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Preface

Why a book on Cold-Adapted Yeasts? What is the scientific background that
encouraged us to edit a book on the biodiversity, adaptation strategies and bio-
technological implications of these attractive microorganisms that are apparently
able to survive and even to grow at low temperatures in really inhospitable
habitats?

Over 80 % of the Earth’s environments are permanently or periodically exposed
to temperatures below 5 �C. Cold environments include deep seas, cold deserts and
glacial habitats (i.e. glaciers and related habitats, icy seas, ice caps and continental
ice sheets and frozen ground, which are characterised by the presence of ice in
extensive masses and cover about 10 % of the Earth’s surface at the present time).
In many natural ecosystems, cold conditions are frequently associated with other
limiting environmental factors (e.g. low water activity and nutrient availability,
high hydrostatic pressure and oxidative stress, high solar irradiation, etc.) which
make such extreme habitats very inhospitable (or even life-limiting) ecosystems. A
few cold habitats are also associated with human activities (e.g. refrigeration
technology in food industry).

Current knowledge on microbial biodiversity and ecology has shown that cold
habitats harbour a wide diversity of psychrophilic prokaryotic and eukaryotic
microbial life, including archaea, bacteria, cyanobacteria, yeasts, filamentous
fungi, algae and protozoa. Low temperatures have a strong influence on microbial
life, both indirectly (change of the physical state of water) and directly (low
metabolic rate due to the reduced enzymatic activity). The key feature of both
prokaryotic and eukaryotic organisms adapted to cold is to successfully overcome
the negative effects of low temperatures through the development of structural and
functional adaptations.

Yeasts are a group of eukaryotic organisms belonging to the Kingdom of Fungi
which are widely distributed in worldwide microbiomes. Their manifest ubiquity
in the Earth’s biosphere is however balanced by their great diversity and specificity
for the different habitats. Yeasts are probably one of the most relevant microbial
groups in both traditional fermentation technologies and biotechnological appli-
cations. Most people associate yeasts with the ascomycetous species Saccharo-
myces cerevisiae (the so-called ‘‘baker yeast’’), traditionally involved in the
production of alcoholic beverages and in leavened bread, although this techno-
logically domesticated species represents only a infinitesimal bit of the vast
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biodiversity occurring inside the yeast world. Since the 1950s, the study of cold-
adapted yeasts has attracted an increasing number of scientists: consequently the
number of papers published and the number of psychrophilic and psychrotolerant
yeast species described in literature spectacularly increased.

In this book, prominent authors from universities and research centres present
an up-to-date state-of-the-art on the biodiversity, adaptation strategies and bio-
technological significance of cold-adapted yeasts in order to provide an additional
source of information to all those scientists who are interested in the microbiology
of these microorganisms. The book is subdivided into four main Parts:

i. an introductive part devoted to conceptual and methodological aspects related
to the study of cold-adapted yeasts in natural ecosystems and the role of
culture collections in handling the ever-increasing number of preserved
strains and relevant data

ii. a second part reporting an overview on the diversity and ecology of cold-
adapted yeasts (including the so-called ‘‘black yeasts’’) in worldwide cold
habitats (i.e. Arctic and Antarctic regions, Alpine, Apennine and Patagonian
cold areas)

iii. a third part describing the different physiological, biochemical and molecular
adaptation strategies used by cold-adapted yeasts to survive or even thrive
successfully in cold habitats

iv. a final part devoted to the biotechnological impact of cold-adapted yeasts as
biocatalysts in traditional and advanced (actual and potential) biotechnolo-
gies or as food spoilers.

As studies of cold-adapted yeasts have been carried out over more than 60
years, original strain identification was performed using taxonomic criteria of
current use at the time of isolation: hence, many species names cited in the early
literature are not adjourned. Accordingly, all original taxonomic designations
reported in the cited references were checked and, if necessary, updated according
to the latest taxonomic guidelines published in Kurtzman et al. (2011), or more
recent literature.

It is obvious that the book does not claim to be comprehensive of all aspects
concerning the life of these fascinating organisms. Some topics not covered here
are dealt with elsewhere, in particular the general introduction to the climate of
snow and ice as boundary condition for microbial life, published in Margesin et al.
(2008). Other topics are still characterized by a general insufficiency of studies
(e.g. diversity and ecology of cold-adapted yeast populations in Himalayan areas)
and are therefore not covered in this book.

The editors of this book want to thank all the authors for their excellent con-
tributions and hope that this book will provide a useful tool to increase the interest
in cold-adapted yeasts which, hopefully, will stimulate increasing efforts in sup-
porting research on this attractive field. P. Buzzini would like to thank his retired
colleague Prof. Ann Vaughan-Martini for the trust she demonstrated over the
years. He would also like to dedicate this book in memory of his teacher (and
friend) Prof. Alessandro Martini, who supported him since early 2000s in the study
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of this fascinating matter. Finally, the editors would like to thank the Springer
team, especially Dr. Jutta Lindenborn, for valuable and continuous support during
the preparation of this book.

Perugia, Italy, May 2013 Pietro Buzzini
Innsbruck, Austria, May 2013 Rosa Margesin
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Chapter 1
Cold-Adapted Yeasts: A Lesson
from the Cold and a Challenge
for the XXI Century

Pietro Buzzini and Rosa Margesin

Abstract Yeasts are a versatile group of eukaryotic organisms and widely dis-
tributed in worldwide microbiomes. The literature on cold-adapted yeasts con-
siderably increased in the last two decades. For some decades, Antarctica has been
the geographical area preferred by microbiologists for studying the diversity of
cold-adapted microorganisms including yeasts. However, in more recent years, the
biodiversity and the ecology of cold-adapted yeast populations colonizing
worldwide non-Antarctic cold habitats have attracted an increasing number of
scientists. Like other microbial taxa, yeasts inhabiting cold ecosystems have
evolved a set of structural and functional adaptation strategies to overcome the
negative effects of cold (sometimes associated with other limiting conditions) that
make such extreme habitats very inhospitable for microbial life. Due to their
singular phenotypic traits, cold-adapted yeasts have also been studied in recent
years for their biotechnological potential.

Keywords Psychrophilic yeasts � Psychrotolerant yeasts � Cold ecosystems �
Cold adaptation
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1.1 Introduction

More than 80 % of the Earth’s environments exhibit temperatures below 5 �C
(Cavicchioli and Tortsen 2000). The major fraction of cold habitats is represented
by deep oceans, Arctic and Antarctic snow- and ice caps, permafrost soils, sea ice
and high mountain glaciers. Antarctica (about 14 million km2) is the most rep-
resentative example of a terrestrial cold habitat, of which almost the totality of
surface is covered by ice and snow (Holdgate 1977). In many ecosystems, cold
conditions are frequently associated with other limiting factors (e.g. low water
availability (Aw) and nutrient availability, high hydrostatic pressure and oxidative
stress, high solar irradiation) which make such extreme habitats very inhospitable
(or even life-limiting) ecosystems (Claridge and Campbell 1977; Vincent 1988;
Campbell and Claridge 2000).

Current knowledge about the microbial biodiversity and ecology has shown that
even the most extreme cold habitat (e.g. Antarctica) harbours enormously diverse,
viable and metabolically active cold-adapted micro- and mesobiomes comprising
representatives of all three domains of life (Bacteria, Archaea and Eukarya
including yeasts, filamentous fungi, protists, lichens and small invertebrates)
(Cameron et al. 1970, 1971; Vishniac and Mainzer 1972; Vincent 1988; Wynn-
Williams 1990; Staley and Gosink 1999; Bej et al. 2010; Miller and Whyte 2012).

Of course, some cold habitats are also associated with human activities, prin-
cipally thanks to refrigeration technology in food industry: the study of cold-
adapted spoilage microbial populations surviving (and even actively growing)
under these conditions makes the efforts to rid these habitats of microbial con-
tamination more effective (Stratford 2006).

Low temperatures have a strong influence on whether a certain organism can
survive or even successfully thrive in a given habitat. This effect may be indirect
(through its influence on the physical state of water) and direct (through the degree
of metabolic rate due to the activity of enzymes) (Poindexter 2009). Despite the
influence of other environmental factors beside temperature on both growth and
metabolic efficiency, the key attribute of both prokaryotic and eukaryotic organ-
isms adapted to cold is to successfully overcome the negative effects of low
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temperatures through the development of a range of structural and functional
adaptations (Deming 2002; Siddiqui and Cavicchioli 2006; Feller 2007; Margesin
et al. 2008; Deming 2009; Bej and Mojib 2010; Gostincar et al. 2010; Shivaji and
Prakash 2010; Margesin and Miteva 2011).

Yeasts are a group of eukaryotic organisms belonging to the kingdom of fungi.
Since the pioneer investigations carried out in the 1860s by Pasteur, the study of
the yeast world has experienced a very important advance in terms of its under-
standing, phenotypic and taxonomic characterization and commercial exploitation
(Walker 1998; Johnson and Echavarri-Erasun 2011; Kurtzman et al. 2011a). Most
people associate yeasts with the ascomycetous species Saccharomyces cerevisiae,
with the production of alcoholic beverages and with leavened bread. In fact, it is
not uncommon in some areas of molecular biology to treat the words ‘‘yeast’’ and
‘‘Saccharomyces’’ as synonyms. Besides, owing to advances in functional
genomics and systems biology, S. cerevisiae is presently assumed to represent the
primary model eukaryotic organism for biological studies. This is in spite of the
fact that this domesticated species represents only a tiny fragment of the vast
biodiversity occurring in the yeast world. In fact, yeasts are distributed between the
Basidiomycota and Ascomycota phyla due to their paraphyletic nature, like fila-
mentous fungi (Kurtzman et al. 2011a). Moreover, in recent decades, an increasing
body of the academic and industrial research has paid its attention to the so-called
non-conventional yeasts (NCYs) (Wolf et al. 2003; Buzzini and Vaughan-Martini
2006), of which cold-adapted yeasts can be considered a not irrelevant portion.

Some fundamental aspects on the ecology, adaptation strategies to low tem-
peratures and biotechnology significance of cold-adapted yeasts are treated in this
chapter.

1.2 Cold-Adapted Organisms: Psychrophilic
and Psychrotolerant Life Forms

The classical definitions based on thermal dependence of growth kinetic param-
eters (Eddy 1960; Morita 1975; Cavicchioli and Tortsen 2000) are still used to
distinguish psychrophilic from mesophilic and thermophilic organisms. However,
although all organisms that successfully thrive on cold environments are usually
referred to as psychrophiles, a clear dichotomy should be highlighted. Psychro-
philic (‘‘cold-loving’’) organisms are differentiated from psychrotolerant (‘‘cold-
tolerant’’) organisms on the basis of their limit of temperature for growth.
Accordingly, psychrophiles (often labelled as obligate psychrophiles) have an
optimum growth temperature of about 15 �C or lower, an upper growth temper-
ature of about 20 �C and a minimum growth temperature of 0 �C. In contrast,
organisms that grow at 0 �C, but have growth optima of 20–30 �C, are called
psychrotolerant or facultatively psychrophilic (van Uden 1984; Cavicchioli and
Tortsen 2000; Raspor and Zupan 2006; Vishniac 2006a). Moyer and Morita (2007)
also termed such organisms psychrotrophic; however, Canganella and Wiegel
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(2011) considered this term (‘‘cold-eaters’’) obsolete. Nonetheless, the question-
ableness of using a maximum growth temperature as an indicator of how well an
organism is adapted to the cold has been emphasized (Cavicchioli 2006).

Psychrophiles are commonly prevalent in permanently cold habitats (e.g. polar
regions, high altitudes or deep sea). In contrast, psychrotolerant organisms, which
are able to grow over a wider range of temperature and show higher growth rates
above 20 �C, are predominant in environments characterized by fluctuating low
temperatures (Russell 1990). Based on the above definitions, psychrotolerants have
evolved to tolerate cold, but they are not apparently as physiologically specialized
as psychrophiles (Gounot 1986). The ability of psychrophiles to grow slowly at
low temperatures may be in reality an advantage in oligotrophic environments,
where a rapid exhaustion of available nutrients would lead to cell starvation
(Russell 1997). Besides, psychrophiles can be considered as true extremophiles as
they are adapted not only to low temperatures, but frequently also to further
environmental constrains, such as extremely high pressures (Yayanos 1995), low
Aw and nutrient availability (Friedmann 1982; Staley and Gosink 1999) and
exposition to strong UV radiation (Carpenter et al. 2000).

van Uden (1984) investigated in his monumental studies growth temperature
profiles of psychrophilic, mesophilic and thermophilic yeasts. Recent studies
focussed on the relationships between growth kinetic parameters and temperatures
and demonstrated that the temperature at which yeasts grow fastest is generally
different from that allowing the highest production of biomass (growth yield). A
relationship between the temperatures allowing maximum growth rate and the
source of the strain was also observed (Sabri et al. 2000; Margesin 2009a; Rossi
et al. 2009).

It has been emphasized that the temperature resulting in the maximum growth
rate (often erroneously termed ‘‘optimal growth temperature’’) in both prokaryotes
and eukaryotes could reflect only kinetic effects and occur above the linear part of
the Arrhenius curve, where the physiological conditions could not be ideal, thus
inducing cellular stress (Gounot and Russell 1999; Glansdorff and Xu 2002; Feller
and Gerday 2003; D’Amico et al. 2006; Feller 2007). Accordingly, Feller and
Gerday (2003) considered the use of the classical definitions of Morita (1975)
based on thermal dependence of growth kinetic parameters for three main reasons
to be ambiguous: (1) the limits of temperature result apparently arbitrarily selec-
ted, because they do not correspond to any clear separation of biological processes
or environmental conditions; (2) the classical definition cannot be successfully
applied to most eukaryotes; (3) microorganisms work both as thermodynamic (any
increase in temperature increases in parallel reaction and growth rate) and as
biological units (at a given temperature, some key heat-labile metabolic steps can
impair the performance of some pathways). In other words, although in some cases
a temperature shift (e.g. from 5 to 25 �C) can increase the growth rate of some
cold-adapted organisms, their physiological state can appear seriously altered
(i.e. reduced viable counts, enzyme synthesis and membrane functionality)
(Margesin 2009a). Accordingly, few authors seriously reconsider the use of growth
rates as an exclusive arbiter to define the optimum growth temperature.
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The terms stenothermal and eurythermal have also been proposed for organisms
growing over narrow and wide temperature ranges, respectively. Accordingly,
psychrophiles could be labelled as stenothermal psychrophiles, whereas psychro-
tolerant would be eurythermal psychrophiles. Such a definition takes into account
that psychrotolerants (which grow within a wide range of temperature) are much
more abundant in cold environments, probably because they can tolerate larger
temperature fluctuations (Feller and Gerday 2003). Nevertheless, due to the facts
that some evidences suggest that there is a continuum in temperature adaptation
for life and that a wide or narrow growth temperature range depends on the
organism, in this chapter we use the general term ‘‘cold-adapted’’ to designate both
psychrophilic and psychrotolerant organisms.

1.3 Fundamentals of Cold-Adapted Yeasts

Yeasts can be defined as those fungi whose asexual growth predominantly results
from budding or fission and which do not form their sexual states within or upon a
fruiting body (Kurtzman et al. 2011b). For ascomycetous yeasts, this distinction
has been substantiated by molecular comparisons, which demonstrate that budding
and fission yeasts are phylogenetically distinct from one another and from Euas-
comycetes (Kurtzman 2011). A similar distinction can be made for basidiomy-
cetous yeasts, which are phylogenetically distinct from filamentous fungi that form
complex fruiting bodies (Kurtzman et al. 2011c).

Yeasts are probably one of the most relevant microbial groups in biotechnol-
ogy. Mankind has benefited from yeasts for millennia in traditional fermentation
technologies. Studies in recent decades aimed at exploring the metabolic diversity
of yeasts have revealed innumerable promising properties relevant to biotechno-
logical applications, such as interesting activities of cells and metabolites, the use
of yeast cells as hosts for heterologous expression (e.g. for the synthesis of fine
chemicals), as well as their role in important agricultural and environmental
interactions. Some of these processes and products have reached commercial
utility, while others are still confined at the laboratory scale. The impact of yeast
biotechnology has been extensively documented in a number of reviews (Walker
1998; Buzzini and Vaughan-Martini 2006; Johnson and Echavarri-Erasun 2011;
Schisler et al. 2011).

The significance of yeasts in biotechnology is not exclusively restricted to their
role as ‘‘metabolic factories’’. Like bacteria and filamentous fungi, they also make
a significant contribution as food spoilers. Food spoilage catalysed by yeasts is
often predictable, principally occurring in those products where competition from
faster-growing bacteria is either retarded or prevented by the properties of the food
and the conditions of processing and storage (e.g. low temperatures) (Stratford
2006; Fleet 2011).

With regard to their ecological relevance, yeasts are widely distributed in
worldwide microbiomes (Starmer and Lachance 2011). The evident ubiquity of
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yeasts in the Earth’s biosphere is balanced by their diversity, specificity for hab-
itats and relationships with other organisms. As recently underlined by Shivaji and
Prasad (2009), yeasts are a versatile group of eukaryotic microorganisms exhib-
iting heterogeneous nutritional profiles and a surprising ability to survive in a wide
range of natural and altered habitats (Starmer and Lachance 2011). They colonize
a variety of ecosystems and are well adapted to a wide range of climates, altitudes,
substrates and geographical locations. It is possible to find yeasts in glaciers, high-
salinity lakes, water, soil, air, intestines of vertebrates and invertebrates (Starmer
and Lachance 2011), and even in acid waters (Russo et al. 2008) and marine deep-
sea environments (Nagahama 2006).

Following a classical food chain model, free-living yeasts are primarily
decomposers due to their heterotrophic status. Typically, they are among the
earlier colonizers of nutrient-rich substrates, where they are followed by a suc-
cession of organisms that degrade dead organic matter. However, yeasts are not
just decomposers but can assume a diversity of forms and functions in the natural
world. Along with their role in the biocycling of nutrients, they can engage in
intimate relationships with other organisms as mutualists, competitors, parasites or
pathogens (Starmer and Lachance 2011). Nevertheless, despite a plethora of
studies, it is estimated that only 1 % of all existing yeast species is currently
known. From 1820 to 2011, the number of described yeasts has increased spec-
tacularly. Currently, there are approx. 1,500 recognized yeast species, which
means the expected number of yeast species on Earth would be around 150,000
(Hawksworth 2004; Lachance 2006; Starmer and Lachance 2011; Kurtzman et al.
2011a).

It has been suggested that yeasts might be better adapted to low temperatures
than bacteria (Turkiewicz et al. 2003; Shivaji and Prasad 2009). For many years,
Antarctica has been the geographical area preferred by microbiologists for
studying the diversity of cold-adapted microorganisms including yeasts (Vishniac
2006a; Onofri et al. 2007; Shivaji and Prasad 2009). However, in more recent
years, the role of cold-adapted yeast populations in non-Antarctic cold habitats has
attracted an increasing number of scientists (Table 1.1). The diversity of yeasts in
worldwide cold ecosystems is reported in Chaps. 3, 4, 5, 6, 7, 8.

The chronological sequence of the literature so far published on the taxonomy,
ecology, physiology and biotechnology of cold-adapted yeasts, the number of
yeast species (including their synonyms) cited in those studies and the ratio
between the number of synonyms and that of recognized yeast species is reported
in Fig. 1.1. Since the 1950s, the number of papers published and the number of
species of cold-adapted yeasts cited in literature dramatically increased (Buzzini
et al. 2012). In contrast, the percentage of species misidentified (i.e. use of syn-
onymous) decreased from over 50 % (observed until the 1980s) to slightly more
than 10 % (in the 2010s). This is certainly due to the refinement of the molecular
taxonomy techniques, which reduced the margin of error in the taxonomic
description of yeast species.

As early ecological studies of cold-adapted yeasts have been carried out about
60 years ago, original strain identification was performed using taxonomic criteria
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of current use at the time of isolation; hence, many designations resulted not
updated or even incorrect. The traditional phenotypic methods used to identify
yeasts are rapidly being replaced by sequence-based approaches. Accordingly, all
original taxonomic designations of cold-adapted yeasts reported in the literature
before the 1990s should be checked (and, if necessary, updated) according to the
latest taxonomic guidelines reported by Kurtzman et al. (2011c). Molecular tech-
niques used since the 2000s (sequencing of variable D1/D2 regions of the 26S rDNA
gene, 18S, 5.8S and mitochondrial small sub-unit rDNAs gene, as well as ITS and
RFLP-ITS) have greatly contributed to the increase in the number of novel species
identified and, at the same time, to the decrease in the number of those misidentified
(Kurtzman and Robnett 1998; Fell et al. 2000; Kurtzman et al. 2011c).

Table 1.1 Occurrence of cold-adapted yeast species in cold ecosystems

Sampling area Isolation source No. of yeast species identified

Antarctica Decaying wood and algae 23
Ice cores 5
Lake water and sediments 8
Lichen and moss 4
Moulting feathers of penguins 6
Rock cryptoendolithic habitat 1
Sea sponge 1
Sea water 3
Snow 3
Soil 54

Arctic Ice cores 27
Permafrost 7
Puddles on snow 1
Sand and sediment 3
Sea water 4
Puddles 7
Soil 15

Alps Glacier cryoconites 4
Ice cores 4
Mud 2
Glacier rock debris 19
Soil 8
Meltwater 4

Apennines Ice cores 2
Meltwater 3
Glacier rock debris 30

Andes Lagoon of glacial origin 3
Meltwater 44
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However, cold-adapted yeasts are in all probability more abundant than
assumed, because some are difficult to culture under standardized laboratory con-
ditions. With no doubt, recent studies of worldwide cold habitats have resulted in
the description of numerous culturable yeast species exhibiting temperature optima
for growth (fastest growth rates) between 4 and 15 �C. There is also evidence for
novel, not yet described taxa. Interestingly, on average, a percentage of about
10–20 % of the yeast strains isolated during the last 60 years was attributed to
species still not described (later identified as novel species), thus confirming that
cold ecosystems represent a well-established reservoir of so far unknown yeast
diversity (Buzzini et al. 2012). Recently, also some non-culturable taxa were
observed (Arenz et al. 2006; Butinar et al. 2007; Bridge and Newsham 2009).

1.4 Ecology of Yeasts in Cold Ecosystems

Although some authors (Price and Sowers 2004) underlined that the physiological
characters of microorganisms cultured under controlled laboratory conditions do
not necessarily reflect their in situ performances, the impact of metabolic activity
of cold-adapted microbial populations in biogeochemistry of cold ecosystems is
one of the most stimulating environmental questions. The functional diversity
(including interspecific ecological interactions) of cold-adapted yeasts in world-
wide cold habitats may also be characterized on the basis of their physiological
traits. However, although most of them are belonging to species acknowledged for
their versatile metabolic traits and high resistance to stress associated with cold
environment (e.g. long-term freezing, freeze–thaw cycles, low Aw and nutrient
availability, high solar irradiation), little is known to date about the ecology of
yeasts in cold habitats, because most of the literature so far published was merely
explorative (Shivaji and Prasad 2009; Buzzini et al. 2012).
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Antarctica was considered so far the privileged terrestrial model to explore the
possible relationships between geographical (e.g. latitude, altitude), physical and
chemical parameters and yeast diversity (Shivaji and Prasad 2009). Pioneer studies
carried out by di Menna (1960, 1966a, b) found a general difficulty in isolating
cold-adapted yeasts from some Antarctic samples. Viable yeasts were preferably
found in acidic substrates, although inspection of the results showed that high pH
values were not in themselves inhibitory. It was also observed that the isolation of
yeasts from Antarctic soils was apparently dependent on the presence of plant
residues (di Menna 1966a). Furthermore, Babyeva and Golubev (1969) isolated
more yeasts at 5 �C than at higher temperature and showed that about 40 % of
total isolates were psychrophiles, failing to grow above 20 �C.

Some years later, Vishniac (1996, 2006a, b) questioned the role of temperature
as the exclusive parameter affecting yeast distribution in Antarctica and concluded
that the biodiversity of fungi (including yeasts) in terrestrial ecosystems increases
with the availability of water and energy. On the contrary, Connell et al. (2008)
identified pH and electrical conductivity as significant predictors of yeast biodi-
versity in Antarctic soils. Obviously, the large metabolic variability existing
between different species (and even between different strains) can affect their
survival and growth in different cold ecosystems, thereby influencing yeast
biodiversity.

A number of studies described viable cells in ancient Antarctic ice cores or
permafrost soil (Abyzov 1993; Margesin 2009b). So, one question has recently
drawn significant interest: Do microbial cells (including cold-adapted yeasts)
simply survive entrapped frozen for hundreds of thousands of years or are they
metabolically active and responsible for certain natural processes? It has been
postulated that microbial activity at sub-zero temperatures could be restricted to
unfrozen water inside the ice cores (possibly adhering to the internal surface of
inner gas bubbles) and permafrost soil, and to brine channels (D’Amico et al.
2006; Deming 2009). These microamounts of water contain high concentrations of
salts, polymeric compounds and particulate matter, and fluid flow may be main-
tained by concentration and temperature gradients. Hence, although this question
is still unresolved (and probably is dependent on the sites and the studied
organisms), two possible mechanisms could be postulated (Psenner et al. 2002;
Price and Sowers 2004): (1) survival with low metabolic activity (with or without
reproduction); (2) long-period dormancy: in this case, traces of metabolic activity
are exclusively devoted to support macromolecular damage repair.

The genus Cryptococcus has been described as the most important yeast taxon
in worldwide cold ecosystems (Vishniac 1996, 2006a; Shivaji and Prasad 2009;
Buzzini et al. 2012). This dominance is generally ascribed to its ability to produce
a polysaccharide capsule (Vishniac 2006a). However, Connell et al. (2008)
questioned the above hypothesis, supposing that some additional adaptation
mechanisms (e.g. a wider carbon and nitrogen assimilation pattern) could support
its superior ability to colonize cold natural habitats.

Another important point to be underlined is that some species of cold-adapted
yeasts are apparently able to colonize exclusively some well-defined geographical
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areas: (1) Cryptococcus antarcticus, Cryptococcus friedmannii, Cryptococcus
nyarrowii, Cryptococcus vishniacii, Dioszegia antarctica, Dioszegia cryoxerica,
Dioszegia statzelliae and Glaciozyma antarctica have been so far exclusively
found in Antarctica (Vishniac 1996, 2006a; Shivaji and Prasad 2009; Buzzini et al.
2012); (2) Rhodotorula psychrophila has been isolated so far exclusively in
cryoconites of Alpine glaciers (Margesin et al. 2007); (3) Rhodotorula himalay-
ensis has been found only in cold Himalayan soil (Shivaji et al. 2008). So, the
ecological question is, are such species endemic or else? Vishniac (1999, 2006a)
underlined that Antarctica (due to its remoteness for millions of years) should be
the favourite Earth place that could support the presence of endemic organisms,
probably as the consequence of evolutionary processes of microbial speciation.
This hypothesis could be satisfactory also for explaining the presence of endemic
yeast species in the Himalayas, but certainly it could be much less convincing for
Alpine ecosystems. However, the same author also underlined that the isolation of
certain species exclusively from a well-defined geographical area does not con-
stitute sufficient confirmation supporting its endemism, because the possibility that
such species may in the future be found in other habitats cannot be excluded
(Vishniac 1999). For instance, Pseudozyma antarctica (formerly Candida ant-
arctica) and Cryptococcus victoriae were first isolated from Antarctica (Goto et al.
1969; Montes et al. 1999), but later these species were found in other temperate
non-Antarctic habitats. In other words, some cold-adapted organisms (including
yeasts) are extremely versatile in their adaptive abilities, and therefore, they would
change their apparent endemic status to attain a more ubiquitous distribution
(Vishniac 1999).

On the other hand, some ubiquitous species has also been recently isolated from
cold habitats (Vishniac 2006a; Shivaji and Prasad 2009; Buzzini et al. 2012). So,
another ecological question is, have such species become cold-adapted or else?
This is hard to establish. Connell et al. (2008) underlined that the simple isolation
of a given yeast taxa from a cold site does not a priori indicate that such organism
has developed some form of adaptation to low temperatures. Thus, the significance
of their presence in cold habitats is at present unknown.

1.5 Adaptation of Yeasts to Cold: The Basis of Successful
Colonization and Survival

Since permanently cold habitats exert a highly selective pressure on microbial
populations, the evolution of a number of adaptation mechanisms with regard to
metabolic activities and protection strategies enables these organisms to be active
at low (even at sub-zero) temperatures. Although organisms in cold habitats are
subjected to temperature fluctuations and frequent freeze–thaw events, the lowest
temperature limit for life, reported for microorganisms living in sea ice and in
permafrost soil, seems to be around -20 �C (Russell 2002; Price and Sowers
2004; D’Amico et al. 2006; Bakermans 2008). However, substantial growth and
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metabolic activity (respiration and biosynthesis) of permafrost bacteria and fungi
at temperatures even down to -35 �C have been demonstrated (Panikov and
Sizova 2007). Sub-zero activity of cold-adapted yeasts is described in Chap. 14.

As above stated, other factors such as low Aw and nutrient availability, high
hydrostatic pressure, osmotic and oxidative stress, and solar irradiation also
strongly affect living conditions. Therefore, adaptation to cold is often combined
with adaptation to other limiting conditions (Vishniac 1996, 2006a; Shivaji and
Prasad 2009; Buzzini et al. 2012). An exhaustive description of pigments and
photoprotective compounds synthesized by cold-adapted yeasts in highly irradi-
ated cold ecosystems is reported in Chap. 9.

To successfully colonize cold environments, both prokaryotes and eukaryotes
have evolved a number of genetically based adaptive and acclimatory responses.
The timescale exposure is essential to interpret the effects of sub-optimal tem-
perature on microbial physiology. A rapid decrease in temperature is expected to
generate fast, highly dynamic stress response on living cells. If the exposure to
sub-optimal temperature is quite prolonged, this leads to acclimation, which
implicates regulatory mechanisms resulting in the full adjustment of both genomic
expression and physiological traits during a lifetime. Examples of acclimatory
responses to fluctuating cold conditions are dependent upon sensor/signal path-
ways and involve modulations of enzyme transcription or translation rates (Mor-
gan-Kiss et al. 2006; Rossi et al. 2009). In contrast, when the evolutionary
selection of the gene alleles (which increases the fitness for a given environmental
niche, e.g. cold habitat) occurs over a timescale of several generations, the
response is termed adaptation. Examples of adaptive mechanisms to cold include
the evolution towards an increased membrane fluidity through the accumulation of
polyunsaturated fatty acids, the ability to synthesize cold-shock and anti-freeze
proteins, the modulation of kinetics of key enzymes and the synthesis of other
protecting compounds (Vishniac 1999; Gerday et al. 1997, 2000; Morgan-Kiss
et al. 2006; Margesin et al. 2008; Rossi et al. 2009; Buzzini et al. 2012).

To increase membrane fluidity, cold-adapted yeasts apply various strategies.
When growth temperature is lowered, the most frequently noted change in fatty
acid composition is an increased extent of unsaturation (Vishniac 2006a; Rossi
et al. 2009). This determines an improved membrane fluidity causing both the
maintenance of the appropriate physical state of the lipid bilayer and the good
functionality of membranes in perception of environmental signals (Los and
Murata 2004; Morgan-Kiss et al. 2006). Differences in fatty acid composition have
been described in yeasts growing at diverse temperatures (McMurrough and Rose
1973; Arthur and Watson 1976; Watson and Arthur 1976; Watson 1978; Watson
et al. 1978). Changes in fatty acid composition and fluidity of cell membranes of
cold-adapted yeasts are reported in detail in Chap. 10.

Compared to mesophilic and thermophilic counterparts, cold-adapted fungi
(including yeasts) permanently display a superior ability to synthesize particular
types of proteins (cold-shock and heat-shock) as a response to abrupt temperature
changes. The number of proteins synthesized increases with the severity of the
cold-shock (Julseth and Inniss 1990a, b; Deegenaars and Watson 1998; Phadtare
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et al. 1999; Phadtare and Inouye 2008). An in-depth overview of cold-shock
response and adaptation to near-freezing temperature of cold-adapted yeasts is
reported in Chap. 11.

Osmotic protection of microbial cells against cold conditions (Robinson 2001)
is also achieved by the accumulation of anti-freeze proteins. They are ice-binding
proteins that have the ability to inhibit the growth of ice crystal structure through
their modification (Gilbert et al. 2004, 2005). These proteins lower the freezing
point of water without altering the melting point (thermal hysteresis) and, at the
same time, inhibit the growth of large cytoplasm crystals at the expense of small
crystals at sub-zero temperatures, thus protecting the cell against intracellular
freezing or minimizing the deleterious effects of ice crystal formation. The ability
of cold-adapted yeasts to synthesize anti-freeze proteins is reviewed in Chap. 12.

Besides, cold-adapted yeasts have developed the ability to adapt their metab-
olism to low temperatures through the synthesis of cold-active enzymes. The
conformation and 3D structures of cold-active enzymes so far studied are not
markedly different from their mesophilic homologues. On the contrary, they
exhibit some important differences if compared with their mesophilic homologues
(Gerday et al. 1997; Feller and Gerday 2003; D’Amico et al. 2006): (1) up to ten
times higher activity at low and moderate temperatures; (2) heat lability and
possible inactivation at moderate temperatures that are not detrimental for mes-
ophilic enzymes; and (3) maintenance of an appropriate flexibility and dynamics
of the active site at low temperatures at which their mesophilic and thermophilic
counterparts have severely restricted molecular motions. The fundamentals of
cold-active enzymes are discussed in Chap. 15.

Finally, recent studies reported additional metabolic adaptation strategies used
by cold-adapted yeasts to overcome cold conditions. The roles of sterol metabo-
lism and endoplasmic-reticulum-associated protein degradation (ERAD) in cold
adaptation and the sub-zero activity of cold-adapted yeasts are in depth described
in Chaps. 13 and 14, respectively.

Despite the above plethora of studies, modern genomic approaches are needed
for a better understanding of the molecular basis of cold adaptation in yeasts.
While genome sequence is the first step in understanding the adaptation of a given
organism to life under extreme conditions, a more powerful tool should be the
integration of genomics with metabolic function through physiological and bio-
chemical investigations. As of May 2013, at least 80 ascomycetous and basidio-
mycetous yeast genomes have been sequenced (www.ncbi.nlm.nih.gov/genome).
However, to the authors’ knowledge, only the genomic sequence of the species
P. antarctica is available online as a representative of cold-adapted yeast species.
Only a considerable increase in the number of sequenced genomes of cold-adapted
microorganisms (including yeasts) and wider application of novel metagenomic
and metaproteomic technologies will provide additional valuable information on
the mechanisms of cold adaptation. In fact, more detailed genomic approaches are
needed to advance our knowledge of the dominant life forms at low temperature as
well as to identify new eukaryotic models of low-temperature adaptation. The
emerging genomic and proteomic analyses may provide further new insights into
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cold-adapted lifestyle. In the future, genome-wide analysis of gene expression of
cold-adapted yeasts could enable the efficient monitoring of the genes involved in
the physiological state that governs their cold adaptation.

1.6 Cold-Adapted Yeasts: Trends and Perspectives
in Biotechnology

Biodiversity of yeasts is being studied not only to catalogue life on Earth. Yeasts
are probably one of the first organisms domesticated by humankind, for example
they are used in traditional foods for immemorial time. Production of wine, beer
and bread are three examples of the importance of yeasts in human nutrition and
culture (Walker 1998). Apart from the importance in traditional technologies,
yeast biotechnology is a growing field where physiological abilities of a number of
yeast species (both wild-type strains and strains improved by means of metabolic
engineering) have been recently studied as a source of novel chemicals of com-
mercial value (Buzzini and Vaughan-Martini 2006; Johnson and Echavarri-Erasun
2011).

Yeasts are potent metabolic factories for biotechnology and their use as source
of enzymes represents undoubtedly one of the most fascinating yeast-associated
biotechnological aspects. Compared with certain fungi (e.g. Aspergillus niger) and
bacteria (e.g. Bacillus spp.), yeasts are not particularly rich sources of industrially
useful enzymes. Nevertheless, some species have been tested since the 1980s as
enzyme producers for potential industrial exploitations (Johnson and Echavarri-
Erasun 2011). However, the enzymes obtained from mesophilic yeasts exhibit
sometimes poor performances in some mild technologies, such as the biocatalysis
of heat-labile molecules (Walker 1998; Buzzini and Vaughan-Martini 2006;
Johnson and Echavarri-Erasun 2011). The biotechnological relevance of cold-
active enzymes synthesized by cold-adapted yeasts is a well-established trend
(Gerday et al. 1997; Feller and Gerday 2003). Lipases, a-amylases, glucoamylases,
proteases and xylanases represent the most famous examples of cold-active
enzymes produced by cold-adapted yeasts (Shivaji and Prasad 2009; Johnson and
Echavarri-Erasun 2011; Buzzini et al. 2012). These enzymes find optimal appli-
cation in the case of (food and non-food) low-temperature processing (Gerday
et al. 1997, 2000; Feller and Gerday 2003). Besides, their high activity at mild
temperatures offers potential economic benefits in biocatalysis through substantial
energy savings in large-scale processes. The industrial importance of cold-active
enzymes produced by yeasts is extensively reported in Chaps. 16 and 17.

The biotechnology of cold-adapted yeasts is not merely confined to the pro-
duction of cold-active enzymes: a number of recent studies carried out at the
laboratory scale have demonstrated that their future perspectives could also be
directed towards the production of polymeric compounds (Alchihab et al. 2009;
Pavlova et al. 2009). The heterologous expression of proteins from cold-adapted
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yeasts in suitable hosts is an additional possible venture (Ramli et al. 2011). These
topics are in depth treated in Chaps. 18, 19, 20, 21, 22.

The use of cold-adapted yeasts for agricultural, food and environmental bio-
technologies could represent another attracting way to ensure their possible eco-
nomical exploitation: low-temperature wine-making and beer-making, control of
post-harvest diseases of fruits and seeds, and bioremediation of hydrocarbon-
polluted cold ecosystems represent undoubtedly the most relevant challenges
(Margesin et al. 2003; Bergauer et al. 2005; Krallish et al. 2006; Margesin and
Feller 2010; Robiglio et al. 2011; Lainioti et al. 2012) An in-depth discussion of
these interesting topics is reported in Chaps. 19, 20, 21.

However, it would be too easy to believe that the biotechnological significance
of cold-adapted yeasts is exclusively limited to their role as pro-biotech micro-
organisms. Because of their ability to successfully thrive in cold environments,
some yeasts can act as contaminants (and potential spoilers) of foods stored at low
temperatures. Cold-adapted spoilage yeasts can potentially cause physical and
chemical deterioration of foods, thus determining a potential risk to consumers and
a relevant economic burden for food companies (Stratford 2006; Fleet 2011). This
topic is treated in Chap. 23.

1.7 Future Outcomes and Challenges for the XXI Century

Although cold ecosystems constitute one of the largest biospheres on Earth, pro-
karyotic and eukaryotic organisms that not only survive, but also thrive in these
extreme habitats are still poorly understood. Accordingly, cold habitats can be
considered one of the last unexplored frontiers of the planet. The emerging field of
biogeography has demonstrated that some dominant species appear to be endemic
to their ecosystem. Polar cold environments provide ideal model systems of
similar ecological characteristics separated geographically by climatic barriers.
Research on the biodiversity of cold-adapted yeasts in worldwide cold ecosystems
is essential to establish yeast species richness, to learn more about their adaptation
strategies and to decrypt the molecular basis of their adaptation to cold and to
examine new strains for the production of useful compounds. The comparison of
genomes of cold-adapted yeasts (when they will become available) with those of
their phylogenetically related mesophilic counterparts could give new insights into
the genetic basis for the phenotypes that support growth at low temperatures, a
feature which has ecological and biotechnological significance. Accordingly, their
study is currently being boosted by more and more scientific teams in academia
and industry.

The development of improved methods to collect samples and to isolate and
culture cold-adapted yeasts may lead to an increase in the recovery of viable cells
and novel taxa. Culture-dependent and culture-independent methods should be
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applied to better understand their biodiversity and ecology in cold ecosystems.
One critical point that may possibly enhance the chances for successful studies on
the taxonomy, physiology and biotechnology of cold-adapted yeasts could be the
availability of a large number of strains for large, multi-laboratory comparative
studies. Unfortunately, many researchers underestimated in the past years the
importance of depositing their cultures in known culture collections. As a result,
some yeast cultures isolated from cold habitats during the last decades are lost
forever. Yeast collections play a fundamental role in the preservation, identifica-
tion and characterization of these microorganisms and are essential for biotech-
nological research, because they represent safe repositories where biodiversity is
preserved for the future. Only in more recent years, a number of cold-adapted yeast
strains became available in the worldwide culture collections (Shivaji and Prasad
2009). An in-depth discussion on the methods for the isolation and investigation of
the diversity of cold-adapted yeasts and their ex-situ preservation is reported in
Chap. 2.

Due to their distinctive ability to grow and metabolize at low temperatures,
cold-adapted yeasts have been extensively studied for their huge biotechnological
potential. However, only a few products from these organisms are currently on the
market, whereas a number of other possible chemicals are still confined to the
laboratory (Shivaji and Prasad 2009; Margesin and Feller 2010; Buzzini et al.
2012). A few cold-adapted enzymes, namely lipases A and B (produced by P.
antarctica), are probably the most famous example of patented cold-active
enzymes from cold-adapted yeasts. Lipase B is at present sold as Novozym 435 by
Novozymes (Denmark) and is characterized by a moderate heat stability, whereas
Lipase A exhibits a higher thermal stability (about 90 �C) than other lipases
(Russell 1998; Margesin and Schinner 1999; Cavicchioli et al. 2002; De Maria
et al. 2005; Joseph et al. 2008).

As underlined by a few authors (Joseph et al. 2008), the lower number of
patented cold-active enzymes from yeasts may be the consequence of the high risk
and cost concerned in pursuing this largely unexplored field. So, it is not surprising
that the number of companies (largely related to pharmaceutical, chemical and
food industries) that fund large-scale screening surveys and apply for cold-adapted
yeast-based patents is rather limited. At present, most patents involving the use of
both lipases from P. antarctica reported in the WIPO website (www.wipo.int/
patentscope) are process-based for the production of polymeric compounds,
whereas a few are product-based describing the production of enzyme variants or
intermediate derivatives (Joseph et al. 2008).

The use of novel recombinant DNA technologies (e.g. metagenomics and site-
directed mutagenesis) will probably have a profound and positive effect on the
expression and production of greater and greater amounts of recombinant enzymes
from cold-adapted yeasts in suitable hosts. Further investigations should also
consider modelling of cold-active enzymes for various industrial applications. This
would imply more competitive prices and the introduction of new or tailored
catalytic activities of cold-adapted enzymes at low temperature.
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Chapter 2
Methods for the Isolation
and Investigation of the Diversity
of Cold-Adapted Yeasts and Their Ex Situ
Preservation in Worldwide Collections

Kyria L. Boundy-Mills

Abstract Cold-adapted (psychrophilic and psychrotolerant) yeasts have been
isolated from a variety of substrates, using a variety of cultivation methods. Yeasts
able to grow at as low as 0 �C have been isolated from cold substrates such as
glaciers, snow, and deep-sea sediment, but also from temperate and tropical cli-
mates. A broad diversity of media and culture conditions have been used to isolate
and cultivate these yeasts. Low-temperature incubation is used to select for psy-
chrophiles, thus depending on the strains relatively long incubation time (up to
14 weeks) may be required. Cold-adapted yeast strains belong to many species in
many clades of Ascomycota and Basidiomycota. Numerous strains have been
deposited in public culture collections. Online strain catalogs of some public yeast
culture collections include searchable fields for growth temperatures, allowing
selection of yeasts able to grow at desired temperatures. Culture-independent
methods for profiling yeast diversity in mixed communities can be used to profile
populations, allowing detection of yeasts whose DNA is present in a specimen but
that were not cultivated.
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Yeast culture collections
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2.1 General Methods of Isolation of Yeasts
from the Environment

Several considerations must be taken into account when designing a protocol for
isolation of cold-adapted yeasts. As many of these considerations are identical for
all yeasts, a brief discussion of general yeast isolation and cultivation protocols is
presented. It is recommended that a combination of protocols be utilized when
sampling a new substrate, to ensure that the desired results can be obtained.

Culture-based methods for isolation and cultivation of yeasts in natural sub-
strates are desirable when living cultures are needed for subsequent studies. The
major limitation of culture-based methods is that some yeast species and strains
may not be culturable under the growth conditions used. Culture-independent
methods (described in Sect. 2.9) have an advantage in that a broader cross section
of taxa can be detected, minority species can be detected, and relative quantities
may be determined. However, examination of the physiological properties of
yeasts, and subsequent biotechnological developments, requires pure, living cul-
tures. Therefore, this chapter focuses primarily on methods used for isolation of
pure cultures.

Culture-based methods for enumeration and cultivation of yeasts from foods
and environmental substrates have been described in detail in many recent reviews
and book chapters (Martini et al. 1996; Welthagen and Viljoen 1997; Beuchat
1998; Fung 1999; Boundy-Mills 2006; Solís et al. 2009).

Three general types of culture-based methods are used for enumeration of
microbes: plate count (PC) procedures (either pour plates or spread plates),
membrane filtration (MF) followed by growth of colonies on the membrane placed
on an agar plate, and most probable number (MPN) procedures. PC and MF
methods utilize agar plates and are discussed in this chapter.

Prior to plating, a substrate is often processed to make it more amenable to
growth of a statistically valid number of single colonies on or in an agar plate
(Boundy-Mills 2006). Processing may include some of the following steps:

(1) Aseptic collection of the specimen;
(2) Storage of the specimen under appropriate conditions, such as refrigeration;
(3) If needed, surface sterilization to avoid cultivation of microbes on the surface

of the substrate;
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(4) Homogenization, disruption, or mixing of the sample to release and evenly
distribute microbes;

(5) Enrichment;
(6) Dilution of specimens with high yeast density in an appropriate diluent;
(7) Concentration of specimens with low yeast density, such as by filtration or

precipitation.

After appropriate processing, agar plate methods can involve either spread
plates or pour plates. Many researchers prefer spread plates as they are simpler to
perform, and it is easier to recover a yeast from a colony on the surface of the agar,
rather than embedded in the agar. Furthermore, the warm temperature of the
molten agar used in pour plates may be particularly injurious to cold-adapted
yeasts.

There are numerous nutrient agars available for cultivation of various types of
yeasts (Beuchat 1998; Boundy-Mills 2006). Liquid or agar-based complex nutri-
tionally rich media generally include an energy source such as glucose, a nitrogen
source such as ammonium or hydrolyzed protein (peptone, tryptone, etc.), and a
vitamin source such as yeast extract or malt extract. Other supplements often
include compounds such as rose Bengal or dichloran to inhibit or slow growth of
filamentous fungi (Beuchat 1998) and antibiotics such as tetracycline or chlor-
amphenicol to prevent growth of bacteria. Alternatively, the pH of the medium can
be reduced by addition of acid to discourage growth of bacteria. A broad range of
yeasts and filamentous fungi can grow on these media. Selective and differential
media containing inhibitors, selective nutrients, and indicator dyes are used to
differentiate or select for growth of specific types of yeasts. For example, lysine
agar is used to select for growth of non-Saccharomyces yeasts in brewing, as
Saccharomyces cannot utilize lysine as a sole carbon source but unwanted spoilage
yeasts can (Heard and Fleet 1986).

When selecting a media formulation, it is important to consider the composition
of the substrate of origin and the types of yeast to be cultivated. For example,
osmotolerant yeasts that inhabit high-sugar environments like as fruit juice, nectar,
and dried fruit, such as several species of Metschnikowia, Zygosaccharomyces, and
Starmerella species, grow well in media containing 50 % (w/v) glucose, but most
other yeasts cannot. In contrast, microbes such as soil oligotrophs may fail to grow
on full-strength media and can only be cultivated on diluted media such as 1/10
strength rich media (Hattori 1980).

Following enumeration of yeasts by plate counts or membrane filtration, yeasts
can be selected and purified for further characterization. It is common to select one
or more colonies of each morphology for purification. However, multiple species
may have similar or identical colony morphologies, so some species may be
overlooked. Culture-independent methods (discussed in Sect. 2.9) should be used
if a more complete view of the yeast diversity is needed.
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2.2 Niches that Harbor Cold-Adapted Yeasts

The term ‘‘cold-adapted’’ is used in this chapter to refer to yeasts able to grow at
low temperatures in the laboratory. An in-depth overview of the concept of
psychrophily and psychrotolerance in yeasts is reported in Chap. 1.

In the food industry, the term ‘‘psychrotroph’’ is sometimes used to describe
microbes that are able to grow at refrigeration temperatures (0–7 �C), but have
optimal growth temperatures at or above 20 �C (Cousin et al. 1992). Most food-
associated cold-adapted microbes are psychrotolerant (Tomkin 1963), as discussed
in more detail in Chap. 23.

When searching for a yeast strain with specific properties, one should search in
natural habitats that have those properties. For example, acid-tolerant yeasts thrive
in grape juice and other acidic fruit juices. Osmotolerant yeasts can be found in
dried fruit and honey. Ethanol-tolerant yeasts can be found in wine fermentations.
Thus, it should not be surprising that cold-adapted yeasts are prevalent in cold
habitats. However, it is important to note that yeasts able to grow as low as 4 �C
have also been isolated from plant surfaces, water, soil, and insects in temperate
and even tropical climates (see Sect. 2.8).

Cold-adapted yeasts have been reliably found in numerous cold habitats,
including permafrost, snow, cold deserts, and glacial ice, meltwater and sediment
(Chaps. 3, 4, 5, 6), the deep sea (Chap. 7), and frozen and refrigerated foods
(Chap. 23). In addition to cold tolerance, yeasts able to grow in ice, permafrost,
and frozen foods must tolerate low water activity, as very little liquid water is
present in these substrates. Yeasts from glacial ice therefore must be osmotolerant.

It is unclear whether cold-adapted yeasts are endemic to cold habitats. With the
limited number of yeast strains isolated to date, and the limited number of yeast
ecologists, it is difficult to establish where a given yeast species is not found. For
example, the yeast species Cryptococcus victoriae, first isolated from South
Victoria Land, Antarctica (Montes et al. 1999), was subsequently found in many
other habitats and geographic locations, such as cherries in California (Hamby
et al. 2012). In contrast, yeast species Cryptococcus vishniacii is currently
unknown outside of Antarctica. Yeasts belonging to the genera Mrakia and
Mrakiella have been isolated exclusively from cold habitats such as Antarctica
(Turchetti et al. 2008; Singh and Singh 2012), the European Alps (Margesin et al.
2002), and subglacial waters of northwest Patagonia, Argentina (Brizzio et al.
2007).

Endemic microbes, as well as exotics blown in by the wind from temperate and
tropical regions, can be preserved for thousands of years deep in glacial, Arctic and
Antarctic ice (Catranis and Starmer 1991; Abyzov 1993; Ma et al. 1999, 2000).
Microbial species thought to be extinct, such as pathogens, could theoretically be
revived re-appear as glaciers and polar ice melt due to global warming or other
conditions (Ma et al. 1999).
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2.3 Aseptic Collection of Specimens

For reasons of intellectual property, biosafety, and adherence to inter-institutional
and international agreements and treaties such as the Convention on Biological
Diversity, descriptive data should be collected including site, habitat, and other
descriptive data. Projects involving isolation of large numbers of microbes,
especially those performed by multi-institutional or international teams, often
utilize standardized data sheets to ensure that all relevant data are collected. A very
thorough data collection plan and data sheet template for collection of microbes
has been recently compiled (Tadych 2008). Some types of data that are gathered in
general microbiology surveys, and specific data related to cold-adapted yeasts, are
listed in Table 2.1.

Some types of data are specific for the type of habitat. For example, a recent
publication of yeasts isolated from a glacial lake includes descriptions of the
elevation, slope, sun exposure, surface area, maximum depth, pH, dissolved solids
(conductivity), Secchi disk transparency, summer air and water temperatures, and
how many months per year the lake is frozen (Libkind et al. 2004). A Secchi disk
is a black-and-white disk lowered into the water on a rope to determine water
clarity, a property that may reflect nutrient levels in the water.

Replicate samples are recommended if possible. For example, Butinar et al.
(2011) filtered and plated between four and eleven replicates per sample of melted
glacial ice.

Although collection of water from shallow lakes and rivers may be relatively
easy, many of the habitats that harbor cold-adapted yeasts are quite inaccessible,
such as deep-sea water and sediment, and the interior of glaciers. Aseptic sampling
techniques have been developed for these substrates.

Deepwater sediment: Sediment core samplers have been developed for aseptic
sampling of deep-sea sediment (Ikemoto and Kyo 1993) that can be used in either
a manually controlled or remote-controlled submersible.

Deepwater, lake and river water sampling: Water sampling is performed with
specially designed sampling devices such as the Nansen bottle or Niskin sampler.
The Nansen bottle was designed in 1910 by oceanographer Fridtjof Nansen, and
later improved by Shale Niskin. It is a metal or plastic cylinder, open at both ends,
that is lowered in a vertical position on a cable to the desired depth. The spring-
loaded valves are activated by releasing a metal weight (‘‘messenger’’) down the
cable, by a pressure switch, or by remote control, sealing the ends of the tube. The
tube is then raised to the surface of the water. Similarly, the van Dorn sampler is a
sample tube that is lowered into the water in a horizontal position with both ends
open, and at the desired depth, the ends are sealed with spring-loaded valves by
releasing a messenger down the cable. Note that in both types of sampler, the
interior of the sampling tube is exposed to surface water as it is lowered. Microbes
from the higher zones are diluted but not excluded. A variant, the Niskin bio-
sampler, allows aseptic sampling. Another sampling apparatus, the J-Z sampler,
has been modified to reduce contamination (Kimball et al. 1963).
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Table 2.1 Categories and types of data to be collected in general microbial surveys, and specific
data related to cold-adapted yeasts

Category Data collected in general
microbial surveys

Data collected for cold-adapted yeasts

Collector
documentation

Names and institutions of primary
and secondary personnel

Name and institution of experiment
station facility, including cold
storage facilityDate specimen was collected

Date specimen was processed and
plated

Photograph filenames, name of
photographer, type of camera

Collecting permit documentation
Locality Site description: public or private

land, national park, city,
province, state, country

Name of mountain, glacier, fjord, bay,
river, or deepwater trench

Depth of river, lake, or ocean
Surface area of lake

GPS coordinates Average salinity and pH of river, lake,
or ocean

Average summer air and water
temperatures

Elevation

How many months per year a lake is
frozen

Forest, soil, or water type

Average ice thickness of a glacierSlope (such as north-facing
mountain); sun exposure

Type of ecosystem
Ambient conditions Water and air temperatures,

humidity
Depth of ice core specimen
Secchi disk transparency of water

Relevant weather conditions such
as recent rain, flood, drought,
heat wave

Underground temperature at various
depths after collecting ice or
permafrost core samples

Temperature of sediment, water, and
ice

Sun exposure
Season

Substrate Plant or insect host, and name and
institution of person who
identified it

Depth of ice core specimen
Whether sample was from glacier

superficial meltwater, supraglacial
sediments, deep piping sediments,
subglacial sediments, etc.

Whether ice core or meltwater
specimens are sediment rich or
clear

Physicochemical parameters
including dry mass, pH, salinity,
Na+, Mg2+, K+, total C, N, P;
organic C, N, P

(continued)
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Glacial ice cores: Viable yeasts have been cultivated from ice samples up to
3250 years old (Abyzov 1993). Ice cores are collected using a hollow drill which
cuts in a cylindrical pathway. The tube surrounds the core as it proceeds. The
length of the core is limited by the length of the drill barrel, such as the 6-m drill at
Vostok Station in Antarctica (Abyzov 1993). Deep cores are collected by cutting
to the length of the drill assembly, raising it to the surface, emptying the barrel,
and repeating. Deep cores more than 300 m may require use of a fluid to prevent
the hole from deforming and closing due to pressure. Cores are sealed in plastic
bags, stored frozen, and analyzed in clean rooms. Precautions such as storing the
core below -15 �C and transporting in foam shippers are taken to avoid intro-
duction of microfractures that could allow microbes to enter the interior of the ice
core. Ice cores are examined visually on a light table to detect fractures (Ma et al.
1999). More extensive measures to detect microbial contamination into the interior
of ice core samples have been developed, including fluorescent microspheres, a
chemical tracer, dissolved organic carbon (DOC) signatures, and comparison of
bacterial 16S clone libraries from drilling mud to bacterial species recovered from
core samples (Gronstal et al. 2009). When collecting core samples, prevention of
contamination from the borehole can be difficult. Gilichinsky et al. (2005) devised
a method to investigate the contribution of contaminating bacteria from surface
and borehole microbes in cryopeg samples, by measuring incorporation of 14C
from glucose to determine relative metabolic activity under hypersaline condi-
tions. They determined that metabolic activity in sterilized brine inoculated with
surface contaminants was low, but high in native brine; thus, the contaminants
were relatively metabolically inactive in brine.

Permafrost: The microbial diversity of permafrost was recently reviewed
(Wagner 2008; Margesin 2009). It has been suggested that microbes, especially
bacteria, may survive in a hypometabolic state deep in permafrost for millions of

Table 2.1 (continued)

Category Data collected in general
microbial surveys

Data collected for cold-adapted yeasts

Sampling regimen Number of sites samples and
number of replicate specimens
collected per site

Temperature and length of storage of
ice core samples

Aseptic sampling method Type of sampling device used, such as
Nansen bottle or Niskin sampler,
spatula, rotary drill

Size of samples
How samples were stored after

collection and before microbial
plating

Amount of time between
collecting specimen and
plating

Processing methods: surface
sterilization, homogenization,
concentration, or dilution

Volume plated
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years (Vorobyova et al. 1997). Although less prevalent than bacteria, yeasts are
present in deep permafrost and were the dominant culturable aerobic eukaryotes in
samples of ancient Oleorian permafrost, 2–3 million years old (Vorobyova et al.
1997). Yeasts were more frequently found in young permafrost with high plant
residue content such as peat.

2.4 Surface Sterilization of Specimens

Ice and permafrost cores have been collected from depths up to 4 km. Several
researchers have examined these ice cores for viable microbes or microbial DNA,
as described by Rogers et al. (2004). It can be difficult to confirm that viable
microbes were indeed isolated from the interior of the ice cores, as contamination
from external sources such as drilling equipment is hard to exclude. Ma et al.
(2000) surface sterilized the ends of Greenland glacier ice cores by UV irradiation,
then used a sterile drill and saw to remove a subcore from the center of the ice
sample. Rogers et al. (2004) compared a variety of protocols for decontaminating
ice core samples, including exposure to bleach, ethanol, UV radiation, acid and
base, and found that bleach was the most effective method in killing microbial
contaminants on the surface of the ice. They confirmed that microorganisms that
they spread on the surface of the ice core were not recovered in the melted
material. Abyzov (1993) devised a method to aseptically sample the interior of
Antarctic ice cores, using a circular knife blade to crack off the end of an ice core
sample, followed by melting and collecting water from an interior section using a
cone-shaped heater applied to the freshly revealed interior surface.

Ice samples collected from surface environments such as glacier surfaces and
sea ice do not require such extensive surface sterilization. For example, Butinar
et al. (2011) simply melted and discarded the surface layer from ice samples and
then melted the remaining ice sample.

2.5 Homogenization, Dilution, or Concentration
of Specimens

Homogenization: Some samples must be homogenized, disrupted, or mixed to
release and disperse microbes. Depending on the composition and texture of the
substrate, a sample may be aseptically ground, shaken, pounded, pummeled,
stirred, swirled, or pureed (Boundy-Mills 2006). For example, samples of giant
white clams and tube worms collected at over 1,000 m depth in Sagami Bay,
Japan, were surface sterilized with ethanol and then pulverized in artificial sea-
water (Nagahama et al. 2001, 2003). After surface sterilization, ice core and
subcore samples are simply melted to release microbes from the ice matrix and
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evenly distribute the microbes (Abyzov 1993; Rogers et al. 2004). Yeast abun-
dance varies significantly in different substrates, or in the same type of substrate
sampled in different locations and seasons. Examples of yeast abundance reported
for several different types of substrates that harbor cold-adapted yeasts are listed in
Table 2.2. For example, yeast populations were reported to be denser in freshwater
than marine water in Brazil (Hagler and Ahearn 1987).

Table 2.2 Yeast abundance in select substrates known to harbor cold-adapted yeasts

Substrate Yeast abundance Reference

Cryoconite 7 9 103 to 1.4 9 104 CFU g-1

dry mass
Singh and

Singh
(2012)

Cryoconite 500–1.5 9 105 CFU g-1 dry mass Margesin
et al.
(2002)

Antarctic soil 5–1 9 105 cells g-1 soil Di Menna
(1966)

Surface layers of glacier ice Up to 25 CFU ml-1 Butinar et al.
(2007)

Glacial ice cores and meltwater 0.11–0.56 CFU ml-1 Turchetti
et al.
(2008)

Supra- and subglacial sediment 12–21 CFU g-1 dry mass Turchetti
et al.
(2008)

Cryokarst formations in glacier Up to 400 CFU ml-1 Butinar et al.
(2007)

Basal glacier ice Up to 4,000 CFU ml-1 Butinar et al.
(2007)

Permafrost 200–2,000 CFU g-1 dry mass Vorobyova
et al.
(1997)

Cryopegs (hypersaline underground
water surrounded by permafrost)

3–400 CFU ml-1 Gilichinsky
et al.
(2005)

Arctic subglacial environments Up to 4 9 103 CFU ml-1 Butinar et al.
(2007)

Supraglacial samples 25 CFU ml-1 Butinar et al.
(2005)

Subglacial ice Up to 10 CFU ml-1 (ascomycetes) Butinar et al.
(2011)

Sea ice 84 CFU L-1 (ascomycetes) and
2 9 103 CFU L-1 (basidiomycetes)

Butinar et al.
(2011)

Seawater in a fjord Up to 500 CFU L-1 (ascomycetes)
and 400 CFU L-1 (basidiomycetes)

Butinar et al.
(2011)

Snow/ice in the tidal zone
bordering the fjord

6.7 9 103 CFU L-1 ascomycetes Butinar et al.
(2011)
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Dilution: Some substrates such as cryoconite (organic and inorganic dust
containing microbes found on the surface of glaciers), soil or glacial or marine
sediment require suspension or washing to release suspend microbes. They may
also contain sufficiently high concentrations of viable yeasts to require dilution
prior to plating. Diluents used include liquid media, saline, water, or various
phosphate buffers (Boundy-Mills 2006). A surfactant such as 0.01–0.05 % (v/v)
Tween 80 can be added to aid in separation of cells from soil particles, cell clumps,
and filamentous structures (Deak 2003). For example, cryoconite was shaken with
phosphate buffer and Tween 80 at 170 rpm, and then, appropriate dilutions in
saline were surface plated onto agar plates (Margesin et al. 2002). The water
activity of the diluent should resemble that of the substrate, or yeast viability may
be affected (Hocking et al. 1992; Hernandez and Beuchat 1995). Because frozen
substrates such as ice and permafrost have very little available liquid water, media
with quite low water activity have been successfully used to isolate yeasts from
melted snow and ice (Butinar et al. 2011). Yeasts in diluent must be plated
promptly, particularly in saline solutions, which may have adverse effects on yeast
viability (Andrews et al. 1997).

Concentration: Specimens with low yeast density can be concentrated using
filtration or centrifugation. Filters such as nitrocellulose membranes, 0.2- or 0.45-lm
pore size, are used in a sterile filtration device to concentrate the microbes in the
water. To exclude particles larger than yeasts, the material can be pre-filtered with a
larger pore size membrane such as 5 lm (López-García et al. 2001). The filter is then
aseptically removed from the filtration device and placed filtrate side up on the
surface of an agar plate. The volume of water to be filtered depends on the con-
centration of resident microbes. Table 2.2 lists yeast abundance reported in selected
substrates from which cold-adapted yeasts have been isolated. As it may be difficult
to predict the yeast density in advance, multiple concentrations should be plated in
order to obtain a statistically significant number of yeasts.

Organic contents including yeast cells in dilute samples such as lake water have
been concentrated using a coagulant (Sláviková et al. 1992). Water samples can
also be concentrated using a Foerst-type continuous flow centrifuge (Kimball et al.
1963).

2.6 Cultivation Methods for Cold-Adapted Yeasts

Many different media and growth conditions have been used for isolation and
cultivation of cold-adapted yeasts. Table 2.3 describes a variety of media, incu-
bation temperatures, and incubation times used in selected published descriptions
of isolation and cultivation of cold-adapted yeasts from many of the cold substrates
discussed in this chapter.

Media composition: The composition of media including nutrient concentration
and water activity can dramatically affect recovery of viable microbes. Recovery
of microbes from oligotrophic environments such as water may be more successful
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Table 2.3 Media and growth conditions used to isolate and cultivate cold-adapted yeasts from
various cold substrates in selected recent publications

Substrate, location Isolation medium and growth conditions Reference

Glacier, Patagonia, Argentina Meltwater filtered on 0.45-lm
nitrocellulose filter placed on MYP
agar with chloramphenicol. Incubated
at 4–15 �C for up to 1 month

de Garcia
et al.
(2007)

Glacier, Ny-Ålesund, Norway Cryoconite diluted in unnamed diluent,
plated on six media by pour plate and
spread plate: YPD, MYP, MEA, PDA,
SDA, PCA, rose Bengal plus
tetracycline. Incubated at 5, 10, 15,
20, and 25 �C for 2–4 weeks

Singh and
Singh
(2012)

Glacier, Kongsfjorden, Svalbard,
Norway

Basal ice, subglacial meltwater,
subsurface ice from cryokarst
formations, snow/ice mixtures,
seasonal meltwaters, seawater, and sea
ice. Up to 100 mL of liquid filtered
onto 0.22- and 0.45-lm membranes,
and filters placed on DRBCA, DG18,
MY10-12, MY20G, MY35G,
MY50G, MEA, MEA5NaCl,
MEA10NaCl, MEA15NaCl,
MEA17NaCl, MEA24NaCl,
MEA30NaCl (all with
chloramphenicol, 50 mg L-1).
Incubated 4, 10, and 24 �C for up to
14 weeks

Butinar
et al.
(2011)

Glacier, Tyrolean Alps, Austria Cryoconite suspended in diluent and then
plated on MP plus chloramphenicol
and lactic acid. Incubated at four
temperatures: 2 �C for 10 days, 20 �C
for 3–5 days, 37 �C for 2 days or
55 �C for 2–4 days

Margesin
et al.
(2002)

Glacial cores and meltwater, Forni and
Szforzellina glaciers, Italy

50–100 ml of melted glacial cores or
meltwater filtered through 0.22-lm
filters, and filters placed on
RB ? tetracycline, DG18, and
DRB ? chloramphenicol. Incubated
at 4 �C for 12 weeks and 20 �C for
3 weeks

Turchetti
et al.
(2008)

Supra- and subglacial sediment, Forni
and Szforzellina glaciers, Italy

Solid samples diluted with 0.1 % sodium
pyrophosphate, serial dilutions plated
in triplicate on RB ? tetracycline,
DG18, and DRB ? chloramphenicol.
Incubated at 4 �C for 12 weeks and
20 �C for 3 weeks

Turchetti
et al.
(2008)

Ancient ice cores, Greenland 200 uL of melted subcores plated on eight
media: SAB, YMA, acidified YMA,
NA, MEA, PDA, MA, OMA.
Incubated at 8 �C for 6 weeks, then
15 �C for 2 weeks

Ma et al.
(1999,
2000)

(continued)
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Table 2.3 (continued)

Substrate, location Isolation medium and growth conditions Reference

Polythermal glacier ice from edge of
glacier, Kongsfjorden, Norway

Ice melted, then either diluted or filtered
and filter plated on agar; plated on
MEA, MEA5NaCl, and MEA20G.
Incubated at 4, 10, and 24 �C, number
of days not stated

Butinar
et al.
(2007)

Cryopegs, East Siberian Sea coast Cryopeg brine plated directly, or filtered
and filter placed on agar, on MA with
or without sodium puryvate, and on
Czapek media, with added sucrose or
NaCl. Incubated at 4 or 26 �C for
1 month

Gilichinsky
et al.
(2005)

Permafrost, Dry Valley, Antarctica Core sample surface sterilized, 1 ml of
melted microcore spread plated on RB
with tetracycline. Incubated at 4 �C
for 12 weeks or 20 �C for 3 weeks

Zucconi
et al.
(2012)

Deep-sea sediments, Suruga Bay,
Japan

Sediment plated on YMA, 1/5 YMA,
PDA, and CMA, all made with
artificial seawater and supplemented
with 0.01 % chloramphenicol.
Incubated 5–10 �C for 2 weeks then
20 �C for 1 month

Nagahama
et al.
(2003)

Deep-sea sediments, giant white clams
and tubeworm from Suruga Bay,
Iheya Ridge and Mariana Trench

Sediments plated directly on agar;
animals surface sterilize and then
pulverized in artificial water.
Specimens plated on YMA, PDA, NA
with 0.5 % glucose, YNB without
amino acids containing 0.5 % glucose
and 2 % agar; all dissolved in artificial
seawater with 0.01 %
chloramphenicol, 0.002 %
streptomycin. Plates incubated
5–10 �C for 2 weeks, then 20 �C for
one month

Nagahama
et al.
(2001)

YPD agar yeast extract peptone dextrose agar; MYP agar malt extract yeast extract soytone agar
(Bandoni 1972); MP agar malt extract mycological peptone agar (3 % malt extract, 0.5 %
mycological peptone, 1.5 % agar, pH 5.4) (Margesin et al. 2002); SAB Sabouraud’s agar; YMA
yeast–malt extract agar; NA nutrient agar; MEA malt extract agar; MEA5NaCl malt extract agar
containing 5 % (w/v) NaCl; MEA20G malt extract agar containing 20 % glucose; PDA potato
dextrose agar; MA mycobiotic agar; OMA oatmeal agar; SDA Sabouraud dextrose agar; PCA
potato carrot agar; RB rose Bengal agar; CMA corn meal agar; DRB dichloran rose Bengal agar
(Difco); DRBCA dichloran rose Bengal chloramphenicol agar (King et al. 1979); DG18 dichloran
18 % glycerol agar (Hocking and Pitt 1980); MY 10–12 malt yeast 10 % glucose and 12 % NaCl
agar (Samson et al. 2004); MY20G malt yeast 20 % glucose agar (Gunde-Cimerman et al. 2003);
MY35G malt yeast 35 % glucose agar (Gunde-Cimerman et al. 2003); MY50G, malt yeast 50 %
glucose agar (Samson et al. 2004); MEA5NaCl malt extract 5 % NaCl (Gunde-Cimerman et al.
2003); MEA10NaCl malt extract 10 % NaCl (Gunde-Cimerman et al. 2003); MEA15NaCl malt
extract 15 % NaCl (Gunde-Cimerman et al. 2003); MEA17NaCl malt extract 17 % NaCl (Gunde-
Cimerman et al. 2003); MEA24NaC malt extract 24 % NaCl (Gunde-Cimerman et al. 2003);
MEA30NaCl malt extract 30 % NaCl (Gunde-Cimerman et al. 2003); YNB, yeast nitrogen base
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with low nutrient media. Vishnivetskaya et al. (2000) observed that recovery of
viable bacteria from permafrost samples up to 2 million years old was more
successful using 1/10 strength TSA (tryptone soy agar) than with full-strength
TSA, but recovery of bacteria from surface tundra soil was higher on full-strength
TSA. Water activity is also an important consideration. Although frozen substrates
such as ice and permafrost have very little dissolved solutes, they also have very
little available liquid water and thus have low water activity. Media with low water
activity have been successfully used to isolate yeasts from melted snow and ice
(Butinar et al. 2011).

Temperature: Cultivation temperatures must be carefully selected for cold-
adapted yeasts. These yeasts can be either psychrophilic or psychrotolerant. For
example, three to ten times more yeasts were isolated from cryoconite on the
surface of a glacier at 2 �C than at 20 �C, and none could be isolated at 30 �C
(Margesin et al. 2002). Kutty and Philip (2008) recommend that after inoculation
onto agar plates, yeasts from polar and deep-sea habitats should be incubated at
5 �C. However, the growth temperature range of yeasts isolated from cold sub-
strates can be surprisingly high: Butinar et al. (2011) found that most ascomyce-
tous yeasts they isolated from glacier ice and meltwater could grow up to
25–30 �C, in addition to growing at 4 �C.

2.7 Cold-Adapted Yeast Species

Cold-adapted yeasts belong to multiple clades of Ascomycota and Basidiomycota.
While ascomycetous yeasts are the predominant agent of spoilage of chilled or
frozen foods (Davenport 1980; Schmidt-Lorenz 1983), they are less abundant than
basidiomycetous yeasts in polar soil (Vishniac and Onofri 2003), cold seawater,
and subglacial ice (Butinar et al. 2011). The medium used for isolation of yeasts
can impact the species recovered: Butinar et al. (2011) found that ascomycetous
yeasts dominated on media containing elevated NaCl, but basidiomycetous yeasts
dominated on other media with lower NaCl concentrations. In samples from the
northwest Pacific Ocean, Nagahama et al. (2001, 2003) found that ascomycetes
dominated in deep-sea sediments sampled from less than 2,000 m depth, but
basidiomycetes dominated in deeper sediments.

Several recent publications detail the range of yeast species isolated from
numerous cold habitats and locations. A review on yeasts isolated from Antarctica
recently published by Buzzini et al. (2012) includes a list of species found in
various Antarctic habitats. Shivaji and Prasad (2009) reviewed the biodiversity of
yeasts from Antarctica, including a list of strains available from the Centraalbureau
voor Schimmelcultures, CBS). Recent reports listing numerous yeast species
include yeasts from four glaciers in Argentina (de García et al. 2007) and Italy
(Turchetti et al. 2008), deep-sea sediment in Japan (Nagahama et al. 2001, 2003),
and permafrost (Zucconi et al. 2012).
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Some of these species are ubiquitous, with strains found in cold as well as warm
habitats, such as Cryptococcus laurentii, Cryptococcus macerans (anamorph of
Cystofilobasidium macerans), Rhodotorula mucilaginosa (de García et al. 2007).
These species are also able to grow at temperatures of 20 �C and higher. However,
some species isolated from Antarctica are psychrophiles. Species in the genus
Mrakia and its anamorphic genus Mrakiella, by definition of the genera, have a
maximum growth temperature of 20 �C or lower. Some species names reflect the
cold-adapted nature of this genus, including Mrakia frigida, Mrakia gelida, and
Mrakia psychrophila. Many Mrakia strains were isolated from cold climate soil
and glaciers, such as the many M. gelida and M. frigida strains isolated from
glaciers in Italy (Turchetti et al. 2008).

2.8 Preservation of Cold-Tolerant Yeasts in Public Culture
Collections

Many scientific journals require that microbial strains cited in scientific publica-
tions be made available to the scientific public for research. Some are maintained
in research collections at the institution of the researcher that performed the study,
and others are deposited in public collections to allow broader availability and
long-term preservation. For example, yeasts from glaciers and seawater described
in a recent publication (Butinar et al. 2011) are maintained in the EX-F Culture
Collection of Extremophilic Fungi of the Department of Biology, Biotechnical
Faculty, University of Ljubljana, Slovenia.

The mission of public microbial culture collections is to preserve and distribute
pure, authenticated microbial strains. Culture collections acquire yeasts through
deposit by researchers from other institutions, through in-house research, or a
combination of these (Boundy-Mills 2012). Many of these collections have online
strain catalogs that can be searched by genus, species, geographic origin, and
habitat of origin such as Antarctica, Norway, or Alaska, or cold habitats such as
glaciers, deep-sea sediment, frozen foods, or permafrost. Researchers searching for
a specific strain or species can search the species or strain fields in the online
catalogs of these collections to locate strains. Representative culture collections,
their websites, and examples of habitats sampled to obtain cold-adapted yeasts are
listed in Table 2.4.

In addition to this basic descriptive data, some public culture collections have
made physiological data including growth temperatures available in a searchable
format in their online catalogs. For instance, the Industrial Yeasts Collection
(DBVPG) at the University of Perugia, Italy, has a strong emphasis on environ-
mental isolates. Historically, this collection focused on wine yeasts and has
expanded in recent decades to include yeasts useful for other biotechnological
applications such as cold-active enzymes. To fill this need, DBVPG personnel
have built a sizeable collection of yeasts isolated from glaciers and snow. The
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online DBVPG strain database is searchable for many fields including growth at
low temperatures and ‘‘enzymatic and industrial surveys.’’ A search for ‘‘growth at
4 �C’’ in this field generated a list of over 500 strains, most of which were isolated
from snow and glacial ice, meltwater, and sediments from Italy and Antarctica.

The Centraalbureau voor Schimmelcultures (CBS) in Utrecht, the Netherlands,
has posted quite extensive physiological data for the strains in the public CBS
catalog. Data are posted for growth of CBS yeasts across a broad range of growth
temperatures ranging from 4 to 45 �C. Over 300 strains able to grow at 4 �C were
found in a search of the CBS online strain database (www.cbs.knaw.nl/
Collections/Biolomics.aspx). Some interesting trends appear in this set of strains.

The geographic origin of CBS psychrotolerant strains is depicted in Fig. 2.1.
Psychrotolerant yeasts able to grow at 4 �C were isolated from chilly geographic
locations such as Antarctica (1 strain) and Iceland (39 strains), but also from
unexpectedly warm temperate and tropical climates such as Egypt (2 strains) and
the Bahamas (4 strains). For example, Lachancea meyersii CBS 9925 was isolated
in 1999 by J. W. Fell and colleagues from seawater in a mangrove creek on Andros
Island in the Bahamas (Fell et al. 2004) and can grow at 4 �C through 30 �C, but
not at 35 �C or higher (CBS online database for growth temperatures). The bias
toward temperate and tropical origins indicated in Fig. 2.1 most likely reflects the
travel preferences of the field microbiologists who collect yeasts, rather than the
actual biogeography of psychrotolerant yeasts.

Psychrotolerant yeasts in the CBS catalog were isolated from cold habitats such
as glaciers, snow, and chilled beef, but also from various mid-temperature habitats
such as fruits, flowers, trees, seawater, soil, and insects. These yeasts could be
useful for many applications as discussed in Part IV of this book. A broad variety

Fig. 2.1 Geographic origin of yeast strains in the Centraalbureau voor Schimmelcultures (CBS)
collection (Utrecht, The Netherlands) that tested positive for growth at 4 �C. The number of CBS
strains from each region is indicated. Data taken from the CBS online strain database
(www.cbs.knaw.nl/Collections/Biolomics.aspx)
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of psychrotolerant yeast genera and species are represented in the CBS catalog, as
listed in Table 2.4. Both basidiomycetous and ascomycetous yeasts are repre-
sented, though basidiomycetes are more prevalent, as has been seen in an evalu-
ation of yeasts isolated from Antarctica (Buzzini et al. 2012). Basidiomycetes
made up 85 % of yeasts isolated from subglacial ice, glacial meltwater, seawater,
sea ice, and melted snow in Norway (Butinar et al. 2011).

The National Collection of Yeast Cultures (NCYC), located at the Institute of
Food Research, Norwich, UK, has a historic emphasis on brewing strains and has
expanded in recent decades to embrace yeasts with biotechnology or food value.
Like CBS, NCYC has an online strain database (www.ncyc.co.uk) that can be
searched for strains with specific growth temperatures. Eighty-six strains had a
reported minimum growth temperature of 4 �C. Notable strains include Phaffia
rhodozyma type strain NCYC 874 (UCDFST 67-210), a species used for industrial
production of the carotenoid pigment astaxanthin, and multiple wine, brewing and
baking strains of Saccharomyces cerevisiae. Use of low-temperature-adapted
yeasts for wine making is addressed further in Chap. 19.

2.9 Methods for Detecting Uncultured Yeasts

As discussed in Sect. 2.6, cultivation methods can bias recovery of different types
of yeasts. Many yeast species may not be cultivable under the conditions selected.
Molecular methods of profiling yeast biodiversity do not generate living cultures
for further analysis, but can provide more detailed profiles of mixed populations.
Molecular methods for the analysis of mixed communities of bacteria or yeasts
were reviewed recently (Bokulich 2012).

Targeted methods are aimed at specific taxonomically defined groups of
microbes, such as all bacteria, or a specific genus, species, or strain. These
methods include fluorescence in situ hybridization (FISH) and quantitative PCR
(qPCR). Broader profiling methods utilize universal primers aimed at larger tax-
onomic groups, such as kingdom or phylum level. The PCR products can be
analyzed and profiled using several methods.

Amplified fragments can be ligated into a cloning vector, transformed into
E. coli, and sequenced. This method is rather low-throughput, as each clone must
be individually sequenced.

Denaturing gradient gel electrophoresis (DGGE) and its close relative tem-
perature gradient gel electrophoresis (TGGE) have been used for the past 20 years
to profile mixed microbial communities. These methods separate short PCR
products along a chemical or temperature gradient. DGGE was used by Cocolin
et al. (2000) to profile the succession of yeasts in wine fermentations. Yeasts are
identified by comparison of band lengths to those of standards, or by extracting
from the gel, re-amplifying, and sequencing. This method is limited by the low-
throughput, and difficulty in performing the procedure. More information about
DGGE can be found in a review by Ercolini (2004).
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Terminal restriction fragment length polymorphism (TRFLP) differentiates
microbial members of a community based on differences in length of a fluores-
cently labeled PCR fragment, cut with restriction enzymes, and separated by
capillary electrophoresis on a DNA sequence analyzer. The fragment lengths are
compared to those in databases, such as that compiled by Bokulich et al. (2012) for
analysis of yeasts associated with wine fermentations. This method can be used in
high-throughput, but is limited to fragment sizes for the species found in relevant
databases.

Next-generation sequencing (NGS) methods include several recently developed
technologies for massively parallel sequencing of a mixture of diverse DNA
sequences. PCR is used to amplify marker genes, primarily 16S rRNA for pro-
karyotes and ITS genes for fungi. The two methods currently used for profiling
microbial communities are 454 Life Sciences pyrosequencing (Margulies et al.
2005) and Illumina sequencing platforms (Bennett 2004). These two methods both
generate large numbers of short segments of DNA sequence, with the fragments
being physically partitioned and the growing DNA strand detected using different
technologies. They differ in error rates, sequence lengths, and cost. Pyrose-
quencing generates longer reads (600 bp) than Illumina (150 bp), but Illumina
generates greater sequence coverage (109 reads versus 106).

Users of these methods are cautioned to carefully select the reference database
for identification of species from the raw DNA sequence data. Public DNA
sequence databases contain sequences that are too short, misannotated, or contain
too many ambiguous base calls to be useful. Fungal databases that are curated
include the UNITE database of hand-curated fungal ITS sequences, primarily
ectomycorrhizal fungi, and the Silva reference database of fungal large subunit
(LSU) rDNA sequences. Different reference databases will yield different taxo-
nomic assignments (Bokulich 2012). Illumina sequencing was recently used to
profile both bacterial and yeast communities in a winery (Bokulich et al. 2013).

Some molecular methods have been used to profile fungal diversity in cold
habitats. Bass et al. (2007) amplified an 18S rDNA segment from genomic DNA
isolated from filtered seawater collected at several marine sites between 250 and
4,000 m depth, cloned the PCR fragments into the TOPO TA vector, and
sequenced the inserts; 115 sequences were fungal, and included 19 fungal 18S
sequence types, with 3–11 sequence types per site. Eleven of these sequences have
only been detected in deep-sea samples. Yeasts predominated, particularly
basidiomycetous yeasts. DNA sequences were similar to those of know cold-
adapted yeast species including C. vishniacii, Rhodosporidium diobovatum,
Filobasidium globisporum, R. mucilaginosa, and other basidiomycetous and
ascomycetous yeast species.

Bellemain et al. (2013) used next-generation sequencing of the ITS ribosomal
region to analyze the fungal diversity in 26 samples of Siberian permafrost aged
16,000–32,000 years. Seventy-five fungal operational taxonomic units (OTUs)
belonging to 21 orders in three phyla were detected, 75 % of which were asco-
mycetous. Species detected from this study include many filamentous fungi, as
well as yeasts that have been cultivated from other cold substrates including
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Mrakiella aquatica (99.5 % identical), Rhodotorula minuta (100 % identical), and
Cryptococcus albidus (100 % identical).

These two examples demonstrate that molecular methods, including next-
generation sequencing methods, can be useful to detect, identify, and estimate the
relative proportions of yeasts in substrates such as deep-sea water and may be used
more extensively in coming years.

2.10 Conclusions

General methods used to isolate and cultivate yeasts have been modified to allow
cultivation of cold-adapted yeasts. These modifications include selection of
appropriate cold incubation temperature, osmolarity, and nutrient levels. Cold-
adapted yeasts can be isolated from rather inaccessible habitats, such as deep-sea
sediment and glacial ice cores, which requires particular aseptic sampling and
processing methods. Some species isolated from these cold habitats only grow at
cold temperatures, while others can tolerate mesophilic temperatures as well.
Because these yeasts are particularly difficult to sample, isolate, cultivate, and
preserve, it is important to archive them in properly equipped institutions with
personnel knowledgeable about their cultivation, such as public culture collec-
tions. As culture-independent methods of microbe community profiling gain
prominence, it may be important to archive the hard-won environmental samples
and associated environmental DNA samples in public archives as well. Culture-
independent methods, although powerful, still rely on data acquired using repre-
sentative pure cultures to identify the species of microbes present. Isolation of
cold-adapted yeasts is helping to expand our knowledge of the ecology of cold
habitats and is leading to taxonomic discoveries and biotechnology advances.
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Chapter 3
Cold-Adapted Yeasts in Arctic Habitats

Polona Zalar and Nina Gunde-Cimerman

Abstract The Arctic area is a polar region at the northernmost part of the Earth,
north of the Arctic Circle (66� 330N). It is a region of an ice-covered Arctic ocean,
surrounded by treeless permafrost. The climate within the Circle is extremely cold,
and much of the area is permanently covered with ice. Unlike in the temperate
zones, where filamentous fungi prevail, extremophilic yeasts are particularly well
adapted to these conditions and thus thrive in different polar environments. The
range of Arctic environments inhabited by yeasts includes glacial ice with brine
networks and inclusions, subglacial environments, soil, permafrost, Arctic sea and
sea ice. Yeast isolates from cryoconite holes and cryptoendolithic environments
are rare. The physiological activity of yeasts has been demonstrated at tempera-
tures below -20 �C. Studies of the abundance, distribution and taxonomy of
Arctic yeasts are very much limited in comparison with the studies of the Antarctic
yeasts. Interestingly, the dominant yeasts in the Arctic are also of basidiomycetous
affinity and belong to the same genera that occur frequently in the Antarctic soils
and polar offshore sea waters. These are different species of the genera Aure-
obasidium, Candida, Debaryomyces, Metschnikowia, Pichia, Protomyces, Ben-
singtonia, Bulleromyces, Cryptococcus, Cystofilobasidium, Filobasidium,
Leucosporidiella, Malassezia, Kondoa, Mastigobasidium, Mrakia, Mrakiella,
Rhodosporidium, Rhodotorula, Sporidiobolus, Sporobolomyces, Trichosporon and
Udeiomyces. Amongst these, the polyphyletic genera Cryptococcus and Rhodo-
torula appear to be the predominant and are also represented by the highest
numbers of species. Classical culture-based methods, molecular techniques and
more recently also metagenomic analyses have revealed the existence of yet
unknown species, genera and even new phylogenetic lineages.
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3.1 Introduction

The Arctic area is a polar region located at the northernmost part of the Earth,
north of the Arctic Circle (66� 330N). It is a region of an ice-covered Arctic ocean,
surrounded by treeless permafrost. Geographically, it is spread over Greenland,
parts of Iceland, Alaska and Norway (Svalbard; Fig. 3.1a), Sweden, Finland,
Canada and Russia. The climate within the Circle is very cold, and much of the
area is permanently covered with ice. In the mid-winter months, the temperatures
can reach -50 �C in the higher latitudes. In the summer months, sunlight melts the
seas and the topsoil. The average temperature of the warmest month (July) does
not exceed 10 �C.

The main stress factors that influence microbial and therefore also fungal
biodiversity in extremely cold polar areas are the low temperature, closely related
to desiccation and low water availability (low Aw) due to freezing, the relatively
high concentrations of ions and the generally low levels of nutrients in the liquid
water and sometimes high UV irradiation and hypoxia. It appears that unlike in the
temperate zones, where filamentous fungi prevail, yeasts are particularly well
adapted to these conditions and thus thrive in different polar environments.

In spite of hard conditions and logistic problems, the initial studies on the
presence of yeasts in the Earth’s polar areas started more than a century ago with a
study on Antarctic fungi performed in the early 1870s (Bridge et al. 2013). Thirty-
seven research stations were established in the Arctic region, which prompted the
research even in the most remote places (Fig. 3.1b). Initial studies of yeasts in
polar areas were culture-based and concentrated primarily on the scarce vegeta-
tion, wooden remains, soil and permafrost, followed by studies of the aerosphere
and rock-inhabiting yeast-like fungi. More recent studies have focused on water-
based environments, such as sea water, glacial melt-water, snow, glacial and lake
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ice. The methods used for yeast detection have been time appropriate, from the
classical early microscopical visualisation to molecular DNA-based techniques
(Fell et al. 2006), which have been complemented lately by metagenomic studies
(Simon et al. 2009; Kennedy et al. 2010; Ziolkowski et al. 2013), in which fungi
were most often assessed only as a part of the overall analysis, mainly concen-
trated on the prokaryotic diversity.

Detailed taxonomic analyses based on physiological profiles and relevant
molecular markers have allowed the description of numerous novel yeast species
originating predominantly from the Antarctic (Montes et al. 1999; Scorzetti et al.
2000; Thomas-Hall and Watson 2002; Thomas-Hall et al. 2002; Vishniac 2002;

Fig. 3.1 Arctic landscapes.
a Glaciers in Kongsfjorden,
(Spitsbergen, Svalbard);
b Ablation zone of a glacier,
icebergs on the sea surface;
c characteristic buildings of
Ny-Ålesund settlement (78�
550 N, 11� 560 E, Spitsbergen,
Svalbard), where research
stations maintained by
several countries are located
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Libkind et al. 2005; Xin and Zhou 2007; Thomas-Hall et al. 2010), but also from
other cold environments (Margesin et al. 2007; Margesin and Fell 2008; de García
et al. 2010a, b; Thomas-Hall et al. 2010; Vishniac and Takashima 2010). Both in
Arctic and Antarctic regions, basidiomycetous yeasts prevail (Branda et al. 2010).
The majority of data on the occurrence of yeasts in the Arctic region can be
retrieved as scattered reports (Gilichinsky et al. 2007; Frisvad 2008; Ludley and
Robinson 2008; Libkind et al. 2009; Ozerskaya et al. 2009; Branda et al. 2010), or
as information in public fungal databases, such as the CBS Fungal Biodiversity
Centre or the American Type Culture Collection (ATCC), which can also serve as
valuable sources for data on yeasts from cold regions. An overview of the public
services collections preserving cold-adapted yeasts isolated from worldwide cold
habitats is reported in Chap. 2.

The species with the broadest adaptive potential and the widest distributions
across various polar niches are in particular different species of the genera Bul-
leromyces, Cryptococcus, Cystofilobasidium, Dioszegia, Erythrobasidium, Fi-
lobasidium, Guehomyces, Leucosporidiella, Leucosporidium, Malassezia, Kondoa
(unpublished, from the Arctic), Mastigobasidium, Mrakia, Mrakiella, Rhodospo-
ridium, Rhodotorula, Sporidiobolus, Sporobolomyces, Trichosporon and Udei-
omyces. Among these, Cryptococcus and Rhodotorula, which are both of
polyphyletic origins that occur in several phylogenetic lineages of the Agarico-
mycotina, appear to be the predominant genera and are also represented by the
highest numbers of species (Branda et al. 2010; Bellemain et al. 2013).

A special group of yeasts, extremely adapted to different types of extreme
environments (Selbmann et al. 2008; Zalar et al. 2008), are melanised, black,
yeast-like fungi (Onofri et al. 1999). These study organisms can inhabit envi-
ronments as different and extreme as Antarctic rocks (Selbmann et al. 2005;
Gorbushina 2007) and Arctic glacial ice with high salt concentrations (Butinar
et al. 2011). The black yeasts can colonise environments on Earth that resemble
most environments on the planet Mars, and have therefore been used as the closest
eukaryotic models for exobiological speculations. Their astonishing viability after
freezing and thawing, as well as after UV exposure, and their tolerance to osmotic
imbalances have shown their uncommon ability to survive under harsh external
pressures (Selbmann et al. 2005; Onofri et al. 2008).

In comparison with the studies of the Antarctic yeasts, the studies of the Arctic
yeasts with respect to their abundance, distribution and taxonomy are very much
limited. Taxonomic characterisations have shown that the dominant yeasts in the
Arctic are also of basidiomycetous affinity and belong to the same genera that
occur frequently in the Antarctic soils and polar offshore sea waters (Jones 1976;
Abyzov 1993; Abyzov et al. 2004; Onofri et al. 2004; Vishniac 2006). The species
of the genera Cryptococcus, Cystofilobasidium, Rhodosporidium, Trichosporon
and Rhodotorula are predominant yeasts in the various habitats of the Arctic
(Starmer et al. 2005; Raspor and Zupan 2006; Butinar et al. 2007, 2011; Vishniac
and Takashima 2010; de García et al. 2012). The distribution of the discovered
Arctic yeasts ranges from circumpolar to endemic and cosmopolitan species.
Whereas some yeasts that are endemic to the Arctic region show psychrophilic
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behaviour (Margesin and Fell 2008; de García et al. 2012), the majority are
psychrotolerant and globally distributed. The global warming phenomena,
resulting in the accelerated melting of polar ice, facilitate their transportation via
global water systems (Grabińska-Łoniewska et al. 2007) and air currents. Some
Arctic yeasts were previously known only from human proximity; as inhabitants of
freezers, cold storage rooms, refrigerated and even frozen food. In Table 3.1 to the
best of our knowledge, all known yeast species from diverse Arctic environments
are listed.

Many recovered Arctic yeast species represent reservoirs of rare or still
unknown microbial species, and therefore also of novel biological processes.
Although most investigations of yeasts in the Arctic have been limited to their
biodiversity, an increasing number of studies have been oriented towards extra-
cellular enzymatic activities of yeasts, antifreeze proteins, the biosynthesis of
secondary metabolites and bioremediation at low temperatures (Margesin 2009;
Simon et al. 2009; Pathan et al. 2010; Lee et al. 2012), providing us with a better
understanding of the complexity of these processes at ‘the edge of life’ (Robinson
2001; Ruisi et al. 2007; Xiao et al. 2010). Recently, adaptations to cold and
consequentially low water activity at the molecular level have also received more
attention, expanding the realm of extremophilic model organisms from prokary-
otes to yeasts (Gostinčar et al. 2008; Turk et al. 2011).

3.2 Yeasts on Arctic Vegetation, in Soil and Permafrost

Limiting factors for microbial growth and activity in the Arctic soils are extremely
low temperatures, cycles of freezing and thawing, low annual precipitation and low
nutrient content (Margesin and Miteva 2011). Annual soil temperatures recorded
at 10 cm depth can range between -27 and 14 �C in the High Arctic, and between
-7 and 11 �C in the Low Arctic (Timling and Taylor 2012). Because of non
uniform snow distribution, wide temperature differences can be recorded in the
underlying soil. A considerable microbial activity occurs in the region between the
snow packs and above permafrost region, even at the temperatures below freezing
point (Sturm et al. 2005). The activity is prompted during the short growing
season, lasting up to 6 weeks in the High Arctic up to 4 months in the Low Arctic,
when the upper 30–60 cm of soil is thawing, which can result in anaerobic con-
dition due to the underlying permafrost preventing drainage. On the other hand,
freezing can cause desiccation and salt accumulation in salt crusts. Due to diverse
cryogenic processes, Arctic soils are shaped into extremely heterogeneous envi-
ronment, with pH values ranging from 4 to 9, and relatively variable amount of
carbon (Timling and Taylor 2012).

Yeasts have been reported in connection with the subarctic vegetation and soil.
Mainly, basidiomycetous yeasts have been isolated from soil and adjacent berries,
flowers, vegetation of the littoral zone, forest trees and grasses, while ascomyce-
tous yeasts have been recovered more in connection with vegetation (Babjeva and
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Reshetova 1998). The multivariant analysis of soil samples collected all over the
globe over the latitudinal gradient has shown the temperature among other factors
(precipitation, electrical conductivity, pH, vegetation types) as the major factor for
yeast distribution. The success of the soil-inhabiting polyphyletic genus Crypto-
coccus is mainly attributed to their capsules, which enable them to grow in mineral
soil types distributed all over the globe (Vishniac 2006). A list of yeast species
inhabiting polar soils of Arctic is reported in Table 3.1.

Permafrost, ground that is comprised of soil, sediment or rock, and includes ice
and organic material, which remains at or below 0 �C for at least two consecutive
years, presents even harsher conditions for microbial activity. Permafrost is a
strictly thermal phenomenon and does not depend on the composition of the
ground. Permafrost in polar regions covers more than 25 % of the land surface and
significant parts of the coastal sea shelves (Wagner 2008). Together with sea-
sonally frozen soils, permafrost represents a large part (approximately 50 %) of the
terrestrial Earth (Panikov 2009). Permafrost reaches depths of 600–800 m in the
Eurasian tundra and a depth of 1,450 m in the Antarctic deserts (Steven et al.
2006). Usually, it is divided into three temperature-depth layers. The surface,
active layer is influenced by air temperature fluctuations, with a thickness from a
few cm to 10 m and temperatures fluctuating from +15 to -35 �C. The second
layer is composed of perennially frozen permafrost sediments, with a thickness
from 10 to 20 m and temperatures from 0 to -15 �C. The third and deepest layer is
composed of stable permafrost sediments, with temperatures from -5 to -10 �C
(Wagner 2008). In the active layer and in the middle layer of permafrost, intensive
physicochemical processes take place, strongly influencing microbial diversity,
whereas in the deeper permafrost sediments, the conditions can remain stable for
long periods of time, limiting the microbial processes (Wagner 2008). Thermal
conditions influence the formation of different cryogenic structures, such as ‘ice
wedges’ (a crack in the ground formed by a narrow or thin piece of ice), connected
with the atmosphere, unfrozen layers of ground in permafrost, called ‘taliks’, and
lenses of brine in permafrost, called ‘cryopegs’.

Different types of permafrost habitats are characterised by extremely low
temperatures, freeze–thaw cycles, low water and nutrient availability, and low gas
permeability (Morozova et al. 2007; Wagner 2008; Panikov 2009). For many
years, permafrost was considered a depository of ancient microbial life, but the
recently discovered intensive winter gas fluxes of methane and carbon dioxide
from the tundra to the atmosphere have led to an intensified search for organisms
able to metabolise below the freezing point. Now we know that the total microbial
biomass in permafrost is comparable to that of the communities of temperate soil
ecosystems (Wagner 2008; Wagner et al. 2005). Microbial communities in per-
mafrost are represented by dormant propagules of mesophilic cosmopolitan spe-
cies that have been deposited from the surrounding areas by wind and animals, but
also by active indigenous culturable or non-culturable species of Archaea, Bacteria
and Eukarya, particularly fungi (Ruisi et al. 2007; Panikov 2009). It has been
demonstrated that yeast species not only survive under permafrost conditions, but
also can sustain an active metabolism (Rivkina et al. 2004; Wagner 2008). It
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appears that yeasts are more resistant to hostile permafrost environments and show
more vigorous growth in frozen habitats than bacteria (Steven et al. 2006).
Depending on the depth and age of the samples, the numbers of culturable yeasts
can vary from 10 to almost 100,000 CFU g-1 material. The peaks of fungal
populations in permafrost are microfocal and, importantly, they show a parallel
decrease in species numbers (Ozerskaya et al. 2008).

Permafrosts in Arctic and Antarctic areas differ considerably. Permafrost in the
Antarctic regions is typically dry, with low intertidal water, while the Arctic
permafrost is, in contrast, impregnated with ice. During the thaw, the underlying
permafrost can prevent drainage of soils, leading to temporary anoxic conditions,
while subsequent freezing can lead to desiccation and an increased salinity,
especially in the High Arctic, where salt crusts can form on the soil surface due to
the high rates of evaporation. The Arctic soils are shaped also by cryogenic pro-
cesses, such as repeated freeze–thaw cycles, cryoturbation, frost heaving, thermal
cracking, and the formation of needle ice and ice lenses. As a result, the Arctic
soils are extremely heterogeneous at small scales. Soil pH values can vary between
4 and 9, nutrient contents (N, P, K) are generally low, while carbon can vary
substantially (Timling and Taylor 2012).

Fungal diversity in the Arctic permafrost has been studied mainly over the last
decade. The first studies concentrated on the longevity of frozen cells, while in
later studies mainly biodiversity was investigated. Since DNA may be preserved in
permafrost soils either as an intracellular DNA within the intact, cryopreserved
cells, or as an extracellular DNA adsorbed to sediment particles, the recent studies
also include DNA metabarcoding (Bellemain et al. 2013).

Viable yeasts and fungi have been isolated from Siberian permafrost sediments
that have remained in a frozen state for up to 3 million years, although they were
preserved in considerably lower numbers than the prokaryotic cells (Golubev
1998; Faizutdinova et al. 2005). Upon thawing, these microorganisms were able to
resume their metabolic activities (Takano et al. 2004). In some permafrost regions,
yeasts represented an important, or even the major (up to 100 %), part of all of the
fungi isolated, and 20–25 % of the total aerobic heterotrophs (Vorobyova et al.
1997; Steven et al. 2006). Researchers have even managed to isolate yeasts below
freezing point on solid media (cellulose powder or plastic film) with ethanol as the
sole carbon source without using artificial antifreezes. Enrichment from soil and
permafrost obtained on such frozen solid media contained mainly fungi, and
further purification resulted in an isolation of basidiomycetous yeasts of the genera
Mrakia and Leucosporidium, as well as of ascomycetous fungi of the genus Ge-
omyces (Panikov and Sizova 2007).

Most of the yeasts isolated from the Arctic permafrost were cosmopolitan
mesophilic species, which are easily dispersed via air, water and animals (Samson
et al. 2002). These yeasts might represent a recent contamination of the perma-
frost, and this thus makes the identification of the indigenous species more difficult
(Lydolph et al. 2005; Ruisi et al. 2007). However, it has been shown that per-
mafrost contains a considerable taxonomic diversity with significant numbers of
new taxa (Golubev 1998; Vishniac and Takashima 2010). The taxonomic diversity
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and ecological diversity of the ancient fungal communities of the Arctic perma-
frost fungi were assessed by combining next generation sequencing and meta-
barcoding of the DNA, preserved in permafrost. Twenty-six sediment samples
from two localities in Siberia dated 16,000–32,000 radiocarbon years were ana-
lysed for fungal ITS. Among the operational taxonomic units (OTUs), there were
sequences that belonged to almost all of the known yeast groups, and the following
genera were detected: (1) Malassezia, a lipophilous basidiomycete yeast genus and
(2) Cryptococcus, Mrakiella and Rhodotorula, putative psychrophilic fungi, which
might represent a modern DNA from metabolically active individuals. Saccha-
romycetales were not identified to the genus level (Bellemain et al. 2013).

In culture, the most frequently isolated yeasts from these permafrost sediments
belong to the genera Cryotococcus, Rhodotorula and Saccharomyces. By the use
of standard culture techniques, yeast species of the genera Bulleromyces, Candida,
Clavispora, Debaryomyces, Dioszegia, Guehomyces, Leucosporidium, Mrakia,
Pichia, Pseudozyma, Rhodosporidium, Sporidiobolus, Sporobolomyces, Tilleti-
opsis, Torulaspora, Trichosporon and Leucosporidium have also been found in
permafrost (Vishniac 1993; Thomas-Hall and Watson 2002; Vishniac 2006;
Margesin et al. 2007; Xin and Zhou 2007).

The microbial biodiversity in cryopegs in permafrost originating from the Arctic
Ocean regression in Siberia were studied by Gilichinsky et al. (2005). From the
brine in cryopegs, aerobic and anaerobic, halotolerant and halophilic, psychrophilic
and psychrotolerant bacteria, mycelial fungi and yeasts of the genera Cryptococcus,
Debaryomyces and Pichia have been identified, as well as black yeast Aureoba-
sidium pullulans var. pullulans. Activities were detected below 0 �C, and the iso-
lated microbes were considered as survivors of 43,000 years at -10 �C
(Gilichinsky et al. 2005).

3.3 Yeasts and Yeast-Like Fungi in/on Rocks

The Arctic region is rich in stony and rocky habitats. The rock represents a
dwelling place as well as a substrate for endolithic microorganisms, including
yeasts. The conditions on the surface of the rock are the harshest ones seen, and
they can only be sustained by lichens (Friedmann 1982; Nienow and Friedmann
1993; Selbmann et al. 2005), assigned as epiliths. The interiors of the rock pro-
tect—to some extent—life from environmental extremes, which allows for the
growth of different kinds of endolithic microorganisms (Friedmann and Koriem
1989; de los Ríos et al. 2003, 2005; McLoughlin et al. 2007). Non-lichenised,
rock-inhabiting fungi in polar regions are cryptoendoliths that establish themselves
under an abiotic crust on the successive layers of the rock surface. The darkly
pigmented non-lichenised yeasts inhabit the black layer, and Rhodotorula and
Sporobolomyces, together with hyaline filamentous fungi, inhabit the white layer
(Burford et al. 2003).
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Yeasts living within the rock are exposed to different kinds of stress factors,
which can include a high UV irradiation, low temperatures, desiccation, repeated
freeze-thawing and a lack of nutrients. The general response of the cryptoendo-
lithic fungi to these conditions is a high level of simplification. They primarily
grow as multicellular clumps and have the ability to shift to a simpler life cycle
and meristematic growth, which also includes the loss of sexual, and in some fungi
even asexual, reproduction (Selbmann et al. 2005). Through such simplification,
they can conclude their life cycle in a shorter time, with less energy needed and
hence at a lower metabolic cost (Ruisi et al. 2007).

While the Antarctic cryptoendolithic fungi, including yeasts, such as Crypto-
coccus friedmannii (Vishniac 1985), have been long investigated (Friedmann
1982; Onofri et al. 1999, 2004; Selbmann et al. 2005, 2008), studies on the Arctic
cryptoendolithic fungi have been initiated only recently (Omelon et al. 2006, 2007;
Selbmann 2013, personal communication). The studies performed on cryptoen-
doliths in the sandstone outcrops of the Canadian High Arctic have revealed the
presence of black-pigmented yeast-like fungi (Omelon et al. 2006, 2007).
Although these isolates have not been identified, it appears that the general
microbial diversity in the Arctic rock is higher in comparison with similar habitats
in Antarctica. The main reasons for this are probably the higher temperatures and
moisture and to a lesser extent the lower pH and higher concentrations of iron,
aluminium and silicon in the overlying surface (Omelon et al. 2007). The total
time that is available for ideal metabolic activity within the cryptoendolithic
environment in the Canadian High Arctic has been estimated as 2,500 h per year
(Omelon et al. 2006), whereas for the Antarctic Dry Valleys it has been estimated
as between 50 and 500 h per year (Omelon et al. 2006). These and other studies
performed over the last few years have shown that the cryptoendolithic yeasts are
much more widespread and common than previously thought. It appears that the
conditions in the rocks are prohibitive enough to prevent the settlement and the
growth of competitive cosmopolitan yeasts, yet they enable a slow growth of only
the most specialised black yeasts. To our current knowledge, only the genera of
black yeasts Friedmanniomyces and Cryomyces are endemic to Antarctica
(Selbmann et al. 2005), whereas other recently described genera and species of
black yeasts Elasticomyces, Recurvomyces and Acidomyces have also been found
in diverse, geographically remote, mountainous regions, e.g. the Andes of
Argentina and the Italian Alps (Selbmann et al. 2008). An in-depth review of the
distribution of black yeasts in worldwide cold habitats is reported in Chap. 8.

The most recent study performed in a gypsum-based endolithic community in
the polar desert of the Canadian High Arctic characterised the microbial com-
munity diversity, turnover and microbe–mineral interactions. Pyrotag sequencing
of 16S/18S rRNA demonstrated the presence of a diverse community of photo-
trophic and heterotrophic bacteria, algae and fungi. The diversity observed by
molecular techniques was confirmed by stable carbon isotope analysis of the lipids
in viable microbial membranes, which indicated that the atmospheric carbon is
assimilated into the microbial community biomass. Among fungi, the sequences of
Hypocreales, Verrucariales, Chaetothyriales, Helotiales, Capnodiales, Erysiphales,
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Lecanoreales and Dothideales were detected, which excludes true yeasts (Ziol-
kowski et al. 2013).

3.4 Yeasts in Sea Water and Sea Ice

Yeast communities in oceanic environments appear to be composed of ubiquitous
and endemic species (Kohlmeyer and Kohlmeyer 1979). Typical ubiquitous
marine yeasts are the ascomycetous yeast Debaryomyces hansenii and the basid-
iomycetous yeast genera Cryptococcus and Rhodotorula. Although the isolation
frequency of yeasts falls with depth, ascomycetous yeasts (e.g. Candida, De-
baryomyces, Kluyveromyces, Pichia and Saccharomyces) are more common in
shallow waters, while yeasts belonging to the Basidiomycetes (Cryptococcus,
Rhodosporidium, Rhodotorula, Sporobolomyces) are more common in deep
waters. Mainly basidiomycetous yeasts have also been isolated from polar offshore
sea waters (Jones 1976). The genera Rhodotorula, Cryptococcus, Debaryomyces
and Candida, which predominate among yeasts isolated from the deep-sea waters,
also prevail in cold polar areas and in the vicinity of sea ice (Butinar et al. 2011).
In particular, Rhodotorula spp. yeasts show a strong ubiquity, since they were
isolated from deep-sea vents, from a depth of 11,000 m (Gadanho and Sampaio
2005), from deep-sea sediments (Nagahama et al. 2001), from coastal waters
(Gadanho et al. 2003; Gadanho and Sampaio 2004), and from the Arctic ocean
(Gunde-Cimerman et al. 2003). Recent data have shown that animals living in
deep-sea hydrothermal vents are a new niche for colonisation by yeasts, which
frequently occur either in the Arctic water-based environments or in the hyper-
saline environments (Kutty and Philip 2008; Burgaud et al. 2010). For example,
the psychrophilic marine yeast Leucosporidium scottii, previously known as
autochthonous in the oceanic regions close to Antarctica, was found recently in
association with deep-sea hydrothermal animals. The authors hypothesised that
this could be an evidence of global exchanges from polar environments to deep-sea
vents (Burgaud et al. 2010). An overview of the occurrence of cold-adapted yeasts
in the deep sea is reported in Chap. 7.

When seasonal temperatures drop and frozen seawater forms a semisolid
matrix, seasonally transient sea ice is formed. It is constantly broken up and
reshaped by the wind and the ocean currents, and it has a highly variable tem-
perature, both temporally and spatially, with temperatures ranging from -1 �C to
as low as -50 �C in winter. The seasonally transient sea ice is permeated by a
network of channels and pores, filled with brine. These sea-ice brine channels
remain liquid up to -35 �C and can reach 20 % (w/v) NaCl concentration.
Changes in the salinity and temperature are thus the dominant factors that influ-
ence the biological communities within the sea ice (Brown and Bowman 2001;
Thomas and Dieckmann 2002). At very low external temperatures, most of the
microbial biomass finds refuge in the central mass of the ice within brine pockets,
whereas in spring, dense microbial communities can develop at the bottom of the
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ice (Gosink et al. 1993). Although autotrophic algal communities are relatively
well described, sea-ice-dwelling fungal communities have been less documented
(Brown and Bowman 2001; Gunde-Cimerman et al. 2003, 2005). For example,
when DNA was extracted from an Arctic sea-ice sample, some of the eukaryotic
clones detected were described as fungal (Thomas and Dieckmann 2002). From
Svalbard (Arctic), conventional culture-based methods with sea-ice samples have
yielded up to 7,000 CFU fungi L-1 (Gunde-Cimerman et al. 2003). Most (85 %)
of the isolates were basidiomycetous yeasts, which were mainly represented by
Cryptococcus adeliensis and Rhodotorula mucilaginosa. The neighbouring sea
water contained D. hansenii, D. maramus, Meyerozyma guilliermondii (formerly
Pichia guilliermondii), a novel species resembling Candida galli and Metschnik-
owia bicuspidata. Of all these, only M. guilliermondii was isolated exclusively
from sea ice, while snow/ice in the fjord tidal zone included Candida parapsilosis,
D. hansenii, M. guilliermondii and Metschnikowia zobellii (Butinar et al. 2011).
All of these isolated strains were characterised as psychrotolerant and xero/halo-
tolerant. When sea ice melts, the entrapped yeasts and other microbes are released
into the oceans; however, up to our knowledge, no studies report on the dynamics
of these processes. Only a few studies have reported on the occurrence of yeasts in
the Arctic aquatic habitats and their global distribution, particularly in deep-sea
waters.

3.5 Yeasts in Glaciers and Subglacial Environments

Glacial ice was long considered as an extremely stable and static environment. Ice-
core analyses were used to document and date past climate changes, geological
events and human activities. Isolation of viable microorganisms from ice cores has
unravelled ancient, ‘living microbial fossils’ in the older layers, which originated
from northern latitudes, and temperate as well as tropical regions (Abyzov 1993;
Ma et al. 1999, 2000). Low numbers of filamentous fungi, but no yeasts, were
isolated from 10,000–13,000-year-old Greenland ice (Ma et al. 1999, 2000). PCR
amplification of fragments of the eukaryotic 18S rRNA genes that were extracted
from 2,000-year-old to 4,000-year-old ice-core samples from north Greenland led
to the identification of a diversity of fungi, plants, algae and protists (Price 2000).
All of these findings of fungi in glacier ice cores have been interpreted as the result
of coincidental aeolian deposits of spores or mycelium into the ice during its
geological history.

Recent investigations have shown that ice in glaciers is a much more dynamic
habitat than previously thought, on the microscale as well as at the level of
geomorphology. Active microbes have been found in all types of glaciers, but their
abundance and activity are greatest in polythermal and temperate types. Their
presence is connected to the availability of water, which is in turn related to the
heat budget and the distribution of drainage channels in the ice.
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Four key glacial ecosystems have so far been identified: the proglacial envi-
ronment, seasonally flooded by glacial melt-water; the glacier surface, i.e. the
supraglacial system; the ice–bed interface, i.e. the subglacial system; and the
englacial system, which exists inside glacial ice.

Ice in temperate glaciers is permeated by a continuous network of aqueous
veins that are formed due to sea salts deposited as aerosols, as they are essentially
insoluble in ice crystals. Due to the percolation of the salts from the top of the
glacier to its bottom, salts can accumulate to relatively high concentrations in the
bottom parts of glaciers (Price 2000). Although these liquid veins, located between
the ice crystals in bulk polycrystalline ice, can have high ionic strength (Price
2000; Rohde and Price 2007), they contain living microorganisms of different
physiological groups. To the authors’ knowledge, the presence of yeasts within
these veins has not been demonstrated yet. These microorganisms can serve as
inocula when they reach the subglacial environment that contains more liquid
water.

The heat budget of melting ice is controlled not only by physical phenomena
such as solar radiation and air temperature, but also by quick seismic shifts (Ek-
strom et al. 2003; Fahnestock 2003), which affect the formation of cryokarst
phenomena and distribution of ice at the pressure melting point. Water in a glacier
can thus exist on the surface of glaciers as channels, films, veins and pockets at
grain interstices or boundaries and also as caves, interglacial lakes or moulins
within the glaciers (Christner et al. 2000). If these waters reach the glacier bed and
mix with the groundwater and glacial basal melt-water, rock and sediment, they
create a dynamic subglacial environment.

Initially these environments were considered abiotic; however, large microbial
communities dominated by aerobic, heterotrophic Betaproteobacteria were dis-
covered in 2000 (Skidmore et al. 2000; Foght et al. 2004) and yeasts and other
fungi in 2003 (Gunde-Cimerman et al. 2003, 2005; Sonjak et al. 2006; Butinar
et al. 2007; Zalar et al. 2008). The yeast counts detected in the subglacial samples
were two orders of magnitude greater when compared with those in supraglacial
samples (with up to 4 9 106 CFU L-1). Yeasts were primarily associated with the
clear glacier ice, while filamentous fungi were detected with the highest counts in
debris-rich subglacial ice (Butinar et al. 2007; Sonjak et al. 2006). In another study
by Singh et al. (2013), the viable counts of yeast cells in ice-melted water from
glacier samples were lower and ranged between 3 9 103 and 1 9 104 CFU L-1.

According to the species diversity and the abundance, the majority of the
species were assigned to the hymenomycetous yeasts (Filobasidium/Cryptococcus
albidus taxa of the Tremellales). The stable core of the subglacial yeast commu-
nities was represented by Cryptococcus liquefaciens, R. mucilaginosa, D. hansenii
and M. guillermondii (Butinar et al. 2007, 2011; de García et al. 2012), while in the
study by Singh et al. (2013), C. adeliensis, C. albidosimilis, C. saitoi, Rhodos-
poridium lusitaniae and R. mucilaginosa prevailed.

