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Series Preface

Mycology, the study of fungi, originated as a sub discipline of botany and was a
descriptive discipline, largely neglected as an experimental science until the early
years of this century. A seminal paper by Blakeslee in 1904 provided evidence for
self incompatibility, termed “heterothallism”, and stimulated interest in studies
related to the control of sexual reproduction in fungi by mating-type
specificities. Soon to follow was the demonstration that sexually reproducing
fungi exhibit Mendelian inheritance and that it was possible to conduct formal
genetic analysis with fungi. The names Burgeff, Kniep and Lindegren are all
associated with this early period of fungal genetics research.

These studies and the discovery of penicillin by Fleming, who shared a Nobel
Prize in 1945, provided further impetus for experimental research with fungi.
Thus began a period of interest in mutation induction and analysis of mutants
for biochemical traits. Such fundamental research, conducted largely with
Neurospora crassa, led to the one gene: one enzyme hypothesis and to a second
Nobel Prize for fungal research awarded to Beadle and Tatum in 1958.
Fundamental research in biochemical genetics was extended to other fungi,
especially to Saccharomyces cerevisiae, and by the mid-1960s fungal systems
were much favored for studies in eukaryotic molecular biology and were soon
able to compete with bacterial systems in the molecular arena.

The experimental achievements in research on the genetics and molecular
biology of fungi have benefited more generally studies in the related fields of
fungal biochemistry, plant pathology, medical mycology, and systematics. Today,
there is much interest in the genetic manipulation of fungi for applied research.
This current interest in biotechnical genetics has been augmented by the develop-
ment of DNA-mediated transformation systems in fungi and by an understanding
of gene expression and regulation at the molecular level. Applied research initia-
tives involving fungi extend broadly to areas of interest not only to industry but to
agricultural and environmental sciences as well.

It is this burgeoning interest in fungi as experimental systems for applied as
well as basic research that has prompted publication of this series of books
under the title The Mycota. This title knowingly relegates fungi into a separate
realm, distinct from that of either plants, animals, or protozoa. For consistency
throughout this Series of Volumes the names adopted for major groups of fungi
(representative genera in parentheses) areas follows:

Pseudomycota

Division: Oomycota (Achlya, Phytophthora, Pythium)
Division: Hyphochytriomycota



Eumycota

Division: Chytridiomycota (Allomyces)
Division: Zygomycota (Mucor, Phycomyces, Blakeslea)
Division: Dikaryomycota
Subdivision: Ascomycotina

Class: Saccharomycetes (Saccharomyces, Schizosaccharomyces)
Class: Ascomycetes (Neurospora, Podospora, Aspergillus)

Subdivision: Basidiomycotina
Class: Heterobasidiomycetes (Ustilago, Tremella)
Class: Homobasidiomycetes (Schizophyllum, Coprinus)

We have made the decision to exclude from The Mycota the slime molds which,
although they have traditional and strong ties to mycology, truly represent
nonfungal forms insofar as they ingest nutrients by phagocytosis, lack a cell
wall during the assimilative phase, and clearly show affinities with certain proto-
zoan taxa.

The Series throughout will address three basic questions: what are the fungi,
what do they do, and what is their relevance to human affairs? Such a focused and
comprehensive treatment of the fungi is long overdue in the opinion of the
editors.

A volume devoted to systematics would ordinarily have been the first to
appear in this Series. However, the scope of such a volume, coupled with the
need to give serious and sustained consideration to any reclassification of major
fungal groups, has delayed early publication. We wish, however, to provide a
preamble on the nature of fungi, to acquaint readers who are unfamiliar with
fungi with certain characteristics that are representative of these organisms and
which make them attractive subjects for experimentation.

The fungi represent a heterogeneous assemblage of eukaryotic microorgan-
isms. Fungal metabolism is characteristically heterotrophic or assimilative for
organic carbon and some nonelemental source of nitrogen. Fungal cells charac-
teristically imbibe or absorb, rather than ingest, nutrients and they have rigid cell
walls. The vast majority of fungi are haploid organisms reproducing either
sexually or asexually through spores. The spore forms and details on their
method of production have been used to delineate most fungal taxa. Although
there is a multitude of spore forms, fungal spores are basically only of two types:
(i) asexual spores are formed following mitosis (mitospores) and culminate
vegetative growth, and (ii) sexual spores are formed following meiosis (meios-
pores) and are borne in or upon specialized generative structures, the latter
frequently clustered in a fruit body. The vegetative forms of fungi are either
unicellular, yeasts are an example, or hyphal; the latter may be branched to
form an extensive mycelium.

Regardless of these details, it is the accessibility of spores, especially the direct
recovery of meiospores coupled with extended vegetative haploidy, that have
made fungi especially attractive as objects for experimental research.

viii Series Preface



The ability of fungi, especially the saprobic fungi, to absorb and grow on rather
simple and defined substrates and to convert these substances, not only into
essential metabolites but into important secondary metabolites, is also notewor-
thy.The metabolic capacities of fungi have attracted much interest in natural
products chemistry and in the production of antibiotics and other bioactive com-
pounds. Fungi, especially yeasts, are important in fermentation processes. Other
fungi are important in the production of enzymes, citric acid and other organic
compounds as well as in the fermentation of foods.

Fungi have invaded every conceivable ecological niche. Saprobic forms
abound, especially in the decay of organic debris. Pathogenic forms exist with
both plant and animal hosts. Fungi even grow on other fungi. They are found in
aquatic as well as soil environments, and their spores may pollute the air. Some
are edible; others are poisonous. Many are variously associated with plants as
copartners in the formation of lichens and mycorrhizae, as symbiotic endophytes
or as overt pathogens. Association with animal systems varies; examples include
the predaceous fungi that trap nematodes, the microfungi that grow in the
anaerobic environment of the rumen, the many insect associated fungi and the
medically important pathogens afflicting humans. Yes, fungi are ubiquitous and
important. There are many fungi, conservative estimates are in the order of
100,000 species, and there are many ways to study them, from descriptive
accounts of organisms found in nature to laboratory experimentation at the
cellular and molecular level. All such studies expand our knowledge of fungi
and of fungal processes and improve our ability to utilize and to control fungi for
the benefit of humankind.

We have invited leading research specialists in the field of mycology to
contribute to this Series. We are especially indebted and grateful for the initiative
and leadership shown by the Volume Editors in selecting topics and assembling
the experts. We have all been a bit ambitious in producing these Volumes on a
timely basis and therein lies the possibility of mistakes and oversights in this first
edition. We encourage the readership to draw our attention to any error, omis-
sion or inconsistency in this Series in order that improvements can be made in
any subsequent edition.

Finally, we wish to acknowledge the willingness of Springer-Verlag to host
this project, which is envisioned to require more than 5 years of effort and the
publication of at least nine Volumes.

Bochum, Germany KARL ESSER

Auburn, AL, USA PAUL A. LEMKE

April 1994 Series Editors

Series Preface ix



Volume Preface

The central aspects of fungal genetics and biology are fungal growth (either as
yeast-like growth or hyphal growth), differentiation, generation of an elaborate
fruiting-body structure, and sexuality, which is regulated by central mating loci
and mating-type genes. Therefore, this volume was chosen as the first volume of
The Mycota series more than 20 years ago. Since the second edition in 2006
another ten years have passed, necessitating an update and extension. This is now
the third edition of Volume I of the series The Mycota. We have put great effort
into renewing the chapters and have included new authors that have actively
advanced novel research topics in the field.

We start the section on vegetative processes and growth from the inside of the
fungal cell by looking at organelle inheritance and nuclear dynamics in multinu-
cleate fungal cells. Both of these fields have progressed considerably in recent
years. The molecular understanding of polarized hyphal growth at the hyphal tip
has deepened over the last few years. Growth requires remodeling of the fungal
cell wall and, at intervals, also the demarcation of hyphal cells by septation. A
phenomenon that has been fascinating mycologists for decades has been hyphal
fusion of vegetative cells. This can trigger incompatibility reactions or result in
the generation of a network of interconnected hyphae. The general and molecular
mechanisms and signal transduction cascades leading to hyphal fusion have been
studied intensely and both are covered in this volume. This section is completed
by a discussion on aspects of aging and longevity in fungi.

The section on signals in growth and development deals with autoregulatory
signals, pheromone action, and abiotic signals of photomorphogenesis and grav-
itropism. This field is receiving growing attention and will gain ground over the
next few years.

Reproductive processes in fungi are certainly of key interest for biotechno-
logical applications and for the food industry. We cover both asexual and sexual
development in fungi, with a close look at molecular genetics with respect to
mating-type locus organization and regulatory genes.

With these sections, this volume of The Mycota covers specific topics that are
presented in depth from their historic early days to today’s detailed and mecha-
nistic molecular characterizations. This volume thus contains information for
both the student and advanced fungal biologist. It will, therefore, serve as a
reference and as a starting point for further investigations.

With great delight we see that this field of molecular fungal biology is
advancing rapidly and that new models are being established to allow represen-
tation of a greater biodiversity. We understand that it is always difficult to follow
such rapidly changing fields, so we are indebted to the chapter authors for their



excellent contributions. Finally, we acknowledge the great collaboration with
Springer and the project coordinator Dr. Andrea Schlitzberger, which made
editing this book a pleasure.

Kopenhagen, Denmark Jürgen Wendland
October 2015
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I. Introduction

The compartmentalization of cytoplasm into
membrane-bound organelles creates order
within a cell, prevents undesirable interactions
between cellular activities, and enables
specialized functions. While each organelle has
a defined cellular role, its localization, copy num-
ber, size, andmorphology can vary. For instance,
variations in the carbon source for growth of
budding yeast affects peroxisomal biosynthesis
and can result in a tenfold change in the abun-
dance of mitochondria (Einerhand et al. 1992).

Nuclear inheritance, which uses the mitotic
spindle to segregate nuclei and chromosomes,
occurs by a conserved and tightly regulated
mechanism. The inheritance of other organelles
occurs by more diverse and less-understood
mechanisms. Organelles like mitochondria
and chloroplasts cannot be produced de novo.
This is true, in part, because they contain DNA,
which must undergo template-dependent repli-
cation. As a result, these organelles must be
transferred from mother to daughter cells to
ensure normal daughter cell viability and/or
function, and more than one mechanism for
these essential inheritance events has been
identified. Additionally, checkpoints are in
place to help to ensure the inheritance of
some organelles prior to the completion of cell
division. Similarly, there are mechanisms that
ensure the retention of newly inherited orga-
nelles in developing daughter cells during cell
division.

Advances in fluorescence microscopy along
with classic genetic and molecular biology
tools make fungi a powerful model system to
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understand the process of organelle inheritance.
Time-lapse imaging provides spatiotemporal
analysis of organelles during cell division. This
chapter describes the mechanisms and regula-
tion of organelle inheritance in the budding
yeast, Saccharomyces cerevisiae, and other fungi.

II. Cytoskeletal Organization and
Function in Organelle Inheritance

The cytoskeleton is essential for the mainte-
nance of cell shape and polarity, chromosome
segregation, cytokinesis, and organelle trans-
port. It is also essential for directed movement
of organelles during their inheritance and of
components of the organelle inheritance
machinery. The cytoskeleton controls organelle
movement by two mechanisms. Cytoskeletal
fibers function as tracks for the transport of
organelles. Cytoskeletal dynamics also generate
forces for directed organelle movement. Finally,
the cytoskeleton is involved in the anchorage of
organelles inmother and daughter cells, which is
critical for retention of organelles at those sites.

A. Organization of the Actin Cytoskeleton in
Fungi

The actin cytoskeleton is involved in cellular
functions including cell polarity, cell shape,

endocytosis, cytokinesis, and vesicular traffick-
ing. In filamentous and unicellular fungi, actin is
also required for cell wall deposition and septa-
tion and for polarized growth of hyphal tips and
buds. F-actin is a highly dynamic polymer
formed from G-actin monomers. F-actin is a
double-stranded filament with a fast-growing
barbed end (plus end) and a slow-growing
pointed end (minus end). F-actin assembles
into three major structures: actin patches, actin
cables, and the actomyosin ring (Fig. 1.1). These
structures perform several critical functions in
all fungi including Saccharomyces cerevisiae,
Schizosaccharomyces pombe, Aspergillus nidu-
lans, Neurospora crassa, and Ustilago maydis
(Xiang and Plamann 2003; Mishra et al. 2014;
Berepiki et al. 2011).

Actin patches are endosomes that contain a
dense network of branched actin filaments and
are usually concentrated at sites of polarized
growth and cell wall remodeling (Huckaba
et al. 2004; Young et al. 2004; Kaksonen et al.
2006). In S. cerevisiae, actin patches undergo
cell cycle-linked changes in localization
(Fig. 1.1) (Kilmartin and Adams 1984). They
form a ring at the incipient bud site. During
apical bud growth, which occurs in yeast with
small buds, actin patches are enriched in the
bud tip. As the bud grows by isotropic growth,
actin patches localize throughout the cortex
of the bud. Finally, they localize to the bud
neck prior to cytokinesis. Although the precise

Fig. 1.1 Cell cycle-linked changes in the localization of
actin patches and actin cables in S. cerevisiae. Alexa488-
stained actin in wild-type BY4741 cells undergoing
division: unbudded, small bud, medium bud, and
large bud from left to right panel. Cells were fixed in

3.7 % paraformaldehyde for 50 min and stained with
2.5 mM Alexa488-phalloidin for 35 min. Maximum-
intensity projection of a super-resolution structured
illumination microscopy (SIM) Z-series. Scale bar
represents 1 mM
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function of actin patches and endosomes at
each of these sites is not well understood, it is
likely that they function in membrane protein
recycling.

More than 60 endosomal proteins, including
clathrin, endocytic adapters, and scaffolds, also
localize to actin patches (Burston et al. 2009;
Weinberg and Drubin 2012). The force for over-
coming cytoplasmic turgor pressure during
membrane invagination and actin patch forma-
tion is produced by Arp2/3 complex-driven
actin polymerization (Aghamohammadzadeh
and Ayscough 2009; Winter et al. 1997). Arp2/3
complex nucleates actin from the side of a pre-
existing actin filament to form a dendritic net-
work and is activated by nucleation-promoting
factors (NPFs) (Volkmann et al. 2001). The four
NPFs of S. cerevisiae, WASp, Myo1p, Pan1p, and
Abp1p, increase but are not required for Arp2/3
complex nucleation activity (Winter et al. 1999;
Evangelista et al. 2000; Duncan et al. 2001; Goode
et al. 2001; Wen and Rubenstein 2005). Since
actin-binding proteins are conserved between
S. cerevisiae, N. crassa, and A. nidulans, it is
likely that the composition of actin patches of
filamentous fungi is similar to that found in S.
cerevisiae. Interestingly, although Arp2/3 com-
plex is essential in other fungi, C. albicans bear-
ing deletions in Arp2 and Arp3 are viable and
can carry out endocytosis, albeit at reduced
rates.

Actin cables are bundles of F-actin
arranged along the long axis of the cell
(Fig. 1.1). They contain conserved proteins
including the actin-bundling proteins fimbrin
(Sac6p) and Abp140p and two tropomyosin
isoforms (Tpm1p and Tpm2p) and are similar
to actin bundles in microvilli, filopodia, and
stereocilia (Adams et al. 1991; Drees et al.
1995; Asakura et al. 1998; Sagot et al. 2002a;
Pruyne et al. 2002). Through most of the cell
cycle in S. cerevisiae, actin filaments within
actin cables are oriented with their barbed
(plus) ends toward the bud or bud neck. How-
ever, immediately before cytokinesis, actin
cables rearrange such that their barbed ends
of actin cables in mother cells and buds are
directed toward the bud neck (Fig. 1.1). This
reorganization is triggered by the relocation of
the polarisome from bud tip to bud neck

(Kamei et al. 1998) and is critical for transport
of secretory vesicles and other cargoes to the
bud neck (Chuang and Schekman 1996;
Bretscher 2003).

Actin cables are essential for organelle inher-
itance in S. cerevisiae, in part through their func-
tion as tracks for the transport of mitochondria,
secretory vesicles, actin patches, Golgi appara-
tus, peroxisomes, and vacuoles from mother
cells to buds (Pruyne et al. 1998; Bretscher
2003; Fehrenbacher et al. 2003; Huckaba et al.
2004). Myosin V motors drive the polarized
movement of many of these cargoes along actin
cables (Bretscher 2003; Matsui 2003). Although
much of the characterization of actin cables was
carried out in S. cerevisiae, the polarized locali-
zation and morphology of the Golgi apparatus
require actin in C. albicans and A. nidulans.
Therefore, it is possible that Golgi elements
may move using actin cables in these filamen-
tous fungi.

Actin cables are assembled at the bud tip
and bud neck of S. cerevisiae and require the
formins Bni1p and Bnr1p for nucleation of F-
actin during actin cable assembly and elonga-
tion (Evangelista et al. 2002; Sagot et al. 2002b;
Vavylonis et al. 2006; Buttery et al. 2007)
(Fig. 1.2). Bni1p and Bnr1p localize to different
sites within yeast cells, have different biochem-
ical properties, and are regulated by different
mechanisms. For example, Bud14p triggers
removal of Bnr1p but not Bni1p from the
barbed end of F-actin (Chesarone et al. 2009).
Moreover, recent studies indicate that Bni1p
function in actin cable assembly is cell cycle-
regulated and support a role for cyclin-
dependent kinase 1 in that process (Miao et al.
2013). There are also multiple formins that
drive actin assembly in distinct regions of the
cell in S. pombe and A. gossypii. However, in A.
nidulans and N. crassa, there is only one formin
(Berepiki et al. 2011). Actin cable disassembly is
driven by Aip1p and cofilin (Ono and Ono
2002; Okada et al. 2006; Kueh et al. 2008).

Actin cables undergo continuous retro-
grade movement from their assembly site in
the bud tip or bud neck into the mother
cell (Yang and Pon 2002) (Fig. 1.2). This move-
ment, retrograde actin cable flow (RACF), was
identified and characterized in S. cerevisiae
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(Huckaba et al. 2006). It is driven by two forces,
like retrograde actin flow in other eukaryotes.
The elongation of actin cables by insertion of
new material at the tip of the actin cable in the
bud tip or bud neck provides the pushing force
for RACF. This pushing force requires formin-
stimulated actin polymerization. The type II
myosin at the bud neck, Myo1p, provides the
pulling force for RACF and is regulated by a
specific tropomyosin isoform, Tpm2p. As
described below, RACF drives movement of
mitochondria and endosomes (actin patches)
from buds toward mother cells in S. cerevisiae
and contributes to lifespan control as a filter to
prevent lower-functioning mitochondria from
moving from mother cells to buds (Higuchi
et al. 2013; Liu et al. 2011).

In addition to actin patches and cables, the
actin cytoskeleton also forms an actomyosin
ring involved in cytokinesis. The actomyosin
ring is composed of linear actin filaments
nucleated by formins (Bni1p in the budding
yeast S. cerevisiae and Cdc12p in the fission

yeast S. pombe), which are activated by RhoA
family GTPases (Tolliday et al. 2002; Yoshida
et al. 2006). The Arp2/3 complex is localized to
the ring in S. pombe, but this complex does not
appear to play a role in ring assembly in S.
cerevisiae (Winter et al. 1999; Pelham and
Chang 2002). Actin, actin cross-linking pro-
teins, and myosin II all play major roles in the
assembly and constriction of the ring (Barr and
Gruneberg 2007; Bi and Park 2012). Studies on
S. pombe suggest a search-capture-pull-release
model for ring constriction, in which actin fila-
ments nucleated at one node are captured by
myosin II in the adjacent node to condense the
nodes together (Vavylonis et al. 2008).

B. Organization of the Microtubule
Cytoskeleton in Fungi

Microtubules are highly dynamic polymers of
conserved a-and b-tubulins. Microtubules dis-
play dynamic instability through a process of

Fig. 1.2 Schematic representation of actin cable dynam-
ics in budding yeast. Actin cables undergo retrograde
actin cable flow from mother to the bud cell. This pro-
cess is driven by actin assembly at the bud tip and neck

from G-actin and stimulated by formins (Bni1p and
Bnr1p). Pulling force for RACF is provided by Myo1p
localized at the bud neck in a Tmp2p-dependent man-
ner. From Higuchi-Sanabria et al. (2014)
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continuous growth and shrinkage (Desai and
Mitchison 1997). The spindle pole body (SPB)
is the microtubule-organizing center (MTOC)
for the spindle apparatus in fungi. Although
they are functionally equivalent to centro-
somes, SPBs do not contain centrioles. The
SPB of S. cerevisiae is embedded in the nuclear
envelope, where it nucleates microtubules that
extend into the cytoplasm and into the nucleus
(Fig. 1.3). It consists of 5 sub-complexes: a
central core, membrane anchors that tether
the central core to the nuclear envelope, 2 g-
tubulin complexes (one on each side of the
central core), and linker proteins that connect
g-tubulin to the central core. Microtubule
nucleation occurs at each of the g-tubulin com-
plexes (Jaspersen and Ghosh 2012). In S.
pombe, the SPB is tethered to the nucleus
through most of the cell cycle. It is inserted
into the nuclear envelope prior to entry into
mitosis and extruded from the nuclear envelope
upon mitotic exit (Ding et al. 1997).

In S. cerevisiae, all microtubules nucleate
from SPBs that are embedded in the nuclear
envelope. In contrast, microtubules are also
nucleated from cytoplasmic MTOCs in S.

pombe, A. nidulans, and U. maydis (Tran et al.
2001; Straube et al. 2003; Veith et al. 2005). In S.
pombe, three to six bundles of microtubules are
arranged in an antiparallel manner along the
longitudinal axis of the cell during interphase
(Tran et al. 2001). The plus end of microtubules
is more dynamic and faces the cell cortex at the
poles. They are responsible for delivering
polarity proteins to the pole and positioning
the nucleus in the cell center (Tran et al.
2001). In filamentous fungi, microtubules are
either arranged in a uniform array or in an
antiparallel fashion (Xiang 2003).

The microtubule cytoskeleton undergoes
reorganization as the cell enters the cell divi-
sion cycle (Fig. 1.4). At the start of mitosis,
interphase microtubules disappear and dupli-
cated SPBs nucleate spindle microtubules in the
nucleus. During metaphase, the spindle spans
the length of the nucleus and microtubules
capture kinetochores. The bipolar spindle is
composed of kinetochore and pole microtu-
bules. Rapid elongation of the spindle during
anaphase leads to chromosome segregation
(Mallavarapu et al. 1999; Ovechkina et al.
2003). Astral microtubules projecting from
both SPBs play important roles in spindle ori-
entation and chromosome separation (Markus
et al. 2012).

III. Organelle-Specific Inheritance in
Fungi

In S. cerevisiae, the system in which organelle
inheritance has been studied most extensively,
there are two fundamental mechanisms under-
lying organelle inheritance: movement of orga-
nelles from mother cells to daughter cells and
anchorage of newly inherited organelles within
developing daughter cells. The cytoskeleton is
critical for organelle movement and for locali-
zation of anchorage proteins to the daughter
cell. In the case of mitochondrial inheritance,
movement and region-specific anchorage of the
organelle are also critical for inheritance of
higher functioning mitochondria by daughter
cells, which in turn affects daughter cell fitness
and lifespan.

Fig. 1.3 The spindle pole body and spindle apparatus
in budding yeast. Transmission electron micrograph
of the nucleus in a dividing yeast cell. NE nuclear
envelope, S spindle, and SPB spindle pole body. Image
generously provided by M. Winey (University of Color-
ado)
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A. Nuclear Inheritance in S. cerevisiae

Nuclei are dynamic organelles that undergo
directed movement during cell division, devel-
opment, and establishment of cell polarity.
Fungi have been used extensively for studies
on nuclear positioning because they are geneti-
cally manipulatable and because the defined
shape of fungi provides landmarks for the anal-
ysis of nuclear migration. The widely studied
function of the cytoskeleton in spindle forma-
tion and nuclear migration in fungi is the topic
of numerous reviews (Xiang and Fischer 2004;
Pavin and Tolić-Nørrelykke 2013). Here, we
provide an overview for the role of the cytoskel-
eton in nuclear movement during cell division
in S. cerevisiae.

During G2 and early M phase in S. cerevi-
siae, the nucleus undergoes a series of oscilla-

tions across the bud neck, which ultimately
leads to alignment of the spindle along the
mother-bud axis and migration of the nucleus
into the bud. There are two functionally redun-
dant mechanisms for nuclear migration during
anaphase (Fig. 1.5). In one process, Kar9p and
Bim1p tether the type V myosin Myo2p to the
plus ends of astral microtubules. Myo2p then
drives movement of the astral microtubules
and their associated nucleus toward the bud
tip using actin cables as tracks, which leads to
migration of the nucleus into the bud (Miller
and Rose 1998; Miller et al. 2000).

Dynein and microtubules also drive nuclear
migration in S. cerevisiae (Fig. 1.5). During
anaphase, dynein relocalizes from the plus
ends of astral microtubules to the bud tip
through interactions with the cortical anchor
Num1p. At the bud tip, dynein binds to and

Fig. 1.4 Cell cycle-linked changes in the localization of
the microtubule cytoskeleton in S. cerevisiae. Tub1-
GFP-speckled tubulin in wild-type BY4741 cells under-
going division: unbudded, small bud, medium bud, and
large bud from left to right panel. A GFP-tagged TUB1
gene was integrated into the LEU2 site of the genome.
Cells were grown to mid-log phase and fixed in 3.7 %

paraformaldehyde for 50 min and stained with 1 mg/mL
DAPI in mounting solution. Maximum-intensity pro-
jection of a deconvolved wide-field Z-series, showing
tubulin-GFP (upper panels; green in lower panels) and
DAPI (red in lower panels). DAPI is pseudo-colored in
red for reference. Scale bar represents 1 mM
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generates pulling forces on astral microtubules
that emanate from SPBs on the nucleus, which
leads to migration of the nucleus into the bud
(Lee et al. 2003; Sheeman et al. 2003). Dynein,
dynactin, NUDF/LIS1, and NUDE/RO11 all
form comet-like structures on the plus ends of
microtubules, and microtubule plus ends are
less dynamic in dynein mutants (Han et al.
2001; Zhang et al. 2002, 2003; Efimov 2003).
Therefore, it is possible that dynein may also
control nuclear position through its effects on
microtubule dynamics. In this model, dynamic
microtubules may exert pushing forces on
nuclei, affecting their position by a mechanism
that is similar to microtubule control of nuclear
position in interphase cells in S. pombe (Tran
et al. 2000; Xiang 2003).

B. Endoplasmic Reticulum

The ER is the major site of lipid biosynthesis
and is essential for protein secretion. In addi-

tion, it stores Ca2+, an ion that functions in
many signal transduction cascades (Meldolesi
and Pozzan 1998). Proteins that follow the
secretory pathway are glycosylated in the ER
lumen before they are exported from the organ-
elle (Hegde and Lingappa 1999). The ER is also
the final destination for vesicles that transport
ER resident proteins from the Golgi apparatus
to the ER (Pelham 1996). Interestingly, the ER
maintains contact sites with nearly every
membrane-bound structure within the cell,
including the plasma membrane, Golgi appara-
tus, peroxisomes, endosomes, and mitochon-
dria. As will be discussed later, the ER-
mitochondria contact has implications for the
regulation of organelle inheritance.

Structurally, the ER is a large, continuous,
membrane-bound organelle enclosing a single
lumen. It consists of different subdomains that
are unique in morphology. More specifically,
the ER consists of a reticulum underlying the
plasma membrane (cortical ER, cER), ER asso-
ciated with the nuclear envelope (nuclear ER,

Fig. 1.5 Nuclear migration during cell division in S.
cerevisiae. A schematic representation of the mecha-
nism of action of key players involved in nuclear migra-

tion during cell division in budding yeast. Refer to the
text for more details
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nER), and thin projections connecting cER and
nER (Preuss et al. 1991; Friedman and Voeltz
2011; English and Voeltz 2013). Ribosomes are
associated with both cER and nER. To date,
there is no evidence for the existence of smooth
ER in S. cerevisiae (Baba and Osumi 1987).

Time-lapse microscopy experiments
revealed that tubular ER structures undergo
sliding, branching, and fusion (Prinz et al.
2000). Since treatment of cells with the actin-
destabilizing drug Latrunculin-A (Lat-A)
decreases ER motility, it is clear that the actin
cytoskeleton plays a role in cER dynamics and
morphology in budding yeast (Prinz et al. 2000;
Fehrenbacher et al. 2002). However, the precise
function of the actin cytoskeleton in ER dynam-
ics is not well understood.

U. maydis serves as an example of ER orga-
nization in mycelial fungi. In U. maydis, the ER
forms a polygonal network of tubules that
associates with the cell cortex and makes con-
tact with the nuclear envelope. As in S. cerevi-
siae (Prinz et al. 2000), the ER in U. maydis is
highly dynamic. Analysis of the effect of the
destabilization of microtubules or mutations
in microtubule-dependent motors revealed
that ER motility in U. maydis requires micro-
tubules and cytoplasmic dynein (Wedlich-Söld-
ner et al. 2002a, b), and microtubules support
ER movement in U. maydis and in many verte-
brate cells (Dabora and Sheetz 1988). However,
ER tubules are present in the growing bud in
cells with conditional mutations in tubulin at
permissive and restrictive conditions (Wedlich-
Söldner et al. 2002a). Thus, microtubules are
not required for ER inheritance in U. maydis.

In S. cerevisiae, nER undergoes spindle-
driven inheritance in conjunction with the
nucleus. In contrast, inheritance of cER occurs
by a fundamentally different, actin-dependent
mechanism. cER is the first organelle inherited
during the cell cycle (Preuss et al. 1991; Koning
et al. 1996; Du et al. 2001). Shortly after bud
emergence, a tubule of ER extends from the
nER along the mother-bud axis and into the
bud. The tubule makes stable contact with the
bud tip and then spreads around the cortex of
the bud forming cER at that site (Fehrenbacher
et al. 2002; Estrada et al. 2003).

Extension of the ER tubule into the bud tip
is dependent upon the actin cytoskeleton and a
type V myosin, Myo4p. Early studies revealed
that deletion ofMYO4 results in defects in actin
cable-dependent movement of the mRNA from
mother to daughter cells (Bertrand et al. 1998;
Böhl et al. 2000). The She2p/She3p protein
complex serves as an adaptor to bind mRNA
to a region in the Myo4p C-terminal tail (Böhl
et al. 2000). Other studies revealed that a point
mutation in the ATP-binding region of the
motor domain of Myo4p or a mutation in
She3p inhibits ER inheritance (Estrada et al.
2003). Specifically, these mutations result in
defects in formation of the ER segregation
tubule, alignment of ER tubules along the
mother-bud axis, and extension of ER tubules
into the bud. Moreover, both She3p and Myo4p
are recovered in fractions enriched in ER-
derived membranes after subcellular fraction-
ation. These findings raise the possibility that
myosin may drive transport of ER tubules from
mother to bud, where they form the cER in the
daughter cell. Myo4p and She3p may also medi-
ate the transport of ER anchoring proteins or
mRNAs that encode ER anchoring proteins
from the mother to the bud tip.

The mechanism underlying anchorage of
ER in the bud tip is not well understood. How-
ever, recent studies indicate that five proteins
tether cER to the plasma membrane in S. cere-
visiae (Manford et al. 2012). The mRNA and
proteins of two of those tethers, Ist2p and
Tcb2p, localize to the bud tip (Shepard et al.
2003). Therefore, it is possible that one or both
of these proteins mediate stable attachment of
ER tubules to the bud tip during cER inheri-
tance. Anchorage of ER in the bud tip is also
dependent upon Sec3p, a nonessential compo-
nent of the exocyst, a tethering complex that is
required for polarized transport of secretory
vesicles into buds (TerBush et al. 1996; Guo
et al. 1999). ER tubules form from the nER in
sec3D yeast. However, they fail to form stable
contacts with the bud tip and can recede from
buds to mother cells. Conversely, overexpres-
sion of SEC3 promotes ER accumulation in the
bud tip (Wiederkehr et al. 2003; Reinke et al.
2004). Since Sec3p serves as a spatial landmark
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for polarized secretion in yeast, it may also
serve as a landmark for ER anchorage in the
bud tip.

Spreading of ER that is anchored to the bud
tip around the bud cortex requires the serine/
threonine protein phosphatase Ptc1p through
effects on Slt2p, the MAP kinase of the PKC
pathway that is needed for cell wall integrity
(CWI) (Du et al. 2006). Slt2p localizes to the
nucleus and to the bud tip, and its localization
to the bud tip requires Pea2p and Spa2p, two
components of the polarisome, a protein com-
plex that localizes to the bud tip and promotes
assembly and polarization of the actin cytoskel-
eton at that site (Li et al. 2013). Slt2p is also
activated at the stage in the cell cycle when the
ER tubule is anchored to the bud tip and it must
be inactivated for ER to spread from the bud tip
to the bud cortex. Therefore, it is possible that
Ptc1p promotes release of these ER tubules
from the actin cytoskeleton, which allows ER
to spread around the bud cortex.

Recent studies revealed that ER stress,
which leads to accumulation of unfolded pro-
teins in the ER, inhibits cER inheritance and
cytokinesis (Babour et al. 2010). Specifically, ER
stress results in activation of Slt2p and defects
in inheritance of cER by buds. Since deletion of
SLT2 promotes cER inheritance in yeast under-
going ER stress, it is clear that the defect in ER
inheritance observed in ER stressed cells is due
to activation of Slt2p. Finally, ER stress also
inhibits cytokinesis through effects on the sep-
tins. These studies revealed a surveillance
checkpoint that inhibits cell cycle progression
and ER inheritance when the ER is compro-
mised. Additionally during ER inheritance, a
lateral diffusion barrier formed at the bud
neck by sphingolipids in a septin-dependent
manner promotes the retention of misfolded
proteins in the mother cell (Clay et al. 2014).
Other components of this barrier include
Epo1p, Scs2p, and Shs1p (Clay et al. 2014).

Recent work has shown a link between cER
inheritance and mitochondrial inheritance in
budding yeast that is consistent with the tem-
poral inheritance of these organelles, namely,
that cER is trafficked to the bud tip prior to
mitochondrial inheritance. This interesting

dependency will be discussed in greater detail
below in the section on mitochondrial inheri-
tance.

C. Mitochondria

Mitochondria are involved in many vital func-
tions in cells including aerobic respiration; syn-
thesis of molecules such as fatty acids, amino
acids, iron-sulfur clusters, and heme; and apo-
ptosis. Mitochondria cannot be synthesized de
novo, making their inheritance essential during
cell division. Mitochondria use the cytoskeleton
for their inheritance from mother to daughter
cell during division. In S. cerevisiae andA. nidu-
lans, mitochondrial movement is dependent
upon the actin cytoskeleton. In contrast, mito-
chondrial movement in Fusarium acuminatum,
Uromyces phaseoli, Nectria haematococca, N.
crassa, S. pombe, and Allomyces macrogynus is
microtubule-dependent (Howard and Aist
1980; Aist and Bayles 1991; Steinberg and
Schliwa 1993; Yaffe et al. 1996; Suelmann and
Fischer 2000; McDaniel and Roberson 2000;
Fuchs et al. 2002; Fehrenbacher et al. 2004).

1. Microtubule-Dependent Mitochondrial
Movement

Mitochondrial movement in N. crassa requires
the two kinesin family members, Nkin2p and
Nkin3p (Fuchs and Westermann 2005). In con-
trast, no motor has been identified for mito-
chondria in S. pombe and A. nidulans and
mitochondrial inheritance in these fungi occurs
by a motor-independent process.

Fluorescent imaging and electron tomogra-
phy revealed a direct interaction between mito-
chondria and microtubules in S. pombe (Yaffe
et al. 1996; Hoog et al. 2007). During mitosis,
when interphase microtubules reorganize and
assemble into a spindle, mitochondria accumu-
late at the spindle pole. As the spindle elongates
during anaphase, mitochondria move toward
the opposite pole along microtubules. However,
mitochondria do not exhibit track-dependent
movement along microtubules. Rather, they
bind to dynamic microtubule bundles and
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move to and from the cell tips as their asso-
ciated microtubule bundle elongates and short-
ens (Yaffe et al. 2003).

Earlier reports (Chiron et al. 2008) suggest
the conserved CLASP protein Peg1p is a linker
between mitochondria and plus ends of micro-
tubules. More recent studies support a role for
the protein Mmb1p in linking mitochondria to
microtubules in S. pombe (Fu et al. 2011).
Mmb1p binds to the lateral surface of the
microtubule. During interphase, mitochondria
are aggregated in 80 % of mmb1D cells exam-
ined. In approximately 10 % of cells, mitochon-
dria aggregate at only one pole of the cell, which
results in asymmetric segregation of mitochon-
dria leaving one daughter cell devoid of mito-
chondria. Mmb1p also affects microtubule
dynamics. Specifically, it stabilizes the microtu-
bule lattice against shrinkage.

2. Actin-Dependent Mitochondrial Movement
and Quality Control During Inheritance in S.
cerevisiae

In S. cerevisiae, during S phase, mitochondria
align along the longitudinal axis of the cell. At
G1 phase, mitochondria orient toward the site of
bud emergence (Simon et al. 1997). During G2
andM phase, mitochondria undergo anterograde

(toward the bud tip) and retrograde (away from
the bud tip) movements (Fehrenbacher et al.
2004). Mitochondria also become anchored at
the bud tip and at the distal mother tip. At the
end of cell division, mitochondria are released
from these retention sites and re-align along the
axis of the cell during S phase (Yang et al. 1999;
Boldogh et al. 2004; Swayne et al. 2011).

Mitochondria use actin cables as tracks for
anterograde movement, from mother cells to
buds, during cell division in S. cerevisiae
(Fig. 1.6). Specifically, mitochondria co-localize
with actin cables as they undergo anterograde
movement and require actin cables for move-
ment and inheritance. Moreover, alteration in
actin cable dynamics affects both the velocity
and direction of anterograde mitochondrial
movement (Fehrenbacher et al. 2004). Antero-
grade mitochondrial movement in mother cells
is driven by pushing forces generated by Arp2/3
complex-driven actin polymerization at the
interface between actin cables and the organelle
(Boldogh et al. 2001; Senning and Marcus
2010). The Pumilio family protein Jsn1p is the
Arp2/3 complex receptor on the mitochondrial
surface (Fehrenbacher et al. 2005). Anterograde
movement of mitochondria across the bud neck
requires the type V myosin motor Myo2p
(Altmann et al. 2008; Fortsch et al. 2011). Two

Fig. 1.6 Segregation of mitochondria in S. cerevisiae.
Mitochondria use actin as a track for anterograde
movement toward the bud during inheritance that is
mediated by Arp2/3-driven actin dynamics and the

motor Myo2p. Proper segregation requires retention
of mitochondria at both mother and daughter cells.
RACF provides a filter to ensure the inheritance of fitter
mitochondria. From Higuchi-Sanabria et al. (2014)
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proteins, Mmr1p and Ypt11p, have been
described as possible cargo adapters for
Myo2p on mitochondria because they can
bind to Myo2p and are required for normal
mitochondrial distribution (Itoh et al. 2002,
2004). However, as described below, there is
also evidence that these proteins control mito-
chondrial position through effects on anchor-
age of the organelle in the bud tip. Finally, a
protein complex consisting of Mdm10p,
Mdm12p, and Mmm1p is required for associa-
tion of mitochondria with actin cables in vivo
and F-actin in vitro (Boldogh et al. 2003). These
proteins are also required for normal mito-
chondrial morphology in S. cerevisiae, A. nidu-
lans, and N. crassa and for maintenance of
mitochondrial DNA (mtDNA), assembly of
beta-barrel proteins in the mitochondrial
outer membrane, and interaction of mitochon-
dria with ER in S. cerevisiae (Sogo and Yaffe
1994; Prokisch et al. 2000; Hobbs et al.
2001; Koch et al. 2003; Meisinger et al. 2004;
Kornmann et al. 2009).

Retrograde mitochondrial movement in S.
cerevisiae is driven by actin cable dynamics
(Fig. 1.6). As described above, actin cables
undergo retrograde flow, assembly- and
myosin-driven movement from their assembly
site in the bud tip or bud neck toward the distal
tip of the mother cell. Several lines of evidence
support the model that retrograde actin cable
flow (RACF) drives retrograde mitochondrial
movement. Mitochondria co-localize with
dynamic actin cables as they undergo retro-
grade flow and require actin cables for retro-
grade movement. Moreover, the velocity of
retrograde mitochondrial movement is similar
to that of RACF. Finally, mutations that
increase or decrease the rate of RACF also
increase or decrease the rate of retrograde
mitochondrial movement (Huckaba et al.
2006; Higuchi et al. 2013).

Since actin cables, the tracks for antero-
grade mitochondrial movement, undergo retro-
grade flow, mitochondria are effectively
“swimming upstream,” against the opposing
force of RACF as they move from mother cells
to buds (Fig. 1.6). This raises the interesting
possibility that RACF serves as a filter to pre-
vent low-functioning mitochondria from enter-
ing the bud or to drive movement of low-

functioning mitochondria from the bud into
the mother cell. Indeed, recent studies indicate
that mitochondria that are more reduced and
have less reactive oxygen species (ROS) are
preferentially inherited by buds in S. cerevisiae
(McFaline-Figueroa et al. 2011). Other studies
indicate that increasing the rate of RACF results
in inheritance of mitochondria that are higher
functioning compared to mitochondria in wild-
type cells. It also results in extended lifespan
and improved healthspan through effects on
mitochondrial quality control (Higuchi et al.
2013). Thus, the machinery for mitochondrial
motility in S. cerevisiae also contributes to
inheritance of fitter mitochondria by daughter
cells, which affects daughter cell fitness and
lifespan.

3. Anchorage of Mitochondria in Mother Cells
and Buds in S. cerevisiae

For the proper inheritance of mitochondria,
mitochondria must anchor to the bud tip in
order to prevent their movement to the mother
through retrograde flow of actin cables. Light
and electron microscopy studies revealed that
mitochondria are anchored to the cER at the
bud tip (Swayne et al. 2011). These studies also
revealed a role for Mmr1p, a member of the
DSL1 family of tethering proteins, in anchorage
of mitochondria to cER in the bud tip. Deletion
of MMR1 results in defects in anchorage of
mitochondria in the bud tip and accumulation
of mitochondria in mother cells, while overex-
pression of MMR1 causes excessive accumula-
tion of mitochondria at the bud tip (Swayne
et al. 2011; Frederick et al. 2008). Consistent
with this, MMR1 protein and mRNA localize
exclusively in the bud tip. Localization of
MMR1 mRNA to the bud tip relies on Myo4p-
dependent transport (Shepard et al. 2003). In
contrast, localization of MMR1 protein to the
bud tip requires Myo2p and Ptc1p, a protein
that has been implicated in assembly of Myo2p
with its cargo-specific adapters (Jin et al. 2009;
Swayne et al. 2011). Finally, Mmr1p localizes to
apposed surfaces of mitochondria and cER at
the bud tip and is recovered with mitochondria
and ER upon subcellular fractionation (Swayne
et al. 2011). Together, these findings suggest
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that Mmr1p serves as an anchor protein for the
retention of mitochondria at the bud tip
through its association with cER.

Interestingly, defects in anchorage of mito-
chondria in the bud tip affect mitochondrial
quality control during inheritance and lifespan
control in S. cerevisiae. As described above,
fitter mitochondria, which are more reduced
and have less ROS, are preferentially inherited
by daughter cells. Deletion of MMR1 results in
two populations of cells. One population is
long-lived and inherits mitochondria that are
higher functioning compared to those in wild-
type cells. The other population is short-lived
and contains mitochondria that are severely
compromised (McFaline-Figueroa et al. 2011).
Thus, inheritance of fitter mitochondria by
daughter cells relies on transport of fitter orga-
nelles from mother cells to buds and retention
of those fitter organelles within the bud.

Ypt11p is a Rab-like GTPase that binds to
the cargo-binding domain of Myo2p. It is
involved in the inheritance of Golgi apparatus,
ER, and mitochondria (Itoh et al. 2002; Boldogh
et al. 2004; Buvelot Frei et al. 2006). Currently,
the role of Ypt11p in mitochondrial inheritance
is controversial. Some studies suggest that
Ypt11p plays a direct role in inheritance of
mitochondria by linking mitochondria to type
V myosin motors (Lewandowska et al. 2013).
Other findings support the model that Ypt11p
affects cER inheritance, which in turn affects
anchorage of mitochondria to cER in the bud
tip. Specifically, Ypt11p, when overexpressed,
localizes to cER in the bud. These studies also
showed that deletion of YPT11 results in severe
defects in cER inheritance, while overexpres-
sion of YPT11 results in increased cER inheri-
tance (Buvelot Frei et al. 2006). Other studies
revealed that deletion of YPT11 results in
defects in anchorage of mitochondria in the
bud tip without affecting the velocity of mito-
chondrial movement (Boldogh et al. 2004;
Swayne et al. 2011). Finally, there are two popu-
lations of ypt11D cells: one long-lived and the
other short-lived (Rafelski et al. 2012). Thus,
the aging phenotype observed in ypt11D cells
is similar to that observed in mmr1D cells.

Proper segregation of mitochondria also
requires the retention of mitochondria in the
mother cell. Num1p is a large protein that loca-

lizes to the cell cortex and is involved in dynein-
dependent nuclear migration (Farkasovsky and
Kuntzel 1995; Heil-Chapdelaine et al. 2000). A
role for Num1p in mitochondrial distribution
was obtained in a high-copy suppressor screen
for a dominant negative mutant of the
dynamin-like mitochondrial fusion protein,
Dnm1p (Cerveny et al. 2007). Other studies
support a role for Num1p in anchorage of mito-
chondria to the mother cell cortex. Num1p
localizes to punctate structures at the cortex of
mother cells and sites where mitochondria are
closely opposed to the cell cortex (Klecker et al.
2013; Lackner et al. 2013). Deletion of NUM1
results in reduced localization of mitochondria
to the mother cell cortex, increased mitochon-
drial motility in mother cells, and restoration of
the distribution of mitochondria in mother
cells and buds in mmr1D yeast (Klecker et al.
2013). Finally, tethering mitochondria to the
plasma membrane rescues the num1D defects.
These studies revealed retention machinery for
mitochondria in yeast mother cells, a require-
ment for this retention machinery in mitochon-
drial inheritance and a role for Num1p in this
process.

4. Checkpoints That Inhibit Cell Cycle
Progression in Response to Defects in
Mitochondrial Inheritance

There are many checkpoints that inhibit cell
cycle progression when there are defects in
inheritance of the nucleus or nuclear DNA.
Recent studies revealed two checkpoints that
block cell cycle progression in response to
defects in mitochondrial inheritance in S. cere-
visiae (Garcia-Rodriguez et al. 2009; Peraza-
Reyes et al. 2010). The mitochondrial inheri-
tance checkpoint inhibits contractile ring clo-
sure in response to severe defects in
mitochondrial inheritance. This checkpoint is
regulated by a conserved checkpoint signaling
pathway, the mitotic exit network (MEN),
which regulates cell cycle progression in
response to spindle alignment and elongation
and to the transfer of the nucleus from mother
to daughter cell during the anaphase-to-telo-
phase transition (Segal 2011). Two lines of evi-
dence suggest that the MEN pathway regulates
cytokinesis when there is a defect in mitochon-
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drial inheritance. First, cells with defects in
mitochondrial inheritance have a delay in the
release of the MEN component, Cdc14p, from
the nucleolus during anaphase. Second, hyper-
activation of MEN by deleting BUB2 can rescue
defects in cytokinesis (Garcia-Rodriguez et al.
2009).

The mitochondrial DNA (mtDNA) inheri-
tance checkpoint inhibits progression from G1
to S phase in response to loss of mtDNA
(Crider et al. 2012). Interestingly, this check-
point responds to loss of DNA within buds and
not to loss of genes encoded by mtDNA or loss
of mitochondrial respiratory activity. This
checkpoint is regulated by Rad53p, a compo-
nent of the DNA damage checkpoint, which
arrests the cell cycle at G1, S, and G2 phase
and activates DNA repair pathways in response
to nuclear DNA damage or replication interfer-
ence events including DNA breaks, adducts,
cross-links, and inhibition of DNA polymerases
(Elledge 1996). Specifically, loss of mtDNA
results in activation of Rad53p and Rad53p-
dependent phosphorylation of Pif1p, a helicase
that is activated by the DNA damage check-
point. Conversely, Rad53p is required for inhi-
bition of cell cycle progression in response to
loss of mtDNA.

Thus, there are two checkpoints that moni-
tor mitochondrial inheritance in S. cerevisiae.
These checkpoints respond to different aspects
of mitochondrial inheritance, inhibit cell cycle
progression at different stages in the cell divi-
sion cycle, and are regulated by different check-
point signaling pathways. Since the signaling
pathways that regulate these checkpoints are
conserved, it is possible that these checkpoints
exist in other eukaryotes. Indeed, Chk2, the
mammalian homologue of Rad53p, has
known effects on mtDNA content (Lebedeva
and Shadel 2007).

D. Vacuoles, the Lysosomes of Yeast

Vacuoles are evenly distributed between
mother and daughter cells in S. cerevisiae.
While the vacuole is an essential organelle, its
inheritance is not essential and cells that fail to
inherit the organelle are able to generate one

through an unknown mechanism (Weisman
2006). Vacuoles remain relatively constant in
size during cell division, and the primary
event during vacuole inheritance is the forma-
tion of a tubular, vacuole-derived “segregation
structure” (Weisman et al. 1987; Weisman and
Wickner 1988). The segregation structure
forms near the bud and extends from the
mother cell to the bud before the nucleus enters
the mother-bud neck. Initially, the vacuole in
the bud remains connected to the vacuole in the
mother via the segregation structure (Weisman
and Wickner 1988). Thereafter, the segregation
structure resolves, and fusion of vacuolar vesi-
cles produces the large vacuoles typical of
daughter cells (Conradt et al. 1992; Jones et al.
1993). Resolution of the vacuolar segregation
structure requires Cal4p, a kinase that localizes
to the bud and is activated at segregation struc-
tures in the bud (Bartholomew and Hardy
2009).

Many of the genes required for vacuolar
inheritance affect the actin cytoskeleton (for
review see Weisman 2003). Specifically, muta-
tions in genes encoding actin (ACT1), profilin
(PFY1), and a type V myosin (MYO2) affect
inheritance, but not morphology, of the organ-
elle (Hill et al. 1996). Some MYO2 mutations
that interfere with vacuolar inheritance are in
the Myo2p motor and therefore affect many
Myo2p-dependent processes. However, other
mutations in the Myo2p tail (e.g., myo2-2)
appear to be vacuole-specific (Catlett and
Weisman 1998; Catlett et al. 2000). Ptc1p/
Vac10p is required for vacuolar inheritance
and plays several roles in regulating this pro-
cess. These include the regulation of Myo2p
distribution, regulation of Vac17p steady-state
levels, and promoting the association of Myo2p
with Vac17p (Jin et al. 2009).

Other studies support a role for the periph-
eral and integral vacuolar membrane proteins
Vac17p and Vac8p in recruiting Myo2p to
vacuoles. VAC17 was isolated as a multi-copy
suppressor of the vacuole inheritance defect of
the myo2-2 allele. Vac17p is required for
normal vacuolar inheritance and is not required
for the inheritance of peroxisomes, late Golgi
apparatus, or secretory vesicles (Ishikawa et al.
2003). Vac17p immunoprecipitates with Myo2p,
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can bind to the Myo2p tail in two-hybrid tests,
and is required to recruit Myo2p to vacuolar
membranes. Vac8p, an integral vacuolar mem-
brane protein, interacts with Vac17p in co-
immunoprecipitation experiments and two-
hybrid tests and is required for vacuole inheri-
tance and recruitment of Vac17p to the organelle
(Tang et al. 2003). Together, these studies sup-
port the model that binding of Vac17p to the
vacuole-specific region of the globular tail of
Myo2p and to the integral vacuolar membrane
protein Vac8p results in recruitment of Myo2p
to the vacuolar membrane, which in turn allows
for Myo2p-driven movement of the vacuolar
segregation structure from mother to deve-
loping bud using actin cables as tracks (Tang
et al. 2003).

Association of Vac17p with Myo2p is a
tightly regulated process. Phosphorylation of
Vac17p by the cyclin-dependent kinase Cdk1
early in the cell cycle promotes binding of
Vac17 to Myo2 (Peng andWeisman 2008). Con-
versely, cell cycle-regulated degradation of
Vac17p blocks association of Myo2p with
vacuoles in late stages in the cell cycle. This
degradation relies on a PEST sequence in
Vac17p (Tang et al. 2003). Recent studies also
revealed a role for Dma1p in cell cycle-
dependent degradation of Vac17p. Dma1p is
an E3 ubiquitin ligase that contains a RING
finger domain and regulates the level of pro-
teins that function in the spindle positioning
checkpoint protein, septin deposition, and
cytokinesis (Fraschini et al. 2004). Dma1p is
recruited to Vac17p and is required for degra-
dation of Vac17p by the proteasome. Vac17p
degradation is dependent upon the ubiquitin
ligase activity of Dma1p and is ubiquitinated
in vivo. Interestingly, recruitment of Dma1p to
Vac17p requires (1) phosphorylation of Vac17p
by Cdk1, (2) association of Myo2p with Vac17p,
and (3) resolution of the segregation structure.
Together, these findings suggest that Dma1p is
recruited to Vac17p after Myo2p has driven
transport of the vacuole from mother cells to
bud. Once Dma1p is recruited to Vac17p, it
catalyzes ubiquitination of Vac17p, which trig-
gers degradation of Vac17p by the proteasome,
release of Myo2p from the vacuole, and termi-
nation of vacuolar transport.

In A. nidulans DigA, a protein involved in
vacuolar trafficking, was cloned as a potential
homologue to S. cerevisiae Pep3p (Vps18p)
(Geissenhoner et al. 2001). digA mutants show
pleiotropic defects like abnormal mitochondria
and clustered nuclei in addition to defects in
polarization of the actin cytoskeleton. Thus,
normal vacuolar function may be necessary
for organelle positional control and polarized
growth in this filamentous fungus.

Vacuole inheritance and hyphal branching
require Vac8p in C. albicans (Barelle et al.
2006). Time-lapse microscopy and three-
dimensional imaging studies indicate that
vacuoles are inherited asymmetrically during
germ tube formation. After the first division,
the subapical cell in the incipient hypha inher-
its most of the vacuolar compartment and
arrests in G1. Subapical cells are released from
their arrest when the vacuoles decrease in size.
Thus, vacuole segregation may be coordinated
with the cell cycle, by cell cycle-regulatory
machinery that monitors vacuole size (Barelle
et al. 2003). Indeed, several genes including
VAC1, VAC7, VAC8, FAB1, VAM2, VAM,
ABG1, VSP11, and VSP34 have been implicated
in a regulatory process that links vacuole inher-
itance to cell cycle progression in C. albicans
(Bruckmann et al. 2001; Augsten et al. 2002;
Veses et al. 2005, 2009; Palmer et al. 2005; Bare-
lle et al. 2006; Franke et al. 2006).

E. The Golgi Apparatus

Inheritance of Golgi apparatus has been studied
extensively in two types of budding yeast, P.
pastoris and S. cerevisiae. In P. pastoris, the
Golgi apparatus is composed of ordered stacks
of cisternae. Golgi stacks are present in close
association with transitional ER (tER). Fluores-
cence imaging of Sec7p-GFP confirmed that the
Golgi apparatus is synthesized de novo from
the tER in P. pastoris (Bevis et al. 2002).

The Golgi apparatus in S. cerevisiae is not
arranged in stacks but instead comprises mul-
tiple cisternae that are dispersed in the cyto-
plasm. There are two sets of Golgi cisternae
present in the cell: early and late cisternae.
They utilize two different mechanisms for
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inheritance. Early Golgi apparatus cisternae are
present in the bud at very early stages of the cell
cycle. These cisternae are synthesized de novo
from ERmembranes. In mutants with defects in
ER inheritance, small buds lack Golgi cisternae
(Reinke et al. 2004). Inheritance of late Golgi
cisternae is an ordered cell cycle-dependent
process that uses the actin cytoskeleton. CDC1
mutants have depolarized actin cables and
show defects in the inheritance of late Golgi
cisternae (Rossanese et al. 2001).

Studies of Myo2p mutants support a role
for this motor in Golgi localization in mother
cells and buds (Rossanese et al. 2001). Other
studies support a role for Ypt11p, a protein that
binds to Myo2p and is implicated in cER inher-
itance and anchorage of mitochondria in the
bud tip, as well as in Golgi inheritance (Arai
et al. 2008). Ypt11p exhibits high-affinity bind-
ing to Ret2p, a subunit of the COPI coatomer
complex on the Golgi apparatus. Consistent
with this, deletion of YPT11 results in defects
in localization of late Golgi apparatus to the
bud. Moreover, overexpression of YPT11
results in enhanced accumulation of Ret2p
and late Golgi apparatus in the buds, and muta-
tions in RET2 that reduce its affinity for Ypt11p
suppress this YPT11 overexpression effect.
Finally, Golgi membranes undergo linear,
bud-directed movement in dividing yeast, and
deletion of YPT11 or destabilization of actin
inhibits this movement. Overall, this supports
the model that Ypt11p and Ret2p are receptors
for Myo2p on late Golgi membranes and that
Ret2p-dependent recruitment of Myo2p to the
late Golgi apparatus is required for actin-
dependent polarized movement and inheri-
tance of this organelle. Since Ret2p is also a
component of COPI vesicles that are trans-
ported from the cis Golgi apparatus to the ER,
this study may also reveal why deletion of
YPT11 also affects cER inheritance.

There is also evidence for actin control of
Golgi localization in other fungi. In A. nidulans
Golgi equivalents (GEs) are polarized during
hyphae growth (Breakspear et al. 2007) and
that organization is disrupted after treatment
with latrunculin, an agent that disrupts the
actin cytoskeleton (Pantazopoulou and Penalva
2009). In C. albicans the majority of the Golgi
apparatus localizes to the distal region of the

hyphae. This pattern of localization also
depends on the actin cytoskeleton (Rida et al.
2006). Recent studies indicate that polarization
of the Golgi apparatus toward the hyphal tips
during development in C. albicans depends on
the cAMP-PKA signaling pathway and on the
phosphorylation of Gyp1, a protein that loca-
lizes to the Golgi apparatus (Huang et al. 2014).

F. Peroxisomes

Peroxisomes are single-membrane-bound
organelles that are required for many essential
metabolic pathways including b-oxidation of
fatty acids, homeostasis of ROS, glyoxylate
cycle, and penicillin biosynthesis (van den
Bosch et al. 1992). Different processes deter-
mine peroxisome abundance in fungi: biogene-
sis, division, turnover, and active transport to
daughter cells. Peroxisome abundance is also
controlled by environmental signals. For exam-
ple, in Candida boidinii, a yeast that can grow
using methanol as a sole carbon source and is
frequently found on the surface of plants, per-
oxisome abundance correlates with methanol
oscillations during the daily light-dark cycle
(Oku et al. 2014).

1. Peroxisome Biogenesis

The number of peroxisomes remains fairly con-
stant in budding yeast, and peroxin (PEX) genes
control peroxisome biogenesis and prolifera-
tion (Kiel et al. 2006). Pex3p is a peroxisomal
membrane protein that is essential for peroxi-
some biogenesis. Deletion of PEX3 results in
complete loss of peroxisomes, and introduction
of PEX3 to pex3D yeast results in peroxisome
biogenesis (Hettema et al. 2000). Early studies
revealed that newly synthesized Pex3p localizes
first to discrete foci within the ER and later to
mature peroxisomes (Hoepfner et al. 2005).
Other groups found that ER is critical for per-
oxisome biogenesis and that other peroxisomal
membrane but not matrix proteins are trans-
ported from ER to peroxisomes in organisms
ranging from fungi to mammalian cells (Geuze
et al. 2003; Kim et al. 2006; Karnik and Trelease
2007; Kragt et al. 2005; Tam et al. 2005; Thoms
et al. 2012). Studies in the yeast Yarrowia lipo-
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lytica revealed immature vesicles containing an
incomplete peroxisome proteasome budding
from the ER and a role for ER protein trafficking
in peroxisome biogenesis (Titorenko et al. 2000;
Titorenko and Rachubinski 2000; van der Zand
et al. 2010).

These findings support the model that per-
oxisome membrane proteins that are imported
into ER form at least two different cargo
groups, which bud from the ER. Fusion of vesi-
cles containing different cargo groups then
leads to the formation of a membrane-bound
compartment with a complete peroxisome
membrane protein proteome. Finally, matrix
proteins are imported into the organelle using
the peroxisome import machinery. In S. cerevi-
siae, fission of peroxisomes involves the
dynamin-like protein Vps1p. Deletion of VPS1
results in fewer than normal but oversized per-
oxisomes in the cell. In S. pombe, peroxisome
number is controlled by two dynamin-like pro-
teins, Dnm1p and Vps1p, that act in a redun-
dant manner (Hoepfner et al. 2001).

2. Peroxisome Inheritance

Peroxisome inheritance in fungi is coordinated
with the transport of other organelles. For
example, in the yeast Hansenula polymorpha,
Emp24, a member of the p24 family, localizes
not only to the ER and the Golgi apparatus but
also to peroxisomes, where it regulates peroxi-
some fission and inheritance (Kurbatova et al.
2009). In S. cerevisiae, peroxisomes associate
with mitochondria and their movement is cou-
pled with mitochondrial dynamics (Jourdain
et al. 2008). However, peroxisomes are trans-
ported into buds early in the cell cycle, before
mitochondria are detected in the bud (Kno-
blach and Rachubinski 2013). Time-lapse imag-
ing of GFP bearing the peroxisomal targeting
signal type 1 (PTS1) reveals cell cycle-
dependent peroxisome movement. Specifically,
peroxisomes accumulate at the incipient bud
site. As the bud emerges, peroxisomes move
immediately into the bud, initially localizing
to the bud tip but later presenting throughout
the bud. Before cytokinesis, they are also pres-
ent at the bud neck.

Transport of peroxisomes from mother to
buds is an ordered, actin-dependent process.
Time-lapse imaging revealed that peroxisomes
undergo linear, polarized movement along
actin cables in S. cerevisiae and that treatment
with latrunculin-A, an agent that results in
rapid loss of actin filaments, or shift of a
temperature-sensitive Myo2p mutant to restric-
tive temperatures, abolishes peroxisome move-
ments in S. cerevisiae (Hoepfner et al. 2001).
Thus, Myo2p drives movement of peroxisomes
from mother cells to buds, using actin cables as
tracks in S. cerevisiae.

Other studies support a role for Inp2p as
the Myo2p receptor on peroxisomes in S. cere-
visiae. These studies revealed sites on the
Myo2p tail that are required for its association
with peroxisomes and that Inp2p, an integral
peroxisomal membrane protein, binds to
Myo2p and is required to recruit Myo2p to
peroxisomes and for peroxisome movement
(Fagarasanu et al. 2006). Interestingly, Inp2p
undergoes cell cycle-linked changes in abun-
dance and phosphorylation (Fagarasanu et al.
2009). Another protein, Pex19p, has also been
reported to be important, in addition to Inp2p,
for binding of peroxisomes to Myo2p (Otzen
et al. 2012). Finally, a role for the E3 ubiquitin
ligases Dma1 and Dma2 in the release of per-
oxisomes in the bud has been reported (Yau
et al. 2014). Because Dma1 is also required for
termination of vacuole transport into the bud
and for Vac17 degradation, the authors suggest
that degradation of adaptor proteins by the
proteasome is a general mechanism to detach
myosin V cargoes at daughter cells.

Inp1p is a peripheral membrane protein of
peroxisomes that anchors the peroxisome to
the mother cell cortex. Deletion of INP1 causes
defects in the retention of peroxisomes in the
mother cell and overexpression of Inp1p has
the opposite effect (Fagarasanu et al. 2005). A
role for the peroxin Pex3p in peroxisome inher-
itance via Inp1p has also been reported. Pex3p
and Inn1p directly interact, and Pex3p seems to
serve as an anchor protein recruiting Inp1p to
the peroxisomal membrane (Munck et al.
2009). Finally, recent studies indicate that
Inp1p anchors peroxisomes to cER in the
mother cell by serving as a hinge to link Pex3p
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in ER membranes to Pex3p in peroxisome
membranes (Knoblach et al. 2013).

In filamentous fungi like A. nidulans, per-
oxisomes move along microtubules in a
kinesin-3 and dynein-dependent way. The
dynein-associated protein Lis1 is critical for
the initiation of dynein-dependent peroxisome
motility (Egan et al. 2012). Interestingly, ApsB,
a component of the septal microtubule-
organizing centers (sMTOCs), interacts with a
subpopulation of peroxisomes in A. nidulans
(Zekert et al. 2010). This observation suggests
that peroxisome transport might contribute
to the formation of sMTOCs in filamentous
fungi.

IV. Conclusion

While the study of organelle inheritance has
long been a topic of active investigation, there
are still many outstanding questions. Do the
mechanisms found in S. cerevisiae for initiation
and termination of organelle movement from
mother cells to buds, as well as anchorage of
organelles in mother cells and buds, occur in
other fungi? Recent studies indicate that the
machinery for mitochondrial inheritance in S.
cerevisiae promotes inheritance of fitter mito-
chondria by daughter cells and promotes
daughter cell fitness and lifespan. Are there
other inheritance-linked organelle quality con-
trol mechanisms and how does this affect
mother and daughter cell fitness? Several
checkpoints are in place to ensure the faithful
segregation of chromosomes. Recent studies
have illustrated similar robust surveillance
mechanisms for the inheritance of various
organelles such as mitochondria, cER, Golgi
apparatus, and vacuoles. Are there other organ-
elle inheritance checkpoints in fungi and other
eukaryotes? How do defects in organelle inher-
itance, organelle quality control, and/or locali-
zation of organelles to specific regions within
cells contribute to neurodegenerative and met-
abolic diseases in mammals? Continued analy-
sis of organelle inheritance in fungi will not
only guide us in understanding this complex
phenomenon in other organisms but will also
help in finding therapies for these diseases.
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I. Introduction

Nuclei are the repositories of genetic informa-
tion in eukaryotic cells. These organelles are
highly dynamic in terms of both physical move-
ment and genetic change from the level of gene
expression to large-scale genome alterations.
Fungal systems provide an especially excellent
model for understanding the fundamentals of
nuclear behavior in all cells and display a range
of strategies for manipulating both the position
and content of genetic information to adapt to
the external environment as well as the con-
stantly changing cellular context during
growth. From the first characterizations of
nuclear motility within basidiomycete mycelia
to the present day, fungal cells have provided

researchers with countless complex problems,
many still awaiting inquiry. Investigations into
fundamental activities within fungi have
yielded insights into processes such as the
mechanical dynamics of growth, evolution,
and mechanisms of pathogenesis that have fur-
thered our understanding of eukaryotic cell
biology as a whole. While there are numerous
excellent reviews on various aspects of nuclear
mobility, exchange of genetic material, the
interplay between nuclear behavior and cell
growth, and principles of evolution in the fun-
gal kingdom, we seek in this chapter to com-
municate a more integrative view of these
processes to illustrate the remarkable adapt-
ability and dynamic behaviors of nuclei.

II. Physical Nuclear Mobility

Throughout the entire spectrum of morpholo-
gies exhibited by fungi from uninucleate
baker’s yeast only microns in diameter to mul-
tinucleate mycelia of mushroom species that
can cover multiple square miles, nuclei are
strategically and actively positioned to facilitate
their interactions with other cellular compo-
nents and contribute to successful growth and
reproduction of the organism. Nuclei are trans-
ported throughout the cell for a variety of pur-
poses by a combination of precise active and
bulk passive mechanisms.

A. Mechanics of Nuclear Movement

The microtubule cytoskeleton is essential for
nuclear positioning in fungi. One of the most
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extensively studied microtubule-dependent
nuclear processes is migration during mitosis
in Saccharomyces cerevisiae. Astral microtu-
bules emanating from the spindle pole body
(SPB, the microtubule-organizing center of fun-
gal cells) embedded within the nuclear envelope
are captured by cortical dynein and used to
orient the nucleus so that the daughter nucleus
will traverse the bud neck during spindle elon-
gation (Fig. 2.1a). Microtubule defects or
dynein mutations cause misalignment of the
spindle and generation of a binucleate mother
and an anucleate daughter cell. The details of
this process can be found in many excellent
review articles on the subject, but here it is
essential to note that conserved functions of
microtubules, associated motors, and accessory
proteins primarily coordinate these nuclear
movements (ten Hoopen et al. 2012; Anantha-
narayanan et al. 2013).

In the antithesis to mitosis, karyogamy, two
haploid nuclei must be brought together for
fusion prior to meiosis. Genetic and molecular
analyses of the S. cerevisiae kar mutants have
revealed that this process also depends upon
microtubules and microtubule-associated
motors (Rose and Fink 1987; Meluh and Rose

1990; Endow et al. 1994; Miller and Rose 1998).
The kinesin Kar3 associates with the SPB of
each nucleus and captures microtubules ema-
nating from the SPB of the partner nucleus. The
force generated by these motors brings the two
nuclei together prior to fusion (Melloy et al.
2007; Gibeaux et al. 2013). The process of
nuclear envelope fusion begins with fusion of
the separate SPBs so that after completion of
karyogamy, the diploid nucleus contains one
SPB with a half-bridge (the construction site
of a new SPB). In this way, the number of
microtubule nucleation sites is regulated to
successfully segregate chromosomes during
meiosis (Byers and Goetsch 1975; Gibeaux
et al. 2013; Gibeaux and Knop 2014).

In contrast to budding yeast, which have
the hourglass of the mother-bud neck as a cel-
lular landmark, nuclei in fission yeast cells
must achieve proper positioning through alter-
native mechanisms. In Schizosaccharomyces
pombe, dynamically unstable microtubules
associated with the nuclear envelope generate
pushing forces against the plasma membrane
and keep the nucleus centered within the cell
(Fig. 2.1b) (Tran et al. 2001). In the case of a
nucleus that has been displaced from the center

Fig. 2.1 Overview of the microtubule cytoskeleton in
different species. (a) S. cerevisiaemicrotubules emanate
from the spindle pole bodies and interact with the cell
cortex to orient the nucleus during mitosis. (b) S.
pombe microtubules associate with the nuclear enve-

lope and push against the cell cortex to center the
nucleus within the cell. (c) Microtubules emanating
from SPBs in filamentous fungi interact with the cell
cortex and dynamically position nuclei within a con-
stantly flowing cytoplasm

28 S.E. Roberts and A.S. Gladfelter



(e.g., by centrifugation), microtubules on one
side must grow much longer than those on the
alternate side to reach the cortex. This increases
the chance of shorter microtubules reaching the
cortex on the closer end of the cell, and these
stiffer, shorter microtubules exert more force
on the closer cell end. These interactions are
sufficient to return the nucleus to the center of
the cell (Daga et al. 2006). However, microtu-
bule motors are important for nuclear position-
ing during other processes in S. pombe. During
meiosis, nuclear oscillations within the cell
promote chromosome pairing and recombina-
tion. These oscillations are generated by
changes in dynein localization that exert forces
on the nucleus from different directions
through time (Vogel et al. 2009).

It is clear that the cell shape can influence
nuclear positioning, and therefore dimorphic
fungi encounter unique challenges with respect
to nuclear mobility. For example, in the yeast
form of Candida albicans, the nucleus must be
positioned properly during mitosis to produce
uninucleate progeny. It has been shown that, as
in S. cerevisiae, dynein-dependent nuclear
oscillations coordinate nuclear positioning in
the yeast form during mitosis (Finley and
Berman 2005; Finley et al. 2008). Indeed, the
velocity of nuclear movement in both yeast and
hyphae is reduced in dynein mutants (Finley
et al. 2008). Often, dynein mutants in the yeast
form are able to successfully segregate nuclei
during mitosis because although nuclear
division may proceed in the mother cell, a spin-
dle checkpoint prevents cytokinesis before a
nucleus eventually moves into the bud (Finley
and Berman 2005). However, nuclei must also
undergo long-range transport after transition
to the hyphal growth form. In C. albicans,
microtubule-dependent nuclear migration
within hyphae is important for ensuring
appropriate timing of septum formation rela-
tive to mitosis, and this process is not success-
ful in dynein mutants (Finley and Berman
2005). Similarly, in the corn pathogen Ustilago
maydis, microtubules are not essential during
initial germ tube formation, but are required
for hyphal growth after infection initiation
(Fuchs et al. 2005). Dimorphic species are able
to adapt the same machinery to transport

nuclei within very different spatial contexts.
Investigation into the different behavior of
microtubules and microtubule-associated
motors between these two growth strategies
can provide insight into adaptations during
the evolution of multinucleated cells and other
cells with complex geometries.

Microtubule-dependent nuclear transport in
multinucleate fungi serves to properly distribute
nuclei throughout the mycelium. Compromised
microtubules, dynein, or dynein activators in the
filamentous fungi Neurospora crassa, Aspergillus
nidulans, Ashbya gossypii, and Nectria haemato-
cocca result in a disruption of normal nuclear
spatial distribution (Oakley and Morris 1980;
Plamann et al. 1994; Tinsley et al. 1996; Inoue
et al. 1998; Grava et al. 2011). In these organisms,
SPB-associated microtubules interact with
dynein at the cortex to generate force required
for nuclear movement (Fig. 2.1c). In the yeast S.
cerevisiae, the protein Num1 localizes to the
cortex and interacts with cytoplasmic microtu-
bules and dynein to facilitate nuclear positioning
during mitosis (Farkasovsky and Küntzel 1995,
2001). Homologues of this protein in A. gossypii
(Num1) and A. nidulans (ApsA) are also
required for normal nuclear positioning, sug-
gesting a conserved role for cortical dynein
anchoring in nuclear positioning (Fischer and
Timberlake 1995; Grava et al. 2011). In A.
gossypii, it has been demonstrated that micro-
tubules are required for active redistribution of
nuclei and maintenance of consistent internu-
clear distance, though the precise nature of
microtubule interactions remains unclear and
involves the activity of kinesins as well as dynein
(Anderson et al. 2013). There is also evidence for
the involvement of kinesins in nuclear position-
ing from studies in A. nidulans, but further
investigation is required to understand their
involvement in these processes (Requena et al.
2001; Zhang et al. 2003).

