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A B S T R A C T

Over the decades, basic research in life sciences has profited greatly from the study of the

small unicellular fungal species Saccharomyces cerevisiae. This yeast turned out to be key

for the identification and understanding of molecular mechanisms that underlay the basic

functions of all eukaryotic cells. These include, but are not limited to, the regulatory

mechanisms behind cellular reproduction (cell cycle control), cellular morphogenesis (cell

polarity, cytoskeleton and membrane trafficking) and the management of cellular

information (chromosome biology, transcription and translation). Rapid access to genomic

information of many yeast species, combined with bioinformatics analyses, provide

information on the evolutionary history of yeasts and the molecular ancestry of their

constituents. The availability of a comprehensive list of experimental procedures for these

organisms presents now a unique opportunity to learn about variations of molecular

processes on an evolutionary scale. Yeast cell morphology is another interesting factor,

since cellular shapes influence the interactions with the environment on all levels. In this

overview article I provide a short summary of the relevant aspects of yeast cell

morphology, in particular in relation to one of the most influencing processes, cellular

reproduction by mating and meiosis.

� 2011 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

R É S U M É

Depuis des décennies, la recherche biologique fondamentale a fortement profité de l’étude

du champignon unicellulaire Saccharomyces cerevisiae. Cette levure s’est avéré être un

organisme clé pour l’identification et la compréhension des mécanismes moléculaires à la

base des fonctions fondamentales de toutes les cellules eucaryotes. Ceux-ci incluent entre

autres les mécanismes régulateurs de la reproduction cellulaire (contrôle du cycle

cellulaire), la morphogenèse cellulaire (polarité des cellules, cytosquelette et trafic

membranaire) ainsi que le control des informations cellulaires (biologie des chromo-

somes, transcription et traduction). L’accès rapide aux informations génomiques de

nombreuses espèces de levures, combiné à des analyses bio-informatiques fournit des

informations sur l’évolution des levures. Le nombre considérable de protocoles existant

pour ces organismes offre maintenant une occasion unique d’appréhender les variations
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de processus moléculaires au niveau évolutif. La morphologie des levures est un autre

facteur intéressant, puisque les formes cellulaires ont une influence directe sur les

interactions avec l’environnement. Dans cet article d’aperçu général, je fournis un bref

résumé des aspects pertinents de la morphologie des levures, en particulier par rapport à

l’un des processus les plus importants, la reproduction cellulaire sexuée et la méiose.

� 2011 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits réservés.
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1. Yeast cellular morphotypes

The smallest replicative unit of a eukaryotic cell is
constituted of the nucleus, which however relies on the
cytoplasm for basic functionalities required for replication.
In turn, the smallest functional entity that makes up an
organism is a cell. From this duality – cells and nuclei –
results various basic morphotypes (Fig. 1).

The first morphotype is the syncytium, defined as one
cytoplasm containing many nuclei. This morphotype is not
very frequently observed in yeasts. Yeast species able to
form hyphal syncytia (true septate hyphae), also called
filaments, are for example represented by the strictly
hyphal species Ashbya gossypii from the genus Eremothe-

cium. In hyphae of A. gossypii, the replicative cycle of
individual nuclei is truly uncoupled from cell growth and
the processes in the cytoplasm. In fact, each nucleus is able
to follow its own replicative cycle, irrespective of the
replicative stage of neighboring nuclei [1]. This nuclear
autonomy raises a number of interesting questions in
terms of the molecular control mechanisms of nuclear
division.

The second morphotype is the ‘normal’ one nucleus-one
cell arrangement, where nuclear division and cell division
are tightly coupled via the cell cycle machinery. This
coupling is evident during purely vegetative replication
cycles of yeast cells. For many species this normal cell
[(Fig._1)TD$FIG]
Fig. 1. Basic cellular morphotypes. Hyphae of the yeast species A. gossypii are sho

yeast cell of round or ellipsoid shape divide almost exclusively via bud formation

cell by endobudding.
division occurs also in the first cell division after mating
and zygote formation.