Ascomycetous yeasts have been found in glaciers of the Southern and Northern
Hemisphere only occasionally, the main reason probably being isolation media
with water activity close to 1.0. When media with lowered water activity were
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used, a much higher number of ascomycetous yeasts were retrieved (Gunde-
Cimerman et al. 2003). The dominant ascomycetous yeast species was D. hansenii,
with different species of the genera Candida, Metschnikowia and Pichia (de García
et al. 2010a). A surprising discovery was made in ice rich in gypsum precipitations
(Fig. 3.2). Although such samples of ice contained some basidiomycetous yeasts,
they were dominated by osmotolerant ascomycetous black yeast A. pullulans. This
species is of great biotechnological importance due to its production of the ex-
trapolysaccharide pullulan, as well as numerous extracellular hydrolytic enzymes
(Chi et al. 2009). Recently, A. pullulans has been described to comprise four
varieties, of which three have been detected in polar environments. The most well
known of these, A. pullulans var. pullulans, is a cosmopolitan taxon that has been
found at both poles in glaciers (Zalar et al. 2008) and in Greenland ice sheets
(Starmer et al. 2005). The A. pullulans var. melanogenum has been isolated mainly
from oligotrophic watery habitats, such as melted glacial water from the Italian
Alps (Branda et al. 2010), and melted subglacial water of the Arctic Svalbard
glaciers (Zalar et al. 2008). The sequence data of five molecular markers have
revealed an additional variety, named A. pullulans var. subglaciale, which has so
far been isolated only from the subglacial ice of Svalbard glaciers and the
immediate surroundings (Zalar et al. 2008). This variety probably represents an
example of geographic isolation and initiation of speciation of this panglobal
species (Gostinčar et al. 2010), indicating its high genetic variability. It appears
likely that more varieties of A. pullulans will be discovered and described in polar
environments in the future.

In the area of Svalbard (Arctic Archipelago), yeasts have also been isolated
from ice and melt-water and from puddles in the vicinity of glaciers (Pathan et al.
2010; Butinar et al. 2011). The isolated yeasts were phylogenetically affiliated to
Cryptococcus gastricus, C. terricolus, Leucosporidiella muscorum (formerly
Rhodotorula muscorum), Mrakia psychrophila, Mrakia gelida and Rhodotorula
glacialis. Strains belonging to the genera Mrakia and Mrakiella have been found
in many cold climates throughout the world, such as Antarctica, Greenland,

Fig. 3.2 Glacial ice with
gypsum inclusions
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Siberia, Alaska and Patagonia. Mrakia is the dominant yeast genus in Antarctic
soil, representing 24 % of the yeast species. Since it is not able to grow at tem-
peratures above 20 �C, it can be defined as an obligate psychrophile. There was a
major overlap in the detected species diversity with yeasts detected in Italian
Alpine glaciers (Turchetti et al. 2008; Branda et al. 2010; Thomas-Hall et al. 2010)
and in Patagonian glaciers (de García et al. 2007). Three novel species—Mrakia
robertii, Mrakia blollopis and a related anamorphic species Mrakiella nic-
combsii—were isolated from Antarctica and the Italian Alps, as well as the novel
genus Glaciozyma with two newly described species, namely Glaciozyma martinii
and Glaciozyma watsonii and the reclassified Leucosporidium antarcticum, now
Glaciozyma antarctica (Thomas-Hall et al. 2010). In the Italian Alpine glaciers,
Cr. gastricus and Rhodotorula psychrophenolica (Branda et al. 2010) prevailed.
Surprisingly, the opportunistic pathogenic black yeast Exophiala dermatitidis has
been found in the supraglacial environment of an Italian glacier (Branda et al.
2010). A complete overview of the distribution of cold-adapted yeast species
(including black yeasts) in worldwide cold habitats is reported in Chaps. 3, 4, 5, 6,
7 and 8.

3.6 Yeasts in Cryoconite Holes

Cryoconite holes are formed when solar-heated dark organic and inorganic wind-
blown debris melts into the underlying ice. These melt-water-filled depressions in
the surface ice are formed in the ablation zones of glaciers and ice sheets of the
Arctic, Antarctic and Alpine regions, as a result of the low albedo of localised
debris accumulations (Edwards et al. 2013). They consist mostly of both organic
and inorganic matter, 90 % immersed in water, with the remaining space filled
with air. The holes can range from less than 1 cm to 1 m in width. They seldom
grow deeper than 60 cm, although they can coalesce into bigger holes or become
interconnected by melt-water channels. The cryoconite holes in the Arctic seem to
be more interconnected than the holes in the Antarctica, which is the most
probable explanation for the difference in the community structures and dynamics
between the two environments. As the solar radiation decreases, an ice cover can
form on the water surface and grow downwards. With faster freezing rates, solutes
can become trapped in brine pockets with salinities up to 10 % NaCl. These ponds
can freeze only after reaching brine temperatures of -12 �C. In relation to the melt
regime of the glacier surface, the cryoconite holes can last from several days to
weeks, or to entire seasons. On some stable glaciers, they are thought to have
remained for at least a 100 years, thus serving as biological refuges during periods
of extreme cold (Mueller et al. 2001; Vincent et al. 2004).

The cryoconite holes provide niches within a permanently cold and hostile
environment, assigned as ice-cold hot spots of microbial diversity (Edwards et al.
2013). The organic matter, also presenting the important driver in the process of
cryoconite hole formation, mainly includes algae, cyanobacteria, bacteria, fungi
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and rotifers, while the inorganic matter is a mixture of minerals and trace elements
(Singh and Singh 2012). During the polar summer, photosynthesis by algae and
cyanobacteria within the cryoconite hole can provide sufficient nutrients for
complex community development.

The dominant organisms are typically nitrogen-fixing, filamentous, mat-form-
ing cyanobacteria. Light microscopy has also documented the presence of pollen
grains, bacteria, algae, diatoms, occasional microinvertebrates, filamentous fungi
and yeasts. The latter two groups drive the process of organic macromolecule
degradation through cold-adapted enzyme secretion, thereby assisting in nutrient
cycling (Singh and Singh 2012). Psychrotolerants prevail, while psychrophiles
have been detected only rarely (Mueller et al. 2001; Vincent et al. 2004).

The best-known culturable components of the sampled cryoconite holes in
Svalbard are the psychrophilic basidiomycete yeasts of the classes Tremellomy-
cetes (Mrakia and Cryptococcus) and Microbotryomycetes (Glaciozyma and
Rhodotorula), with several species known only from glacial habitats. These yeasts
are often dominant in culture-based studies depending on the plating method used.
For yeasts and filamentous fungi, the number of CFU g-1 of the sediment sample
was calculated to be about 7 9 103 to 1.4 9 104 and 4 9 103 to 1.2 9 104,
respectively. In the cryoconite holes at higher latitudes, more yeast species than
fungi were recovered, while filamentous fungi were more abundant at the lower-
most point (Singh and Singh 2012). However, the isolated species comprise only a
minor component of the fungal communities, as assessed by a T-RFLP study of
rRNA ITS amplicons (Edwards et al. 2013), since the most dominant T-RFLP
peaks did not match any of the cultured isolates.

3.7 Conclusions

The extremely cold Arctic environment is inhabited by extremophilic yeasts that
even today represent a largely unknown biodiversity. Classical culture-based
methods, molecular techniques and more recently also metagenomic analyses
(Simon et al. 2009; Kennedy et al. 2010; Bellemain et al. 2013) have revealed the
existence of novel species and genera, and even novel phylogenetic lineages. Over
the past decades, studies of yeasts were focused on the one hand on living fossils
entrapped in the ice, providing us with an insight into the biological past, while on
the other hand we discovered unexpectedly large metabolically active communi-
ties. The range of Arctic environments that are inhabited by yeasts and were
previously considered abiotic or dominated exclusively by Bacteria has been
expanded to include rocks, sea ice, microbial mats on sea-ice shelves, glacial brine
networks and inclusions, subglacial environments, cryoconite holes and perma-
frost. The physiological activity of the yeasts has been demonstrated at tempera-
tures below -20 �C (Rivkina et al. 2000; Deming 2002; Price and Sowers 2004).
The adaptation of psychrophilic yeast species to cold environments is reflected in
their structural and biochemical characteristics, e.g. the production of cold-adapted
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enzymes, cryoprotectant wall carbohydrates, pigments, as well as higher amounts
of polyunsaturated fatty acids in cytoplasmic membranes and a high amount of
intracellular lipids (Thomas-Hall et al. 2010). The complex adaptation strategies of
cold-adapted yeasts to low temperatures are reviewed in Chaps. 9, 10, 11, 12, 13,
14 and 15.

In spite of the adaptations studied at the cellular level, the ecological role of the
yeasts in cold environments remains mainly unknown. Their heterotrophic
metabolism and ability to degrade organic macromolecules through the secretion
of extracellular hydrolytic cold-adapted enzymes suggest their potential auxiliary
role as biogeochemical nutrient recyclers; however, more studies are needed to
clarify complex connections between yeasts and other microbial communities,
particularly in the cryosphere. Also, more focus should be given to the complex
interplay of interactions amongst not only biological, but also chemical and
physical factors. Particularly processes occurring at water–ice interfaces, e.g.
solute concentration, pressure and the physical state of the water and ice, rather
than the effect of temperature alone should be emphasised. For example in per-
mafrost, 2–7 % of the water persists as briny liquid films and lenses (cryopegs)
that form as a result of the salting out of soils as the in situ temperature drops and
remains at about -10 �C. Therefore, our understanding should not be limited only
to psychrophilic and psychrotolerant yeasts, but should also include the eco-
physiological group of yeasts, which live at the critical interface inherent to the
phase change of (saline) water to ice.

It is well known that the polar environments are increasingly threatened by the
global overheating; particularly the glaciers are retreating most rapidly. Since the
glacier habitats (cryosphere) include some of the largest unexplored and extreme
biospheres of Earth, this phenomenon determines the potential complete loss of an
as yet unexplored reservoir of unknown microbial species. The influence of cli-
mate change on fungi is just beginning to be evaluated in the Arctic. Evidence
from palaeobotanical studies and from contemporary warming experiments alike
indicates that the Arctic soil fungal communities have responded to, and are likely
to respond to, climate warming. The analyses of the DNA preserved in the ancient
permafrost in northeastern Siberia have revealed that fungal communities changed
in concert with plant communities after the last Ice Age. As the environment
altered, the tundra became dominated by shrubs and trees, which expanded into the
previous tundra steppe and fungal communities changed from yeast-like and
parasitic fungi to communities with root-associated macrofungi (Timling and
Taylor 2012). In this context, the isolation and ex situ conservation of the psy-
chrophilic microorganisms can be seen as a means of avoiding their possible
extinction. Yeasts inhabiting the Arctic environment efficiently spread via air, soil,
water, marine animals, including those that inhabit deep sea vents (Burgaud et al.
2010), and polar birds (Dynowska et al. 2013), and seed their immediate envi-
ronment, affecting the local geobiochemistry. It remains mainly unclear to what
extent the air and water currents can transport the yeasts globally to temperate
zones, where they can find refuge either in the refrigerated food or in other cold
man-made environments. This is certainly an issue that is gaining importance with
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the accelerated disappearance of the polar environments and the increased release
of microbes in non-polar areas.

The importance of psychrophilic and psychrotolerant yeasts has also increased
due to the mounting evidence that the biosphere has experienced several extremely
low temperature periods, perhaps even during the earliest stages in the emergence
and evolution of life. The Earth has been covered in ice four times through the
Snowball Earth periods. These episodes ranged from 3 to 30 million years each
(Bodisetisch et al. 2005). The entire world ocean was frozen near the time of origin
of the eukaryotic cell and the adaptive radiation of Metazoa. It has been
hypothesised that the endemic descendants of the primitive cold-adapted micro-
organisms can live today in rock, lakes, sediments and in subglacial ice. Since
‘microbial endemism’ is currently a much debated issue in microbial ecology, the
polar regions and other extreme environments should be amongst the first places to
be examined for the evolutionary processes that could give rise to microbial
speciation (Vincent 2000; Gostinčar et al. 2010). Since yeasts have reaffirmed
themselves as one of the ecologically most successful eukaryotic lineages, they
represent important model organisms, which have developed little-investigated
adaptive strategies that are crucial for successful survival in some of the harshest
and most extreme environments on our planet.
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Chapter 4
Cold-Adapted Yeasts in Antarctic Deserts

Laurie B. Connell, Russell R. Rodriguez, Regina S. Redman
and Joseph J. Dalluge

Abstract Antarctica is a large continent and as such has a variety of soil habitats
ranging from relatively warm, moist, and high in organic carbon content, found on
the Antarctic Peninsula, through the cold arid oligotrophic dry valleys. Efforts to
identify yeasts from Antarctica were spurred by the development of research
stations initiated during the International Geophysical Year (IGY) (1957–1958).
The combination of cold, dry, oligotrophic, and high UV conditions makes the
Antarctic deserts a challenging place to live. The majority of yeast species found in
the Antarctic deserts are from the genera of Cryptococcus and Rhodotorula.
Adaptations of yeasts to the Antarctic soil habitat include psychrophily, alteration
of sterols, ability to withstand desiccation as well as the ability to successfully
scavenge minerals in an oligotrophic habitat. New techniques such as high
throughput sequencing and advances in mass spectrometry-based metabolomics
research offer the opportunity to further explore how yeasts at the edges of life
function.
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4.1 Historical Perspective

The study of yeasts from Antarctic soil is a relatively recent development com-
pared with other soil microbiological studies worldwide. Most of the early work
resulted from the first International Geophysical Year (IGY) 1957–1958 that was
modeled after the International Polar Years (IPY) of 1882–1883 and 1932–1933.
The first IGY was developed to coordinate scientific inquiry worldwide and twelve
nations participated in Antarctic exploration during this effort. The Antarctic treaty
was developed in the first IGY and resulted in building of several permanently
established research stations around the continent, enhancing accessibility to the
continent for scientific research (Fig. 4.1). The earliest research efforts by New
Zealand (di Menna 1960, 1966a, b) and Japanese (Soneda 1961; Goto et al. 1969)
expeditions revealed a number of psychrophilic yeasts isolated from soil and lake
sediment. The New Zealand effort was focused around the McMurdo Dry Valleys
of South Victoria Land, while the Japanese work reflected samples from soil
collected during the Third and Fourth Japanese Antarctic Research Expeditions on
Syowa Base and the Ongul Islands (Soneda 1961; Tubaki 1961) as well as the
McMurdo Dry Valleys (Goto et al. 1969). There were intermittent reports of yeasts
isolated from Antarctica throughout the next several decades as reviewed by
Vishniac (2006a) where it is pointed out that many of the early cultures no longer
exist and therefore cannot be re-examined. Much of this work was the result of
interest in the Antarctic as an analog for exobiology, in particular for Mars
exploration (Bruch 1966; Onofri et al. 2004; Tamppari et al. 2012). Increasingly,
over the last decade descriptions of species new to science (Xin and Zhou 2007;
Connell et al. 2010; Hao et al. 2010; Thomas-Hall et al. 2010; Turchetti et al.
2011; Wuczkowski et al. 2011) and additional species found (Onofri et al. 2007;
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Bridge and Spooner 2012; Buzzini et al. 2012) have been added to the expanding
list of microorganisms identified from Antarctica. Many of these species can be
found in other parts of the world; however, most display adaptations for life in cold
habitats, such as psychrophily, changes in membrane components, synthesis of
pigments, and ability to resist desiccation, all traits that may be preadaptation for
life ‘at the ecological edge’ (Gostincar et al. 2010).

4.2 The Antarctic Soil Habitats

Long-term isolation resulting from climatic and geological events may be among
the most important historical factors influencing biogeographic patterns in the
Antarctic. Continental Antarctica presents some of the most extreme conditions on
the Earth’s surface for life to exist. The exposed land area is less than 2 % (Ugolini
and Bockheim 2008) and spans a variety of nutrient inputs especially between the
polar deserts and high nunataks of South Victoria Land, including the McMurdo
Dry Valley region near Ross Island, and the relatively moist and warmer Antarctic
Peninsula. South Victoria Land soils are typically polar deserts (Bockheim 1997)
(Fig. 4.2) although there are some areas near the Ross Sea that have higher soil
moisture and areas with increased nutrient input associated with vertebrate animal
(e.g., bird or seal colonies) and human activity. Most of the soils are defined as
Anhyorthels because of the lack of cryoturbation (Bockheim 2002). The region is
typical of other deserts with salt pans and kettle ponds and is among some of the
oldest exposed surfaces on earth (Bockheim 1997). Relatively stable alpine gla-
ciers with frozen basement cement line many of the valleys and supply water

Fig. 4.1 Continental Antarctica showing important sites for terrestrial research
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during the short melt season for ponds and lakes (Fountain et al. 2006), many of
which are perpetually ice covered. These glaciers are mostly free from debris,
unlike temperate latitude glaciers, and have a sharp face of approximately 20 m
high (Taylor 1916) (Fig. 4.3). The climate within the McMurdo Dry Valleys is
much more extreme than the maritime or sub-Antarctic. Low temperatures dom-
inate with the average annual air temperature between -17.7 �C and -20.8 �C
(Doran et al. 2002) ranging from -60 �C in the winter to +10 �C during the short
austral summer. Strong winds (Nylen et al. 2004), alkaline soils with pH values

Fig. 4.2 Soils of South Victoria Land. Rocky outcropping above 1,600 m a.s.l. on Sponsors Peak
near the mouth of the Victoria Upper Glacier (left); Beacon sandstone in the Wright Valley
(upper right) and soil from the Beardmore Glacier area (lower right)

Fig. 4.3 Glaciers on the sides of Taylor Valley, McMurdo Dry Valleys. Solas and Hughes glaciers
in the Lake Bonney Basin (left); Commonwealth Glacier in the Lake Fryxell Basin (right)

78 L. B. Connell et al.



raging from pH 7 to pH 10 (di Menna 1966a; Cameron 1971; Connell et al. 2008),
and low moisture are also dominant features of the landscape (for reviews see
Cameron 1972; Campbell et al. 1998). Surface temperatures can vary from -15 to
+27 �C in 3 h (Cameron and Morelli 1974), and many freeze–thaw cycles can be
experienced in a matter of minutes when clouds pass over (Friedmann et al. 1987).
Daylight ranges from 4 months of complete darkness in the winter to 4 months of
complete exposure in the summer further reducing potential for primary produc-
tivity (Nylen et al. 2004).

The McMurdo Dry Valleys region is Antarctica’s largest ice-free area with three
large valleys (Taylor, Victoria, and Wright), a number of smaller valleys as well as
uplands comprising nearly 15 % (*4,800 km2) of the exposed land of the area
below 60� S (Ugolini and Bockheim 2008). The entire region has been protected as
an Antarctic Specially Managed Area (ASMA) since 2004 under the Antarctic
Treaty and these protocols were substantially revised in 2011 (Antarctica-New-
Zealand 2012). This landscape can be divided into three basic zones: coastal,
intermediate, and interior (Marchant and Denton 1996). Steep gradients exist for
carbon sources, salts, moisture availability, and temperature from the coastal
through the interior regions as well as with increasing elevation up the valley sides
(Cameron 1971, 1972; Campbell et al. 1998). The soils are low in organic matter
content and are very weakly developed. A paucity of clay and organic material may
lead to a low soil buffering capacity; therefore, the salt concentration directly effects
the soil pH (for a review see Campbell et al. 1998). These habitats are described by
persistent sub-zero temperatures, limited water availability (McKnight et al. 1999),
intense winds (Nylen et al. 2004), high UV light inputs (Madronich et al. 1998; Tosi
et al. 2005), and patchily distributed nutrients (Tiao et al. 2012). Nutrient avail-
ability and organic carbon levels are also very low in the Antarctic deserts (Burkins
et al. 2000, 2001), especially when compared with the large amount of organic
carbon contained in Arctic regions (Bockheim et al. 1999). The structure and
organic content of desert soils in South Victoria Land are highly dependent on
proximity to lacustrine sources of primary production (Elberling et al. 2006;
Hopkins et al. 2006b) and on past geological events (Fountain et al. 1999; Moor-
head et al. 1999). These soils have some of the lowest organic carbon levels on earth
along with the high elevations of the Atacama and Patagonian desert regions of
Chile and Argentina (Burkins et al. 2000; Barrett et al. 2006a; Hopkins et al. 2006a;
Costello et al. 2009; Lynch et al. 2012). Legacy nutrient sources, left behind when
the shoreline of paleolakes receded from *300 m above the current valley floor
(Hall et al. 2000), can help to fuel soil communities functionally linking the ancient
and modern (Moorhead et al. 1999). Areas at lake edges with an abundance of
primary production do not need to be linked to legacy carbon sources; however,
more distant communities dominated by soil heterotrophs may require closer
coupling along with supplementation derived from aerial distribution of recent
nutrient inputs (e.g., decadal pond size fluxes) (Moorhead et al. 2003; Elberling
et al. 2006; Hopkins et al. 2006b). Glacial stream runoff during warming events
supplements primary production in the McMurdo Dry Valley lakes (Foreman et al.
2004), further moving nutrients from lakes to soil through subsequent aerial
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distribution. An additional supplemental source of nutrients is flushing from
cryoconites during glacial ablation (Foreman et al. 2007). The Antarctic deserts are
among the driest in the world with an average of 45 mm or less precipitation per
year (Schwerdtfeger 1984). Liquid water is intermittently available to soil com-
munities for a short period of time (maximum of 10 weeks) during the austral
summer season (Conovitz et al. 1998; McKnight et al. 1999) and ranges from a few
hundred hours per year in coastal locations to once every several years in interior
sections (Wall et al. 2004). Most soil moisture is rapidly lost through sublimation
and evaporation, yielding an average soil moisture below 5 % (Freckman and
Virginia 1998) and ranging from 14 to below 0.5 % (Fell et al. 2006; Connell et al.
2008). The dominant sources of soil moisture are marine influenced humidity and
precipitation, glacial inputs, as well as lakes and streams, and permafrost (Conovitz
et al. 1998). However, lakes and streams are only significant moisture sources
within 8 m of the water source due to soil porosity (Campbell et al. 1998).

Despite the environmental challenges, habitable niches, such as soils often near
moisture sources (Vishniac and Klinger 1986), and lithic substrates (Onofri et al.
2000; Pointing et al. 2009), can harbor relatively diverse fungal assemblages. Black
fungi, many of which are cryptoendolithic, have been frequently found in the
Antarctic (Selbman et al. 2005, 2011) and are discussed in Chap. 8. The deserts of
Antarctica are unique in that they have no vascular plants, therefore no rhizosphere,
and the soil communities are less complex than those found in lower latitudes and
the Arctic (Robinson 2001). Therefore, most of the biological activity is restricted
to below ground (Hogg et al. 2006). Hot spots where longer-term snow melt is
available, such as troughs or cracks (Ayres et al. 2010), sites within a few meters of
a lake or stream (McKnight et al. 1999) and endolithic conditions with little snow
coverage (Sun 2013) exist. The diversity and community composition of modern-
day Antarctic microbiota are known to be influenced by historical processes such as
glacier and ice sheet evolution, continental drift, and geological activity that
influence local geochemistry and landscape features (Barrett et al. 2006b). Thus,
historical processes can act as primary constraints on modern microbial biodiversity
and ecosystem development (Zeglin et al. 2009; Smith et al. 2010).

4.3 Dominant Yeasts in Antarctic Desert Habitats

Yeasts appear to be the dominant fungi in some locations and have been the only
fungi identified in many of the locations sampled (Atlas et al. 1978; Thomas-Hall
2004; Connell et al. 2008). Beyond their role as decomposers, yeast may play a
function, along with cyanobacteria, in early site colonization and soil structure
development. Further, yeast may be one of the principle taxa available in more arid
sites to synthesize sterols required by the soil invertebrates (Nes and McKean 1977;
Weete 1974). Therefore, because of the relatively simple community structures in
these extreme environments, yeasts may occupy a trophic level more important in
Antarctic desert soils than in temperate or sub-Antarctic soils, functioning at several
levels within the food web. Yeasts in the McMurdo Dry Valleys are dominated by
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basidiomycetous species (89 %), most particularly those from the genus Crypto-
coccus (33 %) (di Menna 1960; Connell et al. 2008). Habitat gradients from higher
relative moisture (6 %) to very dry conditions (0.5 %) showed that yeasts domi-
nated filamentous species in culture (Connell et al. 2006) and in culture-indepen-
dent studies from the most xeric habitats (Fell et al. 2006). In a study of soil
associated with Antarctic historic huts and a limited number of McMurdo Dry
Valleys soil samples, Arenz et al. (2006) found that Cryptococcus species
accounted for 67 % (4 out of 6) of the yeast species identified in McMurdo Dry
Valley soil, and 72 % (13 of 18) in soils surrounding the historic huts. A later study
(Arenz and Blanchette 2011) found basidiomycetous yeasts of the genera Rhodo-
torula and Cryptococcus made up 21 % of the yeasts in the Ross Sea region,
including McKelvey Valley, and only 9.8 % from the more moist Antarctic Pen-
insula region. The dominance of Cryptococcus species in soil, particularly arid soil,
has been ascribed to their ability to produce polysaccharide capsules (Vishniac
2006b). However, although yeasts, in general, are considered to utilize only simple
sugars, that is not necessarily the case for basidiomycetous species (Kurtzman and
Fell 1997). Cryptococcus species may be able to utilize nutrients available while
most of the ascomycetous yeast species cannot, and their nutrient utilization profile
can vary from isolate to isolate (Kurtzman and Fell 1997). Further, the ability of
some taxa, such as Cryptococcus, to survive may be related to their ability to
produce compounds that allow them to resist desiccation, scavenge nutrients from
oligotrophic conditions, and maintain membrane fluidity at low temperatures.

A genomic-based study at the Mars Oasis found that black yeasts dominated in
the most arid sites (Bridge and Newsham 2009). Because of their slow growth rate,
black yeasts can require additional culture conditions for isolation from those that
have been used in most Antarctic culture-based work to date (Sterflinger 2006).
Therefore, although black yeasts have not been isolated as often in culture-based
studies as other genera, they may form one of the dominant groups based on their
ability to survive the extreme conditions found in these habitats. An additional yeast
species that has been found several times in Antarctic culture-independent studies is
Malassezia, in particular Malassezia restricta and Malassezia globosa (Arenz et al.
2006; Fell et al. 2006; Bridge and Spooner 2012; Connell and Staudigel 2013).
These Malassezia species are typically associated with vertebrate animals and have
a strict requirement of oil for growth (Batra et al. 2005). They have thus far only
been reported in culture-independent studies, possibly because of their culture
requirements. Alternatively, Malassezia species may be an indication of human or
animal activity and may not be active members of the soil fungal community.

4.4 Adaptations Required for Life in Antarctic Deserts

Most investigations on yeasts in the Antarctic polar deserts have focused on
descriptions of their biodiversity and distribution. Evidence for adaptation of
yeasts to the soils of the Antarctic polar desert conditions means having the ability
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to grow at low temperatures, as well as the ability to survive multiple freeze–thaw
cycles, desiccation, high UV exposure and eke an existence out of oligotrophic
habitats. Experiments investigating properties related to adaptation in Antarctica
with cultured isolates focused on growth at low temperatures (Sinclair and Stokes
1965; Stokes 1971; Vishniac 1987) later expanded to exploration of other products
such as membrane lipids (Watson et al. 1976; Kates and Baxter 1982; Zlatanov
et al. 2001), DNA synthesis (Silver et al. 1977), extracellular proteases and
enzyme production (Ray et al. 1992; Gomes et al. 2000; Scorzetti et al. 2000; Sabri
et al. 2001; Turkiewicz et al. 2001; Pavlova et al. 2002; Turkiewicz et al. 2003)
including photoreactive compounds (Vaz et al. 2011), heat- and cold-shock pro-
teins (Deegenaars and Watson 1998; Boo et al. 2013), growth under limited
moisture conditions (Vishniac 1985), nutrient utilization (Katayama-Hirayama
et al. 2003), and generation of odor and flavor compounds (Alchihab et al. 2009).
Recently, several yeasts isolated from the McMurdo Dry Valleys have had both
their genome and transcriptome sequenced by the Joint Genome Institute (Walnut
Creek CA, USA), Cryptococcus vishniacii CBS 10616 and Dioszegia cryoxerica
CBS 10919. These two isolates were also subjected to a metabolomics study at two
temperatures to identify compounds associated with psychrophily (Dalluge and
Connell 2013, unpublished data). With the increasing ability of sequencing tech-
nologies to rapidly generate genome data on which to build gene scaffolds more
information from metagenome projects should be able to be applied to yeast
species in the near future to further genomics of psychrophily (Casanueva et al.
2010) and expand it to psychrophilic yeasts, perhaps elucidating their role in
communities. In addition, advances in mass spectrometry-based metabolic pro-
filing methods should dovetail well with data garnered from genomic studies.

4.4.1 Mass Spectrometry-Based Metabolite Profiling
Approaches to the Study of Biochemical Adaptation
in Antarctic Psychrophilic Yeasts

The high sensitivity, selectivity, and mass accuracy of LC/MS employing high-
resolution mass analyzers, such as time-of-flight (TOF), quadrupole-time-of-flight
(QTOF), Orbitraps, and Fourier transform ion cyclotron resonance (FTICR), have
made it a method of choice for the generation of metabolic signatures in biological
systems and for generation of metabolic databases (Theodoridis et al. 2011).
Technological advances in both chromatography and mass spectrometry including
the advent of ultraperformance liquid chromatography (UPLC) that allows sig-
nificantly shorter run times without sacrificing chromatographic fidelity, and MSe

that allows QTOF instrumentation to provide simultaneous acquisition of low- and
high-collision energy mass spectra for every analyte in a single experiment without
sacrificing exact mass information for precursor or product ions, have established
UPLC/MSe as both a rapid and robust method for metabolite profiling studies
(Castro-Perez et al. 2010; Theodoridis et al. 2011).
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To move beyond more traditional targeted approaches to the biochemical
characterization of yeast psychrophily and provide a more detailed holistic
understanding of the chemistry of physiological adaptation of psychrophiles at the
molecular level, Dalluge and Connell (2013) describe the use of UPLC/MSe for a
preliminary comparative analysis of cell extracts from two psychrophilic Antarctic
yeasts (C. vishniacii CBS 10616 and D. cryoxerica CBS 10919) versus the mes-
ophilic yeast Saccharomyces cerevisiae ‘Cry havoc.’

Total ion chromatograms from UPLC/MSe analysis of cell extracts of C. vish-
niacii were visually indistinguishable from those of D. cryoxerica. Visualization of
the results of orthogonal partial least squares-discriminant analysis (OPLS-DA)
chemometric analysis of detected features in psychrophilic versus mesophilic cell
extract analysis can be accomplished via an S plot, as illustrated in Fig. 4.4. In
such a plot, features most unique and statistically relevant to a given biological
system reside at opposite ends of the S plot, respectively. The boxes in Fig. 4.4
surround individual features specific to either C. vishniacii (1.0) or S. cerevisiae
‘Cry havoc’ (-1.0). A trend plot for each feature illustrating the relative abun-
dance of a specific feature in one species versus the other can also be used to
corroborate determinant features of a given organism (Fig. 4.5a), together with
manual interrogation of extracted ion chromatograms XICs (Fig. 4.5b), for each
feature identified from the S plots. Of more than 50 determinant psychrophilic
yeast-specific features corroborated in this way (from a pool of approximately
2,000 potential features detected), greater than 70 % are present in both
D. cryoxerica and C. vishniacii.

Fig. 4.4 Chemometric S plot resulting from orthogonal partial least squares-discriminant
analysis (OPLS-DA) of UPLC/MSe analysis of cell extracts (positive electrospray ionization)
from Saccharomyces cerevisiae ‘Cry havoc’ (37 �C) versus Cryptococcus vishniacii CBS 10616
(4 �C). Similar S plots were generated from OPLS-DA analysis of Dioszegia cryoxerica versus
S. cerevisiae. The coefficient axis represents the specificity of a given feature to a sample
(positive = D. cryoxerica-specific features; negative = S. cerevisiae-specific features). The
correlation axis represents the confidence that a given feature is species specific (1.0 = highest
confidence C. vishniacii-specific features; -1.0 = highest confidence S. cerevisiae-specific
features). The boxes surround features that are highly specific to each yeast extract
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Preliminary identifications of psychrophilic yeast-specific chemical entities
included lysophosphatidylethanolamine 18:2 and 18:3, as well as lysophosphati-
dylcholine 18:2 and 18:3, identified in both D. cryoxerica and C. vishniacii.
Guanosine diphosphate (GDP) was detected in D. cryoxerica and C. vishniacii at a
C5X level over that found in the mesophilic yeast S. cerevisiae. In addition to the
chemical species above, the preliminary investigation yielded at least 10 additional
non-lipid psychrophile-specific features unidentified to date (Table 4.1).

Preliminary identification of the unsaturated bioactive glycerophospholipids as
specific to the psychrophilic yeasts is certainly interesting from the standpoint of
general lipid metabolism, as well as membrane structure, composition, and
dynamics of these psychrophiles. It should also be of interest, however, to
investigate the potential roles these bioactive lysophospholipids may play in
modulating activities of regulatory and signaling proteins (Resnick and Tomáska
1994; Yuan et al. 1996; Slessareva and Dohlman 2006). Of note, structural isomers
of all of these glycerophospholipids were separated chromatographically, pro-
viding the additional opportunity to evaluate cis–trans lipid ratios in these
organisms, thought to play a role in modulation of membrane fluidity (Loffeld and
Keweloh 1996).

Fig. 4.5 a Chemometric trend plot illustrating the relative abundance of the psychrophile-
specific compound lysophosphatidylcholine 18:2 in Cryptococcus vishniacii CBS 10616 cell
extracts versus cell extracts from the mesophilic yeast Saccharomyces cerevisiae ‘Cry havoc’;
b extracted ion chromatogram (XIC) for m/z 520.3398 (LysoPC 18:2) in C. vishniacii. Separation
and detection of two peaks indicates possible presence of distinct isomeric species of LysoPC in
these organisms. Identical trend plots and extracted ion chromatograms were generated for this
compound in extracts of Dioszegia cryoxerica
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Elevated levels of GDP in psychrophilic cell extracts may also be of interest in
the context of G-protein-dependent signal transduction and of sensing (Slessareva
and Dohlman 2006), as well as purine energy metabolism. Finally, five psychro-
philic yeast-specific peptides were discovered in C. vishniacii and D. cryoxerica
(Table 4.1). Following the determination of these peptides as specific to psy-
chrophilic yeast, subsequent precursor-selected MS/MS analysis revealed the
amino acid compositions and sequence information for these peptides. Interest-
ingly, this analysis demonstrated that these peptides were both proline and glycine
rich. Bioactive natural peptides are ubiquitous in all life kingdoms and can be
found either free or encrypted in proteins (Daffre et al. 2008). A high molar
abundance of proline and/or glycine is characteristic of a variety of these bioactive
peptides (Otvos 2000; Daffre et al. 2008; Rozgonyi et al. 2009; Zhang and Zhu
2012; Ilić et al. 2013) that can exhibit both intracellular and extracellular functions
(Lazazzera 2001) and is reported to influence among other things, membrane
assembly and dynamics (Rozgonyi et al. 2009; Ilić et al. 2013). Proline is also
known to be a powerful antioxidant that could be very important in stress adaption
and reduction in apoptosis under stressful conditions in fungi (Chen and Dickman
2005).

4.4.2 Membrane Responses by Antarctic Yeast to Growth
Temperatures

Antarctic yeasts are adapted to cold temperature extremes and have temperature
growth limits ranging from just above freezing to 20 �C. Although the mechanism
of cold adaptation in Antarctic yeast is poorly defined, these organisms have been
shown to modulate membrane fatty acids in response to temperature (Weinstein
et al. 2000). To determine Antarctic yeasts modulated membrane sterols in

Table 4.1 Psychrophilic yeast-specific peptides discovered to date from Cryptococcus vishniacii
CBS 10616 and Dioszegia cryoxerica CBS 10919

Peptides Putative amino acid sequence

Peptide PG1097a (GE)AGS(LS)PAGPR
Peptide PG1104a GVQGPPGSPGPR
Peptide PG1302a (GT)GGP(GS)PTGFGSPQ
Peptide PG1562a (QAG)LAPTAGAWPG(LGVP)
Peptide PG1137b SVPGPMGPSGPR
a Indicates peptides detected in psychrophilic yeast cell extracts and not detected in mesophilic
yeast cell extracts
b Indicates peptide with relative abundance in psychrophilic yeast extracts versus mesophilic
yeast extracts of C5X; peptide regions of known amino acid composition but unknown sequence
are in parentheses
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response to temperatures, cultures were grown at 4 and 15 �C and membrane sterol
composition was analyzed (Fig. 4.6). Interestingly, three patterns of sterol mod-
ulation were observed with regard to minor sterols depending on the yeast species.
Dioszegia antarctica produced a minor sterol at 4 �C but not at 15 �C. Crypto-
coccus saitoi produced multiple minor sterols at 15 �C that were absent at 4 �C,
and Glaciozyma antarctica showed no difference in minor sterols produced at the
two temperatures. An in-depth review of the changes in lipid composition and
fluidity of yeast plasma membrane as response to cold is reported in Chap. 10.

4.4.3 Desiccation Resistance in Antarctic Yeasts

Desiccation tolerance in hyper-arid regions of Antarctic deserts is another adap-
tation required of yeasts active in these communities. Desiccation tolerance is the
ability of an organism to have as much as 95 % of its water removed and be able to
return to normal metabolism after rehydration (Crowe et al. 1992). Desiccation
pathways have been found in S. cerevisiae but this yeast can only survive desic-
cation if it enters the state while cultures are in stationary phase (Welch et al.
2013). Therefore, it is possible that Antarctic yeast species may utilize a different
mechanism to resist desiccation and remain active in hyper-xeric soils.

Early suggestions about how yeasts survive desiccation considered that internal
increases in trehalose concentrations may provide protection; however, trehalose is
not sufficient or needed for desiccation resistance in yeasts (Ratnakumar and
Tunnacliffe 2006). Mechanisms for desiccation survival in bacteria and Ustilago
yeasts and mechanisms for resistance to exposure to radiation in the extremophilic

Fig. 4.6 Free sterol changes in response to growth temperature. a Dioszegia antarctica CBS
10769; b Cryptococcus saitoi CBS 10631; c Glaciozyma antarctica CBS 10640. The asterisks
indicate the sterols that are significantly different between cells grown at 4 and 15 �C
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bacterium Deinococcus radiodurans appear to be related to protein damage and
repair, not DNA damage as first thought, and this repair is mediated through Mn-
peptide-protein complexes (for a review see Daly 2012).

In a small study of three yeasts isolated from the McMurdo Dry Valleys from
sites of low moisture (Connell et al. 2008), resistance to desiccation was deter-
mined by filtering cells grown at 10 �C to logarithmic phase onto filters and then
placing those filters in desiccation chambers for 7, 15, or 27 days. The filters were
then placed on petri dishes containing growth medium, and CFU were counted
after 1 and 2 weeks (Fig. 4.7). The yeast isolates from the Wright Valley
(C. vishniacii) and from above 16,000 m.a.s.l. on Sponsors Peak (Rhodotorula
mucilaginosa) were very resistant to desiccation and showed almost 100 % sur-
vival after 27 days at a relative humidity below 1 %. Glaciozyma martinii had
only a slightly lower survival rate.

It is not yet clear which mechanism Antarctic yeasts utilize to resist desiccation
and UV radiation exposure but it is possible that similar mechanisms to those used
by D. radiodurans may exist. If Antarctic yeasts use this mechanism, then
acquisition of Mn for cellular construction into Mn-peptide-protein complexes
could be enhanced by production of siderophores with high binding affinity. Thus,
many of the adaptations for survival in Antarctic deserts may in fact be linked.

Fig. 4.7 Percent survival after desiccation (time in days) of the Antarctic yeasts Cryptococcus
vishniacii (square), Rhodotorula mucilaginosa (triangle) and Glaciozyma martinii (diamond) and
of the control Saccharomyces cerevisiae (circle). The relative humidity in all chambers fell and
remained below 1 % for the remainder of the experiment within 12 h
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4.4.4 Iron and Manganese Acquisition of Antarctic Yeasts
in Oligotrophic Environments

Much of the research on cold-adapted yeasts from Antarctica has thus far focused
on determining how they function under cold or desiccating conditions. However,
many of these yeasts are found in highly oligotrophic habitats and may play a role
in biogeochemical cycling of metals such as iron (Fe) and manganese (Mn). In
terrestrial weathering systems, microeukaryotes, dominated by fungi, are quite
common, contributing to the weathering of silicate materials (Barker and Banfield
1998), including volcanic rocks that are commonly found in much of South
Victoria Land (Etienne and Dupont 2002). Although Fe is one of the most
abundant elements in the Earth’s crust much of that Fe is biologically unavailable
because the oxidized form, Fe(III), is insoluble under physiological conditions
(Neilands 1995). Many microbes have developed mechanisms to acquire Fe and
Mn using low molecular weight chelators, such as siderophores, that can then
transport the Fe into the cell (Guerinot 1994). Siderophores are well known in
filamentous fungi but are also produced by some yeasts (Renshaw et al. 2002).
Siderophore production has been confirmed in five Antarctic yeast species
(D. antarctica, D. cryoxerica, G. antarctica, Glaciozyma watsonii, and an unde-
scribed Glaciozyma sp.) that were isolated from the McMurdo Dry Valleys
(Fig. 4.8). Yeast isolates were grown on Chrom-Azurol Siderophore (CAS) agar
and a color change of the medium from blue to purple or orange indicated sid-
erophore production (Pérez-Miranda et al. 2007; Connell et al. 2009). The Ant-
arctic yeasts investigated produced siderophores of potentially the catechol type,
based on the purple color, not typical of the structures found in many filamentous
fungi (Neilands 1995). This type of siderophore has the highest known binding

Fig. 4.8 Siderophore production of Antarctic yeasts. A Saccharomyces cerevisiae negative
control, a no-isolate negative control, and isolates of yeasts collected from the McMurdo Dry
Valleys of Antarctica were grown on CAS medium. A color change in the medium on the left
from light blue to pink or purple indicates siderophore production
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constant for ferric ion and may reflect these organisms need to acquire Fe and Mn
from a highly oligotrophic environment (Raymond and Carrano 1979). It is
interesting that Mn levels may be related to desiccation resistance; therefore, these
siderophores may play a role in adaptation beyond mere nutritional requirements
in oligotrophic environments.

4.5 Anthropogenic Influence on Yeast Diversity

Throughout the last 100 years, humans have ventured to Antarctica with
increasing frequency over the last two decades. Now both tourists and researchers
visit a few sites often. It is clear that humans have influenced the yeast diversity in
some locations, for example local contamination associated with the building of
stations and research camps, including the huts remaining from the heroic
exploration era (Blanchette et al. 2004, 2010; Arenz et al. 2006; Arenz and
Blanchette 2011; Farrell et al. 2011). S. cerevisiae has been found from 50 years
old cashes near the Terra Nova hut at Cape Evans (Meyer et al. 1962), and the high
percent of Malassezia clones found in a Mt. Erebus cave clone library likely
represent contamination by visiting humans (Connell and Staudigel 2013). Clearly,
a number of species that have been cultured from Antarctica are also found
elsewhere; for example, Glaciozyma strains are also found in alpine settings
(Turchetti et al. 2011) and in undersea volcanoes (Connell et al. 2009), and
Rhodotorula are cosmopolitan.

Suggestions for organized monitoring (Rudolph and Benninghoff 1977) resulted
in 1991 in the Protocol on Environmental Protection to the Antarctic Treaty
(Madrid Protocol). Through the Madrid Protocol, the Parties committed them-
selves to a comprehensive protection of the Antarctic environment and dependent
and associated ecosystems and designated Antarctica as a natural reserve, devoted
to peace and science. Nonetheless, concerns have been raised about the intro-
duction of organisms into the environment (Cowan and Tow 2004; Cowan et al.
2011). Increasingly strict protocols are being put into place to help reduce both
habitat destruction and inadvertent contamination of sites, even cross-contami-
nation between sites within Antarctica.

4.6 Yeast Diversity in Other Antarctic Habitats

Although we have focused on cold-adapted yeasts of the Antarctic desert, espe-
cially the McMurdo Dry Valleys region, other studies on Antarctic yeast show that
they occur in many, if not all other habitats. Marine yeasts were first investigated
in 1970s (Fell and Statzell 1971; Fell 1974; Fell and Hunter 1974), and later both
marine waters and marine sponges were explored (Connell 1994; Zhang et al.
2012; Vaca et al. 2013). The Australian Antarctic Division maintains several bases
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in the Antarctic, mostly in the Vestfold Hills area, and have reported a number of
yeast species including those of the genera Cryptococcus, Mrakia, Rhodotorula,
and Glaciozyma (Thomas-Hall and Watson 2002; Thomas-Hall et al. 2002, 2010;
Guffogg et al. 2004; Thomas-Hall 2004; Turchetti et al. 2011). Both Cryptococcus
and Rhodotorula have been isolated from Adélie Land (Scorzetti et al. 2000;
Alchihab et al. 2009). A culture-independent study of a Mt. Erebus dark fumarole
cave on Ross Island in South Victoria Land has revealed a number of yeast genera
dominated by Malassezia but also including Rhodotorula, Saccharomyces, Clav-
ispora, Sporobolomyces, Glaciozyma, Cryptococcus, and Candida as well as the
yeast-like dimorphic fungus Aureobasidium pullulans (Connell and Staudigel
2013). German, Indian, and Russian stations in and near the Schirmacher Oasis
(Queen Maud Land) have all had yeasts identified (Ray et al. 1989). One of the
most remote habitats that yeasts have been isolated from is Vostok Lake Ice-core
drilling project where both Cryptococcus and Rhodotorula have been isolated and
shown to be active at -5 �C (Amato and Christner 2009). Cystofilobasidium sp.
and A. pullulans have also been isolated from accretion ice of that core (D’Elia
et al. 2009), and Cryptococcus has been identified in a metagenome (Rogers et al.
2013).

In contrast, the Antarctic Peninsula is relatively warmer and moister than other
Antarctic regions and has yielded a diversity of yeast genera in both culture and
culture-independent studies (Baker 1970; Ellis-Evans 1985; Pavlova et al. 2001;
Zlatanov et al. 2001; Turkiewicz et al. 2003; Lawley et al. 2004; Arenz et al. 2006;
Xin and Zhou 2007; Yergeau et al. 2007; Bridge and Newsham 2009; Bridge and
Spooner 2012; Yergeau et al. 2012). Yeasts associated with mosses and microbial
mats (Goto et al. 1969; Baublis et al. 1991; Tosi et al. 2002), human activity
(Baublis et al. 1991; Blanchette et al. 2004, 2010; Arenz et al. 2006; Held et al.
2006; Arenz and Blanchette 2011), and animals (Del Frate and Caretta 1990;
Baublis et al. 1991) have also been described.

4.7 Conclusions

It is clear that the diversity of habitats on the Antarctic continent allows for a
similar level of diversity among yeast species. Although the adaptive potential of
yeasts to environmental stresses is easily inferred by survival in various habitats,
adaptive mechanisms are poorly defined. However, the adaptive potential of yeasts
from Antarctic deserts is likely to include membrane modifications, protein sta-
bility, antioxidation systems, and rapid responses to extreme changes in soil
temperatures and dehydration/rehydration conditions. Now that distribution of
yeast species in Antarctica is beginning to be understood, it is time to begin
focusing more on adaptive mechanisms to develop predictive tools to understand
how these unique communities will respond to climate change during this century.
In addition, care must be given to ensuring that these unique sets of habitats remain
uncontaminated for future research.
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Chapter 5
Cold-Adapted Yeasts in Alpine
and Apennine Glaciers

Benedetta Turchetti, Marta Goretti, Pietro Buzzini
and Rosa Margesin

Abstract Alpine and Apennine glaciers contain only a small part of the total ice
mass existing on Earth and it is well known that these ice masses probably are
going to disappear in the next future. The study of biodiversity and ecology of
cold-adapted yeasts living in cold habitats of Alpine and Apennine glaciers (su-
praglacial and subglacial sediments, cryoconite, snow, ice, and melt water) rep-
resents a contribution to obtain a better defined picture of the microbial ecology of
these peculiar ecosystems. Most frequently isolated yeast species belonged to the
genera Cryptococcus (mainly of the order Filobasidiales) and Rhodotorula (mainly
of the class Cystobasidiomycetes). The majority of strains exhibited psychrotol-
erant characteristics and some of them were able to secrete extracellular hydrolytic
cold-active enzymes. From an ecological point of view, some yeasts species could
be subjected to an in situ selective enrichment in both supraglacial and subglacial
sediments and cryoconite. Due to their heterotrophic nature, the possible role of
cold-adapted yeasts in biogeochemical cycling through the mineralization of
organic matter in cold environments is discussed.
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5.1 Introduction

Arctic and Antarctic regions have been studied since the 1950s as reservoir of
psychrophilic and psychrotolerant microorganisms (Abyzov 1993; Skidmore et al.
2000; Deming 2002). Bacteria were firstly considered but eukaryotic populations
were also investigated in depth more recently (Buzzini et al. 2012). Some decades
later, Alpine cold regions attracted the early interest of a few research groups
(Margesin et al. 2002; Margesin 2009; Lazzaro et al. 2012). The limited extension
of the Alpine chain and its characteristic geo-morphological conformation confer
to this area some peculiar ecological traits in comparison with the complex Arctic
and Antarctic surface.

The Alps are one of the great mountain range systems of Europe. Their length is
approximately 1,200 km, the highest mountain is Mont Blanc (4,810 m a.s.l.)
which is placed on the Italian-French border, whereas the whole Alpine area
contains many peaks higher than 4,000 m. Alpine glaciers contain only a small
part of the total ice mass existing on Earth. A few authors calculated that they lost
about 35 % of their total area from 1850 until the 1970s, and almost 50 % by 2000.
A total glacier volume of more than 200 km3 was estimated around 1850, whereas
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now only about one-third of this value is left. It was predicted that in the Alps most
small glaciers (80 % of total glacial coverage, which represents an important
contribution to local water resources) could disappear in the next decades (Can-
none et al. 2008). In this context, global warming has a strong impact on Alpine
mountains and a dramatic situation for future glacier developments including
complete deglaciation of entire European mountain ranges can be depicted (Zemp
et al. 2006).

Two different geo-morphological typologies of glaciers can be found in the
European Alps: (1) the first is characterized by two or more different accumulation
basins generating two or more ice flows usually ending in a common terminal
plateau; (2) the second is represented by circular-shape glaciers (occasionally
covered totally or in part by debris), which are usually smaller than the former and
are representative of the majority of European Alpine glaciers.

The Apennines are a mountain chain consisting of parallel smaller chains
extending around 1,200 km along the length of peninsular Italy. Their highest
peak, Corno Grande (2,912 m a.s.l.), is partially covered by the Calderone glacier.
With the disappearance of the Corral de la Veleta Glacier (Sierra Nevada, Spain)
in 1913, the Calderone glacier became the southernmost one of Europe. Although
still classified as a glacier, Calderone can be actually labeled as a debris-covered
glacieret: a small ice mass of indefinite shape, placed over a protected slope that
originated from snow drifting and/or avalanching, and exhibiting no marked ice
flow pattern (Pecci et al. 2008). Global warming could particularly impact for the
weak geo-morphological conditions of this small glacier, which is subjected to
harsh fluctuations of temperature, and can be considered the most reliable witness
of global warming (Pecci et al. 2008).

Because of this catastrophic scenario, all the studies on the biodiversity and
ecology of microbial populations living in cold ecosystems of the Alps and the
Apennines assume an increasing relevance: a temperature increase may determine
an abundant loss of macro- and microbial diversity, thus influencing biogeo-
chemical cycles. Additionally, ex situ conservation of microbial biodiversity col-
lected in those ecosystems may be particularly interesting and represents a way to
preserve species that are going to disappear, for future studies and utilization. An
interesting description of the ex situ preservation of cold-adapted yeasts in
worldwide collections is reported in Chap. 2.

Yeast diversity of Alpine and Apennine habitats was studied only in a few sites
(Table 5.1, Fig. 5.1). Within this general framework, the ecology of cold-adapted
(psychrophilic and psychrotolerant) yeasts inhabiting various ecological niches,
including supraglacial and subglacial sediments, ice, melting water, snow and
cryoconite, has been considered. Additionally, some studies described yeast
diversity and physiology of polluted cold soils, also in view of their ability for
bioremediation purposes. In this Chapter, an overview of yeast biodiversity of
Alpine and Apennine cold habitats is presented.
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Table 5.1 Sample sites studied for yeast diversity in the Alps and Apennines

Sample site Geographical
position

Altitude (m
a.s.l.)

Type of samples References

Stubaier
glacier

Tyrolean Alps,
Austria

2,000 Mud and sediments Bergauer et al. (2005),
Margesin et al.
(2005b)

Etendard
glacier

Grenoble,
France

2,900 Mud and sediments Bergauer et al. (2005)

Brenner
pass

Border of
Austria and
Italy

1,372 Soil and sediments (oil-
shale mine and railway
area)

Bergauer et al. (2005)

Forni
glacier

Ortles-
Cevedale
group, Italy

2,600–3,670 Supra and subglacial
sediments, melt water,
ice

Turchetti et al. (2008)

Sforzellina
glacier

Ortles-
Cevedale
group, Italy

2,850–3,050 Supra and subglacial
sediments, melt water,
ice

Turchetti et al. (2008)

Calderone
glacier

Gran Sasso
d’Italia
group, Italy

630–2,830 Supraglacial and deep-
piping sediments, melt
water, ice

Branda et al. (2010)

Glacier du
Geant

Mont Blanc
Massif,
Italy

3,430 Snow, air Turchetti et al. (2013)

Miage
glacier

Mont Blanc
Massif,
Italy

1,720–2,400 Subglacial sediments, melt
water, ice

Turchetti et al. (2013)

Fig. 5.1 Geographic positions of the sample sites studied for yeast diversity in the Alps and
Apennines
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5.2 Cold-Adapted Yeasts in Alpine and Apennine
Supraglacial and Subglacial Sediments and Soils

5.2.1 General Properties of Supraglacial and Subglacial
Sediments

Glacial sediments are generally associated with both glacial surface and ice-bed
interface (Hodson et al. 2008). Some glaciers exhibit a continuous debris mantle
covering the surface of the lower part of their ablation zone (supraglacial sedi-
ments). Such glaciers are common in high-relief mountain environments where
mass-wasting processes deliver large volumes of debris to glacial areas. Supra-
glacial sediments are generally composed of poorly sorted debris sized from both
fine grain matrix to large rock boulders. The presence of thick supraglacial sedi-
ment accumulation may retard glacier ablation (Benn and Evans 1998). In con-
trast, subglacial sediments include rocks, sand, silt, and clay derived from glacier
grinding up and mixing of rock and soil debris beneath its base. They are poorly
sorted sediments exhibiting a little structure and often containing water micro-flow
channels in pores within the matrix of the fine-grained material. Supraglacial and
subglacial ecosystems may differ vastly in terms of their water activity (Aw),
nutrient abundance, redox potential, rock-water contact, pressure, solar irradiation,
and pH (Paterson 2002). Among them, the presence of a metabolically active
microbial community in subglacial sediments is strictly dependent on the avail-
ability of water. Liquid water is vital for any ecosystem and the presence of water
coming from rainfall and snowfall and ice melting may represent the source that
provides adequate water activity for microbial metabolisms in glacial habitats
(Hodson et al. 2008; Anesio et al. 2010; Anesio and Laybourn-Parry 2012). Liquid
water can occur at the bed of temperate glaciers (characterized by ice at the
pressure and temperature close to melting point, which is typical of the Italian
Alps) that additionally show abundant rock debris derived from ice ablation
(Anesio and Laybourn-Parry 2012).

Recent studies have shown that supraglacial and subglacial sediments can act as
suitable substrate for microbial growth and metabolism; this is apparently con-
firmed also by the positive correlation found between microbial abundance and
concentration of sediments in ice and melt water (Sharp et al. 1999). However, the
role of the microbial community in these habitats is still partially unclear.

Microbial communities inhabiting surface and deep habitats of worldwide
glaciers have been extensively studied: the presence of algae and cyanobacteria
performing photosynthetic metabolism and of aerobic heterotrophic prokaryotic
and eukaryotic populations contributing to the cycle of organic matter was
observed in supraglacial sediments (Hodson et al. 2008, 2010). Microorganisms in
supraglacial sediments could derive mainly from air movement, snowfall, and
rainfall, although only a small percentage could be able to survive under such
extreme conditions (Simon et al. 2009). In contrast, in subglacial ecosystems, the
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predominance of chemoautotrophic prokaryotes and heterotrophic prokaryotes and
eukaryotes, that even survive under aerobic conditions, has been observed (Sharp
et al. 1999; Tranter et al. 2002; Skidmore et al. 2000, 2005; Foght et al. 2004;
Priscu et al. 1999; Christner et al. 2001, 2006; Miteva et al. 2004). Some inter-
esting information on forefields of receding Alpine glaciers (i.e., new terrain that
becomes exposed due to the glacial retreat) has been recently reported by Lazzaro
et al. (2012) and Zumsteg et al. (2012). According to both authors, microorganisms
colonizing such forefields represented an exclusive biome, and it was suggested
that these microorganisms could be involved in the formation of new soil, with a
definite microbial succession from archaea to prokaryotes to eukaryotes. Their
ability to interact with minerals and organic compounds through physical and
metabolic processes makes them contributors to rock weathering (Zumsteg et al.
2012).

In recent years, the yeast community of unfrozen subglacial sediments of the
glaciers in the Ortles-Cevedale complex and the one of the supraglacial sediments
of both the Alps and Apennines (Miage and Calderone glaciers, respectively) have
been investigated (Turchetti et al. 2008; Branda et al. 2010; Turchetti et al. 2013).
Besides, dirt cones from Calderone glacier (Apennines) were also studied: these
peculiar sediments originate from the melt out of either endoglacial or subglacial
debris bands (Branda et al. 2010). These phenomena are due to differential ablation
which produces such upstanding morphologies on the glacial surface. Dirt cones
can also derive from deep-piping sediments originating from intra-glacier high
water pressure. In both cases, dirt cones are composed predominantly of ice, water,
and debris (Benn and Evans 1998).

5.2.2 Abundance of Cold-Adapted Yeasts in Supraglacial
and Subglacial Sediments of Alps and Apennines

Overall, the numbers of culturable yeasts in Alpine and Apennine supra- and
subglacial sediments were lower by one to several orders of magnitude than those
of bacteria and filamentous fungi. In particular, numbers of yeast cells ranging
from 102 to 103 CFU g-1 dry weight (DW) were observed in supraglacial sedi-
ments and dirt cones of the Calderone glacier, whereas the presence of culturable
yeasts in supraglacial sediments of the Ortles-Cevedale complex was less abundant
(about a few tens CFU g-1 DW), thus two orders of magnitude lower than in the
corresponding subglacial habitat (102–103 CFU g-1 DW). Interestingly, similar
amounts of total organic carbon, nitrogen, and phosphorous were observed in
supraglacial and subglacial sediments of the Ortles-Cevedale complex, while the
content of organic compounds in supraglacial sediments and dirt cones of the
Calderone glacier was 10-fold (carbon and nitrogen) or 1000-fold (phosphorous)
more concentrated (Turchetti et al. 2008; Branda et al. 2010).
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5.2.3 Diversity and Ecology of Cold-Adapted Yeasts
in Supraglacial and Subglacial Sediments of Alps
and Apennines

A total of fifty different yeast species were found in Alpine and Apennine sedi-
ments: almost all were basidiomycetes. Cryptococcus was the prevalent genus with
species belonging to both Filobasidiales and Tremellales orders (Table 5.2)
(Turchetti et al. 2008; Branda et al. 2010; Turchetti et al. 2013). The prevalence of
Cryptococcus species is consistent with previous studies carried out in worldwide
glacial areas (Butinar et al. 2007; de Garcia et al. 2007; Connell et al. 2008). The
high percentage of Cryptococcus strains could be justified by their ability to
produce an extracellular capsule, which could result in a protection from external
extreme conditions (Vishniac 2006). Other adaptation mechanisms, which could
confer to this genus a superior ability to thrive and even to grow in such eco-
systems (e.g., a wider carbon and nitrogen assimilation pattern), were also recently
hypothesized (Connell et al. 2008).

The most frequently isolated species were Cryptococcus gilvescens, Crypto-
coccus gastricus, Cryptococcus victoriae, Rhodotorula psychrophenolica
(Fig. 5.2), Mrakia robertii, Cryptococcus terricola, and Cryptococcus antarcticus.
Around 15–20 % of the species resulted psychrophilic, whereas the remaining
ones were psychrotolerant (Turchetti et al. 2008, 2013; Branda et al. 2010). The
large part of the species observed in sediments of Alps and Apennines have been
previously regarded as exclusive inhabitants of cold environments (Butinar et al.
2007; de Garcia et al. 2007; Connell et al. 2008). Interestingly, a few cosmopolitan
species, namely Cryptococcus fuscescens, Rhodotorula hordea, and Holterman-
niella takashimae, never been isolated so far from glacial ecosystems, were found
in Alpine and Apennine sediments.

A heterogeneous distribution of the different yeast species was observed in
sediments collected in different geographical areas. C. gilvescens was the dominant
species (58 % of the total isolated strains) in sediments sampled in the Ortles-
Cevedale complex, but this species was absent in sediments of the Calderone
glacier. On the contrary, C. gastricus was the dominant species in sediments of the
Calderone glacier (49 %), but it was lacking in sediments sampled in the glaciers of
the Ortles-Cevedale complex (Turchetti et al. 2008; Branda et al. 2010). Further-
more, both species were found in sediments of Mont Blanc glaciers (Turchetti et al.
2013). C. gilvescens is phenotypically undistinguishable from C. gastricus: the
analysis of the D1/D2 domain of 26S rRNA and ITS1&2 sequences showed that
both species occupy distinct positions within the Filobasidiales lineage, but with a
strong phylogenetic relation (they differ by only three nucleotide substitutions in
both regions) (Fonseca et al. 2011). Both species appear to be regular inhabitants of
cold environments (Fonseca et al. 2011). Their psychrotolerance, their ability to
produce extracellular hydrolytic cold-active enzymes and their frequent occurrence
in cold habitats could suggest their possible role in geochemical cycling of organic
matter in supraglacial and subglacial sediments (Turchetti et al. 2008).
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Table 5.2 Yeast species isolated from different glaciers and cold habitats of the Alps and
Apennines

Species 

Alps Apennines 

Ortles 
Cevedale 
complex 

(Turchetti et 
al. 2008)

Miage glacier 
(Turchetti et 

al., 2013)

Glacier 
du Geant 
(Turchetti 

et al. 
2013)

Stubaier 
glacier, 

Etendard 
glacier, 

Brenner pass 
(Bergauer et 

al. 2005; 
Margesin et 

al. 2005, 
2007)

Calderone 
glacier 

(Branda et al. 
2010)

S M I S M I SN A C So I S M I 
Ascomycetous yeasts  

Candida santamariae 

Candida sp.

Basidiomycetous yeasts 

Bulleromyces albus 

Cryptococcus adeliensis 

Cryptococcus aerius 

Cryptococcus albidosimilis 

Cryptococcus albidus 

Cryptococcus antarcticus 

Cryptococcus carnescens  

Cryptococcus chernovii 

Cryptococcus diffluens 

Cryptococcus dimennae 

Cryptococcus friedmanii 

Cryptococcus fuscescens 

Cryptococcus gastricus 

Cryptococcus gilvescens 

Cryptococcus laurentii 

Cryptococcus macerans 

Cryptococcus magnus 

Cryptococcus oeirensis 

Cryptococcus saitoi 

Cryptococcus stepposus 

Cryptococcus tephrensis 

Cryptococcus terreus 

Cryptococcus terricola 

Cryptococcus victoriae 

Cryptococcus wieringae 

Cryptococcus sp.

Cystofilobasidium capitatum 

Cystofilobasidium  infirmominiatum 

Cystofilobasidium macerans 

(continued)
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Table 5.2 (continued)

Dioszegia crocea 

Dioszegia fristingensis 

Dioszegia hungarica 

Dioszegia sp. 

Erythrobasidium hasegawianum 

Glaciozyma martinii

Glaciozyma watsonii

Guehomyces pullulans 

Holtermanniella festucosa 

Holtermanniella takashimae  

Holtermanniella wattica 

Leucosporidiella creatinivora  

Leucosporidium sp. 

Mastigobasidium intermedium 

Mrakia blollopis 

Mrakia gelida 

Mrakia robertii

Mrakia psychrophila  

Mrakiella aquatica 

Mrakiella cryoconiti

Mrakiella niccombsii  

Rhodosporidium lusitaniae 

Rhodotorula aurantiaca 

Rhodotorula bacarum 

Rhodotorula colostri 

Rhodotorula glacialis 

Rhodotorula hordea 

Rhodotorula ingeniosa 

Rhodotorula laryngis 

Rhodotorula psychrophenolica 

Rhodotorula psychrophila 

Rhodotorula sp.

Sporobolomyces roseus 

Trichosporon dulcitum  

Udeniomyces pannonicus 

Yeast-like organisms 

Aureobasidium pullulans 

Aureobasidium sp.

Exophiala dermatitidis 

S sediments, M melt water, I ice cores, SN snow, A air, C cryoconite, So soil
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The species C. victoriae was isolated in the past from cold Arctic and Antarctic
soils, but also from other temperate habitats (Herzberg et al. 2002; Gildemacher
et al. 2004, 2006). Neighbor-joining analysis of D1/D2 sequences placed this
species into the order Tremellales, particularly into the victoriae clade together
with the species Cryptococcus carnescens, Cryptococcus heimaeyensis, and
Cryptococcus tephrensis (Fonseca et al. 2011), which have been all frequently
isolated from cold ecosystems.

A total of twenty-eight percentage of all strains isolated from Alpine and A-
pennine glaciers were found to belong to novel species: R. psychrophenolica and
Rhodotorula glacialis (Margesin et al. 2007), Mrakiella cryoconiti (Margesin and
Fell 2008), M. robertii, Mrakia blollopis and Mrakiella niccombsii (Thomas-Hall
et al. 2010), Glaciozyma martinii and Glaciozyma watsonii (Fig. 5.3) (Turchetti
et al. 2011).

Interestingly, the species M. niccombsii was recently found in supraglacial
sediments of the Miage glacier (Turchetti et al. 2013). Since this species has so far
been considered endemic of Antarctic soils (Vishniac 1985; Vishniac and

Fig. 5.2 Cells of
Rhodotorula
psychrophenolica DBVPG
4792 after 2 weeks of
incubation at 10 �C on malt
extract agar (MEA), showing
budding cells and
pseudohyphae. Bar, 5 lm

Fig. 5.3 Optical microscopy
image of Glaciozyma
watsonii DBVPG 4760 after
1 week of incubation at
10 �C on MEA, showing
budding cells. Bar, 5 lm
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Kurtzman 1992; Vishniac and Onofri 2002; Arenz et al. 2006; Vishniac 2006;
Thomas-Hall et al. 2010), this evidence could lead to reconsider its status as
endemic species.

Most of the yeasts isolated from supraglacial and subglacial sediments of
Alpine and Apennine glaciers were common inhabitants of worldwide cold areas,
such as Antarctica and the Arctic (Butinar et al. 2007; de Garcia et al. 2007;
Connell et al. 2008; Libkind et al. 2009). Atmospheric circulation, via wind and
dust particles, rainfall, and snowfall vectors, could be considered the most plau-
sible way of their global dissemination (Xiang et al. 2009). Of course, the sole
dissemination cannot be considered sufficient to justify the differential diversity of
cold-adapted yeasts observed in geographically distinct cold habitats, because only
some habitats could support their in situ survival and growth.

5.2.4 Diversity of Cold-Adapted Yeasts in Alpine Soils

Cold-adapted yeasts strains isolated from contaminated soils in the Kitzbühler
Alps, Stubaier Alps, and at the Brenner pass were studied by Bergauer et al. (2005)
and Margesin et al. (2005b). Eleven basidiomycetous species were identified;
dominant genera were Cryptococcus and Rhodotorula. Some of them, namely
R. glacialis, R. psychrophenolica, Cryptococcus terreus, and C. terricola, have
been frequently found in Alpine environments. On the contrary, five other species
were isolated from cold habitats for the first time, namely Leucosporidiella
creatinivora (formerly Rhodotorula creatinivora), Rhodosporidium lusitaniae,
Rhodotorula ingeniosa, Rhodotorula psychrophila, and Trichosporon dulcitum
(Table 5.2). All the strains isolated from Alpine cold soils showed the ability
to degrade phenolic compounds at low temperature (for more information, see
Chap. 21).

5.3 Cold-Adapted Yeasts in Alpine and Apennine Ice
Cores, Snow, and Melt Water

5.3.1 General Properties of Ice Cores, Snow, and Melt Water

Ice constituting glaciers is a substrate which can act as long-term, chronological
repository of viable microorganisms. Due to harsh conditions (high pressure,
darkness, acidity and low Aw), an englacial environment can be considered an
extreme habitat (Price 2000, 2007). Some peculiar situations occurring within
englacial ice can apparently simplify microbial life in this environment. For
example, the part of englacial ice lying at the pressure of the melting point can
determine the increase in the temperature and the Aw, thus increasing the
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possibility of microbial life and metabolic activity (Price 2007). Besides, the
phenomenon labeled as ‘‘hydratation distance’’ at the surface of solid impurity or
hydrophilic mineral substrates could determine the presence of an unfrozen layer
of temperature-dependent thickness around particles, providing nutrients and water
for microorganisms (Price 2007). In temperate glaciers, englacial habitats include
crevasses and water channels (Fig. 5.4), which can act themselves as growing
substrates for microbial communities and at the same time convey water, nutrients,
atmospheric gases, and microbiota into the glacier (Price 2007).

Microbial biodiversity of worldwide icy habitats has attracted the interest of an
increasing number of biologists. Early studies, conducted by Abyzov et al. (1982,
2001), found diverse microorganisms including cold-adapted yeasts (belonging to
the species Cryptococcus albidus and Rhodotorula mucilaginosa) in the deep ice
cores drilled from Lake Vostok, Antarctica. Likewise, Skidmore et al. (2000)
demonstrated the presence of aerobic chemoheterotrophs, anaerobic nitrate- and
sulfate-reducing bacteria and methanogens in the debris-rich basal ice layers and
the surface of high Arctic glaciers. Later, englacial ecosystems were also studied
in glacier ice cores extracted from different geographic areas: the presence of
diverse bacterial communities including representatives of Proteobacteria, Bac-
teroidetes (formerly Cytophaga–Flavobacterium–Bacteroides) and Gram-positive
bacteria was observed (Christner et al. 2003b). The increasing awareness that a
large number of viable microorganisms, including yeasts, are entombed within
glacial ice enables the hypothesis that englacial microbial populations could play

Fig. 5.4 Representation of a potential ecological model for the distribution of cold-adapted
yeasts inside the ecosystem of a temperate glacier in the Alps and Apennines
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an important role in nutrient cycling inside glaciers and ice sheets. However,
despite the presence of viable microorganisms in ice cores (Castello and Rogers
2005; Price 2007), their in situ activity remains to be fully elucidated.

Snowpack covering ice surface is another interesting niche characteristic of
glacial environments that could act as reservoir of different types of microor-
ganisms. Snow accumulates on the surface of icy surface and contains an extre-
mely low concentration of organic matter. The ecological role of snow is
significant since it provides an important inoculation of microbial cells, nutrient,
and water that enriches the glacial ecosystems beneath the snow superficial layer
(Fig. 5.4). Microorganisms occurring on surface snow are often exposed to light,
nutrients, and temperatures of around 0 �C in summer, which facilitates the growth
of phototrophic cyanobacteria and algae and can result in the presence of colorful
snow coverage (Stibal et al. 2007). Hodson (2006) found a high concentration of
inorganic nitrogen and phosphate in such habitat due to the phototrophic activity
of algae and cyanobacteria. By contrast, microbial communities in the deep snow
are exposed to abrupt temperature drop and low light intensity, which reduces the
growth rate of light-dependent microorganisms (Xiang et al. 2009). Besides,
complex bacterial consortia were found in snowpack covering the surface of a few
glaciers located in the Alps, Andes, and Svalbard archipelago (De Angelis and
Gaudichet 1991; Amato et al. 2007).

Sun irradiation provokes snow and ice melting due to an increase in tempera-
ture, albedo effect, and strong pressure on the glacier bed. The different origin of
melt water makes it difficult to define a general idea about the characteristics of
this peculiar substrate (Paterson 2002):

1. streaming of melt water on the surface of the glacier derived from ice and snow
ablation during summer time;

2. percolation of water from the surface into ice;
3. ice melting induced by pressure change and streaming in subglacial sediments

or creating channels within ice;
4. water trapped inside pockets originated from ice formation;
5. lakes located close to the margins of the glacier, or on the glacier, originating

from the melt water above described.

The abundance of microorganisms in melt water of worldwide temperate gla-
ciers has been sporadically described (Sharp et al. 1999; Butinar et al. 2007; de
Garcia et al. 2007) because more emphasis has been devoted to sediments and ice.
The currently accepted hypothesis considers melt water as an important connection
between different niches within the same glacier (or even as a natural link between
glacial habitat and glacier forefield). Variable microbial abundance has been
detected in melt water collected in glaciers of the Svalbard archipelago: bacterial
numbers were about 105 cells ml-1 (Sharp et al. 1999), whereas yeast numbers
ranged from 10 to 103 CFU ml-1 (Butinar et al. 2007).
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5.3.2 Abundance of Cold-Adapted Yeasts in Ice Cores, Snow,
and Melt Water of Alps and Apennines

According to recent studies, ice, snow, and melt water can be considered as
extremely oligotrophic habitats in comparison with both supraglacial and sub-
glacial sediments. This could apparently justify the lower yeast cells abundance
(10–102 CFU L-1), if compared with the corresponding sediments (Turchetti et al.
2008; Branda et al. 2010).

These results are consistent with the data observed in melt water sampled from
Patagonian glaciers (de Garcia et al. 2007; Libkind et al. 2009). Surprisingly, ice
cores and snow sampled from Alpine and Apennine glaciers showed a yeast
abundance that was 10-fold to 100-fold lower than that observed in corresponding
sediments, in contrast with the results reported for Svalbard ice cores
(10–103 CFU ml-1) (Butinar et al. 2007).

5.3.3 Diversity and Ecology of Cold-Adapted Yeasts in Ice
Cores, Snow, and Melt Water of Alps and Apennines

The yeast diversity observed in ice cores collected from Alpine and Apennine
glaciers partially overlapped with that observed in the corresponding supraglacial
and subglacial sediments, i.e., C. gilvescens and C. gastricus, respectively, were
the dominant species, although their relative abundance was 10-fold to 100-fold
lower (Turchetti et al. 2008; Branda et al. 2010).

In contrast, snowpack covering the surface of the glacier du Geant (Mont
Blanc) showed a wider yeast biodiversity spectrum: 38 different species were
identified (Turchetti et al. 2013). C. victoriae (28 % of all isolated strains),
R. psychrophenolica (24 %), the yeast-like species Aureobasidium pullulans
(7 %), and C. gilvescens (6 %) were the most frequently found species. Some of
them are regularly observed in worldwide cold environments, while some other are
regarded as ubiquitous species (e.g., A. pullulans, Cryptococcus chernovii, Cryp-
tococcus diffluens, and R. laryngis) (Turchetti et al. 2013). Their deposition on
snow surface by air current, snowfalls, and rainfalls and/or their possible variable
ability to survive (or even to grow) under these conditions could be the basis
justifying their differential occurrence.

A large number of yeast species, already described as regular inhabitants of
both supraglacial and sub-glacial sediments, were found in melt water sampled in
Alpine and Apennine glaciers. The species R. glacialis and C. gilvescens repre-
sented over 50 and 20 %, respectively, of the yeasts isolated from meltwater
collected in the Ortles-Cevedale complex (Turchetti et al. 2008). In contrast,
Cystofilobasidium macerans and Cystofilobasidium capitatum, which were also
found to be ubiquitous in water streams or glacial lakes (Sampaio 2011), were the
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predominant species (19 % and 17 %, respectively) in meltwater collected from
the Apennine Calderone glacier (Branda et al. 2010).

5.4 Cold-Adapted Yeasts in Alpine Glacier Cryoconite

The term ‘‘cryoconite’’ (ice dust) was used for the first time by Nordenskjöld
during his 1870 Greenland expedition and refers to small (0.1–3 mm in diameter)
dark-colored wind-borne particles at the bottom of cryoconite holes. These par-
ticles consist of inorganic (e.g., mineral components of soils and sediments) and
organic (e.g., litter, pollen, Bacteria, Eukarya) materials. Cryoconite holes are
water-filled depressions (up to 50 cm deep and from a few centimeters to[1 m in
diameter) on the glacial surface and form when the dark particles deposited on the
glacier surface are warmed by solar radiation (black body effect) and melt into the
underlying ice because of the lower albedo of cryoconite compared to the sur-
rounding ice (Wharton et al. 1985; Takeuchi et al. 2001; Cameron et al. 2012). The
reduced surface albedo may play an important role in the acceleration of glacier
melting. Cryoconite holes are found worldwide in high-latitude and high-alpine
glaciers (MacDonell and Fitzsimons 2008) as well in glaciers of temperate areas;
they can cover 0.1–10 % of the glacier surface (Anesio et al. 2009). Most
cryoconite holes are open to the environment, while those in Antarctic Dry Valley
glaciers are covered by an ice lid and thus isolated from the atmosphere (Miteva
2008).

5.4.1 Properties of Alpine Cryoconite

The temperature in Alpine cryoconite ranges from about B0 �C to about +3 �C in
summer (July to September), as it is permanently saturated with cold meltwater
from ablating snow patches. During the residual time of the year, cryoconite is
snow-covered and permanently frozen. Freezing also can occur every night during
summer (Margesin et al. 2002). Cryoconite holes could serve as biological refuges
during extended periods of subzero temperatures; members of cryoconite com-
munities that survive these conditions might ensure the reseeding of the sur-
rounding environment during warmer periods (Christner et al. 2003a).

Cryoconite contains substantial amounts of nutrients, which supports microbial
growth and activity. Three Alpine cryoconite samples collected from an Austrian
glacier (Margesin et al. 2002) were characterized by a pH value of 5, a temperature
of 1.5–3 �C at the time of sampling (September), and a water content of 50 %, and
contained 0.8–1.8 % (related to cryoconite dry mass) total carbon and
0.02–0.09 % total nitrogen. The C:N ratio ranged from 40:1 to 20:1. The CaCO3

content was in the range of 1.9–2.1 % (corresponding to 0.2–0.4 % inorganic
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carbon). Alpine cryoconites of an Austrian glacier contained high amounts of
anthropogenic radionuclides from nuclear weapons and Chernobyl fallouts (Tieber
et al. 2009). In comparison, Arctic cryoconite contained 1.1–1.9 % organic C and
had a water content of 67–79 % (Singh and Singh 2012). Most of the organic
carbon in Arctic cryoconite holes originates from allochthonous rather than
indigenous primary production (Stibal et al. 2008).

In some areas (e.g., glacier-skiing areas), the composition of cryoconite is
strongly influenced by human presence. Studies on the influence of human impact
on microbial community composition of Alpine cryoconite samples collected from
six Austrian glaciers indicated the introduction of allochthonous bacterial species,
as shown by the presence of isolates with higher maximum growth temperatures
on sites with strong human impact compared to sites without or with low human
impact (Lee et al. 2011). Such data have not yet been gathered for yeast popu-
lation, however, it is likely that a similar result can be obtained.

5.4.2 Diversity and Ecology of Cold-Adapted Yeasts
in Alpine Cryoconite

Since cryoconite holes contain abundant populations of actively living organisms,
Wharton et al. (1981, 1985) pointed already 30 years ago to the important role of
cryoconite holes in glacier ecosystems. During the last decade, cryoconite holes have
been recognized as an important microbial ecosystem (Hodson et al. 2008; Anesio
and Laybourn-Parry 2012). Every cryoconite hole is unique and therefore may
support a novel and discrete ecosystem (Christner et al. 2003a). These supraglacial
mini-ecosystems are considered ‘‘hot spots’’ of microbial metabolic activity, which
explains the strong interest in their biogeochemical processes, chemical gradients,
and nutrient cycling (Margesin and Miteva 2011; Singh and Singh 2012). Diversity
studies of microbial communities in cryoconite holes demonstrated the presence of
photosynthetic cyanobacteria and algae, heterotrophic bacteria, yeasts and fila-
mentous fungi, metazoa and viruses (Wharton et al. 1985; Christner et al. 2003a;
Anesio et al. 2009; Stibal et al. 2012). Archaeal communities have so far only been
detected in Antarctic samples (Cameron et al. 2012).

Members of individual cryoconite communities were often found to be specific
to individual locations, suggesting that they may be seeded primarily via localized
wind transportation and/or during glacial melt from adjacent surrounding envi-
ronments (Christner et al. 2003a; Cameron et al. 2012). Long-distance wind
transport may provide a mechanism for immigration into cryoconite holes.
Cryoconite microorganisms may also play a role in the colonizing of newly
exposed areas after glacier retreats (Wharton et al. 1985).

There is little information on the abundance and role of yeasts in cryoconite
(Margesin et al. 2002; Singh and Singh 2012; Uetake et al. 2012). Three Alpine
cryoconite samples collected from an Austrian glacier contained predominantly
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culturable aerobic heterotrophic bacteria, but culturable yeasts were also present
and were identified as representatives of the genera Cryptococcus, Candida, and
Rhodotorula (Margesin et al. 2002). Cryptococcus gilvescens dominated among
Cryptococcus species (Margesin, unpublished data). The description of novel
cold-adapted bacterial and yeast (Rhodotorula glacialis, R. psychrophenolica,
and Mrakiella cryoconiti) taxa from Alpine glacier cryoconite (Margesin et al.
2007; Margesin and Fell 2008) indicates the typical community composition of
cryoconite (Margesin and Miteva 2011). The difference between the abundance
of bacteria and yeasts was influenced by temperature: significantly higher
numbers of yeasts were able to grow at 2 �C (2 x 103 to 2 9 105 CFU g-1

cryoconite dry mass) than at 20 �C (5 9 102 to 3 9 104 CFU g-1 dry mass) in
all three cryoconite samples. Yeast populations were about 5–10-fold lower than
bacterial numbers at 2 �C, but more than 100-fold lower at 20 �C (Margesin
et al. 2002).

Many cryoconite microorganisms show remarkably good cold adaptation with
regard to growth characteristics and metabolic activities (Margesin and Miteva
2011). The maximum temperatures for growth of yeast strains from Alpine
cryoconite is usually 15 �C or 20 �C, while only few can grow at 25 �C (Margesin
et al. 2002, 2007; Margesin and Fell 2008). These data and further studies led to
the assumption that cold-adapted yeasts have a more restricted growth temperature
range than cold-adapted bacteria (Margesin 2009).

The ability of cold-adapted yeasts to grow even below the freezing point of
water (Panikov and Sizova 2007) indicates their capability to degrade organic
compounds at low temperatures (Buzzini et al. 2012). Cryoconite microorganisms
convert organic matter into dark-colored humic substances, which results in
increased light absorbance (Takeuchi et al. 2001). Yeasts from Alpine glacier
cryoconite utilize various organic compounds (cellulose, starch, tributyrin, po-
lygalacturonic acid, diesel oil, and phenol) as the sole carbon and energy source
(Margesin et al. 2002, 2005a; Bergauer et al. 2005).

Substrate utilization was more influenced by the cultivation temperature than by
the composition of the substrate. All of 14 yeast strains investigated utilized the
tested substrates when cultured at 5, 10, or 15 �C. The relative substrate utilization
was higher at 0 �C than at temperatures above 15 �C, at which significantly
reduced substrate utilization was noticed. The optimum temperature for biomass
production and substrate hydrolysis is usually lower than the optimum growth
temperature of cold-adapted bacteria and yeasts (Feller et al. 1996; Margesin
2009). This could also be demonstrated with a cold-active alkaline pectinase
(pectate lyase) produced by Mrakia frigida from Alpine glacier cryoconite
(Margesin et al. 2005a), later identified as a representative of a novel genus
(Mrakiella cryoconiti; Margesin and Fell 2008).
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5.5 Contribution of Yeast Populations to the Ecology
of Alpine and Apennine Cold Habitats

Cold-adapted microorganisms colonizing glacier ecosystems are subjected to
extreme low temperatures and Aw, and often to nutrient limitation. Such organisms
are adapted to these extreme environments through some modifications of their
metabolic processes, such as production of cold-active enzymes, anti-freezing
proteins, and exopolymeric substances that provide cell protection against the
potentially damaging effects of low temperatures. Besides, they maintain the flu-
idity of cell membranes until sub-zero temperatures by an increase in the pro-
portion of unsaturated fatty acids and a decrease in the average fatty acid chain
length (Siddiqui and Cavicchioli 2006; Buzzini et al. 2012). An exhaustive
overview of the strategies adopted by cold-adapted yeasts to overcome the neg-
ative effect of cold is reported in Chaps. 9, 10, 11, 12, 13, 14, 15.

In glacier ecosystems, the nutrient input (especially in terms of carbon and
nitrogen) derives principally from wind and alluvial deposition of allochtonous
particulate material, which can release both inorganic and organic compounds, the
last due to decomposing processes of organic materials catalyzed by microbial
biomass (Anesio and Laybourn-Parry 2012). Both supraglacial and subglacial
sediments are actively colonized by chemoautotrophic and heterotrophic micro-
organsims including cold-adapted yeasts that are able to make use of recalcitrant
substrates more efficiently than bacteria. There is additional evidence that organic
compounds in glacial sediments can be easily hydrolyzed aerobically bringing
subglacial sediment to anoxia and guiding to the development of methanogens
(Wadham et al. 2008). Microbial communities sharing glacial habitats could be
responsible of some biogeochemical transformations, with some important
implications at both local and global scales (Anesio and Laybourn-Parry 2012).

Chemical analysis of sediments and cryoconite (and to a lesser extent of ice,
snow, and melt water) collected from Alpine and Apennine glaciers demonstrated
the presence of organic carbon, nitrogen, and phosphorus in amounts that support
survival and even growth of psychrophilic and psychrotolerant heterotrophic
microorganisms including yeasts (Margesin et al. 2002; Turchetti et al. 2008;
Branda et al. 2010). The majority of yeasts isolated from Alpine and Apennine
glaciers exhibited the ability to secrete cold-active hydrolytic enzymes (Margesin
et al. 2005a; Turchetti et al. 2008; Branda et al. 2010). These enzymes could be
involved in the hydrolysis of organic macromolecules naturally present in these
harsh environments (Anesio and Laybourn-Parry 2012).

Considering the above general findings and under the light of the studies on cold-
adapted yeasts in Alpine and Apennine ecosystems (Sharp et al. 1999; Turchetti
et al. 2008; Branda et al. 2010), it is possible to postulate that glacial habitats
constitute an important reservoir of metabolically active heterotrophic prokaryotic
and eukaryotic microbial communities. Although some important differences on
abundance and biodiversity of yeast populations between eutrophic (i.e., sediments
and cryoconite) and oligotrophic (ice, snow, melt water) habitats have been
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observed (Turchetti et al. 2008; Branda et al. 2010), it can be postulated that cold-
adapted yeasts are able to survive (and even to grow) under such extreme conditions.
In this framework, studies reporting their ability to perform some important bio-
geochemical activities (such as organic matter decomposition and nutrient cycling)
at low temperature could be considered an important milestone in the knowledge of
the in situ ecological role of cold-adapted yeasts, with special emphasis on more
eutrophic habitats, specifically supraglacial and subglacial sediments, and cryoco-
nites (Turchetti et al. 2008; Branda et al. 2010; Buzzini et al. 2012).

Accordingly, the following models of the ecological significance of cold-
adapted yeasts in Alpine and Apennine ecosystems could be postulated:

1. A few species (i.e., those occurring at a higher frequency, namely C. gilvescens
and C. gastricus) could have probably a superior fitness with regard to the
eutrophic conditions present in sediment and cryoconite ecosystems, which
allows them not only to survive, but even to grow under such extreme conditions.
Accordingly, an in situ selective enrichment of yeast populations could be pos-
tulated for these species. This hypothesis could be apparently supported by the
results reported by Turchetti et al. (2008), who demonstrated that C. gilvescens is
able to exponentially grow under laboratory-simulated in situ conditions.

2. Due to their substantial oligotrophy, ice, snow, and melt water associated with
glacier ecosystems could result lesser suitable to support active growth of cold-
adapted yeasts. This could suggest that only limited (if any) in situ enrichment
could occur in these niches. In particular, ice could represent only a reservoir of
surviving cells. Price (2000, 2007) demonstrated that biological activity may
occur inside ice, but microorganisms inhabiting this environment are charac-
terized by very low metabolic rates because most of the nutrients and energy
that become available could be likely expected to serve just for the repair of
cellular and molecular damages. Accordingly, it is possible to deduce that even
if this strategy could permit cold-adapted yeasts to remain viable for months
and years (thousands or even millions of years, considering Antarctic ice)
(Abyzov et al. 1982, 2001), these microorganisms could play only a minor
significant role inside the ice mass of Alpine and Apennine glaciers.

3. In this context, melt water could only act by transferring viable yeast cells from
supraglacial to subglacial sediments. In fact, temperate glaciers of the Alps and
Apennines exhibit crevassing and water channels (Fig. 5.4), which enhance ice
melting and water movement from supraglacial to subglacial sides (passing by
englacial ecosystems). Accordingly, yeast cells could be supposed to move
from superficial snow, supraglacial sediments, water, and englacial ice to reach
subglacial sediments.

Considering all above hypotheses, a possible pathway of cold-adapted yeasts
inside the glacier ecosystem could be postulated (Fig. 5.4):

1. Yeasts may initially fall on supraglacial debris, cryoconite, snow, and ice
surface by wind, rainfall, and snowfall dissemination. The combination of these
components could determine the amount and composition of microbial species
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in the glacier surface (Xiang et al. 2009). After this first step, an in situ post-
depositional selection could occur, thus resulting in varying structures of the
yeast community. Cryoconite and supraglacial sediments with sufficient con-
centration of organic compounds may support the selective in situ enrichment
of yeasts in favor of the species more adaptable to the cold habitat and able to
use complex organic matter (e.g., C. gastricus in supraglacial sediment of the
Calderone glacier) (Branda et al. 2010). Other species exhibiting a lower fitness
for such habitat could remain in very low cell concentration (or even not
quantifiable by using classical, i.e., culture-dependent, methods of analysis).

2. Temperate glaciers are characterized by hydrological transfers from surface to
glacier bed due to firn burial and glacier ice flow, but also due to crevassing
enhancing flow of melt water, nutrients, and organisms inside the ice body from
surface to the glacier bed, where the presence of pressure-melting-point ice at
the glacier bed provides not only a basis for nutrient achievement following
rock–water contact (Tranter 2005), but also an increased likelihood of cre-
vassing due to enhanced basal sliding and subglacial till deformation (Paterson
1994). All these effects could result in the coupling of supraglacial and sub-
glacial ecosystems allowing yeast cells to percolate from snow and supraglacial
sediment coverage through ice, arriving to unfrozen subglacial sediments
beneath the glacier bed or remaining within melt water, which could be
regarded (together with ice) only a transition step (Fig. 5.4).

3. In subglacial sediments, a second in situ enrichment of yeast populations could
be supposed (e.g., C. gilvescens in subglacial sediment in the Ortles-Cevedale
complex) (Turchetti et al. 2008). Yeast cells growing in such an ecosystem
could also be washed-out by the melt water flow running off from the glacier
bed (Fig. 5.4).

5.6 Conclusions

Investigations on the ecology of glacial habitats have revealed that microbial
community is active in biogeochemical transformations such as carbon fixation
and respiration, iron cycling and methanogenesis (Anesio and Laybourn-Parry
2012). Cold-adapted yeasts can be considered as an active part of this community,
because they have developed a complex suite of physiological and metabolic
adaptations, which enhance their possibility to survive and, in some cases, to grow
in glacial habitats. Therefore, they play a fundamental role in cold ecosystems,
especially in relation to the hydrolysis of complex organic macromolecules con-
nected with the mineralization of organic matter. Regarding their possible role in
weathering of surfaces in forefields, their effective in situ quantitative contribution
is a still open question, although a recent study hypothesized that cold-adapted
yeasts may be the active part of this biogeochemical process (Brunner et al. 2011).
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Chapter 6
Cold-Adapted Yeasts in Patagonian
Habitats

Virginia de Garcia, Diego Libkind, Martín Moliné, Carlos A. Rosa
and Maria Rosa Giraudo

Abstract The Patagonian Andes possess unique physical and environmental
characteristics, such as a great variety of glaciers, large temperate ice masses,
glacially formed water bodies and forests dominated principally by endemic tree
species. Most of these environments are included in protected areas characterized by
low anthropogenic impact and minimal atmospheric pollution. Extensive studies on
the occurrence of both psychrotolerant and psychrophilic yeasts in these natural
environments have been performed. Patagonian natural environments to date sur-
veyed include freshwaters, meltwaters, glacial ice, sea water, flowers, phylloplane,
sap exudates, bark, soil, rotten wood, fungal stromata and rhizosphere. This research
work allowed the characterization of native cold-adapted yeast communities, the
description of novel species and was a contribution to yeast taxonomy, biogeography
and also to biotechnology. The occurrence of a broad yeast biodiversity in cold
Patagonian ecosystems of high scientific and technological value is here presented.

Keywords Patagonia � Psychrophilic and psychrotolerant yeasts � Glaciers �
Nothofagus
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6.1 Andes and Patagonia

The Andes, located along the western coast of South America, is the longest
continental continual mountain range in the world. They are about 7,000 km long,
200–700 km wide and have an average height of about 4,000 m; they extend from
north to south through seven South American countries: Venezuela, Colombia,
Ecuador, Peru, Bolivia, Chile and Argentina (Lliboutry 1998). The Andes are the
world’s highest mountain range outside of Asia. The highest peak is Mount
Aconcagua, which rises to an elevation of 6,962 m above sea level. Numerous
glaciers are found along the Andes Mountains and range in size from very small
snow patches and glacierets in northern Chile to the 13,000-km2 Southern Pata-
gonian Ice Field in Argentina and Chile (Lliboutry 1998; Skvarca et al. 2003;
Stuefer et al. 2007).

Patagonia region belongs to the southern part of the American continent and
includes two neighboring countries, Chile and Argentina. To the west, east and
south, Patagonia is limited by the Pacific and Atlantic oceans. Its northern limit
corresponds to the northern borders of Neuquén and Río Negro provinces of
Argentina and the Chilean region of Maule (Correa 1998). Islands in the prox-
imities of the ‘‘continental Patagonia’’, on the submarine platform, are also
included in the more accepted definition of Patagonia (Barthelemy et al. 2008).

The Patagonian Andes possess unique physical and environmental character-
istics (Villarosa et al. 2008). The climate in Patagonia is described as temperate or
cold-temperate. The prevalence of humid westerly winds has a great influence on
the distribution of precipitations in this region, occurring predominantly during the
colder period of the year. Toward the south, the influence of polar winds increases,
so that the summer is cooler and wetter than further north, and snowfall is a
common phenomenon in this region (Correa 1998). Toward the eastern part of
Patagonia, temperature fluctuations are moderated by the wind from the Atlantic
Ocean (Barthelemy et al. 2008).

Andean Patagonia in Argentina offers a great variety of glacially formed water
bodies, which are still fed by glacier meltwater. They cover an ultra-mesotrophic
to mesotrophic range of small and large lakes including small high elevation lakes,
sometimes surrounded by dense native forest of Nothofagus spp. and Austrocedrus
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chilensis trees (Quirós and Drago 1985; Díaz et al. 2000). These lakes are oli-
gotrophic to ultra-oligotrophic temperate water bodies of glacial origin and have
been classified as warm monomictic with a period of summer stratification (Díaz
et al. 2000).

In the Nahuel Huapi National Park, Argentina, Mount Tronador has 10 glaciers.
Four of these are located in Argentina (Río Manso, Castaño Overo, Alerce, Frías),
the remaining six are in Chile (Rabassa et al. 1978). Los Glaciares National Park
(Argentina) and Patagonian Icefields (Hielos Patagónicos) are the largest tem-
perate ice masses in the Southern Hemisphere, which account for more than 60 %
of the Southern Hemisphere’s glacial area outside Antarctica. Perito Moreno
Glacier is located within these icefields (Skvarca et al. 2003; Stuefer et al. 2007).

Currently, most glaciers of the world are retreating rapidly as a result of global
warming (Delgado Granados et al. 2007). Glaciers of Mount Tronador Patagonia
Argentina are a clear example of this situation, having experienced a constant
retreat for the past 100 years (Villarosa et al. 2008). Perito Moreno Glacier,
however, is one of the few glaciers that are in a stable situation, i.e., it is neither
advancing nor retreating (Stuefer et al. 2007).

Glacier/climate interactions in the Patagonian region are of relevance to
understand the global climate change pattern. In addition, icefields and periglacial
areas hold valuable information for Quaternary paleoenvironments (Stuefer et al.
2007). There is also a dense forest cover, associated with recent glacial deposits.
Lakes, rivers and peatlands are the main landforms that create conditions for the
study of past and present environmental variations in the region (Villarosa et al.
2008).

The relevance of studies on the effects of climatic and environmental changes
on continental glaciers has been shown elsewhere, especially in the Northern
Hemisphere (Villarosa et al. 2008; Branda et al. 2010). Microorganisms inhabiting
these withdrawing glaciers may be released into soil, rivers and oceans, possibly
complementing or changing the existing microbial communities (Butinar et al.
2007; de Garcia et al. 2012a).

From a forestry point of view, Patagonian habitats are dominated principally by
endemic tree species of Nothofagus spp. (southern beech) and by the coniferous
tree species Austrocedrus chilensis, Araucaria araucana, Fitzroya cupressoides
and Pilgerodendrum uviferum, which are among the most important species in
Argentina and Chile (Donoso Zegers 2006). The genus Nothofagus (Nothofaga-
ceae) has about 35 species, which form endemic forest in the Southern Hemisphere
(Manos 1997). In Argentina, large areas of this forest, which include the species
Nothofagus pumilio, Nothofagus nervosa, Nothofagus dombeyi, Nothofagus
antarctica and Nothofagus betuloides (Laclau 1997), are included in protected
areas characterized by low anthropogenic impact and minimal atmospheric pol-
lution (Satti et al. 2007).

Nothofagus pumilio is a deciduous species and represents the main species of
the high-altitude tree-line forests of the Andes (Souza et al. 2000). This species
inhabits a wide altitude and latitude range, and N. pumilio forests account for 25 %
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of the native forest surface in Chile and 4 % of it in Argentina, constituting one of
the most important types of forest in both countries (Gonzalez et al. 2006).

Nothofagus nervosa is one of the most economically important tree species in
Patagonia, given it yields a highly valuable wood, it was overexploited in the past,
and natural populations were drastically reduced. Currently, a program is in place
for the conservation and domestication of this species (Marchelli and Gallo 1999;
Gallo et al. 2004). All Nothofagus species have indehiscent dry fruits containing
only one seed (nuts), this pericarp does not split open, so seedlings are cultivated
directly from these fruits (Fernández et al. 2012).

Despite studies of microbial communities in soils from cold to temperate
environments worldwide (Vishniac 2006; Gilichinsky et al. 2008; Yurkov et al.
2012), knowledge of biodiversity of cold-adapted yeasts in forest soils in the
Southern Hemisphere is at present limited (Spaak 2008). The relevance of yeasts
to soil function is not yet fully understood, although it is known that they influence
soil aggregation, contribute to nutrient cycles and interact with the vegetation
(Botha 2011). South America is, biologically speaking, the most diverse region of
the globe and offers great potential in terms of macro- and micro-biodiversity
(Carvajal et al. 2011).

6.2 Cold-Adapted Yeast Species Described in Patagonia

Microorganisms inhabiting cold environments can be divided into psychrophiles
and psychrotolerants: the first predominate in permanent glacial habitats, whereas
the second ones are generally predominant in ecosystems periodically exposed to
low temperatures. Both are believed to play key roles in the biodegradation of
organic matter and the cycling of essential nutrients at the cryosphere level
(Margesin and Miteva 2011; Buzzini et al. 2012). An in-depth overview on
psychrophilic and psychrotolerant microorganisms and on their global distribution
is reported in Chap. 1.

Extensive studies on the occurrence of psychrophilic and psychrotolerant yeasts
from environments of Patagonia were carried out since 1990s in aquatic (fresh-
water, meltwaters, glacial ice and sea water) and terrestrial (flowers, phylloplane,
sap exudates, bark, soil, rotten wood, rhizosphere and Cyttaria stromata) habitats.
These studies allowed the characterization of native yeast communities, the
description of novel species and the description of a broad yeast biodiversity with
invaluable scientific and technological value (Brizzio and van Broock 1998;
Libkind et al. 2003, 2004a, b, 2006, 2007, 2008a, b, 2009a, b, 2011a; Brizzio et al.
2007; de Garcia et al. 2007, 2012a; Fernández et al. 2012; Mestre et al. 2011b).

It has been found that a considerable percentage (25–40 %) of the yeast species
recovered from different substrates belong to undescribed taxa. Twenty-six yeast
species have been formally described from Patagonian environments (Table 6.1).
A list of the cold-adapted yeasts recovered from these environments is presented in
Tables 6.2 and 6.3. Table 6.2 provides a comparison between Patagonian aquatic
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Table 6.1 Formally described yeast species from Patagonian environments

Novel species Substrate References

Candida boleticola Rotten trunk of Laurelia sempervirens
and fallen trunk of L. philippiana in
Valdivian evergreen rainforest, Chile

Ramírez and González
(1984c)

Candida castrensis Decaying wood of N. dombeyii in
Valdivian evergreen rainforest, Chile

Ramírez and González
(1984a)

Candida llanquihuensis Fallen trunk of N. dombeyi in Valdivian
evergreen rainforest, Chile

Ramírez and González
(1984c)

Candida petrohuensis Rotten trunk of N. dombeyi in Valdivian
evergreen rainforest, Chile

Ramírez and González
(1984e)

Candida rancensis Decayed wood of L. sempervirens in
Valdivian evergreen rainforest, Chile

Ramírez and González
(1984e)

Candida santjacobensis Fallen trunk of N. dombeyi in Valdivian
evergreen rainforest, Chile

Ramírez and González
(1984f)

Candida sophiae-reginae Rotten wood of L. sempervirens in
Valdivian evergreen rainforest, Chile

Ramírez and González
(1984d)

Candida tepae Rotten wood of L. philippiana, L.
sempervirens and from fallen trunk
of Eucryphia cordifolia in Valdivian
evergreen rainforest, Chile

Ramírez and González
(1984a)

Cryptococcus fonsecae Sea water, Cape Horn Meridian
Argentinian Sea

de Garcia et al. (2012b)

Cryptococcus frias Meltwater river from Frias Glacier,
NHNP, Argentina

de Garcia et al. (2012b)

Cryptococcus
psychrotolerans

Sea water, Cape Horn Meridian
Argentinian Sea

de Garcia et al. (2012b)

Cryptococcus
tronadorensis

Meltwater, Rio Manso Glacier (Garganta
del Diablo waterfall), NHNP,
Argentina

de Garcia et al. (2012b)

Cryptococcus
spencermartinsiae

Meltwater river from Frias Glacier,
NHNP, Argentina

de Garcia et al. (2010a)

Cystofilobasidium lacus-
mascardii

Subsurface water from Lake Mascardi,
NHNP, Argentina

Libkind et al. (2009b)

Cystofilobasidium
macerans

Water from Lake Mascardi and
meltwaters from Black glacier,
Mount Tronador, NHNP, Argentina

Libkind et al. (2009b)

Holtermanniella
takashimae

Nothofagus pumilio phylloplane and
water from Negra lake, NHNP,
Argentina

Wuczkowski et al.
(2010)

Lachancea nothofagi Bark, ectomycorrhizosphere and sap
from different species of Nothofagus
trees, NHNP, Argentina

Mestre et al. (2011a)

Lindnera rhizosphaerae Rhizosphere of N. pumilio
ectomycorrhizal roots, NHNP,
Argentina

Mestre et al. (2010)

Rhodotorula meli Meltwaters from Black glacier, Mount
Tronador, NHNP, Argentina

Libkind et al. (2010)

(continued)
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Table 6.1 (continued)

Novel species Substrate References

Rhodotorula nothofagi Rotten trunk of N. obliqua in Valdivian
evergreen rainforest, Chile

Ramírez and González
(1985)

Saccharomyces eubayanus Bark and soil of Nothofagus spp.,
stromata of Cyttaria fungus, NHNP,
Argentina

Libkind et al. (2011a)

Saprochaete chiloensis
(formerly
Schizoblastosporion
chiloense)

Rotten trunk of Eucryphia cordifolia in
Valdivian evergreen rainforest, Chile

Ramírez and González
(1984g), de Hoog and
Smith (2011)

Sporidiobolus longiusculus Surface water of Lake Fonck and Lake
Ilon, NHNP, Argentina

Libkind et al. (2005a)

Sporobolomyces
patagonicus

Surface water of Lake Fonck of Lake
Hess, NHNP, Argentina

Libkind et al. (2005a)

Sugiyamaella chiloensis
(teleomorph of Candida

bertae)

Rotted wood of N. dombeyii and
Eucryphia cordifolia in Valdivian
evergreen rainforest, Chile

Ramírez and González
(1984b)

Wickerhamomyces
patagonicus

Sap exudates of N. dombeyi and
meltwater river from the Castaño
Overo Glacier of Mount Tronador,
NHNP, Argentina

de Garcia et al. (2010b)

NHNP Nahuel Huapi National Park

Table 6.2 Yeast species isolated from aquatic and terrestrial environments from Patagonia

Cold-adapted yeasts Patagonian environments References

Aquatic Terrestrial

Aureobasidium
pullulans

Glacial ice, water from
glacier meltwater
rivers, lakes and
high-altitude
lagoons, National
Parks in Argentina

Phylloplane, fruits and
soil from
Nothofagus forest

de Garcia et al. (2007,
2012a); Libkind
et al. (2009a);
Muñoz (2010);
Brandao et al.
2011); Fernández
et al. (2012);
Mestre et al.
(2011b)

Candida
coipomoensis*

Water from high-
altitude lagoons in
NHNP, Argentina

Tree trunks in an
advanced state of
decomposition in
the Valdivian
rainforest of Chile

Ramírez and González
(1984c); Libkind
et al. (2009a)

Candida marítima* Water from glacier
meltwater river
Castaño Overo
Glacier of Mount
Tronador, NHNP,
Argentina

Bark soil and
rhizosphere of N.
pumilio and tree
trunks in an
advanced state of
decomposition in
the Valdivian
rainforest of Chile

Ramírez and González
(1984d); Brandao
et al. (2011);
Mestre et al.
(2011b)

(continued)
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and terrestrial environments, whereas Table 6.3 shows a list of cold-adapted yeast

Table 6.2 (continued)

Cold-adapted yeasts Patagonian environments References

Aquatic Terrestrial

Candida
railenensis*

Water from Nahuel
Huapi Lake,
NHNP, Argentina

Tree trunks in an
advanced state of
decomposition in
the Valdivian
rainforest of Chile

Ramírez and González
(1984b); Brandao
et al. (2011)

Cryptococcus
adeliensis

Water from glacier
meltwaters rivers,
lakes and high-
altitude lagoons in
NHNP, Argentina

Phylloplane and fruits
from Nothofagus
trees, Argentina

de Garcia et al. (2007);
Brandao et al.
(2011); Fernández
et al. (2012)

Cryptococcus
diffluens

Water from Nahuel
Huapi Lake,
NHNP, Argentina

Fruits from Nothofagus
nervosa, Argentina

Brandao et al. (2011);
Fernández et al.
(2012)

Cryptococcus
heveanensis

Water from Nahuel
Huapi Lake,
NHNP, Argentina

Fruits of Nothofagus
nervosa, Argentina

Brandao et al. (2011);
Fernández et al.
(2012)

Cryptococcus
terricola

Water from glacier
meltwater river of
Frias Glacier,
Mount Tronador,
NHNP Argentina

Nothofagus pumilio
forest soil,
Argentina

Brandao et al. (2011);
Mestre et al.
(2011b)

Cryptococcus
victoriae

Glacial ice, water from
glacier meltwaters
rivers and Nahuel
Huapi Lake,
National Parks,
Argentina

Philoplane from
Nothofagus trees,
NHNP, Argentina

Muñoz (2010);
Brandao et al.
(2011); de Garcia
et al. (2012a)

Cryptococcus
wieringae

Water from glacier
meltwaters rivers
and Nahuel Huapi
Lake, NHNP,
Argentina

Fruits of Nothofagus
nervosa, Argentina

de Garcia et al. (2007);
Brandao et al.
(2011); Fernández
et al. (2012)

Dioszegia
fristingensis

Water from glacier
meltwaters rivers,
lakes and high-
altitude lagoons in
NHNP, Argentina

Philoplane from
Nothofagus trees,
NHNP, Argentina

Libkind et al. (2003);
de Garcia et al.
(2007); Muñoz
(2010); Brandao
et al. (2011)

Guehomyces
pullulans

Glacial ice and water
from Nahuel Huapi
Lake, National
Parks, Argentina

Ectomycorrhizosphere,
rhizosphere of
Nothofagus pumilio,
National Parks in
Patagonia,
Argentina

Brandao et al. (2011);
Mestre et al.
(2011b); de Garcia
et al. (2012a)

(continued)
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species originally described from Patagonia.

Table 6.2 (continued)

Cold-adapted yeasts Patagonian environments References

Aquatic Terrestrial

Rhodotorula colostri Water from glacier
meltwaters rivers,
lakes and high-
altitude lagoons in
NHNP, Argentina

Philoplane, fruits and
bulk soil from
Nothofagus trees,
National Parks in
Patagonia,
Argentina

Libkind et al. (2003);
Muñoz (2010);
Brandao et al.
(2011); Fernández
et al. (2012);
Mestre et al.
(2011b); de Garcia
et al. (2012a)

Rhodotorula
laryngis

Water from glacier
meltwater rivers,
lakes and high-
altitude lagoons,
NHNP, Argentina

Philoplane from
Nothofagus trees,
NHNP, Argentina

Libkind et al. (2003);
de Garcia et al.
(2007); Libkind
et al. (2009a);
Muñoz (2010);
de Garcia et al.
(2012a)

Rhodotorula
mucilaginosa

Glacial ice, water from
glacier meltwater
rivers, lakes and
high-altitude
lagoons

Philoplane from
Nothofagus trees,
NHNP, Argentina

Libkind et al. (2003);
de Garcia et al.
(2007); Libkind
et al. (2009a);
Muñoz (2010);
Brandao et al.
(2011); de Garcia
et al. (2012a)

Sporobolomyces
ruberrimus

Water from glacier
meltwater rivers,
lakes and high-
altitude lagoons in
NHNP

Philoplane from
Nothofagus trees,
NHNP, Argentina

Libkind et al. (2003);
de Garcia et al.
(2007); Libkind
et al. (2009a);
de Garcia et al.
(2012a)

*Novel species described for the first time for decaying wood in Valdivian rainforest of Chile and
isolated also from other Patagonian habitats; bold, cosmopolite species; NHNP Nahuel Huapi
National Park

130 V. de Garcia et al.



T
ab

le
6.

3
C

ol
d-

ad
ap

te
d

ye
as

ts
sp

ec
ie

s
is

ol
at

ed
fr

om
en

vi
ro

nm
en

ts
fr

om
P

at
ag

on
ia

B
as

id
io

m
yc

et
ou

s
ye

as
ts

E
nv

ir
on

m
en

ts
R

ef
er

en
ce

s

B
en

si
ng

to
ni

a
ya

m
at

oa
na

G
la

ci
al

ic
e

fr
om

F
ri

as
G

la
ci

er
of

M
ou

nt
T

ro
na

do
r

de
G

ar
ci

a
et

al
.

(2
01

2a
)

B
ul

le
ra

de
nd

ro
ph

il
a

W
at

er
fr

om
N

ah
ue

l
H

ua
pi

L
ak

e
B

ra
nd

ao
et

al
.

(2
01

1)
C

ry
pt

oc
oc

cu
s

ae
ri

us
N

ot
ho

fa
gu

s
pu

m
il

io
fo

re
st

so
il

M
es

tr
e

et
al

.
(2

01
1a

,
b)

C
ry

pt
oc

oc
cu

s
al

bi
du

s
W

at
er

fr
om

hi
gh

-a
lt

it
ud

e
la

go
on

s
in

N
H

N
P

L
ib

ki
nd

et
al

.
(2

00
9a

)
C

ry
pt

oc
oc

cu
s

an
ta

rt
ic

us
W

at
er

fr
om

hi
gh

-a
lt

it
ud

e
la

go
on

s
in

N
H

N
P

L
ib

ki
nd

et
al

.
(2

00
9a

)
C

ry
pt

oc
oc

cu
s

ca
rn

es
ce

ns
W

at
er

fr
om

N
ah

ue
l

H
ua

pi
L

ak
e

B
ra

nd
ao

et
al

.
(2

01
1)

C
ry

pt
oc

oc
cu

s
ga

st
ri

cu
s

W
at

er
fr

om
hi

gh
-a

lt
it

ud
e

la
go

on
s

in
N

H
N

P
L

ib
ki

nd
et

al
.

(2
00

9a
)

C
ry

pt
oc

oc
cu

s
m

ag
nu

s
W

at
er

fr
om

N
ah

ue
l

H
ua

pi
L

ak
e

B
ra

nd
ao

et
al

.
(2

01
1)

C
ry

pt
oc

oc
cu

s
ph

en
ol

ic
us

N
ot

ho
fa

gu
s

pu
m

il
io

fo
re

st
so

il
M

es
tr

e
et

al
.

(2
01

1a
,

b)
C

ry
pt

oc
oc

cu
s

po
dz

ol
ic

us
N

ot
ho

fa
gu

s
pu

m
il

io
fo

re
st

so
il

M
es

tr
e

et
al

.
(2

01
1a

,
b)

C
ry

pt
oc

oc
cu

s
sa

it
oi

W
at

er
fr

om
la

ke
s

an
d

hi
gh

-a
lt

it
ud

e
la

go
on

s
in

N
H

N
P

L
ib

ki
nd

et
al

.
(2

00
9a

);
B

ra
nd

ao
et

al
.

(2
01

1)
C

ry
pt

oc
oc

cu
s

te
ph

re
ns

is
W

at
er

fr
om

N
ah

ue
l

H
ua

pi
L

ak
e

B
ra

nd
ao

et
al

.
(2

01
1)

C
ry

pt
oc

oc
cu

s
te

rr
eu

s
N

ot
ho

fa
gu

s
pu

m
il

io
fo

re
st

so
il

L
ib

ki
nd

et
al

.
(2

01
1b

)
C

ry
pt

oc
oc

cu
s

cy
li

nd
ri

cu
s

W
at

er
fr

om
gl

ac
ie

r
m

el
tw

at
er

ri
ve

rs
of

M
ou

nt
T

ro
na

do
r

de
G

ar
ci

a
et

al
.

(2
01

2a
)

C
ry

pt
oc

oc
cu

s
st

ep
os

su
s

W
at

er
fr

om
gl

ac
ie

r
m

el
tw

at
er

ri
ve

rs
of

M
ou

nt
T

ro
na

do
r

de
G

ar
ci

a
et

al
.

(2
00

7)
C

ur
vi

ba
si

di
um

cy
gn

ei
co

ll
um

(t
el

eo
m

or
ph

of
R

ho
do

to
ru

la
fu

ji
sa

ne
ns

is
)

P
hy

ll
op

la
ne

,
fr

ui
ts

an
d

so
il

fr
om

N
ot

ho
fa

gu
s

fo
re

st
M

uñ
oz

(2
01

0)
;

F
er

ná
nd

ez
et

al
.

(2
01

2)
;

M
es

tr
e

et
al

.
(2

01
1a

,
b)

C
ys

to
fil

ob
as

id
iu

m
in

fir
m

om
in

ia
tu

m
W

at
er

fr
om

la
ke

s
an

d
hi

gh
-a

lt
it

ud
e

la
go

on
s

in
N

H
N

P
L

ib
ki

nd
et

al
.

(2
00

3)
;

B
ra

nd
ao

et
al

.
(2

01
1)

C
ys

to
fil

ob
as

id
iu

m
ca

pi
ta

tu
m

W
at

er
fr

om
la

ke
s

an
d

hi
gh

-a
lt

it
ud

e
la

go
on

s
in

N
H

N
P

L
ib

ki
nd

et
al

.
(2

00
3)

;
B

ra
nd

ao
et

al
.

(2
01

1)
D

io
sz

eg
ia

bu
ty

ra
ce

a
G

la
ci

al
ic

e
fr

om
M

ou
nt

T
ro

na
do

r
de

G
ar

ci
a

et
al

.
(2

01
2a

)
D

io
sz

eg
ia

hu
ng

ar
ic

a
W

at
er

fr
om

la
ke

s
an

d
hi

gh
-a

lt
it

ud
e

la
go

on
s

in
N

H
N

P
B

ra
nd

ao
et

al
.

(2
01

1)
;

L
ib

ki
nd

et
al

.
(2

00
9a

)
D

io
sz

eg
ia

cr
oc

ea
G

la
ci

al
ic

e
an

d
w

at
er

fr
om

gl
ac

ie
r

m
el

tw
at

er
ri

ve
rs

de
G

ar
ci

a
et

al
.

(2
00

7,
20

12
a)

H
ol

te
rm

an
ni

el
la

fe
st

uc
os

a
G

la
ci

al
ic

e,
w

at
er

fr
om

gl
ac

ie
r

m
el

tw
at

er
ri

ve
rs

an
d

N
ah

ue
l

H
ua

pi
L

ak
e

de
G

ar
ci

a
et

al
.

(2
00

7)
;

B
ra

nd
ao

et
al

.
(2

01
1)

;
de

G
ar

ci
a

et
al

.
(2

01
2a

)

(c
on

ti
nu

ed
)

6 Cold-Adapted Yeasts in Patagonian Habitats 131



T
ab

le
6.

3
(c

on
ti

nu
ed

)

B
as

id
io

m
yc

et
ou

s
ye

as
ts

E
nv

ir
on

m
en

ts
R

ef
er

en
ce

s

H
ol

te
rm

an
ni

el
la

w
at

ti
ca

P
hy

ll
op

la
ne

an
d

ec
to

m
yc

or
rh

iz
os

ph
er

e
fr

om
N

ot
ho

fa
gu

s
tr

ee
s

M
uñ

oz
(2

01
0)

;
M

es
tr

e
et

al
.