Nuclear movement and division must be
coupled to cell growth. In some species both
nuclear movement and polarized secretion
require microtubules, providing a strategy for
linking these processes. For example, in
addition to nuclear distribution, polarized
growth becomes compromised when microtu-
bules are disrupted in N. crassa, A. nidulans, or
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N. haematococca (Plamann et al. 1994; Inoue
et al. 1998; Horio and Oakley 2005). However,
in A. gossypii, microtubule-based nuclear trans-
port and actin-based polarized growth are suf-
ficiently uncoupled to allow continuation of
growth despite aberrantly positioned nuclei in
mutant strains or pharmacologic disruption of
microtubules (Gladfelter et al. 2006; Grava et al.
2011). This may be because A. gossypii is more
closely related to the yeast S. cerevisiae, in
which nuclear movements and polarized
growth are also relatively distinct processes
(Dietrich et al. 2004). It may be that the more
divergent filamentous fungi from S. cerevisiae
have adapted to more closely coordinate
nuclear dynamics with polarized growth by
using the same cytoskeleton for both. Interest-
ingly, the rates of polarized growth differ in all
of these species from 0.1 to 0.5 mm/min in A.
nidulans, 1–2 mm/min in A. gossypii, 3 mm/min
in N. haematococca, and 1.3–12.9 mm/min of
individual N. crassa hyphae, though mature
mycelium in race tubes has been measured at
up to 80 mm/min (Ryan et al. 1943; Wu et al.
1998; Horio and Oakley 2005; Araujo-
Palomares et al. 2007; Kohli et al. 2008). The
mechanistic differences behind this variation
are currently unclear, though they likely
depend upon differential allocation of
resources for growth, vesicle production and
fusion rates, cytoskeletal dynamics, and differ-
ences between cytoskeletal motors in each spe-
cies. In the species for which it has been
measured (A. nidulans, N. crassa, and A. gossy-
pii), the growth rate is highly dependent upon
the age of the cell, probably due to increased
capacity for transport of components required
for growth, such as vesicles, to hyphal tips
(Horio and Oakley 2005; Araujo-Palomares
et al. 2007; Kohli et al. 2008).

An additional transportive force upon
nuclei in filamentous fungal cells is that
produced by cytoplasmic streaming. The
cytoplasm of these cells continually moves
toward the growing tips indiscriminately carry-
ing cytosolic components and organelles
(Ramos-Garcia et al. 2009; Lang et al. 2010;
Abadeh and Lew 2013). This promotes trans-
port of necessary components to growth sites
and guides nuclei, cytosol, and other organelles

into new hyphae upon symmetry breaking and
polarity establishment. Investigations of nutri-
ent transport on the millimeter and centimeter
scale have indicated that osmotic and pump-
driven water uptake during growth induces
mass flow throughout the mycelial network,
contributing to nutrient dispersal throughout
the organism (Heaton et al. 2010). The pressure
generated by this flow is thought to promote
apical growth (Lew 2005). Many species are
capable of vegetative and/or sexual hyphal
fusion, generating even more complex net-
works and fluid flows. During vegetative fusion
inN. crassa, nuclei from each partner move into
the other, rapidly redistributing the genotypes
throughout the fused network (Fig. 2.2a). It has
been demonstrated that the combination of
complex network geometry and bulk cytoplas-
mic flow strongly influences this nuclear mix-
ing (Roper et al. 2013). It remains to be
thoroughly investigated how large-scale fluid
movements throughout mycelial networks
relate to dynamic flow within individual
hyphae. The activity of the same cytoskeletal
motors that actively transport nuclei through-
out the mycelium has been shown to generate
complex fluid flows on the order of microns
that promote nutrient uptake and mixing
throughout the cells of some plant species. For
example, in cells of the algal weed Chara cor-
allina, cytoplasmic streaming has been
described as “barber pole flow,” because two
bands of flow with opposite polarity spiral
along the length of the cell (Goldstein et al.
2008). Additionally, it has been demonstrated
using various experimental and modeling tech-
niques that the activity of motors within
eukaryotic cells contributes significantly to pat-
terns and rates of diffusion within the cyto-
plasm (Brangwynne et al. 2008). It is likely
that similar processes contribute to dynamic
cytoplasmic flow over micron-scale regions of
mycelial networks, and the role these play in
nuclear distribution throughout large networks
is an area open for investigation.

The placement of septal pores along hyphae
provides another mechanism for the cell to reg-
ulate fluid flow between compartments. In spe-
cies such as N. crassa, pores in healthy cells are
left open allowing for cytoplasmic flow and
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nuclear movement between compartments
(Shatkin and Tatum 1959). Upon damage to a
portion of the cell, or signaling during the
heterokaryon incompatibility response, a
specialized proteinaceous plug termed the
Woronin body blocks septal pores to prevent
damage to and loss of cytoplasm from other
regions (Jedd and Chua 2000; Tenney et al.
2000). However, not all cells utilize this type of
flow for nuclear transport. Some cells lay down
complete septa between compartments, such as
Fusarium oxysporum (Ruiz-Roldan et al. 2010).

In these cells, cytoplasmic components do not
move between different parts of the mycelium,
even in healthy cells, and nuclei in different
hyphal compartments cannot intermix.

B. Functions of Movement in Reproduction

One of the most universal roles of nuclear
mobility is segregation of sister chromosomes
into separate cells during mitosis. Many fungal
cells undergo completely closed mitosis, in

Fig. 2.2 Nuclear interactions during vegetative fusion
of fungal cells. (a) Upon fusion of compatible N. crassa
hyphae, the two nuclear genotypes (denoted in red and
blue) rapidly intermix within the fused mycelium. (b)
During formation of a dikaryon in basidiomycetes, a
nucleus from each fusion partner moves into the other

fusion partner (2). These nuclei move to the growing
tips of the cell (3). Subsequent mitotic events result in
alternation of genotypes in these hyphae (4). (c) After
migration of a donor nucleus into a compartment of a
host cell of F. oxysporum (2), the host cell nucleus is
degraded (3)
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which the nuclear envelope does not degrade
(Heath 1980). The SPB’s location within the
nuclear envelope allows nuclear transportation
via force generation by cytoskeletal motors on
associated microtubules. This motor activity is
coordinated with cell cycle checkpoints and the
cytokinetic machinery to ensure daughter cells
do not separate until each contains a nucleus.
Failure to properly position the nucleus
throughout this process results in the
production of multinucleate and anucleate
cells (Morris et al. 1995). In uninucleate species,
the resulting ploidy changes can lead to
genome instability and cell death. In some
cell types, nuclear placement itself helps specify
the plane of division. The position of the
nucleus coordinates the placement of the acto-
myosin ring during S. pombe cytokinesis, pro-
moting creation of equally sized daughter cells
(Paoletti and Chang 2000). Nuclear positioning
in this species, therefore, is essential to normal
partitioning of resources during cytokinesis.

Not all fungi undergo closed mitosis, how-
ever. Some partially degrade the nuclear enve-
lope during mitosis, such as the disassembly of
portions of the nuclear pore complex (NPC) in
A. nidulans (Osmani et al. 2006). Others such as
S. pombe open a fenestra in the nuclear enve-
lope during mitosis for transient SPB insertion
(Ding et al. 1997). In U. maydis, extranuclear
microtubule-organizing centers (MTOCs)
orchestrate mitosis along with SPBs. To allow
cytoplasmic microtubules access to kineto-
chores, the nuclear envelope is torn open in
this species during prophase by dynein-
generated forces (Straube et al. 2005). The
differences among fungal mitotic strategies
and comparisons with other eukaryotes have
furthered our understanding of the evolution
of mitosis.

Sexual reproduction involves the recombi-
nation of genetic material from two individuals.
This requires bringing nuclei from two parents
into physical proximity for nuclear fusion to
occur. Though mating increases the genetic
diversity essential for the survival of the spe-
cies, it involves certain risks on the part of the
individual. Fusion of separate individuals in
order to bring different nuclei together can
entail mixing of cytoplasm and potential trans-

mission of deleterious elements such as viruses,
prions, or parasitic mitochondrial DNA geno-
types. Uninucleate cells must accept the conse-
quences of taking these risks and will often only
initiate sexual reproduction in the event of
environmental adversity. This has the twofold
benefit in many species of increasing genetic
variation, which will hopefully help the next
generation survive the stress and generation of
environmentally resistant spores.

Many multinucleate ascomycetes permit
nuclear encounters only in specialized mating
structures. It has been hypothesized that this,
in combination with mating type and hetero-
karyon incompatibility mechanisms, serves to
protect the rest of the organism from parasitic
elements (Buss 1982, 1987; Debets and Griffiths
1998). Nuclei enter the mating structure to form
a dikaryon and subsequently undergo karyog-
amy (nuclear fusion) and meiosis to produce
sexual spores. In basidiomycetes, donor nuclei
move into a host cell upon fusion (anastomo-
sis) of two compatible mates and rapidly
migrate to hyphal tips, 2–3 mm per hour in
Schizophyllum commune (Niederpruem 1980)
and an astonishing 4 cm per hour in Coprinel-
lus congregatus (Ross 1976). Both host and
donor genotypes then exist together and repli-
cate in a stable dikaryotic mycelium. Through
formation of specialized “clamp cells” in some
species and regulation of nuclear positioning
and mitotic spindle length, the nuclei with dif-
ferent genotypes in these regions alternate posi-
tions along the hypha (Fig. 2.2b). Each hyphal
compartment contains one nucleus of each
type, and upon reception of environmental
cues, genetically different nuclei will pair up,
fuse, and undergo meiosis to generate sexual
spores (Brown and Casselton 2001). Donor
nuclei do not necessarily propagate throughout
the entire mycelium, which serves a similar
function to specialized sexual structures in
ascomycetes. In Termitomyces species, a dikar-
yotic mycelium is only generated at the inter-
face between mating monokaryons (Nobre et al.
2014). Subapical regions retain their monokar-
yon identity, and in the event that fusion is
detrimental to the survival of the genotype,
these regions of the mycelium are free to
make contacts with other mating partners.
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Exchange of nuclei between basidiomycete
monokaryons is often reciprocal, with hyphae
of both individuals acting as both a nuclear
donor and recipient. Fusion with a compatible
mating partner induces nuclear migration into
the partner cell. If incompatible hyphae fuse
with each other, nuclear migration does not
occur. It is likely that products of the mating-
type loci interact with dynein and the microtu-
bule cytoskeleton to regulate nuclear transport
during these events. Interestingly, during
fusion between a dikaryon and a monokaryon,
the dikaryon will donate a nucleus to the mono-
karyon generating a new dikaryon. However,
the individual that was already a dikaryon
does not accept additional nuclei from the
monokaryon (Swiezynski and Day 1960). Fur-
thermore, under these conditions, the mono-
karyon preferentially accepts nuclei from the
dikaryon that are more different from itself
(Ellingboe and Raper 1962; Raper 1966). In
another example of how nuclear identity influ-
ences events after cell fusion, hyphal fusion in
the basidiomycete F. oxysporum can be fol-
lowed by degradation of the nucleus from the
host compartment (Fig. 2.2c) (Ruiz-Roldan
et al. 2010). Interestingly, although nuclear
genetic material is shared during dikaryotiza-
tion, the host cell generally retains its mito-
chondrial genome and other cytoplasmic
elements through unknown processes (Lee
and Taylor 1993; Marcinko-Kuehn et al. 1994).
The mechanisms by which cells identify the
genotypes present within them, limit this num-
ber to a maximum of two, and ensure proper
pairing upon the decision to undertake karyog-
amy and spore production are unknown.

Generation and release of spores or conidia
is a highly regulated process, but control
mechanisms vary between species. Uninucleate
S. cerevisiae and S. pombe produce a set of four
haploid spores within an ascus membrane.
Many fungal species produce uninucleate
spores, but Aspergillus species contain two
and some mycorrhizal fungal spores contain
2000–20,000 nuclei with multiple different
genotypes (Burggraaf and Beringer 1989;
Becard and Pfeffer 1993; Hijri et al. 1999).
During either sexual or asexual production of
spores or conidia, the appropriate number of

nuclei must be moved and packaged into
specialized compartments and sometimes into
specialized structures prior to release into the
environment. This transport is dependent upon
the microtubule cytoskeleton. Multinucleate A.
gossypii designates specialized spore producing
hyphal compartments that fill up with spores
prior to bursting to release them into the
environment (Wendland and Walther 2005;
Kemper et al. 2011). Aspergillus and Neuros-
pora species produce elegant structures upon
which conidia are poised for maximum
dispersal, though these are dwarfed by the
elaborate fruiting bodies common among
the basidiomycetes (mushrooms). Dynein
mutants of Aspergillus oryzae form abnormally
shaped anucleate and multinucleate conidia
(Maruyama et al. 2003). A. nidulans mutants
with abnormal nuclear distribution likewise
create malformed metulae and phialides (parts
of the conidiophore) and anucleate or multinu-
cleate conidia (de Queiroz and de Azevedo
1998; Castiglioni Pascon et al. 2001) or anucle-
ate sterigmata (also part of the conidiophore),
resulting in the arrest of further conidial devel-
opment (Fischer and Timberlake 1995). In all of
these cases, the meiosis must be coordinated
with a specific developmental program to trig-
ger the morphological changes necessary to
produce the environmentally resistant spore
and (if applicable) its dispersion structure, fur-
ther indicating the coupling of nuclear mobility
and growth programs in multinucleate fungi.

Chytrid fungi, recently appreciated as
major amphibian pathogens, create flagellated
spores that are capable of active movement
through their environment (Letcher et al.
2008; Letcher and Powell 2014). These motile
sexual structures find each other for mating.
Rhizophydiales produce multinucleate sporan-
gia that undergo multiple cytokinetic events
during maturation to release uninucleate zoos-
pores (Berger et al. 2005; Letcher et al. 2008). It
has been demonstrated that subgroups of chy-
trids exhibit differences in nuclear positioning
and microtubule cytoskeleton organization, but
further research is required to determine the
mechanisms of nuclear positioning in this
poorly understood fungal lineage (Letcher and
Powell 2014). Examinations of these fungi in
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the early 1900s yielded many qualitative obser-
vations about their vegetative, sexual, and par-
asitic interactions. From these, it is clear that
there are many types of interesting nuclear
interactions in these species that have not
been investigated in more recent years, but
merit further research. For example, during
Olpidiopsis sexual reproduction, one multinu-
cleate thallus donates all of its cytoplasm to
another to create the resting zoospore. The
two sets of nuclei then undergo karyogamy,
meiosis, and the cytokinetic events necessary
to produce uninucleate zoospores (Sparrow
1935). The process by which nuclei of opposite
mating types find each other in this large mul-
tinucleate cytoplasm and how cytokinesis is
linked to the events following meiosis remain
completely mysterious, but will likely provide
insight into similar processes observed in the
basidiomycetes.

The first chytrid genome sequencing proj-
ect was undertaken for the important amphib-
ian pathogen Batrachochytrium dendrobatidis.
Most of the B. dendrobatidis genome was
sequenced and assembled by the Broad Insti-
tute Fungal Genome Initiative. More recently,
the genomes of two other chytrids are being
sequenced as part of the Broad Institute Origins
of Multicellularity Project: Spizellomyces punc-
tatus and Allomyces macrogynus (Ruiz-Trillo
et al. 2007). This genomic information will
allow more research into chytrid pathogenicity
and control strategies, as well as general chytrid
and fungal biology.

C. Functions of Nuclear Movement During
Vegetative Growth

In addition to the necessity of nuclear move-
ment during reproduction, cells require regu-
lated and dynamic nuclear positioning during
vegetative growth. As previously discussed,
dynein activity is required in the filamentous
fungi N. crassa, A. nidulans, A. gossypii, and N.
haematococca to maintain regular internuclear
spacing. In cells with compromised microtu-
bules, dynein, or dynein activators, nuclei
form large clusters, precluding effective regula-
tion of nuclear activity, mitosis, and polarized

growth. Although these cells all actively move
nuclei within the cytoplasm, the average dis-
tance differs between different species, and
internuclear spacing is dynamic within a single
cell (Suelmann et al. 1997; Grava et al. 2011;
Anderson et al. 2013). This suggests that differ-
ent cells have adapted nuclear mobility and
mitosis in different ways to optimize the fitness
of the organism.

In A. gossypii, nuclei actively repulse their
neighbors via SPB-associated microtubules
to maintain regular internuclear spacing
and a consistent nuclear-cytoplasmic ratio
(Gladfelter et al. 2006; Anderson et al. 2013).
This poses a conundrum when it comes to
mitotic strategies within multinucleate cells.
If nuclei duplicate either synchronously (e.g.,
Physarum polycephalum) or in waves of syn-
chrony that progress at a different rate than
apical growth (e.g., A. nidulans), the cell experi-
ences rapid changes of nuclear-cytoplasmic
ratio and gene dosage (Nygaard et al. 1960;
Clutterbuck 1970). This is in stark contrast
with studies of the tightly regulated nuclear-
cytoplasmic ratio in S. pombe (Neumann and
Nurse 2007). Obviously these organisms have
developed ways to tolerate these fluctuations,
but other species employ various strategies to
avoid these problems. N. crassa and A. gossypii
exhibit asynchronous mitosis within the com-
mon mycelium. Mitotic events happen only
frequently enough to maintain the nuclear-
cytoplasmic ratio, and nuclei continually
bypass each other and mix within these hyphae
(Grava and Philippsen 2010; Roper et al. 2013).
In other species, such as Alternaria solani, only
nuclei within the most apical compartment
undergo mitosis (King and Alexander 1969).
In N. crassa, A. gossypii, and A. solani, nuclei
maintain constant internuclear distances while
producing sufficient nuclei to populate new
growth regions. The optimal internuclear
distance in a given species can even change in
response to its environment, similar to how cell
size can be nutrient controlled in single-celled
yeasts (Unger and Hartwell 1976; Johnston et al.
1977; Fantes and Nurse 1977). In A. gossypii,
starvation prolongs the G2 phase of the
cell cycle, leading to increased average internu-
clear spacing (Helfer and Gladfelter 2006).
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Internuclear distance in S. commune varies
depending on the growth substrate, and cell
secretes different types of hydrophobins to aid
in surface attachment (Schuurs et al. 1998). It is
tempting to speculate that the altered internu-
clear distance contributes to the regulation of
the production of these proteins, though fur-
ther investigation is required. Interactions
between environment, gene expression, and
nuclear spacing are fascinating areas for future
research. It is clear that nuclear division is
linked with cellular growth and nutrient avail-
ability, but recently it has been shown that
other external signals also regulate mitosis. In
the circadian model organism N. crassa, asyn-
chronously dividing nuclei can be synchro-
nized using periodic light exposure (Hong
et al. 2014). The intersection between the highly
studied circadian rhythm regulation and cell
cycle control is only beginning to be under-
stood (Zamborszky et al. 2014).

Nuclear positioning can also influence the
organization of the surrounding cytosol. Recent
studies have shown that organization of cyto-
plasmic factors and regular internuclear spacing
are both important in the generation of nuclear
asynchrony in A. gossypii (Lee et al. 2013;
Anderson et al. 2013). Transcripts encoding the
G1 cyclin protein, Cln3, are concentrated in the
vicinity of nuclei via an aggregation-prone RNA-
binding protein. It is hypothesized that by
forming RNA-protein complexes, transcript dif-
fusivity is limited and neighboring nuclei are
prevented from sharing gene products (Lee
et al. 2013). It is intriguing to speculate that the
assembly of RNA-protein aggregates of different
sizes and degrees of diffusivity is tuned to match
the spacing between nuclei. The mechanisms by
which these membrane-free domains are cre-
ated and associated with a specific nucleus are
areas of active study but are known to involve
the formation of higher-order assemblies
between RNAs and polyQ tracts in RNA-binding
proteins (Lee et al. 2013). Furthermore, it raises
the possibility that fungi have mechanisms to
restrict cooperation between genetically distinct
nuclei in a common cytoplasm.

Multinucleate cells have the opportunity to
contain nuclei with different genotypes. This
heterokaryon state has been hypothesized to

confer fitness advantages, as the rest of the pop-
ulation can dilute deleterious alleles. Indeed, it
has been demonstrated in several species that
heterokaryons grow more rapidly than their
homokaryon counterparts (Jinks 1952; James
et al. 2008; Samils et al. 2014; Nobre et al.
2014). A prime example of nuclear cooperation
in a heterokaryon is that of mating-type loci
within S. commune. In this organism, nuclei
with nonfunctional genes at the B mating locus
have a growth advantage in the homokaryon
state, but these genes contribute to hook cell
fusion and nuclear migration during mating,
meaning these homokaryons are at a disadvan-
tage for sexual reproduction (Raper 1985). In
heterokaryons with nuclei containing functional
and nonfunctional alleles of these mating genes,
nuclei with the functional alleles are overrepre-
sented, but the mycelium grows better than the
homokaryon. This suggests that dilution of the
functional B alleles can be advantageous to an
individual. In N. crassa, nuclei from different
parents rapidly disseminate throughout the
mycelium after fusion (Fig. 2.2a) (Roper et al.
2013). The benefits of this are surely to share
beneficial and dilute deleterious alleles through-
out the whole cell, but the mechanisms for this
active redistribution are unknown.

In general, heterokaryosis seems to provide
a cell with the advantage of as many potentially
beneficial alleles as possible, without having to
“decide” on any specific genotype. In a system
with multiple genotypes contained in a single
nucleus, all of these must be inherited together,
given the physical limitations of mitosis. When
multiple nuclei coexist within the cell, there is
the potential for selection at the level of each
nucleus to optimize the balance of genotypes
that will benefit the organism. Sister nuclei shar-
ing the cytoplasm provide buffering capacity for
mutational exploration, but only the fittest gen-
otypes will be able to generate new individuals
after sexual or asexual spore production.

III. Genome Content Dynamics

In any discussion about the genetics of multi-
nucleate fungi, we must constantly bear in
mind the varying levels of selection at play.
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Each nucleus is a potential unit of selection, and
yet different genotypes may come together in
one cell to increase the fitness of the organism
as a whole. In multinucleate as well as uninu-
cleate cells, the genetic identity of a nucleus and
each cell is constantly in flux due to mutation,
random drift, and active response to environ-
mental cues.

A. Inter-organism Interactions

Fungi must react rapidly and appropriately to
interactions with each other and with the envi-
ronment in order to survive. Different species
have developed elaboratemating and vegetative
fusion strategies in order to maximize the ben-
efits of interacting with other individuals. In
order to discern the suitability of a potential
mate, fungi have developed various mating-
type structures. Most ascomycetes utilize a sys-
tem with only two mating types, while many
basidiomycetes have four, and some even have
thousands (Raper 1985; Glass and Kuldau 1992;
Casselton and Challen 2006). More mating types
in the population means that an encounter
between two individuals is more likely to result
in successful mating. Often karyogamy, meiosis,
and sexual spore production are heavily depen-
dent upon environmental cues such as nutrient
starvation. In these scenarios, generation of
genetic variability by mating combined with
the production of environmentally resistant
spores improves the chances of survival in the
next generation. In some cases, mating-type
mechanisms have been co-opted by fungal para-
sites (Burgeff 1924). Parasitella parasitica para-
sitizes zygomycetous fungi and uses the
regulatory pathways involved in sexual fusion
to initiate infection (Schultze et al. 2005). Inter-
estingly, this means that the “mating type” of a
P. parasitica individual must be the opposite of
its intended target. The infection process
involves transfer of P. parasitica cytoplasm to
the host cell, and parasite-host gene transfer has
been observed during infection of Absidia
glauca (Kellner et al. 1993). Although “mating
type” appropriately evokes specific connota-
tions, these parasitic interactions highlight the
most basic role of these loci: self- and nonself-
recognition.

Another process that involves distinguish-
ing between self and nonself is the fusion of
hyphae during vegetative growth. In contrast
with fusion of cells for sexual reproduction,
many fungi can also fuse to form a hybrid
mycelium, or heterokaryon, with different gen-
otypes. In contrast with the mating types that
encourage reproduction between genetically
different parents, vegetative fusion is unsuc-
cessful if the partners are not genetically
similar, termed vegetative or heterokaryon
incompatibility (Glass and Kaneko 2003).
Cells have the potential to benefit from mycelial
fusion by sharing of nutrients, increasing the
genetic diversity of the individual, enabling an
individual to cover more area in the search for
nutrients, and having a better chance of out-
competing rival mycelia (Aanen et al. 2009;
Richard et al. 2012). This is especially true of
newly germinated cells. A new colony can more
rapidly establish if spores germinate and
fuse with related cells to share resources and
spread, as has been shown for N. crassa and
F. oxysporum (Roca et al. 2010; Ruiz-Roldan
et al. 2010). Additionally, hyphae from the
same cell can fuse with each other, facilitating
rapid movement of nuclei and nutrients
throughout the cell. This is especially important
in the case of heterokaryons, where nuclei con-
taining different genetic materials are actively
distributed throughout a hybrid mycelium to
allow sharing of gene products between differ-
ent genotypes (Pitchaimani and Maheshwari
2003; Roper et al. 2013).

Despite the potential benefits, many differ-
ent loci participate in the heterokaryon incom-
patibility response, making it highly unlikely
that two cells that find each other in the wild
will be compatible. In the event that two incom-
patible cells fuse, the heterokaryon incompati-
bility response is triggered, nearby septal pores
close, and the fusion compartment undergoes
programmed cell death (Glass and Kaneko
2003). Vegetative incompatibility is thought to
prevent parasitism by selfish genotypes such as
the spore killer variants in N. crassa, Fusarium
moniliforme, and Podospora anserina, which
prevent formation of spores without the spore
killer gene (Padieu and Bernet 1967; Kathariou
and Spieth 1982; Turner and Perkins 1991;
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Hammond et al. 2012). In other examples, cer-
tain genotypes may “cheat” and use common
resources to produce extra spores at the
expense of their heterokaryon partners.
Additionally, nonnuclear elements such as
viruses or parasitic mtDNA can have negative
consequences for fusion partners (Caten 1972;
Anagnostakis 1982; Debets et al. 1994; Cortesi
and Milgroom 2001). Heterokaryon incompati-
bility seeks to prevent these scenarios by ensur-
ing that only closely related mycelia can fuse
into a single cell (Debets and Griffiths 1998). In
most species, the incidence of selfish genotypes
such as spore killer are low in wild populations,
despite the potential for competition between
nuclei in a common cell, especially during
spore production and dissemination into new
environments. Various modeling studies have
sought to investigate why these genotypes are
not more prevalent. These have shown that the
threat of negative fusion consequences can
result in the rapid development of many het-
erokaryon incompatibility loci (Muirhead et al.
2002; Czaran et al. 2014). This suggests that in
the presence of heterokaryon incompatibility
responses, selfish nuclei do not have the oppor-
tunity to compete with nuclei of differing gen-
otypes. In this situation, selfish genotypes and
nuclei are unable to become prevalent in the
population. Multinucleate fungal cells, there-
fore, have evolved elaborate mechanisms to
limit competition between syncytial nuclei.

B. Intra-organism Interactions

Within a single multinucleate cell, different gen-
otypes are potentially in competition with each
other, while the combination of different alleles
can confer an advantage to the cell as a whole.
The individual must maintain a delicate balance
between nuclear competition and cooperation
in order to grow, reproduce, and be competitive
in the environment (Fig. 2.3). Despite the evolu-
tion of heterokaryon incompatibility loci dis-
cussed above, cells containing nuclei with
variable genotypes are common. For example,
in one study, 26% of wild F. moniliforme isolates
contained multiple genetically distinct nuclear
populations (SIDHU 1983). One possible reason

for the prevalence of heterokaryosis is the poten-
tial for complementation of different genotypes
and the ability to rapidly adapt to different envi-
ronmental conditions. In the case of the senes-
cent Neurospora gene, the wild-type gene
product promotes stabilization of the mitochon-
drial genome. Homokaryons harboring the
mutation undergo rapid changes in their mito-
chondrial genome and do not survive (Navaraj
2000). This phenotype is masked by coexistence
with wild-type nuclei in a heterokaryon and
therefore is able to persist in wild populations
(Fig. 2.3a). Similar senescent phenotypes, some
also the result of mitochondrial dysfunction,
have been identified in wild isolates of other
species as well, indicating that masked
deleterious alleles may be a common feature of
heterokaryotic fungi (D’Souza et al. 2005). Muta-
tions or ploidy changes during vegetative growth
can result in heterokaryosis. Alternatively, it can
arise from fusion of cells with matching hetero-
karyon incompatibility loci but differences else-
where in the genome. While much of the
research on heterokaryons has been completed
using auxotrophic markers and was limited to
identifying two separate genotypes, it has been
demonstrated that Heterobasidion parviporum
cells can stably contain at least three distinct
genotypes, andmore examples of such “polykar-
yotic” cells are sure to follow (James et al. 2008).

The ratio of different genotypes within an
individual has been shown to change over time
in response to different environmental condi-
tions or developmental stage. These changes
offer the potential to rapidly produce a specific

Fig. 2.3 Nuclear competition and cooperation in a syn-
cytium. (a) Cooperation—A subset of nuclei that have a
different genotype or level of activity (red) may share
their gene products with all other nuclei in the cyto-
plasm. (b) Competition and autonomy—A subset of
genetically different or differentially active nuclei may
sequester gene products and limit dissemination to
other nuclei in the same cytoplasm
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response in the organism, without having to
wait for mutation and evolutionary change
(Jinks 1952; James et al. 2008). Consistent with
these observations, heterokaryosis has been
proposed as a mechanism to promote variabil-
ity and adaptability of fungi in different envi-
ronmental conditions and stresses.

An additional mechanism for rapid adapta-
tion fungal cells is exemplified in the response
of the dimorphic opportunistic pathogen C.
albicans to clinical treatment using the antifun-
gal fluconazole. This organism undergoes
changes in ploidy resulting in severe genome
instability to rapidly generate genome changes
in its search for a way to overcome this stressor
(Selmecki et al. 2009). Other human pathogens
including Cryptococcus neoformans and Can-
dida glabrata have also been found to rapidly
rearrange the genome in response to host
immune system stress (Fries and Casadevall
1998; Shin et al. 2007). Though these ploidy
alterations have been examined in the context
of pathogenesis, large-scale genome rearrange-
ments are likely involved in environmental
response and evolution in additional fungal
species. For example, many industrial Saccha-
romyces strains are polyploid, despite experi-
ments showing that under both stressed and
unstressed conditions laboratory strains con-
verge on diploidy (Gerstein et al. 2006; Querol
and Bond 2009). Ploidy variation has also been
detected in wild isolates of the plant pathogen
Botrytis cinerea, supporting the hypothesis that
this is a widespread fungal adaptation strategy
(Büttner et al. 1994).

One of the most rapid strategies for
responding to different environmental and
developmental needs is alteration of gene
expression. Large, multinucleate cells are
uniquely adapted to exquisitely fine-tune the
expression of genes over varying spatial scales.
In N. crassa, for example, an mRNA profiling
study demonstrated considerable differences in
the transcripts present in different regions of the
same colony, particularly between regions of
differing ages (Kasuga and Glass 2008). These
transcriptional changes likely promote and
respond to functional and physical differences
between different areas, as, for example, newer
portions of the cell scavenge for nutrients and
some older regions develop conidia. In the

examination of laboratory-created N. crassa
strains containing a subset of his-nuclei, the
amount of enzyme produced was unrelated to
the proportion of nuclei within the mycelium,
indicating advanced mechanisms for regulating
gene expression (Pitchaimani and Maheshwari
2003). Splice variants may also play an impor-
tant role in gene expression changes and may be
more common in fungi than previously appre-
ciated (Grutzmann et al. 2014).

In one example on a smaller spatial scale,
only a subset (~12 %) of A. gossypii nuclei
transcribe the G1 cyclin CLN3 at any given
time, based on a single molecule (sm)FISH
study (Lee et al. 2013). This behavior, coupled
with membrane-free cytoplasmic compartmen-
talization strategies, promotes the asynchro-
nous mitotic events characteristic of this
fungus (Lee et al. 2013). Mechanisms for gen-
erating nuclear transcriptional autonomy in
this species when neighboring nuclei are typi-
cally only ~5 mm apart remain unclear (Grava
et al. 2011).

Another potential method of controlling
the expression of different genotypes is degra-
dation of a subset of nuclei. In a number of
multinucleate species, nuclear degradation has
been observed. All nuclei within the fusion
compartment during the heterokaryon incom-
patibility response are degraded, along with
everything else within this compartment, to
protect the remainder of the cell from potential
parasitic elements (Marek et al. 2003). In other
species vegetative fusion and nuclear migration
can result in degradation of a nucleus in
the recipient cell. This was first observed in
several basidiomycetes including S. commune
(Todd and Caylmore 1985), Coriolus versicolor
(Aylmore and Todd 1984), Coprinus cinereus
(Bensaude 1918), and Typhula trifolii (Noble
1937). Only recently, however, has similar
behavior been observed in an ascomycete F.
oxysporum (Ruiz-Roldan et al. 2010). In con-
trast to the heterokaryon incompatibility
response, this nuclear degradation can occur
even between compatible mating partners, and
the mechanisms by which nuclei are identified
for degradation require further investigation
(Ruiz-Roldan et al. 2010).

Nuclei may also be disassembled in order to
recycle components. It has been proposed that
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an advantage of multinucleate cells is that
nuclei can serve as nitrogen and phosphorus
storage for later use. During starvation in S.
cerevisiae, nuclear material may be scavenged
by a process termed piecemeal microautophagy
of the nucleus (Krick et al. 2009). In older
regions of Neurospora cells, nuclei appear to
dissolve, staining poorly with DNA dyes, but
evidence for similar degradation of nuclei in
subapical hyphal compartments is lacking in
other species (Maheshwari 2005). In P. anser-
ina, perithecia (fruiting bodies) can only be
produced using nutrients scavenged from
hyphae, which are degraded upon nutrient
exhaustion in order to produce spores (Bernet
1992). In the case of appressorium develop-
ment in Magnaporthe oryzae, degradation of
nuclei by a separate macroautophagy pathway
in the germ tube is required for pathogenesis
(Veneault-Fourrey 2006; He et al. 2012). It is
thought that the resources in the germ tube are
necessary for establishing infection (Solomon
et al. 2003). Interestingly, this is not true for
all appressorium-forming plant pathogens, as
Colletotrichum gloeosporioides germ tubes do
not undergo autophagy and remain viable
after establishment of infection (Nesher et al.
2008). Why cellular degradation is necessary
for cellular processes such as perithecium or
appressorium formation in some species and
not others remains to be investigated.

IV. Open Questions

Though the behavior of nuclei in single cells
and the exchange of genetic material between
individuals have fascinated mycologists for a
century and considerable advances have been
made in our understanding of these complex
organisms, there still remains a substantial
amount of work to do in understanding the
biology of these systems. A few topics of cur-
rent and future interest are presented here, but
this is by no means an exhaustive list.

A. Nucleus-Cytoplasm Communication

Many questions still remain in the field with
respect to how nuclei organize the cytoplasm

around them. Asynchronous nuclear division
despite continuous cytoplasm in some species
presents fertile ground for the research of
membrane-free cytoplasmic compartmentaliza-
tion as well as nuclear intrinsic behaviors. It is
likely that an elaborate combination of
cytoplasmic organization, genetic differences,
epigenetic modification, nuclear import dispari-
ties, and other factors is required to produce
functionally different regions of complex fungal
cells over a vast range of scales from microns
to meters and even kilometers in some cases.
Nuclei in different areas of the cell must respond
to nutrients, light sources, other fungi, andmany
more stimuli in their local environment while
sharing resources and contributing to the suc-
cess of an extremely large organism. How vari-
ous conditions are transmitted to specific nuclei,
and how those nuclei produce a coordinated or
autonomous response, is a very open question.

In some cases, it has been demonstrated
that nucleocytoplasmic transport is dependent
upon the same processes responsible for large-
scale nuclear mobility. For example, in U. may-
dis NPC positioning in the nuclear envelope is
mediated by microtubules (Steinberg et al.
2012). It is possible that this increases nuclear
sampling of different environments and limits
activity of less functional nuclei. Different spe-
cies employ variable mechanisms for nuclear-
cytoplasmic communication. For example,
while many multinucleate fungi undergo a
completely closed mitosis, A. nidulans partially
disassembles NPCs during nuclear division
(Osmani et al. 2006). This disassembly surely
facilitates communication of mitotic signals in
the parasynchronous mitotic waves observed in
this species. Evidence from A. gossypii indicates
that heterogeneous localization of proteins
containing disordered regions is important for
generating nuclear asynchrony (Lee et al. 2013).
Similar mechanisms have been proposed in
various systems for segregating age-dependent
damage, and uncontrolled aggregation of pro-
teins is linked to a variety of neurodegenerative
diseases. The normal functions of aggregation-
prone proteins in mammalian neurons have
proven difficult to dissect, though oil-and-
water-like phase separations of such proteins
have been proposed as an organizing principle
of cells (Weber and Brangwynne 2012)
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{Li:2013fx} {Banjade:2014cz}. The large hyphal
networks of filamentous fungal cells require
highly advanced cytoplasmic organization and
offer an excellent model system in which to
study these processes.

Effective cytoplasmic organization likely
depends upon regulation of the nucleocyto-
plasmic ratio. The ratio of nuclear to cytoplas-
mic volume has been demonstrated to be
tightly controlled in the size control model S.
pombe (Schmidt and Schibler 1995; Jovtchev
et al. 2006; Jorgensen et al. 2007; Neumann
and Nurse 2007). In multinucleate A. gossypii
cells, mitosis can be inhibited by microtubule-
destabilizing drugs, but actin-dependent polar-
ized growth continues. Under these conditions,
the nuclear density decreases, and upon release
nuclei will progress through the cell cycle more
rapidly until they achieve a wild-type nuclear
density (Gladfelter et al. 2006). Achievement of
an optimal nucleocytoplasmic ratio is an inter-
esting challenge all cells face, and how this ratio
is sensed and can regulate cell cycle progression
is an area of active research.

In addition to communication with the cyto-
plasm, nuclei must coordinate their activity with
organelles. The endoplasmic reticulum is likely
an important hub for cytoplasmic organization;
being contiguous with the nuclear envelope, it is
in perfect position to mediate interactions
between the nucleus and the cytoplasm. Its
well-documented interactions with mitochondria
in different cell types also render it a prime
candidate for a mediator of nucleocytoplasmic
and intra-organelle communication. Mitochon-
drial behavior has been shown in S. cerevisiae to
regulate nuclear activity (Rodley et al. 2012).
These interactions are almost certainly essential
for adaptation to different metabolic states. Pre-
cisely how these communications are mediated
and how these signals are coordinated in large
cells with multiple nuclei, complex geometries, as
they simultaneously experience different envi-
ronmental conditions are all topics requiring
further investigation.

B. Nucleus-Nucleus Communication

In multinucleate cells, nuclei with deleterious
alleles must rely on their neighbors for gene

products and expression must be regulated so
that the appropriate gene dosage is achieved.
Changes in expression in response to different
environmental cues and developmental needs
must be coordinated across nuclei over very
different spatial scales. Within syncytia, the
mechanisms by which genes are regulated in a
nuclear autonomous manner and the decision
made to share or sequester specific gene pro-
ducts remain unclear (Fig. 2.3). Nuclei within
the same cell cooperate to contribute to the
maintenance of the larger organism, but are
potential units of selection and therefore poten-
tially are in conflict with each other, not unlike
how single cells become cancerous in our own
bodies. How cells navigate the delicate balance
between benefits of heterokaryosis and detri-
ments of nuclear competition is a fascinating
topic, and further research may help us under-
stand this potential driving force of fungal evo-
lution.

Monitoring of the genetic identity of nuclei
has most clearly been observed in dikaryons of
Basidiomycota. Limitation of each cell to only
two genotypes requires poorly understood
monitoring of the state of each nucleus, though
there is evidence from P. anserina that mating-
type-specific presentation of nuclear envelope
proteins helps ensure hyphal compartments
contain nuclei of different mating types (Zick-
ler et al. 1995). This may be controlled by gene
dosage sensing mechanisms related to the
mating-type loci, but many questions remain:
How is nuclear migration in dikaryon-mono-
karyon matings inhibited? How is the more
genetically different nucleus of the hetero-
karyon selected to fertilize the monokaryon?
After hyphal fusion in U. maydis, the host
nucleus may be degraded, but how is the “host
cell” nucleus specified, and what keeps the
donor cell nucleus safe from degradation
machinery?

An obvious benefit to the multinucleate
strategy is the ability to share resources and
products between different nuclei. Though
autonomous mitotic and transcriptional behav-
ior in some fungi indicates differences in local
concentrations of protein or susceptibility of
nuclei to these signals, it is clear that in some
situations gene products can be shared between
different parts of the cell and different nuclei. In
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A. gossypii, when the mitotic cyclin CLB1/2 was
deleted and reintroduced on a plasmid, all nuclei
were able to accumulate the protein even if they
did not harbor the plasmid (Gladfelter et al.
2006). Using smFISH it was demonstrated that
only a subset of nuclei are transcriptionally
active for the G1 cyclin CLN3 in these cells, but
sharing of these gene products (at least at the
transcript level) increased synchronous mitosis
between neighboring nuclei (Lee et al. 2013).
Similar phenomena in other filamentous fungi,
especially those that undergo asynchronous
mitosis, are likely waiting to be observed. The
mechanisms controlling nuclear activity to
ensure proper stoichiometry of products within
the cell, the decision to limit the range of activity
of specific gene products to one or only a subset
of nuclei, and the maintenance of nuclear activ-
ity “identity” as nuclei continuously move
throughout these cells are all open questions
that apply to many different fungal species and
cells in general.

C. Coupling of Cell Growth, Size Control,
and Nuclear Division

Though the microtubule cytoskeleton is essential
for proper nuclear transport in all fungal systems
examined thus far, it is of variable importance in
polarized growth. In the yeast S. cerevisiae and
the closely related filamentous A. gossypii, micro-
tubules are dispensable for polarized growth,
which is instead completely dependent upon
actin-dependent transport (Gladfelter et al.
2006). In both A. nidulans and N. crassa, how-
ever, evidence suggests both actin and microtu-
bules are important for regulating polarized
growth (Riquelme et al. 2002; Zhang et al.
2011). In U. maydis, microtubules are not
involved in the growth of the yeast form or
germ tube and initiation of pathogenesis, but
later stages of invasive hyphal growth require
them (Fuchs et al. 2005). This spectrum of micro-
tubule involvement in polarized growth may
reflect the development of systems in hyphal
cells to link nuclear dynamics with cell growth,
but further investigation into the coupling of
these systems is needed.

In uninucleate cells, nuclear division is
elegantly coordinated with the cytokinetic
machinery during cell cycle progression. In
multinucleate cells, however, these processes
have been uncoupled and alternate mechan-
isms exist to specify sites for formation of
open septal pores, and subsequent signals can
trigger complete separation of hyphal compart-
ments, e.g., during heterokaryon incompatibil-
ity or environmental stress. Some organisms
even are capable of both coupled and
uncoupled nucleokinesis and cytokinesis. Dur-
ing germ tube formation in M. oryzae, mitosis
is linked to septation, but these processes
become uncoupled during appressorium for-
mation and subsequent infection (Saunders
et al. 2010).

V. Concluding Remarks

Fungal systems have provided excellent models
over the past century for understanding the
fundamentals of nuclear behavior in all cells.
These studies have demonstrated that nuclei
are not passive DNA repositories, but highly
dynamic organelles that have sophisticated
interactions with growth, reproduction, and a
variety of other cellular processes. In multinu-
cleate cells, nuclei maintain a delicate balance
between competition and cooperation to create
elaborate, sometimes gigantic, cellular struc-
tures that allow them to survive and thrive in
their various environments. Understanding the
mechanisms underlying nuclear movement and
genetic dynamics within fungal cells has
provided insight into analogous processes in
our own cells. Studies of mitosis in S. cerevisiae
paved the way for similar investigations in
mammalian cells, and the delicate balance
between nuclear competition and cooperation
in multinucleate cells can help us understand
challenges in the analogous state of multicellu-
larity. Despite the rich history of research into
fungal nuclear dynamics, it is clear that we still
have much to learn and there are numerous
avenues of investigation that have yet to be
thoroughly explored.
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Imprimerie Nemourienne, Nemours, France,
Advisor: Henri Bouloy

Berger L, Hyatt AD, Speare R, Longcore JE (2005) Life
cycle stages of the amphibian chytrid Batrachochy-
trium dendrobatidis. Dis Aquat Org 68:51–63.
doi:10.3354/dao068051

Bernet J (1992) In Podospora anserina, protoplasmic
incompatibility genes are involved in cell-death
control via multiple gene interactions. Heredity
68:79–87

Brangwynne CP, Koenderink GH, MacKintosh FC,
Weitz DA (2008) Cytoplasmic diffusion: molecular
motors mix it up. J Cell Biol 183:583–587.
doi:10.1083/jcb.200806149

Brown AJ, Casselton LA (2001) Mating in mushrooms:
increasing the chances but prolonging the affair.
Trends Genet 17:393–400

Burgeff H (1924) Untersuchungen über Sexualitat und
Parasitismus bei Mucorineen. In: Goebel K (ed)
Botanische Abhandlungen. Fischer, Jena, Ger-
many, pp 1–135

Burggraaf JP, Beringer JE (1989) Absence of nuclear DNA
synthesis in vesicular-arbuscular mycorrhizal fungi
during in vitro development. New Phytol 1:25–33

Buss LW (1982) Somatic cell parasitism and the evolu-
tion of somatic tissue compatibility. Proc Natl
Acad Sci USA 79:5337–5341

Buss L (1987) The evolution of individuality. Princeton
University Press, Princeton, NJ
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I. Introduction

All cells, including fungal hyphae, grow
through a balanced and regulated set of com-
plex biochemical and biophysical interactions.
The components of the hyphal cytoplasm are

similar to those of other heterotrophic eukary-
otic organisms; however, because of the polar-
ized mode of growth and diverse ecological
interactions of filamentous fungi, hyphae also
contain organelles and inclusions that are
unique to the Mycota. Though superficially dis-
crete and independent, the cytoplasmic compo-
nents are in fact interconnected directly or
indirectly to maintain the highly ordered and
polarized organization of the hypha. Fungal
cellular and molecular biologists often concen-
trate their attention toward narrow questions
due to the complexity of the total systems being
investigated. The growing number of fungal
genomes sequenced, the availability of mutants,
and the progress made in live imaging techni-
ques and biochemical analysis have greatly
contributed to gain a vast amount of knowledge
regarding components and mechanisms
involved in hyphal polarity and morphogene-
sis, cytoskeleton function, vesicle trafficking,
and nuclear division. Yet there is not a unified
understanding on how these elements act in a
cooperative manner to build a hypha. Toward
this goal, the ability to resolve, analyze, and
understand three-dimensional cytoplasmic
order and dynamics over time would provide
powerful insights into the fundamental opera-
tions of hyphal biology. Equipped with this
knowledge, and interfacing it with the strength
of “omics” approaches, the fungal scientific
community is poised to make significant
advancements toward a more complete under-
standing of the mechanisms that determine
hyphal tip growth and morphogenesis.
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II. Hyphae and Other Forms of Tip
Growth

The formation of hyphae is one of the charac-
teristic features of filamentous fungi. Hyphae
are tubelike cells that elongate and branch
through cytoplasmic mechanisms that sustain
polarized transport of secretory vesicles to the
apex, where they fuse with the plasma mem-
brane and provide the necessary enzymes for
cell wall synthesis and the material for plasma
membrane expansion. This process of cell
growth in filamentous fungi differs significantly
from that studied in the unicellular budding
yeasts (Fig. 3.1). In Saccharomyces cerevisiae,
cell growth is polarized during budding of the
mother cell but switches to isotropic growth
during enlargement of the daughter cell. In

contrast, in filamentous fungi once a spore
germinates there is a sustained polarized
expansion of the cell at the growing apices
(Bartnicki-Garcı́a and Lippman 1969; Momany
2005; Harris 2006; Heath 1994). This process of
tip growth occurs at distinct rates for different
fungal species (Table 3.1). Information on the
triggers that induce symmetry breakage in
S. cerevisiae during budding or spore germina-
tion in filamentous fungi can be found else-
where (Arkowitz and Bassilana 2011). Hyphal
tip growth provides the means for fungi to
colonize a substrate, secrete hydrolytic enzymes,
assimilate nutrients, and regulate morphogene-
sis. With the formation of many lateral branches
that in turn give rise to additional branches, a
complex interconnected network of hyphae, the
mycelium, is formed. This represents the body
of the fungus, which in some soil-inhabiting

Fig. 3.1 Apical polar growth in budding yeast and fila-
mentous fungi. In yeast, apical growth in the mother
cell establishes the initial expansion of the daughter
cell, which grows isotropically soon after. In filamen-

tous fungi, apical growth starts by emergence of a germ
tube from a spore and is sustained at the apex of an
extending hypha and its branches

Table 3.1 Growth rate values reported for some of the species most extensively analyzed in fungal cell biology

Species
Growth rate mm min�1

(mm hr�1) Temperature �C Notes References

Neurospora crassa
(mature hyphae)

38.3 (2.3) 28 Cells grown on agar
plates

Riquelme et al.
(2007)

Ashbya gossypii
(mature hyphae)

2.1 (0.12) 30 Cells grown on complete
agar plates

Ayad-Durieux
et al. (2000)

Candida albicans 0.31 (0.02) 37 Cells grown on serum
agar plates

Gow and Gooday
(1982)

Aspergillus nidulans
(mature hyphae)

5 (0.3) 37 Cells grown on agar
plates

Trinci (1969)

Magnaporthe oryzae 1.2 (0.07) 25 Cells grown on agar
plates

Kong et al. (2012)

Ustilago maydis 1.5 (0.09) 31 Cells grown on
charcoal-agar plates

Steinberg et al.
(1998)
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fungi can span many acres (Smith et al. 1992).
In addition, fungi can produce many other dif-
ferentiated cellular forms, which involve reori-
entation or modification of polar tip growth;
these forms include gametes and gametangia
during sexual reproduction, conidiophores
and sporangiophores during asexual reproduc-
tion, paraphyses in ascomycete fruiting bodies,
clamp connections in the dikaryotic hyphae of
basidiomycetes, cystidia and setae in basidio-
mycete fruiting bodies, and infectious struc-
tures such as appressoria and penetrating
pegs. The biological processes leading to the
formation of these specialized structures are
poorly understood.

A great deal of our knowledge has come
from bio-imaging studies of hyphal structure,
growth, and behavior (e.g., Girbardt 1957, 1969;
Grove and Bracker 1970; Hoch and Howard
1980; Howard 1981; Freitag et al. 2004;
McDaniel and Roberson 1998; Suelmann et al.
1997). While a growing number of studies have
identified molecular markers at hyphal apices
(polarisome components, cell end markers,
etc.), little is known about the complex inter-
acting processes that regulate hyphal tip growth
and morphogenesis. Very likely, all cell types
that exhibit polarized tip growth, whether they
are hyphae, neurons, root hairs, or pollen tubes,
contain comparable signaling pathways and
carry out parallel molecular interactions to sus-
tain this mode of growth (Borkovich et al. 2004;
Harris 2006; Palanivelu and Preuss 2000). It is
the unique and sometimes subtle differences in
the regulatory mechanisms of their interac-
tomes that remain poorly understood.

III. Cell Wall: Growth and
Remodeling

The discovery that fungal hyphae extend at the
tip occurred more than a century ago (Rein-
hardt 1892). In the 1950s and the 1960s, a link
was made between hyphal apical extension and
localized cell wall synthesis (Bartnicki-Garcı́a
and Lippman 1969; Robertson 1965). Fungal
cell walls contain primarily polysaccharides
and glycoproteins (Aronson 1965; Bartnicki-

Garcı́a 1968; Latgé and Calderone 2006). The
percentage of each cell wall component varies
among fungal species (reviewed by de Groot
et al. 2016; Bartnicki-Garcı́a 1968). Although
not extensively analyzed, the composition of
the lateral cell wall is different than that of the
septal cell wall (Hunsley and Gooday 1974).
This suggests a differential localization or reg-
ulation of activity of the cell wall-building
enzymes. Microfibrils of chitin and b-1,3-b-
1,6-glucans (alkali-insoluble fraction) are
embedded in an amorphous gel-like matrix
constituted of alkali-soluble polysaccharides
[a-1,3-glucans] and glycoproteins (mainly
galactomannoproteins) (Hunsley and Burnett
1970). The enzymes responsible for the synthe-
sis of the polysaccharides contain several trans-
membrane domains and are presumably
inserted into the plasma membrane at sites of
new cell wall assembly (Fig. 3.2). The transport
of the polysaccharide synthesizing enzymes in
an inactive form until they get inserted into the
plasma membrane by exocytosis of the
corresponding vesicular carriers ensures the
in situ synthesis of chitin and b-1,3-glucan at
the cell surface. The glycoproteins are synthe-
sized in the cytosol via the secretory endoplas-
mic reticulum (ER)-to-Golgi pathway, where
they undergo posttranslational modifications
such as N- and O-glycosylations or glypiation
(addition of a glycosyl-phosphoinositol (GPI)
anchor) and are then transported to sites of cell
wall growth. To understand hyphal morpho-
genesis, it is therefore of crucial importance to
understand the basis of the cellular machinery
involved in the process of cell wall synthesis.

Chitin is synthesized by chitin synthase
(CHS). The enzyme is likely positioned at the
plasma membrane receiving its substrate, UDP-
N-acetylglucosamine (UDP-GlcNAc), from the
cytoplasmic side of the membrane and assem-
bling linear chains of b-1,4-GlcNAc toward
the external side (Roncero 2002; Sietsma and
Wessels 2006; Latgé and Calderone 2006). All
biochemical evidence for CHS in fungi has been
gathered from partially purified cell-free
extracts under the assumption that there is
one catalytic protein (Glaser and Brown 1957;
McMurrough et al. 1971). However, genomic
studies have identified a surprising multiplicity
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of sequences with putative CHS activity. Up to
seven different classes of CHS have been recog-
nized (Bulawa 1993; Choquer et al. 2004;
Riquelme and Bartnicki-Garcı́a 2008). Filamen-
tous fungi have more chs genes than yeasts,
which might correlate with the higher content
of chitin in their cell wall. However, the role of
each class of CHS in growth and development
does not seem to be conserved among different
fungal species studied (Fajardo-Somera et al.
2015; Riquelme and Bartnicki-Garcı́a 2008).
A phylogenetic study taking into account 54
fungal genomes has indicated conserved pat-
terns of distribution of chs genes within the
genomes and has identified as well putative
cell wall metabolism clusters (Pacheco-Arjona
and Ramı́rez-Prado 2014). The fate and activity
of CHS is highly regulated (Choi et al. 1994a).
Some of the CHS are zymogenic and are pre-
sumably activated when they reach the plasma
membrane (Bracker et al. 1976; Choi et al.
1994b). For example, in S. cerevisiae Chs3
requires to interact with chaperone Chs7 at
the ER and the exomer complex at Golgi for
proper transport to the plasma membrane,

where it is activated by chitin synthase activator
Chs4 (Trautwein et al. 2006; Sanchatjate and
Schekman 2006). In Candida albicans Chs3
function and localization at the growing tips is
regulated by phosphorylation (Lenardon et al.
2010). In Mucor rouxii, the isolation of 16 S
particles with zymogenic CHS demonstrated
the existence of this enzyme as a complex of
~500 kDa (Lending et al. 1991).

b-1,3-glucans are synthesized by a glucan
synthase complex (GSC) that contains at least a
catalytic subunit (Fks) and a regulatory subunit
(Rho1 GTPase). Filamentous fungi have only
one fks gene, in contrast to yeast, where as
many as four fks genes have been identified
(Latgé and Calderone 2006; Lesage et al. 2004).
Fks has several transmembrane domains. It
presumably accepts UDP-glucose from the
cytoplasmic site and assembles the b-1,3-glu-
cans outside the plasma membrane. Rho1 is
synthesized in the ER and undergoes geranyl-
geranylation, which enables its insertion into
the plasma membrane (Inoue et al. 1999). In S.
cerevisiae, Rho1 and Fks1 are transported to the
plasma membrane in an inactive form, until

Fig. 3.2 Representation of a hyphal dome and the main
components participating in cell wall assembly.
Membrane-bound chitin synthases (CHS) and b-1,3-
glucan synthase (FKS1) are transported within micro-
vesicles and macrovesicles, respectively, to the hyphal

apex. After vesicles fuse with the apical plasma mem-
brane, inserted polysaccharide synthases catalyze the
transfer of substrate monomers from the cytosol to the
growing chains of chitin and b-1,3-glucan of the cell
wall
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reaching the plasma membrane, where Rom2
(Rho1 GDP-GTP exchange factor or GEF) acti-
vates Rho1, which in turn activates Fks1 (Abe
et al. 2003).

As mentioned above, a-1,3-glucans consti-
tute the amorphous matrix of the fungal cell
wall and are synthesized by a-1,3-glucan
synthases, which are also integral membrane
proteins that appear to contain multiple func-
tional domains (Hochstenbach et al. 1998).
However, little is known about the synthesis of
this polysaccharide.

The unitary model for fungal growth pro-
posed the simultaneous action of cell wall-
loosening enzymes and cell wall-synthesizing
enzymes at growing apices (Bartnicki-Garcı́a
1973). A few years later, the steady-state
model for apical wall growth favored the idea
of an expanding plastic wall that becomes rigid
in the subapex by the action of cross-linking
enzymes (Wessels 1986); this was based on the
fact that Schizophyllum commune hyphae did
not present chitin microfibrils at the very apex,
only in the subapical regions. Until present,
there are very few reports of localization of
cell wall remodeling enzymes in filamentous
fungi. Although scarce, the current evidence
reinforces the notion that cell wall remodeling
might occur at hyphal tips. In Aspergillus nidu-
lans, the endochitinase ChiA tagged with GFP
localized at the apex of germ tubes, at hyphal
branching sites, and at hyphal tips (Yamazaki
et al. 2008). In S. cerevisiae endo b-1,3-gluca-
nase Eng1 is asymmetrically located at one side
of the septum of the daughter cell during cell
separation (Baladrón et al. 2002). In Neuros-
pora crassa the predicted endo b-1,3-glucanases
BGT-1 and BGT-2 have also putative glycosyl
transferase activity and were localized not only
at hyphal septa and interconidial septa but also
at hyphal apical plasma membranes (Martı́nez-
Núñez and Riquelme 2015). Cross-linking
between b-1,3-glucans and chitin was shown
to be essential for the formation of a resistant
cell wall skeletal component in Aspergillus
fumigatus (Fontaine et al. 2000). Nonetheless,
localization of cross-linking enzymes has not
yet been attained in filamentous fungi. In S.
cerevisiae, the cross-linking enzymes Gas1,
Crh1, and Crh2 have been found at the cell

surface at sites of budding, bud neck, and bud
scars (Rolli et al. 2009; Rodrı́guez-Peña et al.
2000). A reconciliation of the unitary and
steady-state models would imply that cell wall-
loosening enzymes, such as non-secreted chit-
inases and glucanases, participate in the break-
age of preexisting or newly formed
polysaccharide chains, allowing the addition
of newly arrived material and generating free
ends, which would serve as substrate for the
cross-linking enzymes that rigidify the cell
wall (Bartnicki-Garcı́a 1999).

Combined biochemical and phylogenomic
analyses have recently allowed to characterize
the composition of the cell wall and identify
putative genes involved in cell wall metabolic
pathways in Rhizopus oryzae and Phycomyces
blakesleanus, two fungi belonging to the
Mucoromycotina (Mélida et al. 2014).

IV. The Hyphal Tip

A. Spitzenkörper or Apical Vesicle Crescent

1. Organization, Ultrastructure, Composition

The movement of secretory vesicles from their
sites of origin to the growing hyphal tip takes
place in a cytoplasm that maintains a high level
of polarity. Cytoplasmic polarity is not unique
to the fungal hyphae; indeed, it is, to one degree
or another, a fundamental characteristic of
most cells. A clear example of cytoplasmic
polarity in growing hyphae is the maintenance
of a cluster of secretory vesicles that accumulate
just beneath the apical plasma membrane prior
to exocytosis. In filamentous Basidiomycota
and Ascomycota, this aggregation of vesicles
and associated proteins is known as the Spit-
zenkörper (Spk) (reviewed by Riquelme and
Sánchez-León 2014). The Spk when imaged
with phase-contrast light microscopy (LM)
appears as a phase-dark body at the apex of
actively growing hyphae (Girbardt 1969; Grove
and Bracker 1970; López-Franco and Bracker
1996) (Fig. 3.3). It was first identified in fixed
hyphae stained with iron hematoxylin, a com-
mon acidic histological dye, in two species of
Coprinus (Brunswik 1924), and later revealed in
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living cells through staining with the vital fluo-
rescent stain FM4-64 (Fischer-Parton et al.
2000). The Spk is an ephemeral structure with
its presence tightly correlated with hyphal tip
growth (Girbardt 1957).

By transmission electron microscopy
(TEM), the dark-phase Spk observed with LM
corresponds to a dense accumulation of secre-
tory vesicles or macrovesicles (70–100 nm in
diameter), a core enriched with microvesicles
(25–40 nm in diameter), and a network of actin
microfilaments (MFs) and amorphous or gran-
ular material of undefined nature (Howard
1981; Grove and Bracker 1970; Girbardt 1969;
Mcclure et al. 1968; Bourett and Howard 1991).
Subtending the Spk of ascomycetous fungi,
there is a cluster of cytosolic ribosomes (i.e.,
not associated with rough ER) (Howard 1981;
Riquelme et al. 2002), likely involved in the
localized synthesis of proteins with a Spk func-
tion. In N. crassa the microvesicles at the core
of the Spk have been shown to carry CHS and
correspond to the previously described chito-
somes (Fajardo-Somera et al. 2015; Riquelme
et al. 2007; Verdı́n et al. 2009; Sánchez-León
et al. 2011), while the macrovesicles of the
outer layer carry components of the glucan

synthase complex (Verdı́n et al. 2009). The
Spk is a macromolecular structure that is not
bound by a membrane and shows variability in
size, shape, position, and behavior between
hyphae of different fungal species and also
between different hyphae of the same fungal
species in response to endogenous or environ-
mental signals and perturbations (Roberson
et al. 1989; López-Franco and Bracker 1996;
Bracker et al. 1997).

A typical Spk is not present in hyphae of
most zygomycetous fungi or of other early fun-
gal lineages. Indeed, in most of these fungi,
secretory vesicles aggregate as a crescent just
beneath the apical plasma membrane of grow-
ing hyphae and have a less complex organiza-
tion than the conventional Spk (Fig. 3.3). For
example, in Gilbertella persicaria (Mucoromy-
cotina; Grove and Bracker 1970), Phycomyces
blakesleeanus (Mucoromycotina; Girbardt
1969), Rhizopus oryzae, Coemansia reversa,
Mucor indicus (Mucoromycotina; Roberson
unpublished; Fig. 3.3), and three different spe-
cies of Gigaspora (Glomeromycota; Bentivenga
et al. 2013), the accumulation of vesicles near
the hyphal apex appears by LM as a thin
crescent-shaped band, referred to as an apical

Fig. 3.3 Hyphal dome organization in Neurospora
crassa (top panels) and Mucor indicus (bottom panels).
(a) Phase-contrast microscopy; scale bar, top: 3 mm;
bottom: 1 mm; (b) transmission electron microscopy;

scale bars, 1 mm; (c) apical vesicular organization
models of fungal hyphae: the Spitzenkörper (Spk) and
the apical vesicle crescent (AVC)
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vesicle crescent (AVC). It seems reasonable to
assume that the AVC, like the Spk, is involved
in polarized cell growth, but the degree to
which it is correlated to growth direction is
unclear. Thus far, Spk within the non-Dikarya
fungi have been confirmed in only two genera:
Basidiobolus (Entomophthoromycotina;
Roberson et al. 2011) and Allomyces (Blastocla-
diomycota; Vargas et al. 1993). The Spk of
Basidiobolus is similar in structure and appar-
ent function to those that are present in the
Ascomycota and Basidiomycota (Roberson
et al. 2011). The Allomyces Spk is structurally
distinct, with a large phase-light core. The
ultrastructural equivalent of the phase-light
area contains a granular to fibrous matrix with
an irregular boundary in which microvesicles
are embedded within a cytoskeletal matrix
(Roberson and Vargas 1994). Though not com-
mon outside the Mycota, a Spk has been iden-
tified in rhizoids of the alga Chara globularis
(Braun 2001). In S. cerevisiae while no Spk had
been recognized during budding, a Spk-like
structure that corresponded to an accumula-
tion of vesicles was reported at tips of mating
projections (Chapa-Y-Lazo et al. 2011; Baba
et al. 1989).

The cryo-methods for preserving cells for
ultrastructural investigations significantly
improved the preservation of subcellular struc-
tures compared to traditional preparation pro-
tocols (Howard and Aist 1980), and as its usage
became more common, the knowledge of fun-
gal cellular structure increased (e.g., Howard
1981; Roberson and Fuller 1988; Vargas et al.
1993). High-resolution and three-dimensional
analysis of hyphal organization and organelles
has now been revealed using electron tomo-
graphic methods (Hohmann-Marriott et al.
2006; Müller et al. 2000; Nicastro et al. 2000).
Live-cell imaging using LM methods coupled
with advances such as high-resolution cameras,
computer technology, and fluorescently conju-
gated molecular probes has also contributed
greatly to the understanding of hyphal subcel-
lular behavior and organization and strongly
supported the ultrastructural data (Freitag
et al. 2004; Mouriño-Pérez et al. 2006; Uchida
et al. 2008; Suelmann et al. 1997; Spellig et al.
1996; Hickey et al. 2004; Marschall and

Tudzynski 2014). Our challenge in the future,
as it has been in the past, is the correlation of
structures described at the LM level with
those at the EM level (i.e., correlative light and
electron microscopy (CLEM)). For example,
combining fluorescent protein (FP) live-cell
imaging with immuno-EM using anti-FP anti-
bodies or photooxidation technology holds
great promise (Asakawa et al. 2014; Mari et al.
2014).

2. Diversity Across Fungal Taxa

Using phase-contrast LM to analyze 32 species
of filamentous fungi within the Ascomycota
and Basidiomycota, nine distinct Spk morpho-
logical patterns were identified (López-Franco
and Bracker 1996; Fig. 3.4). It is unclear, how-
ever, how or if the diversity of Spk organization
influences Spk function.

The first pattern was observed as a spheroidal phase-
dark vesicle cluster lacking a visible phase-bright core.
This pattern was noted primarily in hyphae of Basidio-
mycota fungi. Pattern two contained a dark spheroidal
vesicle cluster with a phase-bright narrow core appearing
a cleft or slit that opened at the posterior surface of the
Spk. A similar pattern has been reported in Ashbya
gossypii (Ascomycota; Köhli et al. 2008) and Basidiobolus
(Entomophthoromycotina; Roberson et al. 2011). Pat-
tern two was also characteristic of Athelia (formerly
Sclerotium) rolfsii, in which a Spk had been previously
described with differential interference contrast LM
optics (Roberson et al. 1989). The third Spk morpholog-
ical pattern had a dense vesicle cluster with a spherical
phase-bright core positioned near the anterior region of
the Spk. Pattern three was characteristic of members of
the Ascomycota such as Bipolaris, Nectria, Trichoderma,
and Magnaporthe. Pattern four was illustrated as having
a less phase-dark vesicle cluster that surrounded a spher-
ical phase-dark core that was positioned in the center or
toward the posterior side of the surrounding vesicle
cluster. This was a common pattern observed in Asper-
gillus and Sclerotinia, both members of the Ascomycota.
Pattern five was described as composed of a gray vesicle
cloud with light core positioned near the apical pole and
a dark core near the back of the vesicle cloud. This
morphological pattern was characteristic of Morchella
and Galactomyces (Ascomycota). The sixth Spk pattern
was seen as a phase-dark vesicle aggregation reminiscent
of a cup partially surrounding a prominent phase-light
core positioned near the back of the Spk. This pattern
was noted in the basidiomycete Rhizoctonia. The organi-
zation of pattern seven is described as a less dense cloud
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of apical vesicles containing multiple phase-dark bodies,
which appear crystalline in nature when viewed with
transmission electron microscopy (TEM). No phase-
bright core region was identified. This pattern is seen
in the ascomycete fungi Colletotrichum and Leptosphaer-
ulina. The eighth pattern was described as highly pleo-
morphic and difficult to characterize. In general it was
seen as a dark vesicle cluster surrounded by a less dense
cloud of vesicles. A phase-bright core was present behind
the dark vesicle cluster. This pattern was observed in
hyphae of Neurospora and Sordaria (Ascomycota). The
final Spk pattern described is unique to the Allomyces
(Blastocladiomycota), and it is characterized by having a
large phase-bright core, surrounded by a small region of
vesicles (Vargas et al. 1993).

3. Spk Behavior and Direction of Growth: Tip
Orienteering

Hyphae have the ability to respond to environ-
mental cues and reorient tip growth to pene-

trate diverse host tissues or to form mating
structures. It has been suggested that although
the response to environmental cues (galvano-
tropic, thigmotropic, etc.) may be fungus-
specific, tip reorientation of the hyphal tip
may be achieved by modulation of the con-
served machinery that sustains polarized
hyphal tip growth (Brand and Gow 2009).

Hyphal growth direction is positively cor-
related with Spk position and movements
within the apex, and it plays a fundamental
role in regulation of morphogenesis (Girbardt
1957; Bartnicki-Garcı́a et al. 1995; López-
Franco and Bracker 1996; Reynaga-Peña et al.
1997; Riquelme et al. 1998; Roberson et al.
2011). In most analyzed fungi, the Spk is a
highly dynamic and pleomorphic complex.
Although hyphae grow in a rather fixed direc-
tion, they possess the ability to meander intrin-

Fig. 3.4 Illustration showing the diversity of morpho-
logical Spk patterns (P) displayed by different fungal
species; based on observations by phase-contrast light
microscopy (based on López-Franco and Bracker
1996). P1: Dark spheroid spot representing a vesicle
cluster without a visible core (Agaricus bisporus, A.
brunnescens, Gaeumannomyces graminis, Trametes
versicolor); P2: An open dark spheroid vesicle cluster,
with a crevice-like light core localized toward the rear
of the cluster (Sclerotium rolfsii); P3: Dark vesicle clus-
ter with an eccentric light core oriented toward the apex
(Alternaria solani, Bipolaris maydis, B. zeicola, Exser-
ohilum turcicum, Fusarium culmorum, F. oxysporum f.
sp. lycopersici, Gibberella fujikuroi, Magnaporthe gri-
sea, and Trichoderma viride); P4: Gray cluster of vesi-
cles with an eccentric dark core located near the back of

the cluster (Aspergillus niger and Sclerotinia sclero-
tiorum); P5: Gray vesicle cloud containing a light and
a dark core, oriented toward the apex and the back
of the vesicle cluster, respectively (Galactomyces citri-
aurantii and Morchella deliciosa); P6: Polarized cup-
shaped dark vesicle cluster partially enclosing a large
phase-light core (Gelasinospora spp., Rhizoctonia
solani, and R. cereaiis); P7: Gray cloud of vesicles con-
taining two or more dark apical “granules” (Colletotri-
chum graminicola, C. magna, and Leptosphaerulina
briosana); P8: Highly pleomorphic Spk, often appear-
ing as a thick dark band within a vesicle cloud, with a
light core behind the dark cluster (Neurospora crassa
and Sordaria fimicola); P9: Large phase-light core
encompassed by a thin layer of apical vesicles (Allo-
myces macrogynus)
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sically, without responding to any obvious
external stimuli (Fig. 3.5). Studies in N. crassa
wild type (wt) showed that in straight-growing
hyphae, the Spk produces dominant forward
movements accompanied by frequent but
short transverse oscillations, while in naturally
meandering hyphae the Spk suffers additional
sustained directional shifts (Riquelme et al.
1998). In hyphae of N. crassa ropy mutants,
with impaired microtubular traffic, or in
hyphae treated with microtubule inhibitors,
the Spk showed a remarkable erratic trajectory
that resulted in a distorted hyphal morphology,
suggesting the importance of the microtubular
cytoskeleton in maintaining Spk positioning at
the hyphal dome and ultimately in regulating
hyphal morphogenesis (Riquelme et al. 2000).
Further proof that the position of the Spk deter-
mines hyphal growth directionality and mor-
phogenesis was obtained by manipulating
hyphae of Trichoderma viride with a laser
beam, which caused the displacement of the
Spk and altered the direction of elongation
and overall profile of the hyphae (Bracker
et al. 1997).

4. Function

Several functions have been attributed to the
Spk according to its main constituents. The Spk
was proposed to operate as a vesicle supply
center (VSC), serving as (1) a collection site
for secretory (wall-building) cytoplasmic vesi-
cles arriving from the subapical region and (2)
the point of departure for these vesicles as they
migrate to and fuse with the cell membrane to

produce new cell wall and extend the plasma
membrane (Bartnicki-Garcı́a 1990). In essence,
the Spk is a manifestation of the secretory path-
way, and its primary role can likely be consid-
ered as an exocytic regulatory apparatus that
receives and distributes secretory vesicles and
signaling molecules (Bartnicki-Garcı́a et al.
1989; Riquelme et al. 2014). The localization of
the cell wall-synthesizing enzymes at the Spk
(see above) provided definite evidence of the
direct involvement of the Spk in the cell wall
growth process (Riquelme et al. 2007; Verdı́n
et al. 2009; Sánchez-León et al. 2011; Fajardo-
Somera et al. 2015). The localized fusion of
vesicles at the apex is presumably assisted by
positional landmarks, which define polariza-
tion sites for the sequential recruitment and
activation of Rho GTPases such as Cdc42,
Rac1, etc., implicated in the formation of the
polarisome complex. The polarisome partici-
pates in the assembly of actin microfilaments
through the nucleation of actin and may have a
role in recruiting vesicles at the Spk and their
subsequent delivery to the plasma membrane
(Harris et al. 2005). Components of the polari-
some have been found at hyphal tips of A.
nidulans (Sharpless and Harris 2002), A. gossy-
pii (Köhli et al. 2008), C. albicans (Crampin
et al. 2005), and N. crassa (Araujo-Palomares
et al. 2009). Given the partial co-localization of
the Spk with some of the polarisome compo-
nents and actin microfilaments (see below), a
role as a microfilament-organizing center
(MFOC) has also been attributed to the Spk
(Harris et al. 2005). As mentioned above, only
the Allomyces Spk has thus far been also shown

Fig. 3.5 A wild-type hypha of N. crassa displaying
meandering growth (digital assembly of several frames
obtained by phase-contrast microscopy). Time in min:

s. Overall profile shown in the bottom along with Spk
path (position mapped every 2 s). Scale bar, 5 mm
(From Riquelme et al. (1998) with permission)
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to function as an MTOC (Roberson and Vargas
1994; McDaniel and Roberson 1998). This is of
particular interest because as other members of
the Blastocladiomycota, Allomyces is a zoo-
sporic fungus. Unlike strictly terrestrial fungi
that possess spindle pole bodies, Allomyces and
other zoospore-producing fungi have centro-
somes. Finally, it has also been proposed that
the Spk acts as a signaling hub that coordinates
developmental transitions (Garzia et al. 2009;
Etxebeste et al. 2009).