In other species mating may be immediately followed
by meiosis and spore formation. This leads us to the third
relevant morphotype, which is cell division by endobud-
ding, a process comparable to endodyodeny or endopoly-
geny in many protists such as Toxoplasma gondii. Here, cell
replication takes place by the assembly of daughter cells
inside the mother cells from nuclei that have been
generated in one to several preceding nuclear divisions.
This type of cell division involves a break of topology
whereby each nucleus organizes its separation from the
common cytoplasm by assembling a new plasma mem-
brane that is discontinuous from the syncytial plasma
membrane. In the yeasts, endobudding appears to occur
only when linked to spore formation, which involves the
concomitant assembly of a spore wall. Although this form
of cell division is prevalent for the yeasts, there appears to
be no yeast species that uses consecutive cycles of
endobudding as a mode of reproduction, as it is for
example the case for the pathogenic form of the ascomy-
cete fungus Coccidioides immitis.

2. Cell division by budding

Yeasts are classified as fungi whose primary morpho-
logical form is a unicellular cell form that divides by
wn as an example of a polynucleated syncytium (left panels). Vegetatively

adjacent to a mother cell (middle). Spores are assembled inside the mother
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budding or fission. The vegetative cells of many yeast
species that belong to the family of the Saccharomycetaceae

or nearby genera (notably those sequenced by the
Génolevures consortium [2,3]) are of similar ellipsoid or
spherical shapes a few micrometer in diameter and divide
by budding. These cells can be easily detected by
microscopy because of the large refractive index difference
between the cellular exterior and the cellular interior.
Mature cells, termed ‘mothers’, form their ‘daughters’ via
the formation of buds usually at one of the opposite poles
of the spherical cells. The buds grow to reach a diameter
that is typically smaller than the diameter of the mother (in
Saccharomyces cerevisiae roughly 2/3 of the mother cell)
before the physical disconnection of their cytoplasms in a
process called cytokinesis.

This method of cell division, whereby a daughter cell
forms adjacent to the mother cell that itself does not
change in shape during the reproduction process, is
probably the major unifying characteristic of yeast species.
It constitutes an extreme version of asymmetric cell
division, and as such contrasts the more ‘classical’ cell
division that involves partitioning of the original cell into
two equal cells found in many other organisms including
bacteria, many mammalian cells and also the other
important yeast model, the fission yeast Schizosacchar-

omyces pombe. The need to segregate cellular content from
the mother compartment into the bud in every cell division
made S. cerevisiae also an important model for studying
asymmetric cell division. It is now utterly clear that yeasts
have evolved mechanisms that allow a carefully monitor-
ing the cellular content that should – or should not – be
segregated into the bud [4,5].

3. Morphology of dimorphic transitions

Many, but not all yeast species undergo a major
morphogenic transition: the dimorphic transition to
pseudohyphal or hyphal/filamentous growth. Dimorphism
denotes the phenotypic switching between two cell types.
The transition from unicellular growth to pseudohyphae or
true septate hyphae (filaments) is typically triggered by
adverse environmental conditions. This distinguishes
yeasts from many yeast-like fungi, mainly basidomycetes,
which are primarily filamentous and respond to environ-
mental stress by the generation of unicellular yeast-like
forms. Characteristic features of the pseudohyphal growth
are chains of markedly elongated cells that retain their
unicellular character and that form new cells by a budding
process (hence the name ‘pseudo’-hyphae). It has been
demonstrated that the dimorphic transition can be gradual
and able to generate a broad range of cell shapes, each
specific of a response to a specific environmental
parameter setting [6]. In S. cerevisiae the pseudohyphal
transition involves a switch from a bipolar to a unipolar
budding pattern. This generates, together with the
maintenance of weak cell-cell contacts after cytokinesis,
an asymmetric polarized cell colony that ‘‘permits other-
wise sessile cells to forage for nutrients and substrate at a
distance from their initial colonization site’’ [7].

Cell shape generation in pseudohyphae can be under-
stood as a variation of the mechanisms that regulate the
timing and polarization of vegetative cell growth and
division. In contrast, true hyphae, which consist of syncytia
with many nuclei in one cytoplasm, require an uncoupling
of polarized cell growth from cell division (septum
formation) and from nuclear divisions. One advantage of
hyphae is related to the fact that the cytoplasm is
disproportionally larger to the growth zone of the cell
membrane as compared to the situation in a budding cell.
Hyphae thus have an enormous capacity to drive the
growth of the hyphae tips. For example, the hyphae of
A. gossypii exhibit tip growth speeds in the range of 200 mm
per hour [8], whereas budding cells grow 3–4 mm per hour.