(2
01

1a
,

b)

L
eu

co
sp

or
id

ie
ll

a
fr

ag
ar

ia
W

at
er

fr
om

gl
ac

ie
r

m
el

tw
at

er
ri

ve
rs

fr
om

gl
ac

ie
rs

of
M

ou
nt

T
ro

na
do

r
de

G
ar

ci
a

et
al

.
(2

00
7)

L
eu

co
sp

or
id

ie
ll

a
m

us
co

ru
m

W
at

er
fr

om
gl

ac
ie

r
m

el
tw

at
er

ri
ve

rs
an

d
hi

gh
-a

lt
it

ud
e

la
go

on
s

in
N

H
N

P
de

G
ar

ci
a

et
al

.
(2

00
7)

;
L

ib
ki

nd
et

al
.

(2
00

9a
)

L
eu

co
sp

or
id

ie
ll

a
cr

ea
ti

ni
vo

ra
W

at
er

fr
om

gl
ac

ie
r

m
el

tw
at

er
ri

ve
rs

an
d

hi
gh

-a
lt

it
ud

e
la

go
on

s
in

N
H

N
P

de
G

ar
ci

a
et

al
.

(2
00

7)
;

L
ib

ki
nd

et
al

.
(2

00
9a

)

M
as

ti
go

ba
si

di
um

in
te

rm
ed

iu
m

G
la

ci
al

ic
e

fr
om

M
ou

nt
T

ro
na

do
r

de
G

ar
ci

a
et

al
.

(2
01

2a
)

M
ra

ki
a

fr
ig

id
a

M
el

tw
at

er
fr

om
G

ar
ga

nt
a

de
l

D
ia

bl
o

w
at

er
fa

ll
of

M
ou

nt
T

ro
na

do
r

de
G

ar
ci

a
et

al
.

(2
00

7)

M
ra

ki
a

ro
be

rt
ii

G
la

ci
al

ic
e

fr
om

F
ri

as
G

la
ci

er
of

M
ou

nt
T

ro
na

do
r

de
G

ar
ci

a
et

al
.

(2
01

2a
)

M
ra

ki
el

la
aq

ua
ti

ca
G

la
ci

al
ic

e
fr

om
F

ri
as

G
la

ci
er

of
M

ou
nt

T
ro

na
do

r
de

G
ar

ci
a

et
al

.
(2

01
2a

)
R

ho
do

sp
or

id
iu

m
ba

bj
ev

ae
W

at
er

fr
om

la
ke

s
an

d
hi

gh
-a

lt
it

ud
e

la
go

on
s

in
N

H
N

P
L

ib
ki

nd
et

al
.

(2
00

3,
20

09
a)

R
ho

do
sp

or
id

iu
m

di
ob

ov
at

um
W

at
er

fr
om

la
ke

s
an

d
hi

gh
-a

lt
it

ud
e

la
go

on
s

in
N

H
N

P
L

ib
ki

nd
et

al
.

(2
00

3)
;

B
ra

nd
ao

et
al

.
(2

01
1)

R
ho

do
sp

or
id

iu
m

kr
at

oc
hv

il
ov

ae
W

at
er

fr
om

la
ke

s
an

d
hi

gh
-a

lt
it

ud
e

la
go

on
s

in
N

H
N

P
L

ib
ki

nd
et

al
.

(2
00

3)
R

ho
do

to
ru

la
au

ra
nt

ia
ca

P
hy

ll
op

la
ne

fr
om

N
ot

ho
fa

gu
s

tr
ee

s
M

uñ
oz

(2
01

0)
R

ho
do

to
ru

la
gl

ac
ia

li
s

W
at

er
fr

om
gl

ac
ie

r
m

el
tw

at
er

ri
ve

rs
an

d
N

ah
ue

l
H

ua
pi

L
ak

e
B

ra
nd

ao
et

al
.

(2
01

1)
;

de
G

ar
ci

a
et

al
.

(2
01

2a
)

R
ho

do
to

ru
la

m
in

ut
a

W
at

er
fr

om
hi

gh
-a

lt
it

ud
e

la
go

on
s

in
N

H
N

P
L

ib
ki

nd
et

al
.

(2
00

3)
R

ho
do

to
ru

la
pi

ni
co

la
W

at
er

fr
om

hi
gh

-a
lt

it
ud

e
la

go
on

s
in

N
H

N
P

L
ib

ki
nd

et
al

.
(2

00
3)

R
ho

do
to

ru
la

sl
oo

ffi
ae

W
at

er
fr

om
la

ke
s

an
d

hi
gh

-a
lt

it
ud

e
la

go
on

s
in

N
H

N
P

L
ib

ki
nd

et
al

.
(2

00
3)

;
B

ra
nd

ao
et

al
.

(2
01

1)
Sp

or
id

io
bo

lu
s

m
et

ar
os

eu
s

W
at

er
fr

om
hi

gh
-a

lt
it

ud
e

la
go

on
s

in
N

H
N

P
L

ib
ki

nd
et

al
.

(2
00

3)
Sp

or
id

io
bo

lu
s

sa
lm

on
ic

ol
or

W
at

er
fr

om
N

ah
ue

l
H

ua
pi

L
ak

e
an

d
ac

id
ic

ri
ve

r
L

ib
ki

nd
et

al
.

(2
00

3)
Sp

or
ob

ol
om

yc
es

sa
li

ci
nu

s
P

hy
ll

op
la

ne
fr

om
N

ot
ho

fa
gu

s
tr

ee
s

M
uñ

oz
(2

01
0)

T
ri

ch
os

po
ro

n
du

lc
it

um
B

ar
k,

so
il

an
d

fr
ui

t
of

N
ot

ho
fa

gu
s

tr
ee

s
F

er
ná

nd
ez

et
al

.
(2

01
2)

;
M

es
tr

e
et

al
.

(2
01

1a
,

b)

(c
on

ti
nu

ed
)

132 V. de Garcia et al.



T
ab

le
6.

3
(c

on
ti

nu
ed

)

B
as

id
io

m
yc

et
ou

s
ye

as
ts

E
nv

ir
on

m
en

ts
R

ef
er

en
ce

s

T
ri

ch
os

po
ro

n
po

ro
su

m
N

ot
ho

fa
gu

s
pu

m
il

io
fo

re
st

so
il

M
es

tr
e

et
al

.
(2

01
1a

,
b)

U
de

ni
om

yc
es

m
eg

al
os

po
ru

s
G

la
ci

al
ic

e
an

d
w

at
er

fr
om

gl
ac

ie
r

m
el

tw
at

er
ri

ve
rs

of
M

ou
nt

T
ro

na
do

r
de

G
ar

ci
a

et
al

.
(2

01
2a

)

U
de

ni
om

yc
es

pa
nn

on
ic

us
G

la
ci

al
ic

e
an

d
w

at
er

fr
om

gl
ac

ie
r

m
el

tw
at

er
ri

ve
rs

of
M

ou
nt

T
ro

na
do

r
de

G
ar

ci
a

et
al

.
(2

00
7,

20
12

a)

U
de

ni
om

yc
es

py
ri

co
la

G
la

ci
al

ic
e

an
d

w
at

er
fr

om
gl

ac
ie

r
m

el
tw

at
er

ri
ve

rs
of

M
ou

nt
T

ro
na

do
r

de
G

ar
ci

a
et

al
.

(2
01

2a
)

A
sc

om
yc

et
ou

s
ye

as
ts

C
an

di
da

de
lf

te
ns

is
W

at
er

fr
om

N
ah

ue
l

H
ua

pi
L

ak
e

B
ra

nd
ao

et
al

.
(2

01
1)

C
an

di
da

m
es

en
te

ri
ca

G
la

ci
al

ic
e

fr
om

P
er

it
o

M
or

en
o

G
la

ci
er

de
G

ar
ci

a
et

al
.

(2
01

2a
)

C
an

di
da

sa
ke

W
at

er
fr

om
N

ah
ue

l
H

ua
pi

L
ak

e
B

ra
nd

ao
et

al
.

(2
01

1)
D

eb
ar

yo
m

yc
es

ha
ns

en
ii

G
la

ci
al

ic
e

an
d

w
at

er
fr

om
N

ah
ue

l
H

ua
pi

L
ak

e
B

ra
nd

ao
et

al
.

(2
01

1)
,

de
G

ar
ci

a
et

al
.

(2
01

2a
)

H
an

se
ni

as
po

ra
uv

ar
um

W
at

er
fr

om
N

ah
ue

l
H

ua
pi

L
ak

e
B

ra
nd

ao
et

al
.

(2
01

1)
H

an
se

ni
as

po
ra

va
lb

ye
ns

is
B

ar
k,

so
il

an
d

rh
iz

os
ph

er
e

of
N

ot
ho

fa
gu

s
pu

m
il

io
M

uñ
oz

(2
01

0)
H

an
se

ni
os

po
ra

op
un

ti
ae

W
at

er
fr

om
hi

gh
-a

lt
it

ud
e

la
go

on
s

in
N

H
N

P
L

ib
ki

nd
et

al
.

(2
00

9a
)

Sa
cc

ha
ro

m
yc

es
uv

ar
um

S
oi

l,
ba

rk
an

d
C

yt
ta

ri
a

sp
p.

st
ro

m
at

a
fr

om
N

ot
ho

fa
gu

s
tr

ee
s

L
ib

ki
nd

et
al

.
(2

01
1a

)

D
im

or
ph

ic
fu

ng
i

C
it

er
om

yc
es

m
at

ri
te

ns
is

P
hy

ll
op

la
ne

fr
om

N
ot

ho
fa

gu
s

tr
ee

s
M

uñ
oz

(2
01

0)
C

on
io

zi
m

a
le

uc
os

pe
rm

i
F

ru
it

s
fr

om
N

ot
ho

fa
gu

s
ne

rv
os

a
F

er
ná

nd
ez

et
al

.
(2

01
2)

D
ot

hi
or

a
ca

nn
ab

in
ae

B
ar

k
so

il
of

N
.

pu
m

il
io

M
uñ

oz
(2

01
0)

H
or

m
on

em
a

de
m

at
io

id
es

(S
yd

ow
ia

po
ly

sp
or

a)
P

hy
ll

op
la

ne
fr

om
N

ot
ho

fa
gu

s
tr

ee
s

M
uñ

oz
(2

01
0)

L
al

ar
ia

ca
rp

in
i

P
hy

ll
op

la
ne

fr
om

N
ot

ho
fa

gu
s

tr
ee

s
M

uñ
oz

(2
01

0)
L

ec
yt

ho
ph

or
a

m
ut

ab
il

is
F

ru
it

s
fr

om
N

ot
ho

fa
gu

s
ne

rv
os

a
F

er
ná

nd
ez

et
al

.
(2

01
2)

P
ha

eo
m

on
ie

ll
a

zy
m

oi
de

s
F

ru
it

s
fr

om
N

ot
ho

fa
gu

s
ne

rv
os

a
F

er
ná

nd
ez

et
al

.
(2

01
2)

6 Cold-Adapted Yeasts in Patagonian Habitats 133



6.3 Diversity, Taxonomy and Ecology of Cold-Adapted
Yeasts in Patagonia

6.3.1 Aquatic Environments: Freshwater, Meltwater
and Glacial Ice

Yeasts exhibit excellent survival in water; they occur in a variety of freshwater
systems, including eutrophic to ultra-oligotrophic lakes, lagoons, rivers, ground-
water, glaciers and glacial meltwater (Starmer and Lachance 2011). The yeast
diversity in these ecosystems is highly affected by a variety of abiotic and biotic
factors, such as temperature, pressure, UV radiation (UVR), salinity, fauna, flora,
soil run-off and anthropogenic effluents (Medeiros et al. 2011).

Yeast studies in aquatic environments of Patagonia have reported densities of
these microorganisms with average counts from 102 to 103 CFU L-1 in freshwater
mountain lakes (Libkind et al. 2003, 2009a; Brandao et al. 2011), from 1 9 102 to
3 9 102 CFU L-1 in meltwater rivers (de Garcia et al. 2007), from 1 9 103 to
5 9 103 CFU L-1 for continental glacial ice (de Garcia et al. 2012a) and from
1 9 102 to 3 9 102 CFU L-1 in Austral and Antarctic sea waters (de Garcia,
unpublished data).

From these surveys, yeast diversity was evaluated statistically using the
Shannon–Weaver (H) index with Hutcheson’s t test (a = 0.05) as described in
Moreno (2001). Similar diversity indices were obtained when comparing yeasts
from meltwater from Mount Tronador, ice from Frias Glacier (H = 2.23 and
H = 2.52, respectively) (de Garcia et al. 2012a) and water samples from Nahuel
Huapi Lake (Patagonia Argentina; coast sites H = 2.2 and pelagic sites H = 2.8)
(Brandao et al. 2011). These values correspond to a relatively higher richness
index of taxa when compared to the values reported for different soil fraction (bulk
soil H = 1.07, rhizosphere H = 1.06 and ectomycorrhizosphere H = 0.98) in
Patagonian forest (Mestre et al. 2011b).

Basidiomycetous yeasts were the predominant group in aquatic cold environ-
ments (Libkind et al. 2003; de Garcia et al. 2007, 2012a; Brandao et al. 2011).
Similar results from different cold environments worldwide (Antarctica, Alpine
glaciers and Arctic) have been reported (Thomas-Hall et al. 2002; Bergauer et al.
2005; Margesin et al. 2005, 2007b; Butinar et al. 2007; Connell et al. 2008,
Turchetti et al. 2008; Shivaji and Prasad 2009; Branda et al. 2010; Connell et al.
2010; Thomas-Hall et al. 2010; Uetake et al. 2011; Vaz et al. 2011; Buzzini et al.
2012). An exhaustive overview of the biodiversity of cold-adapted yeasts in
worldwide cold habitats is reported in Chaps. 3, 4, 5, 6, 7, 8. A few authors have
suggested that the predominance of basidiomycetous yeasts in these extreme cold
environments could be due to a higher nutritional versatility and a higher tolerance
to extreme environmental conditions compared to ascomycetous yeasts (Sampaio
2004; Frisvad 2008).
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Studies with laboratory cultures suggested that most yeasts from these cold
(extreme) habitats could express some metabolic adaptations to low temperatures
(de Garcia, unpublished data). These microorganisms are heterotrophic, and their
ability to degrade organic macromolecules by secreting extracellular hydrolytic
cold-adapted enzymes suggests that, as proposed by Turchetti et al. (2008), these
yeasts may have a significant ecological role in organic matter decomposition and
nutrient cycling in glacial environments. This role is also supported by the pres-
ence of organic carbon and organic and inorganic nitrogen in glacial meltwater and
ice (Skidmore et al. 2000; Foght et al. 2004; Margesin et al. 2007a).

Extracellular protease and lipase activities of selected psychrotolerant yeast
strains isolated from aquatic cold environments of Patagonia, Argentina and
mesophilic strains from Brazilian rain forests were studied at different tempera-
tures (4–25 �C; Figs. 6.1, 6.2) (Brizzio et al. 2007). Lipase and protease activities
of selected psychrophilic strains were significantly higher (P \ 0.05) at 4 �C than
at 20 �C, while opposite results were observed for mesophilic strains where
activity was generally limited to temperatures of 20–25 �C and was dramatically
affected by a drop of temperature (Brizzio et al. 2007). Cold-active enzymes can
be up to ten times more active at low and moderate temperatures than their
mesophilic homologues (Huston 2008).

Fig. 6.1 Influence of temperature on extracellular lipase activity of selected cold-adapted yeasts
strains from Patagonia (CRUB) and of mesophilic strains from Brazil (DBVPG) a, b, c, d denotes
significant differences among values for each strain (P \ 0.001) after ANOVA of triplicates; E,
F and G denote significant differences at 4, 10 and 15 �C for cold-adapted yeasts and H denotes
significant differences at 15, 20 and 25 �C for mesophilic strains after Tukey’s HSD test analysis;
CRUB, Regional University Center of Bariloche (Centro Regional Universitario Bariloche),
Argentina; DBVPG, Industrial Yeasts Collection, University of Perugia, Italy
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Semi-quantitative assessment of extracellular enzymatic activity (protease,
esterase, amylase, pectinase and cellulase) was studied with over 200 cold-adapted
yeasts isolated from meltwater and glacial ice (de Garcia et al. 2007, 2012a).
Studies on enzyme activity at 5 and 18 �C showed a higher activity at 5 �C than at
18 �C for all extracellular enzymes studied. A statistically significant relation
between basidiomycetous yeast genera and their ability to produce extracellular
enzymes was also found, thus confirming their ability to hydrolyze organic mac-
romolecules. This evidence is undoubtedly interesting both from an ecological and
from a biotechnological points of view (de Garcia et al. 2012a). Basidiomycetous
yeasts are a diverse group of fungi with considerable industrial and medical
importance and have undeniable potential for economic exploitation (Frisvad
2008). Cold-adapted enzymes are beneficial for their enhanced selectivity and high
catalytic activity at low and moderate temperatures, in addition to their structural
lability that can be exploited in multi-step processes requiring rapid and mild
inactivation treatments (Huston 2008). An exhaustive discussion of fundamentals
of cold-active enzymes is reported in Chap. 15.

Studies of yeasts from aquatic freshwater in Patagonia have not only contributed
to suggest a possible ecological role of these microorganisms in natural environ-
ments, but have also given a great input to yeast taxonomy: to date, 10 novel species
have been formally described from these environments (Table 6.2). Another

Fig. 6.2 Influence of temperature on protease activity of selected cold-adapted yeasts from
Patagonia (CRUB) and mesophilic yeasts from Brazil (DBVPG); a, b, c, d and e denote
significant differences among values for each strain (P \ 0.001) after ANOVA of triplicates;
F and G denote significant differences at 4 and 10 �C for cold-adapted yeasts; and H denotes
significant differences at 15, 20 and 25 �C for mesophilic strains after Tukey’s HSD test analysis;
CRUB, Regional University Center of Bariloche (Centro Regional Universitario Bariloche),
Argentina; DBVPG, Industrial Yeasts Collection, University of Perugia, Italy
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interesting contribution was the isolation of a few strains from glacier meltwater
from Mount Tronador, these strains (CRUB 1261, CRUB 1271 and CRUB 1296)
belong possibly to novel Rhodotorula species (de Garcia et al. 2012a). They were
phylogenetically related to the so-called psychrophilic ecoclade (Gadanho and
Sampaio 2009). This ‘‘ecoclade’’ includes some yeast species that are phyloge-
netically related and have metabolic adaptations associated with physicochemical
conditions present in the environment from which they were recovered.

In this regard, the psychrophilic ecoclade includes the species Rhodotorula
glacialis, Rhodotorula psychrophila, Rhodotorula psychrophenolica, all isolated
from alpine glacial environments (Margesin et al. 2007b) and Rhodotorula
himalayensis, isolated from mountainous areas of the Himalaya (Shivaji et al.
2008). All the species related to this ecoclade are psychrophilic and have been
isolated from extreme cold environments. The Patagonian isolates contribute to
support the ecoclade proposal (de Garcia et al. 2012a).

The biodiversity of cold-adapted yeasts in sea water from the Austral Argen-
tinian Sea (Beagle channel and meridian of Cape Horn) was also studied. From
this survey, two novel Cryptococcus species from Tremellales were isolated and
formally described: Cryptococcus psychrotolerans (related to Cryptococcus
victoriae group) and Cryptococcus fonsecae (belonging to a new clade close to
Cryptococcus laurentii). Both species were isolated from sea water of Cape Horn
Meridian Argentinian Sea and from other cold marine environments of the world
(de Garcia et al. 2012b).

6.3.2 Terrestial Environments: Cold-Adapted Yeasts
in Phyllosphere

Knowledge of yeast diversity in forest soils in the Southern Hemisphere, until
recently, was limited to a few studies performed in New Zealand (di Menna 1955,
1965). In the last years, several studies on biodiversity of cold-adapted yeasts
associated with different substrates in Nothofagus spp. forest were performed in
Patagonia, Argentina. These studies included leaves (phylloplane), seeds, bark,
rooting wood, sap, soil, rhizosphere, flowers and the stromata of Cyttaria spp.
(an exclusive parasite of Nothofagus spp. tree).

Terrestrial substrates like flowers, fruits, seeds and leaves can be broadly
defined as the phyllosphere. For yeasts, the phyllosphere is a harsh environment,
given reduced access to nutrients, high fluctuations in temperature and water
availability and exposure to wind and UV radiation (Kowalchuk et al. 2010).
In order to study the diversity and abundance of yeasts and dimorphic fungi
(i.e., those fungi which can grow in hyphal or yeast form) in leaves (phylloplane)
of N. pumilio, samples were obtained in exposed (to solar radiation) and non-
exposed (covered by vegetation) leaves. Average cell counts varied between
10 and 103 CFU cm-2 (Muñoz 2010), similar counts (101–105 CFU cm-2) were
reported for other plants worldwide (Fonseca and Inácio 2006). Differences in
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yeast counts were found between abaxial and adaxial faces of the leaves and
between exposed and non-exposed leaves. Ascomycetous fungi were predominant,
and the most frequently isolated genus was Aureobasidium. These results are in
agreement with previous reports of phylloplane. Fonseca and Inácio (2006)
mentioned that Aureobasidium pullulans is apparently ubiquitous on aerial plant
surfaces in temperate or subtropical regions worldwide and has been reported as
the dominant fungal epiphyte of intact fruits (apple, pear and grapes) and leaves of
trees such as Acer platanoides (Norway maple), llex aquifolium (holly), Fagus
sylvatica (beech), Malus domestica (apple) and Mangifera indica (mango), and
also from extreme cold and saline environments (Zalar et al. 2008).

Forty percentage of all the identified species may possibly belong to novel
species (Muñoz 2010). Also, in order to understand adaptation to extreme
conditions (high UV radiation), the ability of these fungi to synthesize photo-
protective compounds like carotenoids, melanin and mycosporines was studied.
The results obtained suggest a selection in favor of mycosporinogenic yeasts and
dimorphic fungi (68 % of total) (Muñoz 2010). This evidence could support the
hypothesis that that cell pigments, such as carotenoids and melanin, may play an
important role in UV and sunlight protection (Libkind et al. 2004b; Sterflinger
2006; Yurkov et al. 2008; Moliné et al. 2009) and that the so-called red and black
yeasts are, therefore, associated with phylloplane, seed surface and other envi-
ronments with high irradiation rates (Inácio et al. 2005; Fonseca and Inácio 2006;
Libkind et al. 2009a). An extensive review on the production of pigments and
photo-protective compounds by cold-adapted yeasts is reported in Chap. 9.

Studies on yeasts associated with dry fruits of the economically important tree
species N. nervosa allowed the isolation of 171 yeast isolates and some strains of
dimorphic fungi. Ascomycetous fungi were dominant (78 %), and all were dark
pigmented (green, brown and black), melanin-containing yeast-like fungi capable
of forming conspicuous mycelium. From all identified species (17), five failed to
match known ones. Two novel species (Dothichiza sp. 1, Ascomycetous yeast sp.
1; Fernández et al. 2012), A. pullulans and Cryptococcus heveanensis, were the
most abundant species; altogether, these four species accounted for 84 % of the
total number of isolates (Fernández et al. 2012). The production of UV-protective
compounds such as mycosporines was detected in 71 % of the isolates, and most
of them were pigmented (melanin). These results are in agreement with those
reported for phylloplane of Nothofagus, showing the adaptations of these micro-
organisms to the harsh conditions of phyllosphere in Patagonia. Black yeasts and
dimorphic fungi conquer extreme environments characterized by oligotrophic
nutrient conditions, cycles of extremely low and high temperatures, UV radiation,
osmotic stress and combinations of these factors (Sterflinger 2006; Zalar et al.
2008). The biodiversity and ecology of black yeasts in worldwide cold habitats are
reported in Chap. 8.
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6.3.3 Occurrence of Cold-Adapted Yeasts in Soil

Diversity, distribution and physiologic properties of yeasts inhabiting bulk soil,
rhizosphere and ectomycorrhizosphere were also studied in N. pumilio forests.
Average yeast counts varied from 9 9 102 to 19104 CFU g-1 soil, in close
agreement with the range previously reported for other forest soils. Yeast counts in
deciduous and coniferous forests range from 1.5 9 103 to 1.1 9 104 CFU g-1 soil
(Slaviková and Vadkertiová 2000) and from 1 9 102 to 1 9 105 CFU g-1 soil in
subboreal forests of Russia (Maksimova and Chernov 2004). Cryptococcus
podzolicus, Cryptococcus phenolicus and Cryptococcus aerius were the most
frequently occurring species, and these yeasts have been defined as pedobiont (soil
associated) in N. pumilio forest (Mestre et al. 2011b). Cryptococcus genus
accounted for 58 % of all isolates (3 % were related to Filobasidiales and 23 % to
Tremellales), and species of this genus possess some characteristics that could
facilitate their development in soils, such as the production of polysaccharide
capsules that enable yeasts to sequester and concentrate nutrients (Fonseca and
Inácio 2006). Furthermore, their exogenous polysaccharide capsules may play an
important role in soil aggregation processes (Mestre et al. 2011b).

Nothofagus spp. trees in Patagonia have a high rate of ectomycorrhizal infec-
tion, and yeast–ectomycorrhizal association might play an important role in the
successful colonization and development of ectomycorrhizal symbiosis (Mestre
et al. 2011b).

Only 20 % of isolates were related to ascomycetous yeasts. Among them, a
novel species of Lindnera (Lindnera rhizosphaerae) was recently isolated and
formally described (Mestre et al. 2010). Besides, three novel species related to
Nothofagus spp. substrates were described: Wickerhamomyces patagonicus,
Lachancea nothofagi and Holtermanniella takashimae. The last species was also
isolated from other substrates in Europe and Asia. A new order (Holtermanniales)
was proposed to include tremellomycetous yeasts of the Holtermannia clade
(Wuczkowski et al. 2010) (Table 6.2).

6.4 A Few ‘‘Cool Cases’’ from Cold Habitats of Patagonia

6.4.1 Phaffia rhodozyma

The psychrotolerant basidiomycetous yeast Phaffia rhodozyma (anamorph of
Xanthophyllomyces dendrorhous) represents an exceptional fungal case, given that
it combines the production of orange-colored colonies with the ability to ferment
simple sugars. The main carotenoid pigment synthesized by Phaffia is astaxanthin,
another exclusive characteristic of this yeast species (Andrewes et al. 1976) and
the main reason for which it is currently being exploited biotechnologically as a
natural source of astaxanthin in aquaculture feed (Rodríguez-Sáiz et al. 2010).
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P. rhodozyma was originally found in association with spring sap flows of
various broad-leafed trees in Japan, Alaska and Russia (Phaff et al. 1972; Golubev
et al. 1977). Afterward, additional strains were isolated from beech trees in Central
Europe (Weber et al. 2006) and the USA (Fell et al. 2007). More recently, the
range of P. rhodozyma was significantly expanded when a South American
population associated with Nothofagus trees (southern beech), particularly the
stromata of its biotrophic fungal parasite Cyttaria spp., was discovered (Libkind
et al. 2007, 2008b) (Fig. 6.3). Interestingly, the Patagonian population was
genetically divergent from its Northern Hemisphere counterparts based on DNA–
DNA reassociation experiments, MSP-PCR fingerprinting, as well as ITS and IGS
rRNA gene sequencing (Libkind et al. 2007, 2011b). Patagonian strains appeared
to be genetically uniform and could be included into a distinct population, sup-
porting the hypothesis that geographic isolation and association with different host
species have determined genetically different P. rhodozyma populations world-
wide. In agreement with this, Weber et al. (2006) described a novel isolate from
Chile with marked ITS and LSU sequence differences from the other known
populations. This single isolate was obtained from a leaf of the Tasmanian blue
gum tree (Eucalyptus globulus) in the Mediterranean climate at Concepción, a
species originally from Australasia. Interestingly, novel P. rhodozyma lineages
have been recently collected in Australia and New Zealand (Palma et al. 2013,
unpublished data).

Based on these recent results from South America, it has become clear that
P. rhodozyma possesses a greater genetic variability and geographic distribution
than previously suspected, generating the necessity to uncover it and assess its

Fig. 6.3 Photograph of
Cyttaria harioti stromata
growing on trunk tumor of
Nothofagus pumilio. Cyttaria
fungus exclusively parasites
Nothofagus trees and its
fructifications (stromata)
form annually in spring and
can reach the size of golf
balls. Cyttaria stromata
typically have a distinctive
yellow to orange color and,
when mature, a few species
show up to 10 % w/v of
simple sugars (Lederkremer
and Ranalli 1967). Photo by
Diego Libkind
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potential for the astaxanthin industry. However, difficulties in the isolation of this
yeast hinder extensive environmental surveys. Fortunately, a new and innovative
strategy for improving the recovery rate of P. rhodozyma and identification from
environmental samples has recently been reported (Tognetti et al. 2013).

With the only exception of the Chilean strain from Eucalyptus, all the known
habitats for P. rhodozyma are primarily located in mountainous areas of cold or
temperate geographic regions, which is in agreement with its inability to grow
above 25 �C and an optimal growth temperature of 17–19 �C. A few physiological
adaptations to cold environments were observed in the Patagonian strains: an
unusual proportion of polyunsaturated fatty acids (ca. 70 % of total fatty acids)
(Libkind et al. 2008c), which largely surpassed that of P. rhodozyma from other
origins (Sanderson and Jolly 1994) and the ability to produce extracellular
enzymes (amylase) preferentially under low temperatures (Libkind et al. 2008b).
These results suggest that the Patagonian P. rhodozyma population is highly
adapted to the cold conditions found in this region.

6.4.2 Wild Saccharomyces and the Discovery
of Saccharomyces eubayanus

The production of the most commercially produced beer, lager beer, was initiated
in the fifteenth century and employs the allopolyploid hybrid yeast, Saccharo-
myces pastorianus (formerly Saccharomyces carlsbergensis). This is a domesti-
cated microbe created by the fusion of a Saccharomyces cerevisiae ale-yeast with
a previously unknown psychrotolerant Saccharomyces species (Dunn and Sherlock
2008). During yeast biodiversity surveys in Patagonian Nothofagus forests, two
cold-adapted Saccharomyces species were recovered mainly from bark and soil
samples but particularly from the stromata of Cyttaria fungus (Fig. 6.3) (Libkind
et al. 2011a). One of the species was identified as Saccharomyces uvarum which
had been isolated previously from forests in temperate regions of Europe and
North America (Sampaio and Gonçalves 2008). From a taxonomic point of view,
S. uvarum was previously considered as a variety of Saccharomyces bayanus
(S. bayanus var. uvarum) (Vaughan-Martini and Martini 2011). However, Libkind
et al. (2011a) recently demonstrated that this species is a biologically meaningful
species, while S. bayanus is not since it was found to be complex hybrid of
S. uvarum, S. cerevisiae and a third psychrophilic unknown Saccharomyces yeast,
exclusively known from human-related environments. The later species was dis-
covered in Patagonia, actually was the other Saccharomyces yeast found, and was
formally described as S. eubayanus because of its contribution to the S. bayanus
hybrid genome. Thus, in Patagonian habitats, S. eubayanus and S. uvarum (which
can be considered two sister species) exist in apparent sympatry in Nothofagus
(southern beech) forests, but are isolated genetically through intrinsic postzygotic
barriers (Libkind et al. 2011a). Previously, it was shown that sympatric
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Saccharomyces species tend to have different growth temperature preferences.
This is the case of S. cerevisiae (thermotolerant) and Saccharomyces kudriavzevii
(psychrotolerant) co-occurring in Mediterranean regions, as well as Saccharomy-
ces paradoxus (thermotolerant) and S. uvarum (psychrotolerant) co-inhabiting
temperate Europe and North America (Sampaio and Goncalves 2008). Another
particular characteristic of Patagonian environments in contrast to North Hemi-
sphere counterparts is the almost complete occupancy of the Nothofagus niche by
psychrotolerant Saccharomyces species. While less than 50 % of the isolates from
bark and soil samples from the North Hemisphere belong to Saccharomyces,
in Patagonia, these values range from 64 to 95 %, for both S. uvarum and
S. eubayanus. The substrate of greatest occupancy is Cyttaria stromata (*95 %)
(Fig. 6.3), which is in agreement with its high content of simple sugars.

Furthermore, a putative ecological isolation through host preference was
detected, given that S. eubayanus was found in association with N. antarctica and
N. pumilio, whereas S. uvarum was associated with N. dombeyi. This finding might
explain the co-existence of these two hitherto phenotypically undistinguishable
species.

It is worth mentioning that S. eubayanus was the first yeast species to be
formally described based on a complete genome sequence. Interestingly, it was
shown to be 99.5 % identical to the non-S. cerevisiae portion of the S. pastorianus
genome sequence and allowed the detection of specific genetic changes in sugar
and sulfite metabolism that were vital for the domestication of the lager yeast in
cold brewing environments (Libkind et al. 2011a). Thus, the cold-adapted yeast
S. eubayanus is the parental species of the lager yeast, and Patagonian populations
are so far the only known wild genetic stock of this species. Additional worldwide
studies are needed to determine whether there are more S. eubayanus populations
in the world.

6.5 Conclusions

Biodiversity studies of cold-adapted yeasts from aquatic and terrestrial cold
environments of Patagonia have contributed not only to the general knowledge
of fungal biodiversity in Patagonia, but also to general yeasts taxonomy and
biogeography analysis of a few biotechnologically important species. Studies of
cold-adapted yeasts from glacial meltwater and ice mentioned here were the first
surveys from continental glaciers in the Southern Hemisphere (outside Antarctica).
Future studies are needed to elucidate the role of yeasts in extreme cold envi-
ronments, as well as their potential biotechnological applications. It has been
clearly established that Patagonia’s unexplored environments are true cold-adapted
yeast reservoirs.
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Chapter 7
Cold-Adapted Yeasts in Deep-Sea
Environments

Yuriko Nagano, Takahiko Nagahama and Fumiyoshi Abe

Abstract Deep sea, the world’s largest cold environment, is an environment of
extreme conditions, such as high hydrostatic pressure and low nutrient availability,
and has an average water temperature between -1 and 4 �C in most areas of deep
sea. Living organisms in deep sea are considered to be adapted to cold environ-
ments. Yeast diversity commonly found in deep sea is represented by Rhodos-
poridium spp., Rhodotorula spp., Candida spp., Cryptococcus spp., Pichia spp.,
Sporobolomyces spp., and Trichosporon spp. This representation of yeasts is
similar to yeasts found in other cold environments. Only psychrotolerant yeasts
have been reported from deep-sea environments to date. However, the majority of
yeasts isolated from deep-sea environments show better growth in deep-sea sim-
ulated conditions, such as 3 �C/40 MPa, than yeasts isolated from terrestrial
environments. In comparison with prokaryotic microorganisms, yeasts in deep-sea
environments are relatively underexplored, with few studies carried out on their
physiology. Although the true yeast diversity and their ecology in deep-sea
environments remains unclear, the intention of this chapter is to discuss current
knowledge on deep-sea yeast diversity and their physiological characteristics and
adaptation mechanisms to cold and high pressure in the model yeast Saccharo-
myces cerevisiae.
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7.1 Deep-Sea Environments

Nearly three quarters of the Earth’s surface area is covered by ocean, and the
average depth of ocean is 3,800 m. Deep sea normally refers to ocean depths
greater than 200 m. This means that the vast majority of our planet is comprised of
deep sea. It is likely that we are only scratching the surface of the largest habitat on
Earth, with the greater parts of deep sea remaining unexplored. Nevertheless,
extensive deep-sea research in the last few decades has led to new discoveries and
contributions to science.

As our land environments differ completely from location to location, deep-sea
environments also vary dramatically depending on ocean depth, location, geo-
graphic conditions, land factors, effects from the Earth’s interior, and many other
influences. The absence of sunlight irradiation, temperature, and hydrostatic
pressure is a significant influence in deep-sea environments, which varies
according to water depth. Ocean is often divided into five zones. From the shal-
lowest zone to the deepest, there is the epipelagic zone (less than 200 m), the
mesopelagic zone (200–1,000 m), the bathypelagic zone (1,000–4,000 m), the
abyssopelagic zone (4,000–6,000 m), and the hadopelagic zone (the deep trenches
below 6,000 m to about 11,000 m) (Fig. 7.1). There is enough sunlight for pho-
tosynthesis to take place within the epipelagic zone but not in the other four zones,
which are below 200 m. Pressure increases by 1 atmosphere for each 10 m in
water depth. Therefore, high hydrostatic pressure up to 110 megapascals (MPa) is
present in deep-sea environments in the deepest ocean. From the base of the
epipelagic zone, the temperature drops to 5 or 6 �C at 1,000 m (Fig. 7.1). With
the exception of geographic proximities near hydrothermal vents where water
temperature can be as high as 400 �C, the average water temperature is between
-1 and 4 �C in most parts of the deep sea. Deep-sea water temperature is very
stable, with no seasonal or annual temperature changes. Therefore, living organ-
isms in deep-sea environments are considered to be adapted to cold environments.

It is noted that the majority of deep-sea research (including investigations on yeast
communities) has been carried out in rather unique deep-sea environments, for
example, chemosynthetic environments, such as hydrothermal vents (which form
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typically along the ocean ridges, where two tectonic plates are diverging, new crust
is being formed and hot mineral rich water is spewing) and cold seeps (which form
mostly along continental margins and occur over fissures on the seafloor), or geo-
graphically interesting environments, such as the deepest part of ocean, the Mariana
Trench.

7.2 Sampling and Isolation of Deep-Sea Yeasts

The basic sampling and isolation methods for investigating fungal communities
(including yeasts in deep-sea environments) do not differ fundamentally from
those used for terrestrial or shallow marine environments. However, great depth
and elevated hydrostatic pressure make deep sea a difficult environment to access.
Collecting samples from deep sea involves higher costs and more complicated
equipment. For example, all deep-sea equipment is required to be high-pressure
resistant. There are two basic approaches in reaching deep sea. One is using a
human occupied vehicle (HOV), a deep-sea submarine which can carry people
inside to the ocean depths. These types of research vessels have some advantages,

Fig. 7.1 Water temperature and pressure profiles in deep-sea environments with description of
different zones. Straight line indicates pressure; dotted line indicates water temperature

7 Cold-Adapted Yeasts in Deep-Sea Environments 151



such as allowing scientists to make direct observations of deep sea. An alternative
method is to use a remotely operated vehicle (ROV), which is capable of diving at
depths greater than 10,000 m and can collect samples from some of the ocean’s
deepest environments. Equipment loaded on both HOV and ROVs usually
includes a variety of devices, such as cameras (television, still photograph, video),
and manipulators, that enable the placement of objects on the seafloor and the
collection of various samples. For water sampling, some known samplers are the
Nansen bottle, the Niskin sampler, and the van Dorn sampler. Several types of
samplers are used to collect deep-sea sediments, such as a grab sampler, box corer,
gravity corer, and piston corer.

The isolation procedure for deep-sea yeasts varies depending on the type,
volume, and shape of collected samples. Water samples are mostly filtered through
membranes and are then used for isolation, due to the low number of yeast cells in
the limited volume of water samples. Solid sources, such as sunken wood or deep-
sea animals, are normally applied to agar plate media or liquid media after being
broken into small pieces or homogenized. Sediment samples are normally directly
plated onto medium or mixed with medium agar before they get cold and solidify.
Samples can first be diluted with sterile seawater, if they contain high numbers of
yeasts. Media often used for the isolation of yeasts from deep-sea environments
are not so different from media used to isolate terrestrial yeasts. Several types of
media are used to investigate culturable yeasts and filamentous fungal commu-
nities in deep-sea environments (Gadanho and Sampaio 2005; Damare et al. 2006;
Burgaud et al. 2009; Le Calvez et al. 2009; Jebaraj et al. 2010). Most investigators
use organic media, mainly consisting of malt extract, yeast extract, peptone,
glucose, and potato starch. Media are usually prepared in artificial seawater, with
the addition of antibiotics, such as streptomycin, penicillin, and chloramphenicol,
to inhibit bacterial growth. Media are also occasionally used at 1/5 strength of
normal condition, in order to simulate the low nutrient conditions found in deep
sea. Media are normally incubated between 4 �C and 30 �C. Culturing periods can
range from 2 weeks to several months. A long culturing time is sometimes nec-
essary for isolating deep-sea yeasts, as some strains grow extremely slow.

7.3 Yeast Diversity in Deep-Sea Environments

As with other environments, microorganisms are known to play an important role in
deep-sea ecosystems. The presence of fungi in deep-sea environments is only
recently being recognized, with limited research carried out in comparison with
prokaryotic organisms, despite the first isolation of deep-sea fungi has been
reported almost 50 years ago (Roth et al. 1964). Since this first report, there have
been a growing number of reports noting the isolation and diversity of yeasts and
filamentous fungi, including novel species (mostly yeasts) in several deep-sea
environments, particularly in the last decade. The reported yeast species isolated by
culture-dependent methods from deep-sea environments are shown in Table 7.1.
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The yeast species reported from hydrothermal vent environments are also included
in this chapter. This is because intense heat from hydrothermal vent openings is
limited to a small area and the water temperature drops to cold as the ambient
temperature of deep-sea water only a few centimeters away from the vents. Thus,
yeasts present in deep-sea hydrothermal environments are also considered to be
adapted to cold environments as well as other deep-sea yeasts.

Although sampling sites are often selected with a bias toward interesting
geographic locations, such as hydrothermal vents, and may not fully represent the
diversity of yeast present in general deep-sea environments, the most frequently
isolated yeast species from deep-sea environments belong to the genera Rhodos-
poridium, Rhodotorula, and Candida (Table 7.1). Some novel species of the
genera Rhodotorula and Candida have been found in deep-sea environments
(Nagahama et al. 2001b, 2003a, b, 2006; Burgaud et al. 2011). Yeast species of the
genera Clavispora, Cryptococcus, Dioszegia, Dipodascus, Kluyveromyces, Pichia,
Pseudozyma, Sporidiobolus, Sporobolomyces, and Trichosporon have also been
isolated from deep-sea environments. Yeast-like fungi belonging to the genera
Aureobasidium, Sarcinomyces, and Exophiala have also been found (Table 7.1).
Nagahama et al. (2001a) isolated 99 yeast strains from benthic animals and sed-
iments collected from deep-sea floor in various areas in the northwest Pacific
Ocean. Of these 99 yeast strains, 40 strains were pink-pigmented yeasts belonging
to the genera Rhodotorula and Sporobolomyces. Nagahama et al. (2001a) showed
that pink-pigmented yeasts are most common among yeasts isolated from deep
sea, which is also commonly observed in shallow marine systems (Hagler and
Ahearn 1987). However, in deep-sea hydrothermal environments, this dispropor-
tion was not observed, with non-pigmented yeasts being found much more
abundantly than pink-pigmented yeasts (Gadanho and Sampaio 2005). The same
authors have also suggested that this may be due to the unique conditions of
hydrothermal vents. However, further study is needed.

With recent advances in technology, molecular-based methods are more often
used for studying fungal diversity in deep-sea environments. The advantages of
using molecular methods are mainly the requirement of only a small amount of
samples and the detection of difficult-to-culture or unculturable species, including
rare species. Yeast species which have not been reported by culture-dependent
methods have been detected by culture-independent methods from deep-sea
environments (Bass et al. 2007; Lai et al. 2007; Le Calvez et al. 2009; Nagano
et al. 2010; Singh et al. 2010, 2011; Nagahama et al. 2011). Strains belonging to
the genera Rhodosporidium, Rhodotorula, and Candida have been frequently
found in deep-sea environments, using culture-independent methods. On the
contrary, species of the genera Cryptococcus, Pichia, and Trichosporon seem to be
detected more frequently using culture-independent methods than by using cul-
ture-dependent methods (Bass et al. 2007; Lai et al. 2007; Nagano et al. 2010;
Singh et al. 2010). The basidiomycetous yeast Cryptococcus curvatus was found to
be the dominant eukaryotic microorganisms in oxygen-depleted sediments from
deep-sea methane seeps at the Kuroshima Knoll (Takishita et al. 2006). However,
this phenomenon has not been reported in other deep-sea methane cold seeps.
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It would be interesting to undertake a physiological study using a cultured isolate
and to investigate correlations between the yeast and environmental conditions.
Strains of the genus Malassezia have never been isolated by culture-dependent
methods but are frequently reported from culture-independent methods (Bass et al.
2007; Lai et al. 2007; Singh et al. 2010, 2011; Nagahama et al. 2011). As
Malassezia species are known to be difficult to grow under laboratory conditions, a
diversity study based on culture-dependent methods may often miss these
organisms.

Overall, the yeast diversity found in deep-sea environments is relatively limited
and similar to those found in other cold environments, such as glacial habitats and
polar regions (Buzzini et al. 2012; Singh et al. 2013). However, typical psy-
chrophilic yeasts often found in many cold climates, such as the genera Mrakia
and Mrakiella (de Garcia et al. 2007; Turchetti et al. 2008; Thomas-Hall et al.
2010), have not been found in deep-sea environments to date. Furthermore, cul-
ture-independent methods have detected many unknown yeast phylotypes from
deep-sea environments. Bass et al. (2007) discovered three novel Ustilaginomy-
cetes phylotypes which were most closely related to the genus Malassezia. They
also discovered highly novel phylotypes closely related to species belonging to the
genera Candida and Metschnikowia. These phylotypes have been reported fre-
quently from several deep-sea environments, but no isolates have been reported to
date (Bass et al. 2007; Lai et al. 2007; Nagano et al. 2010; Nagahama et al. 2011;
Thaler et al. 2012). Several other novel phylotypes have been detected by culture-
independent methods from deep-sea environments and are comprehensively
reviewed in Richards et al. (2012), along with novel phylotypes detected from
shallow marine environments.

The abundance of yeasts in deep-sea environments remains unclear. Gadanho
and Sampaio (2005) reported that the number of colony-forming units in deep-sea
water ranged from 0 to 5.9 9 103 L-1. However, further study needs to be carried
out.

7.4 Physiology of Yeasts Isolated from Deep-Sea
Environments

Although the physiology of yeasts isolated from deep-sea environments has not
been as thoroughly studied as that of yeasts from other cold environments, or
prokaryotic organisms from deep-sea environments, the growth characteristics of
deep-sea yeast isolates under simulated deep-sea conditions have been examined
in several studies (Damare et al. 2006; Singh et al. 2010). Deep-sea conditions are
mainly characterized by high hydrostatic pressure, and low temperature and salt
content (3.5 % w/v). Many deep-sea yeasts can grow at 20 MPa, with some yeasts
showing better biomass production at 20 MPa/5 �C than at 20 MPa/30 �C (Singh
et al. 2010). However, even though most deep-sea yeasts are piezotolerant, they
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usually show better growth at low pressures. No piezophilic fungi have been
reported, in contrast to many reported piezophilic prokaryotic microorganisms
from deep-sea environments (Nogi et al. 2004; Wang et al. 2004; Takai et al. 2009;
Birrien et al. 2011). Similarly, most yeasts recovered from deep-sea environments
are psychrotolerant, but isolates of yeasts from deep-sea sediments grew more
rapidly at 30 �C than 5 �C (Singh et al. 2010).

The majority of yeasts isolated from deep-sea environments are halotolerant
(Burgaud et al. 2009; Le Calvez et al. 2009). Halophilic yeasts which showed an
optimal growth at 3 % (w/v) sea salts have been reported from deep-sea hydro-
thermal vents (Burgaud et al. 2010). However, Damare et al. (2006) reported that
isolates of yeasts from deep-sea sediments did not have an absolute requirement
for seawater for growth. In this study, we also compared the growth characteristics
of a few Rhodotorula spp. originating from deep-sea environments and terrestrial
environments. There was no clear difference between terrestrial strains and deep-
sea strains in terms of growth measurements at different temperatures, i.e., at 3 �C
and 10 �C. For all the strains, better growth was observed at 10 �C (Fig. 7.2). In
the experiments investigating the effect of hydrostatic pressure on cell growth of
deep-sea and terrestrial yeast strains, the majority of deep-sea strains showed
better growth under pressures of 20 MPa and 40 MPa than terrestrial strains grown
at 3 �C and 10 �C. Interestingly, hydrostatic pressure more strongly affects the
growth of some deep-sea yeast strains at 10 �C than at 3 �C (Fig. 7.3). This result
compliments results shown by Singh et al. (2010). These results suggest that deep-
sea yeasts may have mechanisms to adapt to low temperatures when high pressure

Fig. 7.2 Cell growth of deep-sea and terrestrial yeast strains at 3 �C and 10 �C. Cultures were
cultivated with static liquid medium of YM (Difco) for 3 weeks. OD660 was measured from a
10-fold diluted solution of final growth media. Strains used in this study: Erythrobasidiales
(Rhodotorula aurantiaca and Rhodotorula lamellibrachii), Naohideales (Rhodotorula benthica,
Rhodotorula minuta, and Rhodotorula slooffiae), and Sporidiobolales (Rhodosporidium torulo-
ides, Rhodotorula dairenensis, Rhodotorula glutinis, Rhodotorula mucilaginosa, and Rhodotor-
ula pacifica). Three strains JCM 3777, JCM 3771, and JCM 8208 were isolated from terrestrial
origins. The origin of JCM 8115 is unknown. Deep-sea strains were collected from three kinds of
sources: sediment (SY-58, SY-96, SY-98, SY-100, SY-102, SY-103), giant white clams
Calyptogena spp. (SY-77, SY-78, and SY-84), and a tubeworm Lamellibrachia sp. (SY-91).
Locations of sources are described by Nagahama et al. (2001a, b)

7 Cold-Adapted Yeasts in Deep-Sea Environments 161



is present. For growth measurement in the presence of different NaCl concentra-
tions, all strains showed better growth with normal yeast mold (YM) broth (yeast
extract 0.3 %, malt extract 0.3 %, peptone 0.5 %, dextrose 1 %) without adding
extra NaCl (Fig. 7.4); 11 deep-sea strains out of 12 (92 %) and 2 terrestrial strains
out of 4 (50 %) showed growth in media in the presence of 10 % (w/v) NaCl

Fig. 7.3 Effect of hydrostatic pressure on cell growth of deep-sea and terrestrial yeast strains.
Growth suppression under 20 or 40 MPa hydrostatic pressure is represented by percentage of
growth (OD660) per cell growth under atmospheric pressure (0.1 MPa). Strains used in this
study: Erythrobasidiales (Rhodotorula aurantiaca and Rhodotorula lamellibrachii), Naohideales
(Rhodotorula benthica, Rhodotorula minuta, and Rhodotorula slooffiae), and Sporidiobolales
(Rhodosporidium toruloides, Rhodotorula dairenensis, Rhodotorula glutinis, Rhodotorula
mucilaginosa, and Rhodotorula pacifica). Cultures were grown with static liquid medium of
YM (Difco) for 3 weeks at 3 or 10 �C. OD660 was measured from a 10-fold diluted solution of
final growth media

Fig. 7.4 Effect of NaCl concentration in medium on cell growth of red yeast strains from deep-
sea and terrestrial origins. Strains used in this study: Erythrobasidiales (Rhodotorula aurantiaca
and Rhodotorula lamellibrachii), Naohideales (Rhodotorula benthica, Rhodotorula minuta, and
Rhodotorula slooffiae), and Sporidiobolales (Rhodosporidium toruloides, Rhodotorula dairenen-
sis, Rhodotorula glutinis, Rhodotorula mucilaginosa, and Rhodotorula pacifica). Cultures were
grown with each static liquid medium 3 weeks at 20 �C. OD660 was measured using a 100-fold
diluted solution of final growth media
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concentration. However, only deep-sea strains (3 out of 12) showed growth in
media containing 15 % (w/v) NaCl. All over, yeast strains isolated from deep-sea
environments are generally more adapted to deep-sea environments, such as high
pressure and high salinity, but yeasts strains isolated from terrestrial environments
can also survive at 3 �C/40 MPa, which is similar to conditions prevailing in deep-
sea environments (Fig. 7.3). It is noted that although no piezophilic or psychro-
philic yeasts have been reported from deep-sea environments to date, it may be
possible to isolate piezophilic fungi and psychrophilic fungi endemic to deep-sea
environments by using unique culturing systems, such as selective culturing at
high pressure, or long-term culturing in bioreactors with continuous flow.

7.5 Cold and High-Pressure Adaption in the Model Yeast
Saccharomyces cerevisiae

Marine organisms have developed their physiological functions to survive and
reproduce themselves under extreme conditions, such as low temperature and high
hydrostatic pressure. Although the effects of low temperature have been widely
investigated in a variety of biological systems, the effects of high hydrostatic
pressure in organisms have not been thoroughly analyzed. There is growing
interest in the potential application of microbes which inhabit in deep-sea extreme
environments (Yayanos 1995; Abe and Horikoshi 2001; Abe 2007a). Hydrostatic
pressures in the range of several dozen MPa do not readily kill microbial cells but
exert adverse effects on the growth of organisms that have adapted to atmospheric
pressure (Abe et al. 1999; Bartlett 2002; Aertsen et al. 2009). One of the practical
difficulties in cultivating microorganisms at high pressure over extended periods
for more than a few days is having a poor oxygen supply in closed hydrostatic
chambers. This limits investigations of the physiology of deep-sea yeasts, because
most yeasts require sufficient oxygen in order to grow. To solve this problem, a
new cultivation system was developed to enable a continuous oxygen supply for
aerobes by circulating fresh medium under high pressure (Hiraki et al. 2012). The
molecular understandings of the effects of high pressure in deep-sea yeasts are also
hampered by difficulties in performing genetic manipulations, e.g., gene disrup-
tion, overexpression, or site-directed mutagenesis on microbes occurring in natural
environments.

The budding yeast Saccharomyces cerevisiae is the first eukaryote of which the
complete genome sequence was publicly available (Saccharomyces Genome
database, http://www.yeastgenome.org/). A number of sophisticated techniques in
molecular genetics can be used in any laboratory. S. cerevisiae is a facultative
anaerobe, and thus, a useful model organism in high-pressure experiments.
Although this organism is a mesophile, the systematic analyses have illuminated a
substantial amount of cell responses to increasing hydrostatic pressure (Abe
2007b). The yeast genome encodes approximately 6,600 genes, of which 5,000
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genes have been verified. Recent large-scale phenotypic screening of the
S. cerevisiae gene deletion library has revealed numerous unexpected genes and
metabolic pathways that are involved in maintaining life under high pressure
(Abe and Minegishi 2008).

Amino acids are imported by specific permeases/transporters in the plasma
membrane. The uptake of tryptophan in S. cerevisiae is mediated by tryptophan
permeases Tat1 and Tat2 and is one of the processes most sensitive to high
pressure and cold in the physiology of S. cerevisiae. Consequently, the availability
of tryptophan limits cell growth under high pressure and low temperatures.
Experimental wild-type strains generally carry several nutrient auxotrophic
markers, such as ura3 (uracil), ade2 (adenine), his3 (histidine), leu2 (leucine), lys2
(lysine), or trp1 (tryptophan) for plasmid selection. Regardless of other nutrient
auxotrophy, trp1 confers growth deficiency at a pressure of 15–25 MPa or at low
temperatures of 10–15 �C, whereas tryptophan-prototrophic strains are capable of
growth under these pressure and temperature ranges (Abe and Horikoshi 2000).
Any factors that lead to increased tryptophan availability enable trp1 cells to grow
under these conditions: The addition of excess tryptophan to the medium, intro-
duction of the TRP1 gene to confer tryptophan biosynthesis, or overexpression of
the genes encoding Tat1 or Tat2 enable trp1 cells to grow at high pressure or low
temperatures (Abe and Horikoshi 2000). Additionally, Tat1 and Tat2 undergo
vacuolar degradation in a manner dependent on ubiquitination and the endocytic
pathway, when cells are cultured at high pressure or low temperature (Abe and Iida
2003). The similarity between high pressure and low temperature is related to the
physicochemical properties of the lipid membrane. Primarily, increasing pressure
and decreasing the temperature increase the order of lipid bilayers and restrict
the rotational acyl chain motion. With increasing pressure, the gel-to-liquid
crystalline coexistence region is shifted toward higher temperatures by approxi-
mately 22 �C/100 MPa (Winter and Dzwolak 2005). For example, a pressure
increase of 100 MPa increases the main transition (Lb/La) temperature of the
stearoyloleylphosphatidylcholine (SOPC) and dioleylphosphatidylcholine (DOPC)
membrane by 18.1 �C and 23.3 �C, respectively (Kaneshina et al. 1998). In this
sense, tryptophan uptake by yeast cells is sensitive to decreases in membrane
fluidity caused by either high pressure or low temperature. Interestingly, further
investigations have highlighted unambiguous correlations between high-pressure
effects and low-temperature effects over a variety of cellular processes (see
below).

Global transcriptional responses to high pressure have been analyzed in
S. cerevisiae in some laboratories using DNA microarray hybridization, but results
have varied with the experimental conditions, such as yeast strains, pressure
(25–200 MPa), temperature (4–30 �C), and duration of pressurization (10 min to
overnight). Iwahashi et al. (2005) reported that high-pressure treatment at 30 MPa
and 25 �C upregulated 366 genes more than twofold and downregulated 253 genes
more than twofold in a tryptophan-prototrophic strain. Many of the upregulated
genes are categorized into stress response and metabolism of carbohydrates, lipids
and amino acids including INO1, OPI3, PST1, RTA1, SED1, PRM5, and POX1
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genes, which are involved in biosynthesis and the formation of membrane struc-
ture (Iwahashi et al. 2005). Fernandes et al. (2004) reported that exposure of the
cells to a lethal pressure of 200 MPa for 30 min upregulated genes involved in
stress defense and carbohydrate metabolism and downregulated genes involved in
cell cycle progression and protein synthesis.

In our study, we compared the global transcriptional profiles in cells grown under
normal growth conditions (0.1 MPa, 24 �C), high pressure (25 MPa, 24 �C), and
low temperature (0.1 MPa, 15 �C) (Abe 2007b). There was a greater similarity in
transcriptional profiles between the cells grown under high pressure and low tem-
perature. Of the 6,337 genes tested, 561 were concurrently upregulated by high
pressure and low temperature, while 161 were downregulated. In particular, the
DAN/TIR cell wall mannoprotein genes were remarkably upregulated by high
pressure and low temperature allowing the cells to establish a physical defensive
system on the cell wall structure (Abe 2007b). It is known that expression of the
DAN/TIR genes is stimulated by hypoxia (Abramova et al. 2001). Accordingly, there
is a fascinating cross talk in the regulatory networks of DAN/TIR transcription by
hypoxia, high pressure, and low temperature. How seemingly unrelated environ-
mental conditions induce DAN/TIR gene expression is unknown. Under hypoxia,
yeast cells fail to introduce unsaturated bonds in acyl chains of the membrane lipids.
This might lead to a decrease in membrane fluidity, which is analogously caused by
high pressure and low temperature. In this sense, a membrane sensor(s) is likely to
exist in the membrane and may transduce the changes in membrane fluidity into
intracellular signals that stimulate transcription of the DAN/TIR genes.

A PCR-generated deletion strategy was used to replace each yeast open-reading
frame from its start-to-stop codon systematically in a tryptophan-prototrophic
strain (http://www-sequence.stanford.edu/group/yeast_deletion_project/project_
desc.html#intro). Of the 6,600 genes encoded by the yeast genome, single dele-
tions for approximately 4,800 genes do not cause lethality of the cells under
normal culture conditions. The use of the library consisting of the 4,800 deletion
strains allowed us to obtain mutants defective in growth under high pressure
(25 MPa and 24 �C) or low temperature (0.1 MPa and 15 �C). The global func-
tional screening revealed 80 genes in which 71 genes were required for high-
pressure growth and 56 genes were required for low-temperature growth with a
significant overlap of 47 genes (Table 7.2) (Abe and Minegishi 2008). These genes
are involved in a broad range of cellular functions, such as amino acid biosyn-
thesis, mitochondrial function, the actin cytoskeleton, membrane trafficking,
transcription, ribosome biogenesis, chromatin structure, and unknown roles. This
in turn means that various cellular functions support cell growth of the yeast under
high pressure and low temperature. Consistent with high-pressure sensitivity of
tryptophan auxotrophic strains, the losses of genes involved in tryptophan
biosynthesis such as ARO1, ARO2, TRP1, TRP2, TRP4, and TRP5 resulted in
growth defects under high pressure and low temperature. Deletion of amino acid
biosynthetic genes, such as HOM3, THR4, and SER1, resulted in auxotrophy for
methionine (hom3D), threonine (thr4D), and serine (Ser1D), and thus, the growth
of these mutants depends on external amino acids. Because the three mutants also
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Table 7.2 Genes required for growth under high-pressure and low-temperature conditions
(results from Abe and Minegishi 2008)

Gene name Description

Amino acid biosynthesis
TRP1 Phosphoribosylanthranilate isomerase
TRP4 Anthranilate phosphoribosyl transferase
THR4 Threonine synthase
ARO2 Bifunctional chorismate synthase and flavin reductase
ARO1 AROM protein, catalyzes steps 2 through 6 in the biosynthesis of chorismate
TRP5 Tryptophan synthase
HOM3 Aspartate kinase
TRP2 Anthranilate synthase
LEU3 Zinc-finger transcription factor
SER1 3-Phosphoserine aminotransferase

Microautophagy
GTR2 Cytoplasmic GTP binding protein
GTR1 Cytoplasmic GTP binding protein
EGO1 Component of the EGO/GSE complex
EGO3 Component of the EGO/GSE complex

Mitochondrial function
MRPL22 Mitochondrial ribosomal protein of the large subunit
MRF1 Mitochondrial polypeptide chain release factor
CAF17 Mitochondrial protein that interacts with Ccr4
ACO1 Aconitase, required for the tricarboxylic acid cycle
MRP51 Mitochondrial ribosomal protein of the large subunit
MRPL38 Mitochondrial ribosomal protein of the large subunit
ATP15 Epsilon subunit of the F1 sector of mitochondrial F1F0 ATP synthase
MDJ1 Protein involved in folding of mitochondrially synthesized proteins
MSY1 Mitochondrial tyrosyl-tRNA synthetase

Actin organization/bud formation
LTE1 Putative GDP/GTP exchange factor
HOF1 Bud neck-localized, SH3 domain-containing protein
SLM3 tRNA-specific 2-thiouridylase
CLA4 Cdc42-activated signal-transducing kinase
CDC50 Endosomal protein that regulates cell polarity
SLM6 Protein with a potential role in actin cytoskeleton organization

Membrane trafficking
VID24 Peripheral membrane protein located at Vid vesicles
VPS34 Phosphatidylinositol 3-kinase
SEC22 R-SNARE protein
PEP3 Vacuolar peripheral membrane protein
CHC1 Clathrin heavy chain
PEP5 Peripheral vacuolar membrane
VPS45 Protein of the Sec1/Munc-18 family
ERG24 C-14 sterol reductase, acts in ergosterol biosynthesis
VPS54 Component of the Golgi-associated retrograde protein complex
AKR1 Palmitoyl transferase
SAC1 Lipid phosphoinositide phosphatase

(continued)
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Table 7.2 (continued)

Gene name Description

Inositol phosphate metabolism
PLC1 Phosphoinositide-specific phospholipase C
ARG82 Inositol polyphosphate multikinase
PHO88 Probable membrane protein, involved in phosphate transport
KCS1 Inositol hexaphosphate kinase

Transcriptio/mRNA degradation
SNF6 Subunit of the SWI/SNF chromatin remodeling complex
MOT2 Component of the CCR4-NOT transcription regulatory complex
POP2 RNase of the DEDD superfamily
SHE3 Protein that acts as an adaptor between Myo4 and the She2-mRNA complex
CDC73 Constituent of Paf1 complex with RNA polymerase II
RPB4 RNA polymerase II subunit B32
HFI1 Adaptor protein required for structural integrity of the SAGA complex
PAF1 RNA polymerase II-associated protein
ELF1 Transcription elongation factor
SNF1 AMP-activated serine/threonine protein kinase
SRB5 Subunit of the RNA polymerase II mediator complex
TAF14 Subunit of TFIID, TFIIF, and SWI/SNF complexes
CCR4 Component of the Ccr4-Not transcriptional complex
SAP155 Protein that forms a complex with the Sit4 protein phosphatase

Ribosome
RPL1B N-terminally acetylated protein component of the large ribosomal subunit
RPL21A Protein component of the large ribosomal subunit
RPS30B Protein component of the small ribosomal subunit

Chromatin maintenance
NBP2 Protein involved in the HOG pathway
YAF9 Subunit of the NuA4 histone H4 acetyltransferase complex and the SWR1

complex
IES2 Associated protein with the INO80 chromatin remodeling complex
CGI121 Promoting telomere uncapping and elongation and transcription
ARD1 Subunit of the N-terminal acetyltransferase NatA

Stress
response

HSP31 Possible chaperone and cysteine protease
YDJ1 Protein chaperone involved in regulation of the Hsp90 and Hsp70 functions

Unknown genes
AVL9 ND
YDR008C Complementary to TRP1
YKL098 W ND
DLT1 ND
CSF1 Protein required for fermentation at low temperature
YHR151C ND
YPR153 W ND
YBR255 W ND
YGL218 W ND
YDL172C ND
YDL173 W ND
YDR442 W ND

ND not determined
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exhibit growth defects, high pressure and low temperature impair the ability to
import these amino acids, potentially inactivating their permeases. Among 11
deletion strains for mitochondrial proteins, the aco1D and caf17D mutants require
either glutamine or glutamate for growth. Taking the results together, permease-
dependent uptake of amino acids generally becomes compromised by high
hydrostatic pressure and low temperature.

The establishment of appropriate actin networks is a prerequisite for polarized
cell growth in the budding yeast. CDC50 encodes a protein required for actin
cytoskeleton organization and trafficking of proteins between the Golgi complex
and the endosome/vacuole. The lack of CDC50 confers low-temperature sensitivity
(Misu et al. 2003) and also high-pressure sensitivity (Abe and Minegishi 2008).
Cdc50 is known to associate with Drs2, a P-type ATPase of the aminophospholipid
translocase that functions in phospholipids asymmetry (Chen et al. 2006). The lack
of DRS2 causes sensitivity to low temperature (Chen et al. 1999) and also high
pressure (Abe and Minegishi 2008). Therefore, the Drs2–Cdc50 complex is likely
to play an essential role in actin network formation at high pressure and low
temperature by modulating protein trafficking appropriately. Genes involved in
membrane trafficking are also responsible for growth at high pressure and low
temperature, and hence delivery of newly synthesized proteins to appropriate
locations, e.g., the bud neck, cell surface, or cell wall, could be diminished by high
pressure and low temperature when one of the membrane trafficking proteins is lost.
Ergosterol is a major constituent of the plasma membrane and has a significant role
in growth under high pressure and low temperature. Deletion mutants for one of the
genes involved in the later steps of ergosterol biosynthesis, such as ERG24, ERG2,
ERG6, and ERG3, are viable but accumulate structurally abnormal sterols in the
cells. Such deletion mutants exhibit marked growth defects under high pressure and
low temperature, suggesting that the structural motif of ergosterol is required for
function and/or trafficking of membrane proteins under the extreme conditions and
hence cell growth (Abe and Minegishi 2008).

7.6 Conclusions

The use of genetic databases and applying techniques for molecular biology in
studies of the model yeast S. cerevisiae have improved our fundamental under-
standing of the effects of low temperature and high hydrostatic pressure in living
cells. Although this understanding may not be readily applicable to natural yeasts
occurring in deep sea, they provide clues in searching for survival strategies in
high-pressure cold environments. Physiological and biochemical studies on deep-
sea yeasts in combination with genetic analysis on the model yeast will shed light
on the physiology of mysterious deep-sea animals. Breakthroughs will be based on
detailed descriptions of experimental conditions, results, and the cooperative
interaction between investigators in high-pressure biology regardless of their
objectives or types of target organism.
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Chapter 8
Black Yeasts in Cold Habitats

Laura Selbmann, G. Sybren de Hoog, Laura Zucconi, Daniela Isola
and Silvano Onofri

Abstract Black yeasts have already been known since the end of the nineteenth
century, but for a number of reasons, only few workers were familiar with them.
That was since recently, until the wealth of biodiversity, stunning ecologies and
potential applications have become apparent. Some remote and extreme locations,
such as mountain tops, glaciers or polar areas, are now being investigated by
mycologists. Many rock-colonizing fungi have been interpreted for long time as
blackish fly-ash particles or dust on marble monuments or buildings. Black yeasts
are easily overlooked in routine studies due to their very slow growth and poor
competitive abilities. With the improvement isolation procedures, it has become
clear that black yeasts are actually much more common and widespread than
previously believed. Identification was hampered by their morphological plastic-
ity, until molecular techniques became a routine approach in fungal systematic. In
this chapter, the authors aim to give an overview of all the aspects concerning this
unconventional group of fungi, from their peculiar ecology to their wide spectrum
of biodiversity. Understanding about their ecological amplitude arose from
impressive efforts in sampling remote habitats and concomitant sequencing
activity during the last two decades.
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8.1 Introduction

The term ‘‘black yeasts’’ comprises melanized fungi able to reproduce by uni-
cellular growth, at least for a part of their life cycle. The group is phylogenetically
quite heterogeneous and includes mainly fungi belonging to divergent orders of
Ascomycota (de Hoog and McGinnis 1987), sharing a number of basic features as
melanized cell wall and formation of daughter cells by yeast-like or multilateral
polar budding. Yet, since most black yeasts exhibit mycelial growth or may shift to
meristematic development, and are phylogenetically diverse, there is no common
descriptive term for these fungi. They have variously been indicated as black
yeasts and relatives, meristematic fungi or microcolonial fungi. The term meri-
stematic, originally introduced for black fungi by de Hoog and Hermanides-Nijhof
(1977), describes non-disintegrating aggregations of thick-walled, melanized cells.
Meristematic growth is infrequent in the fungal kingdom and is a specific response
to stress: conversion towards isodiametric expansion can be induced in hyphal or
yeast-like thalli of Herpotrichiellaceae by environmental factors such as acidifi-
cation of the culture medium (Mendoza et al. 1993; Xi et al. 2009); similar
observations have been made in Dothideaceae (de Hoog et al. 1999). In some
cases, these may be stable mutants (Matsumoto et al. 1986) as for those black
yeasts permanently living under extreme conditions (Selbmann et al. 2005, 2008).

This morphological plasticity, coupled in many cases with high polymorphism
of synanamorphs and very poor differentiation, hampered morphological identi-
fication. Molecular phylogeny supplied an impressive body of data during the last
decade enabling to establish the position of black yeast in the fungal kingdom with
much more accuracy. These studies revealed that, despite poor morphological
differentiation, the biodiversity of black fungi is quite impressive and still far from
being elucidated.

One of the characters shared in the whole group is the ability to tolerate or even
adapt to extreme conditions. Black yeasts are commonly isolated from saltpans
(Plemenitaš and Gunde-Cimerman 2005), acidic and hydrocarbon-contaminated
sites (Baker et al. 2004; Seyedmousavi et al. 2011; Selbmann et al. 2012; Isola
et al. 2013), exposed natural rocks (Ruibal et al. 2005) and monuments (Sert et al.
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2007a, b, c; Marvasi et al. 2012), hot deserts (Staley et al. 1982) and very cold icy
habitats (Selbmann et al. 2005, 2008; Turchetti et al. 2008; Zalar et al. 2008;
Branda et al. 2010; Brunner et al. 2011). The human body is also an extreme
environment, and meristematic growth and melanins represent virulence factors
for some human opportunists (Matsumoto et al. 1984; van de Sande et al. 2006;
Liu and Nizet 2009; Xi et al. 2009; de Hoog et al. 2011). Apparently, a basic set of
traits, among which are melanization and meristematic development, are primarily
suited to cope with and adapt to highly diverse environmental conditions.

8.2 Biodiversity, Locations and Substrate

Black fungi are worldwide distributed in cold habitats, thriving from subglacial ice
to cold sea water, soils and rocks, one of the most frequently investigated sub-
strata. Some species have a broad ecological amplitude and are found in alternative
environments, while others occur specifically in cold habitats.

Aureobasidium pullulans is an osmotolerant black yeast that may thrive in a
number of osmotically fluctuating environments including the phyllosphere
(Andrews et al. 2002), polluted water (Vadkertiova and Slavikova 1995) and solar
salterns (Gunde-Cimerman et al. 2000). Given the known adaptive ability of A.
pullulans to low water activity (Aw) and oligotrophic conditions, it appeared likely
that ice from cryocarstic formations and subglacial ice in polythermal glaciers may
constitute a potential natural habitat.

Aureobasidium-like fungi were found among the dominant ascomycetous my-
cota in ice originating from glacial and subglacial environments as polythermal
Arctic glaciers in Svalbard (Spitsbergen, Norway; Butinar et al. 2007, 2011;
Sonjak et al. 2006). A. pullulans var. pullulans and A. pullulans var. melanogenum,
both species with a global distribution, were found in Arctic glaciers using a
multilocus approach (Zalar et al. 2008); moreover, an additional genotype, A.
pullulans var. subglaciale, was found exclusively in Kongsfjorden glacial and
subglacial ice and sea water (Zalar et al. 2008). The psychrotolerant nature of the
last one allows active metabolism under conditions of permanently cold in Arctic
glaciers. A. pullulans was isolated from other cold locations, such as ice-free
Alaskan soils, sediments and melt water from glaciers of the Apennines (Turchetti
et al. 2008; Branda et al. 2010; Brunner et al. 2011) and from soils and mosses
from different locations of Antarctica, including different locations of the
McMurdo Dry Valleys (Onofri et al. 2007).

The dimorphic genus Exophiala comprises numerous thermotolerant potential
human opportunists or pathogens such as E. dermatitidis (Sudhadham et al. 2008),
E. spinifera (Li et al. 2008) and E. asiatica (Li et al. 2009). In contrast, many
Exophiala spp. lacking thermotolerance were found as pathogens in cold-blooded
animals such as E. salmonis, E. pisciphila and E. psychrophila (Richards et al.
1978; Pedersen and Langvad 1989; de Hoog et al. 2009). Their remarkable
association with monoaromatic hydrocarbons (Prenafeta-Boldú et al. 2006), which
are structural analogues of neurotransmitters, allows these fungi to easily shift to
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animals, including humans. Species belonging to this genus are normally difficult
to recover from the environment as they grow very slowly and are frequently
overlooked and require dedicated isolation methods (Prenafeta-Boldú et al. 2006;
Sudhadham et al. 2008; Vicente et al. 2008; Zhao et al. 2010). Nonetheless, the
genus Exophiala was also found in cold habitats. The species E. nigra was isolated
from Antarctic soils (Lyakh and Ruban 1970). The thermophilic species E. der-
matitidis was reported from the Antarctic continent associated with mummified
seals and from air samples in McMurdo Station (Sun et al. 1978) and in Lake
Fryxell (Greenfield 1981), as well as in sediments and meltwater of Calderone
glaciers in the Apennines, Italy (Branda et al. 2010), but not all these strains have
been confirmed by molecular data.

A number of black yeasts have been found associated with rocks in different
cold environments, the majority of which still lack a formal description (Ruibal
et al. 2009). Apparently, environmental pressure and geographical isolation pro-
mote speciation processes and unknown species are frequently encountered even
during routine sampling. Black fungi were observed in the cryptoendolithic
communities of the Antarctic (Friedmann 1982), living in spatial association with
other extremotolerant microbes such as cyanobacteria and lichens. Several of these
black yeasts have been described as endemic genera and species for the Antarctic:
F. endolithicus (Onofri et al. 1999) and F. simplex (Selbmann et al. 2005) have
hitherto been recorded exclusively in the Antarctic Victoria Land. The genus
Cryomyces, reported to be restricted to the McMurdo Dry Valleys (Selbmann et al.
2005), was recently found in the Alps with the novel species Cryomyces montanus
and C. funiculosus (Selbmann et al. 2013a). The genus Saxomyces, with still
unresolved ancestry and endemic to alpine mountain tops, contains strictly psy-
chrophilic species only (Selbmann et al. 2013a). Recurvomyces mirabilis and
Elasticomyces elasticus were found associated with Antarctic endolithic commu-
nities (Selbmann et al. 2008) and reported on exposed rock in the Mediterranean or
different cold sites as mountain tops in the Andes and Alps (Isola 2010). E.
elasticus was also found associated with different species of epilithic psychrophilic
Antarctic lichens including the endemic species Lecanora fuscobrunnea (Selb-
mann et al. 2013b). In the same study, further strains closely related to or con-
specific with black fungi previously thought to be restricted to Antarctic endolithic
microbial communities, such as F. endolithicus, were found associated with cos-
mopolitan lichen species. This ability to make association with different microbes
according to location may give further advantage in adaptation and survival of the
whole community. As heterotrophs, black fungi take advantage from the associ-
ation with autotrophic organisms under oligotrophic conditions, but it is still
unclear whether or not black fungi may supply benefits to epi- or endolithic lichens
as well. It was suggested that black fungi may play a role in hydration or in
protection of photobionts by dissipating excessive sunlight (Harutyunyan et al.
2008). This would particularly involve the black barrier just above the photobiont
stratification in cryptoendolithic lichens (Selbmann et al. 2005). The presence of
black fungi may therefore play a crucial role to allow survival under these highly
stressful conditions.
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8.3 Phylogenetic Assignment and Evolution
of Black Yeasts

The abilities to shift to meristematic development and consistently produce mel-
anin, typical of black yeasts, are not widespread in the fungal kingdom. Molecular
phylogenetics revealed that black yeasts are mainly distributed in two classes:
Dothideomycetes, where the order Capnodiales is particularly overrepresented,
and to a lesser extent in the Eurotiomycetes, order Chaetothyriales. In the latter,
with few exceptions, black fungi nearly exclusively thrive in hot, semi-arid cli-
mates. Black fungi in the order Chaetothyriales are known for their ability to
metabolize aromatic compounds (Prenafeta-Boldú et al. 2006); this may explain
their higher presence at sites much more influenced by human activities and rich in
pollutants, such as coasts and urban environments rather than mountain tops or the
Antarctic (Onofri et al. 2011). Moreover, the class Dothideomycetes shows a
significant class-wide tendency to extreme survival with a number of lineages
purely constituted of black-specialized extremophiles. To that class, for instance,
belongs the halophilic species Hortaea werneckii, or the highly acidophilic fungus
Acidomyces acidophilus (Selbmann et al. 2008) as well as most of the psychro-
philic black yeasts mentioned above as the genera Cryomyces, Friedmanniomyces
and Saxomyces. Chaetothyriales have instead evolved a larger spectrum of
assimilative abilities including toxic organic compounds; this tendency, rather than
extremotolerance, has led mainly to diversification and promoted shifting to
opportunism (Gueidan et al. 2008) which is the main tendency within the order.

The reason why cold-adapted black yeasts are almost exclusively distributed in
the class Dothideomycetes may also be found in the early evolutionary history of
both fungal groups. It has been recently demonstrated that the class Dothideo-
mycetes has evolved much earlier than chaetothyrialean lineages (Gueidan et al.
2011). The period of diversification of Dothideomycetes was estimated in the
Silurian–Devonian, about 430 million years ago when temperatures were much
cooler than today. In contrast, the origin of chaetothyrialean lineages was during a
period of recovery after the Permian–Triassic mass extinction and an expansion of
arid land masses, about 250 million years ago, when global temperatures were
relatively high. Adaptations of extant Dothideomycetes and Eurotiomycetes
clearly reflect this evolutionary process.

Both Dothideomycetes and chaetothyrialean fungi evolved in different times
but have presumably a common ancestry on oligotrophic organisms living on rock
surface or subsurface (Gueidan et al. 2011). At that time, exposed rocks were the
most abundant natural substrate and tolerance to radiations could have helped
black yeasts to survive and proliferate during historic periods of increased cosmic
radiation, e.g. due to weakened or absent magnetic field of the Earth (Dadachova
and Casadevall 2008).

There are evidences that symbiotic lifestyle may have played a pivotal role in
the evolution of free-living rock ancestor for black yeasts. Molecular phylogeny
revealed a certain affinity of some lichenized fungal lineages and different lineages
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of black fungi since some black yeasts from rocks resulted basal to the large
lichenized lineages of Arthoniomycetes and Verrucariales (Gueidan et al. 2008;
Ruibal et al. 2009). Moreover, some black yeasts have been observed to develop
into lichenoid structures within months when co-cultured with lichen algae
(Gorbushina et al. 2005; Brunauer et al. 2007). These peculiar interactions with
autotrophic organisms, which help black fungi to improve their carbon supply,
may be interpreted as vestiges of the ancestral situation. Black yeasts maintained
somehow their connection with this primitive life form and may be easily found
associated with rocks or are commonly visible as lichen colonizers (Harutyunyan
et al. 2008; Selbmann et al. 2013b).

8.4 Stress Tolerance

Black yeasts may actually be seen as the excellence in the extremes. Along with
cold, they may cope with a number of different stresses and also a combination of
them (Ruisi et al. 2007), ranging from wide temperature fluctuations to irradiation
and osmotic stress (Palmer et al. 1990; Sterflinger 1998; Gorbushina et al. 2003,
2008; Onofri et al. 2007; Marvasi et al. 2012). Black yeasts from cold habitats,
such as Antarctic and alpine species of the genera Friedmanniomyces and Cry-
omyces spp., have typical psychrophilic profiles (Van Uden 1984). Black yeasts
from the Antarctic desert live in almost permanently frozen conditions, but during
austral summer, temperature of rock surfaces may fluctuate across the freezing
point over 14 times within 40 min, causing a repeated freeze–thawing stress to
lithobionts. Antarctic black fungi may actually easily tolerate this stress: repeated
freeze–thaw cycles (–20 �C/+20 �C) did not affect growth ability of these fungi
(Onofri et al. 2007, 2008). Remarkably, psychrophilic black yeasts were proved to
tolerate even very high temperatures. Germination ability of Cryomyces spp. is not
affected after exposition at 90 �C for 1 h (Onofri et al. 2008). Yet, some black
yeasts have an eurithermic behaviour with optimal growth temperature well above
the normal ambient temperature of their natural environment. C. funiculosus, for
instance, a species living in the Alps above 3,000 m a.s.l., grows in the range
0–35 �C with optimal growth at 25 �C. This apparent incongruence may be
interpreted as an adaptation to very fluctuating environmental conditions; even in
very cold environments, exposed rock surfaces may reach temperatures 20 �C
above the air temperatures (Nienow and Friedmann 1993; Selbmann et al. 2013a).

Cold often implies a number of additional stressors such as osmotic stress since
the formation of ice crystals leads to lack of water for active life. Black fungi are
actually osmotolerant rather than halophiles but, since in some cold location such
as the Antarctic desert evaporation may be incredibly high and salt may accu-
mulate conspicuously on rock surface, some of them evolved specific adaptation
and may tolerate even considerably high salt concentration. Even if salt tolerance
is not comparable with that of a real halophilic fungus, Cryomyces spp. still
maintain visible growth at NaCl concentration of 25 % (w/v) (Onofri et al. 2007).
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Life on exposed rocks in cold environments, such as mountain tops or Antarctic
deserts, implies resistance to strong solar radiations since exposition may be even
more intense than under hot conditions due to thin atmosphere at mountain tops, or
the ozone hole persisting particularly at the South Pole. Resistance to radiation has
been largely documented in black yeasts. Antarctic species maintain their ability to
germinate after high UV exposition (Onofri et al. 2007) and even space radiations
(Onofri et al. 2012) by resisting, rather than repairing potential DNA damages
(Selbmann et al. 2011).

8.5 Adaptations to Stress: The Importance of Being Simple

Black yeasts have evolved a number of morphophysiological characteristics and
even adopted a lifestyle, allowing them to deal with a wide selection of external
pressures. Their adaptations are so effective that their tolerance may push them
well beyond the natural conditions they normally experience in their natural
environments (Onofri et al. 2008).

Fungi in general have remarkable plasticity and may promptly shift from one
growth form to another according to variation in physical–chemical conditions.
They adopt unicellular growth when immersed in rapidly fermentable sugar or
when they are in their infective phase, as most human pathogens or in vascular
plant diseases; alternatively, they may grow as filamentous form, the ‘‘search for
food’’ growth form, allowing them to inspect the surroundings. Yet, shifting to
meristematic development is less frequent and is the answer of a group of fungi,
particularly black yeasts, to stressing conditions. Many black yeasts may shift
alternatively from filamentous to yeast-like organization or to meristematic growth
according to the external conditions, but, for species living under permanent stress,
the last may became a stable character. Examples of morphological organization of
‘‘cold’’ black yeasts are reported in Fig. 8.1. The advantage of meristematic
development lies in optimizing the volume/surface ratio since it minimizes
exposition to external stressors (Wollenzien et al. 1995).

The dimorphic fungus A. pullulans may switch promptly from small colourless
yeast cells to thick-walled, heavily melanized, meristematic forms (Bermejo et al.
1981) to mitigate environmental stress. This process has been described at the
molecular level (Kogej et al. 2005, 2006; Turk et al. 2007; Gostinčar et al. 2008).

Exophiala dermatitidis can shift into a meristematic form at low pH (de Hoog
et al. 1994). However, several stress-tolerant strains of this species are known to
irreversibly maintain their slowly expanding, meristematic morphology. The same
has been noted even more frequently for the related species E. phaeomuriformis
(Matsumoto et al. 1986). Meristematic and yeast-like strains do not differ in
variable loci of their rDNA (Matos et al. 2003) in these cases, while in other fungal
orders, such as Capnodiales, some sequence divergence has been seen indicating
possible subsequent sympatric speciation (Selbmann, unpublished data).
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Fig. 8.1 Cryomyces antarcticus CCFEE 534 (a); Cryomyces minteri CCFEE 5187 (b);
Cryomyces funiculosus CCFEE 5554 (c); Saxomyces alpinus CCFEE 5470 (d); Elasticomyces
elasticus CCFEE 5319 (e); Recurvomyces mirabilis CCFEE 5264 (f); Friedmanniomyces
endolithicus CCFEE 5208 (g). Scale bars = 10 lm
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Most of cold-adapted rock black yeasts reproduce by isodiametric enlargement
with subdividing cells by production of both longitudinal and horizontal septa.
Some, such as Cryomyces spp., have mostly a yeast-like organization. To gain
success, the extremes black yeasts have learned to save energy: simplification is
essential for these fungi. Differentiation is minimal and they show very short life
cycles, comprising just some black clumps of cells, to be completed during short
periods of time when favourable conditions prevail (Selbmann et al. 2005). The
life cycle in these fungi usually concerns just a few cells that subdivide and fall
apart for passive dispersal. At most, some species exceptionally show some
morphological differentiation, with tiny conidiophores as in Recurvomyces mira-
bilis (Selbmann et al. 2008). The absence in most black yeasts of active and
abundant conidia formation hampered the efficiency of dispersal, and some of
them have adopted surprising means to spread. Rock black yeasts, for instance,
actively penetrate and break up the substratum and are actively dispersed with dust
transported by winds. Current biogeographical data suggest that long-distance
dispersal occurs in rock-inhabiting fungi (Gorbushina 2007; Selbmann et al. 2008,
2013a). However, in few cases, some rock-inhabiting taxa seem to be only present
in unique localities or geographical areas (Selbmann et al. 2005).

Black yeasts, particularly in the class Dothideomycetes, are invariably asexual;
the chaethothyrialean genus Exophiala, for which Capronia as teleomorph is
known, represent an exception. Sex is costly, implying not only the trouble of
finding a mate but also the cost to keep the genetic machinery for recombination
running. Fungal teleomorphs tend to be elaborate, with fruit bodies and specialized
cells in which recombination takes place. In the extreme, as in almost permanent
frozen environments, there is no place and time for all this. Sexuality is a known
driving force in evolution: recombination aids the spread of advantageous traits
over populations and purges the genome of deleterious mutations. If this mecha-
nism is absent, as is the case in clonally reproducing organisms, Muller’s ratchet
applies, harmful mutations accumulate in the course of time and gradually but
inevitably lead to extinction (Muller 1964). Black yeasts seem to be a fundamental
exception to this rule and do not show to miss their sexuality. Apparently, beyond
one certain threshold of stress, asexuality, with perpetuation of few super-adapted
genotypes, seems to be advantageous for survival.

Oligotrophy is another important adaptation of black yeasts, enabling these
fungi to rely only on sparse, airborne nutrients available such as dust; even if some
of them, particularly in the chaetothyrialean lineages, show remarkable degrada-
tive abilities and may digest pollutants such as aromatic compounds (Isola et al.
2013), dothidealean black yeasts are metabolically scarcely competent. They
produce only few metabolites, which are restricted to substances essential for
survival, such as extracellular polymeric substances (EPS), polyols and melanins
(Selbmann et al. 2005; Sterflinger 2006). Considering oligotrophy of typical
environments for black yeasts, the high metabolic costs for synthesizing all these
compounds significantly affect growth velocity of these fungi which typically
show a very slow growth rate. EPS play a fundamental role increasing resistance to
cold conditions by protecting cells from freeze–thawing damages (Selbmann et al.
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2002); moreover, they contribute in creating buffered physicochemical conditions
around the cells and their hygroscopic nature increases success under dry condi-
tions (de los Rios et al. 2003). Cold often implies an osmotic stress due to the lack
of liquid water and salt accumulation due to strong evaporation. A number of
intracellular osmoregulators are accumulated at high concentrations without
interfering with enzyme activity; among these compatible solutes, the disaccharide
trehalose is obligate in several black yeasts (Sterflinger 1998). It is very efficient
for its cryoprotective effects during freezing or desiccation (Weinstein et al. 2000)
acting as stabilizer of enzyme conformation and phospholipid bilayers of mem-
branes, allowing these surprising organisms to survive complete dehydration
(Onofri et al. 2012).

Melanin, together with a thick cell wall with conspicuous incrustations, is for
certain the most important factor to stress resistance in black yeasts. Melanins of
black fungi are different types of high molecular weight pigments produced by
enzymatic coupling of phenolic units; in black yeasts, these are reported as 1,8-
dihydroxynaphthalene (Kogej et al. 2004). They are responsible for the typical
dark green to brown or totally black colour of these fungi and confer them the
ability to survive a number of different external pressures, such as excessive heat
or cold, extreme pH or osmotic conditions, polychromatic UV radiation, and
melanins also seem to mediate tolerance toward metals (Gadd and de Rome 1988;
Gunde-Cimerman et al. 2000; Onofri et al. 2008; Selbmann et al. 2011; Sterflinger
et al. 2012).

Melanin confers also tolerance to ionizing radiation: some melanized fungal
species have been found in nuclear reactors and their cooling water systems
(Zhdanova et al. 2000) which even feed on radiation by using melanins to convert
ionizing gamma radiation into chemical energy by still unknown mechanisms
(Dadachova et al. 2007).

Melanin has also a role in osmoadaptation of black yeasts; in Hortaea wer-
neckii, for instance, it improves glycerol retention within the cells, which act as
osmoregulator, by reducing size of pores in the cell wall (Plemenitaš et al. 2008).
This may help to reduce the cost of supplying energy to transmembrane trans-
porters to maintain intracellular concentration of compatible solutes (Gostinčar
et al. 2011).

8.6 Nutrition

Cold-adapted black yeasts colonize environments, such as polar or alpine areas,
which are strictly oligotrophic and largely unpolluted; therefore, they are adapted
to this nutritional constraints relying on airborne nutrients or living in spatial
association with autotrophic, similarly stress-resistant organisms. Yet, the envi-
ronmental constraints exert a high selective pressure; therefore, black fungi do not
have the trouble to sharpen their competitive abilities but rather to focus on stress
tolerance and survival. The very slow growth rate and ability to shift to dormant
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state even for long periods make them scarcely exigent from a nutritional point of
view; they just need simple sugars for growth or easily degradable polymers such
as starch. Some strains living above 3,000 m a.s.l. in the Alps were found to grow
with scarce efficiency on potato dextrose agar (PDA) medium, rich in starch, if
compared with media containing glucose oligomers. This is probably due to a
reduced ability to produce amylases; in those environments, plants are sparse or
absent at all and starch is expected to be rare. Therefore, these fungi may benefit
from simpler carbon sources such as glucose and other oligomers resulting from
photosynthesis of neighbouring lichens and algae (Selbmann et al. 2013b). Most
black yeasts have a very slow growth rate with no significant increases even when
cultured on rich media; some also maintain visible mycelial growth, even for short
periods, when cultivated on media without carbon sources. This behaviour indi-
cates an extreme adaptation to the oligotrophic conditions of their natural
environments.

The ubiquity of black fungi in polar and alpine locations indicates that, in
addition to their cohabitation with algae, the existence of unconventional pathways
of carbon acquisition or energy gain may be supposed (Gostinčar et al. 2012).
Atmospheric carbon dioxide fixation could exceptionally take place in fungal
metabolism, although it lacks a Calvin cycle comparable with that found in plants.
It was observed, using 14C-labelling, that black fungi isolated from Antarctic
cryptoendolithic communities of the McMurdo Dry Valleys, the closest terrestrial
analogue for Mars, may actually uptake CO2 (Palmer and Friedman 1988). The
authors supposed that Antarctic fungi may actually incorporate CO2 by carbox-
ylation of pyruvate (Moses et al. 1959) as it was reported earlier for a number of
fungi, but a definitive confirmation with a modern approach is still missing. Such
mechanisms might be irrelevant for fungi living in nutrient-rich habitats, but could
represent a life-sustaining option for slow-growing oligotrophic black yeasts in
competitor-free environments.

As already mentioned, black yeasts can also gain energy from unconventional
sources such as ionizing radiations which are then transformed into biochemical
energy by means of melanins. All these unusual abilities to gain carbon and energy
in black yeasts can, in their overall, explain not only the ability to survive, but even
to thrive in environments normally neglected or precluded for most life forms,
such as oligotrophic, exposed rock surfaces.

8.7 Conclusions

Black yeasts are a group of fungi that have remained rather unexplored since
recently due to the difficulties in isolation for the slow growth rate and scarce
competitive abilities, and the troubles in identification due to their poor differen-
tiation and morphological plasticity. The ‘‘omics’’ revolution gave new insights
into the biology of these unconventional organisms. Rapid progresses in
sequencing technologies, for instance, allowed to look deeper into the genomes of
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black yeasts, and we now have a clearer picture of the amplitude of their biodi-
versity (Ruibal et al. 2009), even if it still remains largely unknown, and con-
siderable progresses have been done in shedding light on the origin and evolution
of these organisms (Gueidan et al. 2008, 2011). Particularly in the class Doth-
ideomycetes novel species of black yeasts, often with unclear phylogenetic rela-
tions at order level, are continuously discovered and described (Selbmann et al.
2013a). This suggests that species richness, at least within this class, remains
woefully underestimated.

The understanding of the expression, function and regulation of the entire set of
genes/proteins encoded by fungal genomes is an intriguing challenge, and pro-
teomics is a recent, promising approach to investigate the presence of stress-
associated genes and expressed products and their role in polyextremotolerance
and oligotrophism in black yeasts (Isola et al. 2011). Recent studies gave signif-
icant evidence that black yeasts have a peculiar response to temperature that differs
considerably from the one of common mesophilic hyphomycetes. In particular, it
was observed that black yeasts show a significant decrease in protein expression
when exposed to temperatures above their growth optimum, indicating a down-
regulation of their metabolism, while the mesophilic fungus Penicillium chrys-
ogenum, taken as control strain, expressed the highest number of proteins at 40 �C,
indicating a temperature-induced reaction (Tesei et al. 2012). It is worth investi-
gating in the future if this is a general stress response in this special group of fungi.

Black yeasts are an excellent material of study in many different fields. Their
extraordinary stress tolerance and ability to grow inside the rocks suggested their
possible use as model for astrobiological studies, such as searching life on cold
planets such as Mars or the under ice oceans of Europa, or to study the possibility
of interplanetary transfer of life from one planet to another within meteorites
according to the Lithopanspermia theory (Onofri et al. 2008, 2009, 2012).

Among black yeasts, rock inhabitants equally colonize natural rock or monu-
ment, and due to their extraordinary capacity to penetrate minerals, they are an
attractive subject for applied research in biodeterioration of monuments. Another
fascinating field of research concerns the ability of some of them, particularly the
chaetothyrialean strains, to metabolize aromatic compounds and their possible
exploitation in bioremediation programs (Prenafeta-Boldú et al. 2006); this has
encouraged the search of competent strains in new, unconventional habitats such
as gasoline tanks or soap dispensers of washing machines (Isola et al. 2013). In the
meantime, since assimilation of phenolic compounds and hydrocarbons may
represent a virulence factor enabling to infect the central nervous system which
has a high content of monoaromatic neurotransmitters, it is of utmost importance
to shed light on phylogenetic relations and differences in physio-ecological traits
of black yeasts within Chaetothyriales to control and prevent the spreading of
biohazardous species.

Since the time when black yeasts were just a subject for few specialists, they
have now become an ever-expanding field of study, offering research opportunities
in many basic fields, such as microbial ecophysiology, evolution and adaptation to
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extremes, as well as in applied research, such as human pathogenicity, bioreme-
diation, biodeterioration of monuments and exobiology.
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Chapter 9
Production of Pigments and
Photo-Protective Compounds
by Cold-Adapted Yeasts

Martín Moliné, Diego Libkind, Virginia de Garcia
and María Rosa Giraudo

Abstract The structure of microbial communities in cold environments is not
only shaped by temperature, but also other factors determine which species can
survive. Ultraviolet radiation (UVR) is one of these factors and only microor-
ganisms bearing photo-protective defence mechanisms colonize environments
exposed to high UVR levels. In yeasts collected from Patagonia, among other cold
environments, secondary metabolites such as carotenoids and mycosporines
appeared to be produced as the most frequent photo-protective compounds. Pro-
duction of carotenoids is quite common in cold-adapted yeasts, and some species
produce unique carotenoids, like plectaniaxanthin and astaxanthin, which are not
found in mesophilic species. On the other hand, the production of mycosporines
appears in several yeasts species and has been intensively studied in yeasts isolated
from high-altitude Patagonian lakes, revealing that several cold-adapted yeasts,
including Phaffia and Dioszegia, are mycosporine-producing species. Both com-
pounds effectively protect yeast cells against UVR.
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9.1 Introduction

Cold-adapted microorganisms are capable of developing in low-temperature
environments such as glacial ice, sea ice, and snow covered soils. In the last years,
the occurrence and abundance of cold-adapted yeasts have been widely described
in almost every cold environment, from marine waters, glaciers worldwide, Arctic,
Alpine, and Antarctic ecosystems, to glacially formed water bodies, soils, and
phylloplane (Margesin and Schinner 1994; Vishniac 1996; Gunasekera et al. 1997;
Diaz and Fell 2000; Bergauer et al. 2005; Buzzini et al. 2005, 2012; de Garcia
et al. 2007; Turchetti et al. 2008, 2011; Branda et al. 2010; Connell et al. 2010;
Fernández et al. 2012). An in-depth overview of the biodiversity of cold-adapted
yeasts in worldwide cold habitats is reported in Chaps. 3, 4, 5, 6, 7 and 8. Psy-
chrophiles and psychrotolerant microorganisms are predominant in cold and
temperate environments, because they can survive and even reproduce under these
conditions. However, the structure of microbial communities in such habitats is not
shaped only by temperature, given that additional biotic and abiotic (chemical and
physical) factors determine the full ecological niche and thus the survival and
reproduction of microorganisms. Solar radiation (in particular ultraviolet radiation,
UVR) is one of these factors, and only microorganisms that show mechanisms and/
or strategies to cope with such stress can grow and colonize highly UV-irradiated
substrates. The impact of UVR on cold-adapted microbial communities has been
studied by a few authors (Sommaruga 2001; Fernández Zenoff et al. 2006; Libkind
et al. 2009a; Ordoñez et al. 2009). For the specific case of cold-adapted yeasts,
several photo-protective compounds and enzymes have been identified in response
to UVR stress. In this chapter, we focus on the production of two particular
compounds with high biotechnological value (carotenoid pigments and mycosp-
orines) that are synthesized by several cold-adapted yeast species.
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9.2 UV Radiation in Cold Environments

Solar radiation reaching the Earth surface is divided into three major bands; the
infrared light with wavelengths longer than 800 nm, the visible light or photo-
synthetically available radiation (PAR) between 400 and 700 nm, and the UVR
between 200 and 400 nm. Solar radiation is essential for sustaining life on Earth,
but UVR is extremely harmful and produces different kinds of damage on living
organisms (Diffey 1991). This damage can be caused by two main mechanisms:
(1) when UVR is absorbed by cellular biomolecules (i.e., proteins, DNA, or RNA),
chemical transformations and degradation occur leading to the loss of biological
function; this phenomenon is referred as direct damage; (2) when UVR is absorbed
by an intermediate molecule that generates reactive oxygen species (ROS) that
oxidize other vital cell components, the negative effect is referred as indirect
damage.

Among the detrimental effects caused by UVR in microorganisms are included:
damage in biomolecules like DNA, RNA, proteins, enzymes, lipids, and pigments;
inhibition of many metabolic processes, and a detriment in the growth rate (Häder
1991; Cockell and Knowland 1999; Rothschild 1999). The UVR represents only
the 5 % of the incident solar radiation and is subdivided into three bands. Only
UV-A (between 315 and 400 nm), and UV-B (280 and 315 nm) reach the Earth
surface and have significant effects for life. The highly energetic UV-C radiation is
completely absorbed by atmospheric ozone and oxygen and does not reach the
Earth surface.

The amount of UVR that reaches the Earth’s surface differs widely with latitude
and through seasons. About 85 % of the biosphere is permanently exposed to
temperatures below 5 �C. Most of these environments are concentrated near to the
Arctic and the Antarctic circles or in mountain regions (Gounot 1999; Margesin
and Miteva 2011). At such latitudes, the incidence of sunlight is much lower than
in temperate zones, although during summer the time of sunlight exposition is
longer than near the equator. On the other hand, aquatic environments usually have
high water transparencies and therefore higher penetration of UV radiation into the
water column (Hanelt et al. 2001). Moreover, cold aquatic environments in high-
elevation mountains are exposed to increased UV radiation due to high elevation,
water transparency, and shallowness (Zagarese et al. 1998). Mountain lakes are
extremely transparent, but unlike similarly clear forest lakes, which may be
hundreds of meters deep, mountain lakes are typically shallow (\25 m), while
shallow forest lakes are less transparent (Laurion et al. 2000). As a result, the
biological communities in cold environments are strongly affected by physical
factors such as UVR (Libkind et al. 2009a) and microorganisms living in such
environments need strategies for coping with radiation.
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9.2.1 Damages Caused by UVR

DNA damage is the best known consequence of exposure to UVR (Rothschild
1999) and UV-B is the radiation with more significant effects on this molecule.
There are different types of mutagenic lesions caused by UV-B, the most common
being the formation of cyclobutane-pyrimidine dimers (CPD), which interfere with
basepairing during the DNA replication resulting in the generation of mutations.
Another UV-B-induced damage is caused by the formation of (6–4) pyrimidine/
pyrimidone dimers and its isomers, called Dewar isomers; these dimers are less
frequent than CPD but much more mutagenic. A third type of photo-products is
formed by the photoaddition of a water molecule (H2O) to a pyrimidine. However,
this product is dehydrated in hours, having a relatively less cytotoxic effect
(Vincent and Neale 2000). Although DNA is not a chromophore for UV-A (except
for photons close to 360 nm), UV-A also indirectly exerts cytotoxic and mutagenic
effects. The photons of the UV-A spectrum are absorbed by endogenous photo-
sensitizer molecules, which generate complex lesions, including tandem bases
damage, cross-linking between DNA strands, and cross-linking between proteins
and DNA (Ravanat et al. 2001).

Proteins are also susceptible to UVR damage, even though their absorbance peak
is around 280 nm. The mechanism by which proteins are damaged involves a
complex series of steps in which the UVR is absorbed by a chromophore located
within the protein, causing the rupture and cross-linking of amino acids (Diffey 1991).

Finally, the production of ROS induced by UVR could also have negative
effects for life. ROS is a widespread term to refer to any chemically reactive group
of molecules containing oxygen in its composition. Among them, we can mention
hydrogen peroxide (H2O2), anion hypochlorite (OCl-), radicals such as hydroxyl
(OH�), alkoxy (RO�), and peroxyl (ROO�), superoxide anion (�O2

-), and singlet
oxygen (1O2). ROS are generated as an inevitable component of cellular metab-
olism, particularly during cellular respiration and photosynthesis (Apel and Hirt
2004; Pospíšil 2009). However, sources of stress such as UVR can highly stimulate
their production (He and Häder 2002). Some of these molecules are characterized
by a layer of unpaired valence electrons (free radicals) that become extremely
unstable and rapidly react with other molecules to achieve a stable electronic
configuration. ROS can react with macromolecules such as lipids, pigments,
proteins and even nucleic acids causing damage that can lead to cell death or
apoptosis (Madeo et al. 1999; He et al. 2002; Perrone et al. 2008).

9.2.2 Strategies of Yeasts for Surviving to UVR

Living organisms have different strategies to survive to the damage caused by
UVR, which can be summarized in four main types. The simplest strategy is the
avoidance of the stress by means of behavioral responses in which the organisms
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limit the exposure to UVR by moving to sites with lower levels of radiation.
Although this strategy is common, in non-motile organisms like yeasts, it is
worthless. Other strategies are related with the damage repair, particularly in the
DNA, when the damage has already occurred, or with adaptation to the stress by
changes in physiological mechanisms. But maybe the most significant and wide-
spread strategy for all living beings is the avoidance of the damage by the syn-
thesis of UV-screening compounds. The ability to synthesize photo-protective
compounds varies among phylogenetic lineages; however, different UV-screening
compounds are produced by almost every organism on Earth with the purpose to
reduce the damage before it happens. For example, animals produce melanins but
lack the metabolic pathways to de novo synthesis of carotenoids and mycospo-
rines. Carotenoid production is exclusive to plants and microbes, while the syn-
thesis of mycosporines is apparently restricted to organisms with the shikimic acid
pathway, which is lacking in metazoa. Yeasts are not the exception and production
of screening compounds is common.

In cold environments with high levels of UVR, some yeast species predominate
and are frequently isolated (Libkind et al. 2009a; Brandão et al. 2011; Vaz et al.
2011). The occurrence of photo-protective compounds is widespread among these
yeasts, and their presence has been shown to prevent photodamage. The major
groups of photo-protective compounds in cold-adapted yeasts are carotenoids and
mycosporines. The presence of such yeast species is a sign of their ability to
minimize the damage caused by UVR. Among Patagonian yeasts, carotenogenic
species were found in almost all water bodies, with proportions higher than 50 %
of total yeast counts (Libkind et al. 2006). Such results are comparable to those
found in other aquatic environments with similar characteristics (Libkind et al.
2006). Furthermore, synthesis of mycosporines is frequent in both pigmented and
non-pigmented yeasts, and mycosporine-producing yeasts are frequently isolated
from environments with high UVR levels, including high-altitude lakes and
phylloplane (Libkind et al. 2006, 2009a; Muñoz 2010; Brandão et al. 2011).

9.3 Carotenoids

Carotenoids are natural pigments that occur universally in photosynthetic organ-
ism like plants and algae, and sporadically in some bacteria and some fungi,
including yeasts. Most carotenoids found in nature are tetraterpenoids formed by a
C40 chain (which is considered the backbone of the molecule), produced by the
successive condensation of eight isoprene C5 units in such a manner that the
arrangement of the units is reversed at the center of the molecule (Britton 1995,
2004). The backbone of carotenoids consists in a series of conjugated double
bonds where the p-electrons are highly delocalized conferring a low-energy
excited state. For that reason, these compounds absorb effectively the radiation in
the violet and near UV sector of the visible spectrum (*400–500 nm) (Britton
1995). A minimum of seven conjugated double bonds is enough for the absorption
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of light in the visible spectra. The increase in the conjugated system shifts the
color from yellow to dark red in a maximally desaturated molecule with 15
conjugated double bonds. Besides the basic skeleton of carotenoids may be
modified in various manners, including hydrogenation and dehydrogenation of the
chain, cyclization reactions, isomerization processes, the introduction of oxygen
groups, or a combination of these modifications, giving a large number of different
carotenes. Despite this, carotenoids have been singled out into two groups, the
carotenes that are composed of only carbon and hydrogen, and the xanthophylls
that also have oxygen in their chemical composition.

More than 700 types of carotenes and xanthophylls have been described in
nature exerting a wide range of functions in living organisms (Britton 2004). The
primary role of carotenoids in microorganisms is to quench ROS. The antioxidant
capacity of carotenoids has been observed in bacteria, algae, fungi, and plants
(Britton 2008). In fungi, different functions have been attributed to carotenoids,
i.e., to be precursors of hormones (in the order Mucorales), to protect against ROS
and UVR, and to be associated to membrane lipids modifying the membrane
permeability and thus giving increased cellular resistance to heat, radiation and
oxidation (Lampila et al. 1985; Britton 1995, 2008; Schroeder and Johnson 1995a;
Johnson and Schroeder 1996). Despite the biological role that these compounds
exert, carotenoids are also interesting because they represent a group of valuable
molecules for the pharmaceutical, chemical, food, and feed industries (Ausich
1997).

9.3.1 Carotenoids in Yeasts

Three different groups of Basidiomycota and some Ascomycota species are able to
produce carotenoids that are localized in lipid droplets (Davoli and Weber 2002).
Despite the large number of possible pigments, red yeasts are thought to synthesize
a few carotenoids molecules with typical concentrations ranging from 50 to
350 lg g-1 dry mass (Bhosale 2004; Libkind et al. 2006; Buzzini et al. 2007;
Yurkov et al. 2008). First, studies on the production of carotenoid pigments in
yeasts began in the 1950s (Mrak et al. 1949; Peterson et al. 1954). Up to date, the
synthesis of carotenoids was detected in several yeast genera including Bannoa,
Cryptococcus, Cystofilobasidium, Dioszegia, Erythrobasidium, Lalaria, Occutil-
fur, Phaffia (Xanthophyllomyces), Rhodosporidium, Rhodotorula, Saitoella, Sak-
aguchia, Sporidiobolus, Sporobolomyces and Taphrina (Peterson et al. 1958;
Simpson et al. 1964; Margalith and Meydav 1968; Nam et al. 1988; Martelli and
da Silva 1993; Perrier et al. 1995; Madhour et al. 2005). Early studies to elucidate
the composition of carotenoids in yeasts were carried out by Nakayama et al.
(1954), Peterson et al. (1958) and Simpson et al. (1964) . Four pigments were
identified in different proportions for most species, torularhodin (30,40-Didehydro-
b, w-caroten-160-oic acid), torulene (30,40-Didehydro-b, w-carotene), c-carotene
(b,w-carotene), and b-carotene (b,b-carotene). Of these pigments, torulene, b-
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carotene, and c-carotene are common to most yeasts and can be detected in dif-
ferent species and genera of the subphyla Agaricomycotina, Pucciniomycotina,
and Ustilaginomycotina. By contrast, torularhodin (a xanthophyll product of the
oxidation of torulene) is found only associated with Pucciniomycotina species
(Davoli et al. 2004; Buzzini et al. 2007). Just one derivative of torularhodin has
been reported, 2-hydroxytorularhodin, a rare pigment among yeasts so far
described only in Sporobolomyces coprosmae (Weber et al. 2005). Torularhodin is
most frequently found in the genus Rhodotorula and allies, including several
species found in cold environments, such as Rhodotorula mucilaginosa, Rhodo-
torula colostri, Rhodotorula glutinis, Rhodosporidium babjevae, among others
(Table 9.1).

Regarding other cold-adapted species, it is worth mentioning that the rare
xanthophylls 16-hydroxytorulene and torularhodinaldehyde have been found in
Cystofilobasidium capitatum and Cystofilobasidium infirmominiatum (Herz et al.
2007). Both pigments have been also described for some Rhodotorula species in
minor proportions. Another interesting case is represented by the genus Dioszegia
in which plectaniaxanthin (30,40-didehydro-10,20-dihydro-b, w-carotene-10,20-diol)
is almost exclusively synthesized (Madhour et al. 2005; Moliné 2010). The same
xanthophyll was described also for the yeast Cryptococcus flavescens (Bae et al.
1971), and a derivate, 2-hydroxyplectaniaxanthin, was described for Rhodotorula
aurantiaca (Shan et al. 1973). However, these results and the correct identification
of these two species were never reconfirmed.

Probably, the most unique case of carotenoids produced by cold-adapted yeasts
is that of Phaffia rhodozyma, given it is the only known species capable of syn-
thesizing the biotechnologically relevant astaxanthin (3,30-dihydroxy-b,b0-caro-
tene-4,40-dione) (Andrewes et al. 1976). Astaxanthin, a pigment of high
commercial value in aquaculture (Johnson and Schroeder 1995), represents over
80 % of the total carotenoids produced by P. rhodozyma. Thus, hyperpigmented
mutants of this species are being exploited as a natural source of astaxanthin for
aquaculture feed; though, production levels are limited by the low maximum
growth temperatures of the yeast.

9.3.2 Biosynthesis of Carotenoids in Yeasts

The biosynthetic pathway of carotenoids is relatively well understood. In yeast,
carotenoids are synthetized via the mevalonic acid pathway (Disch and Rohmer
1998). Mevalonic acid is converted to isopentenyl-pyrophosphate through a series
of reactions involving phosphorylation by MVA kinase followed by decarboxyl-
ation, then a series of condensation of isopentenyl-pyrophosphate units result in
molecules of geranyl–geranyl pyrophosphate (GGPP). The carotenoid synthesis
begins with the formation of phytoene from the condensation head to head of two
molecules of GGPP (Tefft et al. 1970; Liaaen-Jensen and Andrewes 1972). In
fungi, a unique enzyme (phytoene desaturase) performs the conversion of phyto-
ene to lycopene by four successive desaturation steps, and for that reason
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intermediates as neurosporene are present only in trace amounts. Finally, lycopene
is modified to generate different carotenoids (Frengova and Beshkova 2009). The
first transformation common for all pigmented yeasts results in cyclization of one
end of lycopene molecule leading to c-carotene. This pigment represents a pre-
cursor and branch point in the synthesis of the other pigments. Cyclization of the
acyclic w end group of c-carotene leads to b-carotene, whereas desaturation at 30,40

position removes two hydrogen atoms to give torulene.
Torularhodin is then formed by the subsequent oxidation of the methyl group at

C-160 as the last step in the biosynthetic pathway. The biosynthetic details have not
yet been completely elucidated; however, it has been proposed that a single
enzyme is responsible for this oxidation and for that reason there are not inter-
mediaries (Goodwin 1980). However, using two different strains, C. infirmo-
miniatum and C. capitatum, Herz et al. (2007) were able to identify three unusual
pigments identified as oxidized torulene derivatives (160-hydroxytorulene, toru-
larhodinaldehyde, and b-apo-20-carotenal). Since torularhodin was not produced
by either species, the authors suggested that these two pigments are intermediates
in the torularhodin biosynthesis.

Details on the synthesis of plectaniaxanthin remain unknown; Madhour et al.
(2005) suggested that plectaniaxanthin originates from torulene by the addition of
water across the C-10,20 double bond and subsequent hydroxylation at C-20. For the
synthesis of 2-hydroxyplectaniaxanthin, Shan et al. (1973) suggested an early
hydoxylation of phytoene at the C-2 position.

On the other hand, the synthesis of astaxanthin has been extensively studied and
most of the enzymes and genes involved in the process have been identified. The
biosynthesis of astaxanthin is produced by enzymatic oxidation and hydroxylation
of b-carotene. Keto-groups are introduced in positions 4 and 40, and the hydrox-
ylation occurs at terminals carbons 3 and 30 of both ionone groups. Originally, it
has been suggested that one enzyme, encoded by the gene CRTS, would be
responsible for this transformation. But recently it was found that a second gene,
which encodes a cytochrome p450 reductase, is necessary for the synthesis of
astaxanthin (Alvarez et al. 2006; Ojima et al. 2006; Alcaino et al. 2008). A
summary of the synthesis of yeast carotenoids is depicted in Fig. 9.1.

9.3.3 Bioaccumulation of Carotenoids Among the Lineages
and Under Different Factors

The proportion and type of carotenoids produced by yeasts is highly variable and
depends on the phylogenetic group to which they belong, and the culture media.
For example, torulene is generally predominant in Rhodotorula minuta and
Sporidiobolus longiusculus; while in R. mucilaginosa and R. glutinis torularhodin
is the major pigment. In some species, like R. babjevae, the produced amounts of
torulene and torularhodin are similar. Other yeasts like R. sphaerocarpum, R.
graminis, Sporobolomyces pagatonicus synthesize predominantly b-carotene
(Sperstad et al. 2006; Buzzini et al. 2007, 2010; Yurkov et al. 2008; Moliné et al.
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2012). As remarked above, the major pigments in Dioszegia species and in P.
rhodozyma are plectaniaxanthin and astaxanthin, respectively. A summary of
different carotenoids produced by pigmented yeasts is shown in Table 9.1.

Many studies pointed out that the concentration and relative proportion of each
pigment is affected by physical and chemical factors such as light, carbon/nitrogen

Fig. 9.1 Plausible biosynthetic pathways for the carotenoids of different yeasts species,
including cold-adapted species Phaffia rhodozyma, Dioszegia sp., Cystofilobasidium capitatum,
Cystofilobasidium infirmominiatum, among others. Lycopene, torulene, c-carotene, and b-
carotene are common to most pigmented yeasts. Absorption maximum refers to the maxima
absorption peaks observed for each pigment in petroleum ether (except were indicated). IPP
isopentenyl-pyrophosphate, GPP geranyl-pyrophosphate, FPP farnesyl-pyrophosphate, GGPP
geranylgeranyl-pyrophosphate; ? is used for non-confirmed data, *1 corresponds to the
biosynthetic pathway proposed by Andrewes et al. (1976) and Ojima et al. (2006). Other
pathways have been proposed, including a monocyclic carotenoid biosynthetic pathway (An et al.
1999), and other variations (see Rodríguez-Sáiz et al. 2010); *2, 160-hydroxytorulene has also
been described as a minor carotenoid in Rhodotorula glutinis and Rhodotorula mucilaginosa
(former Rhodotorula rubra) (Squina and Mercadante 2005). 2-hydroxytorularhodin and 2-
hydroxyplectanixantin are probably synthetized from a hydroxylated phytoene
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relation, temperature, aeration, metals, ions, ROS and solvents (Hayman et al.
1974; Johnson and Lewis 1979; Frengova et al. 1995; Bhosale 2004; Aksu and
Eren 2005; Frengova and Beshkova 2009). For some factors, the responses are
different depending on the species. For example, in P. rhodozyma, a high carbon/
nitrogen (C/N) ratio favors the carotenoid production (Yamane et al. 1997; Flores-
Cotera et al. 2001; Moliné 2010), but in R. glutinis, it is favored by a low C/N ratio
(Sakaki et al. 1999), while in R. mucilaginosa, the specific carotenoid production is
not affected by the C/N ratio (Libkind et al. 2004a; Libkind and van Broock 2006).