5. Ontogeny

The Spk assembles de novo as lateral or apical
branches emerge (Riquelme and Bartnicki-
Garcı́a 2004; Reynaga-Peña and Bartnicki-
arcı́a 1997) and as germ tubes mature into
hyphae (Araujo-Palomares et al. 2007). In
hyphae of both N. crassa wt and A. niger
ramosa-1 ts mutant grown at the restrictive
temperature, apical branching was preceded
by a cytoplasmic contraction, a retraction and
subsequent disappearance of the Spk, arrest of
apical growth, and temporary isotropic
enlargement of the hyphal tip (Riquelme and
Bartnicki-Garcı́a 2004; Reynaga-Peña and
Bartnicki-Garcı́a 1997). Emergence of the apical
branches coincided with the gradual formation
of new Spk. Similarly, the formation of a
mature hypha in N. crassa wt coincided with
the transition from an immature phase-light
gray amorphous Spk to a phase-dark spherical
Spk (Araujo-Palomares et al. 2007). When
imaged by video-enhanced phase-contrast
microscopy, sometimes, in addition to the
main Spk, smaller Spks were observed arising
next to the lateral plasma membrane a few
micrometers behind the apical pole (López-
Franco et al. 1995). These smaller Spks were
named satellite Spk and were observed by
TEM to correspond to packages of vesicles
(López-Franco et al. 1995). Satellite Spks have
been reported for 14 different fungal species,
including Fusarium culmorum, T. viride,
N. crassa,Magnaporthe grisea, and Rhizoctonia
solani. Satellite Spks are transient, move at
faster rates than the hyphae growth rates,
and most often merge with the main Spk

(López-Franco et al. 1995). It remains to be
determined whether the small change in size in
the main Spk immediately after satellite Spks
merge results in changes in hyphal growth.

B. Cytoskeleton

Microtubules (MTs), actin MFs, septins, and a
plethora of associated proteins such as molecu-
lar motors perform specific and shared duties
in the cell to maintain polarity and cytoplasmic
order and regulate intracellular motility. Inter-
mediate filaments are an additional cytoskeletal
component in eukaryotic cells, but their pres-
ence in fungi remains unverified.

1. Microtubules

MTs are constructed from ab-tubulin hetero-
dimer subunits that assemble end to end via
non-covalent bonds to form 13 parallel proto-
filaments that join laterally to construct a small
tubular structure (~25 nm diameter) of variable
lengths. Like the ab-tubulin dimers, the MT is a
structural polar unit with the plus, fast-growing
end extending into the cytoplasm, while the
minus end is often anchored at the MTOC.
MT nucleation is regulated by the MTOC (e.g.,
SPB, centrosome) through the interactions of
the MT minus end with the g-tubulin ring com-
plex (Oakley and Oakley 1989) that is embed-
ded in the MTOC. Interphase MTs are primarily
solitary, though can occur in bundles of two to
four. MT bundles are transient structures
providing increased cytoplasmic support and
the potential for generating contractile forces
when MTs are arranged with opposite polari-
ties. MTs can occupy the entire cytoplasm and
are generally oriented in parallel to the growing
axis of the hypha. In large hyphae of N. crassa,
MTs can loosely associate together forming a
meshwork in the central cytoplasm (Mouriño-
Pérez et al. 2006). Oblique or transverse MT
orientations are observed during branch for-
mation, nuclear division, and occasionally
within the apical dome.

The dynamic instability of the MTs is the
primary behavior of these cytoskeletal struc-
tures, which is characterized by the rapid
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assembly and disassembly of the MT plus
end. In N. crassa strain expressing GFP-tagged
tubulin dynamic instability is visualized as
rapid anterograde growth of MTs often reach-
ing into the apical dome and interacting with
the Spk and apical plasma membrane at their
plus ends (Mouriño-Pérez et al. 2006; Uchida
et al. 2008). This is followed by catastrophic
disassembly and shrinkage of the MTs until
rescued and the cycle repeats (Uchida et al.
2008). Small MT fragments have been observed
in N. crassa moving through the hyphal cyto-
plasm in anterograde and retrograde directions
(Uchida et al. 2008). MTs tend to converge
within the apical dome (Mouriño-Pérez et al.
2006; Freitag et al. 2004), which is most pro-
nounced in hyphae of A. macrogynus, where the
Spk contains g-tubulin and may function as a
microtubule-organizing center (MTOC; McDa-
niel and Roberson 1998; Roberson and Vargas
1994). The idea that the Spk might be an MTOC
in all fungi is a provocative one, but repeated
attempts to localize g-tubulin to the Spk of
septate fungi have failed. Interestingly, apical
MT nucleation was reported in germ tubes of
Uromyces phaseoli (Hoch and Staples 1985) and
N. crassa (Mouriño-Pérez et al. 2006), though
not in association with the Spk, suggesting that
the cytosolic surface of the apical plasma mem-
brane may serve as a site for MT nucleation.
There is also evidence that septal regions act as
MTOCs in A. nidulans (Veith et al. 2005).

While the direct functions of cytoplasmic
MTs in the growth of hyphae are not completely
understood, it is clear that together with their
associated proteins and the actin cytoskeleton,
they play fundamental roles in maintaining
cytoplasmic order, apical transport of secretory
vesicles, mRNAs and associated factors, cell
morphology, growth direction, and nuclear
division (see Riquelme 2013; Takeshita et al.
2014, and references therein).

2. Actin Microfilaments

MFs are composed of globular actin proteins
that assemble into two protofilaments forming
a single helical filament (~7 nm diameter).
These filaments appear as thin electron-opaque

fibers when viewed with TEM. MFs and actin
monomers (i.e., G-actin), like MTs, are polar
structures that are regulated through the inter-
actions of many associated proteins. Actin con-
centrates at the core of the Spk within the
hyphal apex (Delgado-Álvarez et al. 2010).
Actin is also abundant in subapical hyphal
regions and appears as small spots or patches
in the subapical cortex of growing hyphae asso-
ciated with an endocytic collar and as rings in
association with septum formation (Hoch and
Staples 1983; Roberson 1992; Araujo-Bazán
et al. 2008; Upadhyay and Shaw 2008; Sriniva-
san et al. 1996; Berepiki et al. 2010; Delgado-
Álvarez et al. 2010; Echauri-Espinosa et al.
2012). Like MTs, actin plays essential roles in
hyphal biology, but it is primarily required for
maintenance of tip shape, exocytosis and endo-
cytosis, and septation (Takeshita et al. 2014).

3. Septins

Septins are a family of cytoskeletal proteins first
discovered in S. cerevisiae (Hartwell 1971) and
highly conserved in all eukaryotes (Fung et al.
2014; Mostowy and Cossart 2012). They bind
GTP and contain a phosphoinositide-binding
domain. Septins polymerize into hetero-
oligomer complexes that form nonpolar fila-
mentous bundles or rings. They function pri-
marily as cytoplasmic scaffolding proteins that
associate with cellular membranes and serve as
platforms for other functional proteins to asso-
ciate (McMurray and Thorner 2009). In hyphae,
septins contribute to cell shape and formation
of septa, though the mechanistic details are not
completely understood (Riquelme 2013). One
of the suggested roles of the subapical septins
is to act as a barrier to prevent the diffusion of
polarity factors to distal areas beyond the sub-
apical endocytic collar (Gladfelter 2006).

4. Molecular Motors

As in other eukaryotes, fungal MTs have two
associated molecular motors: dyneins (minus-
end-directed) and kinesins (plus-end-directed).
Both play fundamental roles in supporting cell
morphology, cytoplasmic order, intracellular
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motility, nuclear division, MT dynamics,
and organization (Riquelme et al. 2000, 2002;
Steinberg 2007; Fischer et al. 2008; Seiler et al.
1999; Konzack et al. 2005). While there appears
to be one form of dynein in filamentous fungi,
multiple forms of kinesins have been identified
in the Ascomycota (Schoch et al. 2003). In
regard to specific roles performed by these
motors, kinesin-1 influences Spk stability, exo-
cytosis, and pathogenicity (Takeshita et al.
2014, and references therein). Kinesin-3 and
dynein have been shown to transport early
endosomes (Seidel et al. 2013; Egan et al.
2012). Furthermore, studies of kinesin-3 indi-
cate the possible presence of posttranslationally
modified MTs (Zekert and Fischer 2009).

Myosins are a superfamily of molecular
motors that associate with MFs to generate
force and movement through plus-end-directed
momentum. The unconventional myosin VI is a
minus-end-directed motor and is not found in
fungi (Nishikawa et al. 2002; Odronitz and Koll-
mar 2007). Myosins are involved in exocytosis
and hyphal morphogenesis (myosin V), endocy-
tosis (myosin I), and cytokinesis (myosin II)
(Taheri-Talesh et al. 2012; Steinberg 2007).

V. The Secretory Machinery

In filamentous fungi the exocytic zone is delim-
ited at the extreme hyphal apex, while the endo-
cytic zone occupies the subapical hyphal region
(Araujo-Bazán et al. 2008). Hyphal tip growth is
sustained by the continuous fusion of secretory
vesicles with the apical plasma membrane.
Vesicular transport was proposed to exist 40
years ago as a mean to move newly synthesized
proteins through a series of membrane-
enclosed organelles (ER, Golgi, etc.) to the
extracellular space (Palade 1975). In fast-
growing fungi such as N. crassa, 38,000 vesi-
cles/min were predicted to fuse with the plasma
membrane (Collinge and Trinci 1974), whereas
in slower-growing fungi, such as A. nidulans,
predictions estimated 500 vesicles/min (Prosser
1979). These predictions were based on the
differences in vesicle numbers encountered in
apices of fixed hyphae of N. crassa and A. nidu-

lans analyzed by TEM (Roberson unpublished).
The regulation of the traffic of secretory vesicles
has been attributed in great part to the activity
of three Rab GTPases: Rab1, Rab8, and Rab11.
In A. nidulans, RabO, the Rab1 orthologue, was
identified at the Spk of hyphal tips and the
corresponding ts mutant presented hyphal tip
morphogenetic defects, which correlated with
Golgi cisterna disorganization (Pinar et al.
2013). In the same species, RabE, orthologue
of Rab11, was associated to post-Golgi carriers
that accumulated at the hyphal apex (Pantazo-
poulou et al. 2014). Remarkably, in N. crassa,
distinct Rab GTPases have been found at each
vesicular layer of the Spk; YPT-1/Rab1 concen-
trates at the microvesicular layer, while SEC-4/
Rab8 and YPT-31/Rab11 were identified at the
outer macrovesicular layer of the Spk (Sánchez-
León et al. 2015). This spatial organization of
Rabs at distinct layers of the Spk suggested that
they might differentially regulate the traffic of
the subpopulations of vesicles of the Spk.

The latest stages of the secretory pathway
include a tethering step (initial interaction
between a vesicle and its target membrane)
and a fusion step (mixing of lipid bilayers). In
the budding yeast, the tethering step is
mediated by the exocyst, an octameric complex,
which exerts as effector of Sec4; this Rab pro-
tein in its GTP-bound form and together with
the exocyst subunit Sec15 is involved in tether-
ing events at specific growing sites (Salminen
and Novick 1989). Sec4 has also been identified
at hyphal tips of A. gossypii, C. albicans, A.
fumigatus, and N. crassa (Schmitz et al. 2006;
Jones and Sudbery 2010; Powers-Fletcher et al.
2013; Sánchez-León et al. 2015). In slow-
growing fungi, exocyst subunits accumulate as
an apical crescent immediately anterior to the
Spk (Köhli et al. 2008; Taheri-Talesh et al. 2008;
Jones and Sudbery 2010; Hayakawa et al. 2011).
In hyphae of the fast-growing N. crassa, the
exocyst subunits EXO-70 and EXO-84 were
found at the macrovesicular layer of the Spk,
while the other subunits accumulated at the
apical plasma membrane (Riquelme et al.
2014). An intact exocyst is required not only
for the formation of a functional Spk but also
for maintaining hyphal tip growth and mor-
phogenesis (Riquelme et al. 2014). The fusion
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step of the vesicles with their target membrane
is mediated by soluble N-ethylmaleimide-sen-
sitive factor-attachment protein receptors
(SNAREs). Genome analysis of >70 fungal spe-
cies revealed the existence of nearly 20 different
SNAREs (Kienle et al. 2009). In S. cerevisiae a
small set of SNAREs have been implicated in
late secretory fusion steps, the t-SNAREs (Sso1,
Sso2, Sec9, and Spo20) and the v-SNAREs (Snc1
and Snc2) (Burri and Lithgow 2004). In growing
hyphae of A. nidulans and N. crassa, SynA and
SYN-1, the orthologues of the yeast synaptobre-
vin Snc1, respectively, have been identified at
the Spk, suggesting their putative association
with secretory vesicles (Taheri-Talesh et al.
2008; Sánchez-León et al. 2015). The polarized
accumulation of secretory machinery compo-
nents at hyphal tips suggests the high secretory
activity that takes place at the apical region.
Further studies are still needed to unravel the
concerted molecular events that sustain the
polarized organization of the secretory compo-
nents involved in tip growth.

Phosphoinositides are important lipid sig-
naling molecules with roles in actin machinery
assembly and secretory vesicle exocytosis
(Yakir-Tamang and Gerst 2009; Martin 2014).
Phosphatidylinositol 4-phosphate (PI4P) and
phosphatidylinositol (4,5)-bi-phosphate (PI
(4,5)P2) have been found to be crucial for polar-
ized growth in S. cerevisiae and C. albicans,
where these lipids adopt a polarized distribu-
tion (Arkowitz and Bassilana 2014). However,
in N. crassa and A. nidulans hyphae, PI(4,5)P2
appeared more evenly distributed along the
plasma membrane (Mähs et al. 2012; Pantazo-
poulou and Peñalva 2009), and it remains to be
proven whether they have a direct role in the
polarization of the exocytic processes.

VI. The Role of “Omics” Studies
Toward Understanding Tip Growth

As mentioned above, hyphal tip growth implies
the coordinated interaction of many structural
cellular components. Although a lot of informa-

tion has been obtained on some key elements
needed for tip growth, essential questions in
order to understand this complex process are
still unresolved: How many genes are devoted
to fungal tip growth? Are there any differences
in the expression of these genes within the
diverse fungal taxa? What are the molecular
determinants that regulate tip growth under
different environmental cues? To date, more
than 250 fungal genomes have been sequenced
and are publicly available at MycoCosm, an
integrated fungal genomics resourceful portal
developed by the US Department of Energy
Joint Genome Institute (JGI; http://genome.jgi-
psf.org/programs/index.jsf). Notably, the 1000
Fungal Genomes Project initiative of JGI aims
to sequence 1000 fungal genomes taking into
account nominations from the research com-
munity (Grigoriev et al. 2014). The comparative
analysis of genomic data with other “omics”
information (i.e., transcriptomics, proteomics,
lipidomics, metabolomics, etc.) will provide
useful data to address the underlying mecha-
nism of hyphal tip growth. For example,
recently, interesting differences on cell wall
structural components in the Mucoromycotina
and the Dikarya were revealed (Mélida et al.
2014). Phylogenomic profiling of genes puta-
tively involved in formation or modification of
cell wall polysaccharides allowed comparisons
of the predicted biosynthetic machinery in
these different fungal taxa for which no cell
biology information is yet available (Mélida
et al. 2014).

The transcriptomic analysis of the A. niger
ramosa-1 ts mutant shed light on multiple
genes belonging to signaling networks possibly
involved in tip growth regulation (Meyer et al.
2009). At the restrictive temperature, this
mutant suffered a retraction of the Spk, loss of
hyphal polarity, formation of new Spk, and
apical branching, all of which was thought to
be the consequence of disturbance of the actin
cytoskeleton (Reynaga-Peña and Bartnicki-
Garcı́a 1997). The A. niger rmsA gene, obtained
by complementation of the mutation, was
found to be the functional equivalent of the S.
cerevisiae TORC2 component Avo1, required
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for actin polarization and cell wall integrity
(Meyer et al. 2009).

VII. Conclusions and Perspectives

l There are clear ultrastructural differences at
the level of organization of vesicles and orga-
nelles at the hyphal apex across different fun-
gal taxa. From the hundreds of fungal species
with genomes sequenced, only a handful of
them have been subject of hyphal morpho-
genesis studies. More fungal species within
each taxa need to be analyzed, ideally those
with available sequenced genomes and ame-
nable to molecular manipulations. This
would allow us to identify conserved or
diverse patterns of hyphal apical organization
and analyze whether a correlation between
tip growth machinery and cell wall composi-
tion exists.

l Most of the fungal species analyzed by TEM
have macrovesicles and microvesicles at their
hyphal apices. However, a scarce record for
fusion events of these vesicles at the tips
exists. What remains to be uncovered is the
exocytic pattern, both at the spatial and tem-
poral levels, of discharge of the different vesi-
cles at the hyphal tip surface.

l Structural data of apices of germlings is very
scarce. This information is key to understand
the ontogeny of the mature hyphae and to
correlate the differences found between the
two cell types by transcriptomic profiling.

l There is a total lack of understanding on how
the in situ synthesis of the cell wall occurs.
This process, beyond being relevant to fungal
cell biology by itself, could be a true revelation
to design targeted antimycotic drugs against
fungal pathogens of plants and humans.

l High-resolution ultrastructural and protein
mapping (electron tomography, serial section
reconstruction, immuno-EM) of the apical
dome is needed to understand (1) distribu-
tion and orientations of cytoskeletal elements
and their associations with vesicles and the
plasma membrane, (2) the number and posi-
tion of vesicles that make up the Spk, (3) the
character of the endocytic collar, and (4) pre-

cise distribution of important tip growth-
related proteins.

l Several secretory machinery components
have been identified at hyphal apices, but
little is known about the particular contribu-
tion of each of them in the numerous molec-
ular events during tip growth. Functional
dissection of the distinct components of the
secretory apparatus through the development
of molecular tools including generation of ts
mutants, and use of regulatable promoters
and more selectable markers, will enable to
reveal mechanistic details of hyphal tip secre-
tion.

l Revised models for hyphal morphogenesis
will allow re-evaluating the roles of the Spk
in light of its absence in most zygomycetous
and zoosporic fungi and elucidate the evolu-
tionary advantage of having a Spk.
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Mouriño-Pérez RR, Roberson RW, Bartnicki-Garcı́a S
(2006) Microtubule dynamics and organization
during hyphal growth and branching in Neuros-
pora crassa. Fungal Genet Biol 43:389–400

Müller WH, Koster AJ, Humbel BM, Ziese U, Verkleij
AJ, van Aelst AC, van der Krift TP, Montijn RC,
Boekhout T (2000) Automated electron tomogra-
phy of the septal pore cap in Rhizoctonia solani. J
Struct Biol 131:10–18

Nicastro D, Frangakis AS, Typke D, Baumeister W
(2000) Cryo-electron tomography of Neurospora
mitochondria. J Struct Biol 129:48–56

Nishikawa S, Homma K, Komori Y, Iwaki M, Wazawa
T, Hikikoshi Iwane A, Saito J, Ikebe R, Katayama
E, Yanagida T, Ikebe M (2002) Class VI myosin
moves processively along actin filaments back-
ward with large steps. Biochem Biophys Res Com-
mun 290:311–317

Oakley CE, Oakley BR (1989) Identification of g-tubu-
lin, a new member of the tubulin superfamily
encoded by mipA gene of Aspergillus nidulans.
Nature 338:662–664

Odronitz F, Kollmar M (2007) Drawing the tree of
eukaryotic life based on the analysis of 2,269 man-
ually annotated myosins from 328 species.
Genome Biol 8:R196

Pacheco-Arjona JR, Ramı́rez-Prado JH (2014) Large-
Scale phylogenetic classification of fungal chitin
synthases and identification of a putative cell-
wall metabolism gene cluster in Aspergillus gen-
omes. PLoS ONE 9, e108920

Palade G (1975) Intracellular aspects of the process of
protein synthesis. Science 89:347–358

Palanivelu R, Preuss D (2000) Pollen tube targeting and
axon guidance: parallels in tip growth mechan-
isms. Trends Cell Biol 10:517–524
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I. Introduction to Septation and
Cytokinesis

Cell division in all organisms requires the coor-
dination of all cellular processes to allow the
formation of two new individual cells. During
the eukaryotic cell cycle, correct duplication of
genetic material and its subsequent even divi-
sion, together with the contents of the cyto-
plasm, are necessary for successful generation
of daughter cells. In order to ensure this out-
come, the cell possesses cell cycle checkpoints
at crucial stages to ensure fidelity and temporal
coordination of cell division. In eukaryotes the
mechanism that allows final coordination of
cell division and compartmentalisation of new
cellular components is called cytokinesis. In
fungi, cytokinesis adopts different forms. In

Saccharomyces cerevisiae the process of cytoki-
nesis is called budding, resulting in a new
daughter cell from a bud formed by the mother,
while in the other major model yeast species
Schizosaccharomyces pombe, it is called fission
and results in two daughter cells of equal size.
In filamentous fungi, cytokinesis within a
hypha is known as septation and results in
discrete hyphal compartments within the mul-
ticellular fungal hyphal filament. The processes
of budding and fission lead to separation of a
daughter cell from its mother cell, allowing
formation of new individuals. However, the
equivalent process in filamentous fungi, septa-
tion, results in new hyphal compartments in
which daughter cells remain attached to form
a continuous, multicellular organism. This
important principle means there are major
mechanistic differences in cytokinesis among
fungi. In both budding and fission yeast, for
example, when a septum is being formed,
septum-related proteins are recruited to the
site creating a septum and establishing the
plane of cell division. It is only after cytokinesis
that the septum is degraded and cell separation
begins. However, in filamentous fungi, cell sep-
aration does not occur, and the septum remains
intact, and instead, cell wall material is depos-
ited to the site to contribute to compartmenta-
lisation of the organism (Fig. 4.1), although in
the majority of cases, septa remain open, to
allow movement of organelles and cytoplasm
between fungal cells, which is important for
long-distance trafficking and communication,
both of which are pivotal to growth and devel-
opment of filamentous fungi.

The life cycles of pathogenic fungal species
are often characterised by morphogenetic
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changes, with different fungal growth forms
being associated with primary host infection,
invasive growth, propagation and dispersal.
Many of these developmental transitions have
been shown to be essential for the ability to
cause disease. For example, the opportunistic
pathogen of humans, Candida albicans, the
cotton pathogen Ashbya gossypii and the corn
smut fungus Ustilago maydis all display pleo-
morphism with yeast-hyphal transitions and
formation of other differentiated cellular
forms such as resting spores. These are essen-
tial to their ability to cause disease. On many
instances, a discrete septation event is neces-
sary for developmental transitions required to
cause disease. For example in Candida albicans,
the core septin GTPase, Cdc12, is associated
with cytokinesis and required for virulence (Li
et al. 2012). This is part of an emerging body of
evidence which suggests that septation and
cytokinesis are often key processes in condi-
tioning fungal pathogenicity, due to their
important role in infection-related morphog-
enesis and the changes in cellular form
that accompany host invasion (Bridges and
Gladfelter 2014). In this chapter, we evaluate
emerging evidence that points to a vital role
for septation in plant pathogenic fungi, which
undergo appressorium development to facili-
tate entry into their plant hosts. We specifically
focus on the filamentous ascomycete fungus
Magnaporthe oryzae, which is the causal agent
of rice blast disease. We have focused on rice
blast because of rapid progress in this
appressorium-forming fungus compared to
other species, which has largely resulted from
the size of its research community, driven by

the economic importance of the disease. We
draw conclusions, however, which we believe
may be of more general significance in plant
pathogens and, indeed, in other pathogenic
fungal species. We also describe parallel studies
in other experimental systems that point to
more general principles. Finally, we look
ahead to the research that will be needed to
translate recent advances in understanding the
cell biology of infection into a set of more
general concepts about fungal biology.

II. The Rice Blast FungusMagnaporthe
oryzae

Rice blast disease represents a worldwide threat
to food security, causing severe crop losses
every year (Talbot 2003). In order to feed the
growing world population, which is estimated
to reach 9 billion by 2050, global food produc-
tion will need to increase by at least threefold
over the next three decades (Godfray et al.
2010). It is estimated that at least 800 million
of the world’s population currently live with
insufficient nutrition and at least 10 % of the
world’s food crop production is lost due to
plant diseases and infection (Strange and Scott
2005). One of the world’s most important crops
is rice (Oryza sativa), upon which half of the
world’s population relies (Strange and Scott
2005) and which supplies 23 % of the total
calorific intake of humankind. Global rice pro-
duction is 874 million tonnes per annum (FAO
Figures 2012–2013), but as the world popula-
tion grows, it is predicted that rice yields will

Fig. 4.1 Septation and cytokinesis in filamentous fungi
and yeast model organisms. Diagram to show the pat-
terns of nuclear division and septum formation that
occur in the budding yeast S. cerevisiae, the fission

yeast Sch. pombe and the filamentous, ascomycete,
rice blast fungus M. oryzae during infection-associated
development
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have to double by 2050 to meet increasing
demand and projected population growth
(Godfray et al. 2010).

Rice blast disease is caused by the hetero-
thallic ascomycete fungus Magnaporthe oryzae
and is responsible for up to 30 % annual losses
to the rice harvest (Talbot 2003; Thinlay et al.
2000) (Talbot 2003; Thinlay et al. 2000). The
name ‘rice blast’ is due to rapid development
of the disease in the field, causing ‘blasting’ of
entire crops (Ou 1985).M. oryzae can, however,
also infect other important grass crops, such as
barley (Hordeum vulgare), finger millet (Eleu-
sine coracana) and wheat (Triticum aestivum)
(Talbot 2003). Furthermore, blast disease of
wheat, known as ‘brusone’ disease, which was
first reported in 1985, is an emerging problem
across South America, and, due to the lack of
effective disease control by either resistant cul-
tivars or fungicide treatment, serious outbreaks
of brusone have occurred since 2009, especially
across Brazil, Paraguay and Bolivia (Maciel
et al. 2014).

Rice blast disease is currently controlled by
fungicide treatment or disease resistant culti-
vars, developed by plant breeding. These meth-
ods have had limited success, however, because
of the rapid emergence of new pathotypes,
fungicide-resistant strains and the high genetic
variability of M. oryzae in the field (Latterell
and Rossi 1986). As a consequence of its impor-
tance and difficulty to control, M. oryzae has
emerged as a model pathogenic fungus over the
last 30 years for understanding fungal-
pathogen interactions (Dean et al. 2005; Perez-
Nadales et al. 2014).

III. Septation and Cytokinesis in
Magnaporthe oryzae

In filamentous fungi, septation is required for
fungal growth, differentiation and cell division
and thereby guarantees correct compartmenta-
lisation and development. Septation can be
divided into four main steps. These are (1)
selection of a future division plane, (2) assem-
bly at this site of a contractile actomyosin ring
(CAR), (3) constriction of the CAR coupled

with plasma membrane invagination and
(4) formation and deposition of cross-wall
materials (Harris et al. 1994).

The septation site selection systems used in
the model yeasts, S. cerevisiae and Sch. pombe,
are fundamentally different. In S. cerevisiae, for
instance, the site of a future bud is determined
by a cortical cue generated by the previous cell
division and cell-end-dependent spatial signals
(Wu et al. 2013). After the site is selected, the
mitotic nucleus is positioned in the selected
site, and a nuclear division across the cell divi-
sion plane occurs (Wu et al. 2013). By contrast,
in Sch. pombe, the future site of cytokinesis is
specified by the pre-mitotic nucleus itself with
negative signals originating from both cell ends
(Chang and Peter 2003). Interestingly, septation
in filamentous fungi is a variable process that
has fundamental similarities and differences
from that of the model yeast organisms. For
example, selection of the future septation site
in the two filamentous Pezizomycotina species,
Aspergillus nidulans and Neurospora crassa,
employs a closely related programme to the
one of fission yeast (reviewed by Seiler and
Justa-Schuch (2010)). In other filamentous
fungi, however, septation is only loosely coor-
dinated with nuclear division, resulting in mul-
tinuclear hyphal compartments with daughter
cells remaining attached to one another (Glad-
felter 2006). For example, during conidial
germination in A. nidulans, the conidium
undergoes a short period of isotropic growth
before the emergence of a germ tube. Only once
the germ tube has reached a certain size and
after the third round of mitosis has occurred is
the first septum formed between two nuclei
near the base of the germ tube (Harris et al.
1994). Using conditional mutants defective in
cell cycle control and nuclear migration,
Wolkow et al. (1996) demonstrated that forma-
tion of the first septum is triggered by nuclear
division, after the cell reaches a certain thresh-
old size. Therefore, in a similar manner to fis-
sion yeast, the position of the A. nidulans
mitotic nucleus specifies the future site of sep-
tation (Wolkow et al. 1996). One hypothesis
that may explain the multinucleate nature of
A. nidulans hyphae is that a gradient of an
inhibitory factor is formed, which originates

Septation and Cytokinesis in Pathogenic Fungi 69



at the hyphal tip, that restricts septum
formation until each cell achieves a certain
size. However, the exact nature of such an
inhibitory gradient controlling septation of A.
nidulans germling remains unknown.

The septation initiation network (SIN) was
first described in Sch. pombe and consists of a
signal transduction cascade which ensures tem-
poral coordination between nuclear division
and cytokinesis. Septation initiation has also
been extensively studied in filamentous fungi,
and it has been shown to have a number of
functions, one of which is to act as a checkpoint
to ensure coordination of the cell cycle when
there are defects in CAR assembly or integrity.
Activation of SIN depends on cyclin-dependent
kinase (Cdk) activity and has been shown to
activate a guanine nucleotide exchange factor-
GTPase-activating protein (GEF-GTPase) mod-
ule, composed of Bud3 and Rho4, which trig-
gers recruitment of formins, which nucleate
actin filaments to initiate CAR assembly (Si
et al. 2010). In A. nidulans, a homologue of
the SIN protein kinase Cdc7 from fission
yeast, SepH, for example, is required for forma-
tion of contractile actin ring during cytokinesis.
When SepH activity is disrupted, it prevents
Bud3 from localising as a ring at the incipient
septation site, thereby preventing septum for-
mation. At the same time, A. nidulans mutants
lacking Bud3 also fail to produce septate
hyphae (Bruno et al. 2001; Si et al. 2010). In
the filamentous ascomycete Neurospora crassa,
the Rho-type GTPase Rho4, along with its GEFs
BudS and Rgf3, activates septation. Rho4 is
dependent on an anilin-like landmark protein
Bud4 which accumulates as punctate structures
at the plasma membrane at the future site of
septation, which coalesce into a ring during
septation (Justa-Schuch et al. 2010). Rho4 and
Bud3 are proposed to recruit and trigger the
formin Bni1, which regulates the position and
formation of the CAR. Formins are conserved
nucleators of actin filaments and contain a for-
min homology 1 domain (FH1), which serves as
a binding site for the profilin-actin complex,
and a formin homology 2 domain (FH2),
which regulates actin nucleation and cable
assembly. Upon binding with activated Rho
GTPases, formins become activated and able

to catalyse actin nucleation (Evangelista et al.
2002). A. nidulans andN. crassa possess a single
formin, namely SepA and Bni1, respectively,
which are essential for viability. A sepA condi-
tional mutant causes dramatic defects in hyphal
development, and hyphae are morphologically
abnormal and aseptate. In both A. nidulans and
N. crassa, the formins localise as a crescent at
hyphal tips or at the extreme apex of a hypha
and as dot-like structures which colocalise with
the lipophilic styryl dye, FM4-64, in the Spit-
zenkörper and to the septum where they pro-
mote CAR formation. Recruitment of SepA and
Bni1 to the site of incipient CAR formation can
be prevented in A. nidulans and N. crassa in
mutants lacking Bud3 or Bud4 homologues.
Therefore, in A. nidulans and probably N.
crassa too, the SIN is likely to operate upstream
of the Bud3-Rho4 module controlling selection
of future septation sites by recruiting formins
to the incipient septum (Si et al. 2010). How the
precise position of the CAR is determined in
filamentous fungi and how CAR formation is
controlled are not well understood and require
further investigation.

In vegetative hyphae of M. oryzae, the site
of septation is consistently associated with the
medial position of the spindle during the pre-
ceding nuclear division. This pattern also
occurs during hyphal branching, defining the
position of the subsequent septum, and cellular
compartments are, as a consequence, evenly
distributed along hyphae with a relatively
uniform intercalary length and a single nucleus
typically maintained in each hyphal cell. There-
fore, mitosis and cytokinesis are spatially cou-
pled during hyphal growth of M. oryzae.
However, strikingly it has been shown that
cytokinesis is regulated asymmetrically from
the position of nuclear division during the for-
mation of appressoria for plant infection
(Saunders et al. 2010b).

M. oryzae undergoes several morphoge-
netic transitions before successful formation
of the appressorium, which leads to cuticle rup-
ture and entry of the fungus into rice tissue. The
infection cycle ofM. oryzae starts when a three-
celled conidium lands on a rice leaf, to which
it attaches by secreting spore tip mucilage from
an apical compartment at the apex of the
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pyriform conidium (Hamer et al. 1988). From
the apical cell, a polarised germ tube elongates
and, after 4–6 h, changes direction to form a
flattened hook at the leaf surface and, ulti-
mately, to form a unicellular dome-shaped
appressorium. The appressorium generates a
melanin layer in the inner part of the chitin-
rich cell wall, which prevents efflux of osmoti-
cally active solutes in the appressorium. As a
consequence, the appressorium takes up exter-
nal water against the high osmotic gradient
generated inside the cell by accumulation of
polyols, such as glycerol (de Jong et al. 1997;
Talbot 2003). High turgor inside the appresso-
rium is focused as mechanical force at the
appressorium pore to pierce the tough cuticle
of the leaf (Howard et al. 1991; Howard and
Valent 1996; de Jong et al. 1997; Talbot 2003).
At the same time, generation of turgor is
achieved by relocation of storage products
from the conidium to the incipient appresso-
rium, followed by autophagic cell death of the
conidium (Kershaw and Talbot 2009; Thines
et al. 2000). To pierce the cuticle of the leaf,
the fungus develops a penetration peg, which is
a specialised narrow hypha that emerges from
the appressorium pore (Bourett 1990). After
breaching the cuticle, the peg develops into a
primary invasive hypha which at its tip forms a
biotrophic interfacial complex (BIC). The BIC
is a membrane-rich plant-derived structure,
which may be associated with fungal effector
delivery into the plant or be a focal immune
response by the host plant. The primary inva-
sive hypha develops into bulbous invasive
hyphae to invade and colonise the initial epi-
dermal cell and adjacent tissues (Zhang and Xu
2014), and the BIC becomes associated with a
subapical invasive cell during further fungal
proliferation and appears to be the site of active
fungal secretion (Giraldo et al. 2013). After 3
days, small oval lesions appear on the leaf and
become necrotic, and after 5 days they develop
aerial conidiophores which sporulate profusely
and are splash dispersed to adjacent plants
(Talbot 2003).

The infection cycle is tightly dependent on
cell cycle regulation (Saunders et al. 2010a;
Talbot 2003). The switch from anisotropic

growth at the germ tube tip to isotropic growth,
which leads to formation of the incipient
appressorium, depends on successful DNA rep-
lication (S phase entry) in M. oryzae (Saunders
et al. 2010a). After hooking, a single round of
mitosis must occur prior to development of a
mature appressorium and subsequent infec-
tion. Temperature-sensitive mutants in the
mitosis-promoting kinase, NimA, which is
associated with regulation of the G2 to M
transition, prevents maturation of appressoria
(Saunders et al. 2010a). By contrast, appres-
soria still form in a conditional mutant, bimE,
which is blocked within mitosis and when a
stabilised version of the B cyclin, Cyc1, is
expressed preventing mitotic exit. When con-
sidered together, these experiments suggest
that entry into S phase controls initiation of
appressorium development, its maturation
requires entry into mitosis and completion of
mitosis is a prerequisite for the appressorium
to be functional (Saunders et al. 2010a).

A single septation event occurs during
appressorium development at the neck of the
appressorium, where it is joined to the germ
tube tip (Fig. 4.2). The position of this septum is
first defined by a hetero-oligomeric septin com-
plex which occurs prior to mitosis. The con-
tractile actomyosin ring (CAR) then forms at
the neck of the appressorium after mitosis
allowing nuclear migration into the developing
appressorium. After this single round of mito-
sis, one of the daughter nuclei migrates back
into the conidial cell from which its mother
nucleus originated. This leads to degeneration
of the conidium in an autophagy-dependent
process leaving a single nucleus in the appres-
sorium at the time of plant penetration
(Kershaw and Talbot 2009; Veneault-Fourrey
et al. 2006). Penetration of the fungus into
plant tissue occurs by formation of a peg
emerging from the appressorial pore, which
develops into the primary invasive hypha.
Therefore, the appressorium pore marks the
point of the direct contact between the host
and the fungus and is marked by a very thin
pore wall overlay at the contact point with the
rice leaf (de Jong et al. 1997; Howard et al. 1991;
Howard and Valent 1996; Talbot 2003). At the
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appressorium pore, the core septin GTPases,
Sep3, Sep4, Sep5 and Sep6 (which are homolo-
gues of Cdc3, Cdc10, Cdc11 and Cdc12 from S.
cerevisiae), form a toroidal ring structure at the
base of the appressorium. This structure is
required for appressorium-mediated plant pen-
etration (Dagdas et al. 2012).

IV. Septin Ring Formation at the Base
of the Appressorium

During cytokinesis, the coordinated interaction
of cytoskeletal components is required for
assembly and progressive constriction of the

Fig. 4.2 Septation during different developmental
stages of the plant pathogenic fungus M. oryzae. (a)
Micrographs showing vegetative hyphae of M. oryzae
strain expressing nuclear marker, fluorescently labelled
histone H1, with cell wall staining by calcofluor white.
White arrows indicate fungal nuclei. (b) Micrographs
showing contractile actomyosin ring at the neck of

developing appressorium marked by the accumulation
of fluorescently tagged tropomyosin (white arrow). (c)
Septin ring formation around appressorium pore in
mature appressorium of M. oryzae strain expressing
Sep4-GFP fusion (Dagdas et al. 2012) (Images (a) and
(b) were taken from Diane G.O. Saunders’ PhD thesis.
Scale bar¼10 mm)
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actomyosin ring at the cell cortex, as well as for
scaffolding the cross-wall-synthesising machin-
ery during cytokinesis and septation. The CAR
consists of actin, myosin II and other actin-
binding proteins and is assembled at the septa-
tion site followed by actomyosin-mediated con-
striction, which ultimately leads to membrane
invagination and deposition of cell wall compo-
nents (Wu et al. 2013).

The role of actin during septation in fila-
mentous fungi was first investigated in A. nidu-
lans by using the actin-depolymerising agent
cytochalasin A and its effect on septum forma-
tion and cytokinesis (Harris et al. 1994). The
CAR marks the future site of septation and
forms a cortical ring which constricts leading
to invagination of the plasma membrane. The
CAR later broadens, invaginates and forms an
hourglass structure at the site of septation
(Momany and Hamer 1997). In N. crassa, by
using live-cell imaging of fluorescently tagged
proteins, the accumulation of actin cables was
shown as a mass of thick filaments associated
with tropomyosin and class II myosin. This
‘septal actomyosin tangle’ (SAT) was identified
as the earliest marker of septum development
(Delgado-Alvarez et al. 2014). The SAT then
condenses into the F-actin ring of the CAR.
After that, the actin ring splits into two rings,
and cross-wall materials are deposited (Bere-
piki et al. 2010; Delgado-Alvarez et al. 2014).

Septins are morphogenetic GTPases that
act as cytoskeletal components by forming

hetero-oligomers and various higher-order
structures, including filaments, rings and
gauzes, and serving as platforms for recruit-
ment and organisation of proteins at sites of
polarised growth and cytokinesis (Oh and Bi
2011). They were first identified in S. cerevisiae
through analysis of mutants unable to complete
cytokinesis and which produced elongated
buds that do not separate from the mother cell
(Hartwell 1971). Later studies defined four
important groups of septins from metazoans
and an extra group, specific to filamentous
fungi (Pan et al. 2007), as shown in Table 4.1.
S. cerevisiae possesses five septins, Cdc3,
Cdc10, Cdc11, Cdc12 and Shs1, of which the
first four are considered core septins. During
budding, the initial septin ring forms an hour-
glass structure, called the septin collar, linked
with the plasma membrane at the bud neck.
The septin collar scaffolds proteins associated
with cell division and septation, but also acts as
a lateral diffusion barrier to spatially regulate
morphogenetic factors to the site of cytokinesis
(Oh and Bi 2011). Recently, septins have been
demonstrated to serve roles in cell signalling,
membrane remodelling, cellular morphology
and, most importantly, pathogenesis in fila-
mentous fungi (Bridges and Gladfelter 2014).
Septins in filamentous fungi appear to be able
to form more diverse higher-order structures
than those of unicellular yeasts (Hernandez-
Rodriguez et al. 2012). For example, the fila-
mentous fungus A. nidulans possesses four

Table 4.1 Septin homologues and their biological functions in selected model fungi

Species Septin homologues Biological functions References

Saccharomyces
cerevisiae

Cdc3, Cdc10, Cdc11, Cdc12
and Shs1

Scaffold or diffusion barrier during
cytokinesis and cell polarity

Oh and Bi (2011)

Ashbya
gossypii

Cdc3, Cdc10, Cdc11, Cdc12
and Shs1

Sporulation, limiting hyphal diameter and
polarity and branch pattern

Schmitz et al. (2006)

Aspergillus
nidulans

AspA, AspB, AspC, AspD
and AspE

Chitin deposition, branching pattern and
conidiophore development

Momany et al. (2001)

Candida
albicans

Cdc3, Cdc10, Cdc11, Cdc12
and Sep7

Scaffold, cell division, cell polarity, chitin
deposition, virulence

Warenda and
Konopka (2002)

Magnaporthe
oryzae

Sep3, Sep4, Sep5, Sep6 and a
putative AspE
homologue

Plant penetration and morphogenesis of
infection structure

Dagdas et al. (2012),
Saunders et al.
(2010b)

Ustilago
maydis

Sep1, Sep2, Sep3 and Sep4 Cellular morphology, cell division of
budding haploid cells, minor role in
virulence

Alvarez-Tabares and
Perez-Martin
(2010)
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core septins, AspA, AspB, AspC and AspD, that
form hetero-polymeric complexes, while the
additional septin, AspE, plays a minor role in
stabilising other core septins (Hernandez-
Rodriguez et al. 2014). At the septation site,
AspB forms a postmitotic single ring which
then splits into two rings at the division plane
across the main hypha. After completion of
septation, the ring of AspB located at the basal
side of the septum is lost, while the one at the
apical side persists. AspB also localises into a
ring on the side of hypha just before branch
emergence, therefore suggesting that the AspB
septin is an early marker for hyphal branch
formation (Hernandez-Rodriguez et al. 2012;
Westfall and Momany 2002).

In M. oryzae, four core septins have been
identified, Sep3, Sep4, Sep5, Sep6, as well as
fungal-specific septin Sep7 (Dagdas et al. 2012;
Saunders et al. 2010b). The core septins showed
47 % amino acid identity to Cdc3, 55 % to
Cdc10, 45 % to Cdc11 and 57 % to Cdc12 of S.
cerevisiae, respectively. Sep7 shows 55 % iden-
tity to AspE from Aspergillus nidulans. During
early appressorium formation, the core septins
localise to the germ tube tip during its initial
apical polarised growth. At 4 h, an incipient
appressorium is formed, and core septins local-
ise at the appressorial neck, prior to mitosis, at
the site of the septation event that delimits the
appressorium from the other pre-penetration
structure. From 8 h onwards, until the primary
invasive hypha is formed and the cuticle of the
rice leaf has been breached, the core septins
form a ring at the base of the appressorium
(Dagdas et al. 2012). The septins are required
for the remodelling of actin to form a toroidal
F-actin network at the base of the appresso-
rium. Null mutants in any of the core septins
result in a dramatic disorganisation of the F-
actin structure leading to impairment of pene-
tration peg formation and failure to cause tissue
invasion (Dagdas et al. 2012). The septin struc-
ture not only provides rigidity to the cortex
around the appressorium pore but also appears
to act as a diffusion barrier to restrict proteins
to the pore region that are required for gener-
ating curvature of the plasma membrane and F-
actin polymerisation during polarity re-
establishment and penetration peg develop-

ment. In budding yeast, activation of the master
polarity regulator, Cdc42, must occur, to gener-
ate apical polarised growth and bud formation
(Howell and Lew 2012). Null mutants of CDC42
in M. oryzae are able to form appressoria that
have a disrupted cytoskeleton and are therefore
unable to cause infection (Zheng et al. 2009).
Cdc42 acts through two PAK kinases, Ste20 and
Cla4, and two formins, Bni and Bnr, to activate
formation of F-actin and septin toroidal ring
structures (Howell and Lew 2012). The PAK
kinase Cla4 homologue, Chm1, is required for
septin ring formation at the base of the appres-
sorium and is therefore necessary for infection
(Dagdas et al. 2012; Kadota et al. 2004). Surpris-
ingly, these null mutants are able to form
appressoria, suggesting that the activity of sep-
tins during earlier stages of development is
regulated distinctly than during appressorium
function. Moreover, the mechanism involved in
the formation and recruitment of the septin
ring at the base of the appressorium is still not
known. Other cytoskeleton components that
are also localised to the appressorium pore
include a homologue of the ezrin/radixin/moe-
sin protein Tea1, which in yeast binds at its N-
terminal domain to the plasma membrane to
connect to F-actin (Turunen et al. 1994). Tea1
has also been reported to be required for
septin-mediated scaffolding. At least one of
the Bin-amphiphysin-Rvs (BAR) domain pro-
teins in M. oryzae also localises to the appres-
sorium pore in a septin-dependent manner.
BAR proteins have been extensively studied in
budding yeast and are involved in generation of
cellular invaginations (F-BAR proteins) or pro-
trusions (inverse or I-BAR proteins) (Dawson
et al. 2006). Bar proteins bind to actin and to
phosphatidylinositol (4, 5)-bisphosphate
(PtdIns(4, 5)P2) (Bompard et al. 2005; Miki
et al. 2009). Localisation of the BAR protein,
Rvs167, in M. oryzae to the appressorium pore
has been shown, suggesting localising of endo-
cytic and perhaps exocytic machinery to the
appressorium pore (Dagdas et al. 2012). Las17
is part of the actin-related protein 2/3 complex
(Arp2/3) involved in F-actin polymerisation
(Urbanek et al. 2013). The Arp2/3 complex is
necessary for F-actin polymerisation, organisa-
tion and recycling (Goley and Welch 2006). In
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M. oryzae Las17-GFP was shown to be localised
to the appressorial pore, in a septin-dependent
manner (Dagdas et al. 2012).

The septin ring in the appressorium pore
therefore acts as a means of coordinating pro-
cesses associated with polarity re-establishment
and the rapid F-actin polymerisation and mem-
brane curvature necessary for development and
protrusion of a penetration peg at the base of
the infection cell. It appears to fulfil this role by
acting as a means of scaffolding these proteins
at the appropriate point in the cell and spatially
focusing proteins involved in polarity to the
correct domain, probably by preventing their
diffusion from the region. In this way, the pen-
etration peg resembles a bud site in S. cerevi-
siae, where similar concentration of polarity
determinants is required to complete budding.
The key difference, however, is the generation
of enormous invasive forces at the appresso-
rium pore that are sufficient to rupture the
cuticle and allow the fungus entry into epider-
mal cells. This implies a level of controlled
application of force generated by the repolar-
isation process itself and the focusing of the
enormous turgor of the cell at this point of
contact with the underlying leaf surface. The
septin complex itself appears to require regu-
lated synthesis of reactive oxygen species (ROS)
by means of the Nox2 NADPH oxidase complex
in order to form (Ryder et al. 2013). Deletion of
the NOX2 gene or its cognate regulator NOXR
prevents penetration peg formation (Egan et al.
2007) and rice blast disease because the septin
ring cannot be formed, and, as a consequence,
Las17, Tea1, Rvs167, Cdc42 and other compo-
nents are not localised correctly to the appres-
sorium pore (Ryder et al. 2013). It seems likely
that a turgor-sensing mechanism exists in the
appressorium which, upon reaching a thresh-
old level of turgor, triggers the Nox2 complex to
release ROS which acts directly on actin cyto-
skeletal components and, through redox signal-
ling, affects a complex of proteins, including
Bem1 and Cdc24, that leads to the activation
of Chm1 and assembly of the septin complex.
Understanding the details of this process and
the precise function of Nox2 remains a high
priority.

A. Dynamics of Septin Ring Formation in
M. oryzae

Septin ring assembly at the base of the appres-
sorium also requires activation of the Pmk1 and
Mps1 MAPK signalling pathways (Dagdas et al.
2012). The Pmk1 MAPK signalling, homolo-
gous to the Fus3 MAP kinase signalling path-
way involved in the yeast mating response and
invasive growth in yeast, regulates infection-
related development in M. oryzae. Deletion of
PMK1 results in mutants that are unable to
form appressoria and fail to infect rice plant
through wounds (Talbot 2003; Xu and Hamer
1996). The Dpmk1 phenotype suggests that
Pmk1 is required for appressorium morpho-
genesis, but also for invasive growth in M. ory-
zae (Xu and Hamer 1996). In addition, the
Mst12 transcription factor, a homologue of S.
cerevisiae Ste12, was identified to operate
downstream of the Pmk1 MAP kinase cascade
and is essential for appressorium-mediated
plant penetration. Dmst12 null mutants are
able to formmelanised, pressurised appressoria
but cannot develop penetration pegs and,
therefore, fail to grow invasively in plant tissue
(Park et al. 2002, 2004). Formation of the pene-
tration peg at the base of the appressorium also
requires the Mps1 MAPK signalling pathway,
homologous to the Slt2 MAP kinase-dependent
cell integrity pathway in S. cerevisiae (Xu et al.
1998). The role of these pathways in the control
of septin ring formation in the appressorium is
important. Deletion of genes, encoding either
the Mst12 transcription factor or the Mps1
MAP kinase, not only prevents plant penetra-
tion but also prevents assembly of the septin
and actin network at the base of the appresso-
rium (Dagdas et al. 2012). During initiation of
appressorium formation, loss of apical
polarised growth occurs leading to isotropic
expansion of the germ tube tip and formation
of the dome-shaped appressorium. Conversely
penetration peg development requires correct
assembly and maintenance of the septin and F-
actin rings (Dagdas et al. 2012; Ryder et al.
2013). Both the Pmk1 and Mps1 MAP kinase
signalling pathways are necessary for repolari-
sation of the appressorium. Involvement of
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these signalling pathways is consistent with the
functional similarities between penetration peg
formation in M. oryzae and budding in S. cere-
visiae in which a future bud site is specified by
septin collar assembly early in the cell cycle,
followed by polarised bud growth. InM. oryzae,
emergence of the penetration peg during plant
penetration involves repolarisation and main-
tenance of polarised cell growth at the base of
the appressorium. This leads to further ques-
tions such as how appressorium-mediated
plant penetration is regulated with the cell divi-
sion cycle.

B. Cell Cycle Regulation of Septin Ring
Formation

Recent evidence in M. oryzae suggests that
appressorium morphogenesis is tightly linked
to cell cycle control (Saunders et al. 2010a), as
described above. Correct progression through
DNA replication is known, for example, to be
required for appressorium formation (Saun-
ders et al. 2010a). An open question is whether
the nucleus within the developing appresso-
rium, from which all subsequent genetic infor-
mation during plant infection is derived, has to
be arrested in the cell cycle in order for turgor
to be generated correctly prior to repolarisation
of the appressorium. Recent evidence suggests
that DNA replication is necessary for stabilisa-
tion of the appressorium septin ring, as HU
treatment leads to breakdown of the septin
ring and lack of sustained organisation of F-
actin at the appressorium pore (M. Oses-Ruiz,
W. Sakulkoo, and N.J.Talbot, unpublished).
Furthermore, arresting the cell cycle in G1
phase appears to prevent plant infection by
mature appressoria (S. Sakulkoo and N.J. Tal-
bot, unpublished). When considered together,
this suggests that progression of the appresso-
rium nucleus into G2 may also be necessary for
repolarisation of the appressorium to occur. In
such a model, septin ring formation would
occur in G1 as soon as a threshold level of
appressorium turgor is generated, leading to
cell cycle progression into S phase and
subsequent extension of the penetration peg.
Therefore, coordination of cell cycle regulation

with septin-mediated remodelling of the F-
actin cytoskeleton in the appressorium is likely
to be critical for plant infection.

V. Conclusions

The control of cytokinesis and septation by
pathogenic fungi is critical to the developmen-
tal changes associated with host invasion and
fungal pathogenesis. Pathogenic processes,
such as growth within host tissue, often require
changes between yeast-like, determinate, iso-
tropic growth and hyphal, polarised, aniso-
tropic growth, which must be appropriately
regulated in concert with nuclear division. In
plant pathogenic fungi, a body of evidence,
primarily generated from studies of the rice
blast fungus M. oryzae, shows that septin-
mediated remodelling of the actin cytoskeleton
is fundamental to the action of its specialised
infection cells, called appressoria, during plant
infection. Future studies will need to ask several
questions which logically follow these recent
discoveries. First of all, is the role of septin
GTPases in appressorium repolarisation regu-
lated distinctly from their role in each round of
septation within vegetative and invasive
hyphae? For example, is there a turgor-sensing
mechanism that regulates septin ring formation
only once the required turgor has been gener-
ated in the infection structure to breach the
plant cuticle? Is the regulated synthesis of reac-
tive oxygen species, which is essential for septin
assembly in M. oryzae appressoria, a common
mechanism by which septin-dependent pro-
cesses are regulated in fungi? Can this explain
why regulated bursts of ROS are often asso-
ciated with cellular differentiation in fungi,
such as fruit body formation and sporulation?
Are the processes identified in M. oryzae
appressorium development highly conserved
among appressorium-forming fungi, such as
the rusts, anthracnose-causing fungi and the
powdery mildews? If so, can we find evidence
for common mechanisms that regulate
appressorium-mediated plant infection, such
as the conserved MAP kinase cascades (Perez-
Nadales et al. 2014), that might be targeted to
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develop broad spectrum anti-penetrant fungi-
cides? Finally, it is clear that there are impor-
tant parallels between the way in which yeast
budding operates and the operation of fungal
appressoria, particularly in the processes lead-
ing up to penetration peg formation and repo-
larisation. Some of the most conserved
components probably play similar roles.
Clearly, there are important differences as
well, not least of all in the enormous invasive
forces deployed by appressoria, but the con-
served components involved in some of these
processes can provide an important roadmap
to test hypotheses and define the fundamental
mechanisms by which infection structures
work in plant pathogenic fungi.
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I. Introduction

Fungal cell walls are essential organelles that
define cell shape and provide osmotic integrity
and strength to resist the high internal turgor
pressure (Klis et al. 2007b). For pathogenic
fungi, the fungal wall is the interface between
pathogen and host and therefore plays an
important role in the infection process and in
host immune recognition (Hall and Gow 2013).
The cell wall also provides protection against
harmful factors in the external growth environ-

ment through its limited porosity and scaveng-
ing of oxidative molecules, while at the same
time, it also plays a role in acquiring scarce
nutrients such as iron from the environment
(Klis et al. 2007b; Latgé 2007). Ultrastructural
studies using electron microscopy have shown
the cell walls in many ascomycetous fungi as a
bilayered structure, an internal polysaccharide
matrix that is surrounded by a layer mainly
packed with secretory glycoproteins; see, for
instance, Backhaus et al. (2010), De Groot
et al. (2008), Ene et al. (2012), Kurtz et al.
(1994), Osumi (2012), Schoffelmeer et al.
(1999), and Tokunaga et al. (1986). Based on
ample evidence from biochemical and proteo-
mic studies with purified wall extracts, it is
generally assumed that the proteins in the
outer layer are covalently bound to the internal
glycan matrix (Klis et al. 2007b, 2009; Ecker
et al. 2006; Fujii et al. 1999). Although long
thought to be a static structure, it is now
known that the fungal cell wall is dynamic and
both the polysaccharide and protein composi-
tions are growth phase dependent and continu-
ously change to adapt to the environment
(Smits et al. 1999; Latgé 2007). These modifica-
tions also help pathogenic fungi to escape from
host immune systems (Latgé and Beauvais
2014). Specific cell wall proteins have also
been shown to be involved in biofilm formation
and adhesion to host cell tissues or to abiotic
compounds, such as the plastics or silicones
that are used in medical devices, or have pro-
teolytic activity that may help to degrade and
provide access into host tissues (De Groot et al.
2005; Heilmann et al. 2012; Klis et al. 2009).

The fungal cell wall accounts for 15–30 % of
the cellular dry weight and therefore represents
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a considerable metabolic investment. An esti-
mation for yeast, based on phenotypic analysis
of a large number of deletion mutants, indi-
cated that about 20 % of its genes are directly
or indirectly involved in cell wall biology (De
Groot et al. 2001; Klis et al. 2014). As the fungal
cell wall is an essential organelle and is com-
posed of molecules that are mostly absent in
humans, it is a very attractive target for the
development of safe antifungal drugs to combat
fungal infections. Therefore, it is perhaps not
surprising that among the newest types of mar-
keted antifungals are the echinocandins caspo-
fungin, micafungin, and anidulafungin that act
by inhibiting the synthesis of b-1,3-glucans, a
common and abundant wall molecule of the
wall matrix in most fungi.

In terms of cell wall biology, the most thor-
oughly studied fungus is the ascomycetous
budding yeast Saccharomyces cerevisiae, and
several very good reviews are available; see,
for instance, Orlean (2012), Lipke and Ovalle
(1998), Klis et al. (2006), Lesage and Bussey
(2006), and references therein. The paper by
P. Orlean (2012) is of special interest as it very
comprehensively describes biosynthesis and
architecture of the S. cerevisiae cell wall and
the (putative) roles of the genes involved in
great detail. The main components of the S.
cerevisiae wall are b-1,3-glucan, b-1,6-glucan,
chitin, and mannoproteins (Fig. 5.1). Because
of the relatively simple lifestyle as unicellular
organism and the wealth of information and
genetic tools available, the cell wall of S. cerevi-
siae has served as a model for the studies of
many other fungal species, budding yeasts, as
well as more distantly related species. For
instance, biochemical studies in Candida albi-
cans and Candida glabrata, using experimental
approaches and tools that were first applied to
S. cerevisiae, confirmed that these yeast species
have a very similar wall architecture (De Groot
et al. 2008; Orlean 2012; Klis et al. 2001). More-
over, in recent years, several publications pre-
senting the genome sequences of new species,
also more distantly related ones, have success-
fully used S. cerevisiae genes involved in vari-
ous aspects of cell wall biosynthesis as queries
to find homologous genes (Butler et al. 2009; De

Groot et al. 2009; Pel et al. 2007; Gioti et al. 2013;
Jackson et al. 2009). In this way, many of the
genes and pathways putatively involved in wall
synthesis can easily be identified and may lead
to a rough tentative description of the cell wall
structure. For instance, b-1,3-glucan and chitin,
two of the macromolecules in the cell wall of S.
cerevisiae, are widely distributed across the
fungal kingdom, and homologues of the genes
encoding proteins involved in their synthesis,
regulation, modification, and degradation are
consistently identified with this approach.
However, cell wall structures of different fungi
are diverse. Therefore, when undertaking such
a screening approach, it is important to incor-
porate genes involved in biosynthesis of wall
components from other fungi that are lacking
in S. cerevisiae. For instance, in the fission yeast
Schizosaccharomyces pombe, an important cell
wall molecule is a-1,3-glucan and the gene
encoding the a-1,3-glucan synthase has been
described in detail (Hochstenbach et al. 1998;
Katayama et al. 1999). In Aspergillus, a linear
b-1,3/1,4-glucan has been identified as well as
galactomannan (Fontaine et al. 2000) that is
probably bound to protein (Klis et al. 2007b).
Thus, making a genomic inventory can provide
a wealth of information concerning cell wall
biosynthesis, even for very distantly related
species; nonetheless, in doing so, one should
take care not to draw firm conclusions until
the findings are supported by biochemical
evidence.

In the previous volume of The Mycota pub-
lished in 2007, “a molecular and genomic view
of the fungal cell wall” based on available bio-
chemical data and genome information was
presented by F. Klis and colleagues (2007b).
Descriptions of cell wall structures in this chap-
ter included ascomycetous yeasts, dimorphic
and filamentous species, as well as some basi-
diomycetes. Rather than repeating these
descriptions, in this chapter, we will focus on
new data that has become available since then.
As a result of having complete genome
sequences available, a line of research that has
developed fast during the previous years is
identifying cell wall proteins (CWPs), also
termed (cell) wall proteomics, using tandem
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mass spectrometry. To date, wall proteomics
research has largely focused on ascomycetes.
Therefore, we will update our views on the cell
wall structures of ascomycetes by discussing
new data that is mostly from wall proteomics
studies. In addition, interesting work has been
presented in recent years to address the ques-
tion how different cell wall polymers, which
are individually synthesized by membrane-
localized enzymes, become modified and cova-
lently connected to each other and assemble
into the multifunctional cell wall structures
that are essential for fungal existence.

II. Cell Wall Proteins

A. Three Classes of Cell Wall Proteins

Based on the work on the model organism S.
cerevisiae, three types of covalently bound cell
wall proteins (CWPs) have been described
(Fig. 5.1). Most of the glycoproteins in the outer
layer are glycosylphosphatidylinositol (GPI)-
modified proteins. Depending on the presence
of a GPI anchor signal peptide in their C-terminal
region, secretory proteins are cleaved and the
new C-terminus is coupled to a preformed GPI

Fig. 5.1 Cell wall components and linkages in S. cere-
visiae. (a) Linkage between b-1,4-N-acetylglucosamine
(b1,4-GlcNAc) and a side branch of b-1,3-glucan (b1,3-
Glc) that is linked to b-1,6-glucan (b1,6-Glc). The
reducing end is from b1,4-GlcNAc. (b) Linkage
between b1,4-GlcNAc and the nonreducing end of
b1,3-Glc. (c) Linkage between b1,3-Glc and a side
branch of b1,6-Glc that is linked to b1,3-Glc. The reduc-
ing end is from b1,3-Glc. (d) Linkage between GPI-

glycan (possibly the a-1,4-mannose) to an internal glu-
cose residue in b1,6-Glc (linkage to the nonreducing
end of b1,6-Glc is also possible). (e) Ester linkage
between the glutamate in the repeats of ASL proteins
and b1,3-Glc. (f) Disulfide bond between cell wall
proteins. Chemical treatments to release cell wall pro-
teins are indicated [Figure was adapted from Orlean
(2012)]
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glycolipid in the luminal leaflet of the endoplas-
mic reticulum (ER)membrane by a transamidase
complex. Most proteins that transit through the
secretory pathway, including GPI proteins, are
decorated with carbohydrate side chains in the
ER and Golgi apparatus by O- and/or N-glycosyl-
ation. For reviews on glycosylation, especially
focusing on S. cerevisiae and Candida albicans,
we refer to Cutler (2001), Ernst and Prill (2001),
Tanner and Lehle (1987), and Hall and Gow
(2013). In S. cerevisiae and related species, glyco-
sylations are mainly additions of mannose resi-
dues, which generally account for 80–90 % of the
mass of the proteins, hence called mannopro-
teins. In other species, such as filamentousAsper-
gillus and Trichoderma spp., O-glycans have
been found to bemore diverse and contain galac-
tosyl in addition to mannosyl residues (Goto
2007). Upon arrival at the cell surface, the GPI-
CWPs are cleaved in the glycan part of their GPI
anchor and become linked to b-1,6-glucan.
Although solid biochemical evidence is still lack-
ing, genetic evidence is emerging that GPI-
anchored proteins of the Dfg5 family with simi-
larity to a-1,6-mannanases are involved in this
step (Maddi et al. 2012; Kitagaki et al. 2002;
Spreghini et al. 2003). Although the actual link
between GPI-CWPs and b-1,6-glucan has been
demonstrated for only very few proteins (Fujii
et al. 1999; Orlean 2012), evidence for this linkage
has been presented in many cases either by
releasing the proteins enzymatically from the
cell wall matrix using b-1,6-glucanase prepara-
tions or chemically using HF-pyridine, which
breaks the phosphodiester bond between the
GPI anchor remnant and the protein. However,
only a part of the GPI proteins is significantly
incorporated in the cell wall while others are
mostly retained at the plasma membrane. The
division between cell wall and plasma membrane
localization depends on the amino acids imme-
diately upstream of the residue (the o-site) to
which the GPI anchor is coupled (Frieman and
Cormack 2003; Hamada et al. 1999; Terashima
et al. 2003; Ouyang et al. 2013). Rather than being
localized either only in the cell wall or only in the
plasma membrane, it is likely that in many cases,
part of the molecules of a given GPI protein will
be retained at the plasma membrane, while
others are incorporated in the cell wall or may

end up in the extracellular environment. For
example, members of the Gas1 and Ecm33
families are well known to function as abundant
plasma membrane proteins (Bruneau et al. 2001;
Terashima et al. 2003) but are also part of the
core cell wall proteome in ascomycetous budding
yeasts (De Groot et al. 2004, 2008; Yin et al. 2005)
and filamentous fungi (Prados-Rosales et al.
2009; De Groot et al. 2009) and are also encoun-
tered in the secretome (Buerth et al. 2011; Sorgo
et al. 2011).

In addition to GPI proteins, the cell wall of
S. cerevisiae and related Candida species con-
tains a minor second class of mannoproteins
that are not released by treatment with HF-
pyridine or b-1,6-glucanase, but instead can
be extracted with mild alkali, therefore named
alkali-sensitive linkage (ASL) proteins. Among
these are the Pir family of proteins containing
internal repeats with the core sequence Q[I/V]
XDGQ[I/V]Q. For Pir4 in S. cerevisiae, it has
been shown that the protein was coupled to the
wall by a link between a deamidated side chain
of a glutamine residue in the repeat and b-1,3-
glucan by virtue of a transglutaminase reaction
(Ecker et al. 2006). For some other proteins that
also can be extracted by mild alkali and lack
GPI anchors, e.g., Scw4, Scw10, and Tos1, the
linkage to the glucan matrix is less clear (see
also Sect. III.A).

A third class of CWPs can be released with
reducing agents (DTT, b-mercaptoethanol)
indicating that they are covalently linked to
other proteins by disulfide bridges. Examples
are Pir1 in Yarrowia lipolytica and Pir2, Pir4,
Scw4, and Scw10 in S. cerevisiae (Moukadiri
et al. 1999; Moukadiri and Zueco 2001; Cappel-
laro et al. 1998; Jaafar et al. 2003); thus, there is
overlap between this group of proteins and the
group of ASL proteins, at least in baker’s yeast.

In addition, in several filamentous ascomy-
cetes and basidiomycetes of the order Agari-
cales, the presence of hydrophobins, small
secretory proteins containing a pattern of
eight conserved cysteines, has been shown.
These proteins have the unique capacity to
self-assemble into amphipathic amyloid mono-
layers at hydrophobic–hydrophilic interfaces
(Morris and Sunde 2013) and can be extracted
with trifluoroacetic acid (TFA). Examples are
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the rodlet layers surrounding ascospores and
aerial hyphae of Aspergillus species and the
hydrophobic peel of mushroom fruit body
caps (Wösten 2001; De Groot et al. 1996). How-
ever, until now hydrophobins have not been
encountered in proteomics studies using puri-
fied walls upon stringent washings with hot
solutions containing the reducing agent b-mer-
captoethanol and are not further discussed in
this chapter.

Several proteomic studies have documen-
ted the presence of proteins with known intra-
cellular functions in cell wall preparations,
leading to the suggestion that these proteins
have moonlighting functions in the cell wall
and may reach the cell surface by (an) alterna-
tive secretion system(s) (Nombela et al. 2006;
Pitarch et al. 2006; Chaffin 2008). However,
proteomic extractions of cell walls often include
treatments with reducing agents such as b-mer-
captoethanol with the undesired side effect that
the membrane becomes more permeable to
cytosolic proteins (Klis et al. 2007a). Yet, stud-
ies in various fungal pathogens including Cryp-
tococcus neoformans, Histoplasma capsulatum,
C. albicans, Candida parapsilosis, and Sporo-
thrix schenckii, as well as the model yeast S.
cerevisiae, have shown the presence of extracel-
lular vesicles migrating through the cell wall,
which perhaps may provide an explanation
how these proteins end up in cell wall prepara-
tions and influence host–pathogen interactions
(Vargas et al. 2015; Gil-Bona et al. 2015; Wolf
et al. 2014; Rodrigues et al. 2008).

B. Cell Wall Proteomics

For identification of covalently bound fungal
CWPs, a method was developed using so-called
cell wall shaving and tandem mass spectrome-
try (De Groot et al. 2004; Yin et al. 2005). In this
approach, cell walls are first purified by strin-
gent washings in NaCl and hot reducing agent
solutions to remove intracellular contaminants.
As a consequence, proteins that are bound to
the cell wall through disulfide bridges to other
proteins are also removed, and what is left is a
relatively small number of GPI-CWPs and ASL
proteins. Since most CWPs are abundantly and

heterogeneously glycosylated, they fractionate
poorly using classical 1D or 2D gel separation
techniques, and in addition, mass fingerprint-
ing will not identify these proteins. A more
efficient approach is to treat the purified cell
walls directly with an endoprotease (usually
trypsin) to release peptide fragments. Samples
containing a mix of tryptic peptides derived
from different CWPs can be analyzed by a
nano HPLC tandem mass spectrometry setup
(LC/MS/MS). This will yield a snapshot of the
wall proteome and identify proteins that are
expressed at detectable levels under the tested
growth conditions. However, even when
expressed, some proteins may escape identifi-
cation if the endoproteolytic digestion does not
yield unglycosylated peptides that are within
the mass range of the used mass spectrometry
equipment. Applying this technique to S. cere-
visiae, C. albicans, and C. glabrata, and to other
species usually identifies a total of 20–30 CWPs
under a given condition; see the sections below.
Further, it can be combined with stable-isotope
labeling to yield absolute quantification of the
number of CWP molecules per cell or relative
quantitation for monitoring the dynamics of
the CWP population (Sorgo et al. 2013;
Sosinska et al. 2011; Yin et al. 2005).

III. Saccharomycetales

In this section, we will discuss several ascomy-
cetous yeasts for which the cell walls have been
studied intensively in recent years. Even though
C. albicans is not strictly a yeast, as it is able to
develop true hyphae depending on the environ-
mental conditions, it is included in this section
as it phylogenetically belongs to the Saccharo-
mycetales and its cell wall architecture includ-
ing the proteomic composition is very similar
to S. cerevisiae and other yeast species.

A. Saccharomyces cerevisiae

As stated above, the composition and architec-
ture of the cell wall in the baker’s yeast S.
cerevisiae have been described in great detail
in the past (Klis et al. 2006; Lesage and Bussey
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2006; Orlean 2012). It consists of an elastic and
continuous network of moderately branched
b-1,3-glucan molecules to which b-1,6-glucan
chains and chitin (linear chains of
N-acetylglucosamine) are covalently attached
(Fig. 5.1). The outer part of the cell wall is a
fibrillar layer mainly comprised of mannopro-
teins that are covalently bound to the glucan
matrix and account for 30–40 % of the cell wall
mass. b-1,6-Glucan chains account for about
10 % of the cell wall mass and play a central
role in the cell wall architecture as they are
covalently connected to b-1,3-glucan but at
the same time are the acceptor molecules to
which most cell wall mannoproteins are
connected. Chitin is a minor component of S.
cerevisiae walls. It is mainly present as a chitin
ring in the neck of the mother cell, in the pri-
mary septum, and in bud scars. Lateral walls of
daughter cells are devoid of chitin, but some
chitin is incorporated after cytokinesis, indicat-
ing that in lateral walls of growing buds, chitin
is not required for mechanical strength. Also,
under circumstances where the synthesis of the
glucan network is compromised, chitin synthe-
sis becomes upregulated to compensate for the
loss of the skeletal strength.

Cell wall proteomics, by direct trypsin
digestion of purified walls followed by batch
LC/MS/MS, identified a total of 19 cell wall
proteins including twelve predicted GPI pro-
teins and seven proteins that are connected to
the cell wall glycan network via an alkali-
sensitive linkage (Yin et al. 2005, 2007). Addi-
tional evidence for the linkages was provided
by extracting the proteins from the wall by
either HF-pyridine or mild alkali. Seven of the
identified proteins have been classified in three
different glycoside hydrolase (GH) families of
the Carbohydrate-Active enZYmes Database
(www.cazy.org). These hydrolases use the
cell’s own cell wall polymers as their substrates
and therefore presumably play a role in matu-
ration, ramnification, and remodeling of the
cell wall structure during growth. Gas1, Gas3,
and Gas5 belong to GH family 72. Studies with
recombinant proteins by Mouyna and cowor-
kers demonstrated that Gas1 (Mouyna et al.
2000), as well as homologous proteins in C.
albicans and Aspergillus fumigatus (Mouyna

et al. 2005; Gastebois et al. 2010a), has b-1,3-
glucan transglucosylase activity in vitro. When
incubated with b-1,3-glucan oligosaccharides,
they first act as endoglucanases and then form
b-1,3 linkages between the new reducing ends
of the released short laminarioligosaccharides
and other b-1,3-glucan molecules, which prob-
ably serve to elongate and/or otherwise modify
nascent b-1,3-glucan chains during cell growth.
In a similar fashion, elegant biochemical work
with recombinant Crh1 and Utr2, two GPI pro-
teins of the GH16 family, indicated that they are
chitin transglycosylases that can cleave b-(1,4)
links of chitin molecules and couple the new
reducing ends of the formed oligosaccharides
to b-1,3-glucan, b-1,6-glucan, and chitin accep-
tors (Mazáň et al. 2013). In addition, studies
with a double mutant in which the CRH1 and
UTR2 genes are lacking showed that no chitin
was linked to glucan leading to the conclusion
that these proteins are responsible for the
cross-links between chitin and b-1,6- and
b-1,3-glucan molecules (Cabib 2009). Scw4
and Scw10 are GH17 proteins with homology
to the secreted protein Bgl2 that has been
reported to have endoglucanase activity (Mrša
et al. 1993). Studies on homologues in A. fumi-
gatus (Gastebois et al. 2010b) suggested that
these proteins may also have transglucosylase
activity and create b-1,6-linked side chains on
b-1,3-glucans. The type of linkage(s) of Scw4
and Scw10 to the cell wall is rather unclear. The
proteins lack GPI anchors and are found in
extracts of reducing agents (Cappellaro et al.
1998). They are also found, together with Pir
proteins and Cwp1, in mild-alkali extracts that
were pretreated with a hot solution containing
the reducing agent b-mercaptoethanol (Yin
et al. 2005).