4. Spore formation

The morphogenic transition that leads to a sporogenic
form starts with either of the two vegetative dimorphic
variants, budding cells or pseudohyphae/hyphae. Spore
formation is usually preceded by meiosis, and thus leads to
the formation of meiospores. The well-established order of
events in the yeasts, namely the occurrence of meiosis
before sporulation and subsequent germination is not
necessarily the case in other fungal phyla. Spore formation
in Microbotryum for example precedes the meiotic cell
division, which only takes place during germination of the
spore [9]. In other species, spores are often formed also
without meiosis, in which case they are called mitospores
(see below).

Spore formation occurs by endobudding, whereby
multiple nuclei that are present in a single cytoplasm at
the end of meiosis become separated from the common
cytoplasm. The process is analogous to the transition from
a multinucleated syncytium to a one-nucleus-one-cell
state by means of encapsulation of the contained nuclei
into individual compartments.

Spore formation after the meiotic division in Sacchar-

omycetaceae species leads to tetrad formation in many
species of different genera. In others, e.g. Kluyveromyces

polysporus, subsequent mitoses increase the number of
nuclei, which then become encapsulated into asci contain-
ing up to several dozens of spores [10]. Purely mitotic spore
formation occurs for example in A. gossypii, where nuclei
acquire spore walls inside segments of the hyphae, so-
called sporangia [11]. A common theme for the regulation
of spore formation in yeasts is that membrane formation of
the cell/spore is not delegated to the cell polarity
machinery. Instead, the spindle pole bodies (SPBs), the
centrosome of yeasts, takes over the function of assem-
bling the new spore membrane [12–14]. In yeast the
nuclear membrane remains intact during nuclear divisions
and the SPB is embedded in the nuclear envelope. This
constellation permits the precise specification of the
number of spore membranes that are required to engulf
faithfully the products of the nuclear divisions.

5. The interplay between cell morphogenesis and life
cycle

The cellular decisions to undergo morphogenic transi-
tions that are related to the sexual life cycle, namely
mating and meiosis, require an integration of external



[(Fig._2)TD$FIG]

Fig. 2. Developmental decisions in yeasts, exemplified by the well-known species S. cerevisiae. Decisions are either gradual, such as hyphae formation and

starvation, whereas decisions that require a nuclear event (mitosis, mating and sporulation) involve a point-of-no-return beyond which the whole program

has to be executed in order to return to a viable cellular state. Hence, correct developmental decisions are of crucial importance and therefore governed by

sophisticated sensory mechanisms that integrate all the factors relevant for the decision.
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factors (available nutrients in the surrounding medium)
with the internal status (e.g. haploid versus diploid,
amount of available stored nutrients). Cells commit to
these transitions in the G1 phase of the cell cycle, as only
nuclei at the G1 stage can undergo the necessary
transformations, e.g. in mating or meiosis (Fig. 2).

Ploidy – The life cycles of yeast species typically involve
haploid and diploid stages, separated by mating and
meiosis/sporulation events, respectively (Fig. 3). Each
species seems to have a preferred ploidy state - haploid
or diploid - as inferred from the predominant ploidy state
of isolates from the natural habitats of the species and from
behavioral observations made in the laboratory. Judged
from these observation S. cerevisiae is considered to be a
diploid species, whereas Candida glabrata is haploid. In fact,
for C. glabrata no diploid forms have been observed so far,
although strains of both mating types have been reported
[15]. In turn, S. cerevisiae grows well as haploid, but will
return to a diploid state if mating is not prevented, e.g. by
inhibiting mating type switching in clonal colonies. For
many other species no prevalent ploidy state has been
reported, which may indicate the existence of both ploidy
states in the wild (summarized in [16]).

Why are some species haploid and others diploid? From
a survey of the evolution of the mating type loci and the HO
endonuclease, which promotes active mating type switch-
ing (homothallism), the evolution towards an efficient way
to change the mating type is apparent [17,18]. In clonal
populations generated by one single cell or spore, it is clear
that active mating type switching is a premise for an
efficient return to a diploid life. The ability for active
mating type switching has been invented more then once,
and different mechanisms evolved, as shown by the
comparision of the homothallic species S. cerevisiae and
the fission ascomycetous yeast S. pombe [19,20]. Diploidy
as a driving force for mating type switching is not evident,
since S. pombe formally lives a haploid life. However,
S. pombe cells spend most of the growth period in the G2
phase of the cell cycle and could hence be considered as
pseudo-diploid. Mating, which is only stimulated by
nutritionally sparse conditions, can consequently be seen
as a necessary predecessor process for the immediately
following entry into meiosis and spore formation.

