may also have regional variants, some of
which are heterothallic, in contrast to the widely distributed homothallic form
(Ganter, Rosa, and Cardinali, unpublished data).

The occurrence of asexual lineages may be related to the means of yeast disper-
sal. Yeast species vectored by insects disperse to new habitat when their vectors do.
Some asporogenous species may represent hybrid opportunists well adapted to
very local situations as sometimes happens in plants (Grant and Grant 1971, 1980).
Animal vectoring may produce founder events with interesting ramifications for
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heterothallic species that occur as haploids. Lachance et al. (2001b) suggest that the
Hawaiian species C. kipukae and C. hawaiiana may be stranded mating types of
undiscovered Metschnikowia species not native to Hawaii. Only one of the mating
types of M. lochheadii has been introduced into Hawaii, where it is among the most
commonly isolated species from beetles and, more rarely, Drosophila. This species is
hard to distinguish from some congenerics on the basis of physiology, but it is repro-
ductively isolated (Lachance et al. 2001b). Hawaii has other Metschnikowia
species, M. reukaufii and M. hawaiiensis. The mechanism of reproductive isolation
from M. reukaufii has not been reported, but M. lochheadii is partially isolated from
M. hawaiiensis (Lachance et al. 2001b). Only mating between the h+ mating type of
M. lochheadii and h— of M. hawaiiensis produces sterile asci. Since the mating type
of M. lochheadii found on Hawaii is h+ and it is ecologically isolated from M. hawai-
iensis, hybridization is not expected in this instance, although other opportunities
exist for hybridization between the invader and native Metschnikowia species
(Lachance, personal communication). However, Lachance et al. (2001b) also point
out that some asexual species (e.g. C. ipomoeae, a member of the Metschnikowia
clade, and C. azyma, a member of the Wickerhamiella clade) are among the most
frequently isolated yeasts from the flower—beetle—yeast system and have wide distri-
butions that are not consistent with expectations for hybrid opportunists. Asexuality
may be favored by more than one set of circumstances.

An unresolved question in this system is the degree to which beetles, yeasts, and
flower are interdependent. The system is open in the sense that many animals visit
the flowers, the beetles are not pollinators, and we do not know what the beetles eat.
Whether or not the Metschnikowia clade is rightly subdivided, the apparent cluster-
ing of related lineages within this environment suggests that both yeast and beetle
have specialized to some degree. That the presence of the beetle is valuable to the
yeast has been demonstrated through experiments that exclude the beetles from
flowers (Lachance et al. 2001d). With no beetles, no beetle-associated yeast colonizes
the flowers. What is not yet demonstrated is the influence the yeasts have on the bee-
tles. Nout and Bartelt (1998) found that Carpophilus humeralis, a member of a
Nitidulid genus that includes some flower-associated species, was attracted to micro-
bial fermentation of corn, its favorite substrate. The most attractive fermenters were
all yeasts. Flower yeasts have been isolated from the frass of beetles with regularity
owing to the method used to sample yeasts from beetles, so they at least pass
through beetle guts. However, there is no direct evidence at this time on the nutri-
tional value of yeasts to flower beetles.

14.2.6 Beetles Associated with Mushrooms

Our understanding of the yeast community associated with mushroom-associated
beetles is undergoing a bit of a revolution. Suh, Blackwell and colleagues have
embarked on a program to isolate yeasts from basidiocarps. As of their most recent
publication, they have 650 isolates from beetles in 26 families. Many of the isolates
represent undescribed species. One example is a relatively small clade including
C. (P) guilliermondii and C. xestobii, known from xylophagous beetles, C. fermen-
tati a previously described species Suh and Blackwell (2004a) isolated from mush-
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room beetles, and three new species: C. smithsonii, C. athensensis, and C. elateri-
darum (Suh and Blackwell 2004a). Although closely related, the yeast species seemed
not to be associated with specific basidiomycete species, specific beetle hosts (six
strains used to describe three new species were isolated from five beetle families), or
specific places (C. athensensis was isolated in Panama and Georgia, USA). Recently
they (Suh et al. 2004b) have described the largest clade from the collection: 164 iso-
lates (30% of the total) in 17 species, one previously described (C. ambrosiae) and 16
new species, all anamorphic Hemiascomycetes related to C. tanzawaensis (C. guay-
morum, C. bokatorum, C. kunorum, C. terraborum, C. emberorum, C. wounanorum,
C. yuchorum, C. chickasaworum, C. choctaworum, C. bolitotheri, C. atakaporum, C.
panamericana, C. bribrorum, C. maxii, C. anneliseae, and C. taliae). The collection
locales varied from Vermont and the southeastern USA to Panama. The isolates in
this clade were collected from the gut contents of members of 11 beetle families,
although 85% came from Erotylidae and Tenebrionidae, with some of the new
species possibly associated with particular beetle species. This clade has just been
recently expanded from a single isolation from moss in Japan by the addition of six
species from trees and beetle frass (see Sect. 2.1 and Kurtzman 2001b).

Considering that basidiocarps have been previously sampled for yeasts, Suh
et al.’s work constitutes a remarkable demonstration that animal-associated yeasts
are undersampled. The situation may be even more diverse than standard sampling
methods will uncover. For some time, bacteriologists have amplified DNA regions
useful for assessing biodiversity from environmental samples in search of lineages
that do not grow under standard culture conditions. Comparisons between sequence
diversity amplified from cultures and from environmental samples lead to the con-
clusion that only a small percentage of bacterial species are culturable (Torsvik et al.
1990; Kemp and Aller 2004). Environmental PCR has its pitfalls (Tanner et al. 1998;
Qiu et al. 2001; Speksnijder et al. 2001) and is only beginning to be applied to yeast
studies but has considerable potential (Lipson et al. 2002; Renker et al. 2004), espe-
cially in the area of yeast-animal interactions, where it is known that some YLS are
not culturable. Using rDNA sequence amplification, Suh and Blackwell (2004b)
report that as many as 150 new yeast species may be awaiting discovery in the guts
of beetles. Zhang et al. (2003), sampling beetles collected from basidiocarps and rot-
ting wood, found that there was less than expected overlap between the yeasts iso-
lated from the beetles’ guts and rDNA fragments amplified from their guts. Six
sequences similar to known Hemiascomycetes sequences, five sequences from the
Pezizomycotina, and two Basidiomycetous sequences were detected. Of these, only
five were greater than 96% matches to known species and only one was a described
yeast, P. stipitis. Only three of the six yeast sequences amplified from the gut
matched sequences amplified from colonies isolated at the same time. Seventeen
of the sequences from isolates did not occur in the sequences amplified directly from
the gut. Considering that isolations are reasonable proof of the yeast’s presence
and the sensitivity of the PCR method, it is unexpected that so few of the isolated
species’ sequences were detected in the gut amplifications. Since both samples (iso-
lation of viable colonies and direct amplification of gut contents) were small, it is
difficult to know if the differences in the results are systematic and represent bias in
the direct amplification method or are simply due to chance.
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14.3 Termites

Most biologists associate termites with cellulose digestion mediated by the presence
of protistans in the insect’s gut. Study of the details of lignocellulose digestion and
the distribution of microbes in the various sections of the highly differentiated ter-
mite gut have, for some termites, reduced the importance of the microbe-insect
mutualism and raised questions about the role of nonprotistan microbes in both car-
bon (Wenzel et al. 2002; Ohkuma 2003) and nitrogen metabolism (Potrikus and
Breznak 1977, 1980). Termites produce their own cellulose-degrading enzymes and
the higher termites (75% of termite species) lack the protistan symbionts long
thought to be a necessary component for digestion in termites (Slaytor 1992; Varma
et al. 1994; Tholen et al. 1997; Tokuda et al. 2004). Some higher termites acquire cel-
lulases from their fungal gardens (Martin and Martin 1978). Although prokaryotic
and fungal symbionts have long been known from termites, the true complexity of
the system is only now being dissected. Yeasts are a member of the system, and there
role is still not understood. Fungi have been isolated and identified from termite
mounds many times. Hendee (1935, cited in Prillinger et al. 1996) found dozens of
genera of fungi associated with the lower termites and there has been considerable
interest in the association between Termitomyces, a mycelial basidiomycete genus,
and some higher termites in the Macrotermitinae (Aanen et al. 2002; Rouland-
Lefevre and Bignell 2002; Ohkuma 2003). Fungus-cultivating termites can be the
dominant macrofaunal decomposer in some tropical biomes (Abe et al. 2000), giv-
ing this association widespread ecological importance. A second association
between termites and Laboulbeniales is known (Blackwell and Kimbrough 1976a, b;
Rossi and Blackwell 1986; Blackwell 1994). The relationship is one of parasitism or,
given the lack of impact on the host, perhaps a form of phoretic commensalism.
Yeasts have not received the attention of other termite-associated fungi. Boidin
and associates collected Trichosporon, Candida (including Torulopsis), and
Saccharomyces from African termites (cited in do Carmo-Sousa 1969). This promis-
ing start was not immediately followed up. In an extensive review of termite gut
flora, Breznak (1982) did not discuss yeasts except to mention the utility of yeast
extract in media used to cultivate some of the first protistan symbionts to be iso-
lated. Subsequent reviews of termite microbes involved in lignocellulose digestion by
Breznak and Brune (1994) and Varma et al. (1994) do not mention yeasts at all
(although Varma et al. do use the term in their abstract). In 1996, Prillinger et al.
isolated strains from six species of lower termite and a cockroach (as a sister group
to the termites). They subjected the yeast isolates to an array of methodologies (ran-
domly amplified polymorphism DNA, physiological profile, ultrastructure, cell wall
constituents, ubiquinones, and 18s rDNA sequences) in order to develop useful tax-
onomic characters. Using this multifaceted approach, they isolated strains that
could be grouped into 12 ascomycetous species from the lower termites (one basid-
iomycete isolate, probably from the genus Trichosporon, was collected). Three of the
species were tentatively assigned to the Lipomycetaceae. Although the physiologies
of the remaining ascomycetous species were similar to Debaryomyces species, the
sequence data led Prillinger et al. (1996) to remove them from the Hemiascomycetes
and place them in the Ophiostoma — Sporothrix clade within the Ophiostomatales
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(see Blackwell and Jones 1997 for a discussion of the phylogeny of insect-associated
Ascomycetes). It is notable that Prillinger et al. (1996) did not find a single isolate
that they could identify as a member of a known species.

Prillinger et al. (1996) did not investigate the nature of the interaction between
the yeast they isolated and their putative hosts except to conclude that the relation-
ship was a stable symbiosis because they were able to isolate members of the same
clades from a variety of termite species collected from widely dispersed locales.
Using what appear to be some of the strains isolated by Prillinger et al. (1996),
Schifer et al. (1996) tested them and a larger set of bacterial isolates for their abil-
ity to produce a set of four enzymes (o-L-arabinofuranosidase, B-D-galactosidase,
1,4-B-xylanase, and -D-xylosidase) that play a part in the digestion of hemicellu-
lose. Twelve strains (from five of six termite species) had positive activity for at least
one of the enzymes, although no strain had all four. From these results, Schifer et al.
concluded that yeast enzymatic activity may play a role in termite nutrition.

14.4 Ants

Although the association between fungi and ants is well established, evidence for a
yeast—ant relationship remains more equivocal. Fungus-farming ants in the tribe
Attini are associated with mycelial basidiomycetous fungi. The relationship has
arisen independently at least three times from within the Agaricales (Chapela et al.
1994; Mueller et al. 1998; Mueller and Gerardo 2002). Fungi from this clade culti-
vated by members of the genus Cyphomyrmex grow as yeasts. It is not known if the
switch to the yeast-like form is adaptive or is an outcome of chance and the partic-
ular details of this association. The yeast strains are not sexual and seem to be prop-
agated by transfer from ant colony to daughter colony by the ants themselves
(vertical transfer). Some horizontal transfer does occur (Green et al. 2002). While
confirming that the yeasts cultivated by Cyphomyrmex species did form a single,
well-supported clade within the larger ant-farmed clade, Mueller et al. (1998) found
that ant colonies traded yeast cultivars, sometimes with ants from other species, and
that members of this yeast clade could be collected from natural substrates outside
of the nest. Indeed, the strain not isolated from an ant nest was sampled from a
basidiocarp and did not grow as a yeast. This implies that the yeast habit is a con-
sequence of the association with the ants and that adoption of the yeast growth
form occurs when a free-living fungus is recruited by the ants.