Other factors like temperature and pH also affect carotenoid production, and it
seems that optimal culture conditions lead to optimal accumulation of pigments
(Johnson and Lewis 1979). On the other hand, factors like light, aeration, ethanol,
and ROS, which can be detrimental for yeasts growth and survival, generally
produce an increase in the carotenoid production (Tada and Shiroishi 1982a, b; Gu
et al. 1997; Santopietro et al. 1998; Bhosale 2004; Libkind et al. 2004a; Libkind
and van Broock 2006). Moreover, some factors modify the relative concentration
of each pigment. In Rhodotorula and Sporobolomyces, it is common to observe an
increased proportion of torularhodin (Sakaki et al. 2001; Simova et al. 2003), in P.
rhodozyma an increased accumulation of astaxanthin (Santopietro et al. 1998;
Schroeder and Johnson 1993), and the same holds for the pigment plectaniaxanthin
in Dioszegia (Madhour et al. 2005), when these species are exposed to moderate
radiation, high levels of aeration, or to different ROS.

9.3.4 Function of Carotenoids in Yeasts

Yeast carotenoids have been historically associated with the antioxidant activity
that these compounds exert. Some studies suggest that pigments are capable of
compensating the deficiency of certain antioxidant enzymes like superoxide dis-
mutase (SOD) or peroxidase (Schroeder and Johnson 1993). As remarked above, it
has been found that is possible to induce production and accumulation of carotenes
in fungi by adding ROS to the culture media (Schroeder and Johnson 1995b;
Sakaki et al. 2000; Bhosale 2004), and it has been proved that increased production
of carotenoids, in particular torularhodin, decreases the susceptibility to damage by
ROS in R. glutinis and R. mucilaginosa species (Moore et al. 1989; Sakaki et al.
2001, 2002). The ability to inactivate free radicals is determined by the presence of
distinct functional groups in the molecule (Miller et al. 1996). In the particular
case of the torularhodin, quenching activity has not been formally characterized;
however, increasing concentration of this pigment under oxidative stress suggests
that torularhodin plays an important role in protection against free radicals (Sakaki
et al. 2000). Moreover, it has been proved that torularhodin has a higher effect in
the scavenging peroxyl radicals and inhibits substrate degradation by singlet
oxygen more effectively than b-carotene (Sakaki et al. 2002). On the other hand,
aerobic cultures of P. rhodozyma (oxidative environment) produce larger amounts
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of astaxanthin than under microaerophilic growth conditions (Johnson and Lewis
1979), which suggest that this pigment is responsible for protection against ROS.

Over the years, evidence has been accumulated in relation to the potential
photo-protective function of carotenoids in yeast. Relation between carotenoid
content and survival to high intensity radiation (at 632 nm) was first studied by
Maxwell et al. (1966) in R. glutinis. Since then, different studies have recorded red
cells to be more resistant to UVR than white cells. Using different Antarctic yeasts
species Tsimako et al. (2002) found that carotenoid-producing species are more
resistant to UV-B than non-pigmented species. By introducing carotenoid bio-
synthesis genes into Saccharomyces cerevisiae Méndez-Álvarez et al. (2000)
showed that transformant strains able to produce a torularhodin-like pigment had
higher survival to UV-B than the parental strain. On the other hand, we approached
the analysis of the photo-protective function of carotenoids using a set of wild
cold-adapted Patagonian pigmented and albino strains of C. capitatum and
Sporobolomyces ruberrimus. Albino strains invariably resulted in being less tol-
erant to UV-B exposure than pigmented strains, and a direct relationship between
carotenoid content and survivorship in C. capitatum was observed (Libkind et al.
2006; Moliné et al. 2009). Finally, with a numerous set of R. mucilaginosa and P.
rhodozyma strains, a significant positive relationship between intracellular carot-
enoid concentration and UV-B survival was observed. In R. mucilaginosa, the
carotenoid content had a correlation higher than 57 % with UV-B survival (Moliné
et al. 2010). Even when considering the physiological variability found among
strains and the potential presence of alternative photo-protection strategies,
carotenoids appear as a significant factor in improving resistance to UV-B.
Analysis of carotenoid content pointed out that torularhodin in R. mucilaginosa
(Moliné et al. 2010) and astaxanthin in P. rhodozyma (Moliné 2010) provided
effective photo-protection, while other carotenoids like b-carotene showed a lack
of correlation with survival to UV-B. The formation of CPDs was independent of
cell survival and carotenoid content, thus indicating that the photo-protective
activity of carotenoids it is not direct. How these pigments protect yeasts against
UV detrimental effects has not yet been elucidated.

9.4 Mycosporines

Mycosporines is a broad term to describe two molecules, mycosporines sensu
stricto and mycosporine-like aminoacids (MAAs), but the use of both terms is
misleading. In this chapter, mycosporines is used to refer to molecules with a
cyclohexenone core, while MAAs refers to molecules with a cyclohexenimine core
(Bandaranayake 1998).

Mycosporines and MAAs are water-soluble compounds that contain a cyclic
unit, cyclohexenone or cyclohexenimine, respectively, attached to an amino acid
or amino alcohol, with the only exception of gadusol and deoxygadusol. These
structures possess at least two conjugated double bonds, which can be extended to
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three and four in some MAAs. For this reason, mycosporines and MAAs absorb
radiation in the UV-B, with maximum absorbance at 296 nm for gadusol and
deoxygadusol (in water at pH [ 7, and at 268 nm in other solvents or at lower pH)
(Arbeloa et al. 2010, 2011), at 310 and 320 nm for mycosporines and nor-my-
cosporines, which possess a OH group in C2, and at 320–360 nm for MAAs
(Bandaranayake 1998; Carreto and Carignan 2011). There are more than a dozen
of amino acids and amino alcohols described in different mycosporines and
MAAs; however, only serine, alanine, a-amino alcohol serinol, pyroglutamic acid
and the related pairs glutamine–glutaminol and glutamic acid–glutamicol were
described in fungal mycosporines (Arpin et al. 1977; Arpin and Bouillant 1981;
Young and Patterson 1982; Favre-Bonvin et al. 1987; Leite and Nicholson 1992;
Volkmann et al. 2003; Sommaruga et al. 2004).

More than 30 mycosporines and MAAs have been described in microorgan-
isms, and different functions have been attributed to these compounds (Sinha et al.
2007). Since these compounds absorb light with high efficiency in the UV spec-
trum, and their synthesis is stimulated in the presence of photosynthetically active
radiation and UV radiation (Karsten et al. 1998; Sinha et al. 2001; Libkind et al.
2004b), the primary function assigned was to act as photo-protective UV filters
(Garcia-Pichel and Castenholz 1993; Klisch et al. 2001; Shick and Dunlap 2002;
Torres et al. 2004).

In recent years, it was suggested that MAAs and mycosporines could play other
roles. The antioxidant capacity of mycosporine-glycine, gadusol and deoxygadusol
was demonstrated in vitro (Suh et al. 2003; Yakovleva et al. 2004; Arbeloa et al.
2010, 2011) and was suggested for others MAAs (Zhang et al. 2007; Tao et al.
2008); however, its biological significance is yet unknown (Oren and Gunde-
Cimerman 2007). These molecules could also play a role in osmoregulation, since
the concentration of MAAs and mycosporines in the cell of some microorganisms
appears to be related with the salinity of the medium (Oren 1997; Portwich and
Garcia-Pichel 1999; Kogej et al. 2006). However, some authors question the
biological significance of MAAs in osmoregulation processes (Portwich and
Garcia-Pichel 1999). Other functions attributed include resistance to thermal
stress, to act as accessory pigments in photosynthesis, to serve as intracellular
nitrogen storage (Oren and Gunde-Cimerman 2007), and in sea hares, their role as
intraspecific chemical alarm cues has been documented (Kamio et al. 2011;
Kicklighter et al. 2011).

9.4.1 Mycosporines in Fungi and Yeasts

Mycosporines were initially discovered in fungal sporulating mycelia, and a series
of observations, including that mycosporines were only synthesized during spor-
ulation, led to conclude that they have a reproductive role in fungi (Leach 1965;
Leach and Trione 1966; Trione et al. 1966). However, few years later, the spo-
rogenic character of mycosporines has been questioned (Ende and Cornelis 1970),
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and recently, it has been shown that mycosporines act as inhibitors of spore
germination of the filamentous fungus Colletotrichum graminicola (Leite and
Nicholson 1992). First, mycosporines were isolated from fungi of the subphylum
Pezizomycotina. In 1965, Leach suggested the presence of at least four different
compounds, which showed an absorbance maximum at 310 nm and different
retention times in ion exchange columns. Later, Trione et al. (1966) confirmed the
occurrence of three distinct fractions that were subsequently identified, showing
that they all had an identical cyclohexenone core attached to a glutaminol, glu-
tamicol, glutamine, or pyroglutamic acid. Moreover, in some cases, these forms
were combined with a glucose molecule (Favre-Bonvin et al. 1976; Arpin et al.
1977; Young and Patterson 1982). The existence of different forms of mycospo-
rines was questioned by Pittet et al. (1983a). The presence/absence of the gly-
cosylated form and small amounts (\5 % of total) of the amino acid form
(glutamicol) could be the result of the formation of ‘‘artifacts’’ in the process of
extraction and purification. Additionally, the pyroglutamic acid form could be due
to the dehydration of glutamicol. With these considerations, only a single my-
cosporine would exist in fungi, the mycosporine-glutaminol-glucoside (MGG).
However, Volkmann et al. (2003) observed that the forms glutaminol and glu-
tamicol are present in the fungal genera Coniosporium and Sarcinomyces, inde-
pendently of the extraction or purification method. Therefore, their presence
cannot always be attributed to artifacts.

It was not until recently that mycosporine synthesis was reported in yeasts by
Libkind et al. (2004b) who found that a number of cold-adapted basidiomycetous
yeasts synthesized a UV-absorbing compound (maximum absorption at 310 nm)
when grown under photosynthetically active radiation. This mycosporine was
identified as MGG (Sommaruga et al. 2004), with typical concentrations ranging
from less than 1 to 40 mg g-1 (Libkind et al. 2004b, 2011b; Moliné et al. 2011).
MGG has the general formula C19H32N2O11 and consists of a cyclohexenone
attached to a glutaminol and glucose molecule. Its molecular weight is
464.5 g mol-1 and corresponds to the major mycosporine fraction found in fila-
mentous fungi. The characteristic absorbance at 310 nm is due to the structure of
cyclohexenone with two conjugated double bonds. The degree of resonance
delocalization in a molecule affects not only the absorption maximum but also the
value of their extinction coefficient (Carreto and Carignan 2011). Mycosporines
possess an oxygen in the enone group with higher electronegativity than the
nitrogen of MAAs imine affecting the resonance delocalization and therefore the
extinction coefficient. In MGG, the molar extinction coefficient is 25,000 M-1

which is almost half the one reported for other MAAs. Despite this relative low
extinction coefficient, MGG content represents a large proportion of yeast cell dry
mass reaching up to 40 mg g-1. This concentration is larger than that observed in
other microorganisms producing MAAs, like the cyanobacteria Nostoc commune
(2.4 mg g-1) or Gleocapsa sp. (8–9 mg g-1) (Scherer et al. 1988; Portwich and
Garcia-Pichel 1999).
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9.4.2 Biosynthesis of Mycosporines in Yeasts

The synthesis of mycosporines and MAAs has not been completely described, but
in the last years, great advances were achieved. First studies on the synthesis of
mycosporines were performed in the filamentous fungus Trichothecium roseum
using labeled precursors, and it was concluded that the synthesis of mycosporines
was related to the shikimic acid pathway; therefore, the authors proposed that the
precursor of the six-carbon ring was 3-dehydroquinate (3-DHQ) (Favre-Bonvin
et al. 1987). Further studies showed that glyphosate, an inhibitor of the shikimic
acid pathway affecting the enzymes 5-enolpyruvylshikimate-3-phosphate (EPSP)
synthase, 3-deoxy-7-phosphoheptulonate synthase, 3-DHQ synthase (Herrmann
and Weaver 1999; Knaggs 2003), reduced MAAs synthesis in the corals exposed
to UV radiation (Shick et al. 1999). Finally, the discovery of gadusol and de-
oxygadusol allowed a better understanding of the possible intermediates in the
metabolic pathway (Grant et al. 1980), although it was observed that the de-
oxygadusol in bacteria of the genera Vibrio sp. and Pseudoalternomonas sp. could
be produced by oxidation of MAAs (Masaki et al. 1996). A model in which
3-dehidroquinate is the precursor of deoxygadusol, which was later used for
mycosporines and MAAs synthesis, was proposed. However, this model was
recently rejected by Balskus and Walsh (2010).

Using a Bioinformatic approach, Singh et al. (2010) identified a set of putative
genes involved in the biosynthesis of mycosporines, including a DHQ-like syn-
thase and a O-methyltransferase that were present only in mycosporine-producing
microorganisms; however, no experimental evidence accompanied this report.
Later, Balskus and Walsh (2010) identified the same MAA genes in the cyano-
bacteria Anabaena variabilis and Nostoc punctiforme. These authors cloned and
expressed the complete gene cluster in E. coli providing indisputable evidence of
the role of these genes in mycosporine synthesis. A cluster of four genes was found
to be responsible for the conversion of sedoheptulose 7-phosphate precursor into
the MAAs shinorine. A dehydroquinate synthase (DHQS) homolog, 2-epi-5-epi-
valiolone synthase, and an O-methyltransferase convert the sedoheptulose 7-
phosphate into 4-deoxygadusol, after which an ATP-grasp homolog and a non-
ribosomal peptide synthase attach glycine and serine to generate mycosporine-
glycine and shinorine. The DHQS homolog, O-methyltransferase and ATP-grasp
were also identified in nine fungal species (Balskus and Walsh 2010); however,
none of these were known to produce mycosporines.

In cold-adapted yeasts, homologous genes were recently reported in P. rho-
dozyma. Genome mining allowed the localization of the hitherto unknown gene
cluster responsible for MGG synthesis. This cluster contained three genes (DHQS-
like, O-methyltransferase, and ATP-grasp) common to other mycosporine-pro-
ducing organisms though with significant modifications, in particular in the gene
responsible of the ATP-grasp synthesis (Libkind et al. 2011a). All the genes were
absent in non-mycosporine-producing strains with available genomes (Libkind
2013, unpublished data). It is highly probable that DHQS-like and
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O-methyltransferase identified in yeasts are responsible for the synthesis of 4-
deoxygadusol. However, the role of ATP-grasp identified in P. rhodozyma has not
been yet clarified. Two hypotheses can be posed. If we adopt the model proposed
by Balskus and Walsh (2010), ATP-grasp adds a glycine which is then replaced by
glutaminol (or a glutamine). The second hypothesis posed that ATP-grasp of fungi
added the glutaminol directly (Favre-Bonvin et al. 1987), or a glutamine which is
subsequently reduced (Bernillon et al. 1984). Finally, the glucose could be
transferred from one molecule of uridine diphosphate glucose by a specific glu-
cosyltransferase (Pittet et al. 1983b). The proposed mycosporine pathway for
yeasts is depicted in Fig. 9.2.

Fig. 9.2 Plausible biosynthetic pathways for mycosporines in yeast, adapted from Balskus and
Walsh (2010), Bernillon et al. (1984) and Favre-Bonvin et al. (1987). Genes involved in the
synthesis of 4-deoxygadusol have been identified in Phaffia rhodozyma. Asterisk mycosporine-
glycine has never been reported in fungi, but according to the Balskus and Walsh (2010) model, it
could be an intermediate in MGG synthesis and rapidly replaced by a glutamine or a glutaminol
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9.4.3 Bioaccumulation of Mycosporines Among the Lineages
and Under Different Factors

Mycosporine production was shown to be a species-specific trait exclusive of
certain taxonomic groups. Certain species were able to produce mycosporines after
photostimulation, while others did not. The hypothesis that mycosporine synthesis
is a plesiomorphic character in fungi seems more parsimonious than a hypothetical
appearance of a similar biochemical pathway producing an identical compound in
multiple phylogenetically diverse lineages (Libkind et al. 2005, 2011b).

In ascomycetous yeasts and dimorphic fungi (i.e., those fungi which can grow
in hyphal or yeast form), significant concentrations of mycosporine-glutaminol-
glucoside and mycosporine-glutamicol-glucoside were reported in species of the
orders Dothideales and Capnodiales (subphylum Pezizomycotina) and Taphrinales
(subphylum Taphrinomycotina) (Gunde-Cimerman and Plemenitaš 2006; Kogej
et al. 2006; Muñoz 2010). However, it seems to be missing in the subphylum
Saccharomycotina.

In basidiomycetous yeasts, only mycosporine-glutaminol-glucoside has been
reported. However, a second mycosporine compound was detected in HPLC
chromatograms for a few strains of the genus Cryptococcus, and of the species
Rhodotorula pallida, Rhodotorula marina, Rhodotorula lamellibranchi, and
Sporobolomyces clavatus. This compound might probably correspond to the glu-
tamicol form but has not been confirmed yet (Libkind et al. 2011b). Without
exception, none of the strains of mycosporine-negative species did produce my-
cosporines, while strains of mycosporine-positive species were able to produce
them. Within the subphylum Pucciniomycotina, mycosporine-producing species
were reported in the class Cystobasidiomycetes (with the exception of the Nao-
hideales), in the class Agaricostilbomycetes, in the monotypic class Mixiomycetes,
(Mixia osmundae), and in Septobasidiales as the only known mycosporine-pro-
ducing group within the class Pucciniomycetes (Libkind et al. 2011b). In the
Agaricomycotina, mycosporines species were reported in the order Tremellales. On
the contrary, species of the order Cystofilobasidiales did not produce mycosporines
(Libkind et al. 2005) with the only exception of the species P. rhodozyma and the
genus Udeniomyces (Libkind et al. 2011c). The consistent occurrence of my-
cosporines and carotenoids in some specific phylogenetic groups has potential
applications in yeast systematics (Libkind et al. 2005). Moreover, it can be applied
for the rapid identification of the cold-adapted yeast P. rhodozyma among other
pigmented species. P. rhodozyma produces MGG and astaxanthin (Libkind et al.
2008, 2011c) both compounds are released when ethanolic extraction at high
temperatures is applied. The resulting characteristic UV–visible spectrum allows
the unequivocal identification of this species (Tognetti et al. 2013).

The constitutive production of MGG in all these groups is in most cases
undetectable, and when detectable, it does not exceed 1 mg g-1 (Libkind et al.
2004b, 2011c; Moliné et al. 2011). The highest constitutive MGG accumulation
was found in the Patagonian strain R. minuta CRUB 76, and in the collection
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strains Erythrobasidium hasegawianum PYCC 4584T and R. marina PYCC 5050T.
All strains exposed to PAR ? UV showed more than twofold higher MGG pro-
duction compared with growth in the dark. Dependence between radiation inten-
sity and wavelength, and accumulation of mycosporines and MAAs has been
widely described for most mycosporine-producing organisms (Carreto et al. 1989;
Bandaranayake 1998; Hoyer et al. 2002; Klisch and Häder 2002; Kräbs et al. 2004;
Singh et al. 2008). In the particular case of yeasts, photoinduction using UVR and
PAR was first observed in Rhodotorula and Cryptococcus species (Libkind et al.
2004b), and this phenomenon is a general response in all mycosporinogenic yeast
species (Moliné 2010; Libkind et al. 2011c).

Other factors affecting MAAs accumulation in different organisms have been
identified, including osmotic stress, thermal stress, and nitrogen supply; however,
studies regarding the influence of these factors on yeasts are scarce. Osmotic stress
can induce the synthesis of MAAs in some cyanobacteria (Portwich and Garcia-
Pichel 1999; Singh et al. 2008). Using different halophilic and halotolerant strains
Kogej et al. (2006) observed that mycosporine production is strongly stimulated
when grown in 10 % (w/v) salt, leading to the idea that mycosporines could act as
a supplementary compatible solute. However, more recently, they reported that
this role is not relevant (Kogej et al. 2007). On the contrary, in P. rhodozyma and
Dioszegia sp, salinity affects negatively mycosporine accumulation (Moliné 2010).
Higher nitrogen concentration in the culture media also has significant effects on
the synthesis of MAAs and mycosporines. In the cyanobacterium A. variabilis, the
synthesis of MAAs is clearly favored in the presence of ammonium (Singh et al.
2008). In P. rhodozyma, accumulation of MGG is highly favored when peptone is
added to culture media, reaching a production of 93 mg g-1 dry mass (Moliné
2010). Recently, we identified other factors affecting the production of MGG in
this species, including ethanol and different ROS, such as H2O2, singlet oxygen
and hydroxyl radical. Ethanol is recognized for the stimulation of carotenoid
production (Gu et al. 1997); however, it severely affects MGG accumulation. On
the contrary, ROS has different effects. While singlet oxygen and hydroxyl radical
decrease the accumulation of mycosporines, low concentrations of H2O2

(0.01 mM) added to culture media increased the accumulation of mycosporines by
17 % (Moliné 2010).

9.4.4 Photo-Protective Role of Mycosporines in Yeasts

Since their discovery, the function of mycosporines and MAAs has never been
fully clarified, and as mentioned above, several authors suggested that they could
be multipurpose metabolites. For MAAs, most evidences support their importance
as photo-protective and antioxidant compounds. However, these studies refers to
indirect evidences like, photoinduction of MAAS synthesis, correlation between
MAAs content and irradiance in different locations over the world (Oren and
Gunde-Cimerman 2007), and theoretical models of self-shading (Garcia-Pichel
1994).
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The photo-protective role of fungal mycosporines was first proposed by Brook
(1981), based on the fact that spores produced in light had higher survival and
mycosporine concentrations than those of spores produced in the dark. However,
evidence was not conclusive since light could also affect other unknown photo-
protective mechanisms. When discovered in yeasts, Libkind et al. (2004b) sug-
gested a photo-protective role, and other hypotheses like its role in reproduction
and in osmoregulation were instantly discarded given that these microorganisms
reproduced asexually and were inhabitants of cold ultraoligotrophic lakes (Libkind
et al. 2004a, b, 2005; Sommaruga et al. 2004).

More recently, using a set of Cryptococcus stepposus and P. rhodozyma strains,
a high correlation between survival to UV-B and MGG concentration was
observed. This correlation was significant when isolates were cultured under light
and a sufficient concentration of mycosporines had accumulated. Moreover,
damage of DNA (measured by CPD accumulation) observed after UV-B irradia-
tion was negatively related to MGG accumulation. This is an indication that MGG
protects yeasts against the harmful effects of UVR avoiding the direct damage of
DNA (Moliné 2010; Moliné et al. 2011).

The mycosporine-glutaminol-glucoside is more stable than other MAAs studied
so far. The photostability of MAAs has been described by Conde et al. (2000,
2004, 2007) for porphyra-334, shinorine and palythine, which supported the role of
MAAs as potent and stable UV absorbers (Whitehead and Hedges 2005). In this
sense, MGG is highly stable and thus could act as a natural sunscreen in these
microorganisms. An antioxidant activity of this molecule was also detected. The
ability of MGG to act as a quencher of singlet oxygen is comparable with that
reported by Suh et al. (2003). The antioxidant activity of mycosporine-glycine has
been reported in marine organisms (Dunlap and Yamamoto 1995; Yakovleva et al.
2004) and it is likely that MGG has a similar function in yeasts.

9.5 Ecological Relevance of Photo-Protective Compounds
in Yeasts

Little research has been performed to assess the ecophysiological significance of
photo-protective compounds (carotenoids and mycosporines) in yeasts. Comparing
the proportion of carotenoid-producing yeasts, the synthesis of carotenoids and
mycosporine-glutaminol-glucoside and the UV-B tolerance of yeasts isolated from
high-altitude lakes (above 1,400 m.a.s.l.) and piedmont lakes (around
700 m.a.s.l.), a greater proportion of carotenogenic yeasts was found in former
relative to the latter lakes. However, no differences were detected in the consti-
tutive carotenoid concentration between yeast strains isolated from both groups of
lakes. Among pigmented yeasts, mycosporine-synthesizing species were poorly
represented in aquatic environments exposed to high UVR (Libkind et al. 2009a).
Interestingly, more than 70 % of non-pigmented yeast species found in mountain
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lakes were able to produce UV-absorbing compounds such as MGG. Strains iso-
lated from high-altitude environments produced significantly higher amounts of
mycosporines than those from piedmont lakes (Libkind et al. 2006).

Maybe the most emblematic cold-adapted species isolated from highly UVR-
exposed environments is the carotenoid-producing yeast genus Dioszegia. Isolates
of Dioszegia have the highest survival to UV-B radiation recorded so far (Libkind
et al. 2009a; Moliné 2010) and the isolates studied showed the highest levels of
mycosporines. The high UV-B survival can be explained by the production of both
metabolites in Dioszegia spp. and helps clarify why it is common in high mountain
lakes (Libkind et al. 2009a) and phylloplane (Inácio et al. 2005; Madhour et al.
2005; Wang et al. 2008). Another frequent species isolated in these environments
is R. mucilaginosa, which produces high concentrations of the photo-protective
carotenoid torularhodin (Libkind et al. 2009a; Moliné et al. 2010). A significant
intraspecific variability in the UVR tolerance of this species was found. R. mu-
cilaginosa isolates obtained from highly transparent mountain lakes were more
tolerant to UV-B than those recovered from less transparent water bodies (Libkind
et al. 2009a). This is an example of how an ubiquitous species like R. mucilaginosa
can adapt to high UVR exposure.

9.6 Conclusions

In this chapter, the photo-protective role in yeasts of two families of secondary
metabolites has been addressed. Carotenoid pigments, potent antioxidant com-
pounds that mainly afford photo-protection by the intracellular quenching of ROS
generated by UVR (indirect damage), are present in a few phylogenetically lin-
eages primarly of basidiomycetous yeasts of which many include cold-adapted
species and genera (i.e., Rhodotorula, Rhodosporidium, Sporobolomyces, Dios-
zegia, Cystofilobasidium, Phaffia, etc.). Yeast carotenoids are chemically diverse
and specific pigmented compounds are produced by each phylogenetic group.
Among cold-adapted pigmented yeast species, unique and biotechnologically
relevant carotenoids are produced, the most relevant case being the xanthophyll
astaxanthin (P. rhodozyma). The production of carotenoid pigments was shown to
be an advantageous trait for yeasts thriving in highly transparent water bodies in
Patagonia. On the other hand, mycosporines, in particular MGG, are chemically
sunscreen molecules that can absorb UV-B wavelengths and thus avoid direct
UVR damage. The phylogenetic distribution of MGG is more widespread com-
pared with carotenoids, although less chemically complex since only MGG has so
far been detected for yeasts. This photo-protective compound is not almost only
restricted to basidiomycetous as is the case for carotenoids. It is clear that cold
environments normally are exposed to high UV irradiances mainly due to high
latitude and/or altitude. Production of MGG in yeasts is favored under such
conditions as denoted by the large numbers of cold-adapted species that are able to
synthesis such metabolite. Given that UVR is an important force in structuring
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yeast community composition, the ability of yeasts to synthesize carotenoids and
mycosporines becomes at least part of the adaptive suite of mechanisms needed for
exploiting highly UV-exposed cold habitats.
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Chapter 10
Changes in Lipids Composition
and Fluidity of Yeast Plasma Membrane
as Response to Cold

Nina Gunde-Cimerman, Ana Plemenitaš and Pietro Buzzini

Abstract In order to function properly, plasma membranes have to preserve a
suitable dynamic state of the bilayer even in changing environments, which alters
their fluidity. This is achieved by active restructuring of membrane lipids com-
position. Perturbations in membrane structure determined by environment may
result in significant disruption of its physiological function. Accordingly, its
composition is modified as response to environmental changes. Because the fluid
state of plasma membrane is mandatory for proper functioning, organisms exposed
to changes in the environmental conditions alter their membrane lipid composi-
tion, to maintain membrane lipids in a lamellar liquid crystalline phase, and avoid
the formation of a lamellar gel phase. One of the main adaptative mechanisms to
overcome the negative effect of cold is the ability to finely adjust phospholipid
composition and physical properties of their plasma membranes. The minimum
growth temperature of a given organism is reached when the degree of fluidity of
its plasma membrane becomes too low for allowing the trans-membrane-nutrient
transport. Yeasts have long served as an attractive model of a eukaryotic system
for studying the regulation of lipid biosynthesis and thermal adaptation of the
plasma membrane: the ability of psychrophilic, psychrotolerant and mesophilic
yeasts to change the composition of phospholipids may suggest that the extent of
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such changes may be an important controlling factor, which determines the yeast
growth temperature limits and limits for their distribution in the environment.
In this chapter, some essential aspects of the changes in lipids composition and
fluidity of yeast plasma membrane as response to cold are reported.

Keywords Plasma membrane � Lipid composition � Fatty acid unsaturation �
Fluidity
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10.1 Introduction

Membranes form a framework, which compartmentalises the different biochemical
processes of the cell, controlling movement of substrates and products and pro-
viding the anchorage for enzymes and carriers. Besides, they form a continuous
dynamic system, the composition of which differs in individual organelles and
regions of the cell. To function properly, membranes have to preserve a suitable
dynamic state of the bilayer even in changing environments, which alters their
fluidity. This is achieved by active restructuring of membrane lipids composition.

The choice of different lipid species is very large. No other class of biological
molecules displays a greater diversity of structure over such a narrow range of
physical and chemical parameters, so close to physiological conditions. Conse-
quently, environmentally induced perturbations in membrane structure may result
in significant disruption of its physiological function. Plasma membrane can be
considered the initial sensor of external stress conditions. Its composition is
modified as response to environmental changes. For proper functioning, it must be
in a fluid state, and therefore, organisms exposed to changes in the environmental
conditions alter their membrane lipid composition by synthesising a proper
combination of acyl chain and polar head group structures, to maintain membrane
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lipids in a lamellar liquid crystalline phase and avoid the formation of a lamellar
gel phase (Gostincar et al. 2009). In this way, membrane functionality is main-
tained (Los and Murata 2004; Morgan-Kiss et al. 2006).

Four strategies seem to be utilised in adapting membrane composition
according to the prevailing environmental and physiological conditions:

1. changes in the acyl chain structure;
2. changes in the polar head group structure;
3. changes in the amount of sterols; and
4. reshuffling of acyl chains to form new lipid molecular species without changing

the average acyl chain composition (Russell 1989; Rilfors and Lindblom 2002).

In spite of biochemical pathways being strongly affected by low temperatures,
cold-adapted organisms can grow and metabolise at rates similar to those achieved
by closely related species living in temperate habitats (Raspor and Zupan 2006).
One of the main adaptative mechanisms to overcome the negative effect of cold is
the ability to finely adjust chemical (lipid) composition and physical properties of
their plasma membranes (Watson and Rose 1980; Watson 1987; Madigan et al.
1997; Gerday et al. 2000; Chintalapati et al. 2004; Raspor and Zupan 2006;
Vishniac 2006; Shivaji et al. 2007). Below the minimum growth temperature of a
given organism, the degree of fluidity of its plasma membrane becomes too low for
allowing the trans-membrane-nutrient transport (Madigan et al. 1997).

Yeasts are due to their complex membrane organisation, rapid growth repro-
duction and relative genetic simplicity and, last but not least, due to the availability
of a number of mutant strains deficient of some key genes encoding various
aspects of lipid metabolism, an attractive model of a eukaryotic system for
studying the regulation of lipid biosynthesis and thermal adaptation of the plasma
membrane (Arthur and Watson 1976; Daum et al. 1998, 1999; Gaspar et al. 2007).
Yeasts exhibit marked qualitative and quantitative variations in composition of
their plasma membranes. The ability of psychrophilic, psychrotolerant and mes-
ophilic yeasts to change the composition of phospholipids, such as the unsaturation
degree of fatty acids, suggests the extent of such changes may be an important
controlling factor, which determines the yeast growth temperature limits and limits
for their distribution in the environment (Raspor and Zupan 2006; Shivaji and
Prasad 2009).

Some fundamental aspects on the changes in lipids composition and fluidity of
yeast plasma membrane as response to cold are treated in this chapter.

10.2 Fundamentals on Yeast Plasma Membrane

The existence of a plasma membrane is essential for the life of yeasts as single cell
entities. This structure represents the primary barrier for the passage of hydrophilic
molecules and prevents cytoplasm contents mixing freely with external aqueous
environment. Like to other eukaryotic homologous structures, the yeast membrane
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can be described as a lipid bilayer mixed together with a number of globular
structural and functional proteins, which form a fluid mixture. Chemical compo-
sition, molecular anatomy and functional characters of yeast plasma membranes
have been extensively reviewed in the past decades (Henschke and Rose 1991; van
der Rest et al. 1995; Höfer 1997; Walker 1998). Phospholipids (glycerophos-
pholipids and sphingolipids) are the major class of membrane lipids, together with
glycolipids, sterols and according to some reports other neutral lipids. The amount
of individual membrane lipids can vary greatly due to the developmental stage,
experimental conditions and methodology used. Most data derive from entire
membrane systems or even total lipids, rather than from the separate analysis of
individual membrane fractions.

The species Saccharomyces cerevisiae is currently used as a model for studying
the organisation of plasma membrane in the yeast world. In this species, the
thickness of membrane is about 7.5 nm with occasional invaginations protruding
into the cytoplasm (Walker 1998). The plasma membrane of S. cerevisiae is highly
enriched in sterols and sphingolipids, saturated species of phosphatidylserine (PS)
and phosphatidylethanolamine (PE) (Schneiter et al. 1999). The lipid components
found in the yeast plasma membranes include (Walker 1998):

1. phospholipids, primarily phosphatidylcholine (PC) and phosphatidylethanol-
amine (PE), with only minor amounts of phosphatidylinositol (PI), phosphati-
dylserine (PS) and phosphatidylglycerol (PG);

2. sterols, mainly ergosterol and zymosterol, with only minor proportions of
fecosterol and lanosterol.

Sterols are essential lipid components of eukaryotic membranes. They are
responsible for a number of important physical characteristic of the membranes,
such as regulation of membrane permeability, fluidity and stability. Sterol mole-
cules are of a suitable shape to lock across the fatty acid chains of the polar lipids,
thus increasing the chain order in liquid crystalline state (condensing effect) and
decreasing it in the gel state (liquefying effect). A decrease in the ratio of sterols to
phospholipids indicates an increase in membrane fluidity, provided that compen-
satory changes in other membrane components do not occur.

The arrangement of phospholipid molecules in membranes results from the
polar head group being oriented towards the cytoplasm and the hydrophobic fatty
acid chains directed inwards, towards the fatty acid chains of the opposite lipid
layer. The several types of phospholipids present in membranes differ in their polar
groups, and the fatty acids within the individual phospholipid classes vary in both
chain length and degree of unsaturation. Through the introduction of one or more
double bonds the configuration of the fatty acid chains is altered, affecting the
fluidity of the membrane (Losel 1990). Structural roles of the major phospholipids
in membranes of yeast cells correspond to those established for other eukaryotes.
In fluctuating environmental conditions, the remodelling of the membrane phos-
pholipids by changes in chain length, saturation or positions of fatty acids can
facilitate the maintenance of membrane structure and permeability. In short,
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phospholipids confer fluidity and the sterols confer rigidity to yeast plasma
membranes (Walker 1998).

Synthesis of phospholipids in S. cerevisiae occurs via pathways that are gen-
erally common to those exhibited by higher eukaryotic organisms (Carman and
Henry 1999; Gaspar et al. 2007; Carman and Han 2011). The pathways for the
synthesis of major phospholipids in S. cerevisiae are presented in Fig. 10.1.

The relative amount of the phospholipids in yeast plasma membranes vary with
growth conditions (e.g., carbon source, nutrient availability, temperature, growth
phase, etc.) and with genetic variations (Rattray et al. 1975; Becker and Lester
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Fig. 10.1 General scheme of phospholipid synthesis pathways in Saccharomyces cerevisiae.
Acyl-DHAP acyl dihydroxyacetone phosphate, Cho choline, CL cardiolipin, CTD-Cho cytidine
diphosphate choline, CTD-DAG cytidine diphosphate diacylglycerol, CTD-Etn cytidine diphos-
phate ethanolamine, DAG diacylglycerol, DHAP dihydroxyacetone phosphate, Etn ethanolamine,
Glu-6-P glucose-6-phosphate, Gly-3-P glycerol-3-phosphate, Ino inositol, Ino-3-P inositol-3-
phosphate, LysoPA lysophosphatidic acid, PA phosphatidic acid, PC phosphatidylcholine, PDE
phosphatidyldimethylethanolamine, PE phosphatidylethanolamine, PG phosphatidylglycerol,
PGP phosphatidylglycerophosphate, PI phosphatidylinositol, PME phosphatidylmonomethyleth-
anolamine, PS phosphatidylserine, TAG triacylglycerol
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1977; Carman and Henry 1989; Paltauf et al. 1992; Chen et al. 2007). Phospholipid
synthesis in yeasts is a complex process that is regulated by complex genetic
determinants and biochemical mechanisms (Carman and Zeimetz 1996; Carman and
Henry 1999, 2007; Carman and Kersting 2004; Carman and Han 2006, 2007; Chen
et al. 2007; Chang and Carman 2008) and its regulation is interrelated with the
synthesis of other major lipid classes (i.e., fatty acids, triacylglycerols, sterols, and
sphingolipids (Carman and Henry 1999; Carman and Han 2006, 2011; Dickson 2008;
Gaspar et al. 2008; Malanovic et al. 2008; Rajakumari et al. 2008) (Fig. 10.1).

10.3 Changes of Plasma Membrane Lipid Composition
as a Response to Cold

The major response of membrane composition to a change in temperature is an
alteration in the fatty acid component of lipids. Microorganisms counteract the
propensity for membranes to rigidify at lower temperature by adapting to the
conditions in order to maintain a more or less constant degree of membrane fluidity
(homoeoviscous adaptation) (Hazel and Williams 1990). Thus, a low-temperature
stress initiates a co-ordinated response by fatty acid desaturases and dehydrases
induction which in turn increases the ratio of polyunsaturated to saturated fatty
acids and/or (but less frequently) actually decreases the length of the fatty acid
chains in the membrane (AI-Fageeh and Smales 2006). At low temperatures, an
increase in the proportion of unsaturated fatty acids (UFAs) and/or to a lesser extent
shortening of fatty acids occurs. The resulting increase in UFAs content causes
membrane lipid fluidity to return to its original state, or close to it, with concurrent
restoration of normal cellular activity at the lower temperature (Mansilla et al.
2004; Phadtare 2004). Thus, cold tolerant individuals have a higher proportion of
unsaturated lipids incorporated into membrane lipids, related to decreased physical
order of the resulting bilayer. This effect more or less overcomes the ordered,
rigidifying effects of cold and has been invoked as an explanation of both capacity
and resistance cold adaptation at the level of the whole organism (Cossins et al.
2002). Composition of phospholipids, almost exclusively concentrated in the
plasma membranes, is therefore an excellent parameter for the study of membrane
structure and functionality. It can be concluded that the effects of low temperatures
on the thickening of membrane bilayers are detrimental for both prokaryotic and
eukaryotic organisms (including yeasts). So, the regulation of membrane fluidity
and functionality can be realised through above-mentioned changes in phospholipid
composition, consisting in incorporation of unsaturated, short-chain, or even
branched fatty acids (White et al. 2000; Chintalapati et al. 2004; Feller 2007).
Among them, the extent of unsaturation of fatty acids is the most thoroughly
investigated mediator of cold adaptation (Russell 1997; Guschina and Harwood
2006; Morgan-Kiss et al. 2006; Rodriguez-Vargas et al. 2007; Rossi et al. 2009).

The precise mechanism whereby yeasts adjust the composition of phospholipids
of plasma membranes in dependence to growth temperature is not completely
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known. The first conventional approaches involved the study of either desaturases
or fatty acid synthetases, which act by regulating the unsaturation degree and
varying the chain length of fatty acids, and are specific for different yeast species.
The adjustment of the activity of those enzymes could be considered the basis of
the adaptation mechanisms exhibited by either psychrophilic or mesophilic yeasts,
in order to restore membrane bilayer fluidity (via modification of fatty acid
unsaturation degree or reduction in chain length) at low temperatures. Pugh
and Kates (1975) early found that the desaturase system of Candida lipolytica
(anamorph of Yarrowia lipolytica), which uses oleyl-CoA as substrate, is appar-
ently involved in the modification of membrane fatty acid composition after
growth at low temperatures. On the other hand, Okuyama et al. (1979) showed that
S. cerevisiae responded to changes in growth temperature by varying the activity
of a specific fatty acid synthetase, in order to produce more palmitic acid (C16:0)
than stearic acid (C18:0) residues and to convert palmitic acid into palmitoleic acid
(C16:1) at lower temperatures. Consequently, the ratio between palmitic and
stearic acid of S. cerevisiae plasma membranes increased from 1.5 to 5.3 when
growth temperature decreased at 5 �C.

Kates et al. (1984) found the existence of an inverse relationship between yeast
membrane fluidity and phospholipid desaturase activity, which enables self-
regulation of membrane fluidity by the cell desaturase system. Interestingly, addi-
tional studies reported that S. cerevisiae overexpressed the D9 desaturase system
(which is the key enzyme regulating the synthesis of unsaturated fatty acyl-CoAs) at
low temperatures (Stukey et al. 1989; Nakagawa et al. 2002; Martin et al. 2007).

As above reported, phospholipid biosynthesis in yeasts is carried out by a
network of highly regulated complex pathways (Fig. 10.1), where the deletion of
some key genes could determine an important impact on the phospholipid
composition of the plasma membrane. Accordingly, some studies identified a few
genes coding the synthesis of phospholipids in S. cerevisiae membranes, which are
apparently involved in cold adaptation (Blusztajn 1998; McGraw and Henry 1989;
Clancey et al. 1993; Trotter et al. 1993; Redón et al. 2012).

Differences in both composition and unsaturation degree of fatty acids between
psychrophilic and mesophilic yeasts have been found in the past years (McMurrough
and Rose 1973; Arthur and Watson 1976; Watson et al. 1976, 1978; Watson 1978;
Rossi et al. 2009). Watson et al. (1976) proposed the use of a suitable Unsaturation
Index (UI) in order to compare the unsaturation degree of membrane phospholipids
of different yeast species grown at different temperatures:

UI ¼ percentage ofmonoenesþ 2(percentages dienes)
þ 3(percentages trienes)=100

Despite its indubitable utility, a few authors questioned the use of UI for accurate
comparison yet, and proposed it just for estimating a tendency, as this index is
affected by inter- and intraspecific variability, medium, cell growth phase and
additional interfering parameters (Vishniac 2006; Rossi et al. 2009). For example,
the concentration of dissolved oxygen may be an additional parameter affecting the
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UI detectable at various temperatures, mainly because aerobiosis is mandatory for
reactions catalysed by fatty acid desaturase enzymes (Arthur and Watson 1976;
Raspor and Zupan 2006). Accordingly, Watson (1987) reported the direct desatu-
ration of palmitic acid to its mono-unsaturated counterpart (palmitoleic acid) in S.
cerevisiae and Kazachstania bovina (formerly Torulopsis bovina) grown under
anaerobic conditions.

10.3.1 Changes in Mesophilic Yeasts

The UI of some mesophilic yeasts grown at different temperatures is reported in
Table 10.1. Overall, with the sole exception of strains belonging to the species
S. cerevisiae, a general trend of increasing fatty acid unsaturation with decreasing
growth temperature was observed.

In parallel with this common tendency, a variable profile of fatty acids as response
to cold was also described. Arthur and Watson (1976), who early studied the
membrane phospholipid composition of the species Candida saitoana, Clavispora
lusitaniae, K. bovina, Kazachstania slooffiae and Kazachstania telluris (formerly
Torulopsis candida, Candida parapsilosis, T. bovina, Candida slooffiae and Sac-
charomyces telluris, respectively), revealed a correlation between the growth tem-
perature and both the degree of fatty acid unsaturation and the changes in

Table 10.1 Fatty acid unsaturation in mesophilic yeasts grown at different temperatures

Species Original taxonomic
designation

Growth temperature
(�C)

UIa References

Candida saitoana Torulopsis candida 15 1.42 Watson and
Rose (1980)

Candida sake T. austromarina 0 1.87 Watson and
Rose (1980)

Candida sake T. austromarina 15 1.44 Watson and
Rose (1980)

Kluyveromyces
marxianus

4 1.06 Rossi et al.
(2009)

Kluyveromyces
marxianus

18 0.98 Rossi et al.
(2009)

Kluyveromyces
marxianus

30 0.75 Rossi et al.
(2009)

Saccharomyces
cerevisiae

4 0.74–0.77b Rossi et al.
(2009)

Saccharomyces
cerevisiae

18 0.59–0.62b -

Saccharomyces
cerevisiae

30 0.60–0.73b Rossi et al.
(2009)

Yarrowia lipolytica Candida lipolytica 10 1.07–1.27b Kates and
Baxter (1962)

a UI Unsaturation index calculated according to Watson et al. (1976)
b Range of different strains belonging to the same species
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phospholipid profile. Interestingly, Rossi et al. (2009) found that some mesophilic
yeasts (belonging to the species Kluyveromyces marxianus and S. cerevisiae) syn-
thesised at 4 �C a higher percentage of palmitoleic acid (39.7 %) than those observed
in psychrophilic or psychrotolerant species (2.3 and 0.4 %, respectively), in agree-
ment with previous studies (Suutari et al. 1990). Concurrently, both species produced
a lower content of oleic (C18:1), linoleic (C18:2) and linolenic (C18:3) acids.

Comparative studies on plasma membrane composition of Candida utilis
(anamoprh of Lindnera jadinii), Lipomyces starkeyi, Rhodosporidium toruloides,
S. cerevisiae and Yarrowia lipolytica (formerly Candida oleophila) revealed that
all above four mesophilic species exhibited changes in the absolute amounts of
fatty acids and in the fatty acid profile within their growth temperature range
(Suutari et al. 1990). Three different patterns of adaptation to low temperatures
were observed:

1. S. cerevisiae exhibited temperature-induced changes in the form of variation of
fatty acid chain length, as also demonstrated by Okuyama et al. (1979). The
fatty acid content of this species and the C16/C18 ratio increased with
decreasing temperature. On the contrary, the unsaturation degree was virtually
unaltered (Suutari et al. 1990). This evidence, firstly suggested by Hunter and
Rose (1972), was also confirmed by Watson (1987) and by Rossi et al. (2009).
All these authors found that S. cerevisiae did not undergo significant changes in
the degree of fatty acid unsaturation at low temperatures (Table 10.1).

2. Conversely, R. toruloides exhibited adjustment in the degree of fatty acid
unsaturation as the preferred way to react to temperature changes: the level of
palmitic acid remained unchanged and the concentration of palmitoleic acid
was low within the whole temperature range (Suutari et al. 1990).

3. Finally, C. utilis, L. starkeyi and Y. lipolytica were found to use both above
responses, by switching from one reaction to another depending on whether the
growth temperature was above or below a given threshold (empirically fixed at
20–26 �C). Below 20–26 �C the ratio between C:16/C:l8 fatty acids of plasma
membranes increased with decreasing temperature, analogously to the response
exhibited by S. cerevisiae. According to Davis et al. (1981) and Coolbear et al.
(1983), the shortening of the chain length and the insertion of the first double
bond in a given fatty acid provokes a much greater effect on phospholipid
fluidity than that realised by the insertion of subsequent double bond(s). This
might explain the increasing content of monoenoic acids as response to low
temperature. More recently Suutari et al. (1997) confirmed that, when the
temperature decreased from 26–20 to 10 �C, the fatty acid chain length of
C. utilis also shortened, due to the increase in palmitoleic acid. In parallel,
intracellular triacylglycerols accumulated as the temperature decreased from
26–20 to 10 �C. On the other hand, the fatty acid unsaturation of C. utilis
increased with decreasing growth temperature from 40 to 26–20 �C, due to the
increased concentration of linolenic acid in plasma membrane phospholipids.
At the same time, an equal phosphatidylcholine and phosphatidylethanolamine
or more pronounced phosphatidylinositol and phosphatidylserine decrease
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occurred in fatty acids characterised by with lower unsaturation degree and,
consequently, the cellular fatty acid content decreased as the temperature was
reduced from 40 to 26–20 �C (Suutari et al. 1997).

10.3.2 Changes in Psychrophilic and Psychrotolerant Yeasts

The UI of some psychrophilic and psychrotolerant yeasts grown at different
temperatures is reported in Table 10.2. Like to closely related mesophilic species,
a common tendency of increasing unsaturation with decreasing growth tempera-
ture was generally observed in both psychrophilic and psychrotolerant yeasts.

Arthur and Watson (1976) and Watson (1987) early reported that plasma
membranes of psychrophilic yeasts are rich in mono- and poly-UFAs and observed
an inverse relationship between growth temperature and the unsaturation degree of
membrane lipids: the lower the temperature, the greater the degree of fatty acid
unsaturation. The same authors also hypothesised that the high percentage of poly-
UFAs (e.g. linoleic and linoleic acid, characterised by low-melting points) found
in psychrophilic yeasts would permit plasma membrane to remain sufficiently fluid
to allow proper functioning of metabolic processes at low (even sub-zero) tem-
perature. In some psychrophilic yeasts, the UFAs constituted 50–90 % of the total
fatty acid composition (Shivaji and Prasad 2009).

The species Mrakia frigida (formerly classified as Leucosporidium frigidum,
Leucosporidium gelidum and Leucosporidium nivalis) was early considered as a
model for the study of physiology of the psychrophilic yeasts (Watson et al. 1976).
This species grew well till -1 �C and exhibited a strong correlation between the
growth temperature and the unsaturation degree of membrane phospholipids.
At sub-zero temperatures, UFAs were about 90 % of the total fatty acids, with
linolenic (35–50 %) and linoleic (25–30 %) acids predominating. On the contrary,
at temperatures close to the maximum for growth, linolenic acid accounted for less
than 20 % of the total fatty acids, whereas oleic (20–40 %) and linoleic (30–50 %)
acids were the major components (Watson et al. 1976). Interestingly, Arthur and
Watson (1976) postulated the formation of hydrogen bonds between the amino
groups of phosphatidylethanolamine (occurring in high amount in M. frigida
plasma membrane) and the water molecules: this may serve as an additional
mechanism to retard ice formation at sub-zero temperatures. Moreover, the same
authors suggested a correlation between the degree of fatty acid unsaturation of
mitochondrial membranes and the temperature domain of the same species (Arthur
and Watson 1976; Watson et al. 1976).

More recently, Thomas-Hall et al. (2002) analysed the fatty acid profile of plasma
membrane of Cryptococcus statzelliae and Cryptococcus victoriae (both isolated
from Antarctica) grown at 15 �C. The UFAs predominated: about 50 % were oleic
acid, 30 % linoleic acid, 7 % linolenic acid and 10 % palmitic acid. Besides,
Thomas-Hall and Watson (2002) found that the psychrophilic species Cryptococcus
nyarrowii exhibited significantly higher amounts of linolenic acid (3–10 %) and no
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palmitoleic acid in comparison with S. cerevisiae, which synthesised 30–40 %
palmitoleic acid, but no linolenic acid. These results were consistent with previous
findings reporting the fatty acid profile of some Antarctic yeasts (Watson 1987).
Likewise, Rossi et al. (2009) found that some psychrophilic species, namely
Glaciozyma watsonii, Leucosporidiella creatinivora, Mrakia robertii (former Leu-
cosporidium sp., Rhodotorula creatinivora and Mrakia sp., respectively) and Rho-
dotorula glacialis, grown at 4 �C in a carbon-rich medium, exhibited a significantly
higher unsaturation degree of membrane phospholipids than those observed in some
psychrotolerant species (i.e., Cryptococcus gilvescens and Rhodotorula laryngis),
mainly due to their higher amount of linolenic acid (16.8 %). Moreover, the per-
centage of oleic and linoleic acids in psychrophilic yeasts was significantly higher
than that observed in mesophilic ones (Rossi et al. 2009).

10.3.3 Changes in Yeast Plasma Membrane Fatty Acid
Composition During the Growth Phases

A few studies revealed that the changes of composition of plasma membrane
phospholipids (i.e., profile and unsaturation degree of fatty acids) in both psy-
chrophilic and mesophilic yeasts are also partially dependent by their growth phase
(McMurrough and Rose 1973; Watson 1987).

The most manifest changes were observed during the logarithmic phase of
growth. In early exponential-growth cultures of C. utilis, a decrease in incubation
temperature from 20 to 5 �C resulted in a dramatic decrease (0.21–0.09) of the
ratio between palmitic and the sum of mono- and poly-UFAs (palmitoleic ?

oleic ? linolenic ? linolenic acids oleic acids) and in a parallel increase
(0.73–1.12) of the ratio between linolenic and linoleic acids (McMurrogh and Rose
1973). On the contrary, the same variation in incubation temperature gave a less
pronounced effect on the fatty acid composition of late exponential-growth cul-
tures: the ratio between palmitic and the sum of mono- and poly-UFAs decreased
from 0.21 to 0.13, whereas the ratio between linolenic and linoleic acids increased
from 0.44 to 1.12 (McMurrogh and Rose 1973).

More recently, Thomas-Hall and Watson (2002) reported that Antarctic strains of
C. nyarrowii grown to late exponential phase exhibited no manifest changes in their
fatty acid profile across a temperature gradient (2–22 �C). On the contrary, yeast
cells grown to stationary phase at 6 �C (14 days) or 15 �C (5 days) showed a higher
percentage (50–52 %) of linolenic acid than cells grown to exponential phase, which
exhibited a lower content of linoleic (18–22 %) and palmitic (12–15 %) acids.
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10.4 Yeast Plasma Membrane Fluidity as Determinant
of Adaptability to Stressful Conditions

It has been postulated that a change in membrane fluidity might be the primary
signal in the perception of cold stress and, possibly, of osmotic stress. It is very
likely that the rigidification of membrane lipids at low temperatures and under
hyperosmotic stress is the primary trigger for the corresponding acclimatory
responses in cells. The existence of sensors that perceive changes in the physical
state of the membrane, disregarding the nature of the stress, is postulated (Swan
and Watson 1997; Simons and Toomre 2000; Beney and Gervais 2001; Los and
Murata 2004). This would make membranes not just a target of adaptations to
environmental conditions, but also a crucial part of the mechanism, involved in
triggering the adaptations. Membrane fluidity as an indicator of cell environment
would also explain, why many stress responses are common regardless of the kinds
of stress (Russell et al. 1995; Russell 2008). As proposed by Panadero et al.
(2006), the fluidity of the cell membrane might be a key factor to integrate the
sensing mechanism of cold and hyperosmolarity. This phenomenon of cross-
protection points on one hand on the existence of a general stress response, while
on the other hand, each stress leads to a particular gene expression profile. The
fluidity of the membranes may represent a base for the general stress response,
which is complemented by additional sensory pathways that fine-tune the adap-
tations in dependence of the nature of the environmental insult.

Extremophilic organisms are usually determined by the maxima of physico-
chemical parameters, such as temperature, defining their growth ranges. Although
temperature growth ranges can be very useful in determining the ecological type of
the species, they might not be sufficient indicators of their adaptability to extreme
conditions. The growth optima determined under in vitro conditions can be very
different from those realised in natural habitats. For instance, Antarctic rock-
inhabiting meristematic black fungi, also called black yeasts, show optimal growth at
significantly higher temperatures than those to which they are usually exposed in
their natural environment (Selbmann et al. 2005). Some stenothermal glacial yeasts,
such as Rhodosporidium diobovatum, can have a very narrow optimal temperature
range, while other glacial inhabitants show eurythermal behaviour. In these cases,
in vitro determined thermal ranges are insufficient determinants of their psychro-
philic nature and of the level of exposure to stress in their natural environments. Since
survival in a changing environment depends on the maintenance of an optimal level
of membrane fluidity within the lipid matrix, one of the traits that enables a better
classification of their ecotype might be membrane fluidity, represented by K value,
and its fluctuation in combination with temperature profile might enable classifica-
tion of microbes according to their specialisation and adaptability. The average
membrane K value, calculated from fluidity coefficients of a particular fungus grown
and measured at different temperatures, demonstrated clustering offungi into distinct
groups with (1) more fluid membranes (Arctic R. diobovatum), (2) with membranes
of intermediate fluidity (Aureobasidium sp., Aureobasidium pullulans,
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Cryptococcus liquefaciens, Rhodotorula mucilaginosa, and S. cerevisiae), and (3)
with more rigid membranes (extremely halotolerant black yeasts of the species
Hortaea werneckii). Studies on salt adaptation of H. werneckii suggested its spe-
cialisation to high salinity, which was confirmed by the ability of this species to
maintain its membrane fluidity at a certain value over a range of salinities (Turk et al.
2004, 2011). Apparently, this type of specialisation disables adaptation also to low
temperatures. Similarly, in R. diobovatum, higher average membrane fluidity could
prevent
its adaptation to hypersaline conditions. In contrast, the plasma membrane of
Aureobasidium sp., which was isolated exclusively from the ice of Arctic glaciers,
with its intermediate fluidity and high variation under changing temperatures might
indicate the specialised nature of this black yeast, since high fluidity variation is
negatively correlated with yeast survival under environmental stress (Simonin et al.
2008). This data suggest its adaptation to a very narrow range of conditions, which
limits the distribution of this species outside the glaciers. Similar plasma membrane
characteristic with slightly lower average membrane fluidity (higher K value) was
observed also in mesophilic S. cerevisiae, which might prevent its colonisation of
extreme environments. On the other hand, different varieties of A. pullulans,
C. liquefaciens, and Rh. mucilaginosa with less fluctuating plasma membranes of
intermediate fluidity are representatives of globally distributed, phenotypically
plastic generalist species with a broad amplitude of ecological tolerance, which can
thrive in a variety of extreme environments where competition with other mesophiles
is limited. The marine halotolerant yeast Debaryomyces hansenii showed similar
responses in relation to pH changes. In the range of pH 6–8, its plasma membrane
fluidity was hardly affected, while low pH (pH 4) caused a significant decrease in
membrane fluidity, indicating that at pH 4 cells are struggling to survive. On the other
hand, salt did not have a significant effect on the membrane fluidity and the relative
proportions of domains were almost the same in cells growing without salt or at high
NaCl concentrations (Turk et al. 2007).

10.5 Conclusions

Yeasts generally display broad temperature optima and can also thrive in the
environments that are well outside of their optimum. Temperature growth range is
thus not enough to properly describe the ecological type of the species. Membrane
fluidity may add valuable information about their preference for certain conditions
and can serve as a suitable indicator of psychrotolerance and freeze-thaw resis-
tance, both crucial for successful adaptation to extreme cold environments. In
addition to the average fluidity of plasma membrane, the fluctuation of fluidity is
an important determinant of stress tolerance: high absolute fluidity fluctuation is
tied to decreased survival. The fluidity and its variation thus reflect survival
strategy and fitness and are good indicators of the adaptability of microorganisms.
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Chapter 11
Cold-Shock Response and Adaptation
to Near-Freezing Temperature
in Cold-Adapted Yeasts

Masayori Inouye and Sangita Phadtare

Abstract Yeasts, such as Saccharomyces cerevisiae, are exposed in their natural
habitat to ambient temperatures. They can form colonies at 4 �C and can grow at
10–18 �C. Therefore, the temperature downshift to 10 �C is a moderate cold stress
for yeasts. Thus, there is no dramatic induction of cold-shock proteins (CSPs) upon
temperature downshift from 30 to 10 �C. On the other hand, the response observed
at near-freezing temperatures is more likely to represent the strong cold-shock
response for yeasts. The changes in yeast plasma membrane fluidity are the pri-
mary signal triggering the cold-shock response. The responses of the yeast cell to
temperature downshift to 10 �C can be categorized into three phases. The early
and mid-phases are characterized by the initial up-regulation of a number of genes
that are associated with the transcriptional machinery, which is then followed by
an up-regulation of the translational machinery in the mid-phase. The third phase
is characterized by the transcriptional activation of typical stress-marker genes, for
example, the heat-shock protein (HSP) genes, and genes that are involved in the
cellular processes of metabolism and signal transduction. On the other hand, it has
been shown that the cold-induced accumulation of trehalose, glycerol, and HSPs
plays a crucial role in protecting the yeast cells against freeze injury. Each of these
three cryoprotectants is discussed in detail, along with the relevance of these
studies for biotechnological application of yeasts.
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11.1 Introduction

Microorganisms that encounter changes in temperatures in their natural habitat are
equipped with cellular mechanisms to respond and adapt to these changes. The
heat shock causes well-defined damage to the cells, mainly via protein unfolding
or denaturation. Cold shock on the other hand may affect the cell at various levels
such as stabilization of secondary structures in nucleic acids, hindering tran-
scription and translation, membrane fluidity, ribosome function, and protein
folding. However, microorganisms have mechanisms to adapt to cold stress to
survive at low temperatures.

Cold-shock adaptation at temperatures above freezing has been quite exten-
sively investigated in bacteria, such as Escherichia coli, which encounters cold-
shock stress as a result of excretion from animals, as well as in Bacillus subtilis
(Ermolenko and Makhatadze 2002; Weber and Marahiel 2003; Phadtare 2004;
Phadtare and Severinov 2010). Bacteria have evolved several mechanisms to
overcome the detrimental effects caused by low temperatures using adaptive
strategies for each of the above-mentioned challenges. For example, the decrease
in membrane fluidity is counteracted by increasing the proportion of unsaturated
fatty acids (UFAs) in the membrane lipids, by shortening the fatty acid chain
length or by altering fatty acid branching from iso to anteiso (Kaneda 1991). An
extensive review of changes in lipid composition and fluidity of yeast plasma
membrane in response to cold is reported in Chap. 10. The stabilization of sec-
ondary structures in DNA and RNA impedes mRNA elongation during tran-
scription, as well as ribosomal movement of mRNAs during translation. In E. coli,
immediately following a temperature downshift, a major cold-shock protein
(CSP), CspA, and its homologs are dramatically induced. These CSPs function as
RNA chaperones, which destabilize the secondary structures in RNA and thereby
facilitate transcription and translation (Jiang et al. 1997; Bae et al. 2000; Phadtare
et al. 2002). During this period, called the ‘‘acclimation phase,’’ translation of non-
CSPs is reduced. In order to overcome the low-temperature-induced problems in
ribosomal assembly, in E. coli, two low-temperature-specific ribosome assembly
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factors, RbfA and CsdA, are produced. These associate with the 30S and
50S subunits, respectively, and facilitate production of non-CSPs (Xia et al. 2003;
Charollais et al. 2004). Cold-shock-induced protein misfolding and denaturation
are not as severe as that seen in case of heat shock. Chaperones like trigger factor
(Kandror and Goldberg 1997) are produced to aid in proper folding of proteins at
low temperature. Production of heat-shock protein (HSP) chaperones, such as
GroEL, has also been reported for E. coli. In addition, certain sugars, such as
maltose, are also implicated for their protective effect during cold-shock adapta-
tion of E. coli (Phadtare and Inouye 2004).

11.2 Cold-Shock Response in Yeasts

A comparison of the cold-shock response with adaptation mechanisms between
E. coli and yeasts belonging to the species Saccharomyces cerevisiae immediately
throws light on a fundamental difference between these two microorganisms.
Yeasts in their natural habitat are exposed to ambient temperatures, whereas
enteric E. coli grows at warm temperatures inside the animal body and are exposed
to ambient temperatures outside of animals. As mentioned above, E. coli contains
a number of cold-shock-specific proteins that are required only for growth at low
temperatures but not at 37 �C. In contrast, in S. cerevisiae cells, there is no
dramatic induction of CSPs upon temperature downshift from 30 to 10 �C. There
is only a modest (twofold–threefold) increase in the concentration of pre-existing
proteins.

Yeasts can form colonies at 4 �C and can grow at 10–18 �C. Therefore, the
temperature downshift to 10 �C is a moderate cold stress for yeasts. Thus, at this
temperature, in yeasts, it is not necessary to produce high amounts of cold-shock-
specific proteins except for a moderate increase in the proteins required for
ribosomal assembly and translation. On the other hand, the response observed at
near-freezing temperatures, which is not observed in E. coli, is more likely to
represent the strong cold-shock response for yeasts. Also, for these organisms, it is
much more critical to survive at or below freezing temperatures than it is for
E. coli, which has a reservoir in animals.

Among yeasts, the cold-shock response of S. cerevisiae has been well studied
(Al-Fageeh and Smales 2006; Aguilera et al. 2007). Several approaches such as
low-temperature, global transcript profiling using DNA microarray analysis
(Sahara et al. 2002; Homma et al. 2003) or differential mRNA display (Rodriguez-
Vargas et al. 2002) have been used to explore the genes that are induced by cold
shock in this organism. As mentioned above, yeast cells in general exhibit a more
moderate cold-shock response than that observed in bacterial systems upon a shift
from 30 to 10 �C. The cold-shock response of yeasts can be categorized based on
the range of temperature, such as the moderate cold-shock response observed at
10–18 �C and cold-shock response observed at 10 �C or less (near-freezing
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temperatures) (Al-Fageeh and Smales 2006). The general aspects of the cold-shock
response and adaptation in yeasts are schematically represented in Fig. 11.1.

11.2.1 Yeast Cellular Thermosensors for Cold Shock

The cell uses various thermosensors such as cytoplasm membrane, nucleic acids,
and ribosomes to sense changes in temperature (Klinkert and Narberhaus 2009).
The adaptive changes in the membrane lipid composition represent probably the
most highly conserved cold-shock response among bacteria. For example, in
E. coli, it has been noted that temperature downshift causes the usual liquid
crystalline nature of the membrane to change to a gel phase. The temperature
downshift leads to an increase in the proportion of UFAs in the membrane
phospholipids, which have lower melting points and greater degree of flexibility
than phospholipids containing saturated fatty acids. This change, which counter-
acts the negative effect of low temperature on the physical state of the lipid bilayer,
is known as the homeoviscous adaptation (Sinensky 1974). In E. coli, the enzyme
b-ketoacyl-acyl carrier protein (ACP) synthase II is activated at low temperature
and mediates the conversion of palmitoleic acid to cis-vaccenic acid, the UFA that
is prominent upon cold shock in E. coli (Garwin and Cronan 1980; Garwin et al.
1980).

In the cyanobacterium Synechocystis sp., it was shown that temperature
downshift leads to the reduction in the membrane fluidity, which in turn plays a
role in the subsequent signal transduction (Inaba et al. 2003; Los and Murata
2004). Genes encoding fatty acid desaturases played a vital role in this phenom-
enon by modulating membrane rigidity with respect to temperature. In Synecho-
cystis sp., the expression of these desaturase genes upon cold shock is controlled

Fig. 11.1 Schematic representation of cold-shock response in yeasts
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by the histidine kinase Hik33 (Suzuki et al. 2000, 2001). Hik33 is an integral
membrane protein that functions as a cold sensor. Similarly, DesK, an integral
membrane protein in B. subtilis (Aguilar et al. 2001), acts as cold sensor. Overall,
these observations suggested that changes in the physical state of the membrane
caused by a temperature downshift are recognized by cold sensors anchored in the
membrane. In addition to its role in sensing cold temperatures, Hik33 has also been
shown to regulate the expression of genes induced by the osmotic stress in Syn-
echocystis sp. (Mikami et al. 2002). Thus, one can speculate that both osmotic
stress and cold stress can be sensed by common mechanisms.

In yeasts, changes in the physical state of the membrane act as a primary signal
of a change in temperature (Vigh et al. 1998). It was demonstrated that a mem-
brane lipid perturbation causes induction of the heat-shock genes in yeasts (Carratu
et al. 1996). In addition, Sln1p, a known yeast histidine kinase sensor, has been
implicated in its cold-sensing mechanism (Panadero et al. 2006). Similar to Hik33,
Sln1P is also implicated in both cold stress and osmotic stress. Sln1p, together with
Ypd1p and Ssk1p, forms a phosphorelay system, which transmits the osmotic
stress signal through the high-osmolarity glycerol (HOG) pathway, the most
important osmotic-stress-responding pathway in S. cerevisiae (Hohmann 2002;
Westfall et al. 2004). This pathway is also activated by compounds, such as
dimethylsulfoxide (DMSO), that modulate the physical state of the membrane
(Panadero et al. 2006). DMSO has been reported to mimic the changes in mem-
brane fluidity caused by a significant decrease in temperature and leads to the
activation of several cold-induced mitogen-activated protein kinases (MAPKs)
(Orvar et al. 2000). Thus, Sln1p may be functioning under both of these stresses,
being activated by similar mechanisms (Hayashi and Maeda 2006; Panadero et al.
2006). In spite of the similarities in the mechanism of sensing of temperature
changes in bacteria and yeasts, it was observed that instantaneous cold shock leads
to an irreversible rigidification of the membrane of exponentially growing cells of
E. coli and B. subtilis, but not of S. cerevisiae (Cao-Hoang et al. 2008).

11.2.2 Cold-Shock Response of Yeasts at 10–18 �C

11.2.2.1 Time-Dependent Induction of Genes at 10–18 �C

A DNA microarray-based study investigated the time-dependent response of S.
cerevisiae upon cold shock at 10 �C. It was observed that transcription of one-
fourth of all S. cerevisiae genes was affected at this temperature (Sahara et al.
2002); mostly, there is a general reduction in transcription and translation effi-
ciency. The responses can be categorized into three phases; the early and mid-
phases are characterized by the initial up-regulation of a number of genes that are
associated with the transcriptional machinery, which is then followed by an up-
regulation of the translational machinery in the mid-phase. The translational
efficiency is decreased upon temperature downshift due to the formation of mRNA
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secondary structures and an increase in the proportion of inactivated ribosomes in
yeasts. Up-regulation of the translational machinery in the mid-phase allows
translation to proceed at a rate sufficient to synthesize essential proteins by syn-
thesizing ribosomes de novo. The genes, which are prominently induced during
early/mid-phase, include NSR1, TIP1, TIR1, and TIR2. The products of these genes
are involved in pre-rRNA processing, ribosome biogenesis, and maintenance of
the cell wall, respectively (Kondo et al. 1992; Schade et al. 2004). Nsr1 protein is
required for processing before the ribosomal RNA (rRNA) stage (Kondo and
Inouye 1992; Kondo et al. 1992). In the absence of Nsr1, a large rRNA precursor
accumulates and cell growth slows. The initial responses (0–2 h) also include the
enhanced expression of key genes involved in phospholipid synthesis, such as
INO1 and OPI3, and fatty acid desaturation (OLE1). Genes related to transcription
(RNA helicases such as DBP2, RNA polymerase subunits such as RPA49 among
others) and a significant number of ribosomal protein genes are also induced in this
phase. Increased transcription of ribosome biogenesis genes was also noted in a
chemostat-based transcriptome analysis carried out to study acclimation of
S. cerevisiae (Tai et al. 2007).

Most of these above transcription-related and ribosomal genes are repressed
after longer incubation periods (4–24 h) at 10 �C (Sahara et al. 2002; Schade et al.
2004) and also at 4 �C (Homma et al. 2003; Murata et al. 2006). This third phase is
characterized by the transcriptional activation of typical stress-marker genes, for
example, the HSP genes. In addition, in this third phase of cold-shock response,
genes that are involved in the cellular processes of metabolism and signal trans-
duction are up-regulated (Rodriguez-Vargas et al. 2002; Sahara et al. 2002;
Homma et al. 2003). The genes induced in the third phase include HSP12 and
HSP26 genes and trehalose-synthesizing enzymes encoded by TPS1 and TPS2.
Certain HSPs as those encoded by HSP42, HSP104, SSA4, SSE2, and YRO2 are
also up-regulated after 4–12 h of transfer to 10 �C as well as at similar times at 4
and 0 �C (Kandror et al. 2004). However, genes encoding other members of the
HSPs family encoded by CIS3, HMS2, HSC82, HSP30, HSP60, HSP78, HSP82,
HSP150, SSA1, SSA2 are repressed at 10 �C and induced by temperatures lower
than 10 �C. This suggests that the members of the HSP gene family are differ-
entially regulated. The genes that are induced during mid- to late phase upon cold
shock and beyond include those that are involved in the metabolism of glycogen
(GLG1, GSY1, GLC3, GAC1, GPH1, and GDB1) and genes for detoxifying
reactive oxygen species (ROS) and defense against oxidative stress, such as cat-
alase (CTT1), glutaredoxin (TTR1), thioredoxin (PRX1), and glutathione trans-
ferase (GTT2). Furthermore, it has been suggested that the cAMP/PKA (protein
kinase A) pathway plays a central role in the control of gene expression in yeasts
upon temperature downshift to 10 �C. It has also been suggested that in the early/
mid-phase, the cAMP/PKA pathway is involved in the up-regulation of genes that
encode translational machinery, while in the late-phase response, the pathway is
involved in the down-regulation of general stress-response genes.

248 M. Inouye and S. Phadtare



11.2.2.2 Adaptation of Yeast Translation Machinery upon Cold Shock

As discussed above, yeasts adapt to temperature downshift in terms of the duration
and the magnitude of the temperature change. At low temperatures at which there
is no severe restriction of growth, there is an up-regulation of genes that are
essential for cold growth. Most of these genes are expressed minimally or
repressed after prolonged periods of stress. Immediately following the temperature
downshift, there is a need for restructuring of the translation machinery for effi-
cient translation at the low growth temperature and also destabilization of the
secondary structures in mRNAs that may hinder movement of ribosomes on
mRNAs. This has been well studied in E. coli and also seems to occur in yeasts.
Thus, the early and mid-phases of cold adaptation after shift to 10–18 �C are
characterized by induction of genes related to translation machinery. Studies with
cold-sensitive mutants (Hampsey 1997) revealed that majority of these mutants are
affected in ribosomal proteins and translation (Winzeler et al. 1999; Zhang et al.
2001), in proteins involved in pre-rRNA processing for ribosome biogenesis or
assembly (Lee and Baserga 1997), protein folding, exocytosis, and nucleus–
cytosol exchange (relevant references in Aguilera et al. 2007). Thus, at tempera-
tures up to 10 �C, in S. cerevisiae, the specific transcriptional and translational
machinery is up-regulated in order to enable cold-adapted growth in the early and
mid-phases. These systems are significantly down-regulated in the late phase of
cold adaptation, wherein all the transcriptional and translational machinery has
already been restructured. This machinery is also down-regulated at severe cold
conditions as 4 �C, which are growth restrictive, where the need for de novo
protein synthesis is significantly diminished. On the other hand, freeze-protective
mechanisms, such as fatty acid desaturation and synthesis of osmolytes, are trig-
gered even at permissive temperatures and increased at near-freezing conditions,
followed by induction of additional protection systems, such as HSPs as discussed
below.

11.2.3 Cold-Shock Response of Yeasts at Near-Freezing
Temperatures

In bacteria, it was shown that exposing the cells to cold shock prior to freezing
increases the cell viability due to the protective effect of CSPs produced (Wil-
limsky et al. 1992). It was proposed that also in yeasts, exposure to low temper-
ature improves survival at freezing temperature.

Several studies have now shown that the cold-induced accumulation of treha-
lose, glycerol, and HSPs plays a crucial role in protecting yeast cells against freeze
injury. As mentioned above, the changes in membrane fluidity are the primary
signal triggering the cold-shock response. Notably, this signal is transduced and
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regulated through classical stress pathways and transcriptional factors, the HOG
MAPK pathway, and Msn2/4p (Aguilera et al. 2007).

11.2.3.1 Trehalose as Cryoprotectant

Trehalose is accumulated at high levels in response to different stress conditions,
and several protecting roles, such as membrane and protein stabilization, have
been proposed for trehalose (reviewed in Aguilera et al. 2007). High levels of
trehalose have also been correlated with freezing resistance. Trehalose is not
needed for growth at 10 �C (Schade et al. 2004); however, the observation that the
viability of cells incubated at 0 �C for 5–20 days correlated with the intracellular
trehalose content suggests that it does protect the cell against very cold temper-
atures (Kandror et al. 2004).

The biosynthesis of trehalose in S. cerevisiae is catalyzed by two enzymes,
trehalose-6-phosphate synthase (Tps1) and trehalose-6-phosphate phosphatase
(Tps2) (Bell et al. 1998). Near-freezing temperatures lead to the most dramatic
induction of the genes encoding these two enzymes, which in turn leads to the
production of large amount of trehalose, the chemical chaperone (Kandror et al.
2004). It has been proposed that the accumulation of trehalose corresponds directly
to the cell’s ability to withstand freezing temperatures and is critical for the
maintenance of cell viability at 0 �C; however, the exact mechanism by which
trehalose protects the cell is not fully elucidated.

In exponentially growing cells at 30 �C, the mRNA levels of TPS1 and TPS2
are significantly low; however, upon temperature downshift to 10 �C or less, the
mRNA levels increase dramatically. For example, there is a 20-fold increase in the
levels of TPS1 and TPS2 mRNAs 15–20 h after temperature shift (Kandror et al.
2004). Both transcriptional regulation and increased mRNA stabilization are
responsible for this increase. Note that TPS1 and TPS2 mRNAs are extremely
stable at 0 �C, but extremely unstable at 30 �C. This is similar to the stabilization
of E. coli cspA mRNA at low temperature that leads to the robust production of
CspA (Fang et al. 1997). The actual mechanism of TPS1 and TPS2 mRNA sta-
bilization is not known though. On the other hand, two transcription factors, Msn2
and Msn4, are involved in the transcriptional regulation and activation of the TPS1
and TPS2 genes at 0 �C. These factors bind stress-response elements (STREs) and
up-regulate transcription of the TPS1 and TPS2 genes (Moskvina et al. 1999). This
notion is supported by the presence of STREs in the promoter regions of the TPS1
and TPS2 genes. Upon return to normal growth temperatures, trehalose levels are
lowered rapidly. This may be due to the degradation mediated by the Nth1 enzyme
whose gene expression is also marginally induced upon cold shock, but is induced
further upon a return to 30 �C. In general, there is wide consensus that trehalose
confers protection against freeze stress in yeast cells. However, there is no direct
correlation observed between trehalose accumulation and freezing resistance,
above a certain intracellular concentration.
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11.2.3.2 Glycerol as Cryoprotectant

Similar to trehalose, accumulation of glycerol confers protection against damage
caused by freezing temperatures. GPD1, the gene encoding the main enzyme
involved in glycerol synthesis, is activated upon a temperature downshift, and
glycerol accumulates in the cells; higher amounts accumulate at 4 �C as compared
at 12 �C (Panadero et al. 2006). Glycerol is the only osmoprotectant solute
accumulated by yeasts upon hyperosmotic stress and is also a by-product of redox
homeostasis. The protective role of glycerol against freezing is suggested to be
through the osmotic shrinkage resulting from freezing/thawing processes. The
S. cerevisiae glycerol active transporter Stl1p plays an important role in the rapid
accumulation of glycerol. This gene is expressed under various stress conditions
(Tulha et al. 2010).

As mentioned above, upon temperature downshift to 12 or 4 �C, the HOG
pathway is activated in yeasts. This activation occurs via the activation and
phosphorylation of MAPK Hog1p. It is proposed that the cold-shock-induced
changes in the fluidity of the membrane lead to the activation of Hog. In the
absence of Hog1p, the induction of those genes required for the biosynthesis of
trehalose and glycerol was not observed. The deletion of the HOG1 gene had no
effect on cells grown at 12 �C, but exhibited decreased tolerance to freezing
(Panadero et al. 2006). Cold shock has also been shown to induce a protein-kinase-
mediated response in the fission yeast Schizosaccharomyces pombe (Soto et al.
2002).

11.2.3.3 Heat-Shock Proteins as Cryoprotectant

Using DNA microarray analysis, the genes induced by the cryopreservation pro-
cedure were identified and were shown to be mainly involved in energy metab-
olism, oxidative stress scavengers, cell rescue system including HSPs, and gene
products localized in organelles (Odani et al. 2003). It was suggested that the
damage to yeast cells during the cryopreservation treatment is mainly localized to
the cell wall and cellular organelle structures, and for the repair of these structures,
yeast cells require cell rescue system including HSPs. The induction of heat-shock
genes by near-freezing temperatures is particularly intriguing and has been
reported by several groups. For example, when yeast cells are cultured at 4 �C for
extended period, several HSPs are induced (Homma et al. 2003), suggesting that
the induction of these genes might be necessary for adjustment to cold resistance.
Under laboratory conditions, it was observed that heat-shock treatment increases
cell viability of yeast cells after freeze–thaw treatment (Komatsu et al. 1990).
Genome-wide analysis of the yeast transcriptome upon heat and cold shock
showed that several HSPs are induced by temperature downshift to 4 �C (Becerra
et al. 2003).

The HSPs induced in yeasts by cold shock included proteins encoded by the
genes HSP12, HSP42, HSP104, and SSA4 (Kandror et al. 2004). The HSP12 gene
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encodes one of the two major small HSPs of S. cerevisiae and is induced under
different conditions, such as low and high temperatures, osmotic or oxidative
stress, and high sugar or ethanol concentrations (Kandror et al. 2004; Murata et al.
2006). It was reported that Hsp12p plays a role in cryoresistance (Pacheco et al.
2009). The study also showed that this protein may compensate for the protective
effect of trehalose at freezing temperatures.

The eukaryotic Hsp60 cytoplasmic chaperonin CCT (chaperonin containing the
t-complex polypeptide–1) is essential for growth in S. cerevisiae, and mutations in
CCT subunits affect assembly of tubulin and actin. Unlike most other chaperones,
CCT in yeasts does not undergo induction following heat shock. There is a
threefold–fourfold increase in mRNA levels of CCTa and CCTb genes after cold
shock at 4 �C (Somer et al. 2002). The role of CCT in cold shock is not known, but
may be related to the cytoskeleton. The observation that the mRNA levels of CCTa
increase threefold–fourfold upon temperature downshift to 4 �C, but an increase in
the protein level is observed only upon a shift from 4 to 10 �C, suggests that CCT
may be involved in the recovery from cold shock and the transition back to higher
temperatures rather than in survival or adaptation to lower temperatures.

11.2.3.4 Additional Genes that Help in Near-Freezing Temperature
Adaptation and Growth of Yeasts

At 4 �C, genes involved in glycogen biosynthesis are reportedly induced along
with increased levels of phospholipids and mannoproteins (DAN/TIR family cell
wall mannoproteins). This may be useful in counteracting the changes to mem-
brane maintenance and the permeability of the cell wall. TIR-related DNA
sequences, seripauperin (Pau) family proteins, which have been shown to display
phospholipid-interacting activity, are also up-regulated after cold shock
(Al-Fageeh and Smales 2006; Aguilera et al. 2007).

A number of additional genes such as SEC11, involved in protein transport, and
BFR2, involved in protein secretion, have also shown to be involved in the yeast
cold-shock response. In S. cerevisiae, BFR2 is an essential gene. The Bfr2p protein
involved in protein trafficking to the Golgi apparatus is thought to be essential for
growth and/or cell proliferation in S. cerevisiae. The levels of BFR2 mRNA
increase more than fivefold in response to cold shock (Chabane and Kepes 1998).
The mechanism of this induction has not been well elucidated. In addition, the
mRNA levels of CER1p encoding an Hsp70-related protein involved in the
translocation of a subset of proteins into the endoplasmic reticulum in S. cerevisiae
increase upon cold shock due to the possible increased requirement for the
chaperone activity of Cer1p at lower temperatures (Hamilton et al. 1999).
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11.3 Biotechnological Perspectives

Freezing is an important means of preservation and storage of microbial strains
used for many types of industrial applications including food processing. In spite
of the recent advances made, the mechanisms of tolerance and sensitivity to freeze
or near-freeze stress are not yet fully understood. More and more studies are now
being carried out to increase the biotechnological potential of yeasts. Some of
these approaches are discussed here.

1. As discussed above, intracellular glycerol is a cryoprotectant that is important
for near-freeze temperature adaptation of yeasts and the glycerol active trans-
porter Stl1p plays an important role in the fast accumulation of glycerol. The
gene encoding this protein is expressed under gluconeogenic conditions, under
osmotic shock and stress, as well as under high temperatures. An extremely
high expression of this gene, also concomitant high level of glycerol/H+

symporter activity level, can be achieved by growing the cells on STL1
induction medium (YPGE) (Tulha et al. 2010). Under these conditions, more
than 400 mM glycerol was accumulated, whereas the glycerol/H+ symporter
mutant strains accumulated less than 1 mM glycerol. As expected, the strains
which accumulated the glycerol showed 25–50 % more survival than the latter
strains. These findings are important from biotechnological point of view as
existing strains of S. cerevisiae strain can be made more resistant to cold/
freeze–thaw stress just by adding glycerol to the culture medium. The com-
bination of low temperatures with extracellular glycerol induces the transporter
Stl1p. This will also allow the users to avoid transgenic strains, an aspect that is
particularly important in the food industry.

2. Production of the heterologous desaturases (from sunflower—Helianthus an-
nuus) in yeasts increased the fluidity of the yeast plasma membrane (Rodri-
guez-Vargas et al. 2007); this in turn increased the freezing tolerance of the
yeast cells. Thus, engineering of membrane lipids has the potential to be a
useful tool of increasing the freezing tolerance of industrial yeast strains.

3. Yeasts used in bread making are exposed to freeze–thaw stress during frozen-
dough baking. A genome-wide screening performed using the complete dele-
tion strain collection of diploid S. cerevisiae (Ando et al. 2007) identified 58
gene deletions that conferred freeze–thaw sensitivity. The results suggested the
presence of at least two different mechanisms of freeze–thaw injury: oxidative
stress generated during the freeze–thaw process and defects in cell wall
assembly. The information will help in the further development of freeze–thaw-
tolerant yeasts, as overexpression of these genes might increase tolerance to
freeze–thaw stress. This in turn will accelerate the development of manufac-
turing processes for frozen-dough baking.

4. L-proline has cryoprotective activity in S. cerevisiae. A freeze-tolerant mutant
with L-proline accumulation was shown to carry an allele of gene encoding c-
glutamyl kinase, with a single amino acid substitution (Asp154Asn) (Terao et al.
2003). Interestingly, this mutation enhanced the activities of c-glutamyl kinase
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and c-glutamyl phosphate reductase, both of which catalyze the first two steps of
L-proline synthesis and which together may form a complex in vivo. A high
tolerance for freezing correlated with higher levels of L-proline in yeast cells. In
addition to its cryoprotective activity, intracellular L-proline may protect yeast
cells from damage by oxidative stress. This approach may provide a method for
creating novel yeast strains that tolerate the freezing and oxidative stresses better.

11.4 Conclusions

Yeasts such as S. cerevisiae are exposed in their natural habitat to ambient tem-
peratures, can form colonies at 4 �C, and can grow at 10–18 �C. Therefore, the
temperature downshift to 10 �C is a moderate cold stress for yeasts. On the other
hand, the response observed at near-freezing temperatures is more likely to rep-
resent the strong cold-shock response for yeasts. The changes in yeast plasma
membrane fluidity are the primary signal triggering the cold-shock response. The
cold-shock response of the yeast cell at 10 �C occurs in three phases; the early and
mid-phases are characterized by the initial up-regulation of a transcription-related
genes, which is then followed by an up-regulation of the translational machinery in
the mid-phase. In the third phase, the HSP genes, genes that are involved in the
cellular processes of metabolism and signal transduction, are induced. Upon
temperature downshift to near-freezing temperatures, trehalose, glycerol, and
HSPs accumulate and are crucial for protecting yeast cells against freeze injury.

In S. cerevisiae, there exists a phenomenon termed as general stress response, as
several common genes respond to thermal stress-cold shock or heat shock, high
osmolarity, oxidation, or presence of certain poisons. In addition, there also exist
shared signal transduction machinery and transcription factors among various
stresses. The expansion of the physiological roles of transcription pathways with
respect to various stresses is exemplified by membrane perturbation or the HOG
pathway. However, there may be certain cold stress-specific systems, such as TIP/
TIR genes that exist in yeasts. Future studies will shed light on this intriguing
aspect of this response. Finally, it should be noted that the majority of studies
carried out to explore the changes occurring during the cold-shock response of S.
cerevisiae were at the mRNA level. There is often a poor correlation between
mRNA and protein levels in yeast systems (Al-Fageeh and Smales 2006).
Therefore, the response at the protein level may not be fully elucidated.
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Chapter 12
Production of Antifreeze Proteins
by Cold-Adapted Yeasts

Hak Jun Kim, Jun Hyuck Lee, Hackwon Do and Woongsic Jung

Abstract Antifreeze proteins (AFPs) are proteins that have the ability to bind to ice
crystals and inhibit the growth of ice. It is generally accepted that AFPs may protect
cell membranes from freezing injury via the inhibition of ice recrystallization, thereby
increasing the survival of psychrophilic microorganism at sub-zero temperatures.
Screening of antifreeze activity showed that the occurrence of yeast AFPs was limited
to basidiomycetous psychrophilic yeasts living under the thermal fluctuations. Cur-
rently only three species, Glaciozyma antarctica, Glaciozyma sp. AY30, and Rho-
dotorula glacialis are known to have AFPs or antifreeze activities. Of ten AFPs
whose amino acid sequences are known, two AFPs are relatively well studied: AFP1
from G. antarctica and LeIBP from Glaciozyma sp. AY30. The amino acid sequence
analysis showed that they are closely related with the fungus Typhula ishikariensis
AFP, which clustered with other fungal, diatom, and bacterial AFPs to form new class
of AFPs. The structural investigation of LeIBP revealed that it has an ice-binding
motif (T-X-T motif) similar to those of fungal and insect AFPs. Real-time PCR of
Glaciozyma AFPs exhibited that their expression is regulated by thermal fluctuation.
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12.1 Introduction

Yeasts have been frequently spotted in samples from many icy environments of
different geographical areas such as samples from Antarctica, the Arctic, Green-
land, European Alps, Asian mountain ranges, and Patagonia in South America
(Buzzini et al. 2012 and references therein) implying that yeasts are adapted well
to these cold environments. Inhabiting the cryosphere demands numerous
adjustments at the molecular and cellular levels to the organisms. These changes
are increased membrane fluidity, cold-shock and cold-acclimation responses,
reduction in the freezing point, protection against reactive oxygen species, pro-
duction of cold-active enzymes and macromolecular cryoprotectants, etc.
(Casanueva et al. 2010 and references therein). A comprehensive discussion of
adjustments at the molecular and cellular levels in yeasts as response to cold is
reported in the other Chapters of Part III. Interestingly, most of these mechanisms
are adopted by most psychrophilic yeasts in order to thrive or survive in their
habitats, but antifreeze activity is exhibited by only a few basidiomycetous yeasts.
Numerous AFPs have been found in many psychrophilic organisms including
bacteria (Raymond et al. 2007, 2008; Garnham et al. 2011; Do et al. 2012),
diatoms (Raymond and Knight 2003; Janech et al. 2006; Raymond et al. 2009;
Raymond 2011), plants (Worrall et al. 1998; Middleton et al. 2009, 2012), fungi
(Hoshino et al. 2003a, b, 2009; Raymond and Janech 2009; Xiao et al. 2010b;
Kondo et al. 2012), insect (Doucet et al. 2000a; Graether et al. 2000; Liou et al.
2000b; Leinala et al. 2002b; Graether and Sykes 2004; Mok et al. 2010), crusta-
ceans (Rainer 2010), and fish (DeVries 1969, 1971, 1983, 1986). Antifreeze
proteins (AFPs) are a group of proteins that have the ability to bind to ice crystals
and inhibit the growth of ice. It is generally accepted that AFPs may protect cell
membranes from freezing injury via the inhibition of ice recrystallization, thereby
increasing the survival of psychrophilic microorganism at sub-zero temperatures
(Raymond et al. 2007, 2008; Garnham et al. 2008). In this Chapter, we describe the
distribution, function, structure, and regulation of yeast AFPs.
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12.2 Antifreeze Proteins

AFPs possess two distinct activities: thermal hysteresis (TH) and ice recrystalli-
zation inhibition (IRI). These activities are all ascribed to their affinity for ice.
Because of this, AFPs sometimes can be called ice-binding proteins (IBPs), which
is a broad terminology including antifreeze proteins (AFPs), ice recrystallization
inhibition proteins, and ice nucleation proteins. Particularly, AFP and IBP are
interchangeable in yeast case. In this Chapter, we use the term AFP instead of IBP.
TH can be defined as the gap between melting and freezing points. This phe-
nomenon can be explained by an adsorption–inhibition mechanism of AFPs
(Raymond and DeVries 1972, 1977). Briefly, AFP binds irreversibly onto the
surface of ice, which makes the ice to grow outward in a curved (i.e., convex)
manner between the bound AFPs (Fig. 12.1a). The curved growth increases the
vapor pressure of the ice to that of the surrounding solution, which halts the further
growth of the ice (Wilson 1993; Wilson and Leader 1995; Kristiansen and
Zachariassen 2005). This unique protein–ice interaction lowers the freezing point
of the solution in non-colligative manner. The temperature separation created by
this phenomenon is TH. In addition, TH accompanies changes of ice-crystal
morphologies depending on the binding specificity of AFPs (Fig. 12.1b). TH and
ice-crystal morphology are examined by a nanoliter osmometer connected to a
cold stage with the sample holder made of silver. The disk sample holder has six
holes of 0.35 mm diameter. The cold stage is mounted on a light microscope
equipped with a digital camera. A droplet of sample to be assayed is layered into a
well filled with a mineral oil, eventually sample being enveloped in the oil. The
sample holder is then placed on the stage and rapidly frozen down to -40 �C.
After freezing, the temperature is raised slowly until a single ice crystal of
10–20 lm remains; this temperature is defined as the melting temperature of the
solution. Then, the temperature is lowered again slowly, and the ice-crystal growth
and morphology are examined. The temperature at which the rapid or sudden
growth of ice crystal occurs is defined as the non-equilibrium freezing
temperature.

Ice recrystallization (IR) refers to the growth of larger ice grains at the expense
of smaller ones (Knight and Duman 1986; Knight et al. 1988, 1995). The larger ice
crystals can burst compartments or cells, leading to cold damage and cell death.
Because this process could occur rapidly by thermal fluctuation, it could be det-
rimental to the overwintering organisms. Extensive studies have shown that AFPs
can inhibit this phenomenon (Fig. 12.1c) (Knight et al. 1984; Knight and Duman
1986; Worrall et al. 1998; Smallwood et al. 1999; Sidebottom et al. 2000). Ice
recrystallization inhibition (IRI) of AFPs is thought to protect cell membranes
from freezing injury (Raymond et al. 2007, 2008, 2009; John et al. 2009; Raymond
and Janech 2009; Lauersen et al. 2011). This activity seems to be one of the
potential freezing tolerance mechanisms and has been described in a number of
freezing-tolerant soil bacteria (Walker et al. 2006; Wilson et al. 2006), Antarctic
lake bacteria (Gilbert et al. 2004), Antarctic sea-ice bacteria (Raymond et al.
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Fig. 12.1 a Inhibition of ice-
crystal growth by adsorption
of AFP (filled circles). AFPs
bind to the ice front at
equilibrium melting point.
The ice–water interface
during TH gap forms
curvatures, leading to ice-
growth inhibition by the
Kelvin effect. As the
temperature drops below TH,
ice bursts. b Ice-crystal
morphology observed in the
presence of AFP (designated
as LeIBP) from Glaciozyma
sp. AY30. c Ice
recrystallization inhibition
(IRI) assay of 30 % sucrose
solution in the absence (upper
panel) and presence (lower
panel) of LeIBP
(1 mg ml-1). The sample was
flash frozen by lowering the
temperature down to -80 �C
at a rate of 90 �C min-1,
warmed up to -6 �C, and
monitored for 1 h. Note that
larger crystals were grown in
the absence of AFP as a result
of the recrystallization
process in the upper panel,
while no discernible changes
took place in the lower panel
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2007), bacteria from Vostok ice core (Raymond et al. 2008), cold-hardy plants
(Griffith et al. 1992, 2005; Smallwood et al. 1999; Sidebottom et al. 2000), and
snow molds (Snider et al. 2000; Hoshino et al. 2003a, b; Xiao et al. 2010a).

Measurement of ice recrystallization inhibition (RI) activity was first done by
Knight et al. (1988) using a splat cooling assay. In this method, an ice disk
containing extremely small ice crystals is generated by expelling a small solution
droplet from a height of 3 m onto a very cold metal plate. The droplet freezes
instantaneously as soon as hitting the metal plate. The ice disk is then transferred
to a cold room at high sub-zero temperatures, and the recrystallization process is
followed under the microscope over time. Since the limited availability of cold
room facility, a modified version of this method was designed. The modified
method uses a coverslip sandwich to generate thin ice disk and a cold stage such as
a Linkam TMHS600 cold stage (Linkam Scientific Instruments, Surrey, UK) in
place of a cold room (Smallwood et al. 1999). In this method, 4 ll of the sample
solution, an equal volume mixture of a 60 % sucrose solution and AFP solution, is
sandwiched between two circular 16-mm-diameter coverslips. The sandwich is
pre-chilled to prevent frost on the surface at -1 �C for a couple of minutes and is
transferred to the cooling stage. The temperature is rapidly decreased to -80 �C at
a rate of 90 �C min-1 and maintained for 1 min. The sandwich is then warmed to
-6 �C for 60 min to allow for ice recrystallization to occur.

12.3 AFPs of Psychrophilic Yeasts

12.3.1 Antifreeze Activity

Duman and Olsen (1993) demonstrated antifreeze activity for the first time in
fungi. Since then about 200 strains of fungi have been screened for antifreeze
activity, but only a handful of strains showed the activity (Snider et al. 2000;
Kawahara et al. 2006; Lee et al. 2010). Of these strains tested, only fifteen species
were yeasts, all of which belong to basidiomycetes. As summarized in Table 12.1,
antifreeze activity was observed with only three different yeast species belonging
to the genera Glaciozyma and Rhodotorula genus: Glaciozyma antarctica,
Glaciozyma sp., and Rhodotorula glacialis. In the screening experiments, extra-
cellular antifreeze activity was observed following morphological changes of ice
as well as TH.

Lee et al. (2010) reported the first antifreeze activity from the psychrophilic
yeast Glaciozyma sp. AY30 (formerly classified as Leucosporidium), isolated from
an ice core sample of a freshwater pond near the Dasan station, Ny-Ålesund,
Svalbard archipelago, Norway. Ice-binding ability in culture media was visualized
by the ice-pitting method in which binding of AFPs or IBPs to ice leaves pits on
the surface of ice plane. Further, the culture medium induced a distinct hexagonal
ice-crystal shape with moderate TH of ca. 0.7 �C. The AFP was purified by the
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ice-affinity method (Kuiper et al. 2003) and it was confirmed that TH and IRI
activities stemmed from itself. As described by Xiao et al. (2010a), ice-crystal
morphologies modified by the culture medium of G. antarctica had a distorted
hexagonal shape, very similar to the ice-crystal shape created by AFPs from the
fungus Typhula ishikariensis. The culture media displayed weak TH of ca 0.22 �C.
Further characterization of AFPs produced by this strain has not yet been reported.
Very recently, another Glaciozyma yeast demonstrated antifreeze activity in its
culture media (Hashim et al. 2013). The culture media of G. antarctica PI12
showed both TH and IRI activities. Compared to very closely related Glaciozyma
sp. AY30, the TH value (0.1 �C) was lower and the ice morphology induced by
this species was different. This may mean that G. antarctica produces extracel-
lularly different AFPs compared to Glaciozyma sp. AY30. Another psychrophilic
yeast known to exhibit antifreeze activity is R. glacialis. However, the morpho-
logical changes due to its culture medium were not described in detail.

Table 12.1 List of psychrophilic yeasts screened for their antifreeze activity

Basidiomycetous
yeast species

Isolation
source

Locality Antifreeze
activity

Genes/
proteins

Reference

Cryptococcus
adeliensis

GICa MLGc No – Singh et al. (2013)

Cryptococcus
albidosimilis

GICa MLGc No – Singh et al. (2013)

Cryptococcus saitoi GICa MLGc No – Singh et al. (2013)
Cryptococcus sp. TMb GWSd No – Xiao et al. (2010a)
Cryptococcus sp. GICa VRSe No – Raymond et al.

(2008)
Dioszegia sp. TMb GWSd No – Xiao et al. (2010a)
Glaciozyma

antarctica
TMb GWSd Yes (7 isolates) NA Xiao et al. (2010a)

Glaciozyma
antarctica

Sea ice CRSf Yes Both Hashim et al. (2013)

Glaciozyma
sp. AY30

Freshwater
ice core

DRSg Yes Both Lee et al. (2010)

Mrakia sp. TMb GWSd No – Xiao et al. (2010a)
Rhodotorula

glacialis
TMb GWSd Yes (2 isolates) NA Xiao et al. (2010a)

Rhodosporidium
lusitaniae

GICa MLGc No – Singh et al. (2013)

Rhodotoula
mucilaginosa

GICa MLGc No – Singh et al. (2013)

Rhodotorula sp. GICa VRSe No – Raymond et al.
(2008)

a Glacier ice core; b Terrestrial materials (soil, mosses, algal mats); c Midre Lovenbreen glacier,
Svalbard archipelago, Norway; d Great Wall Station, King George Island; Zhongshan Station,
Prydz Bay; Soya Coast; e Vostok research station; f Casey research station; g Dasan research
station; NA data not available
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Interestingly, the isolates from the glacier ice core did not exhibit any activity,
while those from the Arctic freshwater ice, Antarctic sea ice, and Antarctic ter-
restrial materials did, despite the broad the geographical sampling area and iso-
lation source of these psychrophilic yeasts were widely distributed. This may be
related to the environmental fluctuations in temperature. In other words, isolates
from the deep ice core may not experience strong temperature fluctuations in spite
of the presence of sub-freezing temperatures, while isolates from Antarctic sea ice
and terrestrial soil, and from Arctic freshwater ice may (Snider et al. 2000;
Raymond et al. 2007, 2008, 2009; Amato et al. 2009; Rainer 2010; Singh et al.
2013). Even in the sea ice, there were significant thermal fluctuations depending on
the vertical location and type of sea ice, which also can affect the community of
organisms (Rainer 2010). Thermal fluctuations below sub-zero temperature can
accelerate ice recrystallization, which is dangerous to the organisms living at sub-
zero temperature. Recently, many evidences have shown that bacteria, microalgae,
diatoms, and metazoans colonizing at sea ice have evolved IRI by AFPs as a freeze
tolerance mechanism (Janech et al. 2006; Raymond et al. 2007, 2009; Lee et al.
2010). It has been suggested that these AFPs, instead of depressing the freezing
point, play an important role in preventing cell damage from the recrystallization
of extracellular ice because all AFPs from sea-ice organisms reported so far were
secreted extracellularly (Raymond et al. 2007, 2009; Raymond and Kim 2012).
Psychrophilic Rhodotorula species appear to support this hypothesis. Two isolates
from severe cold climates with diurnal and seasonal temperature fluctuation pos-
sessed the antifreeze activity, but three species isolated from deep ice core did not
(Amato et al. 2009; Xiao et al. 2010a). No yeasts living under permanently cold
environments (such as prevailing in polar glaciers) had antifreeze activity, but we
cannot rule out the possibility that some yeast species (Cryptococcus sp. and
Rhodotorula sp.) may take advantage of commensal relationship with bacteria that
had proteins with ice-binding affinity. Further investigations of the distribution of
antifreeze activity of isolates from different geographical areas and sources are
needed to fully grasp how AFPs have evolved.

Taken together, currently antifreeze activity of psychrophilic yeasts is confined
only to basidiomycetous yeasts that inhabit cryosphere with thermal fluctuations.

12.3.2 Antifreeze Genes

To date, there is no psychrophilic yeast whose whole genome is fully sequenced.
However, the genome sequencing project of G. antarctica PI12 (formerly known
as Leucosporidium antarcticum) led by a Malaysian group is likely to be done
shortly. Pyrosequencing of the Glaciozyma sp. AY30 genome was also conducted,
producing 10,888 contigs of 1891-nt average length. AFP genes obtained from
genome sequencing of Glaciozyma species are listed in Table 12.2: nine from
G. antarctica and one from Glaciozyma sp. AY30 (Lee et al. 2010; Boo et al.
2013; Hashim et al. 2013). Since two species belong to the same genus, the Arctic
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species probably has more than one AFP in its genome. Therefore, we currently
attempt to find AFP or AFP-like sequences from contigs of Glaciozyma sp. AY30
searching them against updated AFP sequences. Figure 12.2a shows positions of
AFP domains in deduced AFP amino acid sequences. Eight Antarctic AFP genes
(AGE19527, AGE93831, AGE93832, AGE93833, AGE93834, AGE93835,
AGE93836, and AGE93837) encode the isoforms of well-characterized AFP
(ACU30806) from Arctic origin (Lee et al. 2010). The Arctic AFP version is
known to form a dimer via the C-terminal tail (see Sect. 12.3 in this Chapter). One
(AGE93831) of the Antarctic isoforms encodes the C-terminal tail truncated
version of AFP while three isoforms (AGE93831, AGE93832, and AGE93833)
have the C-terminal tail. The other four isoforms (AGE93834, AGE93835,
AGE93836, and AGE93837) contain one AFP-like domain with varying lengths of
the C-terminus in which some harbor a T-X-T ice-binding motif (AGE93835) or
glycine-rich region (AGE93837). The AFP1 (ACX31168) gene has a partial AFP
domain. All deduced AFPs showed relatively high identities with AFPs of other
fungi in the same phylum, and intriguingly with AFPs of sea-ice bacteria and
diatoms belonging to other kingdoms (Lee et al. 2010; Hashim et al. 2013). This
phylogenetic analysis and the restricted occurrence of yeast AFPs might be a good
example of horizontal gene transfer (HGT). Recently, Raymond and Kim (2012)
proposed HGT between sea-ice diatoms and bacteria in the sea ice, based on the
phylogenetic analysis of many sea-ice AFPs, according to which the closest
matches to the IBP genes from sea-ice algae are all bacterial genes, and the algal
IBP genes analyzed so far lack introns. Rainer (2010) also suggested HGT of AFPs
between diatoms and metazoans in the sea ice. It is not surprising that sea ice can
provide a good environment for HGT, in which the donor and recipient dwell very
closely, increasing the likelihood of HGT to occur. The growing body of evidence
supports HGT between fungi, especially yeasts, and bacteria (Richards 2011).
If more information on yeast genome sequence data is available, the question how
yeast AFP genes were acquired will be addressed readily in near future.

Table 12.2 List of known AFP sequences from psychrophilic yeasts and their accession
numbers

Species Accession no. No. of AAs
of ORF (aa)

Predicted
MW (kDa)

Glaciozyma sp. AY30 GQ336994/ACU30806 261 26.8
G. antarctica PI12 GQ848368/ACX31168 177 18.2

JF412502/AEG19527 261 26.5
KC243139/AGE93831 242 24.4
KC243140/AGE93832 259 26.7
KC243141/AGE93833 260 27
KC243142/AGE93834 342 34.6
KC243143/AGE93835 365 37.2
KC243144/AGE93836 461 48.2
KC243145/AGE93837 705 68.1
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Sequence Analysis and Expression of AFP Genes: The analysis of about 2-kb
genomic DNA sequences from Glaciozyma sp. AY30 revealed the presence of 9
exons and 8 introns with an open reading frame (ORF) of 783 bp. The ORF
encodes the 261-aa protein including a signal peptide at the N-terminus. The
upstream flanking regions presented features slightly different from those fre-
quently found in other yeast genes (Fig. 12.2b). A TATA box (ATATAA) located
at position -292 relative to the ATG translation initiation codon is relatively
farther upstream compared with other TATA boxes, which locate usually at
around -70 (Dobson et al. 1982). A pyrimidine-rich tract, a feature shared by
many efficiently expressed Saccharomyces cerevisiae genes, is also seen at posi-
tions -54 to -75. The promoter region contains a CAAT box (TCAATCT) about
434 bp upstream of the TATA box, which is also quite upstream. The partial AFP1
gene from G. antarctica PI12 showed a predicted ORF of 534 bp with no introns.
A TATA box was predicted at position -50 and CAAT box at -136 (Fig. 12.2b).
However, these elements do not conform to the general features observed in other
yeast genes. Hence, we cannot speculate the regulatory effect of these promoter
regions. We are currently attempting to delineate cis-elements in these regions.

Very recently, the expression of AFP1 and AFP4 (AGE93833) genes at different
temperatures was observed quantitatively by RT-PCR experiment (Boo et al. 2013;
Hashim et al. 2013). The expression of AFP1 in cells grown at near- and sub-
freezing temperatures (0 and -12 �C) as well as at the maximal growth temperature
(15 �C) was investigated. Its expression at 0 and -12 �C was two- to three-fold
higher than that at 15 �C. The antifreeze activity was not detected or below
detectable limit from the culture grown at 15 �C. Boo et al. (2013) also detected a
15-fold and 3-fold increase in expression of AFP4 (AGE93833) at 0 and 5 �C,
respectively, compared to the expression level at 12 �C. At heat shock condition
(22 �C), its expression was not observed (Boo et al. 2013). Under the cold-shock
condition (0 and 5 �C), AFP4 was induced significantly, compared to other genes
such as trehalose-6-phosphate synthase, trehalose-phophatase, glutaredoxin, cata-
lase, implying that AFP4 is required for mitigating the cold stress. According to
these results, it is clear that AFP genes are regulated by thermal stress.

12.3.3 AFPs

12.3.3.1 AFPs from Glaciozyma sp. AY30

Many structure–function studies have been performed in order to understand the
antifreeze mechanism. Comparative studies have revealed that different types of
AFPs have totally different primary, secondary, and tertiary structure, but they share
a common ice-binding function. This diversity of AFPs is a result of evolution,
where organisms have evolved an adaptation to cold and the ability to survive
sub-zero temperatures. It is thought that the structural shape complementarity with
ice-crystal lattice is a general feature of the ice-binding face of AFPs. More
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Fig. 12.2 a Schematic presentation of deduced AFPs from Glaciozyma species. Proteins are
drawn to scale. All AFPs contain AFP or IBP domains (in orange). Dotted line means part of AFP
domain is missing in aa sequence. b Gene structure of AFPs. Translation start site is denoted as
+1. TATA boxes are displayed in orange, CAAT in purple, and pyrimidine-rich region in gray.
See the text for details
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specifically, the interactions between AFPs and ice are driven by hydrophobic
interactions and are stabilized by hydrogen bonds formed between hydrophilic
amino acids and ice-crystal lattice (Davies et al. 2002; Jia and Davies 2002).

Recently, a non-canonical AFP (designated as LeIBP, accession no.
ACU30806) has been identified from the Arctic yeast Glaciozyma sp. AY30 (Lee
et al. 2010). The Glaciozyma sp. AY30 is a cold-adapted psychrophilic yeast,
isolated from an extremely cold environment (average temperature of the isolation
source is below -10 �C in late April) of the frozen Tvillingvatnet, a freshwater
pond near the Arctic Dasan station in Svalbard archipelago, Norway (Lee et al.
2010). LeIBP is composed of 261 amino acids and has N-terminal signal sequence
and one N-glycosylation site. Consistent with the presence of signal sequence,
LeIBP band (about 25 kDa) and TH activity were seen in the culture medium
(Park et al. 2012). To better understand the ice-binding mechanism and the
physiological role of glycosylation, a large amount of recombinant LeIBP was
required. For this purpose, two expression systems have been established: one is
pColdI-LeIBP, which expresses non-glycosylated bLeIBP in Escherichia coli, and
the other is pPICZaA-LeIBP, which encodes glycosylated pLeIBP from the
eukaryotic expression system of Komagataella pastoris (formerly Pichia pastoris).
Purified recombinant LeIBPs contain apparent TH activity (0.32–0.42 �C at
400 lM) and could effectively inhibit the ice-crystal growth (Lee et al. 2012a;
Park et al. 2012). Here, we summarize the optimized experimental procedures for
native LeIBP production. Furthermore, a cold-adaptation mechanism model of
LeIBP is proposed based on the crystal structure and biochemical studies.

Native LeIBP

Because native LeIBP is secreted outside the cell, it was purified from Glaciozyma sp.
AY30 culture medium at 4 �C for 7 days in a 4-L flask containing 3 L of nutrient
broth (NB). First, native LeIBP was purified using the ice-affinity method from the
cell-free supernatant (Kuiper et al. 2003) and the ice fraction was melted and
concentrated using tangential flow filtration equipped with a 5,000 MW cut off
(Millipore, MA, USA). During the concentration, the protein sample was buffer-
exchanged with distilled water. The purified native LeIBP exhibited strong RI and
TH activity (1.38 �C at 290 lM). It should be noted that native LeIBP was co-purified
with yellowish substances during the ice-affinity purification. These impurities were
not completely removed through the iterative rounds of ice-affinity purification and
buffer exchange step. This indicated that in addition to LeIBP, the Arctic yeast
Glaciozyma sp. AY30 may secrete unknown ice-binding materials (Lee et al. 2012a;
Park et al. 2012). Currently, we are trying to identify these impurities that enhanced
the TH activity of native LeIBP. We will discuss this in detail below.

In the antifreeze activity assay of AFPs, two experimental techniques have been
used, i.e., the ice recrystallization inhibition (IRI) assay and the thermal hysteresis
assay (TH). Interestingly, ice crystals were needle or hexagonal shaped in the
presence of LeIBP; however, in the absence of AFP, ice crystals were irregular
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round shape (Lee et al. 2010; Park et al. 2012). The antifreeze activities of
recombinant LeIBPs were examined and compared to their antifreeze activity with
the native LeIBP. Comparative analyses demonstrated that recombinant LeIBP
showed similar recrystallization inhibition activity with the wild-type LeIBP
although it has lower TH activity than the native LeIBP. There were clear dif-
ferences in TH activity between native and recombinant LeIBPs. Recombinant
LeIBPs show approximately 30 % decreased TH activity compared to the native
LeIBP. We initially suspected that these different activities were due to the
N-glycosylation, which occurs at Asn185. This result led to the production of
glycosylated pLeIBP using the K. pastoris expression system. However, the TH
activity of glycosylated pLeIBP was similar with non-glycosylated bLeIBP,
indicating that glycosylation is not important for antifreeze activity and other
factors may induce the increase in TH activity of native LeIBP. Interestingly, we
have found that there was a TH activity variation in batch-by-batch sample of
native LeIBP. During ice-affinity purification, some materials were carried over to
the ice fraction and concentrated together with native LeIBP. These substances
could not be removed completely during subsequent purification steps and appeared
to enhance the TH activity of native LeIBP (Lee et al. 2012a; Park et al. 2012).
Therefore, we proposed that Glaciozyma sp. AY30 might secret ice-interacting
small molecules and they are capable of enhancing antifreeze activity of LeIBP.
Secretion of enhancers, such as salt or polysaccharides, which accumulate at the
brine channels in the ice may help to preserve the liquid environment. Moreover,
increased antifreeze activity of LeIBP by enhancer molecules has a role in sup-
pressing the growth of ice crystals in brine pockets (Fig. 12.3d). Another possible
hypothesis is that Glaciozyma sp. AY30 may encode more than one AFP and these
isoforms could work in concert. Currently, we do not know the exact molecular
mechanism of boosting the antifreeze activity of LeIBP. The mystery of the anti-
freeze mechanism of Glaciozyma sp. AY30 is still under investigation.

Overall Structure of LeIBP

Previous structural studies have shown that different types of AFPs (fish AFP type
I-IV, insect AFP and plant AFP) have completely different 3D structures but share
a common antifreeze function, which is thought to be a result of convergent
evolution (Ewart et al. 1999; Davies et al. 2002; Jia and Davies 2002). Recent
structural analysis of the LeIBP revealed a dimeric right-handed b-helix fold
consisting of a large coiled domain and a long helix a3 (residues 96–115) insertion
between b5 and b6. The amphipathic nature of helix a3 enables hydrophobic
interactions with the A face of the b-helical domain. Overall, the b-helical core
structure is built from three flat surfaces (A, B and C faces) with dimensions
of *50 Å 9 30 Å 9 20 Å and stabilized by both intra-molecular b-sheet hydrogen
bonds and inner hydrophobic interactions (Fig. 12.3a). The b-helical core structure
of LeIBP is similar with that of hyperactive AFPs including insect and bacterial
AFPs (Graether et al. 2000; Graether and Sykes 2004; Garnham et al. 2011).
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Fig. 12.3 Crystal structure and ice-binding site of LeIBP. a Overall structure of LeIBP monomer
showing a right-handed b-helical fold. The N-glycosylation residue (Asn185) is marked with
stick model. b Ribbon diagram of LeIBP dimer interface viewed along a non-crystallographic
2-fold axis. The two sub-units are colored slate blue and gray. The C-terminal hydrophobic loop
residues (243-PFVPAPEVVQ-252) that form hydrophobic dimer interactions are drawn in stick
representation. c The residues involved in ice binding are drawn in stick representation and
labeled. d A putative cold-adaptation model of the yeast Glaciozyma sp. AY30. The antifreeze
activity of LeIBP can be increased by enhancer molecules secreted from Glaciozyma sp. AY30 in
brine channel
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Unlike other known b-helical AFPs, LeIBP can exist and function as dimer.
Notably, the C-terminal hydrophobic loop region (243-PFVPAPEVVQ-252) has
an extended conformation pointing away from the body of the b-helical coiled
domain and forms intertwined dimer interactions (Fig. 12.3b) (Lee et al. 2012a).