What is the advantage of a diploid life style? Theoretical
models discuss the advantages of diploidy in the context of
deleterious mutations and their elimination via a sexual
cycle [21]. Experimental evolution furthermore provided
indication for an advantage of diploids during adaptive
evolution [22].

5.1. Sporulation

Spore morphogenesis is tightly controlled, giving rise to
highly differentiated structures with precisely specified
shapes. S. cerevisiae spores are almost perfectly spherical.
In contrast, the mitospores of A. gossypii are extremely
elongated with two pointy ends. Other yeasts have
reniform spores. Currently, not much is known about
the molecular mechanisms underlying the generation of
these shapes. Another parameter that is subject to control
is the number of spores formed per cell per meiosis.
S. cerevisiae and closely related species such as S. paradoxus

are able to discard individual haploid genomes at the end
of meiosis, because they can specify a subset of the 4
postmeiotic genomes for inclusion into spores. This is a
sophisticated adaptive response to limited nutrients in the
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Fig. 3. A generalized life cycle of the yeasts. Yeast life cycles are complex and contain cellular stages involving many different forms and shapes of cells. The

scheme outlines the most prominent forms and the transitions between them. These are haploid growth phases, mating and zygote formation, diploid

growth phases, sporulation and return to a haploid stage, germination of spores. Dimorphic transitions are also outlined: hyphal and pseudohyphal forms.

For each of the transition the species have evolved individual sophistications that must have emerged as an evolutionary adaptation to a particular

environment. Regulation of these transitions occurs globally but, after the decision has been made, involves several levels of regulation in order to specify

the outcome to match as much as possible to specific parameters of the environment. Usually, these adaptations integrate internal signals, such as the

available internal resources with external cues using a multitude of signal transduction and sensory pathways. The scheme integrates a broad range of

observations made with different species. It thus does not report about the life cycle of an individual species, nor does it report on possible alternative

solutions individual species may have evolved. Explanations for the different parts of the panel can be found throughout the manuscript.
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environment when the cell cannot afford 4 costly spore
walls. This enables a perfect optimization of spore
production, on the level of the individuals, but also on
level of populations [23]. In the absence of this regulation
spore formation has to be initiated at a time point when the
cell is ‘sure’ about the availability of sufficient nutrients for
4 spores. Alternatively, constitutive abortion of 1–3 spores
can occur, such as it appears to be the case in S. unisporus or
Zygosaccharomyces bisporus. It has been shown for
S. cerevisiae and other species that spore morphogenesis
further considers the possibility of mating between a
particular pair of spores, the so-called non-sister spores,
which contain each a haploid genome derived from
different homologous chromosomes (and not from sister
chromosomes). In order to occur with high frequency, this
requires that the mating type locus is linked to the
centromere, in which case such pairs of spores are always
of opposite mating type [16,24]. In S. cerevisiae and in
Saccharomycodes ludwigii interspores bridges that connect
pairs of spores have been observed [25,26]. In S. ludwigii

these bridges form between non-sister spores and ensure
direct mating of the associated germinating spores [27].
Whether this is also the case for S. cerevisiae remains open.
Mating type linkage to the centromere and even some
aspects of chromosome behavior in meiosis, such as the
distribution and frequency of crossovers, are speculated to
be influenced by high inbreeding rates between spores
from related meioses, driven by the possibility to preserve
genomic diversity and to complement efficiently lethal or
deleterious mutations [9,28,29].

5.2. Mating

Mating denotes the formation of an asexual diploid cell
from two sexual haploid cells of opposite mating type
(MATa and MATa). This involves the fusion of two cellular
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cytoplasms, and the process is concluded with the fusion of
the two nuclei (karyogamy). A mutual communication is
required in order to execute mating. The nuclei committed
to fuse need to be in the same stage of the cell cycle. To
account for this, signaling of the mating response is limited
to the G1 phase of the cell cycle by the cyclin dependent
kinase (CDK) [30]. CDK inhibits the signal transduction
machinery through which a cell senses the presence of a
cell of opposite mating type. The subsequent mating
response then leads to a halt in the cell cycle and to the
execution of the steps leading to cell fusion.