Other yeasts have been observed in the gardens of attine ants that cultivate
mycelial fungi (Craven et al. 1970), although the yeasts present were not identified.
Several species of yeasts were isolated from Atta sexdens rubropilosa colonies that
were maintained in a laboratory on Eucalyptus albus leaves collected from nature.
C. apis, C. colliculosa, C. famata, C. homilentoma, C. guilliermondii, C. robusta, C. sake,
Cr. aerius, Cr. albidus, Cr. laurentii, Cr. haglerorum (a new species), Rh. aurantiaca,
Rh. glutinis, Sympodiomyces attinorum (another new species), Sporobolomyces
roseus, Tremella foliacea, T. jirovecii, and several variant physiologies perhaps repre-
senting undescribed species were all present in the fungal garden but not on the
leaves. Hemiascomycetes constituted 71% of the 84 isolates from the gardens, waste
piles, surface of ants, or colony floors (Carreiro et al. 1997, 2004; Middelhoven et al.
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2003). Quite different results were obtained from an attempt to isolate yeasts from
gardens in the wild. A search of 14 colonies of Acromyrmex octospinosus (another
Attine species) detected no Hemiascomycetes rDNA sequences among 41 fungal
sequences amplified from workers (van Borm et al. 2002). The absence of yeasts
from some gardens may not be due to chance. Fungi other than cultivated species
have been isolated from nests in the wild and the laboratory, including both com-
mensal and parasitic (Escovopsis) species (Currie et al. 1999). The ants have behav-
iors (weeding and grooming) and chemicals that may control contaminants. The
chemical defenses include both those produced by the ants (metapleural and maxil-
lary glands) and by cultivated Actinomycetes bacteria that produce toxins effective
against the parasite (Currie 2001). However, the effectiveness of these defenses has
not been tested, as the dynamics of the fungal populations are unknown.

Hemiascomycetes have been found in association with other ants. Zacchi and
Vaughn-Martini (2002) isolated RA. mucilaginosa and P. guilliermondii multiple
times from the body fluid of Iridomyrmex humilis in Italy. D. polymorphus (D.
cantarellii) and D. vanrijiae (D. formicarius) have been isolated from Formica rufa in
eastern Europe (Golubev and Bab’eva 1972; Slavikova and Kockova-Kratochvilova
1980). In Texas, USA, Ba et al. (2000) found 13 yeast species in samples from the
nest of the invasive red fire ant, Solenopsis invicta, and from the soil in the area of
the nest but most yeast species were equitably distributed between brood chamber
(the site of the nest samples) and surrounding soil. C. parapsilosis and C. lipolytica
were strongly associated with the nest and these two species had previously been iso-
lated from the ants themselves (Ba and Phillips 1996). There was some indication
that D. hansenii was also associated with the ants and that Cr. terreus, C. vini, Rh.
minuta, and Rh. rubra were excluded from the nests. The nature of the interaction
(whether positive or negative) between any of the yeasts and the ant is not known.

A possible role for yeasts in ant nutrition has been suggested in a recent study of
carpenter ants and yeasts. Carpenter ants, such as Camponotus vicinus, are wood-
dwellers, although they are not xylophagous. Workers of C. vicinus ingest a liquid diet,
which can include honeydew. The infrabuccal pocket, located just before the crop, fil-
ters large particles from the food stream but not microbes. Mankowski and Morrell
(2004) isolated over 150 strains of yeasts from ant guts, their nest (including frass), and
surrounding soil. Of the 18 taxa identified, six were found in the infrabuccal pocket.
D. polymorphus comprised ten of the 17 isolates from the ant guts. No other species
occurred more than twice. To see if the presence of the yeasts has any impact on the
ant, Mankowski and Morrell (2004) fed workers (initially cleared of yeasts) on an arti-
ficial diet that had been previously shown to be adequate for workers of this species.
Some of the workers were given access to D. polymorphus, while others were not.
Those with yeasts in their diet were significantly heavier after 12 weeks. This, plus Ba
and Phillips’ (1996) observation that colonies with yeasts were more vigorous, suggests
that yeasts can be important sources of nutrition for some ants.

14.5 Other Soil-Associated and Xylophagous Arthropods

Byzov and his associates have studied the interaction between yeasts and diplopods
(Pachyiulus flavipes, Glomeris connexa, Leptoiulus polonicus, and Megaphilium pro-
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Jjectum). Comparison of yeasts from the fore-, mid-, and hindguts with those from
the surrounding soil exposed significant differences in both species composition and
live yeast counts (Byzov et al. 1993). Yeasts in the litter that comprises the myria-
pod’s food (numerous species were present and differed among the litter types sam-
pled) were only rarely found in the midgut (Byzov et al. 1993). The hindgut and feces
contained high densities of yeasts, mainly D. hansenii, Torulaspora delbrueckii, and
Zygowilliopsis californica, but these were not found in the soil samples. Digestion of
yeast species is selective. Midgut fluid is able to rapidly kill and enzymatically break
the cell wall of most species commonly found in the soil. Those yeasts associated
with the hindgut were either resistant to the effects of the midgut fluid or were killed
and digested at a much slower rate (Byzov et al. 1998a, b). The common species in
the hindgut were also able to use the insect’s nitrogenous waste (uric acid) as their
sole nitrogen source (Byzov et al. 1993). Byzov et al. (1998a) proposed that the soil
microbes (fungi and bacteria) are the main foods of diplopods and that the hindgut
flora (yeasts and bacteria) are mutualistic symbionts. The latter claim is open to
some doubt in that they have only speculated on the benefits accruing to the animal.
The hindgut flora clearly benefits as it grows on materials derived from the milli-
pede, which also provides the habitat. Byzov et al. (1998a) argue that the flora pro-
vides benefits to the insect by becoming food when antiperistaltic movement carries
cells from the hindgut into the midgut. The hindgut yeasts are typically found only
in the posterior portions of the midgut and are not found in the foregut, which con-
tains litter-associated yeasts, or the anterior portions of the midgut, which contains
few yeasts. Those hindgut species that are susceptible to digestion may, in this fash-
ion, contribute to the insect’s nutrition but the contribution may only be a small por-
tion of the insect’s diet. The second benefit, detoxification of uric acid, was not
measured in vivo and we do not know if the diplopods actually derive any benefit.
The situation may be similar to that of cockroaches, which recycle nitrogenous waste
through their bacterial microflora (Cochran 1985; Cruden and Markovetz 1987).
Thus, while the symbiosis between yeasts and diplopods has been amply demon-
strated, the prima fascie case for a mutualistic symbiosis, while reasonable, awaits
experimental examination.

Cockroaches are soil-associated insects that receive attention here more for their
potential as objects of study than for what is known about the yeasts associated with
them. Although much is known about the rich bacterial community found in the
guts of human-associated cockroaches (Cruden and Markovetz 1987), they have
yielded only a single species of yeast, Kluyveromyces blattae (Henninger and
Windisch 1976, from Prillinger et al. 1996), and the relationship between yeast and
cockroach has not been explored. The outlook for yeast associations is brighter for
the wood-eating cockroaches. Their gut microflora is similar to that of the lower
(protistan-associated) termites and Prillinger et al. (1996) discovered a species of
yeast from a wood-eating cockroach (Cr. punctulatus). While they could not assign
a generic name to the three isolates they obtained, they did ascertain that the strains
were similar to some yeasts isolated from termites and all three belonged to the same
clade in the Endomycetales. Nothing is known about the interaction between the
yeast and the cockroach but it remains a promising avenue for research. In addition
to the cockroach-termite clade, xylophagy has been demonstrated in a Scarabaeidid
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beetle, Oryctes nasicornis (Bayon 1980; Bayon and Mathelin 1980). Unfortunately,
no attempt has been made to isolate the gut microbes so we do not know if yeasts
are present in the system. One last note on xylophagy and yeast. Xylophagy is not
the exclusive domain of insects. Nelson et al. (1999) report that a xylophagous cat-
fish in the genus Panaque has a gut microflora capable of lysing cellulose and of sus-
taining itself on artificial media with cellulose as the sole carbon source. The
identification work done on the microbes was minimal and no effort was made to
isolate yeast. However, nonpathogenic yeasts are associated with fish guts (Andlid
et al. 1995) and it would not be unexpected to find them present in Panaque.

In addition to termites and ants, there are several other soil-associated arthropod
clades, including some Orthopera, Collembola, Thysanura, Diplopods, Diptera,
Coleoptera, and Hymenoptera, that have known microbial associations. Yeasts have
been identified only from a few of these groups, but that may simply result from a
failure to look. The effort put into collecting yeasts from these sources has not been
sufficient to eliminate yeasts from membership in any of these gut floras.
D. mycophilus is a novel species isolated from an Oniscoid isopod (Thanh et al.
2002). Woodlice and pillbugs are common litter organisms long noted for consump-
tion of rotting vegetation and may harbor more undescribed species.

14.6 Neuroptera

Lacewing larvae and adults are useful agents for biological control of aphids and other
agricultural pests, including some mites and whiteflies. As such, their biology has
received attention, first from agricultural entomologists and, more recently, yeast biol-
ogists. Chrysoperla (= Chrysopa, “golden pearls” for their golden eyes) is a large genus
from which several biological control agents have come, including C. rufilabris and
C. carnea (commonly used in the USA). Larvae can be purchased packaged in hon-
eycombs of 500 cells, each with a single larva (they are cannibals). Investigation of
C. carnea uncovered an unexpected interaction among aphids, yeasts, and lacewing
adults. The feeding habits of C. carnea are unusual in that adults are not predaceous.
Instead of eating the aphids, they feed on the honeydew extruded out of the anus of
the aphid (Hagen and Tassan 1972). The honeydew is not a complete diet for the
adults (it is deficient in several essential amino acids and lipids). Hagan and cowork-
ers determined that endosymbiotic yeasts were able to make up any dietary deficien-
cies and observed that the standard laboratory food for rearing the adults consists of
honey and Saccharomyces cerevisiae (Thompson 1999; Winterton 1999)

Hagan and Tassan (1972) found the yeasts in the crop and larger trachea of the
adults but they could not find any in the predaceous larvae. Phaff and Starmer
(1987) conclude that the adults must acquire yeasts through feeding or trophallaxis.
The yeast population of the crop can grow until the adult deposits compact spheres
of yeasts, which can be seen where the adults are ovipositing. Recently, there was a
report that vertical transmission is possible and that the protocol for cleansing the
adults of yeasts used by Hagan is not adequate (Gibson and Hunter 2003). Suh et al.
(2004a) isolated yeasts from eggs, although it is not clear if the yeasts came from the
surface or were internal. Although these observations establish the possibility of ver-
tical transmission they would not exclude horizontal transmission as an important
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dispersal process. Woolfolk and Inglis (2003) found no yeast present in the guts of
newly eclosed Chrysoperla adults from larvae raised on laboratory food. The eggs
were obtained from a mass-rearing facility. These data raise questions about vertical
transmission but do not settle the question of transmission in nature. No work has
been done to establish whether or not the appropriate yeasts are available from
nonanimal sources in the adults’ range (honeydew, plant surfaces, etc.) or if trophal-
laxis is common enough to ensure an adult has a complete diet. Seven of 24 adults
sampled by Woolfolk and Inglis (2003) had no yeast, so adults can manage without
the yeast for at least part of their adulthood. Clearly, more work needs to be done
before we will know how yeast populations are established and maintained in this
system and what effect they have on lacewings.

The distribution of yeasts in time and space was not random in Woolfolk and
Inglis’s study (2003). They sampled 24 C. rufilabris adults from two sites in
Mississippi, USA, five times between October 2000 and June 2001. Fewer yeasts
were collected in the cooler months, per capita colony-forming units were consis-
tently lower at one site, and most yeasts were found in the diverticulum, with popu-
lations declining along the gut (the fore-, mid-, and hindguts were also sampled).
Almost 90% of the isolates were assigned to M. pulcherrima. Isolates from other
species were never recovered from the diverticulum and, in the other regions of the
gut, almost always when no M. pulcherrima was present. These patterns hint at inter-
esting ecological interactions among the yeast species but this awaits investigation.

The diversity of yeasts from lacewings follows a common trajectory: first a single
species similar to, but not identical to, a published species is found and subsequent
work redefines and adds to the initial discovery. Hagen and Tassan (1972) isolated a
single species of yeast, which they felt was a Torulopsis (= Candida) species. Phaff
and Starmer (1987) reported that they isolated only a single yeast from several
Chrysoperla adults and that its physiological profile was roughly similar to 7. multis-
gemmis (= C. multigemmis) but that its G+C value indicated that it was a new species.
Woolfolk and Inglis (2003) originally divided their more than 750 isolates into five
groups, two basidiomycetous and three ascomycetous, but analysis of rDNA
sequences caused them to divide one basidiomycete group into two known species
(Cr. victoriae and Cr. luteolus) and assign the other basidiomycete group to a new
species, which they did not describe. Their sequence analysis suggested that the
unknown species’ sister taxon was Bullera oryzae, with which its physiological pro-
file was consistent, but with which the new species shared only 63% sequence simi-
larity. The three ascomycete groups’ sequences were identical. Comparison with
known sequences indicated that the ascomycete isolates from Mississippi formed a
well-supported (bootstrap support) clade with M. pulcherrima as its sister group
(also a well-supported clade). Owing to the physiological similarities between
M. pulcherrima and the Chrysoperla isolates (and the presence of needlelike
ascospores), they accepted them as members of the described species, although with
reservations. Indeed, a very similar situation in their cladogram of basidiomycete
isolates (Woolfolk and Inglis 2003, compare Figs. 5, 7) was used to suggest that the
sister group to B. oryzae was a new species. I do not mean to suggest that Woolfolk
and Inglis were being inconsistent but to remark on the difficulty of assigning iso-
lates to species, especially when working with an undersampled group of yeasts.