The proteome that was identified by the cell
wall shaving method included the four mem-
bers of the Pir protein family (Yin et al. 2005,
2007). These proteins lack GPI anchors but
contain a variable number of internal repeats
with the core consensus sequence Q[I/V]XDGQ
[I/V]Q. Pir4 has been shown to be linked to the
cell wall by the formation of an ester linkage
between the second glutamine residue in the
repeat sequence and cell wall b-1,3-glucan
(Ecker et al. 2006). This has given rise to the
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suggestion that Pir proteins may strengthen the
b-1,3-glucan network by simultaneously being
linked to multiple b-1,3-glucan chains and is
consistent with the notion that Pir protein
encoding genes are upregulated under cell wall
stress or in cell wall mutants in response to
activation of the cell wall integrity pathway
(Boorsma et al. 2004; Lagorce et al. 2003). Single
copies of Pir repeats are also present in the GPI
proteins Cwp1, Cwp2, Tir1, Tir2, and Ans1.
Such hybrid Pir-GPI-CWPs may therefore
simultaneously be linked to both b-1,6-glucan
and b-1,3-glucan. Evidence for the existence of
this hybrid linkage was shown for the abundant
protein Cwp1 because of its presence in HF-
pyridine, mild-alkali, and b-1,6-glucanase-
resistant mild-alkali extracts (Yin et al. 2005;
Kapteyn et al. 2001) as well as for two abundant
Cwp1 homologues in C. glabrata (De Groot
et al. 2008; Weig et al. 2004).

The functions of the remaining CWPs iden-
tified by cell wall shaving in the wall proteome
of S. cerevisiae, Ccw14/Ssr1, Ecm33, Plb2, Pst1,
Pry3, Tir1, Tip1, and Tos1, are less clear. Except
for the phospholipase Plb2, they do not have
similarity to described enzymes, suggesting
that they may have structural or cementing
roles. However, we cannot exclude that, for
instance, Ecm33, Pst1, or Tos1 may have
(unknown) enzymatic activity. In fact, using a
combination of fold recognition and distant
homology detection methods, Tos1 has been
predicted to have endo-b-1,3-glucanase activity
(Steczkiewicz et al. 2010). Deletion of the gene
encoding Ecm33 caused severe cell wall defects
and led to hypersecretion of CWPs containing
b-1,6-glucan moieties into the growth medium
(Pardo et al. 2004). Furthermore, as Ecm33
family members are widely present as part of
the core wall proteome in many fungal species
(see sections below), they seem to have a crucial
role in fungal cell wall biosynthesis. Consistent
with this, another member of this protein fam-
ily, Pst1, was first identified in the culture
medium of cell wall regenerating protoplasts
(Pardo et al. 2000). Using isobaric tags for rela-
tive and absolute quantitation (iTRAQ), Crh1,
Utr2, Ecm33, Gas5, Pst1, and Pir3 were shown
to be three- to fivefold upregulated in gas1D
deletion mutants, indicating increased incor-

poration of these proteins in response to cell
wall weakening. By comparing to synthetic ref-
erence peptides, absolute quantitation was
achieved for Cwp1, Crh1, Scw4, Gas1, and
Ecm33 in wild-type log phase cells, showing
that they had 67�103, 44�103, 38�103, 11�
103, and 6.5�103 of wall-bound copies per cell,
respectively. From this the total number of
CWP molecules was deduced to be around 2�
106 molecules per cell (Yin et al. 2007).

Finally, the snapshot of the wall proteome
provided by the cell wall shaving technique did
not identify all CWPs that are believed to be
present in the cell wall of baker’s yeast, for
instance, Ccw12, Cwp2, Sed1, Flo family pro-
teins, and Muc1 (Orlean 2012). It is plausible
that some lack suitable tryptic peptides for
mass spectrometric identification, while others
simply may not be expressed to detectable
levels under the given conditions.

B. Candida albicans and Related Pathogenic
CTG-Clade Candida Species

Candida albicans is the most frequent cause of
superficial and invasive fungal infections (Pfal-
ler and Diekema 2007; Pfaller et al. 2012) and
can grow in yeast and hyphal forms. It belongs
to the CTG-clade of related Candida and Lod-
deromyces species in which the CUG codon
encodes the amino acid serine instead of leu-
cine. Because of its clinical importance, the cell
wall of C. albicans has been intensively studied.
Biochemical approaches using the architectural
cell wall model for S. cerevisiae as starting point
showed compositional and architectural resem-
blance with the wall in C. albicans. The same
macromolecules, i.e., b-1,3-glucan, b-1,6-glu-
can, chitin, and mannoproteins, were identified
as the major building blocks with apparently
the same types of linkages between them. For
reviews on cell wall organization in C. albicans,
see Klis et al. (2001) and Ruiz-Herrera et al.
(2006). Like in S. cerevisiae, the outer layer of
the wall is electron-dense and seems to be
populated with most of the cell wall proteins
(Ene et al. 2012; Tokunaga et al. 1986). Because
of their potential roles in primary host–pathogen
interactions, several studies in recent years
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have been focused on identification and
subsequent functional characterization of
CWPs. By making genome-wide predictions of
GPI proteins in clinically relevant pathogens of
the CTG-clade including C. albicans, C. para-
psilosis, and C. tropicalis, and comparing the
generated GPI protein lists to species that are
rarely associated with disease such as Debaryo-
myces hansenii and Saccharomyces clade spe-
cies, three CWP families were found to be
enriched in the more pathogenic species: Hyr/
Iff proteins, Als adhesins, and Pga30-like pro-
teins (Butler et al. 2009). All three families are
highly enriched for gene duplications including
tandem clusters of two to six genes and show
high mutation rates. This variable repertoire of
cell wall proteins is likely to be of profound
importance to the niche adaptations and rela-
tive virulence of these organisms. Consistent
with this, the Als family in C. albicans is asso-
ciated with virulence (Hoyer et al. 2008) and in
particular with adhesion to host surfaces, inva-
sion of host cells, and iron acquisition (Phan
et al. 2007; Almeida et al. 2008; Yeater et al.
2007). Proteins of the Hyr/Iff family also have
properties resembling fungal adhesins (Bois-
ramé et al. 2011; De Groot et al. 2013b), and
Iff4 of this family has been implicated in adhe-
sion to plastic and human epithelial cells (Fu
et al. 2008). However, the precise biological role
of this protein family remains unresolved, and
this is also the case for the rather small and thus
probably nonenzymatic Pga30-like proteins.
Rhd3/Pga29 of this family is one of the most
abundant CWPs in C. albicans yeast cells, while
Pga31 is upregulated in regenerating proto-
plasts (Castillo et al. 2006) and has been impli-
cated in cell wall stress response (Plaine et al.
2008; Sorgo et al. 2011). Other Candida-specific
CWPs for which involvement in adhesion to
host cell surface proteins and biofilm formation
has been shown are the hyphae-specific Hwp1,
Hwp2, Rbt1, and Eap1. These proteins are also
considered to be part of a single family because
they share a highly conserved 42-aa repeat unit
(De Groot et al. 2013a) that is also present in
seven other GPI proteins. The N-terminal part
of Hwp1 is enriched in glutamine residues.
Interestingly, these are used as substrates by
human host transglutaminase enzymes resulting

in covalent cross-linking ofHwp1 to extracellular
matrix (ECM) proteins of epithelial host cells
(Staab et al. 1999).

Because of its importance as the most prev-
alent human pathogenic fungus, cell wall prote-
ome dynamics was studied in C. albicans under
various in vitro culturing conditions with clini-
cal relevance such as changes in pH, hypoxia,
carbon source, stress imposed by the antifungal
agent fluconazole or the cell wall perturbant
Congo red, iron limitation, and conditions
that induce filamentation (Ene et al. 2012; Heil-
mann et al. 2011; Sorgo et al. 2011, 2013;
Sosinska et al. 2008, 2011). Using the cell wall
shaving approach, a total of about 20 covalently
bound CWPs are identified under most condi-
tions analyzed. For instance, the ability of C.
albicans to switch its morphology from yeast to
hyphal growth is essential for its virulence.
Using three different hyphal induction methods
(serum, GlcNAc, and modified Dulbecco’s
medium), differences in the wall proteome
between yeast cells and hyphae were analyzed
using the cell wall shaving approach and meta-
bolic 15N-labeling. A total of 24 genuine CWPs
were identified, and for 21, a quantitative anal-
ysis was provided (Heilmann et al. 2012). Three
categories of proteins were considered: (1) pro-
teins showing strongly increased incorporation
levels during hyphal induction (Als3, Hwp2,
Hyr1, Plb5, and Sod5), (2) strongly decreased
levels in hyphae (Rhd3, Sod4, and Ywp1), and
(3) a group of morphotype-independent pro-
teins including members of the same
carbohydrate-active enzyme families that in S.
cerevisiae are also part of the core cell wall
proteome (see Sect. III.A). The latter group
included three members of the GH72 Gas fam-
ily, Pga4, and the pH-responsive Phr1 and Phr2
proteins (Sosinska et al. 2011; Fonzi 1999). Also
in this group are Cht2, Ecm33, Rbt1, Sap9, and
Ssr1, while Als4 and Pir1 were associated to
growth at low temperature (30 �C) rather than
changes in growth morphology. Homologues of
Sap9 and Cht2 are uncommon in walls of Sac-
charomycetaceae. Sap9 is one of two wall-
bound GPI-modified aspartic proteases that
can cleave covalently bound CWPs including
the GH18 chitinase Cht2 (Schild et al. 2011)
that is probably involved in chitin remodeling.
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Pir1 is the only Pir-like protein in C. albicans
containing multiple Pir repeats, thus having the
potential to connect to multiple b-1,3-glucan
chains, and seems to be vital for cell wall integ-
rity (Martinez et al. 2004). Hyphally upregu-
lated Sod5, together with Sod4 and Sod6,
represents a group GPI-CWPs that degrade
host-derived reactive oxygen species to escape
innate immune surveillance (Frohner et al.
2009). Apart from the five proteins in group
(1) mentioned earlier, wall protein Hwp1 is
also well known to be hyphal-induced. It is
detected in purified walls by immunoblotting
(Sosinska et al. 2008); however, it appears diffi-
cult to identify Hwp1 using cell wall shaving
and mass spectrometry, probably because it
does not yield suitable unglycosylated tryptic
peptides. In a different study (Sorgo et al. 2013),
analysis of the C. albicans wall proteome upon
iron restriction led to a strong increase in the
levels of the multifunctional adhesin Als3,
which also serves as a ferritin receptor, and of
the CFEM (common in fungal extracellular
membranes) domain-containing heme-binding
proteins Csa1, Pga7, Pga10/Rbt51, and Rbt5,
which have a role iron utilization from hemo-
globin (Kuznets et al. 2014). Hypoxic condi-
tions led to incorporation of the non-GPI
protein Sim1/Sun42, a member of the Sun fam-
ily (GH132). Together, Sun41 and Sun42 are
essential for cell separation in C. albicans
(Firon et al. 2007). Consistent with this, studies
with homologous Sun proteins in A. fumigatus
suggest that these Sun proteins are likely to
have exo-b-1,3-glucanase activity (Gastebois
et al. 2013). Importantly, these studies demon-
strate the dynamic nature of the cell wall prote-
ome in response to changes in environmental
conditions or growth morphology.

Functions of several of the predicted GPI-
CWPs in C. albicans (De Groot et al. 2003),
including those that are uncommon or not
detected by cell wall shaving, for instance,
Pga13 (Gelis et al. 2012), Ywp1/Pga24 (Granger
et al. 2005), Pga26 (Laforet et al. 2011), and
Pga59 and Pga62 (Moreno-Ruiz et al. 2009),
have been studied using reverse genetics, and
in some cases, cell wall localization was demon-
strated using tagged versions of the proteins.
Two studies addressed functions of GPI pro-

teins more systematically using deletion
mutants (Plaine et al. 2008) or overexpression
approaches (Cabral et al. 2014). Several GPI
proteins were implicated in cell wall integrity,
morphology, host cell adhesion, or virulence;
however, in most cases, their real functions
remain unresolved.

C. Candida glabrata

After C. albicans, C. glabrata is one of the most
frequent causes of candidiasis (Pfaller et al.
2014), but it does not belong to the Candida/
Lodderomyces CTG-clade group of species. C.
glabrata belongs to the Nakaseomyces/Candida
clade and is phylogenetically more related to S.
cerevisiae. Biochemical studies performed to
elucidate the cell wall structure in C. glabrata
have been based mainly on the architectural
wall model for S. cerevisiae and showed that
the wall structures in the two organisms are
very similar (De Groot et al. 2008; Weig et al.
2004). The main cell wall macromolecules are
also the polysaccharides b-1,3-glucan, b-1,6-
glucan, chitin, and mannoproteins. Like in S.
cerevisiae and C. albicans, electron microscopy
revealed a bilayered structure with an electron-
dense outer layer and an inner layer that is
more electron transparent, supporting the idea
that the wall architecture in these organisms is
largely comparable (De Groot et al. 2008).

The high similarity between C. glabrata and
S. cerevisiae is also apparent when a genomic
inventory is made of the genes involved in
various aspects of cell wall biology. For
instance, similar gene families involved in glu-
can and chitin synthesis and remodeling or
cross-linking of cell wall polymers are present,
and many of the cell wall proteins have clear
orthologs. However, genome-wide predictions
of GPI proteins in the C. glabrata reference
strain CBS138 indicated, besides the presence
of many of the same gene families, at least one
large dissimilarity between both organisms;
where S. cerevisiae has about 11 genes encoding
GPI proteins with shown or presumed func-
tions as flocculins or agglutinins, this class of
proteins is hugely expanded in C. glabrata with
66 identified adhesin-like wall protein encoding
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genes (De Groot et al. 2008, 2013a). Consistent
with this, in addition to a core proteome com-
prised of orthologs of CWPs that are also pres-
ent in the wall of S. cerevisiae, proteomic
analysis of C. glabrata walls identified some
adhesins whose incorporation seemed to be
dependent on strain background, growth
phase, and environmental conditions (De
Groot et al. 2008; Kraneveld et al. 2011). For
instance, in two clinical isolates showing hyper-
adherence phenotypes, increased incorporation
of specific uncharacterized non-Epa adhesins
was observed in cell walls under in vitro
biofilm-forming conditions (our unpublished
observations). Rather than or in addition to
being involved in self-adhesion (flocculation),
it is conceivable that these putative adhesins are
involved in binding to host cell surface mole-
cules and that regulated expression and geno-
mic variability of adhesin genes play an
important role in the virulence of C. glabrata.

Based on phylogenetic analysis of their N-
terminal presumed ligand-binding domains,
the putative adhesins are divided in different
clusters. Some members of one cluster, the Epa
family of epithelial adhesins (counting 17 mem-
bers in CBS138), have been studied in detail.
Deletion of only EPA1 diminished the binding
capacity to human epithelial cells by 95 % (Cor-
mack et al. 1999). One possible explanation for
this striking result is that under standard labo-
ratory conditions, most of the EPA genes are
expressed at very low levels but may become
induced under the specific conditions such as
those imposed by the human host. For instance,
EPA6 and EPA7 have been shown to be induced
in the presence of urine and under biofilm-
forming conditions (Domergue et al. 2005; Ira-
qui et al. 2005). Related to the apparent tight
control of adhesin gene expression, two-third
of the putative adhesins, including most EPA
genes, are located in the telomeric regions of
the chromosomes and may be subject to sub-
telomeric silencing (De Groot et al. 2008; Cas-
taño et al. 2005).

Epa1, Epa6, and Epa7 were shown to have
lectin activity and bound to galactosyl-
containing oligosaccharides that are present as
glycan additions onto human surface proteins
such as O-type mucins (Maestre-Reyna et al.

2012; Zupancic et al. 2008). The binding was
mediated through their N-terminal domains,
which, like those in the flocculin family of S.
cerevisiae, are categorized as PA14 (anthrax
protective-antigen 14) domains. Functionality
of most other putative adhesins is largely unex-
plored, and their binding ligands are unknown
although one study suggested a role for Aed1
and Pwp7 in adhesion to endothelial cells
(Desai et al. 2011). The C-terminal half of the
putative adhesins usually is of low complexity
and in many cases contains internal repeats
(also termed megasatellites), which are present
across different adhesin clusters (De Groot
et al. 2013a; Thierry et al. 2010). The megasa-
tellites may have a role as spacer molecules
helping the fungus to make contact with the
host surface (Verstrepen and Fink 2009); how-
ever, also a role as molecular zipper in amyloid
formation has been proposed (Verstrepen and
Fink 2009).

D. Kluyveromyces lactis

The milk budding yeast Kluyveromyces lactis is
closely related to S. cerevisiae. However, rather
than fruits, its natural habitat is milk with lac-
tose being the major carbon source. Therefore,
K. lactis is employed in the dairy industry as an
enzyme source for lactose degradation (Breunig
et al. 2000). A first systematic analysis of its cell
wall structure was performed by Brackhaus and
colleagues, including proteomic analysis (Back-
haus et al. 2010). Electron microscopy of K.
lactis walls showed a bilayered wall with an
electron-dense layer surrounding a more trans-
parent layer. The thickness of the wall varied
from 64 nm, in cells growing on glucose as the
carbon source to 105 nm when growing on 3 %
ethanol. As in S. cerevisiae, glucose and man-
nose were the most abundant saccharides in
sulfuric acid extracts, indicating that glucan
and mannoproteins are the main cell wall con-
stituents, with a low amount of chitin. Mass
spectrometric wall analysis using cell wall
shaving identified 19 predicted GPI proteins,
two Pir proteins, and a Scw4 homologue
(Backhaus et al. 2010). Most of these proteins are
homologues of identified CWPs in S. cerevisiae
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using the same approach, including Gas1, Crh1,
Ecm33, Cwp1, Tos1, Plb2, and Ccw14 homolo-
gues, and thus appear to be part of the core cell
wall proteome. In addition, four of the GPI
proteins have homology with flocculins/adhesins
in S. cerevisiae or C. albicans, but a systematic
GPI protein prediction is lacking to see if
adhesins/flocculins are overrepresented in the
genome as is the case for C. glabrata. Interest-
ingly, judged from the number of peptides
found for an individual protein in a given con-
dition, some growth phase- and carbon source-
dependent incorporation of proteins was
observed. In particular, two homologues of
Muc1/Flo11 in S. cerevisiae were identified
that appeared to be oppositely regulated both
in terms of growth phase (exponential vs. station-
ary) and carbon source (glucose vs. lactose)
applied, illustrating the dynamic nature of the
cell wall of K. lactis.

IV. Schizosaccharomyces pombe

The fission yeast Schizosaccharomyces pombe is
often used as a model system in molecular cell
biology to study cell cycle regulation. In con-
trast to the budding yeasts described above,
a-1,3-glucan is present as one of the major
polysaccharides in the cell wall of S. pombe. It
was shown to be essential for both secondary
septum formation and for primary septum
structural strength needed to withstand the
physical forces of the cell turgor pressure dur-
ing cell separation (Cortés et al. 2012). a-1,3-
Glucan does not seem to be coupled to the other
polysaccharides b-1,3-glucan and a very highly
b-1,3-glucose-branched (therefore also named
diglucan (Magnelli et al. 2005)) b-1,6-glucan or
to cell wall proteins (Grün et al. 2005). Con-
sistent with the absence of Crh family genes in
the genome, cell walls of vegetative S. pombe
cells lack chitin (De Groot et al. 2007). Ultra-
structural studies showed that the S. pombe wall
is also bilayered (Osumi 2012). The inner skel-
etal polysaccharide layer is surrounded by a
fibrillar, layer probably representing galacto-
mannoproteins (Osumi 2012; Bush et al.
1974). HPLC analysis of sulfuric acid-

hydrolyzed walls indicated that 83–84 % of the
cell wall mass in S. pombe is glucose originating
from b-1,3-glucan, b-1,6-glucan, and a-1,3-glu-
can. Galactomannan accounts for 13–14 % and
protein for about 3 % of the cell wall mass (De
Groot et al. 2007). Pir proteins are not present
in the translated genome of S. pombe. For more
details concerning the cell wall architecture in
S. pombe, we refer to Klis et al. (2007b).

Mass spectrometric analysis of S. pombe
walls using cell wall shaving identified 6 pro-
teins: the four predicted GPI proteins, Gas1,
Gas5, Ecm33, and Pwp1, and two alkali-
sensitive CWPs, Psu1 and Asl1 (De Groot
et al. 2007). Compared to S. cerevisiae, the
lower number of identified CWPs seems consis-
tent with a lower number of predicted GPI
proteins (66 vs. 33) (De Groot et al. 2003). The
Gas1 and Ecm33 family proteins are homolo-
gues of core wall proteins in budding yeasts
indicating that their cell wall-localized func-
tions are conserved. Psu1 is a member of the
Sun family and is likely to have exo-b-1,3-glu-
canase activity (Gastebois et al. 2013), consis-
tent with its role in cell division (Omi et al.
1999). The functions of the very abundant
Pwp1 and Asl1 remain uncharacterized.

V. Aspergillus spp.

Knowledge of the mechanisms underlying cell
wall biosynthesis in Aspergillus spp. is of high
relevance to medicine and food safety and for
biotechnological applications. Aspergillus
niger is a food contaminant. Hyphal walls of
A. niger contain the polysaccharides b-1,3-glu-
can, a-1,3-glucan, and chitin (Klis et al.
2007b). Chitin accounts for about 10 % of the
wall mass. This higher percentage as compared
to ascomycetous budding yeasts is common in
Aspergillus spp. and is reflected by largely
expanded gene families involved in chitin syn-
thesis and processing. Also present in the cell
wall of A. niger is alkali-soluble galactosami-
nogalactan and galactomannan, possibly as
protein-bound material (Klis et al. 2007b).
Analysis of alkali-insoluble material from A.
fumigatus walls further identified a linear

The Ascomycetous Cell Wall: From a Proteomic Perspective 91



b-1,3/1,4-glucan (Fontaine et al. 2000). Less
clear is if hyphal walls in Aspergillus species
contain b-1,6-glucan to covalently link GPI-
CWPs to the skeletal layer of the wall. The
fact that HF-pyridine released multiple cova-
lently bound wall proteins (Damveld et al.
2005) and that b-1,3-glucanase digestion
released proteins carrying b-1,6-glucan epi-
topes (Brul et al. 1997) indicates that it is
present. However, it was not found in the
alkali-insoluble fraction of the wall of A. fumi-
gatus (Fontaine et al. 2000). On the other hand,
both species contain a homologue of Kre6 that
in yeast plays an important role in b-1,6-glu-
can synthesis. Genomic inventories of wall-
related genes in A. niger and A. nidulans
further identified gene products possibly
involved in the synthesis of b-1,3/1,4-glucan,
as well as predicted GPI-modified mixed-
linked b-glucanases and amylase-like a-gluca-
nases with possible transglucosidic activities
pertaining to the processing of b-1,3/1,4-glu-
can and a-1,3/1,4-glucan, respectively. Pir pro-
teins, which are widely present in
ascomycetous budding yeasts, are absent in
Aspergillus (De Groot et al. 2009; Pel et al.
2007).

Wall proteome analysis of A. nidulans
using wall shaving identified 12 proteins
including 10 GPI proteins (De Groot et al.
2009), providing more support for the pres-
ence of b-1,6-glucan. The 12 proteins specify 7
putative carbohydrate-active enzymes (three
Gas-, two Crh-, and two Bgl2-family proteins),
an Ecm33 homologue, an aspartic protease,
and three unknown proteins. Thus, A. nidu-
lans walls contain many homologues of cova-
lently bound core CWPs in yeast species.
These results are also consistent with the iden-
tification of GPI-anchored Ecm33 and Bgl2
orthologs in cell walls of Neurospora crassa
(Bowman et al. 2006). The two non-GPI pro-
teins identified were another Bgl2 homologue
and an unknown protein with tandem repeats
in the C-terminal region, a feature that is often
encountered in adhesin-like fungal wall pro-
teins. By analogy to yeast, these proteins may
be incorporated via a mild-alkali-sensitive
linkage; however, a different type of linkage
cannot be excluded.

VI. Fusarium oxysporum

Fusarium oxysporum is a soilborne fungus that
causes vascular wilt disease on a wide range of
crops. During initial stages of infection, fungal
hyphae attach to roots, penetrate the cortex,
and colonize xylem vessels. The wall composi-
tion of Fusarium oxysporum f.sp. lycopersici, a
special race of this fungus that is able to cause
wilt in tomato plants, was studied in detail
(Schoffelmeer et al. 1999). Analysis of sulfuric
acid-hydrolyzed wall carbohydrates showed the
presence of glucose and N-acetylglucosamine,
but also mannose, galactose, and uronic acids,
presumably originating from cell wall glycopro-
teins. X-ray diffraction studies showed the
presence of a-1,3-glucan in the alkali-soluble
fraction and b-1,3-glucan and chitin in the
alkali-insoluble fraction. Electron microscopy
of walls and lectin-binding immunoblot studies
of wall fractions upon glucanase and/or pro-
nase digestion led to the conclusion that similar
to S. cerevisiae, glycoproteins form an external
layer covering an inner layer composed of chi-
tin and glucan. Consistent with this idea, treat-
ment of isolated hyphal walls with ice-cold
anhydrous HF resulted in the release and
subsequent identification of an abundant GPI-
CWP, Fem1 (Schoffelmeer et al. 2001).

Proteomic analysis of purified hyphal walls
of F. oxysporum using the wall shaving tech-
nique resulted in identification of a total of 174
proteins (Prados-Rosales et al. 2009). However,
only 19 of those contain a predicted signal
peptide and 10 are predicted to be GPI proteins.
The very high number of intracellular proteins
identified is surprising in view of the results
obtained with other fungal species, including
the filamentous fungus A. nidulans. However,
there is one important difference between the
cell wall isolation procedure in this study com-
pared to other papers that have performed cell
wall proteomics using wall shaving: in other
wall proteome studies, extraction of walls was
performed with a hot solution containing 0.1 M
b-mercaptoethanol, whereas by Prados-Rosales
and colleagues, this step was carried out with
10 mM DTT as the reducing agent. Although
wall localization through alternative secretion
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(see Sect. II.B.) cannot be excluded, we surmise
that the DTT treatment may simply not have
been stringent enough to clear the walls from
intracellular contaminations. Fem1 was one the
GPI proteins identified in hyphal walls. Two
other identified GPI-CWPs contain a CFEM
domain. Among the other identified GPI-
CWPs were GH16 and GH17 enzymes (possible
transglycosylases) and an Ecm33 homologue,
all typical core wall proteins. Gas proteins of
GH72, present on the list of predicted GPI pro-
teins, were not identified. Possibly this is
related to the high background of intracellular
proteins in the samples.

VII. Botrytis cinerea

The filamentous ascomycete Botrytis cinerea
is a ubiquitous plant pathogen affecting
hundreds of different plant species and serves
as a model for the study of necrotrophic fun-
gal pathogens. In recent years, its genome has
been published (Amselem et al. 2011; Staats
and van Kan 2012) and several studies have
focused on cell wall composition and related
glycosylation mechanisms (Cantu et al. 2009;
De Groot et al. 2013b; González et al. 2013,
2014; Plaza et al. 2015).

Cantu and colleagues studied the wall com-
position of B. cinerea hyphae from cultures in
liquid malt extract medium after 3, 6, or 9 days
of growth (Cantu et al. 2009). Mycelium mixed
with 100 % ethanol was disrupted and boiled to
yield crude alcohol-insoluble cell wall prepara-
tions. Sulfuric acid extractions yielded neutral
sugars amounting, in terms of dry wall mass, to
57 % at day 3 and about 80 % at day 9. About
90 % of the neutral sugars at each time point
was glucose, indicating that the wall matrix of
B. cinerea consists for a large part of glucan(s).
Consistent with this, the genome of B. cinerea
contains many genes encoding glucan-
modifying enzymes including exoglucanases,
endoglucanases, and b-1,3-glucan transglyco-
sylases. However, only a single-gene product
of the Fks family encoding the catalytic subunit
of b1,3-glucan synthase complex is present (De
Groot et al. 2013b). A change was observed

from predominantly alkali-soluble material at
day 3 to more or less equal amounts of alkali-
soluble and alkali-insoluble material at the later
time points. This coincided with a decrease of
protein from 37 % to 7 % of the wall dry mass
and an increase in chitin from 1 % to 5 %
(Cantu et al. 2009). As compared to S. cerevi-
siae, an expanded Crh family is present in the
genome of B. cinerea. Together, these observa-
tions indicate that maturation of hyphal walls
involves incorporation and coupling of chitin
to the glucan matrix. The measured high pro-
tein content at the early time point is remark-
able, especially considering the low levels of
galactose (4 %), arabinose (2 %), and mannose
(1 %). Possibly, rather than being genuine
covalently bound wall proteins that transit
through the secretory pathway, most of these
proteins may have become associated with the
wall upon hyphal breakage. In a recent paper by
Plaza and colleagues, saccharides in a sulfuric
acid extract of hyphal walls accounted for
>80 % of the wall dry mass, the major sacchar-
ides being glucose (47 %) and mannose (34 %)
(Plaza et al. 2015). Moreover, a bcpmr1 null
mutant lacking a putative Ca2+/Mn2+-ATPase
that plays a role in protein glycosylation dis-
played a >80 % reduction in the relative
amount of wall mannan, accompanied with
increases in glucan and chitin (Plaza et al.
2015). Obviously, there are some clear discre-
pancies between the two papers described
above. Nevertheless, taken together the data
indicates that hyphal walls of B. cinerea consist
of a glucan-chitin matrix to which glycosylated
proteins are bound.

Genomic analysis of cell wall genes (De
Groot et al. 2013b) indicated that B. cinerea
contains two homologues of S. cerevisiae Kre6.
Predictions of GPI proteins resulted in a list of
107 putative GPI proteins, and among them are
members of the core CWP families Gas, Crh,
Bgl, and Ecm33. As in other filamentous asco-
mycetes, the Dfg5 family is expanded in B.
cinerea in comparison to yeast species. Dfg5
proteins are believed to be responsible for
cleaving the sugar moiety of protein-bound
GPI anchors at the plasma membrane and pos-
sibly are also involved in subsequently linking
the protein to b-1,6-glucan. Altogether, these
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genomic data suggest the presence b-1,6-glu-
can-linked GPI-CWPs in the hyphal wall of B.
cinerea. However, wall proteome analysis using
the wall shaving technique to identify cova-
lently bound CWPs, for example, some of the
classical core wall proteins mentioned above,
has not been performed yet for B. cinerea.

Homologues of baker’s yeast protein
families involved in protein glycosylation, for
instance, Pmt and Mnt, are also present in B.
cinerea. The fungal Pmt family is phylogeneti-
cally classified into Pmt1, Pmt2, and Pmt4 sub-
families, which differ in protein substrate
specificity (Girrbach and Strahl 2003). In B.
cinerea, three PMT genes are present, one for
each of the subgroups (De Groot et al. 2013b).
This is similar to other filamentous ascomy-
cetes such as, for instance, A. nidulans and A.
fumigatus (Goto et al. 2009; Mouyna et al.
2010). In yeast species like S. cerevisiae (seven
genes) and C. albicans (five genes), the Pmt
families are more expanded (Prill et al. 2005;
Girrbach and Strahl 2003). This probably
reflects the fact that the O-glycans in these
yeasts are mainly linear mannosyl chains,
whereas in filamentous species, they can be
branched and more variable in glycan compo-
sition (Goto 2007). In single-gene deletion stud-
ies, all three bcpmt mutants exhibited a
reduction in infection of plant tissues, indicat-
ing functionality in O-glycosylation for all three
PMT genes. The most pronounced was the
effect of deleting bcpmt2. Deletion of this gene
led to inability of infecting intact leaves, petals,
or fruits of any plant tested. Furthermore, the
bcpmt2 null mutant most clearly recovered
growth rate in the presence of osmotic stabili-
zers and showed the strongest increase in sen-
sitivity to the cell wall perturbing compound
Calcofluor white (González et al. 2013). Thus,
of the three Pmt isoenzymes in B. cinerea, Pmt2
seems to be most critical for cell wall integrity
and virulence.

VIII. Conclusions and Perspectives

Thanks to advances and development of DNA
next-generation sequencing technologies, the

number of completed fungal genome sequences
that has come available in recent years is large
and rapidly increasing. This also enabled new
post-genomic approaches such as comparative
genomics, transcript profiling using RNA
sequencing, and proteomics. These techniques
have also entered into the field fungal cell wall
biology, greatly improving our knowledge
about cell wall construction and its regulation
in many different fungal species. For instance,
the comparison of lists with predicted GPI pro-
teins in pathogenic CTG-clade Candida species
with nonpathogenic species pinpointed three
families of GPI proteins that were enriched in
pathogenic species. This suggests that these
three families may play important roles in Can-
dida virulence (Butler et al. 2009). Genomic
analysis of C. glabrata uncovered a largely
expanded and highly variable family of putative
wall adhesins that may help the yeast to bind
various different host tissues in different host
niches.

During the last decade, many studies have
focused on making inventories of cell wall pro-
teomes in various ascomycetes. Emerging from
these studies is that the walls of most species
contain carbohydrate-active enzymes from
families GH16, GH17, and GH72, which
through biochemical studies were shown to be
involved in chitin-b-glucan cross-linking,
b-1,3-glucan branching, and b-1,3-glucan elon-
gation, respectively. Ecm33 homologues are
also part of the core proteome. It is very clear
that Ecm33 proteins have an important func-
tion in cell wall synthesis; however, their func-
tion is still not uncovered. In Candida albicans,
owing to its importance as major human path-
ogen, several studies have addressed dynamics
of the cell wall proteome under infection-
relevant conditions by quantitative mass spec-
trometry. This showed that the cell wall prote-
ome of C. albicans is highly dynamic and that
differential expression of members from CWP
families enables Candida to adhere, invade,
colonize, and evade host immune responses.

An important aspect that is still poorly
understood in fungal cell wall biology is synthe-
sis of b-1,6-glucan and its connection to GPI
proteins. Although b-1,6-glucan is widely
distributed in fungi, it is rare outside the fungal
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kingdom. If b-1,6-glucan is formed directly
from UDP-glucose donors, the b-1,6-glucosyl-
transferase would represent a new glycosyl-
transferase family. Another possibility could
be that b-1,6-glucan is produced solely by
transglycosylation (Orlean 2012). Despite all
the genomic information that is nowadays
available, thorough biochemical studies will be
required to solve this issue.
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Andel A, Caubı́n J, Arroyo J, Garcı́a JC, Gil C,
Molina M, Garcı́a LJ, Nombela C, Klis FM (2001)
A genomic approach for the identification and
classification of genes involved in cell wall forma-
tion and its regulation in Saccharomyces cerevi-
siae. Comp Funct Genomics 2:124–142

De Groot PWJ, Hellingwerf KJ, Klis FM (2003) Genome-
wide identification of fungal GPI proteins. Yeast
20:781–796

De Groot PWJ, De Boer AD, Cunningham J, Dekker HL,
De Jong L, Hellingwerf KJ, De Koster C, Klis FM
(2004) Proteomic analysis of Candida albicans cell
walls reveals covalently bound carbohydrate-
active enzymes and adhesins. Eukaryot Cell
3:955–965

De Groot PWJ, Ram AF, Klis FM (2005) Features and
functions of covalently linked proteins in fungal
cell walls. Fungal Genet Biol 42:657–675

De Groot PWJ, Yin QY, Weig M, Sosinska GJ, Klis FM,
De Koster CG (2007) Mass spectrometric identifi-
cation of covalently bound cell wall proteins from
the fission yeast Schizosaccharomyces pombe.
Yeast 24:267–278

De Groot PWJ, Kraneveld EA, Yin QY, Dekker HL,
Groß U, Crielaard W, De Koster CG, Klis FM,
Weig M (2008) The cell wall of the human patho-
gen Candida glabrata: differential incorporation
of novel adhesin-like wall proteins. Eukaryot Cell
7:1951–1964

De Groot PWJ, Brandt BW, Horiuchi H, Ram AFJ, De
Koster CG, Klis FM (2009) Comprehensive geno-
mic analysis of cell wall genes in Aspergillus nidu-
lans. Fungal Genet Biol 46:S72–S81

De Groot PWJ, Bader O, de Boer AD, Weig M, Chauhan
N (2013a) Adhesins in human fungal pathogens:
glue with plenty of stick. Eukaryot Cell 12:470–481.
doi:10.1128/EC.00364-12

De Groot PWJ, Martinez AI, Castillo L (2013b) A geno-
mic inventory of cell wall biosynthesis in the ubiq-
uitous plant pathogen Botrytis cinerea. In: Mora
Montes HM (ed) The fungal cell wall, 1st edn.
Nova Science, Hauppauge

Desai C, Mavrianos J, Chauhan N (2011) Candida glab-
rata Pwp7p and Aed1p are required for adherence
to human endothelial cells. FEMS Yeast Res
11:595–601. doi:10.1111/j.1567-1364.2011.00743.x

Domergue R, Castaño I, De las Peñas A, Zupancic M,
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I. Introduction

In biology, incompatibility is usually defined as
restriction of mating competence controlled by
genes other than those determining sexual dif-
ferentiation. It has been long recognised that
incompatibility concerns not only the sexual
phase but also the vegetative phase. The latter
becomes apparent especially in fungi and was
first termed heterokaryon incompatibility. In
both sexual and vegetative incompatibility, the
action of the genetic traits involved precludes
the exchange of genetic material. Thus, inhi-
bition of recombination results by a lack of
karyogamy (sexual incompatibility) as well as
by an inability of the nuclei to coexist in a

common cytoplasm and to undergo somatic re-
combination (vegetative incompatibility). Since
recombination is of paramount importance in
evolution, the biological significance of in-
compatibility as a factor controlling recombi-
nation is immediately apparent.

Nature has evolved two principal systems
to control incompatibility. According to their
mode of genetic determination, these have
been called homogenic and heterogenic in-
compatibility (Esser 1962). The genetic basis of
homogenic incompatibility consists in a sexual
incompatibility of nuclei carrying identical
incompatibility factors.Heterogenic incompati-
bility consists in a genetic difference of at least
one single gene which inhibits the coexistence
of the nuclei concerned in a common cyto-
plasm.

From these definitions, it follows that
homogenic incompatibility enhances outbreed-
ing and favours recombination and evolution of
the species. Heterogenic incompatibility, how-
ever, restricts outbreeding and thereby favours
the evolution of isolated groups within a single
species. Both systems, despite controlling
recombination in an antagonistic way, are
integrated constituents of evolution.

Homogenic incompatibility has been
known since Darwin’s time and its various
mechanisms have been analysed in great detail,
in both higher plants and fungi. Its actions and
its distribution are the subject of many books
and reviews. This type of incompatibility is
described in Freihorst et al. (2016) and Dyer
et al. (2016).

The genetics of heterogenic incompatibility
was first revealed 60 years ago, in studies
involving the ascomycete Podospora anserina
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(Rizet and Esser 1953; Esser 1954). Meanwhile,
this subject has attracted much attention, and
many cases of heterogenic incompatibility,
dealing with the vegetative and/or the sexual
phases of fungi, have been described and ana-
lysed (see Table 6.1).

It is understandable that heterogenic in-
compatibility was less intensively studied than
homogenic incompatibility, since the former
rarely occurs within true breeding laboratory
strains, but rather between geographical races
differing in their genetic constituency. In addi-
tion, heterogenic incompatibility has often been
overlooked and sometimes misinterpreted as
“sterility”, merely because of a failure to mate.

This review is a revised and updated ver-
sion of the chapter on heterogenic incompati-
bility in the second edition of this volume
(Esser 2006).

Other pertinent reviews on heterogenic
incompatibility can be found in Esser and Kue-
nen (1967), Esser (1971), Lemke (1973), Carlile
and Gooday (1978), Lane (1981), Esser and
Meinhardt (1984), Jennings and Rayner
(1984), Perkins and Turner (1988), Glass and
Kuldau (1992), Leslie (1993), Bégueret et al.
(1994), Leslie and Zeller (1996), Worall (1997),
Glass et al. (2000), Saupe (2000) and Glass and
Kaneko (2003).

II. Barrage Formation

More than 100 years ago, Reinhardt (1892) first
observed that when certain fungal mycelia
approached one another, sometimes an inter-
action phenotypically recognisable as repulsion
occurred. This phenomenon was subsequently
described by others (Cayley 1923, 1931; Nakata
1925), and it was probably Vandendries (1932)
who introduced the term barrage to describe it.
Certainly, older descriptions of barrages, based
on quite different phenomena, were assigned
different names. Since barrage is a phenotypic
expression of heterogenic incompatibility, it is
at first necessary to define the concept of bar-
rage.

If fungal hyphae from different mycelia
grow towards each other, in general four main

types of interaction occur, and these can be
easily demonstrated on agar media.

1. Mutual Intermingling¼Normal Contact
After approach, the hyphae intermingle in the
zone of contact and show (with a few exceptions,
as in Oomycota) numerous hyphal fusions via
anastomosis. After a time, the border zone
between the two mycelia becomes unrecognisable
(Fig. 6.1a–d).

2. Inhibition
When opposing hyphae approach each other, an
inhibition zone free of hyphae is formed between
the two mycelia. This phenomenon may be caused
by unilateral or mutual interaction, due to the
secretion and diffusion of inhibitory substances.

3. Mutual Intermingling and Inhibition¼Bar-
rage Formation
When two mycelia grow into each other and inter-
mingle, an antagonistic reaction ensues. In con-
trast to inhibition by diffusible substances, the
barrage reaction requires cytoplasmic contact via
hyphal fusions. The phenotype of the barrage var-
ies depending on the species and mode of genetic
control (Fig. 6.1). However, in all barrages known
so far, nuclear exchange is not inhibited, but in
most cases the two types of mycelia form abnor-
mal and even lethal fusions. The hyphal tips may
branch profusely. A clear line of contact appears
with increasing age of the culture. Barrages are
mainly found in intraspecific (interracial) matings.
Depending on the species, the barrage may be
colourless or pigmented (Fig. 6.1a, c). A recent
study in Neurospora shows that different types of
barrages may occur also within one and the same
species (Micali and Smith 2003).

4. Mutual Repulsion¼Border Line, Demar-
cation Line
Especially noted in matings of wood-rotting basi-
diomycetes, a mutual repulsion and antagonistic
reaction is evident which leads to the formation of
a more or less strongly pigmented zone of inter-
mingled hyphae. This demarcation line (Adams
and Roth 1967) or border line (Esser and Hoff-
mann 1977) occurs mainly in interspecific mat-
ings. It is visible in nature on cuttings of logs
(Rayner and Todd 1977; Esser and Meinhardt
1984; Fig. 6.1d) as well as in axenic cultures
(Fig. 6.1c). Border lines are often used as criteria
for species delineations. However, this commonly
creates some problems in interpretation because,
in most cases investigated to date, there are no
analyses of the microscopic structure of these
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Table 6.1 Examples of occurrence of heterogenic incompatibility in fungi, as interpreted from symptoms
described by the investigators

Species Symptoms References

Oomycota
* Phytophthora spp. Restriction of mating competence Savage et al. (1968), Boccas (1981)
P. infestans Influence of nutrient media on

incompatibility
Cherepennikova-Anikina et al. (2002)

Eumycota Glomeromycota
Glomus mosseae v-c groups Giovanetti et al. (2003)
Ascomycetes, saprophytes
*Ascobolus immersus Bipolar; v-c groups; barrage; sexual

incompatibility
Meinhardt et al. (1984)

*Aspergillus spp. Self-compatible; v-c groups; up to
eight het-genes

Grindle (1963a, b), Jinks et al. (1966), Butcher
(1968, 1969), Butcher et al. (1972), Caten
et al. (1971), Dales and Croft (1977, 1990),
Croft and Dales (1984)

Aspergillus flavus
A. parasiticus

i-c groups; morphological and
physiological diversities

Horn et al. (1996)

A. tamarii
*Aspergillus niger

*Neurospora spp.

i-c groups; virus transfer inhibited
Mating-type idiomorphs; up to
11 het-genes

Van Diepeningen et al. (1997), Pal (2005),
Garnjobst and Wilson (1956), Pittenger and
Brawner (1961), Wilson (1961, 1963), Wilson
et al. (1961), Pittenger (1964), Wilson and
Garnjobst (1966), Moreau and Moruzi
(1933), Newmeyer and Taylor (1967),
Newmeyer (1968, 1970), Williams and
Wilson (1968), Turner et al. (1969), Mylyk
(1975, 1976), Leslie (1987), Perkins and
Turner (1988), Shiu and Glass (2015)

* Podospora anserina Bipolar; v-c groups; barrage; up to
nine het-genes; reciprocal and
nonreciprocal sexual
incompatibility

See Sect. II, this chapter

Ascomycetes, parasites
* Botrytis cinerea v-c groups; gene Bc-hch homolog to

het-genes of N. crassa and P.
anserina

Fournier et al. (2003)

Cochliobolus
heterostrophus

Bipolar; v-c groups; het-genes Leach and Yoder (1983), Nelson (1963, 1965a, b
1966, 1970)

*Cochliobolus spp.
(imperf.
Helminthosporium)

Heterogenic incompatibility in the
sexual phase

Nelson and Kline (1964), Webster and Nelson
(1968)

Crumenolopsis soriora Bipolar; restriction of mating
competence between
subpopulations

Ennos and Swales (1987)

Diaporthe phaseolorum
*Endothia
(Cryphonectria)
parasitica

Self-compatible; barrage
Bipolar; barrage; v-c groups; six
or seven het-genes identified,
allelic and non-allelic
mechanism

Ploetz and Shokes (1986), Anagnostakis
(1977,1982a, b, 1983), Nuss and Koltin
(1990), Cortesi and Milgroom (1998), Smith
et al. (2006)

Erysiphe cichoracearum Bipolar; sexual incompatibility Morrison (1960)
Ophiostoma (Ceratocystis

ulmi)
Bipolar; barrage Brasier (1984)

Gaeumannomyces
graminis

v-c groups Jamil et al. (1984)

* Gibberella fujikuroi
(Fusarium
moniliforme)

Bipolar; v-c groups; het-genes Kuhlmann (1982), Puhalla and Spieth (1983,
1985), Sidhu (1986), Leslie et al. (2004)

(continued)
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Table 6.1 (continued)

Species Symptoms References

Fusarium oxysporum Imperfect; v-c groups Correl et al. (1986), Jacobson and Gordon
(1988), Katan and Katan (1988)

Fusarium spp. Sexual and vegetative
incompatibility

Hornok (2007)

Leucocytospora kunzei v-c groups; six het-loci Proffer and Hart (1988)
Monascus purpureus Self-fertile; six v-c groups Chaisrisook (2002)
Nannizzia spp. (imperf.

Microsporum)
Bipolar; heterogenic

incompatibility in the sexual
phase?

Padhaye and Carmichel (1971)

Sclerotinia sclerotiorum v-c groups Kohn et al. (1991), Ford et al. (1995)
Sclerotinium rolfsii

(teleomorph: Athelia
rolfsii)

71 v-c groups Punja and Sun (2002)

Sclerotinium delphini Five v-c groups
Stagonospora nodorum

(teleomorph:
Leptosphaeria
nodorum)

v-c groups Newton et al. (1998)

Venturia inaequalis Bipolar; nonreciprocal
incompatibility between
different mating types of
geographical races

Kiebacher and Hoffmann (1981)

Verticillium dahliae Imperfect; v-c groups partially
without barrage formation

Puhalla and Hummel (1983), Papaioannou and
Typas (2015)

Basidiomycetes (in considering the wood-destroying basidiomycetes in this group, there is no distinction between
saprophytes and parasites)

Auricularia spp. Tetrapolar; intraspecific i-s groups;
barrage formation

Wong (1993)

Agaricus spp. Border lines between species Anderson et al. (1984)
Armillaria mellea Bipolar; i-s groups; partially

compatible
Anderson and Ullrich (1979), Anderson et al.

(1980), Anderson (1986)
Athelia (Sclerotium) rolfsii Bipolar? Barrage; i-s groups Punja and Grogan (1983a, b)
Bjerkandera fumosa Bipolar; i-s groups Lombard et al. (1992)
Ceratobasidium bicorne Self-fertile; demarcation line; i-s

groups
Hietala et al. (2003)

*Collybia dryophila Bipolar; i-s groups; reduced sexual
compatibility

Vilgalys and Miller (1987), Vilgalys and Johnson
(1987)

Collybia subnuda Bipolar; i-s groups; barrage Murphy and Miller (1993)
Coprinus bisporus

(Coprinellus bisporus)
Bipolar; heterogenic

incompatibility sexual phase
Kemp (1989)

* Coprinus cinereus
(Coprinopsis cinerea)

Tetrapolar; barrage, due to
heterogenic mitochondrial DNA

May (1988)

Coriolus versicolor
(Trametes versicolor)

Tetrapolar; i-s groups; barrage Rayner and Todd (1977)

Cyathus spp. Tetrapolar; unilateral
dikaryotization within two
species

Brodie (1970)

Fomes cajanderi Barrage between geographical races Adams and Roth (1967)
Ganoderma boninense Tetrapolar incompatibility; i-s

groups; border line
Pilotti et al. (2002), Goh et al. (2014)

Helicobasidium mompa i-s groups; border line Ikeda et al. (2003)
*Heterobasidion annosum Bipolar; i-s groups; 4–5 het-genes;

epistatic; multiple alleles
Chase and Ullrich (1990a, b), Hansen et al.

(1993a, b)
Heterobasidion insulare Bipolar; three i-s groups Dai et al. (2002)

(continued)
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Table 6.1 (continued)

Species Symptoms References

Inonotus arizonicus Self-compatible; i-s groups; barrage Goldstein and Gilbertson (1981)
Laccaria spp. Bipolar; i-s groups within one and

between species
Fries and Mueller (1984)

Lentinula edodes Tetrapolar; i-s groups; barrage Yindeeyoungyeon and Triratana (1992)
Marasmiellus parasiticus Tetrapolar; i-s groups; barrage Murphy and Miller (1993)
Marasmius spp. Tetrapolar; i-s groups Gordon and Petersen (1992)
Paxillus involutus Bipolar; i-s groups Fries (1985)
Peniophora spp. Bipolar; host-dependent intra- and

interspecific incompatibility
McKeen (1952)

Phellinus gilvus Tetrapolar; i-s groups; one or
several het-genes

Rizzo et al. (1996)

Phellinus pini Bipolar; i-s groups Fischer (1994)
Phellinus weirii Bipolar; barrage; i-s groups Hansen (1979)
*Phellinus torulosus Bipolar; barrage; i-s groups Fischer and Bresinsky (1992)
Phlebia spp. Bipolar; intraspecific barrage;

interspecific border line; i-s
groups

Boddy and Rayner (1983)

Pisolithus arhizus
(syn. P. tinctorius)

Tetrapolar; unilateral
dikaryotization

Kope (1992)

*Pleurotus ostreatus Tetrapolar; barrage; i-s groups Kay and Vilgalys (1992)
*Polyporus spp. Interspecific crosses sterile (border

line); intraspecific crosses,
tetrapolar incompatibility
superimposed by heterogenic
incompatibility; barrage
formation caused by three genes

Macrae (1967), Barrett and Uscuplic (1971),
Hoffmann and Esser (1978)

*Sistotrema brinkmannii Different breeding systems
superimposed by heterogenic
incompatibility

Lemke (1969)

*Stereum hirsutum Bipolar; compatibility
superimposed by multiallelic
het-genes; barrage

Coates and Rayner (1985a, b, c), Coates et al.
(1981, 1985)

Stereum rugosum Bipolar; i-s groups Rayner and Turton (1982)
Stereum gausapatum Bipolar; i-s groups Boddy and Rayner (1982)
Stereum sanguinolentum Self-compatible; i-s groups Rayner and Turton (1982)
Stereum rameale Self-compatible; i-s groups Rayner and Turton (1982)
*Thanatephorus

cucumeris
Self-compatible; i-s groups; host-

dependent
Stretton and Flentje (1972a, b)

Thanatephorus practicola
(Rhizoctonia solani)

Self-compatible; i-s groups; barrage Cubeta et al. (1993)

Trametes versicolor Self-compatible i-s groups, barrage Guler and Bicer (2014)
Typhula spp. Tetrapolar; interspecific border line Bruehl et al. (1975)
*Ustilago maydis Killer phenomenon Puhalla (1968), Hankin and Puhalla (1971)

Because of the diversity involved in examples cited, there is risk of misinterpretations. I do not claim to present a complete list of

all examples published. There are many papers, especially in basidiomycetes, which only vaguely indicate the existence of
heterogenic incompatibility, and this needs to be further investigated. Abbreviations: v-c groups, fungal isolates which show

vegetative compatibility, used mostly for ascomycetes; for the same concept in basidiomycetes, the terms intersterility (i-s)

groups, biological races and biological species are used; het-genes, genes responsible for heterokaryon incompatibility; idio-

morphs, mating-type genes showing slight differences of their genetic code; bipolar and tetrapolar, homogenic incompatibility
controlled by a mono- and bifactorial mechanism, respectively. All these terms are also defined at appropriate places in the text.

Asterisks indicate fungi treated in detail in the text
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lines, nor of whether there is hyphal fusion allow-
ing cytoplasmic contact and nuclear exchange.
Therefore, it is often rather difficult to evaluate
experimental reports with respect to barrage or
border line formation and, consequently, to dis-
tinguish between intraspecific and interspecific
matings.

Accordingly, I shall henceforth use the term
barrage only if the microscopic observations
show that a zone of aversion occurring between
two mycelia is associated with hyphal fusions. I
am well aware that this distinction is not always
possible on the basis of exact data.

III. Heterogenic Incompatibility
in the Ascomycete Podospora
anserina

A. The Phenomenon

Although barrage formation is found in myce-
lial interactions with various higher fungi, the
best analysed case concerns the ascomycete
Podospora anserina. As in many ascomycetes,
the mating competence of P. anserina is con-
trolled by the bipolar mechanism of homogenic
incompatibility (heterothallism) due to an
interaction of the two idiomorphs+and�of
the mating-type locus (see Dyer et al. 2016). In
analogy to the Neurospora terminology, these
alleles were later renamed and termed mat+
and mat�, respectively.

In studying various races of P. anserina
with different geographical origins, the mycelia
of which showed no recognisable macroscopic
differences, Rizet (1952, 1953) found that in
interrace combinations a barrage was formed
irrespective of mating type. As may be seen
from Fig. 6.1a, this barrage is macroscopically

characterised by a sharp white zone between
two darkly pigmented (melanotic) paired
mycelia. A microscopic examination revealed
that in this zone the hyphae forming anasto-
moses become curled, swollen and degenerative
(Fig. 6.1b). This barrage zone eventually con-
sists of dead hyphae.

In some cases the barrage formation does
not affect fruiting between different mating
types, because perithecia are formed on both
sides of the barrage (Fig. 6.1a).

This peculiar phenomenon is explained by the fact that
the trichogynes of the+female sex organs (protoper-
ithecia) fuse only with the �male gametes (spermatia),
and vice versa. Spermatia, however, are never formed in
the barrage zone. From this it follows that the tricho-
gynes pass the barrage unimpaired, since no anasto-
moses involving trichogynes take place. Obviously, the
fusion of the tip of the trichogyne with a spermatium
does not necessarily bring about the incompatibility
reaction occurring between two hyphae, although the
reason for this remains obscure.

Nevertheless, as summarised in Fig. 6.2, a
comprehensive study of the mating interactions
between 19 geographical races revealed that in
addition to the barrage formation, the fruit
body formation (perithecia) also was quantita-
tively and/or qualitatively disturbed. In the first
instance, the number of perithecia was drasti-
cally reduced on one or both sides of the bar-
rage. In the second case, one or both of the
reciprocal crosses between the two mates were
incompatible. In the 13 (7.6 %) interracial com-
binations which showed no barrage, there was
also no effect on fruiting—in other words, sex-
ual incompatibility in interrace crosses is
always linked with barrage formation.

In this context, it should be noted that at
least one incompatibility mechanism may also

Fig. 6.1 (a–e) Compilation of mycelial interactions in
fungi. (a) Podospora anserina. Barrage formation
between different geographical races. Sexual reproduc-
tion is not affected. Perithecia are produced in any
combination between different mating types. (b)
Podospora anserina. Hyphal morphology. Above
hyphae in the contact zone of an intra-race combina-
tion, below hyphae within the barrage zone. (c) Podos-
pora anserina. Barrage formation linked with sexual
incompatibility (for details, see Fig. 3 and text). (d)

Intra- and interspecific interactions between monokar-
yons of Polyporus ciliatus (cil) and Polyporus brumalis
(bru) showing normal contact (left), and barrage (bot-
tom) and border line (top and right). All monokaryons
are compatible in mating type. (e) Cross section of a
log colonised by wood-destroying basidiomycetes.
Dark zones indicate the aversion lines of mycelia. Fur-
ther details are given at various sites in the text
(adapted from Esser 1956, and Esser and Meinhardt
1984)
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lead to distortions in meiotic segregation due to
spore killer effects (van der Gaag et al. 2003;
Hamann and Osiewacz 2004).

B. Genetic Control

The genetic background of heterogenic incom-
patibility was revealed by the analysis of the two
races s andM (Rizet and Esser 1953; Esser 1954,
1956). Six loci were identified as instrumental
in two different mechanisms, as summarised in
Fig. 6.3 and explained below:

1. The allelic mechanism caused by alleles of
the t and u loci does not interfere with
sexual compatibility. If strains differ at

either one (Fig. 6.1a) or both loci, a vege-
tative incompatibility is provoked, showing
up as barrage formation.

2. The non-allelic mechanism depends on the
interaction of two specific alleles at two
different loci. In the interracial cross of
s and M, four loci a, b, c, v were identified
showing an incompatibility of the alleles
a1/b and c1/v, respectively, leading to bar-
rage formation as well as to unilateral
incompatibility (middle of Fig. 6.1c). If
both mechanisms overlap in recombinants
from the cross s�M in the combination a,
b, c1, v1�a1, b1, c, v, then a complete sexual
incompatibility is brought about (Fig. 6.1c,
right side).
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Fig. 6.2 Scheme of the mating reactions between vari-
ous races of Podospora anserina isolated from different
localities in France and Germany. +/� Mating type,
uppercase letters designation of races, closed squares
compatible in both vegetative and sexual phase, closed
squares with inserted open squares sexual compatibility

and vegetative incompatibility (barrage formation
only), hatched squares vegetative incompatibility and
reduced fruit body formation, open squares incompati-
bility in both vegetative and sexual phase (Adapted
from Esser 1971)
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C. Physiological Expression

As mentioned above, a prerequisite for the
expression of heterogenic incompatibility is
that two nuclei showing a specific allelic and/
or non-allelic difference are brought together in
a common cytoplasm. This occurs very fre-
quently because in Podospora as in many
other ascomycetes, hyphae fuse by anastomosis
when they come into contact. This is followed
by amutual nuclear migration leading to hetero-
karyosis.

Incompatibility of heterogenic nuclei can be
brought about by a unilateral or by a bilateral
action. It was found that in those heterokaryons
in which the allelic mechanism was effective, a
destabilisation took place, leading to a formation
of homokaryotic sectors of either nuclear type,
separated by barrage formation. In hetero-
karyons in which the non-allelic mechanism
was instrumental, however, no sectoring
occurred, because one nuclear species was elimi-
nated. For example, in the combination ab+
a1b1, only the ab nuclei survived. Thus, it follows
that the allelic mechanism brings about a mutual

interaction, whereas the non-allelic mechanism
is realised through unilateral gene action (Esser
1956, 1959a, b).

This explains as well the unilateral sexual
incompatibility in the non-allelic mechanism
present, for instance, in the crossing of strains
ab�a1b1 (Fig. 6.3). It may be deduced from
these heterokaryon experiments that b is the
“aggressive” allele and that a1 is its target.
Since during the mating procedure in Podo-
spora in the differentiated trichogynes the
nuclei degenerate in the combination ab�a1b1,
the active b-nuclei are no longer present and
there is no inhibition for the sensitive a1-
nucleus, which may thus migrate into the asco-
gonial cell of the protoperithecium. In the alter-
nate case, the active b-nucleus of the
spermatium is able to initiate destruction
when entering the trichogyne. As in the case
of the allelic mechanism, there is also no expla-
nation why the non-allelic mechanism does not
become effective during the steps of sexual dif-
ferentiation and is expressed only when the
ascospores germinate, as demonstrated by the
assay of heterokaryons.

race s

race M

t u a b c v

t1 u1
a1 b1 c 1 v 1

barrage with normal fructification

barrage with unilateral incompatibility

non-allelic genes which interact

Fig. 6.3 Podospora anserina. Scheme of the action of
the two mechanisms of heterogenic incompatibility
operating in a cross of the races s and M. The different

alleles are symbolised by lowercase letters. For further
information, see text (Adapted from Blaich and Esser
1970)
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If as a result of sexual propagation, two het-genes come
together in one nucleus and in comparable heterokar-
yons, respectively, they are not viable (a phenomenon
found also in other fungi). This has resulted to use in
recent publications programmed cell death or apo-
ptosis for heterokaryon incompatibility (Glass and
Demnthon 2006; Goncalves and Videira 2014).

These findings were later confirmed by Ber-
net (1965), who studied the same races s andM.
By analysis of other races, six more incompati-
bility loci were identified (Bernet 1967; Bourges
et al. 1998), one being involved in the allelic and
five in the non-allelic mechanism. Unfortu-
nately, Bernet did not use our gene desig-
nations. All these genes were later summarised
under the heading het-genes, e.g. het-c. In the
following, I shall give the original names of
these genes in parentheses.

D. Function of the het-Genes

During the last years, many efforts were under-
taken to understand the function of the het-
genes on the molecular and biochemical level.

1. The Non-allelic Mechanism

a) Application of Biochemical Techniques
In heterokaryons, specific proteins (Esser
1959b; Blaich and Esser 1970), catabolic
enzymes (Blaich and Esser 1971) and new
enzyme activities, such as for several proteases,
phenoloxidases, malate and NADH dehydro-
genase and amino acid oxidase (Boucherie and
Bernet 1978; Boucherie et al. 1981; Paoletti et al.
1998), were found, but their involvement with
the function of the het-genes was not evident.

b) Mutations Which Interfere with het-Genes
A series of modifier mutants (mod-genes) were
found, most of which suppress in specific
combinations the barrage formation caused by
the allelic or by the non-allelic mechanism. In
active combinations, these mutants also sup-
press the formation of female sex organs (pro-
toperithecia). One of these mod-genes, mod-E
(a), codes for a member of the Hsp90 family of
heat-shock proteins acting in various types

of stress responses (Loubradou et al. 1997).
A second cloned gene, the mod-D gene (v),
encodes a Ga protein. The gene displays func-
tional interactions with mod-E and Pa AC, a
gene for an adenylate cyclase. Although addi-
tion of cyclic AMP can partially suppress
growth defects caused by mod-D mutations, a
molecular connection of cAMP with the effect
of mod-D mutations on the het-genes was not
found (Loubradou et al. 1999).

c) Analyses of mRNA
During the incompatibility reaction, a strong
decrease of mRNA synthesis and the appear-
ance of a new set of proteins occur. Therefore,
the vegetative incompatibility is regulated, at
least in part, by variation of the mRNA content
of specific genes. Genes induced during the
incompatibility reactions have been termed idi.

‐ idi-1 is a cell wall protein and resides in the septum
during normal growth (Dementhon et al. 2003).

‐ idi-4 is abZIP transcription factor regulating auto-
phagy and cell fate and also expression of other idi-
genes (Dementhon et al. 2004).

‐ idi-6/pspA encodes a vacuolar protease involved in
autophagy (Pinan-Lucarré et al. 2003).

‐ idi-7 acts in the formation of autophagosomes, vesi-
cles which target cytoplasmic material to the vacuole
(Pinan-Lucarré et al. 2003).

Rapamycin treatment of Podospora anser-
ina causes idi-gene expression and cellular
effects typical for heterogenic incompatibility
(Dementhon et al. 2003).

d) Molecular Analysis of the het-c, het-d and
het-e Genes

Alleles of het-c and het-e genes correspond to
the genes b/b1 and a/a1 in Esser’s studies.
Alleles of the het-c locus have similar ORFs
but lead to protein products with some amino
acid differences (Saupe et al. 1995). The het-c
gene products are members of a family of
ancestral sphingolipid transfer proteins (Matt-
jus et al. 2003). By inactivation of the het-c gene,
abnormal ascospores are formed. het-c alleles
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interact in different ways with the het-e and het-
d alleles (Saupe et al. 1995). Bastiaans et al.
(2014) identified 11 het-c alleles, which define
7 distinct incompatibility specifities.

Both the het-d and the het-e genes code for
proteins which display a GTP-binding site and
a WD40 repeat domain, typical for a b-subunit
of a G-protein. Sequence comparison of differ-
ent het-e alleles showed that het-e specificity is
determined by the sequence of the WD40
domain, which may confer the incompatibility
interactions (for references, see Espagne et al.
2002). Physical interactions with the het-c pro-
teins need to be demonstrated to clarify this.

2. The Allelic Mechanism

The first het-genes of all described are the
alleles het-s and het-S (Rizet 1952). They cause
barrage formation by the allelic mechanism but
do not interfere with fruit body production.
Their co-expression in a common cytoplasm
causes cell death. Both alleles encode 30-kd
proteins consisting of 289 amino acids. The
alleles differ in 43 amino acid positions
(Turcq et al. 1990, 1991).

A disruption of either gene resulted in a lack of the 30-
kd protein. When mated, these strains no longer
formed a barrage. Sexual compatibility was not
affected. It was further shown by detailed analyses of
the het-s/S locus of 13 wild strains that the specificity of
the s and S proteins to provoke heterogenic incompati-
bility depends on a single amino acid difference only
(Deleu et al. 1993).

Strains with the genotype het-s exist in two
phenotypic states: the neutral phenotype het-s*
and the active phenotype het-s. The neutral
phenotype is characterised by the fact that it
does not show the barrage reaction, when
crossed with het-S strains. The het-s phenotype
is infective and is able to transform, via hyphal
fusions, a neutral het-s* strain.

The het-s protein which provokes the trans-
formation is a prion which adopts an amyloid
structure and propagates in vivo as a self-
perpetuating amyloid aggregate (Nazabal et al.
2003; Balguerie et al. 2004). Amyloid structures

formed in vitro were shown to be infectious, in
contrast to soluble het-s protein and amor-
phous aggregates, supporting the prion nature
of the amyloid fibres (Maddelein et al. 2002).

The analysis of deletion constructs and site-
directed mutants showed that a short C-
terminal peptide (112 amino acids) allows the
propagation of the prion analogue (Cousteau
et al. 1997). This part of the protein contains
the amyloid core regions of the het-s prion pro-
tein (Balguerie et al. 2003, 2004).

In conclusion: The many studies of hetero-
genic incompatibility performed with Podo-
spora anserina have given deep insights into
the genetic mechanism of the het-genes and
shown many aspects of their action. However,
a complete understanding of their function in
causing their mutual antagonism still needs
further research.

IV. Further Examples of Heterogenic
Incompatibility

As one may suppose, the discovery of hetero-
genic incompatibility was not through focussed
research. By contrast, in the ascomycetes it was
observed as a “by-product” of genetic research
on breeding competence. In the basidio-
mycetes, as discussed below, data on heterogenic
incompatibility are very often a result of studies
in population genetics dealing with intergeneric
and interspecific delineation and evolution. In
the literature, there is a diversity of names, defi-
nitions and gene symbols for effects which can
be interpreted as manifestations of heterogenic
incompatibility. Thus, it is understandable that
in describing the antagonistic mycelial inter-
actions and the various groups of natural isolates
showing compatibility or incompatibility, differ-
ent terms and expressions are used (as stated in
the legend in Table 6.1), which I consider also as
a source of information for a reader who is not
familiar with this area of research and who
wishes to gainmore detailed information. There-
fore, I shall discuss only some other cases of
heterogenic incompatibility which have been
studied in more detail.
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Although the myxozoa are no longer grouped with the
fungi, they have at least to be briefly mentioned, because
these organisms have been the subject of intensive stud-
ies of heterogenic incompatibility. Vegetative incompati-
bility is widespread between geographical races of the
genera and species analysed to date. In analogy with
Podospora, plasmodial matings may lead to a visible
zone of aversion, which does not allow nuclear migra-
tion, because there is either unilateral or mutual disinte-
gration of the nuclei. Collectively from these studies,
various genes acting according to the allelic mechanism
have been identified. There are no data concerning the
physiological actions of these genes.

For pertinent information, the reader is referred to
literature on Didymium iridis and related species (Bet-
terley and Collins 1984; Clark 1984, 2003), Physarum
polycephalum (Knowles and Carlile 1978a,b; Lane and
Carlile 1979; Schrauwen 1979; Lane 1981), and Dictyo-
stelium discoideum (Robson and Williams 1979, 1980).

A. Oomycota

Oomycota have scarcely been used for genetic
studies. This may be partially due to the fact
that in contrast to ascomycetes and basidio-
mycetes, they are vegetative diploids, thus
complicating genetic analysis of progeny. It is
not surprising that our knowledge of genetic
control of their breeding systems, and espe-
cially evidence for heterogenic incompatibility,
is very limited. Furthermore, anastomoses
between the coenocytic hyphae having cellulose
walls do not occur. The only indication for the
existence of heterogenic incompatibility in
Oomycota concerns the genus Phytophthora
(for details, this is referenced in Table 6.1).

B. Glomeromycota

In the recently defined Glomeromycota, hetero-
genic incompatibility has been reported
between isolates of the arbuscular mycorrhizal
fungus Glomus mosseae (Giovanetti et al. 2003).

C. Dikaryomycota

1. Ascomycotina

This class includes some of the most thor-
oughly studied saprophytic genera, for exam-

ple, Neurospora, Aspergillus and Podospora.
There are also numerous data proving the exis-
tence of heterogenic incompatibility in a great
number of parasitic ascomycetes, but detailed
genetic data are lacking in many cases.

a) Saprophytic Ascomycetes
Neurospora: Apart from Podospora, the genus
Neurospora is the best analysed taxonomic
entity for heterogenic incompatibility in fungi
(Table 6.1).

Over 3900 isolates have been collected from nature
from over 500 sampling sites. Perkins and his collabo-
rators have classified and assessed this impressive data-
set in terms of inter- and intraspecies mating relations
(Perkins et al. 1976; Perkins and Turner 1988). The
species most studied is Neurospora crassa, but the
closely related species Neurospora sitophila is also
used for investigating heterogenic incompatibility.

Heterogenic incompatibility in Neurospora
has, according to my knowledge, been reported
only as heterokaryon incompatibility concerning
the vegetative phase. It is under polygenic control
and involves several allelic mechanisms. Accord-
ing toDebets et al. (1994),mitochondrial plasmids
might be involved in heterogenic incompatibility.

1. The Mating-Type Locus
As early as 1933, Moreau and Moruzi reported
“cross sterility” between opposite mating types in
interracial crosses of N. sitophila. A comparable
phenomenon of “cross sterility” was also
described by Lindegren (1934) for N. crassa. In
both cases, no genetic analyses were performed.
A more substantial indication for the occurrence
of heterogenic incompatibility originates from the
classical “heterokaryon paper” of Beadle and
Coonradt (1944), showing that strains of N. crassa
must be of the same mating type in order to form a
vigorous and stable heterokaryon.

Newmeyer and her collaborators (cf.
Table 6.1) proved that the two mating types
MAT A and MAT a are not able to coexist in a
common cytoplasm. They found that the gene
tol (linkage group IV), which is not linked with
the mating-type locus, suppresses this vege-
tative incompatibility. tol does not interfere
with the sexual compatibility initiated in an A/
a cross. These authors proposed that the
mating-type locus is a complex genetic trait
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controlling both heterokaryon formation and
sexual compatibility.

The tol-gene encodes a putative reading frame for a
1011-amino-acid polypeptide with a coiled-coil domain
and a leucine-rich repeat. It is suggested that the TOL-
locus may interact with the mating-type proteins MAT
A-1 and/or MAT a-1 to form a death-triggering com-
plex (Shiu and Glass 1999).

The concept of complex mating-type loci
was verified by molecular analyses. The MAT
A gene consists of 5301 bp (Glass et al. 1990),
whereas the MAT a gene is much smaller and
comprises 3225 bp only (Staben and Yanofsky
1990). However, sexual compatibility and
heterokaryon incompatibility were found to be
inseparable. Thus, a single gene product in both
mating types MAT A and MAT a is responsible
for the completion of the sexual cycle and for
heterogenic incompatibility in the vegetative
phase (Shiu and GlassFdeets 2015). In order to
emphasise the rather strong structural dis-
similarity of the mating-type alleles, Metzen-
berg (1990) has proposed to use the term
idiomorphs, rather than alleles.

The structure of the mating-type alleles in Podospora
anserina is very similar to those of Neurospora crassa
(Debuchy and Coppin 1992, Dyer et al. 2016). However,
as mentioned above, the mating idiomorphs in P.
anserina control only homogenic incompatibility.

The involvement of mating loci in hetero-
genic incompatibility is rather unusual in fungi.
It seems to be restricted to some of the self-
incompatible Neurospora species. Here again,
the same question as in Podospora is raised:
why do the genes responsible for heterokaryon
incompatibility not interfere with the overall
sexual process? It is not possible at present to
answer this question. Maybe there are addi-
tional genes which, like the above-mentioned
tol-gene, are able to act as switches to stop the
interaction as soon the nuclei enter the sexual
phase.

In this context, the spore killer genes of Neurospora
should be mentioned (Raju 1979, 2002; Turner and
Perkins 1979). These sk-genes are widely distributed in

wild-type collections. They cause (albeit only in crosses
with sensitive strains), after meiotic segregation, lethal-
ity of the four ascospores carrying the genes. This
phenomenon does not occur in sk/sk matings. This
observation also strengthens the idea that there are
two different, genetically controlled phases in the sexual
cycle of fungi: the bringing together of genetic material
via cytoplasmic contact and the true sexual cycle leading
eventually to recombination.

2. The het-Genes
There are some other genes, apart from the
mating idiomorphs, which control hetero-
karyon formation in Neurospora. This was
earlier postulated by Gross (1952) and Hol-
loway (1955). A detailed analysis of these
so-called het-genes was performed by
Garnjobst, Wilson and collaborators (cf.
Table 6.1). At present, 11 het-genes are
known.

Two unlinked allelic pairs (C/c and D/d) were identified
which control heterokaryon formation according to the
allelic mechanism. Heterokaryons are formed only if the
two partners have identical alleles at both loci. If one or
both factors are heterogenic, then there will be an
incompatibility reaction, as in the barrage zone of
Podospora, leading to a destruction of the hyphae
which have anastomosed. The C and D genes are neither
linked with the mating-type locus nor suppressed by the
tol-gene, nor do they interfere with sexual compatibility
of different mating types. A third locus (E/e) was identi-
fied which resembles in its effect the C and D genes.
Subsequently, these genes were given the prefix het.

In analysing different geographical races, Perkins
(1968) has detected multiple alleles at the het-C locus.
The similarity of the action of the het-genes to that of
the Podospora barrage genes is also supported by the
observation that a clear barrage zone between the two
lines of perithecia may be seen when strains of opposite
mating types, but heteroallelic for the het-genes, meet
(Griffith and Rieck 1981; Perkins 1988). Degradation of
nuclear DNA indicating a form of programmed cell
death has also been visualised (Marek et al. 2003).