S. cerevisiae haploid cells mate spontaneously, and it is
not exactly known to what extent stress or starvation
conditions will interfere with the mating process. Yeast
mating involves the secretion of a soluble pheromone, the
a-factor, from cells of the mating type MATa. Secretion of
the a-factor occurs via the secretory pathway. Cells with
the mating type MATa on the other hand use as a mating
signal a fatty acid modified and therefore highly lipophylic
peptide, the a-factor, which is cytoplasmically produced
and excreted via an ABC-transporter. It can be hypothe-
sized that the combination of a soluble pheromone (in
Mata cells) with a lipophylic pheromone (in MATa cells) is
a solution to many different mating scenarios. For
example, S. cerevisiae has been shown to mate efficiently
in liquid cultures as well as on solid support medium. Both
conditions are diametrically opposed to each other, as they
will generate entirely different effective pheromone levels.
The a-factor will probably mostly reside in the plasma
membrane of the excreting cell and hence serve as a
‘contact signal’, whereas the a-factor is secreted and thus
able to signal over distances. Agglutination by surface
lectins then leads to the formation of cell clumps. Yeast
cells are able to polarize according to the direction from
where the pheromone is emitted, and cell morphology
adapts to the expected distance of the mating partner [31].
In dense cell populations such as cell clumps, high
concentrations of pheromone are potentially reached
due to the presence of many cells that actively produce
the pheromones. A secreted protease specific for the a-
factor resides in the cell wall and is thought to lower
pheromone concentrations locally and thereby prevent
saturation of the pheromone receptor, since this could
potentially hinder the cell to read out the expansion of the
pheromone gradient and to sense the position of the next
mating partner [32] (M. Piel and A.W. Murray, personal
communication).

5.3. Mating type switching

The mating type cassettes in the yeasts are thought to
derive from functionalized genomic parasitic elements
[33]. The evolution of mating type loci has been well
studied [17,18]. It started with the establishment of the
mating type specifiying genetic elements, the mating type
cassettes. The acquisition of additional but silent copies of
both mating type cassettes then permitted occasional
mating type switching, thus providing the option for a
return to a diploid life cycle in the absence of cells of
opposite mating type. The further acquisition of a nuclease
enabled active mating type switching, called homothal-
lism, by regulated exchange of the active mating type
cassette with the silent cassette of the other mating type.
The level of sophistication that underlies this process has
been well studied for S. cerevisiae [20].

5.4. Mating partner selection

Mating partner selection is a big issue for yeast and
responsible for many of the morphological characteristics
of each individual species. Mating partner selection in
yeasts is not an active process but a passive mechanism
that determines statistically whether a cell is mating with
a related cell, e.g. a spore of the same ascus, mother-
daughter mating or with another cell from the same cell
clump. Nevertheless, in laboratory studies it has been
found that yeast can evolve traits that specify the selection
of preferred mating partners based on the mating fitness
(or speed) [34]. To what extend this is relevant in the wild
is not known. What matters really for yeasts are the levels
of outbreeding and inbreeding during average mating
events. This influences the effective population size and
hence the potential to adapt to changes in the environment
[35]. One factor influenced by cell morphology is the
likelihood that related cells are next to each other when
conditions favor mating. For example spores that are
within a strong ascus tend to mate with each other upon
germination, as seems to be the case for S. cerevisiae [23] or
S. kluyveri, whose spores are very difficult to separate
mechanically [36]. In contrast, other species have weak
asci and the spores tend to disperse [37]. The shapes of
spores may also influence dispersal of the spores via
interactions with potential vectors (or hosts, in the case of
pathogenic yeast species). Altogether, ascus and spore
morphology determines the frequency of mating events
between partners from the same meiosis (intra-tetrad
mating), of mating between spores from related cells
(adhering versus dispersing vegetative cells), and of
mating between spores or the vegetative offsprings of
unrelated cells (outbreeding/amphimixis enforced by a
haploid life style due to absence of mating type switching).