334

Philip F. Ganter

The diversity of yeasts associated with lacewings has recently increased. Suh et al.
(2004a) isolated 14 strains from C. carnea and C. comanche (two strains from eggs
and the rest from adults). All were ascomycetes and the partial sequence of the LSU
(from the D1/D2 loop region), SSU, and ITS region rDNA was determined for each
strain. Three unique LSU sequences were found. The sequence differences corre-
sponded to differences in physiological profile, so three new species related to
M. pulcherrima were described: M. chrysoperlae, C. picachoensis, and C. pimensis.
Comparison of the rDNA sequences from the strains isolated by Woolfolk and
Inglis with those isolated by Suh placed the isolates identified as M. pulcherrima by
Woolfolk and Inglis in M. chrysoperlae and matings of strains from both studies
produced asci and needle-shaped ascospores. However, there are several physiologi-
cal differences between the two groups, so there may be significant genetic differ-
ences below the specific level that are related to geography (Suh et al. collected in
Arizona, USA). The two asexual species might never have been recognized without
sequence data. Although there were significant differences among their rDNA
sequences, there was very little difference in their physiologies. Sequence data place
them in a separate clade that is the sister to several described and undescribed
Metschnikowia species and which includes M. chrysoperlae. We can only speculate at
this time on the origin of the asexual lineages and how they are maintained. It would
be very interesting to know the age of the asexual lineages and if the asexuals are
found with each other or with related Metschnikowia species.

14.7 Homoptera

A convincing case for mutualism between insect and yeast has been made for the
interaction between Homoptera and their endosymbionts (in this case, intracellular
YLS). All phloem-feeding Homoptera are believed to have mutualistic interactions
with symbiotic microbes, most of which are bacteria (Wilkinson and Ishikawa
2001). YLS are found in planthoppers and some aphids. Some endosymbionts are
found in special enlarged insect cells (bacteriocytes or mycetocytes for their respec-
tive symbionts). Aphid endosymbionts (various species of Buchnera) in bacterio-
cytes are referred to as primary symbionts. Secondary endosymbionts are sometimes
found in aphid and planthopper fatbodies or hemolymph (but not intracellularly).
Most aphid endocytobionts are bacteria, but a single clade of eusocial aphids from
southeast Asia has no primary endosymbiont. Instead, they have YLS that are not
intracellular (Fukatsu and Ishikawa 1992; Suh et al. 2001). They are found in the
hemocoel and intracellular lacuna in the fat body, like secondary bacterial
endosymbionts (Houk and Griffiths 1980; Lee and Hou 1987; Baumann et al. 1995;
Douglas 1998). Because the association between aphids and bacteria is thought to
predate the founding of the aphid clade (Munson et al. 1991), the loss of bacteria
and acquisition of YLS is a derived state. It is not known if this happened more than
once (Fukatsu and Ishikawa 1992). This is not the only time a loss of endosymbiotic
bacteria is thought to have taken place. In those instances that have been examined,
planthoppers that have abandoned phloem feeding in favor of piercing and eating
individual plant cells have also lost their bacterial endosymbionts (Douglas 1998;
Wilkinson and Ishikawa 2001).
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Yeast-like endosymbionts of the rice planthoppers, Nilaparvata lugens, Sogatella
furcifera, and Laodelphax striatellus, are obligate mutualists and are inherited verti-
cally as a clump of cells within the egg called the symbiote ball (Lee and Hou 1987).
Although the symbiont has not been cultured in vitro, YLS cells can be isolated by
density-gradient centrifugation and protein and molecular work done on the
extracted cells. This technique has allowed investigation of their taxonomic affilia-
tions without isolation in pure culture. Noda and Kawahara (1995) determined that
the symbiont genome sizes and electrokaryotypes were consistent with those of
other ascomycetes. On the basis of the sequence of a portion of the 18s rDNA,
Noda et al. (1995) concluded that the symbionts isolated from the rice planthoppers
represented three different lineages (species determinations were impossible to make
and the authors did not attempt to do so) that formed a single, well-supported clade.
Analysis of a set of fungi chosen to represent all higher fungi convincingly placed
the planthopper YLS clade in the Euascomycetes. A second sequence comparison
with a set of species chosen to represent Euascomycetes placed all three symbiont
sequences as a single clade within the Pyrenomycetes, in the order Hypocreales
(Sphaeriales, reported by Noda et al. 1995, has been invalidated) with Hypomyces
chrysospermus as the sister group. However, the distance between the three sym-
bionts groups and H. chrysospermus was large enough to suggest that the sister
group might actually be another Euascomycetes lineage. Using more strains and
both LSU and SSU rDNA sequences, Suh et al. (2001) were able to confirm that the
three planthopper YLS strains formed a well-supported clade within the
Clavicipitaceae, one of three families in the Hypocreales, with Cordycepioideus bis-
porus as the most probable sister lineage. This represents an independently evolved
adoption of a yeast-like morphology as the planthopper YLS lineage is not closely
related the YLS from Anobiid beetles (Noda and Kodama 1996) nor any of the fun-
gal lineages associated with beetles. A fourth sequence from an aphid YLS was also
part of the clade, suggesting either a common YLS ancestor in the insect’s common
ancestor, horizontal transmission among planthoppers and aphids, or an unknown
source of potential endosymbionts available to both groups (see later).

Phloem is rich in carbohydrates but amino acid poor. The role of the endosym-
biont, whether bacteria or YLS, seems primarily to be to supply essential amino
acids (Wilkinson and Ishikawa 2001). This has been extensively documented for
some aphids and is reviewed by Baumann et al. (1995) and Douglas (1998).
Wilkinson and Ishikawa (2001) were able to demonstrate similar effects of symbiont
loss in an aphid (Acyrthosiphon pisum) and a planthopper (N. lugens). Both insects
developed more slowly and were underweight without symbionts. However, the
effect was less pronounced for the planthopper. This result is in agreement with the
work of Lee and Hou (1987). N. lugens adults in which the number of symbiotic
YLS had been reduced by heat treatment did not suffer increased mortality or
shorter lives so the YLS seem not to have had a direct effect on adult survivorship
in their study. However, heat-treated female planthoppers laid fewer eggs so it
appears that the amino acids supplied by the YLS boost fertility. Of interest in the
Wilkinson and Ishikawa (2001) study was the production of what they refer to as the
“metabolic signature” of symbiont loss in both insects despite their phylogenetic
distance from one another and the difference in their symbionts. Acyrthosiphon
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pisum contains a bacterium (Buchnera sp.) and N. lugens a YLS. Asymbiontic adults
of both insects had a decreased total protein percentage while at the same time an
increased concentration of amino acids in their tissues when compared with con-
specifics reared with symbionts. Both effects are seen as a direct outcome of the loss
of essential amino acids from the insect’s diets. Once again, the effect was not as
large for the planthopper.

A third part of the “metabolic signature” in both insects without symbionts was
the imbalance between essential and nonessential amino acids found in both
Homopterans (Wilkinson and Ishikawa 2001). Asparagine and glutamine were pre-
dominant in the aphid, while alanine and glutamate were relatively abundant in the
planthopper tissues. The use of the term “essential” is only conditionally true in this
case. N. lugens nymphs with their normal symbionts were able to develop into adults
no matter which amino acid was eliminated from their diets (Koyama 1985), which
leads to the conclusion that the symbionts can supply whatever amino acids might
be essential to the insect. The source of the nitrogen for amino acid synthesis is both
the plant and the insect. N. lugens produces uric acid as its nitrogenous waste but
does not excrete it. Instead, it appears to be metabolized by its YLS (Sasaki et al.
1996), thus recycling the waste and eliminating the need for excretion. On high-nitro-
gen diets, rice planthoppers can store waste in their tissues as uric acid. Under con-
ditions of nitrogen stress, the uric acid is mobilized by uricase (urate oxidase) from
their YLS (Hongoh and Ishikawa 1997; Hongoh et al. 2000). There may be a second
source of nitrogen for the YLS. The pea aphid produces ammonia plus excess
asparagine and glutamine as its nitrogenous recycling materials (Sasaki and
Ishikawa 1995; Douglas 1998). Its bacterial symbionts metabolize all three.
Wilkinson and Ishikawa’s (2001) discovery of excess alanine and glutamate in asym-
biontic planthoppers suggests that these amino acids are also part of its nitrogen
recovery system, although Douglas (1998) feels that more work is needed before
amino acid recycling is unequivocally established. Sasaki et al. (1996) offer an inter-
esting explanation for the lack of uric acid production in the aphids. Recycling
ammonia and amino acids requires fewer steps than the production of uric acid and,
so, is more efficient. Planthoppers (and the cockroaches and termites with bacterial
endosymbionts that recycle their uric acid) may not take advantage of the stream-
lining of the recycling process as aphids do because they all lay eggs, which may
require nitrogen waste storage in the form of uric acid crystals. Aphids, with their
viviparous development, may have no life history stage that needs to store waste and
can, therefore, streamline the recycling by simply not producing uric acid.
Cockroaches and some termites (under some conditions) also produce uric acid and
do not excrete it but recycle it (Cochran 1985). The systems for recycling differ in the
two groups but bacteria are involved in both (gut bacteria in the Reticulitermes; fat-
body mycetocytes in the cockroaches).

The YLS of aphids is related to that of planthoppers (Fukatsu et al. 1994; Suh
et al. 2001). The role of the YLS in aphids is not understood at this time. Aphids,
generally, do not produce uric acid and analysis of the uricase gene sequences from
aphids, planthoppers, and related, free-living fungi showed that, while present, some
of the aphid genes had mutations that rendered them incapable of coding functional
enzymes (Hongoh and Ishikawa 2000). Hongoh and Ishikawa (2000) tested one
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species of YLS-associated aphid (which Fukatsu and Ishikawa 1992 identified as
Astegopteryx styraci, Hongoh and Ishikawa 2000 named it Tuberaphis styraci, and
Suh et al. (2001) subsequently called it Hamiltonaphis styraci) that lacked a func-
tional uricase gene and determined that it produced no uric acid nor any endoge-
nous uricase. However, some of the aphid sequences did indicate that a functional
gene product was possible, although the product’s function was not clear.
Phylogenetic analysis of the sequences showed that the sequence of a functional
aphid YLS uricase gene was closest to the sequence of the gene from free-living
fungi, which were included as an outgroup. This puts the uricase genes in planthop-
per YLS in a derived position with respect to some aphid YLS genes. This supports
the hypothesis that YLS were associated with aphids before planthoppers and impli-
cates horizontal transfer as the means by which planthoppers acquired their
endosymbionts.

Protein synthesis is not the only area of nutrition affected by the presence of
YLS. Phytophagous insects depend on phytosterols for the production of their own
sterol requirements. The exceptions to this may be insects with eukaryotic intracel-
lular symbionts (bacteria do not seem to produce sterols — Douglas 1998). Noda
et al. (1979) have made a case for YLS as the source of sterols for the rice plan-
thoppers, N. lugens, S. furcifera, and L. striatellus. The phloem of rice contains
B-sitosterol and a much lower concentration of campesterol. The sterols found in
L. striatellus are primarily cholesterol and 24-methylenecholseterol with a small
amount of S-sitosterol. Although the concentrations are not as expected, this situa-
tion might be explained as the outcome of the conversion of campesterol into cho-
lesterol because 24-methylenecholesterol is an intermediary in the process. However,
asymbiontic L. striatellus have negligible concentrations of 24-methylenecholesterol
in their tissues and a reduced concentration of cholesterol, even though their plant
diet is unchanged. The precursor of 24-methylenecholesterol is ergosta-5,7,24(28)-
trienol. When planthoppers are maintained on artificial diets lacking sterols, the
concentration of 24-methylenecholesterol in the insect increases, implicating YLS as
the source of its precursor, since the insect cannot synthesize the precursor itself
(Wetzel et al. 1992). This suggests that the source of cholesterol in the planthopper
is its YLS. Noda et al. (1979) present other data suggesting that the YLS are the
source of sterols in their host insects. Two other YLS-associated planthoppers on
rice (N. lugens and S. furcifera) also have 24-methylenecholesterol in their tissues.
A fourth rice planthopper, Nephotettix cincticeps, which is host to bacterial
endosymbionts but not YLS, does not have detectable levels of 24-methylenecholes-
terol in its tissues, even though its natural plant diet is the same as the other three. It
appears that the YLS, although the source of ergosta-5,7,24(28)-trienol, cannot
metabolize it themselves (Noda and Koizumi 2003). It is an intermediate in the
ergosterol synthetic pathway in yeast and is normally converted into ergosta-
5,7,22,24(28)-tetraenol, the last precursor before ergosterol. However, planthopper
YLS lack a functional gene for sterol C-22 desaturase, the enzyme responsible for
the conversion.