Another het-gene, but not leading to cell death, was
found by Pittenger (cf. Table 1). The allelic pair I/i
controls the capacity of nuclei to divide. Allele I is
weakly dominant over allele i. When the proportion of
I nuclei in an (I+i) heterokaryon is more than 30 %, the
i nuclei are lost and the heterokaryon becomes an I
homokaryon. By use of different marker genes, it
became evident that this incompatibility is independent
of the genetic background and, hence, from the action
of the C, D, E het-genes mentioned above.
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In recent years, more detailed knowledge
about the structure and function of the het-
genes has accumulated. By deletions within
het-genes, their action is suppressed and com-
patibility achieved (Smith et al. 1996). Two het-
loci were studied in more detail.

The het-c gene encodes a 966-amino-acid polypeptide
with a putative signal peptide, a coiled-coil motif and a
C-terminal glycine-rich domain, found also in cell wall
proteins. Deletions showed that this region is responsi-
ble for the activity of the het-c gene (Saupe et al. 1996).
het-c specificities reside in a 38–48 aa domain at the N-
terminal end (Saupe and Glass 1997; Wu and Glass
2001). Het-c alleles of N. crassa function also in Podos-
pora anserina in cell death reaction related to hetero-
karyon incompatibility, whilst the P. abserina homolog
Pahch causes no heterokaryon incompatibility in its
host (Saupe 2000).

Three deletion mutants were identified within an
open reading frame (named vib¼vegetative incompati-
bility blocked). These mutants relieved growth inhibi-
tion and repression of conidiation caused by the het-c
gene. Thus, it was suggested that the vib region is a
regulator for conidiation (Xiang and Glass 2002).
Rather often, these suppressor mutants exhibited chro-
mosome rearrangements (Xiang and Glass 2004).

The het-6 genemaps to a region of 250 kbp. Within
this region, two genes were identified which show
incompatibility activity. One of these shows sequence
similarity to the het-e product of Podospora anserina
and the tol-gene product. The other encodes the large
subunit of the ribonucleotide reductase. Both genes are
inherited as a block. Thus, it was suggested that these
genes act through a non-allelic mechanism to cause
heterogenic incompatibility (Smith et al. 2000; Mir-
Rashed et al. 2000).

Regarding the comprehensive new data
obtained for Neurospora, like in Podospora, a
breakthrough in understanding the molecular
mechanism of the mutual interaction of the het-
genes requires still further research.

Aspergillus: Some Aspergillus species were
also studied for heterogenic incompatibility. The
failure of heterokaryon formation between vari-
ous natural isolates was already described by
Gossop et al. (1940) for Aspergillus niger and
by Raper and Fennell (1953) for Aspergillus fon-
secaeus (both imperfect). Comprehensive studies
with the perfect (teleomorphic) species Aspergil-
lus nidulans were performed by Jinks and his co-
workers (cf. Table 6.1). A synopsis of these
observations and experiments, including numer-

ous related and unrelated isolates from all over
the world, allows the following conclusions:

1. Heterokaryon incompatibility is not due to
geographical isolation, since the various
vegetative compatibility (v-c) groups com-
prise isolates from adjacent as well as from
distant areas. Nor is it linked with minor
morphological differences of the isolates.

2. Vegetative incompatibility does not pre-
vent heterokaryon formation. Hetero-
karyons seem to have selective disadvantage
and are supposed to be overgrown by the
homokaryons.

3. Fruit body formation for teleomorphic spe-
cies is not inhibited. However, the number
of fruit bodies is reduced, as observed also
in Podospora (Fig. 6.2).

4. Eight het-loci were identified, two of which
are multiallelic; het-B has four and het-C
has three alleles. The interaction of the
het-genes follows the allelic mechanism, as
described above for Podospora and Neuro-
spora.

5. The physiological action of these genes is
not yet understood. A “killing reaction”
like the one in Podospora and Neurospora
seems not to take place.

Comparable results were obtained with two
other teleomorphic species, A. glaucus (Jones
1965) and A. heterothallicus (Kwon and Raper
1967).

Studies with some anamorphic species
(A. versicolor, A. terreus, A. amstelodami)
performed by Caten (cf. Table 6.1) in general
confirmed the observations made on the tele-
omorphic species, although without having the
opportunity to identify het-genes.

A comprehensive study of the species Aspergillus fla-
vus, A. parasiticus and A. tamarii revealed an asso-
ciation of morphology and mycotoxin production
with the various i-c groups within each species (Horn
et al. 1996).

Ascobolus: In Ascobolus immersus (cf.
Table 6.1) the mating pattern of 38 strains col-
lected at various places in Europe and southern
India has been determined. There were at least
three compatibility groups: A (23 strains) and B
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(nine strains) comprise the European isolates,
and C, the Indian isolates. Within each group
sexual reproduction is, as expected, controlled
by a bipolar mechanism of homogenic incom-
patibility. No fertile offspring are obtained in
any intergroup crossing, showing that there is
genetic separation by heterogenic incompati-
bility. However, the European group B seems
to be more closely related to the Indian group
(C) in that sterile fruit bodies are produced
between+and�mating types. An indication
for further subdivision is the occurrence of
barrages between representatives of all three
groups. These data thus indicate how speci-
ation may be initiated in Ascobolus immersus
by means of both spatial and genetic isolation,
the latter mediated by heterogenic incompati-
bility.

b) Parasitic Ascomycetes
For a number of plant pathogenic fungi, hetero-
karyon tests between different isolates led to
barrage or to border line formation and to the
classification of the so-called vegetative com-
patibility groups (v-c). Partially due to the dif-
ficulty of breeding pathogens under laboratory
conditions, genetic data are often not available
(see Table 6.1). However, in some of the
recently published papers, biochemical techni-
ques such as RAPD analysis were used to char-
acterise the v-c groups, e.g. Punja and Sun
(2002).

More comprehensive data are available for
Botrytis cinerea. It was found that heterokaryon
incompatibility in this fungus is caused by the
gene Bc-hch which is homolog to Nc-het-c and
the Pa-hch loci of Neurospora crassa and Podo-
spora anserina, respectively. A PCR-RFLP ana-
lysis on a 1171-bp section was used to screen
for polymorphism for this locus among 117
wild isolates and revealed two allelic types,
thus allowing scientists to structure the natural
populations into two groups.

For some other parasites, more detailed
studies are available. In the case of the chestnut
blight, Cryphonectria (Endothia) parasitica,
different v-c groups characterised by barrage
formation of varied intensity were detected.
Weak barrages did not inhibit heterokaryon
formation. Over 75 v-c groups were identified,
controlled by at least seven incompatibility loci,

some with multiple alleles. The heterogenic
incompatibility followed mostly an allelic
mechanism, but a non-allelic mechanism was
also observed. Sexual compatibility was not
affected by these genes (Choi et al. 2012).

According to Nuss and Koltin (1990), hypovirulence is
related to the presence of a virus-like double-stranded
RNA which can be transmitted via heterokaryosis. The
efficiency of the transfer is highly reduced between
incompatible strains and leads therefore to a lack of
horizontal transfer of this parasite and contributes to
its biocontrol (Milgroom and Cortesi 2004; Smith et al.
2006).

In the Gibberella fujikuroi species complex, in
addition to the mating-type genes (+/�), mating
groups termed A, B, C and D are recognised. They are
considered varieties according to their host specificity.
Within each group, heterogenic incompatibility was
found. This allelic mechanism is controlled by at least
10 loci in group A, five loci in group B and three loci
each in both groups C and D.

Within parasitic ascomycetes, there are
only two indications for heterogenic incompat-
ibility which affect the sexual phase. Both are
not linked with heterokaryon incompatibility.
The genus Cochliobolus includes plant parasites
causing leaf and inflorescence diseases in Gra-
mineae (anamorphic: Helminthosporium). Nel-
son and collaborators have studied extensively
the mating system within this genus. A detailed
analysis of the mating reactions of nearly 10,000
isolates from North and South America, com-
prising more than 40,000 matings, has led to the
following results:

1. The bipolar mechanism of homogenic
incompatibility is responsible for the basic
control of mating, insofar as only the
combination of the alleles A and a leads to
fructification.

2. Fertility in crosses between opposite mat-
ing types originating from different hosts
or origin is about 29 %. Most of the infertile
crosses produce perithecia with immature
or sterile ascospores. The others show no
fruit body formation.

3. Several sterility genes blocking the normal
ontogenesis at different stages were identi-
fied and were predominantly responsible
for the formation of sterile perithecia.
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4. The fact that some strains exhibiting in-
compatibility in certain combinations were
compatible in all others can be explained
only by the action of heterogenic incompat-
ibility, despite the fact that the appropriate
genes have not yet been identified.

5. The objection that the incompatibility
might be provoked by gross genetic diver-
sities or species differences could be
excluded. Furthermore, Nelson was able to
assign 92.2 % of his strains to five distinct
morphological types which might corres-
pond to a single species.

2. Basidiomycotina

The first phenomena which may be attributed
to heterogenic incompatibility came from this
group of fungi.

Apart from the description of barrage phe-
nomena between geographical races of Fomes
species (Mounce 1929; Mounce and Macrae
1938), Bauch (1927) found in the smut fungus,
Microbotryum violaceum (Ustilago violacea),
that in interracial crosses additional genes
interfere with the bipolar mating system and
cause unilateral or reciprocal incompatibility.
Similar findings were later reported by Grasso
(1955) who studied interracial crosses in two
other species, U. avenae and U. levis, originat-
ing from Italy and the United States, respec-
tively.

Many phenomena resulting in hetero-
karyon incompatibility or inhibition of fruit
body formation were poorly understood in
older publications. They were mostly referred
to as demarcation lines, barrages and/or cross-
ing barriers. Thus, it is understandable that in a
very comprehensive review (Burnett 1965), the
mating restrictions in 17 species of basidiomy-
cetes were treated only under the general head-
ing “restrictions of outbreeding”.

In this review, I distinguish between those
cases in which the existence of heterogenic
incompatibility is proved and supported by
genetic data and cases in which antagonistic
mycelial interactions may only be interpreted
as the expression of heterogenic incompati-

bility. Only the better-analysed cases will be
presented in detail here (for others, see
Table 6.1).

In this context, it needs to be stressed that
in contrast to ascomycetes where heterogenic
incompatibility may concern either the vege-
tative and/or the sexual phase, in basidio-
mycetes it is instrumental only in the vegetative
phase, because basidiomycetes do not form sex
organs. From this it follows that if a hetero-
karyon incompatibility occurs, then the sexual
propagation is automatically inhibited.

An impetus to study heterogenic incompat-
ibility stems from the interest in the population
structure of saprophytic basidiomycetes,
involving matings between natural isolates in
order to obtain information for classification of
genera and species (cf. Boidin 1986). These
studies have not only revealed basic mating
systems but also indicate a variety of antagoni-
stic mycelial interactions correlated with hetero-
karyon and/or sexual incompatibility.

However, during the last years the interest in hetero-
genic incompatibility of basidiomycetes seems to have
decreased, because there have been fewer publications
describing this phenomenon. Instead, many compre-
hensive studies were published in establishing intra- or
interspecific relationships by using molecular techni-
ques. Thus, there is not much progress in understand-
ing the genetic and physiological control of heterogenic
incompatibility within this group of fungi.

In wood-rotting fungi the antagonistic
interaction is easily recognised in cross sections
from logs, as a narrow zone of interwoven
hyphae in a region of relatively undecayed
wood. These border lines, also called interac-
tion zones or demarcation lines, are usually
darkly pigmented, in contrast to the adjacent
decay zones (Fig. 6.1e). They also show up on
agar-grown cultures, depending on the compo-
sition of the medium. Without microscopic
examination, it is not possible to say whether
hyphal interactions inhibiting heterokaryon
formation take place, as is evident in the bar-
rage zone of Podospora, or simply antagonistic
repulsions occur. Thus, a distinction between
delimitation of species or races is a priori not
possible. In the literature, the terms biological
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races and intersterility groups (i-c) are often
used to characterise the interacting mycelia.

In analogy to the evaluation of data
concerning the ascomycetes, I shall start the
discussion of the basidiomycetes with a subject
for which information on both heterogenic
incompatibility and genetic control of speci-
ation has been obtained. This is the wood-
rotting fungus Polyporus.

Macrae (1967) studied the mating reactions of 31 single
spore isolates of the tetrapolar Polyporus abietinus
(syn. Hirschioporus abietinus) collected in different
places in North America and Europe. According to
differences in the morphology of their hymenial sur-
faces, the isolates were assigned to three morphological
groups. The North American strains could be subdi-
vided into the two classes A and B which are incompat-
ible with each other, but which are both compatible
with a third class C comprising the European strains.
Since geographical isolation could be excluded, Macrae
concluded that genes additional to the mating-type
factors were involved. Similar data were also reported
for P. schweinitzii (Barrett and Uscuplic 1971). Unfor-
tunately, in both cases no genetic data are available.

Comparable phenomena were found and
could be interpreted after comprehensive stud-
ies of other species of the genus (Hoffmann and
Esser 1978). We had chosen the wood-rotting
genus Polyporus in order to investigate, by
genetic parameters, the validity of the classical
species concept based on typological charac-
ters. In performing these studies, we “acciden-
tally” detected evidence for heterogenic
incompatibility.

As a result of matings of single spore-
derived mycelia from 26 races of different ori-
gin, all races could unequivocally be grouped
into three separate entities corresponding with
the typological species P. arcularius, P. bruma-
lis and P. ciliatus, on the basis of the following
results (Fig. 6.4):

1. As expected, the basic breeding system in Poly-
porus is the tetrapolar mechanism of homogenic
incompatibility controlled by multiple alleles of
the mating-type factors A and B.

2. All intraspecific combinations were fertile. A con-
spicuous barrage formed in those crosses where
dikaryotisation and fruiting were impaired. This
barrage is characterised by a clear zone, about 1–

2 mm wide, free of aerial hyphae, and of reduced
hyphal density in the medium (Fig. 6.1d).

3. Using two races of P. ciliatus as an example, it was
revealed that barrage formation is induced by the
specific interaction of three unlinked genes (b+/
b�¼barrage initiation, bfI1/bfI2 and bfII1/bfII2¼
barrage formation) in a way characteristic for sys-
tems of heterogenic incompatibility. Barrage for-
mation requires the presence of the allele bi+ in at
least one mating partner, in addition to heteroge-
neity of both bf-genes.

4. Interspecific combinations were sterile. There is no
hyphal fusion between mating partners, and
because of the mutual repulsion, a sharp border
line is formed in the area of contact. Its formation
is independent of both mating type and the nuclear
status (monokaryons or dikaryons) of the con-
fronted mycelia (see also Silveira et al. 2002).

From the experimental data, the following
conclusions may be drawn:

1. The analysis of intraspecific matings has
shown that within each species, the so-
called biological races (intersterility
groups, i-s) exist. They are delineated by
barrage formation, which, as deduced from
the genetic data, is an unequivocal example
of heterogenic incompatibility. The unilat-
eral inhibition of fruiting, not caused by the
mating-type factors, can also be considered
as an expression of heterogenic incompati-
bility, although genetic data for this are not
yet available.

2. The analysis of interspecific matings, all
characterised by a strong macroscopic bor-
der line (Fig. 6.1d), is in good agreement
with the species limits derived from mor-
phological data. This indicates the validity
of both the typological and the biological
species concept. The latter, however,
proved superior in compensating the varia-
bility of morphological characters, at least
in higher fungi.

The biological species concept can thus be
modified as follows: populations (races) belong
to different species if the failure to interbreed
and to produce viable offspring is caused by

Heterogenic Incompatibility in Fungi 119



genetic mechanisms other than those
operating upon completion of the sexual cycle.

There are some more examples where
genetic control of heterogenic incompatibility
is available.

In Sistotrema brinkmannii (syn. Corticium
coronilla), strains obtained from different geo-
graphical locations exhibit three types of basic
sexual control:

1. Homokaryotic fruiting, i.e. homokaryons
produce dikaryons and fruit bodies with
viable spores.

2. Homogenic incompatibility determined by
the bipolar mechanism, i.e. one mating-
type locus with multiple alleles.

3. Homogenic incompatibility determined by
the tetrapolar mechanism, i.e. two incom-
patibility factors, each with multiple alleles
(Biggs 1937).

Lemke (1969) has confirmed and extended
the work of Biggs by analysing the interstrain

relations of 11 isolates from different parts of
the world. In using the technique of forced
heterokaryons between auxotrophs, he found
that there are fertility barriers within each of
the three above-mentioned fruiting classes as
well as in interclass crosses. This phenomenon
was interpreted by Lemke as heterogenic
incompatibility for two reasons:

1. In incompatible interracial matings, the
two auxotrophic partners form unbalanced
mycelia with poor vegetative vigour and no
clamp connections. This points to an
antagonistic reaction similar to that in
Podospora heterokaryons.

2. In one compatible interracial mating, recom-
binant types were obtained with an altered
incompatibility pattern. This excluded the
presence of sterility genes, which were some-
times found in other combinations.

In the oyster mushroom, Pleurotus ostreatus, 60 hetero-
karyons of a natural population were examined by pair-
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Fig. 6.4 Mating relations in intra- and interspecies
combinations of monokaryons from 26 races of differ-
ent species of Polyporus. ▪ Normal contact, clamp
connections and fruit bodies formed when A 6¼B 6¼;

barrage formation, fruit body production delayed;

barrage formation with unilateral nuclear migration
(only in dark part); border line, neither clamp con-
nections nor dikaryotic fruit bodies formed in any
combination (Adapted from Esser and Hoffmann 1977)
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wise matings for mycelial antagonisms (Kay and Vil-
galys 1992). Most pairings (93–100 %) between sib-
composed heterokaryons gave somatic incompatibility
responses, showing that most isolates represent discrete
individuals, with as many as 15 individuals occupying a
single log. A total of 53 somatically distinct individuals
were identified from the population, distributed among
21 logs. Test with homokaryons showed that genetic
elements not identical with the incompatibility factors
of the tetrapolar system are responsible for the forma-
tion of intersterility groups.

In Stereum hirsutum, mating is controlled
by a bipolar mechanism of homogenic incom-
patibility (C-factor with multiple alleles). In
analysing mating homokaryons from different
geographical isolates, a mycelial aversion (bow-
tie reaction) was observed. This involved the
formation of a migrating or stationary band of
suppressed mycelium. This was followed by
partial or complete replacement of one homo-
karyon by another. This reaction is brought
about by a heterozygosity at a single locus
(B-factor), which is not linked with the
mating-type locus. The fact that the heterogenic
nuclei reject each other, reminiscent of the
barrage formation of Podospora, is a further
example for heterogenic incompatibility as an
isolation mechanism within a single species. In
four other species of Stereum, as in Polyporus,
all interspecific matings were sterile and de-
lineated by strong border lines.

In the litter-decomposing bipolar Collybia
dryophila, collected from different continents,
several intersterility groups (i-s) were identi-
fied, three of which are distributed over two or
more continents. In some matings within one
i-c, reduced sexual compatibility was found.
Genetic diversity of some strains was proved
by DNA-DNA hybridisation.

In the bipolar Heterobasidion annosum are
at least three intersterility groups, P and S
(from pine and spruce) and F (from firs), the
representatives of which in general show no
compatibility of different mating types. How-
ever, there are exceptions, because there is a
significant degree of fertility in i-s matings.
Five loci were identified controlling this system,
superimposed upon the mating-type alleles. In
contrast to the results obtained with Podospora,
for instance, the heterogenic incompatibility

between the i-s strains requires a heterogeneity
of all five loci. A homogeneity at only one locus
acts epistatically and suppresses the mating
barrier. This does not exclude that under
“fully” heterogenic conditions, interracial
incompatibility is present. Comparable data
for the Heterobasidion insulare complex were
reported by Dai et al. (2002).

Hansen et al. (1993a, b) published data which lead to a
contradictory interpretation. They suggested that mat-
ing between the incompatibility groups is controlled at
3–4 multiallelic loci. Each genotype acts independently
in causing vegetative incompatibility. Thus, in accor-
dance with the Podospora system, a single genetic dif-
ference would be sufficient to cause heterogenic
incompatibility.

Perhaps the control of heterogenic incom-
patibility is not restricted to nuclear genes. In
the tetrapolar Coprinus cinereus (Coprinopsis
cinerea), barrage formation was observed in
matings between heterokaryons from different
geographical locations having different mito-
chondrial genomes but common nuclear gen-
omes (May 1988). Unfortunately, no further
details of this novel interaction were given.

Yet another example should be mentioned,
which is caused by an interaction of nuclear
genes and cytoplasmic genetic elements. In the
tetrapolar Ustilago maydis, an antagonism
between genetically different strains, which
does not depend on the mating-type genes,
was observed which is similar to the killer phe-
nomenon of yeast (cf. Stark et al. 1990). There
are three genotypes:

1. Antagonistic strains, producing a heat-labile
protein which inhibits the growth of sensi-
tive strains but does not interfere with
growth of the producing strain. Genetic con-
figurations: a nuclear gene with the alleles
s or s+, and cytoplasmic elements I and S.
The s+ allele confers insensitivity, the s allele
sensitivity which is suppressed by the cyto-
plasmic element S; the element I is responsi-
ble for the production of the killer substance.

2. Sensitive strains, which do not produce
inhibitor protein but are sensitive to it.
Genetic configuration: gene s, but no cyto-
plasmic element O.
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3. Neutral strains, which do not produce
inhibitor protein and are insensitive to it.
Genetic configuration: s+ O, s S or s+ S.

There are phenotypic differences to the
killer system in yeasts, since only growth inhi-
bition of the sensitive cells occurs with no cell
death, and there is no interference with the
fusion of different mating types; hence, sexual
propagation is not prevented. Thus, this phe-
nomenon reveals similarity to heterogenic veg-
etative incompatibility in Neurospora and
Podospora. Moreover, in the yeast killer system
the genetic determinate for killer protein is a
viral-related double-stranded RNA or DNA (cf.
Tipper and Bostian 1984 and Stark et al. 1990,
respectively).

Conclusion: The evaluation of the experi-
mental data obtained with fungi with respect to
the occurrence, distribution and mechanisms
of heterogenic incompatibility allows one to
make the following statements:

1. The existence of heterogenic incompatibil-
ity is unequivocally proved among Dikar-
yomycota. Although het-genes were
identified for a number of species, its
genetic control certainly needs more exper-
imental investigation.

2. This holds even more true for an under-
standing of the expression and functions of
the het-genes.

3. The existence of many v-c and i-s groups in
ascomycetes and basidiomycetes, respec-
tively, shows the necessity to support taxo-
nomic classification for speciation by
means of comprehensive genetic data, and
not just morphological criteria.

V. Correlations with Heterogenic
Incompatibility in Plants and
Animals, with DNA Restriction in
Bacteria and with
Histoincompatibility

As reviewed earlier (Esser and Blaich 1973), in
plants there are also many examples for the
existence of heterogenic incompatibility, mani-
festing as either unilateral or bilateral failures

of matings between individuals of different iso-
lates or races. Sometimes the genes responsible
for homogenic incompatibility are involved,
but mostly the action of other genes is super-
imposed. In addition, extrachromosomal
genetic elements such as plastid-derived DNA
have been found as determinative agents (de
Nettancourt 1977; Barrett 1992). In plants,
according to my knowledge, vegetative incom-
patibility has not been described.

In comparison to the predominantly her-
maphroditic plants, sexual incompatibility of
the homogenic type does not play a role in
animal breeding systems. Increasing in out-
breeding is in general achieved in animals by
dioecism. There are some examples known in
which karyogamy between female and male
nuclei is prevented by genetic differences not
identical with sex factors (cf. Esser and Blaich
1973).

The spectrum of heterogenic incompati-
bility comprises not only eukaryotes but also
prokaryotes. The destruction of bacterial DNA
by endonucleases, when brought into a geneti-
cally different host and as a defence mechanism
to escape phage infection, is also a manifest-
ation of this phenomenon.

Heterogenic incompatibility is not
restricted to cell fusion and subsequent nuclear
migration, because there is also a close correl-
ation between heterogenic incompatibility and
histoincompatibility, occurring after tissue
transplantation. In the latter case, however, a
complicated immune-response mechanism is
involved. It seems justifiable to conclude that
both heterogenic incompatibility and histoin-
compatibility, which seem to have convergently
developed during evolution, exhibit one and
the same effect, i.e. inability of genetically dif-
ferent material to coexist or tolerate a common
physiological machinery, and simply represent
different mechanisms of a fundamental
biological process.

VI. Conclusions

As shown by this survey of the literature, most
cases of heterogenic incompatibility can be
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supported by genetic data. A number of impor-
tant special cases are known under different
names. In other cases, however, effects indica-
tive of heterogenic incompatibility have been
attributed to other causes or relegated by inves-
tigators as inexplicable secondary effects. In
any case, heterogenic incompatibility must be
regarded as a basic biological phenomenon
controlling the coexistence of different genetic
determinants, whose impact may be sum-
marised as follows.

1. Occurrence
Heterogenic incompatibility is widespread
in both prokaryotes and eukaryotes. Spe-
cial cases such as DNA restriction and his-
toincompatibility may be considered
different expressions of one basic
biological phenomenon.

2. Nature of Genetic Determinants
The widespread occurrence is also indica-
tive of the general importance of hetero-
genic incompatibility, with a varied
genetic basis ranging from single to multi-
ple nuclear genes and even to extranuclear
genetic elements.

3. Biochemical Basis
There are not yet sufficient biochemical
data regarding the action of the nuclear
genes which bring about heterogenic
incompatibility in fungi. By contrast, the
molecular mechanisms of heterogenic
incompatibility provoked by extranuclear
genetic traits, such as bacterial DNA
restriction, are well known. Evidently,
many of the genetic mechanisms leading
to heterogenic incompatibility have devel-
oped independently, and this may be
reflected by a variety of mechanisms at
the molecular level.

4. Biological Impact
The effect of heterogenic incompatibility is
threefold:

(a) As stated in the Introduction, hetero-
genic incompatibility has to be con-
sidered a breeding system which, in
contrast to homogenic incompatibil-
ity, favours inbreeding by restricting
the exchange of genetic material.
Since there is no fundamental differ-

ence between recombinational events
in the sexual and the parasexual cycle,
it is not surprising that heterogenic
incompatibility influences both. This
also applies to the initiation of plas-
mogamy, which may occur either by
sexual processes or simply through
heterokaryosis. This mode of isolating
strains or races leads to further speci-
ation. Thus, heterogenic incompati-
bility must have been and still is one
of the basic genetic events acting in
evolution.

(b) Genetic isolation has a second effect
which should not be overlooked. The
suppression of cell fusion stops the
transfer of harmful cytoplasmic com-
ponents, such as mutated mitochon-
dria, viruses or plasmids, between
individuals and thereby inhibits the
spread of cell diseases and favours
the survival of uninfected cells or tis-
sues. This is particularly important
for organisms without strict cellular
compartmentation, such as the
majority of fungi.

(c) Consequences for taxonomy: In many
studies of natural isolates of fungi, the
formation of antagonistic zones of
mycelial aversion, such as barrages
and/or border lines, is used by taxo-
nomists as criteria for speciation.
Although being a valuable tool, this
parameter as a taxonomic criterion
should be judged with great care to
avoid creating taxonomic distinctions
which are not valid and which could
depend on only a single gene differ-
ence. This especially concerns the
term “biological species”, often used
without any genetic basis. It is better
to use the terms “race” or “geograph-
ical isolate”, without a detailed evalu-
ation of breeding patterns.

5. Practical Implications
During the last decades, concerted breed-
ing for biotechnologically relevant fungi
has gained more and more importance
(Esser 1985; Esser and Mohr 1990). Breed-
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ing techniques employing new isolates
from nature in order to exploit varied
genetic backgrounds require a profound
knowledge of the breeding systems
involved. The existence of heterogenic
incompatibility could be a serious handi-
cap for any genetic exchange via either
sexual or parasexual matings. Detailed
experimental work would allow one in
most cases to reach the desired goal, if
based on alternative genetic manipulations
such as DNA-mediated transformation.

6. Relation with Histoincompatibility and
DNA Restriction
Both of these phenomena have the same
effect: hostile interaction of different
genetic material originating from closely
related organisms. This brings up the ques-
tion: will it be possible in the future, based
on further experimental work, to interre-
late these events and the many manifesta-
tions of heterogenic incompatibility in
considering the diversity of the genetic
mechanisms promulgating the failure of
coexistence of genetically different mate-
rial?
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I. Introduction

The central and eponymous feature of filamen-
tous fungi is their growth as mycelial colonies.
These multicellular structures comprise a net-
work of syncytial filaments, the fungal hyphae.
Hyphae are highly polarized cells, which grow by
tip extension and branching, thereby forming
highly interconnected networks (Riquelme
et al. 2011). In ascomycete species, hyphae are

compartmentalized by cross walls; however,
these septa contain central open pores, which
allow fast and efficient translocation of cyto-
plasm, organelles, and other cellular constitu-
ents, including nutrients and signaling factors.
Cytoplasmic continuity within these hyphal net-
works is however dynamic and appears to be
regulated during hyphal differentiation and in
response to environmental stimuli (Bleichrodt
et al. 2012). For example, the formation of func-
tionally specialized structures, such as vegetative
spores or sexual fruiting bodies, often involves
compartmentalization by sealing of septal pores
(Markham 1994; Simon et al. 2005; Jedd 2007;
Maruyama et al. 2010). Similarly, hyphal aging
or starvation often results in controlled plugging
of the cross walls (Glass et al. 2000; Fleißner and
Glass 2007; Maruyama et al. 2010). The opposite
process, the expansion of hyphal connectivity, is
accomplished by the formation of secondary
hyphae-to-hyphae connections, so-called hyphal
anastomoses, via fusion of hyphal branches
(Ward 1888; Hickey et al. 2002; Read et al.
2010). Similarly, early colony establishment
often involves fusion between germinated or
ungerminated spores, a process in which origi-
nally independent individuals merge into one
functional unit, which further develops into the
mycelial colony (Roca et al. 2003, 2005a). While
these different types of fungal cellular fusion
already caught the attention of the early mycol-
ogists, their physiological roles and molecular
mechanisms are still not fully understood. In
recent years, interest in the role and function
of hyphal fusion has seen a great revival, and
the numbers of scientific reports on this subject
appear to be on the rise. While the majority of
these studies employ the red bread mold
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Neurospora crassa as a model organism,
important contributions are also made by vari-
ous saprophytic, pathogenic, and epiphytic spe-
cies, including Sordaria macrospora, Fusarium
oxysporum, Alternaria brassicicola, and Epichloe
festucae (Engh et al. 2007; Craven et al. 2008;
Prados Rosales and Di Pietro 2008; Ruiz-Roldan
et al. 2010; Bernhards andPoggeler 2011; Charlton
et al. 2012; Becker et al. 2015). Interest in
fungal anastomosis extends beyond the scope of
fungal biology and includes the question of gen-
eral eukaryotic cell merger. Cell-cell fusion is
essential for the development of most eukaryotic
organisms and is involved in such diverse pro-
cesses as fertilization, organ and muscle devel-
opment and repair, or bone homeostasis
(Aguilar et al. 2013). Despite these important
functions, the molecular mechanisms underlying
eukaryotic cell fusion remain mostly elusive.
In recent years, N. crassa has advanced as one of
various eukaryotic model organisms for studying
these questions. Its many positive traits as a
model organism include its fast growth, rel-
atively large cell size, and simple handling proce-
dures but first and foremost its ease of genetic
manipulation. In addition, hyphal fusion readily
occurs in this fungus in high numbers in axenic
culture and can easily be analyzed by light
microscopy. The identification of numerous
mutants of N. crassa and other fungi affected in
the process of hyphal fusion has revealed an
intricate molecular network regulating anasto-
mosis formation. It comprises many well-

conserved eukaryotic signaling pathways but
partially adapts them in very unusual and
surprisingways. Studying hyphal fusion therefore
promises not only novel insight into fungal devel-
opment and cell merger but also holds much
potential for basic cell biological research.

In the following sections, we will review the
different types of vegetative fungal cell fusion,
their physiological roles, and their mechanistic
basis. Since the vast majority of the respective
studies were conducted on the red bread mold
N. crassa, we mostly focused on this fungus but
also strived to include the most relevant reports
on other species.

II. Types of Vegetative Hyphal Fusion

A. Germling Fusion

As sessile organisms, filamentous fungi typi-
cally disperse and translocate via spores,
specialized cellular structures, which are
adapted to transmission through air or water
or are disseminated by biological vectors, such
as insects (Dahlberg and Van Etten 1982). As
part of their vegetative life cycle, many ascomy-
cete species form conidia at specialized spore-
bearing structures, as the main form of trans-
mission. Novel colony establishment based on
conidia often involves fusion of these spores
briefly after or in some species even before
their germination (Fig. 7.1). This process,

Fig. 7.1 Germinating spores form networks via germl-
ing fusion. (a) Fusarium oxysporum spores grown for
15 h in PDB. Arrows point to conidial anastomosis
tubes (CATs). c conidium, g germ tube, s septum
(Adapted from Ruiz-Roldan et al. 2010). (b) Spore
germlings of Colletotrichum lindemuthianum after

incubation in water for 72 h. Arrows point to CATs;
the asterisk indicates an appressorium (Adapted from
Ishikawa et al. 2010). (c) Neurospora crassa germlings
growing on solid synthetic medium. Arrows point to
fusion via CATs or germ tube tips (Adapted from Wei-
chert and Fleißner 2015)
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which is commonly termed as germling fusion,
was already described for numerous species in
the early days of modern mycology (De Bary
1884; Laibach 1928; Köhler 1930). A more
recent literature survey reported its occurrence
in more than 70 species covering more than 20
different genera (Roca et al. 2005a).

Germling fusion can occur between germ
tube tips but is commonly mediated by
specialized cellular structures, so-called conid-
ial anastomosis tubes, abbreviated as CATs
(Roca et al. 2003). CATs had already been
described in an early study, investigating
germling fusion in Botrytis allii and Fusarium
sp., where they were named with the German
term “Fusionshyphen” (fusion hyphae) (Köhler
1930). “Fusionshyphen” or CATs are distin-
guished from germ tubes by a number of mor-
phological and physiological characteristics,
including a thinner diameter and limited linear
extension. Most importantly, however, CATs
exhibit positive tropism toward each other,
while growing germ tubes tend to avoid each
other, therefore probably optimizing the use of
available substrate space (Roca et al. 2005b;
Lichius et al. 2014).

It is still a matter of debate, if fusion via germ tube tips
requires a prior differentiation into CATs. In N. crassa,
fusing germ tube tips often appear narrowed and
pointed, therefore supporting this hypothesis (Roca
et al. 2005b). A mutant of this fungus has been
described, which still undergoes CAT fusion but is
highly restricted in germ tube tip merger (Schurg
et al. 2012). However, it remains so far ambiguous, if
this phenotype is caused by a specific inability for CAT
differentiation from growing cell tips or by secondary
effects. The molecular mechanisms and physiological
roles of true CAT and germ tube fusion, however,
appear to be comparable, rendering this discussion to
be one of mostly theoretical matters.

During germling fusion, typically two cells
merge to subsequently continue growth as one
cellular unit. Consecutive fusion between
such structures or with other still individual
germlings results in the formation of supracel-
lular networks, which further develop into the
mycelial colony (Fig. 7.1). Joining originally
individual cells into one functional unit
appears to contribute to fitness and competi-
tiveness (see below) (Richard et al. 2012;

Bastiaans et al. 2015). However, the fusion
frequency within a conidial population is
influenced by environmental factors and can
strongly vary between different clonal popula-
tions of the same species (see below) (Palma-
Guerrero et al. 2013).

B. Hyphal Fusion

The network of germlings formed by CAT or
germling fusion further develops into a mycelial
colony by hyphal tip extension and branching.
Mature colonies are typically spatially
structured and comprise a combination of dif-
ferent hyphal types (Hickey et al. 2002; Bistis
et al. 2003). Large and fast-extending leading
hyphae grow outwards of the colony, while
branches of different order fill in the spaces
between the main filaments. Upward extending
aerial hyphae might differentiate into conidio-
phores, and three-dimensional fruiting bodies
might form in the older part of the mycelium.
The different growth behaviors and functional
differentiation of the various parts of the fungal
colony are also reflected in physiological and
gene transcriptional differences (Levin et al.
2007; Kasuga and Glass 2008). The increase of
hyphal interconnectivity by the formation of
anastomoses is typically restricted to the inner
parts of the growing mycelium (Buller 1933;
Hickey et al. 2002). Hyphal tips at the colony’s
periphery exhibit negative autotropism such
that they avoid each other and actively adjust
their growth direction if a neighboring cell is
getting too close. This growth behavior likely
results in an optimal utilization of space and
substrate (Trinci 1984). In contrast, hyphal
branches in the inner part of the colony fre-
quently attract each other and form cross con-
nections by fusion of their tips (Fig. 7.2).
Insertion of such secondary hyphal links
increases the interconnectivity of the hyphal
network, thereby potentially promoting its
growth and functionality as one living unit (see
below) (Simonin et al. 2012; Roper et al. 2013).

An early study also indicated that hyphal
fusion secures the maintenance of the hyphal
network. In response to hyphal injury, septal
pores are usually plugged by a specialized
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organelle, the Woronin body, and new tip
growth is initiated at the closed septum (Buller
1933; Trinci and Collinge 1973; Collinge and
Markham 1985). In Sclerotium hydrophilum,
these newly formed tips grow through the
dead compartment and fuse with the next living
cell or a tip generated from the opposite sep-
tum, thereby restoring hyphal and network
integrity (Rothert 1892). In addition to this
repair mechanism, hyphal fusion is also
employed for the formation of specialized
three-dimensional structures. Nematode-
trapping fungi, such as Arthrobotrys oligospora,
form ringlike traps, in which the prey gets
entangled. Formation of this ring requires
fusion between a hyphal branch and a small
peg formed by the parental hypha (Nordbring-
Hertz et al. 1989). Anastomoses are also dis-
cussed to be involved in fruiting body forma-
tion. However, ultimate experimental proof of

this hypothesis is still lacking (Lichius et al.
2012).

Mechanistically, hyphal fusion typically
occurs in a tip-to-tip mode such that fusion
always requires the merger of two cellular tip
structures (Fig. 7.2) (Ward 1888; Hickey et al.
2002). The presence of an approaching hyphal
branch often results in the formation of a newly
lateral peg by an unbranched hypha, followed
by fusion of the two tips. Fusion-competent
branches are therefore able to induce the for-
mation of new fusion structures in neighboring
hyphae. Consistent with this hypothesis,
anastomosis-rich regions can be distinguished
from less intense connected parts within the
mycelium, suggesting that the occurrence of
anastomosis might induce additional fusion
events in close proximity (Hickey et al. 2002).

During the tropic interaction of two fusion
tips, both hyphae permanently adjust their

Fig. 7.2 Hyphal fusion occurs in the inner parts of a
Neurospora crassa mycelial colony. Confocal images
showing hyphal growth in different parts of the colony.
(a) Hyphae at the periphery avoid contact and exhibit
negative autotropism (asterisks). When hyphae make
contact, they do not fuse (c). (b) In the inner parts of
the colony, hyphal branches interact and form cross
connections via hyphal fusion. f fusion, d dichotomous

branching. Hyphae were stained with the membrane
dye FM1-43. (c) Confocal images showing different
stages of the fusion process. Hyphae were stained with
the membrane dye FM4-64. Tips 1 and 2 establish
physical contact and fuse. Tip 3 induces the formation
of a peg (Tip 4) in the neighboring hypha. The arrows
indicate formation of the fusion pore. All images are
adapted from Hickey et al. (2002)
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growth direction toward each other, indicated
by the positioning of their Spitzenkörper clos-
est toward the partner cell.

The Spitzenkörper is a three-dimensional structure
formed by an accumulation of vesicles, which functions
as supply center of these intracellular structures at
growing hyphal tips (Howard 1981). Its relative posi-
tion at the hyphal periphery controls tip extension by
vesicle-membrane fusion and therefore growth direc-
tionality (Bartnicki-Garcia et al. 1995; Riquelme et al.
1998). The Spitzenkörper also appear to hold some
function during cell-cell merger, since they remain
present after the fusion cells have established physical
contact. Once the two fusion cells touch, linear polar
growth ceases and the tips become slightly swollen.
Both Spitzenkörper become oriented directly opposite
to each other, thereby marking the position of the
future fusion pore, and remain in this position until
cell-cell merger has been completed (Hickey et al.
2002).

Fusion of two hyphae is often followed by
rapid cytoplasmic mixing or the torrential
influx of one cellular content into the other.
These dynamics are most likely driven by pres-
sure differences between the fusion partners
and might promote important physiological
functions (see below).

III. Physiological Roles of Germling
and Hyphal Fusion

A. Translocation of Nutrients and Maintaining
Homeostasis

The prevalent occurrence of germling and
hyphal fusion in filamentous fungi prompted
already early assumptions, that anastomosis
might benefit the growth, development, and
fitness of mycelial colonies (Ward 1888). In an
early, extensive study on fungal anastomoses,
Köhler compares their function to plasmodes-
mata of plants such that they facilitate or pro-
mote compound exchange and signal
transduction (Köhler 1929). However, even a
century later, substantial experimental data
supporting these hypotheses are scarce. Non-
sexual anastomoses are certainly not essential
for fungal propagation, since non-fusing
mutants are usually still able to complete their

vegetative life cycle (Fleißner et al. 2005; Prados
Rosales and Di Pietro 2008), and fusion fre-
quencies in different field isolates of the same
species can vary significantly, even to a point of
complete absence (Hyakumachi and Ui 1987;
Palma-Guerrero et al. 2013). Comparison of
non-fusing and fusing field isolates of the
basidiomycete fungus Rhizoctonia solani, how-
ever, revealed a striking correlation between
anastomoses and fitness (Hyakumachi and Ui
1987). While no significant growth differences
between the two types of isolates were observed
on potato dextrose agar, fusing strains grew
also in sterile and unsterile soil, while non-
fusing ones grew only in sterilized soil. Simi-
larly, hyphae of non-fusing isolates did not
survive a week after inoculation on organic
debris, while strains undergoing anastomosis
were still alive after two months. Together,
these data suggest that in this specific case, the
ability to fuse correlates with an improved
competitiveness against biotic soil factors. In
addition, the fusing strains were highly patho-
genic on seedlings and mature roots of sugar
beet, while the fusion-deficient strains were not
(Hyakumachi and Ui 1987).

A more current study revealed that also in
the ascomycete fungus N. crassa, germling
fusion has the potential to promote growth
and development. These benefits emerge, how-
ever, only under specific growth conditions
(Richard et al. 2012). The authors compared
the growth of a wild-type strain with an
anastomosis-deficient mutant as radially or lin-
early growing cultures (the latter ones on long
glass tubes, so-called “race tubes”). Starting the
colonies from higher numbers of spores always
proved beneficial for the wild type, while it was
rather disadvantageous for the mutant. As radi-
ally growing cultures, the wild type grew larger,
but in race tubes, the mutant grew more
quickly.

Similarly, a current study found a positive
correlation between the degree of fusion and
spore yield in N. crassa (Bastiaans et al. 2015).
An intuitive interpretation of these observa-
tions is that cooperation and resource pooling
between genetically identical individuals pro-
motes competitiveness. In contrast, establish-
ment of numerous individual colonies from
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non-fused spores would create competition for
resources and space even between clonal colo-
nies, which in total might hamper propagation
of this genotype. Also, the higher competitive-
ness of fusing spore populations compared to
non-fusing ones seems to be in part due to an
increase in colony size per se such that larger
colonies show in general a higher fitness than
smaller ones (Bastiaans et al. 2015). Consistent
with this notion, in confrontation assays
employing colonies of different and identical
basidiomycete species, commonly the larger
one succeeded over its smaller competitor
(Dowson et al. 1988; Holmer and Stenlid 1993).

Size and mutual competition, however,
seem not to be the only issues faced by fusion-
deficient fungal isolates. It is also commonly
observed that the growth fronts of fusion
mutants appear frayed and uneven in compari-
son to wild-type colonies, suggesting an uneven
distribution of growth factors and nutrients
within the mycelium (Fleißner et al. 2005;
Richard et al. 2012). The hypothesis that ana-
stomoses promote homeostasis within the
mycelial colony exists since the early days of
mycology. Marshall Ward, for example, stated
already in 1888: “It might be asked whether the
object served by fusions is to nourish the whole
mycelium more equably, or to equilibrate cer-
tain differences which have unavoidably made
themselves apparent in the metabolic pro-
cesses.” (Ward 1888).

Nutrient translocation within a mycelial
colony is essential for the growth in heteroge-
neous environments or to supply nutritional
sinks, such as forming fruiting bodies or resting
structures such as sclerotia. In extreme cases,
such as haustoria-forming biotrophic plant
pathogens, tapping of the nutrient source is
restricted to specialized structures, which sup-
port the entire developing mycelium. Although
this nutrient translocation has well been
demonstrated for the large and durable colo-
nies of basidiomycete species (Jacobs et al.
2004; Harris and Boddy 2005), its experimental
investigation in the comparably small and
short-lived mycelia of ascomycete fungi is
only just beginning. Analysis of the transloca-
tion of labeled nutrients in N. crassa wild-type
and fusion-deficient colonies revealed that ana-

stomoses in deed promote the transport of
resources. The mutants’ deficiencies became
even more pronounced on heterogeneous
nutrient sources, which are more likely to
reflect the situation in nature (Simonin et al.
2012). Consistent with these findings, the rapid
cytoplasmic flow, observed in the leading
hyphae of N. crassa colonies, is strongly
restricted in anastomosis-deficient mutants
(Roper et al. 2013).

Translocation of nutrients and also genetic
material via anastomoses is not only restricted
to individual fungal colonies but can also occur
between originally independent mycelia. In N.
crassa, this inter-mycelial exchange, however,
appears to be restricted to the very young stages
of colony establishment, indicating that the
interaction of individuals is finely regulated
during the fungal life cycle and that only certain
windows of cooperation exist (Simonin et al.
2012).

B. Genetic Exchange

In addition to resource pooling, anastomoses
can also facilitate the transfer of genetic mate-
rial. Germling or hyphal fusion between non-
clonal individuals creates heterokaryotic myce-
lia, which can provide the basis for the emer-
gence of new genotypes by non-meiotic
parasexual recombination (Pontecorvo 1956).
Karyogamy within heterokaryotic hyphae
bears unstable diploid nuclei, which succes-
sively lose surplus chromosomes during
mitotic divisions, until stable haploid states
are restored. The initial diploid state together
with the random chromosome loss allows
genetic recombination. Parasexual recombina-
tion is considered to be a major force of evolu-
tion among asexual fungi, causing genetic
diversity and the emergence of new pathotypes
(Clay and Schardl 2002; Roper et al. 2011; Bas-
karathevan et al. 2012). It has, however, also
been exploited as a tool for genetic analysis,
such as genome mapping, and strain construc-
tion in asexual species, including the biotech-
nological workhorse Aspergillus niger (Debets
et al. 1990, 1993; Bodie et al. 1994; Loera and
Cordova 2003).
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In nature, however, heterokaryon forma-
tion between genetically diverse individuals is
often averted by genetic allorecognition
mechanisms, such as vegetative heterokaryon
incompatibility.

During the heterokaryon incompatibility reaction,
fusion of two individuals carrying incompatible alleles
of specific genomic loci, so-called het loci, is followed
by sealing of the heterokaryotic compartments by sep-
tal plugging and subsequent destruction by pro-
grammed cell death reactions. Disjunction of the two
fused but incompatible individuals by this post-fusion
mechanism serves important functions for maintaining
mycelial integrity and prevents the dissemination of
infectious genetic elements, such as mycoviruses, or
resource plundering by aggressive genotypes (Glass
and Kaneko 2003; Glass and Dementhon 2006).

The potential takeover of cellular resources by an
invading genotype is impressively illustrated in the
plant and animal pathogenic fungus F. oxysporum.
Here, even fusion of clonal conidial germlings results
in the migration of one nucleus into the fusion partner
and the subsequent degradation of the originally resid-
ing nucleus (Ruiz-Roldan et al. 2010).

Although fungi possess mechanisms to distinguish
genetic “self” from “nonself,” individual species appear
to allow nonself interaction to different extent. Sexual
propagation in heterothallic species always requires the
physical interaction and nuclear exchange between dif-
ferent individuals and therefore the temporal suppres-
sion of incompatibility reactions. In N. crassa, the
mating-type locus itself serves as a het locus (Glass
and Kuldau 1992), illustrating the complexity of regu-
lation in fungal interactions. Temporal suppression of
incompatibility occurs also during vegetative growth.
In Colletotrichum lindemuthianum, heterokaryon for-
mation of incompatible strains is possible via germling
fusion, resulting in strains whose vegetative progenies
possesses features different from the parental strains,
therefore indicating recombination (Ishikawa et al.
2012).

It is a current matter of debate to which
extent anastomosis formation might contribute
to interspecies, horizontal gene transfer.
Although interspecies interactions appear to
be rare (Köhler 1930), hybridization of two
different Colletotrichum species via germling
fusion has been reported (Roca et al. 2004). It
will be of great interest to follow up on these
questions not only under laboratory settings
but also within the field.

IV. Molecular Bases of Germling/
Hyphal Fusion

Germling/hyphal fusion is a highly orchestrated
cellular process, in which different sub-steps
with specific molecular requirements can be
distinguished (Fig. 7.3) (Hickey et al. 2002;
Read et al. 2010). First, the cells need to gain a
certain fusion competence. Not all germlings
within a cell population will undergo fusion,
and not all lateral branches within the mycelial
colony will merge into hyphal bridges. Fusion,
therefore, appears not to be part of the general
cellular program but seems to require active
induction. A competent cell then has to identify
a potential fusion partner and establish a robust
communication over the spatial distance. As a
consequence, both fusion partners redirect
their growth toward each other, in order to
subsequently establish physical contact. Once
the cells touch, the physical contact must be
sensed in order for the cellular program to
shift from “directed hyphal extension” toward
“cell fusion.” The cells will adhere tightly, and
their walls are deconstructed in a careful and
highly organized manner. Finally, the plasma
membranes need to get into close physical con-
tact to form a fusion pore by merger. In germ
tube fusion, pore formation and subsequent
cytoplasmic mixing are usually followed by
the establishment of a new polarity center,
which will serve as the origin of a newly grow-
ing tip. Despite this complexity, fungal anasto-
mosis formation is an experimentally easily
amenable model system for eukaryotic cell
fusion. In N. crassa, conidia can be simply
spread on a synthetic growth medium, and
after 3–4 h of incubation, cell-cell communica-
tion and fusion are readily observable by simple
light microscopy. This system therefore pro-
vides a simple model for addressing the various
biological processes involved in germling
fusion, including cell-cell communication,
polar and directed growth, cell adhesion, cell
wall remodeling, and plasma membrane
merger.

In recent years, reverse and forward genet-
ics approaches have revealed numerous molec-
ular factors mediating the various steps of
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anastomosis formation. It is becoming increas-
ingly apparent that this biological process is
controlled by an intricate signaling network,
involving MAP kinase signaling cascades, reac-
tive oxygen-generating systems, Ca2+ signaling,
polarity factors, and other signaling complexes
conserved in eukaryotic cells. Complete over-
views of the so far reported factors involved in
vegetative fusion have recently been provided
by two different literature reviews (Lichius and
Lord 2014; Weichert and Fleißner 2015). Here,
we will focus on selected examples in an
attempt to highlight some of the general molec-

ular principles mediating vegetative cell fusion
in filamentous ascomycete fungi.

A. Competence

The molecular basis of fusion competence is
currently not understood. To some extent, the
molecular machineries controlling competence
seem to overlap with factors involved in the
subsequent tropic interaction of the fusion
partners. For example, strains lacking compo-
nents of the MAK-2 MAP kinase module, which

Fig. 7.3 Germling fusion is a multistep process. (a)
After the germlings gained fusion competence, they
establish a mutual tropic interaction. Ones physical
contact is established, growth is arrested, and the two
germlings tightly adhere to each other. The cell wall is

deconstructed at the contact area and the plasma mem-
branes merge, and the cytoplasm mixes. (b) Fusion of
two germlings expressing either cytoplasmic GFP or
cytoplasmic mCherry (images are merged). Note how
the fluorescence mixes after fusion
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is clearly involved in directed growth (see
below), are unable to form CATs, suggesting
that they might also be deficient in turning the
developmental switch toward fusion (Pandey
et al. 2004; Roca et al. 2005b). Deciphering
these different functions of individual molecu-
lar factors poses a major challenge for future
investigations.

It is, however, becoming increasingly clear
that fusion competence is influenced by envi-
ronmental factors and growth conditions,
including nutrient availability, cell density, or
the pH value of the growth substrate. Köhler
showed already that germlings of B. allii readily
fused on diluted potato juice or potato haulm
extract agar, but that anastomoses were basi-
cally absent on the undiluted growth media
(Köhler 1930). Similar observations were
made for Sclerotinia fructigena, Fusarium coer-
uleum, and Spicaria violacea in the same study.
In Colletotrichum lindemuthianum, conidial
anastomosis tubes even only form when spores
are cultivated in water, while the presence of
nutrients fully suppresses this cellular differen-
tiation (Ishikawa et al. 2010). A negative corre-
lation between nutrient availability and fusion
frequency has also been reported for the basid-
iomycete fungi Schizophyllum commune and
Rhizoctonia solani, where the addition of nitro-
gen to the growth medium had the strongest
effect (Ahmad and Miles 1970; Yokoyama and
Ogoshi 1988). In the vascular wilt fungus F.
oxysporum, the addition of ammonium to the
growth medium repressed anastomosis forma-
tion. This repression requires the bZIP protein
MeaB and the nitrogen regulator AreA and
could be reversed by rapamycin, indicating an
involvement of the Ser/Thr kinase TOR (Lopez-
Berges et al. 2010). The addition of various
amino acids, especially tryptophan, to the
growth medium inhibited CAT fusion in N.
crassa. Tryptophan appears to act intracellu-
larly, since amino acid permease mutants are
resistant against this inhibitory effect (Fischer-
Harman et al. 2012). These negative effects of
nutrients on anastomoses formation are consis-
tent with the hypothesis that germling fusion,
and therefore resource pooling, might increase
the fungal fitness in response to starvation. If,
in contrast, sufficient external resources are

available, also the development of independent
colonies within a restricted space is supported.

Induction of fusion within in spore popula-
tions also depends on cell density and appears
to share characteristics of quorum-sensing
behavior. In Venturia inaequalis, groups of
spores readily initiate germling fusion, while
two isolated cells rarely anastomose. Interest-
ingly, fusion in isolated pairs could be induced
by the addition of culture filtrates (Leu 1967),
suggesting the presence of a chemical inducer.
Similarly in N. crassa, the number of conidial
anastomosis tubes negatively correlates with
the conidial concentration (Roca et al. 2005b).

B. Cell-Cell Communication and Directed
Growth

1. Signals

As non-motile cells, fungal fusion germlings or
hyphae need to establish physical contact via
directed growth. Typically both cell tips actively
grow toward the partner, indicating bidirec-
tional signaling, or as Marshall Ward put it in
1888: “(. . .) it seems to me impossible to doubt
that the hyphae exert an attractive influence
upon one another (. . .)” (Ward 1888). The
early mycologists also speculated already on
the nature of the signals involved, and Köhler
stated in 1930 “there should not be much doubt
that these stimuli are of material nature”
(Köhler 1930). However, even a century later,
the signals mediating germling and/or hyphal
fusion are still unknown and have somewhat
become the holy grail of this research field. A
major obstacle in their identification is the lack
of a robust bioassay to identify, for example,
active fractions of a culture supernatant.

Fusion-related interactions are mostly spe-
cies specific, suggesting that every species
employs somewhat different signals (Köhler
1930). Oligopeptides, such as the pheromones
involved in fungal sexual communications, are
likely candidates. However, in N. crassa, the
sexual pheromones and their receptors are dis-
pensable for vegetative fusion processes (Kim
and Borkovich 2004, 2006). In addition to small
peptides, fungi produce a plethora of other
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chemical substances which are involved in
developmental regulatory processes (Leeder
et al. 2011). Examples include the diterpenoid
conidiogene inducing spore formation in Peni-
cillium cyclopium (Roncal et al. 2002) or the
sesquiterpene alcohol farnesol mediating
quorum-sensing processes in Candida albicans
(Hornby et al. 2001). Searching in various
directions seems therefore advisable in efforts
to identify the fusion-mediating signal.

2. MAP Kinase Signaling

Two different MAP kinase signaling cascades,
homologous to the pheromone response and
the cell wall integrity pathway of Saccharomy-
ces cerevisiae, have conserved functions during
germling and hyphal fusion in filamentous
ascomycete fungi. In N. crassa, the two path-
ways are the MAK-2 and the MAK-1 cascade,
respectively. The MAK-2 MAP kinase and its
upstream activating kinases MEK-2 and NRC-1
are essential for the interaction of fusion cells.
Mutants lacking one of these factors are defi-
cient in cellular interactions related to fusion,
and the cells appear to be blind toward each
other (Pandey et al. 2004; Maerz et al. 2008;
Fleißner et al. 2009b). Isolates of F. oxysporum
lacking the MAK-2 homologous kinase Fmk1
exhibit comparable deficiencies (Prados
Rosales and Di Pietro 2008). Similarly in Asper-
gillus nidulans, mutants in the respective MAP
kinase MpkB and MAP kinase kinase kinase
SteC are unable to undergo self and nonself
fusion (Wei et al. 2003; Jun et al. 2011).

In N. crassa, subcellular localization of the
three kinases of the MAK-2 module revealed
an unusual signaling mechanism employed by
the two fusion partners. In germlings under-
going positive autotropism, the three kinases
assemble in membrane-associated complexes,
in a dynamic, oscillating manner (Fig. 7.4)
(Fleissner et al. 2009b; Dettmann et al. 2012).
The membrane recruitment alternates between
the two fusion partners with a phase of 6–
12 min. Within one cell, recruitment of this
signaling module alternates with the formation
of membrane-associated complexes of the SO

protein (see below) (Fleißner et al. 2009b).
Together, these data suggest that the two fusion
cells coordinately and continuously switch
between two physiological stages during their
interaction. An attractive hypothesis is that the
cells alternate between signal sending and
receiving and therefore establish a kind of cellu-
lar dialog. This mode of communication would
allow both cells to employ the same signal/recep-
tor pair while avoiding self-excitation (Fleißner
et al. 2009b; Goryachev et al. 2012).

Plasma membrane recruitment and activa-
tion of MAP kinase modules commonly involve
scaffolding proteins, which are often not well
conserved. For example, regulation of the yeast
pheromone response pathway, whose MAP
kinase is homologous to MAK-2, strongly
depends on the Ste5 scaffolding protein (Choi
et al. 1994), which has no homolog in filamen-
tous ascomycete fungi. Recently, however, two
potential MAK-2 scaffolds were identified. The
NDR kinase scaffold HYM-1 is essential for
signal transduction through the kinase module.
A physical fusion of the upstream kinases NRC-
1 and MEK-2 reconstituted MAK-2 signaling in
a Dhym-1mutant, suggesting that HYM-1 func-
tions in bridging the two kinases (Dettmann
et al. 2012).

In addition, two recent studies indepen-
dently identified HAM-5 as an additional scaf-
fold for the MAK-2 module (Dettmann et al.
2014; Jonkers et al. 2014).

A Dham-5 mutant is fully fusion deficient, and the
HAM-5 protein co-localizes together with the three
kinases of the MAK-2 module in the typical oscillating
manner. While so far the alternating membrane recruit-
ment of the various signaling proteins was only
observed during germling fusion but not in hyphal
fusion, HAM-5 shows robust oscillation in both pro-
cesses. This finally supports the mutant phenotype-
based hypothesis, that both processes are mediated by
very similar molecular mechanisms (Jonkers et al.
2014). The complex of the MAK-2 module and HAM-5
also physically interacts with a number of additional
signaling components, including the MAP kinase regu-
lator STE50, two STE20-related kinases, the small
GTPase RAS2, and factors of the STRIPAK signaling
complex (see below), suggesting the presence of an
intricate signaling network mediating anastomosis for-
mation (Dettmann et al. 2014).
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Fig. 7.4 Fusing germlings of N. crassa coordinately
switch between two physiological stages during their

interaction. These switches are indicated by the alter-
nating recruitment of the MAP kinase MAK-2 (green)
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The dynamic localization of the MAK-2-
module within the cell likely reflects its various
activation states and molecular functions. Acti-
vation of MAP kinases commonly occurs in
membrane-associated complexes, since
upstream activating factors are often mem-
brane bound, such as transmembrane sensors
(Pearson et al. 2001). Membrane recruitment
might, however, also modulate the signal trans-
mission process by concentrating the different
interacting factors in a restricted space, thereby
amplifying signaling through the cascade (Lam-
son et al. 2006). In addition to upstream activa-
tors, the complex-bound interactors can also
involve MAP kinase targets. In S. cerevisiae,
Fus3 phosphorylates the actin-organizing for-
min Bni1 resulting in polarization of the cyto-
skeleton (Matheos et al. 2004). A similar
function of tip-localized MAK-2 in directing
growth of the fusion tips of N. crassa seems
more than likely.

In fusion germlings, MAK-2 localizes also
to nuclei (Fleißner et al. 2009b). Common MAP
kinase targets are transcriptional regulators
linking cellular signaling to gene activity con-
trol. The MAK-2 kinase of N. crassa interacts
with the transcription factor PP-1, a homolog of
Ste12 of S. cerevisiae, and RCO-1, which forms
together with RCM-1 a dimeric transcription
factor. Both PP-1 and RCO-1/RCM-1 are essen-
tial for germling and hyphal fusion, indicating a
role of the MAK-2 module in translating the
cellular communication into transcriptional
responses (Li et al. 2005; Aldabbous et al.
2010; Leeder et al. 2013).

The second MAP kinase module essential
for germling and hyphal fusion is homologous
to the yeast cell wall integrity pathway and
consists of the three kinases MIK-1, MEK-1,
and MAK-1. Mutants of N. crassa, S. macro-
spora, and E. festucae lacking the respective
MAP kinase and its upstream activating kinases
are fusion deficient and form no hyphal net-
works (Maerz et al. 2008; Teichert et al. 2014;

Becker et al. 2015). A complex of the two trans-
membrane proteins HAM-6 and HAM-8 and
the GPI-anchored HAM-7 potentially functions
as an upstream sensor of the MAK-1 module in
N. crassa (Maddi et al. 2012; Fu et al. 2014). The
exact molecular function of this signaling cas-
cade during the cellular interaction remains to
be determined; however, in N. crassa, a poten-
tial link to the MAK-2 MAP kinase cascade
appears to exist via the STRIPAK signaling
complex (see below).

3. The SO Protein

SO is a protein specific only for filamentous
ascomycete fungi and is not present in bakers
or fission yeast (Fleißner and Glass 2007). Its
molecular function during hyphal fusion is so
far not fully understood. Mutants of N. crassa,
S. macrospora, F. oxysporum, and E. festucae
lacking the so gene are deficient in vegetative
fusions (Fleißner et al. 2005; Engh et al. 2007;
Prados Rosales and Di Pietro 2008; Charlton
et al. 2012). As mentioned above, in N. crassa
germlings undergoing tropic interactions, SO
assembles at the plasma membrane of the cell
tips. This recruitment alternates with the for-
mation of MAK-2 module complexes, suggest-
ing a role in the coordinated signaling behavior
(Fig. 7.4) (Fleißner et al. 2009b). Based on the
well-described functions of MAP kinases, the
cell accumulating MAK-2 at the tip is the
signal-receiving cell in the current working
model. Hence, the cell carrying SO at its tip
would be the signal-sending one, and a so far
unknown role of SO in secretion of the signal is
being discussed (Fleißner et al. 2009b; Gorya-
chev et al. 2012). In S. macrospora, the SO
homologous PRO40 functions as a scaffolding
protein for the MAK-1 cell wall integrity MAP
kinase cascade and links the kinase module to
the upstream activator protein kinase C (PKC1)
(Teichert et al. 2014). However, no membrane
recruitment of MAK-1 and co-localization with

Fig. 7.4 (continued) and the SO protein (red) to the
plasma membrane of the growing tips (arrows). MAK-
2 remains at the contact zone after physical contact,

while SO disappears (arrowheads). MAK-2 localizes
around the forming fusion pore (asterisk) (Adapted
from Weichert and Fleißner 2015)
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SO are observed during germling fusion in N.
crassa (our unpublished data). Therefore, SO
has probably molecular functions beyond its
role as a scaffold for MAP kinase modules. In
the plant pathogenic fungus A. brassicicola, the
SO homolog is a pathogenicity factor, while in
the grass endophyte Epichloe festucae, the
absence of SO shifts the mutualistic lifestyle
toward pathogenic behavior (Craven et al.
2008; Charlton et al. 2012). The protein also
accumulates at septal plugs in various fungi
(Engh et al. 2007; Fleißner and Glass 2007;
Maruyama et al. 2010) and in stress granules
in A. oryzae, where it promotes the proper
formation and localization of these structures
(Huang et al. 2013), adding additional aspects
to potential SO functions. Together, these data
highlight the still somewhat cryptic SO protein
as an important factor controlling growth and
development of filamentous ascomycete fungi.

4. The STRIPAK Complex

Studies in S. macrospora first revealed the pres-
ence of a highly conserved multi-subunit
signaling complex in filamentous fungi, homol-
ogous to the human striatin-interacting phos-
phatase and kinase (STRIPAK) complex
(Poggeler and Kuck 2004; Bloemendal et al.
2012). In S. macrospora and N. crassa, STRIPAK
signaling is involved in fruiting body formation
during sexual development and anastomosis for-
mation during vegetative growth (Simonin et al.
2010; Bernhards and Poggeler 2011; Bloemendal
et al. 2012; Dettmann et al. 2013; Nordzieke et al.
2014). The complex localizes to the nuclear
envelope and consists of six different proteins,
HAM-3/PRO11/striatin, HAM2/PRO22/STRIP,
HAM-4/SLAMP, MOB-3/SmMOB3/phocein,
and protein phosphatase 2A subunits PPG-1/
PP2A-C and SmPP2AA/PP2A-A. Striatin is a
member of the calmodulin-binding protein fam-
ily and is thought to serve as a scaffolding pro-
tein for signaling complexes. MOB-3 functions
as a kinase activator.

In N. crassa, a link between STRIPAK and
MAP kinase signaling exists. MOB-3/phocein is
a target of the MAK-2 MAP kinase, and its

phosphorylation influences the nuclear accu-
mulation of MAK-1. As described above, both
of these MAP kinases are essential for vegeta-
tive and hyphal fusion. Together with the STRI-
PAK complex, these signaling cascades appear
to be linked into an intricate signaling network
mediating vegetative cell-cell communication
and fusion. The core STRIPAK complex can
also associate with other regulatory proteins,
thereby linking it to other signaling pathways
involved in a plethora of eukaryotic cell func-
tions, including signaling, cell cycle control,
vesicular trafficking, cell polarity, and apopto-
sis (Hwang and Pallas 2014).

5. Reactive Oxygen Species-Generating Systems

Studies in B. cinerea, N. crassa, and E. festucae
revealed a conserved function of reactive oxy-
gen species (ROS)-generating systems in vege-
tative hyphal fusion (Takemoto et al. 2011;
Read et al. 2012; Roca et al. 2012). In the gray
mold B. cinerea, the NADPH oxidase BcNoxA
and its regulator BcNoxR are essential for
germling fusion, while a second NADPH oxi-
dase BcNoxB is contributing to this process
(Roca et al. 2012). All factors also play a role
in the pathogenic development of this plant
parasitic fungus, however, BcNoxB being the
essential and BcNoxA the contributing factor.
Interestingly, no germling fusion was observed,
when spores germinated on plant surfaces,
which induce pathogenic development, sug-
gesting that fusion and infection might be
mutually exclusive developmental routes for
germinating conidia (Fleißner 2012; Roca et al.
2012).

Takemoto et al. identified the potential
scaffolding protein Bem1 as part of NADPH
oxidase complexes (Takemoto et al. 2011). Con-
sistent with this finding, Dbem1 mutants of N.
crassa and B. cinerea are fusion deficient
(Schurg et al. 2012; Giesbert et al. 2014). Tropic
interactions related to vegetative fusion are
strongly reduced and instable in the N. crassa
mutant, and signaling through the MAK-2 MAP
kinase cascade is strongly affected in these iso-
lates. The SO protein mislocalizes in Dbem1
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fusion germlings reminiscent to a pattern
observed after specific chemical inhibition of
MAK-2 (Fleißner et al. 2009b; Schurg et al.
2012). In S. cerevisiae, which lacks NADPH
oxidases, Bem1 links the pheromone response
MAP kinase pathway to cell polarity factors
(Leeuw et al. 1995). In different fungi, Bem1
binds the small GTPases Rac-1 or Cdc42, the
Guanine nucleotide exchange factor Cdc24,
interacts with the actin organizing formin and
is linked to the secretory pathway (Kozubowski
et al. 2008; Li and Wedlich-Soldner 2009;
Giesbert et al. 2014; Liu and Novick 2014). Rac-
1 and Cdc24 are also part of the Nox complex of
E. festucae and play a role in germling fusion in
N. crassa (Fu et al. 2011; Takemoto et al. 2011;
Lichius et al. 2014). Recently, further support for
a regulatory role of specific ROS levels was
provided by quantitative trait analysis. This
study identified ARG-15, an acetylornithine-
glutamate transacetylase, as a factor promoting
cellular interactions related to anastomoses in N.
crassa, which is potentially involved in ROS
degradation (Palma-Guerrero et al. 2013).
Together, these observations support a model,
in which ROS signaling, MAP kinase cascades,
and cell polarity factors form a regulatory net-
work controlling cell-cell signaling and directed
growth (Fig. 7.5).

6. Calcium Signaling

On media containing reduced amounts of Ca2+,
conidia of N. crassa germinate properly; how-
ever, their fusion-related interactions are sig-
nificantly reduced (Palma-Guerrero et al. 2013).
Ca2+-mediated signaling might therefore be
involved in anastomosis formation. In a
genome-wide association study in N. crassa,
cse-1, a homolog of a neuronal calcium sensor
of vertebrates, was identified as a promoting
factor of germling and hyphal fusion. In these
processes, Ca2+ might be involved in secretory
processes. Mutations in the two potential cse-1-
interaction partners, nfh-2 and pik-1, also result
in fusion deficiencies (Palma-Guerrero et al.
2013). NFH-2, a 14-3-3 protein, could control
the CSE-1 shuttle between the cytoplasm and

the nucleus, while PIK-1 is a phosphatidylino-
sitol kinase involved in vesicle transport from
the Golgi to the plasma membrane. An attrac-
tive hypothesis is that these factors control
Ca2+-mediated secretion of the cell-cell com-
munication signal and/or its cognate receptor
(Palma-Guerrero et al. 2013). An essential role
of secretory and/or endocytic processes for
germling/hyphal fusion is further supported
by the essential roles of the exocyst complex
component SEC15 and the C2-domain-contain-
ing protein HAM-10 for vegetative fusion (Fu
et al. 2011; Palma-Guerrero et al. 2013). C2-
domain proteins mediate membrane targeting
of proteins in an often Ca2+-dependent manner.
They are involved in various cellular processes,
including signal transduction and vesicular
trafficking (Cho and Stahelin 2006).

Interestingly, in mammalian cells, calcium
binds to striatin via calmodulin. A potential role
of the STRIATIN complex in Ca2+-mediated sig-
naling during vegetative hyphal fusion has there-
fore been proposed (Simonin et al. 2010), further
expanding the proposed signaling network of
MAP kinase cascades and STRIATIN by Ca2+-
mediated processes (Fig. 7.5).

C. Adhesion, Cell Wall Breakdown, and Plasma
Membrane Fusion

Once the two fusion partners have established
physical contact, they must tightly adhere in
order to form a fusion pore by breaking down
the cell walls and merging the plasma mem-
branes. So far, molecular factors mediating
adherence and cell wall deconstruction during
vegetative fusion in filamentous fungi are
unknown. The adhesins mediating cell-cell con-
tact during yeast mating, Aga1, Aga2, Sag1 and
Fig2 (Huang et al. 2009), are not conserved in
filamentous ascomycete species. It has been
hypothesized that the MAK-1 MAP cell wall
integrity pathway is involved in cell wall remo-
deling during fusion in N. crassa; however,
experimental proof is still lacking.

An important, basic hypothesis in the cell
fusion research field is the existence of so-called
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Fig. 7.5 Current working model describing the molec-
ular bases of germling fusion in N. crassa. The cells

alternate between signal receiving (top) and signal
sending (bottom). Binding of the postulated signaling
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fusogens. Fusogens are defined as cell surface
proteins, which are essential and sufficient to
mediate cell membrane merger (Aguilar et al.
2013). The hunt for this holy grail of cell fusion
has so far only been successful in the nematode
Caenorhabditis elegans (AFF-1, EFF-1) and for
the mammalian placenta, where trophoblasts
fuse (syncytin-1, syncytin-2) (Mohler et al.
2002; Blaise et al. 2003; Frendo et al. 2003;
Sapir et al. 2007). So far, no fungal factor,
meeting the criteria of a fusogen, has been
identified. However, several proteins promot-
ing plasma membrane merger are known. In a
screen for potential fusogens mediating mem-
brane fusion during mating of S. cerevisiae, the
Prm-1 protein was identified. Prm-1 is a trans-
membrane protein, whose expression is
induced in response to mating pheromone. In
a Dprm-1 mutant, about 50 % of mating pairs
arrest as prezygotes at a stage where the cell
wall had been degraded, but the plasma mem-
branes did not fuse, yet (Heiman and Walter
2000). A comparable phenotype was observed
in a Dprm-1 mutant in N. crassa in vegetative
but also sexual trichogyne-conidium fusion,
suggesting that PRM-1 is part of a general
fusion machinery (Fleißner et al. 2009a).
Recently, a protein with similar function to
PRM-1 was identified. LFD-1 is a single-pass
transmembrane protein, whose absence results
in similar but less severe fusion defects as
observed in Dprm-1. Genetic analysis revealed
that the defects of both mutants are additive,
indicating that the two proteins function inde-
pendently while sharing redundant functions
(Palma-Guerrero et al. 2014).

V. Conclusion

While hyphal fusion in filamentous fungi
caught already the early mycologists’ attention,
it was not until recent years that broader inter-
est in this fascinating topic has been rekindled.
Since modern techniques, such as life cell imag-
ing, genome sequencing, transcriptomic analy-
sis, or directed mutagenesis, are very well
established for many filamentous ascomycete
species, rapid progress in elucidating the
molecular basis of anastomosis formation has
been made. It is becoming increasingly evident
that an intricate signaling network comprising
many highly conserved molecular factors con-
trols these processes. Vegetative hyphal fusion
therefore provides an easily accessible model
system to analyze eukaryotic cell-cell commu-
nication and fusion. Many vital questions, how-
ever, remain unanswered. What is the nature of
the signal and its cognate receptor employed by
interacting fusion cells? How can the cells coor-
dinate and fine-tune their behavior over a
spatial distance without physical contact?
What is the role of germling and hyphal fusion
in natural environments and for the different
fungal life styles? Is vegetative fusion related to
pathogenic development? To which extent does
nonself fusion contribute to genetic recombina-
tion and the origin of new pathotypes? Does
vegetative fusion offer new approaches in bio-
technological applications? The currently rising
interest of the fungal research community in
hyphal fusion holds much potential for answer-
ing many of these questions in the near future.