5.5. Budding patterns

Budding patterns denote the position of appearance of a
bud with respect to the position of the previous bud(s).
Each budding event leaves behind a mark, the so-called
bud scar that can be stained specifically using the
fluorescent dye calcofluor white. Budding patterns have
been characterized in S. cerevisiae [38] and shown to
correlate with the ploidy state. Diploid patterns are either
bipolar or polar, and the transition between polar and
bipolar budding patterns is associated with the dimorphic
transition. Haploids grow by axial budding, where each
bud appears adjacent to the mark of the previous buds.
This axial budding pattern is best explained in conjunction
with the observed rules for active mating type switching
that have been described earlier [39]. The outcome of
active mating type switching in combination with axial
budding in haploids enables a rapid and efficient
diploidization. This synergism was proposed to stem from
an evolutionary optimization for an efficient and quick
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return to a diploid life cycle [40]. Consistently, analysis of
the molecular machinery underlying bud site selection
indicates that random budding is the default behavior,
whereas the axial pattern of haploids and the diploid
budding patterns depend on specific genes and regulation
imposed by the mating type [41].

6. Conclusion

Yeasts are a fantastic resource for discovery research
and for developing and testing methods. The incredible
richness of the species landscape, the ease with which they
can be cultivated in the laboratory and the efficiency with
which they can rapidly be converted into models that
allow to use reverse genetics tricks for experimental
testing of hypotheses make them an ideal playground for
research on an evolutionary scale [42]. An example is RNAi
in yeasts and it secondary loss in species like S. cerevisiae

[43]. From the recent developments it now becomes more
and more apparent that the future of basic research with
yeast is no longer a di-species (S. cerevisiae and S. pombe)
centric research. Instead, all yeast move to the center of
focus and can now be chosen for their potential to
investigate particular questions.

Disclosure of interest

The author declares that he has no conflicts of interest
concerning this article.

Acknowledgements

Many thanks go to Andreas Kaufmann for the image of
Ashbya gossypii and other valuable hints. Anton Khme-
linskii is kindly acknowledged for valuable comments on
the manuscript and Audrey Peltier for help with transla-
tion into French.

References

[1] A.S. Gladfelter, Nuclear anarchy: asynchronous mitosis in multinucle-
ated fungal hyphae, Curr. Opin. Microbiol. 9 (2006) 547–552.

[2] B. Dujon, D. Sherman, G. Fischer, P. Durrens, S. Casaregola, I. Lafontaine,
J. de Montigny, C. Marck, C. Neuveglise, E. Talla, N. Goffard, L. Frangeul,
M. Aigle, V. Anthouard, A. Babour, V. Barbe, S. Barnay, S. Blanchin, J.M.
Beckerich, E. Beyne, C. Bleykasten, A. Boisrame, J. Boyer, L. Cattolico, F.
Confanioleri, A. de Daruvar, L. Despons, E. Fabre, C. Fairhead, H. Ferry-
Dumazet, A. Groppi, F. Hantraye, C. Hennequin, N. Jauniaux, P. Joyet, R.
Kachouri, A. Kerrest, R. Koszul, M. Lemaire, I. Lesur, L. Ma, H. Muller, J.M.
Nicaud, M. Nikolski, S. Oztas, O. Ozier-Kalogeropoulos, S. Pellenz, S.
Potier, G.F. Richard, M.L. Straub, A. Suleau, D. Swennen, F. Tekaia, M.
Wesolowski-Louvel, E. Westhof, B. Wirth, M. Zeniou-Meyer, I. Zivano-
vic, M. Bolotin-Fukuhara, A. Thierry, C. Bouchier, B. Caudron, C. Scar-
pelli, C. Gaillardin, J. Weissenbach, P. Wincker, J.L. Souciet, Genome
evolution in yeasts, Nature 430 (2004) 35–44.

[3] J.L. Souciet, B. Dujon, C. Gaillardin, M. Johnston, P.V. Baret, P. Cliften, D.J.
Sherman, J. Weissenbach, E. Westhof, P. Wincker, C. Jubin, J. Poulain, V.
Barbe, B. Segurens, F. Artiguenave, V. Anthouard, B. Vacherie, M.E. Val,
R.S. Fulton, P. Minx, R. Wilson, P. Durrens, G. Jean, C. Marck, T. Martin, M.
Nikolski, T. Rolland, M.L. Seret, S. Casaregola, L. Despons, C. Fairhead, G.
Fischer, I. Lafontaine, V. Leh, M. Lemaire, J. de Montigny, C. Neuveglise,
A. Thierry, I. Blanc-Lenfle, C. Bleykasten, J. Diffels, E. Fritsch, L. Frangeul,
A. Goeffon, N. Jauniaux, R. Kachouri-Lafond, C. Payen, S. Potier, L.
Pribylova, C. Ozanne, G.F. Richard, C. Sacerdot, M.L. Straub, E. Talla,
G. Consortium, Comparative genomics of protoploid Saccharomyceta-
ceae, Ge-nome Res. 19 (2009) 1696–1709.
[4] A. Fagarasanu, R.A. Rachubinski, Orchestrating organelle inheritance
in Saccharomyces cerevisiae, Curr. Opin. Microbiol. 10 (2007)
528–538.