In addition, structural analysis of the glycosylated pLeIBP obviously shows the
glycosylation at Asn185. The glycosylation site is exposed to the solvent region
and is located at the interface between the two protomers but far from the ice-
binding site (Lee et al. 2012a). This indicates that the N-linked glycosylation is not
involved in the ice binding of LeIBP, which is in good agreement with the results
of our antifreeze activity experiment. The glycosylated pLeIBP expressed in
K. pastoris shows similar antifreeze activity with the non-glycosylated bLeIBP,
but these two proteins show different stabilities. In our cross-linking experiments,
bLeIBP was more easily oligomerized and aggregated than pLeIBP, which suggest
that the glycosylation may contribute to the stability of LeIBP (Lee et al. 2012a;
Park et al. 2012).

Ice-Binding Site and Ice-Binding Mechanism of LeIBP

Prior to structural studies, it was difficult to predict the ice-binding sites of LeIBP
based on sequence alignment because there was no conserved ice-binding motif,
such as T-X-T or T-X-N, which is present in hyperactive AFPs (Liou et al. 2000a, b;
Graether et al. 2000; Graether and Sykes 2004; Garnham et al. 2011). Therefore, it
was thought that the ice-binding site of LeIBP might be different from those of
canonical hyperactive b-helical AFPs. Hyperactive b-helical AFPs have specific ice-
crystal plane preferences and specific ice-binding motif, such as T-X-T or T-X-N.
Structure-based point mutation studies demonstrated that the B-face residues are
essential for antifreeze activity, indicating that B face is the ice-binding site of
LeIBP. Comparisons between the LeIBP ice-binding site and the previously deter-
mined hyperactive AFP ice-binding site revealed that the ice-binding site residues of
LeIBP are more complex and diverse (Fig. 12.3c) (Lee et al. 2012a). LeIBP does not
have simple ice-binding motif compared to CfuAFP from the lepidopteron Chori-
stoneura fumiferana (T-X-T motif) (Doucet et al. 2000b; Graether et al. 2000;
Leinala et al. 2002a, b), TmoAFP from the coleopteron Tenebrio molitor (T-X-T
motif) (Liou et al. 2000a, b), and MpAFP from the bacterium Marinomonas pri-
moryensis (T-X-N motif) (Garnham et al. 2011). In addition, the ice-etching
experiment indicates that LeIBP has multiple ice-binding sites and binds preferen-
tially to the basal and primary prism planes. Thus, it is thought that LeIBP serves as a
broad ice-binding site for ice-crystal interactions without a strict ice-binding motif
arrangement (Lee et al. 2012a; Park et al. 2012).
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12.3.3.2 AFP1 from G. antarctica

Malaysian scientists recently cloned and characterized a novel antifreeze protein,
AFP1 (Hashim et al. 2013). This protein contains 177 amino acid residues with a
predicted signal sequence (41 amino acids at the N-terminus) and pI of 5.45
(UniProtKB code D0EKL2). The amino acid sequence of AFP1 showed low
similarity with other microbial antifreeze proteins, including 11 % identity with
LeIBP from Glaciozyma sp. AY30 (UniProtKB code C7F6X3), 10 % identity with
FfIBP from Flavobacterium frigoris PS1 (UniProtKB code H7FWB6), and 12 %
identity with TisAFP from T. ishikariensis (UniProtKB code Q76CE2). The
expression of recombinant AFP1 in Escherichia coli led to the insoluble aggre-
gation called inclusion bodies. Thus, the recombinant AFP1 was refolded from
inclusion bodies and purified using nickel affinity chromatography. The purified
recombinant AFP1 was still able to exhibit AFP activity, although the activity was
lower compared to the G. antarctica activity observed from its culture filtrates.

Secondary structure prediction shows that AFP1 consists of four a-helices and
three b-strands. Shah et al. (2012) synthesized each helical peptide of AFP1
because solubility and refolding issues hampered obtaining large amount of sol-
uble protein and evaluated the antifreeze activity of each segment using TH and RI
assays. The peptides showed apparently RI activity and measurable TH activity.
Peptide 1 m showed the highest activity with a TH value of 0.11 �C at 10 mM
concentration. At this concentration, peptide 3 and peptide 4 m showed TH values
of 0.06 �C and 0.07 �C, respectively. Moreover, the three-dimensional structures
of all three peptides (PDB codes 2LQ0, 2LQ1, and 2LQ2) were determined by
NMR method and the solution structure of peptides was characterized by a
common long a-helical conformation like Type I AFPs (Fig. 12.4). Furthermore,
the authors performed molecular dynamics experiment and produced ice-bound
peptide models to investigate ice-binding residues.

12.4 Commercial Application of Yeast AFPs

AFPs are a useful material in commercial applications such as food industry
(Payne et al. 1994; Griffith and Ewart 1995; Feeney and Yeh 1998), cryosurgery
(Muldrew et al. 2001), and cryopreservation of red blood cells (Chao et al. 1996;
Lee et al. 2012b), oocytes (Naidenko 1997; Jo et al. 2011, 2012), organs, and
tissues (Lee et al. 1992; Tursman and Duman 1995; Koushafar and Rubinsky
1997; Amir et al. 2003). Food industry is a significant field where antifreeze
proteins can be applied. AFPs can be added to various food items, such as ice
cream to make a better texture and to frozen dough, fruits, and vegetables to keep
longer shelf life. However, cost and allergy problems should be considered
(Feeney and Yeh 1998; Crevel et al. 2002). To date, fish AFPs (Type I–IV and
antifreeze glycopeptide) are used in most applications because they are extensively
studied and safe from allergy. A detailed comparison of their structure and
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functional properties can be found in several reviews (Fletcher et al. 2001; Davies
et al. 2002; Harding et al. 2003). Despite the usefulness of fish AFPs, there is still
few precedent of large production of recombinant fish AFPs (Tyshenko et al. 2006).

Fig. 12.4 NMR structures of synthetic peptides derived from G. antarctica Afp1 a The amino
acid sequences of Gan Afp1 from G.a antarctica, LeIBP from Glaciozyma sp. AY30, FfIBP from
F. frigoris PS1 and Tis AFP from T. ishikariensis were aligned using ClustalX program
(Thompson et al. 1997). Highly conserved residues are shaded black and similar residues are
shaded gray. The presented a-helical regions are proposed by Shah et al. (2012) b Designed
peptide sequences from the a-helical regions of Gan Afp1. The mutated amino acids in the
designed peptide sequence are shown in red. c–e Ribbon diagrams of Peptide 1 m (PDB code
2LQ0, blue), Peptide 3 (PDB code 2LQ1, yellow), and Peptide 4 m (PDB code 2LQ2, green)
structures
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The main reason for its failure is an issue of the low expression level and folding
problem of fish AFPs. Because LeIBP does not contain any cysteine residue, it is
more suitable for large-scale production without a folding problem. There are also
several advantages of using recombinant yeast AFP compared to other types of
AFPs for future commercial applications. Large-scale fermentation of recombinant
yeast AFP in K. pastoris allows to minimize the expenses during the protein
purification and also to continuously express AFP into the culture media by
facilitating a well-established extracellular secretion system (Lee et al. 2013).

There are two types of cryoprotectant agents (CPAs), cell penetrating cryo-
protectants (ethylene glycol, DMSO, and glycerol), and non-penetrating cryo-
protectants (glucose, sucrose, trehalose, polyvinylpyrrolidone, and polyvinyl
alcohol). In recent years, AFPs have attracted the interest of scientists as a new
candidate for less toxic and non-penetrating CPAs, since they effectively inhibit
ice growth at much lower concentrations than conventional chemical CPAs. Pre-
vious studies also have found that the AFPs have positive cryopreservation effects
on carp sperm (Karanova et al. 1997), oyster oocytes (Naidenko 1997), mouse
oocytes (Jo et al. 2011, 2012), bovine and porcine oocytes (Rubinsky et al. 1991),
red blood cells (Carpenter and Hansen 1992; Chao et al. 1996), cell lines (Tursman
and Duman 1995; Koushafar and Rubinsky 1997), and hypothermic storage of
heart and liver (Lee et al. 1992; Rubinsky et al. 1994; Amir et al. 2003). Not
surprisingly a positive effect has been observed on the cryopreservation of the
human red blood cell (RBC) using LeIBP. The study showed that the addition of
LeIBP significantly reduced freeze–thaw-induced hemolysis at either rapid
(45 �C) or slow warming (22 �C) temperatures (Lee et al. 2012b). Cryopreser-
vation of cells, tissues, sperms, and embryos is one of the most promising areas
with commercial applications of AFPs to both medical and biotech industries
(Carpenter and Hansen 1992).

12.5 Conclusions

The discovery of AFPs and their structure–function studies expand our knowledge
on the mechanism of cold-adaptation in psychrophilic yeast. To our surprise, they
were found only in yeasts residing in areas where severe thermal fluctuation exists.
It is hypothesized that the AFP genes were acquired by HGT from bacteria or other
eukaryotes coexisting in the confined habitats. However, not much is known about
genes, regulation, function, and structure of yeast AFPs. Currently, AFPs from two
Glaciozyma species are deposited in the public domain. To protect themselves
from freezing and desiccation, cold-adapted yeasts synthesize and secrete not only
polysaccharides and solutes but AFPs (Pavlova et al. 2009, 2011; Poli et al. 2010).
Sometimes, these polysaccharides are loosely bound to the cell wall and make a
polymer capsule. Recent studies have shown that the biosynthesis of AFPs is
regulated by cold stress. In Glaciozyma sp. AY30, the co-secretion of LeIBP
and enhancer molecules results in an increase in antifreeze activity of LeIBP
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(Lee et al. 2012a; Park et al. 2012). Summarizing the structural and biochemical
data, we propose a putative ‘‘co-secretion strategy’’ model as one of the cold-
adaptation mechanisms of Glaciozyma sp. AY30 (Fig. 12.3d). Secreted LeIBP is
localized outside the cell and LeIBP may extracellularly protect the cell membrane
by preventing the recrystallization of extracellular ice. At the same time, secretion
of enhancers such as salt or polysaccharides that accumulate in brine channels of
ice help to preserve a liquid environment by increasing salinity or concentration of
polysaccharides. In addition, the enhancers increase antifreeze activity of LeIBP,
which results in an effective cold-adaptation mechanism allowing the psychro-
philic yeast to survive at low temperatures. The continued study of the physiology
of psychrophilic yeasts will provide valuable information on how the cells respond
and adapt to low temperature stresses.
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Chapter 13
Role of Sterol Metabolism
and Endoplasmic Reticulum-Associated
Degradation of Proteins in Cold
Adaptation of Yeasts

Kelaine Haas

Abstract The environmental conditions of organisms have significant impact on
their ability to grow and thrive. This chapter summarizes recent research related to
the understanding of cellular mechanisms necessary for psychrophilic yeasts to
overcome molecular challenges present in low-temperature environments. In an
effort to identify adaptive mechanisms that allow psychrophilic yeasts to thrive in
cold environments, a high number of studies have been done to investigate the
low-temperature response of Saccharomyces cerevisiae. The focus of this chapter
is on evidence that the endoplasmic reticulum-associated degradation (ERAD)
pathway and membrane metabolism regulation are connected to the cellular
response and adaptation to low temperature in yeasts. Specific consideration is
given to three genes in the ERAD pathway, UBC7, CUE1, and DOA10, which play
a role in cold adaptation and regulating membrane composition in S. cerevisiae.
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13.1 Introduction

As an unavoidable part of their existence, most organisms encounter changing
environmental conditions that inflict a variety of stresses. Immediate response and
long-term adaptation to these stressors enable organisms to survive both transient
(e.g., daily) and longer-term (e.g., seasonal) changes in their environment. These
environmental stressors include any condition that interferes with optimal growth
like variations in temperature, decreased nutrient availability, hyperosmolarity,
and oxygen limitation. The molecular responses to environmental stresses have
been studied in organisms ranging from bacteria to mammals (Welch and Suhan
1985; Posas et al. 2000; Gasch and Werner-Washburne 2002; Saito and Posas
2012; Simpson and Ashe 2012). Many of these studies focus on highly conserved
molecular responses that organisms utilize due to exposure to high temperatures
(reviewed in Richter et al. 2010). Some organisms must activate these conserved
molecular mechanisms in response to temporary exposure to elevated tempera-
tures; other thermophilic organisms thrive in environments such as geothermal
geysers and deep-sea thermal vents, where temperatures are routinely greater than
100 �C. The ability of thermophilic organisms to grow at high temperatures rep-
resents evolutionary adaptations to high temperatures arising through natural
selection. Although much is known about transient responses to high temperature,
understanding the molecular basis of evolutionary adaptations to extreme tem-
peratures is a topic of ongoing research (Brock 1997; Stetter 2006; Atomi et al.
2011). At the other temperature extreme, a diverse group of microorganisms
known as psychrophiles, colonize environments well below freezing temperatures.
A discussion on the concept of psychrophiles and psychrotolerance is reported in
Chap. 1. Although it is easy to assume that low-temperature environments make up
only a marginal part of our biosphere, more than 80 % of the biosphere is exposed
to temperatures below 5 �C (Cavicchioli et al. 2000; Margesin and Miteva 2011).
These environments occur throughout the planet, including the deep sea, perma-
frost, and glaciers (Margesin and Miteva 2011). Psychrophiles are found in a broad
range of both prokaryotic and eukaryotic phyla, including microorganisms isolated
from cold environments around the world. Although these broad distributions
suggest that they play a vital role in the evolution and function of planetary
ecosystems, we are only recently beginning to understand the cellular mechanisms
necessary for cells to overcome challenges presented in low-temperature
environments.

A large number of psychrophilic microorganisms isolated from cold environ-
ments around the world represent different yeast species from many genera,
including Candida, Cryptococcus, Leucosporidium, and many more that were
summarized in a recent review of psychrophilic yeasts from Antarctica to South
America to Europe (Buzzini et al. 2012). Besides, more in-depth data on the
diversity and ecology of cold-adapted (psychrophilic and psychrotolerant) yeasts
in worldwide cold habitats are reported in Chaps. 3–8. While these cold-adapted
yeast species can be found throughout the globe, we only now are beginning to
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understand the mechanisms necessary for cells to overcome the challenges pre-
sented by low-temperature environments. By studying the response of Saccharo-
myces cerevisiae to short-term and long-term exposure to low temperatures, we
may be able to identify adaptive mechanisms that allow psychrophiles to thrive in
cold environments. Although S. cerevisiae grows best at temperatures around
25 �C and is classified as a mesophile, it can grow at much colder temperatures
(Willey et al. 2008). S. cerevisiae may encounter these low temperatures during
daily or seasonal changes in its natural environment as well as during temporary
and long-term storage in the laboratory. As mentioned before, these low temper-
atures can cause environmental stress that interferes with its optimal growth.
Under these conditions, S. cerevisiae may activate downstream molecular
responses similar or identical to those required for evolutionary adaptation of
psychrophilic yeast species to the cold.

13.2 Endoplasmic Reticulum-Associated Degradation

Organisms have evolved molecular responses and cellular mechanisms to over-
come the deleterious effects of environmental stressors. For example, when yeasts
are exposed to high temperatures, they activate the heat-shock response to combat
the protein misfolding, cytoskeletal collapse, and membrane disruption experi-
enced by the cell (Swan and Watson 1998; Richter et al. 2010). Similarly, when
yeasts experience stressors that affect protein folding or require the production of
endoplasmic reticulum (ER)-targeted proteins at a high rate, accumulation of
misfolded proteins activates the unfolded protein response (UPR). The UPR is a
highly conserved signaling pathway that monitors the condition of the ER, senses
folding stress within the ER lumen, and then communicates the status of the ER to
the cell’s transcriptional machinery (reviewed in Ron and Walter 2007; Walter and
Ron 2011). One of the major responses of the UPR is the transcriptional up-
regulation of the Kar2 chaperone protein, which is a member of the Hsp70 family
that relieves the folding load of the ER when it is under stress (Normington et al.
1989; Nicholson et al. 1990). If the increased levels of Kar2p are unable to
overcome the accumulation of misfolded proteins, the endoplasmic reticulum-
associated degradation (ERAD) pathway is activated to target the aberrant proteins
for degradation (Travers et al. 2000). Along with misfolded proteins, purposefully
short-lived peptides in the ER membrane or lumen are also subject to degradation
by the ERAD pathway. ERAD substrates are polyubiquitinated, removed from the
ER membrane or lumen, and degraded by the proteasome (Brodsky and McC-
racken 1999; Hampton 2002; McCracken and Brodsky 2003; Claessen et al. 2012).
The ER, which is present in all eukaryotic cells, is a large organelle composed of a
membrane and enclosed lumen. Major functions of the ER include lipid and
protein biosynthesis. The lipids synthesized in the ER contribute to the plasma
membrane and other organelle membranes within the cell, including the Golgi
apparatus, the lysosome, peroxisomes, and mitochondria. Significant advances in
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understanding the function of ER protein quality control mechanisms, and the
nuances of the ERAD pathway, have been made using S. cerevisiae (Wolf and
Fink 1975; Egner et al. 1998; Vashist and Ng 2004; Metzger et al. 2008).

13.2.1 The ERAD Pathway Regulates HMG-CoA Reductase

In the past 30 years, insights into the balance between protein synthesis, functions
of the ERAD pathway, and potential ERAD targets have suggested that regulation
of the ERAD pathway is complex and impacts many molecular pathways in the
cell. For example, increased levels of some ER membrane proteins induce dra-
matic changes in the synthesis and organization of the ER. A well-characterized
example of such protein-induced ER biogenesis occurs when cells express an
increased level of the ER-anchored enzyme HMG-CoA reductase (3-hydroxy-3-
methyl-glutaryl-CoA reductase or HMGR) (Brown and Goldstein 1980; Anderson
et al. 1983; Wright et al. 1988; Goldstein and Brown 1990; Wright et al. 1990). In
yeasts, HMGR is encoded by two genes, HMG1 and HMG2, which are the product
of a genetic duplication (Basson et al. 1986). HMGR is a highly conserved enzyme
with homologs found in eukaryotes, prokaryotes and archaea (Lum and Wright
1995; Loftus et al. 1997) which controls the rate-limiting step in ergosterol bio-
synthesis in yeasts by converting HMG-CoA to mevalonic acid (Siperstein and
Fagan 1966; Nakanishi et al. 1988). Ergosterol is structurally similar to choles-
terol, the sterol equivalent found in mammalian cells, which contributes to the
function and structure of cellular membranes, and thus plays a role in molecular
pathways, protein function, and membrane fluidity. The ergosterol biosynthesis
pathway is tightly regulated largely by feedback mechanisms that regulate the
amount of HMGR protein available in the cell (Hampton and Rine 1994). A
number of these feedback mechanisms involve the regulation of HMGR at levels
of transcription, translation, post-translational modification, and degradation
(Goldstein and Brown 1990; Goldstein et al. 2006). The targeted degradation of
HMGR occurs when members of the ERAD pathway ubiquitinate Hmg1p and
Hmg2p to moderate the flux through the ergosterol biosynthetic pathway
(Hampton et al. 1996a; Burg and Espenshade 2011). It has also been shown that a
10-fold increase in the level of HMGR induces biogenesis of smooth ER mem-
brane arrays in S. cerevisiae; these morphologically unique arrays are called
karmellae (Lorenz and Parks 1987; Wright et al. 1988; Lum and Wright 1995;
Parrish et al. 1995; Koning et al. 1996). Work done by Wright (1993) took
advantage of the HMGR-induced karmellae biogenesis model to explore candidate
genes related to ER membrane biogenesis. To better understand which genetic
pathways play a role in adaptation to physical changes that affect karmellae bio-
genesis, Wright et al. (2003) used a competitive growth screen in S. cerevisiae to
identify genes involved in ER membrane biogenesis. By screening a deletion
collection to isolate karmellae-sensitive single mutants, the authors identified
genes necessary for cells to grow under karmellae-inducing conditions.
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Surprisingly, the results of this screen determined that several genes in the ERAD
pathway play a role in adaptation to both chemical and physical changes to the ER
membrane (Wright et al. 2003). The results from this work demonstrate a function
for ERAD in ER membrane biogenesis; in the process of exploring the function of
ERAD in ER membrane biogenesis, the authors serendipitously discovered that
some ERAD mutants are cold sensitive. This observation was the first described
phenotypic consequence of ERAD mutants and contributed to a hypothesis that ER
biogenesis and cold adaptation are functionally linked (Robin Wright, personal
communication).

13.2.2 Mutations in the ERAD Pathway Impact Membrane
Biogenesis

The karmellae-sensitive screen mentioned above-identified UBC7 as a strong
candidate gene necessary for ER biogenesis. Along with the ubc7D mutant, two
more ERAD mutants were cold sensitive and linked to ER membrane biogenesis,
cue1D and doa10D. This work indicated that UBC7, CUE1, and DOA10, three
genes in the ERAD pathway, are required for S. cerevisiae to properly regulate ER
membrane biogenesis and to adapt to low-temperature growth (Wright et al. 2003;
Loertscher et al. 2006). The protein products of these three genes play a specific
role in targeting the substrates of the ERAD pathway for degradation. The pro-
teasomal degradation of ERAD targets is triggered by their polyubiquitination.
Conjugation of a single ubiquitin molecule to the target protein requires the
enzymatic activity of E1 ubiquitin-activating enzymes, E2 ubiquitin-conjugating
enzymes, and E3 ubiquitin ligases (Fig. 13.1a). In S. cerevisiae, the E1 enzyme
Uba1p activates a single ubiquitin molecule and then passes it to an E2 enzyme. In
cooperation with the E1 and E2 enzymes, an E3 enzyme covalently attaches the
ubiquitin monomer to its final target substrate (Hershko and Ciechanover 1992;
Hershko and Ciechanover 1998; Pickart and Eddins 2004). Although the yeast
genome encodes only one E1 enzyme, multiple E2 and E3 enzymes are synthe-
sized in S. cerevisiae and unique combinations of these components determine
which substrate will be targeted for proteasomal degradation (Haas and Siepmann
1997; Hampton 2002). The ERAD ubiquitination pathway requires two E2
enzymes: Ubc6p, a C-terminally anchored ER membrane protein, and Ubc7p, a
peripheral ER membrane protein. Ubc7p is anchored to the ER by the ER mem-
brane protein Cue1p (Hampton 2002; Vashist and Ng 2004) (Fig. 13.1b). Along
with the Ubc6 and Ubc7 E2 enzymes, two primary ERAD E3 ubiquitin ligases,
Hrd1p and Doa10p, are responsible for the majority of ER-associated proteasomal
degradation (Hampton 2002; Vembar and Brodsky 2008; Hirsch et al. 2009).
Members of the ERAD pathway are involved in a variety of cellular stress
responses ranging from heat tolerance, H2O2 stress, and canavanine (Hiraishi et al.
2006). This range of effects implies that proteins of the ERAD pathway may be
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functionally relevant to a similarly large range of environmental stress responses in
S. cerevisiae.

Since UBC7, CUE1, and DOA10 were identified in a screen for genes important
to membrane biogenesis, as well as found to be cold sensitive, these results suggest
that these members of the ERAD pathway play a role in cold adaptation and
membrane regulation (Wright 1993; Wright et al. 2003; Loertscher et al. 2006).
The works done by Loertscher et al. (2006) and Wright et al. (2003) are not the

Fig. 13.1 a Ubiquitination schematic, adapted from Passmore and Barford (2004). Proteins
targeted for degradation by the proteasome are tagged by chains of ubiquitin monomers. The
covalent attachment of ubiquitin to a substrate requires three enzymes: an E1 ubiquitin-activating
enzyme, an E2 ubiquitin-conjugating enzyme, and an E3 ubiquitin ligase. First, the energy of
ATP is used to generate a thioester bond between ubiquitin (Ub) and an E1 enzyme. This Ub
molecule is then transferred from the E1 to E2 enzymes. Finally, an E3 ligase transfers the
ubiquitin to the specific target substrate. Subsequent ubiquitin molecules are added to the first Ub
molecule, and eventually signal the protein to be trafficked to the proteasome for degradation.
b Schematic of members of the Ubc7-dependent ERAD machinery, adapted from Hampton
(2002)
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only accounts suggesting a relationship between low-temperature growth, mem-
brane composition, and the ERAD pathway. For example, transcription of OLE1,
an essential gene in the ER, encodes the only D9 fatty acid desaturase found in
S. cerevisiae and is regulated by the transcription factors Mga2p and Spt23p
(Zhang et al. 1999). Activation of these two transcription factors is regulated by
proteasomal processing initiated by an ERAD complex (Hoppe et al. 2000). More
specifically, Nakagawa et al. (2002) concluded that Mga2p serves as a low-tem-
perature sensor in yeasts based on their findings that activation of Mga2p requires
proteasomal processing that it is triggered by cold temperatures. This activation of
Mga2p induces OLE1 transcription, which in turn increases the amount of
unsaturated fatty acids, thus keeping the membrane more fluid at low temperatures
(Nakagawa et al. 2002). One of the most widely accepted mechanisms of cold
adaptation in S. cerevisiae, psychrophilic yeasts, and most other organisms is the
maintenance of membrane function and fluidity despite their disruption at low
temperatures. Altering the unsaturated fatty acid and sterol composition of the
membrane is a common way for unicellular organisms, including psychrophilic
yeasts, to adapt to low temperatures (Finegold 1986). These alterations include an
increase in fatty acid unsaturation, decrease in average fatty acid chain length, and
a decrease in the sterol:phospholipid ratio (Inniss 1975; Russell 2008; Margesin
and Miteva 2011). In addition to regulating Mga2p and Spt23p, ERAD compo-
nents, including Ubc7p and Cue1p, directly regulate the stability of Ole1p (Braun
et al. 2002). Taken together, this information led Loertscher et al. (2006) to
suggest that the ultimate cause of cold sensitivity in ubc7D, cue1D, and doa10D
cells results from a combination of altered sterol levels and failure to regulate
Ole1p levels. Since OLE1 is the sole desaturase capable of introducing one double
bond into the fatty acid chain, the fatty acids present in the phospholipids of yeasts
are either unsaturated or monounsaturated (Stukey et al. 1990; Braun et al. 2002).
Therefore, the modification of sterols may play a much more important role in the
cold adaptation responses of yeasts than in other organisms which produce a wider
variety of phospholipids (Daum et al. 1998). In addition to transduction of the low-
temperature signal and regulation of OLE1 transcription, Mga2p has also been
linked to transcriptional regulation of enzymes within the ergosterol biosynthetic
pathway (Rice et al. 2010). An exhaustive discussion on the changes in lipid
composition and fluidity of yeast plasma membranes as response to cold is
reported in Chap. 10.

13.3 Membrane Sterol Composition and Low
Temperatures

As previously mentioned, the ubc7D, cue1D, and doa10D ERAD mutants were
originally identified for their inability to properly regulate membrane biogenesis
and karmellae formation in response to elevated expression of HMGR (Wright
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et al. 2003). Due to the relationship between membrane dynamics and cold
adaptation, follow-up experiments were done by Wright et al. (2003) to determine
whether growth at low temperatures had an effect on the membrane profiles of
ERAD mutant strains. The published data for these experiments explore the
membrane profiles of ubc7D mutant strains. The authors focus on the role of UBC7
because Ubc7p is the E2 enzyme responsible for specifically targeting HMGR for
the ERAD pathway when necessary (Hampton et al. 1996b; Donald et al. 1997;
Bays et al. 2001; Ignea et al. 2012). Membrane sterol profiles were generated at
30 �C for wild type and ubc7D mutant strains. The same sterol analysis was done
at 10 �C to determine whether there were changes in sterol composition that
occurred at low temperatures in either wild type or ubc7D mutant strains. At both
temperatures, wild type and ubc7D strains display dramatic differences in mem-
brane sterol composition. Wild-type cells cultured at 30 �C contain approximately
15 % more ergosterol than wild-type cells cultured at 10 �C, and this dramatic
change in ergosterol composition is echoed by levels of ergosterol precursors as
well. In addition to differences within the same strain at 10 and 30 �C, differences
between the overall sterol profiles of wild type and ubc7D mutants cultured at the
same temperature were seen as well (Loertscher et al. 2006). This suggests that
low temperature and ergosterol levels are not the only factors impacting sterol
concentrations, and that there may be a broad disruption within the ergosterol
biosynthetic pathway at low temperatures. Alternatively, although UBC7 has been
shown to directly play a role in HMGR stability in yeasts, it is also possible that
other ergosterol biosynthetic enzymes are impacted by the ERAD pathway.
Hitchcock et al. (2003) used a large-scale mass spectrometric approach to identify
83 potential membrane-bound Ubc7p-dependent ERAD substrates. Three of these
predicted substrates, Erg1p, Erg9p, and Erg27p, are members of the ergosterol
biosynthesis pathway; these enzymes are responsible for the synthesis of 2,3-
oxidosqualene, squalene, and 4-a-methylzymosterol, respectively (Hitchcock et al.
2003). Disruption in the regulation of the amount of these ergosterol biosynthetic
enzymes causes alterations in the flux through the ergosterol pathway and changes
the levels of ergosterol pathway intermediates produced (Veen et al. 2003). If low
temperatures cause fluctuation of similar ergosterol pathway intermediates, it is
possible that proper feedback mechanisms are disturbed at low temperatures,
leading to the atypical sterol profiles see in S. cerevisiae cultured at 10 �C. The
work done by Hitchcock et al. (2003) has identified Ubc7-dependent targets of the
ERAD pathway, and similar experiments performed at 10 �C would give addi-
tional insight into which ergosterol biosynthesis proteins are targeted by the ERAD
pathway at low temperatures. Results from this type of future experiment could be
used to identify targets of the ERAD pathway at 10 �C, giving insight into
potential mechanisms responsible for the regulation of sterol synthesis in S. ce-
revisiae at low temperature.

It has been shown that genetic and biochemical factors which change the
concentration of intermediates within the ergosterol biosynthesis pathway can
signal HMGR degradation by the ERAD pathway (Gardner and Hampton 1999).
The variation in sterol composition seen in wild-type and ubc7D cells grown at 10
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and 30 �C suggests that either low temperature or ERAD disruption may lead to
improper degradation of HMGR. If this is the case, the cold sensitivity of the
ERAD mutants suggests that ERAD may be required to compensate for the altered
membrane composition at 10 �C. Thus, ERAD mutants grow at wild-type rates at
30 �C, but may be unable to overcome the additional stress of maintaining a
functional membrane at low temperatures. The relationship between the ERAD
pathway and cold adaptation could be directly due to conformational changes in
HMGR protein structure that may target it for ERAD (Gardner and Hampton
1999). If these conformational changes are sufficient to target HMGR for degra-
dation, it is possible that this may lead to its erroneous assignment as a substrate
for degradation. Thus, the post-translational regulation and stability of HMGR at
low temperatures may be a key piece in understanding the relationship between
ERAD, membrane sterol composition, and low-temperature growth.

13.4 Conclusions

If functional HMGR and ERAD machinery are necessary for S. cerevisiae to
survive in low-temperature environments, it is also possible that organisms that
thrive in extreme environments may have evolved to produce members of the
ERAD or ergosterol biosynthesis pathways. Therefore, ERAD mechanisms in
psychrophilic yeasts may have evolved in response to their natural occurrence in
colder climates. The results summarized here only give a glimpse into some of the
possible mechanisms that yeasts may use as they adapt and evolve to life in the
cold. For example, it is possible that some psychrophiles have adapted molecular
mechanisms that control the ergosterol biosynthetic pathway such that their
membranes are stabilized at the organism’s optimal growth temperature. Work
done to determine the effects of temperature on membrane composition in psy-
chrophilic yeasts supports the idea that membrane composition is fundamental to
low-temperature adaptation in psychrophilic yeasts (Watson and Arthur 1976).
There are still many unanswered questions and much work to be done to better
establish possible mechanisms behind the regulation of membrane composition as
it relates to survival at low temperatures, as well as how or when the ERAD
pathway plays a role in cold adaptation of psychrophilic yeasts.

Areas for further exploration include experiments using psychrophilic yeasts to
identify which molecular mechanisms are necessary for their adaptation to cold
environments. Based on what has been shown in S. cerevisiae, it will be important
to determine what role the ERAD pathway plays in psychrophilic yeasts and
whether the sequences of UBC7, CUE1, and DOA10 are the same in psychrophiles
as they are in S. cerevisiae. Alterations in gene sequence could potentially high-
light functional differences between ERAD proteins, which are necessary for cold
adaptation. Additionally, deletion of members of the ERAD pathway in psy-
chrophilic yeasts could also shed light on whether an intact proteasomal degra-
dation system plays a role in adaptation to cold climates. Along with questions
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about the ERAD pathway in psychrophilic yeasts, understanding the evolution of
the HMGR genes in these species may also shed light on evolutionary changes
affecting ergosterol biosynthesis at low temperatures. To understand how ergos-
terol synthesis impacts cold adaptation, it will be important to investigate the sterol
profiles of different psychrophilic yeasts at different temperatures and how those
profiles impact growth rates, membrane-bound protein function, and adaptation.
Not only will these experiments be important for understanding how yeast species
adapt to cold environments, but they will provide a better understanding of how
yeasts function at low temperatures which may be applicable for industrial use,
food preservation, fermentation technology and more.
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Chapter 14
Subzero Activity of Cold-Adapted Yeasts

Nicolai S. Panikov

Abstract Cold adaptation is usually interpreted as ability of microorganisms to
grow at temperature around zero or recover from deep freezing. This chapter
focuses on a recently discovered physiological phenomenon of microbial growth
and metabolism in a frozen environment cooled down to -20 �C and deeper. Still,
there are numerous controversies about subzero activity (SZA); therefore, the
chapter starts from extensive introduction into the SZA phenomenon beyond the
yeasts’ taxonomic boundary. Critical review of available techniques for SZA
detection resulted in a precautionary note that some reports based on account of
frozen soil respiration or methane generation could be considerably overestimated.
More reliable measurements of SZA are obtained by using methods based on
direct microscopy and uptake of labelled gaseous substrates, e.g. 14CO2. Two types
of below-zero habitats are recognized: homogeneous icy environment (polar sea
ice, glaciers, snow) where microbial cells can survive in supercooled liquid veins
and permanently frozen soils and sediments containing buried organic matter and
allowing slow gas exchange through aeration micropores. Fungi including yeasts
are the most successful colonizers of the second type of habitats. Solid-state frozen
enrichment culture, phylogenetic survey of soils, round-year seasonal community
dynamics and specific inhibitors of protein synthesis - all indicate that fungi have a
competitive advantage over prokaryotic organisms in frozen soils. None of the
known molecular mechanisms of cold adaptation, e.g. membrane structure, heat-
and cold-stress proteins, cold-adapted enzymes, could be uniquely attributed to
fungi. Instead, the author discusses wide opportunities given to all fungi by bigger
cell size and colonization of frozen heterogeneous environments via mycelial or
pseudomycelial growth.
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14.1 Introduction

Traditional microbial physiology interprets cold adaptation as ability of microor-
ganisms to grow and metabolize at low temperatures, typically from about 10 �C
to zero, assuming that further cooling down below the freezing point prevents any
kind of normal physiological activity. Other commonly explored traits are freeze
and freeze–thaw resistance expressed as the property of microbial cells to preserve
viability after single or multiple cycles of freezing and melting (Chattopadhyay
2000; Zecchinon et al. 2001; Marx et al. 2004; Steven et al. 2006). Relatively new
to science and a seriously understudied physiological phenomenon is microbial
metabolism below the freezing point. Only recently, we have obtained convincing
evidences that subzero activity (SZA) of microorganisms is not a laboratory
artefact but an important natural phenomenon worth of careful study (Rivkina
et al. 2000; Junge et al. 2004; Panikov 2009). This chapter will summarize the
current state of SZA studies with special focus on cold-adapted yeasts. It was
found that fungi including yeasts are better adapted to cold than other saprotrophic
microorganisms having selective advantages in colonizing frozen environments
over bacteria. However, contrary to other chapters in this book, this chapter is not
restricted to yeasts alone. As SZA is still not yet fully specified and understood, the
author refers sometimes to the SZA of the entire microbial community or com-
pares the SZA of eukaryotes versus prokaryotes or, most frequently the chapter is
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focusing on subzero growth and activity of various fungi, including yeasts as well
as dimorphic and mycelial forms of fungi inhabiting cold habitats, such as tundra
and permafrost.

14.2 History of the SZA Discovery

The first unambiguous indication of microbial SZA came from Antarctic studies of
the cryptoendolithic lichens (Lange and Kappen 1972; Kappen and Friedmann
1983; Kappen 1988, 1993; Schroeter et al. 1992; Friedmann et al. 1993; Kappen
et al. 1996, 1998). Lichens are composite organisms consisting of a fungus (the
mycobiont) and a photosynthetic partner (the photobiont or phycobiont) growing
together in a symbiotic relationship. The photobiont is usually either a green alga
or cyanobacterium. The term ‘cryptoendolithic’ refers to organisms colonizing the
empty spaces and pores inside rock materials on the surface of polar deserts; they
are partly protected by rocks from adverse polar conditions above and below the
freezing point. The SZA was reported as in situ measured photosynthetic activity
of a photobiont under light conditions and total respiratory activity of photo- and
mycobionts with possible contribution of free-living microorganisms in the dark
day period (Fig. 14.1). The CO2 balance was positive with net CO2 uptake of
0.42 mg d-1 (g biomass)-1 at ambient temperature fluctuating between -10 and

Fig. 14.1 One of the first records of SZA: field measurements of CO2 exchange (photosynthetic
uptake and respiratory release) between frozen lichens and atmosphere at Bailey Peninsula,
Wilkes Land, continental Antarctica (66�170S, 100�320E). Redrawn with permission from
(Kappen 1988)
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-5 �C, which was equivalent to a specific growth rate (SGR) of the phycobiont of
0.0003 d-1 (generation time 6.7 years).

Laboratory studies of SZA with isolation of responsible microorganisms on
liquid supercooled media with antifreezes were reported occasionally starting from
1960s (Michener and Elliott 1964; Larkin and Stokes 1968), but these reports did
not attract much attention as SZA seemed to be of low environmental significance.
A formal definition of psychrophiles was (and is still now) based on a negative
condition, such as lack of growth above 20 �C (Morita 1975; Helmke and Wey-
land 2004), while the low-temperature boundary was either not defined or tacitly
assumed to be around zero. A critical review on the significance of the terms
psychrophile and psychrotolerance is reported in Chap. 1. Distrust to early pub-
lications on SZA was understandable as supercooled media with added antifreeze
looked too artificial and rates too low, but most important, the phenomenon of
SZA was not compatible with at least two basic principles of modern biology
(Kushner 1981). The first principle claims that intracellular metabolic processes
should be maintained above a certain minimum level and if cooling brings the
metabolism below this level, then cells should die or enter the dormant state. The
second important restriction factor was a lack of free liquid water in the frozen
environment preventing normal functioning of biopolymers, nucleic acids,
enzymes and semi-fluidic membranes.

Remarkable positive impact on the development of subzero microbiology was
brought about in 1980–2000 by two emerging research directions: outer space
exploration and the International Geosphere-Biosphere Programme (IGBP). In
attempts to develop techniques for detection of extraterrestrial life on Mars and
other cryogenic planets, moons and comets, astrobiologists initiated microbio-
logical studies of respective terrestrial analogues: polar deserts, permafrost, sub-
surface polar lakes and other cold habitats (Friedmann and Ocampo-Friedmann
1984; Finegold 1996; Cavicchioli et al. 2002; Jakosky et al. 2003; Marion et al.
2003; Rivkina et al. 2004). Most of these studies clearly indicated that microbial
life was not stopped below the freezing point. Another incentive came from the
IGBP that studied interactions of the physical, chemical and biological processes
within the Earth system responsible for ongoing global change. The main IGBP
focus was a greenhouse effect associated with accumulation in atmosphere of CO2,
CH4 and N2O. An inventory of their sources demanded setting up the systematic
round-year observations on gas emission from soils to atmosphere including cold-
season periods. Surprisingly, the winter gas emission was found to account for up
to 20 % of the annual CH4 flux and up to 60 % (!) of the net CO2 efflux to the
atmosphere (Whalen and Reeburgh 1988; Dise 1992; Zimov et al. 1993; Melloh
and Crill 1996; Oechel et al. 1997; Fahnestock et al. 1998, 1999; Grogan and
Chapin 1999; Panikov and Dedysh 2000). The mechanism behind the cold-season
emission was a subject of discussion; it was interpreted not only as manifestation
of instant SZA of microorganisms in tundra but also as a delayed release of gas
produced by the soil community during the warm season (Coyne and Kelley 1971;
Mastepanov et al. 2008). Anyway the ‘ice of distrust’ was broken, and SZA
research acquired their legitimacy to be openly discussed and published in peer-
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reviewed professional journals. Ironically, the cold-season gas emission eventually
turned out to be mostly controlled physical gas transfer at the soil–air interface, but
complementary laboratory experiments (isotopes transformation, microbial isola-
tions) unambiguously have proved that SZA occurred in permafrost and frozen
soils in the temperature range from -2 to -40 �C (see below).

Simultaneously with terrestrial studies, SZA has been reported for polar sea ice,
glaciers and snow (Price 2000, 2007; Christner 2002; Deming 2002; Junge et al.
2002, 2004; Price and Sowers 2004). Presently, SZA research activity is con-
centrated mostly on the application of molecular culture-independent sequencing
techniques to cold environments aimed to embrace diversity of cold-tolerant
organisms and to assess their SZA activity in situ. Apart from astrobiology and
global change studies, the SZA is driven by a wide range of promising biotech-
nological applications based on stimulation of SZA (bioremediation of polluted
tundra) or its suppression (prevention of spoilage of frozen food, vaccines,
embryos, etc.). The relevance of cold-adapted yeasts for bioremediation of pol-
luted soils in cold environments and as food-spoiling agents is reported in Chaps.
21 and 23, respectively.

14.3 Measurement of SZA

There are several techniques developed to detect SZA in various natural cold
habitats. One set of methods is applied to relatively homogeneous and transparent
specimens representing frozen liquid, such as sea ice and glaciers, snow, subsur-
face polar lakes. Another set of techniques has been developed for heterogeneous
non-transparent specimens of seasonally and permanently frozen soils. This
material contains a mosaic of solid organic and mineral particles separated by ice
fragments and thin films of unfrozen water (UW) as well as tiny air-filled pores. In
the first case, transparency of frozen specimens presents a unique opportunity for
using microscopic observations that can be arranged in a walk-in cold room; it
allows the viewing of bacterial cells (Price 2000, 2007; Campen et al. 2003; Price
and Sowers 2004) as well as yeasts cells and microcolonies (Amato et al. 2009) in
water-filled veins within ice crystals (Fig. 14.2). Microscopy in combination with
differential staining (e.g. CTC, the tetrazolium salt 5-cyano-2,3-ditolyl tetrazolium
chloride, revealing respiring cells) was used as evidence of bacterial activity at
temperatures down to -20 �C (Junge et al. 2004). Although such observations
cannot be used for quantitative estimation of SZA, they provide valuable quali-
tative information on growth and lysis, survival and transport of microorganisms
within frozen space.

Contrary to clear ice, many frozen soils and permafrost material contain air-filled
pores and therefore allow very slow but non-zero gas exchange with the ambient
atmosphere. Gas diffusion provides a unique methodological opportunity for SZA
studies; especially, valuable benefit is that frozen samples can be amended with
diffusible growth substrates through gas exchange without their preliminary
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thawing. Appropriate mobile substrates include true gases (H2, CO2, CH4, CO) and a
long list of volatile organic compounds utilized by the majority of microorganisms:
low molecular weight alcohols, aldehydes, ethers, fatty acids, etc. The most common
C-substrate is CO2 utilized by almost every organism, from bacteria to humans.
Photo- and chemoautotrophic bacteria assimilate CO2 via the Calvin cycle as sole C-
source, while the heterotrophic organisms perform anapleurotic carboxylation
reactions (e.g. carboxylation of pyruvate and propionate) aimed to replenish cata-
bolic intermediates spent for biosynthesis. Heterotrophic growth results in net
oxidation of organic substrates to CO2 which hides anapleurotic CO2 uptake;
therefore, we need to use labelled 14CO2 to measure the so-called dark 14CO2

fixation (DF) (Fig. 14.3). On average, the DF accounts for about 6 % of the gross
cellular synthesis (Panikov 2009) although it varies between phylogenetic groups
(Alonso-Saez et al. 2010). DF can be used not only with soil but also with homo-
geneous icy samples; in this case, 14C-substrate is added as bicarbonate.

Not every gas exchange technique is suitable for measuring SZA. Conventional
tests for ‘soil respiration’ or ‘methanogenic activity’ as applied to frozen specimens
(Rivkina et al. 2002; Panikov et al. 2006; Johnson et al. 2007) could significantly
overestimate actual SZA if we assume that measured rates of gas release reflect
instant metabolic activity. As a matter of fact, all soils and sediments and especially
frozen permafrost layers hold large pools of CH4, CO2 and other gases well above
the equilibrium with ambient atmosphere. For example, the CO2 mixing ratio in soil
pores varies between 1 and 10 % versus 0.038–0.04 % in the atmosphere. In frozen
soil, CO2 is present as free gas, CO2 ? HCO3

- dissolved in water and trapped in
interstitial ice. In addition to these well-known forms, there is also CO2 firmly bound
to the soil solid phase, most probably ‘encapsulated’ within soft organomineral
micropores. In the course of long-term (up to several months) subzero incubation,
the entrapped gas is slowly releasing, giving a wrong impression of steady microbial
respiration (Fig. 14.4). Unfortunately, sterile controls do not help in differentiation

Fig. 14.2 a Bright field,
b epifluorescent microscopic
images showing the physical
location of cells
(Cryptococcus sp. 179-4)
within a triple junction at
-20 �C; numbers 1–3
indicate individual ice
crystals. Reproduced with
permission from Amato et al.
(2009)
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Fig. 14.3 Determination of the SZA in soils and permafrost samples by recording dark CO2

fixation rate, see other details in Panikov and Sizova (2007)

Fig. 14.4 Experimental evidence for the presence of firmly bound CO2 in permafrost
compromising ‘soil respiration’ data. Both autoclaved and untreated samples of permafrost
released similar amounts of CO2 in the course of subzero (-10 �C) incubation well above the
level of inorganic C-pool (sum of dissolved CO2+HCO3- measured as CO2 evolution after
acidification). CO2 data were obtained by continuous recording of CO2 by IR gas analyser; true
microbial respiration (TMR) was calculated from the rates of dark 14CO2 fixation (DF) assuming
the stoichiometric ratio DF:TMR = 1:10 (Recalculated and redrawn from Panikov 2009)
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of true respiration from physical gas release because autoclaving and dry heating
cause chemical destruction of soil organic matter and greatly accelerate abiotic CO2

release (Panikov 2009). Sterilization by c-radiation or chemical inhibitors is milder
but still has some impact, besides the SZA calculated as a difference between two
large quantities (CO2 efflux from untreated soil minus CO2 efflux from sterile soil)
cannot be accurate. Under field conditions, gas fluxes from soil to atmosphere can
deviate even more significantly from the instant gas-generation biological activity of
microorganisms across the soil profile. Therefore, a cold-season CO2 emission
should be essentially higher than the corresponding instant respiration of cold-
adapted microorganisms. In spring and summer time, there could be an inverse
trend: lower surface emission than actual cumulative respiration leading to build-up
of soil CO2-pool. Going back to laboratory measurements, a correct implementation
of soil respiration as a measure of SZA should be based on account for all forms of
CO2 generated during subzero incubation including the gain of CO2 in headspace,
dissolved inorganic C and firmly bound CO2. Such protocol is still not developed
and is not going to be a fast and rapid procedure. A better way would be to monitor a
14CO2 release from 14C-labelled organic substrate added to soil; however, it will
characterize a substrate-induced SZA (bigger than true SZA) of some (mostly
unknown) fraction of soil community.

Several other techniques are equally applied to ice-like and soil-like frozen
specimens. The most popular approach is to measure the intensity of key bio-
synthetic processes by monitoring the incorporation rate of respective isotope-
labelled precursors. Examples include (but are not limited to) the following:
incorporation of [14C] acetate into cellular lipids (Rivkina et al. 2000), [3H]
thymidine incorporation into DNA and [3H] or [14C] leucine incorporation into
microbial proteins (Tibbles and Harris 1996; Carpenter et al. 2000; Sattler et al.
2001; Christner 2002). The procedure requires temporal melting of frozen speci-
mens to add and mix label with the following refreezing and subzero incubation.
Several uncertainties compromise the described approach: (1) incorporation rates
are sensitive to the concentration of the added intermediates, and too low con-
centration does not stop de novo synthesis of nucleotides which underestimates
actual SZA, while too high concentration might induce microbial growth which
leads to overestimation of the actual SZA; (2) some microorganisms are not able to
transport the labelled intermediates into cells; and (3) a conversion factor from the
measured incorporation rate to a more meaningful parameter of microbial growth
rate is uncertain.

In summary, there is no single ‘ideal’ method to measure SZA. The best results
so far were produced by methods based on measuring of CO2 uptake, such as
photosynthetic activity of lichens and dark 14CO2 fixation. Below the author
outlines main results on SZA variation across time and space and on SZA
dependence on environmental factors, obtained by the DF method applied to
tundra soils and permafrost.
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14.4 SZA Variation in Different Cold Habitats and its
Dependence on Environmental Factors

In our incubation experiments carried at -10 �C (Panikov 2009), DF varied across
all tested seasonally and permanently frozen soils of Alaska from close to zero to
5 nmol CO2 d-1 (g soil)-1. The strongest correlation was found between DF and
the content of organic C (r2 = 0.92, n = 60). Most probable interpretation of this
result is that organic matter provides a better microporous environment allowing
diffusive gas exchange and thermoinsulation important for keeping the biogenic
heat within the microbial microcolony (see below). A role of soil organic matter as
microbial nutrient source seems to be less probable because of its recalcitrant
nature.

14.4.1 The Effects of Temperature and Unfrozen Water
Content

Two factors, temperature and availability of water, are interconnected, and when
we reset the incubation temperature, the water status is spontaneously adjusted in a
brief transient process. Water availability could be characterized as partial pressure
of water vapour over frozen soil by headspace gas analyses (e.g. mass spec-
trometry or IR gas analyser) or by measuring the content of UW with the TDR
method (time-domain reflectometry) (Watanabe and Wake 2009). The temperature
per se is a measure of kinetic energy of reactants which declines with cooling but
does not stop completely because of the exponential character of energy distri-
bution. We were able to detect 14CO2 uptake down to -80 �C (Fig. 14.5) in
incubation extended to 6 months. The combined effect of temperature and UW on
DF obeyed to the Arrhenius equation with added exponential term to account an
indirect influence of temperature via the content of available water. SZA nor-
malized per unit of available water displayed linear Arrhenius plot with an
apparent activation energy (Ea = 43.7 KJ mol-1) typical for enzymatic reactions.

The average water activity in frozen soil is very low, but it could be higher
inside microbial cells and around microbial colonies due to self-heating and
antifreeze action of exometabolites (see below). Another alleviating factor could
be slow equilibration of the subzero system (Wolfe et al. 2002). Most experiments
with permafrost samples are accompanied by their mechanical disturbance; after
the extraction of the permafrost core and its storage in a freezer, it is split into
small aggregates to fit incubation vessels. Such treatment releases certain amounts
of available C-substrates and water even if all preparatory steps are done in a
-20 �C freezer. During the following subzero incubation, the system goes back to
equilibrium but not instantly, and it takes hours and days for equilibration across
the entire microporous space when water content remains above the equilibrium
level corresponding to the current incubation temperature.
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14.4.2 Gas Diffusion as a Limiting Factor

Pure frozen water forms perfect ice crystals that do not allow gas diffusion through
frozen mass; however, impurities, defects and possibly veins between individual
crystals can provide some limited conductance of gases and liquid. As stated
above, frozen soils especially rich in coarse mor-type organic matter are more
conductive to gases as compared to frozen ice. We measured 14CO2 diffusion rate
to the inner space of permafrost lumps (Panikov 2009) and found the apparent
diffusion coefficient at -20 �C to be as low as 6.9 9 10-9 cm2 s-1 (107 times
lower than in air). Nevertheless, such gas permeability of organic permafrost is
adequate to maintain slow aerobic growth. Mass transfer in the mineral permafrost
should be slower (Ostroumov and Siegert 1996).

Fig. 14.5 SZA (dark
fixation, DF) in permafrost
(Sagwon site, AK) as
dependent on incubation
temperature. Top DF (filled
circle), relative air humidity
(open squares) and unfrozen
water content (open circles)
versus temperature (�C);
Bottom Arrhenius plot for
overall (filled circle) and
normalized per UW unit
(circle) rate, DF/exp (jW).
Red line Arrhenius equation;
black curve our modification
shown on the top panel
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14.4.3 Effect of Substrate Amendment

Complex substrates (yeast and meat extracts, proteins, mixture of sugars) do not
stimulate and even suppress DF, while volatile compounds and gases (ethanol,
methanol, CH4 but not H2) stimulated SZA by 2–3 times (Fig. 14.6). This finding
is in a full agreement with data on gas permeability of permafrost, supporting
premises that volatile reduced substrates are the best energy sources for micro-
organisms in a frozen environment. The insoluble polymeric substrates (e.g. lig-
nocellulose, pectin, xylan) are likely to be completely inaccessible. Their
utilization requires an extracellular step of hydrolytic breakdown that cannot
proceed under fully frozen conditions because neither enzyme nor substrate is able
to acquire a flexible tertiary structure needed to form an enzyme–substrate com-
plex. On the other hand, the intracellular space of microbial cells is better fit to
severe cold due to production of antifreeze metabolites and self-heating through
exothermic catabolic reactions.

14.4.4 Biogenic Heat

Any oxidation reaction generates heat, and microbial respiration is not an
exception. Biochemistry typically interprets heat as a non-productive component
of respiration, as energy dissipation that reduces growth yield or the capacity of
organisms to do mechanical work. Could biogenic heat be a useful part of

Fig. 14.6 Effect of added substrates on 14CO2 uptake by permafrost samples at -11 �C. Note
that the complex organic substrates (LB, Luria–Bertani Broth; BSA, bovine serum albumin; YE,
yeast extract) inhibited dark fixation (DF), while simple volatile compounds (ethanol, CH4)
produced maximal stimulation
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microbial catabolism in frozen habitat? To answer this question, we (Panikov and
Zhang, unpublished data) simulated heat generation and transfer for spatially
isolated single-yeast colonies usually observed in our experiments with permafrost
(Fig. 14.7). Under realistic assumptions of physical and biological properties of
the modelled system (thermal conductivity, cell mass, intensity of respiration,
etc.), simulation results indicated that microbial self-heating was strong enough to
raise the temperature by almost 10 �C inside the colony. The heating effect
abruptly declined across the space outside the colony, leaving the permafrost layer
unaffected already at the distance of several millimetres. Thus, a heating power of
biogenic source is too low to be sensed by traditional geophysical tools aimed at
keeping the record of soil temperature. Nevertheless, it is sufficient to sustain steep
temperature gradients between metabolizing cells and the surrounding abiotic
space as long as the energy source is available. A temperature raise within the
microcolony should also result in a respective increase in water availability due to
localized partial ice thaw and enhanced pressure of water vapour.

14.5 Physiological State of Microbial Community
in Frozen Soil: Growth or Maintenance?

It was hypothesized (Bakermans et al. 2003; Price and Sowers 2004) that in natural
frozen habitats, such as permafrost and glaciers, nutrient flux is so low that it could
support only the ‘maintenance state’ of microbial cells, which stands for slow

Fig. 14.7 Numerical simulation of the biogenic heat effects on local permafrost warming
(Panikov and Zhang unpublished data). Assumptions: size of microbial colony 1 mm3, respiration
rate 0.1 mmol O2 d-1 mm-3, heat quotient 26 kJ (mol O2)-1, ambient temperature -10 �C,
permafrost with porosity 0.4. We used a steady-state heat transfer equation solved under spherical
coordinates. The inset and picture on the left show a real microscopic picture of the yeasts
microcolony in Toolik Lake permafrost, cells stained by DTAF
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catabolic activity without growth. Earlier, the ‘maintenance state’ was assumed to
represent a physiological state for in situ microbial populations at any temperature
in either terrestrial or oceanic oligotrophic habitats (Chapman and Gray 1986;
Morita 1997). The term ‘maintenance’ means the energy source consumption for
physiological functions other than growth, e.g. cell motility, turnover of cellular
macromolecules and osmoregulation (keeping a concentration difference between
cytoplasm and exterior). In practice, the intensity of maintenance or basic
metabolism is evaluated indirectly, by recording two variables, the energy source
consumption rate (e.g. respiration, R) and SGR, preferentially in a chemostat
culture preserving a constancy of cultivation conditions apart from energy flow.
The plot of R versus SGR is approximated by linear regression, and this intercept
formally corresponds to the respiration rate of the non-proliferating cells
(SGR = 0) and is called a ‘maintenance coefficient’ (Pirt 1975). The higher the
maintenance goes, the lower is cell yield (Y). In the maintenance state, when ALL
consumed substrate is spent for non-growth functions, the yield is zero.

Panikov and Sizova (2007) have tested the hypothesis whether SZA is asso-
ciated with the non-proliferating maintenance state in a simple incubation
experiment: permafrost samples were amended with 14C-ethanol and incubated in
a series of subzero temperatures. Three variables were recorded: 14CO2 evolution
as respiration term (Dp), uptake of ethanol at the end of experiment as a difference
between added and residual amount of the water-soluble 14C-compound (Ds) and
14C-incorporation into soil microorganisms as insoluble 14C (Dx). As expected, the
consumption was equal to the sum of two production terms Ds = Dp ? Dx,
indicating full recovery of the 14C-balance (Fig. 14.8, left panel). The yield Y was
calculated as a ratio Y = Dx/Ds (Fig. 14.8, right panel), and it varied between 0.33

Fig. 14.8 Experimental evidence that permafrost community is growing on added 14C-substrate
rather than metabolizes in a maintenance (non-proliferating) state (redrawn with permission from
Panikov and Sizova 2007). Permafrost sample was amended with 14C-ethanol and mineral salts
and incubated at a series of subzero temperatures. By the end of incubation, we calculated total
consumption of added substrate, 14CO2 production and 14C incorporation into insoluble fraction
presumably into cells of microorganisms grown on ethanol. Left panel plot of 14C-uptake data (1),
14C-cells (2) and 14CO2 (3) versus incubation temperature, uptake is given as negative value and
the curve 3 was plotted as a sum 14C-cell ? 14C-CO2 to demonstrate a complete recovery of the
14C-balance. Right panel cell yield calculation as Y = 14C-cell/14C-uptake
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and 0.67 g C (g C)-1 at subzero temperatures similar to above-zero microbial
growth (Panikov 1995). Slight decline in Y with cooling is expected as a conse-
quence of slowing of microbial growth, but in no way it was a ‘maintenance state’
as discussed in literature. The most probable reason for the dramatic drop of the
yield observed by Bakermans et al. (2003) was the abnormal condition of culti-
vation of permafrost bacteria in liquid supercooled media. Under natural frozen
conditions without antifreeze compounds, microbial metabolism remains pro-
ductive, and respiring cells sustain normal growth generating new cellular mass.
The only difference is that subzero growth is extremely slow with a doubling time
about one week at -8 �C and even up to 60 years at -20 �C.

Let us make a preliminary conclusion before moving our story to the main
subject, cold-adapted yeasts and other microorganisms. Based on critical analyses
of our own and published data, we can with full confidence state that microor-
ganisms in a frozen environment are capable of metabolizing in spite of severe
conditions: water deficiency, restricted mass transfer and low level of kinetic
energy. We dismissed a number of faulty manifestations of SZA such as ‘soil
respiration’ and left only well-proven evidences based on artefact-free techniques.
Contrary to above-zero growth conditions, SZA can be supported only by highly
mobile volatile substrates like alcohols, hydrocarbons and volatile fatty acids but
not by polymeric and recalcitrant compounds requiring an extracellular step of
enzymatic breakdown. The SZA is associated with normal although extremely
slow growth generating newborn cells with the yield factor comparable with
above-zero growth. Next step is to disclose the identity of organisms able to
function in frozen state.

14.6 Microorganisms Responsible for SZA

The majority of available data on microbial diversity in permafrost and seasonally
frozen soils were obtained by using culture-dependent (e.g. plating on Petri dishes)
or culture-independent techniques through amplification and cloning of ribosomal
genes or metagenomic analyses. These data do not answer the question ‘who is
responsible for SZA’, because the colony-forming units (CFU) and extracted DNA
could originate from dormant cells resisting freezing but not necessarily being
active in frozen ground. With this precautionary note, microbiological studies of
permafrost are briefly summarized.

14.6.1 Overall Survey of Permafrost Community

Viable bacteria in permafrost were first documented as a part of investigations of
mammoths in Siberia (Becker and Volkmann 1961; Cameron and Morelli 1974).
Plating revealed high numbers of viable microorganisms (105–107 CFU g-1) and
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high 16S rRNA diversity with 11 established lines of descent of bacteria and some
entirely new sequences (Shi et al. 1997; Zhou et al. 1997). Most of the clones
belonged to the Alpha- (21 %) and Deltaproteobacteria (26 %), with lesser pro-
portions (\10 %) in the classes of Beta- and Gammaproteobacteria which are
typically isolated from soils. The majority of clones (77 %) had sequence simi-
larity less than 95–80 % to those in the database, indicating the predominance of
novel not-yet-cultured genera and families. An agreement between plating and 16S
rRNA survey was very poor confirming the well-known inadequacy of the plating
method to recover the indigenous soil microorganisms. More recent updates on
permafrost bacterial diversity were reviewed elsewhere (Steven et al. 2006, 2009;
Yergeau et al. 2010). Fungi including yeasts were also surveyed by culture-
dependent and culture-independent methods (Gilichinsky et al. 2005; Kochkina
et al. 2012) with similar general conclusions about the lack of agreement between
them.

Contrary to permafrost, aquatic subzero habitats typically display fairly high
agreement between plating and gene-retrieval techniques. Specifically, the anal-
yses of sea ice do not demonstrate a ‘great plate anomaly’, revealing that up to
65 % of accounted operational taxonomic units (OTUs) are represented by known
cultivable species from the two bacterial phyla Proteobacteria and Bacteroidetes
(previously Cytophaga-Flavobacteria-Bacteroides) (Gosink and Staley 1995; Ir-
gens et al. 1996; Gosink et al. 1998; Junge et al. 1998; Staley and Gosink 1999;
Junge et al. 2002). The reason behind the described difference is that sea ice
community is much simpler and younger than permafrost community, every year
the sea ice is melted and the process of ice colonization starts from zero in early
fall time; even multiyear sea ice in the Arctic Ocean could survive no more than
8–10 melting seasons before circulating out of the Arctic (Deming 2009). The
continental subzero water including Lake Vostok accretion ice (Christner et al.
2001), Arctic and Antarctic pack ice (Brinkmeyer et al. 2003), mountainous gla-
ciers (Christner et al. 2003a, b) and cold deep Atlantic sediments (Xu et al. 2003)
generally contain more diverse microbial communities, but they are still much less
complex than those in permafrost.

Contrary to many other extreme environments, hypersaline, extremely hot,
acidic or alkaline, frozen soil communities did not evolve to a specialized state of a
strictly selected and narrow list of patient species resistant to particular environ-
mental stress. Instead, permanently frozen soils accommodate a much wider range
of microorganisms, including true cold-adapted species displaying SZA and
numerous other species preserved in a dormant state since the warmer time in the
past when they were active. Therefore, our main task here is to distinguish active
permafrost inhabitants versus dormant forms inherited from a warmer geological
past. Below, several approaches to solve this problem are considered.
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14.6.2 Transient Response of Soil Community to Cooling:
Seasonal Observations

An idea behind this approach is very simple: if we follow round-year seasonal
dynamics of soil community, then we can identify species involved in subzero
processes as those who increase their relative abundance in winter. Dramatic
seasonal shifts of communities have been documented for fungi in alpine tundra,
boreal forest and temperate grassland, indicating that fungi are not just cold-
tolerant organisms but take advantage in a frozen environment (Schadt et al. 2003;
Taylor et al. 2010; Dumbrell et al. 2011). Apart from phylogenetic data, this
conclusion was supported by the following results:

1. higher winter fungal/bacterial ratios than respective summer ratios as measured
by direct microscopy of soil;

2. higher winter fungal/bacterial ratios based on substrate-induced respiration with
specific inhibitors of protein synthesis (Lipson et al. 2002);

3. the observation that total tundra soil microbial biomass reached its annual peak
under snow, and fungi accounted for most of the biomass (Lipson and Schmidt
2004).

Phylogenetic analysis revealed a high diversity of fungi and three novel clades
that constituted the major new groups of fungi (divergent at the subphylum or class
level), none of them being represented in culture collections (Schadt et al. 2003).
Contrary to fungi, bacterial communities displayed smaller magnitude and direc-
tion of changes; in winter, bacterial community had a higher proportion of Ac-
tinobacteria and members of the Bacteroidetes (previously Cytophaga-
Flavobacteria-Bacteroides, CFB) phylum, indicating that they could be also
responsible for SZA (Lipson and Schmidt 2004). In summary, seasonal observa-
tion indicates that subzero temperatures do allow the preferential development of
fungi. The freezing did not have a stressful effect on their reproduction, although
an alternative explanation could be that a winter-induced rise in fungal biomass
was the result of reduced grazing pressure caused by winter hibernation of
microarthropods, the principal predators of fungal mycelium.

14.6.3 Transient Response of Soil Community to Cooling:
Laboratory Incubation Experiments

Under fully controlled laboratory conditions, the competitive advantage of fungi
has been confirmed in a most convincing and clear way. We incubated Toolik
Lake permafrost samples at -10 �C with ethanol and monitored changes in
community structure associated with SZA by PCR-SSCP. In total, three phylo-
genetic groups were assessed by applying bacterial, archaeal and eukaryotic
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primers (Panikov et al. 2007). Archaea did not contribute significantly to the
permafrost community, while bacteria and fungi displayed rich diversity with the
following principal difference: the changes in bacterial abundances were minor
with some OTUs slightly up or slightly down, while fungi changed dramatically
with one single population displaying explosive growth and replacing other spe-
cies (Fig. 14.9). Another unambiguous indication of the fungal advantage over
bacteria was direct microscopy of soil specimens revealing a significant increase in
mycelial biomass as compared with stable bacterial counts (Fig. 14.9b).

14.6.4 Stable-Isotope Probing

There are several molecular techniques able to discriminate between active and
dormant soil microorganisms. Not all of them could be applied to permafrost, for
example, survey based on mRNA still could be misleading because permanent
freezing preserves both types of nucleic acids. Some data were obtained by
applying stable-isotope probing (SIP). Alaskan permafrost was incubated with
13C-acetate at a range of subzero temperatures from -3 to -20 �C, and then, DNA

Fig. 14.9 Changes in community structure of permafrost in the course of incubation at -10 �C
with ethanol as a C-substrate a dynamics of DF indicating exponential growth of microorganisms
on added nutrient substrate, b example of PCR-SSPC analysis of community structure revealing
relative changes in abundance of particular OTUs, c, d shifts in abundance of bacteria and fungi,
respectively, after one month. Note modest or no changes in the bacterial OTUs pattern compared
with explosive growth of one single fungal organism (Rhinocladiella)
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was extracted and CsCl isopycnic centrifugation was applied to separate heavy
13C-DNA (representing genomes of active microorganisms) from the light 12C-
DNA. After PCR amplification of 16S rRNA genes coupled with TRFLP finger-
printing and subsequent cloning, the heavy DNA fraction was used to generate lists
of OTUs representing active bacteria. i.e. those organisms who were able to utilize
acetate (Tuorto et al. 2011). They belonged mostly to not-yet-cultivable repre-
sentatives of Actinobacteria, Acidobacteria, Betaproteobacteria and Chloroflexi.
There was an especially pronounced contribution of Chloroflexi, the group which
escaped detection by using molecular techniques other than SIP. Another SIP
study of Alaskan permafrost employed bacterial and eukaryotic primers and 13C-
cellulose as tested C-source (Taylor et al. 2010) demonstrated the predominance of
fungi, e.g. Sebacina, Geopyxis and Geomyces, in the low-temperature carbon
acquisition. Meanwhile, bacterial DNA was less heavily labelled, suggesting that
these bacteria (Cellvibrio sp., as well as unclassified representatives of Rhizobi-
ales, Sphingobacteriales, and Actinobacteria) may be generalists deriving carbon
from a variety of sources in addition to cellulose.

14.7 Isolation of Microorganisms by Subzero Enrichment

Most of published subzero isolations were performed with supercooled liquid
media containing glycerol as antifreeze (Breezee et al. 2004). The disadvantages
of such methods as applied to permafrost are as follows: (1) inhibitory effect of
antifreeze; (2) instability of supercooled solutions that only recently received
adequate mechanistic explanation in terms of modern physical chemistry (Moore
and Molinero 2011); and (3) lack of growth of some fastidious soil organisms
requiring the presence of solid phase. We developed a solid-state cultivation
system which is free from indicated limitations and closer imitates permafrost as a
natural habitat. Liquid nutrient medium is either mixed with microcrystalline
cellulose (MCC) or placed inside a polypropylene plastic bag to form a thin liquid
film. Growth above or below the freezing point is conveniently recorded as the
rates of CO2 production and/or by direct microscopic observations (Panikov and
Sizova 2007). Supercooled and solid media were inoculated with small amounts of
permafrost material and incubated at various subzero temperatures until stable
enriched cultures were obtained; after that, serial dilutions and plating were used to
isolate and purify individual microorganisms.

Interestingly, conventional supercooled liquid enrichment (from 0 to -5 �C)
led to the isolation of representatives of the bacterial genera Polaromonas, Arth-
robacter and Pseudomonas from permafrost, similar to those bacteria found in
polar sea and Antarctic (Staley and Gosink 1999). The use of solid frozen media
consistently ended up with the isolation of microbial eukaryotes; bacteria were
detected only as a transient component in primary enrichments. At -8 to -10 �C,
several enrichments containing yeasts grew faster than cultures preferentially
enriched with mycelial fungi, but both displayed exponential growth with
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sustained and synchronous oscillations (Fig. 14.10). Bacterial growth progres-
sively decelerated after an initial burst of activity. We never observed the expo-
nential growth pattern in bacteria on solid frozen media and growth always
stopped long before the complete consumption of limiting nutrients indicating
some other non-nutritional obstacles to culture development.

The isolated yeasts were able to grow exponentially in frozen media without
any added antifreeze compounds. Taxonomically, they resembled psychrophilic
yeasts already isolated at low positive temperatures belonging to the genera
Leucosporidium, Cryptococcus and Mrakia (Margesin 2009; Rossi et al. 2009;
Connell et al. 2010; Kachalkin 2010; Thomas-Hall et al. 2010; Moore and Mo-
linero 2011; Turchetti et al. 2011; Uetake et al. 2011; Buzzini et al. 2012; Maggi
et al. 2012; Singh et al. 2013). The mycelial fungi mostly belonged to genus
Geomyces, and this finding was confirmed by other researchers (Waldrop et al.
2008). Other diverse fungi potentially contributing to SZA were found to be
mycorrhiza (Taylor et al. 2010; Bent et al. 2011; Kennedy et al. 2011; Maggi et al.
2012; Timling and Taylor 2012), which require more complex media for their
isolation.

14.8 Why are Fungi Better Adapted to Frozen
Environment?

Let us summarize a current status of subzero microbiology studies. Culture-
independent molecular data and isolations agree in conclusion that fungi are better
adapted to frozen habitats than bacteria. This is based on several indirect and direct
evidences including

Fig. 14.10 Competitive advantage of fungi over bacteria while growing on solid frozen media
(MCC powder ? ethanol mineral medium). Left panel Arthrobacter sp. Right panel Eukaryotic
consortium Leucosporidium-Geomyces. Note the difference in y-scale as well as in the growth
patterns: declining curves for bacteria and exponential increase for fungi. Reproduced with
permission from Panikov and Sizova (2007)
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• The observation that fungal biomass (counted by direct microscopy) is
increasing during winter season or upon soil subzero incubation with added C-
sources;

• The ratio fungi/bacteria derived from microscopy or selective antibiotic treat-
ments also increases at subzero temperature;

• Taxonomic surveys taken as time series consistently indicate associated with
freezing the increase in abundance of few selected fungal organisms versus an
unclear stochastic pattern of bacterial fluctuations;

• Solid frozen media always give raise to fungal enrichment, while bacteria could
be isolated only on supercooled liquid media with added synthetic antifreeze
compounds;

• Fungal isolates (yeasts and mycelial forms) display exponential growth in frozen
media and completely consume limiting nutrients which is in contrast to pro-
gressively degenerating bacterial subzero growth.

On the top of the listed facts related specifically to SZA, we can rely on
extensive contemporary and past studies of low-temperature ecosystems referring
to yeasts as most frequently isolated organisms, and, what is the most important,
able to carry out biogeochemical processes of great biotechnological importance in
cold soils (Margesin and Schinner 1994; Margesin et al. 2003, 2007; Bergauer
et al. 2005; Turchetti et al. 2008; Margesin 2009; Rossi et al. 2009; Thomas-Hall
et al. 2010; Turchetti et al. 2011; Buzzini et al. 2012; Maggi et al. 2012).

The principal physiological difference between fungi and bacteria displaying
SZA is that subzero growth is a natural state of fungal populations and is a self-
sustained process leading to continuous generation of progeny, while bacteria are
just preserving their viability with limited cellular proliferation.

What is behind the indicated difference in terms of known molecular mecha-
nisms? All published reviews list several specific adaptations to cold lifestyle
(Chattopadhyay 2000; Deming 2009; Margesin 2009; Rossi et al. 2009; Thomas-
Hall et al. 2010; Turchetti et al. 2011; Buzzini et al. 2012; Maggi et al. 2012):

• Changes in the fatty acid profile of the cell membrane to maintain their optimum
fluidity at low temperature;

• Synthesis of defensive pigments (e.g. carotenoids) which also optimize mem-
brane functioning under cold conditions;

• Modification of protein synthesis directed to the composition of specific amino
acids making the bulk of cellular proteins more cold resistant and functional;

• Changes in kinetic properties of key enzymes (Km, Vmax, activation energy Ea)
shifting down their optimal temperature;

• Intracellular accumulation of cryoprotecting compounds, from monomeric
osmolytes like trehalose, glycine betaine to antifreeze proteins;

• Protective capsular material around cells;
• Stress-response heat-shock and cold-shock proteins;
• Degradosome, a self-digesting system in cells.
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An exhaustive overview on the adaptation strategies of cold-adapted yeasts to
low temperatures is reported in Chaps. 9, 10, 11, 12, 13, 14 and 15.

By paying well-deserved tributes to all listed mechanisms, we have to admit
that none of them gives a clue why both filamentous fungi and yeasts are better
adapted to freezing than bacteria. In fact, most of the mentioned qualities were
initially discovered in bacteria and then found in fungi. Minor differences in
cryoprotecting molecules or membrane fatty acids are not likely to account for the
exceptionally deep difference in growth patterns of fungi versus bacteria in frozen
media. Microbial ecologists often refer to some other differences between fungi
and bacteria, specifically

1. Fungi are mostly moderate acidophiles (pH optimum for growth 4–5) compared
to neutrophilic and alkalophilic bacteria, which gives fungi a better chance to
colonize acidic habitats such as the majority of soils.

2. Fungi generally display higher non-specific resistance to several stresses, e.g.
desiccation, radiation, heavy metals and other toxic compounds, while bacteria
tend to show essentially higher resistance to specific stress factors. As a result,
extreme resistance to acidity, desiccation or toxins is found among respective
prokaryotes.

3. Fungi are better colonizers of heterogeneous coarse particulate environments
like soil, peat, plant litter due to their geotropic growth style resulting in for-
mation of a mycelial network, while bacteria are more successful colonizers of
homogeneous aquatic habitats (all natural waters from pools to ocean, human/
animals bodies, beverages, etc.), they are spread as motile cells and form
surface biofilms rather than networks.

4. Fungi and yeasts have a bigger size of cells (smaller surface-to-volume ratio)
and a more complex life cycle, and as a consequence, on average they grow and
metabolize slower than prokaryotic organisms although exceptions are
numerous.

We can capitalize in our discussion these loosely defined qualitative differ-
ences, and the most important differences are outlined in points 3 and 4. The first
crucial point is mobility within the permafrost body. Motile bacteria are com-
pletely helpless; their position is fixed in the frozen space. Fungi are able to move
simultaneously with apical growth of their hyphal tips. It is interesting that under
poor supply of nutrients, linear hyphae extension is getting faster: fungi use this
mechanism to abandon poor microsites as soon as possible by ingrowth into more
favourable microloci (Panikov 1995). Note that in permafrost, such style of
mobility is highly beneficial in view of the extremely high degree of heterogeneity
and mosaic distribution of patches of UW and organic particles. Even with a
volatile organic C-substrate (ethanol) growing cells need to absorb mineral
nutrients from the nearby frozen outside space. As illustrated in Fig. 14.11,
immobile bacterial cells quickly deplete a deficient nutrient around the micro-
colony, and their growth stops. Fungi have a much higher linear extension rate of
their cells, which results in moving through the depletion zone to a new non-
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exploited space containing nutrient resources. Moreover, the large size of cells
allows fungi to transfer deficient nutrient elements from peripheral parts of the
mycelium to growing tips.

Finally, the size and low surface-to-volume ratio (what is typically recognized
as disadvantage of fungi compared to bacteria) play a highly positive role in
permafrost: fungi manage much better to keep their biogenic heat inside the living

Fig. 14.11 Growth advantage of yeasts (right panel) over bacteria (left panel) in frozen
environment. White halo around microcolonies indicate depletion of deficient nutrient substrates
around cells. Freezing does not allow transport of non-volatile nutrients across the microspace,
and cells remain immobile because of lack of continuous films of unfrozen water. However,
yeasts cells are bigger than bacteria and their linear extension rate is higher, and as a result, the
growing tips of yeasts cells or hyphae of mycelial fungi progress outward into non-depleted
space. The second advantage is a possibility for exchange of deficient elements across mycelial/
pseudomycelial network. The third potential opportunity is essentially larger cell mass of
individual fungal cell at smaller surface-to-volume ratio that reduces heat loss and helps to keep
the temperature inside cells higher than ambient

Fig. 14.12 Hypothetical population dynamics of microorganisms in tundra taking into account
SZA of the cold-adapted yeasts and fungi. Top panel C-cycle in tundra. The arrows indicate C-
fluxes including root exudation, rhizodeposition and spring release of reserved nutrients (a), plant
litter formation (b), decomposition into soluble organic matter (SOM) (c), microbial uptake and
oxidation of SOM (d), CO2 mass transfer from soil to atmosphere (e), plant photosynthesis (f) and
diffusive flux of volatile organic matter and gases (g). Four groups of soil microorganisms are
shown in circles: mycelial fungi, yeasts, bacteria and oligotrophic microorganisms outside the
decomposition zone. Bottom panel Soil temperature at 30 cm depth (1); green line depicts growth
of bacteria and fungi (2) utilizing root exudates and litter of tundra plants; blue dotted line
represents subzero growth of yeasts initiated during early spring time (3); grey line (4) reflects
near-zero growth of bacteria residing in permafrost scavenging volatile and gaseous substrates.
Black arrows indicate nutrient fluxes of various intensities including root exudation and
rhizodeposition (a), plant litter formation (b), spring release of reserved nutrients (c) and slow
diffusive flux of volatile organic matter and gases (d)
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mass. Higher cell mass produces more heat and heat transfer is limited by a smaller
relative surface area. Quite possible, there are special biological adaptations to
further reduce heat conductivity of fungal cells, e.g. by formation of air-filled
vesicles or lipid granules under the cell wall to prevent fast heat exchange through
cell boundary and secure biogenic heat.

Yeasts differ from mycelial fungi by their biomorphological structure: budding
or dividing cells versus mycelial network. However, yeasts ‘prefer’ unicellular
lifestyle under optimal warm conditions and easily switch to reduced mycelial
morphotype under more challenging environmental conditions. Besides even a
single-yeast cell is much bigger than a bacterial cell, so all reasoning above is fully
applied to all fungi, mycelial or unicellular. It is quite possible that yeasts are
better adapted to explosive growth style displaying high SZA under relaxed
conditions, e.g. in response to temporal release of nutrients or spring rise of soil
temperature approaching zero.

14.9 Conclusions

In conclusion, let us try to outline a ‘big picture’ concerning the relative contri-
bution of various microbial groups to the functioning of frozen or unfrozen eco-
systems. We need here to make a step forward from single factors to a
multidimensional ecological space. Figure 14.12 illustrates our approach by giving
a simulated population dynamic of several interacting microbial groups func-
tioning in tundra. The permanently frozen subsoil is a domain of near-zero growth
of cold-adapted microorganisms (fungi and extremophilic bacteria like the recently
discovered Chloroflexi group) who receive nutrients as very low intensity diffusive
flow of volatile organic compounds generated in surface soil layer (anaerobic
decay of soil organic matter with formation of volatile fermentation products) or
from deeper lithosphere layers (emanation gases). Another microbial group ten-
tatively represented by psychrophilic yeasts is responding to early spring warming
by explosive growth in a still-frozen soil. The actual reason for initiation of their
explosive growth could be spring release of organic compounds from tundra
plants; their heterotrophic metabolism including root exudation could be activated
by increased solar radiation under thinned snow cover and before the start of the
photosynthetic uptake of CO2. Finally, the bulk of soil microorganisms, fungi,
bacteria and associated microbivore soil fauna, show up accelerated growth in the
late spring, immediately after soil thaw. Then, growth fluctuates during summer
time, reflecting changeable surface temperature and nutrients flow from plants as
well as a grazing pressure from soil micro- and mesofauna. In the fall, temporal
burst of microbial activity is fuelled by plant senescence and formation of plant
litter. Soil freezing leads to the decline of microbial growth rate, even of the cold-
adapted fungi. However, net growth rates remain positive, which results in
accumulation of fungal biomass because of prevention of grazing by winter
hibernation of soil animals.
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Based on the described simplified scenario, true and continuous SZA in deep
permafrost has a relatively small impact on the tundra ecosystem and its C- and N-
cycles. However, it could have a significant long-term effect on the integrity and
stability of deep subsurface permafrost. Global warming could accelerate SZA and
stimulate permafrost degradation long before its physical thaw.

References

Alonso-Saez L, Galand PE, Casamayor EO, Pedros-Alio C, Bertilsson S (2010) High bicarbonate
assimilation in the dark by Arctic bacteria. ISME J 4:1581–1590

Amato P, Doyle S, Christner BC (2009) Macromolecular synthesis by yeasts under frozen
conditions. Environ Microbiol 11:589–596

Bakermans C, Tsapin AI, Souza-Egipsy V, Gilichinsky DA, Nealson KH (2003) Reproduction
and metabolism at -10 �C of bacteria isolated from Siberian permafrost. Environ Microbiol
5:321–326

Becker RE, Volkmann CM (1961) A preliminary report on the bacteriology of permafrost in the
Fairbanks area. Proc Alaskan Sci Conf 12:188

Bent E, Kiekel P, Brenton R, Taylor DL (2011) Root-associated ectomycorrhizal fungi shared by
various boreal forest seedlings naturally regenerating after a fire in interior Alaska and
correlation of different fungi with host growth responses. Appl Environ Microbiol
77:3351–3359

Bergauer P, Fonteyne PA, Nolard N, Schinner F, Margesin R (2005) Biodegradation of phenol
and phenol-related compounds by psychrophilic and cold-tolerant alpine yeasts. Chemosphere
59:909–918

Breezee J, Cady N, Staley JT (2004) Subfreezing growth of the sea ice bacterium Psychromonas
ingrahamii. Microbial Ecol 47:300–304

Brinkmeyer R, Knittel K, Jurgens J, Weyland H, Amann R, Helmke E (2003) Diversity and
structure of bacterial communities in Arctic versus Antarctic pack ice. Appl Environ Microb
69:6610–6619

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

Cameron RE, Morelli FA (1974) Viable microorganisms from ancient Ross Island and Taylor
Valley drill core. Antarct J US 9:113–116

Campen RK, Sowers T, Alley RB (2003) Evidence of microbial consortia metabolizing within a
low-latitude mountain glacier. Geology 31:231–234

Carpenter EJ, Lin S, Capone DG (2000) Bacterial activity in South Pole snow. Appl Environ
Microbiol 66:4514–4517

Cavicchioli R, Siddiqui KS, Andrews D, Sowers KR (2002) Low-temperature extremophiles and
their applications. Curr Opin Biotechnol 13:253–261

Chapman SJ, Gray TRG (1986) Importance of cryptic growth, yield factors and maintenance
energy in models of microbial growth in soil. Soil Biol Biochem 18:1–4

Chattopadhyay MK (2000) Cold-adaptation of Antarctic microorganisms—possible involvement
of viable but nonculturable state. Polar Biol 23:223–224

Christner BC (2002) Incorporation of DNA and protein precursors into macromolecules by
bacteria at -15 �C. Appl Environ Microbiol 68:6435–6438

Christner BC, Mosley-Thompson E, Thompson L, Reeve J (2001) Isolation of bacteria and 16S
rDNAs from Lake Vostok accretion ice. Environ Microbiol 3:570–577

Christner BC, Mosley-Thompson E, Thompson LG, Reeve JN (2003a) Bacterial recovery from
ancient ice. Environ Microbiol 5:433–436

14 Subzero Activity of Cold-Adapted Yeasts 319



Christner BC, Kvitko BH, Reeve JN (2003b) Molecular identification of bacteria and eukarya
inhabiting an Antarctic cryoconite hole. Extremophiles 7:177–183

Connell LB, Redman R, Rodriguez R, Barrett A, Iszard M, Fonseca A (2010) Dioszegia
antarctica sp. nov. and Dioszegia cryoxerica sp. nov., psychrophilic basidiomycetous yeasts
from polar desert soils in Antarctica. Int J Syst Evol Microbiol 60:1466–1472

Coyne PI, Kelley JJ (1971) Release of carbon dioxide from frozen soil to the arctic atmosphere.
Nature 234:407–408

Deming JW (2002) Psychrophiles and polar regions. Curr Opin Microbiol 5:301–309
Deming JW (2009) Extremophiles: cold environments. In: Schaechter M (ed) Encyclopedia of

microbiology, 3rd edn. Academic Press, Oxford, pp 147–158
Dise NB (1992) Winter fluxes of methane from Minnesota peat lands. Biogeochemistry 17:71–83
Dumbrell AJ, Ashton PD, Aziz N, Feng G, Nelson M, Dytham C, Fitter AH, Helgason T (2011)

Distinct seasonal assemblages of arbuscular mycorrhizal fungi revealed by massively parallel
pyrosequencing. New Phytol 190:794–804

Fahnestock JT, Jones MH, Brooks PD, Walker DA, Welker JM (1998) Winter and early spring
CO2 efflux from tundra communities of northern Alaska. J Geophys Res 103:29023–29027

Fahnestock JT, Jones MH, Welker JM (1999) Wintertime CO2 efflux from arctic soils:
implications for annual carbon budgets. Global Biogeochem Cy 13:775–779

Finegold L (1996) Molecular and biophysical aspects of adaptation of life to temperatures below
the freezing point. Adv Space Res 18:87–95

Friedmann EI, Ocampo-Friedmann R (1984) The antarctic cryptoendolithic ecosystem: relevance
to exobiology. Orig Life Evol B 14:771–776

Friedmann EI, Kappen L, Meyer MA, Nienow JA (1993) Long-term productivity in the
cryptoendolithic microbial community of the Ross Desert, Antarctica. Microb Ecol 25:51–69

Gilichinsky D, Rivkina E, Bakermans C, Shcherbakova V, Petrovskaya L, Ozerskaya S,
Ivanushkina N, Kochkina G, Laurinavichuis K, Pecheritsina S, Fattakhova R, Tiedje JM
(2005) Biodiversity of cryopegs in permafrost. FEMS Microbiol Ecol 53:117–128

Gosink JJ, Staley JT (1995) Biodiversity of gas vacuolate bacteria from Antarctic sea ice and
water. Appl Environ Microbiol 61:3486–3489

Gosink JJ, Woese CR, Staley JT (1998) Polaribacter gen. nov., with three new species, P.
irgensii sp. nov., P. franzmannii sp. nov. and P. filamentus sp. nov., gas vacuolate polar
marine bacteria of the Cytophaga-Flavobacterium- Bacteroides group and reclassification of
Flectobacillus glomeratus as Polaribacter glomeratus comb. nov. Int J Syst Evol Microbiol
48:223–235

Grogan P, Chapin IFS (1999) Arctic soil respiration: effects of climate and vegetation depend on
season. Ecosystems 2:451–459

Helmke E, Weyland H (2004) Psychrophilic versus psychrotolerant bacteria—occurrence and
significance in polar and temperate marine habitats. Cell Mol Biol 50:553–561

Irgens RL, Gosink JJ, Staley JT (1996) Polaromonas vacuolata gen. nov., sp. nov., a
psychrophilic, marine, gas vacuolate bacterium from Antarctica. Int J Syst Evol Microbiol
46:822–826

Jakosky BM, Nealson KH, Bakermans C, Ley RE, Mellon MT (2003) Subfreezing activity of
microorganisms and the potential habitability of Mars’ polar regions. Astrobiology 3:343–350

Johnson SS, Hebsgaard MB, Christensen TR, Mastepanov M, Nielsen R, Munch K, Brand T,
Gilbert MT, Zuber MT, Bunce M, Ronn R, Gilichinsky D, Froese D, Willerslev E (2007)
Ancient bacteria show evidence of DNA repair. Proc Natl Acad Sci USA 104:14401–14405

Junge K, Gosink JJ, Hoppe HG, Staley JT (1998) Arthrobacter, Brachybacterium and
Planococcus isolates identified from antarctic sea ice brine. Description of Planococcus
mcmeekinii sp. nov. Syst Appl Microbiol 21:306–314

Junge K, Imhoff F, Staley T, Deming JW (2002) Phylogenetic diversity of numerically important
Arctic sea-ice bacteria cultured at subzero temperature. Microb Ecol 43:315–328

Junge K, Eicken H, Deming JW (2004) Bacterial activity at -2 to -20 �C in Arctic wintertime
sea ice. Appl Environ Microbiol 70:550–557

320 N. S. Panikov



Kachalkin AV (2010) New data on the distribution of some psychrophilic yeasts in the Moscow
Region. Microbiology (Moscow) 79:843–847

Kappen L (1988) Field measurements of carbon dioxide exchange of the Antarctic lichen Usnea
sphacekta in the Frozen state. Antarct Sci 1:31–34

Kappen L (1993) Lichens in the Antarctic region. In: Friedmann EI (ed) Antarctic microbiology.
Wiley-Liss, New York, pp 433–490

Kappen L, Friedmann EI (1983) Ecophysiology of lichens in the dry valleys of Southern Victoria
Land, Antarctica. Polar Biol 1:227–232

Kappen L, Schroeter B, Scheidegger C, Sommerkorn M, Hestmark G (1996) Cold resistance and
metabolic activity of lichens below 0 �C. Proc Symp COSPAR Sci Commission F Adv Space
Res 18:119–128

Kappen L, Schroeter B, Green TGA, Seppelt RD (1998) Chlorophyll fluorescence and CO2

exchange of Umbilicaria aprina under extreme light stress in the cold. Oecologia
113:325–331

Kennedy AH, Taylor DL, Watson LE (2011) Mycorrhizal specificity in the fully mycohetero-
trophic Hexalectris Raf. (Orchidaceae: Epidendroideae). Mol Ecol 20:1303–1316

Kochkina G, Ivanushkina N, Ozerskaya S, Chigineva N, Vasilenko O, Firsov S, Spirina E,
Gilichinsky D (2012) Ancient fungi in Antarctic permafrost environments. FEMS Microbiol
Ecol 82:501–509

Kushner D (1981) Extreme environments: are there any limits to life? In: Ponnamperuna C (ed)
Comets and the origin of life. Reidel, New York, pp 241–248

Lange OL, Kappen K (1972) Photosynthesis of lichens from Antarctica. Antarct Res S 20:83–95
Larkin JM, Stokes JL (1968) Growth of psychrophilic microorganisms at subzero temperatures.

Can J Microbiol 14:97–101
Lipson DA, Schmidt SK (2004) Seasonal changes in an alpine soil bacterial community in the

Colorado Rocky Mountains. Appl Environ Microbiol 70:2867–2879
Lipson DA, Schadt CW, Schmidt SK (2002) Changes in soil microbial community structure and

function in an alpine dry meadow following spring snow melt. Microb Ecol 43:307–314
Maggi O, Tosi S, Angelova M, Lagostina E, Fabbri AA, Pecoraro L, Altobelli E, Picco AM,

Savino E, Branda E, Turchetti B, Zotti M, Vizzini A, Buzzini P (2012) Adaptation of fungi,
including yeasts, to cold environments. Plant Biosyst 147:247–258

Margesin R (2009) Effect of temperature on growth parameters of psychrophilic bacteria and
yeasts. Extremophiles 13:257–262

Margesin R, Schinner F (1994) Properties of cold-adapted microorganisms and their potential
role in biotechnology. J Biotechnol 33:1–14

Margesin R, Gander S, Zacke G, Gounot A, Schinner F (2003) Hydrocarbon degradation and
enzyme activities of cold-adapted bacteria and yeasts. Extremophiles 7:451–458

Margesin R, Fonteyne PA, Schinner F, Sampaio JP (2007) Rhodotorula psychrophila sp. nov.,
Rhodotorula psychrophenolica sp. nov and Rhodotorula glacialis sp. nov., novel psychro-
philic basidiomycetous yeast species isolated from alpine environments. Int J Syst Evol
Microbiol 57:2179–2184

Marion GM, Fritsen CH, Eicken H, Payne MC (2003) The search for life on Europa: limiting
environmental factors, potential habitats, and Earth analogues. Astrobiology 3:785–811

Marx JC, Blaise V, Collins T, D’Amico S, Delille D, Gratia E, Hoyoux A, Huston AL, Sonan G,
Feller G, Gerday C (2004) A perspective on cold enzymes: current knowledge and frequently
asked questions. Cell Mol Biol 50:643–655

Mastepanov M, Sigsgaard C, Dlugokencky EJ, Houweling S, Strom L, Tamstorf MP, Christensen
TR (2008) Large tundra methane burst during onset of freezing. Nature 456:628–630

Melloh RA, Crill PM (1996) Winter methane dynamics in a temperate peat land. Global
Biogeochem Cy 10:247–254

Michener HD, Elliott RP (1964) Minimum growth temperatures for food-poisoning, fecal-
indicator, and psychrophilic microorganisms. Adv Food Res 13:349–396

Moore EB, Molinero V (2011) Structural transformation in supercooled water controls the
crystallization rate of ice. Nature 479:506–508

14 Subzero Activity of Cold-Adapted Yeasts 321



Morita RY (1975) Psychrophilic bacteria. Bacteriol Rev 39:144–167
Morita RY (1997) Bacteria in oligotrophic environments. Chapman and Hall, New York
Oechel WC, Vpurlitis G, Hastings SJ (1997) Cold season CO2 emission from arctic soils. Global

Biogeochem Cy 11:163–172
Ostroumov VE, Siegert C (1996) Exobiological aspects of mass transfer in microzones of

permafrost deposits. Adv Space Res 18:79–86
Panikov NS (1995) Microbial growth kinetics. Chapman and Hall, London
Panikov NS (2009) Microbial activity in frozen soils. In: Margesin R (ed) Permafrost soils.

Springer, Berlin, pp 119–148
Panikov NS, Dedysh SN (2000) Cold season CH4 and CO2 emission from boreal peat bogs (West

Siberia): winter fluxes and thaw activation dynamics. Global Biogeochem Cy 14:1071–1080
Panikov NS, Sizova MV (2007) Growth kinetics of microorganisms isolated from Alaskan soil

and permafrost in solid media frozen down to -35 �C. FEMS Microbiol Ecol 59:500–512
Panikov NS, Sizova MV, Nechitaylo TJ (2007) Permafrost: a depository or subzero incubator for

psychrophilic microroganisms? Small Matters: Microbes and their Role in Conservation
Twelfth Annual Spring Symposium. The American Museum of Natural History in New York
City. 26–27 April 2007

Panikov NS, Flanagan PW, Oechel WC, Mastepanov MA, Christensen TR (2006) Microbial
activity in soils frozen to below -39 �C. Soil Biol Biochem 38:785–794

Pirt SJ (1975) Principles of microbe and cell cultivation. Blackwell Science, Oxford
Price PB (2000) A habitat for psychrophiles in deep Antarctic ice. Proc Natl Acad Sci USA

97:1247–1251
Price PB (2007) Microbial life in glacial ice and implications for a cold origin of life. FEMS

Microbiol Ecol 59:217–231
Price PB, Sowers T (2004) Temperature dependence of metabolic rates for microbial growth,

maintenance, and survival. Proc Natl Acad Sci USA 101:4631–4636
Rivkina EM, Friedmann EI, McKay CP, Gilichinsky DA (2000) Metabolic activity of permafrost

bacteria below the freezing point. Appl Environ Microbiol 66:3230–3233
Rivkina EM, Laurinavichus KS, Gilichinsky DA, Shcherbakova VA (2002) Methane generation

in permafrost sediments. Dokl Acad Nauk SSSR 383:179–181
Rivkina E, Laurinavichius K, McGrath J, Tiedje J, Shcherbakova V, Gilichinsky D (2004)

Microbial life in permafrost. Adv Space Res 33:1215–1221
Rossi M, Buzzini P, Cordisco L, Amaretti A, Sala M, Raimondi S, Ponzoni C, Pagnoni UM,

Matteuzzi D (2009) Growth, lipid accumulation, and fatty acid composition in obligate
psychrophilic, facultative psychrophilic, and mesophilic yeasts. FEMS Microbiol Ecol
69:363–372

Sattler B, Puxbaum H, Psenner R (2001) Bacterial growth in supercooled cloud droplets.
Geophys Res Letters 28:239–242

Schadt CW, Martin AP, Lipson DA, Schmidt SK (2003) Seasonal dynamics of previously
unknown fungal lineages in tundra soils. Science 301:1359–1361

Schroeter B, Green TGA, Seppelt RD, Kappen L (1992) Monitoring photosynthetic activity of
crustose lichens using a PAM-2000 fluorescence system. Oecologia 92:457–462

Shi T, Reeves RH, Gilichinsky DA, Friedmann EI (1997) Characterization of viable bacteria from
Siberian permafrost by 16S rDNA sequencing. Microb Ecol 33:169–179

Singh P, Tsuji M, Singh SM, Roy U, Hoshino T (2013) Taxonomic characterization, adaptation
strategies and biotechnological potential of cryophilic yeasts from ice cores of Midre
Lovénbreen glacier, Svalbard, Arctic. Cryobiology 66:167–175

Staley JT, Gosink JJ (1999) Poles apart: biodiversity and biogeography of sea ice bacteria. Annu
Rev Microbiol 53:189–215

Steven B, Léveillé R, Pollard WH, Whyte LG (2006) Microbial ecology and biodiversity in
permafrost. Extremophiles 10:259–267

Steven B, Niederberger TD, Whyte LG (2009) Bacterial and Archaeal diversity in permafrost. In:
Margesin R (ed) Permafrost soils. Springer, Berlin, pp 59–72

322 N. S. Panikov



Taylor DL, Herriott IC, Stone KE, McFarland JW, Booth MG, Leigh MB (2010) Structure and
resilience of fungal communities in Alaskan boreal forest soils. Can J Forest Res
40:1288–1301

Thomas-Hall SR, Turchetti B, Buzzini P, Branda E, Boekhout T, Theelen B, Watson K (2010)
Cold-adapted yeasts from Antarctica and the Italian Alps-description of three novel species:
Mrakia robertii sp. nov., Mrakia blollopis sp. nov. and Mrakiella niccombsii sp. nov.
Extremophiles 14:47–59

Tibbles B, Harris J (1996) Use of radiolabelled thymidine and leucine to estimate bacterial
production in soils from continental Antarctica. Appl Environ Microbiol 62:694–701

Timling I, Taylor DL (2012) Peeking through a frosty window: molecular insights into the
ecology of Arctic soil fungi. Fungal Ecology 5:419–429

Tuorto SJ, Häggblom M, Panikov N, Zhang T, Kerkhof LJ (2011) Measuring biodiversity and
cell division in permafrost. In: Proceedings of gordon research conference applied and
environmental microbiology functional interactions from molecules to biomes, Mount
Holyoke College, South Hadley, 10–15 July 2011

Turchetti B, Buzzini P, Goretti M, Branda E, Diolaiuti G, D’Agata C, Smiraglia C, Vaughan-
Martini A (2008) Psychrophilic yeasts in glacial environments of Alpine glaciers. FEMS
Microbiol Ecol 63:73–83

Turchetti B, Thomas Hall SR, Connell LB, Branda E, Buzzini P, Theelen B, Muller WH,
Boekhout T (2011) Psychrophilic yeasts from Antarctica and European glaciers: description
of Glaciozyma gen. nov., Glaciozyma martinii sp. nov. and Glaciozyma watsonii sp. nov.
Extremophiles 15:573–586

Uetake J, Kohshima S, Nakazawa F, Takeuchi N, Fujita K, Miyake T, Narita H, Aizen V,
Nakawo M (2011) Evidence for propagation of cold-adapted yeast in an ice core from a
Siberian Altai glacier. J Geophys Res-Biogeo 116:G01019

Waldrop MP, White RI, Douglas TA (2008) Isolation and identification of cold-adapted fungi in
the Fox Permafrost Tunnel, Alaska. In: Proceedings of the 9th International Conference on
Permafrost, pp 1887–1891

Watanabe K, Wake T (2009) Measurement of unfrozen water content and relative permittivity of
frozen unsaturated soil using NMR and TDR. Cold Reg Sci Technol 59:34–41

Whalen SC, Reeburgh WS (1988) A CH4 time series for tundra environments. Global
Biogeochem Cy 2:399–409

Wolfe J, Bryant G, Koster KL (2002) What is ‘unfreezable water’, how unfreezable is it, and how
much is there? Cryo Letters 23:157–166

Xu Y, Nogi Y, Kato C, Liang Z, Ruger HJ, De Kegel D, Glansdorff N (2003) Moritella profunda
sp. nov. and Moritella abyssi sp. nov., two psychropiezophilic organisms isolated from deep
Atlantic sediments. Int J Syst Evol Microbiol 53:533–538

Yergeau E, Hogues H, Whyte LG, Greer CW (2010) The functional potential of high Arctic
permafrost revealed by metagenomic sequencing, qPCR and microarray analyses. ISME J
4:1206–1214

Zecchinon L, Claverie P, Collins T, D’Amico S, Delille D, Feller G, Georlette D, Gratia E,
Hoyoux A, Meuwis M-A, Sonan G, Gerday C (2001) Did psychrophilic enzymes really win
the challenge? Extremophiles 5:313–321

Zhou J, Davey ME, Figueras JB, Rivkina E, Gilichinsky D, Tiedje JM (1997) Phylogenetic
diversity of a bacterial community determined from Siberian tundra soil DNA. Microbiology
(UK) 143:3913–3919

Zimov SA, Semiletov IP, Davidov SP, Voropaev YV, Prosiannikov SF, Wong CS, Chan Y-H
(1993) Wintertime CO2 emission from soils of northeastern Siberia. Arctic 46:197–204

14 Subzero Activity of Cold-Adapted Yeasts 323



Chapter 15
Fundamentals of Cold-Active Enzymes

Charles Gerday

Abstract Cold-active enzymes are produced by organisms adapted to perma-
nently cold habitats. Due to the depressive effect of low temperatures on reaction
rates, these enzymes have to be adapted to secure appropriate reaction rates in
those organisms that often thrive in environments characterized by temperatures
close or below the freezing point of water. They are encountered in all prokaryotic
or eukaryotic organisms adapted to cold such as microorganisms, invertebrates,
insects and fish originating from the Arctic and Antarctic zones, as well as from
alpine regions, glaciers or permafrost zones. They are characterized by a high
specific activity at low temperatures, in any case higher than that of their meso-
philic and thermophilic counterparts. This higher specific activity is generally
accompanied by a decrease in thermal stability illustrated by a shift of the apparent
optimum towards low temperatures, and by an important decrease in the ther-
modynamic stability characterized by a significantly lower stabilization enthalpy.
The generally low stability induces an increase in the flexibility of the overall
edifice or of crucial zones for activity of the molecular structure. There is
apparently a continuum in the adaptation since some enzymes display extreme
adaptation illustrated by a severe shift of the activity towards low temperatures
whereas others are moderately adapted. This probably depends on their position in
a metabolic pathway, on their intracellular or extracellular localization, on the
environmental temperature and on the evolutionary history of the organisms.
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stability
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15.1 Introduction

The first significant report related to cold-active enzymes dates back to more than a
quarter of a century with the publication of the properties of a heat-labile alkaline
phosphatase isolated from an Antarctic bacterium (Kobori et al. 1984). This paper
can be considered as a seed paper since the two main properties of cold-active
catalysts were already correctly described, i.e., a high specific activity at low
temperature and a rather high-temperature sensitivity. The biotechnological
potential of this enzyme was also underlined since this cold-active enzyme could
be, contrary to calf intestinal ATPase, rapidly inactivated by mild heat treatment
offering a very convenient method for the 50-end radio-labelling of DNA frag-
ments. Cold-active enzymes are produced by psychrophiles, a term introduced by
Schmidt-Nielsen (1902), but their existence in cold environments was considered
as hypothetical due to the fact that their optimum growth temperature was gen-
erally above 20 �C. They were considered as cold tolerant or psychrotolerant
rather than cold loving or psychrophiles (Ingraham and Stokes 1959). This con-
fusion still persists nowadays since some investigators erroneously consider that
the so-called optimum temperature based on the rate of growth is the best possible
temperature for microorganisms. It was the merit of Hess (1934) to point out that
numerous bacteria, although their maximum growth rate occurred around 20 �C,
were true psychrophiles simply because in broth cultures, the largest cell popu-
lations were obtained at 5 �C rather than at 20 �C. This was confirmed by more
recent works such as that of Margesin (2009) who stated that «cultivation tem-
peratures close to the maximum growth temperature are not appropriate for
studying psychrophiles». It was also shown that the production of extracellular
enzymes was the highest at temperatures close to that of the environment of the
microorganism and far below the so-called optimum temperature (Feller et al.
1994). An overview on the concept of psychrophily and psychrotolerance is
reported in Chap. 1.

The adaptative modifications of enzymatic properties as a function of envi-
ronmental temperature have been discussed long time ago by pioneer scientists
such as Peter Hochachka and George Somero (Hochachka and Somero 1973;
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Somero 1977). They defined three possible strategies for the adaptation of
enzymes to low temperatures: first, the organism can increase the concentration of
the enzyme in the cell or secreted; second, the activity can also be modulated by
increasing the substrate-binding ability; and third, the organism can modify in a
permanent way the catalytic efficiency of the enzyme. The first strategy is, at first
sight, improbable due to its energy cost in a cold environment; the second strategy
will not be efficient in the case of enzymes working at saturated substrate con-
centration that probably concerns most of the extracellular enzymes. In the case of
intracellular enzymes, it has been shown that the Km values of phosphoenolpyr-
uvate for pyruvate kinases of fishes adapted to different temperatures were the
lowest in the range of temperatures usually experimented by the organisms and
that at the respective cell temperatures, the substrate-binding affinities were close
to each other (Somero 1977). So, only the third strategy, i.e., the production of
enzymes specifically adapted to low temperatures, seemed to be the only one
appropriate. These first information, as well as an easier accessibility to Arctic and
Antarctic sites, have stimulated the interest for these enzymes and in the 90s
several groups were formed, thanks to the support of the European Union, and
focused on psychrophiles with the aims to shed some light on the fundamentals
aspects and on the biotechnological potential of these extreme organisms.
Therefore, significant progresses in the understanding of the molecular adaptation
to cold of cold-active enzymes were made. In this context, the characteristics of a
cold-active xylanase from the Antarctic yeast, Cryptococcus adeliensis (formerly
Cryptococcus adeliae), was investigated in 1996 (Petrescu et al. 2000). When
compared to its mesophilic counterpart, C. adeliensis, a maximum cell density was
obtained by cultivation at 4 �C and exceeded by sixfold the cell density reached by
C. albidus at the same temperature. By contrast, at 20 �C, the cell density obtained
with the mesophilic strain was 2.5 times as large as that of the psychrophilic
organism illustrating the cold-adapted character of C. adeliensis. Concomitant
differences were observed at the level of the respective catalytic properties of the
xylanases with the cold-active enzyme displaying a kcat at 5 �C three times as high
as that of the mesophilic counterpart. Interestingly also, the cold-active enzymes
displayed an activation energy, DG*, about 5 % lower than that of the mesophilic
enzyme. This mainly resulted from a significantly lower activation enthalpy, DH*,
partially compensated by a more negative value of the activation entropy DS*. The
cold-active enzyme was also rapidly inactivated after exposure at 30 �C contrarily
to the mesophilic enzyme.

15.2 Catalytic Properties and Substrate Binding

Few years ago, (Garcia-Viloca et al. 2004), a generalized expression of reaction
rate for enzyme-catalysed reactions, based on the transition state theory developed
by Eyring (1935), was introduced. This expression, kcat = c(T)kBT/h exp (-DG*/
RT), through its coefficient c(T), takes into account the possibility that the activated
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complex ES* could recross the energy barrier under the influence of various
parameters among which the viscosity of the medium should play an important
role in inducing a value for c(T) that could differ from 1 in the case of cold-active
enzymes. This coefficient, an extended version of the old transmission coefficient
j, has been usually neglected, but the intracellular space represents a very crowded
medium with viscosity increasing from 2.5 cP at 20 �C to 5.0 cP at 0 �C. This high
viscosity affects reaction rates as demonstrated by studies on lactate dehydro-
genases (Demchenko et al. 1989) and alkaline phosphatase (Homchaudhuri et al.
2006). In this latter study, it was also demonstrated that, next to the influence of
viscosity, the high fractional cell volume occupancy by the numerous macro-
molecules could also severely influence reaction rates of enzyme-catalysed reac-
tion in reducing the frequency of enzyme–substrate encounter. Therefore, the
catalytic parameters of cold-active enzymes measured in test tubes are probably
far from those prevailing in cells. Taking these considerations apart, numerous
investigations on cold-active enzymes have clearly demonstrated that these
enzymes display a specific activity usually much higher than their mesophilic and
a fortiori thermophilic counterparts at low and moderate temperatures as shown in
Fig. 15.1. This figure concerns, from left to right, the temperature dependence of
the activity of ornithine transcarbamylase (OTCase) from psychrophilic (Moritella
abyssi) and mesophilic bacteria (Escherichia coli) and hyperthermophilic archaea
(Pyrococcus furiosus) (Xu et al. 2003). One can see that the apparent optimum
temperature of the OTCases of these microorganisms considerably differs from
each other with a difference of nearly 40 �C between the psychrophilic and
mesophilic enzymes. The specific activity of the cold-active enzyme is much
higher than that of the mesophilic counterpart in the range of 0–30 �C, and the
enzyme is also rapidly inactivated by heat since the apparent optimum does not
exceed 25 �C. A large majority of cold-active enzymes displays similar properties
as shown in Table 15.1. In a limited number of cases, the specific activity of the
cold-active enzyme does not exceed that of the mesophilic one as demonstrated by

Fig. 15.1 Relative activities
of psychrophilic (Moritella
abyssi; black circles)
mesophilic (E. coli; black
squares) and thermophilic
(Pyrococcus furiosus; black
triangles) OTCases as a
function of temperature.
Reproduced with permission
from Xu et al. (2003)
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arginine kinase that shows an activity similar to that of the mesophilic enzyme
(Suzuki et al. 2012). This type of anomaly has also been mentioned in the case of
chitinase (Lonhienne et al. 2001a), and isocitrate reductase (Fedoy et al. 2007), for
example. In this latter case, the thermal stability also seems higher than that of the
mesophilic counterpart. These data tend to indicate that the enzyme from the
psychrophilic bacterium Desulfotalea psychrophila is not well adapted to low
temperature. It would be interesting to compare the catalytic properties of other
enzymes from D. psychrophila to those of homologous enzymes from the meso-
philic bacterium Desulfitobacterium hafniense to see whether this apparently
incomplete adaptation to cold can be extended to other enzymes and possibly to
the whole organism. In the case of chitinase, the type of substrate is probably
important since chitins are structurally very different from each other. As far the
arginine kinase from the deep-sea clam Calyptogena kaikoi is concerned, the
significance of the data is uncertain since, at 25 �C, the activation enthalpy is, as
expected, lower than that of the mesophilic enzyme from clams of the genus
Corbicula. This favourable term is, however, over-compensated by a much more

Table 15.1 Km and kcat values of some psychrophilic (P) and mesophilic (M) enzymes

Enzyme/organism T (�C) Km kcat s-1 Reference

Alpha-amylase D’Amico et al. (2001)
P: Pseudoalteromonas haloplanktis 25 234 lM 294 (10 �C)
M: Pig pancreatic 25 65 lM 97

Cellulase Garsoux et al. (2004)
P: Pseudoalteromonas haloplanktis 4 600 lM 0.18
M: Erwinia chrysanthemi 4 200 lM 0.01

DNA ligase Georlette et al. (2000)
P: P. haloplanktis 18 0.30 lM 0.034
M: Escherichia coli 18 0.18 lM 0.004

Endonuclease I Altermark et al. (2007)
P: Vibrio salmonicido 0.5 246 mM 9.41
M: Vibrio cholerae 0.5 118 mM 1.03

Isocitrate dehydrogenase Watanabe et al. (2005)
P: Colwellia maris 15 62 mM 70.8
M: Escherichia coli 15 3.3 mM 22.0

Lactate dehydrogenase Coquelle et al. (2007)
P: Champsocephalus gunnarii 0 0.16 mM 230
M: Squalus acanthias 0 *0.3 72

Ornithine transcarbamylase Xu et al. (2003)
P: Moritella abyssi 30 45 mM 690
M: Saccharomyces cerevisiae 30 0.9 mM 235

Subtilisin Narinx et al. (1997)
P: Bacillus sp. (Antarctic) 5 26 lM 32
M: Subtilisin Carlsberg 5 6 lM 18

15 Fundamentals of Cold-Active Enzymes 329



negative activation entropy, the difference leading to a less favourable activation
energy. As this enzyme is intracellular, one has in fact to consider the physio-
logical efficiency kcat/Km rather than the kcat alone because these enzymes are not
probably working at saturated substrate concentration. If this is taken into con-
sideration, the cold-active arginine kinase is still, at 10 �C, three times less effi-
cient than the mesophilic enzyme.

Also interesting in Table 15.1 are the values of the Michaelis constant, Km.
With the possible exception of lactate dehydrogenase from the icefish Champso-
cephalus gunnarii, the Km of cold-active enzymes are systematically higher than
the values observed in the case of mesophilic counterparts and the tendency is the
same for extracellular and intracellular enzymes. The larger values can be trans-
lated into a lower affinity of the cold-active one, provided that one neglects the rate
constants not directly involved in the dissociation of the enzyme–substrate com-
plex. In the case of intracellular enzymes, the catalytic efficiency or physiological
efficiency is better evaluated by the ratio Km/kcat. That leads to largely spread
situations, favourable for cold-active endonuclease and lactate dehydrogenase but
unfavourable for DNA ligase, Isocitrate dehydrogenase and OTCase. So, the usual
increase in the rate constant, kcat, of cold-active enzyme is not systematically large
enough to compensate for the loss of substrate-binding affinity.

That could indicate that the adaptation of some cold-active enzymes is not
complete and depends on the enzyme concerned and probably also on the evo-
lution history of the organism. For extracellular enzymes, the situation appears
more favourable since they are probably generally working at saturated substrate
concentrations. As already discussed by Somero (1977), the Km values are rather
constant in the range of temperature experimented by the organism but can rapidly
increase for temperatures exceeding this zone. This loss in substrate-binding
affinity contributes to fix the limit of the thermal tolerance of living organisms. The
nearly systematic increase in the Km values of cold-active enzymes is not fortu-
itous and constitutes a consequence of the structural modifications needed to
improve the catalytic efficiency of these enzymes at low temperatures.

15.3 The Activity Challenge

A quick look to the modern form of the Eyring equation mentioned above indi-
cates that the best way to improve the catalytic efficiency of enzymes at low
temperature would be to further decrease the activation energy DG* of the cata-
lysed reaction when compared to the reaction catalysed by the mesophilic coun-
terpart. Simply because the rate constant is exponentially related to the activation
energy and that even a small decrease in this value would considerably affect the
velocity of the reaction. The activation energy is related to the energy changes
necessary to transform the ground state of the enzyme–substrate complex into an
activated state. This eventually leads to the transformation of substrate into
product. The energy change resulting from the interaction of the enzyme with the
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substrate has also to be taken into consideration since it is associated with a
negative energy change that places the enzyme substrate complex in an unfa-
vourable deep pit of energy as shown in Fig. 15.2. As the Km values of cold-active
enzymes are higher than their mesophilic counterparts, one can consider that the
ground state of the ES complex of the cold-active enzyme has a higher free energy
level that is favourable in limiting the energy change necessary to reach the
activated state. The fact that the ground state of the complex ES occupies a higher
level of energy could also be favourable for the activation of ES into ES*. Indeed,
if less weak bonds or looser bonds are implicated in the formation of the complex
ES, less costly structural modifications will be necessary to reach the activated
state. That could lead to the situation represented in Fig. 15.2 showing a significant
decrease in the activation energy in the case of the cold-active enzyme. Experi-
mentally, the activation energy of some cold-active enzymes has been measured
and compared to that of their mesophilic counterpart and the data are presented in
Table 15.2. The activation energy DG* of cold-active enzymes is systematically
lower that that of mesophilic homologues to an extent ranging roughly from 1
(amylases) to 10 % (cellulases and bacterial xylanases). These rather moderate
figures result from an important decrease in the activation enthalpies DH*, that, for
example, amounts to 25 % in the case of the amylases, systematically compen-
sated by a much more negative value of the activation entropy DS*. This indicates
that the activated state of the psychrophilic enzymes requires a much more
important reordering of the ground state. The activation entropy values of three
mesophilic enzymes, i.e., the chitobiase, endonuclease and lysozyme, are positive.
That could mean that contrarily to the other enzymes, the activation state ES* is
characterized by more disorder than the ground state or, alternatively, that the
rearrangement of water molecules, under the form of a release, induces a positive
value of the entropy change in the course of the activation. The negative values of
the activation entropy of the other cold-active enzymes confirm that they display a

Fig. 15.2 Energetics of the activation of an enzyme-catalysed reaction for mesophilic enzyme
(continuous line) and psychrophilic counterpart (dotted line). The activation in psychrophilic
enzymes is rendered easier by a decrease in the affinity of the enzyme for the substrate (higher
level of ES) and by a possibly lower energetic level of ES*
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rather loose structure as suggested by the nearly systematic increase in the Km

values. So the high catalytic efficiency of cold-active enzymes seems to be asso-
ciated with a rather open structure that has also been associated with a certain loss
of specificity of these enzymes. Indeed multi-substrate cold-active enzymes seem
to display a broader specificity when compared to their mesophilic counterpart.
This has been demonstrated in the case of elastases (Smalas et al. 2000), alcohol
dehydrogenase (Tsigos et al. 1998) and a-amylases (D’Amico et al. 2006). These
enzymes have the propensity to more easily accept bulky substrates but are less
efficient in the case of small-size substrates.