Fig. 7.5 (continued) ligand to its cognate receptor
results in the assembly of the MAK-2 signaling complex
at the plasma membrane and activation of the MAP
kinase. Activation involves or is promoted by reactive
oxygen species produced by the NOX1 NADPH oxidase
complex. Activation of MAK-2 results in control of the
growth direction through a postulated interaction with
cytoskeleton controlling factors. In addition, activated
MAK-2 enters the nucleus, where it controls the tran-
scription factors PP-1 and RCO-1/RCM-1, which regu-
late gene transcription. In addition, MAK-
2 phosphorylates MOB-3 of the STRIPAK complex,
resulting in translocation of the MAK-1 MAP kinase

into the nucleus. In the signal-sending cell, the MAK-2
MAP kinase complex is disassembled, and the SO pro-
tein is present at the plasma membrane. The signal
might be provided by vesicles, and their controlled
fusion with the plasma membrane might result in a
signal burst. Vesicle transport and fusion with the
membrane is controlled by Ca2+-controlled factors
and might involve the SO protein. In addition, the
SO protein functions as a scaffold for the MAK-1
MAP kinase module, which is activated by a
membrane-bound complex of HAM6/7/8. If this activa-
tion is required for signal sending or receiving is so far
unclear
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I. Introduction

Fungi are widely thought to be immortal. This
view is supported by the description of a huge
vegetation body of an Armillaria bulbosa indi-
vidual in Michigan with an estimated weight of
at least 10,000 kg and a current age of approxi-
mately 1500 years (Smith et al. 1992). However,
there are also species described with a
restricted lifespan and defined signs of age-
related degeneration. Historically, the first
detailed description of such a phenotype dates
back to studies of Rizet in the early 1950s (Rizet
1953a, b). He reported that, during vegetative
growth, cultures of the filamentous ascomycete

Podospora anserina change their morphology,
slow down growth until it completely ceases,
and the hyphae die at their tips. Only some
years later Mortimer and Johnson reported
that the yeast Saccharomyces cerevisiae does
only generate a finite number of daughter cells
(Mortimer and Johnston 1959). Subsequently,
over the last several decades many other age-
related degenerative processes have been
reported in fungi (Bertrand et al. 1985, 1986;
Böckelmann and Esser 1986; Chan et al. 1991;
Geydan et al. 2012; Lazarus et al. 1980; Lazarus
and Küntzel 1981).

The time-dependent degenerative pro-
cesses in fungi comply with the general defini-
tion of biological aging as a progressive decline
of physiological functions (Kirkwood and Aus-
tad 2000). The understanding of the underlying
mechanisms is of particular interest, because
this knowledge is certainly a key toward the
development of interventions into degenerative
processes. For instance, this could be advanta-
geous in biotechnology to increase yields of
products (Scheckhuber et al. 2009) or in medi-
cine to intervene in age-related disabilities and
severe diseases in later age. Since experimental
studies of human aging are complicated due to
the complex organization, the long lifespan,
and ethics considerations, such investigations
are carried out in various model systems.
Importantly, these organisms are short-lived
and can be genetically manipulated (Osiewacz
and Scheckhuber 2006; Partridge 2011). Among
these models, the filamentous ascomycete P.
anserina and the yeast S. cerevisiae have been
extensively studied over decades. Both systems
have special characteristics that make them
ideal for the analysis of different aspects of
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aging. For instance, in P. anserina, aging can
easily be followed macroscopically, since the
multicellular individual is forming clearly visi-
ble colonies on the substrate. In addition, the
fungus can genetically be modified and ana-
lyzed on different levels (Esser 1974; Osiewacz
et al. 2013). S. cerevisiae is used as a model for
aging of mitotic as well as post-mitotic cells
(Jazwinski 2004; Longo et al. 2012). The first,
replicative aging, is determined by the number
of daughter cells that are generated by a mother
cell in the process of budding. In contrast,
chronological aging is the time-dependent sur-
vival of cells in stationary phase.

In this treatise, we will discuss the current
view of fungal senescence in particular in P.
anserina. We do not aim for a comprehensive
description of what has been analyzed over
decades of work. Instead, our special emphasis
lies on the description of the emerging path-
ways and mechanisms that lead to age-related
degenerations and the pathways involved in
preventing molecular damage or getting rid of
it. With this focus, we will also include work
from yeast and other fungi. For other aspects of
fungal senescence and earlier work, the reader
is referred to chapters in previous editions of
this series (Osiewacz and Hamann 1994) and
other reviews (Esser and Tudzynski 1980; Grif-
fiths 1992; Jazwinski 2004; Jazwinski and Kriete
2012; Osiewacz 1990, 2002).

II. Molecular Degeneration

The time-dependent accumulation of molecular
damage leading to the progressive decline of
physiological functions is the key of biological
aging. In particular in fungi, early work has
identified well-defined genetic changes in mito-
chondria during senescence. The following part
of this chapter will summarize main conclu-
sions from these studies and will discuss
sources of molecular damage.

A. Mitochondrial DNA Instabilities

In the pre-genetic engineering area, formal
genetic analysis revealed extrachromosomal
traits to be effective in aging of P. anserina.

When juvenile and senescent strains were used
in reciprocal crosses, results were obtained that
did not correspond to those expected for the
segregation of Mendelian factors (Marcou 1961;
Marcou and Schecroun 1959).

Fertilization of protoperithecia, the female gametangia,
of juvenile P. anserina wild-type strains with spermatia
from senescent strains gave rise to juvenile progeny. In
contrast, the cultures derived from the fertilization of
protoperithecia from senescent cultures let to the for-
mation of mostly senescent progeny (Marcou 1961).

Attempts to identify the corresponding
traits let to the isolation of a covalently closed
circular DNA which, due to its structural simi-
larities with prokaryotic plasmids, was termed
plDNA (Stahl et al. 1978) and subsequently, due
to its accumulation in senescence cultures,
aSenDNA (Cummings et al. 1979). Subsequent
analyses revealed that, in juvenile cultures, this
DNA sequence is integrated as the first intron
into cytochrome c oxidase subunit I gene
within the circular mitochondrial DNA
(mtDNA) of 95 kbp in size (Esser et al. 1981;
Kück et al. 1981; Osiewacz and Esser 1984; Stahl
et al. 1979). During aging, this intron (pl-
intron) becomes liberated and accumulates as
an oligomeric series of plDNA molecules (Esser
et al. 1980). Due to reintegration into the CoxI
gene (“homing integration”) and into other
ectopic sites in the mtDNA, iterated plDNA
copies are generated in individual mtDNA
molecules (Sellem et al. 1993). These sequences
lead to recombination processes and gross
mtDNA reorganizations with a loss of larger
parts of the mtDNA (Sellem et al. 1993). As a
consequence, older P. anserina cultures are
impaired in mitochondrial functions because
they are lacking essential sequences coding for
respiratory chain components as well as RNAs
of the mitochondrial protein biosynthesis
apparatus. Since P. anserina is an obligate aer-
obic organism relying on mitochondrial ATP
synthesis, these cultures turn to senescence
and finally die.

The key role of the mtDNA reorganization
in aging of P. anserina is supported by various
data. Most importantly, mutants in which the
mtDNA is stabilized are long-lived or even
immortal (Maas et al. 2007; Osiewacz et al.
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1989; Schulte et al. 1988, 1989). Further support
stems from other Podospora, Neurospora, and
Aspergillus species in which age-related degen-
eration was also found to be associated with
mtDNA instabilities (Bertrand et al. 1980,
1985; Böckelmann and Esser 1986; Chan et al.
1991; Kuiper et al. 1990; Lazarus et al. 1980;
Lazarus and Küntzel 1981; Myers et al. 1989;
Nargang et al. 1992). For instance, in Neuro-
spora, linear plasmids, which structurally
resemble transposable elements with terminal
inverted repeats, have been identified to act as
mtDNA mutators and integrate into genes of
the mtDNA. The affected, mutated mtDNA
molecules become suppressive by a yet
unknown mechanism and lead to functional
impairments of mitochondria and senescence.

The analyses of various long-lived mutants
of P. anserina unraveled a link of fungal senes-
cence to respiration, the oxygenic generation of
ATP in mitochondria.

Oxygenic respiration occurs in the mitochondrial inner
membrane were electrons derived from breakdown
products of nutrients like carbohydrates are trans-
ported via four protein complexes (I–IV) to molecular
oxygen. In addition, protons are transported across the
inner membrane at respiratory complexes I, III, and IV.
The resulting electron motive force is the driving force
to generate ATP at complex V.

Different long-lived or even immortal strains
of P. anserina have been selected in which respi-
ration proceeds via an alternative pathway with
an alternative terminal oxidase termed AOX
(Borghouts et al. 2001; Borghouts and Osiewacz
1998; Dufour et al. 2000; Schulte et al. 1988;
Stumpferl et al. 2004). This protein carries elec-
trons from the ubiquinol pool to oxygen and by-
passes complexes III and IV. Since the latter two
complexes are pumping protons across the inner
mitochondrial membrane, ATP production in
mutants lacking these complexes is lower than
in mitochondria with a standard, COX-
dependent respiration. Compared to the wild
type, mutant strains are growing slower and are
impaired in fertility.Most strikingly, these strains
are long-lived (Fig. 8.1). This phenotype links
aging of P. anserina to one prominent aging
theory, the mitochondrial free radical theory of
aging (MFRTA)which states that reactive oxygen

species (ROS) cause the accumulation of molec-
ular damage during aging and finally lead to
death of the system (Harman 1956).

Free radicals are molecules or ions with unpaired
valence electrons or an open electron shell, which ren-
ders them highly reactive. Reactive oxygen species
(ROS) are defined as chemically reactive molecules
containing oxygen. Therefore radicals that are com-
posed of an oxygen molecule, like hydroxyl radicals
(HO�) belong to the group of ROS. On the other hand,
hydrogen peroxide (H2O2) does not belong to the group
of free radicals, but since it contains oxygen and is
highly reactive, it is a ROS.

B. Generation and Function of Reactive
Oxygen Species

The primary cellular ROS is the superoxide
anion (O2��) which is not a strong oxidant,
but able to oxidize iron-sulfur clusters and
thereby inactivate proteins and release iron
(Costa and Moradas-Ferreira 2001). A major
portion of superoxide results from the transfer
of a single electron to molecular oxygen at
complex I and complex III of the mitochondrial
respiratory chain (Dröse and Brandt 2008; Tur-
rens and Boveris 1980). At complex III super-
oxide is released to the intermembrane space
and the mitochondrial matrix, while superoxide
generated by complex I is only released to the
matrix. Other pathways and sites of superoxide
generation are lipid metabolism in peroxisomes
(Kawalek et al. 2013; Titorenko and Terlecky
2011), external NADH dehydrogenase (Fang
and Beattie 2003), NADPH oxidase (Tudzynski
et al. 2012), and glycerophosphate dehydroge-
nase (Drahota et al. 2002). Although superoxide
is not able to cross pure lipid bilayers, it can
cross the outer mitochondrial membrane via
anion channels (Han et al. 2003). In contrast,
the major portion of mitochondrial superoxide,
which is produced at the matrix site of the
inner membrane, cannot exit mitochondria.
However, superoxide can be converted to
hydrogen peroxide (H2O2), which is able to
cross membranes. The efficiency of this trans-
port depends on the composition of the
membrane bilayer (Antunes and Cadenas
2000; Bienert et al. 2006; Branco et al. 2004;
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Sousa-Lopes et al. 2004). Hydrogen peroxide is
a weak oxidant, capable of inactivating
enzymes with essential cysteines via the oxida-
tion of their thiol groups. Since superoxide and
hydrogen peroxide have a low reactivity at
physiological concentrations, it is believed
that their toxicity results from their conversion
into the very reactive hydroxyl radical (HO�)
which is a powerful oxidant reacting with pro-
teins, lipids, and DNA at diffusion limit rates
(Beauchamp and Fridovich 1970; Keyer et al.
1995). Hydroxyl radical generation from super-
oxide and hydrogen peroxide is catalyzed by
metal ions (e.g., iron and copper) in the Fenton
reaction (McCord and Day 1978). No detoxifi-
cation enzyme exists for the hydroxyl radical.

Overall ROS can cause the oxidation of all
kinds of biomolecules. Oxidatively modified
proteins are characterized by temperature insta-
bility, increased hydrophobicity, decreased
enzyme activity, and high susceptibility to pro-
teolytic degradation (Baraibar et al. 2013; Levine
et al. 1990). One type of protein modification is
the irreversible formation of carbonyl deriva-
tives, which are widely used to measure the
extend of ROS-mediated damage (Stadtman
and Berlett 1998). Utilizing immunological ana-
lyses techniques (i.e., “oxy blot analysis”), an
age-dependent general bulk increase in carbony-
lated proteins is observed in some biological
systems (Cabiscol et al. 2014; Jakubowski et al.
2000; Yasuda et al. 1999). However, utilization of

Fig. 8.1 Aging of the wild type and phenotypes of
respiration mutants of P. anserina. (a) Juvenile and
senescent culture of wild-type “s” of P. anserina. Dur-
ing aging, gross mtDNA reorganization is observed and
functionally impaired mitochondria accumulate. The
senescent culture dies at the hyphal tips. (b) Growth

of respiratory mutants ex1, grisea, and DCox17. Each
strain was inoculated for the same time as the wild type
on the corresponding agar plate. In comparison to the
wild type, the growth rate of the mutants is reduced,
while lifespan is increased
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more specific methods like 2D electrophoresis
and mass spectrometry, which allow the quanti-
tative monitoring of carbonylated proteins at the
proteome level, revealed that protein oxidation
is more controlled than formerly believed and
can lead to oxidation of specific key enzymes
(Baraibar et al. 2013). Another kind of protein
damage that can be amplified by oxidative stress
is the reaction of proteins with reducing sugars
or aldehydes like glyoxal or methyl glyoxal based
on the Maillard reaction (Baynes 2001). This
reaction causes the irreversible formation of
advanced glycation end products (AGEs)
which accumulate during aging and are consid-
ered to play a key role in aging and disease (Buée
et al. 2000; da Cunha et al. 2011; Gerstbrein et al.
2005; Jeanmaire et al. 2001).

The deleterious effect of excess ROS in
biological systems is impressively demon-
strated in mutants of P. anserina in which,
due to a reduction of ROS generation, a strong
increase in lifespan is observed. Examples are
the various mutants of P. anserina which
respire via the alternative respiratory pathway.
In one of these mutants, grisea, superoxide
generation at the respiratory chain has been
determined to be approximately 4-fold reduced
and mitochondrial energy transduction is
reduced 2.5-fold. Moreover, mutant grisea,
which is a copper-uptake mutant, and other
mutants of the cellular copper distribution
pathway (Borghouts et al. 2002; Osiewacz and
Stumpferl 2001; Stumpferl et al. 2004) also link
the generation of ROS to aging and point to the
importance of a regulated copper metabolism
from uptake to the delivery to the enzymes,
which require the metal for function. Unbal-
anced copper levels increase the risk of
hydroxyl radical generation via Fenton chemis-
try. This topic has been extensively described in
a chapter of the previous edition of Mycota I
(Osiewacz and Hamann 1994).

Apart from their detrimental effect, ROS
are also essential molecules in intracellular
and extracellular signaling. This function is in
particular relevant for proper fungal differenti-
ation and development (Brun et al. 2009; Cano-
Domı́nguez et al. 2008; Malagnac et al. 2004),
recognition of other fungi (Silar 2005), and
host-pathogen interactions (Heller and Tud-

zynski 2011). In S. cerevisiae, a response to
hydrogen peroxide is a good example for the
regulatory functions of hydrogen peroxide.

ScORP1 is a sensor for ROS and can be
oxidized by H2O2 (Delaunay et al. 2002). Oxi-
dized ScORP1 and the transcription factor
ScYAP1 subsequently interact in the cytoplasm,
which leads to the oxidation of ScYAP1 (Ma
et al. 2007). Consecutive interaction of
ScYAP1 with oxidized ScORP1 leads to the for-
mation of two intracellular disulfide bonds in
ScYAP1 (Delaunay et al. 2000). This conforma-
tional change masks the nuclear export signal
of ScYAP1 and results in the nuclear localiza-
tion of ScYAP1. Transcription of ScYAP1 target
genes, including the peroxidase ScTRX2, is the
consequence. The nuclear export of ScYAP1 is
restored by reduction of the disulfide bonds by
ScTRX2 (Marinho et al. 2014). ScYap1 deletion
strains are concordantly sensitive to H2O2 and
paraquat (Schnell et al. 1992) and characterized
by a reduced replicative lifespan (Kruegel et al.
2011). Chronological lifespan in ScYap1 dele-
tion strain is surprisingly unchanged or even
prolonged, depending on the analyzed strain
and the used carbon source, indicating that
ScYap1-mediated gene induction is not advan-
tageous under certain conditions and resources
are better utilized for other surveillance path-
ways (Piper et al. 2006). The YAP1 homolog of
the fungal pathogen Aspergillus fumigatus is
required for defense against ROS (Lessing
et al. 2007) and for protection against neutro-
phils during pathogenesis (Leal et al. 2012).
Other studies showed that AfYAP1 is not
necessary for virulence in a murine model
(Kniemeyer et al. 2009). Ablation of the YAP1
homolog in Aspergillus ochraceus leads to
disturbance in the redox balance that induces
the synthesis of secondary metabolites (Rever-
beri et al. 2012), emphasizing the importance of
YAP1 also in these filamentous fungi.

ROS have also been shown to be essential
for fungal development. NADPH oxidase
(NOX) enzymes localized in the cellular outer
membrane have the exclusive function of gen-
erating superoxide by reduction of NADPH and
are thereby involved in signaling (Lambeth
2004). For instance, a NOX-dependent effect
has been shown for fruiting body formation in
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Sordaria macrospora and P. anserina (Dirsch-
nabel et al. 2014; Malagnac et al. 2004). More-
over, deletion of Nox1 in S. macrospora and
Epichloë festucae was found to result in defec-
tive hyphal fusion, a process depending on ROS
signaling (Dirschnabel et al. 2014; Kayano et al.
2013). The defects in these mutants are attrib-
uted to differential expression of genes
involved in cytoskeleton remodeling and
hyphal fusion (Dirschnabel et al. 2014).

ROS signaling is also linked to the effect of
caloric restriction (CR) which has been demon-
strated to lead to lifespan extension in various
biological systems including P. anserina and S.
cerevisiae. For instance, in yeast, it was found
that the inactivation of catalase or caloric
restriction elevates the hydrogen peroxide
abundance, leading to an activation of superox-
ide dismutase and to an extension of the chro-
nological lifespan (Mesquita et al. 2010). This
effect is an example for hormesis, which is a
positive response to the exposure to low levels
of toxins or stress. The induction of hormesis
resulting from ROS with mitochondrial origin
is termed mitohormesis (Tapia 2006). Longev-
ity via hormesis is caused by signaling path-
ways that enhance the production of ROS
scavenging and repair enzymes (Pan et al.
2011). Such a response can be induced by sev-
eral stimuli like CR (Mesquita et al. 2010; Smith
et al. 2007) or toxins (Antonenko et al. 2011;
Wiemer and Osiewacz 2014b). In particular, the
lifespan prolonging effect resulting from CR is
conserved from fungi to mammals (Testa et al.
2014; van Diepeningen et al. 2010). CR has been
shown to extend yeast chronological and repli-
cative lifespan about 20–100 %, depending on
the strain, when the glucose concentration was
lowered from 2 to 0.5 % (Kaeberlein et al. 2004;
Kennedy et al. 2007; Lin et al. 2000). CR in P.
anserina was also reported to lead to lifespan
extension. On average, lifespan was found to be
doubled in 0.2 % glucose and 5 times prolonged
in 0.02 % glucose compared to control medium
with 2 % glucose. In one case, a lifespan exten-
sion was observed from 15 days to 3.5 years
(van Diepeningen et al. 2010). While the growth
rate and reproductive lifespan of P. anserina
strains under CR are increased, the mycelium
is less dense and less pigmented, pointing
toward an adaption to search for more nutri-

ents (van Diepeningen et al. 2010). For CR, it
has been proposed that energetic deficits
induce mitochondrial activity to counteract
energy depletion, which in turn increases the
level of ROS followed by the induction of anti-
oxidant defense, leading to increased stress
resistance (Ristow and Schmeisser 2011).

In order to avoid the negative effects of CR
(e.g., fastening and unwanted weight reduc-
tion), substances are tested which mimic the
effect of CR. These CR mimetics induce path-
ways that are active under CR conditions
(Madeo et al. 2014). A number of compounds
with lifespan extending properties are known.
Resveratrol is one of them. This polyphenol is
found in high concentrations in red wine and
extends the lifespan of yeast, flies, worms, and
fish (Guerrero et al. 2009). It also extends the
life and health span of mice on a high-fat, high-
sugar diet, but not of mice on a normal diet
(Pearson et al. 2008). The lifespan extension
resulting from resveratrol treatment is caused
by an induction of autophagy (Morselli et al.
2010).

III. Counteracting the Accumulation of
Molecular Degeneration

Biological systems contain a number of cellular
pathways counteracting the accumulation of
molecular damage at different levels. These
pathways are linked to each other and represent
a hierarchical network. In the following parts of
this chapter, we will introduce and discuss
these pathways and their role in fungal senes-
cence in some detail.

A. ROS Scavenging

Cellular ROS abundance is dependent on the
generation (see above) and the scavenging of
these molecules. A number of nonenzymatic
and enzymatic components constitute a net-
work of ROS scavenging reactions (Fig. 8.2).

The primary cellular ROS superoxide, due to
its negative charge, is basically not membrane
permeable and therefore restricted to the site of
generation. Since superoxide is generated at dif-
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ferent cellular sites, it is necessary that
superoxide-converting enzymes also localize to
different cellular compartments. These enzymes
are different isoforms of superoxide dismutases
(SODs) which convert superoxide into molecu-
lar oxygen and hydrogen peroxide. Three types
of SODs can be distinguished by their localiza-
tion: a cytoplasmic (SOD1), a mitochondrial
(SOD2), and an extracellular isoform (SOD3 or
EC-SOD). Unfortunately, the nomenclature of
the different SOD isoforms is not fully consistent
between species. For example, in the ascomycete
P. anserina, initially two SODs have been identi-
fied in total protein extracts and were termed
PaSOD1 and PaSOD2 (Borghouts et al. 2001).
Afterwards a third manganese-dependent SOD
(PaSOD3) was found in mitochondria, which,
due to low abundance in total proteins, was not
recognized in the early studies. Microscopic ana-
lyses proved that PaSOD1 is the cytoplasmic
SOD while PaSOD2 co-localizes with the endo-
plasmic reticulum and therefore appears to be a

secreted MnSOD (Zintel et al. 2010). Beside the
predominant localization of SOD1 in the cyto-
plasm, a small fraction of this SOD isoform is
located in the mitochondrial intermembrane
space or in the nucleus (Sturtz et al. 2001;
Tsang et al. 2014; Zintel et al. 2010). Apart from
their localization, SODs are characterized by the
cofactor they require for catalytic activity. The
cytoplasmic and the extracellular SODs usually
bind copper and zinc (CuZnSODs) in their
active center, while mitochondrial SODs are
manganese-dependent (MnSODs). Besides the
mitochondrial MnSOD, a secreted MnSOD has
been found in the ericoid mycorrhiza species
Oidiodendron maius as well as in P. anserina
(Martino et al. 2002; Zintel et al. 2010). Further-
more, iron (FeSOD)- and nickel (NiSOD)-
dependent SODs are known from prokaryotes
(Culotta et al. 2006; Yost and Fridovich 1973;
Youn et al. 1996). Recently, a copper-only extra-
cellular SOD has been identified to be impor-
tantly involved in pathogen-host interactions of

Fig. 8.2 ROS detoxification network. Balancing of cel-
lular ROS abundance is performed by a network of
reactions in which different enzymes participate. The
first line of ROS defense is the dismutation of superox-
ide to hydrogen peroxide catalyzed by superoxide dis-
mutases (SODs). The resulting hydrogen peroxide can
be converted to water by, e.g., catalases (CAT), mem-
bers of the peroxiredoxin family (Prx) or peroxidases.
The most common representative of peroxidases is the
glutathione peroxidase (GPX). But members of the per-

oxiredoxin family, as well as peroxidases, require fur-
ther redox-active components like glutathione (GSH)
to fulfill their catalytic cycle. If hydrogen peroxide is
not efficiently degraded, it can also serve as basis for the
Fenton and Haber-Weiss reaction in the presence of Fe2
+ or Cu+ leading to the highly reactive hydroxyl radical.
GR, glutathione reductase; GSSG, glutathione disulfide;
TRXR, thioredoxin reductase; TRXox, oxidized thiore-
doxin; TRXred, reduced thioredoxin
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the pathogenic fungus Candida albicans (Glea-
son et al. 2014). A potential gene encoding such
an enzyme is also encoded in the genome of P.
anserina but not analyzed so far.

The dismutation of superoxide by SODs
results in the detoxification of this free radical.
However, the reaction product is another ROS,
namely, hydrogen peroxide. Although hydro-
gen peroxide is not a radical, it is the basis for
production of the highly reactive hydroxyl rad-
ical in the Fenton and Haber-Weiss reaction as
mentioned above. Since no enzymes are able to
detoxify the hydroxyl radical, an efficient con-
version of hydrogen peroxide to harmless water
is indispensable to avoid access molecular
damaging. Hydrogen peroxide detoxification
is achieved by a variety of enzymes. The first
class of hydrogen peroxide-degrading enzymes
are catalases (CAT) which can be further
divided into subclasses of monofunctional
heme-catalases, bifunctional catalase-
peroxidases, and non-heme manganese cata-
lases. The latter are only known from bacteria
(Vlasits et al. 2010; Zamocky et al. 2012). Cata-
lases convert two molecules of hydrogen perox-
ide into molecular oxygen and two molecules of
water. While catalases can only disproportion-
ate hydrogen peroxide, peroxidases and mem-
bers of the peroxiredoxin family can also use
hydroperoxides and peroxynitrite as substrate.
Peroxidases, the second class of hydrogen
peroxide-detoxifying enzymes, convert their
substrate along with a reduced donor, resulting
in an oxidized donor and water. The most com-
mon representative of this class is the
selenocysteine-containing glutathione peroxi-
dase (GPx). Other peroxidases are NADH-
peroxidases, haloperoxidases, or cytochrome c
peroxidases.

Peroxidases and members of the peroxiredoxin family
can convert hydrogen peroxide, organic peroxides and
peroxynitrite together with a reduced donor resulting
in the emergence of water, alcohol and nitrite, respec-
tively, and an oxidized donor. Glutathione-peroxidases
couple the reduction of their substrate to water with the
oxidation of glutathione (GSH) to glutathione-disulfide
(GSSG). A complex interplay of enzymes and cofactors
is required to regenerate the oxidized glutathione for
the next catalytic cycle (Weydert and Cullen 2010).

The third class of enzymes involved in
hydrogen peroxide detoxification (also hydro-
peroxides and peroxynitrite) by simultaneously
oxidating their co-substrates are proteins of the
peroxiredoxin family (PRX). The PRXs are
thiol-specific enzymes that exhibit a low-
efficiency peroxidase activity (Hofmann et al.
2002), which is dependent on an active-site
cysteine, called peroxidatic cysteine. Therefore
these enzymes are also termed thioredoxin per-
oxidases and are specified as typical 2-Cys
PRXs, atypical 2-Cys PRXs, and 1-Cys PRXs.
Although the first reaction step of the different
peroxyredoxins is the same, the subsequent
mechanism of recycling varies.

In a first reaction step, the peroxidatic cysteine of the
peroxiredoxin attacks the peroxide and is subsequently
oxidized itself. For the typical and the atypical 2-Cys
PRXs the next step is the formation of a stable disulfide
bond of the oxidized cysteine with the remaining cyste-
ine. To complete their catalytic cycle the resulting PRX
needs to be reduced by a disulfide oxidoreductase.
Since the 1-Cys PRXs contain only a single cysteine
their peroxidatic cysteine is reduced by a donor which
might be thiol- or glutathione-containing (Wood et al.
2003).

In addition to enzymes, small nonenzy-
matic antioxidants are active in ROS scaveng-
ing. Examples are vitamin C (Georgiou and
Petropoulou 2001) or vitamin E (Emri et al.
2004), proline (Chen and Dickman 2005), caro-
tenoids (Mandelli et al. 2012), flavonoids (Cos
et al. 1998), polyamines (Valdes-Santiago and
Ruiz-Herrera 2013), lipoic acid (Spalding and
Prigge 2010), resveratrol (Jarolim et al. 2004),
and many other antioxidants with the potential
of quenching different free radicals. Beside its
role in the enzymatic detoxification of ROS by
glutathione peroxidase, glutathione itself can
also act as an antioxidant due to the exposed
sulfhydryl group that serves as ROS target
(Jiang et al. 2015). Altogether, antioxidants are
effective in lowering overall oxidative stress,
reducing DNA damage or lipid peroxidation
(auf dem Keller et al. 2006).

Due to the unique function of SODs in the
disproportion of superoxide as the primary cel-
lular ROS, much attention was paid to this class
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of enzymes. Unfortunately, the results from
studies in different systems did not clarify the
precise effects of SODs on aging. In some inves-
tigations, results were obtained which are well
compatible with expectations, while other stud-
ies led to unexpected and counterintuitive
results. For instance, in S. cerevisiae, a deletion
of the single mitochondrial ScSod2 resulted in
an expected shortened chronological and repli-
cative lifespan (Longo et al. 1999; Unlu and Koc
2007). While the overexpression of the cyto-
plasmic and the mitochondrial SODs led to the
expected increase of the chronological lifespan
and to an increased resistance to oxidative
stress, a counterintuitive decrease in replicative
lifespan was observed (Fabrizio et al. 2004).
Also unexpectedly, in P. anserina, the deletion
of the cytoplasmic or the mitochondrial SOD
did not affect lifespan, while a deletion of the
gene coding for the secreted PaSOD2 resulted
in a moderate extension of the median lifespan.
Moreover, overexpression of the gene coding
for mitochondrial PaSOD3 led to a drastic
shortened median and maximum lifespan of
the corresponding strains. Subsequent analyses
suggested that the latter effects result from
increased hydrogen peroxide abundance aris-
ing from the elevated activity of PaSOD3
(Kowald et al. 2012) giving rise to damage of
important proteins. For PaSOD3 overexpres-
sors, an altered protein amount and pattern
could be shown for the mitochondrial proteases
PaLON and PaCLPP, the heat shock protein 60
(PaHSP60), and the hydrogen peroxide-
detoxifying enzyme peroxiredoxin (PaPRX)
(Zintel et al. 2010). A very recent study vali-
dated the suggestions from a computational
model and found that the shortened lifespan
of PaSod3 overexpressors can be reverted to
wild-type lifespan via the induction of a hydro-
gen peroxide detoxification system by manga-
nese (Grimm and Osiewacz 2015).

In another study, the secreted catalase
PaCATB was modified in abundance in P.
anserina. The deletion resulted in the expected
decreased resistance and the overexpression in
an increased resistance for hydrogen peroxide.
While the lifespans of these mutant strains were
unaffected under standard growth conditions,
cultivation on hydrogen peroxide-containing
medium led to an increased and shortened life-

span for strains with an overexpression and
deletion, respectively (Zintel et al. 2011). Also
thioredoxins (Trxs), small proteins possessing
a redox-active site, play an important role in
protection against oxidative stress by the
reduction of protein disulfide bonds. Together
with NADPH, thioredoxins serve as hydrogen
donors. S. cerevisiae encodes two cytoplasmic
(ScTRX1, ScTRX2) and one mitochondrial TRX
(ScTrx3). A single deletion of either ScTrx1 or
ScTrx2 has no effect on morphology and cell
growth, while DScTrx2 mutants are character-
ized by an elevated sensitivity and overexpres-
sors of ScTrx1 or ScTrx2 by an elevated
resistance to hydrogen peroxide (Garrido and
Grant 2002). Besides, a deletion of both cyto-
plasmic thioredoxins affected the cell cycle
(Muller 1991). P. anserina encodes a total of
five thioredoxins whereof none is located in
mitochondria. PaTRX1, the major thioredoxin,
and PaTRX3 were shown to possess a role in
sexual reproduction. Additionally, DPaTrx1
mutants lived longer than the wild type which
could not be demonstrated for strains with a
deletion of PaTrx2 or PaTrx3 (Malagnac et al.
2007). For A. nidulans, an elevated catalase
activity and a reduced maturation of fruiting
bodies have been observed in AnTrxA deletion
strains (Thön et al. 2007). An additional
Enzyme, known to be involved in the ROS-
associated aging, is the mitochondrial methyl-
transferase MTH1 in P. anserina. A deletion of
the corresponding gene results in a shortened
lifespan of the fungus due to an impaired pro-
tection against ROS. The overexpression of
PaMth1 exhibited a better growth rate on
hydrogen peroxide-containing medium than
the wild type and a decreased level of oxida-
tively damaged proteins measured by protein
carbonylation (Kunstmann and Osiewacz
2009).

Overall it is clear that the ROS scavenging
system is very complex. Interventions into this
system lead to multiple responses. This is not
surprising because ROS do affect the function
of various cellular components and in addition
are active in signaling. Unraveling the role of
the active molecular pathways and their impact
on aging can only be successful if studies can be
performed in a more holistic way, a way as it is
followed in Systems Biology.
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B. Repair and Degradation of Molecular
Damage

ROS scavengers and antioxidants are able to
lower the cellular abundance of ROS. However,
since the system is limited in capacity, there will
always be residual amounts of ROS in respiring
organisms. Consequently, although the ROS-
dependent processes can be slowed down, the
accumulation of oxidative damage over time
cannot be completely avoided. Cellular repair
and degradation processes deal with this situa-
tion. In general, the repair of a damaged cell
component is energetically more favorable than
their degradation and resynthesis. Importantly,
a complete degradation of damaged DNA is not
possible, because this molecule represents the
genetic information, the “blueprint,” of a
biological system that can only be produced
from existing copies, while proteins can be
resynthesized by protein biosynthesis. There-
fore, DNA repair is very important for survival
of biological systems, and since different types
of DNA damage occur, a number of repair path-
ways are active. In contrast, protein quality
control predominantly is controlled by degra-
dation and remodeling pathways.

DNA repair pathways are highly conserved among spe-
cies, stressing their importance in maintaining DNA
stability and genome integrity (Aravind et al. 1999).
Nucleotide excision repair (NER), base excision repair
(BER) and DNA mismatch repair (MMR) pathways are
the major systems for DNA repair. BER and NER detect
damaged and oxidized nucleotides, while MMR substi-
tutes misplaced nucleotides in newly synthesized DNA.
NER is active in the nucleus. The NER pathway is
capable of detecting and repairing bulky DNA lesions
caused by ultraviolet light, but is also involved in repair
of oxidatively damaged DNA. To induce NER, damaged
DNA is first recognized by initial factors of transcrip-
tion coupled repair or global genome repair. The DNA
helix is unwound for the repair and incisions are made
to remove a stretch of the damaged strain. Subsequent
DNA synthesis and ligation reproduce the intact double
strand (Melis et al. 2013).

The base excision repair pathway is active in the
nucleus and in mitochondria, the major site of ROS
generation, and is therefore particularly important dur-
ing aging. BER is the principle pathway to remove 8-
oxo-2’deoxyguanosine, the oxidized form of deoxygua-
nosine. Initiation begins with the recognition of oxida-
tively modified DNA bases by a glycohydrolase. The

damaged base or a longer patch of bases are subse-
quently removed from the DNA backbone. This is fol-
lowed by DNA incision by an apurinic endonuclease
that results in a single strand break. The backbone is
subsequently removed, which renders the site accessi-
ble to a DNA polymerase, that reinserts the missing
nucleotides. The final ligation to complete the repair
is realized by a DNA ligase (Bohr 2002; Liu et al. 2007).

The oxidation of DNA can lead to various
forms of modifications. A prominent example
is the oxidation of deoxyguanosine to 8-oxo-
2’deoxyguanosine (8-oxo-dG). This type of oxi-
dation occurs in the nucleus and in mitochon-
dria and is 10 times more common in mtDNA
(Nakamoto et al. 2007). The damaged deoxy-
guanosine can mispair with adenine during
replication and transcription (Cheng et al.
1992). This leads to mutations if the mismatch
is not repaired or recognized during replication
or transcription (Sastre-Moreno et al. 2014).
The portion of 8-oxo-dG in nucleus and mito-
chondria increases in senescent individuals,
which is conserved from yeast to mammals
(Gan et al. 2012; Hudson et al. 1998; Shigenaga
et al. 1994), indicating an impaired repair
mechanism during aging (Gredilla et al. 2012).
Genetic manipulations of DNA repair pathways
have subsequently been analyzed for their
influence on lifespan.

Deletion of the genes ScRad1 and ScRad7
involved in NER in yeast do not have an effect
on the replicative lifespan, suggesting that other
pathways are able to compensate the impaired
NER under laboratory conditions (Park et al.
1999). In contrast, the deletion of ScRad2,
another gene involved in NER, results in
decreased chronological lifespan (Marek and
Korona 2013) indicating the importance of
NER for survival during stress conditions that
cannot be compensated completely. A defect of
NER in humans is the cause of the Cockayne
syndrome (Lehmann 1982). It is a congenital
disorder characterized by impairments in
growth and development and by premature
aging (Cockayne 1936).

There are several reports of reduced chro-
nological lifespan in different yeast deletion
strains that have a defect in BER (Maclean
et al. 2003; Marek and Korona 2013). For
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instance, loss of glycosylases ScNTG1 and
ScOGG1 results in reduced chronological life-
span, while single deletions have a normal life-
span, indicating a redundancy of these proteins
(Maclean et al. 2003). The deletion of the AP
endonculeases ScAPN2 and ScAPN1 has a sim-
ilar effect (Maclean et al. 2003).

Poly(ADP-ribose) polymerase (PARP) is
an enzyme associated with double- and single-
strand repair and BER. Deletion of the homolog
in Neurospora crassa results in an early onset of
senescence (Kothe et al. 2010). Overexpression
of PaParp in P. anserina has a negative effect on
lifespan and paraquat resistance (Müller-Ohl-
dach et al. 2011). This can be attributed to the
increased PaPARP activity that leads to
NADPH consumption and hence a depletion
of ATP, which results in an energetic crisis
(Müller-Ohldach et al. 2011). Wild-type strains
of P. anserina show a decline of BER during
aging (Soerensen et al. 2009). This may be
linked to the mtDNA instability observed dur-
ing aging of P. anserina (Borghouts et al. 1997;
Scheckhuber and Osiewacz 2008). Taken
together, although DNA repair in filamentous
fungi is not so extensively investigated as in
mammalian systems, the existing data indicate
that regulated DNA repair is also important in
this group of organisms to counteract degener-
ative processes.

Most oxidative protein modifications are
irreversible and cannot be repaired. The excep-
tion is oxidative damage on sulfur-containing
amino acids. Sulfur-containing amino acids can
frequently be modified by weak oxidants.
Thioredoxin and glutaredoxin reductases can
in turn reverse the oxidations of disulfide
bridges and cysteine sulfinic acids. Methionine
sulfoxide reductases catalyze the reduction of
oxidized methionine sulfoxide (Friguet 2006).
Deletion of the gene coding for the methionine
sulfoxide reductase ScMsrA in S. cerevisiae
results in a 26 % shortened chronological life-
span, while MsrA overexpression increases the
lifespan by 26 % (Koc et al. 2004). Ablation of
both methionine sulfoxide reductases, ScMSRA
and ScMSRB, decreases the lifespan even further
than single deletion (Koc et al. 2004). The dele-
tion of the methionine sulfoxide reductase gene
ScfRMsr leads to a 20 % reduction in replicative

lifespan (Le et al. 2009). Oxidations of other
amino acids are irreversible. The oxidation of
proteins can intervene with their stability and
functionality and thereby lead to negative
effects. Hence, it is important to identify,
degrade, and resynthesize damaged proteins.
Various systems are in place for this purpose
to ensure the quality of the proteome.

The ubiquitin proteasome system (UPS) is
the major system for protein degradation in the
cytosol. It comprises a large number of differ-
ent ubiquitin ligases that act jointly with the
proteasome, a multi-protein complex with pro-
teolytic activities. Ubiquitin ligases identify and
mark proteins for removal. This modification
occurs by formation of chains of ubiquitin on
the target protein. Previous studies revealed
that aging reduces the expression and the activ-
ity of the proteasome in several model systems
(Carrard et al. 2002; Chondrogianni et al. 2000;
Chondrogianni and Gonos 2005). High protea-
some activity, in contrast, has a lifespan
prolonging effect in several organisms. For
example, the proteasome activity is elevated in
human fibroblast cell cultures derived from
centenarians (Chondrogianni et al. 2000) and
in the liver of the naked mole rat (Perez et al.
2009; Rodriguez et al. 2014), a long-living
rodent. The protein UMP1 is necessary for the
assembly of the proteasome and S. cerevisiae
overexpressing ScUmp1 show increased life-
span and viability in response to oxidative
stress (Chen et al. 2006). The transcription fac-
tor ScRPN4 is a positive regulator of protea-
some genes. It is rapidly ubiquitinated and
degraded by the proteasome under non-stress
conditions. Increased abundance of ScRPN4
results in enhanced UPS capacity and resis-
tance to proteotoxic stress and in a prolonged
replicative lifespan (Kruegel et al. 2011). The
role of the proteasome in filamentous fungi is
hardly investigated at all. Proteasome inhibitor
MG132 leads to an upregulation of proteasome
subunits in Trichoderma reesei indicating a
demand-dependent regulation (Kautto et al.
2013). Aging, on the other hand, does not affect
the expression and protein abundance of
selected 20S subunits in P. anserina (Wiemer
and Osiewacz 2014a). Overall this indicates
that high proteasome activity ensures a healthy
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proteome and increases the healthy lifespan in
mammals and yeast but may not be achieved in
all biological systems.

Besides degradation of cytosolic proteins,
the proteasome is able to degrade proteins
from the endoplasmic reticulum and from
mitochondria. The protein quality control in
mitochondria is particularly important during
aging, since a major fraction of ROS is generated
in this organelle. A form of degradation of
mitochondrial proteins described for S. cerevi-
siae, mitochondria-associated protein degrada-
tion (MAD), concordantly was reported to affect
aging. MAD is dependent on VMS1, which trans-
locates to mitochondria in response to stress
conditions and promotes the recruitment of the
UPS components CDC48 and NPL4 to mito-
chondria where they enable protein degradation
via the proteasome. Matrix and inner membrane
proteins may be retro-translocated to the outer
membrane for ubiquitination and degradation
(Taylor and Rutter 2011). A S. cerevisiae
ScVms1 deletion strain was found to accumulate
ubiquitinated proteins at mitochondria. The
strain is impaired in respiration and shows
increased mitochondrial oxidative stress,
increased protein oxidation, and a reduced chro-
nological lifespan (Heo et al. 2010). Mitophagy is
enhanced in this mutant, indicating transfer to a
different protein quality control system. Vms1 is
highly conserved with orthologs in most eukary-
otic species. A knockdown in C. elegans also
results in a decreased lifespan (Heo et al. 2010).

The serine proteases LON and CLPXP,
located in the mitochondrial matrix, are
involved in degradation of mitochondrial pro-
teins. LON is a homo-oligomeric protease and is
probably the most important protein for degra-
dation of damaged proteins in the mitochondrial
matrix. Selectivity for damaged proteins was
shown for PIM1, the LON homolog in S. cerevi-
siae (Major et al. 2006). Senescent S. cerevisiae
have a decreased PIM1 activity accompanied by
elevated levels of oxidized and aggregated pro-
teins (Erjavec et al. 2013). The deletion of PIM1
in S. cerevisiae concordantly increases the
amount of protein aggregates in mitochondria
and shortens the replicative lifespan (Bender
et al. 2011). High abundance of LON in P. anser-
ina was consistently found to lead to low levels

of oxidized mitochondrial proteins and an
extended lifespan (Luce and Osiewacz 2009). In
concordance, deletion of PaLon resulted in
decreased lifespan, retarded growth at low and
high temperatures, and defects in ascospore ger-
mination and sexual reproduction (Adam et al.
2012). These data identify LON as a positive
factor in the regulation of lifespan that functions
by degradation of proteins and prevention of
protein aggregation, which is particularly
important during temperature stress.

The mitochondrial protease CLPP is a pro-
tein complex consisting of two heptameric
rings with the proteolytic sites facing the inner
chamber. The structure of CLPP is conserved
from bacteria to human, but S. cerevisiae does
not have a CLPP homolog. CLPX forms a hex-
americ ring-shaped structure, interacting with
the CLPP complex, and is responsible for sub-
strate specificity, ATP-dependent unfolding,
and transport of the substrate into the cylinder.
The function of the assembled CLPXP complex
in eukaryotes is poorly understood. CLPXP is
thought to be a central part of mitochondrial
unfolded protein response during which ClpP
expression increases (Lionaki and Tavernarakis
2013). Deletion of PaClpP in P. anserina unex-
pectedly leads to an extension of lifespan
(Fischer et al. 2013).

The ATP-dependent i-AAA and m-AAA
proteases are located in the mitochondrial
inner membrane. The i-AAA protease is facing
the mitochondrial intermembrane space, while
the m-AAA protease faces the matrix. Both
complexes are associated with the extraction
and degradation of improper folded membrane
proteins at their respective site of the inner
membrane (Baker et al. 2012). The simulta-
neous ablation of the two complexes in S. cere-
visiae is lethal (Leonhard et al. 2000). Deletion
of m-AAA protease alone causes respiratory
deficiency (Arlt et al. 1998). The protease is
involved in defense against ROS by processing
cytochrome c peroxidase (Suppanz et al. 2009)
and in mitochondrial dynamics by processing
of MGM1 (Duvezin-Caubet et al. 2007). Dele-
tion of the gene coding for the catalytic i-AAA
homolog ScYME1 in S. cerevisiae results in
respiratory deficiency at high temperatures,
mtDNA instability, mitochondrial morphology
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defects (Thorsness et al. 1993), and decreased
chronological lifespan (Francis et al. 2007).
ScYME1 is involved in regulation of mitophagy
by processing ATG32 (Wang et al. 2013) and in
the assembly and disassembly of ATP synthase
during stress conditions (Francis and Thors-
ness 2011). Ablation of the i-AAA homolog
PaIAP in P. anserina decreases the lifespan,
spore germination, and fruiting body forma-
tion, but only at elevated growth temperature,
indicating a temperature-dependent role of this
protein (Weil et al. 2011).

Overall, it is clear that various proteases are
important components of the molecular quality
control machinery. They are active in the regu-
lation of proteostasis and as such of particu-
larly importance to counteract processes
leading to premature degeneration.

C. Mitochondrial Dynamics

Mitochondria are dynamic organelles which
continuously undergo fission and fusion.
Genetically regulated changes in the balance of
these two processes allow to adjust mitochon-
drial morphology according to physiological
constraints and developmental needs (Wester-
mann 2010). Tubular mitochondria are asso-
ciated with an active respiration and a healthy
phenotype, while fragmented mitochondria
accumulate in resting and aging cells (Merz
et al. 2007). Mitochondrial dynamics is also
involved in the control of the quality of this
essential organelle. Fusion of mitochondria of
different quality can lead to a kind of functional
“repair” of affected mitochondria, while fission
can separate strongly impaired parts of a mito-
chondrial network and facilitate the subsequent
degradation of these units by the vacuolar sys-
tem (in animals via lysosomes) by selective
autophagy, termed mitophagy.

Mitochondrial fission is an active process in which a set
of interacting proteins is involved. A key component is
the GTPase DNM1. During fission DNM1 oligomers
form a spiral on the mitochondrial outer membrane.
The hydrolysis of GTP powers a conformational change
in DNM1 that tightens the spiral until a part of the
mitochondrion is constricted (Mears et al. 2011). Mito-
chondrial fusion proceeds via several stages. The con-

tact of mitochondria is first established by the outer
membrane protein FZO1. This is followed by a GTP
dependent fusion of the outer membranes (Anton et al.
2011). UGO1 functions as linker between FZO1 and the
GTPase MGM1 and is necessary for fusion of the inner
membrane. MGM1 forms a lattice between the mem-
branes and tethers them together. A GTP dependent
conformational change is thought to trigger a membrane
deformation that causes the fusion (Abutbul-Ionita et al.
2012).

A role of mitochondrial fission in aging and
lifespan control has first been demonstrated in
P. anserina and S. cerevisiae. An initial differ-
ential transcript analysis of juvenile and senes-
cent wild type of P. anserina revealed an
increase in PaDnm1 transcript levels in senes-
cent mitochondria (Scheckhuber et al. 2007).
This increase is associated with an age-related
fragmentation of filamentous mitochondria
found in juvenile mycelia to punctate units in
senescent ones. The deletion of PaDnm1 coding
for the dynamin-related protein 1 (PaDNM1)
of P. anserina led to a delay in mitochondrial
fragmentation and release of hydrogen perox-
ide from cultures, a stabilization of the mtDNA,
and an increased resistance to the induction of
programmed cell death (PCD). The PaDnm1
deletion strain displays an 11-fold increase in
lifespan. In contrast to the respiration mutants
described above, the lifespan increase is not
accompanied by impairments in growth and
fertility. Thus, it is the healthy lifespan, the
health span, which is increased in this strain.
A similar effect was obtained when the Dnm1
gene of yeast was deleted. Mitochondrial frag-
mentation was delayed and replicative lifespan
was increased (Scheckhuber et al. 2007).

Mitochondrial fusion has been found to be
able to complement impaired mitochondrial
function by fusion of mitochondria of different
quality. This has been experimentally demon-
strated in mouse embryonic fibroblasts, where
the age of mitochondrial proteins can be dis-
played with a reporter protein that shifts in
fluorescence from green to red after 24 h.
Wild-type cells have an even distribution of
old and new proteins, while cells lacking
MFN1 and MFN2, the homologs of FZO1, have
an increased heterogeneity in mitochondrial
protein age, which means that mitochondria
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with both mainly young and mainly old
proteins are visible. This is caused by the miss-
ing mitochondrial fusion which results in a lack
of commingling (Ferree et al. 2013). Damage in
mtDNA can be resolved in a similar manner by
fusion of damaged mitochondria with intact
ones, which can result in complementation of
the corrupted mtDNA (Ono et al. 2001). Con-
cordantly, deletion of ScFzo1 results in mtDNA
loss and shortened chronological lifespan
(Burtner et al. 2011; Hermann et al. 1998; Rapa-
port et al. 1998). Deletion of ScMgm1 leads to
strongly fragmented mitochondria and short-
ened replicative and chronological lifespan
(Scheckhuber et al. 2011). In the filamentous
ascomycete N. crassa, mutation in NcFzo1 was
found to be associated with fragmented mito-
chondria, accumulation of mtDNA deletions,
and shortened lifespan (Kurashima et al. 2013).

Mechanistically a strong impact of the
mitochondrial membrane potential on mito-
chondrial dynamics has been demonstrated
(Twig et al. 2008). Mitochondria with a low
membrane potential are unable to fuse with
other units. Thus, the separation of functionally
impaired parts of the mitochondrial network
leads to the formation of mitochondrial units
with a low membrane potential that remain
separated and accessible to degradation via
autophagy.

D. Autophagy

Apart from the proteasomal ubiquitin system
and the activity of various specialized pro-
teases, autophagy emerges as a new key player
in cellular quality control. More exactly, under
the term autophagy a number of processes are
compiled which utilize the vacuole (in fungi
and plants) or the lysosome (in animals) for
degradation of cellular components. There are
different types of autophagy active. Nonselec-
tive autophagy results in the degradation of
bulk cellular material, while in selective autop-
hagy specific targets, including whole orga-
nelles like mitochondria or peroxisomes, are
delivered to the vacuole/lysosome for degrada-
tion. These types of selective autophagy are
concordantly termed mitophagy and pexo-
phagy, respectively. According to differences

in cargo delivery, autophagy comes in three
types: microautophagy, macroautophagy, and
chaperone-mediated autophagy. Here, we will
only refer to the most intensively studied form,
macroautophagy, which we will subsequently
term autophagy. For the other autophagy
types, we refer to a number of recent reviews
(Klionsky and Emr 2000; Parzych and Klionsky
2014; Voigt and Pöggeler 2013).

Autophagy is best known for its role under
starvation, allowing cells to survive energetic
stress conditions via the degradation of cellular
material. The resulting metabolites are reused
in energy transduction or biosynthetic pro-
cesses (Yorimitsu and Klionsky 2005). More-
over, autophagy is active in the degradation of
superfluous organelles and damaged compo-
nents (Yang and Klionsky 2010) and as such
part of the cellular quality control system.

A role of autophagy in aging is established
in different systems including mammals,
plants, and fungi (Alvers et al. 2009; Minina
et al. 2013; Pyo et al. 2013). For instance, in S.
cerevisiae, an unbiased screen searching for
factors which influence chronological lifespan
led to the identification of different short-lived
mutants with defects in autophagy (Matecic
et al. 2010). In P. anserina evidence for a role
of autophagy in senescence is derived from a
genome-wide transcriptome analysis (Philipp
et al. 2013). Transcripts from genes coding for
proteins related to autophagy were found to be
enriched in strains of older age, while those
coding for components of the proteasome
were reduced. Subsequently, a role of autop-
hagy in lifespan control was experimentally
verified. In this and a subsequent study, a
strong basal autophagic activity was identified
even under non-induced conditions (Knup-
pertz et al. 2014; Wiemer and Osiewacz
2014a). Autophagy was found to be increased
in older and in nitrogen-starved cultures. Life-
span in a strain ablated for the basal autophagy
regulator PaATG1 is slightly but significantly
reduced. Under nitrogen starvation conditions,
the difference in lifespan of the wild-type and
the PaAtg1 deletion strain was much greater.

It is now of interest to elucidate the poten-
tial impact of mitophagy, the selective autopha-
gic degradation of mitochondria, on aging and
lifespan. A connection between mitochondrial
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dynamics leading to the segregation of dam-
aged parts of the mitochondrial network and
the degradation of the resulting units via mito-
phagy has been suggested (Weber and Reichert
2010). However, currently experimental data
proving this scenario are scarce. Recently, a
computational model suggested such a role
and provided experimentally testable predic-
tions (Figge et al. 2012, 2013).

E. Replacement and Remodeling of Degraded
Components

Degradation of affected proteins is clearly only
one part of the responses to successfully coun-
teract the processes of age-related molecular
degeneration within the cell. After degradation
of impaired proteins, replacement of these pro-
teins and remodeling of the affected cellular
units is required for functional integrity of the
systems. The necessary molecular processes are
of great importance to successfully counteract
the molecular degeneration and keeping
biological system functional over longer peri-
ods of time and thus for aging and lifespan. The
fidelity of the pathways leading to the biosyn-
thesis of proteins, their transport to the com-
partments of function, and in many cases the
formation of complexes is of great significance.
The necessity of a correct function of compo-
nents involved in biosynthesis processes is part
of the error catastrophe theory which states
that aging is caused by an inaccurate gene
expression (Orgel 1963). In more detail, it is
not only necessary that the correct genetic
information is available in a cell, but it is
equally important that the biosynthesis
machinery functions properly. Essential
machines involved in protein biosynthesis are
ribosomes in the cytoplasm as well as in mito-
chondria. The majority of all proteins required
within the cell are encoded by nuclear DNA
(nDNA) and translated in the cytoplasm. Sub-
sequently, they are transported to their site of
function. In the case of mitochondrial localiza-
tion, proteins have to be kept in an unfolded
conformation until they bind to specific mem-
brane receptors and are transported via a
sophisticated membrane transporter complex

and delivered to the appropriate mitochondrial
sub-compartments. For the generation of respi-
ratory complexes I, III, IV, and V (F0F1ATP-
synthase), proteins translated at cytoplasmic
ribosomes interact with proteins encoded by
the mtDNA, translated at mitochondrial ribo-
somes, and assemble into the macromolecular
protein complexes of the respiratory chain. The
coordinated synthesis of nuclear- and mtDNA-
encoded proteins is of great importance.

In P. anserina only 14 of the required mitochondrial
proteins are encoded by mtDNA and are thus directly
transcribed and translated within this compartment.
All other mitochondrial proteins are synthesized in
the cytoplasm and subsequently imported into mito-
chondria (Cummings et al. 1990).

In fact, functional impairments of the bio-
synthesis and sorting machinery with impact on
aging and lifespan have been reported in P.
anserina and linked to senescence. For instance,
the abundance and fidelity of the elongation
factor-1a (EF-1a) can influence lifespan by
enhancing the accuracy of translation. In P.
anserina a high fidelity mutation in the EF-la
gene was found to result in an increased lifespan
but led also to an impaired sporulation. The
authors suggest various explanations for longev-
ity mediated by EF-1a, like an altered error rate
in translation per se or an increased protein
synthesis efficiency (Silar and Picard 1994).
Also in P. anserina, a mutation in the gene
coding for the mitochondrial TOM (translocase
of the outer membrane) transporter, which is
involved in the import of cytosolic proteins into
mitochondria, was found to lead to an elevated
lifespan. This effect was suggested to result from
lower amounts of aSenDNA compared to wild
type (Jamet-Vierny et al. 1997).

A more recent longitudinal transcriptome
analysis revealed evidence for the deterioration
of ribosomes during aging. Comparisons of
young and aged P. anserina wild type (6–14
days) clearly showed that, while autophagy
associated transcripts increased during aging,
transcript abundance linked to ribosomes and
translation were lowered. Transcripts linked to
DNA maintenance as well as to the proteasome
were also decreased in the aged strain (Philipp
et al. 2013).
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Although different pathways contribute to
the processes limiting lifespan, the most impor-
tant one, the remodeling of the mitochondrial
respiratory chain, is not available in senescent
strains due to the mtDNA disintegration
described at the beginning of this chapter.
Regardless of any other approach to keep the
system functional, this situation is finally lethal
for P. anserina, an aerobic fungus that is
depending on the generation of ATP via the
mitochondrial respiratory chain.

VI. Programmed Cell Death

Despite the extensive attempts to prevent,
repair, and eliminate molecular damage and to
remodel affected functions, sooner or later
molecular impairments pass thresholds and
programs leading to cell death become induced.
In mammalian systems, different forms of PCD
(e.g., apoptosis) act as quality control systems,
removing severely damaged cells from the body
which otherwise could lead to the development
of cancers. In these cases, damaged cells are
removed for the sake of the individual. In
yeast and P. anserina, the situation is different.
In these unicellular or multicellular species,
PCD is the final program bringing life to an
end. In this way, functionally impaired indivi-
duals do not anymore compete with young
individuals for restricted resources (Fröhlich
and Madeo 2000).

The impact of PCD on lifespan has been
demonstrated in yeast and P. anserina. In P.
anserina first evidence for PCD is derived from
in silico data. Different genes have been identified
which encode putative apoptosis factors includ-
ing metacaspases (MCA), apoptosis-inducing
factors (AIF), AIF-homologous mitochondrial
inducer of death (AMID), or cyclophilin D
(CYPD). Subsequently, deletion studies of genes
coding for the two metacaspases PaMCA1 and
PaMCA2 as well as for PaAMID1 unraveled a
lifespan extension in deletion strains (Hamann
et al. 2007). Moreover, it was found that PaMCA1
becomes activated by hydrogen peroxide. In
another study, members of the “apoptosis-induc-
ing family” of proteins were investigated. It was

found that ablation of PaAIF2 and PaAMID2, two
proteins localized to mitochondria, leads to
increased ROS tolerance and prolonged lifespan
(Brust et al. 2010a).

In yeast, the single metacaspase ScMCA1
(YCA1) is necessary for induction of PCD and
cleaves certain target proteins (e.g., glycerinal-
dehyde-3-phosphat dehydrogenase) (Silva et al.
2011) resulting in the accumulation of PCD
markers and cell death (Madeo et al. 2002).
Besides a role in the induction of PCD,
ScMCA1 has an additional, vital, function in
protein quality control. This is demonstrated
by the buffering of negative effects in a HSP40
deletion strain by ScMCA1, suggesting that
metacaspase is involved in preventing unfolded
protein from aggregating (Shrestha et al. 2013).
Concordantly, an increase in ScMCA1 levels
leads to a prolonged replicative lifespan in a
proteasome- and ScHSP104-dependent manner
(Hill et al. 2014). In budding yeast, protein
aggregates are asymmetrically distributed dur-
ing budding of wild type, retaining most dam-
aged proteins in the mother cell and thus
ensuring daughter cells are basically free of
aggregates (Liu et al. 2010). MCA1 removes
aggregates that made it to daughter cells.
When deleting ScMca1, the lack of this vital
function leads to shortening of the chronologi-
cal and replicative lifespan (Herker et al. 2004;
Hill et al. 2014; Piper et al. 2006).

A more recent study in P. anserina unra-
veled details about age-related changes of mito-
chondrial ultrastructure and the molecular
mechanisms controlling PCD. In an electron
cryotomography study, age-related changes of
the inner mitochondrial membrane were
reported to occur in the wild type (Daum et al.
2013). While mitochondria from juvenile cul-
tures contain only few lamellar cristae, mito-
chondria from senescent cultures typically
contain a number of vesicles. These changes
go along with a dissociation of F1F0-ATP
synthase dimers, which, in young and middle-
aged cultures, are located at the tips of the
lamellar cristae (Davies et al. 2011). During
aging, the dimers dissociate into monomers
and the curvature of the inner membrane
changes. In mitochondria from senescent cul-
tures, the inner membrane occasionally comes
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in close contact to the outer membrane which
finally ruptures at the contact sites, releasing
apoptotic factors to the cytoplasm (Fig. 8.3).
Strikingly, the overexpression of the gene cod-
ing for cyclophilin D, a peptidyl prolyl cis-trans
isomerase in the mitochondrial matrix, which is
a known regulator of themitochondrial perme-
ability transition pore (mPTP), leads to accel-
eration of these processes. In PaCypD
overexpressors, cultures of 6 days, that is
young for the wild type, contain mainly vesicu-
lar mitochondria and display senescence char-
acteristics like a lowered membrane potential,
condensed nuclei, punctate mitochondrial
morphotypes, and release of cytochrome c.
Lifespan can be reverted by the addition of the
CYPD inhibitor cyclosporine A (Brust et al.
2010b). Strikingly, during normal aging of the
wild type, PaCYPD abundance was observed to
increase in mitochondria (Groebe et al. 2007).

Components in fungi which induce PCD
are likely not to be identical to mammalian
counterparts since the PCD machineries differ
considerably. In fungi, a role of cytochrome c in
the induction of PCD is unlikely since there is
no apoptosome and no procaspase 9, which are
involved in the process in mammals. However,
since mitochondria are known stores of cal-
cium and the need of calcium to induce meta-
caspases has recently been demonstrated
biochemically (Strobel and Osiewacz 2013), it
is well possible that it is the release of this ion

that is an important inductor of PCD in P.
anserina. Other factors, like copper or cyto-
chrome c which are also released from mito-
chondria, may only be markers of
mitochondrial rupture, while AIF and other
yet not characterized components may also
contribute to the execution of PCD, the final
step in the life cycle of P. anserina.

VI. Conclusions

Research on fungal senescence, in particular on
P. anserina and S. cerevisiae, has unraveled a
network of molecular pathways affecting aging
and lifespan (Fig. 8.4). The physiological
decline of biological systems is linked to
impairments of cellular machines and to the
generation of ROS which arise during normal
metabolism (e.g., at the respiratory chain) and
represent a “two-edged sword”. On the one
hand, ROS signaling is essential for proper
development. On the other hand, excess ROS
levels lead to molecular damage. This situation,
although the detailed underlying processes may
differ from species to species, appears to be
basically conserved between organisms.

In aerobic organisms, the main source of
ROS is the mitochondrion in which superoxide
is generated at the respiratory chain. In addi-
tion, phenolic components with vicinal
hydroxyl groups can lead to the generation of

Fig. 8.3 Age-related changes in mitochondrial mor-
phology and ultrastructure. Depicted is a series of
events occurring during aging of P. anserina. In juve-
nile individuals, mitochondria are filamentous and
functional (blue color). During aging, impairments in
function accumulate (light red) and, due to a shift
towards mitochondrial fission, mitochondria become
fragmented. In earlier stages, they contain few lamellar

cristae. Subsequently, the inner mitochondrial mem-
brane becomes reorganized and vesicular units are
formed. Occasionally, the inner membranes come into
close contact with the outer membrane, and the outer
membrane ruptures in the vicinity of these contact
sites. As a consequence, components from the inside
including apoptogens are released and lead to cell death
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Fig. 8.4 Compilation of pathways affecting aging and
lifespan in P. anserina. A major cellular generator of
ROS (large asterisks in black or specific ROS as indi-
cated) is the mitochondrion, in which superoxide is
generated at the respiratory chain. In addition, pheno-
lic components, the exact nature of which is not yet
known, with vicinal hydroxyl groups lead to the gener-
ation of the hydroxyl radical. Different pathways (e.g.,
the methyltransferase MTH1, ROS scavengers like SOD,
or catalase (CAT)) are active in balancing ROS levels.
ROS are also acting in signaling allowing the control of
gene expression. Due to limited capacity of this system,
molecular impairments (asterisks) accumulate over
time. This leads to the activation of the next level of
the surveillance system: repair, refolding, degradation
(e.g., at the proteasome or by specific proteases), resyn-
thesis, and remodeling. Remodeling is largely depen-
dent on the generation of nuclear-encoded proteins
which are synthesized at cytoplasmic ribosomes, trans-
ported to mitochondria, and distributed to the site of

function. In the case of the respiratory complexes,
except of complex II, the proteins assemble by interac-
tions of mitochondrial and nuclear-encoded proteins.
After passing further thresholds, these systems also
become overwhelmed and a response is activated.
Mitochondrial dynamics (fission and fusion) and sub-
sequently mitophagy can degrade severely damaged
mitochondrial units (red) which were separated from
functional units (blue) via fission (mediated by DNM1).
Finally, if cellular impairments accumulate above limits
which can be handled, mitochondria induce pro-
grammed cell death (PCD). Opening of mitochondria
proceeds via the mitochondrial permeability transition
pore (mPTP), which is controlled by cyclophilin D
(CYPD), leading to the release of apoptogens like AIF,
AMID, and most likely calcium. While the release of
cytochrome c and of copper appears to be a marker for
mitochondrial rupture, calcium is involved in the acti-
vation of cytoplasmic metacaspases
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the highly reactive hydroxyl radical. Different
pathways have evolved to balance cellular ROS
levels. However, they cannot completely pre-
vent molecular damage over time. After mani-
festation of damage, repair and refolding
mechanisms can revert damage in DNA or of
proteins. However, if the capacity of these sur-
veillance pathways is overwhelmed, a next
series of response pathways become activated
and lead to the degradation of severely dam-
aged components by proteases, the proteasome,
or the vacuolar system. Also fission and fusion
of mitochondria are effective processes in qual-
ity control. After removal of damaged proteins,
it is essential that the corresponding proteins
are resynthesized. This is, however, only possi-
ble if the genetic information is intact. In fact,
this is the major problem in P. anserina,
because the mtDNA coding for essential com-
ponents of the respiratory chain is almost
quantitatively rearranged. In senescent cultures
of P. anserina, PCD is induced and the organ-
ism dies. The summarized scenario is based on
experimental data and conclusions, some of
which require more rigorous validation. How-
ever, the network of interactions of pathways as
they occur currently is a good perspective for
future investigations. What will now be specifi-
cally interesting to evaluate are the mechanisms
controlling the cross talk between pathways
and the ability of pathways to compensate
impairments in other pathways. General con-
clusions about the mechanisms leading to fun-
gal senescence and possibilities to intervene
into these mechanisms leading to an extended
healthy lifespan will certainly bear important
information for transfer to other biological sys-
tems in which degenerative processes occur
and may lead to a decrease in the biosynthesis
of desired compounds or in the development of
disabilities and severe diseases. Thus, use of
fungi is not only of particular interest for the
systematic evaluation of processes and path-
ways and their interactions to unravel the
underlying mechanisms in the corresponding
species. At the same time, these systems serve
as organismal models and “living tools” to
experimentally identify, modulate, and validate
existing and novel components, pathways, and
concepts with a general significance toward a

holistic understanding of complex processes
like biological aging.

References

Abutbul-Ionita I, Rujiviphat J, Nir I, McQuibban GA,
Danino D (2012) Membrane tethering and nucleo-
tide-dependent conformational changes drive
mitochondrial genome maintenance (Mgm1) pro-
tein-mediated membrane fusion. J Biol Chem
287:36634–36638

Adam C, Picard M, Déquard-Chablat M, Sellem CH,
Denmat SH, Contamine V (2012) Biological roles
of the Podospora anserina mitochondrial Lon pro-
tease and the importance of its N-domain. PLoS
ONE 7, e38138

Alvers AL, Wood MS, Hu D, Kaywell AC, Dunn WA Jr,
Aris JP (2009) Autophagy is required for extension
of yeast chronological life span by rapamycin.
Autophagy 5:847–849

Anton F, Fres JM, Schauss A, Pinson B, Praefcke GJ,
Langer T, Escobar-Henriques M (2011) Ugo1 and
Mdm30 act sequentially during Fzo1-mediated
mitochondrial outer membrane fusion. J Cell Sci
124:1126–1135

Antonenko YN, Avetisyan AV, Cherepanov DA, Knorre
DA, Korshunova GA, Markova OV, Ojovan SM,
Perevoshchikova IV, Pustovidko AV, Rokitskaya
TI, Severina II, Simonyan RA, Smirnova EA,
Sobko AA, Sumbatyan NV, Severin FF, Skulachev
VP (2011) Derivatives of Rhodamine 19 as mild
mitochondria-targeted cationic uncouplers. J Biol
Chem 286:17831–17840

Antunes F, Cadenas E (2000) Estimation of H2O2

gradients across biomembranes. FEBS Lett
475:121–126

Aravind L, Walker DR, Koonin EV (1999) Conserved
domains in DNA repair proteins and evolution of
repair systems. Nucleic Acids Res 27:1223–1242

Arlt H, Steglich G, Perryman R, Guiard B, Neupert W,
Langer T (1998) The formation of respiratory
chain complexes in mitochondria is under the
proteolytic control of the m-AAA protease.
EMBO J 17:4837–4847

auf dem Keller U, Kumin A, Braun S, Werner S (2006)
Reactive oxygen species and their detoxification in
healing skin wounds. J Investig Dermatol Symp
Proc 11:106–111

Baker MJ, Mooga VP, Guiard B, Langer T, Ryan MT,
Stojanovski D (2012) Impaired folding of the mito-
chondrial small TIM chaperones induces clearance
by the i-AAA protease. J Mol Biol 424:227–239

Baraibar MA, Ladouce R, Friguet B (2013) Proteomic
quantification and identification of carbonylated
proteins upon oxidative stress and during cellular
aging. J Proteomics 92:63–70

Baynes JW (2001) The role of AGEs in aging: causation
or correlation. Exp Gerontol 36:1527–1537

Molecular Control of Fungal Senescence and Longevity 173



Beauchamp C, Fridovich I (1970) A mechanism for the
production of ethylene from methional. The gen-
eration of the hydroxyl radical by xanthine oxi-
dase. J Biol Chem 245:4641–4646

Bender T, Lewrenz I, Franken S, Baitzel C, Voos W
(2011) Mitochondrial enzymes are protected
from stress-induced aggregation by mitochondrial
chaperones and the Pim1/LON protease. Mol Biol
Cell 22:541–554

Bertrand H, Collins RA, Stohl LL, Goewert RR, Lam-
bowitz AM (1980) Deletion mutants of Neurospora
crassa mitochondrial DNA and their relationship
to the “stop-start” growth phenotype. Proc Natl
Acad Sci USA 77:6032–6036

Bertrand H, Chan BS, Griffiths AJ (1985) Insertion of a
foreign nucleotide sequence into mitochondrial
DNA causes senescence in Neurospora intermedia.
Cell 41:877–884

Bertrand H, Griffiths AJ, Court DA, Cheng CK (1986)
An extrachromosomal plasmid is the etiological
precursor of kalDNA insertion sequences in the
mitochondrial chromosome of senescent Neuros-
pora. Cell 47:829–837

Bienert GP, Schjoerring JK, Jahn TP (2006) Membrane
transport of hydrogen peroxide. Biochim Biophys
Acta 1758:994–1003
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fication of a mitochondrial DNA sequence in the
cytoplasmically inherited ‘ragged’ mutant of Asper-
gillus amstelodami. Eur J Biochem 106:633–641

Le DT, Lee BC, Marino SM, Zhang Y, Fomenko DE,
Kaya A, Hacioglu E, Kwak GH, Koc A, Kim HY,
Gladyshev VN (2009) Functional analysis of free
methionine-R-sulfoxide reductase from Saccharo-
myces cerevisiae. J Biol Chem 284:4354–4364

Leal SM Jr, Vareechon C, Cowden S, Cobb BA, Latge JP,
Momany M, Pearlman E (2012) Fungal antioxidant
pathways promote survival against neutrophils
during infection. J Clin Invest 122:2482–2498

Lehmann AR (1982) Three complementation groups in
Cockayne syndrome. Mutat Res 106:347–356

Leonhard K, Guiard B, Pellecchia G, Tzagoloff A, Neu-
pert W, Langer T (2000) Membrane protein degra-
dation by AAA proteases in mitochondria:
extraction of substrates from either membrane
surface. Mol Cell 5:629–638

Lessing F, Kniemeyer O, Wozniok I, Loeffler J, Kurzai
O, Haertl A, Brakhage AA (2007) The Aspergillus
fumigatus transcriptional regulator AfYap1 repre-
sents the major regulator for defense against reac-
tive oxygen intermediates but is dispensable for
pathogenicity in an intranasal mouse infection
model. Eukaryot Cell 6:2290–2302

Levine RL, Garland D, Oliver CN, Amici A, Climent I,
Lenz A-G, Ahn B-W, Shaltiel S, Stadtman ER
(1990) Determination of carbonyl content in oxi-
datively modified proteins. Methods Enzymol
186:464–478

Lin SJ, Defossez PA, Guarente L (2000) Requirement of
NAD and SIR2 for life-span extension by calorie
restriction in Saccharomyces cerevisiae. Science
289:2126–2128

Lionaki E, Tavernarakis N (2013) Oxidative stress and
mitochondrial protein quality control in aging. J
Proteomics 92:181–194

Molecular Control of Fungal Senescence and Longevity 177



Liu Y, Prasad R, Beard WA, Kedar PS, Hou EW, Shock
DD, Wilson SH (2007) Coordination of steps in
single-nucleotide base excision repair mediated by
apurinic/apyrimidinic endonuclease 1 and DNA
polymerase beta. J Biol Chem 282:13532–13541

Liu B, Larsson L, Caballero A, Hao X, Oling D, Gran-
tham J, Nystrom T (2010) The polarisome is
required for segregation and retrograde transport
of protein aggregates. Cell 140:257–267

Longo VD, Liou LL, Valentine JS, Gralla EB (1999)
Mitochondrial superoxide decreases yeast survival
in stationary phase. Arch Biochem Biophys
365:131–142

Longo VD, Shadel GS, Kaeberlein M, Kennedy B (2012)
Replicative and chronological aging in Saccharo-
myces cerevisiae. Cell Metab 16:18–31

Luce K, Osiewacz HD (2009) Increasing organismal
healthspan by enhancing mitochondrial protein
quality control. Nat Cell Biol 11:852–858

Ma LH, Takanishi CL, Wood MJ (2007) Molecular
mechanism of oxidative stress perception by the
Orp1 protein. J Biol Chem 282:31429–31436

Maas MF, Sellem CH, Hoekstra RF, Debets AJ,
Sainsard-Chanet A (2007) Integration of a pAL2-
1 homologous mitochondrial plasmid associated
with life span extension in Podospora anserina.
Fungal Genet Biol 44:659–671

Maclean MJ, Aamodt R, Harris N, Alseth I, Seeberg E,
Bjoras M, Piper PW (2003) Base excision repair
activities required for yeast to attain a full chrono-
logical life span. Aging Cell 2:93–104

Madeo F, Herker E, Maldener C, Wissing S, Lachelt S,
Herlan M, Fehr M, Lauber K, Sigrist SJ, Wesselborg
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I. Introduction

The mycelium is a colony form which combines
the ability to adapt its morphology to the
underlying substrate and conditions while
maintaining functional unity through intercon-
nectedness. Thus, regions that access nutrient-
rich substrates may support other’s undertak-
ing exploration or differentiation processes.
This display of versatility has led to the realisa-
tion that the mycelium is governed by a sophis-
ticated chemo-sensitive system.