The role of YLS in planthopper biology is not confined to nutrition. The fungi
are not only passed on to offspring in the egg; they are a requisite part of normal
planthopper development (Schwemmler 1974; Noda et al. 1979) in at least one
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species, N. lugens. Embryos from which YLS had been eliminated or without YLS
in their symbiote ball (because the eggs were laid by heat-treated females) failed to
develop. They did not undergo blastokinesis or dorsal closure and the entire
abdomen was missing (Lee and Hou 1987). The mechanism by which YLS affect
planthopper development appears to be through direct supply of proteins needed for
normal development. Eggs receive their YLS before yolk production and without
YLS were deficient in more than one yolk protein (Lee and Hou 1987). Whether or
not the YLS supply essential nutrients to the planthopper, the role of the YLS in the
development of N. lugens makes the relationship with YLS obligatory.

Yeasts are associated with other members of the Homoptera but less is known
about the nature of the association. Zacchi and Vaughn-Martini (2002) isolated seven
yeast species from an olive tree scale insect, Saissetia oleae. Isolations were all from
the internal organs, hemolymph, or the gut. A surprising number were basidiomyce-
tous (Bullera variabilis, S. roseus, Leucosporidium scottii, and two undescribed
species, one Cryptococcus and one Rhodotorula). They did not report serendipitous
isolations but only those that occurred 10 times or more in their study. However, no
species was present in all scale samples and no interactions between yeasts and insect
were documented, although subsequent work determined that the number of yeasts
in the body cavity fell as the insects developed (Zacchi and Vaughn-Martini 2003).
Zacchi and Vaughn-Martini felt that the failure of the populations to grow lessened
the likelihood that they were parasitic.

There are many unanswered and interesting questions pertaining to the evolution
and ecology of YLS-insect associations. We do not know why different
Homopteran lineages rely on different microbes. The answer to questions about the
origins and effects of endosymbionts is likely to be found by studying variation in
microbe, insect, and plant at the population level, but the few studies at this level
have focused on bacterial endosymbionts. Baumann et al. (1995) and Douglas
(1998) believe that YLS have replaced bacterial endosymbionts in some aphids, but
no reason is suggested for how or why the replacement occurred. Ferrari et al. (2004)
found that the presence of different secondary (facultative) bacterial endosymbionts
in the pea aphid correlated both with differences in host plant utilization within that
species and with resistance of the aphids to attack by different parasitoids, suggest-
ing that the patterns of occurrence of facultative bacterial symbionts in
Homopterans are not solely the outcome of chance. Chen and colleagues (Chen and
Purcell 1997; Chen et al. 2000) demonstrated the possibility of horizontal transmis-
sion of endosymbiotic bacteria and that acquisition of facultative endosymbionts
could profoundly affect both longevity and fecundity of their hosts. They believe
that horizontal transmission has not been observed in the field owing to strong selec-
tion against it. Oliver et al. (2003) demonstrated that secondary bacterial endosym-
bionts were responsible for resistance to a Hymenopteran parasitoid. The facultative
symbionts were fatal to the developing larvae of the parasitoid. We do not know if
YLS can be horizontally transmitted under normal conditions (see later) or what the
effects of transmission are.

Often these questions are studied through analysis of phylogenies, i.e., as history.
Since the microbes are endocytobionts and (in the case of YLS) do not grow in pure
culture, the switch from bacteria to YLS in the Cerataphidini has been viewed as a
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single, historical event amenable to comparative study through phylogenetic analy-
sis. If the microbes can only survive in an aphid and are vertically transmitted, then
it is reasonable to assume there are no sources of the endocytobiont outside of its
host. No mechanisms for horizontal transmission under such a scenario are known.
However, recent data suggest that the assumption of no external sources might be
wrong. Pea aphids without symbionts survived on bean plants but did so because
their symbionts were replaced by a diverse set of microbes picked up from the envi-
ronment, including all of the known YLS from planthoppers and aphids
(Nakabachi et al. 2003). These remarkable results may mean that the relationship
between the aphid and Buchnera sp., its primary symbiont, is not uniquely evolved,
but that Buchnera is the competitive winner for the pea aphid mycetocyte niche. It
also means that the presence of Buchnera or YLS may not be the result of an his-
torical event but is the result of an ongoing dynamic process amenable to direct
experimental study.

14.8 Bees and Wasps

Associations between yeasts and ants have already been discussed in the section on
soil-associated arthropods. Here I will examine Hymenoptera other than ants. Bees
are, of course, associated with flowers and it is in this context that most of the yeasts
associated with bees have been isolated. A study of honeybee-associated yeasts in
California isolated close to 400 strains from both pollen- and nectar-collecting bee
guts (Phaff and Starmer 1987). Over 20 yeast species were isolated sufficiently often
that Phaff and Starmer felt they could not be considered merely incidental. There
were strong seasonal differences in the yeasts present in the guts. The number of iso-
lations from pollen-collecting bees was negatively correlated with number in nectar-
collecting bees, probably reflecting variation in flower types and abundance. Their
interpretation was that the majority of yeasts were associated with the flowers on
which the bees had been foraging and had no special relationship with the bees.
Yeasts associated with bees have been reported from numerous sources.
Debaryomyces robertsiae (originally Pichia, van der Walt 1959) was collected from the
pollen used to feed larvae of a bumblebee, Xylocopa caffra, in South Africa. Zacchi
and Vaughn-Martini (2002) reported C. bombicola, S. roseus, and P. guilliermondii
were commonly isolated from the body fluid of Andrena bees that feed on nectar and
pollen. In an extensive survey of yeasts associated with seven Bombus species (B. ter-
restris, B. lucorum, B. cryptarum, B. lapidarius, B. pascuorum, B pratorum, and B. hor-
torum) and the flowers that they visit, Brysch-Hetzberg (2004) found that similar
ascomycete species predominated in both flowers and bees. The ascomycetes were
able to tolerate high sugar concentrations while the basidiomycetes were not.
M. reukaufii and M. gruessii were the numerical dominants in both bee and flower,
although they were not to be found in queens emerging from hibernation, leaving
their means of overwintering still unknown. Brysch-Hetzberg suggests that two
characteristics are most responsible for this domination: rapid growth on concen-
trated sugars and a pseudohyphal morphology (“airplane cell configurations™) that
favors dispersal on insect setae. C. kunwiensis and C. bombi, less commonly isolated
species, were present in the hibernating queens and may be more dependent on their
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association with bees than the numerically dominant species in the system. Other
osmotolerant species (D. hansenii, D. maramus, M. pulcherrima, C. rancensis, and
Zygosaccharomyces rouxii), including a new species, C. bombiphila (Brysch-Herzberg
and Lachance 2004), were also present in small numbers.

Although described by several authors over decades, many yeasts isolated from
bees form a distinct clade within the Ascomycotina (Lachance et al. 2001d; Stratford
et al. 2002; Teixeira et al. 2003). The only teleomorphs so far identified in this clade
belong to the genus Starmerella (Rosa and Lachance 1998; Teixeira et al. 2003).
Several anamorphic species related to Starmerella (on the basis of TDNA sequence
similarity) have also been described from bees or wasps, including C. apicola from
bees (Hajsig 1958); C. bombi from bumblebees (Montrocher 1967), C. batistae from
solitary-nesting digger bees (Rosa et al. 1999b), C. powellii and C. tilneyi from bees
(Lachance et al. 2001a), C. bombicola from bumblebee honey and alfalfa leaf-cutter
bees (Spencer et al. 1970; Inglis et al. 1993; Rosa and Lachance 1998), C. magnoliae
(Deak and Beuchat 1993; Gilliam 1997), C. apis (Barnett et al. 2000), and, most
recently, C. davenportii from a dead bee found next to a tap on a sugar-syrup tank
in a Dutch soft drink bottling plant (Stratford et al. 2002). This list is only sugges-
tive of the diversity of bee-associated yeast within this clade. Lachance et al. (2001d)
report C. etchellsii, C. ipomoeae and three undescribed taxa related to C. etchellsii
from bees. Starmerella bombicola is usually isolated as a haploid and Rosa and
Lachance (1998) suggest that many of the anamorphic species might be unmated
teleomorphs.

Stratford et al. (2002) and Lachance et al. (2001d) believe that the relatedness of
bee-associated yeast species is not a chance occurrence but indicative of a functional
relationship between yeasts and bees. Lachance et al. (2001d) note that yeasts iso-
lated from flower beetles and bees rarely overlap. However, the degree to which the
yeasts and the bees are associated remains somewhat uncertain at this time. The phy-
logenetic evidence is somewhat mixed. Lachance et al. (2001d) collected (from bees)
C. glabrata, C. azyma, and four undescribed taxa that do not belong to the “bee”
clade. C. bombicola was initially described from honey in a bee nest (Spencer et al.
1970), but it mates with the type species of Starmerella (Rosa and Lachance 1998),
which was collected from flowers (Calystegia sepium) and floricolous beetles
(Conotelus sp.), not bees. Two other members of the clade, C. powellii and C. tilneyi,
were described from both beetles and bees in Costa Rica. Most of the floricolous
Metschnikowia species are associated with beetles or Drosophila (Lachance et al.
2001d) but M. reukaufii and M. gruessii were commonly collected from bumblebees
(Brysch-Herzberg 2004). C. kunwiensis, a recently described anamorphic species
associated with bumble bees in Germany (Hong et al. 2003), is also a member of the
Metschnikowia clade. Although the phylogenetic evidence is suggestive of a func-
tional association among bees and yeasts, experimental data on the interaction are
needed.

Data on the functional relationships between yeasts and bees are scarce. One of
the methods used to collect yeasts from bees, allowing the bees to deposit yeasts as
they walk over the surface of agar plates, provides evidence that the bees vector the
yeasts to a new habitat. Exclusion experiments from flowers associated with beetles
indicate that insects are obligate vectors for flower yeasts (Lachance et al. 2001d).
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However, the walking method does not elucidate where the yeasts are found in the
bees, which might help clarify the utility of the yeasts to the bees. Some studies
report yeasts from the surface of the insect (Hong et al. 2003), while others have
found yeasts in the guts of workers but not larvae (Gilliam 1997; Teixeira et al.
2003). Honeybees can digest yeasts, which has long been an ingredient in artificial
bee diets (Peng et al. 1984). Gilliam (1997) found a diversity of yeast species associ-
ated with pollen in the flower but noted that fewer species were found in the corbic-
ular pollen (pollen carried in the pollen baskets on the bee’s legs) of Apis mellifera
and only a single species, C. magnoliae, in bee bread made from corbicular pollen.
She concluded that the bees are using yeasts to process pollen before it is suitable as
food. Teixeira et al. (2003) also found a single yeast associated with bee bread,
although it was Starmerella meliponinorum, a relative of C. magnoliae. Rosa et al.
(1999b) found a new member of the “bee” clade, C. batistae, and an undescribed
yeast-like Mucor species in the pollen provisions and larvae from nests of two
species of solitary bee. The suggestion is that the microbes are part of the nutrition
of the larvae but more work needs to be done. Pupae had a lower incidence of yeasts
than larvae and adults did not deposit any of the nest species on agar plates,
although they did deposit other yeasts, which leaves open the question of how the
nests were provisioned with microbes.

There has been little direct work on yeast in bee nutrition. Fermentation has been
suspected as the means of transforming pollen into bee bread (Haydak 1958;
Gilliam 1997) but it is not clear if yeasts or bacteria (or both) are responsible. The
honey and bee bread yeast populations studied by Teixeira et al. (2003) were large
enough to suggest that yeast growth had taken place in situ. Pain and Maugenet
(1966, cited in Gilliam 1997) found that pollen fermented by Lactobacillus alone
produced an unacceptable bee bread and suggested that yeasts are a necessary part
of the process. At the present, yeasts are implicated in bee nutrition but have not
been shown to play an important role.

There may be additional roles for yeasts in bee life histories. Some species of bees
are aggressive invaders that displace native bees (Goulson 2003). Interactions
between microbes, plants, and bees have not been specifically studied, so it is not
known if floral microbes play a role in the invasion or if they are affected by the out-
come of the invasion. Only scattered studies suggest that yeast might be involved.
There are indications that flower yeasts can affect pollination in some plants
(Eisikowitch et al. 1990a, b), suggesting that a change in the floral yeast community
can have consequences for organisms that do not directly interact with the yeasts.
Different species of bees are associated with different species of yeasts (Teixeira
et al. 2003) and there may even be partitioning of the flower into distinct microbial
communities (pollen versus nectar) and the bee’s body as means of transport (body
versus head and proboscis, Hong et al. 2003). Thus, a change might occur in the
microbial community when one bee species replaces another. The implications for
plant and animal ecology are important and deserve attention.

Yeasts may have negative as well as positive effects on bees. Stressed adult hon-
eybees have increased yeast populations, although it is not known if the increase mit-
igates or worsens the situation (Gilliam 1973; Gilliam et al. 1974, 1977). Caged
honeybees had more yeasts than wild adults. Streptomycin administered in their
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diet also increased yeast populations in adult bees, suggesting that bacteria are
responsible for keeping yeast population sizes low in adult honeybees. Yeasts were
rarely isolated from healthy honeybee broods or queens (Gilliam and Prest 1977,
1987). It does not appear that all bees are stressed by the presence of yeasts. Teixeira
et al. (2003) found yeasts in healthy adult Tetragonisca angustula, a stingless bee, and
in their bee bread, bee glue, and garbage pellets.