[5] I.G. Macara, S. Mili, Polarity, Differential inheritance-Universal attri-
butes of life? Cell 135 (2008) 801–812.

[6] D.G. O’shea, P.K. Walsh, The effect of culture conditions on the mor-
phology of the dimorphic yeast Kluyveromyces marxianus var. marx-
ianus NRRLy2415: a study incorporating image analysis, Appl.
Microbiol. Biot. 53 (2000) 316–322.

[7] C.J. Gimeno, P.O. Ljungdahl, C.A. Styles, G.R. Fink, Unipolar cell divisions
in the yeast Saccharomyces–Cerevisiae lead to filamentous growth –
Regulation by starvation and Ras, Cell 68 (1992) 1077–1090.

[8] P. Knechtle, F. Dietrich, P. Philippsen, Maximal polar growth potential
depends on the polarisome component AgSpa2 in the filamentous
fungus Ashbya gossypii, Mol. Biol. Cell 14 (2003) 4140–4154.

[9] M.E. Hood, J. Antonovics, Mating within the meiotic tetrad and the
maintenance of genomic heterozygosity, Genetics 166 (2004)
1751–1759.

[10] C. Roberts, J.P. Van der Walt, The life cycle of Kluyveromyces polysporus,
C. R. Trav. Lab. Carlsberg Chim. 129–48 (1959) 129–148.

[11] S. Ashby, W. Nowell, The fungi of stigmatomycosis, Ann. Bot. (Lond) XL
(1926) 69–83.

[12] M. Knop, K. Strasser, Role of the spindle pole body of yeast in mediating
assembly of the prospore membrane during meiosis, EMBO J 19 (2000)
3657–3667.

[13] A.M. Neiman, Ascospore formation in the yeast Saccharomyces cerevi-
siae, Microbiol. Mol. Biol. Rev. 69 (2005) 565.

[14] C. Shimoda, Forespore membrane assembly in yeast: coordinating SPBs
and membrane trafficking, J. Cell Sci. 117 (2004) 389–396.

[15] H. Muller, C. Hennequin, J. Gallaud, B. Dujon, C. Fairhead, The asexual
yeast Candida glabrata maintains distinct a and alpha haploid mating
types, Eukaryot. Cell 9 (2010) 671–672.

[16] M. Knop, Evolution of the hemiascomyclete yeasts: on life styles and
the importance of inbreeding, Bioessays 28 (2006) 696–708.

[17] E. Fabre, H. Muller, P. Therizols, I. Lafontaine, B. Dujon, C. Fairhead,
Comparative genomics in hemiascomycete yeasts: evolution of sex,
silencing, and subtelomeres, Mol. Biol. Evol. 22 (2005) 856–873.

[18] G. Butler, C. Kenny, A. Fagan, C. Kurischko, C. Gaillardin, K.H. Wolfe,
Evolution of the MAT locus and its HO endonuclease in yeast species,
Proc. Natl. Acad. Sci. U. S. A. 101 (2004) 1632–1637.

[19] A.M. Holmes, A. Kaykov, B. Arcangioli, Molecular and cellular dissection
of mating-type switching steps in Schizosaccharomyces pombe, Mol. Cell
Biol. 25 (2005) 303–311.

[20] J.E. Haber, Mating-type gene switching in Saccharomyces cerevisiae,
Annu. Rev. Genet. 32 (1998) 561–599.

[21] a.S. Kondrashov, J.F. Crow, Haploidy or diploidy – Which is better,
Nature 351 (1991) 314–315.

[22] D.A. Thompson, M.M. Desai, A.W. Murray, Ploidy controls the success of
mutators and nature of mutations during budding yeast evolution,
Curr. Biol. 16 (2006) 1581–1590.

[23] C. Taxis, P. Keller, Z. Kavagiou, L.J. Jensen, J. Colombelli, P. Bork, E.H.K.
Stelzer, M. Knop, Spore number control and breeding in Saccharomyces
cerevisiae: a key role for a self-organizing system, J. Cell Biol. 171 (2005)
627–640.