Many of the elements of this system have
probably been already inventoried after many
decades of research, but the functional connec-
tions between them remain largely unknown.
On the one hand, many reported colony func-
tions have been ascribed to as yet unidentified
chemical signals. On the other, many thousands
of molecules have been purified and charac-
terised, of which only a small proportion have
been credited with a biological role.

Those signals recognised so far comprise
two large categories. Firstly, those directed
at relations with other organisms, such as
hosts and include elicitors and inhibitors, com-
petitors involving antibiotics and predators
where mycotoxins are implicated (for further
information see Mycota vols V (2nd edn),
X (2nd edn) and XI (2nd edn)).

The second category consists of self-
directed signals that formerly fell under the
generic term hormones (Gooday 1994). They
include pheromones, which facilitate the inter-
action of compatible gametes, and developmen-
tal hormones, which regulate the formation or
maintenance of differentiated fungal tissues or
proto-organs, such as ascomata or basidiomata.
These will be dealt with in Wöstemeyer et al.
(2016), Dyer et al. (2016), Pelkmans et al.
(2016), respectively.

In addition to hormones, other intra-
colonial cues convey information on the status
of each cell within the mycelium. They often
involve extracellular metabolites and results in
adaptations which are advantageous to the col-
ony as a living unit. In the past, these signals
have been referred to as autoinducers, autoin-
hibitors, quorum-sensing factors and morpho-
gens. From a functional viewpoint they all
encompass the regulation of transitions
between morphogenetic programmes; hence,
they may be collectively termed as autoregula-
tors. Signalling molecules performing autoregu-
latory roles had already been assigned this term
when first discovered in filamentous bacteria
(Horinouchi and Beppu 1992).

This review will focus on those autoregula-
tory signals which are involved in germination,
colony morphogenesis and asexual and sexual
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development in mycelial fungi. Finally, the inci-
dence of autoregulators in dimorphism will also
be covered.

II. Germination

The programmed outcome of every fungal
spore is to land on an appropriate habitat and
successfully establish a new colony. A number
of mechanisms (temperature changes, physical
stress and chemical sensing) are involved in
gauging the feasibility of germination at a
given environmental condition. Chemosensory
mechanisms report on the chemical character-
istics of the substrate, be it the wax composition
of a leaf surface, as in the case of the obligate
biotroph rust Blumeria graminis on perennial
ryegrass (Ringelmann et al. 2009) or the sugar
and amino acid composition of a ripe fruit or
seed, as in the case of the saprophyte Aspergil-
lus niger (Hayer et al. 2013, 2014). In addition
to these cues, autoregulatory signals play an
important role in preventing futile competition
between sister spores.

The first demonstration that spores sense
and respond to an overcrowded environment
through self-produced chemical signals came
from studies with the rust Puccinia graminis
(Allen 1955). These autoregulators were specif-
ically termed autoinhibitors or self-inhibitors
(Macko and Staples 1973) and were reported
to exist in more than 60 fungal species (Allen
1976). A representative collection is shown in
Table 9.1.

Germination autoinhibitors are thought to
be produced at the time of sporulation and
deposited at the outer wall layers of spores.
Whether they found in diffusible form or pro-
gressively pass from a bound to soluble form is
still a subject of speculation (Macko and Staples
1973). Once in contact with an aqueous
medium, they diffuse through the bulk liquid
surrounding the spore but also commonly par-
tition to the gas phase and carry the signal to
other spores in the vicinity. The signal is
extremely effective, and 50 % inhibition was
reported at nanomolar concentrations in those
cases in which it was measured (Allen 1972).

Germination autoinhibitors of plant rusts
show structural diversity and remarkable spec-
ificity. In the case of the bean rust Uromyces
phaseoli, the active agent is methyl-cis-3,4-
dimethoxycinnamate (Table 9.1), while the
wheat stem rust counterpart Puccinia graminis
is methyl-cis-ferulate (methyl-cis-4-hydroxy-3-
methoxycinnamate, Table 9.1). In both cases, it
has been shown that the cis isomer is the active
inhibitor, although even low UV radiations
result in a conversion into trans isomers with
both forms found at equilibrium under natural
conditions (Allen 1972). Other plant pathogens,
such as Colletotrichum gloeosporioides, have
been reported to produce CG-SI 1 and 2 ((E)-
and (Z)-3-ethylidine-1, 3-dihydroindol-2-one)
and CG-SI 3 ((2R)-(3-indoyl) propionic acid,
Table 9.1, Tsurushima et al. 1995) and the less
active molecule gloeosporone (Lax et al. 1985;
Table 9.1). The related C. fragariae has been
reported to produce several germination auto-
inhibitors as colletofragarone A1 and A2, the
volatile (2E, 4E) 2,4-hexadienal and the previ-
ously reported molecules CG-SI 1, CG-SI-2 and
CG-SI-3 (Inoue et al. 1996; Miyagawa et al.
2001; Table 9.1). The tobacco blight fungus
Peronospora tabacina, in turn, uses quiesone
(5-Isobutyroxy-b-ionone, Table 9.1) as germi-
nation autoinhibitor (Leppik et al. 1972).

In contrast with the chemical specificity
displayed by plant pathogens, saprophytes
appear to use a more generalised signalling
cue. Nonanoic acid (Table 9.1) has been
shown to be produced and sensed by spores of
many soil fungi (Garret and Robinson 1969).
Related compounds such as 1-octen-3-ol
(Table 9.1) have been reported to act in the
cereal pathogen Penicillium paneum (Chitarra
et al. 2004) and Aspergillus nidulans (Herrero-
Garcı́a et al. 2011). Herrero-Garcı́a et al. (2011)
found two other related autoinhibitors, 3-
octanone and 3-octanol, that could inhibit ger-
mination to a lesser degree (Table 9.1).

The marked differences in specificity
between biotrophic pathogens and saprophytes
may originate from the fact that the former
occupy a specific niche in which the host may
also generate molecules which play an impor-
tant role in the infection process. These often
comprise volatile alcohols of various chain
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lengths, such as nonyl alcohol (Allen 1972),
trans-2-hexen-1-ol (Collins et al. 2001) and sur-
face waxes (Podila et al. 1993). These stimula-

tory signals share molecular and
physicochemical characteristics with germina-
tion autoinhibitors and must, therefore, be

Table 9.1 Germination inhibition autoregulatory signals

Germination autoinhibitors

Species Molecule/structure References

Colletotrichum fragariae
(2E,4E) 2,4-hexadienal

Colletofragarone A1

Colletofragarone A2

O

O
H

H H
O

O

OH OH

O

O
H

H H
O

O

OH OH

O

Inoue et al. (1996)
Miyagawa et al. (2001)

Colletotrichum
gloeosporioides

Gloeosporone O

O

O
H OH

O
H

Lax et al. (1985)

C. fragariae
C. gloeosporioides

CG-SI-

N
H O

H

1 CG-SI-2 CG-SI-3

N
H O

COOH

N
H O

H

Tsurushima et al. (1995)
Inoue et al. (1996)

Colletotrichum graminicola
Mycosporine-Alanine O

HOH2C
OH

NH

OMe

COOH

Leite and Nicholson (1992)

Peronospora tabacina

Quiesone

O

O

O Leppik et al. (1972)

Puccinia graminis
Methyl-cis-4-hydroxy
-3-methoxycinnamate OH

OHC

COOH

Macko et al. (1971a)
Allen (1972)

Uromyces phaseoli
Puccinia helianthi
and Puccinia antirrhini

Methyl-cis-3, 4-
dimethoxycinnamate OHC

OHC

COOH Macko et al. (1970, 1971b)

Fusarium oxysporum
Syncephalastrum racemosum

Nonanoic acid
OH

O Garret and Robinson (1969)
Hobot and Gull (1980)

Penicillium
paneumAspergillus
nidulans

1-Onten-3-ol 
OH Chitarra et al. (2004)

Herrero-Garcı́a et al.
(2011)

Aspergillus nidulans 3-Octanone 3-Octanol OHO Herrero-Garcı́a et al. (2011)
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clearly distinguished by the spore. The general
consensus is that monounsaturated aliphatic
chain-containing self-inhibitors are cis isomers,
whereas the stimulators are mostly in the trans
conformation. In addition, the positioning of
the unsaturated bonds is important for differ-
entiation between stimulators and inhibitors
(Wang et al. 2002).

Saprophytes need not differentiate neces-
sarily between self and non-self but may prefer-
entially need to determine the extent of
occupancy of the substratum in a first instance,
independently of the nature of the occupants.
This may be the principal reason for a less
varied array of reported germination autoinhi-
bitors in saprophytic fungi. Nevertheless, as
work progresses on the chemical ecology of
these signals, this current understanding may
be confirmed or reformed by the weight of the
evidence.

The precise mechanism of action of germi-
nation autoinhibitors remains little under-
stood, although it has been shown that spores
remain blocked at the isotropic growth stage
(swelling), prior to germ tube formation (Her-
rero-Garcı́a et al. 2011). Different molecular
mechanisms have been attributed with a role
in this effect. Nonanoic acid has been postu-
lated to provoke alterations in membrane per-
meability and, consequently, in intracellular pH
(Breewer et al. 1997). Other studies point to a
direct involvement of K+ channel activation
and consequent loss of intracellular potassium
(Wang et al. 2002) or interference with germi-
nation signalling pathways involving RAS and
cAMP signalling pathways (Fillinger et al.
2002). Autoinhibitors have been shown to
block calmodulin gene expression (Liu and
Kalattukudy 1999). Whether these are directly
or indirectly exerted by the germination auto-
inhibitors awaits verification.

Although mycelial fungi are mostly known
to produce germination inhibitors, the higher
fungi possess self-produced germination auto-
inducers. These are also volatile compounds,
mostly short-chain fatty acids, induce germina-
tion up to a concentration threshold and
become inhibitory over that level (Lösel 1967).
Amongst them, isovaleric acid is the best
known autoinducer, and it is produced by

spores and mycelia of Agaricus bisporus (Rast
and Stäuble 1970).

The currently accepted interpretation of the
role of germination autoinducers is that they
could maximise the opportunity of compatible
spores to form a dikaryon (an important fea-
ture of the life cycle of basidiomycetes).

In all, the information available on germi-
nation autoinhibitors and autoinducers is still
limited and dated. An interdisciplinary
approach to the study of these molecules and
their mode of action should yield important
new knowledge for the understanding of fungal
behaviour in natural conditions.

III. Colony Morphogenesis

The germ tubes emerging from spores may
produce short specialised hyphae called conid-
ial anastomosis tubes (CATs, they are also
known to emerge directly from conidia, Read
et al. 2012). CATs grow towards each other and
fuse by complex signalling mechanisms
(Fig. 9.1). Diffusible signals are consecutively
released and perceived through converging
CAT tips (Roca et al. 2005; Read et al. 2012).
Genetically identical conidia can produce germ
tubes and CATs that exhibit negative and posi-
tive chemotropism, respectively. This fact indi-
cates that, from the very beginning of the
colony formation, the presence of other cells
is sensed and controlled through autoregula-
tory signals (Lichius et al. 2014). The identity
of the extracellular signals remains unknown,
although they are species specific (Read et al.
2009, 2010). Read and collaborators have
recently demonstrated that RAC-1 is essential
for CAT formation and cell fusion, in contrast
with germ tube development, where CDC-42 is
required. The authors propose a model in
which the local assembly of plasma-mem-
brane-associated GTPase–PAK–MAPK signal-
ling elements regulates chemoattractant
perception and secretion in order to synchro-
nise oscillatory cell–cell communication and
directional CAT tip growth. This mode of
action explains the differences between CAT
fusion and germ tube growth (Lichius et al.
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2014). The biological significance of CAT fusion
may include the rapid formation of a multicel-
lular platform from identical individuals that
would otherwise compete for nutrients and
space. Its occurrence has been reported in
many ascomycetes and has been also observed
in uredospores (Read et al. 2012; Read and Roca
2006).

Having completed the germination process,
emerging hyphae extend away from the germl-
ing, eventually giving rise to a radial colony.
The development of a colony from a germling
to a mycelium has been recognised as a com-
plex process (Fig. 9.2a, Buller 1933; Simonin
et al. 2012). At the advancing edge, apical exten-
sion growth is clearly dominant with few rami-
fications. Older subapical zones display lateral

branches which fuse with already existing lead-
ing hyphae or amongst themselves. This trans-
forms the initial radial colony into a web-
shaped network, with important functional
consequences. At distal regions near the origin
of the colony, living vacuolated cells support
intercellular transport and the formation of
long-term survival structures. There is no
record of backward hyphal growth from the
periphery into these regions. Hence, the colony
appears to undergo a self-organising plan
which can be modified in response to environ-
mental cues such as nutrient availability, phys-
ical damage and predation (Fricker et al. 2007).
The autoregulatory signals that direct myce-
lium development are little understood, but
some elements have been reported.

Newly formed hyphae elongate by apical
extension growth, and the process by which
they grow away from the colony origin, as well
as each other, has been the subject of study
(Leeder et al. 2013). A clear depiction of this
pattern is clearly provided by Hickey et al.
(2002) in Neurospora crassa (Fig. 9.2b), but
the chemical signals driving this guiding are
the subject of speculation. Chemotropism
driving growth towards nutrients (and there-
fore away from lower nutrient containing
zones) has found little supporting evidence
(Gooday 1975). Some specialised examples
involving parasitic or symbiotic fungi and
their hosts (Brand and Gow 2009 and references
therein) cannot be extrapolated to mycelium
development. However, positive aerotropism
(tropism towards higher oxygen concentra-
tions) has been shown to occur in early studies
(Robinson 1973a, b, c). This guiding cue would
not only direct hyphae away from the centre of
the colony but also away from each other. No
evidence has yet emerged on the existence of
autoregulatory signals guiding this growth pat-
tern, but they cannot be ruled out at this time.

In contrast to the outward tropism shown
by leading hyphae at the colony edge, subapical
regions generate lateral branches which fuse
with each other (Gooday 1999; Fleißner and
Serrano 2016). Detailed studies with
fluorophore-labelled Neurospora crassa hyphae
(Hickey et al. 2002) showed that the formation
of lateral branches is induced by the remote

Fig. 9.1 CAT fusion between conidia and conidial
germlings in Neurospora crassa imaged by low-
temperature scanning electron microscopy. (a) Most
CATs emerge directly from conidia homing towards
other conidia (GT: germ tube). (b) CAT can emerge
from germ tubes and fuse with other CATs, forming
an interconnected, supracellular germling network (cell
fusion connections are circled). Scale bars¼10 mm
(Adapted from Lichius et al. 2014)
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presence of other hyphae, and moreover, once
formed, they attract each other (Fig. 9.2c).

Despite these advances, the chemical sig-
nals which drive the formation of lateral
branches and their homing and fusion remain
unidentified. Early analyses on autoregulator-
mediated positive autotropism by Müller and
Jaffe (1965) in Botrytis cinerea postulated that a
diffusible growth stimulator, with a half-life of
10 s, acting at a radius of 10 mm around each
hypha, would fit in with their observations.
This projection resembles other independently
conducted studies (Gooday 1975). Flow cell
studies using Aspergillus oryzae showed that
substitution of fresh medium with medium
which was recirculated resulted in increased
apical extension growth and increased branch-
ing (Spohr et al. 1998). This supported the
suggestion that a relatively stable self-produced
growth and branching inducer or inducers were
present in the medium. Further studies along
these lines should clarify the nature of the
endogenous signals.

In addition to positive autotropism (per-
pendicular to the growth axis) at subapical
zones, a negative tropism (along the growth
axis) inhibiting back growth towards older
parts of the colony has also been reported in
mycelial colonies. Studies in static agar cultures

by Bottone et al. (1998) showed that cultures of
Mucor spp. and Aspergillus fumigatus on mem-
brane filter over agar plates, upon removal of
the membranes, left clear circular patches of
agar, into which back growth could not occur.
Nutrient depletion was ruled out by several
controls with supplementation. Back growth
occurred only when the patches were replaced
by fresh medium and separated from the sur-
rounding colony by a “moat”. This measure
avoided back diffusion of an unidentified
inhibitor from the surrounding biomass. This
finding supported earlier theoretical models
which could only emulate colony morphogene-
sis by incorporating the effect of a self-
produced inhibitor of back growth in fungal
colonies (Indermitte et al. 1994). A chemical
signal fulfilling the requirements was later iden-
tified as extracellular bicarbonate, likely result-
ing from respiratory metabolism, in Aspergillus
nidulans (Rodrı́guez-Urra et al. 2009). These
authors demonstrated that a bicarbonate con-
centration gradient formed from the periphery
to the centre of the colony in agar minimal
medium (Table 9.2). When the bicarbonate
concentration gradient reached 25 mM in sub-
peripheral regions, it acted as a morphogen by
increasing the branching frequency. At distal
regions, increasing concentration exerted pro-

Fig. 9.2 (a) Drawing showing the typical pattern of a
fungal colony resulting from a single germinated spore.
The peripheral zone contains no anastomosis of hyphae,
whereas the central zone shows anastomosis and the

formation of a matrix (Adapted from Buller 1933).
(b, c) Confocal images showing hyphal organisation at
the periphery (b) and at distal regions (c) in a colony of
Neurospora crassa (Adapted from Hickey et al. 2002)
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gressive growth inhibition, in addition to
increased branching (Fig. 9.3a). At the oldest
regions, growth eventually ceased, leaving cells
in a viable quiescent state (Fig. 9.3b,c).

The mechanism by which bicarbonate
exerts this overlapping biphasic effect on
hyphal morphology and growth rate has been
associated with the activation of adenylyl
cyclase (Bahn and Mühlschlegel 2006). In Can-
dida albicans, the enzyme (Cyr1p) which is the
highly conserved Lys 1373 residue is essential
for CO2/bicarbonate binding, resulting in
increased cAMP levels and filamentation within
the colony (Hall et al. 2010). No such effects
have been demonstrated in filamentous fungi,
although earlier reports do confirm increased
branching effects with upon addition of cAMP
to the growth medium (Robson et al. 1991).

Another example of an endogenous factor
exerting effects on colony morphology is that of
citrinin in Aspergillus niger where it has been
attributed the role of inducing vacuolation and
thin hyphae formation at the centre of the col-
ony (Robinson and Park 1966, Table 9.2).

Volatile organic compounds (VOCs) have
already been attributed a role as quorum-sens-
ing factors in germination (see above). In addi-
tion, they also act as hyphal extension rate
inhibitors with no apparent role on branching
in Penicillium paneum (Chitarra et al. 2004)
and A. nidulans (Herrero-Garcı́a et al. 2011).
Although these studies describe an inhibitory

effect between colonies, an intra-colonial effect
may not be ruled out. The volatile sesquiter-
pene (+)-thujopsene has also been postulated
to exert an autoregulatory function on hyphal
extension in Penicillium decumbens (Polizzi
et al. 2011; Table 9.2).

It is generally accepted that specific signals
direct positive autotropism and self-fusion
(anastomosis) between intra-colonial hyphae
behind the peripheral region. The nature of
the chemical signals involved in these processes
remains to be elucidated (Kües and Navarro-
González 2009). Small extracellular peptides
sharing molecular features with pheromones
remain plausible candidates, given the similar-
ity between both processes (Read et al. 2012).

IV. Asexual Development

Behind the peripheral growth region, where
cells are no longer engaged in colony expan-
sion, aerial hyphae differentiate into
mitospore-producing structures, suitable for
dispersal. Conidia are a common form of
mitospore present in Ascomycetes and Basidio-
mycetes (Webster and Weber 2007). For more
details on conidiation induction, see the review
by Park and Yu (2012). The mechanism by
which hyphae trigger the process involves the
sensing of several environmental cues, amongst
which low water activity, light, contact with the

Table 9.2 Colony morphogenesis autoregulatory signals

Colony morphogenesis autoregulators

Species Molecule/structure References

Aspergillus nidulans
Bicarbonate 

OH O-

O
Rodrı́guez-Urra et al. (2009)

Aspergillus niger

Citrinin O OH

O

O

OH

Robinson and Park (1966)

Aspergillus nidulans
Penicillium paneum 1-Octen-3-ol 3-Octanol                3-Octanone

OH OH O

Chitarra et al. (2004)
Herrero-Garcı́a et al. (2011)

Penicillium decumbens (+)-Thujopsene Polizzi et al. (2011)
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Fig. 9.3 Bicarbonate modulates kinetic parameters G
and m and induces quiescence in cells at the colony
centre. (a) KHCO3 was incorporated into MMA plates,
emulating the intra-colonial bicarbonate concentration
and pH. Parallel bicarbonate-free MMA controls were
set at the appropriate pH values for each treatment.
Two growth kinetics parameters were analysed in
Aspergillus nidulans cultures: G, the length of the
hyphal growth unit, which represents the average
length of a hypha which supports the extension of
each tip in the mycelium (high values of G are indica-
tive of low mycelial branching and vice versa). And m,
the specific growth rate, which indicates the rate of
biomass production per unit time. Low concentrations
of bicarbonate (0–25 mM) affected the hyphal growth
unit, G, resulting in increased hyphal branching. At
concentrations above 25 mM, hyphal branching
continued to increase, and specific growth rate (m)
was affected. (filled triangle) G in HCO3

� cultures,

(open square) G in control HCO3
�-free cultures (at

the same pH as the former); (closed square) m in
HCO3

� cultures; (open square) m in control HCO3
�-

free cultures (at the same pH as the former). Standard
deviations (not shown) are lower than�10 %. (b, c) The
stage of the cell cycle at which cells remained under
bicarbonate culture conditions was investigated. Spor-
elings (6 h) exposed to conditions emulating those at
the centre of a 72 h colony (MMA diluted to 1/10, pH 9,
and 50 mM KHCO3) were analysed by observing their
nuclei after DAPI (4’,6-diamidino-2-phenylindole)
staining. The strain used also had the B type cyclin
NimE tagged with green fluorescent protein (GFP).
NimE is localised in the cytosol and gradually accumu-
lates in the nucleus during G1. This process proceeds
through S phase (DNA synthesis) and reaches maximal
accumulation at G2 prior to mitosis. When mitosis
begins, NimE is degraded. (b) Control cells grown in
the absence of bicarbonate show varied NimE distribu-
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atmosphere and the proximity of other fungi
have been described. Endogenous factors have
been attributed important roles in this process
(Etxebeste et al. 2010).

Early studies of asexual spore production
point to the involvement of endogenous factors
in calcium-induced submerged sporulation in
Penicillium notatum (Hadley and Harrold
1958). Four decades later, the diterpene coni-
diogenone was identified and attributed a con-
idiation-inducing role in the closely related P.
cyclopium. Calcium ions were shown to act as
enhancers in the induction process (Roncal
et al. 2002). The authors proposed that when
the hyphae grow in a liquid environment, con-
idiogenone is diluted in the bulk medium.
On emergence to the air, however, conidiogen-

one is believed to accumulate at the surface of
hyphae, thus attaining threshold levels (350
pico M) which activate the conidiation through
as yet unknown sensory processes (Table 9.3).

In order to avoid long-term signal accumu-
lation which would result in miss-scheduled
conidiation induction, conidiogenone is con-
tinuously converted to an inactive derivative
conidiogenol by the reduction of a single keto
group (Roncal et al. 2002).

In Aspergillus nidulans, a secreted factor
was attributed a role in early induction of con-
idiation, which was not produced in mutants
defective in the fluG gene (Lee and Adams
1994). Later studies showed that exogenous
addition of the meroterpenoid dehydroausti-
nol, obtained from culture extracts of a wild-

Fig. 9.3 (continued) tions, due to the asynchronous
occurrence of different cell cycle stages. NimE::GFP
accumulates in nuclei in G2 (grey arrow), is absent in
mitosis (white arrow) and resynthesised in the cyto-
plasm after the completion of mitosis (early G1) and
partially accumulating in nuclei in mature G1 (white

arrowhead). (c) In the presence of bicarbonate, NimE::
GFP protein accumulates in nuclei as determined by
co-staining with DAPI, with some protein remaining in
the cytoplasm. DAPI-stained nuclei appeared compact,
which is normally ascribed to cells in G1. Scale bar¼
10 mm (Adapted from Rodrı́guez-Urra 2012)

Table 9.3 Asexual development autoregulatory signals

Asexual development autoregulators

Species Molecule/structure References

Penicillium cyclopium Conidiogenone OH Roncal et al. (2002)

Aspergillus nidulans Dehydroaustinol

OO

O

O O

O
OH

Rodrı́guez-Urra et al. (2012)

Aspergillus terreus Butyrolactone I O

O
OH

OH

OHH3CO O

Schimmel et al. (1998)

Trichoderma virens Carot-4-en9,10-diol
OH

OH
Wang et al. (2013)

Aspergillus nidulans
Trichoderma atroviride 1-Octen-3-ol 3-Octanol 3-Octanone

OH OH O

Nemčovič et al. (2008)
Herrero-Garcı́a et al. (2011)
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type strain, restored the conidial phenotype in a
null fluG mutant (Table 9.3; Rodrı́guez-Urra
et al. 2012). The signalling compound was
found forming an adduct with diorcinol,
which prevented the formation of dehydroaus-
tinol crystals, thus enabling the signalling func-
tion at the aerial hypha surface (Fig. 9.4;
Rodrı́guez-Urra et al. 2012).

A second secreted factor acting down-
stream of the FluG signal was also identified
using other mutants defective in the formation
of the conidium-bearing structure (conidio-
phore). Its synthesis requires a set of four
genes (flbA-D; Flb, standing for fluffy with low
brlA expression), and it is required for the for-
mation of the conidiophore (Wieser et al. 1994).
In contrast to the FluG signal, which is secreted
by growing hyphae at all times (Cordobés
2006), the Flb signal is only produced by
hyphae that are about to become conidiophores
(Iradi and Ugalde, unpublished results). This
would support the view that the Flb signal
may determine those cells destined to form
conidiophores, as opposed to other develop-
mental paths.

Miscellaneous examples of other self-
produced secondary metabolites exerting a role
as autoregulators in asexual spore production
have been reported in different fungal species.
The partially elucidated diterpene sporogen-PF-
1 is produced by Penicillium funiculosum under
blue light and promotes the production of con-
idia (Katayama et al. 1989). The sesquiterpene
sporogen-AO1 ((1aR,6R,7bR)-5,6,7,7a-tetrahy-
dro-6-hydroxy-7,7a-dimethyl-1a-(prop-1-en-2-
yl)naphtho[2,1-b]oxiren-2(1aH,4H,7bH)-one)
has been reported to exert sporogenic effects in
Aspergillus oryzae (Tanaka et al. 1984). Butyr-

olactone I (methyl 2-(4-hydroxy-3-(3-methyl-
but-2-enyl) benzyl)-tetrahydro-3-(4-hydroxy
phenyl)-4,5-dioxofuran-2-carboxylate;Table9.3),
a small g-butyrolactone-containing metabolite,
has been found in Aspergillus terreus cultures,
with significant effects on branching and asex-
ual spore production (Schimmel et al. 1998).
Moreover, butyrolactone I addition to liquid
cultures of A. terreus triggered a significant
increase in the butyrolactone I levels associated
with an increase in the production of the sec-
ondary metabolite lovastatin. This suggests
that butyrolactone I is capable to induce its
own synthesis following a similar pattern as
reported for several quorum-sensing molecules
(Raina et al. 2012). Interestingly, small g-butyr-
olactone-containing molecules are important
quorum-sensing factors in gram-negative bac-
teria and also regulate cellular differentiation in
filamentous bacteria (McCormick and Flärdh
2012).

Quorum-sensing signals that modulate ger-
mination or growth (see earlier sections) have
also been shown to regulate the formation of
asexual spores. 8COs, which inhibit germina-
tion and colony growth, are capable of enhanc-
ing conidiation response in A. nidulans and
Trichoderma atroviride (Herrero-Garcı́a et al.
2011; Nemčovič et al. 2008; Table 9.3). These
compounds were shown regulate asexual devel-
opment at very early stages (Herrero-Garcı́a
et al. 2011). The multiple mode of action of
8COs is coherent with the biological responses
required under growth restrictive conditions.
The mechanism of action remains unclear.

Another example of an autoregulator
involved in stress-related asexual development
has been recently described example, in Tricho-

Fig. 9.4 Aspergillus nidulans wild-type culture extracts
containing dehydroaustinol and diorcinol restore aerial
sporulation in DfluG colonies. Diorcinol prevents dehy-
droaustinol crystal formation. Moreover, wild-type

extract-treated colonies rescue the sporulating pheno-
type and do not show masses of undifferentiated
hyphae. Scale bar¼1.5 mm (Adapted from Rodrı́guez-
Urra et al. 2012)
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derma virens, where production of the sesqui-
terpenoid carot-4-en-9,10-diol has been
reported under cathecol-induced stress, also
exerting an autoregulatory conidiation-induc-
ing role (Wang et al. 2013; Table 9.3).

V. Sexual Development

In addition to the formation of mitospores,
which often serve as short-term dispersal pro-
pagules, mycelial fungi may also produce sex-
ual organs bearing meiospores. These, in turn,
are endowed with the capacity to endure long
periods with minimal loss of viability (Webster
and Weber 2007). Soil-dwelling species often
produce sclerotia, survival structures contain-
ing specialised hyphae, which may have derived
from meiospore development in ascomycetes
(Geiser et al. 1996). Sexual development and
its regulation are covered in Peraza-Reyes and
Malagnac (2016).

In the Aspergilli, sexual development
involves the formation of asci-bearing struc-
tures called cleistothecia. The process is often
favoured in dark, nutritionally poor and
enclosed conditions (for a full review, consult
Dyer and O’Gorman 2012). Endogenous signals
have shown to play a role in the triggering of
sexual development, as well as on the balance
between asexual and sexual development
within the colony.

Pioneering work on the role of autoregula-
tory signals in sexual development by Sewell P.
Champe and collaborators represents an exam-
ple of the importance of a multidisciplinary
studies in biology. A series of mutants of Asper-

gillus nidulans which showed low conidiation
levels, premature production of cleistothecia
(sexual development structures) and the secre-
tion of the antibiotic diorcinol (3,30-dihydroxy-
5,50-dimethyldiphenyl ether) led the investiga-
tors to conclude that asexual and sexual devel-
opment were controlled by a common
modulating pathway (Butnick et al. 1984a, b).
It was later observed that the overproduction of
a solvent extractable chemical factor (psi fac-
tor, standing for premature sexual induction)
was responsible for the phenotype. Even when
administered to wild-type strains, the factor
could inhibit conidiation and promote sexual
development (Champe et al. 1987). Three types
of hydroxylated derivatives of C18 unsaturated
fatty acids (also called oxylipins) were identi-
fied based on the starting fatty acid molecule
subject to hydroxylation. Those based on oleic
acid (18:1) were termed psib, those derived
from linoleic (18:2), psia, and those from lino-
lenic (18:3), psig. The placing of the hydroxyl
groups gave rise to the terms psiB(hydroxyl
substitution in position 8), psiC (position 5
and 8) and psiA (a lactoniester of psiC;
Champe and El-Zayat 1989; Mazur et al. 1990,
1991).

Dosage studies with psia oxylipins indi-
cated that marked differences in biological
activity could be obtained between applications
of psiBa (8-hydroxylinoleic acid, Table 9.4) and
psiCa (5,8-dihydroxylinoleic acid, Table 9.4),
which stimulated sexual spore development to
the detriment of conidiation, and psiAa (a lac-
tonized ester of psiCa, Table 9.4) which acted as
an antagonist which shifted the balance
towards asexual spore development.

Table 9.4 Sexual development autoregulatory signals

Sexual development autoregulators

Species Molecule/structure References

Aspergillus nidulans Nitric Oxide NO Baidya et al. (2011)
Marcos et al. (2011)

Aspergillus spp.

O

O

OH

OH
OH

O

OH
OH

O OH

Psi Bα

Psi Aα
Psi Cα

Champe and El-Zayat (1989)
Mazur et al. (1990, 1991)
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Later studies by Tsitsigiannis et al. (2004a,
b, 2005) and Brodhun and Feussner (2011) fur-
ther identified and characterised two A. nidu-
lans linoleate diol synthases (dioxygenases),
PpoA and PpoC, which are required for the
biosynthesis of psiBa and psiBg, respectively.
The former oxylipin was confirmed to provoke
a decrease in the ratio of conidia to ascospores,
while the latter provoked the contrary. The
concerted regulation of both enzymatic activ-
ities through gene expression was shown to be
complex, and dependent on, but also modulat-
ing the expression of brlA and nsdD, central
regulator genes of conidiogenesis and ascogen-
esis, respectively. Moreover, detailed transcrip-
tional and biochemical analysis showed that
psiBa and psiBg possibly act as antagonist sig-
nals in regulatory feedback loops which ulti-
mately control lipid biosynthesis.

The above studies appear as the initial
unveiling of a sophisticated regulation system
involving an array of oxylipin derivatives as
modulators of the balance between asexual
and sexual development.

The formulation of such endogenous auto-
regulatory signals is also known to integrate
exogenous stimuli, and one environmental cue
which affects the equilibrium between sexual
and asexual development in wild-type cultures
of Aspergillus nidulans is light, which stimu-
lates conidiation and represses sexual develop-
ment (Bayram and Braus 2011). An active veA
gene, encoding for light sensitivity in this
organism (Yager 1992), is essential for sensitiv-
ity to externally added linoleic acid derivatives
(Champe et al. 1987) and even affects fatty acid
content and composition (Calvo et al. 1999).

The above cases may be considered as
examples of metabolites which regulate the bal-
ance sexual and asexual development. Other
investigations have revealed a role of self-
generated reactive oxygen species (ROS) as
triggering signals of sexual development.
Endogenously produced nitric oxide has been
shown to promote cleistothecial production in
A. nidulans (Baidya et al. 2011; Marcos et al.
2011; Table 9.4). Indeed, the overall oxidation
state of the cell appears to determine various
steps of sexual development. Lara-Ortiz and
collaborators (2003) demonstrated that a

NADPH oxidase (NoxA) which is a member of
a family of enzymes ubiquitous to lower eukar-
yotes plays a relevant role in cleistothecial
development in Aspergillus nidulans. Expres-
sion of NoxA is specifically induced in Hülle
cells and the outer layers of cleistothecia initi-
als, and its deletion blocks maturation of cleis-
tothecia at an early stage. Cleistothecia and
associated Hülle cells both produce ROS (per-
oxide which is probably dismutated to H2O2)
during development, and treatment with DPI
(diphenyleneiodonium sulphate), a substrate
inhibitor of NADPH oxidases, blocks the pro-
cess. The authors therefore proposed that H2O2

regulates the differentiation of ascogenous and
peridial tissues. A homologue of NoxA in
Podospora anserina (PaNox1) has also been
shown to be involved in differentiation of fruit-
ing bodies (Malagnac et al. 2004), showing that
ROS act as sexual development signals across a
wide range ascomycete fungi. Whether they are
specific regulators of this morphogenetic pro-
cess or act as a signal within the wider context
of the ageing colony remains to be clarified
(Bernhardt et al. 2014).

VI. Dimorphism

The transition between yeast and mycelial
forms is a common feature in some genera
and has traditionally been associated with viru-
lence in pathogens such as Candida albicans,
Histoplasma capsulatum and Penicillium mar-
neffei (see The Mycota Vol XII (2nd edn) and a
review by Albuquerque and Casadevall 2012).
In C. albicans, cellular density determines the
morphological transition between yeast and
mycelial forms. At high cell densities (>106

cells mL�1), the yeast form predominates,
while low cell densities favour the production
of germ tubes (Hornby et al. 2001). Two mole-
cules which were responsible for the mainte-
nance of the yeast form at high cell densities
were identified simultaneously as farnesol
(3,7,11-trimethyl-2,6,10-dodecatrien-1-ol,
Table 9.5; Hornby et al. 2001) and farnesoic
acid (3,7,11-trimethyl-2,6,10-dodecatrienoate,
Table 9.5; Oh et al. 2001). Both compounds
are produced by yeast cells and are effective in
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the micromolar concentration range. Farnesol
has also been described to inhibit biofilm for-
mation (Ramage et al. 2002), and an array of
genes affected by hyphae exposed to farnesol
has been reported (Cao et al. 2005), many of
them related to oxidative stress (Shirtliff et al.
2009).

The mycelial form of C. albicans, predomi-
nant at low-density cultures (<106 cells mL�1),
produces tyrosol (2-(4-hydroxyphenyl) etha-
nol, Table 9.5). This autoregulatory signal is
capable of stimulating germ tube formation
and extension at concentrations around 3 mM
(Chen et al. 2004). Aromatic alcohols pheny-
lethanol and tryptophol have been reported as
quorum-sensing molecules that induce fila-
mentation of Saccharomyces cerevisiae under
nitrogen stress (Chen and Fink 2006, Table 9.5).
The authors showed that these alcohols did not
have any effects on the dimorphic switch in C.
albicans, although the latter can produce them
organism (Ghosh et al. 2008). Recent studies by
Berrocal et al. (2012) on the Dutch elm disease-
causing pathogen Ophiostoma ulmi have shown
that 2-methyl-1-butanol was produced by high-
density yeast-form cultures and the quorum-
sensing factor-inhibited germ tube formation,
a feature of low-density cultures.

Taken together, the contributions that are
emerging in the literature point to an increasing
number of quorum-sensing molecules acting as
intercelular communication signals that also
participate in other processes, such as endur-

ance of host attack during infection or abiotic
stress (Albuquerque and Casadevall 2012). The
spectrum of these signals may expand beyond
aromatic alcohols. A quorum-sensing peptide
which is derived from the cleavage of a larger
precursor has been described in the human
pathogen Cryptococcus neoformans (Lee et al.
2007).

VII. Conclusions

The information presented in this chapter
reflects on the participation of autoregulatory
signals in a wide range of mycelial processes.
The various examples of this participation also
indicate that the action of autoregulatory sig-
nals is combined with other environmental
cues. Autoregulatory signals serve to integrate
the responses of single cells into a higher level
of organisation, represented by the colony. The
versatile responses observed in mycelia or their
parts under different conditions may anticipate
the future unveiling of a number of known
endogenous fungal compounds as autoregula-
tors. Others may simply assist as medium con-
ditioners or adjuvants necessary for proper
function of the former.

One evident avenue to pursue in order to
assign biological roles to candidate molecules is
to define a functional assay, obtain biological
extracts from cultures and test extracts against
the assay through a purification procedure.

Table 9.5 Dimorphism and quorum-sensing autoregulatory signals

Dimorphism and quorum-sensing autoregulators

Species Molecule/structure References

Candida albicans

Farnesol

Tyrosol
Farnesoic acid OH

OH
OH

O

OH

Hornby et al. (2001)
Oh et al. (2001)
Chen et al. (2004)

Saccharomyces cerevisiae
Phenylethanol TryptopholOH

N
H

OH

Chen and Fink (2006)

Ophiostoma ulmi
2-Methyl-1-Butanol

OH Berrocal et al. (2012)
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This approach has enabled the discovery of
many autoregulatory signals and should
doubtlessly continue to prove fruitful in the
future.

However, there are other approaches which
can be beneficially followed which take advan-
tage of our current knowledge of molecular
biology and natural product’s chemistry. For
instance, autoregulators fulfilling comparable
biological roles show marked similarities in
their molecular structure and physico-chemical
properties. These properties provide some
clues to the possible functions of other similar
molecules encountered within extracts of the
same organism or from different species. In
this regard, new disciplines like metabolomics
should contribute to the discovery of new auto-
regulatory signals when combined with classi-
cal approaches.

If autoregulatory signals are relevant for the
understanding of functional aspects of fungal
cells and colonies, they also offer a potential for
the development of new biological products.
One attractive aspect of autoregulatory signals
arising from their fundamental role is that their
long-term application cannot result in a resis-
tance by the target organism, since it is also the
producer of the compound in nature.

Germination inhibitors could find a place
in biological agriculture or the control of post-
harvest pathogens, by reducing the need for
conventional antifungal agents which often
present unwanted hazards. Staling factors indi-
cating senescent regions of colonies could
potentially be used to limit the spread of certain
unwanted fungal pathogens, in combination
with chemical treatments, or biological control
agents. Conidiation autoinducers could be
employed to attain high titres of conidia from
large-scale fermenter cultures, where conidia-
tion is rarely achieved. Much the same applica-
tion could be found for autoregulators
predictably involved in the production of
microsclerotia.

Acknowledgements The authors wish to acknowledge
those who pioneered the study of chemical signals in
mycelial fungi, particularly Professor Paul J. Allen,
from the Department of Botany, University of Wiscon-
sin, who first described fungal autoı́nhibitors in rusts,
and Professor Sewell P. Champe from The Waksman

Institute, Rutgers University, New Jersey, for the dis-
covery of psi factors through genetic studies.
Most of the cited publications by the first author’s
research group were financed by the Department of
Education, Universities and Research of The Basque
Government and The Ministry of Education and Sci-
ence of Spain. Continued support received by the Uni-
versity of The Basque Country through equipment,
student grants and postdoctoral contracts is gratefully
acknowledged.

References

Albuquerque P, Casadevall A (2012) Quorum sensing in
fungi- a review. Med Mycol 50(4):337–345.
doi:10.3109/13693786.2011.652201

Allen PJ (1955) The role of a self-inhibitor in the germi-
nation of rust uredospores. Phytopathology
45:259–266

Allen PJ (1972) Specificity of the cis-isomers of inhibi-
tors of uredospore germination in the rust fungi.
Proc Natl Acad Sci USA 69:3497–3500

Allen PJ (1976) Spore germination and its regulation.
In: Heitefuss R, Williams PH (eds) Encyclopedia of
plant physiology, vol 4. Springer, New York, pp
51–85

Bahn YS, Mühlschlegel FA (2006) CO2 sensing in fungi
and beyond. Curr Opin Microbiol 9:572–578

Baidya S, Cary JW, Grayburn WS, Calvo AM (2011)
Role of nitric oxide and flavohemoglobin homolo-
gous genes in Aspergillus nidulans sexual develop-
ment and mycotoxin production. Appl Environ
Microbiol 77:5524–5528. doi:10.1128/AEM.00638-
11
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Rast D, Stäuble EJ (1970) On the mode of action of
isovaleric acid in stimulating the germination of
Agaricus bisporus spores. New Phytol 69:557–566

Read ND, Roca MG (2006) Vegetative hyphal fusion in
filamentous fungi. In: Baluska F, Volkmann D,
Barlow PW (eds) Cell-cell channels. Springer,
New York, pp 87–98

Read ND, Lichius A, Shoji GAB (2009) Self-
signalling and self-fusion in filamentous fungi.
Curr Opin Microbiol 12:608–615. doi:10.1016/j.
mib.2009.09.008

Read ND, Fleibner A, Roca M, Glass NL (2010) Hyphal
fusion. In: Borkovich KA, Ebbole D (eds) Cellular
and molecular biology of filamentous fungi. Amer-
ican Society of Microbiology, Washington, DC, pp
260–273

Read ND, Goryachev AB, Lichius A (2012) The mecha-
nistic basis of self-fusion between conidial anasto-
mosis tubes during fungal colony initiation. Fungal
Biol Rev 26:1–11. doi:10.1016/j.fbr.2012.02.003

Ringelmann A, Riedel M, Riederer M, Hildebrandt U
(2009) Two sides of a leaf blade: Blumeria graminis
needs chemical cues in cuticular waxes of Lolium
perenne for germination and differentiation. Planta
230(1):95–105. doi:10.1007/s00425-009-0924-4

Robinson PM (1973a) Autotropism in fungal spores
and hyphae. Bot Rev 39:361–384

Robinson PM (1973b) Oxygen-positive chemotropic
factor for fungi? New Phytol 72:1349–1356

Robinson PM (1973c) Chemotropism in fungi. Trans Br
Mycol Soc 61:303–313

Robinson PM, Park D (1966) Citrinin-a fungistatic anti-
biotic and narrowing factor. Nature 211:883–884

Robson GD, Wiebe MG, Trinci APJ (1991) Exogenous
cAMP and cGMPmodulate branching in Fusarium
graminearum. J Gen Microbiol 137:963–969

Roca MG, Read ND, Wheals AE (2005) Conidial anas-
tomosis tubes in filamentous fungi. FEMS Micro-
biol Lett 249:191–198

Rodrı́guez-Urra AB (2012) Autoregulatory signals and
its role in fungal mycelium conformation. PhD
thesis, University of Basque Country (UPV-
EHU), San Sebastian

Rodrı́guez-Urra AB, Jimenez C, Dueñas M, Ugalde U
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I. Introduction

Sexual differentiation and development depend
on the exchange of communication molecules
between complementary cells, hyphae and
structures. In the phylogenetically basic organ-
ismic groups, dealt with in this chapter, soluble
and often volatile molecules are involved in
partner recognition. These primary recognition
systems contribute substantially to distinction
between the same and foreign species and must
reliably provide recognition of complementary

mating types. These signals need to be synthe-
sised and sent out at appropriate stages of
development and ideally allow distinction
from potentially interfering environmental sig-
nals. They need to be perceived by the partner,
interpreted and finally used for initiating ade-
quate developmental programmes. Apart from
these basic attributes of communication via
pheromones, there is essentially very little sim-
ilarity between the molecules involved in differ-
ent fungal groups, and even within these
groups, different communication signals are
often revealed, if the immediate phylogenetic
range of traditional model organisms is
exceeded.

II. Communication and Development

Although there is no experimental evidence for a
common material basis of fungal communica-
tion, some chemical principles are ascribed as
typical to major fungal groups. The phylogeneti-
cally highly diverse group of flagellated basal
fungi, traditionally subsumed as chytridiomy-
cetes, is characterised by utilising sesquiterpenes
as attractants between sexually complementary
mobile gametes, sirenin and parisin (Fig. 10.1),
at least in the traditional model organism Allo-
myces arbusculus that has recently been taken
out of the chytridiomycetes sensu stricto and is
now classified together with its relatives in the
separate phylum Blastocladiomycota (James
et al. 2006a; Hibbett et al. 2007).

The zygomycetes that have been analysed
with respect to recognition at the level of
diffusible pheromones seem to rely predomi-
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nantly on oxidative degradation products of
carotene that, by tradition, are described as
trisporic acid derivatives or trisporoids
(Figs. 10.2 and 10.3; Schimek et al. 2003). A
chemically very similar concept of chemical
communication has been implemented during
evolution by making use of retinoids for inter-
and intracellular communication in animals.
Here too, the active signal molecules are
synthesised by oxidative degradation of caro-
tene (Kedishvili 2013). Plants also have devel-
oped an apocarotenoid, abscisic acid, to act as a
hormone that mediates embryogenesis, seed
maturation and several stress responses (Nam-

bara and Marion-Poll 2005). Structural rela-
tionships between enzymes and receptors that
bind these trisporoid-related molecules have
recently been analysed at the level of protein
modelling. Structural relationships between
these proteins are small, indicating that evolu-
tion has found several independent gateways
towards apocarotenoid processing (Ellenberger
et al. 2013).

In contrast to these fungal groups that often
are addressed as lower fungi, the Dikaryomy-
cota (Ascomycotina, Basidiomycotina) seem to
rely predominantly on communication
schemes based on small peptides (see Dyer
et al. 2016; Pelkmans et al. 2016; Peraza-Reyes
and Malagnac 2016; Schmoll and Wang 2016).

The non-mycotan group Oomycota makes
use of steroid compounds, e.g. the chemically
well-characterised compounds oogoniol and
antheridiol (Fig. 10.5) in Achlya spp. This ste-
roid system seems to be less widespread within
oomycetes than trisporoids that are within
zygomycetes. Plant pathogens of the genus Phy-
tophthora communicate via different, nonste-
roid substances (Yajima et al. 2008).

The regulatory substances involved in rec-
ognition and control of sexual processes of fungi
have been variously termed ‘hormones’, indicat-
ing the activity of the substance beyond its pro-
ducing cell or tissue, ‘pheromones’ or ‘gamones’
to describe substances involved in attraction
between motile gametes. Other terms, e.g.
‘attractant’, ‘morphogen’ and ‘sex factor’, are
also found in the relevant literature. Throughout
this text, the term ‘pheromone’ will be used to
indicate chemical acting at a distance on mem-
bers of the same and sometimes of other species.
Where the importance of a substance as media-
tor of specifically a sexual process is to be
stressed, the term ‘sex pheromone’ is used.

A. Chytridiomycota

1. Background and Models

The former phylum Chytridiomycota, recently
recognised as polyphyletic, included all zoo-
sporic fungi with a single posteriorly located
whiplash flagellum. Analysis of rDNA sequence
data and ultrastructure (James et al. 2006a, b)

Fig. 10.1 (a) Structure of sirenin, the sesquiterpenoid
gamete attractant produced by female gametangia of
Allomyces sp. (b) Sexual differentiation in A. macrogy-
nus: paired female and male gametangia develop on the
same hypha. Bar¼50 mm (Photograph by S. Münch)

204 J. Wöstemeyer et al.



has led to establishing a novel taxon at the phy-
lum level, Blastocladiomycota, to which the well-
known model organisms from the genera Allo-
myces, for studying sexual communication, and
Blastocladiella, for studying chytrid physiology,
belong (Porter et al. 2011). No sexual or other
communication systems have been studied for
species belonging to the remaining, much smal-
ler group Chytridiomycota and also not to Neo-
callimastigomycota (Hibbett et al. 2007),
formerly also included in Chytridiomycota. Nev-
ertheless, the termini chytridiomycetes or chy-
trids are still generally in use, not meant to refer
to a monophyletic taxon but to address the life-
style of uniflagellated fungi, and will, for reasons
of compatibility with relevant literature, still be
used in this chapter.

Sexual reproduction has been documented
in detail only for surprisingly few chytrids,
mostly from the Allomyces kinship (Blastocla-
diomycota). Coelomomyces sp. can also be
crossed by isogamous fusion (Whisler et al.
1975) of electron microscopically well-
characterised zoospores (Lucarotti and Federici
1984), a process that has been employed for
breeding of more effective mosquito pathogens
(Federici 1979). The genus Polyphagus (core
Chytridiomycota) follows a completely different
fusion mechanism, where a nonmotile ‘male’
hypha contacts larger ‘female’ structures, a pro-
cess best described as somatogamy (Powell
1979). Monoblepharis sp., also among core Chy-
tridiomycota, releases mobile sperm cells that
fertilise oogonia (Sparrow 1965). This latter sys-
tem has been analysed with respect to control of
sexual morphogenesis to light (Marek 1984), but
unfortunately no efforts have been taken to
characterise diffusible or volatile communica-
tion substances that mediate sexual differentia-
tion or gamete attraction in organisms other
than Allomyces sp. The physiology of mating-
type recognition in these phylogenetically
ancient fungi can certainly be a rewarding field
of inventive research. With respect to describing
fusion structures at the morphological level,
electron-microscopical evidence for nuclear
fusion has been provided for the diatom parasite
Zygorhizidium planktonicum (core Chytridio-
mycota; Doggett and Porter 1996).

A very interesting feature is the lack of
sexual fusion in Blastocladiella emersonii,

although two different swarmer types are
formed that, similar to the situation in Allo-
myces arbusculus, differ with respect to size
and formation of orange colour, the latter
being restricted to the smaller cell type. This
interesting difference between swarmer cells on
a single organism, putatively representing mat-
ing types, was described in detail already
together with the original species description
of B. emersonii (Cantino and Hyatt 1953) that
later on was studied in many different physio-
logical and genetic respects (Viera and Gomes
2010; Viera and Camilo 2011) .

Nevertheless, although even the formation
of sexually differentiated structures does not
necessarily lead to fusion events or sexual
reproduction, sexual systems in chytrids defi-
nitely have been evolved early during evolution.
Mineralised specimens from the early Devo-
nian, 400 million years ago, clearly contained
sexual structures that are essentially indistin-
guishable from those found in modern chytrids
of the Blastocladiella type (Remy et al. 1994).

Nonparasitic chytridiomycetes live mainly in
freshwater habitats or in moist soil. Within this
group, sexual reactions follow several different
mechanisms, typically but not exclusively involv-
ing interactions between motile gametes. In the
genus Allomyces, the two uniflagellate gamete
types develop in ‘male’ and ‘female’ gametangia,
which are usually located on the same haploid
hypha. In A. macrogynus, the gametangia are
paired, the male being terminal and the female
subterminal (Fig. 10.1b). The gametes express a
mutual attraction system. The larger and colour-
less gametes, regarded as female, attract the fas-
ter swimming, smaller male gametes
(Pommerville 1978, 1981), which are coloured
in intense orange due to their high content of
g-carotene. Fusion results in biflagellate zygotes
which, in turn, give rise to the diploid vegetative
stage of the life cycle.

2. Communication Molecules

Gamete attraction in Allomyces is predomi-
nantly mediated by a sesquiterpene, the female
pheromone sirenin (Fig. 10.1a; Machlis 1958).
Male gametes release a different compound to
the surrounding water, usually termed parisin
that exerts an attractive function on female

Pheromone Action in the Fungal Groups Chytridiomycetes and Zygomycetes and in the Oophytes 205



gametes. Parisin has properties similar to sirenin.
It is an essentially thermostable, hydrophobic
and ether-soluble substance that is inactivated
only by hydrolytic treatment with strong acidic
or alkaline solutions (Pommerville and Olson
1987), but its chemical structure has not been
elucidated. Unfortunately, the term parisin has
also been introduced for a polyketide-derived
acetogenin of plant origin (Queiroz et al. 2003);
this compound must not be confounded with the
Allomyces pheromone. Female gametes never
react to sirenin or any of its artificial derivatives
(Carlile and Machlis 1965a; Pommerville et al.
1988), and male gametes never react to parisin
(Pommerville and Olson 1987).

As sirenin and several derivatives have early
been made available by chemical synthesis
(Plattner and Rapoport 1971), and today can
even be produced directly as pure enantiomers
(Gant et al. 1995), the structural requirements
for biological activity were elucidated. There are
mandatory requirements for the primary
hydroxyl group in the aliphatic side chain
(Machlis 1973) and for the general geometry of
the bicyclic ring system (Pommerville et al.
1988). The hydroxymethyl group at the bicyclic
ring system can be omitted without impeding
activity in the picomolar concentration range. It
cannot be substituted, however, by large hydro-
phobic groups. Introducing a benzyl ether
(�CH2�C6H5) at this position drops activity
106-fold, from 10 pM to 10 mm. A comparable
loss of activity is observed when the ring system
is removed (Pommerville et al. 1988).

3. Mode of Action

The sirenin receptor is still not identified at the
molecular level. Hints towards the existence
and binding properties of the sirenin receptor
are based on the observation that the two enan-
tiomers, d- and l-sirenin (Fig. 10.1), are clearly
distinguished in the biological system. Exclu-
sively, the l-form is recognised; the d-form is
completely inactive and does not even compete
for the active form in mixing experiments.
Pommerville et al. (1990) hypothesise that the
different orientation towards a binding partner,
the putative receptor, prevents the formation of

hydrogen bonds for one of the two hydroxy-
methyl groups due to the difference in stereo-
chemistry of the two enantiomers.

At least under experimental conditions, the
mutual and specific attraction system of the
gametes ensures that essentially all female
gametes are fertilised (Pommerville 1978). Sir-
enin is active in concentrations as low as 10 pM.
However, natural concentrations seem to be
considerably higher, the concentration around
female gametes amounting to 1 mM, which cor-
responds to the peak response of male gametes
(Carlile and Machlis 1965b).

Sirenin modifies the chemotactic behaviour
of the male gametes. Along a sirenin gradient,
the duration of swimming phases increases,
whereas the frequency of directional changes
is reduced, thus enhancing accuracy of motion.
This effect is mediated by a male-specific regu-
latory action of sirenin on Ca2+ influx and
intracellular concentration (Pommerville
1981). The arguments for sirenin as modulator
of Ca2+ ion concentration regulator are based
on inhibitor experiments with the Ca2+-specific
chelator EGTA (ethylene glycol-bis-(ami-
noethylether)-N,N,N0,N0-tetraacetic acid) and
with the membrane poisons procaine and tet-
racaine that prevent Ca2+ ions from binding to
the cell membrane. This latter treatment causes
the male gametes to swim in circles without
being able to react to a sirenin gradient. In
addition, active Ca2+ ion uptake was measured
directly by incubating the gametes in the pres-
ence of radioactive 45CaCl2. Addition of sirenin
increases Ca2+ ion uptake at least 2.5-fold
(Pommerville et al. 1990).

B. Zygomycota

1. Background and Models

Recently, the traditional group Zygomycota has
been questioned with respect to phylogenetic
consistency, leading to a certain uneasiness to
address that taxon as previously. Instead, the
well-known model organisms belonging to
the Mucor kinship have been reclassified first
as Mucormycotina (James et al. 2006a) and
are presently addressed as Mucoromycotina
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(Hibbett et al. 2007). Indeed, all organisms that
have been analysed at the level of communica-
tion systems belong to the Mucoromycotina
subphylum. Blakeslea trispora (Choanephora-
ceae) has found interest due to the unusually
large amounts of carotene and trisporic acid,
Phycomyces blakesleeanus (Phycomycetaceae)
is recognised as the traditional model for basic
biological phenomena between blue-light per-
ception and development of sporangia, Absidia
glauca (Absidiaceae) and Parasitella parasitica
form a good system for studying communica-
tion between a mucoralean host and its fusion
parasite, and Mucor mucedo is essentially the
only zygomycete, where the action of trisporoid
communication substance can be studied
directly at the level of visible developmental
steps during the differentiation of sexual struc-
tures. Thus, Mucor mucedo opens a convenient
and presently indeed the only reasonable
experimental system for studying correlations
between morphological development and phys-
iological parameters.

In zygomycetes, the two complementary
mating types cannot be discriminated based on
their morphological features or behaviour. In
some species, different shapes of the sexual
organs occur, which have been described in
terms of ‘macrogametangia’ and ‘microgametan-
gia’, but a defined assignment of these charac-
teristics to one of the two mating types is not
possible. Since the study of Blakeslee (1904), the
mating types are classified as (+) and (�), fol-
lowing his primarily arbitrary designation of a
strain pair of Rhizopus nigricans. The mating
types of newly examined isolates are consistently
determined by their behaviour in mating reac-
tions with already classified strains of the same
or of different species. Interspecific reactions
that lead to induction of the first step of sexual
development, the induction of zygophores,
occur abundantly between members of zygomy-
cetes. Partner recognition and regulation of the
sexual differentiation programme is mediated by
the b-carotene derivative trisporic acid and its
biochemical precursors. Biosynthesis and physi-
ology of trisporoids have been reviewed, among
others, by Bu’Lock et al. (1976), van den Ende
(1976), Jones et al. (1981), Gooday (1983), Sutter
(1987) and Gooday and Adams (1993).

2. Communication Molecules

The chemistry of trisporoids has been studied
in members of three families of the Mucorales:
Blakeslea trispora (Choanephoraceae), Mucor
mucedo (Mucoraceae) and Phycomyces blake-
sleeanus (Phycomycetaceae). All active trispor-
oids are variously oxygenated C18 or C19
isoprenoid molecules and modifications of a
common C14-backbone structure (Fig. 10.2).
Although isomerisation is possible at the C7

and the C9 atom of the isoprenoid side chain,
only the C9 isomers have been found in culture
extracts. The conformation at this position
influences the activity of the compound, with
the 9-cis (9Z) isomer being approximately twice
as efficient as the molecule in trans (9E) con-
formation (Bu’Lock et al. 1972, 1976). The
influence of the stereochemistry at position C1

has never been resolved, but, in all natural iso-
lates, the functional carboxyl, methoxy or
methoxycarbonyl groups were found in S posi-
tion. The configuration at the other chiral cen-
tre, C4, is of critical importance: Only the 4-R-
hydroxy compounds are physiologically and
metabolically active (Bu’Lock et al. 1976).

Another source of variance among trispor-
oids is the occurrence of a number of deriva-
tives. These are characterised by the functional
groups at C2, C3 and, mainly, C13 (Fig. 10.2).
Hydroxyl groups at C2 and C3 have been deter-
mined in both R and S configuration in B. tris-
pora (Sutter et al. 1989). As a general rule, the
substituents at C2 and C4 define the molecule
species, those at C2, C3 and C13 define the deri-
vate, and the configuration at the ring carbon
atoms determines the biological activity as well
as the metabolic specificity. Ring configuration
and conformation seem therefore to affect the
ability to bind to biosynthetic enzymes or to
receptors and possibly to other binding proteins.

Trisporoids belonging to the A series occur
only at low levels (Austin et al. 1969; van den
Ende et al. 1970; Sutter et al. 1989), and pre-
sumably for this reason, their physiological
activities have not been investigated in detail.
In the case of trisporic acid A, the data are
ambiguous. Bu’Lock et al. (1972) reported
indeed activity, but clearly lower than that of
the B and C derivatives. By contrast, a fully
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synthetic trisporic acid A did not exhibit any
biological activity (White et al. 1985). The pre-
cursors methyltrisporate A (Bu’Lock et al.
1972), trisporol A (White et al. 1985) and tris-
porin A (Schachtschabel et al. 2005) are
reported to induce zygophore formation in M.
mucedo. Trisporoids B and C have been
isolated from all three species mentioned,

whereas the D and E forms have been estab-
lished only in P. blakesleeanus and B. trispora.
This might be due to the observation that, inM.
mucedo, the secretion of trisporoids amounts to
only a very small fraction of the concentrations
found for the other two species (Jones et al.
1981). The structural principles of the diverse
trisporoid forms are shown in Fig. 10.2. Of all

Fig. 10.2 Structure of trisporic acid and its biosynthetic
precursors, sex pheromones, in zygomycetes. Only
major metabolites are shown. All structures represent
the B derivative with a keto function at C13, the different

substitutions and substitution sites of the other deriva-
tives being indicated in the lower right corner. Each
species produces a differently composed mixture of
these compounds
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these compounds, the B derivatives are the
most active when tested for zygophore induc-
tion in M. mucedo and P. blakesleeanus. Deri-
vatives with anhydro cyclisation at the
isoprenoid side chain or a shortened backbone
(apotrisporoids) are inactive, indicating that
the full-length backbone is one of the manda-
tory prerequisites for function. Based on ana-
lyses of various trisporoid analogues, the
importance of the overall dimensions of the
trisporoid molecules for bioactivity was con-
firmed: Exclusively compounds with side
chains similar to those occurring in nature
revealed activity in the Mucor bioassay
(Schachtschabel et al. 2005), which tests the
induction of zygophores (Fig. 10.3b; Schimek
et al. 2003). Early precursors and chemically
similar compounds such as retinyl acetate, reti-

nol, retinal, retinoic acid, b-ionone and abscisic
acid are completely inactive, too (Bu’Lock et al.
1972). A major requirement for activity is the
polarity of the functional groups at the longer
side chain, whereas oxygen substituents at the
ring carbons are not essential. Only the early
precursor 4-dihydrotrisporin, with a hydroxyl
group at C4, does not exhibit activity in this
biotest (Schachtschabel et al. 2005).

More information on the specific action of
individual trisporoids, ideally with defined
chemical modifications, will be necessary to
fully understand the biological reasons for the
plethora of trisporoids that are found in mucor-
alean fungi. As the options for chemical synthe-
sis of such substances have recently
considerably been improved, relationships
between structure and function of trisporoids

Fig. 10.3 (a) Simplified schematic representation of the
cooperative biosynthesis of trisporic acid. The open
arrows indicate exchange of metabolites between the
mating partners. Only the compatible partner is able to
convert the mating-type-specific precursors into tris-
poric acid. The two mating types are indicated by (+) or
(�). (b, c) Sexual differentiation stages in Mucor
mucedo. (b) Zygophores produced by M. mucedo (�)

as reaction to stimulation by either a compatible mat-
ing partner or purified trisporoids. Bar¼120 mm. (c)
After physical contact between the mating types, pro-
gametangia have developed from the original zygos-
pores. The faint line in the upper progametangium
(arrowhead) indicates the formation of a septum, deli-
miting the future gametangium. Bar¼40 mm
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are developing towards a highly promising field
of research (Gonzalez-Delgado et al. 2014;
Schachtschabel and Boland 2007).

3. Biosynthesis

Trisporic acid, the major sex pheromone, is
synthesised by a rather elaborate pathway. Nei-
ther of the mating types is able to complete the
synthesis on its own, at least not in amounts
that are necessary for inducing sexual reac-
tions. Communication and exchange of meta-
bolites between two sexually compatible mating
partners is indispensable. This concept of coop-
erative biosynthesis of active pheromones by
exchange of mating-type-specific precursors
has recently been modelled for an idealised
mucoralean fungus by a mathematical
approach based on differential equations (Wer-
ner et al. 2012). The major result is that
exchange of precursors between the mating
types leads to bistable behaviour of the system,
with clear transitions between low- and high-
level synthesis of the pheromones, which must
physiologically be expected. In this respect, the
complementary synthesis is clearly superior to
other models, either assuming exchange of only
the end product or just providing the phero-
mone by one of the mating types.

The biosynthesis starts from b-carotene, as
has been ascertained by feeding experiments
with radioactively labelled b-carotene (Austin
et al. 1970). Whereas the late steps along the
pathway to trisporic acid have attracted interest
early, the first steps, especially the primary
cleavage of b-carotene, have only recently
gained the interest of researchers. However,
even before cleavage had been measured at the
enzymatic level, there was a general consent
that b-carotene in zygomycetes is oxidatively
cleaved by an enzyme similar to those carotene
dioxygenases or monooxygenases that lead to
abscisic acid (Schwartz et al. 1997; Tan et al.
1997), retinoids (Ebnet et al. 1999; Blomhoff
and Blomhoff 2006), strigolactones (Matusova
et al. 2005) or mycorradicin, a substance that is
specifically formed in the interaction between
arbuscular mycorrhizal fungi and their host
plant (Strack and Fester 2006). Alternatively

or additionally, but experimentally not proven,
an oxidation product of carotene, 4-hydroxy-
isocryptoxanthin, has been proposed as sub-
strate for the initial cleavage reaction (Gessler
et al. 2002). Following a screening procedure
for relatives of the conserved RPE65 protein
domain, identified in a retinal pigment epithe-
lial membrane protein and in carotene
oxygenases in mammalia and plants (Kloer
et al. 2005), two putative carotene oxygenase
genes, TSP3 and TSP4, have been identified
primarily in the genome of a clinical isolate of
Rhizopus oryzae (Burmester et al. 2007). The
corresponding TSP3 gene has been cloned and
sequenced from Blakeslea trispora (Burmester
et al. 2007). The gene product has been identi-
fied at the level of enzymatic activity by expres-
sing the protein in an Escherichia coli strain
that had been genetically modified for synthesis
of carotene (von Lintig and Vogt 2000). Expres-
sing the TSP3 gene leads to loss of carotene
colour in that strain (Burmester et al. 2007).
Whether the molecule is cleaved symmetrically
or asymmetrical was an issue of intense debate.
A good experimental indication for asymmetric
attack of oxygenases on b-carotene was
obtained by chemical analysis of cleavage pro-
ducts in culture supernatants of Phycomyces
blakesleeanus. In addition to the expected
C18-trisporoid compounds and the previously
described C15-apotrisporoids, the missing link
between these two products, two isomers of a
C7-compound, (2E,4E)-6-hydroxy-5-methyl-
hexa-2,4-dienoic acid as well as the cor-
responding 2-methyl isomer, were identified
(Polaino et al. 2010). A more detailed chemical
analysis of apocarotenoids extracted from
supernatants of mixed, sexually compatible cul-
tures led to the identification of as many as
seven C18 trisporoids; four C15 compounds,
best described as cyclofarnesoids; and the two
isomeric methylhexanoid C7 structures already
mentioned (Polaino et al. 2012). Screening the
genome sequence of Phycomyces blakesleeanus
revealed five genes coding for putative carotene
oxygenases, all of which are transcribed
(Medina et al. 2011). The previously recognised
Phycomyces gene carS codes for an enzyme that,
after expression in a carotene producing strain
of Escherichia coli, cleaves b-carotene to the
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C25 compound b-apo-120-carotenal (Tagua et al.
2012). This compound is further processed by
the product of the geneAcaA to the C18 structure
b-apo-13-carotenone. These results, obtained by
heterologous expression of Phycomyces gene pro-
ducts in E. coli, corroborate the assumption,
already inferred from chemical analysis, that the
first biochemical steps from carotene to trispor-
oids consist of cleaving the b-carotene backbone
at the double bonds between C11’ and C12’ by
CarS followed by action of AcaA between C13

and C14 (Medina et al. 2011). These results are
not consistent with the older hypothesis of reti-
nal, the cleavage product of a symmetrically act-
ing 15-150-b-carotene dioxygenase, being the
precursor of trisporic acid. Retinal has been spec-
troscopically detected in a P. blakesleeanus single
wild-type strain culture in concentrations of 5–
50 mg per gram mycelial dry weight (Meissner
and Delbrück 1968). However, the putative reti-
nal was never verified by chemical analysis. Other
results, pointing towards symmetrical cleavage of
b-carotene, were obtained with Blakeslea trispora
and are essentially based on conversion of radio-
actively labelled retinyl acetate or retinol into
trisporoids, which must not necessarily be inter-
preted as indication for a C20 compound as
primary cleavage product (Austin et al. 1970;
Bu’Lock et al. 1974). Precautions need to be con-
sidered with respect to the conjugated C18 ketone
d’orenone, probably corresponding to the C18
ketone compound introduced by Bu’Lock et al.
(1974, 1976), that was hypothesised to constitute
the first cleavage product of b-carotene in
B. trispora (Schachtschabel et al. 2008). On the
other hand, this deviating experimental observa-
tion could also be due to differences in biochem-
ical processes between P. blakesleeanus and
B. trispora. A more recent chemical analysis of
the situation in culture supernatants of B. tris-
pora reveals two C18 trisporoids, three C15 cyclo-
farnesyl compounds, one C13 structure and five
2-methylhexane derivatives (Barrero et al. 2011).
These results strongly resemble those in P. bla-
kesleeanus, clearly rule out retinal or any other
symmetric cleavage product as precursor of tris-
poroids, but do not yet stringently answer the
question, if, as assumed for P. blakesleeanus, the
primary cleavage event produces a C25 and an
additional C15 product, although this interpreta-

tion seems highly likely regarding the nearly
congruent results of the chemical analysis for
these two fungi.

Other authors too (Gessler et al. 2002)
clearly favoured asymmetric cleavage of b-car-
otene as predominant biosynthetic pathway
towards trisporoids. Interestingly, these
authors stressed the possibility of nonenzy-
matic cleavage at the C13–14 double bond, an
alternative pathway leading to the C18 ketone.
Taking together the results of chemical analysis
from P. blakesleeanus (Polaino et al. 2012) and
B. trispora (Barrero et al. 2011), as well as the
studies on expression of dioxygenase genes in
E. coli (Medina et al. 2011), this mechanism
provides an alternative that may have some
importance in cultures that are not sexually
induced. The significance of this reaction may
be linked to coping with oxidative stress (Gess-
ler et al. 2002).

After processing the b-carotene skeleton to
the first trisporoid, the C14 compound 4-
dihydrotrisporin, the pathway towards trisporic
acid differs clearly between the mating types.
Whereas the oxidation of 4-dihydrotrisporin to
trisporic acid is performed via a series of dehy-
drogenase reactions in (�) mating types, (+)
types follow a pathway that depends most prob-
ably on oxidases. Specific for the (�) type is the
ability to oxidise the hydroxyl group at C4 to
form the ketone. 4-Dihydrotrisporin is thus con-
verted to trisporin, the major (�)-specific pher-
omone (Fig. 10.3). Depending on the species, the
hydroxylation of the C1 methyl group may occur
in the (�) and in the (+)mating type, or solely in
the (�) mating type. The resulting alcohols are
designated 4-dihydrotrisporol and trisporol,
respectively (Bu’Lock et al. 1973; Gooday 1983).
Oxidation of the alcohol at C1 to the carboxyl
function (Fig. 10.2) is strictly specific for the (+)
mating type (Fig. 10.3). Consequently, trisporin
and trisporol need to be transferred from the
producing (�) type into the (+) mating type to
complete trisporic acid synthesis.

In the (+) mating type, 4-dihydrotrisporin is
converted, probably via 4-dihydrotrisporol, into
4-dihydromethyltrisporate (Fig. 10.3). This step
involves two reactions, oxidation of the C1

hydroxymethyl group, followed by methylation
of the resulting carboxylate to the methylcarbox-
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ylate ester. 4-Dihydromethyltrisporate and
methyltrisporate are converted to trisporic acid
exclusively or at least highly predominantly by
the (�) mating partner. The analogous result
was obtained for the esterase reaction, necessary
for demethylation. In the heterothallic species
Mucor mucedo, the dehydrogenase reaction
was located by histochemical staining solely to
zygophores of the (�) partner. Interestingly, in
the homothallic species Zygorhynchus moelleri,
the copulating branches can be differentiated,
with the main branch behaving clearly as (�)
partner expressing the dehydrogenase activity
(Werkman 1976). The naturally occurring over-
producer of trisporoids, B. trispora, has evolved
an interesting reaction for preventing the accu-
mulation of larger concentrations of trisporic
acid by unmated (+) strains which would other-
wise be possible (Sutter and Whitaker 1981a,
1981b). B trispora degrades trisporin to trispor-
one (apotrisporin; Sutter and Zawodny 1984).