Siricid wood wasps have symbiotic, species-specific associations with basid-
iomycetous fungi in the genus Amylostereum (Thomsen and Koch 1999; Vasiliauskas
and Stenlid 1999; Slippers et al. 2002). The life history of these wasps is not unlike
that of ambrosia beetles (including mycangial transport of the fungi) except that
only larvae bore into wood. Presumably, their fungal symbionts have a relationship
with the wasp that is similar to that of ambrosia fungi and beetles. Even wasps in the
family without mycangia will only lay eggs in wood already infected with the fungus
(Fukuda and Hijii 1997). Few yeasts have been isolated from wasps. In addition to
C. davenportii, described earlier, C. guilliermondii has been isolated from fig wasps,
Blastophaga psenes (summarized in Phaff and Starmer 1987). The wasp introduces
the yeast and a bacterial species into figs, where their numbers increase but only to
moderate levels (and, hence, do not spoil the fruit for human consumption). The
presence of the yeasts did seem to increase the fig’s attractiveness to various
Drosophila species, which, in the process of ovipositing on the fig, brought a diverse
yeast community. Eventually, beetles (Carpophilus sp.) were also attracted and
brought another set of yeasts. The yeast community that developed was typical of
that found in many fermenting fruits, including apiculate yeasts, C. stellata, and
C. krusei.

14.9 Other Insects and Invertebrates

A new and interesting group of hemiascomycetous species has recently been
described from the surface of nematodes in the genus Panagrellus living in beetle gal-
leries, acid rots of grapes, and angiosperm slime fluxes. The isolates all belong to the
genus Ascobotryozyma or its anamorph, Botryozyma (Kerrigan et al. 2004). All
species described so far are oligotrophic and have determinate thallus growth. They
are dimorphic, growing as yeast in pure culture on agar plates and as thalli on nema-
todes. The thallus begins with a branched basal cell that acts as a holdfast. A single
cell buds from the basal cell’s apex and multiple cells can bud from this second cell,
with the first being another apical bud and others lateral to this. Three-celled vege-
tative propagules bud from above the first two apically budded cells. Conjugation
can occur between any two cells from different thalli excluding the basal cell. Asci
form as lateral buds and produce four lunate spores that are released from the ascus,
which remains attached to the cell from which it buds. Strains propagated in the lab-
oratory lose sexual reproduction, whether maintained on nematodes or not
(Kerrigan et al. 2001).

Four species are known: A. americana on Panagrellus dubius, a nematode living
in the galleries of the poplar borer, Saperda calcarata, in Populus; A. cognata from
the same nematode in Salix and Populus galleries made by the bark beetles
Cryptorhynchus lapathi and S. calcarata; B. muscatilis from Panagrellus dubius living
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in Populus slime fluxes visited by beetles (Carpophilus lugubris and Cryptarcha
ampla) and various Diptera; and B. nematodophila from Panagrellus zymosiphilus
living in grapes and vectored by Drosophila (Kerrigan et al. 2001, 2004; Kerrigan
and Rogers 2003). The first three are all from the northwestern USA and the last is
from northern Italy. Superficially, the life history of Ascobotryozyma appears simi-
lar to that of the Laboulbeniales and its allies (Blackwell 1994). However, systematic
data based on rDNA sequences places the Ascobotryozyma in the Hemiascomycetes
(Kerrigan et al. 2004) and the Laboulbeniales outside (Blackwell and Jones 1997).
This is an interesting case of convergent evolution (the Trichomycetes should also be
mentioned here; Lichtwardt et al. 1999, 2001) to take advantage of animals as both
a place to live and a means to reach fresh habitat.

Ascobotryozyma appears to be a commensal in that it attaches to the outside of
the nematode and does not penetrate the cuticle. The nematodes can be successfully
maintained with yeast as their only food, but they do not seem to eat the commen-
sal. The nematodes can be covered with the fungi. Beyond observing that nematodes
are able to feed and reproduce in culture with yeast attached, nothing is known of
the impact the yeast has on the fitness of its host. This will remain a question until
we know more about the yeasts, their hosts, and the plant system to which both
belong. The role of the insect (beetle, Drosophila, or other) in this system may still
be prominent. These nematodes require a vector, which may be beetles and
Drosophila that visit slime fluxes and rotting acidic fruit or the beetles that drill
galleries.

14.10 Drosophilids

Wherever Drosophila oviposit and feed, yeasts have been found if sampling has been
done. Fly substrates include flowers, rotting fruits, mushrooms, soft rots, leaf litter,
and tree bark, exudates, and fluxes. (See Sect. 2.5 for a list of some recently isolated
Drosophila-associated yeasts from flowers.) Some unusual larval substrates have not
been sampled for yeasts, such as spider egg cases (Heed 1968) or kleptoparasitic fly
hosts (Sivinski et al. 1999). Even in some unsampled situations, there is reason to
expect that yeasts are present. Three Drosophilidae, representing separate lineages,
lay their eggs on land crabs. Drosophila carcinophila oviposits and feeds on the land
crab, Gecarcinus ruricola, found on islands in the Caribbean basin. Drosophila endo-
branchia oviposits and feeds on G. ruricola and G. lateralis also in the Caribbean but
does not co-occur with D. carcinophila. On Christmas Island (the one in the Indian
Ocean), Lissocephala powelli oviposits on at least four of the resident species of land
crab but pupates and feeds elsewhere. At first, it was felt that the flies were attracted
to the crab’s food, not the crabs themselves, but Carson (1967, 1974) observed that
the Drosophila adults rarely left the crabs, even when he encouraged them to do so.
In addition, when active on the crab, they were clustered near not only the mouth or
feeding appendages as expected but also near the gill chambers and nephric grooves.
These latter structures are filament-lined grooves in the carapace below the excretory
pores. The hairs in the groove are “replete with an abundant, whitish, wet, caseous
material which usually showed nematodes as well as mites” (Carson 1967). Both
larvae and adult D. carcinophila feed on this substance, which might be predicted to
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contain at least one species of yeast from its description. Carson felt that the mate-
rial was microbial and that it might be there as a means of removing toxins from the
crab’s liquid waste, which exits the excretory pore, flows along the groove, and is
(partially) reabsorbed at the end of the groove. Land crabs are adapted to dry con-
ditions and wastewater recycling might be beneficial under such conditions. Larvae
of the other fly species also fed in the gill chambers where microbial growth was also
observed. It would be of interest to know if yeasts are present in all three cases and
if they are also derived from separate lineages.

Except for a single exception (Drosophila endosymbiotic yeast, discussed later),
yeasts and Drosophila have important but diffuse or indeterminate (with respect to
the species involved) relationships. Indeed, all of the major Drosophila breeding
habitats are also home to other animals, including beetles, other Diptera, nema-
todes, and mites. This does not lessen the importance of the relationship, as there is
no evidence that animal-associated yeasts arrive at a new substrate without being
vectored there (Gilbert 1980; Fogleman and Foster 1989; Lachance et al. 2001d) and
most plant resources are poor-quality nutrition and can be improved for the fly by
addition of yeasts (Sang 1978; Begon 1982).

The yeasts associated with Drosophila have been most recently reviewed by Begon
(1982) and by Phaff and Starmer (1987) and I will briefly summarize their conclu-
sions and concentrate on work done since or not covered in these reviews. Begon
(1982) reviewed the qualities of yeasts as food and concluded that yeast species dif-
fer in composition and quality and that these differences depend on both the yeast
and the environment in which the yeast grows. Laboratory experiments demon-
strated that different Drosophila species and even genotypes within species grew and
eclosed at different rates on different yeasts (Brito da Cunha et al. 1951, and works
discussed therein). Begon further concluded that these differences might be the basis
upon which the niches of regional Drosophila faunas were kept separate (Oakeshott
et al. 1989; Morais et al. 1995b).

Supportive evidence for yeasts as a partitioned resource is habitat-dependent.
The first samples of yeasts associated with Drosophila were yeasts associated with
“domestic” species (D. melanogaster and D. simulans) attracted to fermenting vege-
tation in human dwellings. These carried in their crops a different set of yeasts from
those found in the “wild” flies attracted to fermenting banana baits or captured in
the wild. In addition, yeasts isolated from crops of adult wild flies often differed
from yeasts found in the rotting vegetation where larvae fed and where it was at first
presumed that the adults fed; thus, larval and adult yeast diets seemed to differ
(Carson et al. 1956; Begon 1982; Phaff and Starmer 1987). Adult crop contents did
not support a significant degree of dietary specialization and did not support
resource partitioning. However, this conclusion was based on data from temperate
woodland flies. As more habitats were sampled, partitioning gained greater support.
Flies that feed on mushrooms, figs, or cactus rots had less variation between larval
and adult yeast and each habitat was associated with different sets of yeasts (Phaff
et al. 1978; Begon 1982; Starmer 1981b). This was also the case for fruit-breeding
African Drosophila and Brazilian Drosophila (Begon 1982; Rosa et al. 1995), where
adult diets corresponded to larval substrate yeast communities.
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Pattern analysis of more recent species occurrence data has also supported a role
for yeasts in the distribution of co-occurring flies. Fruit-breeding flies exploited a
patchy yeast environment in different ways during the succession of yeasts and flies
on rotting amapa (Parahancornia amapa) in a seasonally flooded (igapo) forest in
Brazil, a condition which may have promoted coexistence of the Drosophila species
(Morais et al. 1995a). Lachance et al. (1995) revisited the association between yeasts
and Drosophila for temperate woodland flies. They included isolates from several
Drosophila species in both the western and the eastern USA and based their com-
parisons on both species presence/absence data and on differences in combined yeast
physiological profiles. They were able to distinguish among Drosophila species on
the basis of either the yeast species isolated from them or the yeast’s physiological
profiles.

The inverse of the proposition in the preceeding paragraph, that yeast species dif-
ferentiate their niches on the basis of their associations with Drosophila species, is
harder to support. Cactophilic yeasts, in general, will grow on tissue from any cac-
tus species (author’s unpublished data) but analysis of their distribution supports
the notion that cactus chemistry is an important distributional determinant
(Starmer 1981a) and adult cactophilic Drosophila carry yeasts not found in their lar-
val environment (Ganter et al. 1986). However, factors such as yeast-yeast interac-
tions and yeast—insect interactions cannot be ruled out. Yeast species can have both
positive and negative effects on the growth rates and maximal population sizes of
co-occurring yeasts (Starmer and Fogleman 1986; Ganter and Starmer 1992).
Yeast—yeast interactions are affected by the presence of fly larvae (Starmer and
Fogleman 1986) and both may be affected by host tissue composition (Starmer
and Aberdeen 1990; Lachance and Pang 1997). Separating these three factors is dif-
ficult and it may prove that the interactions among them are as important as any
direct effect.

14.10.1 Cactophilic Drosophila and Yeast

There has been extensive investigation of the association between yeast and both lar-
val and adult Drosophila that inhabit cacti. Cactus-breeding Drosophila lay eggs and
feed in soft rots of cactus stems or closely associated habitats (most notably, D. met-
tleri breeds in soil soaked by outflow from persistent soft rots in giant columnar
cacti such as saguaro, Carnegia gigantea). Each species oviposits in a small subset of
host plants, often just one (Fellows and Heed 1972). The soft-rot pockets are also
home to other insects plus a microbiota of bacteria, molds, and yeasts. Bacteria
arrive first through aerial transport and are followed by insect-vectored yeasts about
2 days later (Fogleman and Foster 1989). Yeasts associated with this habitat are
mostly specialists in this habitat and tend to be oligotrophic (Heed et al. 1976) but
do not come from a single or even a small number of clades (Starmer et al. 2003).
The cactus stem—Drosophila—yeast community is distinct from surrounding yeast
communities associated with Drosophila (Ganter et al. 1986; Rosa et al. 1995) and
there is almost no overlap among the yeasts found in cactus stems and those in fruits
or flowers on the same plant, although insects are found in all three.
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Since the first descriptions of cactophilic yeast, the number of species restricted
to the cactus soft-rot habitat has steadily increased, often through recognition that
cactus isolates had been misidentified owing to the small number of positive physi-
ological tests and their resemblance to known species. The trend through time has
been to recognize the cactus isolates as separate species. P cactophila, the most
commonly isolated species, was originally identified as P membranifaciens. P. heedii
and P, deserticola are specific to cactus stems. Starmera and Phaffomyces, small gen-
era once classified as related groups of Pichia species, are cactus-specific. Some of
what were once though to be regional variants of species are now known to be sep-
arate species. Originally, Sporopachydermia cereana (as its anamorph Cr. cereanus)
was isolated from several cacti in the Sonoran Desert. As more collecting was done,
variation in physiological profile and morphology led to awareness that more than
one species was present. Isolates were referred to for a time as “S. cereana complex”
members. This complex has yielded ten species up to now (Lachance et al. 2001c¢)
and recent collections may increase the total (Lachance, unpublished data).