[24] I.A. Zakharov, Intratetrad mating and its genetic and evolutionary
consequences, Russ. J. Genet. 41 (2005) 402–411.

[25] A. Coluccio, A.M. Neiman, Interspore bridges: a new feature of the
Saccharomyces cerevisiae spore wall, Microbiology 150 (2004)
3189–3196.

[26] R.B. Simmons, D.G. Ahearn, Ascospore ornamentation in Saccharomy-
codes ludwigii, Mycologia 77 (1985) 660–662.

[27] L.O. Winge, Saccharomycodes ludwigii Hansen, a balanced heterozygote,
C. R. Trav. Lab. Carlsberg Ser. Physiol. 22 (1939) 357–380.

[28] L.J. Johnson, J. Antonovics, M.E. Hood, The evolution of intratetrad
mating rates, Evolution Int. J. Org. Evolution 59 (2005) 2525–2532.

[29] P.J. Keller, M. Knop, Evolution of mutational robustness in the yeast
genome: a link to essential genes and meiotic recombination hotspots,
Plos Genet. 5 (2009).

[30] S.C. Strickfaden, M.J. Winters, G. Ben-Ari, R.E. Lamson, M. Tyers, P.M.
Pryciak, A mechanism for cell-cycle regulation of MAP kinase signaling
in a yeast differentiation pathway, Cell 128 (2007) 519–531.

[31] N. Hao, S. Nayak, M. Behar, R.H. Shanks, M.J. Nagiec, B. Errede, J. Hasty,
T.C. Elston, H.G. Dohlman, Regulation of cell signaling dynamics by the
protein kinase-scaffold Ste5, Mol. Cell 30 (2008) 649–656.

[32] N. Barkai, M.D. Rose, N.S. Wingreen, Protease helps yeast find mating
partners, Nature 396 (1998) 422–423.

[33] G. Bell, The sexual nature of the eukaryote genome, J. Hered. 84 (1993)
351–359.

[34] J.Y. Leu, A.W. Murray, Experimental evolution of mating discrimination
in budding yeast, Curr. Biol. 16 (2006) 280–286.



M. Knop / C. R. Biologies 334 (2011) 599–606606
[35] S. Wright, Size of population and breeding structure in relation to
evolution, Science 87 (1939) 430–431.

[36] J. Mccullough, I. Herskowitz, Mating pheromones of Saccharomyces-
Kluyveri - Pheromone interactions between Saccharomyces-Kluyveri
and Saccharomyces-Cerevisiae, J. Bacteriol. 138 (1979) 146–154.

[37] C.P. Kurtzman, Phylogenetic circumscription of Saccharomyces, Kluy-
veromyces and other members of the Saccharomycetaceae, and the
proposal of the new genera Lachancea, Nakaseomyces, Naumovia, Van-
derwaltozyma and Zygotorulaspora, FEMS Yeast Res. 4 (2003) 233–245.

[38] M.R. Crandall, R. Egel, V. MacKay, Physiology of mating in three yeasts,
Adv. Microbial. Physiol. 15 (1977) 307–398.
[39] J.N. Strathern, I. Herskowitz, Asymmetry and directionality in produc-
tion of new cell-types during clonal growth - Switching pattern of
homothallic yeast, Cell 17 (1979) 371–381.

[40] K.A. Nasmyth, Molecular-genetics of yeast mating type, Annu. Rev. Gen.
16 (1982) 439–500.

[41] A. Casamayor, M. Snyder, Bud-site selection and cell polarity in budding
yeast, Curr. Opin. Microbiol. 5 (2002) 179–186.

[42] B. Dujon, Yeast evolutionary genomics, Nat. Rev. Gen. 11 (2010)
512–524.

[43] I.A. Drinnenberg, D.E. Weinberg, K.T. Xie, J.P. Mower, K.H. Wolfe, G.R.
Fink, D.P. Bartel, Rnai in Budding Yeast, Science 326 (2009) 544–550.


	Yeast cell morphology and sexual reproduction - A short overview and some considerations
	Yeast cellular morphotypes
	Cell division by budding
	Morphology of dimorphic transitions
	Spore formation
	The interplay between cell morphogenesis and life cycle
	Sporulation
	Mating
	Mating type switching
	Mating partner selection
	Budding patterns

	Conclusion
	Disclosure of interest
	Acknowledgements
	References