The notion of flexibility in relation with the high specific activity and the
generally low thermal stability of cold-active enzymes has been introduced long
time ago and notably by Somero (1977). This correlation has been demonstrated in
a large majority of cases, but a more refined view of the linkage between the
catalytic properties and overall thermal stability of enzymes is probably now
emerging. In fact, the catalytic efficiency of a protein is mainly related to the
mobility–flexibility of crucial parts of the molecular edifice. An improvement of
this flexibility usually leads to an overall decrease in the thermal stability but in a

Table 15.2 Activation parameters of a few psychrophilic enzymes (P) compared to those of
mesophilic counterparts (M)

Enzyme Type Temp.
(�C)

DG*
(kJ mol-1)

DH*
(kJ mol-1)

TDS*
(kJ mol-1)

Reference

Amylase P 10 57.7 34.7 -23.0 D’Amico et al. (2003)
M 58.5 46.4 -12.1

Cellulase P 4 71.6 46.2 -25.4 Garsoux et al. (2004)
M 78.2 65.8 -12.4

Chitobiase P 15 59.5 44.7 -14.8 Lonhienne et al. (2001b)
M 63.5 71.5 +8.0

Endonuclease P 5 62.8 33.4 -29.4 Altermark et al. (2007)
M 67.9 74.0 +6.1

Lysozyme P 25 45.1 31.9 -13.2 Sotelo-Mundo et al.
(2007)

M 46.2 49.4 +3.2

Subtilisin P 15 62.0 36.0 -26.5 Davail et al. (1994)
M 66.0 46.0 -20.2

Xylanase
(bacteria)

P 10 54.0 21.0 -33.0 Collins et al. (2003)
M 60.0 58.0 -2.0

Xylanase
(yeast)

P 5 52.3 45.3 -7.0 Petrescu et al. (2000)
M 54.6 49.9 -4.7
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limited number of cases this can occur without significant modifications or visible
changes of the thermal stability. Intuitively, one can indeed think that substitutions
of amino acids in existing loops, for example, can modify the conformational
mobility–flexibility of regions crucial for catalysis without altering the thermal
stability. A clear relationship between the activity and local flexibility in psy-
chrophilic and mesophilic enzymes has been recently demonstrated in carbonic
anhydrases. It was shown that the cold-active enzyme with a higher specific
activity displays a higher flexibility in the region that controls the folding of the
protein contrarily to the mesophilic counterpart (Chiuri et al. 2009). EPR spec-
troscopy has also shown that the catalytic function of a cold-active alkaline
phosphatase was closely related to the relative mobility of the helix carrying
cysteine 67 and nucleophilic serine 65 (Heidarsson et al. 2009). In subtilisin-like
proteases, the relative flexibility of a beta-hairpin close to the active site correlates
well with the differential activity of psychrophilic, mesophilic and thermophilic
enzymes, but in this example, the homologous enzymes also display a different
thermostability (Tiberti and Papaleo 2011).

Protein dynamics obviously play a crucial role in catalytic processes; a sys-
tematic investigation using molecular dynamics of 5 pairs of psychrophilic and
mesophilic or thermophilic enzymes has shown that amino acid sequences com-
mon to both enzymes are generally more flexible in cold-active enzymes, this in
relation with differences in the rate or amplitude of opening of the respective
active sites. However, in the case of a-amylases, the overall flexibility of the
mesophilic enzyme was higher than that of the psychrophilic one due to the
insertion of additional loops. It was also shown that the flexibility of orthologous
xylanases was approximately the same at the respective apparent optimum tem-
peratures (Spiwok et al. 2007). Experiments using NMR relaxation have also
demonstrated that in adenylate kinases, the rate-limiting step was strictly corre-
lated with flexibility in relation with the opening and closing of the active-site lids
that shows slower rates in the thermophilic enzyme when compared to the mes-
ophilic counterpart (Wolf-Watz et al. 2004). An apparent increase in the flexibility
of a region important for the catalytic efficiency was noticed in the isocitrate
dehydrogenase from the cold-adapted D. psychrophila and that seems to be
induced by the formation of a methionine cluster, but the catalytic efficiency of this
enzyme is lower than that of the mesophilic counterpart from D. hafniense. Its
activation energy DG* is also higher at 5 �C as well as its thermostability. The Km

of the cold-active enzyme for isocitrate is strongly affected by temperatures over
25 �C and is, in any case, higher than that of the mesophilic counterpart (Fedoy
et al. 2007). The interpretation of these data seems rather complex since, apart
from the Km value and possibly the local flexibility, this enzyme does not show the
usual characteristics of a cold-adapted enzyme, i.e., a higher catalytic efficiency at
low temperature and a lower thermal stability. As already mentioned above, it
would certainly be interesting to study the biochemical characteristics of other
enzymes from this organism. The notion of flexibility is rather complex since the
term can refer to structural modifications as a function of time which can be
assimilated to a «respiration» of the molecular edifice or to the amplitude of the
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conformational changes. Both are probably important for the accommodation of
the substrates at low temperature and the release of products. The flexibility of
proteins has been evaluated by various techniques. Molecular dynamics simula-
tions (MDS) have been applied with a certain success in the case for instance of
subtilisin-like proteases from organisms living in different temperature environ-
ments (Tindbaek et al. 2004; Tiberti and Papaleo 2011). It was shown that the
higher catalytic efficiency of cold-active enzymes was correlated to a higher
flexibility of regions important for catalysis, itself correlated to an evolution
towards a lower thermal stability from high to low-temperature environments.
Recent investigations using MDS have corroborated the idea that the adaptation to
cold, in terms of function, is correlated with an improvement of the flexibility of
crucial regions in various proteins such as chitinases (Ramli et al. 2012), frataxins
(Roman et al. 2013), haemoglobins (Stadler et al. 2012) and beta-tubulins (Chi-
appori et al. 2012). It has also been shown from studies carried out on homologous
3-isopropylmalate dehydrogenases and thermolysin-like proteases that, at their
respective environment temperature, enzymes from mesophilic and thermophilic
organisms maintain a balance between their overall rigidity and local flexibility
important for their catalytic properties (Radestock and Gohlke 2011) in agreement
with the strong correlation between resistance to unfolding and evolutionary
adaptation temperature (Hochachka and Somero 2002). Amide hydrogen–deute-
rium exchanges have provided controversial data. For example, a psychrophilic 3-
isopropylmalate dehydrogenase was found to be more rigid than its mesophilic
counterpart (Svingor et al. 2001). The «anomalies» observed with the H/D
exchange techniques may be due to the use of non-relevant temperatures or time
scales. The temperature factor or B-factor has also been used to evaluate the
relative flexibility of proteins. It represents the spread of electron densities and can
be calculated from known three-dimensional structures. Average B-factors are not
systematically correlated with the activity-flexibility relationship (Sun-Yong et al.
1999) but relative B-factors representing the ratio between the B-factors of local
parts of the proteins and the average B-factor apparently correlate well with the
relative activity and thermostability of psychrophilic and mesophilic enzymes
(Russell et al. 1998; Sun-Yong et al. 1999). A recent systematic comparison of the
B-factors of twenty pairs of psychrophilic and mesophilic enzymes has demon-
strated that psychrophilic enzymes are more flexible in 5-turn and strand secondary
structures; they have also larger average cavity sizes and these cavities are lined
with an increased frequency of acidic groups (Paredes et al. 2011). Fluorescence
quenching of trytophane fluorescence using acrylamide has been used successfully
to evaluate the relative flexibility of psychrophilic and mesophilic enzymes. The
data have shown that psychrophilic enzymes are much more permeable than their
mesophilic counterparts in the case of Ca2+-Zn2+ protease (Chessa et al. 2000), a-
amylase (D’Amico et al. 2003; Cipolla et al. 2012), DNA ligase (Georlette et al.
2000, 2003), xylanase (Collins et al. 2003), cellulase (Sonan et al. 2007), ami-
nopeptidase (Huston et al. 2008) and thermolysin (Xie et al. 2009). An example of
the comparison of tryptophane fluorescence quenching of psychrophilic and
mesophilic enzyme is shown in Fig. 15.3. One can see that the cold-active
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cellulase presents a much more opened structure when compared to the mesophilic
enzyme. Moreover, the mutants that are characterized by a progressive shortening
of the linker region (Cel5GD1P, Cel5GD2P), which induces a progressive increase
in the melting point, display a more compact structure, further enhanced in the
case of the variant Cel5GD2P mutCC carrying an additional disulphide bridge and
of the catalytic module Cel5GCM. This once again illustrates the good correlation
that generally exists between the low stability and flexibility of cold-active enzyme
responsible for their higher catalytic efficiency at low temperature (Sonan et al.
2007).

15.4 Conformational and Thermodynamic Stability

The analysis of the thermodependence of the activity of cold-active enzyme, as
illustrated in Fig. 15.1, indicates that these enzymes are inactivated at tempera-
tures lower than that of their mesophilic counterparts, and in consequence, they
seem to display a lower thermal stability. This thermal stability has been inves-
tigated by numerous techniques from the evaluation of the residual activity after
exposure for a certain time at a given temperature to biophysical techniques such
as circular dichroïsm, fluorescence spectroscopy or microcalorimetry. The method
using residual activity is only valid if one demonstrates that the unfolding is
irreversible at all temperature tested; an example of the use of this technique is

Fig. 15.3 Quenching of tryptophane fluorescence at 10 �C of cold-active cellulase from
Antarctic Pseudoalteromonas haloplanktis (Cel5G, black dots) and variants differing by a shorter
length of the linker region (Cel5GD1P, open circles; Cel5GD2P, black squares) as well as
mutants characterized by higher melting points (Cel5GD2PmutCC, open squares; Cel5GCM,
diamonds) and mesophilic cellulase from Erwinia chrysanthemi (Cel5A, black triangles). F0/F
represents the ratio between the fluorescence in the absence (F0) and presence (F) of acrylamide
at various concentrations. Adapted from Sonan et al. (2007)
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shown in Fig. 15.4. In this figure, the thermodependence of the activity of a cold-
active polygalacturonase from Icelandic yeast (Birgisson et al. 2003) is compared
to the thermal stability of the enzyme exposed for one hour at the respective
temperatures. One can see that the enzyme starts to unfold at a temperature around
25 �C, far below the so-called optimum temperature which is around 40 �C. This
figure clearly demonstrates that the so-called optimum temperature is only an

Fig. 15.4 Activity as a function of temperature of polygalacturonase from the Antarctic yeast
Cystofilobasidium capitatum (formerly Cystofilobasidium lari-marini) S3B (grey circles) and
residual activities of the enzyme after exposure at various temperatures (black squares). Note that
at the so-called optimum temperature, around 40 �C, the enzyme is already partially unfolded.
Adapted from Birgisson et al. (2003)

Fig. 15.5 Upper panel Relative activity as a function of temperature of psychrophilic (open
circles), mesophilic (open triangles), and thermophilic (open squares) a-amylases. Lower panel
Concomitant thermal unfolding as recorded by fluorescence spectroscopy. Worth noting is the
fact that the thermal inactivation of the psychrophilic enzyme occurs without any significant
modification of the three-dimensional structure contrary to mesophilic and thermophilic
counterparts. Adapted from Georlette et al. (2004)
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apparent optimum since at this temperature, the half-life of the enzyme is rather
short. Another illustration of the thermodependence of the activity and stability of
a cold-active enzyme is shown in Fig. 15.5. That concerns a cold-active a-amylase
for the Antarctic bacterial strain Pseudoalteromonas haloplanktis (AHA) as
compared with the mesophilic enzyme from pig pancreas (PPA) and the ther-
mophilic counterpart from Bacillus amyloliquefaciens (BAA). The upper panel
represents the relative activities and the lower panel the thermal unfolding as
followed by fluorescence spectroscopy (D’Amico et al. 2003). A striking feature of
these experiments is the fact that the inactivation of the cold-active enzymes
precedes the unfolding of the structure. In the mesophilic and thermophilic
enzymes, the apparent optimum is strictly correlated to the unfolding transition.
That can mean that the active site is very sensitive to temperature or that the ES
complex is destabilized before any significant or visible modification of the three-
dimensional structure of the enzyme. Such phenomenon has been observed in
other cold-active enzymes such as for instance xylanases (Collins et al. 2003,
2007) and DNA ligases (Georlette et al. 2003).The thermal sensitivity of the active
site and/or of the ES complex is in agreement with the increase in Km values
reported for cold-active enzymes. In general, the residues lining the catalytic
cavities and involved in the interaction of the substrate are strictly conserved. This
has been notably demonstrated by comparison of the crystallographic structures of
the psychrophilic a-amylase from an Antarctic bacterium with that of the
homologous enzyme from pig pancreas. The superimposition of the active site of
the two enzymes has shown that the 24 residues forming the catalytic cleft have a
position strictly conserved in both enzymes (Aghajari et al. 1998, 2002). There-
fore, the flexibility of the catalytic region should originate from other regions of
the protein. In other cases, the catalytic cavities have been altered so as to confer a
larger opening of the catalytic region of psychrophilic enzymes that favours the
accommodation of larger substrates and facilitates the release of products. This has
been achieved through the modification, for example, of electric potentials that
favours the attraction and orientation of substrates in citrate synthase (Russell et al.
1998), malate dehydrogenase (Kim et al. 1999), uracyl-DNA glycosylase (Leiros
et al. 2003) and trypsin (Gorfe et al. 2000). In a cold-active Ca2+-Zn2+ protease, an
additional Ca2+ pulls the backbone lining the entrance of the site and offers in this
way a much better accessibility for the substrate (Aghajari et al. 2003). In cold-
active iron superoxide dismutases, it has been shown that the residues forming the
active site and the active-site channel are more mobile than in mesophilic coun-
terparts (Merlino et al. 2010).

The thermodynamic stability of some cold-adapted proteins has been investi-
gated assuming that the unfolding is a reversible two-state process defined by the
equilibrium

DGN�U ¼ �RT ln KN�U with KN�U ¼ U½ �= N½ �

For a protein mainly in a native state, DGN-U is a positive value and can be
defined as the energy necessary to unfold the protein. The thermodynamic stability
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of enzymes can be evaluated by non-calorimetric techniques making use of
chemical denaturants (Pace and Laurents 1989; Talla-Singh and Stites 2008) or
more easily in a microcalorimeter in which the heat absorbed during the unfolding
of the protein is measured and defined as DHcal. It represents the energy necessary
to disrupt the weak bonds that stabilize the three-dimensional structure and appears
as a peak often symmetrical in the case of cold-active enzymes but often un-
symmetric and flattened in the case of mesophilic and thermophilic counterparts.
DHcal is equivalent to the area limited by the peak and this area significantly
increases from psychrophiles to thermophiles. The symmetry is indicative of a
pronounced cooperativity of unfolding and the transition appears in this case sharp
contrarily to that of mesophilic and thermophilic proteins that show a flattened
profile distributed over a rather broad range of temperatures (Feller 2010). As a
function of temperature, the stabilization energy or free energy of unfolding is
described by an equivalent of the Gibbs–Helmholtz equation:

DGðTÞ ¼ DHcal 1� T=Tmð Þ þ DCp T� Tmð Þ � TDCpln T=Tmð Þ

In this equation, Tm is the so-called melting temperature, located at the top of the
peak, and defined as the temperature of half denaturation where N½ � ¼ U½ �; DHcal

has been defined above and is equivalent to the van’t Hoff enthalpy in a two-state
model, T is a given temperature, and DCp, the heat capacity change occurring during
the transition from the native to the unfolded state. The calculation of the stabil-
ization energy, over a temperature range where the native state is in excess over the
unfolded state, gives access to stability curves as shown in Fig. 15.6. These curves,
which are parabola-shaped, have been established for cold-active a-amylase AHA,
mesophilic a-amylase PPA and thermophilic a-amylase BAA. One can see that over
the whole range of temperature, the cold-active enzyme presents a much lower

Fig. 15.6 Stabilization energy as a function of temperature of psychrophilic a-amylase (AHA)
from the Antarctic strain Pseudoalteromonas haloplanktis, of mesophilic enzyme from pig
pancreas (PPA) and of the thermophilic counterpart (BAA) from Bacillus amyloliquefaciens.
Adapted from D’Amico et al. (2003)
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thermodynamic stability than its mesophilic and thermophilic counterparts, even in
the low-temperature range. This has been attributed to the lower number or/and
strength of the weak bonds that stabilizes the structure. A second striking feature is
that the maximum stability for the three orthologous enzymes is found in the rather
narrow range of 20–30 �C. This is due to the hydrophobic effect found to be max-
imum around room temperature (Kumar et al. 2002). Cold denaturation is also more
easily achieved in the case of the psychrophilic enzyme with a Tm prediction around
-10 �C. On the left side of the curve, the stabilization enthalpy and stabilization
entropy are negative. That means that the residual stability of the cold-active enzyme
near the environment temperature, around 0 �C (Antarctic sea water), is secured
through the negative value of the stabilization entropy resulting from the hydration
of the hydrophobic groups of non-polar amino acids that contributes to decrease the
entropy of the unfolded state (Dias et al. 2010). Cold denaturation occurs with a
release of heat contrarily to heat denaturation. It is also interesting to note that at
temperatures corresponding to the most stable conditions, around 20 �C, the cold-
active enzyme is marginally stable since the energy required for unfolding is around
30 kJ mol-1. The value drops to around 8 kJ mol-1 at 0 �C, the equivalent of about
2 weak bonds.

15.5 Determinants of Cold Adaptation and Mutagenesis

It has been shown that the flexibility of crucial parts of the structure of cold-active
enzymes is generally, but not probably always, accompanied by a decrease in the
thermal stability of the protein structure. To understand cold adaptation, it is
necessary to define the structural changes that are directly or indirectly involved in
the adaptation to cold. The problem is rendered more complicated by the high
number of neutral mutations resulting from genetic drift that leads to large dif-
ferences in the amino acid sequences of homologous enzymes produced by related
species. The elucidation of the three-dimensional structure of several cold-active
enzymes by X-ray crystallography, more than thirty actually, as well as the pro-
duction of reliable models based on the comparison of the amino acid sequences of
mesophilic and psychrophilic proteins, has allowed to detect, in a first approach,
the amino acid substitutions that could lead to a decrease in the thermal stability of
the molecular structure of cold-active enzymes. Again, only a few of them are
intuitively involved in the adaptation to cold since, in low-temperature environ-
ments, the absence a high selective pressure on thermal stability can enhance the
importance of the genetic drift.

The structural parameters involved in the thermal stability of proteins have been
extensively discussed elsewhere (Vieille and Zeikus 2001), and their implications
in the adaptation of cold-active enzymes have already been discussed in many
reviews (Somero and Low 1976; Feller et al. 1997a; Marshall 1997; Feller and
Gerday 1997, 2003; Russell 2000; Smalas et al. 2000; Gerday et al. 2000; Feller
2003, 2010; Hoyoux et al. 2004; Georlette et al. 2004; Siddiqui and Cavicchioli
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2006; Marx et al. 2007; Collins et al. 2007, 2008), and there is a consensus to agree
that the enhanced flexibility of crucial parts of these enzymes is mainly secured
through a weakening of intramolecular weak bonds that stabilize the structure of
mesophilic counterparts associated or not to entropic factors that tend to increase
the entropy of the folded state. In general, however, the structural changes leading
to cold adaptation are rather discrete since the three-dimensional structure of
psychrophilic and mesophilic homologous enzymes can be nearly superimposed.
Hydrophobic interactions play important roles in driving the folding of proteins in
aqueous media and in stabilizing the nascent polypeptide chain. In cold-active
enzymes, the number of hydrophobic interactions can be lower and their strength
can also be affected by a decrease in the size of the hydrophobic groups and a
reduction in the number or/and size of hydrophobic clusters that contribute to
decrease the compactness of the molecule in creating cavities that can be occupied
by water molecules (Paredes et al. 2011). In other cases, there is an increase in the
proportion of hydrophobic groups at the surface of the protein; this induces a
destabilization of the molecular edifice through the reduction in the overall entropy
of the system through the formation of clathrate-like structures around these
groups. The stabilizing effect of salt bridges can be altered through a modification
of the orientation of ionized groups and of their reduction in number (Papaleo et al.
2007). The presence of ionized groups carrying similar charge, in general negative,
can also modify the stability through repulsion and by increasing the interaction
with the solvent (Narinx et al. 1997; Feller et al. 1999; Adekoya et al. 2006). In
cold-active uracil-DNA N-glycosylase, however, a more positively charged sur-
face near the active site seems to be important for the adaptation to cold (Moe et al.
2004). In citrate synthases, psychrophilic, mesophilic and thermophilic enzymes
have increasingly stronger electrostatic stabilization of the transition state (Bjelic
et al. 2008). Some cold-active enzymes are also poorer in arginine residues and
display a lower Arg/Arg ? Lys ratio (Adekoya et al. 2006). This in relation with
the fact that arginine can develop more electrostatic interactions with surrounding
amino acids than lysine. a-helices can be assimilated to macroscopic electrostatic
dipoles that carry a net positive charge at their N-terminal end and a net negative
charge at their C-terminal end (Serrano and Fresht 1989). These secondary
structures can be stabilized by various electrostatic interactions in their vicinity
that can be weakened in psychrophilic enzymes such as in cold-active trypsins
(Leiros et al. 2000). Also the hydrogen bonding network is often weakened in
psychrophilic enzymes and found responsible for the increase in flexibility of these
enzymes (Xie et al. 2009). The structure of loops connecting secondary structures
seems also important in conferring the appropriate flexibility to some cold-active
enzymes; their length can be increased, their level of interactions with the internal
moiety can be lowered, and their flexibility can be enhanced thanks to the deletion
of proline residues (Feller et al. 1997b; Gudmundsdottir 2002; Matsuura et al.
2002). Metal binding can also be involved through the reduction in binding affinity
or deletion of site (Narinx et al. 1997; Almog et al. 2003). The deletion of
disulphide bridges can also improve the flexibility and activity of cold-active
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enzymes; this has been demonstrated in cold-active a-amylase and alkaline
phosphatase (D’Amico et al. 2003; Asgeirsson et al. 2007; Papaleo et al. 2007).

Following the comparison of the three-dimensional structures of psychrophilic
and mesophilic proteins, mutation experiments were carried out in order either to
transform psychrophilic enzymes into mesophilic counterparts or to try to force
mesophilic enzymes to adopt psychrophilic characteristics.

In a first attempt, random mutagenesis was applied to mesophilic subtilisin
BPN’ (Taguchi et al. 1998) and a mutant m63 carrying three mutations, V72I,
A92T, G131D, was obtained. It displayed, at 10 �C, an activity, towards the
synthetic small-size substrate s-AAPF para nitroanilide, identical to that of the
wild-type mesophilic enzyme; only the Km was twice lower than that of subtilisin
BPN’. The activity was not tested on large-size substrates and its thermal stability
was slightly lower than that of the original enzyme. More success was obtained
later on with the multiple mutant m 51 also carrying three mutations, A31T, A88 V
and A98T (Taguchi et al. 1999). Its specific activity at 10 �C was 1.5 higher than
that of subtilisin BPN’; also towards s-AAPF-pNA, the Km was slightly lower than
that of the original enzyme and the thermostability was apparently unchanged.
Another cold-active subtilisin (S41) from Antarctic Bacillus sp. (Davail et al.
1994) was submitted to random mutagenesis followed by in vitro recombination.
Mutant libraries were screened to identify enzymes that displayed greater thermal
stability without sacrificing low-temperature activity. After several generations
and recombinations, a variant, 3-2G7, carrying 7 mutations was obtained. The
specific activity towards a small-size synthetic substrate, s-AAPF-pNa, displayed a
threefold increase at all temperatures tested with no modification of the Km values.
A higher thermostability was also observed (Miyazaki et al. 2000). This variant
was further engineered to give the subtilisin mutant 8-4A9 carrying 13 amino acid
substitutions distributed throughout the structure leading to an increase in the
affinity for Ca2+. The midpoint of unfolding was about 3 �C higher than the variant
3-2G7 with a specific activity at 10 �C slightly lower than that of 3-2G7 but nearly
twice as high as that of the wild-type S41. The Km fors-AAPF-pNa steadily
decreased from S41 to 3-2G7 and 8-4A9 (Wintrode et al. 2001). These experi-
ments tended to demonstrate that it was quite possible to increase the thermal
stability of an enzyme while keeping its high catalytic activity at low temperature;
in other words that the two properties were not necessarily inversely related. It is,
however, worth noting that these data have been obtained with non-natural, syn-
thetic and small-size substrates. If it seems possible to modify, by directed evo-
lution, enzymes in such a way to display a higher thermostability associated with a
higher specific activity at low temperature towards artificial substrate, the situation
is probably much more complicated when natural large-size substrates are con-
cerned. We have indeed learned that the protease mutant 3-2G7 in fact displays a
much lower activity than the wild-type S41 cold-active enzymes when natural and
large-size substrates such as proteins were used. That does not mean that in vitro it
is not possible to increase the thermostability of a cold-active enzyme while
preserving or even increasing its catalytic efficiency at low temperature. A cold-
active subtilisin, S39, extremely similar to the S41 enzyme, was also submitted to
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site-directed mutagenesis with the aim to mainly try to increase its stability (Na-
rinx et al. 1997). Several mutations were introduced first to restore a salt bridge
found in subtilisin BPN’, a hydrophobic interaction found in subtilisin Carlsberg, a
disulphide bridge present in aqualysine, a mutation N136S supposed to increase
the specific activity towards large-size substrates and a mutation T85D to
exchange a poor Ca2+ ligand for a strong one. Most of these mutations had a
positive effect on the thermostability of the enzyme, especially the mutation T85D,
involved in the Ca2+ coordination of calcium-binding site 1 that increased the half-
life at 50 �C by more than 50 min. As expected, the affinity of this mutant for
calcium was drastically improved. At 5 �C, the specific activity of this mutant
towards the synthetic substrate s-FAAF-pNa was 4 times as high as that of the
wild-type enzyme; the Km value was not affected. The specific activity was,
however, only slightly increased when azocasein was used as substrate. In another
cold-active subtilisin-like proteinase, Ser-Ala and Xaa-Pro mutations were intro-
duced to produce single, double and triple mutants. Most of these mutations,
especially the Xaa-Pro exchanges, led to an increase in the thermostability of the
variants with a concomitant decrease in the specific activities (Arnorsdottir et al.
2007). A thermophilic subtilase was also engineered in order to produce cold-
active variants (Zhong et al. 2009). All successful single mutations were located
within or near the active site and a variant carrying four amino acid substitutions
showed a sixfold increase in specific activity towards casein in the temperature
range of 15–25 �C, a decrease in thermal stability, and a shift of its apparent
optimum towards low temperature by approximately 15 �C. Interestingly, this
multiple mutant was less active towards the synthetic substrate s-AAPF-pNA due
to a large increase in Km and decrease in kcat. This again underlines the impor-
tance, before drawing robust conclusions, of selecting appropriate substrates when
studying multi-substrate enzymes by mutagenesis.

Directed evolution was also applied to a thermostable esterase from B. subtilis
using p-nitrobenzyl acetate as substrate (Giver et al. 1998). After several gener-
ations, mutants of higher thermostability were obtained; they show a specific
activity slightly higher, about 20 %, than that of the wild-type enzyme. In this
case, the natural substrates are unfortunately unknown.

The molecular basis of the adaptation to cold of a psychrophilic a-amylase was
also investigated by site-directed mutagenesis. Fourteen amino acid substitutions,
including double mutations were introduced with the aim to mimic specific
structural characteristics found in mesophilic and thermophilic homologous
enzymes (D’Amico et al. 2001, 2002) under the form of hydrogen bonds, salt
bridges, helix dipole stabilization, hydrophobic interactions and reinsertion of a
disulphide bridge that connects domain A and B in mesophilic counterpart. The
highest contribution to stability, in terms of both Tm and DHcal, was obtained by
the introduction of an electrostatic interaction; a double aromatic interaction
increased the stabilization energy by a factor of two at 10 �C whereas the rein-
forcement of hydrophobic clusters within the hydrophobic core of the enzyme
induced the production of multiple calorimetric domains similar to those existing
in the mesophilic counterpart from pig pancreas. Most of the introduced mutations
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aiming to increase the stability were efficient but led to a decrease in kcat and Km.
Any attempts to further increase the catalytic efficiency at low temperature through
a decrease in stability gave rise to unfolded forms suggesting that the cold-active
a-amylase has reached a limit in stability precluding any improvement of the
specific activity via a decrease in thermal stability. The incorporation of a disul-
phide bridge found in the mesophilic enzyme decreased the specific activity by a
factor of two at 5 �C as well as the Km and showed a microcalorimetric profile
similar to that of the mesophilic counterpart with, however, a first Tm transition
lower than that of the mesophilic a-amylase. This indicates that the introduction, in
the cold-active enzyme, of this disulphide bridge leads to a stabilization of some
parts of the cold-adapted protein but also induces an unfavourable structural
constraint in another part of this protein. Multiple mutants of this cold-active
enzyme were also recently produced to force the cold-active enzyme to display
mesophilic characteristics (Cipolla et al. 2012); the specific activity of the variants
was lowered whereas the thermal stability was drastically improved with a con-
comitant decrease in the flexibility of the mutants. It was concluded that these
mutants can be considered as structural intermediates between their parents psy-
chrophilic and mesophilic enzymes. The effects of these mutations, single and
multiple, on the molecular dynamics of the protein, were recently investigated
(Papaleo et al. 2011), and it was shown that the above-mentioned mutants dis-
played a reduced flexibility in various regions, not only near the active-site and
substrate-binding groove, but also at long distance such as in domain C that did not
carry any mutation.

Several other cold-active enzymes have been the target of site-directed muta-
genesis in order to shed some light on the residues involved in the adaptation. One
can mention the work on a cold-active lipase in which the substitutions of three
polar residues in the lid region by amino acid residues conserved in homologous
mesophilic lipases gave rise to an increase in stability and a modification of the
substrate specificity with a preference for C8 rather than C4 fatty acid chains. A
substitution, Ser-Gly, increased the specificity for C12 fatty acid chain associated
with a decrease in stability this probably in relation with a better accessibility of
the active site and improvement of the flexibility in this region (Santarossa et al.
2005).

An interesting study on the adaptation to cold of an alkaline phosphatase from
an Antarctic bacterium was carried out by directed evolution to identify amino
acid residues involved in the adaptation and stability of this protein (Koutsioulis
et al. 2008). Three thermostable and six thermolabile variants were obtained. All
the variants showing an increase in stability were also characterized by an increase
in the Tm of the first calorimetric transition and persistence, as in the case of wild
type, of secondary transitions at higher temperatures; their specific activity at
15 �C was also lower than that of the parent enzyme and this was associated, as
expected, with a higher activation energy. By contrast, the two variants, H135E
and double mutant H135E/G149D, displaying an activity about 1.5 higher and a
much higher Km than that of the wild-type enzyme had a nearly symmetrical
microcalorimetric profile with only one detectable transition shifted towards
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higher temperature by about 6 �C when compared to the first transition of the
parent enzyme. This latter, however, displayed a calorimetric domain with a Tm

about 7 �C higher than those of both variants. It has been suggested that the
mutation H135E distorts the Mg2+ binding site, decreases the affinity for the metal
and increases the flexibility of the site presumably through the destabilization of
the domain showing the highest thermostability in the wild-type enzyme. In the
double mutant, the mutation G149D apparently improves the mobility of residue
R148 located in a loop that facilitates the phosphate/substrate coordination during
catalysis. Also, after incubation at 60 �C, these two more active variants were also
more rapidly inactivated than the wild-type enzyme suggesting an increase in
flexibility of the active site.

In a cold-active isocitrate lyase, the replacement of Ala 214 by a Ser residue
found in some mesophilic enzyme and close to the Tim barrel involved in substrate
binding induced a decrease in the catalytic activity associated with an increase in
the thermostability of the mutant presumably due to the two hydrogen bonds
formed between Ser and Gln119. It was concluded that Ala 214 was implicated in
cold adaptation by providing more flexibility to the active site (Sato et al. 2008).

These experiments of mutagenesis indicate that, in most cases, the high specific
activity of cold-active enzymes is related to an improvement of the flexibility of
crucial parts of the molecular structure that induces a high thermal sensitivity of
the active site and a generally better accessibility for the substrate at low tem-
peratures. The attempts to try to simultaneously increase the thermostability and
activity at low temperature have been hardly successful. Directed evolution has
produced more stable and more active variants but essentially with multi-substrate
enzymes and small-size and artificial substrates, and it remains to be demonstrated
that the mutants are also active on large-size substrates at low temperature. One
mutated cold-active subtilisin, carrying only one mutation was, however, found
more stable and more active on a large-size substrate, azocasein (Narinx et al.
1997), and interestingly, two mutants of a cold-active alkaline phosphatase were
found more active than the wild-type enzyme and showed a symmetrical calori-
metric profile synonymous of a high cooperativity of unfolding. Although the first
transition of the wild-type enzyme had a Tm lower than that of the mutants, these
variants had lost the most thermostable calorimetric domain and appear to be more
rapidly inactivated than the wild-type alkaline phosphatase. This is correlated to
the fact that many cold-active enzymes also show a high cooperativity on
unfolding whereas heat inactivation often precedes any significant changes in the
three-dimensional structure.

15.6 Conclusions

Psychrophilic organisms living in permanently cold habitats have developed
numerous adaptations that allowed them to successfully thrive in low-temperature
environments. Their enzymes are a key feature of this adaptation. They are much
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more active than their mesophilic counterparts at low and moderate temperatures
and their high specific activity is undoubtedly due to an improvement of the
flexibility of the active site or/and of other regions of the structure indirectly
involved. This is induced by rather discrete structural modifications which can be
located at long distance from the active site and which generally lead to a higher
thermal instability of these enzymes, often associated with an even faster heat
inactivation. If the general strategy adopted by nature consists in a weakening of
the intramolecular forces that stabilize the structure of their mesophilic and a
fortiori thermophilic counterparts, this strategy appears to be specific to each
enzyme; depends on the position of the enzyme within a metabolic pathway; on its
localization, intra-or extra-cellular; on its structural modification capability; on the
environment of the organism and on its evolution history. As a consequence, there
is a continuum in the adaptation to low temperatures; some cold-active enzymes
indeed display high specific activity associated with low Tm while others show
rather high Tm and stronger thermal dependence like their mesophilic counterparts.
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Chapter 16
Cold-Active Yeast Lipases: Recent Issues
and Future Prospects

Mirosława Szczęsna-Antczak, Janina Kamińska, Tomasz Florczak
and Marianna Turkiewicz

Abstract Microbial lipases are, besides proteases, enzymes of the highest
biotechnological potential, catalyzing not only hydrolytic reactions but also – in
media of low water activity – synthesis reactions. These enzymes are used in
pharmaceutical, food, and household chemicals industries and for the treatment of
environmental pollution. Production of lipases is constantly increasing and now
accounts for more than one-fifth of the global enzyme market. This review is
dedicated to cold-active lipases of yeasts, of which lipases A and B of Pseudozyma
(formerly Candida) antarctica have been the most thoroughly investigated. This
chapter covers distinctive structural features and specificity of these enzymes in
comparison with selected mesophilic lipases as well as modifications (together
with diverse immobilization techniques on various supports) directed to improving
catalytic properties and stability of these proteins. The application potential of
cold-active yeast lipases is discussed; the most important applications include
enantio- and regioselective biotransformations, production of biofuels, detergents,
food additives, structured triacylglycerols, etc. Some lipases from mesophilic
yeasts (e.g., non-conventional yeast Yarrowia lipolytica) show characteristic fea-
tures of cold-active enzymes, and examples of their use are also considered.
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16.1 Introduction: General Characteristics
and Classification of Lipases

Lipases are believed by many reviewers to be key enzymes in swiftly growing
biotechnology and are some of the most important biocatalysts in the food and
chemical industries, biomedical sciences, detergent production, environmental
management, etc. The great importance of lipases is confirmed by the fact that
about 40 % of industrial biotransformations are conducted using these enzymes.
The world’s output of lipases has been increasing faster than that of other enzymes
(by 9.13 % in the years 2001–2010) (Hasan et al. 2010), and in 2012, it accounted
for 21 % of a global market worth $2.9 billion. Lipases with the most significant
potential, although still not fully exploited in practice, are those obtained from
psychrophilic yeasts.

According to the Nomenclature Committee of the International Union of
Biochemistry and Molecular Biology (IUBMB), lipases (or, formally, triacyl-
glycerol lipases, EC 3.1.1.3) belong to the first subclass of hydrolases, i.e.,
hydrolases acting on ester bonds (EC 3.1) and to the sub-subclass of carboxylic
ester hydrolases (EC 3.1.1), which also includes carboxylesterases other than
lipases (EC 3.1.1.1). Both groups of proteins are serine enzymes. The key dif-
ference between lipases and other carboxylesterases is their ability to hydrolyze
water-insoluble esters of glycerol and long-chain fatty acids, but it is sometimes
difficult to distinguish between these two groups of enzymes. The most typical
lipases, also known as true lipases, undergo interfacial activation in contact with
insoluble hydrophobic substrates, that is, exhibit significantly increased activity at
the lipid–water interface (Verger 1997). However, in some lipases, the interfacial
activation is very weak or non-existent. Although formally classified as lipases due
to the ability to hydrolyze water-insoluble triacylglycerols, such enzymes display
some properties of esterases. Lipases exhibit not only hydrolytic activity; under
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thermodynamically favorable conditions, e.g., in media with low water activity,
they catalyze synthesis reactions—esterification, acidolysis, alcoholysis, and
aminolysis of esters, while their chemo-, regio-, and stereoselectivity properties
broaden their application potential.

16.2 Sources and Commercial Preparations of Cold-Active
Yeast Lipases

The ability to produce lipases is very widespread among yeasts inhabiting cold
environments (e.g., the Antarctic, Arctic, Alpine habitats, glaciers, oceans) (Juhl
et al. 2010). Over a hundred psychrophilic yeast species have been found to
synthesize cell-bound, extracellular, or intracellular lipases (Arenz et al. 2006;
Brandăo et al. 2011; Buzzini et al. 2012; Carrasco et al. 2012). However, research
of these microorganisms is usually limited to selection of lipolytic strains in
qualitative plate tests. Quantitative determinations of activity in cell-free extracts
or yeast culture supernatants are performed less often, while even fewer studies are
devoted to purification and characterization of cold-active yeast lipases. The last
group of investigations primarily consists of comprehensive and advanced studies
of cold-active lipases A and B (CALA and CALB) (Patkar et al. 1993; Dominguez
de Maria et al. 2005) from the psychrophilic yeast Pseudozyma antarctica (pre-
viously Candida antarctica), a strain isolated from sediment from Lake Vanda,
Antarctica (Boekhout and Fell 1998). So far, they have been given the greatest
attention in the literature dealing with cold-active lipases. Recently, Rashid et al.
(2010) have found cold-active lipases in Glaciozyma antarctica (previously Leu-
cosporidium antarcticum) (Turchetti et al. 2011), while Zaliha et al. (2012) pat-
ented a bifunctional lipase from L. antarcticum PI12. The optimum temperature of
that lipase is 20 �C; at 5 �C, the enzyme exhibits 60 % of its maximum activity.
Surprisingly, at temperatures above 30 �C, the enzyme displays considerable
proteolytic activity with a maximum at 40 �C, which is activated by zinc ions and
repressed by pepstatin (a specific inhibitor of aspartyl proteases). A sequence of
260 amino acids of the lipase, obtained by in silico translation of its gene fragment,
reveals a substantial degree of homology with Pseudomonas sp. metalloprotease.
Importantly, the authors of the patent noted that L. antarcticum PI12 cells contain
bacterial endosymbionts of the genus Janthinobacterium. Since the lipase gene
fragment was found in the total pool of DNA isolated from L. antarcticum culture,
probably including also the symbiont’s DNA, it is not certain whether this cata-
lytically promiscuous enzyme is produced by the yeast cells or by the endosym-
biotic bacteria. Apart from psychrophilic yeasts, some cold-active lipases have
been found in mesophilic yeasts, such as Yarrowia lipolytica (previously Candida
lipolytica) (Alford and Pierce 1961; Yadav et al. 2011), Wickerhamomyces lyn-
ferdii (formerly Pichia lynferdii) (Kim et al. 2010), and Candida albicans (Lang
et al. 2011). However, it is Candida antarctica lipases that biotechnologists have
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found to be by far the most promising, and they will be discussed in detail in this
chapter.

CALB is commercially available in preparations of various form (solid, liquid,
immobilized on different carriers) and composition, depending on the producer.
The largest manufacturer of enzymes, the Danish company Novozymes, produces
CALB in a recombinant strain of Aspergillus niger under the commercial names
Lipozyme� CALB L (in soluble form) and Novozym�435 (in immobilized form).
The liquid preparation is stabilized with sorbitol (25 %) and glycerol (25 %) and is
generally recognized as safe (GRAS). The immobilized preparation is obtained by
sorption of Lipozyme� CALB L on cross-linked poly-(methyl methacrylate)
(Pierre et al. 2006). In turn, Roche Ind. (Germany) offers C. antarctica lipase B in
lyophilized (Chirazyme L-2 c.-f., lyo) and immobilized (Chirazyme L-2 c.-f., C2)
forms, as well as lipase A in the preparation Chirazyme L-5. Some smaller
manufacturers also offer C. antarctica lipases; for instance, c-LEcta (Leipzig,
Germany) sells CALB in the lyophilized and methacrylate-immobilized forms and
CALA as lyophilized powder.

16.3 Structural and Kinetic Characteristics and Specificity

The best-studied lipases are those produced by the yeast C. antarctica—CALA
and CALB (Juhl et al. 2010). In triacylglycerol hydrolysis, lipase A exhibits sn-2
regiospecificity, which is rather rare among microbial lipases, but is not regio-
specific in the interesterification reaction. A unique property of this enzyme, which
makes it different from most other lipases, including CALB, is its selectivity for
trans fatty acids. CALA is an ideal catalyst in the bioresolution of sterically
hindered compounds (Dominguez de Maria et al. 2005). Lipase B displays sn-1,3
regiospecificity and is one of the most effective catalysts in the resolution of
alcohols and amines, allowing the preparation of a variety of secondary alcohols
and primary amines of high enantiomeric purity (Martinelle and Hult 1995).

All lipases are a/b hydrolases, that is, they are composed of centrally located b-
sheets with a-helices on either side (an a/b sandwich), with the catalytic triad
Ser…His…Asp situated in loops; however, they differ in the presence and struc-
ture of a characteristic domain called a ‘‘lid,’’ which closes or opens access to the
active site in contact with the aqueous and hydrophobic phases, respectively.
According to Bordes et al. (2010), this process consists of two stages—a partial
opening of the lid as a result of the enzyme binding to a hydrophobic surface, and a
subsequent full opening as a result of binding to a substrate.

While CALB does not undergo interfacial activation in hydrolysis of water-
insoluble substrates, CALA becomes activated by hydrophobic surfaces (Martin-
elle et al. 1995), albeit not as strongly as the mesophilic lipase HLL from the
fungus Humicola lanuginosa (now Thermomyces lanuginosus) or YlLip2 from Y.
lipolytica (Fickers et al. 2011). In HLL, as well as in YlLip2 (Bordes et al. 2010),
the lid consists of a single helix located in the central area of the hydrophobic
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surface (Fig. 16.1a), while in CALA (Fig. 16.1b) it is composed of six helices
located between b-sheets (Svendsen 2000). In CALB, the entrance to the active
site is surrounded by four helices (Fig. 16.1c), whose function has not been
resolved until recently. Skjøt et al. (2009) suggested that the helices form two lids,
but the latest research has contradicted that hypothesis.

Based on molecular dynamics simulations of CALB, Gruber and Pleiss (2012)
proposed that while the lids facilitate contact of the lipase with a hydrophobic
substrate via the anchor regions Leu147, Leu219, and Val272, they do not com-
pletely close access to the active site in water solution. This is corroborated by
results of biochemical tests concerning CALB activity toward water-soluble
substrates. Similarly to HLL and YlLip2, CALA is a true lipase occurring in two
conformations: open (active) and closed (inactive), while CALB, which does not
exhibit such a behavior, shows some similarity to esterases.

CALB is a funnel-like lipase (Pleiss et al. 1998) with a binding site that is not
easily accessible, due to which the enzyme is less active in triacylglycerol
hydrolysis than other lipases (whether from mesophilic or psychrophilic sources)
that have large, open, crevice-like binding sites. The binding site of CALB is a
hydrophobic pocket dominated by aliphatic amino acids with only one aromatic
(Trp104), which is critical for chiral recognition between enantiomers. The
W104A mutation leads to reversal of CALB enantiopreference from (R)-1-phen-
ylethanol for the wild enzyme to (S) for the mutant; it also becomes more enan-
tioselective toward sterically hindered a-methyl carboxylates (Naik et al. 2010;
Engström et al. 2012). Furthermore, the mutant protein catalyzes kinetic resolution
of diarylmethanols, which are not accepted by the wild lipase.

All lipases act due to catalytic triad; however, they may differ in the sur-
roundings of the active serine, which is atypical in CALB, because in contrast to
most microbial lipases, including CALA, it contains the sequence TXSXG
(TWSQG) rather than GXSXG. The T103G mutation leads to increased stability of
CALB at 60 �C from 6 to 25 min, without affecting its activity (Patkar et al. 1997).

Fig. 16.1 Lipase structures: a H. lanuginosa lipase, 4DYH; b C. antarctica lipase A, 3GUU;
c C. antarctica lipase B, 1TCA, The helices forming the lid in HLL (a) and in CALA (b) are in
black; helices near the entrance to the active site of CALB (c) are in white. The catalytic triad is
in black. The figures were prepared on the basis of crystallographically resolved structures
deposited in PDB (codes behind enzyme name)
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The structure of CALA was resolved in 2008 (Ericsson et al. 2008). It was
shown that the active site of CALA is significantly different from that of CALB.
Naik et al. (2010) found that CALA, as opposed to CALB, accepts esters with
alcohol residues larger than acyl groups, due to which these lipases display
opposite substrate specificities; that is, substrates hydrolyzed with low yield by
CALB are easily hydrolyzed by CALA. Thus, it seems that under physiological
conditions, CALA and CALB act synergically.

Elucidation of the structure of psychrophilic enzymes makes it possible to
determine, at least partially, the mechanism of their adaptation to cold. The b-sheet
which forms the core of the lipase molecule is so rigid that differences in its
structure in comparison to homologous mesophilic proteins do not play a major
role in cold adaptation, and the same is true for the a-helix structure. Of impor-
tance are differences in the length and sequences of the loops connecting the
secondary structures. Table 16.1 presents the data that are, according to Cavi-
cchioli et al. (2011), molecular indicators of adaptation to low temperatures.
Analysis of these data shows that CALA and CALB do not reveal any particular
adaptations to cold, especially as compared to (theoretically) mesophilic enzymes,
e.g., the aforementioned HLL or extracellular lipases from the mesophilic yeast Y.
lipolytica (YLL). However, comparing data from Tables 16.1 and 16.2, one can
see certain trends. HLL, which is the most stable, contains the fewest loops, while
the most thermosensitive YlLip2 has the greatest number of these structures.
CALA, which is characterized by the highest optimum temperature, exhibits the
highest proline content in the loops and a higher lysine to arginine ratio than that
found in CALB. In turn, analysis of glycine content in the loops is of little
explanatory value. While it is assumed that with decreasing optimum temperature
of the enzyme, the number of glycines in the loops increases, thus enhancing their
flexibility; in light of the data from Table 16.1, this hypothesis is true only for C.
antarctica lipases A and B. The data from Table 16.2 show that the source of an
enzyme does not always determine its adaptations; for instance, lipases from the
mesophilic yeast Y. lipolytica display properties characteristic of psychrophilic
enzymes, while lipases from C. antarctica (particularly CALA) exhibit much
higher thermal stability, which makes them distinct from the majority of typical
cold-active enzymes.

Table 16.1 Length and amino acid content of loops in the structure of selected lipases from
psychrophilic (CALA, CALB) and mesophilic (HLL, YlLip2) yeasts

Lipase PDB
code

Total loops length/
molecule length

Amino acid
composition in loops

%
Gly

%
Pro

Lys/Arg

HLL (Humicola lanuginosa lipase) 4DYH 125/269; 46 % 14.4 7.2 4/4 = 1
CALA (Candida antarctica lipase A) 3GUU 218/462; 47.18 % 10.1 13.3 10/4 = 2.5
CALB (Candida antarctica lipase B) 1TCA 161/317; 50.7 % 11.8 12.4 4/5 = 0.8
YLL lip2 Yarrowia lipolytica lipase lip2) 3O0D 156/301; 51.8 % 8.3 9.0 6/4 = 1.5

Calculations based on structures deposited in PDB and ProtParam program (Gasteiger et al. 2005)
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16.4 Modifications of Cold-Active Lipases

Modification of enzymes, including cold-active lipases, is usually conducted using
recombinant DNA technology. Such modifications are mostly based on replace-
ment of a single or a group of amino acids in the enzyme molecule (site-directed
mutagenesis and directed evolution). Introducing the W104A mutation to CALB,
Engström et al. (2012) altered its enantiopreference and specificity, while Juhl
et al. (2010) also changed the specificity of this lipase, obtaining considerably
increased activity toward ethyl isononanoate by the T138S mutation. In turn,
aiming at higher activity and enantioselectivity of CALA toward ibuprofen esters,
Sandström et al. (2012) created a library of catalytic pocket variants and selected
one with five substitutions in which the active site was almost entirely rearranged,
resulting in a nearly 30-fold increase of enantioselectivity as compared to the wild-
type lipase. Moreover, the enantioselectivity toward a-methyl carboxylates was
also increased.

A very interesting modification of CALB enantioselectivity was proposed by
Magnusson et al. (2001), who used substrate-assisted catalysis (SAC). They found
that replacement of Thr40 (one of three amino acids stabilizing transition state)
with Ala or Val, not containing the hydroxyl group, markedly lowers the activity
of the mutant. However, this activity may be partially restored, at the same time
modifying the enantioselectivity of the enzyme, if the substrate (e.g., ethyl (S)-2-
hydroxypropanoate, not accepted by the wild-type enzyme) contains hydroxyl
group in proper configuration. In this way, the synthesis of diol monoesters may be
greatly enhanced.

Yet another type of modification facilitates C. antarctica lipase expression in a
bacterial system (Blank et al. 2006; Seo et al. 2009). This usually involves removal

Table 16.2 Selected properties and kinetic constants of lipases from psychrophilic (CALA,
CALB) and mesophilic (HLL, YlLip2, NCIM 3639 YLL) yeasts
Lipase Topt.

(�C)
Thermostability
Td (�C)

KM

(mM)
kcat

(s-1)
kcat/KM

(s-1 mM-1)
Substrate References

HLL 38 Up to 100 0.08 ND ND a-naphthyl
acetate

Omar et al. (1987)
Jayawardena (2009)

CALA 50 Up to 70 4.48 1.5 9 106 334 9 103 Tributyrin Pfeffer et al. (2006)
Dominguez de

Maria et al.
(2005)

46 B90 0.123 ND ND a-naphthyl
acetate

Jayawardena (2009)

CALB 30 Up to 60 0.484 16 3.3 9 101 pNP butyrate Skjøt et al. (2009)
YLL lip2 37 Up to 45 ND ND ND pNP decanate Zhao et al. (2011)

Fickers et al. (2006)
YLL NCIM

3639a
25 20 183 9.1 9 103 pNP palmitate Grillitsch and

Daum (2011)
Yadav et al. (2011)

a A multimeric lipase, consisting of 20 subunits, produced by Yarrowia lipolytica NCIM 3639, exhibiting
46 % homology to the lipase YlLip8

16 Cold-Active Yeast Lipases 359



of the signal peptide and the propeptide sequence. It has also been shown that the
addition of the 6xHisTag sequence to the N- or C-terminus of the protein does not
affect its activity.

Y. lipolytica Lip2 has also been modified, in order to elucidate the mechanism
of interfacial activation (Bordes et al. 2010) and facilitate heterologous expression
of this protein (the native signal peptide was removed, and HisTag was added; Yu
et al. 2007); however, research in this area is less extensive than in the case of C.
antarctica lipases.

A complementary approach to recombinant DNA technology is chemical
modification of cold-active lipases. Most often modified was CALB, which was
subjected to PEGylation (using PEG derivatives of various molecular masses;
Koops et al. 1999; Forde et al. 2010), glycosylation (with oxidized aldehyde–
dextran; Siddiqui and Cavicchioli 2005; Gutarra et al. 2011), amination (with
ethylenediamine; Palomo et al. 2007; Barbosa et al. 2012), modification with
epoxides (Miletić and Loos 2009) or treated by combined methods (Ruiz et al.
2013). These modifications usually improved its thermostability and sometimes
increased the specific activity and enantioselectivity of free or immobilized
enzyme. Chemical modification was also used to increase the yield of enzyme
immobilization.

16.4.1 Immobilization

Cold-active lipases from yeast, owing to highly flexible molecules and their gly-
cosylation, are particularly suitable for applications in organic solvent media with
low water activity, in which their catalytic activity is much higher than that of
enzymes derived from mesophilic or thermophilic organisms. Immobilization
further improves the stability of these enzymes, additionally expanding their
applicability.

While some preparations with immobilized lipases are commercially available
(e.g., CALB as Novozym�435), researchers are seeking new methods of immo-
bilization using conventional techniques and supports and genetic methods (such
as surface-displayed lipases, see below), with a view to developing biocatalysts
with properties optimized for particular applications. Although the prices of
commercially available immobilized CALB preparations have declined over the
past 15 years, they are still relatively expensive, and thus, they are used for the
synthesis of substances whose purity is the overarching priority. Furthermore,
Zhao and Song (2010) have found that some low molecular weight compounds
(glycerol, benzoic and sorbic acids) were eluted from Novozym�435, contami-
nating the final product, while Chen et al. (2008) have reported desorption of the
enzyme from the carrier. Thus, one can select an immobilization technique more
suitable for a given application starting with either purified protein or cheap
unpurified liquid lipase preparations (e.g., Chirazyme L-2).
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16.4.2 Examples of Immobilization of Cold-Active Lipases

Cold-active lipases have been immobilized by adsorption onto organic and inor-
ganic carriers, covalent attachment, entrapment in various polymers, cross-linking
and crystallization (cross-linked dissolved enzymes CLEs, cross-linked enzyme
crystals CLECs, and cross-linked enzyme aggregates CLEAs).

The cheapest and the simplest method – adsorption on various supports – is
usually performed in an organic solvent medium, which ensures high efficiency.
Merck Corporation has used on a large-scale Sepabeads resin Exe120 (octadecyl
methacrylate) from Mitsubishi Chemical, which is perfect for CALB adsorption,
leading to a biocatalyst that is 15-fold more active than Novozym�435, and also
more stable (Sutton et al. 2012).

Recently, sol–gel encapsulation has emerged as a particularly easy and effective
way to immobilize lipases. Using this method combined with adsorption on Celite
545 and ionic liquid addition, the soluble CALB preparation from c-LEcta was
immobilized and used in large-scale kinetic resolution of racemic secondary
alcohols (Ursoiu et al. 2012). Recently, the combination of immobilization, bio-
imprinting, and interfacial activation of lipase has been employed to modify Yl-
Lip2, CALA, and CALB (Habeych et al. 2011; Kahveci and Xu 2012; Yan et al.
2013). Table 16.3 shows examples of several successful immobilization methods
that lead to increased activity or stability of cold-active lipases in selected
reactions.

16.4.3 Whole Cell Biocatalysts with Surface-Displayed
Lipases

The literature also includes reports of enzymes immobilization by cell surface
display. Many attempts have been made to display active C. antarctica and Y.
lipolytica lipases on the surface of the yeasts S. cerevisiae and Komagataella
pastoris (formerly Pichia pastoris) and the bacterium Escherichia coli (Jiang et al.
2007; Seo et al. 2009; Jin et al. 2012). Narita et al. (2006) obtained CALB-
displaying E. coli cells catalyzing enantioselective transesterifications. Introducing
CALB on the surface of K. pastoris cells, Su et al. (2010) developed a catalyst that
was more stable than free form of the enzyme. According to many authors, lipases
in this form are the most effective catalysts for reactions conducted in non-aqueous
media and allow for cost-effective downstream processing (Matsumoto et al. 2004;
Gai and Wittrup 2007).
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16.5 Biotechnological Potential of Cold-Active Yeast
Lipases

Biotechnological manufacturing on a multi-ton scale is currently based on two
fungal enzymes, H. lanuginosa lipase (HLL) and Rhizopus niveus lipase (Amano),
used in the manufacture of detergents and cocoa butter substitutes, respectively.
Among cold-active yeast lipases, C. antarctica lipase B has enjoyed a commercial
success. It has been the subject of the greatest number of application studies, but
relatively little is known about implementations. CALB is used by Unichem
International in the manufacture of esters for the cosmetic industry (i.e., isopropyl
myristate; Houde et al. 2004), by BASF for the resolution of racemic amines
(Breuer et al. 2004), and by Merck for the production of a chiral fluoroleucine
intermediate (Sutton et al. 2012). The small number of industrial applications

Table 16.3 Some examples of effective methods of cold-active lipases immobilization

Method Advantages Reference

Cold-active lipase B (CALB)
Adsorption onto sepabeads EC-EP, EC-EA,

and EC-BU
High stability and reusability in

continuous syntheses of
polyglycerol esters

Hilterhaus
et al.
(2008)

Cross-linking with macroporous hydrophilic
poly(glycidyl methacrylate-co-ethylene
glycol dimethacrylate) particles

Increased hydrolytic and
synthetic activity

Miletic et al.
(2009)

Adsorption onto organo-modified nanoclays
(Laponite, SWy-2 and Kunipia)

Higher activity (3-fold) in a-
pinene epoxidation

Tzialla et al.
(2010)

Adsorption onto hydrophobic nanoepoxide
(polystyrene)

Higher activity Miletic et al.
(2010)

Adsorption onto hydrophobic poly-propylene
(Accurel MP1001) from organic solvent

Higher operational stability in
oils butanolysis

Séverac et al.
(2011)

Adsorption within micron-sized
thermosensitive hydrogel particles by
solvent exchange (water–isopropanol)

Enhanced specific activity, high
stability and reusability

Gawlitza
et al.
(2012)

Cold-active lipase A (CALA)
Bioimprinting with oleic acid and adsorption

onto hydrophobic carrier Duolite A568
Improved activity and FA

selectivity in ethanolysis
Kahveci and

Xu (2012)
CLEA obtained using precipitation with 1,2-

dimethoxyethane or ammonium sulfate in
the presence of Triton X-100.

High activity retention Lopez-
Serrano
et al.
(2002)

Yarrowia lipolytica lipase (YlLip2)
Bioimprinting, adsorption on cation-exchange

resin and interfacial activation
Better thermal and pH stability,

and wider substrate
specificity

Yan et al.
(2013)

Bound with magnetic iron oxide nanoparticles
onto carbon nanotubes

Improved activity for resolution
(R,S)-1-phenyl ethanol

Tan et al.
(2012)

Adsorption onto octadecyl-sepabeads 10-fold higher operational and
storage stability

Cuhna et al.
(2008)
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primarily results from the high prices of commercial immobilized CALB prepa-
rations. On the other hand, some industrial processes using CALB may remain
unknown, as manufacturers are reluctant to disclose their technological know-how.

It should be noted that the last decade has seen a sharp rise in the number of
available enantiomerically pure substances used as building blocks in multi-step
syntheses of biologically active products, pharmaceuticals, and agrochemicals,
which are produced on a much smaller scale than substances obtained by fer-
mentative methods. According to Hauer and Roberts (2004), optically active amino
acids (whether proteinogenic or non-natural) whose annual global output does not
exceed 10,000 tons are manufactured by biotransformations with the catalysts being
isolated enzymes or metabolically inactive cells. Patents from recent years protect
not only methods of production (Paal 2011), but also often the biocatalyst form
(Hauer 2012; Truppo 2012). Currently, such biocatalysts include numerous variants
of CALB (De Maria 2009; Song 2012) or whole cells expressing CALB (Kondo
2008). Emond et al. (2010) obtained CALB mutants with higher activity than the
wild type using Y. lipolytica as a versatile expression host.

Many studies have also shown considerable usefulness of C. antarctica lipase A
in industry. Thanks to its good thermal stability, this enzyme has found (patented)
applications in the hydrolysis of triacylglycerols in the pulp industry (Fujita et al.
1992; Matsukura et al. 1992) and in the manufacture of wax lubricants (Lund et al.
1997).

The main applications of Y. lipolytica lipase involve the enzymes contained in
living cells, e.g., in the treatment of wastewater from the oil processing industry
(Wu et al. 2009, Goncalves et al. 2009) and cheese ripening (Fickers et al. 2011).

16.5.1 Enantio- and Regioselective Biotransformations

Enantiomerically pure organic compounds are increasingly being used as building
blocks, auxiliaries, or advanced intermediates in the pharmaceutical, agrochemi-
cal, food, and fine chemical industries. Targeted synthesis of active enantiomers
lowers the dosage of the compounds and improves the efficiency and cost-effec-
tiveness of the process while also reducing environmental impact. Alcohols,
amines, carboxylic acids, and their derivatives can be produced in enantioenriched
forms from racemates or prochiral substrates by enzyme-catalyzed reactions due to
the chiral nature of the biocatalysts.

Commercially available since the 1990s, CALA and CALB have been exten-
sively investigated as catalysts for racemate resolution, initially in the hydrolysis
of esters (other than triacylglycerols) and subsequently in ester synthesis and acyl
transfer reactions performed in non-aqueous solvents. The results have been
summarized in recent monographs (Bornscheuer and Kazlauskas 2006; Hogberg
2008) and comprehensive reviews (Breuer et al. 2004; Gotor-Fernandez et al.
2006; Ghanem 2007; Patel 2008). For these applications, CALB has been used
more frequently than CALA, because of its exceptionally high activity with
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respect to a broad range of non-natural substrates and good resistance to non-water
solvents. This biocatalyst has been found particularly effective for

(1) kinetic resolution (KR) of racemic secondary alcohols or primary amines in
acyl transfer or hydrolytic reactions;

(2) dynamic kinetic resolution (DKR) of alcohols and amines;
(3) desymmetrization of prochiral substrates (1,3-diols, cyclic anhydrides).

In two-step lipase-catalyzed acyl transfer, first the acyl donor reacts with a
serine hydroxyl yielding an acyl-enzyme, while in the second step, the acyl group
is transferred to the attacking nucleophile. The net effect is acyl group transfer
from one nucleophile to another. This mechanism implies chiral recognition in
both reaction steps and creates numerous possibilities for enantiomers resolution
by lipases, because the stereogenic center could be located in the acyl donor, in the
nucleophile, or in both molecules. The commonly used acyl donors include enol
esters, acid anhydrides, activated or non-activated esters, thioesters, carboxylic
acids, and mixed carboxylic-carbonic anhydrides, while water, alcohol, ammonia,
amine, carboxylic ester, or hydrogen peroxide could act as a nucleophile (acyl
acceptor). A number of resolved chiral aryl-alkylamines, alkylamines, and amino
alcohols are produced by BASF, some on a multi-ton scale (Breuer et al. 2004) by
CALB catalyzed N-acylation.

Selected examples of highly enantioselective kinetic resolutions mediated by
CALB or CALA reported in the current literature are presented in Table 16.4.

For a kinetic resolution to be effective, the lipase must be sufficiently active and
enantioselective (at least E [ 20). Enantioselectivity (E) is defined as the ratio of
the rate constants of the faster to slower reacting enantiomer. Both activity and
enantioselectivity are dependent on the biocatalyst, substrate, and solvent used;
therefore, different strategies have been applied for improving these parameters:
biocatalyst engineering (Lutz 2004; Palomo et al. 2007; Schilke and Kelly 2008;
Gutarra et al. 2011; Park et al. 2011), solvent engineering (Dlugy and Wolfson
2007; van Rantwijk and Sheldon 2007; Risso et al. 2012), and substrate modifi-
cation (Busto et al. 2012; Ni and Lin 2013).

Apart from enantiodifferentiation of numerous chiral substrates, CALB and
CALA have been frequently used as regio- and/or chemoselective catalysts toward
polyfunctional complex molecules, which enabled selective transformations of
sensitive substances under mild conditions without the protection/deprotection
steps necessary in chemical synthesis. Examples of regioselective acylation and
deacylation of glycosides or nucleosides and chemoselective hydrolysis or alco-
holysis of alkyl carboxylates by CALB are also included in Table 16.4.

16.5.2 Other Applications

Thanks to its sn-2 specificity for triacylglycerols, CALA was believed to be useful
for the production of symmetrical triacylglycerols (Dominguez de Maria et al.
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2005), but the low selectivity of the enzyme does not enable the synthesis of
sufficiently pure 1,3-diacylglycerols or 2-monoacylglycerols (Kirk and Christensen
2002). Thus, CALA is deemed to be a non-regioselective biocatalyst with regard to
industrial interesterification processes. As this potential application of lipase A is
very attractive, possibilities of improving its selectivity are being investigated
(Pfeffer et al. 2007; Pfeffer 2008). Interestingly, CALA in immobilized form
exhibits different selectivity from the free enzyme; for example, in n-hexane, it
synthesizes n-butanol esters with oleic acid (cis-isomer) several times faster than
with elaidic acid (trans-isomer) (Borgdorf and Warwel 1999).

CALA is a perfect tool for converting esters (or amino esters) containing
branched and bulky alcohol moieties, which are not accepted by most known
lipases (Henke et al. 2002). The enzyme exhibits high activity toward sterically
hindered (secondary, tertiary) alcohols and a-substituted acids (Kirk and Chris-
tensen 2002; Krishna et al. 2002). It has also been used for hydrolysis of amino
acids tert-butyl esters (Schmidt et al. 2005).

In contrast to other lipases, CALA prefers for hydrolysis substrates containing
trans fatty acid residues and thus can be used for their removal (e.g., via inter-
esterification) from edible fats. Knowing the structure of the substrate binding site
of lipase A, genetic engineers design other lipases with similar specificity
(Brundiek et al. 2012).

Lipase B from C. antarctica in immobilized form (Novozym�435) has been
recognized as the most common biocatalyst for biodiesel production (Hama et al.
2011). This is mostly due to its high specific activity and lack of selectivity in
terms of the location of the acyl residue in triacylglycerols, which makes it pos-
sible to obtain the highest efficiency for fatty acid alkyl esters, FAAE (Séverac
et al. 2011). Many studies dealing with various aspects of catalysis of transeste-
rification were and still are conducted by a number of research institutions (Chang
et al. 2005; Hernandez-Martin and Otero 2008; Fedosov et al. 2013).

CALB catalyzes acyl transfer reactions of various oils and acyl acceptors
(alcohols or esters, such as methyl and ethyl acetates) showing high stability in
organic solvents (particularly in tert-butanol) and broad substrate specificity.
Using Novozym�435 under optimum conditions, refined plant oils may be
transformed into fatty acid methyl esters (FAME) with an efficiency of 80 to
[95 % in repeated batch or continuous processes (Severac et al. 2011). An eco-
nomic analysis of industrial biodiesel production based on C. antarctica lipase B
has been conducted by Sotoft et al. (2010). Tan et al. (2010) have reported that
since 2007 China has been producing biodiesel on an industrial scale using
commercially available Novozym�435 (Hainabaichuan Co. Ltd., Hunan
Province).

The latest biotechnological research aims at developing super cells that would
act as a ‘‘factory’’ processing cheap raw materials into energy and/or biofuels. For
instance, Hughes et al. (2012) expressed of the CALB gene in an ethanologenic
yeast strain of S. cerevisiae. They claim that such a recombinant yeast strain has a
potential to increase the profitability of an integrated biorefinery because it can be
used to produce two biofuels: ethanol and biodiesel (fatty acid ethyl esters; FAEE).
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Apart from producing bioesters, CALB has been tested for many other appli-
cations. For instance, Novozym�435 has been found the best candidate for the
production of human milk fat substitute (HMFS) in enzymatically catalyzed
acidolysis of tripalmitin (Karabulut et al. 2010). In the presence of lipase B, pal-
mitic acid at positions 1 and 3 of tripalmitin is replaced with unsaturated free fatty
acids at a rate dependent on the degree of unsaturation (C18:3 [ C18:2 [ C18:1).
This allows for obtaining triacylglycerols with a structure similar to those occurring
in human milk, that is, containing 20–25 % palmitic acid, of which ca 70 % are
attached to the sn-2 position of the glycerol backbone.

Novozym�435 has also been used for highly efficient (78 % at 53 �C) synthesis
of 6-O-lauroyl-erythorbate, recommended as a lipophilic antioxidant in the food
industry (Lee et al. 2012). An immobilized CALB preparation has been applied for
the ring-opening copolymerization of L-lactide (LLA) and glycolide using various
ionic liquids. In an ionic liquid medium, lipase B from a commercially available
preparation catalyzes the polymerization of hydroxy acids at temperature of up to
90 �C. Furthermore, Novozym�435 has been proven to be an effective catalyst for
the ring-opening polymerization of e-caprolactone (e-CL) (Turkan et al. 2011).
The resulting macromonomers are based on poly(e-caprolactone) (PCL) with a,x-
thiophene functional end groups. Macromonomers are being tested for the syn-
thesis of conducting polymer composites. In turn, Y. lipolytica Lip2 has been
successfully used for the production of polyethers based on ring-opening poly-
merization (Berrera-Rivera et al. 2008).

A liquid lipase B preparation (fraction B, Chirazyme L-2, cf.-C2, Roche
Diagnostics) has been used for the synthesis of sugar esters, which are increasingly
appreciated as emulsifiers (Kobayashi et al. 2010). Due to high concentrations of
the substrates (palmitic acid and 1,2-O-isopropylidene-a-D-glucofuranose) in
acetone/tert-butanol mixture, it would be possible to obtain these esters on a larger
scale and industrialize their production.

Potential industrial applications of cold-active lipases currently under research
also include:

(1) interesterification of fats and plant oils for the production of trans-free
structured triacylglycerols and special fats (Goli et al. 2008; Pande and Akoh
2012);

(2) synthesis of flavor esters by whole cell lipase (Jin et al. 2012);
(3) epoxidation of the C=C bond by hydrogen peroxide without a metal catalyst

(da Silva and Nascimento 2012);
(4) synthesis of biodegradable linear polyesters with pendant ketoprofen (Wang

et al. 2010) and mPEG-block-poly (profen amide-co-esters) copolymers (Qian
et al. 2011) as carriers for sustained drug release;

(5) synthesis of glycerol-based macroamphiphiles useful as micellar nanotrans-
porters (Gupta et al. 2010).
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16.6 Conclusions

Along with proteases and some oxidoreductases, lipases are some of the most
useful enzymes, especially in the production of high added value substances, such
as fine chemicals, pharmaceuticals, foods, polymers, detergents, biodiesel. Among
all known lipases from different environments and organisms, of special impor-
tance are cold-active lipases A and B from the yeast Pseudozyma (Candida)
antarctica, which have been thoroughly researched at the molecular level and
subjected to many genetic and chemical modifications, including immobilization.
While the number of papers and patents linked to the use of these enzymes as
catalysts for hydrolysis and synthesis reactions on a laboratory scale is impressive,
this does not fully translate into industrial implementations, mostly due to the
relatively high price of CALB and CALA preparations, both in free and in
immobilized forms. Thus, efforts should be made to develop such forms of both
enzymes that would be cheap, stable, and reusable. New immobilization carriers
and new methods of immobilization (also genetic ones) should also be sought.

In contrast to the wide-ranging and advanced studies on C. antarctica lipases,
research into lipases from other species of psychrophilic yeasts is in its early stages
and undoubtedly should be intensified. First of all, homogeneous preparations of
cold-active lipases should be obtained to determine their kinetic and molecular
characteristics, followed by their application in a variety of biotransformations,
and especially in unconventional biocatalysis. Metatranscriptomics could be used
to discover new lipases from uncultured, or rather not yet culturable, yeasts. To
date, only a few bacterial lipase genes have been identified in metagenomic DNA
from cold environments (Elend et al. 2007; Wei et al. 2009).
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Chapter 17
Miscellaneous Cold-Active Yeast Enzymes
of Industrial Importance

Aneta Białkowska and Marianna Turkiewicz

Abstract Cold-adapted organisms, thriving permanently at near-zero tempera-
tures, synthesize cold-active enzymes to sustain their cell cycle. These enzymes
are already used in many biotechnological applications requiring high activity at
mild temperatures or fast heat-inactivation rate. In this chapter, we describe the
main properties of enzymes from cold-adapted yeasts and describe some of their
potential biotechnological applications. The useful applications of these enzymes
are widespread to a large number of industries like textile industry, food and dairy
industry, brewing and wine industry, laundry, etc. Cold-active hydrolytic enzymes
like lipases (reviewed in Chap.16), proteases, cellulases, and amylases can be used
as an active agent in detergents applied for cold washing. Other potential appli-
cations of psychrophilic enzymes, apart from these, are in processes such as the
hydrolysis of lactose in milk using b-galactosidases, extraction and clearing fruit
juices using pectinases, meat tenderization or taste improvement of refrigerated
meat using proteases, betterment of bakery products using glycosidases (e.g.,
amylases, xylanases).

Keywords Psychrophilic enzymes � Cold-active yeast enzymes � Cold-adapted
yeasts � Biotechnological potential
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17.1 Introduction

The unique properties of the enzymatic apparatus of psychrophilic and psychro-
trophic microorganisms, resulting from the special environmental challenges they
face, make them an interesting subject of scientific research and lead to their
increasingly widespread use in industry (Cavicchioli et al. 2011). The advantages
of cold-active enzymes are unquestionable. Being thermolabile, they can be
selectively inactivated. Thanks to low-temperature processing, they allow for the
reduction of the energy costs of technological processes and prevent infection with
mesophilic bacteria thus ensuring a better quality of the final product (Margesin
and Schinner 1994).

Interest in psychrophilic microorganisms, which are a source of unique cold-
active biocatalysts, has grown considerably over the past twenty years. However, it
should be noted that the majority of works on the structure and properties of these
proteins, the general mechanism of low-temperature catalysis, and its biological
potential, concern enzymes derived from prokaryotic organisms, mostly psy-
chrophilic and psychrotrophic bacteria (Feller and Gerday 1997; Russel 2000;
Zecchinon et al. 2001; D’Amico et al. 2002; Feller and Gerday 2003; Feller 2003;
Hoyoux et al. 2004; Georlette et al. 2004; Siddiqui and Cavicchioli 2006; Struvay
and Feller 2012), while there are few papers dealing with the enzymatic properties
of psychrophilic eukaryotes (Shivaji and Prasad 2009; Cavicchioli et al. 2011;
Buzzini et al. 2012). Undoubtedly, the least information is available on cold-
adapted yeasts, even though they are a versatile group of eukaryotic microor-
ganisms characterized by varied feeding preferences and a surprising ability to
survive in extreme environments with diverse physical and geochemical param-
eters (Buzzini et al. 2012). It has even been suggested that in psychrophilic hab-
itats yeasts are better adapted to low temperatures than bacteria (Margesin et al.
2003). To date, research into these yeasts has mainly focused on their growth
conditions, interactions with the abiotic environment, and taxonomical classifi-
cation. Over the last two decades, there has been increasing interest in psychro-
philic yeasts, as it is believed that due to their exceptional ability to grow and
maintain metabolism at low temperatures, they produce unique biocatalysts that
may be valuable for industrial applications. Examples include lipases A and B
synthesized by Candida antarctica (now Pseudozyma antarctica), which are used
in many biotransformations in the food, pharmaceutical, and cosmetic industries
(Shivaji and Prasad 2009).
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17.2 Biotechnological Potential of Cold-Active Yeast
Enzymes

The potential commercial users of cold-active enzymes are primarily the food and
household chemical industries. Some of these biocatalysts may also prove a
valuable tool for low-temperature biotransformations and in molecular biology
(Cavicchioli et al. 2011). Cold-active enzymes may also find applications in the
chemical industry for manufacture of extremely volatile organic compounds that
can only be modified at low temperatures. Low temperature may facilitate product
separation and reduce the process costs (Brenchley 1996).

Among the psychrophilic yeast enzymes explored to date, most attention has
been given to hydrolases. However, these enzymes (perhaps except for lipases,
discussed at length in Chap. 16) have been studied to varying extent: some authors
report characteristics of purified homogeneous protein preparations, while others
determine crude enzymatic preparations. Some other works are limited to enzy-
matic activity screening without in-depth analysis (Brizzio et al. 2007; Khan
Pathan et al. 2010; Carrasco et al. 2012; Loperena et al. 2012; Singh and Singh
2012).

17.2.1 Amylases, Xylanases, Chitinases, and Lysozymes

Cold-adapted amylases have emerged as some of the leading biocatalysts with
proven potential to be used in a wide array of industrial applications (Kuddus et al.
2011). Most of the cold-adapted amylases studied to date have been derived from
prokaryotic organisms. There is only one report concerning these enzymes isolated
from psychrophilic yeasts (De Mot and Verachtert 1987), that is, two amylases
produced by C. antarctica (now P. antarctica) CBS 6678, which were purified to
homogeneity using various chromatographic techniques and analyzed kinetically.
Both of these enzymes, that is, a-amylase and glucoamylase, are monomeric
glycoproteins hydrolyzing soluble starches at optimum temperatures of 62 and
57 �C, respectively. The optimum temperature of glucoamylase is in the range of
mesophilic yeast glucoamylases (50–60 �C), while the optimum temperature of
the other amylolytic enzyme is much higher than that of most of its yeast
homologs (below 50 �C). Amylolytic preparations from C. antarctica exhibit high
specificity for high-molecular-weight substrates, including raw starches. a-Amy-
lase is also active toward cyclodextrins, hydrolyzing a-1,4-glycosidic bonds, while
glucoamylase catalyzes the cleavage of a-1,6-glycosidic bonds in dextran, pullu-
lan, and glycogen. Furthermore, De Mot and Verachtert (1987) emphasize the
similarity of the amylolytic enzymes from C. antarctica CBS 6678 to their mold
homologs in terms of glycosylation levels, substrate preferences, and sensitivity to
inhibitors, and discuss the potential use of the strain producing these enzymes as a
source of genetic material that could be cloned into mesophilic yeasts of the genus
Saccharomyces to improve the fermentative properties of these microorganisms.
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According to Kuddus et al. (2011), cold-active a-amylases have a wide range of
potential applications. In the food industry, they may be used for the production of
maltotetraose syrups, which are sweeteners and substitutes for sucrose that do not
affect the initial taste and aroma of the product. These syrups are characterized by
a high ability to bind water, thanks to which they ensure the proper level of
humidity and texture in foodstuffs. Cold-active a-amylases may also be applied in
the production of maltose and high-molecular-weight branched dextrins, which are
used as fillers in the manufacture of bulk foods. In the cotton industry, they may be
used for desizing raw fabric and processing denim textiles and in the detergent
industry for cold washing. Other potential applications of cold-active a-amylases
include the fruit industry (improved juice clarity), the baking industry (delayed
bread staling), the paper industry (lower starch viscosity for appropriate coating of
paper), the pharmaceutical industry (in dietary supplements to aid digestive pro-
cesses), and in the treatment of food-processing wastewater (removal of starch
waste). The application of psychrophilic enzymes in the above processes brings
substantial benefits in terms of reduced energy consumption (and, by the same
token, reduced costs) and environmental protection due to the fact that enzymes
are biodegradable.

Many companies are interested in financing research on a-amylases despite the
high costs and risk that it entails. Cooperation with commercial partners has led to
identification of some new amylases from Antarctic microorganisms, which may
have potential applications in industry. For instance, Bacillus licheniformis amy-
lase was found to be highly active in the temperature range of 10–60 �C in a study
by Borchert et al. (2004) sponsored by the company Novozymes. This discovery is
the subject of US Patent no. 6673589, although most patents in this field concern
processes rather than the substances isolated. Given the above, it should be
mentioned that the results of research on amylases have not been commercialized
to date.

Other identified cold-active eukaryotic glycosidases are xylanases from the
yeasts Cryptococcus adeliensis (formerly Cryptococcus adeliae) and Cryptococcus
albidus, which may be applied in low-temperature recycling of farm, industrial, and
sewage waste (Shivaji and Prasad 2009). Furthermore, these enzymes are partic-
ularly useful in the hydrolysis of xylan, which is the main component of hemi-
celluloses in plant cell walls. The products of enzymatic degradation of this
polysaccharide are used in biotechnological processes for, e.g., manufacture of
fuels and organic solvents (Amoresano et al. 2000). The low-temperature activity of
xylanases is also taken advantage of in the baking industry. The first tests on cold-
adapted bacterial xylanases showed that their high activity at low temperatures and
mechanism of action improve the quality of bread by increasing its volume. Some
commercial preparations of psychrophilic bacterial xylanases are already available
from the company Puratos (Grand-Bigard, Belgium) (Feller 2012).

Gomes et al. (2000) optimized culture conditions for Cryptococcus adeliensis
with a view to efficient production of xylanase, reaching an activity of 400
nkat ml-1 during 168 h of culture at 4 �C. Among 13 tested sources of carbon,
xylanolytic activity was induced to the highest degree by xylan, while the most
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preferred source of nitrogen was yeast extract. In the presence of other sources of
carbon in the medium, the level of enzymatic activity was of constitutive nature.
An unpurified preparation of xylanase from C. adeliensis revealed optimum
activity at a pH of 5.0–5.5 and was stable in the pH range of 4–9 (21 h at 4 �C).
Despite the fact that this protein exhibited optimum activity at a relatively high
temperature (45–50 �C), it was very thermolabile with a half life of 78 min at
35 �C, while temperatures in the range of 40–50 �C led to a loss of 71–95 % of its
initial activity within 5 min. The authors suggested that the low thermal stability of
C. adeliensis xylanase may result from the increased structural flexibility of the
molecule. Similar conclusions were advanced by Petrescu et al. (2000), who
studied psychrophilic xylanase from the strain C. adeliensis ATCC 201412. The
mature glycosylated enzyme consists of 338 amino acid residues and is 84 %
identical to the amino acid sequence of its mesophilic homolog from C. albidus.
Similar to the cold-adapted xylanase described above, the enzyme produced by the
strain ATCC 201412 is thermolabile with a half life of 60 min at 30 �C, while the
activity of its mesophilic homolog is not affected at this temperature. The kinetic
adaptation of psychrophilic xylanase has also been confirmed in a study using
differential scanning calorimetry (DSC), which revealed a difference between the
melting points of these proteins (48 �C and 62 �C for psychro- and mesophilic
xylanase, respectively). C. adeliensis and C. albidus xylanases differed in the
degree of their activity in hydrolysis of xylan conducted at 5 �C (kcat * 14.8 and
4.9 s-1 for psychro- and mesophilic xylanase, respectively) as well as in the
activation energy of the catalyzed reaction (Ea = 47.7 and 52.2 kJ mol-1 for C.
adeliensis and C. albidus xylanase, respectively). The suggestion that the con-
siderable thermolability of the cold-adapted xylanase results from increased
molecule flexibility was partially confirmed by the analysis of a three-dimensional
model of this enzyme. The authors observed some subtle differences between the
structures of the psychro- and mesophilic proteins, such as a less tightly packed
hydrophobic core, a lack of one salt bridge, and destabilization of a-helix mac-
rodipoles in the psychrophilic enzyme. The spatial structure of the xylanase
derived from the Antarctic yeast Cryptococcus albidosimilis (C. albidus TAE85)
was resolved by a more accurate method, using mass spectometry (Amoresano
et al. 2000). This enzyme was shown to be a protein composed of 338 amino acids,
N- or O-glycosylated with GalGalNAc only at residue Asn254 in the polypeptide
chain. It should be noted that this was the first report concerning the structural
characteristics and glycosylation mechanism in a eukaryotic psychrophilic protein.

Furthermore, assay of the enzymatic activity of C. adeliensis grown in sub-
merged culture revealed that this yeast produces endoglucanases, b-arabinofur-
anosidases, b-xylosidases, and b-glucosidases, which are less active than
xylanases, as well as b-mannanases (Gomes et al. 2000). The authors suggest that
C. adeliensis, which produces a wide range of hydrolytic enzymes useful for
degradation of plant poly- and oligosaccharides, may be applied as a probiotic
ingredient or therapeutic agent in feed.

To produce cold-active enzymes on a larger scale, researchers aim at expression
of their genes in mesophilic microorganisms, whose culture is technologically
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simpler. An example here is the gene of a psychrophilic chitinase from the strain
Glaciozyma antarctica PI12 with an optimum temperature of 15 �C, which was
transferred to a mesophilic host, Komagataella pastoris (formerly Pichia pastoris).
The latter gives a high yield of this enzyme in the presence of 1 % methanol at
25 �C (Ramli et al. 2011). This recombinant yeast enzyme was purified to
homogeneity using immobilized metal affinity chromatography and characterized
with a view to industrial applications. Based on bioinformatic analysis, it was
classified as a class II chitinase, glycosyl hydrolase family 18. The regions forming
the active site of G. antarctica PI12 chitinase also turned out to be highly con-
servative revealing strong identity to the catalytic domains of 5 eukaryotic
homologous enzymes. The main advantages of this psychrophilic enzyme are its
high activity at low temperatures (Topt 15 �C; at 5 �C the enzyme exhibits over
20 % of its maximum activity) and ability to efficiently hydrolyze chitin at acidic
pH (pHopt 4.0). Just as the majority of typical cold-adapted enzymes, G. antarctica
PI12 chitinase is characterized by low thermal stability (following 30 min incu-
bation at 25 �C it lost 30 % of its initial activity). In turn, its activity rose by up to
20 % in the presence of 1 mM K+, Mn2+, and Co2+ ions. Examination of the
substrate preferences of this enzyme revealed that its activity was highest in the
hydrolysis of colloidal chitin, as compared to swollen chitin, carboxymethyl
chitosan, and glycol chitosan. This was confirmed by kinetic experiments which
showed that G. antarctica PI12 chitinase has higher Vmax and kcat values in low-
temperature degradation of colloidal chitin than for other substrates. The authors
proposed that due to its biochemical and kinetic properties, the enzyme should be
an attractive tool for the production of chitooligosaccharides and in other bio-
technological applications, such as biocontrol of microbial spoilage of refrigerated
foods and mycoparasitic activity against phytopathogenic fungi in cold environ-
ments (Ramli et al. 2011, 2012).

Another interesting example is a lysozyme from the cold-adapted yeast De-
baryomyces hansenii (muramidase, EC 3.2.1.17) (Wang et al. 2012). It cleaves the
b-(1,4)-glycosidic bond between N-acetylmuramic acid and N-acetylglucosamine
in peptidoglycan, the major bacterial cell wall polymer, and acts as a nonspecific
innate immunity molecule against the invasion of bacterial pathogens.

Culture conditions for this enzyme were optimized using statistical design
methods, the Plackett–Burman design (PBD) and the development and validation
of a quadratic model. As a result, the maximum lysozyme yield was about 3.5-fold
higher than the baseline value that greatly enhances the application potential of
this enzyme. In general, cold-adapted lysozymes are successfully used as food
preservatives for fish and meat products as well as fruits and vegetables (Wang
et al. 2012).

17.2.2 Pectinolytic Enzymes

Psychrophilic yeasts are a good source of pectinolytic enzymes. Many yeast
species produce them, usually several types of pectinases at the same time, often
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also in the form of isoenzymes. These proteins may be applied in the fruit-pro-
cessing industry, which would be especially interested in cold-active pectinolytic
enzymes for reducing juice viscosity at ambient temperature and for improving the
clarity of the final product (Alimardani-Theuil et al. 2011).

All known psychrophilic yeasts with pectinolytic activity (also called PPYs,
pectinolytic–psychrophilic yeasts) belong to the genera Cystofilobasidium, Cryp-
tococcus, and Mrakia. In contrast to psychrophilic bacteria, which predominantly
synthesize alkaline pectinases, yeasts mostly produce enzymes with optimum
activity at acidic pH.

The first yeast strain described in the literature in terms of pectinolytic enzyme
production was Cystofilobasidium capitatum PPY-1 (Nakagawa et al. 2002). When
grown on a pectin or polygalacturonate substrate as a source of carbon at 5 �C and
below, this yeast synthesized a wide range of pectinolytic enzymes: pectin
methylesterases (PME), polygalacturonases (PG), and pectin lyases (PNL), but it
did not produce pectate lyases (PAL). The activity of these enzymes in culture
supernatants, determined for hydrolysis of pectins and polygalacturonate at 20 �C,
amounted to 85, 205, and 1.7 U mg-1 protein, respectively. The authors also tested
the ability of C. capitatum PPY-1 to degrade pectin substances at 5 �C and
obtained activity levels of 267, 101, and 0.01 U mg-1 protein for PME, PG, and
PNL, respectively. One of these enzymes, that is, PPY-1 PG, was purified to
homogeneity using various chromatographic methods and exhibited an activity of
458 U mg-1 protein under optimum reaction conditions (Topt 45 �C, pHopt 4.4). At
0 �C, its activity was reduced to about 20 % of its maximum activity, which
confirms its adaptation to cold (Nakagawa et al. 2005a). The enzyme was found to
be stable in the pH range of 2.5–7.0 and up to about 50 �C. It was shown that the
enzyme most effectively hydrolyzes polygalacturonate (degree of esterification
(DE) 0 %) and pectins moderately esterified with methanol (DE 60 %). Interest-
ingly, based on identification of polygalacturonate hydrolysis products at the initial
stages of enzymatic reaction, the authors suggest that PPY-1 PG exhibits mech-
anisms of action typical of both endo- and exopolygalacturonases. Nakagawa et al.
(2005a) emphasize that the special properties of C. capitatum PPY-1 PG make this
protein useful for industrial applications and especially for low-temperature pectin
degradation in the food industry. PPY-1 PG is quite unique as its N-terminal
sequence of 20 amino acids does not show high homology with any sequences of
other PG deposited in databases. The highest degree of homology was found for
Saccharomyces cerevisiae PG (52 %).

Another C. capitatum PPY-1 enzyme that has been purified and characterized in
terms of cold adaptation was pectin lyase (PNL) (Nakagawa et al. 2005b). An
efficient purification procedure was developed for this enzyme using traditional
chromatographic techniques. As a result, a homogeneous protein was obtained
with a high specific activity (1,230 U mg-1 protein). Based on SDS-PAGE, its
molecular mass was estimated at 42 kDa and a 25-amino acid N-terminal sequence
was determined. PPY-1 PNL exhibits maximum activity in pectin hydrolysis at
40 �C, while in the range of 0–20 �C, it retains about 5–50 % of its maximum
activity, similar to its homolog from Penicillium paxilli. Moreover, in pectin
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hydrolysis, the purified enzyme is characterized by high optimum pH (8.0). Thus,
it may be considered a cold-adapted alkaline enzyme. Pectin lyase shows a
preference for hydrolysis of highly methoxylated pectins and reduces the viscosity
of pectin solutions to that of water after 1.5 h reaction at 5 �C.

Nakagawa et al. (2005b) suggest that both enzymes, that is, C. capitatum PPY-1
PG and PNL, which depolymerize pectin substances (but differ in substrate
specificity and optimum pH) may be used in the form of a mixture in the fruit and
vegetable industry to reduce juice and fruit/vegetable pulp viscosity, enhance
clarification, and aid depectinization.

Other psychrophilic yeast strains with pectinolytic activity were isolated by
Birgisson et al. (2003) from frozen soil, plant leaves, and branches in southwestern
Iceland. Based on rRNA sequencing, they classified the yeasts as C. capitatum,
Cryptococcus macerans (anamorph of Cystofilobasidium macerans), Cystofiloba-
sidium lari-marini (now C. capitatum) and Cryptococcus aquaticus (now Mraki-
ella aquatica). They showed that the activity of pectinolytic enzymes largely
depends on culture conditions, that is, source of carbon, pH, and temperature.
Biosynthesis was the most efficient in the presence of pectin as a source of carbon
but was repressed on pure glucose. The optimum temperature for the production of
polygalacturonases by Cystofilobasidium was 14 �C, while in the case of Cryp-
tococcus, it was by 5 �C lower. The optimum pH of culture medium also varied
among the strains: it was 3.2 for C. lari-marini (about 60 U ml-1), 2.6 for C.
macerans (about 50 U ml-1), and 3.9 for C. capitatum (about 37 U ml-1). The
authors conducted preliminary analysis of the pectinolytic enzymes contained in
the culture supernatant and found that polygalacturonases were produced most
efficiently by Cystofilobasidium strains, reaching maximum hydrolytic activity at
40 �C and pH 5.0. The same type of enzymes isolated from Cryptococcus was
characterized by Topt = 50 �C and pHopt = 4.0. They appear to be cold adapted,
as they exhibit relatively high activity in a low-temperature range (0–20 �C):
Cystofilobasidium PG retains about 20–40 % of its maximum activity, while its
Cryptococcus homologs retain only 10–30 %. Just as most other psychrophilic
enzymes, they are characterized by low thermal stability and undergo partial
inactivation at temperatures above 30 �C. Birgisson et al. (2003) emphasize
marked kinetic adaptations of yeast polygalacturonases to a cold environment and
indicate their usefulness for low-temperature processes as well as ease of selective
inactivation after completing the process. Another advantage attributed to the yeast
strains is their ability to biosynthesize polygalacturonase isoenzymes, which
makes it possible to select proteins with optimum biochemical properties for
industrial applications.

Evaluation of the enzymatic activity of psychrophilic yeasts in submerged
cultures revealed that they can synthesize other pectinolytic enzymes, albeit not as
active as polygalacturonases: Cystofilobasidium strains produce pectin lyase, C.
aquaticus pectin esterase, and C. macerans strains produce pectin lyase, pectate
lyase, and pectin esterase (Birgisson et al. 2003).

Pectinolytic activity was also observed in yeast strains isolated from forest soil
in Abashiri (Hokkaido, Japan) by Nakagawa et al. (2004). Of particular,
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importance was discovery of a new species of psychrophilic yeast with pectino-
lytic activity, that is, Mrakia frigida. On a substrate with 1 % w/v pectin as a
source of carbon, at 5 �C, this strain synthesizes pectin methylesterase and poly-
galacturonase with a yield of 16.0 and 7.6 mU mg-1 protein, respectively.

Margesin et al. (2005) studied two strains of M. frigida, one of which was
isolated from Alpine glacier cryoconite (A15), while the other originated from a
sediment sample containing mud, spring water, and moss from the Gyda peninsula
in northern Siberia (AG25). They analyzed the biochemical properties of pectate
lyases (PL) and found that their production in both isolates depended on medium
composition, pH, and amount of oxygen dissolved in the medium. PL synthesis by
both strains was the most efficient in a medium-containing yeast extract at neutral
pH, while optimum temperatures were 5 and 1 �C for A15 and AG25, respectively.
Both enzymes exhibited highest activity at 30 �C and were highly active in the
temperature range of 0–20 �C (about 20–70 % of the maximum activity). Above
the optimum temperature, the activity of the lyases was significantly repressed
(after 15 min of incubation at 30 �C they lost about 40 % of their maximum
activity, while at 50 �C, they underwent complete denaturation). The cold adap-
tation of these enzymes is also shown by lower values of Ea and other thermo-
dynamic constants (DH*, DG*, DS*) as compared to their mesophilic homologs.
Another interesting biochemical property of M. frigida PL is their strong alkaline
preference (pH 8.5 and 9.0 for A15 and AG25, respectively) and stability (1 h
activity in a pH range of 7–10). The enzymes are completely denatured in the
presence of EDTA (10 mmol l-1), SDS (1 %), KMnO4 (10 mmol l-1), and L-
cysteine (10 mmol l-1); only Ca2+ ions enhance the rate of the reaction they
catalyze. According to the authors, the functional advantages of pectate lyases
from psychrophilic yeasts include their much greater relative activity at low
temperatures as compared to the widely used mesophilic enzymes (by a factor of
4–7) and their alkalinity (Margesin et al. 2005).

17.2.3 Other Glycosidases

Considerably less research has been devoted to cold-active yeast enzymes
hydrolyzing di- and oligosaccharides than to enzymes degrading polysaccharides,
even though such glycosidases would also prove valuable for industrial applica-
tions, especially for food processing and synthesis of probiotic oligosaccharides
(Sheik Asraf and Gunasekaran 2010).

From the technological standpoint, of greatest interest are cold-active b-
galactosidases, which might be applied in low-temperature hydrolysis of lactose,
which is one of the main components of milk and whey (Loveland et al. 1994;
Sheridan and Brenchley 2000). Manufacture of lactose-free milk and milk
products is of particular importance for consumers with intolerance of this
disaccharide, who often suffer from serious gastrointestinal problems. Cold-active
b-galactosidases have also been shown to possess transglycosylation activity
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whereby lactose hydrolysis takes place with simultaneous transfer of monosac-
charides to higher oligosaccharides to form tri- and tetrasaccharides (Karasova-
Lipovova et al. 2003; Benesova et al. 2005). Such galacto-oligosaccharides (either
produced directly in milk or from whey as an additive in dairy products) can be
used as ingredients in probiotic foodstuffs to enhance the growth of bifidobacteria
in the large intestine, or as low-calorie sweeteners due to their resistance to
metabolism in the small intestine (Huston 2008).

The majority of commercial b-galactosidase preparations contain mesophilic
enzymes obtained from yeasts and filamentous fungi. The process of removing
lactose from milk or sweet whey using mesophilic b-galactosidases from Kluy-
veromyces lactis or Kluyveromyces fragilis (now Kluyveromyces marxianus)
(Ladero et al. 2000) is conducted for a short time (several hours) at pH 6.0–7.0 and
30–40 �C to prevent infection. Such conditions result in a relatively low degree of
lactose degradation. Thus, psychrophilic b-galactosidases would be a perfect
alternative to these enzymes, because they exhibit sufficiently high activity at
below 20 �C and are not inactivated by sodium or calcium ions or by galactose.
The application of such b-galactosidases would reduce the risk of infection with
microflora and considerably decrease the energy consumption of the process
(Białkowska et al. 2009). Only a few cold-active b-galactosidases have been
described to date. They are mostly derived from bacteria of the genera Arthro-
bacter, Flavobacterium, Pseudoalteromonas, Rahnella, Planococcus, and Car-
nobacterium (Hoyoux et al. 2001; Turkiewicz et al. 2003a; Wierzbicka-Woś et al.
2011), while two are from yeasts of the genus Guehomyces. The first yeast b-
galactosidase was isolated from the psychrophilic strain Guehomyces pullulans R1
by Nakagawa et al. (2006) in selective tests conducted on agar plates containing X-
gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside). It was found to be active
both in culture supernatants and in biomass. In lactose hydrolysis, the extracellular
fraction of the enzyme was characterized by a relatively high optimum tempera-
ture for a cold-active enzyme (50 �C), but at 0 �C, it retained as much as 20 % of
its maximum activity. Crude enzymatic preparations revealed the highest activity
at pH 4.0, with stability in the pH range of 3–7. It is emphasized that the acidic
nature of G. pullulans R1 b-galactosidase is its unique feature as most of its known
psychrophilic homologs hydrolyze lactose most efficiently under near-alkaline pH
conditions. Thus, it is suggested that this yeast enzyme may be used for industrial
processes conducted in acidic environments. An example of such a process is
manufacture of galacto-oligosaccharide syrups from sour whey, where b-galac-
tosidases from filamentous fungi (active in the pH range of 2.5–4.5) are currently
applied. b-Galactosidases operating at acidic pH can also reduce the pollution
impact and increase the technical usefulness of whey (a product of the cheese
industry) by producing glucose- and galactose-rich syrups that can be used as
sweeteners in a variety of foodstuffs and substrates that are easily fermented by
alcohol-producing microorganisms (Gerday et al. 2005). G. pullulans b-galacto-
sidase was found useful for low-temperature hydrolysis of lactose in milk as 10 U
ml-1 of this enzyme hydrolyzed about 80 % of the disaccharide over 96 h at 10 �C
(Nakagawa et al. 2006).
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The other yeast b-galactosidase is derived from the psychrotolerant strain G.
pullulans 17-1, isolated from sea sediment in Antarctica (Song et al. 2010). The
biosynthesis of this enzyme, induced by the presence of lactose in the growth
medium, is most efficient at pH 4.5. The optimum temperature and pH of the crude
protein preparation for hydrolysis of o-nitrophenyl-b-D-galactopyranoside
(ONPG) are 50 �C and 4.0, respectively. According to the authors, the cold
adaptation of G. pullulans 17-1 b-galactosidase is not particularly pronounced if
one compares its optimum temperature with those of mesophilic b-galactosidases
from the yeasts K. lactis ATCC 8583 and K. fragilis (Topt = 37 and 30 �C,
respectively). However, a major advantage of this enzyme is its extracellular
secretion and high hydrolytic activity (25.3 U ml-1) in culture supernatants on a
medium scale (2 L bioreactor). Song et al. (2010) reported that this represents the
highest activity (in hydrolysis of a synthetic substrate) among all b-galactosidases
produced by wild yeast strains obtained to date, even as compared to the activity of
b-galactosidases from mesophilic yeasts: under optimum conditions, K. lactis
synthesizes an enzyme characterized by an activity of 0.9 U ml-1, while the
enzyme produced by K. fragilis 34440 has an activity of 9.2 U ml-1.

Turkiewicz et al. (2005) showed Leucosporidium antarcticum (now Gla-
ciozyma antarctica; Turchetti et al. 2011) to produce cold-active a-glucosidase and
b-fructofuranosidase. The former was found to be active in both culture super-
natants and biomass, while the latter was not secreted and was strictly limited to
the cell. Unfortunately, following release from the cell, invertase underwent
prompt and irreversible inactivation. Although the rapidly progressing inactivation
was inhibited in the presence of EDTA (2 mM) and Mn2+ (1 mM), the protective
action of these compounds declined with time of incubation, due to which it was
impossible to obtain even partially purified enzymatic preparations. The high
in vitro sensitivity of G. antarctica to inactivation also led to limited pH stability
of the enzyme, which retained maximum activity during 30-min incubation at 4 �C
within a very narrow acidic pH range (4.3–4.8). For comparison, a-glucosidase
from the same strain, secreted to the growth medium, was stable over the same
time within a 3-fold wider neutral pH range (6.0–7.5). These enzymes preferred
very different pH of the reaction environment and exhibited different optimum
temperatures. Both their low thermal stability and high catalytic activity at 0 �C
(over 20 % of the maximum activity for invertase) show that G. antarctica gly-
cosidases are indeed cold-active.

17.2.4 Proteases

Other cold-adapted yeast hydrolases with a range of applications as wide as that of
glycosidases are two exoproteases: an aspartyl protease isolated from the Antarctic
strain Cryptococcus humicola (formerly Candida humicola) and a serine protease
from the endemic yeast G. antarctica. There are relatively few data on extracel-
lular yeast proteases, even in respect of mesophilic yeasts, as it is thought that
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these organisms are not able to synthesize significant amounts of these proteins. It
seems that this view largely results from the fact that the predominant yeast
species both in research and industrial applications is S. cerevisiae. Only a few
strains of this yeast exhibit extracellular proteolytic activity and that to a small
degree (Sturley and Young 1988).

Psychrophilic proteases have a wide range of industrial and technological
applications, e.g., they are used as additives in detergents and foodstuffs, as bio-
remediators, in biotransformations, and in molecular biology. These enzymes are
also used as an alternative to rennet to reduce production costs by accelerating the
maturation of slow-ripening cheeses in a low-temperature and low-moisture
environment. In seafood processing, cold-active proteases aid in removing scales
and skin from fish as well as in extracting carotenoproteins from shellfish. They
are also used to impart tenderness to refrigerated meat products and to improve
their flavor. Furthermore, proteases active at room temperature may be used as an
ingredient in medicinal gels for wound and scar healing and topical treatment of
skin infections (Huston 2008).

The discovery of an extracellular protease produced by C. humicola by Ray
et al. (1992) confirms the fact that aspartyl (rarely cysteine) enzymes predominate
among yeasts inhabiting even very distant biotopes. They are often called acidic
proteases as they reveal maximum activity in environments with relatively low-pH
levels (3.0–4.5). The Antarctic exoprotease was characterized by an even lower
optimum pH in hydrolysis of hemoglobin (pH 1–1.2) and additionally exhibited
kinetic adaptations to low temperature: it was active in the temperature range of
0–45 �C with a distinct optimum at 37 �C and retained 12–15 % of its maximum
activity at 0 �C. It should be stressed that so far this has been the only aspartyl
protease isolated from Antarctic yeasts. The majority of aspartyl protease are
derived from mesophilic microorganisms, such as Rhodotorula glutinis (Kamada
et al. 1972), Cryptococcus albidus var. aerius (Federici 1982), Candida albicans
(Rüchel 1981), Candida parapsilosis (Rüchel et al. 1986), Candida tropicalis
(Togni et al. 1991), Candida olea (Nelson and Young 1987), Saccharomycopsis
lipolytica (Yamada and Ogrydziak 1983), Aureobasidium pullulans (Chi et al.
2007), Sporidiobolus ruineniae (Kim 2009), Pichia farinosa CO-2 (Kim 2010),
Metschnikowia pulcherrima IWBT Y1123, and Candida apicola IWBT Y1384
(Reid et al. 2012).

Another interesting proteolytic enzyme isolated from psychrophilic yeasts is G.
antarctica extracellular serine protease (Turkiewicz et al. 2003b). This class of
enzymes, degrading protein and synthetic substrates in neutral or alkaline envi-
ronments, includes only a few extracellular yeast proteases, mostly produced by
mesophilic Yarrowia lipolytica (Tobe et al. 1976) and Aureobasidium pullulans
(Ogrydziak 1993). Interestingly, G. antarctica is the first psychrophilic subtilase
belonging to the proteinase K subfamily (subtilisin family) to be described. An
efficient purification procedure was developed for this enzyme using traditional
chromatographic methods. The resulting homogeneous protein had a very high
specific activity (85 U mg-1 protein). It was shown that the enzyme is stable under
conditions of storage and purification without protectants and is not activated by

388 A. Białkowska and M. Turkiewicz



bivalent metal ions. It should be stressed that G. antarctica subtilase exhibits a
very high specific activity in hydrolysis of protein substrate (hemoglobin dena-
tured with urea), which is much higher than that of many previously isolated
microbial or animal psychrophilic proteases. Similar to most other microbial serine
proteases, G. antarctica 171 subtilase has wide substrate specificity, with the
greatest affinity to substrates characteristic of chymotrypsin and chymotrypsin-like
enzymes. In this respect, it differs significantly from Y. lipolytica AEP, which is of
typical trypsin-like nature (Ogrydziak 1993). At 30 �C, the enzyme exhibits an
approximately 140-fold higher specificity constant (kcat/Km) for the hydrolysis of
BzTyrOEt (N-Benzoyl-L-tyrosine ethyl ester) than for the hydrolysis of BzArgOEt
(N-Benzoyl-L-arginine ethyl ester) (37.4 and 0.27 s-1 mM-1, respectively). Fur-
thermore, G. antarctica 171 subtilase displays a significant shift in optimum
temperatures toward the low range (25 �C), which is by more than 35 �C lower
than the optimum temperature of the best characterized mesophilic subtilisin
Carlsberg (Topt = 65 �C; Kulakova et al. 1999). Another unique property of
G. antarctica 171 subtilase is its high activity at 0 �C (over 20 % of its maximum
activity). Interestingly, it remains active at temperatures as low as -10 �C. The
enzyme displays high amidase activity (pHopt in the range of 8.0–8.5) against N-
SucAAPFpNA (N-Succinyl-AAPF-p-nitroanilide) and N-SucAAPLpNA (N-Suc-
cinyl-AAPL-p-nitroanilide). Similar to most other naturally occurring psychro-
philic enzymes, this protease is characterized by high sensitivity to the denaturing
action of temperature (half life at 30 �C is 2.5 h). Adaptation to low temperatures
is attributed by the authors to the presence of additional loops in the molecule, e.g.,
a 5-amino acid loop near the N-terminus. Although the gene encoding this 35.5-
kDa protein was not isolated, the location of a total of 108 amino acid residues was
identified and the N-terminal sequence was determined (58 amino acids; the
sequence of 38 was determined by the Edman method, and another 23 by pro-
teomic analysis). Based on the sequences of homologous proteases, the sequences
of four peptides defined in proteomic analysis of trypsin-digested G. antarctica
subtilase were aligned (Turkiewicz, unpublished results), among which are
sequences of the catalytic triad of the enzyme Ser224…His69…Asp45 (the two
first residues were labeled according to residue numbering in proteinase K), which
are highly conservative.

Recently, Zaliha et al. (2012) patented a bifunctional enzyme derived from the
strain L. antarcticum (now G. antarctica) PI12, which exhibited both lipolytic and
proteolytic activity (see Chap.16).

17.2.5 Phytases and Other Esterases

Of industrial importance is the cold-active phytase isolated from the Antarctic
yeast Cryptococcus laurentii AL27 (myo-inositol hexakisphosphate phosphohy-
drolase, EC 3.1.3.8) (Pavlova et al. 2008). It is a phosphatase that catalyzes phytate
hydrolysis to phosphorylated myo-inositol derivatives and inorganic phosphate and
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the first known yeast-derived Antarctic phytase. This enzyme is used as a dietary
ingredient that plays a significant role in feeding monogastric animals. Its main
task is to reduce inorganic phosphorus in animal fodder to prevent excessive
concentrations of this element in animal waste. Furthermore, this phosphatase
increases assimilation of some dietary elements (Ca, Cu, Zn, Mn, and Fe), pro-
teins, and amino acids. Over the past several years, special attention has been
given to the products of phytase activity, that is, myo-inositol products with
varying degrees of phosphorylation, due to the potential application in the phar-
maceutical industry (Pavlova et al. 2008).

The strain C. laurentii AL27 was chosen as a result of a 2-step selection pro-
cedure as the best phytase producer among 124 strains of Antarctic yeasts. The
first step involved strain cultivation on calcium- and phytate-containing solid
medium, and the second step consisted of culturing the isolates selected in the first
step in a liquid medium containing glucose as a source of carbon (20 g l-1). C.
laurentii AL27, grown at 24 �C, was characterized by the highest intracellular
phytase activity (23.8 U g-1 biomass) on a medium containing sucrose (40 g l-1)
and KH2PO4 (at a concentration supplying phosphorus at 5 mg l-1). Pavlova et al.
(2008) indicate that Antarctic phytase plays a useful role by efficiently degrading
phytates directly in the stomachs of monogastric animals (37–40 �C, pH 2–3). The
major advantages of the C. laurentii enzyme include its relatively low optimum
temperature (40 �C as compared to 45–60 �C for most other phytases), an opti-
mum pH of 4.8, and stability over a wide pH range (2.0–5.0; at pH 2.0 the protein
preserves about 50 % of its maximum activity).

An interesting cold-active yeast enzyme was described by Zimmer et al. (2006),
who isolated an esterase from Rhodotorula mucilaginosa. The yeast was grown on
(2R,3R)-(-)-di-O-benzoyl-tartrate, which it stoichiometrically hydrolyzed to
monoesters. The monoesters were subsequently broken into benzoates and tartrates
and metabolized. The enzyme was obtained from the culture supernatant, purified,
and determined to be a monomeric glycosylated 86 kDa benzoyl esterase. Its
optimum pH was 7.5, and the optimum temperature was 45 �C. The psychrophilic
properties of this esterase were proven by its high activity at 0 �C, which
amounted to 20 % of its activity at 30 �C. This shows that the enzyme may be used
in low-temperature settings, e.g., in manufacturing volatile aromas and fragrances.
R. mucilaginosa esterase hydrolyzed short-chain p-nitrophenyl-alkyl esters as well
as some benzoyl esters, including benzoyl-methyl ester, phenyl-benzoyl ester,
ethylene–glycol-dibenzoyl ester, 1,5-anhydro-D-fructose-tribenzoyl ester, and
cocaine. The enzyme is potentially useful for hydrolysis of 1,5-anhydro-D-fruc-
tose-tribenzoyl ester, which could be used as a reagent for specific insertion or
release of protecting groups in sugars (benzoylated carbohydrates are precursors in
the synthesis of, e.g., beta-L-nucleoside analogs with antiviral activity). Thus, R.
mucilaginosa esterase seems to be a useful low-temperature reagent in the pro-
duction of benzoylated compounds for the pharmaceutical, cosmetic, and fine
chemical industries (Zimmer et al. 2006).

Another cold-active esterase is produced by Y. lipolytica CL180 (rYli180). It
preferentially hydrolyzes the S-enantiomer of racemic ofloxacin ester (Kim et al.
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2007). The gene of this protein was cloned into Escherichia coli, and the product
of its expression, with a mass of 53 kDa, was purified to homogeneity by means of
immobilized metal affinity chromatography. Based on the determination of its
biochemical properties, it was shown that this esterase preferentially hydrolyzes p-
nitrophenyl esters of fatty acids with short-chain lengths (B10 carbon atoms) and is
a cold-active protein (Topt = 35 �C; 40–60 % of maximum activity in the range of
0–20 �C). According to the authors, these features make it a very attractive
enzyme for potential application as a biocatalyst, especially in the manufacture of
thermolabile chemicals.

Sabri et al. (2001) described an acyl-CoA thioesterase produced by the psy-
chrophilic Antarctic yeast Rhodotorula aurantiaca. Its application potential is not
as yet known, albeit it plays an important role in the metabolism of myristoyl-
CoA, and, indirectly, also in the regulation of yeast growth at different
temperatures.

17.3 Conclusions and Future Prospects

Literature data show cold-active enzymes to have several advantages over their
mesophilic and thermophilic homologs. Despite some difficulties linked to their
relatively high cost, low activity and stability under typical process conditions, and
the low degree of biodiversity of the psychrophilic microbes known to date, cold-
active enzymes may successfully replace traditional ones in a range of industrial
applications. Some relatively new recombinant DNA technologies, including site-
directed mutagenesis and metatranscriptomics, enable the production of an
increasing number of recombinant enzymes. Thanks to this, it is possible to obtain
cheaper cold-tolerant enzymes with novel or modified activity. It seems advisable
to pursue commercially viable production of such enzymes in heterologous hosts
and their modification by chemical or protein engineering methods with a view to
obtaining higher activity levels and greater robustness. Some strains could be
genetically improved to make them more suitable for the expression of cold-
adapted enzymes, which would have significant positive implications for their use
in various fields of biotechnology and industry.

While research into useful cold-active yeast enzymes is largely limited to
hydrolases, it seems that other classes of enzymes could be equally relevant for
industrial applications. For instance, oxidoreductases are playing an increasingly
important role in biotransformations conducted in organic solvents (microaqueous
systems) (Straathof et al. 2002; Burton 2003; Solano et al. 2012). Enzymes that
could be particularly suited to such applications include those produced by yeasts
from cold biotopes with low water activity, such as, e.g., yeasts inhabiting some
Antarctic environments. The only cold-active oxidoreductase from psychrophilic
yeasts that has been discovered to date is D-galacturonate reductase from Cryp-
tococcus diffluens (Hamada et al. 2011).
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Chapter 18
Production of Polymers and Other
Compounds of Industrial Importance
by Cold-Adapted Yeasts

Kostantsa I. Pavlova

Abstract Cold-adapted yeasts from Antarctica, still new and understudied
microorganisms, attract considerable interest with their biotechnological potential
to synthesise exopolysaccharides (EPS) and other biologically active substances.
Yeasts of various genera, species, and strains have been selected as producers of
EPS built of residual monosaccharides, the most common ones being mannose and
glucose. The physicochemical and rheological properties of the EPS make them
suitable for use as emulsifiers and stabilisers in cosmetics. An Antarctic strain
produces an EPS with good emulsifying properties; also, its biomass contains
biologically active substances that have photoprotective and antioxidant activities.
Both products are included in cosmetic compositions designed to enhance the
cellular metabolism of the skin and protect it against environmental damage. This
chapter reviews the production, characteristics, and application of EPS and
metabolites synthesised by cold-adapted Antarctic yeasts.

Keywords Exopolysaccharides � Carotenoids � Coenzyme Q10 � Antarctic yeasts
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18.1 Introduction

Polysaccharides produced by microorganisms are natural substances that have
specific physicochemical and rheological properties and are widely used in the
food, cosmetics, pharmaceutical, and chemical industries. They are incorporated as
thickeners in different food products (Duboc and Mollet 2001; Fialho et al. 2008;
Rehm 2009, 2010; Freitas et al. 2011; Donot et al. 2012). Others have good
emulsifying properties and play an important role in the production and stabili-
sation of emulsions for the food and cosmetics industries (Williams 2007; Des-
planques 2012). In recent years, b-glucans have been subjected to active studies on
account of their immune stimulating, anti-tumour, antioxidant, and pre-biotic
activities (Chan et al. 2009; Liu et al. 2010; Murphy 2010). All these functional
properties exhibited by polysaccharides are dependent on the structure, molecular
weight, and concentration of the polysaccharides present.