Some isolates once identified as cactophilic strains of species that also occur in
other habitats are now known to be cactophilic specialists related to species in other
habitats. Candida ingens from cactus is now known to be Dipodascus starmeri.
Hansenula polymorpha from cactus has been recognized as a new species but it is not
yet described (Naumov et al. 1997). P. kluyveri, which does occur in both fruit and
cactus habitats, has varieties that occur only in cacti (Phaff et al. 1988). There are
several unresolved situations. C. sonorensis shows surprising genetic variation and
some lineages within this asexual species may have diverged enough to deserve spe-
cific status. P. pseudocactophila is a phenocopy of P. cactophila except that is
restricted to columnar cacti in the Sonoran Desert. P. norvegensis is isolated from
cacti in the new world with modest regularity but is rarely found anywhere else. The
species was originally described as a rare human pathogen (as an anamorph) and the
type strain is from a human vagina. It would not be surprising if the cactus strains
were a separate species. Some cactophilic species are found only in particular hosts
or are restricted geographically or both (Starmer et al. 1990). For species distributed
widely on multiple hosts, the abundance may vary among host types. This variation
means that the yeast community of each host differs in its proportional species com-
position (Starmer et al. 1990; Rosa et al. 1994) and these differences are relatively
stable over both distance (Barker et al. 1987) and over time (Latham 1998).

14.10.2 Yeast as Food for Drosophila

Drosophila development is affected by the species of yeasts available as food for lar-
vae (Starmer and Aberdeen 1990) and bicultures of yeasts are generally better food
than monocultures (Starmer and Fogleman 1986; Starmer and Aberdeen 1990),
although the biculture effect is not universal. Biculture effects (on development time
or survivorship) were observed only when yeasts grew on their usual host tissue. The
effect was clearest for host tissue that was poorest in nutrients and could be erased
by supplementing the tissue with yeast extract, suggesting that the biculture effect
might be due to nutrient complementation.

Both Drosophila larvae and adults prefer to feed on particular yeast species when
offered a choice between pure cultures of species (Cooper 1960). Cooper worked
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with temperate-forest flies and noted that larvae demonstrated stronger preferences
than adults and that larval preferences did not always agree with those of adults.
These observations are in accord with the lack of correspondence between yeast
species isolated from the adults and those found in the larval breeding sites (dis-
cussed earlier). Larvae tended to prefer those species that best supported their devel-
opment. Recent work has confirmed earlier observations that adult and larval
cactus-breeding Drosophila have preferences for particular yeast species as food
(Morais et al. 1994). Larvae of D. mojavensis preferred P. cactophila in laboratory
tests and this yeast was commoner in their guts than in the cactus rots where they
fed (Fogleman et al. 1981, 1982). P. cactophila is the most commonly isolated yeast
from this habitat but preference and abundance do not always correlate. C. sonoren-
sis, the second commonest species, was avoided by the larvae and was underrepre-
sented in their guts (Fogleman et al. 1981).

Because the relationship between cactophilic Drosophila and yeasts is diffuse,
interactions between any two species may change when other factors change. Data
on the development of D. mojavensis will illustrate this. Stenocereus spp. tissue will
not support D. mojavensis development although this is the fly’s preferred larval
habitat throughout most of its range (Starmer 1982b). The addition of yeasts will
rectify the problem but the details involve the role of yeasts both as food and as an
influence on the larval environment. Yeasts are far richer sources of organic nitro-
gen than cactus tissue (Starmer and Aberdeen 1990) and contain essential vitamins
and lipids for the flies (Sang 1978). But other aspects of yeast activity are also
important to the development of the fly. Most of the yeasts characteristic of
Stenocereus rots are able to utilize uric acid or urea as a nitrogen source. Both
waste products are toxic to larvae and the yeasts may improve the environment by
lowering waste concentrations, although this has not been tested in the cactophilic
community. Cacti differ in their stem chemistry and Starmer (1982b) was able to
show that particular yeast species may be beneficial to a species of Drosophila
under the right conditions. Stenocereus thurberi tissue (Organpipe, one of the pre-
ferred larval substrates of D. mojavensis) contains triterpene glycosides and
unusual lipids that can slow both yeast and fly growth. The yeast community char-
acteristic of this host includes yeasts that secrete extracellular lipases (Dipodascus
starmeri and P. mexicana). D. starmeri is able to both resist the harmful effect of
the lipids and utilize them as a sole carbon source. The lipolytic yeasts support
Drosophila development both by detoxifying the tissue and by serving as food.
Separating the two effects is difficult but it is clear that both effects are present and
that rots with lipolytic yeast improve the quality of the habitat for D. mojavensis
feeding on S. thurberi. In other parts of its range, D. mojavensis larvae feed on cacti
with tissue that has more simple sugars and lacks most of the secondary chemicals
present in Stenocereus spp. In these hosts, the relationship between lipolytic yeast
and the fly is not as important.

Another of the problems in the study of yeasts as food in natural situations is the
determination of the relative contribution of different yeast species to fly nutrition
when multiple yeast species are present. Markow et al. (2000) have shown that sta-
ble isotope ratios (6'*C and 6'°N) can be used in combination to identify cactus
species and that a change of diet (in this case, yeast substrate and not yeast species)
is detectable in the fly over a period of 24 h. If yeast species are distinguishable with
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this technique, it might be adapted to allow direct comparison of the contribution
of different yeast species to both larval and adult nutrition.

Yeasts may play a significant indirect role in Drosophila nutrition through their
production and assimilation of low molecular weight volatiles. Some Drosophila
adults are able to assimilate small volatile molecules directly from the atmosphere
(Starmer et al. 1977; van Herrewege and David 1978). A variety of volatiles, includ-
ing methanol, acetic acid, and acetaldehyde, can produce the effect (Jefferson and
Aguirre 1980; Parsons 1980, 1989). This may be especially important for species that
have little access to a sugar-rich substrate, such as cactophilic flies (Starmer et al.
1977). Early studies concentrated on longevity experiments in which the adults were
exposed to water vapor alone or water supplemented with low concentrations of
volatiles (higher concentrations are toxic). These results raised questions about the
mechanism by which longevity was increased and the relevance of the effect to the
fitness of the flies, although Starmer et al. (1977) observed that the ovarioles were
retained when D. mojavensis fed on atmospheric ethanol. Etges and Klassen (1989)
confirmed that ethanol was a food resource for D. mojavensis and that the increase
in life span is not due to physiological changes brought on by starvation. Ethanol
increased longevity but also increased the metabolic rate and fecundity, effects
inconsistent with starvation. Radiolabeling demonstrated that adults incorporate
ethanol vapors into their tissues (Etges and Klassen 1989). Volatiles are also impli-
cated in resource location and partitioning (Fogleman 1982; Oakeshott et al. 1982).

Volatile production varies with substrate and microflora, but cactophilic yeasts
can produce acetaldehyde, acetic acid, propionic acid, methanol, ethanol, ethyl
acetate, isobutyl alcohol, isobutyric acid, n-butyric acid, and isoamyl alcohol
(Fogleman 1982; Barker et al. 1994). Other volatiles found in cactus rots include ace-
tone and 1-propanol and 2-propanol, possibly owing to untested yeast’s abilities or
bacterial fermentation (Fogleman 1982; Starmer et al. 1986). Most of these com-
pounds can also be metabolized by one or more cactophilic species. For this reason,
interactions among volatiles, yeasts, and Drosophila are expected to be complex and
have not, at this time, been adequately studied. Starmer et al. found that 2-propanol
addition led to larger flies when the yeast present in the system could assimilate the
volatile (in this case, C. sonorensis and S. cereana) but not when the yeast was unable
to assimilate it. Interestingly, only D. mojavensis feeding on its preferred host,
Stenocereus gummosus, benefited from 2-propanol. D. arizonae and D. buzzatii did
not benefit but they both fed on Opuntia tissue in the experiment, which contains
more simple sugar than does S. gummosus and this difference may have mitigated
potential benefits from the presence of the volatile. Ganter et al. (1989) demon-
strated that the longevity of D. mojavensis was increased by the presence of methanol
and a yeast that could assimilate it, C. sonorensis, but there was no effect if other
species of yeasts that could not assimilate the volatile were substituted. Yeast was
inoculated onto agar supplemented with S. gummosus powder (no other nutrients
were included) and the flies had access to the yeast during the experiment. Greater
longevity was not observed for either D. melanogaster or D. buzzatii. The former is
not a cactus breeder, while D. buzzatii is but it does not utilize S. gummosus.

Although the relationship between Drosophila and yeasts is diffuse, it is similar in
some ways to fungal-insect interactions that are more specific. Although some vari-
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ation existed, slime-flux breeders in a desert climate (where availability of alternative
feeding sited may be limited, Begon 1982) carried yeasts similar to those found in
their larval breeding sites (Ganter et al. 1986). For cactus breeding flies, the correla-
tion was even closer (Ganter et al. 1986; Ganter 1988). In both cases, the host plant
was of greater importance to the yeast found in the larval substrate than was local-
ity (also see Barker et al. 1983, 1984, 1987). Cactophilic Drosophila vector a subset
of yeasts present in the breeding site: those that are strong producers of volatiles,
principally ethyl acetate (Ganter 1988). These are also the same species that cactus-
breeding fly larvae preferred to eat (Fogleman 1982; Fogleman et al. 1982; Vacek
et al. 1985). The larval preference may also be linked to production of ethyl acetate
or other small volatile molecules by the yeasts (Fogleman 1982). Drosophila adults
and larvae are found in younger cactus rots, where a yeast flora from other sources
is less likely to be present (Starmer 1982a; Starmer et al. 1987; Ganter 1988). The
result is that, when cactus-breeding adults arrive at a suitable rot, they deposit both
eggs and the yeasts that will provision the rot for their offspring. Although not as
species-specific as other instances, this too should be considered a case of insect agri-
culture (Mueller et al. 1998; Farrell et al. 2001; Mueller and Gerardo 2002).

There is yet another possible role of yeasts in the diet of Drosophila that goes
beyond simply providing nutrition. Some Drosophila larvae and pupae develop more
slowly and with greater mortality in the presence of sunlight, a situation which can
be improved with the addition of yeasts to their diet (Bruins et al. 1991). The reason
for the harmful effect of light is unknown, but may be linked to the production of
oxygen radicals when light interacts with porphyrins. The yeasts may supply antiox-
idants that palliate the effect of the light.

14.10.3 Yeast and Drosophila Oviposition

Drosophila oviposition behavior depends on the microbiota found on their larval sub-
strates but the exact form of the preference is linked to habitat and may vary with the
successional stage of the rot. Most fruit-breeding Drosophila prefer to oviposit on
yeast-colonized substrates over those where bacteria or molds predominate
(Oakeshott et al. 1989). This is not true of D. mojavensis, which prefers to lay eggs on
early-stage cactus rots. D. mojavensis was attracted to its favorite host tissue only after
the addition of bacteria associated with the formation of the rot but was not attracted
to mixtures of volatiles characteristic of later rot stages (Fogleman 1982). Not all cac-
tophilic species show an oviposition preference for substrates without yeasts. Vacek
et al. (1985) found that adult D. buzzatii, a cactus-breeder, preferred to feed and
oviposit on the same species of yeast (C. sonorensis, P. cactophila, P. barkeri,
Phaffomyces opuntiae, and Clavispora opuntiae) and, except for Ph. opuntiae, these
were the most commonly isolated yeasts from their oviposition substrate (O. stricta).
Bacteria from cactus soft rots were present and were one of the possible choices but
were rejected. Oviposition preferences are variable among isolines of D. buzzatii and
there is heritable genetic variation for the character (P. cactophila was once again the
most preferred species) (Barker and Starmer 1999). Establishing the cause for such
preferences is difficult as yeast—yeast interactions and preferences for yeast change
with different combinations of yeast species (Barker 1992; Barker et al. 1994).
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14.10.4 Yeast and Drosophila reproduction

Many studies of Drosophila life history have sought to understand the importance
of trade-offs in the evolution of traits such as time to maturity, adult size, lifespan,
fecundity, and egg size. An example of this is the potential trade-off in energy and
resource allocation between metabolic (growth, maintenance, and storage) and
reproductive functions. Yeasts in the diet of flies have been shown to directly affect
egg production (by at least an order of magnitude) (Chippindale et al. 1993, 1997,
Simmons and Bradley 1997) and to have a direct impact on the importance of such
trade-offs for the fly (Leroi et al. 1994).

Male size is often an indicator of mating success for Drosophila (Partridge et al.
1987), including D. buzzatii (Santos et al. 1988, 1992). However, the size of axenic
D. buzzatii males had no effect on their reproductive success (Norry and Vilardi
1996). When the same strains of flies were allowed to feed on live yeast from their
larval substrate (O. vulgaris soft rots), size-related sexual selection was observed.
Males with wider faces were preferred if the face was contaminated with live yeast.
Yeasts are transmitted between sexes during courtship (Starmer et al. 1988). The rea-
son for the preference was not obvious so this effect cannot be labeled as a nuptial
gift and there was no indication that the effect varied with yeast species. Some
Drosophila males present their mates with a nuptial gift of a drop of fluid, rich in
yeasts, regurgitated from the crop. Nuptial gifts are varied and their function may
also be varied (Vahed 1998). Some gifts have potential interactions with associated
microbes, such as the gift of stored nitrogen waste products by male Blattid cock-
roaches. Steele (1986b) found that Drosophila in the obscura species group produced
a drop and, if the drop were of sufficient quality, the female would remain still while
feeding long enough for the male to successfully mount her. Females kept on a low-
quality diet that were fed a nuptial meal were more fecund than those that had no
nuptial meal, so the meal may benefit both parents (Steele 1986a).

Drosophila mate choices can also be affected by the composition of cuticular
hydrocarbons, which may function both in selection of a conspecific mate and in
species recognition. In a study of both intraspecific and interspecific variation in
hydrocarbon makeup, Stennett and Etges (1997) found that food type could signifi-
cantly alter the composition of the cactus-breeding flies, D. mojavensis and D. ari-
zonae. The relevance of this finding to this review is that they varied both the
substrate and microbial components of the larval food (laboratory food with an
uncontrolled microbial flora versus cactus tissue seeded with a subset of yeast
species commonly isolated from it). As yeasts can supply insects with a significant
portion of their lipid intake, it is not clear which component of the diets was respon-
sible for their results. Yeasts may play an indirect role in mate choice and speciation
by supplying the flies with a varied assortment of lipids in their diets.

14.10.5 Yeast Endosymbionts in Drosophila
One of the oldest known instances of endosymbiotic yeast involves Drosophila and

Coccidiascus legeri (Chatton 1913; Lushbaugh et al. 1976). This is the only known
Drosophila endosymbiont, which has been observed to produce ascospores but has
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never been cultured. The means of transmission is not known, although, as it resides
within gut epithelial cells and Drosophila larvae have been observed to feed on the
carcasses of adults (Gregg et al. 1990), feeding is thought to play a role. The most
basic question is about the nature of the relationship between yeast and fly. It has
been found in temperate-woodland Drosophila (Ebbert et al. 2003) but it occurs in
less than 4% of adults. This is consistent with a parasitic relationship. However,
Ebbert et al. (2003) found that, in contrast to another member of the Drosophila gut
flora (a Trypanosomatid flagellate), the yeast affects its host’s life history in poten-
tially beneficial ways. In laboratory experiments, infected fly larvae were more likely
to eclose and did so an entire day earlier than uninfected individuals. The mecha-
nism for this is not known but this does suggest a positive effect of the yeast on the
fly. Most Drosophila biologists assume that flies that linger in the larval stage and
expose themselves to predation and mischance are lowering their fitness and so,
since no other habitat other than the gut epithelium is known for the yeast, the rela-
tionship appears mutualistic. At this time, it is not possible to reconcile the preva-
lence data with the experimental data.

14.11 Other Diptera

There are scattered reports of yeasts associated with Dipterans other than
Drosophilids. Zacchi and Vaughn-Martini (2002) isolated P. guilliermondii from the
guts of Heteromyzidae larvae that feed on truffles. C. tropicalis has been implicated
as the causative agent in an outbreak of fermentation spoilage of ripening figs in
Brazil. Gomes et al. (2003) believe that the fruit fly Zaprionus indianus, a member of
the Drosophilidae and recently arrived in Brazil, is the sole vector of this yeast in
this system. Phorbia phrenione is the principal pollinator of Epichloé typhina, a
Clavicept endophytic parasite. The fly transfers conidia to a stroma of the opposite
mating type before formation of perithecia (Bultman and White 1988). Perhaps hap-
loid sexual yeasts rely on animal dispersal to bring mating types together as a part
of their reproductive biology. Cranefly larvae (Tipula abdominalis) feed on leaf lit-
ter. Their hindgut is enlarged and home to microbes that may be important to the
fly’s nutrition (Breznak 1982).

14.12 Conclusions

The diversity of yeasts associated with animals may be severely underreported. It is
hard to cite evidence that something has not happened, but there are hints that the
previous is true from patterns existing in the current literature. Some habitats are
understudied in general and when yeasts are reported from them, it is hard to tell
how important they might be in that habitat. Yeasts from deep-sea tube worms and
clams are an example of this (Nagahama et al. 2003). Collecting effort has not been
uniform. The percentage of ambrosia and bark beetle yeasts known from South
Africa is unexpectedly high (Table 14.1), perhaps because bark beetle yeast diversity
is unusual in South Africa or the systematic search for these yeasts contributed by
J.P. van der Walt and associates has not been duplicated in other regions. A similar
observation may be made for the yeasts from decaying wood, which seem to reach a
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diversity peak in Chile (Table 14.1, most described by C. Ramirez and A. Gonzalez),
but this may also be a sampling artifact. Many of the yeasts identified from these
two regions have not been collected elsewhere and one can only speculate that other
species may fill these niches in other places. There are also more positive indications
where habitats have only recently come under systematic scrutiny (the flower- and
mushroom-beetle yeast communities) yet have proven to be very speciose and again
the species have strong geographic associations. Although small, the nematode-asso-
ciated Ascobotryozyma seems to be a potentially speciose clade, given that all recog-
nized species have been sampled from a small geographic area and from only two
species of Nematoda — itself one of the most speciose animal lineages known. One
can argue (successfully) that part of the recent increase in yeast diversity is due to
the application of molecular systematic techniques as predicted by Kurtzman (in
Kurtzman 1994, Kurtzman and Robnett 1998a; and other sources). However, the
techniques have thrown light on the diversity, not created it. What should interest us
are the ecological and evolutionary processes that have created it. For the yeasts cov-
ered in this review, both insect associations and limited distributions seem to encour-
age diversification. These causative factors can be seen as interdependent because
relying on animals as vectors may limit yeast dispersal range even as it increases dis-
persal success. That geography is important to the description of a yeast species has
not always been accepted, but the previously given evidence is convincing that, for
at least some habitats, it is essential.

Historically, much interest has been focused on substrate-yeast interactions
rather than vector—yeast interactions. It was felt that different substrates would have
the major effect on yeast evolution and that the vector’s effect would not have much
explanatory power. This is obviously not the case for mutualistic, endosymbiotic
interactions, but these were seen as exceptional cases and not as central to a general
understanding of yeast evolution or ecology. However, evidence is slowly building
for the importance of animal-yeast interactions in yeast evolution. There are two
important factors so far identified. First is the fundamental importance of disper-
sal. Animal-vectored yeasts seem to have populated the biosphere as many localized
species, closely tied to geography and local conditions. This population structure is
much closer to the population structure of the animals that vector them than to
microbes with spores or dispersal morphs light enough and resistant enough to
depend on air and dust to vector them. The model of wind-dispersed bacteria
(Howard et al. 1985), where the genetic variation across a continent can be mirrored
in the variation among strains from a single apple, or fungi (Gosselin et al. 1996),
simply does not fit many yeasts.

The second factor is the importance of mutualisms that have diffuse, variable
memberships rather than mutualisms between specific pairs of species. These mutu-
alisms often involve communities of yeasts and animals. This makes them harder to
detect and study but not less important in yeast evolution. An excellent example of
the impact of diffuse mutualisms is the cactus—Drosophila—yeast system. While cacti
are important in yeast evolution, they chiefly supply necrotic tissue to the system.
Cactus rots are not initiated by the organisms that live in them (Fogleman and
Foster 1989) and there is no evidence at this time that the cacti respond beyond lim-
iting the amount of tissue available to the rot community. The opportunity for
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coevolution seems limited. The Drosophila, while not the only vector in the system,
are probably the most important vectors and are dependent on yeast for their nutri-
tion. Thus, the probability of coevolution between fly and yeast seems more likely
than cactus—yeast coevolution. However, at this time, we are much more likely to ask
how variation in yeast genotype or phenotype relates to plant—yeast interactions
than to animal-yeast interactions. Upon finding that there is variation among
regional variants of a yeast species, are the differences more likely to be tied to adap-
tation to different hosts or to different vectors? Of course, the only answer is that
both are vital to the yeast’s success and both deserve study.

When is it reasonable to define an interaction as mutualistic? Yeasts can be ani-
mal parasites, commensals, or mutualists. The clearest cases for mutualism come
from endocytobionts. That there is a cost to the host in terms of resource inherent
in the presence of endocytobionts seems incontestable. Thus, the nature of the inter-
action depends on the benefit-to-cost ratio. Evolutionary costs and benefits must be
measured in terms of fitness. What the drain of resources by the microbe costs the
host in terms of fitness may be returned to the host in some benefit (production of
essential molecules, detoxification, resistance to parasites) that equals or exceeds the
cost. Unfortunately, costs are almost always measured in units (calories, millimoles
of of nutrient, etc.) different from those used for measuring benefits so that they are
not directly comparable. Fitness (or a component if fitness if both cost and benefit
affect it) allows direct comparison but it is much more difficult to measure.

The advantage of considering animal-yeast interactions from an evolutionary per-
spective is that it opens up interesting lines of inquiry. When acquisition of an
endosymbiont allows the host to exploit a new niche, there is a strong prima facie case
that the relation is mutualistic. Phloem-feeding Homoptera cannot sustain themselves
on plant sap without the presence of their endocytobionts. From an evolutionary per-
spective, questions arise about this relationship based on conflicts between hosts,
between endosymbionts, and between host and symbiont. These conflicts complicate
assessment of fitness for species involved in an endocytobiosis even when the likeli-
hood of mutualism is high. There are asymmetries that need clarification if the system
is to be understood beyond establishing that the presence of the microbe is necessary
for exploitation of the niche. Does the host seek to limit the cost of and maximize the
benefit from the symbiont cells, as though the host were the owner of the means of
production and the endocytobiont only a worker in the factory? Do the symbiont cells
cooperate with the host’s limitations so that the host’s, and therefore the microbe’s, fit-
ness is maximized or does conflict between symbiont varieties eliminate cooperation
with the host beyond the minimum needed for host success? Once an endocytobiotic
relationship is established, is the system open to invasion by other microbes and under
what conditions does this lead to coexistence in the host versus replacement of one
endocytobiont with another? (Jones et al. 1999; Suh et al. 2001) How are resources
allocated in hosts with multiple endocytobionts, such as many Homoptera and
Coleoptera? Is the host in charge or do the various endosymbionts compete? Is only
one endocytobiont a mutualist while the rest exist as free-loading commensals, sup-
plying only enough benefit to the host to cancel the cost of their presence? Horizontal
transfer seems integral to the origins of the relationship between host and microbe and
unculturable endocytobionts can still be present in an organism’s environment
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(Nakabachi et al. 2003) but there are few models for how and under what conditions
horizontal transmission is replaced by vertical transmission. For established sym-
bioses, it is necessary to know if horizontal transfer is possible and, if so, how likely
must it be before it affects both host and endocytobiont? Considerations such as these
make it difficult to assume that symbioses are mutualistic without experimental con-
firmation but the answers to the questions they pose are necessary if we are to fully
understand animal-yeast interactions.

Note Added in Proof

Since completing the submitted draft of this chapter, several new insect-associated
yeasts have been described. Candida leandrae was collected from a Drosophilid cap-
tured on the Hawaiian Islands (the LSU sequence places it in the Kodamaea clade near
C. restingae) (Ruivo et al. 2004). Metschnikowia hamakuensis, M. kamakouana, and
M. mauinuiana are all associated with nitidulid beetles on the same group of islands
(Lachance et al. 2005). Saturnispora hagleri and Geotrichum silvicola were isolated
from Drosophila captured in Brazil’s Atlantic rainforest, although the latter was also
isolated from silkworm caterpillars in India (Morais et al. 2005, Pimenta et al. 2005).
The same forests also yielded Candida riodocensis and Candida cellae, two species iso-
lated from bees and belonging to the Starmerella clade (Pimentel et al. 2005).
Komagataella phaffii has been described from trees and sap fluxes (Kurtzman 2005)
but its LSU sequence is identical to the Pichia pastoris strains collected from
Drosophila brooksae by Ganter et al. (1986). Association with sap fluxes and the ear-
lier misidentification argue for this being an insect-associated yeast. The variety of
Candida guilliermondii isolated from fig wasps as been elevated to specific status as
C. carpophila (Vaughan-Martini et al. 2005). Based on LSU sequence identity, this
species also includes strains previously identified as C. xestobii.
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15.1 Introduction: a Definition of Niches Where Yeasts Are
Able to Tolerate Harsh Surroundings

As stated by Rothschild and Mancinelli (2001) it is still fact that where there is lig-
uid water on Earth, virtually no matter what the physical conditions, there is life.
‘What we previously thought of as insurmountable physical and chemical barriers to
life, we now see as yet another niche harbouring “extremophiles”. An organism that
thrives in an extreme environment is an extremophile; in more than one extreme it is
a polyextremophile.