A large number of microorganisms produce biopolymers with different com-
position, structure, interesting properties, and functional characteristics (Suther-
land 1998). The polysaccharides mannans, glucans, glucomannas,
galactomannans, phosphomannans, and glucuronoxylomannans have been syn-
thesised by yeast strains of the Candida, Cryptococcus, Lipomyces, Pichia, Rho-
dotorula, and Sporobolomyces genera (De Baets et al. 2002b). Some of these
exopolysaccharides (EPS) are very similar to the yeast cell wall polysaccharides,
suggesting they are derived from them or at least synthesised by the same
mechanism (Van Bogaert et al. 2009). Glucan, mannan, and chitin are known to be
structural polysaccharides building the yeast cell wall, which is complex in both
composition and structure, but a large number of strains also produce exoglucan
and exomannan (Elinov et al. 1998; Tikhomirova et al. 1998; Pavlova and Grig-
orova 1999; Cho et al. 2001).

18.2 Cold-Adapted Yeasts from Antarctica and Their
Biotechnological Potential

The search for new producers for biotechnological production of biologically
active substances has led scientists to explore habitats in extreme ecosystems, such
as Antarctica. This continent is one of the coldest places on Earth due to its
climatic features, i.e., cold, strong winds, humidity, long dark and light periods,
high UV radiation, food deficiency and insufficient water amounts for living
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organisms (Smith et al. 1992; Campbell and Claridge 2000; Raspor and Zupan
2006). Samples of soil, plants (moss, lichen, grass), water, ice, sediments, penguin
molten feathers, etc. have been collected from these natural regions and used as
sources for the isolation, identification and study of psychrophilic yeasts (Fell et al.
2000; Guffogg et al. 2004; Vishniac 2006; Shivaji and Prasad 2009). The biodi-
versity of cold-adapted yeasts in the terrestrial Antarctic ecosystem has been the
subject of scientific publications and reviews related to taxonomic study, bio-
chemical, and biological characteristics and potential by a large number of
researchers (Goto et al. 1969; Abyzov 1993; Vishniac 1996; Wynn-Wiliams 1996;
Connell et al. 2008; Thomas-Hall 2010; Buzzini et al. 2012). Antarctic soil and
plant samples taken on the territory of the Bulgarian base on Livingston Island,
Antarctica, have been used for the isolation of yeasts and evaluation of their
biodiversity in that area. Yeasts from the Candida, Cryptococcus, Debaromyces,
Pseudozyma, Rhodotorula, Sporobolomyces genera have been selected (Pavlova
et al. 2001, 2004b). An in-depth discussion of cold-adapted yeasts in Antarctic
habitats is reported in Chap. 4.

The interest in cold-adapted Antarctic microorganisms is determined both by
the study of their mechanism of adaptation to the environment and by the ability of
cells to synthesise significant exocellular and endocellular metabolites. Enzymes
constitute the largest group of investigated biologically active substances by cold-
adapted yeasts. Protease producers are Antarctic yeasts belonging to different
species. Vishniac (1985) reported protease production by the Cryptococcus
friedmannii strain; the Cryptococcus humicola species secreted an extracellular
aspartyl protease (Ray et al. 1992) and Glaciozyma antarctica (formerly Leucos-
poridium antarcticum) synthesised serine proteinase (Turkiewicz et al. 2003)
xylanases were produced by Cryptococcus albidus TAE85 (Amoresano et al.
2000); Cryptococcus adeliensis, formerly Cryptococcus adeliae (Gomes et al.
2000; Petrescu et al. 2000; Scorzetti et al. 2000), the yeast strains were updated
according to the latest taxonomic guidelines (Kurtzman et al. 2011). Turkiewicz
et al. (2003) reported that G. antarctica was a lipase and a-glucosidase producer.
The Antarctic yeast strain Cryptococcus laurentii isolated from a soil sample
produced b-glucosidase (Pavlova et al. 2002), a cold-active pectinolytic enzyme
was produced by the psychrophilic-basidiomycetous yeast Cystofilobasidium ca-
pitatum PPY-1 (Nakagawa et al. 2004), C. laurentii AL27 synthesised phytase with
pH and temperature optimum suitable for its direct use as fodder additive (Pavlova
et al. 2008). Additional information on enzymes from cold-adapted yeasts is
reported in Chaps. 16 and 17.

Antarctic yeasts exposed to strong UV radiation respond to irradiation by
developing their protection through synthesis of liposoluble metabolites, i.e.,
carotenoids, coenzyme Q10, and ergosterol (Tsimako et al. 2002)—biologically
active substances that can be applied to medicine, food, and cosmetics industry.
Cold-adapted microorganisms, which can be used for the bioremediation of pol-
luted cold soil and wastewaters, are of great importance for environmental pro-
tection (Bergauer et al. 2005; Margesin and Feller 2010).
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18.3 Production of EPS by Yeasts

The development of extracellular polymer technologies is essential for polysac-
charide production under industrial conditions, and therefore, EPS-synthesising
strains are selected. Various mesophilic yeasts are active EPS producers. The use
of C. laurentii strains resulted in the production of exoglycans (Elinov et al. 1998),
heteroglycan (Tikhomirova et al. 1998), and EPS for medical and ecological
application (Ananyeva et al. 2002). The Rhodotorula mucilaginosa (formerly
Rhodotorula rubra) strain (Kurtzman et al. 2011) produced linear mannans
(Pavlov et al. 1992) and its study by Elinov et al. (1998) showed that mannose
units were linked via b-1,3- and b-1,4-linkages. The mannan produced by Rho-
dotorula glutinis KCTC was composed of D-mannose, L-fucose, D-glucose, and
D-galactose (Cho et al. 2001). Exocellular mannan synthesised by R. glutinis had
the following monosaccharide composition: D-mannose, D-glucose, D-galactose,
and D-xylose, according to Frengova et al. (1997). The Rhodotorula acheniorum
MC strain synthesised EPS mannan having 85.6 % carbohydrate content and
monosaccharide composition as follows: mannose, glucose, galactose, and fruc-
tose in a 1:0.08:0.04:0.01 ratio (Pavlova and Grigorova 1999; Pavlova et al. 2005).
There is scarce information on the production, characterisation, and application of
polysaccharides synthesised by cold-adapted yeasts. The Sporobolomyces salmo-
nicolor (anamorph of Sporidiobolus salmonicolor) AL1 yeast strain (Kurtzmann
et al. 2011) isolated from Antarctic soil was selected as the first Antarctic
microbial EPS producer (Pavlova et al. 2004a).

Figure 18.1a shows the 1H-NMR spectrum of the EPS of S. salmonicolor AL1.
It exhibited two singlets in the anomeric region at 4.65 and 4.77 ppm. These two
anomeric signals indicated the presence of two different monosaccharides in the
repeating unit, regarding the type or the glycosidic linkage position. The signals
between 3.35 and 4.20 ppm represented ring protons highlighting the presence of
pyranose. The 13C-NMR spectrum of the EPS of S. salmonicolor AL1. is shown in
Fig. 18.1b. It showed two singlets (100.2 and 96.8 ppm) in the anomeric region

Fig. 18.1 1H-NMR (a) and 13C-NMR (b) spectra of the EPS of S. salmonicolor AL1 (Poli et al.
2010)
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confirming the presence of two units in the repeating group. The presence of a
downfield shifted signal at 65.9 ppm confirmed the b backbone structure. The 13C
shifts were attributed to a b-mannan configuration by comparison with the shifts of
the standard methyl glycoside with a J of 1.5 Hz (Poli et al. 2010).

18.3.1 Production of EPS by Cold-Adapted Yeasts
from Antarctica

Heteropolysaccharide synthesis occurs through assimilation of simple sugars and
their conversion into nucleotide derivatives, assembly of pentasaccharide subunits
attached to a lipid transporter, probably the undecaprenyl phosphate or isoprenoid
phosphate, and polymerisation of repeating units of pentasaccharide and secretion
into the extracellular environment (Whitfield et al. 1993).

Microbial EPS are related to secondary metabolites. The structure, amount, and
properties of microbial EPS depend on genetically determined strains, on the
culture medium composition and the growth conditions. The effect of growth-
limiting substrates on EPS synthesis clearly demonstrates that the culture medium
composition can affect the specific rate of polymer synthesis (Heald and Kris-
tiansen 1985; Lacroix et al. 1995). Media containing a high carbon to limiting-
nutrient ratio are favoured for polysaccharide production (Sutherland 1998; Cha-
wla et al. 2009; Rehm 2009). A large number of carbon sources have been used for
microbial polysaccharide production: sucrose, glucose, lactose, maltose, mannitol,
sorbitol, galactose, whey, starch, hydrolysed corn starch, commercial sugar con-
centrates, methanol, n-alkanes. The type of carbon source influences not only the
yield but also the size of the EPS produced (Morin 1998).

Various carbon sources, i.e., pentoses, hexoses, and oligosaccharides, were
studied for EPS biosynthesis by the Antarctic strain C. laurentii AL100, and raf-
finose, trehalose, and sucrose were found to undergo the most significant trans-
formation into a polymer. Sucrose proved to be the most suitable and reliable
carbon source for EPS production by yeast strains S. salmonicolor AL1, C. laur-
entii AL100, and C. laurentii AL62 (Pavlova et al. 2004a, 2011; Rusinova-Videva
et al. 2011). Sucrose was also used in the biosynthesis of cellulose, dextran, and
levan by bacterial producers (Hwang et al.1999; Santos et al. 2000; Bekers et al.
2005) and of pullulan, scleroglucan, and schizophyllan by filamentous fungi
(Survase et al. 2007; Kumari et al. 2008; Ravella et al. 2010).

The effect of several nitrogen sources, i.e., ammonium sulphate, sodium nitrate,
urea, ammonium chloride, and ammonium phosphate, on EPS production by R.
acheniorum MC was examined. Comparison of the influence of ammonium salts
on yeast growth and metabolic production showed that NH4

+ played a central role
in nitrogen metabolism. All ammonium salts tested ensured active cell growth,
only ammonium phosphate was not suitable for EPS synthesis. The study of
nitrogen sources for EPS biosynthesis and yeast growth demonstrated the major
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role of NH4
+ in nitrogen metabolism and the suitability of ammonium sulphate in

low amounts (Grigorova et al. 1999). Ammonium sulphate as a culture medium
component affected the composition of b-mannan synthesised by R. mucilaginosa
(formerly Sporobolomyces albo-rubescens) (Kurtzmann et al. 2011), as reported
by Elinov et al. (1998) and Ananeva and Vitovskaya (1998).

The use of organic nitrogen, peptone, and yeast extract often results in a higher
specific growth rate and greater EPS production. A culture medium including pep-
tone and yeast autolysate as an organic nitrogen source stimulated the synthesis of
heteroglycan composed of D-mannose, D-glucose, and D-glucuronic acid and trace
amounts of D-galactose (Elinov et al. 1998). Ammonium sulphate and yeast extract
were the major nitrogen sources in the culture media of Antarctic strains S. salmo-
nicolor AL1, C. laurentii AL100, and C. laurentii AL62 for EPS biosynthesis (Pavlova
et al. 2004a, 2011; Rusinova-Videva et al. 2011). Their production was affected by
the carbon-to-nitrogen source ratio, dependent on the strain physiology. S. salmo-
nicolor AL1 yeast culture synthesised a maximum polymer amount at a 20:1 carbon/
nitrogen ratio, this ratio being 16:1 for the C. laurentii AL100 and C. laurentii AL62

strains. The growth medium composition can also indirectly affect the polymer yield
by governing the pH change that can occur during fermentation without pH control
(Heald and Kristiansen 1985; Lacroix et al. 1995).

Microorganisms usually reach their optimal growth within the initial 24 h of
cultivation, and maximal EPS production occurs in the later stages of growth
(Vanhooren and Vandamme 1998). The Antarctic strains synthesised EPS in a
medium containing sucrose, ammonium sulphate, yeast extract and KH2PO4,
MgSO4.7H2O, NaCl, CaCl2.2H2O, at a temperature of 22 �C. The polymer pro-
duction started at the 24th h corresponding to the beginning of the exponential
growth phase of the producer; the maximum EPS formation was observed at the
96th h, then the polymer content decreased slowly. The culture hydrolysed sucrose
to glucose and fructose as early as the beginning of the growth cycle, and at the
same time, assimilated glucose intensively and fructose more slowly. During EPS
production by S. salmonicolor AL1, the rheology of the fermentation broth
changed to 15.37 mPa.s viscosity (Pavlova et al. 2004a). The production of the
other two EPS synthesised by cold-adapted Antarctic strains C. laurentii AL100

and C. laurentii AL62 occurred at different rates and different polymer composi-
tions depending on their metabolic properties (Pavlova et al. 2011; Rusinova-
Videva et al. 2011). A typical feature of EPS formation by yeasts is the significant
pH change, which proves to be a regulating factor in their biosynthesis (Adami and
Cavazzoni 1990; Elinov et al. 1992). In the course of polysaccharide metabolism,
the three cold-adapted strains changed the culture medium from pH 5.3 to pH
1.7–2.0 after 24 h, and these pH values were preserved until fermentation was
complete (Pavlova et al. 2004a, 2011; Rusinova-Videva et al. 2011). Hence,
Antarctic strains self-adjust the pH of the medium to around pH 2.0, thereby
ensuring a high degree of sterility of the biotechnological process, which is of
great importance under industrial conditions.

The process of EPS production by C. laurentii AL100 was transferred from
flasks to a laboratory bioreactor with a working volume of 5 L, and the following
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optimum parameters were established: agitation rate: 400 rpm, air flow rate: 1 L
L-1 min-1 and temperature: 22 �C.

The fermentation duration was reduced by 50 % (from 96 h in flasks to 48 h in
a bioreactor) and the accumulated EPS amount was 6.95 g L-1. During the glu-
comannan biosynthesis by the S. salmonicolor AL1 strain in the bioreactor, at
optimum parameters, the hydrodynamic modes were determined under different
experimental conditions, i.e., agitator type and agitation rate; the oxygen uptake
rate (OUR) and the mass transfer coefficient KLa in the culture medium were also
established. The original dual Rushton impeller 2RT at 400 rpm and 1 L L-1

min-1 were replaced by a dual NS impeller (2NS) at 600 rpm, and the experiments
with 2NS agitators showed 30 % higher KLa and 2-fold greater OUR in the course
of the fermentation in the logarithmic phase (Vlaev et al. 2012).

Production of biomass and EPS from psychrophilic S. salmonicolor AL1 in a
stirred bioreactor was studied. The aspects of production technical-scale param-
eters, namely bioreactor flow field, biomass, and EPS production rates, oxygen
mass transfer per input power, as well as important product properties, such as
rheology and stability of EPS mixtures, were considered. The bioprocess was
found to proceed in non-Newtonian flow with a consistency coefficient rising
typically to 0.03 Pa.sn and a flow index declining to 0.7. Flow modelling was
carried out and showed good homogenization for substrate delivery at agitation
rates exceeding 400 rpm. Agitation rates lower than 400 rpm were considered
counterproductive due to flow field non-uniformity. The cell density reached
5 g L-1, and EPS production yield reached 5.5 g L-1 at a production rate of
0.057 g EPS L-1 h-1 (0.01 g EPS g-1 biomass h-1). OUR and oxygen transfer
rate (OTR) were in the range 0.5–1.7 mmol O2 L-1 h-1 and 2-4.7 mmol O2 L-1

h-1, respectively. The mass transfer coefficient at reaction conditions was found to
be in the range K a L * 0.004–0.01 s-1 and was comparable with the reference
values for EPS production at similar conditions. The bioprocess biological per-
formance was higher at moderate agitation speed and revealed biomass diminution
and cell inactivation by increasing impeller revolutions and shear rate. The product
EPS was found to introduce shear-thinning behaviour in water solutions with an
apparent viscosity of up to 30 mPa.s. The bioprocess limiting factors and bio-
polymer properties of a new production process for EPS from S. salmonicolor AL1

in a stirred bioreactor are determined in view of further extrapolation to an ele-
vated production scale. The basic characteristics of the bioprocess fluid dynamics,
rheological conditions, flow field velocity structure, and dissolved oxygen transfer
were revealed. In order to be able to scale-up the bioprocess hydrodynamics, a
computational fluid dynamics (CFD) model was formulated and applied based on
the recent modelling experience with commercial codes. In order to be able to
determine the mass transfer rate at various scale, it was correlated with specific
power. It has been demonstrated that the exoglucomannan produced by the yeast
strain S. salmonicolor AL1, selected from the extreme Antarctic environment, is
prospective for emulsion preparations. The long-term performance of complex
cream mixtures of glucomannan prepared in commercial format is promising and
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the performance characteristics of the bioprocess can be used for extrapolation
(Vlaev et al. 2013).

18.3.2 Extraction and Purification of EPS

EPS preparation from the fermentation liquid is performed by biomass separation,
normally through centrifugation, or through separation or filtration in production
processes. Polymer precipitation from the supernatant is induced by the addition of
an organic solvent (ethanol) in which the polymer is insoluble. The polymer is kept
for 24 h at 4 �C, then centrifuged, heat-dried or lyophilised. In order to obtain a
higher purity grade polysaccharide, reprecipitation of the polymer from the diluted
aqueous solution and chemical deproteinisation can be applied and enzymatic
methods and membrane processes, i.e., ultrafiltration and diafiltration, can be used.
The crude EPS obtained by the cold-adapted strain S. salmonicolor AL1 was
purified on a Sepharose DEAE CL-6B column revealing a first major fraction with
the highest carbon content ([90 %) and low presence of protein, nucleic acid and
uronic acid (Poli et al. 2010).

18.3.3 Physicochemical and Rheological Properties of EPS
Produced by Cold-Adapted Antarctic Yeasts

Microbial isolates from extreme environments offer a great diversity in chemical
and physical properties of their EPS compared with anywhere else in the biosphere
(Guezennec 2003). The EPS from S. salmonicolor AL1, C. laurentii AL100 and C.
laurentii AL62 were heteropolysaccharides composed of carbohydrates, protein,
and ash (Pavlova et al. 2004a, 2011; Rusinova-Videva et al. 2011). The S. sal-
monicolor AL1 strain produced glucomannan with the following monosaccharide
composition (in %): D-glucose 54.1, mannose 42.6, and fucose 3.3. The recurring
monosaccharide units were linked via a b-glucosidic linkage, and the molar mass of
the EPSs was [1 MDa (Poli et al. 2010). The arabinomannan EPS produced by
C. laurentii AL100 had the following monosaccharide composition (in %): L-
arabinose 61.6, mannose 15, D-glucose 12.6, D-galactose 5.9, L-rhamnose 2.8, and
the molar mass was 4200 Da (Pavlova et al. 2011). The xylomannan EPS by the
C. laurentii AL62 strain was built up of D-xylose (45.2 %), mannose (33.6 %), and
D-glucose (18.4 %) and had a molar mass of 8,000 Da (Rusinova-Videva et al.
2011). The Antarctic strain Cryptococcus flavus was found to produce EPS with the
following composition (in %): mannose 55.1, D-glucose 26.1, D-xylose 9.6, and
D-galactose 1.9, and the molar mass was 1.01 MDa (Pavlova et al. 2009). The
IR-spectra of the glucomannan, arabinomannan and xylomannan showed the
characteristic absorption bands observed in natural polysaccharides (Rusinova-
Videva et al. 2009; Panchev et al. 2010, 2011). Similar spectral bands were reported
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by Zhang et al. (2001) for konjac glucomannan. The thermogravimetric analysis
indicated a degradation temperature of 280.0 �C for glucomannan (Poli et al. 2010),
175 �C for arabinomannan and 202 �C for xylomannan (Panchev et al. 2011). The
EPS were water soluble from 86 to 92 % at temperatures from 20 to 80 �C.

The protein in the structure of the polymer molecule is an important factor in
emulsion formation since various intermolecular relations occur between the
carbohydrate and the protein part (Dickinson 2009).

Glucomannan demonstrated marked emulsion properties and an emulsion
having 100 % stability and fine dispersion characteristics were obtained (Kun-
cheva et al. 2007). Arabinomannan and xylomannan formed emulsions with 65
and 66 % stability, respectively (Pavlova et al. 2011; Kuncheva et al. 2013).
Emulsions with maximum stability were formed using hydrocolloid ingredients,
which acted as stabilisers of oil or water drops during homogenisation (Dickinson
2009). In practice, high-quality emulsions are often obtained through the use of
combinations of polysaccharides with emulsifying properties and hydrocolloid
thickeners due to the synergism occurring between them. The results of the syn-
ergistic effect of a combination between 2 % arabinomannan and 0.66 % xanthan
showed 100 % stability of the emulsion (Pavlova et al. 2011). Emulsions with
similar stability were obtained using 2.0 % xylomannan with 0.5 % xanthan, guar
gum and cellulose gum. The physicochemical properties studied showed that the
biopolymer synthesised by Antarctic yeasts could be used for the manufacture of
emulsion products for the food and cosmetics industries independently, i.e., glu-
comannan (Kuncheva et al. 2007), or in combination with other hydrocolloids, i.e.,
arabinomannan and xylomannan (Pavlova et al. 2011; Kuncheva et al. 2013).
Desplanques et al. (2012) observed that the effect of xanthan gum and acacia gum
mixtures on the stability of oil/water emulsions depended on the impact of the
chemical structure of each gum and the occurrence of a synergistic effect.

The mixture of galactomannans with xanthan is an example of synergism that
results in the formation of a gel structure (Shobha and Tharanathan 2009). Acacia
gum and modified starch showed an emulsifying capacity in a mixture with other
hydrocolloids having stabilising properties (Williams 2007; Dickinson 2009).

18.4 Biologically Active Compounds in the Biomass
of Antarctic Yeasts

Lipids are products of the living cell, where they perform metabolic and structural
functions. The cell membrane is functionally responsible for the passage of dif-
ferent chemical substances and the maintenance of cell viability. An essential
factor in the microorganism adaptation to low temperatures is their ability to
modulate membrane fluidity by regulation of the fatty acid synthesis, i.e., accu-
mulation of unsaturated fatty acids at a low growth temperature and increase in the
saturated fatty acid amount at an increase in temperature (Chintalapati et al. 2004).
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In several psychrophilic yeast species, the unsaturated fatty acids constitute
50–90 % of the total fatty acids, which has also been observed in Mrakia, Can-
dida, Leucosporidium, and Cryptococcus species (Watson 1984; Chintalapati et al.
2004). Vishniac and Kurtzman (1992) observed a temperature effect on the fatty
acid composition in yeast cells and found that 87–93 % of the fatty acids of
Cryptococcus antarcticus strains grown at 13 �C were unsaturated, and 91 % of
the Cryptococcus vishniacii type were unsaturated. The fatty acid analysis of the
biomass from the Antarctic yeasts R. glutinis, Sporobolomyces roseus (anamorph
of Sporidiobolus pararoseus) (Kurtzmann et al. 2011), C. albidus and C. laurentii
cultivated at 15 �C revealed oleic acid as the main and predominant fatty acid
(58.6–63.5 %). The values of the polyunsaturated linoleic and linolenic acids were
3.6 and 2.2 %, respectively, for strain R. glutinis, and 4.7 and 2.2 %, respectively,
for strain S. roseus. These levels were higher than the content of polyunsaturated
fatty acids in Cryptococcus biomasses. The phospholipid content revealed the
highest amounts of phosphatidylcholine, phosphatidylinositole and phosphatidyl-
ethanolamine, and all classes of tocopherols (a-, b-, and d-) were identified
(Zlatanov et al. 2010). The data obtained on unsaturated fatty acids (66.2–70.5 %)
corresponded to the results reported by earlier investigations (Zlatanov et al.
2001). In the Antarctic yeasts obtained by submerged and surface cultivation at
15 �C, the unsaturated fatty acids, mainly oleic acid, were predominant. More in-
depth information on changes in lipid composition of cold-adapted yeasts as
response to cold is reported in Chap. 10.

Microorganisms that successfully colonised terrestrial habitats in Antarctica are
exposed to the coincidental extremes low temperatures and high UV radiation.
Yeasts isolated from Antarctic (Tsimako et al. 2002) and freshwater (Libkind
2004) ecosystems have become the focus of attention for researchers who study
the biosynthesis of photoprotective substances as a barrier against UV radiation.
High UV exposure causes damages to DNA and proteins, including cell membrane
lipoproteins and organelles (Karentz 1994). The microorganisms exposed to high
UV produce different pigments potentially protecting against UVB damages. UV-
screening compounds provide a passive method for the reduction of UV-induced
damage, and they are widely distributed across the microbial, plant, and animal
kingdoms (Cockel and Knowland 1999). The synthesis of carotenoids that quench
oxygen free radicals generated by UV-induced photochemical reactions (Krinsky
1979; Huang et al. 2009) is also an important response in preventing UV-induced
damage to a wide diversity of biological macromolecules. Several yeast genera –
Rhodotorula, Sporobolomyces, Rhodosporidium, and Cryptococcus – produce b-
carotene, torulene, torularhodin, which also belong to the carotenoid group
(Bhosale and Gadre 2001), coenzyme Q10 (CoQ10), (Yajima et al. 2003; Yurkov
2008) and ergosterol (Tuller et al. 1999).

The ability of Antarctic yeasts of the Sporobolomyces and Cryptococcus genera
to synthesise b-carotene and CoQ10 when irradiated with Vis, UVA, and mixed
light during cultivation has been proved (Dimitrova et al. 2010). The biomass
quantities accumulated by Antarctic yeasts are larger under irradiation with low
Vis doses (11 J cm-2) than those accumulated under dark cultivation. White light
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stimulates b-carotene and CoQ10 biosynthesis in the pigment-forming S. salmo-
nicolor AL1 strain, whereas the b-carotene quantity in the strains of the Crypto-
coccus genus is not affected by the cultivation conditions. Antarctic yeasts, the
highly pigmented species in particular, are essentially resistant to UVA radiation,
at least up to 0.5 J cm-2, whereas less than 5 % could survive a similar dose of
UVB. It has been suggested that resistance may be associated with pigmentation,
possibly carotenoids and related pigments, that may afford important protection
(Tsimako et al. 2002). UVA radiation stimulates b-carotene biosynthesis in small
doses only and suppresses CoQ10 accumulation. The rise in b-carotene in the
Cryptococcus strains is more pronounced compared with S. salmonicolor AL1,
which demonstrates the defence reaction of Antarctic yeasts against UVA irradi-
ation. The same tendency has been observed with the biosynthesis of the inves-
tigated substances under the effect of mixed light, when the b-carotene quantity in
the biomass of strains from the Cryptococcus genera at a dose of 3 ? 16 J cm-2

(UVA ? Vis) exceeded the controls by 100 % (Dimitrova et al. 2010). The
highest CoQ10 and b-carotene quantities were obtained during the preliminary
irradiation of the S. salmonicolor AL1 strain with UVA, and subsequent deep
cultivation at a dose of 11 J cm-2 Vis and in the dark. The biomass quantity
decreased with all yeast strains studied when they were subjected to UVA radi-
ation. This effect was also observed by Tosi et al. (2005) during experiments with
Antarctic soil fungi assemblages. They showed better growth when protected
against UV radiation (Tosi et al. 2005). The biomass accumulated during the EPS
synthesis by the same S. salmonicolor AL1 strain was suitable for the extraction of
biologically active substances. The metabolites ergosterol, torularhodin, torulene,
b-carotene, and CoQ10 (Fig. 18.2) extracted from the S. salmonicolor AL1 biomass
were proved to have antioxidant activity. The emulsion systems, which included
all the metabolites produced by the strain, glucomannan as emulsifier and bio-
logically active substances, exhibited UVA protection properties and could
therefore be used as components of sunscreen cosmetic products (Dimitrova et al.
2013). The utilisation of the bioactive substances synthesised by S. salmonicolor
AL1 would be of biotechnological and industrial significance. Additional infor-
mation on photo-protective compounds produced by cold-adapted yeasts is
reported in Chap. 9.

Fig. 18.2 Chromatogram of
S. salmonicolor AL1 biomass
extract (Dimitrova et al.
2013)
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18.5 Application of EPS Produced by Cold-Adapted Yeasts
from Antarctica

Water-soluble polymers are widely used as thickeners, emulsifiers, and gelling
agents in a broad range of cosmetic products: shampoos and conditioners, hair and
body gels, skin creams, liquid and cream foundations, toothpaste, sunscreen
lotions and sprays. The natural and synthetic polymers are components of cosmetic
products. The modern cosmetics industry demonstrates a tendency for using nat-
ural components as substitutes of synthetic ones that are widely used but do not
always have positive cosmetic effects. One way of meeting this challenge is the
synthesis of naturally active substances via biotechnological methods and their
application to different products. Cosmetic compositions have been developed for
the creation of novel systems with rheological characteristics and natural ingre-
dients. The system consists of a combination of two naturally occurring polymers,
xanthan gum and konjac mannan, which interact synergistically through molecular
association leading to the formation of strong thermoreversible gels that can be
used in cosmetics (Williams et al. 2003).

An EPS synthesised by a bacterial strain and its cosmetic and dermopharma-
ceutical compositions can be used for the treatment of the skin, the mucous
membranes, hair and nails, especially against the ageing of skin and for the
treatment and for the care of disorders and conditions which result from a lack of
or decrease in hydration (Lipote and Courtoi 2012). A skin care composition
comprising at least one EPS has been derived from microorganisms. The com-
position is useful in reducing and preventing signs of skin ageing and environ-
mental damage by altering skin cell metabolism and improving hydration (Loing
et al. 2011). Crylan produced by C. laurentii is a good disperse system stabiliser
and can be used for the preparation of cosmetic products, as reported by Tikho-
mirova et al. (1998). Cosmetic creams have been prepared with natural gluco-
mannan synthesised by S. salmonicolor AL1 and with the synthetic emulsifiers
Rofetan N/NS and Arlacel 165 used in cosmetics. The polysaccharide synthesised
demonstrated very good interaction with the other standard components of the
compositions: they had finely dispersed and smooth consistence, and their sta-
bility, studied at different temperature regimes (-10, 22, 45 and a -10 �C/45 �C
cycle) for 6 months, confirmed the high emulsion capacity of the EPS which was
fully comparable with that of the synthetic emulsifiers and revealed possibilities
for their application in the cosmetics industry (Kuncheva 2007).

Day and night creams and cleansing milk have been developed as cosmetic
products using arabinomannan, xylomannan, and glucomannan as active compo-
nents. The rheological characteristic of the cosmetic products were established
using the Ostwald-de Waele power law s = K cn. The measurements showed that
all compositions were non-Newtonian fluids (0 B n B 1), and among the EPS, the
strongest rheological impact was demonstrated by glucomannan, with a viscosity
of the day cream of 70.1 Pa.sn. The glucomannan rheological profiles showed that
the following were suitable for cosmetics: glucomannan and xylomannan for day

408 K. I. Pavlova



and night cream and cleansing milk production, whereas arabinomannan had good
characteristics for day cream only (Panchev et al. 2012; Pavlova et al. 2012).

Figure 18.3 shows the scheme for EPS and biomass production by S. salmo-
nicolor AL1, the extraction of biologically active substances from the biomass, and
the creation of cosmetic products including all metabolites. Day and night creams
have been developed as cosmetic products with active components as follows:
glucomannan and biomass containing ergosterol, carotenoides, and coenzyme Q10

synthesised by the Antarctic strain S. salmonicolor AL1. The clinical studies of the
cosmetic compositions showed compatibility with the skin and lack of objective
(erythema, desquamation, oedema) and subjective (irritation, stinging, itch)
complaints. The creams nourish, regenerate, and soften the skin, its elasticity and
density. Being good antioxidants, the biomass metabolites participate in the neu-
tralisation of free radicals, and in addition, ergosterol plays a protective role

Fig. 18.3 Scheme for the production of biologically active substances by S. salmonicolor AL1
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against skin diseases by turning into vitamin D2 under the influence of sunlight.
The role of natural products of microbial origin will gain wider recognition in the
future.

18.6 Conclusions

Yeasts constitute a valuable bioresource for the development of microbial bio-
technologies. The study of cold-adapted Antarctic yeasts as EPS producers
encourages efforts to develop biotechnology for their production and application.
The synthesis of EPS with emulsifying properties and metabolites with antioxidant
and photoprotective activity by pigment-forming yeasts from the Antarctic eco-
system constitutes a part of the yeasts’ potential. Glucomannan, arabinomannan,
and xylomannan are good stabilisers and rheological modifiers due to their dif-
ferent chemical composition, physicochemical properties, and specific rheology.
These characteristics make them suitable for use in the food, cosmetics and
pharmaceutical industries. The optimum parameters established for EPS biosyn-
thesis in a laboratory bioreactor allow for the transfer of the process onto a larger
scale, which is of great industrial significance.
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Chapter 19
Low-Temperature Production of Wine,
Beer, and Distillates Using Cold-Adapted
Yeasts

Maria Kanellaki, Argyro Bekatorou and Athanasios A. Koutinas

Abstract Recently, low-temperature fermentation has been recognized as a valu-
able tool to improve the flavor of fermented foods such as alcoholic beverages, e.g.,
in terms of improved ratios of off-flavor compounds to desirable compounds on total
volatiles produced during fermentation. Extremely low-temperature fermentation
processes can be made feasible using psychrophilic or psychrotolerant yeasts,
combined with cell immobilization techniques and suitable bioreactor design. At
research level, many studies deal with the optimization of low-temperature alcoholic
fermentation (0–15 �C) in order to improve product quality, produce different
products from the same raw material, and create added value. Studies dealing with
these aspects also discuss ways to maintain bioreactors when production in the
factory ceases, as well as the production of low-cost, ready-to-use dried yeast
formulations. The application of extremely low-temperature fermentation in
winemaking, brewing, distillates, and other fermented food production, as well as
cold-adaptation aspects for food yeasts is discussed.

Keywords Cold adaptation � Yeast � Low-temperature fermentation � Alcoholic
beverages
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19.1 Introduction

Fermentation has been used for thousands of years as a natural process to improve
quality, nutritional value, and safety of foods. Fermenting microorganisms, mainly
yeasts and lactic acid bacteria, are used traditionally and at industrial scale for the
production of bread, meat and dairy products, wine, beer and distillates (Steinkraus
1997; Vlieg et al. 2011; Bourdichon et al. 2012; Navarrete-Bolanos 2012).
Recently, low-temperature fermentation (below 15 �C) is recognized as a valuable
tool to improve the flavor of fermented foods (Kourkoutas et al. 2004; Beltran
et al. 2006). Especially, low-temperature fermentation in winemaking is used to
produce white wines with minimized losses of aroma volatile compounds, while
higher fermentation temperatures (18–30 �C) are preferred in red winemaking to
enhance extraction of pigments (Redon et al. 2011). Brewing on the other hand is
traditionally carried out at varying temperatures depending on the type of beer. For
example, ale beers are brewed at 16–23 �C, while lager fermentation is carried out
at lower temperatures (8–15 �C) (Belloch et al. 2008). Special local products such
as the Greek wines Vinsanto (sweet dessert wine made from white sun-dried
grapes, Santorini Island, Greece) and Zitsa (semi-sparkling white wine, Zitsa,
Epirus, Greece) or the famous French sparkling Champagnes are produced by low-
temperature secondary fermentation during winter. The improved quality of these
wines is attributed to the improved ratios of off-flavor compounds (such as higher
alcohols) to desirable compounds (such as short-chain fatty acid esters) on total
volatiles produced during fermentation (Bakoyianis et al. 1993; Bardi et al. 1997a;
Kanellaki and Koutinas 1999; Beltran et al. 2006; Domizio et al. 2007; Parapouli
et al. 2010; Torresi et al. 2011).

Industrial winemaking includes fermentation at low temperatures, usually not
lower than 15 �C, using selected psychrotolerant wine yeasts. At research level on
the other hand, since it is well established that fermentation temperature affects
wine flavor, many attempts have been made to optimize winemaking at very low
temperatures (0–15 �C) to (1) improve wine quality in terms of aroma volatiles
composition; (2) produce different wine products using the same raw material; and
(3) create added value. Good operational stability of extremely low-temperature
fermentation processes can be facilitated by the use of psychrophilic or psychro-
tolerant yeasts combined with cell immobilization techniques and suitable biore-
actor design (Kanellaki and Koutinas 1999; Kourkoutas et al. 2004). Research
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efforts regarding optimization of extremely low-temperature fermentations also
propose technologies for low-cost production by using cold-adapted yeasts or for
ways to maintain the bioreactors when production in the factory ceases. For the
production of yeasts ready-to-use and their commercial distribution, various drying
techniques have been developed such as freeze-drying or simple thermal drying,
focusing on preservation of cell viability during drying and storage (Bekatorou
et al. 2001a, b, 2002a; Iconomopoulou et al. 2000, 2002a, b; Tsaousi et al. 2010,
2011). Viable cold-adapted yeasts have been produced in free-cell formulations or
immobilized on various carriers, such as porous inorganic (c-alumina, glass,
kissiris etc.), synthetic, or natural organic materials (cellulose, polysaccharides,
hydrogels, proteins, etc.), as well as agro-industrial wastes and by-products
(cellulosics, pieces of fruit, cereal residues, etc.) (Kourkoutas et al. 2004)
(Fig. 19.1). Finally, a number of investigations deal with chemical analysis and
sensorial testing to demonstrate the effect of fermentation temperature on the
formation of volatile compounds that strongly affect product flavor (Bakoyianis
et al. 1993; Bardi et al. 1997a; Mallouchos et al. 2003a, b, 2007; Tsakiris et al.
2004a; Garruti et al. 2006). All these efforts can contribute to the development of
novel and integrated low-temperature fermentation technologies for controlled
high-quality winemaking and brewing of distillates production.

Recent developments in the application of low-temperature fermentation pro-
cesses in winemaking, brewing, and distillates production using cold-adapted
yeasts are presented and discussed in this Chapter.

Fig. 19.1 Yeast immobilization technique (left) on various porous solid carries and scanning
electron micrographs of the immobilized cells (right)
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19.2 Cold-Adapted Yeasts for Low-Temperature
Fermentation

19.2.1 Effect of Growth and Fermentation Temperature
on Yeast Performance

Psychrophilic yeasts have a huge biotechnological potential due to their ability to
grow and metabolize at low temperatures and can be used in various industrial
applications such as (1) production of cold-active enzymes, e.g., lipases for
detergents, cellulases for textile and biofuel processing, and in food production;
(2) bioremediation of pollutants (e.g. phenolics, hydrocarbons, etc.); (3) production
of miscellaneous metabolites of commercial interest (c-decalactone, extracellular
polysaccharides, microbial lipids, etc.); as well as (4) food and beverage fermen-
tations at low temperatures to improve quality, prevent contamination by meso-
philes, etc. (Kanellaki and Koutinas 1999; Okuyama et al. 1999; D’Amico et al.
2006; Buzzini et al. 2012).

Metabolic and physiological changes in yeasts are not only induced in psy-
chrophilic species evolved in cold environments, but are also common during
growth or fermentation processes at low temperatures. Saccharomyces cerevisiae
is naturally found in environments, such as the surface of fruit, which can be
subjected to low temperatures. In alcoholic fermentation processes, these yeasts
can be exposed to temperatures around 10–12 �C, far below their natural physi-
ological temperature (25–30 �C). Also, industrial strains may be stored at very low
temperatures (4 �C) at which viability is maintained but growth is restricted
(Aguilera et al. 2007). In S. cerevisiae, low temperatures induce the expression of
genes that display a cold-sensitivity phenotype. Cold-inducible genes upregulated
as a response to low temperature, including cold-dependent induction of fatty acid
desaturases, a nucleolin-like protein involved in pre-rRNA processing and ribo-
some biogenesis, serine-, and alanine-rich cell wall proteins, etc., have been
identified in S. cerevisiae (Kondo and Inouye 1991; Kowalski et al. 1995; Schade
et al. 2004). The genetic response to cold stress was found to be time dependent,
e.g., genes involved in the metabolism of glycogen and trehalose in detoxifying
reactive oxygen species and defending against oxidative stress were induced after
4–6 h of low-temperature incubation (Grant 2001; Sahara et al. 2002; Schade et al.
2004; Murata et al. 2006). The transcriptional response of S. cerevisiae to low
temperature comprised of two distinct expression patterns: (1) modifications of
membrane fluidity and RNA secondary structures for efficient protein translation
during the early phase; and (2) environmental stress response due to altered cell
physiological state by decreased transport, accumulation of misfolded proteins,
and reduced enzyme activities during the late growth phase (Schade et al. 2004).
Low temperature was also found to influence wine yeast transcription profile
during second fermentation such as that applied in production of sparkling wines
by the traditional Champenoise method (Penacho et al. 2012).
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Pizarro et al. (2008) showed that temperature differences (15 and 30 �C) most
strongly affect nitrogen metabolism and the heat shock response in laboratory and
wine S. cerevisiae strains. These responses were centered on sugar uptake,
nitrogen metabolism, and expression of genes related to organoleptic properties.
Salvado et al. (2012) conducted functional analysis to identify genes and proteins
involved in adaptation to low-temperature fermentations in commercial wine
yeast. They identified nine proteins mainly involved in stress response and in
glucose and nitrogen metabolism as the most significant change during the first
24 h of fermentation at 13 �C. Redon et al. (2011) studied the effect of growth and
alcoholic fermentation temperature (13 and 30 �C) on yeast viability, vitality,
fermentation capacity, and lipid composition of different Saccharomyces species
with different fermentative origins (wine, beer, baker’s and laboratory strains)
showing that at low temperature, in spite of specific responses of the different
strains/species, the medium-chain fatty acid and the triacylglyceride content
increased, whereas the phosphatidic acid content and the phosphatidylcholine/
phosphatidylethanolamine ratio decreased. A similar work was conducted by
Torija et al. (2003), who determined the production of volatile compounds and the
changes in the membrane fatty acids by GC to show the degree of cell adaptation
and performance at 13 �C, with 25 �C as reference. They showed that lipid
composition changed with the growth temperature, and the optimal membrane
fluidity at low temperatures was modulated by changes in the unsaturation degree
in S. cerevisiae strains. In S. bayanus, on the other hand, this change in the
unsaturated fatty acid percentage was not observed at different growth tempera-
tures, but the concentration of medium-chain fatty acids at low fermentation
temperatures was higher.

Psychrophilic wine yeast strains of the species S. cerevisiae were isolated by
Kishimoto et al. (1993) and their viability and fermentation ability at low tem-
peratures (7–13 �C) was found superior compared to mesophilic strains (Kanellaki
and Koutinas 1999). These strains also produced higher amounts of malic acid,
higher alcohols, isoamyl acetate, b-phenylethyl alcohol, b-phenylethyl acetate and
lower amounts of acetic acid. Isolation and characterization of psychrotolerant
Saccharomyces strains from grape musts, able to grow well at 6 �C, was also
reported by Castellari et al. (1995). However, publications concerning winemaking
at temperatures lower than 10 �C are very few, and in practice, industrial wine-
making at temperatures lower than 15 �C is not common due to very low pro-
ductivity (Kanellaki and Koutinas 1999). To deal with this problem, various
S. cerevisiae strains were isolated from the Greek agricultural area (the provinces
of Achaia and Halkidiki and the Aegean islands Santorini, Samos, and Thasos) and
were subjected to cold-adaptation treatments. The psychrotolerant S. cerevisiae
strains S. cerevisiae Visanto and S. cerevisiae AXAZ-1 were found suitable for
winemaking at low temperatures, by using free or immobilized various solid
carriers such as mineral kissiris, delignified cellulosic material (DCM), and gluten
pellets (Bakoyianis et al. 1992; Bardi and Koutinas 1994; Argiriou et al. 1996;
Bardi et al. 1996a; Kanellaki and Koutinas 1999) (Fig. 19.1). The produced wines
had improved flavor and required lower amounts of sulfites for stabilization.
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Therefore, regarding alcoholic beverage production, psychrotolerant S. cere-
visiae strains possess a number of advantages compared to conventional yeasts. In
brewing, they can be used for fermentation at low temperatures (6 �C) for the
production of beers of superior quality, and in winemaking, they can be used to
ferment low acidity musts to produce more malic and succinic acid, glycerol and
b-phenylethanol, and less acetic acid (Kishimoto et al. 1993; Giudici et al. 1995;
Caridi and Corte 1997; Kanellaki and Koutinas 1999). However, these processes
are not commonly used because low temperatures decrease the rates of yeast
growth and fermentation and increase the risk of stuck and sluggish fermentations.
The competition for nutrients between the selected psychrotolerant yeast and the
wild microflora is higher at low temperature, and fermentation can be particularly
problematic in musts from southern Europe, which typically have high sugar
contents and low nitrogen availability (Llaurado et al. 2005; Salvado et al. 2011).
The contribution of indigenous non-Saccharomyces species is potentially higher in
fermentations carried out below 20 �C, reflecting in the chemical composition and
sensory properties of the products. Controlled fermentation with selected yeasts in
active dry form may involve rehydration with warm water (35–42 �C) prior to
inoculation in a colder must, which may cause physiological stress. Therefore,
active dry yeast rehydration at lower temperatures was proposed (Llaurado et al.
2005). On the other hand, Argiriou et al. (1996) pre-adapted the psychrotolerant
yeast strain S. cerevisiae AXAZ-1 before use to conduct low-temperature fer-
mentation. The yeast was grown in media with gradually increasing amounts of
sugar content, while the culture temperature was kept below 20 �C. Improvement
of the yeast fermentation performance, faster assimilation of nitrogen, lower acetic
acid and fusel alcohol formation and higher glycerol concentrations were obtained
(Argiriou et al. 1996; Kanellaki and Koutinas 1999). Fermentation of molasses by
S. cerevisiae AXAZ-1 was evaluated in an extremely wide temperature range
(3–40 �C). Sequence analysis of the 5.8S internal transcribed spacer and the
D1/D2 ribosomal DNA (rDNA) regions assigned the isolate to S. cerevisiae.
Restriction fragment length polymorphism of the mitochondrial DNA showed that
the strain is genetically divergent compared to other wild strains of Greek origin or
commercial yeast starters. Immobilization of the yeast on brewer’s spent grains,
the main by-product of the brewing industry, improved the thermo-tolerance of the
strain and enabled fermentation at 40 �C. Therefore, the strain S. cerevisiae
AXAZ-1 is very promising for the production of ethanol from low-cost raw
materials, such as molasses, as it is capable to perform fermentations yielding high
ethanol concentrations, good-quality products regarding aroma volatile profiles, at
both low and high temperatures (Kopsahelis et al. 2009).
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19.2.2 Genetically Engineered Yeasts for Improved
Fermentation Performance and Stress Resistance

Over the last few years, the wine and brewing industry also showed interest for
genetically engineered yeasts with specific functions, with emphasis on the
development of S. cerevisiae strains with improved fermentation efficiency, bio-
preservation, and capacities for increased wholesomeness and sensory quality of
wine. Genetic modification may involve hybridization, backcrossing, mutagenesis,
transformation, and somatic fusion procedures (Kanellaki and Koutinas 1999;
Pretorius and Bauer 2002; Pérez-Través et al. 2012; López-Malo et al. 2013).
Hybrid strains of S. cerevisiae, Saccharomyces bayanus, and Saccharomyces ku-
driavzevii are commercially available for wine fermentations (Belloch et al. 2008).
Improvement of wine yeasts through genetic engineering has been reported aiming
at obtaining certain properties, such as killer activity (Hara et al. 1981), higher
yields of glycerol (Eustace and Thornton 1987), enhanced fermentation rate,
decreased formation of acetate and improved production of fermentative aroma
(Herrero et al. 2008; Cadière et al. 2012), tolerance to SO2 (Thornton 1982), cell
flocculation at the end of fermentation (Watari et al. 1989), and enhanced xylose
metabolism for conversion of lignocellulosics into biofuels (Kim et al. 2013), etc.

Improvement of yeast stress responses (including low or high temperature)
during alcoholic fermentation processes has also been reported. It is well estab-
lished that heterologous overexpression of proteins is connected with different
stress reactions. Especially, the unfolded protein response in S. cerevisiae and
other yeasts is well documented. High-cell-density fermentation, the typical pro-
cess design for recombinant yeasts, exerts growth conditions that deviate far from
the natural environment of the cells. Thus, different environmental stresses such as
high osmolarity, low pH and low temperature may be exerted on the host. Whereas
the molecular pathways of stress responses are well characterized, there is a lack of
knowledge concerning the impact of stress responses on industrial production
processes. Accordingly, most metabolic engineering approaches conducted so far
target at the improvement of protein folding and secretion, and there are only few
examples of cell engineering against general stress sensitivity (Mattanovich et al.
2004). Cardona et al. (2007) described a novel genetic manipulation strategy to
improve stress resistance in wine yeasts. This strategy involved modification of the
expression of the transcription factor MSN2, which plays an important role in yeast
stress responses. The modified cells were able to carry out vinifications at 15 and
30 �C with higher fermentation rates during the first days of the process compared
to the control strain. Jiménez-Martí et al. (2009) introduced several genetic
manipulations in two genes induced by several stress conditions: HSP26, which
encodes a heat shock protein, and YHR087W, which encodes a protein of unknown
function in two different wine yeasts. Some of these modifications resulted in
strains with higher expression of these genes, better resistance to certain stress
conditions, and even improved fermentative behavior. Sato et al. (2002) performed
hybridization trials between four top-fermenting S. cerevisiae strains and a
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psychrophilic yeast S. bayanus in order to improve the fermentability at
low-temperature. The hybrids were selected using 5-bromo-4-chloro-3-indolyl-
a-D-galactopyranoside and were checked with pulsed-field gel electrophoresis.
Their improved brewing performance at 10.5 �C was observed using small-scale
fermentation trials.

In brewing, lager beers are fermented with strains collectively known as
S. carlsbergensis, which are hybrids of S. cerevisiae and S. eubayanus-like strains,
particularly adapted to low-temperature fermentations (Saerens et al. 2010;
Sanchez et al. 2012). Selection of new yeast strains with improved properties, or
fermentation performance is laborious, due to the allotetraploid nature of lager
yeasts. Sanchez et al. (2012) generated new lager yeast and S. cerevisiae hybrids
by classical genetics, which were improved regarding growth at elevated tem-
perature and resistance against high osmolarity or high ethanol concentrations.
Due to the uncertainty of chromosomal make-up of lager yeast spore clones, they
introduced molecular markers to analyze mating-type composition and isolated
new hybrids between a lager and an ale yeast by micromanipulation. These hybrids
were not subject to genetic modification and showed improved stress resistance
including improved survival at the end of fermentation and improved fermentation
rates at 18–25 �C.

Achievements in genetic engineering of Saccharomyces yeast strains applied in
food and beverage industry (brewing, winemaking and baking) have been
reviewed and discussed (Donalies et al. 2008), yet, it is uncertain whether genetic
engineering, although promising for the improvement of yeast properties with
regard to product quality and fermentation efficiency, can lead to losses of other
natural properties or affect yeast metabolic pathways with unexpected undesirable
results (Guerzoni et al. 1985; Lee et al. 1995; Kanellaki and Koutinas 1999).

19.3 Low-Temperature Winemaking, Brewing,
and Ethanol Production

A number of studies report the selection or the improvement of cold-adapted yeasts
for better fermentation performance and stress tolerance as discussed above, but the
largest part of literature reporting the development of low-temperature fermentation
processes for alcoholic beverages or ethanol production involves the use of
immobilized cell systems. The upsurge of interest in cell immobilization for
alcoholic beverages and potable alcohol production is mainly due to the numerous
advantages that it offers over free-cell systems, including enhanced fermentation
productivity, stress tolerance, feasibility of continuous processing, cell stability and
lower costs of recovery and recycling and downstream processing. Nevertheless,
industrial use of immobilized cells is still limited and it will depend on the
development of processes that can be readily scaled-up (Kourkoutas et al. 2004).
Alterations in cell growth, physiology, and metabolic activity may be induced by
cell immobilization of both yeast and bacterial species. Comparative studies on
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immobilized and free cells reported effects on activation of yeast energetic
metabolism, increase in storage polysaccharides, altered growth rates, increased
substrate uptake and product yield, lower yield of fermentation by-products, higher
intracellular pH values, increased tolerance against toxic and inhibitory com-
pounds, and increased invertase activity. Also, the immobilized cells showed
increased viability and activity when stored at low temperature for long periods
(Kourkoutas et al. 2004).

19.3.1 Low-Temperature Winemaking

Important improvement of fermentation productivity was achieved by S. cerevisiae
immobilized on inorganic materials such as mineral kissiris (porous volcanic
mineral found in Greece; 70 % SiO2) and c-alumina, during batch fermentations of
glucose and raisin extracts (Tsoutsas et al. 1990; Kana et al. 1989a, b) at ambient
temperatures. These systems were further evaluated in batch as well as continuous
winemaking at extremely low temperatures (2–10 �C), leading to important pro-
ductivities (Bakoyianis et al. 1992, 1993, 1997). c-Alumina promoted the alcoholic
fermentation kinetics but showed lower efficiency at low temperatures compared
with mineral kissiris (Bakoyianis et al. 1997). Despite the better fermentation
performance of these biocatalysts, c-alumina and kissiris leave mineral residues
(e.g. Al) to the produced wine, therefore, studies to remove them were also carried
out (Loukatos et al. 2000, 2003). However, these wines can be used as raw material
for distillates production (Bakoyianis et al. 1997; Loukatos et al. 2000, 2003).

To avoid the presence of undesirable residues in wine released by inorganic
materials, food-grade organic supports such as DCM and gluten pellets were
evaluated as yeast immobilization supports for low-temperature fermentation.
DCM was prepared after removal of lignin by alkaline (NaOH) treatment of
sawdust, which increased the material’s porosity, and was used for immobilization
of the psychrotolerant and alcohol resistant strain S. cerevisiae AXAZ-1. The
biocatalyst was found suitable for extremely low-temperature batch fermentation
of grape must, with acceptable fermentation rates even at temperatures lower than
5 �C (Bardi and Koutinas 1994). In the same manner, gluten pellets were used for
low-temperature winemaking (Bardi et al. 1996a). Both supports presented similar
efficiency for grape must fermentation. However, DCM is considered more
attractive compared to gluten pellets due to its negligible cost and easier prepa-
ration. Wines produced by yeast immobilized on DCM and gluten pellets at
extremely low temperature had improved flavor, which was demonstrated by both
sensorial tests and chemical analysis of aroma volatiles.

Similarly to DCM, wine fermentations were conducted using free and immo-
bilized psychrotolerant yeast on brewer’s spent grains at 25–10 �C. The operational
stability of the biocatalyst was good and no decrease of its activity was observed,
even at 10 �C. Ethanol and wine productivities were high, showing suitability for
low-temperature winemaking.
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Most of the research efforts to optimize low-temperature fermentation using
immobilized cells concerned white winemaking. In red winemaking, fermentation
proceeds in the presence of grape skins for color extraction. Therefore, new
bioreactor design is necessary for low-temperature red winemaking to accom-
modate the immobilized biocatalyst and the grape skins confined in separate
compartments (Tsakiris et al. 2004a).

In seek of new supports for yeast immobilization suitable for low-temperature
winemaking, starch containing waste materials such as potatoes (Kandylis and
Koutinas 2008), wheat (Kandylis et al. 2010a, b), barley (Kandylis et al. 2012a),
and starch gels (Kandylis et al. 2008) were evaluated. These biocatalysts were also
found to increase productivities of extremely low-temperature grape must fer-
mentations compared to free cells. Comparing starch with alginates, starch is a
more abundant natural carbohydrate and of lower cost, which makes it more
attractive for commercialization. The biocatalyst produced by immobilization of
the psychrotolerant strain S. cerevisiae AXAZ-1 on whole wheat grains was used
for batch fermentations of glucose and grape must at laboratory and larger scale
(80 L) at various temperatures (20–2 �C). The biocatalyst retained its operational
stability for a long period, and it was proved capable to produce dry wines of fine
clarity even at 5 �C. The scale-up process did not affect the fermentative ability of
biocatalyst or the quality of the produced wines (Kandylis et al. 2010b). The same
strain was immobilized on whole corn grains and was used for batch fermentations
of glucose and grape musts at various temperatures. The biocatalyst retained its
operational stability for a long period and it proved able to produce dry wines of
fine clarity, even at extremely low temperatures (5 �C). A mathematical model to
describe sugar consumption and ethanol formation was developed fitting almost
perfectly with the experimental results (Kandylis et al. 2012b).

The idea to use fruit pieces as yeast immobilization supports for use in wine-
making was also considered attractive because fruits are the natural habitats of
yeasts, they can be easily accepted by consumers and can positively affect the product
flavor. Cells immobilized on apple, pear, and quince pieces were successfully used
for batch and continuous winemaking at extremely low temperatures (0 �C)
(Kourkoutas et al. 2001, 2002a, 2003a; Mallios et al. 2004). These biocatalysts were
stored at low temperature for long periods of time without loss of their activity
(Kourkoutas et al. 2003b), which is an important observation regarding their
potential for commercial application. In a similar manner, S. cerevisiae was
immobilized on dried raisin berries (Sultanina variety) (Tsakiris et al. 2004b) or
grape skins (Mallouchos et al. 2003b) to produce immobilized biocatalyst for use in
dry white winemaking 25–15 �C and 25–10 �C, respectively. Raisin berries and
grape skins are fully compatible with wine, and consumer acceptance is not an issue.
Both biocatalysts were found suitable for good-quality winemaking with good
operational stability (more than 4 months in the case of raisin berries). Although the
use of fruit in high-volume bioreactors is problematic, such materials could still be
employed in low-capacity processes due to the fine quality of the produced wines
which can create added value. Table 19.1 shows the major volatiles produced during
wine fermentations by cells immobilized on various natural carriers and by free cells
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of a psychrotolerant yeast (S. cerevisiae AXAZ-1) and a mesophilic commercial
yeast (S. cerevisiae Uvaferme 299) at temperatures of 0–30 �C.

To industrialize a batch or continuous process employing immobilized cells,
high operational stability is required. The improvement of biocatalytic stability
and productivity of immobilized yeast cells was attempted by successive preser-
vations at 0 �C of a psychrotolerant strain leading to a stability of productivity for
at least 2.5 years (Argiriou et al. 1996). This result showed that the biocatalyst in
the bioreactor could be maintained without need for emptying, sterilizing,
recovering, and refilling, which can reduce the production cost and make handling
easier when the factory is out of operation.

19.3.2 Low-Temperature Brewing

In brewing, research during the last 30 years has mainly focused on immobilization
techniques in order to apply continuous processes, reduce maturation time, and
produce alcohol-free beer (Masschelein et al. 1994; Kourkoutas et al. 2004).
Brewing requires long fermentation times (6–7 days), large-scale fermentation,
maturation at low temperature and storage capacities and is a highly energy-
consuming process. Diacetyl is a key compound in beer maturation as it has an
undesired butter flavor. It is produced by an oxidative non-enzymatic reaction from
a-acetolactate and converted to acetoin by yeast metabolism during the maturation
stage (diacetyl rest). These reactions are time-consuming and energy demanding
since they are occurring at very low temperatures to avoid product quality degra-
dation. The combination of yeast immobilization and low-temperature fermentation
can reduce process times and improve product quality in the brewing industry,
leading to significant reduction in production costs (Kourkoutas et al. 2004).

Traditionally, industrial brewing processes involve fermentations at low tem-
peratures (13–15 �C) to obtain beer with quality that mainly depends on the yeast
strain. Low-temperature fermentation of wort below common brewing tempera-
tures (0–12 �C) produced beers of improved quality due to alterations in the
chemical composition, mainly of aroma volatiles. Likewise, the combination of
low-temperature fermentation and cell immobilization was found to lead to
reduction in fermentation times and elimination of the maturation stage due to
faster reduction in diacetyl (Bardi et al. 1996b; Bekatorou et al. 2001a, 2002a, b).
The use of immobilization for the removal of diacetyl and therefore controlling
flavor and reducing maturation time and production costs in brewing has been
reported as a promising technological application.

As in the case of low-temperature winemaking, DCM was used as support for
yeast immobilization for use as biocatalyst in low-temperature fermentation of
wort (Bardi et al. 1996b). Beers were produced in batch or continuous processes
with important productivities even at very low temperatures. Beers had lower pH,
and lower diacetyl and phenolic compounds contents, and reduced bitterness
compared with those of free cells. Beers produced by the DCM biocatalyst also
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had higher ethanol content (about 15 % higher) than those made with free cells,
which can be attributed mainly to lower conversion of sugar to cell biomass. The
lower pH of beers increases resistance to spoilages, while the lower diacetyl
content improves beer flavor and reduces maturation time. The decreased phen-
olics content reduces the possibility of haze formation in the bottle. Sensorial tests
showed important improvement of beers produced by a psychrotolerant yeast
strain immobilized on DCM. Gluten was also employed as support for cell
immobilization for extremely low-temperature brewing (Bardi et al. 1997b) and
the obtained results were similar with those of the DCM biocatalyst.

Extremely low-temperature brewing (7–3 �C) with yeast immobilized on dried
pieces of fruit (dried figs) was also investigated (Bekatorou et al. 2002b). Dried
figs, which are rich in pectins, cellulose as well as protein, were found suitable for
yeast immobilization and brewing, as shown by improved fermentation efficiency
and product quality compared to free cells.

For low-temperature brewing, breweries, especially small production capacity
units, require suitable isolated psychrophilic strains available for sale in the market.
Consequently, the development of dried brewing yeasts was necessary. Freeze-dried
S. cerevisiae immobilized on DCM and gluten pellets was examined for its
efficiency for glucose fermentation (Iconomopoulou et al. 2000; Bekatorou et al.
2001b) and subsequently for extremely low-temperature brewing (Bekatorou et al.
2001a, 2002a), exhibiting all those important attributes, which are necessary for
commercial application (increased productivities and improved product quality).

19.3.3 Low-Temperature Ethanol and Distillates Production

Most of the works describing winemaking or brewing using cold-adapted yeasts,
free or immobilized on various carries, as described above, include studies with
synthetic media (e.g. glucose) or waste effluents such as whey, to evaluate use of
these biocatalyst for potable or fuel ethanol production. Distillates are produced
through single or double distillation of fermented liquids or by fractional distil-
lation in columns. The quality of distillates depends on the quality of the fermented
raw materials, which is improved in the case of low-temperature fermentations by
immobilized cells, due to improved ratios of esters to higher alcohols on total
volatiles. In distillates production, inorganic materials such as c-alumina pellets
and kissiris can particularly be useful as immobilization supports, since they are
cheap, abundant and can be easily reused. Mineral residues in the fermentation
broth from such materials are not an issue since they do not distill. Therefore,
continuous winemaking using yeast immobilized on c-alumina, kissiris, DCM and
gluten pellets was successfully performed at lower temperatures than the optimal
for improved wine distillates production (Loukatos et al. 2000, 2003). Other
natural materials have also been used as yeast immobilization carriers for potable
alcohol production at ambient and low temperatures such as orange peel (Plessas
et al. 2007).
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Whey, the main liquid waste of the dairy industry, has also been used as raw
material for potable alcohol production by fermentation with lactose fermenting
yeasts or mixed cultures such as kefir. Kefir immobilized on DCM was used for
batch fermentations at various temperatures in the range of 5–30 �C. The con-
centration of fusel alcohols was reduced at lower fermentation temperatures. At
5 �C, the content of total volatiles in the product was only 38 % of the volatiles
formed during fermentation at 30 �C (Athanasiadis et al. 1999). Kefir immobilized
on DCM was also found suitable for continuous whey fermentation supplemented
with 1 % raisin extract or molasses. The continuous fermentation system was
operated for 39 days, stored for 18 days at 4 �C and operated again for another
15 days without any diminution of the ethanol productivity. Ethanol productivity
and residual sugar were at acceptable for the production of potable alcohol and
alcoholic drinks at industrial scale (Kourkoutas et al. 2002a). Subsequently,
industrial scale-up process of whey alcoholic fermentation, promoted by raisin
extracts, using free kefir-yeast cells was successfully developed (Koutinas et al.
2007). The effect of fermentation temperature in the range 30–5 �C, among other
parameters, was examined. The scale-up process involved the development of a
technology transfer scheme from laboratory-scale experiments to a successive
series of increased capacity bioreactors (100, 3000 and 11,000 L).

19.4 Development of Dried Yeasts for Commercial
Low-Temperature Applications

Various commercial yeasts for induced fermentations are available usually in the
form of dry active formulations. The most common drying technique used for
industrial starter culture production is freeze-drying. Therefore, research works
proposing new strains for use in food fermentation processes usually involve
optimization of drying techniques to produce viable, active ready-to-use cultures.
The efficiency of freeze-dried selected yeast strains, free or immobilized on suit-
able carriers, for extremely low-temperature fermentations has been reported.
Freeze-dried psychrotolerant S. cerevisiae AXAZ-1 strain immobilized on DCM
(Iconomopoulou et al. 2000, 2002a; Bekatorou et al. 2002a) or gluten pellets
(Bekatorou et al. 2001a, b; Iconomopoulou et al. 2002b) was successfully used for
alcoholic fermentation, winemaking, and brewing. Freeze-drying was carried out
without the use of cryoprotectants showing suitability of the technique for com-
mercial immobilized dry yeast production. Yet, freeze-drying has a relatively high
investment and production cost compared to other drying methods. Therefore, the
development of simple and mild processes for commercial dry yeast production
was investigated, such as convective drying at low temperatures (e.g. 30–40 �C,
under air stream or vacuum). Such techniques were found suitable for dry yeast
production with fermentation efficiency similar to that of freeze-dried and wet-
weight cells as evaluated by winemaking experiments (Tsaousi et al. 2010, 2011).
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A freeze-dried biocatalyst produced by immobilization of the psychrotolerant
strain S. cerevisiae AXAZ-1 on gluten pellets and subsequent freeze-drying was
used in a multistage fixed-bed tower (MFBT) bioreactor for batch and continuous
winemaking. The process resulted in higher alcohol productivity compared to
fermentations carried out in a single-bed bioreactor and better operational stability
even at low fermentation temperature (5 �C) and after storage for 6 months at
4 �C. The good fermentation performance, operational stability and good quality
of the product as shown by both chemical analysis and sensory evaluations,
indicated potential industrial application of the freeze-dried biocatalyst and the
MFBT bioreactor (Sipsas et al. 2009).

19.5 Flavor of Wine, Beers, and Distillates Produced
by Low-Temperature Fermentation

The production and metabolism of compounds such as esters, higher alcohols,
aldehydes, vicinal diketones, fatty acids, and sulfur compounds is crucial for the
flavor of fermented foods, especially alcoholic beverages. These compounds are
mainly associated with the yeast amino acid metabolism (Kourkoutas et al. 2004;
Mallouchos et al. 2007). The effect of temperature on fermented food aroma is
well established, and it has been shown that low-temperature processes can
improve it. The combined effect of low fermentation temperature and use of
immobilized cell techniques on wine and beer flavor has also been demonstrated
(Bakoyianis et al. 1993; Bardi et al. 1997a; Yajima and Yokotsuka 2001;
Mallouchos et al. 2003a, 2007; Kourkoutas et al. 2004, 2005; Kopsahelis et al.
2007). The greatest impact of such technologies is considered to be the improved
ratio of esters to alcohols (increased ester and decreased fusel alcohol formation on
total volatiles) (Mallouchos et al. 2003a; Kourkoutas et al. 2004, 2005).

Regarding wine, its distinctive aroma is the result of complex associations of
varietal and fermentation volatile compounds. Generally, wines produced at low
temperatures have aromas with more fruity notes due to increased synthesis or
reduced conversion of esters. The use of immobilized cells in very low-temperature
fermentation processes (below 10 �C) led to wines of improved aroma due to this
effect (Bakoyianis et al. 1993; Jackson 1994; Bardi et al. 1997a; Yajima and
Yokotsuka 2001; Mallouchos et al. 2003a, 2007; Kourkoutas et al. 2004, 2005). As
described above, the use of natural food-grade supports for cell immobilization
such as DCM and gluten pellets proved to be effective for low-temperature wine-
making, showing significantly improved fermentation productivity and product
quality compared to free cells. To facilitate commercialization of such biocatalyst,
freeze-drying techniques were also evaluated for the production of ready-to-use dry
formulations (Iconomopoulou et al. 2002a, b).

The production of wine using psychrotolerant yeast immobilized on food-grade
materials, fully compatible with wine, such as grape skins and grape berries was
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also evaluated at 25–10 �C (Mallouchos et al. 2003b, c) and 6–30 �C (Tsakiris
et al. 2004a), respectively. Improved fermentation performance of the immobilized
biocatalysts was reported compared to free-cell systems and a positive influence on
wine aroma, attributed to lower amounts of fusel alcohols which were decreased
dramatically at low fermentation temperatures (below 10 �C). Pieces of various
fruits like apple, pear, and quince were also proposed as carriers for yeast
immobilization. Their use in batch and continuous winemaking processes also had
a positive effect on wine flavor (Kourkoutas et al. 2001, 2002a, 2003a; Mallios
et al. 2004), with higher ester and lower propanol-1 and isobutanol and amyl
alcohol concentrations observed in the range 1–12 �C. Wine fermentations with
yeast immobilized on brewer’s spent grains carried out at 15–10 �C also resulted
in improved productivity and operational stability, and the combination of
immobilization and low fermentation temperature affected significantly the flavor
of these wines. The immobilized cells produced wines with higher contents of
ethyl and acetate esters and volatile fatty acids at 15 and 10 �C, whereas the
opposite was observed for free cells at higher temperatures (Mallouchos et al.
2007). Finally, wines produced at low temperature (5 �C) by psychrotolerant yeast
immobilized on inorganic materials such as kissiris had an improved aroma with
higher ethyl acetate content and lower higher alcohols on total volatiles (Bak-
oyianis et al. 1992, 1993, 1997; Kourkoutas et al. 2004), which is important for the
production of good-quality wine distillates.

Low-temperature fermentation of fresh cashew juice with free S. bayannus cells
was also reported, producing good-quality wines with cashew, fruity, and sweet
characters. Headspace analysis of volatiles by Osme/GC–MS identified volatiles
including ethyl esters associated with fruit aromas (Garruti et al. 2006).

Beer, on the other hand, is produced by more complex biochemical and tech-
nological processes (macromolecule hydrolysis, malting, kilning, fermentation,
hops addition, maturation, etc.), which affect its flavor. Carbon dioxide, ethanol,
and glycerol are the major compounds that control the organoleptic effect of other
minor constituents such as alcohols, esters, vicinal diketones, aldehydes, sulfur
compounds, and fatty acids. Yeast (amino acid) metabolism, a key to the devel-
opment of beer flavor, is affected by process temperatures and use of cell
immobilization techniques; therefore, technologies based on these features as well
as process conditions and strain selection have been developed to control beer
flavor (Kourkoutas et al. 2004; Branyik et al. 2008). Biochemical changes
occurring during the secondary fermentation (maturation) of beer, which is usually
conducted at very low temperature (0 �C), also affect its flavor. One of these
changes is diacetyl rest, i.e., the reduction in diacetyl (buttery flavor) to the fla-
vorless derivatives acetoin and 2,3-butanediol by yeast. The use of immobilized
yeast and low-temperature primary fermentation was found to produce beers with
low diacetyl amounts, therefore showing potential of low-cost industrial applica-
tion since maturation is a high energy-consuming process (Kourkoutas et al. 2004).
Perpète and Collin (2000) showed that during alcohol-free beer production, the
enzymatic reduction in worty flavor (caused by Strecker aldehydes) (Fig. 19.2) by
brewer’s yeast was improved by cold-contact fermentation. Also, as in the case of
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winemaking, biocatalysts prepared by immobilization of a psychrotolerant yeast
strain on DCM and gluten pellets were found suitable for batch and continuous
low-temperature brewing even at 0–5 �C. The produced beers had lower amounts
of diacetyl and polyphenols compared to beers made using free cells. The fruity
flavor of these beers was also attributed to the improved ratios of esters to alcohols
(Bardi et al. 1996b; Bekatorou et al. 2001a, 2002a; Kourkoutas et al. 2004).
Similar results were obtained during brewing at low and ambient temperatures
(3–20 �C) by yeast immobilized on dried figs (Bekatorou et al. 2002b). The fine
clarity of the produced beers and improved flavor after the end of the primary
fermentation, in combination with the abundance, food-grade purity, and low cost
of the proposed immobilization carriers, encouraged full-scale application for
low-temperature brewing.

19.6 Conclusions and Perspectives

The isolation of psychrophilic yeasts, selection of psychrotolerant strains, or
preadaptation treatments, in combination with techniques that protect cells from
stress during fermentation and the development of drying techniques for commer-
cial culture production, as discussed in this Chapter, describe an integrated approach
to optimize low-temperature winemaking, brewing, and alcohol production pro-
cesses. Low-temperature fermentation can improve quality and reduce maturation
time, while cell immobilization can increase productivity, stress tolerance, and
facilitate continuous processing of such processes. The proposed technology can

Fig. 19.2 Strecker degradation reaction of amino acids and dicarbonyl compounds responsible
for worty (malty) flavors in beer
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also lead to the production of various new types of wines, beers, and distillates,
without the need for addition of preservatives (e.g. SO2) and possibility for direct
bottling of the product after the end of the primary fermentation. This is based on the
following observations for low-temperature fermentations, especially those
involving immobilized cell biocatalysts: (1) the improved flavor of the products,
mainly due to improved ratios of esters to alcohols, lower diacetyl content, etc.;
(2) increased fermentation performance of cold-adapted yeasts; and (3) fine clarity
of the products after the primary low-temperature fermentation due to precipitation
of tartrates in winemaking or chill haze in brewing, avoiding the need for clarifi-
cation before bottling. Application of the described technology is encouraged
by more than 50 original publications discussing results of laboratory and scale-up
low-temperature fermentation processes.
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Chapter 20
Cold-Adapted Yeasts as Biocontrol
Agents: Biodiversity, Adaptation
Strategies and Biocontrol Potential

Marcela P. Sangorrín, Chistian Ariel Lopes, Silvana Vero
and Michael Wisniewski

Abstract After harvest, many fruits are kept in cold storage in order to prolong
their availability and shelf life. Often, this requires the application of a chemical
fungicide to prevent postharvest decay from decay fungi. An alternative approach
for preventing postharvest fungal decay during storage could be based on the
treatment of the commodity with antagonistic yeasts. In this regard, the use of
cold-adapted yeasts may offer a distinct advantage. Numerous cold-adapted yeast
species have been isolated from artificial cold environments, as well as cold-stored
fruits. Since the method employed to isolate potential antagonists has a major
impact on the type and properties of the antagonist to be identified, it is important
to evaluate the consequences of the methods that are presently being utilized and
to appraise whether or not they can be improved. Although the mechanism(s) by
which yeast antagonists suppress postharvest diseases can be quite variable,
competition for nutrients and space plays a major role in their antagonistic activity.
Additionally, production of antibiotics, direct parasitism and the induction of
resistance in the harvested commodity are other modes of action that have been
documented and suggested to play a role in how yeasts suppress postharvest
pathogens in harvested fruits. While a few yeast-based products have been on the
market, this field of study is still in its infancy and it is likely that several new
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products will enter the market in near future. Nonetheless, it is necessary to
continue to identify new potential microorganisms and to develop a better
understanding of the biology of yeast biocontrol systems by involving yeasts,
pathogens and host commodity, in order to increase the potential of postharvest
biocontrol as a viable alternative to synthetic postharvest fungicides. While the
results of this technology are encouraging, we need to continue to explore the
potential use of appropriate yeasts worldwide where management practices, types
of fruit and decay pathogens can vary considerably.

Keywords Antagonist yeasts � Fruit � Postharvest diseases
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20.1 Introduction

Postharvest losses of stored fruits, vegetables and grains due to decay by fungal
pathogens can be very significant, and in fact, addressing this problem is receiving
increasing importance as worldwide demand for food increases (Wilson 2013).
Postharvest decay of fruits can be reduced by avoiding injury to the fruit during
harvest and subsequent handling, stringent sanitation practices, the use of chemical
fungicides during cold and/or modified atmosphere storage (Lennox and Spotts
2003; Zhang et al. 2005). These beneficial practices, however, are usually not
enough to sufficiently protect harvested fruits from spoilage, caused mainly by
several fungal species belonging to Alternaria, Aspergillus, Botrytis, Fusarium,
Geotrichum, Gloeosporium, Mucor, Monilinia, Penicillium, Rhizopus and other
genera. The need for alternatives to the use of chemical fungicides that are safe
and effective has become increasingly apparent due to (1) the increasing health and
environmental concerns over pesticide disposal and residue levels on fresh com-
modities; (2) the development of fungicide-resistant strains of postharvest spoilage
fungi; and (3) the deregistration of some of the more effective fungicides. Among
the alternative approaches that have been explored, the use of microbial antago-
nists like yeasts, fungi and bacteria has been demonstrated to be quite promising
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and gained increased attention (Nunes et al. 2001; Scherm et al. 2003; Wisniewski
et al. 2007; Droby et al. 2009; Sharma et al. 2009; Teixido et al. 2011). The
majority of microbial organisms studied for their potential use as postharvest
biocontrol agents belongs to yeasts (Droby et al. 2009; Pimenta et al. 2009; Jijakli
2011; Schisler et al. 2011) due to the fact that many of these microorganisms are
considered as generally recognized as safe (GRAS). This chapter reviews the use
of yeasts as biological control agents (BCAs) for managing postharvest diseases of
fruits during cold storage and discusses the potential of cold-adapted yeasts for this
purpose.

20.2 Yeasts for Biological Control of Postharvest Diseases
of Fruits

Biological control of postharvest diseases (BCPD), as an aspect of biological
control, is relatively young and has been investigated for approximately three
decades. Progress in BCPD, especially in the postharvest application of antago-
nists, may be attributed to the uniqueness and relative simplicity of the postharvest
system. Many, if not most, postharvest diseases are caused by necrotrophic
pathogens that require a wound site to enter the host, germinate and establish an
infection. In the case of biocontrol, antagonists can be applied directly to the
targeted area (fruit wounds), and a single application using existing delivery
systems (drenches, line sprayers, on-line dips) can significantly reduce fruit
decays. Once harvested and processed, fruits are often placed in cold storage for
varying periods of time, ranging from a few days to months, depending on the
commodity. Environmental conditions, such as temperature and humidity, can be
managed to favour antagonist survival. Furthermore, biotic interference is mini-
mal; thus, antagonists encounter little competition from indigenous microorgan-
isms (Janisiewicz and Korsten 2002).

Fruit wounds are rich in nutrients and other germination cues, so the process of
germination by fungal spores and the establishment of an infection occur quickly
(usually within 24 h). Colonization and growth of a BCA in the wound site must
also be very rapid and is thus a key characteristic of a good antagonist (Barkai-
Goland 2001). In order to obtain timely yeast colonization of wounds, BCAs can
be applied to fruit after harvest in various ways, including drenching entire bins of
fruit before placing them in storage, sprays or dips on packing lines, or they can
also be applied as part of a wax treatment. However, maintaining good sanitation
in packinghouses to reduce fungal inoculum levels is essential in the use of
postharvest antagonists or any other control measure.

As recently emphasized by Buzzini et al. (2012), yeasts are a versatile group of
eukaryotic microorganisms exhibiting heterogeneous nutritional profiles and a
surprising ability to survive in a wide range of natural and artificial habitats
(Shivaji and Prasad 2009; Starmer and Lachance 2011). It has also been suggested
that yeasts may be better adapted to low temperatures than bacteria (Margesin
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et al. 2003; Turkiewicz et al. 2003). The ability of yeasts to utilize a plethora of
organic compounds as an energy source greatly expands the range of ecological
niches that they may colonize well beyond the sugar-rich substrates, such as
fermenting fruit juices, with which they are commonly associated. Several studies,
as reviewed in Phaff and Starmer (1987) and Fonseca and Inácio (2006), have
reported the occurrence of significant shifts in the composition of yeast species
present on damaged or fermenting fruits (dominated by ascomycetous and/or
fermenting yeasts) compared to those found on intact fruits (generally dominated
by basidiomycetous yeasts, exhibiting phenotypes strictly aerobic and generally
oligotrophic). Relevant to the use of yeasts as BCAs is the distinctive species
composition of epiphytic yeasts isolated from fruit in cold storage, which includes
species of yeasts that are also members of the yeast communities found in per-
manently cold natural environments (e.g. glacial habitats, icy seas, cold deserts
and frozen ground) (Buzzini et al. 2012). Overall, approximately 122 yeast species
have been identified from worldwide glacial habitats: 13 % ascomycetes and 87 %
basidiomycetes. These observations clearly indicate a greater level of adaptation,
such as the formation of polysaccharide capsules and changes in the composition
of membrane lipids, of basidiomycetous yeasts compared to ascomycetous yeasts
to the selective pressure typical of cold ecosystems (Rossi et al. 2009; Shivaji and
Prasad 2009). These adaptations would presumably favour the successful use of
cold-adapted (psychrophilic and psychrotolerant) yeasts for the BCPD of fruits
under cold storage conditions.

20.3 Origin of Biocontrol Yeasts

In general, three different sources have been used in order to obtain potential yeast
antagonists: (1) yeasts already present on the commodity of the fruit itself can be
specifically supported and managed without isolation; (2) yeasts isolated from fruit
that are then evaluated for antagonistic activity, selected and grown in culture and
then artificially applied to the fruit in high numbers; and (3) yeasts isolated from an
environment other than a fruit surface (Sharma et al. 2009).

In the first approach, significant information on the microbial ecology of the
fruit surface and the effect of various management practices on that ecology is
needed in order to effectively manipulate the epiphytic microbial community
structure (species composition of populations) in a manner that will decrease or
prevent decay (Barkai-Goland 2001). Preharvest pesticide applications, as well as
various postharvest treatments, such as fungicide and wax sprays, washes and dips,
can greatly affect (qualitatively and quantitatively) the resident microbial popu-
lation. Therefore, this option is fairly complicated because predictive models, as
constructed for integrated pest management systems, would be required to guide
management practices.

In the second approach, potential antagonistic yeasts are isolated and evaluated
from microbial communities obtained from the surfaces of fruits. In general, these
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isolates are considered to be naturally occurring. Several species of naturally
occurring yeast antagonists have been identified and artificially introduced on a
variety of harvested commodities for BCPD, including citrus, pome and stone
fruits. The number and hence overall representation of microorganisms isolated
from fruit surfaces are strongly dependent on the isolation methods used. Various
yeast species, such as Aureobasidum pullulans, Candida sake, Candida oleophila
(now Yarrowia lipolytica), Cryptococcus albidus, Cryptococcus laurentii, De-
baryomyces hansenii, Wickerhamomyces anomalus and Meyerozyma guillier-
mondii (formerly Pichia anomala and Pichia guilliermondii, respectively) and
Rhodotorula glutinis, have been isolated and evaluated for their potential as BCAs
of postharvest fungal diseases of the same fruit from which they have been iso-
lated, as well as from other fruit commodities (Chalutz and Wilson 1990; Viñas
et al. 1998; Janisiewicz et al. 2001; Spadaro and Gullino 2004; Zhang et al. 2005;
Vero et al. 2009; Jijakli 2011; Robiglio et al. 2011).

In the third approach, yeasts are isolated from a source other than fruit surfaces
and then evaluated as BCAs. Keeping in mind the cold environment of fruit
storage facilities, Vero et al. (2013) examined the potential of cold-adapted yeasts
isolated from Antarctic soils to manage postharvest diseases of fruit. Their isola-
tion and selection criteria were partially based on their ability to grow in apple
juice at low temperatures. Among the species recovered, Leucosporidium scottii
was identified as a good BCA for blue and grey mould of two apple cultivars.
Using different criteria, Rhodosporidium paludigenum, obtained from cold sea-
water, was evaluated as a postharvest BCA and demonstrated notable biocontrol
activity against Alternaria rot on cherry tomatoes and Chinese winter jujube
(Wang et al. 2009).

20.4 Basic Strategies for Isolation and Selection
of Postharvest BCAs

Isolation and screening are the first crucial steps in the development of a BCA. The
approach used in these steps will have a major impact on the species of antagonists
isolated and their mode of action; to date, only BCAs from a very narrow range of
yeast genera have been isolated (mainly Aureobasidium, Candida, Cryptococcus,
Pichia and Rhodotorula) since the methods used for isolation and screening by
most researches are very similar (Chand Goyal and Spotts 1996; Viñas et al. 1998).
To overcome this shortcoming, Droby et al. (2009) suggested the use of a variety
of new screening procedures in order to increase the range of yeast species
examined for their biocontrol efficacy under commercial conditions.

A typical selection strategy for the selection of postharvest biocontrol agents is
composed of the following steps: (1) isolation of potential BCAs from washings of
fruits collected in the orchard using a general culture medium at room temperature;
(2) in vitro screening of potential candidates for antagonistic activity; and (3) an
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in situ assay for biocontrol activity in inoculated fruit wounds using the pathogens
to be controlled (Janisiewicz and Roitman 1988; Droby et al. 1999; Bleve et al.
2006; Zhang et al. 2010). A potential problem with this general approach is the
fact that both yeast isolation and bioassays are generally performed at room
temperature (Viñas et al. 1998; Lima et al. 1998; Droby et al. 1999; Zhang et al.
2005, 2010). Yeasts isolated and selected by using these strategies may not survive
and hence efficiently colonize fruit wounds at the low temperature at which fruit is
placed during storage.

Baker and Cook (1974) proposed that the best strategy for the isolation of
potential antagonists against a particular etiological agent is to look in places
where a disease caused by the pathogen can be expected but does not occur.
Wilson et al. (1993) incorporated this idea in their approach for both the isolation
and screening of yeast antagonists. Their method utilizes the application of fruit
washings to fruit wounds, which are then challenged with the fungal spores of a
specific pathogen. After a few days of incubation, microorganisms are isolated
from the non-infected wounds and streaked on culture plates to obtain pure iso-
lates, which are subsequently screened individually for biocontrol activity. Yeasts
have been the predominant microorganisms obtained under these conditions.
These organisms may or may not be adapted to fruit packinghouse processing and
storage conditions (various postharvest treatments and low temperatures).

The strategy proposed by Wilson et al. (1993) and employed by numerous
researchers worldwide enables the rapid selection of potential antagonists with a
minimal cost of time and money. The approach particularly favours the selection
of fast-growing antagonists capable of efficiently colonizing fruit wounds. Again,
however, the limitation of this innovative strategy is that both BCA isolation and
bioassays are performed at room temperature (Wisniewski et al. 1995; Chand
Goyal and Spotts 1996; Lima et al. 1997, 1998; Viñas et al. 1998; Scherm et al.
2003; Sugar and Basile 2008; Zhang et al. 2011). This may partially explain the
lack of correlation generally found between the biocontrol efficacy achieved in
laboratory tests, small pilot tests at room temperature, and the performance of the
biocontrol agents/products under commercial conditions (Droby et al. 1993;
Wisniewski et al. 2001).

Since most harvested fruits are placed in cold storage for varying amounts of
time, one of the most important attributes to be considered in the selection of
yeasts as BCAs of fruit postharvest diseases is the ability to be effective at low
temperatures. In this regard, the ability of yeasts to grow at low temperatures may
represent a desirable characteristic for the selection of a potential postharvest
BCA. Therefore, inclusion of this characteristic in the first step of the selection
process would reduce the number of isolates that need to be tested in time-con-
suming and labour-intensive biocontrol assays of fruit stored at low temperatures,.
Finally, another important potential limitation of most BCA selection programmes
is the use of a single pathogen isolate obtained from a personal or public repos-
itory. This may not reflect the ‘‘real world’’ in which the potential antagonist may
interact with pathogens that exhibit a wide range of genetic diversity, which may
impact environmental adaptation and pathogenicity.
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20.5 Improvement in the Strategies Used for Isolation
and Selection of Yeasts BCAs

Strategies used to obtain and evaluate potential postharvest BCAs should take into
account that (1) the temperature used for postharvest storage of fruit is 1 ± 0 �C;
(2) different strains belonging to the same or different yeast species exhibit dif-
ferent capacities to grow at low temperatures; and (3) a potential antagonist should
be evaluated using regional isolates of postharvest decay fungi isolates under real
conditions.

Lutz et al. (2012) proposed an improved strategy that utilizes the following
steps (Fig. 20.1):

1. wounded fruits are stored for 6 months at low temperatures;
2. washings from healthy wounds are obtained from the stored fruit, and these

washings, along with pathogen spores, are used to inoculate fresh wounds in
fruit incubated at low temperatures;

3. use of regional isolates of pathogens selected for their aggressiveness and
resistance to fungicides during BCA evaluation;

4. washings exhibiting 50 % reduction in disease incidence after 50 days at low
temperature are selected for yeast isolation;

5. yeast isolation is carried out on pear juice agar plates at low temperature;
6. subsequent bioassays of individual yeast isolates are performed under cold

storage conditions for several months; and
7. yeasts exhibiting more than 80 % reduction in disease incidence were selected.

During the last 30 years, a number of yeast antagonists have been identified as
postharvest BCAs and demonstrated to have commercial potential as an alternative
to the use of chemical fungicides for postharvest decay control (Wisniewski et al.
2007; Sharma et al. 2009; Teixido et al. 2011). More than 30 yeast species have
been reported as good antagonists for BCPD of fruits stored at low temperatures
(Table 20.1). Eighteen of these species have also been isolated from naturally cold
environments (species in bold in Table 20.1) along with approximately 100 other
psychrophilic species (Brandao et al. 2011; Buzzini et al. 2012). Based on this
data, cold-adapted yeasts identified as good postharvest BCAs comprise approx-
imately 13 % of the total species of cold-adapted yeasts that have thus far been
identified. The fact that yeast species common to both artificial and natural cold
environments were detected as good, potential antagonists was most likely due to
the isolation method utilized to obtain the yeasts. Of the 18 cold-adapted species
listed, 12 have been extensively reported as BCAs in several reviews (Wisniewski
et al. 2007; Sharma et al. 2009; Teixido et al. 2011), while six (Cryptococcus
diffluens, Cryptococcus tephrensis, Cryptococcus victoriae, Cryptococcus wierin-
gae, L. scottii and Rhodotorula laryngis) have been reported after 2011 (Vero et al.
2011; Lutz et al. 2012). The isolation methods used by these authors favour the
isolation of higher numbers of yeasts. For example, 81 % out of 11 species
reported in Lutz et al. (2012) were identified as cold-adapted species.

20 Cold-Adapted Yeasts as Biocontrol Agents 447



Fig. 20.1 Improved strategy for the selection of cold-adapted antagonist yeasts to control
postharvest pear diseases (Lutz et al. 2012)
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Recent studies have indicated that glacial habitats harbour a wide diversity of cold-
adapted yeasts that evolved strategies to overcome the direct and indirect life-
endangering effects of low temperatures (reviewed by Buzzini et al. 2012).
Additional research will be required to determine the potential of newly identified
cold-adapted yeast species as effective postharvest BCAs on fruit stored at low
temperatures. Other environments, such as chilled and frozen food product, have
also served as a source for cold-adapted yeasts (Vero et al. 2013).

20.6 Mode of Action of Antagonistic Yeasts

Several mechanisms of action are thought to be involved in the BCPD (Sharma
et al. 2009; Jamalizadeh et al. 2011). A significant number of potential adaptive
strategies have been identified to be related to the role of cold-adapted yeasts
reported as BCAs, most of which are basidiomycetous yeasts (Table 20.2).

Features required for any effective BCA should include a rapid growth rate in
fruit wounds, the effective utilization of the nutrients present in the wound, and the
capability to survive and develop at the infection site better than the pathogen. And
to do so all, this should occur at a low temperature, acidic pH and conditions of
osmotic stress (Droby et al. 1996). Mechanisms other than those associated with
the ability of an antagonist to colonize wounds have also been reported. These
mechanisms, generally based on ecological interactions, fall into the categories of
mycoparasitism, antibiosis and the induction of plant defences (Saravanakumar
et al. 2009; Vero et al. 2009; Zhang et al. 2011). Attributes associated with these
other mechanisms include the ability of BCAs to

1. adhere to host and pathogen cell walls (Wisniewski et al. 2007);
2. secrete lytic enzymes (Jijakli and Lepoivre 1998; Grevesse et al. 2003);
3. induce host resistance mechanisms such as an oxidative burst (Ippolito et al.

2000; Yao and Tian 2005);
4. regulate population density in the infection site (Mc Guire 2000);
5. tolerate accumulation of reactive oxygen species (ROS) (Macarisin et al. 2010;

Liu et al. 2011; Xu and Tian 2008); and
6. form biofilms on the inner surface of wounds (Giobbe et al. 2007).

An advantage of the use of yeast antagonists that have multiple modes of action
and do not rely on antibiosis for their effectiveness is that it substantially over-
comes the problem of pathogen resistance, which is a distinct problem associated
with the use of synthetic chemical fungicides. In contrast to synthetic chemical
fungicides that have a targeted toxicity, a successful BCA is generally equipped
with a combination of mechanisms that work in concert with control disease
development. For examples, Vero et al. (2011) demonstrated that L. scottii pro-
duced siderophores, biofilm, soluble and volatile antifungal substances that were
inhibitory to apple pathogens. Similarly, several modes of action have been
demonstrated for Pichia membranifaciens and C. victoriae, including lytic enzyme
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production, biofilm formation, killer protein production and germination inhibition
(Lutz et al. 2013). Although the ability of yeasts to survive and grow at low
temperatures has attracted considerable attention, the mechanisms underlying this
phenomenon have not yet been fully described.

Information on the modes of action associated with antagonist activity is
essential for several main reasons:

1. it allows the development of more reliable procedures for the effective appli-
cation of antagonists;

2. it provides a rationale for selecting more effective antagonists (Janisiewicz and
Korsten 2002; Jijakli 2011);

3. it facilitates the registration of BCAs by government regulatory agencies;
4. it is useful for optimizing the formulation of preparations composed of mixed

yeast cultures showing complementary mechanisms (Chanchaichaovivat et al.
2007).

Finally, identifying genes involved in each particular mechanism and how they
are regulated will provide a better understanding of how to select and/or design a
superior BCA. For instance, Wisniewski et al. (2005) demonstrated that overex-
pression of a defensin gene from peach in Pichia pastoris (now Komagataella
pastoris) greatly improved its antagonistic activity against Botrytis cinerea
in vitro. Studies utilizing gene inactivation or overexpression can provide useful
information about the regulation of these genes (Massart and Jijakli 2007).

20.7 Considerations in Developing a Biocontrol Program

Research on the use of yeasts as BCAs has mainly focused on their use for
managing postharvest diseases, mainly of fruit; however, this application repre-
sents only a small portion of the complete spectrum of plant disease management
(Fravel 2005; Nunes 2012). Only six products based on different yeast species
have been registered for postharvest use:

1. Aspire, based on C. oleophila (Ecogen Inc., Langhorne, USA);
2. Yield Plus, based on C. albidus (Lallemand, Montreal, Canada);
3. ShemerTM, based on Metschnikowia fructicola (Bayer CropScience);
4. Candifruit, based on Candida sake (Sipcam-Inaagri, SA Valencia, Spain);
5. Nexy, based on C. oleophila (Lesaffre-Bionext, France); and
6. Boni-Protect, based on A. pullulans (Biofa, Münsingen, Germany) (Janisiewicz

2010; Jijakli 2011).

The scarcity of commercial products for postharvest use has been discussed by
Droby et al. (2009) and Abano and Sam-Amoah (2012). Among the main prob-
lems mentioned are the small number of companies involved in the development
of biological products, the small size of the postharvest market, the expense and
length of time required for selection and registration, the problems associated with
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scaling-up production at a viable cost while ensuring efficacy, and the scepticism
with which the use of biocontrol is still viewed by producers. The legal permits
required for the transfer of beneficial organisms and the financial costs involved in
their registration have also inhibited the widespread availability of these products
in several countries (Sundh and Melin 2011). The growing interest in food free of
pesticide residues as well as increased restrictions of pesticide use will increase the
growth of niche markets using BCAs. The commercial acceptance of biopesticides
and their reliability may also increase if the biopesticide can be complemented or
combined with physical treatments, low-risk chemical compounds or natural
antimicrobial compounds. Recently, an emphasis has been placed on the further
development of the commercial products ShemerTM (Bayer CropScience) and
Yield Plus (Lallemand). Both companies intend to develop integrated solutions
directed at sustainable production based on their products as a component of the
overall approach (Jijakli 2011; Nunes 2012).

It is clear that to broaden the use of biocontrol products, research has to evolve
towards integrating the use of BCAs into a production system approach with a
greater awareness of industry concerns (Droby et al. 2009). In this regard, the
development of new commercial products will be more feasible if the selected
microbial antagonists are effective against various pathogens on various com-
modities. For example, ShemerTM has been reported to be effective against Rhi-
zopus on strawberries and sweet potatoes, against Botrytis cinerea on grapes and
strawberries, and against Penicillium spp on citrus (Kurtzman and Droby 2001;
Ferrari et al. 2007). Likewise, AspireTM was registered for use on citrus, pome fruit
and strawberries (Hofstein et al. 1994). M. guilliermondii, never developed into a
commercial product, was effective on citrus, pome fruit, tomatoes and grains
(Droby et al. 1996). Additionally, Vero et al. (2011) demonstrated that Cystofi-
lobasidium infirmominiatum PL1, selected as a cold-adapted yeast capable of
controlling blue and green mould on oranges during cold storage (5 �C), could be
also used as an effective antagonist against Penicillium expansum and B. cinerea
on two apple varieties stored at 0 �C. Lutz et al. (2012) used C. albidus, P.
membranifaciens and C. victoriae to control P. expansum and B. cinerea on pears
when the fruits were stored at 0 ± 1 �C for 100 days.

The main factors limiting commercial interest in BCAs include the cost of
scaling-up BCA production and the development of a commercial formulation that
can be stored for a reasonable length of time without a loss in the viability or the
efficacy of the BCA (Fravel 2005; Droby et al. 2009; Rossi et al. 2009; Teixido
et al. 2011). Therefore, studies on biomass production, scaling-up and downstream
production processes should also be conducted in order to facilitate the develop-
ment of a commercial product. High substrate costs, low biomass productivity or
limited economies of scale are the problems that need to be considered and
addressed. The ability to use cost-effective substrates for microbial production,
based on industrial by-products or wastes, would help to reduce production costs,
provided they do not impact viability and performance of the BCA (Wilson and
Wisniewski 1989). In this regard, sugar cane molasses have been used as a source
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for microbial growth because of its nutritional abundance and low price (Abadias
et al. 2003; Wang et al. 2011; Pelinski et al. 2012).

Since the purpose of large-scale production is to obtain the greatest quantity of
efficacious microorganisms in the shortest period of time, many variables have to
be considered in order to obtain optimal results. Maximum growth rates can be
achieved by using optimal growth temperatures. However, because production
costs increase if cooling or heating is needed for production, this parameter may
need to be balanced in order to address cost versus benefit issues. Another
important consideration would be to select psychrotolerant rather than psychro-
philic yeasts. An in-depth overview on the concept of psychrophile and psy-
chrotolerance is reported in Chap. 1. The determination of cardinal temperatures
(minimum, optimal and maximum) for growth of a specific BCA should be con-
sidered in the early stages of the process of identifying and developing a post-
harvest BCA. Such data are also helpful for determining the biosafety of a BCA
since a maximum growth temperature lower than 35 �C can be a significant human
health safety factor.

As indicated, for a biocontrol product to have commercial potential, it needs to
have a wide scope of application, and perform reliably under a variety of envi-
ronmental conditions, and adaptable to different packinghouse processing systems.
Therefore, studies to test the antagonist on different commodities and cultivars
within a commodity are essential. Furthermore, the evaluation of the BCA under
different postharvest practices, such as mode of application and storage conditions
(Janisiewicz and Korsten 2002; Bastiaanse et al. 2009), is also necessary. These
tests also need to be conducted on a large scale under commercial conditions using
fresh and formulated product. Pilot or semi-commercial utilization of large
amounts of fruit should be carried out in packinghouses using commercial han-
dling practices (Droby et al. 1998; Torres et al. 2007).

Since the method of screening has a major impact on the type and properties of
the antagonist to be identified, it is important to evaluate the consequence of the
methods for screening that are presently being utilized and to determine whether or
not they can be improved. Psychrophilic yeasts are cold-adapted and therefore
sufficiently stable at low temperatures. In order for postharvest biocontrol agents to
work when fruit is placed in cold storage for long periods of time, screening
methods should consider the need to maintain viability and activity at low tem-
peratures in addition to the factors that are presently considered.

20.8 Conclusions

The increasing interest in alternatives to the use of synthetic, chemical fungicides
for the control of postharvest diseases has stimulated the development of com-
mercial biocontrol products. The development of new biocontrol products is long
and costly (Droby et al. 2009). Therefore, it is of great importance to consider all
the criteria needed for a BCA product to be commercially viable in the early stages
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of the development process. Factors such as fastidious growth and nutritional
requirements, as well as questionable association with human diseases or other
plant diseases, should immediately eliminate any microorganism from consider-
ation as a BCA. The cooperation with potential industrial partners is also sug-
gested, since the expertise of industry can be greatly beneficial to the successful
development of a commercial product (Fravel 2005).

There is growing interest in identifying microorganisms from cold environments
and exploring their commercial potential for a wide array of industrial processes.
The potential use of cold-adapted yeasts as BCAs for the management of post-
harvest diseases of commodities placed in cold storage for varying periods of time
has been relatively unexplored. While some of the yeast BCAs reported to be good
antagonists are in fact cold-adapted, the confirmation of this trait has largely been
fortuitous rather than a direct outcome of a selection process. As more and more
cold-adapted yeast species are identified, their use as commercial BCAs for the
management of postharvest diseases should be explored. Additional areas or
exploration should also include the ability to prevent storage diseases of edible
tubers, as well as non-edible species such as flower bulbs, and the cold storage of
landscape plants such as bare-rooted trees. Other areas of applications include the
use of cold-adapted BCAs to preserve cut flowers and the development of retail and
consumer products that can be used to extend the shelf life of produce in super-
markets and home refrigerators. Since refrigeration is still the primary method of
extending the availability and shelf life of commodities, it is readily apparent that
the utilization of cold-adapted yeasts as BCAs has enormous potential.
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Chapter 21
Bioremediation and Biodegradation
of Hydrocarbons by Cold-Adapted Yeasts

Rosa Margesin

Abstract Cold-adapted microorganisms play a significant role in the biodegra-
dation of organic pollutants in cold environments, where ambient temperatures
often coincide with their growth temperature range. A number of studies demon-
strated the potential of cold-adapted yeasts to degrade a broad range of hydrocar-
bons, including alkanes, aromatic, and polyaromatic hydrocarbons (PAHs), at low
temperatures. The high metabolic versatility and the ability to degrade high
amounts of organic pollutants at temperatures down to 1 �C point to the important
role of yeasts for biodegradation processes in habitats with permanently low tem-
peratures. The contribution of cold-adapted yeasts in the biodegradation and bio-
remediation of hydrocarbons in cold environments may be much more important
than currently recognized.
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21.1 Introduction

The environmental contamination with organic pollutants is a widespread problem
in all climates. With increasing attention toward the preservation of the environ-
ment, the clean-up of contaminated sites gained increasing interest. A number of
methods, including physical, chemical, and biological treatments, are available for
the treatment of contaminated soils, ground and surface waters (van Hamme et al.
2003; Singh and Ward 2004; Ma and Jiao 2012).

Microorganisms in contaminated cold environments are subjected to a number
of special challenges, nonetheless low-temperature biodegradation of many
components of petroleum hydrocarbons at low temperatures has been reported in
Arctic, Alpine, and Antarctic environments and can be attributed to cold-adapted
hydrocarbon-degrading microorganisms. This chapter is a review of the potential
of cold-adapted hydrocarbon-degrading yeasts for the decontamination of pollu-
tants in cold areas.

21.2 Bioremediation

Bioremediation attempts to accelerate the natural biodegradation rates through the
optimization of limiting environmental conditions and is an ecologically and
economically effective cleanup technology. Bioremediation has been defined as
‘‘the use of living organisms to reduce or eliminate environmental hazards
resulting from accumulation of toxic chemicals and other hazardous compounds’’
(Gibson and Saylor 1992). The development of biological remediation methods is
based on the capacity of a broad spectrum of microorganisms to utilize organic
compounds as the sole source of carbon and energy (biodegradation); microor-
ganisms transform or mineralize organic contaminants into less harmful, non-
hazardous substances, which are then integrated into natural biogeochemical
cycles. As reported already very early (ZoBell 1946), biodegradative microor-
ganisms are widely distributed in nature and can be enriched in many, if not most,
types of environments where contaminants may serve as organic carbon sources.
This is not surprising since hydrocarbons are naturally occurring organic com-
pounds, and consequently, microorganisms have evolved the ability to degrade
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these compounds. Accordingly, hydrocarbon-degrading microorganisms have also
been described in cold environments, where they may adapt rapidly to the con-
tamination, as demonstrated by significantly increased numbers of hydrocarbon
degraders after a pollution event (Kerry 1990; Aislabie et al. 2001; Margesin and
Schinner 2001; Bej et al. 2010; Greer et al. 2010).

Hydrocarbon pollution in cold climates is an area of particular importance since
contaminated areas are often remote, and thus, the degradation capacity of
indigenous microorganisms is required. Cold environments are increasingly
exposed to petroleum exploration, production, and transport, and these activities
increase the risk of accidental oil release. Such environments include polar and
alpine environments. Also in temperate climatic regions, temperatures of subsoils,
groundwater, and industrial wastewater can often decrease to temperature levels
around or below 10 �C due to seasonal and/or diurnal fluctuations.

Successful bioremediation of hydrocarbon-contaminated aquatic and terrestrial
environments in various cold environments, including Arctic, Antarctic, and
Alpine areas, has been reported (Brakstad 2008; Filler et al. 2008; Bej et al. 2010;
Greer et al. 2010). Several remediation schemes, such as biopiles, landfarming and
engineered bioremediation, have been implemented successfully at petroleum-
contaminated cold sites (Filler et al. 2008).

21.3 Limiting Factors for Bioremediation in Cold
Environments

The intensity of biodegradation is influenced by a number of environmental fac-
tors. The composition, concentration and bioavailability of contaminants as well as
the pollution history of the contaminated environment and the chemical and
physical characteristics (nutrients and nutrient availability, oxygen, pH value,
temperature, water content, salinity) of the contaminated area play a major role.

An important factor governing microbial activity, and thus also biodegradation,
is temperature. Due to the Q10 effect, reaction rates are reduced in the cold, how-
ever, local environmental conditions select for populations with high activities at
low temperatures. Cold-adapted microorganisms have evolved a series of adapta-
tion strategies that enable them to compensate for the negative effects of low
temperatures on biochemical reactions (Feller 2007; Margesin et al. 2008; Buzzini
et al. 2012). Substantial growth and metabolic activity (respiration and biosyn-
thesis) of microorganisms, including yeasts (Leucosporidum spp., Mrakia spp.) at
subzero temperatures down to -20 �C and even -35 �C have been demonstrated
(Panikov and Sizova 2007; Bakermans 2008; Amato et al. 2010; see also Chap. 15).

Low temperatures induce the formation of ice crystals, which results in low
availability of liquid water, i.e., the creation of low water activity (Aw). Low water
activity in habitats like snow, sea ice, and glacier ice influences microbial activity
to a significant extent (Gunde-Cimerman et al. 2003).
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Temperature affects the rates of biodegradation also by its effects on the
physical nature and chemical composition of the contaminants (Atlas and Bartha
1992). Bioavailability and solubility of hydrophobic substances, such as some
aliphatic and polyaromatic hydrocarbons (PAHs), are temperature-dependent. At
low temperatures, the volatilization of toxic short-chain alkanes is reduced and
their water solubility is increased, which results in increased toxicity (Walker and
Colwell 1974; Atlas and Bartha 1992; Whyte et al. 1998). A temperature decrease
also results in a decrease in diffusion rates of organic compounds and in an
increase in viscosity, which affects the degree of distribution (Whyte et al. 1998;
Rojo 2009). Under cold conditions, the precipitation of certain alkanes (from crude
oil) as waxes greatly diminishes their availability to hydrocarbon-degrading
microorganisms (McKenzie and Hughes 1976). All these temperature effects delay
the onset of biodegradation under cold conditions.

Until recently, frozen soils were considered a practically impermeable barrier to
pollutants. Meanwhile, it is known that hydrocarbons can penetrate into frozen
soils. Even ice-saturated soils are not an absolute impermeable barrier for oil
penetration (Chuvilin et al. 2001; Barnes and Biggar 2008).

Additional limiting factors for biodegradation, such as low-nutrient availability,
dryness, large temperature fluctuations and frequent freeze-thaw events, depend on
the local environmental conditions in Arctic, Alpine, and Antarctic regions
(Margesin 2004).

21.4 Mycoremediation: The Contribution of Cold-Adapted
Yeasts to Bioremediation

Mycoremediation is a new and emerging field in bioremediation and involves the
use of fungi to degrade (reduce or eliminate) organic compounds including
environmental hazards (Singh 2006; Hughes and Bridge 2010; Harms et al. 2011).
The important role of filamentous fungi in the degradation of hydrocarbons or their
metabolites (Kerry 1990; Aislabie et al. 2001), and the benefits of their use as
bioremediative agents in cold habitats have been recognized (Hughes and Bridge
2010). However, there is little information on the role of cold-adapted yeasts.

According to Hughes and Bridge (2010), yeasts may play an important role in
facilitating hydrocarbon degradation for other microbial groups, while Singh
(2006) emphasized that yeasts and filamentous fungi may contribute significantly
to oil degradation under conditions that select against bacterial growth. Ahearn
et al. (1971) recognized already early the important role of yeasts in the in situ
degradation of surface oil deposits in marine environments and listed a number of
advantages of yeasts over bacteria: Vegetative yeast cells are more resistant than
those of bacteria to stress conditions, including exposure to UV radiation and
alterations of osmotic pressure and salinity. A further advantage is the ability of
some yeasts, mainly representatives of the genus Trichosporon, to penetrate and
develop within oil globules, which offers protection from predators. In contrast,
bacterial cells remain attached to the surface of oil globules.
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Bacteria and filamentous fungi have been claimed to be the main degraders in
soil environments, while bacteria and yeasts appear to be the prevalent hydro-
carbon degraders in aquatic ecosystems (Atlas 1981; Singh 2006). A higher
occurrence of yeasts was observed in rivers and lakes than in the ocean. Yeast
populations increased considerably in oil-contaminated estuarine sediments over a
4-month period but declined after an initial increase in open ocean waters in the
presence of petroleum hydrocarbons (Ahearn and Meyers 1976).

Walker and Colwell (1974) compared the utilization of model petroleum in
water and sediment samples of marine environments at low temperatures
(0–10 �C) by bacteria, yeasts, and filamentous fungi. Hydrocarbon degradation at
0 and 5 �C could be attributed mainly to bacteria, while there was a lack of
significant growth of yeasts and filamentous fungi. Yeast populations were higher
in April than in February and contributed significantly to petroleum utilization at
10 �C, however, to a significantly lower extent than bacteria. Hydrocarbon deg-
radation by filamentous fungi was not detected at any of the temperatures tested.

Ahearn et al. (1971) established the role of yeasts in the removal of hydro-
carbons from oil-contaminated marine environments. Despite the widespread
occurrence of hydrocarbonoclastic yeasts, strains able to assimilate high amounts
of hydrocarbons ([2 % v/v kerosene or hexadecane) and vapors of aromatic
compounds were concentrated in oil-polluted habitats.

21.4.1 Soil Biostimulation

The most widely used bioremediation procedure in cold soils is biostimulation of
the indigenous microorganisms by supplementation of appropriate nutrients and
optimization of other limiting factors, such as oxygen content, pH, and tempera-
ture control. Most commonly hydrocarbon degradation in such studies is attributed
to soil bacteria, while unfortunately no studies are available on the contribution of
the yeast population to bioremediation processes in soils. There is generally little
known about the interactions of soil yeasts in situ (Botha 2006). Since ascomy-
cetous and basidiomycetous yeasts constitute a considerable proportion of the
indigenous soil population (yeast numbers range from less than 10 to as many as
106 culturable cells per gram of soil) and play an important role in mineralization
processes (Botha 2006, 2011), it has to be assumed that they contribute to a
significant extent to biological decontamination.

21.4.2 Soil Bioaugmentation

Bioaugmentation by inoculating allochthonous hydrocarbon degraders (predomi-
nantly bacteria) has been used as a bioremediation option to treat petroleum-
contaminated cold and temperate sites. However, this strategy generally
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underperformed or gave no better results than fertilization (Margesin 2004; Ais-
labie et al. 2006; Filler et al. 2008). Similar results were obtained when investi-
gating the efficiency of a cold-adapted yeast strain identified as Yarrowia
lipolytica, which degraded efficiently hydrocarbons (diesel oil) in liquid culture at
10 �C (Margesin and Schinner 1997a), for soil bioaugmentation. Representatives
of this yeast species degrade hydrophilic substances very efficiently (Bankar et al.
2009). The inoculation of five diesel oil–contaminated Alpine subsoils resulted
only in a small increase (5–7 %) of the total hydrocarbon decontamination at
10 �C. Biostimulation by inorganic nutrients enhanced oil biodegradation to a
statistically significantly greater degree than inoculation. In none of the five soils
did fertilization plus inoculation result in a higher decontamination than fertil-
ization alone (Margesin and Schinner 1997b).

The observation that this cold-adapted yeast inoculum introduced into soil did
not contribute efficiently to the decontamination process led to a further study in
order to compare the biodegradation behavior of this cold-adapted yeast in liquid
culture and in one of the previously investigated five soils at temperatures between
4 and 30 �C (Margesin and Schinner 1997a). In liquid culture, the inoculum
degraded diesel oil over the whole temperature range tested with a maximum
activity between 10 and 20 �C (37–41 % biodegradation of the initial oil content);
25–27 % were degraded at 4 and 25 �C, respectively, and still 18 % were utilized
at 30 �C. When inoculated into soil, the degradation activity of the inoculum was
completely changed: biodegradation ranged from 0 to 3.6 % and was only
observed at temperatures B15 �C, decreased with increasing temperature and time,
and was significantly lower in soil than in liquid culture. With increasing incu-
bation time and temperature, hydrocarbon utilization by the inoculum in soil
decreased, whereas degradation by the indigenous soil microorganisms increased.

These data clearly showed that the degradation behavior of an inoculum
introduced into soil cannot be predicted from liquid culture experiments and that
the success of bioaugmentation cannot be predicted from liquid culture experi-
ments. With increasing indigenous biodegradation, the inoculum might have been
replaced (Margesin and Schinner 1997a). Introduced microorganisms are subject
to various abiotic and biotic stresses. Preconditions of a successful application of
bioaugmentation are the expression of the biodegrading activities in the polluted
environment and the survival of the inoculated microorganisms at least for the
time necessary for remediation (Fritsche et al. 1998). The bioaugmentation of
contaminated soils frequently requires a short-term approach since, even under
best conditions, the introduced organisms will not survive for extensive periods
(Pritchard et al. 1998).

21.4.3 Wastewater Bioaugmentation

The use of cold-adapted microorganisms for low-energy wastewater treatment
leads to a significant decrease in operational costs. In cold climates, wastewater
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temperature often decreases to 10 �C and below, which requires the activity of
cold-adapted degraders for an efficient treatment.

The amount of organic pollutants in surface water (e.g., lakes or rivers) or
wastewater is commonly determined indirectly by measuring the chemical oxygen
demand (COD), which thus is a measure of water quality. High COD removal rates
(64–83 %) were obtained in artificial sewage, initially containing 500 mg COD
per liter of sewage, after 6 h at 5 �C with six cold-adapted yeast strains that
belonged to the genera Candida, Pichia, Rhodotorula and Saccharomyces (Ma
et al. 2007). COD removal by these yeast strains was better than that obtained with
six cold-adapted bacterial strains (45–65 %). All strains were isolated in winter
from activated sludge at temperatures below 10 �C. The mixture of bacterial and
yeast populations resulted in a COD removal of 87 %, which was only slightly
higher that the removal observed with yeasts alone. When this mixed population
was inoculated into domestic sewage, COD removal (83 %) was only slightly
lower compared to that obtained in artificial sewage (87 %) (Ma et al. 2007).
These data demonstrate that cold-adapted yeast strains represent a promising
source as inocula for accelerated wastewater treatment in climates, where the
activity of mesophilic degraders is limited.

21.5 Lipase Activity: An Indicator of the Hydrocarbon
Biodegradation Potential

Several cold-adapted yeasts are known to produce cold-active lipases (Chap. 17).
A number of cold-adapted lipase-producing bacterial (Margesin et al. 2013) and
yeast strains (Margesin et al. 2003) were able to degrade aliphatic hydrocarbons. A
positive relation between lipase activity and hydrocarbon biodegradation in marine
environments (Ahearn et al. 1971) and in soils contaminated with petroleum
hydrocarbons (Margesin et al. 1999, 2007a) has been recognized. Therefore, cold-
adapted yeasts that produce cold-active lipases might represent an interesting
source for low-temperature hydrocarbon biodegradation.

21.6 Hydrocarbon Biodegradation by Pure Cultures
of Cold-Adapted Yeasts

A wide variety of microorganisms, including bacteria, fungi, and algae, have the
ability to metabolize aliphatic and aromatic hydrocarbons (Alexander 1999).
Nonetheless, most studies on biodegradation abilities of cold-adapted microor-
ganisms have focused on bacteria. Despite the fact that yeasts are able to degrade a
wide range of hydrocarbons (Harms et al. 2011), comparatively little is known on
the biodegradation abilities of cold-adapted yeasts.
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21.6.1 Sources of Isolation

Hydrocarbon-degrading culturable cold-adapted yeasts have been isolated from
oil-contaminated cold environments, such as Antarctic (Atlas et al. 1978; Kerry
1990; Aislabie et al. 2001) and Alpine soils (Margesin and Schinner 1997a;
Bergauer et al. 2005; Margesin et al. 2005). Antarctic oil-contaminated soils in the
Ross Sea region contained 104–106 culturable yeasts per gram soil in soil surface;
these numbers decreased with soil depth (Aislabie et al. 2001). Similar levels were
reported in contaminated Antarctic soils from the former McMurdo Dump site on
Ross Island (Atlas et al. 1978). The enrichment of yeasts, especially of fermen-
tative representatives, after pollution events was also evident in marine environ-
ments (Ahearn et al. 1971; Kutty and Philip 2008).