Extreme environments include different parameters (Rothschild and Mancinelli
2001):

-Physical extremes: temperature, radiation, pressure, gravity or vacuum

-Geochemical extremes: desiccation, salinity, pH, oxygen species or redox potential

It could be argued that extremophiles should include organisms thriving in bio-
logical extremes (for example, nutritional extremes, and extremes of population den-
sity, parasites and prey). Although all hyperthermophiles are members of the
Archaea and Bacteria, eukaryotes are common among the psychrophiles, aci-
dophiles, alkaliphiles, piezophiles, xerophiles and halophiles (which respectively
thrive at low temperatures, low pH, high pH, and under extremes of pressure,
desiccation and salinity) (Rothschild and Mancinelli 2001).

Although these characterizations seem straightforward, three philosophical
issues need further exploration. First, what is “extreme”? Perhaps extreme is in the
eyes of the beholder. It is clear that to a thermophile that dies at 21°C and a
piezophile that finds atmospheric pressure extreme what determines an extremophily
is based on definitions that are perhaps anthropocentric. Second, there are ecologi-
cal aspects to determine a definition of extremotolerant and extremophile organisms.
Besides, there is a very thin line between these two terms. Third, it has to be defined
if an extremophile has to show its extreme physiology during all life stages, and
under all conditions (Rothschild and Mancinelli 2001).

Life requires an input of energy, but must also be able to control energy flow.
Redox chemistry is universal. As life is based on organic chemistry, such chemistry
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must be allowed to operate. An extremophile must either live within these parame-
ters, or guard against the outside world in order to maintain these conditions intra-
cellularly (Rothschild and Mancinelli 2001).

Extremophilic microorganisms capable of developing in extreme environments
have recently attracted considerable attention because of the challenge that their dis-
covery has posed to our current notions of the limits of life and its possible origin,
but, most importantly, because of their biotechnological potential (Boekhout and
Phaff 2003; Goénzalez-Toril et al. 2003). In this paper we focus on yeasts that are
able to survive in harsh surroundings and are therefore potentially useful in biotech-
nological applications.

15.1.1 Dry Environments

Water possesses many properties that seem to make it the essential solvent for life. It
has high melting and boiling points with a wide temperature range over which it
remains liquid, and a high dielectric constant important for its solvent action. Water
expands near its freezing point, and it forms hydrogen bonds. No other compound
possesses all of these traits. Thus, water limitation is an extreme environment
(Rothschild and Mancinelli 2001). Water availability not only depends on the water
content of an environment, that is, how moist or dry a solid microbial habitat may
be, but is also a function of the concentration of solutes such as salts, sugars, or
other substances that are dissolved in water. This is because dissolved substances
have an affinity for water, which makes the water associated with solutes unavailable
to organisms, so the salt or sugar solution can, in effect, be considered analogous to
a dry environment (Madigan et al. 1997).

15.1.1.1 Low Water Activity

Water availability is generally expressed in physical terms such as water activity (a ).
a, is defined as the ratio of the vapour pressure of the air in equilibrium with a sub-
stance or solution to the vapour pressure at the same temperature of pure water
(Madigan et al. 1997). So, low a value defines an environment where water is in
unavailable state for unadapted organisms. Such conditions can be found in freezing
areas where water molecules form ice. Low a,, is also a characteristic feature for envi-
ronments of high salinity [salt lake (a,=0.75), salt fish, seawater, salami] and for
environments of high concentrations of sugars [cereals, candy, dried fruit (a,=0.7)]
(Madigan et al. 1997). Limitation of water in the latter case is not meant in a way of
a different state of water, as it is for ice, but the law of osmosis controls its
availability.

15.1.1.1.1 Cold Environments

Much of the Earth’s surface (over 80% of the total biosphere) experiences fairly low
temperatures. The oceans, which make up over half of the Earth’s surface, have an
average temperature of 5°C, and the depths of the open oceans have constant tem-
peratures of about 1-3°C. Vast land areas of the Arctic and Antarctic are perma-
nently frozen or are unfrozen for only a few weeks in summer (Madigan et al. 1997,
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Cavicchioli and Torsten 2000). These natural environments also include cold soils, in
and on ice in polar or alpine regions, polar and alpine lakes, and sediments, caves,
plants and cold-blooded animals (e.g., Antarctic fish). Artificial sources include
many refrigeration appliances and much refrigeration equipment (Cavicchioli and
Torsten 2000).

Cold environments have been successfully colonized by numerous organisms, in
particular bacteria, yeasts, unicellular algae and fungi (Gerday et al. 2000).
Temperature creates a series of challenges, from the structural devastation wrought
by ice crystals at one extreme, to the denaturation of biomolecules at the other. At
low temperatures with nucleation, water freezes. The resulting ice crystals can rip cell
membranes, and solution chemistry stops in the absence of liquid water. Freezing of
intracellular water is almost invariably lethal (Rothschild and Mancinelli 2001).

Active microbial growth in extremely cold environments is under the influence of
ice formation and consequently of little biologically available liquid water. Thus,
water activity (rather than extremely low temperatures) in habitats such as snow, sea
ice and glacier ice is the dominant factor in the external chemistry that influences
microbial activity. During freezing and binding of water in ice crystals, ions are
expelled and the ion concentration in the remaining liquid water increases (Gunde-
Cimerman et al. 2003).

The coldest, driest places on Earth are the dry valleys of Antarctica. The primary
inhabitants for both hot and cold deserts are cyanobacteria, algae and fungi that live
a few millimetres beneath the sandstone rock surface (Rothschild and Mancinelli
2001). Antarctica is a remote continent whose ice-free desert regions are subject to a
unique combination of extreme environmental stresses (see Chap. 16). Paramount
amongst these is the scarcity of water for the integrity of biomolecules and meta-
bolic activity (biochemical processes) of living organisms. Precipitation is minimal,
so transient summer melt water is frequently the sole source of moisture.
Precipitation itself is in the form of snow whose ice crystals mainly sublime before
they can melt under the influence of solar heating of the substratum. Little moisture
enters the microhabitats of these desert ecosystems. There are frequently high con-
centrations of salts in the scarce melt water, resulting in surface evaporite habitats.
These, by their osmotic effects in the microbial microhabitat, make the accessibility
of water for metabolism energetically demanding. When desiccation becomes
extreme, water replacement molecules, such as the sugar trehalose, are also essential
to conserve the ultrastructure of fundamental biomolecules. These include mem-
brane proteins associated with energetic sequences and photosynthetic systems, all
of which require spatial organization. They also protect the tertiary structure of
enzymes and the nucleic acids, DNA and RNA (Wynn-Williams and Edwards 2000).

In addition to desiccation stress and low-temperature constraints, the Antarctic
also has the most extreme UVB flux on the Earth because of the ozone hole. UVB
damages a variety of vital biomolecules. Not only does it cause mutation in DNA
but it also disrupts proteins, including the lipoproteins of cell membranes and
organelles. Experiments on the extraterrestrial environment of low Earth orbit
are also valuable for augmenting environmental research in Antarctica, especially
the effects of maximal ozone depletion with the biological consequences of its
concomitant maximal UVB transmission (Wynn-Williams and Edwards 2000).



374

Peter Raspor and Jure Zupan

15.1.1.1.2 Hypersaline Environments

Organisms live within a range of salinities, from essentially distilled water to satu-
rated salt solutions. Osmophily refers to the osmotic aspects of life at high salt con-
centrations, especially turgor pressure, cellular dehydration and desiccation.
Halophily refers to the ionic requirements for life at high salt concentrations.
Although these phenomena are physiologically distinct, they are environmentally
linked. Thus, a halophile must cope with osmotic stress (Rothschild and Mancinelli
2001).

The definition of a hypersaline environment is one that possesses a salt concen-
tration greater than that of seawater (3.5% w/v). For water-containing environments,
the salt composition depends greatly on the historical development of the habitat,
and the environments are normally described as thalassohaline (marine derived) or
athalassohaline (the chemical composition is mainly determined by geological, geo-
graphical, and topographical parameters, for example, Great Salt Lake in Utah and
the Dead Sea). In addition to lakes formed by evaporation in moderate climate con-
ditions, hypersaline Antarctic lakes have been formed from the effects of frost and
dryness in this environment. Antarctic and moderate-temperature soils may also
contain salinities between 10 and 20% (w/v) (Cavicchioli and Torsten 2000).

15.1.1.1.3 Environments with High Concentrations of Sugars

A typical environment which has extremely high concentrations of sugars is honey.
Microorganisms in honey may influence quality or safety. Owing to the natural
properties of honey and control measures in the honey industry, honey is a product
with minimal types and levels of microbes. Microbes of concern in post-harvest han-
dling are those that are commonly found in honey (i.e., yeasts and spore-forming
bacteria), those that indicate the sanitary or commercial quality of honey (i.e.,
coliforms and yeasts), and those that under certain conditions could cause human
illness (Snowdon and Cliverb 1996).

15.1.1.2 Low Humidity

The relative humidity (RH) limit for functioning of the most resistant forms of life
is near 70%. Data of the last few years show that the specificity of the role of water
in living systems consists not only in its participation in forming the structures of
biopolymers and membranes, but also in forming the environment for biochemical
reactions. Water because of the complex character of its influence as stabilizing and
as loosening factors determines the equilibrium of forces within such structures and
its sensitivity to the regulation. The capability of functioning and reproducing as the
necessary conditions for the existence of life is determined by requirements of regu-
lation but not of durability or chemical resistance of structures, which have limited
character. At low RH the interaction of water with the polar groups plays the basic
role, but increase of the RH to 30% and more leads to a new effect — the competi-
tion of water for hydrogen bonds within the macromolecules of biopolymers and
between the lipid molecules that form such bonds. This is the necessary condition for
forming the native biological structures. This also determines the possibility of the
enzyme reactions in the solid phase, the efficiency of photooxidation of cytochrome
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in the photosynthesis chain and the lability of structures of the proteins and DNA.
The next effect is determined by the appearance of the free water with high dielec-
tric constant at a RH more than 60%, which makes weaker charge interactions and
leads to lateral mobility within membranes. This water also causes the hydrophobic
interaction, which stabilizes the structure of biopolymers and a set of other impor-
tant processes for life. Any of these factors are necessary for functioning of the liv-
ing systems that determine the previously mentioned limit of the RH for active life
(Aksyonov 2002).

15.1.2 Acidic Environments

pH is defined as —log,[H*]. Biological processes tend to occur towards the middle
range of the pH spectrum, and intracellular and environmental pH often fall in this
range (for example, the pH of sea water is approximately 8.2). However, in principle,
pH can be high, such as in soda lakes or drying ponds, or as low as 0 ((H*]=1 M) and
below. Proteins denature at exceptionally low pH (Rothschild and Mancinelli 2001).

Environments with low pH includes volcanic soils and waters, acid mine
drainages, acid soils, vinegar, gastric fluids and fruit juices. (Madigan et al. 1997).
The majority of extremely acidic environments are associated with the mining of
metals and coal (Cavicchioli and Torsten 2000). Acid-mine drainage water (e.g.,
effluent of a uranium ore mine) is an example of such an acidic environment and is
an interesting model to obtain a better understanding of life in extreme acidic
conditions and to elucidate the basis of the survival and role, if any, of acidotoler-
ant yeasts. In these two cases tolerance to metals as well as several physiological
parameters at acidic pH are important (de Siloniz et al. 2002b).

The microbial processes that produce the acidic environment are a result of
dissimilatory oxidation of sulfide minerals, including iron, copper, lead and zinc sul-
fides. This process can be written as Me**S?~ (insoluble metal complex)—Me?+SO >,
where Me represents a cation metal. As a result of the extremely low pH in these
environments, and due to the geochemistry of the mining sites, cationic metals (e.g.,
Fe?*, Zn**, Cu** and Al**) and metalloid elements (e.g., arsenic) are solubilized; this
process is referred to as microbial ore leaching (Cavicchioli and Torsten 2000).

The Tinto river (Huelva, southwestern Spain) is an environment where the pH
remains low and rather constant year-round (mean 2.3), regardless of the tempera-
ture or the river flow. This is the consequence of the buffer effect produced by the
presence of high concentrations of ferric iron along the river:

Fe**+H,0 < Fe(OH)**+H*
Fe(OH)*+H,0 < Fe(OH),*+H*
Fe(OH)," +H,0 ¢ Fe(OH)+H"

When the river is diluted by tributaries or rain, ferric hydroxide is formed
and protons are released, thus maintaining the acidic pH of the system. During the
summer, when extremely high temperatures are reached, evaporation is increased,
but the pH is maintained constant because the reverse reaction operates: ferric
hydroxide precipitates dissolve, consuming protons (Gonzalez-Toril et al. 2003).
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15.1.3 Environments with High Concentrations of Metals

Industrialization has long been accepted as a hallmark of civilization. However, the
fact remains that industrial emanations have been adversely affecting the environ-
ment. Municipal water-treatment facilities in most developing countries, at present,
are not equipped to remove tra