Kerry (1990) isolated bacteria and yeasts from a number of Antarctic petroleum
contaminated soils and reported the predominance of bacterial isolates. Yeasts
could be isolated from 11 to 40 % of the samples investigated, however, only
7–10 % of the samples contained yeasts were able to utilize distillate (the main
petroleum product used in Australian Antarctic operations, containing a wide
range of hydrocarbon components) as sole carbon source.

Hydrocarbon-degrading yeasts could also be isolated from pristine (uncon-
taminated) cold environments, such as Alpine glacier cryoconite (Margesin et al.
2003), which indicates the ubiquity of hydrocarbon degraders. The ability of
strains from pristine habitats to degrade phenol and related compounds may be
linked with a role in the degradation of litter and humification process (Bergauer
et al. 2005).

21.6.2 Growth Temperature Range

Cold-adapted yeasts are characterized by a more restricted growth temperature
range than cold-adapted bacteria; this could be demonstrated with strains isolated
from contaminated and from pristine environments. For example, 60 % of the
investigated yeast strains but only 8 % of the investigated bacterial strains were
unable to grow above 20 �C (Margesin et al. 2003). Similarly, all representatives
of the group of twelve Microbotryomycetidae strains (mainly representatives of the
genus Rhodotorula) could not growth above 20 �C, and four of these strains were
even unable to grow above 15 �C (Bergauer et al. 2005). The restricted growth
temperature range of yeasts indicates their potential for low-temperature biore-
mediation processes in permanently cold environments. The application of
degraders that are active over a wide temperature range might be advantageous in
environments that undergo large temperature fluctuations.

Adaptation of cold-adapted yeasts strains to their natural cold environment is
also apparent from optimized growth at low temperatures. Two cold-adapted yeast

472 R. Margesin



strains, identified as Leucosporidiella creatinivora and Rhodotorula glacialis and
able to grow at 1–20 �C, produced the highest amount of biomass (as determined
by measuring OD600, viable counts and dry mass) at 1 �C, i.e., at 20 �C lower
than the maximum temperature for growth (Margesin 2009). This demonstrates
that cultivation temperatures close to the maximum growth temperature are not
appropriate for studying psychrophiles. Highest yields of cold-adapted cells and
their biotechnologically important compounds are generally obtained at cultivation
temperatures that correspond to those of the natural environment of the strains,
which should be considered for applied aspects.

21.6.3 Low-Temperature Biodegradation of Petroleum
Hydrocarbon Fractions: A Comparison of Bacterial
and Yeast Strains

Yeasts are known for their metabolic versatility, including the biodegradation of
organic compounds (Kutty and Philip 2008). The comparison of culturable cold-
adapted bacterial and yeast strains to degrade representative fractions of petroleum
hydrocarbons (n-alkanes, monoaromatic, and polycyclic aromatic hydrocarbons)
demonstrated the efficiency and versatility of yeasts (Margesin et al. 2003). The
investigated strains were isolated from uncontaminated Alpine glacier habitats
(cryoconite and ice caves) and belonged mainly to the bacterial genera Pseudo-
monas and Arthrobacter, and to the yeast genus Rhodotorula (Margesin et al.
2007b).

While 79 % of the investigated 28 yeast strains utilized n-hexadecane for
growth at 10 �C, only 7 % of the studies 61 bacterial strains were able to degrade
n-hexadecane and none of them degraded n-dodecane. Remarkably, only seven
yeast strains but no bacterial strain degraded both n-dodecane and n-hexadecane.
The best n-alkane degrader was a representative of the species Y. lipolytica.

The efficiency of cold-adapted yeasts compared to bacteria was also shown with
regard to the biodegradation of aromatic and PAHs: 13 % of the bacterial strains,
but 25 % of the yeast strains degraded 2.5 mM phenol at 10 �C. Similarly, 13 % of
the bacterial strains, but 21 % (phenanthrene) or 32 % (anthracene) of the
investigated yeast strains utilized three-ring PAHs.

The ability to degrade at least one of the tested hydrocarbons (hexadecane,
phenol, phenanthrene or anthracene) at 10 �C was restricted to 26 % of the studied
bacterial strains, while 89 % of the yeast strains were degraders. Four yeast strains
(Rhodotorula spp.) but none of the bacterial strains could grow with both aliphatic
and aromatic hydrocarbons. The capability to utilize a wide range of hydrocarbons
under cold conditions is advantageous for the low-temperature treatment of mixed
pollutions.
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21.6.4 Low-Temperature Biodegradation of Phenol

Phenol and phenolic compounds are widely distributed in nature and as environ-
mental pollutants. They are common constituents of many industrial wastewaters,
such as those produced from crude oil refineries and coal gasification plants. Due
to their toxicity to microorganisms, even low concentrations of phenolic com-
pounds (such as 2 mM) can often cause the breakdown of wastewater treatment
plants by inhibition of microbial growth, which can lead to decreased effluent
quality (Ren and Frymier 2003). Biological treatment of phenolic compounds is
preferable to other methods due to its effectiveness and the production of innoc-
uous end products (Aleksieva et al. 2002).

21.6.4.1 Effect of Phenol Concentration on Biodegradation

Low-temperature phenol biodegradation by cold-adapted Alpine yeasts has been
studied using fed-batch cultivation with increasing phenol concentrations as the
sole carbon source. This cultivation method has been proven to be efficient for the
selection and acclimation of phenol-degrading microorganisms (Guieysse et al.
2001). It could be demonstrated that cold-adapted yeasts tolerate and degrade
higher amounts of phenol compared to cold-adapted bacteria.

Amounts of phenol as high as 10–12.5 mM were degraded at 10 �C by cold-
adapted Rhodotorula species (Rhodotorula psychrophenolica, R. glacialis) iso-
lated from uncontaminated glacier materials (Margesin et al. 2003, 2007b), while
two yeast strains from contaminated soils (Trichosporon dulcitum and an uredi-
niomycete later classified as Glaciozyma watsonii) even degraded up to 15 mM
phenol at 10 �C (Margesin et al. 2005). In comparison, cold-adapted Alpine
bacterial strains (Arthrobacter psychrophenolicus, A. sulfureus, Rhodococcus spp.)
degraded up to 10–12.5 mM phenol (Margesin et al. 2003, 2005, 2013) at 10 �C.
Among mesophilic yeasts, the degradation of amounts up to 27 mM phenol was
reported at 30 �C (Krug et al. 1985; dos Santos et al. 2009).

Cold-adapted phenol-degrading yeasts were also shown to degrade phenol
faster than bacteria. A concentration of 10 mM phenol was fully degraded after
11–14 days by two rhodococci, but already after 3 days by G. watsonii. 12.5 mM
phenol was fully degraded after 7 and 10 days by G. watsonii and T. dulcitum,
whereas the rhodococci needed 25 days (Margesin et al. 2005).

21.6.4.2 Effect of Temperature on Phenol Biodegradation

The optimum temperature for phenol degradation has been found to be generally
lower for cold-adapted yeasts than for cold-adapted bacteria (Margesin et al. 2003,
2005). The majority of yeast strains preferred a temperature of 10 �C for phenol
degradation, and their biodegradation was faster at 1 �C than at 20 or 15 �C. In one
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case, biodegradation performance at 1 and 10 �C was comparable. Few yeasts had
an optimum temperature of 20 �C for phenol degradation.

Similarly, studies on the effect of temperature on growth and biodegradation of
5 mM phenol showed that G. watsonii degraded 5 mM phenol at 1 �C faster than
two rhodococci at 10 �C, but no growth occurred at 20 �C in the presence of
phenol (Margesin et al. 2005).

Microorganisms that degrade high amounts of organic pollutants within a short
time at temperatures down to 1 �C represent a promising source of accelerated
wastewater treatment.

21.6.4.3 Toxicity of Phenol and Related Compounds

Low-temperature (10 �C) biodegradation of phenol and phenol-related monoaro-
matic compounds of serious environmental concern (catechol, resorcinol, hydro-
quinone, benzoate, salicylate, guaiacol, o-cresol, m-cresol, p-cresol, p-nitrophenol,
p-nitrotoluene) was evaluated using 32 basidiomycetous yeast strains isolated from
Alpine soils and glacier cryoconite (Bergauer et al. 2005). The strains were rep-
resentatives of the Hymenomycetes (Cryptococcus terreus, Cryptococcus terri-
cola) or Urediniomycetes (Rhodosporidium lusitaniae, Rhodotorula ingeniosa, R.
glacialis, Rhodotorula psychrophila, R. psychrophenolica, Mastigobasidium in-
termedium, L. creatinivora, Sporobolomyces roseus, which is the anamorph of
Sporidiobolus metaroseus).

None of the 32 strains utilized any of the highly volatile mono-aromatic
compounds (benzene, toluene, ethylbenzene, nitrobenzene, o-xylene, m-xylene,
and p-xylene) as the sole carbon source. Non/low volatile aromatic compounds
were degraded in the following order: phenol [ hydroquinone [ resor-
cinol [ benzoate [ catechol [ salicylate � p-cresol [ m-cresol. o-Cresol, guai-
acol, p-nitrophenol, or p-nitrotoluene were not utilized for growth.

The toxicity of the tested 19 monoaromatic compounds was influenced by the
chemical structure (functional groups) of the compounds. Methylated compounds
were highly toxic, followed by methoxylated and hydroxylated compounds; car-
boxylated compounds had the lowest toxicity. Biodegradability of phenol-related
compounds was influenced by volatility and water solubility of the compounds.
Interestingly, the taxonomic affiliation of the strains seemed to influences toxicity
and biodegradability. L. creatinivora strains were characterized by higher IC50

values (50 % growth inhibition in the presence of nutrients) than all other yeast
species, whereas S. roseus was the most sensitive species. In addition, represen-
tatives of L. creatinivora were characterized by a higher metabolic versatility (i.e.,
ability to utilize a wide spectrum of compounds) than representatives of other
species (Bergauer et al. 2005).

Strains such as those characterized in this study could be useful, for example, as
inocula for the acceleration of low-energy wastewater treatment. Members of
Rhodotorula and Leucosporidiella, esp. L. creatinivora, could be especially
important, because these strains produced higher amounts of biomass, degraded
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more non/low volatile mono-aromatic compounds and were able to grow in the
presence of higher concentrations than other yeast species.

21.6.4.4 Effect of Immobilization on Phenol Degradation

Immobilization of microorganisms may result in better degradation rates. Due to
the promotion of biofilm formation by immobilized cells, they are better protected
from damage and can maintain continuous cell growth and biodegradation. The
production of exopolymeric substances (EPS) is a characteristic feature of many
biofilms. EPS assist in the attachment process and also protect the cells from
fluctuating environmental conditions (Chandran and Das 2011).

Immobilized cells of mesophilic Candida tropicalis showed better diesel oil
(Chandran and Das 2011) and phenol degradation rates and could be exposed
without loss of viability to higher amounts of phenol compared to free cells
(Juares-Ramirez et al. 2001). The same was reported for Aureobasidium pullulans
at 30 �C (dos Santos et al. 2009) and for three cold-adapted phenol-degrading
yeasts (L. creatinivora, C. terreus) at 10 �C (Krallish et al. 2006). The C. terreus
strain was more active in biofilm formation on solid carriers than two L. crea-
tinivora strains, however, its phenol degradation performance was probably lim-
ited due to the formation of a rich EPS layer, which decreased the diffusion of
phenol to the cells surface. All three cold-adapted yeast strains accumulated both
trehalose and glycogen during growth on glucose or phenol as sole carbon and
energy source (Krallish et al. 2006). Yeasts that accumulate high amounts of
intracellular storage compounds (trehalose, glycerol, etc. serve as carbon and
energy reserve compounds) are tolerant to adverse environmental conditions
(Wiemken 1990). Trehalose plays an important role for the preservation of yeast
cells under extreme environmental conditions, such as high temperature, dehy-
dration and high osmotic conditions (Hounsa et al. 1998).

21.6.4.5 Enzymes Involved in Phenol Degradation: Catechol
Dioxygenases

Catechol dioxygenases are involved in the second step of phenol degradation and
catalyze the ring cleavage of catechol (=o-hydroxyphenol) either by the ortho
(catechol-1,2-dioxygenase; C1,2D) or by the meta type (catechol-2,3-dioxygenase;
C2,3D). Almost all investigated Alpine cold-adapted phenol-degrading yeast
strains oxidize catechol predominantly by the ortho type of ring cleavage, while
the meta type of ring cleavage was only observed in one yeast strain (Margesin
et al. 2003, 2005). dos Santos et al. (2009) observed an inhibitory effect on C1,2D
activity at phenol amounts above 6 mM phenol.

The presence of C1, 2D activity and the absence of C2,3D activity has also been
observed frequently with mesophilic phenol-degrading yeasts. In contrast, bacte-
rial representatives display often both types of ring cleavage.
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21.7 Conclusions

Cold-adapted microorganisms play a significant role in the biodegradation of
organic pollutants in cold environments, where ambient temperatures often coin-
cide with their growth temperature range. A number of studies demonstrated the
potential of cold-adapted yeasts to degrade a broad range of hydrocarbons,
including alkanes, aromatic, and PAHs, at low temperatures. The capability to
utilize a wide range of hydrocarbons is advantageous for the treatment of mixed
pollutions.

The apparently more restricted growth temperature range, substantially lower
optimum temperatures for growth and activity as well as the great metabolic
versatility of cold-adapted yeasts compared to cold-adapted bacteria point to the
important role of yeasts for biodegradation processes in habitats with permanently
low temperatures. Yeasts that degrade high amounts of organic compounds within
a short time at temperatures down to 1 �C (Margesin et al. 2005) represent an
especially useful source for a wide range of applications, such as accelerated
wastewater treatment. Due to their ability to tolerate and degrade high amounts of
phenol, cold-adapted yeast strains as promising candidates for the biological
cleaning of phenol-contaminated environments in climates, where low tempera-
tures can otherwise limit microbial degradation.

Most investigations on low-temperature biodegradation have been concentrated
on bacteria, whereas the potential of cold-adapted yeasts may have been under-
estimated. However, yeasts are a largely unexplored source of cold-adapted
hydrocarbon degraders; their contribution in the biodegradation of hydrocarbons in
cold environments may be much more important than currently assumed.
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Chapter 22
Heterologous Expression of Proteins
from Cold-Adapted Yeasts in Suitable
Hosts: Methods and Applications
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Abstract One of the prerequisites for the functional and structural characterisa-
tion of proteins is to obtain a sufficiently high amount of the protein sample.
Recombinant protein expression systems are usually employed for the overpro-
duction of proteins in cases where isolation from their native host is difficult. For
each protein, a suitable expression system must be optimised to obtain the sample
in a soluble, correctly folded conformation with high production yield. The recent
discovery of psychrophilic yeasts and their potential in industrial applications have
sparked interest in overexpression strategies for high-level expression of psy-
chrophilic proteins. Here, we discuss some of the recent developments in the
recombinant production of cold-adapted yeast proteins, particularly those from
Glaciozyma antarctica PI12, in suitable heterologous hosts. Findings from our
work, as well as from recent publications, are included.
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22.1 Introduction

Obtaining a sufficiently high quantity of target protein is one of the prerequisites
for functional and structural characterisation studies. A suitable expression system
is important to produce a high yield of soluble and correctly folded target protein.
While expression in native host is simple and guarantees the authenticity and
‘originality’ of the target protein, the yield is often too low and contains significant
amounts of other native proteins. Recombinant protein expression in a suitable
heterologous host system is a feasible and largely successful approach. Strategies
dedicated to enable high-level gene expression and rapid protein purification have
been developed and can be customised to meet specific requirements for each
protein. Impressive amounts of heterologous proteins have been obtained and well
documented using common prokaryotic (i.e. Escherichia coli) and eukaryotic (i.e.
Komagataella pastoris, formerly Pichia pastoris) hosts. However, a universal
protein expression host is currently not available because not all types of proteins
can be produced in a soluble and correctly folded conformation in high yields in a
single expression system. The situation can be more challenging particularly when
working with a group or class of heterologous proteins for which limited infor-
mation on successful overexpression is available in the literature.

In recent years, psychrophilic yeasts (and their proteins) have increasingly
gained attention in the areas of fundamental and applied studies. To withstand the
extreme cold environment, psychrophilic yeasts have developed a series of unique
mechanisms, including producing proteins that are functionally stable and active at
low temperatures. One of the unique characteristics of psychrophilic proteins is
their highly flexible catalytic centres, which are characterised by a high amount of
long loops or random coils, thereby allowing the sufficient molecular motions
necessary for activity in low-energy environment.
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Currently, a majority of the studied psychrophilic yeast proteins have been
produced in their respective native hosts. However, attempts at producing proteins
from psychrophilic yeasts in heterologous hosts have found limited success. Only
two expression hosts, namely E. coli and K. pastoris, have been shown to be
capable of producing sufficient amounts of psychrophilic yeast proteins. Here, we
will discuss some recent developments in recombinant production of cold-adapted
yeast proteins, particularly those from Glaciozyma antarctica PI12, in suitable
heterologous hosts. Due to the limited examples, this chapter aims to provide a
more general background and strategies to produce cold-adapted proteins. Find-
ings from our work, as well as from other recent publications, are included.

22.2 Expression in Escherichia coli

E. coli, the powerhouse for recombinant protein production for decades, is the
most popular expression system for recombinant protein production. Although this
tiny bacterium is not suitable for proteins that are rich in cysteine residues or those
that require extensive post-translational modifications, it offers the easiest, most
economical and the quickest route for the expression of heterologous proteins.
Other advantages of E. coli as a host include cheap and simple cultivation; high
product yields; wealth of scientific knowledge about its genetics, molecular
biology and fermentation; and easy cloning and expression procedures (Demain
and Vaishnav 2009).

Eukaryotic proteins are seldom categorised as ‘problematic’ or ‘difficult to
express’ when prokaryotic hosts (i.e. E. coli) are used for their production. The
complexity of the situation is magnified severalfold when one wishes to produce
soluble and active eukaryotic psychrophilic proteins (i.e. cold-adapted yeast pro-
teins). The major problem for such an expression is the low solubility and stability
of heterologous proteins. Such difficulties arise due to several reasons. First,
protein folding may be incomplete in the absence of eukaryotic chaperonins,
resulting in inactive protein species, premature degradation or deposition into
insoluble inclusion bodies. Second, some eukaryotic proteins are sensitive to
heterologous proteases. Third, the difference in codon usage between the
eukaryotic genes and the heterologous host may result in premature translation
termination, leading to shorter forms of the target protein or very low expression
levels. In some cases, the presence of a pseudo Shine-Dalgarno motif in the coding
region of the eukaryotic gene may lead to truncated or non-functioning protein
species (Tamura et al. 2011).

Despite the seemingly overwhelming problems when expressing eukaryotic
proteins, particularly those from psychrophilic yeast, in E. coli, promising results
have been obtained when suitable strategies have been employed. There are dif-
ferent approaches to improve the solubility of heterologous proteins, including, but
not limited to, the following: (1) the use of promoters other than the T7 promoter,
in particular, those activated by a temperature downshift; (2) coexpression with
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molecular chaperones; (3) fusion protein technology; (4) a decrease in the tem-
perature; and/or v) different induction conditions. The most common, and perhaps
the most important, strategy is to produce the target protein in a low-temperature
environment, a strategy that is known as cold induction.

22.2.1 Cold Induction

The essence of the cold-induction technique is to initiate gene expression (and also
protein production) in a cold environment, often at the temperature range of
15–18 �C. The optimum growth temperature for the mesophilic E. coli is 37 �C.
When grown at a substantially low temperature (i.e. 18 �C), cellular processes in
E. coli, including protein translation systems, drop to significantly low levels.
A lower protein synthesis rate could efficiently reduce protein concentration in the
cytoplasm, thus minimising inclusion body formation, and also increase the time
available for the protein to fold into a correct/native conformation. In this context,
it is interesting to discuss how ‘low’ the expression temperature should be.
Niiranen et al. (2007) suggested that an expression temperature below 18 �C may
not be advantageous for protein solubility. While the expression of a psychrophilic
protein at low temperature (i.e. 16 �C) is not problematic, the protein is never-
theless less stable and requires stabilising factors from its native host. Overex-
pression of the target psychrophilic protein may quickly deplete the stabilising
factors and lead to protein aggregation. To perform cold induction, recombinant
host cells are grown to the exponential phase (A600nm of 0.5–1.0) at 37 �C before
immersion in cold water (4 or 18 �C) for approximately 20 min to lower the
culture temperature. Then, an appropriate amount of inducer (i.e. 1.0 mM IPTG) is
added to the culture, and the incubation is continued at 15–18 �C until a desired
amount of heterologous protein is obtained (24 h or longer). Although this simple
approach seems logical, it is not without drawbacks. Since E. coli is a mesophilic
organism, the exposure of the bacteria to a cold environment (i.e. cold induction)
would introduce stress or shock (termed cold shock) that may significantly alter
gene expression and cell physiology. One of the main consequences of cold shock
is the stabilisation of the secondary structures in nucleic acids (Phadtare 2011).
The stabilised nucleic acid may prevent transcription, translation and RNA deg-
radation, thus making recombinant gene expression less controllable and pre-
dictable. The expression of heterologous proteins following cold induction can be
very low and requires a longer cultivation period, often up to 24 h or longer,
compared with the 6–8 h required at 37 �C. Therefore, strategies have been
devised to address low gene expression levels and slow cell growth even under
cold temperatures.

The activity of CspA and its RNA chaperone homologues is essential to
adaptation and survival of E. coli after cold shock. These proteins act as tran-
scription antiterminators, enabling synthesis of proteins to maintain functional
cellular processes, enabling cells to survive. cpsA mRNA, expressed at 15 �C,
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effectively binds to most ribosomes and inhibits the synthesis of other cellular
protein (Phadtare 2012). By taking advantage of the highly expressed cpsA under
cold shock, Qing et al. (2004) constructed a series of cold-induction vectors,
named as pCold vectors. Some important features of pCold vectors include cpsA
promoter, cpsA 50-UTR (untranslated region) with an optimum Shine-Dalgano
sequence, cpsA five-codon translation-enhancing element (TEE) and cpsA 30 end
transcription terminator site (Fig. 22.1). Because the cpsA promoter and lac
operator are utilised in pCold vectors, recombinant gene expression is initiated by
the simultaneous addition of IPTG and a temperature shift (15–18 �C). By using a
cold-induction protocol, Tamura et al. (2011) successfully expressed human
b-actin in E. coli. Soluble b-actin was only obtained when using pCold vector with
expression at 15 �C; however, expression using regular plasmids did not yield this
product. In another study, the expression of Gaussia luciferase using the pCold
system in E. coli yielded more soluble species at an incubation temperature of
15 �C compared to that at 25 or 37 �C (Rathnayaka et al. 2010).

22.2.2 Coexpression of Chaperone

Another strategy to improve soluble protein production and cell growth during cold
induction is by coexpressing chaperones. Chaperones are a class of proteins that aid
in maintaining normal cell processes, including protein folding and unfolding.
The production of a slow-folding heterologous protein can overwhelm the host
chaperones, leading to the accumulation of target proteins as inclusion bodies.
Supplementing necessary chaperones, such as the chaperone set DnaK/DnaJ/GrpE

Fig. 22.1 Schematic
structure of the pCold I vector
(Qing et al. 2004). Important
genetic features are labelled.
The target gene is inserted
using the multiple cloning
sites. Gene expression is
initiated by simultaneous
incubation of the host cell
under low temperature
(15–18 �C) and the addition
of IPTG (see Sect. 22.4 for
detailed protocol)
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(KJE) or GroEL/GroES (ELS), ClpB, the small heat-shock proteins IbpA and IbpB,
and the ribosome-associated trigger factor, can minimise aggregation and improve
the solubility of many heterologous proteins (Correa and Oppezzo 2011). Genes
encoding for recombinant proteins and chaperone(s) can be cloned into a single
plasmid or into two or more separate plasmids. In both cases, it would be beneficial to
have a different gene expression system (inducers) for the expression of the chap-
erone genes (inducer A) and the recombinant proteins (inducer B). Such an
expression system offers a higher degree of flexibility when production optimisation
is needed, i.e. to achieve a balance between chaperone gene expression and target
protein synthesis. Other important considerations for efficient plasmid maintenance
in recombinant host cells are the use of different antibiotic resistance genes and
origins of replication. Some of the available commercial chaperone plasmid sets can
be obtained from Takara Bio Inc. (www.takarabioeurope.com).

The most widely used chaperone coexpression strategy includes the coex-
pression of two classes of heat-shock proteins, such as GroEL (Hsp60) and DnaK
(Hsp70). These proteins are responsible for the majority of the protein folding
events in E. coli. At a reduced temperature (20 �C), the synthesis of these two
chaperones was shown to be significantly downregulated when compared to their
synthesis at 37 �C (Kim et al. 2005). Importantly, the overproduction of heat-
shock proteins (DnaK, GroEL, GroES) has been shown to reduce cell viability at
low temperatures (Kandror and Goldberg 1997). Such an event could minimise the
final yield of heterologous proteins.

An interesting chaperone coexpression strategy that addresses the issue of low cell
viability and weak chaperone gene expression was demonstrated by Ferrer et al.
(2004). By coexpression of two chaperones—Cpn60 and Cpn10—from a psychro-
philic bacterium, Oleispira antarctica RB8T, Ferrer et al. (2004) successfully
engineered a cold-resistant E. coli strain that could grow at a higher rate at 4 �C
compared to a non-chaperone strain. The application of this strain to express a
heterologous, heat-labile protein (esterase) at 4 �C yielded a 180-fold higher specific
activity compared to a non-chaperone strain at 37 �C. The strain is commercially
available under the trade name ArcticExpressTM (Stratagene, USA). It would be
interesting to test the benefits of this strain in expressing psychrophilic yeast proteins.

22.2.3 Fusion Technology: Solubility-Enhancing Tag

Another approach for increasing protein solubility is by fusion with a solubility
tag. Table 22.1 lists some of the commonly used fusion tags. One should be
careful when considering tags that are designed specifically for rapid purification
processes, although most solubility-enhancing tags may also serve purification
purposes. The most commonly used purification tags are the histidine (his-tag) and
strep tag. These tags do not show solubility-enhancing effects and should be
chosen based on their merit in purification processes. On the other hand, fusion
tags that consist of complete proteins, such as glutathione-S-transferase (GST),
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maltose-binding protein (MBP), and thioredoxin (trx), could improve target
protein solubility and stability. While purification tags can be fused to the N- or
C-terminus of the recombinant protein, the solubility-enhancing tags are usually
placed at the N-terminus of the target protein. In cases where the fusion tag may
interfere with subsequent experiments, such as biochemical and biophysical
characterisation, a specific endoprotease cleavage site may be placed between the
tag and the target protein. Several specific proteases used for this task are com-
mercially available (e.g. thrombin, factor Xa and enterokinase).

So how does a fusion tag improve the solubility and/or stability of its target
protein? While there is no concrete evidence to explain this phenomenon, it is
believed that the solubility-enhancing tag limits the time that the protein remains in
a partially unfolded state and provides another simpler mechanism/route for the
protein to fold. The lifetime of partially unfolded intermediates strongly influences
the propensity of proteins to aggregate, most likely by exhausting molecular
chaperones (Idicula-Thomas and Balaji 2005). Among the many fusion tags
(Table 22.1), the Trx tag may be suitable for soluble expression of psychrophilic
yeast proteins. The Trx tag is a solubility tag derived from E. coli TrxA. This
protein is an oxidoreductase that facilitates the reduction in other proteins and aids
in catalysing disulphide bonds, thus making it suitable as a fusion partner. When
TrxA is expressed in E. coli, it can accumulate in a fully soluble state of up to 40 %
of the total cellular protein (Lunn et al. 1984). This result suggests that thioredoxin
translates very efficiently; thus, if fused at the N-terminus, this property can be
conferred to the partner target protein. The high thermal stability (Tm = 85 �C) of
thioredoxin is another beneficial property that can contribute to fusion partner
stabilisation (LaVallie et al. 1993). We routinely used Trx tag fusion technology to
obtain high yield of soluble psychrophilic yeast proteins in E. coli host.

22.2.4 A ‘One-Pot’ Strategy

Different strategies for soluble protein expression can be combined into a more
efficient process. For example, fusion with a solubility-enhancing tag and
expression under cold-induction conditions can result in higher protein yield

Table 22.1 Examples of some commonly used fusion tags. Plasmids with specific solubility tags
can be obtained from Addgene—a non-profit plasmid repository—and some major molecular
biology companies, such as Novagen, New England Biolab and Stratagene

Solubility tag Size (kDa) Solubility predictiona

MBP 38.5 55 % insoluble
NusA 55 95 % soluble
Thioredoxin (Trx) 11.6 ND
GST 26 56 % soluble
His6 2.4 ND
a According to a modified Wilkinson–Harrison statistical model; ND not determined
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compared to the individual approach executed separately. Inouye and Sahara
(2008) demonstrated the feasibility of expression of difficult-to-solubilise proteins
of eukaryotic origin through fusion with a soluble tag, with the IgG-binding domain
of protein A (ZZ-domain) and under cold-induction conditions. The outcome of
their experiment was encouraging. When proteins were expressed either under
cold-induction conditions (15 �C) or fused with the soluble tag (ZZ-domain),
expression levels were low, with recombinant proteins mainly deposited as inclu-
sion bodies. Only when the ZZ-domain-fused proteins were expressed under cold-
induction conditions were the proteins soluble with a significant yield. Importantly,
most of the expressed proteins retained their biological activities, indicating a
correct and native-like folding of eukaryotic proteins in a prokaryotic host. It should
be noted that some of the expressed proteins contain a high amount of cysteine
residues (up to 31 cysteine residues). This strategy is also feasible for the expression
of heat-labile proteins in E. coli. A study by Niiranen et al. (2007) showed that MBP
and NusA tags are the best fusion tags to increase the solubility of cold-adapted
Vibrio proteins in E. coli. On the other hand, Kataeva et al. (2005) demonstrated
that the solubility of heterologous protein from thermophiles increased significantly
when fused to a solubility tag (i.e. MBP, NusA and GST). From a total of 66 genes
of thermophilic bacterium Clostridium thermocellum JW20, 60 genes were found to
be expressed in soluble form when attached to an N-terminal fusion tag (MBP)
under the induction temperature of 18 �C. In contrast, genes from the mesophilic
bacterium Shewanella oneidensis MR-1 were largely insoluble (41 of 79 gene
products), even in the presence of a fusion tag and low induction temperatures.
These findings suggest that a fusion tag coupled with the cold-induction protocol is
beneficial for the expression of proteins located at both extreme ends of the heat-
sensitivity spectrum (psychrophilic, mesophilic, thermophilic). It should be noted
that the solubility of the target protein decreased, even in the presence of a soluble
tag, when the total protein size exceeded 60 kDa (Kataeva et al. 2005). It is gen-
erally believed that thioredoxin and GST are better suited for mammalian proteins,
whereas MBP and NusA work well with bacterial proteins.

The ultimate ‘one-pot’ strategy is to combine cold induction, fusion tag and
coexpression of chaperones into a single strategy. This strategy can be realised
through the use of the pCold TF vector (www.takara.com). In addition to the
beneficial properties of other pCold vectors (promoter of cspA and 5’UTR of
cpsA), the pCold TF vector includes a chaperone gene—trigger factor (TF)—as a
solubilisation tag located upstream of the multiple cloning site. It was shown that
TF increased cell viability at 4 �C (Kandror and Goldberg 1997) and enhanced the
activity of GroEL-dependent protein folding and degradation at 20 �C compared to
37 �C (Kandror et al. 1997). However, the usefulness of this approach for the high
yield of soluble and correctly folded conformations of heterologous proteins from
psychrophilic yeast requires further examination.
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22.3 Expression in Komagataella pastoris

Although the E. coli system permits rapid and easy recombinant protein produc-
tion, it lacks many of the post-translational modifications and protein folding
mechanisms found in eukaryotes. Indeed, recombinant psychrophilic proteins
expressed in a mesophilic host, such as E. coli, may contribute to a reduced
stability of the protein (Sørensen 2010). Alternatively, the methylotrophic yeast
K. pastoris may serve as a good candidate for the expression of functional
eukaryotic psychrophilic proteins (i.e. cold-adapted yeast proteins). K. pastoris can
be grown to high cell densities, is characterised by an efficient secretory system
and contains many tools for molecular manipulation. Similar to its eukaryotic
counterparts, K. pastoris possesses many typical eukaryotic post-translational
modification systems and complex protein folding pathways. The suitability of this
particular expression system for the expression of active eukaryotic psychrophilic
proteins from yeast can be attributed to several factors: (1) ability to undergo cold
induction; (2) capability to perform many eukaryotic post-translational modifica-
tions; (3) incorporation of multiple copies of the target gene; and (4) the presence
of strong promoters to drive the expression of foreign gene(s) of interest, thus
enabling production of large amounts of the target protein(s).

22.3.1 Cold Induction

Expression of eukaryotic psychrophilic proteins in K. pastoris can be advanta-
geous because this species is a psychrotolerant yeast that can grow at temperatures
as low as 12 �C (Jahic et al. 2003). Findings from our work have revealed that the
expression of cold-adapted chitinase (CHI II) from the psychrophilic yeast
Glaciozyma antarctica PI12 was optimal at 25 �C; however, its expression
decreased with an increase in the cultivation temperature as shown in Fig. 22.2. By
lowering the induction temperature to 25 �C, chitinase activity of CHI II exhibited
an approximately 3-fold increase compared to the activity obtained at cultivation
temperatures of 29 �C or higher. Cold induction in K. pastoris was performed as
follows. First, the recombinant host cells were grown until an OD600nm value of
2–6 was obtained (approximately 16–18 h). Thereafter, the cells were harvested,
and the cell pellet was resuspended in the expression medium using a 1:5 to 1:10
dilution of the original culture volume. The culture growth was continued until the
desired heterologous protein was obtained (up to 6 days). An appropriate amount
of absolute methanol (100 %) was added to a final concentration of 1–4 % (v/v)
every 24 h to induce gene expression.

Similar results have been reported for the expression of endochitinase from the
Antarctic bacterium Sanguibacter antarcticus KOPRI 21702, where the optimal
expression occurred at 25 �C (Lee et al. 2010). Li et al. (2001) also demonstrated
that expression of psychrophilic proteins in K. pastoris at a lower temperature
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(23 �C) dramatically increased the yield of the recombinant antifreeze protein,
which might be due to the enhanced protein folding pathway as well as the
increased cell viability at lower temperatures. Cultivating the cells at lower growth
temperatures reduces the rate of protein synthesis and may therefore allow more
time for the nascent peptide chains to fold properly.

22.3.2 Post-translational Modification

K. pastoris is a yeast expression system that has the advantage of eukaryotic protein
processing and folding. This expression system provides the potential for producing
soluble and correctly folded recombinant proteins, especially for eukaryotic proteins
that have undergone all the post-translational modifications required for function-
ality. Therefore, K. pastoris has become an alternative expression system for
recombinant cold-adapted yeast protein production that requires post-translational
modifications. The enhanced stability of proteins in eukaryotes is often achieved by
glycosylation. For example, in this species, N-glycosylation is a common post-
translational modification. As a eukaryotic microbial expression system, K. pastoris
is a good option for proteins for which expression in a bacterial system leads to the
synthesis of improperly folded and inactive protein aggregates or inclusion bodies.

In our previous study, we reported on the expression of recombinant cold-
adapted chitinase from the psychrophilic yeast G. antarctica PI12, which cannot
be expressed in E. coli but can be produced as an active cold-adapted protein when
expressed in K. pastoris (Ramli et al. 2011). In addition, other reports in the
literature have described recombinant proteins (other than psychrophilic yeast
protein) that do not fold correctly and that are generated as insoluble inclusion

Fig. 22.2 Effect of induction
temperature on recombinant
CHI II expression and cell
growth. Expression of
recombinant CHI II in
K. pastoris was optimum
when the induction
temperature was maintained
at 25 �C. Each bar and point
represents the
mean ± standard error
(n = 3)
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bodies when expressed in E. coli, but these proteins can be obtained as soluble and
correctly folded proteins when expressed in K. pastoris, such as herring antifreeze
protein (Li et al. 2001) and chitinase from the fungus Beauveria bassiana (Fan
et al. 2007).

22.3.3 Multiple Copies of the Target Proteins

In addition to the attributes described above, the K. pastoris system has also
demonstrated the ability to incorporate multiple copies of the expression cassette
(with target gene insert) into the host genome through homologous recombination.
The expression of recombinant proteins varies depending on the degree of gene
recombination (copies of target gene in host genome). Generally, there are two
types of vectors used in recombinant protein expression: integrative (integrated
into host genome) and replicative (replicate independently from the host genome;
has an origin of replication) vectors. An ideal vector is one that can be maintained
in most cells in the population (although the selective pressure is absent) and has a
high gene copy number for dosage-dependent high-level expression (Domínguez
et al. 1998). Transformation in K. pastoris is performed by the integration of the
expression vector containing the gene of interest into the chromosome at a specific
locus to generate genetically stable transformants. This integration will maximise
the stability of the expression strain. The employment of chromosomal integration
is more desirable than replicative plasmid expression systems (such as in E. coli)
due to the low copy number of the replicative plasmids that will eventually affect
the amount of product expressed (Daly and Hearn 2005). In addition, transfor-
mants containing replicative plasmids may require the use of additives, such as
antibiotics, to maintain the transformed population of cells. This procedure, in
turn, will increase the production costs.

One approach that can be used to construct multi-copy strains involves the use
of a vector with the bacterial Sh ble gene. The presence of the Sh ble gene marker
in expression vectors of K. pastoris confers resistance to zeocin, which can be used
as a tool to detect zeocin-resistant (zeoR) transformants that harbour multiple
copies of the recombinant gene. Strains transformed with the expression vector
containing the zeocin marker can be selected directly by growth in the presence of
the drug. Consequently, the transformant population can be enriched for multi-
copy-expressing vector strains simply by plating on selection plates containing
increased concentrations of zeocin (Cereghino and Cregg 2000). Higgins and
Cregg (1992) demonstrated the possibility of enhancing the transformant popu-
lation for colonies with multiple copies of a foreign gene by selecting for hyper-
resistance against an appropriate drug.

In our study of the cold-adapted chitinase from G. antarctica PI12, the selection
effects for hyper-resistance of zeocin were examined using yeast extract peptone
dextrose sorbitol (YPDS) plates containing increasing concentrations of zeocin
(500, 1,000 and 2,000 lg ml-1). The transformants of the X-33 and GS115 strains,

22 Heterologous Expression of Proteins from Cold-Adapted Yeasts 491



which have the tendency to produce multi-copy transformants, were randomly
picked and transferred onto YPDS plates containing zeocin (500, 1,000 and
2,000 lg ml-1). It is desirable to select transformants containing multiple gene
integrations because such clones may potentially express significantly higher levels
of the recombinant protein due to an increase in gene dosage. The isolation of multi-
copy integrants has resulted in dramatically higher yields of the target proteins.

Due to the great potential of K. pastoris to perform large-scale production, this
yeast system may be used to produce cold-adapted proteins from psychrophilic
yeasts. A previous study has reported the use of two different fermentation
protocols for expressing lipase A from Candida antarctica (now Pseudozyma
antarctica) in the methylotrophic yeast K. pastoris in high yields (Pfeffer et al.
2006). In addition, Lee et al. (2010) reported the use of a fermentation strategy to
increase the expression yield of endochitinase from the Antarctic bacterium
Sanguibacter antarcticus KOPRI 21702 in K. pastoris.

22.4 Successful Examples

A literature survey revealed that only a few proteins from Leucosporidium sp. and
G. antarctica have been successfully produced in recombinant hosts. Here, we
summarise the methods and important findings from those experiments.

22.4.1 Antifreeze Protein from G. antarctica PI12

Our group has had a long-time interest on studying the structure–function rela-
tionships of psychrophilic proteins, particularly the proteins from G. antarctica
PI12. The first successful attempt was the heterologous expression of chitinase
(CHI II) in K. pastoris, which has been described in detail in the above Sect. 22.3).
A subsequent study from our laboratory has described the structure–function
relationship of CHI II using computational modelling (Ramli et al. 2012). How-
ever, dealing with the G. antarctica PI12 protein was not always a straightforward
task. Expression of antifreeze protein, Afp1, resulted in its deposition in inclusion
bodies in E. coli. Despite extensive efforts at optimisation (including the use of
pCold I vector, cold-induction protocol and varied inducer concentrations), soluble
expression of the target protein was not detected. Subsequent denaturation and
refolding of the inclusion bodies have yielded a sufficient amount of soluble and
functional proteins (Hashim et al. 2013). The protocol used is described below:

1. Inclusion bodies denaturation

(a) Briefly, recombinant cells were grown in LB medium at 37 �C, and protein
expression was induced by the addition of 1.0 mM IPTG. Cells were lysed
according to the pET manual (Novagen).
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(b) Inclusion bodies were collected by centrifugation at 16,000 9 g at 4 �C for
20 min and denatured by incubation in Buffer B [8 M urea, 100 mM
NaH2PO4 and 10 mM Tris–HCl (pH 8.0)] under slow shaking at 4 �C for
30 min.

(c) A soluble fraction (denatured target protein) was obtained by centrifugation
at 10,000 9 g for 30 min at 4 �C and subjected for purification. It should
be noted that the Afp1 protein was expressed with an N-terminal 6xHis
fusion tag (pET-28, Novagen).

2. Purification

(a) Four volumes of the protein solution were mixed with one volume of 50 %
Ni–NTA resin (Qiagen) and incubated with slow shaking at 4 �C for 1 h.

(b) The mixture was then loaded onto a chromatography column, washed twice
with Buffer C [8 M urea, 100 mM NaH2PO4 and 10 mM Tris–HCl (pH
6.3)], eluted twice with Buffer D [8 M urea, 100 mM NaH2PO4 and 10 mM
Tris–HCl (pH 5.9)] and then eluted once with Buffer E [8 M urea, 100 mM
NaH2PO4 and 10 mM Tris–HCl (pH 4.5)].

3. Refolding

(a) Fractions from the Buffer D eluent were used for refolding via dialysis in
400 volumes of dialysis buffer [10 mM Tris–HCl and 0.1 % Triton X-100
(pH 8.0)].

(b) The buffer was changed after 3 h, and dialysis was continued overnight at
4 �C.

(c) Unfolded aggregates were removed by centrifugation for 1 min at
16,000 9 g at 4 �C. The refolded protein species can be analysed by
dynamic light scattering, circular dichroism and activity assays.

The work presented here shows that denaturation and refolding of psychrophilic
yeast protein is a workable solution for obtaining a sufficient amount of target
protein when other available strategies failed to produce a desirable outcome. One
main drawback of this approach is that the authenticity and ‘native behaviour’ of
the target protein may be questionable if a comparison with the native protein is
not conducted.

22.4.2 Ice-Binding Protein from Leucosporidium sp.

Another interesting example is the work of Park et al. (2012) who produced a
soluble and functional ice-binding protein (IBP) from the Arctic yeast Leucos-
poridium sp. AY30 in E. coli BL21 (DE3) and K. pastoris. For expression in
E. coli, pCold vectors and a cold-induction approach were used. Three expression
plasmids were constructed for expression in E. coli: bLeIBP (IBP gene only),
His-bLeIBP (6xHis tag and factor Xa site fused to IBP gene) and GFP-bLeIBP
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(6xHis tag, factor Xa site and green fluorescent protein fused to IBP gene). Gene
expression was conducted as per the following protocol:

1. A seed culture was prepared in LB medium supplemented with ampicillin
(50 lg ml-1) and incubated at 37 �C overnight with agitation.

2. The seed culture (0.1 % (v/v)) was inoculated into fresh LB medium (with
50 lg ml-1 ampicillin) and incubated at 37 �C until the OD600 reached 0.5.

3. The culture was cooled down by incubation at 15 �C for 1 h.
4. Gene expression was induced by the addition of IPTG (1.0 mM), followed by

incubation at 15 �C for 20 h with agitation.

Most of the recombinant IBP was found in soluble fraction (more than 50 % of
total expressed proteins), indicating the effectiveness of the expression system.
Among the tested bacterial expression plasmids, His-bLeIBP yielded the most
soluble protein at 24.5 mg l-1, compared with 2.1 mg l-1 for bLeIBP and
19.3 mg l-1 for GFP-LeIBP. However, this yield is significantly less than the
corresponding yield in K. pastoris, which was 61.2 mg l-1. A codon-optimised
mature IBP gene was inserted into a yeast pPICZaA expression vector and
transformed into K. pastoris X33 strain in a multi-copy manner. Selected
K. pastoris transformants were cultured in 24 ml of BMGY (buffered glycerol-
complex medium) medium containing zeocin (100 lg ml-1). The transformants
were grown at 30 �C with agitation until the OD600 reached 2.0. Thereafter, the
cells were pelleted by centrifugation and resuspended in 1 L of BMMY (buffered
methanol-complex medium), and the cultivation was continued at 28 �C. Methanol
(0.5 %, v/v), which acts as an inducer, was added to the culture every 24 h to
induce recombinant gene expression.

22.5 Conclusions

The choice of host system lies heavily on the nature of the target protein, espe-
cially the requirements for post-translational modifications (i.e. glycosylation).
Although the E. coli system ensures fast, easy and highly customisable and
specialised genetic tools (pCold vectors, solubility and purification tag, etc.), the
lack of a dedicated modification system limits its usefulness. One of the exciting
developments in this field is the engineering of a protein glycosylation pathway in
E. coli (Fisher et al. 2011). At present, the K. pastoris system may serve as a better
expression host for proteins from cold-adapted yeasts because its eukaryotic
expression system makes it advantageous for the production of near-native-like
recombinant psychrophilic yeast proteins.
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Chapter 23
Food Spoilage by Cold-Adapted Yeasts

Anna Maráz and Mónika Kovács

Abstract This Chapter gives an overview of the spoiling potential of cold-
adapted yeasts under different food ecological conditions. Special attention is paid
to the physiological characterisation of the most important food-spoilage yeasts,
illustrating the elevated tolerance of cold-adapted spoilage yeasts to one or more
food-related stress factors. Finally, spoilage yeast associations and food deterio-
ration problems caused by cold-adapted spoilage yeasts in different type of foods
(fruits, vegetables, beverages, dairy and meat products) are introduced in details.
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23.1 Introduction

Food is generally considered spoiled when it is no longer suitable for human
consumption. Spoilage may concern food safety issues in special cases when it
causes the illness or even death of consumers; fortunately, in most cases, it merely
impacts the quality and not the safety of food.

Spoilage becomes evident by changes in the colour, texture, flavour and taste,
depending on the types and components of food. Three main categories of spoilage
are distinguished, namely the physical, chemical and microbiological spoilage,
although growth of microorganisms frequently leads to changes in the physical
and/or the chemical nature of food. All three types of spoilage are influenced by
certain ecological factors, the most important being temperature, pH, water
activity, exposure to oxygen and light, and chemicals or nutrients available for
chemical, enzymatic and microbiological processes (Huis in’t Veld 1996; Singh
and Anderson 2004).

From an ecological point of view, food is considered a habitat of different
microorganisms. Raw material, processing equipments and environment, handling
and packaging are the main sources of the contaminating microorganisms. During
processing and storage, a limited number of microbial species will grow and cause
deterioration. Microorganisms typically associated with food spoilage include a
broad range of bacteria, moulds and yeasts; the developing spoiling association is,
however, determined by the physical, chemical and biological properties of the
products (intrinsic factors), the effects of the surrounding environment (extrinsic
factors), the properties and interaction of microorganisms (implicit factors) as well
as the modes of food processing and preservation.

Microbial populations will interact directly or indirectly within the food
ecosystems including those inoculated as starter cultures for production of specific
types of food. In the spoiling associations, yeasts have increased stress tolerance to
survive and start growing if the environmental conditions are not favourable to the
generally less tolerant bacteria. Yeasts also compete with certain moulds, which
can tolerate low water activity, acidic conditions and low temperatures (Fleet
1990a; Huis in’t Veld 1996; Pitt and Hocking 1997; Fleet 1999; Deák 2006;
Viljoen 2006).
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23.2 Cold-Adapted Spoilage Yeasts in the Food Ecosystems

Yeast are ubiquitous microorganisms that are found practically everywhere in the
biosphere where organic material is available as a nutrient. They live under all
climatic conditions in nature, from the tropical to the polar regions, as has been
reviewed in recently published textbooks (Rosa and Peter 2006; Satyanarayana
and Kunze 2009; Kurtzman et al. 2011). Beside natural habitats, yeast species are
also members of the agri-food ecosystems (Fleet 1990a; Deák 1991; Fleet 1992;
Tudor and Board 1993; Stratford 2006; Deák 2008; Fleet 2011). Soil, water, air,
plants and animals are all habitats of microbial consortia, comprising the biodi-
versity of yeasts (Phaff and Starmer 1987; Fleet 1992; Botha 2006; Deák 2006;
Fonseca and Inacio 2006; Deák 2008). The majority of yeast species isolated from
these habitats belong to the basidiomycetes, which can be attributed to their
extended tolerance and adaptation to stressful conditions. The most frequently
found species belong to the genera of Cryptococcus, Rhodotorula, Sporobolomy-
ces, Trichosporon and Rhodosporodium. Stress tolerance is also characteristic to
certain ascomycetes living under these circumstances; Debaryomyces, Lipomyces,
Candida and Metschnikowia are the prevalent ascomycetous yeast genera (van
Uden 1984; Nagahama 2006; Choudhary and Johri 2009).

23.2.1 Main Characteristics of Food-Spoilage Yeasts

Pitt and Hocking (1985, 1997) listed the 12–13 most frequent yeast species that
cause spoilage in a wide range of foods, which have been processed and packaged
under the normal standards of good manufacturing practice (GMP). They assumed
that these spoiling species together with the other food-associated yeasts originate
from the surrounding environment as contaminating microbes during harvesting
the raw material, and handling, processing and packaging food. Tudor and Board
(1993) confirmed the list of these most frequent food-spoiling yeasts (called the
‘‘top ten’’) and emphasised that the enrichment of certain yeasts during storage is
the consequence of single or combined abiotic stress factors (mainly the low water
activity and acidic conditions) and, as a result, the biomass of the most stress-
tolerant yeast strain(s) will increase to such an extent that this will cause symptoms
of spoilage.

On the other hand, under certain environmental conditions, an additional group
of yeasts can cause spoiling, which was described as the ‘‘second division’’ of
spoiling yeasts by Tudor and Board (1993). These yeast species were also thought
to be selected from the contaminating microbiota and well adapted to one or other
environmental extremes. Stratford (2006) made a comprehensive survey of the
‘‘top-ten’’ or ‘‘dangerous’’ spoiling yeast species and pointed out that these species
are not generally isolated at a much higher frequency from food than the other
frequently isolated food-associated yeasts, nor do they have higher growth rates
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under normal conditions. Their special physiological features (osmotolerant, acid
tolerant, preservative resistant and highly fermentative) enable them to proliferate
in food environments that are unfavourable to the great majority of yeast species.

In the new edition of the yeast monograph, Fleet (2011) published the list of
yeasts that are frequently associated with the spoilage of foods and beverages. It
comprises the lists of ‘‘dangerous’’ spoiling yeasts published by Tudor and Board
(1993), Pitt and Hocking (1997) and Stratford (2006), with four other yeast species
added, which were the members of the ‘‘second-division spoiling yeasts’’. This list
contains some species (e.g. Saccharomyces cerevisiae, Kluyveromyces marxianus,
Schizosaccharomyces pombe, Debaryomyces hansenii) that are also beneficial in
the production or maturation of certain foods, or are even used as starter cultures or
adjuncts in different food fermentations, but under special conditions or in an other
type of food, these yeasts may cause spoiling. Fleet (2011) also noted that the
spoiling potential of different strains belonging to a given species may alter;
therefore, certain strains could be selected as beneficial and others could be
considered spoiling.

It is worth noting that in the lists of the most frequent spoilage yeast species
described by the above-mentioned authors, tolerance to low temperatures (around
8 �C or less) is indicated only in rare cases. K. marxianus, D. hansenii, Kazachstania
exigua, S. cerevisiae, S. pombe, Yarrowia lipolytica, Wickerhamomyces anomalus,
Pichia kudriavzevii and Rhodotorula spp. belong to the group of spoiling yeasts that
are able to grow at low (refrigeration or freezing) temperatures. The cold tolerance of
these species is considered, however, not the primary characteristic, but as an
additional one with a role in the spoiling potential. As the primary characters,
halotolerance (e.g. D. hansenii, W. anomalus), and resistance to high sugar
concentrations (e.g. S. pombe) are indicated, and these species are sometime con-
sidered as extremophiles from these respects. In other cases, high enzymatic (e.g.
pectinolytic, proteolytic and/or lipolytic) activities (e.g. K. marxianus, Y. lipolytica,
Rhodotorula spp.) enable the species to increase their populations and making them
able to spoil the product.

Some of the typical spoilage yeasts are not able to grow under cold conditions,
even in culture media. Among the food-spoiling Zygosaccharomyces species,
Zygosaccharomyces bisporus, Zygosaccharomyces bailii, Zygosaccharomyces
mellis and Zygosaccharomyces rouxii were found not to grow at 5 �C or lower,
together with Dekkera anomala, Dekkera bruxellensis, Candida parapsilosis,
Candida tropicalis and P. kudriavzevii (Stratford 2006); however, this character-
istic seems to be strain-specific in certain cases (Fleet 2011).

Molecular identification has led to the discovery of two new, physiologically
related Zygosaccharomyces species, namely Zygosaccharomyces lentus and
Zygosaccharomyces kombuchaensis, which are different from all the other cur-
rently known Zygosaccharomyces species, but resemble Z. bailii most closely.
Special common characteristics of these two species are good growth at cold
temperature (4 �C), failure to grow at 30 �C and sensitivity to oxidative stress.
Other main characteristics resembling to Z. bailii are tolerance to acidic pH (close
to pH 2), osmotolerance (up to 60 % glucose) and resistance to benzoic acid
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(minimum 2 mM) (Steels et al. 1999a, b, 2002). Z. kombuchaensis can be dis-
tinguished physiologically from Z. lentus only by its sorbic acid sensitivity (Steels
et al. 2002). Based on the overall physiological characteristics of Z. lentus and
Z. kombuchaensis, these species could be considered as ‘‘dangerous’’ spoilage
organisms of low-pH, high-sugar foods and drinks, especially chilled products. It
is highly probable that the formerly identified psychrotolerant strains of Z. bailii
belong to Z. lentus or Z. kombuchaensis.

23.2.2 Symptoms of Food Deterioration Caused by Spoilage
Yeasts

Based on the extensive study of yeast species isolated from a wide range of raw and
processed food, it was found that approximately 10 % (100–150 species) of the
accepted yeast species (about 1,500) in the current taxonomic classification
(Kurtzman et al. 2011) could be recovered from food (Deák 1991; Fleet 1992; Tudor
and Board 1993; Stratford 2006; Deák 2008; Fleet 2011). As mentioned before, only
about 20 of these food-associated species are recognised as causing spoilage
outbreaks. Spoilage is the consequence of yeast growth, i.e., increases of cell bio-
mass, but it is difficult to find a close correlation between the beginning of spoilage
and cell number, because not only the yeast biomass but also their metabolites
contribute to spoilage. In general, symptoms of spoilage appear when yeast cell
numbers increase to approximately 5 log CFU g-1 and become evident if cell
numbers increase to about 7 log CFU g-1 (Fleet 1992; Deák and Beuchat 1996).

The production of spoilage-related metabolites (e.g. carbon dioxide, hydrogen
sulphide, ethanol, acids) depends on the type offood and the metabolic characteristics
of the yeast; however, sensory effects (e.g. visible spots or layer on the surface,
formation of sediment and off-flavours or off-odours) could be principal in several
cases. Therefore, the symptoms of spoilage caused by the same yeast species might
be different in cases of different types of food and different yeast species could
generate similar symptoms of spoilage. There are very detailed studies available
describing the typical spoilage effects in different types of food and beverages and
thanks to the routine molecular identification and typing techniques, as well as the
development of differential and selective culture media, the causative yeast species
and strain(s) of a spoilage outbreak could be easily recognised and exactly described
(Fleet 1992; Deák and Beuchat 1996; Loureiro and Querol 1999; Loureiro 2000;
Deák 2004, 2008; Fleet 2011). Stratford (2006) made an excellent survey of spoilage
symptoms and the causative yeast species and performed a detailed analysis of the
physiological background of the characteristic spoiling yeasts together with the role
of the physical, chemical and textural characteristics of the food matrix in
deterioration.

Spoilage accompanied by excess gas (carbon dioxide) production is the most
frequently appreciated problem, which is caused by strongly and weakly fermenting
species such as Z. bailii, S. cerevisiae, D. bruxellensis, Saccharomycodes ludwigii,
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or C. parapsilosis and Candida pseudointermedia, respectively (Fig. 23.1). Visible
symptoms of spoilage are very variable and include the sediment and haze/cloudy
formation, surface film formation and alterations in the texture and colour of food,
from which the surface film formation is characteristic of the majority of spoiling
yeast species. Off-taste and off-odour are the consequences of the production of
primary and secondary metabolites by yeasts, like ethanol, acetaldehyde, acetic
acid, ethyl acetate, hydrogen sulphide and more characteristic volatile compounds
such as 4-ethylphenol produced by D. bruxellensis.

Table 23.1 gives an overview of the most frequent food-associated cold-
adapted spoilage yeasts.

23.2.3 Biotic and Abiotic Factors Influencing the Survival
and Growth of Yeasts in Food

In the early dates of food mycology, it was recognised that environmental factors
play a crucial role in the growth and selection of food-spoiling yeasts from
food-associated microbiota (Mossel and Ingram 1955; Ingram 1958; Walker and
Ayres 1970). Since that time, huge progress has been made in the ecology of
foodborne yeasts, which is indicated by the publication of several separate book
chapters and review articles dealing with yeast ecology (Pitt and Hocking 1985;
Fleet 1990a; Deák 1991; Fleet 1992; Tudor and Board 1993; Deák and Beuchat 1996;

Fig. 23.1 Blown package of
fruit juice caused by yeast
spoilage at refrigeration
temperature (left); as a
control normal package is
also shown (right)
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Pitt and Hocking 1997; Deák 2004, 2006; Stratford 2006; Fleet 2007; Deák 2008;
Fleet 2011). Significant progress in the molecular analysis, identification and tax-
onomy of yeasts, elaboration of the S. cerevisiae and several other yeasts’ genome
projects and construction of genomic databases, as well as achieving new scientific
results in the biochemical and genetic analysis of the signal transduction routs, in
cell-to-cell communications and in stress responses during the last decades, led to the
more precise identification of contamination sources and the yeasts themselves and
promoted understanding the behaviour of yeasts under stressful conditions and
adaptation to the changing environment.

It has been illustrated in a number of research papers that the increased toler-
ance of several yeast species against individual stress factors or the combination of
them renders these yeasts able to grow to that size of populations which cause food
spoilage. This topic was extensively reviewed by Deák (1991, 2004, 2006, 2008);
Deák and Beuchat (1996); Fleet (1990a, 1992); Pitt and Hocking (1985); Stratford
(2006); Tudor and Board (1993); Walker and Ayres (1970).

Stress factors that favour the growth of yeasts in the food ecosystem are mainly
the low water activity (Aw), high solute concentration in the form of sugars and
salts, low temperature, starvation, carbon dioxide, low redox potential, as well as
antimicrobials added as preservatives for controlling the growth of bacteria, yeasts
and moulds or being present as natural antimicrobial compounds of plant and
animal tissues. In special cases, limitation in the available oxygen poses another
stress factor. Tolerance of different food-associated yeasts against these stress
factors and combinations of them are well documented in the above-mentioned
literature. Two current references are cited only, which make a comprehensive
analysis and overview of this topic (Deák 2008; Fleet 2011). Detailed analysis of
these stress factors is not the aim of this Chapter; the effect of low temperature on
the survival and growth of food-associated yeasts and interactions of this physical
factor with other abiotic environmental factors will be discussed in detail.

23.3 Ecology and Physiology of Cold-Adapted Spoilage
Yeasts in Foods at Low Temperatures

Food-associated yeasts frequently originate from the surrounding environment as
contaminating microbes during the harvesting and handling of raw material;
therefore, the characteristic yeast biota reflects the agricultural environment. All of
the further manipulation and processing will repress the less tolerant yeast cells
and provide the opportunity for growth of the more stress-adaptive cells. It is also
important to consider that the processing environment is another source of
contaminating microbes where several well-adapted cells can occur (Ingram 1958;
van Uden 1984; Deák 1998; Stratford 2006; Deák 2008).

The general purpose of the application of low temperatures during food pro-
duction is to increase the storage time and self-life of food raw material, namely
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harvested fruits and vegetables, milk, poultry, meat and fish, and their processed
products, such as salads, heat-treated milk, dairy and other livestock products. It is
expected that decreasing the temperature to around 5 �C or below, the growth and
metabolic activity of the microbiota will be restricted or even cease, but the
difference in the cold stress response of the associated microorganisms can lead to
the selection and ongoing multiplication of the more stress-tolerant cells. Yeasts
are considered fairly tolerant to cold stress, but growth of the surviving cells is
mostly influenced by the adaptation ability to the other stressful conditions typical
to the type of food. If the population of the selected cells grows to a size that
generates deterioration, food will be spoiled.

In some cheeses and fermented meat products, yeasts contribute to maturation
by special enzymatic activities (e.g. proteases, lipases) and the generation of
organoleptic metabolites at low temperatures (e.g. D. hansenii, Galactomyces
geotrichum); therefore, they have a beneficial role at this stage. The same yeast
species, however, can cause spoiling in other types of foods, even in the same
category (e.g. in other types of cheese). It is important to emphasise that quite
large differences have been detected among the beneficial and other strains
belonging to the same species that support the selection and application of starter
and adjunct yeast strains to be used for food fermentation (Fleet 1992; Deák 2008;
Tamang and Fleet 2009).

Permanent low temperatures are maintained during processing of certain food,
especially dairy, livestock and fish products, which allows the adaptation of
psychrotolerant yeasts in the processing line that could be the source of contam-
ination and may lead to spoilage outbreaks.

23.3.1 Effect of Low Temperature on the Growth of Yeasts

Considering the cardinal (minimum, optimum and maximum) temperatures for
growth, yeasts have a quite wide range, but this varies between species. Yeasts are
generally not able to grow above 50 �C and most species have a maximum
temperature around 40 �C. As regards the minimum temperature for growth, a
considerable number of yeast species are able to grow around or below 5 �C under
optimal nutritional conditions (e.g. in complex yeast culture media) as a pure culture
(van Uden 1984; Watson 1987). In terms of the maximum temperature for growth,
the majority of yeasts belong to the mesophilic category, but a considerable number
of species are psychrophilic or psychrotolerant. Based on the presently accepted
terminology suggested by Davenport (1980), the latter category of yeasts is
considered as ‘‘cold-adapted’’ species. An extensive overview of the concept of
psychrophily and psychrotolerance of cold-adapted yeasts is reported in Chap. 1.

The exposure of yeast cells to temperatures below 10 �C does not support the
growth of the majority of the spoilage yeasts; several of them can, however, adapt
to refrigeration or even to freezing conditions. It seems a general rule that cells in
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the exponential phase of growth are more sensitive to the physical and chemical
stresses mediated by the food ecosystems than the stationary phase cells. The
stationary phase is the consequence of exhausting of nutrients, meaning that cells
are starved (Werner-Washburne et al. 1993; Herman 2002; Zakrajsek et al. 2011).
Cells remain in this resting state until environmental factors are favourable for
starting growth again or die if the environmental conditions do not support the
multiplication of cells. Yeasts that are contaminating raw food material of plant and
animal origin (e.g. fruits, vegetables, poultry, meat, seafood) originate typically
from natural habitats such as soil, water, air and plants and animal themselves. The
majority of yeasts cells are in the resting state under these circumstances, because
the available nutrients are limited.

Besides nutrient limitation, yeasts are exposed to several other stress factors
like solar radiation, highly acidic or alkaline conditions, low water activity and the
presence of antimicrobial compounds. Under cold climatic conditions, low tem-
peratures may pose an additional stress factor. Food-associated yeasts are typically
exposed to similar stressful conditions and combinations of single stress factors;
however, this varies according to the type and processing of food (Deák 2006,
2008). One example when yeasts in food are exposed to low temperature as a
single physical stress is the chilled storage of proteinaceous fresh meat, poultry
and fish; however, in these cases, yeasts have to compete with fast-growing psy-
chrotolerant and psychrophilic bacteria of high proteolytic and lipolytic activity,
thereby acting as an additional biotic stress factor during interaction.

It is not surprising that the biodiversity of yeasts associated with food at low
temperatures, including freezing, is very similar to that found in the polar (e.g.
Antarctic) regions. Davenport (1980), when studying the general characteristics of
psychrotolerant yeasts, concluded that these were mainly non-fermentative and the
majority belonged to the basidiomycetes. Several of them (e.g. D. hansenii,
Cryptopcoccus albidus and Rhodotorula spp.) were able to grow at subzero tem-
peratures. Among the most frequent psychrotolerant yeast genera isolated from the
Antarctic and similar extreme conditions (Gunde-Cimerman et al. 2003; Raspor
and Zupan 2006; Shivaji and Prasad 2009), a considerable number of genera, such
as Bullera, Candida, Cryptococcus, Cystofilobasidium, Debaryomyces, Leucospo-
ridium, Metschnikowia, Mrakia, Pseudozyma, Rhodotorula and Trichosporon
comprise species already identified as food-associated psychrotolerant yeasts
(Davenport 1980; Dijkman et al. 1980; Schmidt-Lorenz 1982; Banks and Board
1987; Russell 2009).

Guerzoni et al. (1993) investigated 28 commercial chilled food products from
seven manufacturers, including fish and meat, mayonnaise salads, cooked vegeta-
bles and intermediate moisture vegetables and fish food. The yeast species appeared
to be rather uniform irrespective of the type of food; only the frequencies varied.
The majority of the isolates belonged to Y. lipolytica, Pichia membranifaciens and
D. hansenii. Physiological characterisation of the representative isolates belonging
to these three species (minimum growth temperature, tolerance to low water activity
and preservatives, protease and lipase activity, cell hydrophobicity) revealed that
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they have very few common characteristics. The authors came to the conclusion
that the spoilage potential of each species is linked to different physiological
peculiarities. Diriye et al. (1993) isolated yeasts from the surface of frozen fish,
poultry, vegetables and mushroom and identified yeast strains as belonging to the
genera Candida, Pichia, Cryptococcus, Rhodotorula and Saccharomyces; the most
frequent species were Candida zeylanoides, Y. lipolytica, Trichosporon cutaneum
and Rhodotorula rubra (now Rhodotorula mucilaginosa). Recently published
textbooks and reviews analysed the typical yeast biota of different chilled and
frozen foods (Fleet 2003; Fröhlich-Wyder 2003; Samelis and Sofos 2003; Stratford
2006; Fleet 2007; Deák 2008; Tamang and Fleet 2009; Fleet 2011) and came into
similar conclusions as the previously referred authors, namely, those yeasts which
survived the cold stress and prolonged exposure to low temperature (i.e. refriger-
ation or freezing) and were associated with food raw materials and processed food
became cold-adapted; the culturable cells of these populations could be isolated as
typical yeast biota associated with these types of food. It is not surprising that these
species belong to the same genera of basidiomycetes and ascomycetes yeasts which
harbour the most cold-adapted yeast species; several of them are members of the
spoiling associations in chilled and frozen food.

The length of the lag phase of a growth curve is a good indication of the
adaptation period of the cells to certain food-derived stress factors like high salt
and sugar concentrations, low pH, low temperature and preservatives. The appli-
cation of low temperature (between 3 and 10 �C) as a single stress for D. hansenii,
P. membranifaciens and Y. lipolytica food isolates by Guerzoni et al. (1993)
showed that D. hansenii had the shortest lag phase among the three yeasts, but
Y. lipolytica had a comparably short lag phase. It was concluded by Betts et al.
(1999, 2000) that the lag phase was the most important factor affecting the
spoilage potential of a cocktail of spoilage yeasts and the low temperature had a
major effect on the lag phase in high-salt, low-pH food.

23.3.2 Tolerance and Adaptation of Spoilage Yeasts
to Food-Related Stresses

What is the effect of temperature decrease to the level of minimum temperature of
growth or below, including freezing, and why can different yeast species tolerate it
to a different extent? There are quite a few data in answer to these questions,
especially in quantitative manner concerning yeast species other than S. cerevisiae,
although this species is an excellent model in the analysis of different stress
responses and tolerance, including food-relevant stresses.

Biochemical, genetic and molecular responses of S. cerevisiae to different
physical and chemical environmental stress factors have been extensively studied
by using chemogenomics, transcriptomics, proteomics and metabolomics
approaches (Smits and Brul 2005; Walker and van Dijck 2006; Zakrzewska et al.
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2011). A recent publication by Tanghe et al. (2006) provided an excellent over-
view of the general and specific responses of yeasts to the most important envi-
ronmental stress factors, where the stress responses of the highly osmotolerant
yeasts (Z. rouxii, D. hansenii), the thermotolerant yeast Ogataea polymorpha
(formerly Hansenula polymorpha), the human pathogenic Candida albicans and
the other model yeast S. pombe were also analysed at a molecular level beside S.
cerevisiae. Focused discussion of D. hansenii (teleomorph of Candida famata),
mainly from a biotechnological point of view, displays the adaptive and tolerance
mechanisms of cells to high-salt environment, which is highly supported by the
available genome sequence data of this yeast (Aggarwal and Mondal 2009; Sibirny
and Voronovsky 2009). A recent review article from Teixeira et al. (2011)
emphasised the close correlation between the general and specific stress responses
and the ability of cells to cope with many environmental insults imposed during
food production and preservation processes, which could have an insight into the
direction of spoilage. It is important to note that although S. cerevisiae is most
known from its positive role in the production of food, especially alcoholic bev-
erages, it can cause serious spoilage by the fermentation of fruit juices even at low
temperature. Aguilera et al. (2007) described the high-osmolarity glycerol (HOG)
signalling pathway as playing an essential role in controlling the adaptive response
to cold stress, which is a well-characterised signalling and osmoadaptation path-
way in S. cerevisiae (Hohmann 2002). Abe and Minegishi (2008) found that cold
sensitive mutants exhibited marked high-pressure sensitivity and concluded that
tolerance and adaptation to high pressure and cold temperature use very similar
signal transduction methods, namely the TOR (target of rapamycin) pathway.

Hydrostatic pressure processing (HPP) is used for inactivation of microorgan-
isms and enzymes in different food products, especially in liquid foods (fruit
juices, jams, sauces, milk), fish and fermented milk products (fresh curd cheeses)
aiming to extend the self-life and increase the safety of food while retaining the
sensory characteristics of fresh products. Vegetative cells of yeasts are similarly or
a little more sensitive to pressure at the range of 300-600 MPa than bacteria,
although its effectiveness is influenced by a number of extrinsic and intrinsic
factors (pH, temperature, Aw, solute concentration, complexity of the food matrix).
It has been shown by Patterson (2005) that acidic pH and high hydrostatic pressure
(HHP) have synergistic effects in cell inactivation and the cells are more sensitive
to HHP treatment at refrigeration or freezing temperatures than ambient temper-
ature. According to Daryaei et al. (2010) Y. lipolytica and C. zeylanoides—two of
the most frequent proteolytic cold-adapted spoilage yeasts—displayed different
sensitivity to pressure in fermented milk. Y. lipolytica was recovered during chilled
storage, while C. zeylanoides remained below the detection level during this
storage period. Palhano et al. (2004) found that exposure of yeast (S. cerevisiae)
cells to cold shock (10 �C) prior to HHP resulted the induction of barotolerance.
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23.4 Problems Caused by Cold-Adapted Spoilage
Yeasts in Food

Processing and/or storage of food at chilled temperatures (between 0 and 8 �C)
provide special conditions for the associated microorganisms and ensure the sur-
vival of psychrotolerant vegetative cells and spores. Cooling and cold storage of
food will inactivate the bacterial cells, while the more tolerant yeast cells survive.
As it has been mentioned before, cells in the exponential phase of growth are more
sensitive to the environmental stresses than stationary phase cells (Herman 2002;
Zakrajsek et al. 2011); therefore, contaminants coming from the environment have
a better chance to survive than the food-fermenting yeast biota. The accumulation
of protective metabolites like trehalose, glycogen and glycerol in the cells has been
proven to be a special response to several food-derived physical and chemical
stresses (e.g. nutrient limitation/starvation, osmotic and ethanol stress). Other
adaptive responses also aim to allow the species to survive the food preservation
processes and will result in the selection of cells with resistance to multiple stress
factors (Fleet 1999; Brul et al. 2002, 2003; Querol et al. 2003; Smits and Brul
2005; Walker and Van Dijck 2006; Teixeira et al. 2011).

Food-related factors have a combined effect on the growth of common spoilage
yeasts. Available data in most cases only describe the effect of a few factors using
kinetic growth models (Betts et al. 1999). To include more factors in mathematical
models, the data collection technique based on the onset of growth (growth/no
growth models) can be used. This model makes it possible to predict the likelihood
of yeast spoilage of fruit-/alcoholic-based foods or drink products and even can
give an indication of whether spoilage is likely to be slow or rapid (Evans et al.
2004). Another opportunity is the application of the model for deduction of the
region where the combination of different factors inhibits the growth of yeasts, and
the determination of efficient preservation techniques is possible (Arroyo López
et al. 2007).

In the last decade, a lot of excellent complete books, book chapters and review
articles have been published dealing with the biodiversity of yeasts having a role in
the environment, biotechnology, food production and spoilage, which discuss both
the beneficial and detrimental roles and activities of yeasts in all types of food
(Loureiro and Querol 1999; Boekhout and Robert 2003; Querol and Fleet 2006;
Rosa and Peter 2006; Fleet 2007; Deák 2008; Satyanarayana and Kunze 2009;
Zakrzewska et al. 2011). Here, we make a short overview of the spoiling potential
and spoiling activities of yeasts in those types of food which are processed and
stored at chilled or freezing temperatures.
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23.4.1 Spoilage of Fruits and Vegetables by Cold-Adapted
Yeasts

Yeasts are present as part of the surface biota of healthy, undamaged vegetables and
fruits. In general, anything that comes into contact with vegetables and fruits has the
potential to contaminate it (Lehto et al. 2011). The main sources of yeasts in nature
are water, air, soil and insects. Amongst airborne yeasts, basidiomycetes have been
reported to predominate, with the airborne biota being largely composed of black
and red yeasts together with Cryptococcus species. Insects can be regarded
as potent carriers of yeasts, especially fruit flies, bees and wasps. They can also
carry fermentative or oxidative ascomycetes (D. hansenii, P. membranifaciens,
S. cerevisiae, P. kudriavzevii (formerly Issatchenkia orientalis) and S. ludwigii),
and even osmophilic yeasts belonging to the genus Zygosaccharomyces (Boekhout
and Phaff 2003; Fleet 2003). Contamination from the soil, especially in the case of
vegetables, is facilitated by the close proximity to the soil (Deák 2008). Water as a
source of yeasts is not restricted only to nature, but is a potential carrier later when
used as a processing aid or as an ingredient in foods.

Although yeasts are often isolated from vegetables and fruits, they typically do
not compete well with bacteria and moulds. The occurring yeasts rarely cause
spoilage because nutrients are limited in the case of intact skin; however, certain
yeasts may contribute to the damage by producing different enzymes like pec-
tinases. As a general rule, vegetables and fruits become more susceptible to
infections as they ripen (Deák 2008).

The storage of vegetables and fruits in cold-storage packinghouses is a widely
used practice. The low temperature provided during storage slows down the
propagation of yeasts; however, this growth at reduced rates can lead to damage,
especially when the products are stored for extended periods of time. Moreover,
some fruits are sensitive to low temperatures and could suffer chilling injuries,
therefore becoming very susceptible to microbial spoilage (Tournas and Katsoudas
2005; Robiglio et al. 2011). Injuries can also be inflicted during harvesting and
handling. Once the physical integrity of the surface has been destroyed, the
internal tissues are exposed, which provides ideal growth parameters for yeasts
(Fleet 2003; Deák 2008; Fleet 2011). Their adaptation to the low temperature used,
nutritional conditions prevailing at the wound site and also their ability to colonise
wounds makes these yeasts potential spoilage organisms (Robiglio et al. 2011).
Differences in the intrinsic properties (Aw, nutrients, pH) of vegetables and fruits
are reflected in the general composition of yeast biota. Fruit spoilage occurs
because of the ability of yeasts to quickly utilise the simple sugars present in these
substrates at the low pH of fruits. Presence of mycocinogenic, proteolytic and
pectinolytic yeast species on these substrates could play an important role in the
establishment and maintenance of yeast communities. In contrast to fruits, vege-
tables have near-neutral pH in addition to high water content and adequate nutrient
composition. In general, basidiomycetous yeasts (Cryptococcus, Rhodotorula and
Sporobolomyces spp.) usually dominate the mycobiota on vegetables, while the
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spoilage of fresh fruits usually results from the fermentative activity of ascomy-
cetous yeasts (Saccharomyces, Zygosaccharomyces, Hanseniaspora/Kloeckera,
Candida and Pichia) (Trindade et al. 2002; Fleet 2003; Deák 2008; Fleet 2011). In
addition, air circulation maintained in storehouses contributes to the distribution of
potential spoilage microorganisms. Also, the close proximity of healthy vegetables
and fruits to damaged or spoiled ones enhances the spoilage potential.

Fresh and healthy characteristics of minimally processed vegetables and fruits
support the widespread distribution of ready-to-use or ready-to-eat vegetables and
fruits.

Salads are produced incorporating a variety of vegetables or fruits. Many of the
ingredients are raw and are therefore sources of microorganisms. Although field
contamination is reduced by partial processing, the effective washing and decon-
tamination of fresh-cut vegetables and fruits is difficult to achieve and the reduction
of microbial counts is typically 100-fold at best. During the processing stages of
fresh-cut products, such as handling, cutting, shredding, slicing and grating, the
microbial load can increase. Moreover, some of these contaminant microorganisms
can grow during the marketing of fresh-cut vegetables and fruit, especially those that
are psychrotolerant, and/or when packaged products are not stored at the temperature
recommended by the provider (usually between 1 and 5 �C). Microbial loads of
unprocessed (whole) products are, in general, lower than those associated with
fresh-cut products. Although great variation in the contamination levels among
salad samples can be observed, yeasts are always present with an overall count up to
6–7 log CFU g-1. Ready-to-use products have a shelf life of a week or more if stored
at refrigerated temperatures. Spoilage is mainly due to psychrotolerant Gram-
negative and lactic acid bacteria (LAB), but a 2–3 log CFU g-1 increase in yeast
numbers with storage time can be observed for a wide variety of yeast species.

In addition to ready-to-eat salads, various types of sprouts have become very
popular in recent years, owing to their nutritional properties; however, the number
of contaminating yeasts of these products can be by far the highest, reaching
numbers as high as 8 log CFU g-1. It is necessary to mention that the mesophilic
and psychrotolerant counts may be of similar magnitude at the time of processing.
Storage at refrigeration temperatures generally selects in favour of the growth of
psychrotolerant microorganisms. Nevertheless, mesophilic microorganisms can
survive and may continue to grow at reduced rates. Selection towards psychro-
tolerant microorganisms in some cases could take place before packaging (e.g.
during storage before processing). Another interesting observation is that the
contamination rate of salads shows seasonality, samples of summer and autumn
months having, on average, significantly higher counts (Tournas and Katsoudas
2005; Tournas et al. 2006; Ragaert et al. 2007; Abadias et al. 2008; Deák 2008;
Caponigro et al. 2010; Lehto et al. 2011).

Yeasts frequently encountered in salads belong to the genera Saccharomyces,
Zygosaccharomyces, Hanseniaspora/Kloeckera, Candida, Pichia, Debaryomyces
and Metschnikowia together with the basidiomycetous yeasts Cryptococcus,
Rhodotorula, Trichosporon and Sporobolomyces. Descriptions of the ability of the
species belonging to the mentioned genera to grow at low temperatures differ in
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the literature, which can be explained by the different physiological properties of
strains belonging to the same species (Bonestroo et al. 1993; Trindade et al. 2002;
Tornai-Lehoczki et al. 2003; Tournas et al. 2006; Fleet 2011). According to
Bonestroo et al. (1993) the growth of spoilage yeasts is only inhibited at storage
temperatures below 3.5 �C, while at a temperature of 7 �C many of the spoilage
yeasts can reach maximum cell numbers within 7–14 days.

Improved market quality may also be achieved through the use of modified or
controlled atmospheres. However, modified atmosphere packaging may encourage
the growth of yeasts (Deák 2008). Moreover, elevated concentration of CO2 could
induce physiological disorders independent of microbiological activity (Ragaert
et al. 2007).

Some vegetable salads are prepared by the addition of mayonnaise or other
salad dressings and may contain even egg, cheese or meat as ingredients. In these
cases, the yeast biota characteristic of meat and dairy products could also be
present. The used mayonnaise and salad dressings usually contain preservatives;
therefore, the role of preservative-resistant yeasts increases, especially when
vinegar is applied (Tornai-Lehoczki et al. 2003).

The role of yeasts in the spoilage of vegetables is higher when fermented
products are prepared because the lactic acid fermentation decreases the pH, thus
providing a favourable environmental condition for the growth of yeasts. In the
case of higher spoilage yeast loads than 3 log CFU g-1, the growth of yeasts in
fermented salad within 2 weeks cannot generally be prevented even by storage at
7 �C. Some yeast can utilise lactic and acetic acids produced by bacterial fer-
mentation, while the above-mentioned acids act as preservatives for other yeasts,
moreover, acetic acid is more inhibitory to yeasts than lactic acid. Besides the
fermentative activity of yeasts, sometimes discolouration (as the consequence of
Rhodotorula growth) and frequent film formation on the surfaces of brines can be
observed (e.g. by D. hansenii, Z. rouxii and P. kudriavzevii) (Bonestroo et al. 1993;
Trindade et al. 2002; Tornai-Lehoczki et al. 2003; Arroyo-López et al. 2008; Deák
2008; Fleet 2011). Some spoilage yeasts like D. hansenii, W. anomalus (formerly
P. anomala), P. membranifaciens and S. cerevisiae (often associated with table
olives) are able to grow at 7 �C and 8 % (w/v) NaCl concentration; however, due
to the synergy between pH and NaCl at low temperatures, the spoilage potential
can be decreased and selected combinations of pH and NaCl can prevent the
growth of strains at 7 �C (Betts et al. 1999; Arroyo-López et al. 2008).

Symptoms of spoilage caused by yeast in case of fruits, vegetables and derived
products can be seen as: (1) visual defects like appearance of yeast colonies on the
food surface, surface discolouration, slimy appearance and accumulation of fluid
inside packages; (2) gas production; and (3) production of off-odours/off-flavours
(Stratford 2006; Ragaert et al. 2007).
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23.4.2 Beverage Spoilage by Cold-Adapted Yeasts

Another important products of food industry are different fruit juices and con-
centrates which have high sugar concentrations and low pH (typically between 2.0
and 4.5). The acidic pH and sugar content are ideal for the growth of fermentative
yeasts, which can lead to product spoilage by the generation of metabolic
by-products (CO2, acids and off-flavours/off-odours). In some cases (e.g. fer-
mentation by S. cerevisiae, D. bruxellensis, S. ludwigii), the produced CO2 can
lead to exploding of bottles. The most common fermentative spoilage yeasts are
similar to those found on fruits and fruit salads (up to 7 log CFU ml-1). In
beverages, spoilage yeast growth can be seen as hazes and clouds above 5 log
CFU ml-1 cell concentration in clear liquids. In case of high sugar concentration,
the products are likely to be spoiled by osmotolerant genera such as Zygosac-
charomyces (Gram et al. 2002; Wareing and Davenport 2005; Stratford 2006;
Tournas et al. 2006; Fleet 2011).

Freshly prepared fruit juices require processing to prevent spoilage. Chilling is
most commonly used to extend the shelf life of unpasteurised products; however,
chemical preservation, pasteurisation, freezing, concentration and/or irradiation
are also widely used. Frequently, a single physical or chemical method is not
enough to preserve fruit products; therefore, the combined action of pH, Aw,
preservatives, refrigeration, and/or pasteurisation is applied (Deák 2008).

In contrast to fruit juices, soft drinks contain less nutrients (e.g. nitrogen
sources) and an acidic and low oxygen environment; therefore, these are spoiled
by relatively few microorganisms, usually yeasts, notwithstanding that many
microorganisms are present from environmental and raw material sources (Tour-
nas et al. 2006; Deák 2008). It has been estimated that 95 % of soft drink spoilage
was due to poor factory hygiene (Stratford 2006). In addition, flavourings, water
and other chemicals are also potential sources of microbial contamination (Waring
and Davenport 2005). When soft drinks are carbonated, the spoilage biota shifts to
carbon dioxide tolerant species, like D. anomala (Stratford and James 2003). The
addition of fruit juices and nutrients to soft drinks enhances the potential for
spoilage, and the emerging spoilage biota is similar to that of fruit juices.

Fruit, vegetables and their products can be a primary source of yeast contam-
ination and the spoilage of many other foods, such as dairy products and bakery
products if they are used as ingredients. Nowadays, there is a high demand for
different frozen unbaked products with different fillings (e.g. pizzas, cakes, pastas).
Some of the contaminating yeasts can grow to spoilage levels during the refrig-
erated storage of these doughs and fillings (Fleet 2011).

Alcoholic beverages like wine and beer have relatively high alcohol content
(8–14 and 3–5 %, respectively) and low pH (3.0–4.0). These properties enable
yeasts to selectively grow and spoil these products. In addition, wines may contain
sulphur dioxide as a preservative, whereas the hop used in beer can have a pre-
servative effect against unwanted microorganisms (Deák 2004; Fleet 2011).
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In the case of beer, the contamination and spoilage can also occur at different
stages. Any yeast, other than the pitching yeast (usually Saccharomyces pastori-
anus and S. cerevisiae), is considered as contaminating wild/foreign yeast during
beer production. However, some species other than Saccharomyces may be used for
fermentation; e.g., D. bruxellensis is commonly used in secondary fermentation for
Belgian style beers and lambic beer. Re-used pitching yeast in brewery is a
potential source of contamination, which can transfer contaminants. Contamination
can lead to different defects during fermentation, like

1. producing various off-flavours;
2. producing hazy beer, especially the growth of wild yeast, like psychrotolerant

Rhodotorula species which sediment very slowly and therefore cannot be
removed by fining;

3. the growth of aerobic film-forming yeast, like P. membranifaciens and
W. anomalus which produce high level of esters and also acetic acid from ethanol;

4. contamination with killer toxin-producing S. cerevisiae strains which will kill
the sensitive brewing yeast strain; and

5. the growth of S. cerevisiae strains able to ferment dextrins (formerly classified
as Saccharomyces diastaticus) may cause attenuation of the beer (Dufour et al.
2003).

During maturation and conditioning, Pichia, Dekkera, Debaryomyces, Candida
species can cause contamination when hygiene control is too low (Hill 2008; Fleet
2011). Beer usually undergoes filtration and/or pasteurisation as the final step
before/after bottling and is therefore not stored refrigerated. After bottling in some
cases, carry-over strains of S. cerevisiae cause turbidity and/or may form sediment
(Deák 2004, 2008; Fleet 2011). There is also a range of new types of beer products
containing lower levels of alcohol (or none at all), and/or fruit juices, that are more
susceptible to spoilage than traditional ales and lagers (Hill 2008).

In the case of wine, spoilage yeasts can originate from the grapes; however,
they can also contaminate the wine during and/or after fermentation. For example,
grape berries are the primary source of the dangerous spoilage yeast D. bruxell-
ensis, while various off-flavours can be produced by wild yeasts during the
alcoholic fermentation of must, especially during sluggish fermentation caused by
low-temperature fermentation in the autumn. However, sometimes, the beneficial
or spoilage effect of the produced compound is dependent only on its concentration
(e.g. in the case of 4-ethylphenol). During the storage of wines, fermentative
species like Z. bailii, D. bruxellensis and oxidative film-forming species such as
P. membranifaciens, P. kudriavzevii can cause problems. Another spoilage type of
wine is the re-fermentation of residual sugar in bottles even at low temperature,
which can be caused by carry-over strains of wine yeasts (S. cerevisiae, Saccha-
romyces bayanus) or Zygosaccharomyces spp. The most dangerous spoilage
yeasts—aside from S. cerevisiae—are Z. bailii, D. bruxellensis and rarely
S. ludwigii (Dequin et al. 2003; Loureiro and Malfeito-Ferreira 2003; Deák 2004,
2008; Fleet 2011).
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In the case of spoiling by Z. bailii strains, it is important to emphasise that
strains of Z. lentus (a psychrotolerant Zygosaccharomyces) have presumably been
previously misidentified as Z. bailii and, as a result of this misidentification, it is
hard to determine how frequently they were participating in spoilage. In addition
to tolerance of low temperatures, Z. lentus has high resistance to many of the
preservatives commonly used in foods (sorbic acid, benzoic acid, acetic acid,
dimethyl-dicarbonate, sulphite); moreover, Z. lentus strains show resistance to
some natural antimicrobials like chitosan and cinnamic acid (Steels et al. 1999b;
Martorell et al. 2007; Kisko and Roller 2012). RFLP analysis of the PCR-
amplified ITS-5.8S region is a suitable method for detecting misidentified strains
(Esteve-Zarzoso et al. 2003).

D. bruxellensis can spoil wines by the production of volatile phenols (e.g.
4-ethylphenol). Spoilage may occur at different stages of the winemaking process;
however, it is often observed during ageing in barrels. The repeated use of barrels
enhances the contamination risk because Dekkera spp. cannot be inactivated by
efficient sanitation (Loureiro and Malfeito-Ferreira 2003). According to Couto
et al. (2005), a low ageing temperature (10–15 �C) is one of the practices that has
been used to limit Dekkera activity in wines. However, Barata et al. (2008b) and
Dias et al. (2003) showed that D. bruxellensis can grow well at 15–16 �C and
produce high amounts of 4-ethylphenol. In addition, Echeverrigaray et al. (2013)
isolated several D. bruxellensis strains from Brazilian wines which could grow
even at 10 �C and some of them showed pseudohypha and/or biofilm formation,
which can probably contribute to the entrapment in barrel staves. Different tech-
niques have been investigated which could effectively inactivate D. bruxellensis
strains, like the addition of relatively high doses of sulphur dioxide to prevent
proliferation (Barata et al. 2008a), thermal inactivation of living cells (Couto et al.
2005), or the usage of aqueous steam, gaseous or aqueous O3 to eliminate yeasts in
barrels (Guzzon et al. 2011). D. bruxellensis is quite an elusive yeast species, being
difficult to isolate due to its low growth rate; moreover, upon SO2 exposure, cells
can transform into the VBNC (viable but not culturable) state (Malfeito-Ferreira
2011; Serpaggi et al. 2012). Owing to the potential role in economic losses in the
wine industry, various methods have been developed for detection and identifi-
cation of D. bruxellensis strains, like the use of selective/differential media
(Rodrigues et al. 2001), long-chain fatty acid analysis (Malfeito-Ferreira et al.
1997; Loureiro 2000), different PCR-based method (Loureiro and Malfeito-
Ferreira 2003), real-time PCR analysis (Puig et al. 2011; Tofalo et al. 2012) and
PNA FISH (fluorescence in situ hybridisation using peptide nucleic acid probes)
(Loureiro and Malfeito-Ferreira 2003).

23.4.3 Spoilage of Dairy Products by Cold-Adapted Yeasts

Yeasts could be generally isolated from all types of dairy products including milk,
and from the processing and storing environment of dairy products. Yeasts have
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substantial roles in the production and maturation of certain fermented dairy
products like kefyr, cheeses, koumiss and several artisanal products; moreover,
they have a positive role in the production of special flavour and aroma compo-
nents, which is more often the focus of product development (Fleet 1990b;
Romano et al. 2006; Tamang and Fleet 2009). As milk and dairy products are
typically processed and stored at chilled temperatures, cold-adapted yeasts may
have a basic role in spoilage, which are already adapted to one or more of the other
intrinsic factors characteristic to the different types of dairy products (low pH
values, high salt concentration, preservatives, available nutrients such as lactose,
lactic and citric acid, milk proteins and lipids). Besides cold tolerance, one or more
of the following inherent properties of the yeasts that are able to survive and
multiply in dairy products have been defined: their ability to ferment or assimilate
lactose, assimilate lactic or citric acid, produce cold-adapted extracellular prote-
olytic and lipolytic enzymes, and tolerate low water activity and elevated salt
concentrations (Fleet 1990b; Jacobsen and Narvhus 1996; Fröhlich-Wyder 2003).

Biodiversity and characterisation of yeast biota in milk, fermented milk prod-
ucts and cheeses produced with different traditional manufactural and commercial
technologies and under different climatic conditions were extensively studied.
Molecular biological techniques provide more exact and easier identification and
typing of both the culturable and non-culturable (e.g. VBNC) yeasts in comparison
to the traditional ones, which resulted in a clearer picture of the biodiversity and
survival of yeast biota in dairy products. These new results confirmed that the
incidence of different yeast species isolated from a large variety of dairy products
shows huge variation, but certain species occur at a higher frequency or even
dominate in certain products. These are Candida catenulata, Candida intermedia,
Candida lusitaniae (now Clavispora lusitaniae), C. parapsilosis, Candida rugosa,
C. zeylanoides, Cryptococcus curvatus, D. hansenii, G. geotrichum, P. kudriavzevii,
K. marxianus, Klyveromyces lactis, Y. lipolytica, Pichia fermentans, P. membrani-
faciens, Rhodotorula glutinis, R. mucilaginosa, K. exigua, S. cerevisiae, Torulaspora
delbrueckii and T. cutaneum (Fleet and Mian 1987; Fleet 1990b; Fröhlich-Wyder
2003; Vasdinyei and Deak 2003; Lopandic et al. 2006; Latorre-Garcia et al. 2007;
Bockelmann et al. 2008; Deák 2008; Tamang and Fleet 2009; Yalcin and Ucar
2009; Chen et al. 2010).

The same non-starter yeasts, which are present in products without influencing
the quality or even considered as beneficial, may be detrimental if environmental
conditions allow their excess growth. Sources of the indigenous yeast biota have
been identified as the environment of milk producing farms, farm workers, raw
milk, processing equipments and their environment, and brine or non-dairy
ingredients like fruits and flavouring compounds. Therefore, GMP, hygiene and
sanitation measures are important in controlling the introduction of potential
spoiling yeasts during processing. Dairy yeasts like D. hansenii, C. versatilis and
T. delbrueckii, however, have been found to be resistant to commercial sanitisers
and cleaning compounds, which could explain the relatively high number of these
yeasts, even under careful sanitation of the processing lines (Laubscher and
Viljoen 1999).
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The introduced spoiling yeasts can cause packages to blow as the result of the
production of carbon dioxide, which is typical to the strongly fermenting yeasts
K. marxianus, K. lactis and S. cerevisiae, by the utilisation of milk lactose or the
galactose produced by lactic acid bacteria. Fermented milk products and cheeses
are more prone to yeast spoilage. Non-fermenting yeasts can form slime on the
surface, produce off-flavours and off-odours, may cause softening as the conse-
quence of lipase and protease activity, and cause discolouration or colour spots on
the surface (Fleet 1990b; Tudor and Board 1993; Jacobsen and Narvhus 1996;
Fröhlich-Wyder 2003; Fleet 2011).

23.4.3.1 Milk

Yeasts are generally not considered to be responsible for milk spoilage, although
they constitute the microbiota of fresh cow milk. During the storage of milk at low
temperatures, psychrotolerant bacteria (Pseudomonas, Acinetobacter) compete
with yeasts and quickly overgrow them. Frequently identified milk-associated
yeasts belong to the genera of Candida, Brettanomyces, Dekkera, and Geotrichum
(Fleet 1990b; Corbo et al. 2001; de Araújo Viana et al. 2010). PCR-DGGE
analysis of raw milk samples for yeasts allowed the detection of twelve different
species and showed that K. marxianus and K. lactis were present in high fre-
quencies beside the dominant Candida spp. (Cocolin et al. 2002). de Araújo Viana
et al. (2010) isolated Candida buinensis with strong extracellular protease activity
and it was found that the enzyme exhibited broad stability ranges of pH and
temperature. Lavoie et al. (2012) made a comprehensive survey of 19 dairy farms
in Quebec (Canada) and found a big biodiversity of yeasts. The isolates belonged
to 37 species across 11 genera and each farm had a unique species profile and
composition. It has been demonstrated that milk isolates of I. orientalis (now
P. kudriavzevii) could survive the cheese-making process and the same MLST
(multilocus sequence typing) genotypes developed in raw milk cheese. Camel milk
samples investigated by Njage et al. (2011) contained a similar spectrum of yeast
species as the cow milk, but the most frequently isolated yeast was S. cerevisiae.

Roostita and Fleet (1996) tested the growth of C. catenulata, Y. lipolytica,
K. marxianus, D. hansenii and S. cerevisiae in milk at 10 and 24 �C and found
considerable growth in both temperatures. The addition of NaCl up to 15 % (w/v)
inhibited growth, which was more pronounced at low temperature and S. cerevi-
siae died off in the presence of 15 % NaCl at 10 �C. Y. lipolytica and C. catenulata
exhibited both proteolytic and lipolytic activity, but Y. lipolytica was stronger in
this respect. Protease and lipase activity of Y. lipolytica in milk was decreased but
not inhibited by either low temperature or the presence of NaCl. Skimmed milk
was found to be the best substrate for the production of alkaline extracellular
protease and ribonuclease by Y. lipolytica cheese isolates secreting also an
abundant quantity of acid proteases, lipases and phosphatases (Akpinar et al.
2011).
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23.4.3.2 Fermented Milk Products

Typical cold-adapted spoilage yeasts are frequently detected in fermented milk
products made from pasteurised milk (butter, yoghurts, sour milk) without any
symptoms of spoilage (Fleet and Mian 1987; Fleet 1990b; Fröhlich-Wyder 2003;
Vasdinyei and Deak 2003; Lopandic et al. 2006; Tamang and Fleet 2009). During
the chilled storage of these products, especially yoghurt, yeasts can start growing
because the acidic pH will select the contaminating yeasts in favour of the lactic
acid bacteria (Viljoen 2001, 2006). Lactose- and galactose-fermenting yeasts
belonging to the genera of Kluyveromyces, Candida and Pichia are mostly isolated
from spoiled plain yoghurt, whereas Saccharomyces spp. are frequently the
causative agents of fruited and flavoured yoghurts, due to the fermentation of the
added fruit and/or sugar. Blowing and the generation of off-flavours and off-odours
will be evident around the concentration of 5–6 log CFU g-1. Non-fermenting
yeasts such as Cryptococcus and Rhodotorula were also reported to occur in
spoiled plain yoghurt (Fleet 1990b, 1992; Deák and Beuchat 1996; Giudici et al.
1996; Loureiro and Querol 1999; Caggia et al. 2001; Fröhlich-Wyder 2003;
Mataragas et al. 2011). Inoculation of yoghurt samples with the most frequent
spoiling yeasts in 3 log CFU ml-1, by Fleet and Mian (1987) it was found that
D. hansenii, Rhodotorula diffluens and C. albidus were able to reach more than
7 log CFU ml-1 during 15 days of incubation at 5 �C, had even better growth
than K. marxianus at this temperature.

23.4.3.3 Cheese

Cheese microbiota has an essential role in cheese manufacturing; quality and
safety are strongly influenced by the activity of the evolving microorganisms
during fermentation, maturation and storage. The interaction of yeasts with lactic
acid bacteria and other, less acid-tolerant bacteria and with moulds is a very
complex phenomenon, which is more commonly understood but it still far from
successful. Thanks to the new molecular, analytical and physiological tools,
together with the development of the genomics, proteomics and metabolomics of
the cheese-related microorganisms, the role and activity of yeasts in the cheese
ecosystem have been identified (Viljoen 2001, 2006; Fleet 2007; Irlinger and
Mounier 2009).

The role of yeasts in cheese spoilage is well documented from historic to more
recent research articles, books and reviews, and it can be concluded that a wide
range of yeasts associated with dairy products could be isolated from cheeses, but
their spoiling potential is strongly influenced by the type of cheese and ecological
factors. Sources of yeasts are the processing environment (brine, water, equip-
ments and workers) if cheese is made from pasteurised milk (Fleet 1992; Tudor
and Board 1993; Deák and Beuchat 1996; Tamang and Fleet 2009), while raw
milk could be the source of yeasts as well. Clonally identical strains of the stress-
resistant yeast species present in raw milk (P. kudriavzevii) have been re-isolated
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from cheese processed from the same raw milk (Lavoie et al. 2012). Fresh, unripe
cheeses like cottage cheese are considered to be the most prone to yeast spoilage.
Lactose-fermenting (e.g. K. marxianus) and non-fermenting yeasts (e.g.
P. membranifaciens) can grow to populations of 6–7 log CFU g-1 during refrig-
erated storage and cause deterioration with symptoms such as gas formation, the
development of visible colonies, layers and slime on the surface of the products or
can generate unpleasant odours and flavours (Brocklehurst and Lund 1985; Fleet
1990b; Tudor and Board 1993; Fröhlich-Wyder 2003). A wide range of yeasts, all
of which have been considered as cold-adapted species, were reported to be
associated with such types of spoilage, namely C. parapsilosis, C. rugosa, Can-
dida sake, C. zeylanoides, Cryptococcus laurentii, D. anomala, D. hansenii, G.
geotrichum, P. kudriavzevii, K. marxianus, Y. lipolytica, P. fermentans, P.
membranifaciens, Rhodotorula spp, Sporobolomyces roseus (anamorph of Spor-
idiobolus metaroseus), and T. delbrueckii. Over-ripening of hard and semi-hard
cheeses by lactose-fermenting yeasts during maturation can lead to increased
acidity, gassiness and fruity flavour, or the ongoing hydrolysis of milk proteins and
lipids may result in softening, bitter and rancid flavours (Fleet 1990b, 1992; Tudor
and Board 1993; Deák 2008).

23.4.4 Spoilage Caused by Cold-Adapted Yeasts of Raw
Poultry, Meat, Fish and Derived Products

The application of chill temperature during the storage of meat and meat products
or the operation of processing lines is indispensable; therefore, low temperature is
the major intrinsic factor that determines the survival and growth of microorgan-
isms under these conditions. There are numerous publications including research
articles, review papers and book chapters describing yeast biodiversity of different
raw and processed meat, poultry and seafood, which has been recently reviewed
together with the analysis of the physiological characteristics of the more frequent
meat-associated yeast species by Deák (2008). Yeasts belong to the permanent
microbiota of raw meat, but their selection, survival and growth are strongly
influenced by the intrinsic properties of the food, environmental factors, their
inherent properties and interaction with other members of the indigenous micro-
biota (mainly bacteria), as well as the processing technologies. Tudor and Board
(1993) made a review of the food-associated yeasts and found that more than half of
the reported roughly 200 species have been isolated from raw and processed poultry
and red meat. The beneficial role of yeast biota is well pronounced only in certain
fermented meat products, such as the maturation of dry fermented sausages and raw
hams, by the production of specific flavour compounds and a red colour. The
hydrolysis of meat proteins and lipids as well as scavenging the oxygen by special
strains of D. hansenii and Y. lipolytica are mainly responsible for these positive
effects (Samelis and Sofos 2003; Romano et al. 2006; Tamang and Fleet 2009).
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Fluctuating populations of diverse yeast species could be detected in raw meat and
under processing conditions if they can successfully compete with the bacterial
populations present. Meat-associated yeasts cause spoilage only in rare cases; under
situations when the inhibition of bacteria in the spoiling associations is restricted,
the elevated resistance or better adaptation to several food-related stresses will
allow the yeasts to grow. Another reason for spoiling could be the addition of
readily utilisable carbohydrates, which enhances the multiplication of the yeast
cells present (Fleet 1992; Tudor and Board 1993). Dillon and Board (1991) con-
sidered the main factors governing the biodiversity and activity of yeast biota in
meat from the abattoir to the final products: (1) contamination of fresh meat in the
abattoir through the hide, hair and fleece of the animals, as well as the local
environment, facilities and workers; (2) characteristics of meat as a medium for
microbial growth; (3) storage conditions of raw meat (aerobic or anaerobic chilled
storage or freezing); and (4) chemical and biochemical processes as a consequence
of microbial growth and activity at chilled temperature (excretion of hydrolytic
enzymes, production and metabolism of organic acids) v) effect of the processing
conditions (Aw, temperature, pH, pO2, pCO2, additives and preservatives).

Yeasts associated with the freshly slaughtered livestock (poultry and other
animals) originate mainly from the hide, hair, fleece and feather are the sources of
primary contamination of meat. As a consequence, the biodiversity of this yeast
biota resembles that of the agro-ecosystem typical of livestock farms. Yeasts
constitute only a small part (generally less than 1 %) of the residential microbiota;
the majority of them, however, belong to the cold-adapted basidiomycota and
ascomycota yeasts, and strongly fermentative species are sparse (Dijkman et al.
1980; Dillon and Board 1991; Deák 1998).

Fresh red and poultry meat are the ideal medium for microbial growth because
it has a close to neutral pH, high water content (Aw = 0.99) and is rich in nutrients
and minerals. Under chilled storage conditions, psychrotolerant Gram-negative
bacteria (Pseudomonas, Acinetobacter, Aeromonas, Hafnia) will be selected out
and grow much faster than the psychrotolerant yeasts, which have also been
elected from the original yeast biota.

Ascomycetes will predominate during the storage of poultry meat, but basidi-
omycetes yeasts are still significant. The most frequently isolated species are
Y. lipolytica and C. zeylanoides; they mostly comprise more than half of the total
yeast isolates originating from different raw and processed poultry meat, but other
Candida and different Cryptococcus, Rhodotorula, Metschnikowia and Tricho-
sporon species also occur in considerable quantities. D. hansenii isolates were
found in a higher ratio in processed poultry than in fresh meat. Most of the species
had proteolytic and lipolytic activities, the level of the secreted enzyme activities
was, however, strain-dependent (Viljoen et al. 1998; Ismail et al. 2000; Belak et al.
2011). Hsieh and Jay (1984) reported similar yeast diversity in fresh and spoiled
ground beef, than in those typical to poultry; Y. lipolytica and C. zeylanoides were
the dominating species in this case, too. Although yeast populations frequently
reach 4–6 log CFU g-1 in different raw meats during chilled storage, bacteria
always grow faster and have cell numbers of two or three orders of magnitude
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higher than the yeasts; therefore, their putrefactive spoilage can mask any sensory
defect caused by yeasts (Nychas et al. 1998; Samelis and Sofos 2003). It should be
mentioned that Peter et al. (2004) identified a novel yeast species, Candida galli by
molecular technique, which have been isolated from poultry and harbours similar
physiological characteristics than Y. lipolytica.

Spoilage of raw fish by yeasts under chill storage is not important for similar
reasons as poultry and red meat. Psychrotolerant bacteria quickly overgrow the
yeasts, which originate from the water, but further processing (heat treatment,
addition of nitrate or spices) may increase the incidence of spoiling (Tudor and
Board 1993; Gram and Huss 1996; Deák 2008).

Diversity of yeast biota in a wide range of cured, dried and fermented meat
products has been thoroughly analysed and well documented (Walker and Ayres
1970; Deák and Beuchat 1987; Tudor and Board 1993). Reviews have been
published recently by Davies and Board (1998), Dillon and Board (1991), Fleet
(1992), Samelis and Sofos (2003) and Tamang and Fleet (2009).

These types of meat products are more prone to spoilage by yeasts than raw
meat and it is highly predictable, because bacterial growth is restricted or pre-
vented by the intrinsic factors typical to the cured, dried and fermented meat
products; as a consequence, more stress-tolerant yeasts started to grow under
chilled storage. The main factors that are conducive to yeast growth are low Aw

value (0.83–0.87) and high salt content, the addition of sulphite as a preservative,
acidic conditions, nutrient limitation and storage up to -5 �C. Yeasts may have an
indirect role in meat spoilage by permitting or even supporting the growth of food-
spoiling bacteria. The inhibitory effect of sulphite could be reduced by yeasts via
the production of acetaldehyde; moreover, yeasts can utilise organic acids (lactic,
citric and acetic acids) produced mainly by lactic acid bacteria; therefore, the pH
will increase and the spoiling bacteria have a chance to grow (Tudor and Board
1993). New preservation technologies like c-irradiation, high hydrostatic pressure
(HHP), and modified atmosphere packaging (MAP) also select the generally more
resistant yeasts, which can start growing during chilled storage (Deák 2008).
Excessive growth of D. hansenii, Y. lipolytica, C. zeylanoides, C. parapsilosis,
Pichia spp., Cryptococcus spp. and Rhodotorula spp. has been reported to lead to
spoilage by causing yeasty or fruity off-odours, and the development of spots, film
layers or slime on the surface of meat products, depending on the type of the
products and the spoiling species or strains (Fleet 1992; Tudor and Board 1993).
Knutsen et al. (2007) described a novel species, Candida alimentaria, which was
first isolated from cured meat/ham and resembles Y. lipolytica from physiological
characteristics. Molecular identification based on the rDNA sequences provides
the only way for recognition and exact identification.

In spite of the extensive studies on the biodiversity of yeasts occurring in raw
and processed meat products, as the consequence in the differences in the quality
of raw materials, processing and storage technologies including the temperatures,
it is difficult to draw clear conclusions regarding the positive, neutral or negative
effects of the indigenous yeast biota. Great variations in the sampling, cultivation
and identification techniques also cause difficulty in the comparison of published
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results, especially regarding the spoiling potentials of the reported spoiling yeast
species. Progress in yeast phylogeny, recognition of the anamorphic and teleo-
morphic states of certain yeast species as well as the availability of molecular
techniques for identification and typing provided an opportunity to make progress
in this field. Nielsen et al. (2008) performed a systematic study by quantifying the
occurrence of yeasts in five different processed pork meat products (bacon, ham,
salami and two different liver patés). Yeasts were isolated, enumerated and
identified in raw materials, during processing and in the final products at the
beginning of the storage (at 5 �C) and at the end of shelf life. The spoiling
potential of the most frequently isolated species has been tested by a challenge test,
storing the products under a low oxygen/high carbon dioxide atmosphere at two
different temperatures (5 and 8 �C). In general, the number of yeasts was low in
the meat and the additives (spices, colourants, etc.), and it decreased considerably
to the end of processing, in most cases below the detection limit. Further decrease
in the number of yeasts was registered during storage (at 5 �C); only one out of the
25 investigated samples contained yeasts at a detectable level. These results
confirm that GMP and satisfactory hygiene standards can reduce the probability of
yeast spoilage of processed meat products. At the same time, the identification of
the yeast isolates by a polyphasic approach (Jespersen et al. 2005) indicated the
presence of a complex yeast biota during the production phases. In general, the
prevalence of yeasts was found in the raw materials and during processing, but the
smoking step drastically decreased their number below the detectable level.
Increases in the ratio of C. zeylanoides and C. alimentaria during the early pro-
cessing phase make it probable that these two species are well adapted to the food-
related stress at cold temperatures. D. hansenii was detected at a much lower
frequency, if any, before smoking, its population slightly increased after this step,
although it could not be detected at the end of storage. The low incidence of
Y. lipolytica might indicate that a considerable ratio of C. alimentaria isolates were
(mis)identified in former investigations as Y. lipolytica. Challenge tests with the
application of isolates belonging to the most frequent eight different yeast species
indicated that C. zeylanoides, D. hansenii and C. sake were able to grow under
MAP conditions to that level, which can potentially cause symptoms of spoilage if
the starting (inoculated) cell number is between 2–3 log CFU g-1. In case of
C. alimentaria and Cryptococcus victoriae, a large difference was found in the
growth of the different stains tested.

23.5 Strategies to Reduce the Impact of Cold-Adapted
Spoilage Yeasts in Foods

Economic consequences of food spoilage include the loss of food products, cost of
product recall and disposal, plant clean up and sanitisation, and it may have an
adverse impact on company reputation. Estimation of the level of yeast spoilage is
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difficult, because it is rarely reported and consumer’s perception of the symptoms
is underestimated; however, the cost must be considerable (Stratford 2006; Fleet
2011). Since majority of spoilage yeasts are cold-adapted, destruction of raw and
processed food by spoilage yeasts at chill temperature is highly predictable if
growth of the competitive psychrotolerant bacteria is restricted during storage.

It is a general trend in food production that degree of processing and storage
under chill conditions are increasing and consumer’s attitude turned into the
direction of demanding fresh, natural and preservative-free products with satis-
factory shelf life. Preparation of minimally processed, ready-to-eat food is also
increasing, which also need chilled storage. Ecological factors are generally more
favourable for growth of cold-adapted yeasts than psychrotolerant bacteria in these
types of products; therefore, food zymologists are challenged by these new trends
in product development.

Estimation of shelf life of the products would require not only the exact
characterisation and quantification of the intrinsic and extrinsic factors, but also
determination of the biodiversity of the associated yeast biota, as well as the
detection, identification and quantification of the potential spoiling species. A big
progress took place in the detection and identification methodology of yeasts
during the last decades, although, techniques for monitoring and controlling the
food-associated yeasts at industrial level practically remained unchanged. Some
positive examples, however, have to be mentioned like development of selective
and differential media for the detection and enumeration of Y. lipolytica, K. lactis,
K. marxianus, D. hansenii and Dekkera spp. Nucleic acid-based typing and
identification methods are extremely powerful techniques in research but there is a
big gap between the industry and science in the application for routine diagnostic
purposes. It would be necessary to prove the efficiency of the new diagnostic tools
in detection and controlling of food-spoilage yeasts, which requires well-trained
industrial microbiologists and acceptable cost of the tests (Loureiro and Malfeito-
Ferreira 2004; Deák 2008).

Predictive microbiology has been established and developed fast during the last
decades, which is based on the quantitative evaluation of the microbial responses
and growth in different environmental matrices such as the food. Several software
packages have been constructed, which allow prediction of microbial responses to
the most important food-related environmental factors such as the temperature,
Aw, pH, atmosphere composition, preservatives and nutrient concentration.
Spoilage yeasts are, however, seldom in these databases. The other drawback of
predictive microbiology is that most of the outcomes have not necessarily trans-
ferred into the practice of food processing and product development. Present trends
in this field include the revision of web-based data-retrieving tools and strength-
ening the practical use in the food processing settings (Baranyi and Tamplin 2004;
Psomas et al. 2012; Koseki 2013).

McMeekin et al. (2013) revisited the ‘‘traditional’’ predictive microbiology and
emphasised the crucial role of temperature in the growth rates. Theoretical and actual
minimum temperatures for growth have been defined together with eleven regions
on the temperature versus growth rate curves, which reflect the physiological
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responses of the microorganisms (mostly pathogenic and spoilage bacteria). In
predictive microbiology, these authors turn from the current empirical to the
mechanistic models by the utilisation of the extended knowledge in microbial
physiology, ‘‘omics’’ technologies and bioinformatics. Expectedly cold-adapted
spoilage and beneficial yeasts will have special attention in the reconstructed models
of predictive microbiology. Increasing roles of stress-tolerant yeasts as model
organisms in studying the general and specific adaptive responses to food-relevant
stresses may contribute to better understanding of the spoiling potential and to
reduce the impact of cold-adapted spoilage yeasts in foods.

23.6 Conclusions

Yeasts are permanent constituents of the food-associated microbiota, although they
are not able to compete with the faster growing bacteria under favourable condi-
tions. Several yeast species have characteristic tolerance against food-related stress
factors like acidic pH, high salt or sugar concentrations and preservatives; there-
fore, they can overgrow the generally less tolerant bacteria and moulds under these
conditions. Spoilage of food by yeasts at low temperature is predictable if growth of
psychrophilic and psychrotolerant bacteria is retarded or prevented by other stress
factors, thus allowing growth of typical highly tolerant yeast species. Diversity of
food-spoilage yeasts is quite narrow, only about 10 % of the food-associated yeast
biota (20 out of the 150–200 species) is most frequently reported (Fleet 2011).
Majority of the spoilage yeasts are psychrotolerant; therefore, spoilage of chilled
food by yeasts could be expected if the environmental conditions are unfavourable
for the growth of the psychrophilic and psychrotolerant spoilage bacteria.

Some spoilage yeast species (e.g. S. cerevisiae, K. marxianus, S. pombe,
D. hansenii) are beneficial in the production or maturation of certain foods, or are
even used as starter cultures or adjuncts in fermented dairy and meat products, but
under special conditions or in an other types of food, these yeasts may cause spoiling.

Significant progress in the molecular analysis, identification and taxonomy of
yeasts, and better understanding of the biochemical, genetic and physiological
background of stress tolerance and adaptation mechanisms of potential food-
spoilage yeasts allowed more precise identification of contamination sources and
the yeasts themselves. Molecular mapping of the signal transduction routs and
determination of their regulation promoted understanding the behaviour of yeasts
under stressful conditions and adaptation to the changing environment (Smits and
Brul 2005; Teixeira et al. 2011). It might be expected that the increasing
biotechnological interest of some cold-adapted spoilage yeasts will generate new
scientific results and this knowledge will help reduction of the economic losses as
the consequence of food spoilage (Rosa and Peter 2006; Satyanarayana and Kunze
2009). Progress in predictive microbiology is an important aid in prediction of
spoilage, although more attention should be given to yeasts beside the spoilage
bacteria in the future (McMeekin et al. 2013).
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