4. Mode of Action

Trisporoids participate in the regulation of sex-
ual processes at different levels. In mated cul-
tures, the amount of terpenoids is generally
increased (Thomas and Goodwin 1967; Bu’Lock
and Osagie 1973), but only the ergosterol con-
tent was demonstrated to be directly influenced
by externally added trisporic acid (Gooday
1978; van den Ende 1978). The most conspicu-
ous effect of trisporoids is the increase of b-
carotene biosynthesis in certain species, most
prominently in B. trispora and P. blakesleeanus
(e.g. Caglioti et al. 1966; Thomas and Goodwin
1967; Vail et al. 1967; Govind and Cerdá-
Olmedo 1986). This is generally inferred from
the observation that carotene production is
increased in mated cultures, compared to single
mating types. The trisporoid content of these
cultures was not determined. Feofilova et al.
(1976) described an increase of carotene pro-
duction after adding trisporic acid in a single
growing B. trispora strain and, based on the
effects of cycloheximide and actinomycin D,
concluded trisporic acid regulation to take
place at the translational level. On the other
hand, Schmidt et al. (2005) have shown that

the transcription levels of two genes involved
in carotene synthesis, the genes for phytoene
dehydrogenase (carB) and lycopene cyclase/
phytoene synthase (carRA) of B. trispora, are
strongly induced in mated cultures. Neither the
effects of specific trisporoids on the regulation
of genes for carotene biosynthesis nor the influ-
ence of carotene or its precursors on trisporoid
synthesis has been analysed. Purified trisporic
acid B and C enhanced carotene synthesis in B.
trispora (van den Ende 1968), as well as syn-
thetic racemic methyltrisporate B and C, but
not methyltrisporate E in P. blakesleeanus
(Govind and Cerdá-Olmedo 1986). A series of
synthetic C13 and C15 trisporoid intermediates
had no effect on carotenogenesis (Yakovleva
et al. 1980).

Carotene synthesis and its regulation in
mucoralean fungi have been studied intensively
in the past decades, due to the inherent biotech-
nical implications. Besides sexual interactions,
carotene production is also regulated by light,
especially by blue light, as well as by various
chemicals (e.g. Cerdá-Olmedo and Hüttermann
1986; Ruiz-Hidalgo et al. 1997; Velayos et al.
2003; Quiles-Rosillo et al. 2005; Vereshchagina
et al. 2012). In addition, genetic regulation of
carotenogenesis has been reviewed (Wöste-
meyer et al. 2005; Corrochano and Garre 2010).

A positive feedback regulatory cycle has
been postulated, according to which trisporoids
enhance their own production in mated cultures
(Werkman and van den Ende 1973), probably
via inducing carotene synthesis. This theory
implies that, similar to abscisic acid formation
in plants (Taylor et al. 2000), the rate-limiting
step of trisporoid synthesis is the cleavage of
carotene and that only a certain amount of
total carotene can act as substrate for conversion
to trisporoids. Sexual reactions and trisporoids
are only two of the several factors controlling
carotene synthesis, whereas the presence of b-
carotene is supposed to be an absolute prerequi-
site for trisporoid formation. Mutants of P. bla-
kesleeanus deficient in carotene synthesis show
both largely reduced sexual reactions and tris-
poroid production (Sutter 1975; Sutter et al.
1996). The assumption of general applicability
of this hypothesis, although reasonable, has not
been experimentally validated for those species
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with naturally low carotene content. Conspicu-
ously, mutants with exceptionally high carotene
content are deficient in sexual morphogenesis,
too (Salgado et al. 1989; Ootaki et al. 1996).
However, their ability for trisporoid synthesis
has not been analysed. In P. blakesleeanus,
mutant analyses revealed that complete sexual
reactions occur over a wide range of b-carotene
levels, ranging between 5 (Salgado et al. 1991;
Ootaki et al. 1996) and 3000 mg/g mycelial dry
weight (Salgado and Cerdá-Olmedo 1992; Mehta
et al. 1997).

M. mucedo is the usual and indeed the only
reasonable organism among mucoralean fungi
for observing the effect of externally added tris-
poroids on early steps of sexual differentiation.
The trisporic acid precursors trisporin, tris-
porol, 4-dihydromethyltrisporate and methyl-
trisporate induce the development of sexually
committed hyphae, the zygophores, in M.
mucedo (Fig. 10.3b) and P. blakesleeanus. This
reaction can be observed in actually mated cul-
tures, as a response to externally added trispor-
oids. Trisporic acid also induces zygophores in
M. mucedo, but not in P. blakesleeanus (Sutter
et al. 1996). Several derivatives exhibit strictly
mating-type-specific effects by triggering reac-
tions only in the complementary mating type.
The most active compound in bioassays with
M. mucedo (�) is trisporic acid B, followed by
4-dihydromethyltrisporate B, where 27 and 107
pmole (10 and 30 ng) of substance are sufficient
to induce a response (Sutter and Whitaker
1981b). A comprehensive model of the actual
events in trisporoid action is still lacking.

As zygophore induction can be observed
when the mating partners are separated by a
gap or a mechanical barrier, permeable for
gases, volatile precursors have been postulated
early (Burgeff 1924) and later experimentally
shown to be responsible for mediating zygo-
tropism (Plempel 1962). The term zygotropism
describes the directed growth of zygophores
leading first to contact and adhesion, followed
by fusion of zygophores with complementary
mating type Mesland et al. 1974; Fig. 10.3c). 4-
Dihydromethyltrisporate, a (+) type-specific
substance, and trisporin, a (�) type-specific
substance, are the promising candidates for
effects exerted by volatiles. Trisporol and defi-

nitely trisporic acid, on the other hand, are
certainly not or not sufficiently volatile. Their
action depends on transport by diffusion
through the substrate or via immediate hyphal
contact between the partners.

As, at least in M. mucedo, the model for
microscopic observation of early sexual stages,
all trisporoid effects are triggered by trisporic
acid as well as by its precursors at comparable
concentrations, and with similar efficiency, the
true function of trisporic acid is not yet fully
understood. The main reason for the biochem-
ical pathway towards trisporic acid may reside
in higher stability against oxidative processes of
the compound compared to the precursors.
Sutter (1975) interpreted the precursors as
interhyphal chemical messengers, the true mat-
ing-type-specific pheromones, in contrast to
the trisporic acids, which may act as intrahy-
phal chemical regulators. Some experimental
observations indicate that all precursors are
internally converted to trisporic acid, which
would then be the main regulatory molecule.
A different chain of thought leads to the idea
that trisporic acid is more a transport form of
all trisporoids and, after having been taken up
by the mating partner, is reduced again to the
active and mating-type-specific pheromones.
Most probably, all trisporoids are involved in
more general regulatory networks, as is the case
for the structurally similar compounds retinoic
acid in animals and abscisic acid in plants. Both
are involved in regulation of gene expression
on a large scale. Directly and by interaction
with a number of other signal molecules and
binding proteins, these compounds ultimately
act at the transcriptional level (e.g. Bastien and
Rochette-Egly 2004; Chung et al. 2005;
Al-Tanoury et al. 2013). A correlation with
intracellular cAMP levels was observed in M.
mucedo (Bu’Lock et al. 1976). Retinol (vitamin
A) was found to act as structural analogue to
trisporoids in enhancing carotene synthesis
(Eslava et al. 1974), but is completely inactive
in zygophore induction (Bu’Lock et al. 1976; C.
Schimek, personal observation). Trisporoid
receptors have not been isolated or recognised,
but the binding sites for two enzymes
involved in trisporic acid biosynthesis,
4-dihydromethyltrisporate dehydrogenase and
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4-dihydrotrisporin dehydrogenase, have been
identified and described by protein modelling
in silico (Ellenberger et al. 2013).

Trisporoid actions might differ between
diverse species, according to their inherent dif-
ferences in structuring mating reactions. In
Absidia glauca and many other species, distinct
zygophores are not formed. Therefore, zygo-
tropism cannot occur in this organism. Instead,
progametangia apparently develop between
aerial hyphae of the mating partners, which
either get in close contact or even touch each
other accidentally during vegetative growth
(peg-to-peg interaction). This procedure for
initiating zygospore development is highly effi-
cient, especially as A. glauca does not show any
form of contact avoidance between neighbour-
ing colonies. In this situation, the secretion of
trisporic acid precursors, especially of those that
are volatile, does not seem necessary and indeed
has never been studied. In other species, e.g. P.
blakesleeanus and B. trispora, zygophores are
formed in the upper substrate layer or at the
interphase between substrate and air. Under
such circumstances, signal molecules spreading
by diffusion through the substrate are more
plausible and probably more efficient than vola-
tiles. The domain of volatiles is the M. mucedo
situation, encountered indeed in many different
mucoralean genera, where specialised zygo-
phores grow away from the substrate mycelium
into the air and need to come into contact via
direct growth along a gradient of zygotropic
substances. From early studies of zygomycete
sexuality, and based on numerous observations
of partial interspecific reactions, it has repeat-
edly been argued that the trisporoid signal sys-
tem is active throughout a large group of
organisms. In addition to the well-known het-
erothallic species already mentioned, trisporoid
action was also established for the sexual reac-
tions of the homothallic species. Trisporoids
with activity in theM. mucedo zygophore induc-
tion assay were found in Zygorhynchus moelleri
and Z. heterogamus, whereas no zygophore
inducing substances were found in cultures of
Syzygites megalocarpus and Mucor genevensis.
However, also these latter species were able to
convert precursors from M. mucedo to trisporic
acid (Werkman and van den Ende 1974). Thus,

it is highly plausible that also homothallic spe-
cies rely on the trisporoid system for controlling
early steps in sexual communication and devel-
opment. Later, trisporoid activity has also been
described in a different order of zygomycetes,
the Mortierellales. A substance with chro-
matographic behaviour and spectroscopic char-
acteristics of 4-dihydromethyltrisporate was
isolated from Mortierella indohii and from
other Mortierella species. This substance was
shown to induce sexual reactions in M. mucedo
and carotene synthesis in P. blakesleeanus. The
enzyme 4-dihydromethyltrisporate dehydroge-
nase and the corresponding gene were also
found in mycelia of several mortierellalian
fungi (Schimek et al. 2003). Surprisingly, the
gene for this enzyme, Tsp1, was recently also
found in the arbuscular mycorrhizal fungus Rhi-
zophagus irregularis (syn. Glomus irregulare,
formerly G. intraradices; Halary et al. 2013).
There is, however, no experimental incidence
for the corresponding substrate or a biological
function of trisporoids in Glomeromycota (for-
merly: Glomales, Zygomycota).

Moreover, the biotrophic fusion parasite
Parasitella parasitica (Mucorales, Mucoraceae)
depends on trisporoid pheromones for identi-
fying suitable hosts. In some host-parasite
interactions, especially in confrontations with
A. glauca, this dependency leads to strictly mat-
ing-type-specific infestations (Wöstemeyer
et al. 1995). Studies on the enzyme 4-
dihydromethyltrisporate dehydrogenase and
its gene in P. parasitica revealed common regu-
latory pathways between sexual and parasitic
communication (Schultze et al. 2005). Overall,
sexuality and parasitism in P. parasitica seem
to share much more features than just the
striking morphological similarity between sex-
ual zygospores and the result of interspecific
communication and development, the sikyos-
pores (Fig. 10.4; Kellner et al. 1991). More clues
elucidating the relations between sexuality and
parasitism in zygomycetes can be expected
from the analysis of the P. parasitica genome
that has recently been made available (Ellen-
berger et al. 2014; ENA-PRJEB7124).

Apart from trisporoids that mediate com-
munication between the complementary mat-
ing types and definitely induce the formation of

214 J. Wöstemeyer et al.



early differentiation structures, the zygophores,
other signals are necessary to complete the
pathway from zygophores via hyphal fusion to
gametangia and finally to zygosporangia and
zygospores. In any case, direct contact between
sexually committed structures is strictly
required, at least in M. mucedo, for continuing
the developmental programme from zygo-
phores to progametangia that only subse-
quently are able to fuse. The contact between

surface-bound components apparently bears
signal character, and indeed mating-type-spe-
cific surface components have been identified
in A. glauca. One genetic difference between
mating types, reflected at the protein level,
relates to a mating-type-specific plasmid,
encoding a secreted, non-glycosylated surface
protein (Teepe et al. 1988; Hänfler et al. 1992).
Homothallic derivatives of A. glauca, obtained
by protoplast fusion of complementary mating
types, do not express the protein, indicating
that at least in this homothallic situation, the
protein is not necessary for zygospore forma-
tion (Wöstemeyer et al. 1990).

Recently, also links between sexual differ-
entiation and polyamine metabolism have been
seen in the homothallic species Zygorhynchus
moelleri and the heterothallic A. glauca. Zygo-
spore development is prevented by inhibiting
polyamine biosynthesis or transglutaminase
activity, indicating that conjugated polyamines
may be necessary for morphogenesis of later
sexual structures. Both conjugated polyamines
and transglutaminase activity were detected at
hyphal surfaces of progametangia and game-
tangia and are found to be asymmetrically
distributed between the mating types (J. Voigt,
E. Schulz, unpublished).

5. Genetic Control

Although sexuality and the trisporoid commu-
nication system of Mucor-related fungi have
been in the focus of research for more than six
decades, studying the underlying genetic sys-
tem has always lagged behind. This is mainly
due to the inherent obstacles that render all
zygomycete systems difficult to work with. Tra-
ditional Mendelian genetics was always severely
hampered by the high number of nuclei in the
fusing gametangia and by the inability to be
sure about the number of nuclear fusions and
of meioses that take place in this situation.
Coping with germination rates of zygospores
is another severe issue. In many species, germi-
nation does not occur at all, at least not under
laboratory conditions, and the best germina-
tion rates possible, in P. blakesleeanus, range
around a few per cent.

Fig. 10.4 (a) Drawing of a mature zygospore formed
between two complementary, sexually committed
hyphae of Absidia glauca. (b) A sikyospore developed
by the biotrophic fusion parasite P. parasitica at the end
of parasitic growth on a sexually complementary hypha
of its host, A. glauca. Host and parasite need to belong
to complementary mating types in interactions between
these two species. The drawings are slightly simplified
but drawn to scale

Pheromone Action in the Fungal Groups Chytridiomycetes and Zygomycetes and in the Oophytes 215



Deduced from the general principle of tris-
poric acid synthesis, the cooperatively shared
pathway between the complementary mating
types, two hypotheses concerning the genetic
situation have been proposed. First, a single
mating-type locus would exist, with two alleles
or maybe idiomorphs, designated (+) or (�).
The mating-type locus would then determine
which of the two possible enzyme sets for tris-
poric acid synthesis are expressed, either the
(�) specific dehydrogenases or the (+) specific

oxidases. In principle, this hypothesis goes
back to Bu’Lock et al. (1976). The second
basic hypothesis states that all necessary genes
would exist in both mating types, but the syn-
thesis of one set of mating-type-specific
enzymes is repressed and blocked, depending
on the mating type (Nieuwenhuis and van den
Ende 1975). Accordingly, the sex-specific enzy-
matic steps were proposed to be predominantly
suppressed in single growing cultures, but
become derepressed in the mating situation

Fig. 10.5 Biosynthesis pathway of the steroid sex pher-
omones of Achlya spp., derived from the common
precursor fucosterol. Antheridiol is produced by
females via independently occurring modifications at
the ring system and the side chain. 24(28)-Dehydro-
oogoniol-1 represents a number of active oogoniols
produced by male strains. The unesterified oogoniol

and its 24(28)-dehydro-derivative are modified by
three different substituents at C3: oogoniol-1
(CH3)2CHCO, oogoniol-2 CH3CH2CO and oogoniol-3
CH3CO. In males, biosynthesis takes place in a more
strictly observed sequence of conversion steps. Ring
modifications must be finished before the final modifi-
cations at the side chain may take place
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(Bu’Lock et al. 1973, 1976). Many observations
along the line of these hypotheses, based essen-
tially on the concept of cooperative biosynthe-
sis of trisporic acid, suggest that a basic
regulator or master transcription factor as,
e.g. in the mating-type system of bakers’ yeast,
Saccharomyces cerevisiae (Lee et al. 2010) is not
mandatory for zygomycetes.

Intriguingly, a single mating-type locus has
been identified and mapped in P. blakesleeanus
by conventional genetics (Álvarez et al. 1980;
Orejas et al. 1987; Eslava and Álvarez 1996) and,
later, with higher resolution and accuracy by
including PCR-RFLP markers (Chaudhary et al.
2013). This locus has been designated sexM for
the (�) and sexP for the (+) mating type. Both
mating-type alleles encode different HMG-
domain transcription factors and are tran-
scribed in opposite directions relative to the
adjacent genes (Idnurm et al. 2008). Until
today, no target genes for these transcription
factors have been identified. Homologues of
sexM and sexP are the rule in other mucoralean
fungi Rhizopus oryzae (Gryganskyi et al. 2010),
the homothallic species Syzygites megalocarpus
(Idnurm 2011), Mucor mucedo (Wetzel et al.
2012) and Mucor circinelloides (Li et al. 2011).
In this latter organism, a DsexM mutant was
obtained that behaved completely sexually ster-
ile in crossing experiments (Li et al. 2011). This
important experiment unequivocally proves the
mandatory contribution of the sex locus to sex-
ual development. The effect of sexM or sexP
expression on pheromone synthesis has unfor-
tunately not been studied, but in M. mucedo,
trisporoids themselves regulate transcription of
the sex locus (Wetzel et al. 2012). Transcription
of sexM is considerably stimulated by adding
trisporoids, whereas sexP is only marginally
affected. This experimental result provides a
link between trisporoids and the regulatory
properties of the sex locus, although stimula-
tion of pheromone synthesis by action of the
sex loci would appear more illuminative. The
corresponding experiment can presently best
be done in M. circinelloides by analysing the
DsexM mutants for activity of the enzymes
involved in trisporoid biosynthesis. Generally,
sexM is transcribed nearly exclusively during
mating, whereas sexP is additionally tran-

scribed during vegetative growth (Lee and Heit-
man 2014). The transcription factor protein,
encoded by sexM but not sexP, contains a
nuclear localisation sequence. By following the
behaviour of a translational fusion chimaera of
sexM with a fluorescent protein in Saccharomy-
ces cerevisiae, transport to the nucleus could
directly be shown in the microscope (Wetzel
et al. 2012).

In addition to the already mentioned gene
with intriguing similarity to the mucoralean Tsp1
gene in the arbuscular mycorrhizal fungus Rhi-
zophagus irregularis, genes for HMG proteins,
strongly resembling the genes encoded by sexM
and sexP, have been identified by several authors
(Halary et al. 2013; Lee et al. 2014; Riley and
Corradi 2013), which, together with other results
from genome analysis of Glomus-like fungi,
opens prospects for interpreting arbuscular
mycorrhizal fungi as basically sexual organisms
(Riley et al. 2014), perhaps via mechanisms that
presently escape our vision, but putatively resem-
ble the genetic sexual system of zygomycetes.

Whereas no information is available on the
enzymes or the corresponding genes contribut-
ing to trisporic acid synthesis in the (+) mating
type of mucoralean fungi, two reactions, specific
for the (�) mating type, have been analysed in
some detail. The first reaction in (�) mating
types leads from the common precursor 4-
dihydrotrisporin to trisporin, the substance that
is passed on to (+) mating types and that is, in
addition, supposed to be involved in mediating
zygotropism between zygophores. This oxidation
step, converting the hydroxyl group at the
C4-position of the ionone ring to a keto
group, is catalysed by the NADP-dependent 4-
dihydrotrisporin dehydrogenase, the product of
the TSP2 gene. The enzyme has been purified
from M. mucedo (Wetzel et al. 2009). The gene
is found in both mating types; transcription,
although dependent on developmental stage,
can also be seen in both partners, but expression
of active enzyme is specific for the (�) mating
type. However, an inactive form of the 4-
dihydrotrisporin dehydrogenase was also found
in the (+) mating type. Activity could be restored
by renaturing SDS-treated protein. Thus, the (�)
mating-type specificity of active TSP2 protein
is accomplished at the post-translational level
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presumably by a binding protein abolishing
activity in the (+) type (Wetzel et al. 2009). At
the molecular level, 4-dihydrotrisporin dehydro-
genase belongs into the short-chain dehydroge-
nase superfamily, characterised by a Rossmann
fold. The three-dimensional structure of the pro-
tein has been calculated and modelled (Ellenber-
ger et al. 2013).

The second (�) type-specific dehydrogenase
acts on the (+)-specific substrate 4-
dihydromethyltrisporate dehydrogenase that is
taken up by the (�) mating type and converted
by a dehydrogenase, the product of the gene
TSP1, to methyltrisporate. This gene has been
isolated from M. mucedo (Czempinski et al.
1996) and from the biotrophic fusion parasite
of several mucoralean fungi, P. parasitica
(Schultze et al. 2005). The dehydrogenase activ-
ity of TSP1 is strictly (�) type specific in these
organisms (Fig. 10.3). Enzyme activity was first
detected in (�) zygophores ofM. mucedo and in
the (�) equivalents of the homothallic Zygor-
hynchus moelleri (Werkman 1976). Enzyme
activity was also documented in several species
of Mortierella, thus establishing the use of tris-
poroids also in the only distantly related order
Mortierellales (Schimek et al. 2003). In addition,
this study revealed enzyme activity throughout
sexually stimulated (�) type mycelium. Enzyme
activity in mycelia beyond the sexually com-
mitted hyphae was also observed in M. mucedo
and A. glauca (C. Schimek, unpublished data).
As already suggested by Mesland et al. (1974),
trisporoid biosynthesis is evidently not
restricted to hyphae undergoing sexual morpho-
genesis. Trisporoids are usually extracted from
mycelia growing in submerged cultures. The
biosynthesis pathway is therefore fully active
under conditions, where no zygophores and
other aerial structures are formed.

Like for TSP2, also the TSP1 gene is present
in both mating types of M. mucedo, A. glauca,
P. parasitica and B. trispora, on the whole in
approximately 35 species from more than 10
families of 3 orders of the zygomycetes includ-
ing P. blakesleeanus and Thamnidium elegans.
Wherever both mating types were analysed, the
gene was found in each of these (this institute,
unpublished).

Two studies address the regulation of TSP1 in
P. parasitica (Schultze et al. 2005) andM. mucedo

(Schimek et al. 2005). The regulation of trispor-
oid biosynthesis varies between the species. The
TSP1 gene is part of a complex gene cluster in
both species, but not all of the ORFs, found in P.
parasitica, are present in the M. mucedo cluster
(Schimek et al. 2005; Schultze et al. 2005). TSP1
itself is transcribed in both species, showing
clearly that the major level of regulation is
accomplished post-transcriptionally or post-
translationally. In P. parasitica, gene expression
and regulation follow the same pattern in intra-
specific sexual interactions as well as in the para-
sitic interaction with the host A. glauca. Post-
transcriptional regulation of mRNA levels for
the enzyme is presumably mediated by an anti-
sense mechanism via the interaction with an
RNA transcribed in opposite direction from the
partly overlapping gene for an acyl-CoA thioes-
terase in that itself is antisense regulated by tran-
scripts belonging to an ORF, completely
overlapping with the thioesterase gene (Schultze
et al. 2005). Due to lacking any overlap between
the adjacent genes for the TSP1 enzyme and the
thioesterase, antisense regulation does not apply
to M. mucedo. Indeed, analyses at the protein
level show that even the TSP1 protein is formed
in both mating types. Similar to the situation for
the TSP2-protein in M. mucedo, TSP1 activity is
regulated post-translationally too (Schimek et al.
2005; Wetzel et al. 2009).

Regarding the control of the pheromone
pathway from b-carotene to trisporic acid in
zygomycetes, as far as it is known today, reveals
that essentially early steps, maybe only carotene
cleavage itself by the TSP3-gene product, are
regulated directly at the level of transcription
(Burmester et al. 2007; Schimek and Wöste-
meyer 2009; Sahadevan et al. 2013). Later
steps, the oxidation reactions catalysed by the
TSP1- and TSP2-products, are predominantly
controlled at later stages during gene expres-
sion, either post-transcriptionally in P. parasi-
tica or post-translationally in M. mucedo.

C. Oomycota

1. Background and Models

The non-mycotan phylum Oomycota, probably
better addressed as oophytes, is characterised
by biflagellate swarmer cells, carrying an ante-
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rior flagellum with mastigonemes and an addi-
tional posterior smooth flagellum. Another
characteristic is the different biochemical path-
way towards the amino acid lysine. Whereas
fungi use the intermediate a-aminoadipic acid,
oophytes produce lysine via diaminopimelic
acid, like green algae and plants. The cell wall
architecture is based on cellulose and other
glucans, and cell wall proteins contain the
amino acid hydroxyproline. Phylogenetically,
oophytes are placed in the kingdom Chromista
(Beakes et al. 2012), most of which grow photo-
autotrophically. Taken together, oophytes
resemble fungi in many morphological and
ecological respects, but have a different phylo-
genetic history.

In oophytes, the mating types cannot be
distinguished easily because clear definition
features do not exist. Moreover, the terms
‘sex’ and ‘mating type’, commonly understood
to establish a distinct and fixed set of features
and actions, do not seem to apply to all mem-
bers of the group. Rather, at least within the
order Saprolegniales, a system of relative sexu-
ality has been described besides a number of
solely ‘male’ and solely ‘female’ strains, allow-
ing the strain, producing the highest amount of
the ‘female’ sex hormone antheridiol, to define
the mating behaviour of the partner strain
(Barksdale 1967; Barksdale and Lasure 1973).
Traditionally, the mating types are termed
‘female’ and ‘male’. Many strains are homothal-
lic, or self-fertile, the two types of sexual
organs, oogonia and antheridia, being formed
on proximal hyphae of the same individual
(Raper 1952).

Research on the sexual signal system has
been performed almost exclusively on several
heterothallic strains of Achlya ambisexualis or
A. bisexualis and the homothallic A. heterosex-
ualis (Saprolegniales). The underlying princi-
ples of sexuality are reviewed by Raper (1952),
Barksdale (1969), McMorris (1978), Gooday
(1983, 1994), Gooday and Adams (1993) and
Mullins (1994). Since the early 1990s, little sup-
plementary information on the biochemistry of
the signal system in the traditional model
organisms was added. Another source of infor-
mation, especially for structural considerations,
addresses the sexual processes of the plant

pathogens Phytophthora sp. (Peronosporales;
Elliott 1983) and Pythium sp. (Peronosporales;
Knights and Elliott 1976). Recently, the chemi-
cal nature of mating hormones has been
revealed for Phytophthora nicotianae (Qi et al.
2005; Ojika et al. 2011), and genomic sequences
of various organisms belonging to this genus
will certainly be helpful for elucidating the
genetics of the sex system in these important
plant pathogens (Judelson 2007; www.ncbi.nlm.
nih.gov/gquery/?term¼Phytophthora). Overall,
Phytophthora has been reported to have higher
gene numbers—around 15,000—than plant
pathogens in Eumycota. Unfortunately, there
are presently no reports on the sequences of
mating-type genes or other genes that might
be directly involved in communication between
sexual partners. For the moment, the two com-
plementary mating types are characterised at
the genetic level by their non-Mendelian segre-
gation behaviour (Fabritius and Judelson 1997)
and by genetic mapping based on RAPD-,
RFLP- and SSCP markers, narrowing the MAT
loci down to approximately 100 kb (Judelson
et al. 1995).

2. Communication Molecules

The substance named hormone A by Raper in
his detailed studies of signal exchange during
sexual processes in Achlya in the 1930s and
1940s (reviewed by Raper 1952) was subse-
quently isolated from a female strain of A. bisex-
ualis by McMorris and Barksdale (1967) and
termed antheridiol. A molecular formula,
C29H42O5, was established, and the existence of
hydroxyl and carbonyl functions, as well as the
presence of an a-b unsaturated g-lactone and an
a-b unsaturated ketone, was deduced. A struc-
ture, based on spectroscopy and chemical deri-
vatisation, was proposed by Arsenault and co-
workers in the following year (Arsenault et al.
1968), and these authors also first determined
the steroid nature of the pheromone. This struc-
ture (Fig. 10.5) was confirmed by data derived
from fully synthetic isomers (Edwards et al.
1969). Based on the standard tetracyclic steroid
nucleus, with a side chain attached at C17, the
major difference between antheridiol and mam-
malian steroid hormones lies in the length of this
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side chain. In antheridiol, the ten carbon atoms
long side chain also encompasses the lactone
ring. The structure contains two C¼C double
bonds, one at C5–6 of the steroid nucleus and
the other at C24–25 of the side chain, as well as
two carbonyl functions at C7 and C26 and two
hydroxyl groups at C3 and C22, respectively.

The structural feature most important for
activity is the stereochemistry at C22 and C23.
From the four possible stereoisomers, only the
functional antheridiol (22S, 23R) exhibits activity
at 6 pg/ml, whereas the activity levels in the 22R,
23S and the 22S, 23S stereoisomers are reduced
by a factor of 1000, and activity is probably even
further reduced in the 22R, 23R stereoisomer
(Barksdale et al. 1974). By contrast, structural
changes at the ring system seem to be of minor
importance. Removal of the C7 keto group and
exchange of the free hydroxyl group at C3 with
its acetate ester reduce activity only by a factor of
20. By contrast, changes in the oxidation status at
C22 or C23 lead to dramatic reduction in activity,
whereas further structural divergence of the side
chain yields completely inactive derivatives. A
number of other steroids, including mammalian
steroid hormones, have been shown to be equally
inactive (Barksdale et al. 1974).

Themale pheromone, originally termed hor-
mone B by Raper (1952), was later renamed
oogoniol (McMorris et al. 1975). The oogoniols
turned out to be a mixture of active steroids. A
number of these have been characterised, includ-
ing the unesterified oogoniol; its isobutyrate,
propionate and acetate esters, oogoniol-1,
oogoniol-2 and oogoniol-3, respectively; and
their 24(28)-dehydro-analogues (McMorris

et al. 1975; McMorris 1978). Similarly to anther-
idiol, the oogoniols are 29-carbon steroids con-
taining a D5–7-ketone chromophore (Fig. 10.5).
They carry an ester substituent at C3, hydroxyl
functions at C11 and C15 and a primary hydroxyl
group, too, at C29 at the end of the side chain.
Oogoniols do not contain a lactone ring
(McMorris et al. 1975), but analogously to
antheridiols, the physiological activity strongly
depends on the structure of the side chain. In
fact, the minor compounds, 24(28)-dehydro-
oogoniols, are about 100 times more effective
than the saturated analogues and may represent
the true physiologically active compounds
(McMorris 1978; Preus and McMorris 1979).
Possibly, biosynthetic intermediates towards
dehydro-oogoniol exhibit regulatory functions;
7-deoxo-dehydro-oogoniol was described as
competitive inhibitor of the pheromone
(McMorris et al. 1993).

Whereas there are good reasons to assume
that sexual communication in zygomycetes is
based on a common chemical basis, the situa-
tion in oophytes seems to be more complicated.
On the one hand, all oophytes, either from the
Saprolegniales like Achlya sp., depend on
secreting steroids for proper sexual develop-
ment; on the other hand, the true mating pher-
omones in Phytophthora sp., correlated with
either the A1 or the A2 mating-type locus, are
the substances a1 or a2, chemically belonging
to the diterpenoids, derivatives of phytol (Ojika
et al. 2011; Fig. 10.6).

The steroid signal system seems to be at
least genus specific, the functional substances
being active only among closest neighbours.

Fig. 10.6 Structure of the diffusible phytol derivatives
responsible for sexual communication in the oophyte
Phytophthora infestans. (a) The a1 mating pheromone,

synthesised by the A1 mating type by conversion of a2,
secreted by the A2 partner. (b) The a2 mating phero-
mone, synthesised by the A2 mating type
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Analyses of the induction of sexual processes
indicate that steroids other than antheridiol are
required in oomycetes beyond Achlya sp.
(Knights and Elliott 1976; Musgrave et al.
1978; Kerwin and Washino 1983). The pro-
nounced specificity of the reactions becomes
apparent from the non-interchangeable charac-
ter of oogoniol and antheridiol in Achlya spe-
cies (Horgen 1977; Musgrave et al. 1978).

Self-sterile plant pathogenic species of the
genera Phytophthora and Pythium are unable
to synthesise sterols and are sexually inactive if
no external sterols are available (Kerwin and
Duddles 1989). Nevertheless, these are taken up
from the surroundings, presumably from the
host plants, and are supposed to be converted
internally to the necessary sexual hormones
(Langcake 1974; Elliott and Knights 1981). The
actual structure of these active substances has
not yet been determined. Many steroid com-
pounds have been tested for their ability to
induce the sexual developmental programme in
the genera Phytophthora and Pythium, and the
results of these analyses indicate that the useful-
ness of external steroids is also defined largely
by their configuration and stereochemistry, par-
ticularly that of the side chain (Elliott 1979).

Steroid substances active in Phytophthora
were found to fulfil the following criteria: They
carry a hydroxyl function at C3 of the sterol
nucleus, have one C¼C double bond in ring B
and contain a hydrocarbon side chain longer
than five carbon atoms. Increasing length of the
side chain leads to increasing activity, the exact
position of C29 being the most important fea-
ture. All compounds with the position of C29

fixed by the presence of a C24–28 double bond
were of high activity (Elliott et al. 1966; Elliott
1972). Methylation of C24 also enhances activ-
ity. Indeed, activity increases concomitantly
with the size of the substituent at C24 (Elliott
1979). Compounds lacking the double bond in
the steroid nucleus and exhibiting other unde-
sirable structural features are completely inac-
tive (Knights and Elliott 1976; Elliott and
Sansome 1977). Despite several of the structural
requirements indicating a structure of the sex-
ual pheromone similar to those of Achlya sp.,
and thus raising the possibility of a general
signal mechanism, antheridiol was found to be

completely inactive in P. cactorum (Nes et al.
1980). This possibly reflects the outcome of
evolutionary adaptation to the parasitic life-
style. Typical plant steroids are generally far
more effective than fungal or animal com-
pounds in the plant parasitic species (Elliott
et al. 1966; Nes et al. 1980).

A second signal system, active in sexual
reproduction of Phytophthora, was proposed
by Ko (1980, 1983, 1985, 1988), who observed
intra- and interspecific sexual reactions leading
to self-fertilisation in heterothallic Phy-
tophthora spp. strains. The response, accord-
ingly termed hormonal heterothallism and
initially believed to constitute a compatibility
system, occurs exclusively in the presence of
members of both mating types, A1 and A2. It
was recognised early that this communication
system was mediated by small diffusible sub-
stances (Ko 1980), which are neither sterols nor
glycerides (Chern et al. 1999), with a2 being
more polar than a1 (Ko 1983; Chern et al.
1996), but the exact structures of the communi-
cation molecules were elucidated only recently
(Qi et al. 2005; Ojika et al. 2011). The chemical
structures are surprisingly simple: The struc-
ture of hormone a1, produced and secreted by
the A1 mating type, was determined by mass,
infrared and NMR spectroscopy and clearly
revealed the acyclic diterpene structure of a
modified, oxygenated phytol (Fig. 10.6; Qi
et al. 2005). a2 is very similar and is distin-
guished from a1 only by the lack of the keto
group in position C4. The structures have been
confirmed by chemical synthesis (Yajima et al.
2008; Harutyunyan et al. 2008; Wang et al. 2010;
Yajima et al. 2011). The absolute configurations
of the native, active hormones have been deter-
mined as 3RS,7R,11R,15R for a1 (Yajima et al.
2008) and 7S,11R,15R for a2 (Yajima et al.
2011).

A detailed study on the relationships
between structure and activity was performed
with nine derivatives of a1 and eight derivatives
of a2 hormone (Molli et al. 2012). Activity was
determined by measuring the induction of
oospore formation. The substances were
offered to the Phytophthora tester strains on
small filter paper discs. Under these conditions,
the natural hormones are active in amounts as
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small as 3 ng. a1 tolerates more modifications
than a2. Acetylation of both terminal hydroxyl
groups in a1 reduces activity to only 52 %,
whereas acetylation of the C1-hydroxyl group
in a2 leads to only 3.3 % residual activity, and
acetylation of the terminal hydroxyl group
abolishes hormonal activity completely. These
and other results support that in both a1 and
a2, all functional groups, hydroxy and keto as
well as the olefinic character, contribute to the
biological activity of the hormones.

3. Biosynthesis

The analysis and comparison of steroid content
in oophytes, together with feeding experiments
using both natural and synthetic compounds,
leads to a possible sequence of events in phero-
mone synthesis. Common precursor of anther-
idiol and the oogoniols is fucosterol, the most
abundant sterol in oophytes (Popplestone and
Unrau 1973, 1974; McMorris and White 1977).
Fucosterol is also the sterol with the highest
uptake rate and the most efficient conversion
in Phytophthora (Elliott et al. 1966; McMorris
and White 1977). Saprolegniales are able to
synthesise fucosterol, probably via 7-
dehydrofucosterol (Popplestone and Unrau
1973). In the subsequent synthesis steps leading
to antheridiol, modifications of the steroid ring
system and of the side chain occur indepen-
dently. For the latter, the following sequence
of events has been established: The initial step
is the dehydrogenation at C22/C23, followed by
an oxidation series at C29. Beginning with a
methyl function, the final carboxyl group is
synthesised via an ethyl group and the carbonyl
as intermediates. After these modifications,
C22/C23 are oxidised again, and finally, cyclisa-
tion occurs, yielding the unsaturated g-lactone
ring of the antheridiol side chain (Fig. 10.5;
Popplestone and Unrau 1974; McMorris 1978).

The oogoniols, despite being derived from
the same precursor, are synthesised by a differ-
ent pathway. For a start, fucosterol is oxidised
to give an aldehyde at C29. In the subsequent
steps, hydroxylation occurs at C11 and C15, oxi-
dation occurs at C7, and the hydroxyl group at
C3 becomes esterified. Finally, after all the ring

modifications have taken place, the C24–28 dou-
ble bond is reduced (McMorris and White
1977). No data whatsoever exist on the enzy-
matic mechanism of these conversions or on
the genes for the corresponding enzymes.

The biosynthesis of the Phytophthora mat-
ing hormones a1 and a2 follows a very inter-
esting pathway that strikingly resembles the
trisporoid synthesis in zygomycetes, which is
typically shared between the two mating part-
ners. Already in 1929, observations on crossing
behaviour in different isolates of Phytophthora
palmivora led to the assumption that secretion
of diffusible substances is required for sexual
stimulation of sexual reactions by the partner
(Ashby 1929). Only recently, the biosynthesis of
the pheromones behind this communication
system has been elucidated. Formation of
a2 by the A2 mating type starts by converting
phytol, which is almost certainly imported from
the host plant and which has no pheromone
activity by itself, by hydroxylation of the posi-
tions C11 and C16 and by introducing the C2–3

double bond to the active A2-specific phero-
mone a2. Quantitative correlations between
the amount of phytol added to an A2 strain
and the amount of a2 formed, as well as label-
ling experiments with deuterated phytol clearly,
show that the pheromone is indeed derived
from phytol. The addition of deuterium-
labelled a2 pheromone to an A1-culture leads
to a1 pheromone, carrying a keto group at
position C4 and the deuterium label at exactly
the same positions as in the a2 substance
added. The A2-specific pheromone is thus
taken up by the A1 mating type and converted
to the A1-specific pheromone (Ojika et al.
2011). In a recent review, Lee et al. (2012)
accentuated the similarity of the Phytophthora
system with the trisporic acid system in Mucor
relatives. Although considerably simpler in
Phytophthora, both systems for partner recog-
nition and induction of sexually differentiated
structures in the complementary mating part-
ners rely on the exchange of substances that are
converted in the partner to the active principle.
There is presently no information on the
enzymes involved in phytol conversion neither
on genes coding for these enzymes, involved in
controlling the mating system.
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4. Mode of Action

To fully understand the role of steroids in the
regulation of sexual development in Phy-
tophthora spp., it is necessary to strictly distin-
guish their effects from those of other steroid-
mediated regulatory mechanisms. Early observa-
tions of the effects of externally added steroids
promoting vegetative growth (Hendrix 1964,
1965; Elliott et al. 1966), and concomitantly
with these being incorporated to a large extent
into the cellular membranes (Langcake 1974),
emphasised the function of steroids as necessary
regulatory and structural cellular components.
In the case of sexual processes, studies per-
formed on compatible male and female strains
elucidated a sequence of pheromone responses.
Similar reactions were observed in crossings
between homothallic and one compatible hetero-
thallic strain. For antheridiol, the same sequence
was also obtained with increasing concentration
of externally added pheromone. Antheridiol
itself is produced constitutively at low concen-
trations by the female. As the first decidedly
sexual reaction in Achlya ambisexualis, apical
growth in the male stops after exposure to a
female strain or within an hour after antheridiol
addition (Gow and Gooday 1987). In the next
step, the characteristic antheridial initials are
formed in a dose-dependent manner at the prox-
imal ends of male vegetative hyphae (Barksdale
1967). Within 30 min after exposure, certain
reactions are also induced in the mating partner.
Exposure to antheridiol induces the synthesis
and release of oogoniol in male-reacting strains
(Barksdale and Lasure 1974; McMorris and
White 1977) and the formation of oogonial initi-
als. These release higher amounts of antheridiol
and, consequently, chemotropically attract the
antheridial branches (Barksdale 1963, 1967).
Higher concentrations of antheridiol also affect
the differentiation of antheridia by septum for-
mation and are also thought to be involved in the
onset of meiosis (Barksdale 1963, 1967). Contin-
ual exposure to antheridiol for at least 30 min
also induces conversion of this compound to less
active metabolites in male strains of the hetero-
thallic A. ambisexualis or A. bisexualis, as well as
in the homothallic species A. americana and A.
conspicua (Musgrave and Nieuwenhuis 1975). In

female strains, metabolism of antheridiol does
not occur, nor is any antheridiol metabolism
observed in those oomycetes species which do
not respond to antheridiol in their sexual reac-
tions (Musgrave et al. 1978). The authors suggest
a regulatory function for this metabolism. Inac-
tivation of antheridiol would steepen the anther-
idiol gradient and thus facilitate directed growth
and promotion of gamete formation. As the
antheridia also serve to direct male gametangial
nuclei through specialised tubes directly to the
oospheres enclosed in the oogonium (Raper
1952), a function of antheridiol in fertilisation
may also be proposed. By strongly inducing the
formation of antheridial hyphae in homothallic
species growing adjacent to a female Achlya
strain, thereby waste resources, antheridiol also
acts as inhibitor for both sexual and asexual
development of the homothallic strain (Barks-
dale 1967; Thomas and McMorris 1987).

A number of studies exist on molecular
changes accompanying the onset of sexual
development. Most of these observations are
rather general in nature, and so the data
obtained might not reflect pheromone action
per se, but rather general changes in cellular
regulation following the switch of commitment.
Thus, exposure to antheridiol was found to
increase activity and release cellulases in
males. This increase occurs concomitantly to
the formation of antheridial branches (Thomas
and Mullins 1967, 1969; Mullins and Ellis 1974;
Mullins 1979), implying that it is a necessary
prerequisite to branching and the development
of new apical growth sites. A similar increase in
cellulase activity also accompanies massive
vegetative branching (Hill 1996). The same
applies to all observations concerning increase
in transcription rates, cellular concentrations of
rRNA and mRNA, protein synthesis and his-
tone acetylation (Horowitz and Russell 1974;
Silver and Horgen 1974; Groner et al. 1976;
Horgen 1977; Sutherland and Horgen 1977;
Michalski 1978; Horgen et al. 1983). Most of
these effects are unspecific and reflect the
expression of increasing cellular activities in
the course of morphological and physiological
changes during the sexual process.

The synthesis of a number of proteins is
specifically and directly induced or enhanced
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by antheridiol (Horton and Horgen 1985), one
of these possibly being cellulase (Groner et al.
1976; cf. above). This specific pheromone-
mediated response has been investigated in
greater detail. Over a period of almost two dec-
ades, Brunt and Silver as well as Riehl and Toft
and their co-workers have elucidated the induc-
tion and participation of certain proteins in the
antheridiol-mediated sexual response of
Achlya. They found that antheridiol-regulated
proteins occur at different cellular localisation
and are always to be grouped among the minor
polypeptides (Brunt and Silver 1986a, b, 1987).
Besides its influence on protein synthesis, treat-
ment with antheridiol may also affect protein
processing. A number of glycoproteins become
deglycosylated at the onset of the sexual reac-
tion in the male A. ambisexualis E87 (Brunt and
Silver 1986a), implicating regulation of cellular
recognition events by the pheromone. An 85-
kDa protein band detected both in the nuclear
and the cytoplasmic fraction (Brunt and Silver
1986b) was later found to consist partially of a
previously identified (Silver et al. 1983) 85-kDa
heat-shock protein (Brunt et al. 1990; Brunt and
Silver 1991). Based on antibody cross-reactions
and sequence similarity, this protein is classi-
fied as a member of the hsp-90 protein family
(Brunt et al. 1990).

A specific antheridiol receptor was identi-
fied in the cytoplasm of male cells only (Riehl
et al. 1984). As the binding activity could be
recovered in fractions displaying different sed-
imentation coefficients, the existence of a mul-
tiprotein complex was deduced and later
confirmed. At least the hsp-90 protein is an
integral part of that complex (Brunt et al. 1990).

Several other heat-shock proteins, e.g. three
hsp-70 proteins, a 23-kDa and a 56-kDa protein
(Silver et al. 1993; Brunt et al. 1998a, b) as well
as other hormone-binding and non-binding
polypeptides (Riehl et al. 1985; Brunt et al.
1998b), are associated with the steroid
receptor-HSP complex. They constitute a mul-
tiprotein heterocomplex, where some of the
participating components are not necessarily
present all the time or in all existing complexes.

At the transcriptional level, two similar but
distinguishable transcriptional populations
exist for hsp70 and hsp90, and these are differ-

ently regulated (Silver et al. 1993; Brunt and
Silver 2004). In each case, both mRNA sets are
regulated by antheridiol but also react to unre-
lated stimuli, hsp70 to decrease glucose concen-
trations (Silver et al. 1993) and hsp90 to
increase temperature (Brunt and Silver 2004).
Transcript divergence for a single cDNA clone
was already documented by Horton and Hor-
gen (1989), an observation probably based on
similar regulation processes.

Consistent with earlier assumptions, all
authors today agree on the oophyte steroid
receptor organisation and its regulation,
strongly resembling animal steroid hormone
systems (Riehl and Toft 1984; Riehl et al. 1985;
Brunt et al. 1998b; Brunt and Silver 2004). This
viewpoint is further supported by the identifi-
cation of a diversity of putative transcription
factor response elements in the 50-region of the
hsp90 genes. Among these are motifs already
known from animal steroid hormone response
elements (Brunt et al. 1998a).

The Phytophthora parasitica and P. infestans
mating-type loci have been analysed at the
genetic level by the group around Judelson.
Using RAPD markers to identify loci associated
with the A1 and A2 phenotypes, genetic and
physical mapping of these loci was accom-
plished. Both species are characterised by a bipo-
lar mating system. Mating types are determined
by heterozygosity at A1 (allele combination Aa)
and by homozygosity at A2 (aa) at the single
mating-type locus (Judelson et al. 1995; Judelson
1996a). In P. infestans, an unusual segregation
pattern of the mating-type alleles prevails,
showing a preference for two of the four possible
genotypes. Despite the chromosomes bearing the
A1 and A2 determinants being genetically simi-
lar, a region of structural heterozygosity, locus
S1, flanks the mating-type locus in A1 isolates,
whereas it is absent in A2. Although S1 contains
no obvious open reading frames, a decided func-
tion of this sex-chromosome-like region in the
regulation of allele segregation, DNA replication
or gene expression seems plausible (Judelson
1996b; Randall et al. 2003). In Phytophthora
parasitica, the standard Mendelian segregation
pattern is realised (Fabritius and Judelson 1997).
Open reading frames within the mating-type
locus, providing a clue to the nature of mating-
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type determination or sexual differentiation,
have not been identified, although shotgun
genome sequences have been established for P.
parasitica (ENA-PRJNA181330), P. infestans
(ENA-PRJNA17665; Haas et al. 2009), P. capsici
(ENA-PRJNA201536; Lamour et al. 2012), P.
sojae (ENA-PRJNA17989; Tyler et al. 2006) and
P. ramorum (PRJNA12571; Tyler et al. 2006).

The connection between the mating-type
loci and the mode of action of phytol-derived
hormones in Phytophthora spp. is also not
clear, and presently there are no hypotheses
published on possible connections between
the communication mediated by the a1/a2-
pheromones and the reactivity to steroids.

Eight genes have been characterised which
are upregulated during sexual development in P.
infestans. As the transcription level of two of
these increases during the early stages, before
physical contact between partners has been
established, they might be induced by the a hor-
mones. Very low expression was also found in
vegetative hyphae, which would not be uncom-
mon in a hormone response system. Three
sequences resemble that of proteins interacting
with RNA—a ribonuclease activator, a RNA-
binding protein of the Drosophila melanogaster
Pumilio protein family (Puf) and RNase H—and
may thus be involved in mating regulation (Fab-
ritius et al. 2002). The Puf-like protein was later
found to be transcribed not only during early
sexual development but also during the early
asexual development of sporangia (Cvitanich
and Judelson 2003). The predicted products of
two of the upregulated genes show similarities
with elicitins and one to a glycoprotein cell-
surface receptor (Fabritius et al. 2002). One of
the elicitin-like products belongs to a P. infestans
multigene family of putative extracellular trans-
glutaminases, which are possibly involved in cell
wall strengthening or in enhancing adhesion. The
mating specifically transcribed gene is the only
one of this gene family for which elicitin activity
could not be predicted from the sequence data.
The various putative enzymes are conceivably
involved in cell wall-related processes within the
different developmental processes leading to veg-
etative hyphae, zoospores, sexual organs or haus-
toria (Fabritius and Judelson 2003). Even with no
evidence so far for a direct interaction of one of
the upregulated genes with the a hormone sys-

tem or, alternatively, with steroid signals, the
character of all putative gene products suggests
a possible involvement in mating-related events.
Additional examples for mating-induced gene
expression have been found after genomic infor-
mation became available on a broad scale. Con-
spicuously, many of these genes seem to be
species-specific in the genus Phytophthora. For
nearly 25 % of approximately 100 genes, tran-
scribed more than tenfold higher during mating
in P. infestans, no homologues were found in P.
sojae. These and other correlations between
genomic architecture and development-specific
gene expression have been reviewed (Judelson
2007; Prakob and Judelson 2007).

For the oomycetes sexual pheromone sys-
tems, the complexity of the hormone response
and of its regulation becomes ever more appar-
ent. The pheromone-mediated part of sexual
communication and sexual development is
strongly interwoven with other influences and
developmental programmes, both, intracellular
and external, resulting in tightly connected
intracellular regulatory events. Other signal
compounds, the nutritional status and the avail-
ability of phospholipids are certainly involved in
the regulation of sexual reactions too.

III. Conclusions

In the three organismic groups considered, one
noticeable observation concerning pheromone
action recurs. The sexual interactions in large
systematic units are mediated by the same or
very similar substances at least at the level of
genera and probably families in chytridiomy-
cetes and oophytes and even in a whole class in
zygomycetes. Nevertheless, different levels of
specificity exist within each group, enabling
recognition of a compatible mating partner
belonging to the same species. In oophytes
and zygomycetes, species specificity is, at a
first level of recognition, realised by using dif-
ferent derivatives and isomers of a common
basic compound and, subsequently and most
probably more specifically, via interactions of
individual surface components.

Genetic analysis of the pheromone systems
has made considerable progress for zygomy-
cetes. The other two organismic realms are
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lagging behind with respect to genetic analysis
of mating-type communication, but recognis-
ing the phytol derivatives in Phytophthora as
chemical basis for communication between
mating types in oophytes, it must be appre-
ciated as major achievement in understanding
recognition and sexual differentiation in this
organismic group. It will be rewarding to reveal
the functional connection between these sub-
stances and the mating-type locus.

The regulation of several genes involved in
pheromone biosynthesis is basically known for
zygomycetes, and there are good reasons for
interpreting the homeodomain transcription
factor genes, identified in many zygomycetes,
as the functional principle in the mating-type
loci, sexM and sexP. Information on the targets
of these transcription factors, however, is still
missing. The transcription factors must not
necessarily be associated with regulating the
communication system at the level of trispor-
oids, but could be responsible for later steps
during the sexual differentiation programme,
starting at the level of surface interactions.

Current knowledge on the structure of tris-
poroid binding proteins, together with the
properties of other apocarotenoid binding pro-
teins, will enable us to identify the intracellular
events, initiated and regulated by trisporoids.
Possibly, the high similarity between various
apocarotenoids with regulatory potential,
abscisic acid, retinoids and trisporoids will
facilitate the definition of functional properties
of trisporoid binding proteins and ideally tris-
poroid receptors. In these respects, regulation
mediated by trisporoids could resemble the
retinoid situation. These compounds function
as intra- and intercellular communication sys-
tems in vertebrates, especially in developmental
regulatory programmes. Biologically active
retinoids bind to nuclear retinoid receptors
belonging to the steroid/thyroid hormone
nuclear receptor superfamily. Ligand-bound
receptor complexes function as transcription
factors by binding to specific DNA targets, the
retinoid response elements. Comparable effects
of intracellularly localised trisporoids, triggered
by binding directly to nuclear receptor proteins
and thus acting as transcription factors, are
conceivable. It will be interesting to check the
products of the sexM/sexP loci for interactions

with trisporoids. According to signal transduc-
tion models along this line, membrane-
associated receptors would not necessarily be
involved in trisporoid-mediated regulation of
sexual reactions in zygomycetes.
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Czempinski K, Kruft V, Wöstemeyer J, Burmester A
(1996) 4-Dihydromethyltrisporate dehydrogenase
from Mucor mucedo, an enzyme of the sexual
hormone pathway: purification, and cloning of
the corresponding gene. Microbiology 142:2647–
2654

den Ende V (1968) Relationship between sexuality and
carotene synthesis in Blakeslea trispora. J Bacteriol
96:1298–1303

Doggett MS, Porter D (1996) Sexual reproduction in the
fungal parasite, Zygorhizidium planktonicum.
Mycologia 88:720–732

Dyer PS, Inderbitzin P, Debuchy R (2016) Mating-type
structure, function, regulation and evolution in
the pezizomycotina. In: Wendland J (ed) Growth,
differentiation and sexuality. Springer, Cham,
pp 351–385

Pheromone Action in the Fungal Groups Chytridiomycetes and Zygomycetes and in the Oophytes 227

http://dx.doi.org/10.1371/journal.pone.0058931


Ebnet E, Fischer M, Deininger W, Hegemann P (1999)
Volvoxrhodopsin, a light-regulated sensory pho-
toreceptor of the spheroidal green alga Volvox
carteri. Plant Cell 11:1473–1484

Edwards JA, Mills JS, Sundeen J, Fried JH (1969) The
synthesis of the fungal sex hormone antheridiol. J
Am Chem Soc 91:1248–1249

Ellenberger S, Schuster S, Wöstemeyer J (2013) Corre-
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plete mitochondrial DNA sequence of the mucor-
alean fusion parasite Parasitella parasitica.
Genome Announc 2:e00912–e00914. doi:10.1128/
genomeA.00912-14

Elliott CG (1972) Sterols and the production of oos-
pores by Phytophthora cactorum. J Gen Microbiol
72:321–327

Elliott CG (1979) Influence of the structure of the sterol
molecule on sterol-induced reproduction in Phy-
tophthora infestans. J Gen Microbiol 115:117–126

Elliott CG (1983) Physiology of sexual reproduction in
Phytophthora. In: Erwin DC, Bartnicki-Garcia S,
Tsao PH (eds) Phytophthora, Its biology, taxon-
omy, ecology and pathology. American Phyto-
pathological Society, St Paul, pp 71–81

Elliott CG, Knights BA (1981) Uptake and interconver-
sion of cholesterol and cholesteryl esters by Phy-
tophthora cactorum. Lipids 16:1–7

Elliott CG, Sansome E (1977) The influence of sterols on
meiosis in Phytophthora cactorum. J Gen Micro-
biol 98:141–145

Elliott CG, Hendrie MR, Knights BA (1966) The sterol
requirement of Phytophthora cactorum. J Gen
Microbiol 42:425–435
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Wöstemeyer J, Wöstemeyer A, Burmester A, Czem-
pinski K (1995) Relationships between sexual pro-
cesses and parasitic interactions in the host-

pathogen system Absidia glauca–Parasitella para-
sitica. Can J Bot 73:S243–S250
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I. Introduction

Fungi use signals from the environment to reg-
ulate growth and development. Fungal
responses to light and gravity have been inves-
tigated in most detail, and we have a great
understanding of the mechanisms of fungal
photoreception in several model fungi. Light
regulates fungal metabolism and gene expres-
sion, resets the circadian clock, and regulates
fungal morphogenesis. Light and gravity direct
the growth of reproductive structures in many
fungi through a coordinated mode of action.
Understanding the molecular mechanisms that
allow the perception of light and gravity by
fungi will help to understand similar phenom-
ena in more complex organisms like plants. The
increased number of fungal genomes available,
the availability of fungal collections of gene
knockouts, and the popularization of techni-
ques to tag proteins for visualization and bio-
chemical characterization have increased
enormously our understanding of fungal pho-
toreception during the last 10 years. The pho-
toreceptor repertoire of fungi has been
analyzed in detail from the fungal genomes
available, and the mechanisms of photorecep-
tor activity and their role in the fungal cell are
being investigated by gene inactivation and
detailed biochemical characterizations. At the
same time, the cytoskeleton and the fungal
organelles that may participate in gravity sens-
ing are being characterized with advanced visu-
alization techniques that should yield new
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insights into the mechanisms of gravity sensing
in the fungal cell. Readers interested in fungal
photomorphogenesis and gravitropism should
consult our chapter in the previous edition of
this book (Corrochano and Galland 2006).
Here, we update and review our current knowl-
edge in fungal photomorphogenesis and gravi-
tropism.

II. Photomorphogenesis

Light regulates several aspects of fungal mor-
phogenesis that include spore germination,
hyphal growth, and the initiation and develop-
ment of structures for sexual or asexual repro-
duction. In addition, light regulates the
direction and speed of growth of reproductive
structures, and many fungal fruiting bodies
show a phototropic response similar to that
observed in plants. We summarize our current
knowledge on fungal photomorphogenesis with
an emphasis in the reception of the signal by
photoreceptors, the transduction of the signal
inside the cell, and the effects of light on fungal
morphogenesis.

A. Fungal Photoreceptors and Their Mode
of Action

Photoreceptor proteins receive the light signal
through specialized light-absorbing molecules,
chromophores, and transduce the energy of
each photon into the cell to promote a
response. Photoreceptor genes and proteins
have been described and characterized in
most organisms, including fungi (Briggs and
Spudich 2005). Most fungi see blue light using
homologs of the WC complex first identified in
the fungus Neurospora crassa, but fungal gen-
omes have genes for other blue-light photore-
ceptors (cryptochromes), red-light
photoreceptors (phytochromes), and opsins
which are similar to the ones used for animal
vision (Corrochano 2007; Herrera-Estrella and
Horwitz 2007; Purschwitz et al. 2006; Corro-
chano and Avalos 2010; Idnurm et al. 2010;
Corrochano and Garre 2010). The variety of
photoreceptor genes in all fungal lineages sug-
gests that the last common ancestor of the fungi

was capable of perceiving light in a wide range
of colors.

1. The WC Complex: A Photoreceptor
that Regulates Transcription

The white collar complex (WCC) from N. crassa
is a protein complex composed of proteins
white collar-1 (WC-1) and white collar-2 (WC-
2) (Ballario et al. 1996; Linden and Macino
1997). Both proteins contain a zinc finger at
their C-terminal end for DNA binding, and
WC-1 contains a LOV domain that binds a
flavin chromophore. These domains allow the
WCC to act as a light-dependent transcription
factor complex (Froehlich et al. 2002; He et al.
2002). Another LOV domain-containing pro-
tein is VVD (Heintzen et al. 2001), and it plays
a key role in the regulation of the activity of the
WCC. The role of the WCC and VVD in the
photoreception of N. crassa has been reviewed
recently (Chen et al. 2010b; Olmedo et al. 2013;
Idnurm et al. 2010; Schafmeier and Diernfellner
2011), and our current view of the mechanism
of activation of gene transcription by the WCC
is summarized below. The mechanism for the
WCC-mediated activation of transcription
involves several steps. In the dark, the WCC
binds to the promoters of light-regulated
genes (Smith et al. 2010; Wu et al. 2014) and
interacts with the histone acetyltransferase
NGF-1 (Brenna et al. 2012). The activation of
WC-1 by light provokes a conformational
change in the protein that leads to the forma-
tion of WCC homodimers through the LOV
domains of WC-1 (Malzahn et al. 2010). The
conformational change should lead to the acti-
vation of the HAT (histone acetyltransferase)
activity of NGF-1 and the transient light-
dependent acetylation of lysine 14 in histones
H3 that are located in the promoters of the
light-regulated genes, like al-3 (Brenna et al.
2012; Grimaldi et al. 2006). The histone deace-
tylation would change the chromatin in the
promoter allowing better accessibility for the
RNA polymerase. This model is supported by
the observation that strains with a replacement
of lysine 14 by glutamine in histone H3 or with
mutations in the gene ngf-1 for a histone acet-
ylase show a blind phenotype (Grimaldi et al.
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2006). Light promotes the transient transcrip-
tion of wc-1 (Ballario et al. 1996; Káldi et al.
2006) and phosphorylation of WC-1 that leads
to WC-1 degradation and its replacement in the
WCC by newly synthesized but inactive WC-1
protein (He and Liu 2005; Schwerdtfeger and
Linden 2000, 2001; Talora et al. 1999). WC-2 is
also phosphorylated after light exposure, but
the modification is more subtle (Schwerdtfeger
and Linden 2000).

Abundance, phosphorylation, and activity
of the WCC are controlled by FRQ, a master
regulator of the Neurospora circadian clock.
The oscillation in the amount of FRQ during a
circadian cycle results in changes in the abun-
dance, phosphorylation, and activity of the
WCC during growth in the dark (Baker et al.
2012; Brunner and Káldi 2008). FRQ is required
for full wc-1 photoactivation and for the trans-
lation of the wc-1 mRNA, resulting in cycles of
WC-1 protein in dark-grown mycelia (Cheng
et al. 2001, 2002; Lee et al. 2000; Merrow et al.
2001; Schafmeier et al. 2006). In addition, the
RNA helicase FRH is associated with the WCC
and mediates the interaction between FRQ and
the WCC (Cheng et al. 2005). FRQ plays a rele-
vant role in the regulation of the phosphoryla-
tion status of the WCC and its activity. The lack
of FRQ results in hypophosphorylated and
transcriptionally active WCC, while the WCC
is phosphorylated and inactive in the presence
of FRQ. The oscillation in the amount of FRQ
during a circadian cycle results in changes in
the phosphorylation status of the WCC and its
potential activity during the circadian cycle in
the dark (Brunner and Schafmeier 2006).

Other proteins interact with the WCC to
regulate its activity. The protein phosphatases
PP2A and PP4 interact with the WCC and par-
ticipate in the dephosphorylation and activa-
tion of the WCC (Schafmeier et al. 2005; Cha
et al. 2007). On the other hand, the kinases CK-
1a and CKII interact with FRQ for the phos-
phorylation and inactivation of the WCC (He
et al. 2006). The observation that CK-1a phos-
phorylates WC-2 in vitro suggests that this
enzyme may play a role in the regulation of
the activity of the WCC (Querfurth et al.
2007). Another kinase that regulates the abun-
dance of the WCC on a light-independent man-
ner is GSK, the glycogen synthase kinase. GSK

binds WC-1 and WC-2, presumably promoting
its degradation via phosphorylation (Tataroglu
et al. 2012). The protein kinase A, PKA, stabi-
lizes the WC proteins, inhibits WCC binding to
the frq promoter in the dark, and inhibits the
light function of the WCC as shown by the
enhanced light-dependent accumulation of al-
3 mRNA in a strain lacking PKA (Huang et al.
2007). These observations suggest that PKA
may have a leading role in the light-dependent
phosphorylation of theWCC that occurs during
the release of the WCC from light-regulated
promoters. Indeed, PKA inhibits the nuclear
localization of the WCC (Cha et al. 2008). Pro-
tein kinase C (PKC) interacts with WC-1 in vivo
and phosphorylates the Zn finger domain
in vitro in dark-grown mycelia or after 2 h of
illumination, when light-induced gene expres-
sion has ceased. A strain with reduced amounts
of PKC has increased levels of WC-1 confirming
that PKC is a negative regulator of WC-1 (Fran-
chi et al. 2005). In contrast, a strain lacking PKA
has reduced levels of WC-1 and WC-2 (Huang
et al. 2007). Regardless of the effect of these
kinases on the amount of WC proteins, reduced
activities of either PKA or PKC promote light-
dependent gene transcription (Franchi et al.
2005; Huang et al. 2007), suggesting that the
role of these two kinases is to inactivate the
WCC. An interaction between the WCC and
the Ccr4–Not complex has been detected and
is required for maintaining the levels of the
WCC suggesting a regulatory role for this com-
plex (Huang et al. 2013).

2. Regulation of Transcription by the WCC:
Adaptation to Light

When dark-grown mycelia are exposed to light
the amount of WCC-dependent mRNAs
increases rapidly and then decreases after
extended illumination, a process known as
photoadaptation (Arpaia et al. 1999; Lauter
and Yanofsky 1993; Schwerdtfeger and Linden
2001, 2003). As expected, the WCC only binds
transiently to the promoter of light-regulated
genes (He and Liu 2005; Olmedo et al. 2010b).

A key element in the regulation of photo-
adaptation is the LOV domain photoreceptor
VVD. The gene vvd is activated by light and
strains with mutations in vivid exhibits sus-
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tained WC-1 light-dependent phosphorylation,
a reduction in the amount of WC-1 in the cell,
and sustained gene photoactivation (Heintzen
et al. 2001; Malzahn et al. 2010; Schwerdtfeger
and Linden 2001, 2003; Shrode et al. 2001).
Light-activated VVD forms dimers through
interactions between each LOV domain (Zol-
towski and Crane 2008; Peter et al. 2012), and
newly synthesized VVD disrupts interactions
between two WCCs resulting in a reduction of
the transcriptional response and photoadapta-
tion (Malzahn et al. 2010; Hunt et al. 2010; Chen
et al. 2010a). Although the transcription of wc-1
is activated in response to light, this newly
synthesized WC-1 would not be enough to
compensate for WC-1 degradation. Instead,
the binding to VVD prevents degradation of
WC-1 creating a pool of light-activated WC-1
that is transcriptionally inactive. As expected,
overexpression of VVD results in desensitiza-
tion of the WCC (Malzahn et al. 2010).

Other elements participate in the regulation
of photoadaptation. The light-dependent phos-
phorylation of the WCC reduces its capacity to
bind light-inducible promoters, suggesting that
phosphorylation plays a prominent role in the
transient activity of the WCC and photoadapta-
tion (He and Liu 2005; Schafmeier et al. 2005).
Photoadaptation is modified by inhibitors or
mutations of the protein kinase C (Arpaia
et al. 1999; Franchi et al. 2005) and requires
protein synthesis (Schwerdtfeger and Linden
2001).

RCO-1 and RCM-1, the Neurospora homo-
logs of the corepressor complex Tup1-Ssn6 in
yeast, play a role in photoadaptation. RCO-1
and RCM-1 accumulate in Neurospora nuclei
(Olmedo et al. 2010a), and both proteins inter-
act to form a repressor complex similar to that
observed in yeast (Sancar et al. 2011). When
exposed to 5 h of light, the rco-1 and rcm-1
mutants show a sustained expression of light-
induced genes (Olmedo et al. 2010a) suggesting
that the Neurospora RCO-1/RCM-1 complex is
involved in the repression of light-dependent
gene transcription that leads to photoadapta-
tion. The absence of the RCO-1/RCM-1 repres-
sor complex leads to a reduction in the amount
of VVD that is available for the regulation of the
WCC. The reduction in the amount of VVD

results in increased WCC binding to the pro-
moters of light-regulated genes in the dark and
after long exposures to light, leading to the
modification of photoadaptation that has been
observed in rco-1 and rcm-1 mutants. These
results indicate that the photoadaptation phe-
notype of mutants in the RCO-1/RCM-1 repres-
sor complex is, at least in part, an indirect
consequence of the reduction of vvd transcrip-
tion and the resulting modification in the regu-
lation of transcription by the WCC (Ruger-
Herreros et al. 2014).

Three additional mutant strains that dis-
played defects in photoadaptation have been
identified using a genetic selection system.
These mutations altered photoadaptation of
only a specific group of genes (con-10 and
con-6), suggesting that regulation of photoa-
daptation is relatively gene specific. Unfortu-
nately, none of the relevant genes have yet
been identified (Navarro-Sampedro et al. 2008).

In addition, epigenetic modifications play a
role in the transcriptional response to light
such as the trimethylation of lysine 9 of histone
H3 (H3K9me3) by DIM-5. The levels of
H3K9me3 in the promoter of frq increased dur-
ing exposure to light with a maximum after
30 min of light. Strains lacking DIM-5 show
an increased in light-dependent mRNA accu-
mulation for frq and increased accumulation of
WC-2 in the frq promoter. The results suggest
that the modification of histone H3 after light
exposure should play a role in the release of the
WCC from the frq promoter after light-
dependent activation (Ruesch et al. 2015).

The events leading to gene photoactivation
can be summarized as follows. Light reception
by the FAD chromophore of WC-1 should trig-
ger the formation of a flavin–cysteinyl adduct,
causing a conformational change that leads to
WCC dimerization and promoter binding,
chromatin remodeling, and the activation of
gene transcription. Light exposure of dark-
grown mycelia stimulates the transcription of
vvd, frq, and other light-induced genes and
promotes the phosphorylation of WC-1. Gene
photoactivation is transient. Newly synthesized
VVD competes with the light-activated WC-1
and disrupts the formation of WCC dimers
reducing WCC binding to the promoter. The
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WCC bound to VVD is not transcriptionally
active and results in the attenuation of the
response to light. Different fractions of the
light-activated WCC are stabilized by FRQ and
dephosphorylated and partially degraded,
probably through an interaction with the pro-
tein kinase C (PKC). After gene transcription,
epigenetic modification of histones helps to
release the WCC from the promoters.

3. Other N. crassa Photoreceptors

The N. crassa genome contains genes for addi-
tional photoreceptors, but they should operate
as secondary photoreceptors to modulate the
activity of the WCC (Olmedo et al. 2010c).
Cryptochromes are plant blue-light photore-
ceptors very similar to photolyases, enzymes
required for blue-light-dependent DNA repair.
They bind noncovalently the flavin chromo-
phore FAD and other, probably secondary,
chromophores (pterin or deazaflavin) and do
not show photolyase activity (Fortunato et al.
2015; Chaves et al. 2011; Liu et al. 2011). Neu-
rospora CRY belongs to the cryptochrome-
DASH subfamily, and the gene is induced by
light in a WC-1-dependent manner and by the
circadian clock (Froehlich et al. 2010). CRY
binds the chromophores FAD and MTHF
(methenyltetrahydrofolate) when expressed in
E. coli and binds DNA (Froehlich et al. 2010). A
role for CRY modulating the activity of the
WCC for the activation of some light-induced
genes such as con-10 has been proposed
(Olmedo et al. 2010c). However, genome-wide
activation of transcription by light is not signif-
icantly altered in the Neurospora cry mutant
(Froehlich et al. 2010). CRY plays a secondary
role in the regulation of the circadian clock as
an element of a secondary oscillator that is only
detected in a specific genetic background (Nsa
et al. 2015).

Phytochromes are red and far-red photore-
ceptors present in plants, fungi, and bacteria
that bind a bilin chromophore (Burgie and
Vierstra 2014; Chen and Chory 2011; Rockwell
et al. 2006; Karniol et al. 2005). The two N.
crassa phytochromes, PHY-1 and PHY-2, con-
tain an amino-terminal sensory domain that

forms the pocket necessary for chromophore
binding and a carboxy-terminal output domain
that is likely involved in relaying the light signal
to other proteins (Froehlich et al. 2005). The
phy genes are not regulated by light, but phy-1
is regulated by the circadian clock. Phosphory-
lated and unphosphorylated versions of PHY-1
have been observed in the Neurospora cyto-
plasm (Froehlich et al. 2005). The phy-2mutant
shows an increased light-dependent accumula-
tion of con-10 mRNA, suggesting that its acti-
vation by light is negatively regulated by PHY-
2 (Olmedo et al. 2010c). However, the results of
genome-wide microarray hybridization experi-
ments showed that only a few genes had an
altered expression in response to light in phy-
1 and phy-2mutants (Chen et al. 2009), suggest-
ing that phytochromes may modify light
responses in a gene-specific manner.

Rhodopsins are membrane-embedded
seven-transmembrane helix photoreceptors
composed of a retinal chromophore bound to
an opsin apoprotein (Ernst et al. 2014; Sharma
et al. 2006; Spudich 2006). The Neurospora
opsin, NOP-1, shows a slow photocycle and
long-lived intermediates, consistent with a
role as a sensory photoreceptor (Bergo et al.
2002; Bieszke et al. 1999a, b; Brown et al. 2001;
Furutani et al. 2004). However, the inactivation
of nop-1 did not result in a blind phenotype
(Bieszke et al. 1999a). The mRNA for the nop-
1 gene accumulates during asexual or sexual
development, with a large amount of the
mRNA observed late during conidiation, but
not during early vegetative growth (Bieszke
et al. 1999a). A regulatory role for the NOP-1
protein has been suggested based on changes in
mRNA accumulation of light- and conidiation-
regulated genes (Bieszke et al. 2007; Olmedo
et al. 2010c).

4. Photoreceptors in Other Fungi

The surge in fungal genome sequencing pro-
jects has provided enormous information
regarding the presence of photoreceptor genes
among representatives of the fungal kingdom
(Idnurm et al. 2010; Rodriguez-Romero et al.
2010; Herrera-Estrella and Horwitz 2007; Cor-
rochano 2007).
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Proteins similar to WC-1 and WC-2 have
been identified and characterized in most fun-
gal groups, and presumably their mode of
action should be similar to that of the WCC as
shown by the blind phenotype of strains with
mutations in their wc homologs (Idnurm et al.
2010). In fact, interactions between MadA and
MadB, the Phycomyces blakesleeanus homologs
of WC-1 and WC-2, suggested the presence of a
photosensitive Mad complex in Phycomyces
that may operate with a mechanism similar to
that of the WCC (Sanz et al. 2009).

However, the characterization of light
responses in several fungi has shown differ-
ences with the model fungus Neurospora crassa.
Unlike Neurospora, the ascomycete Aspergillus
nidulans can perceive blue and red light to
regulate morphogenesis and secondary metab-
olism (Bayram et al. 2010). A phytochrome
gene, fphA, has been described and character-
ized in the ascomycete A. nidulans (Blumen-
stein et al. 2005; Brandt et al. 2008). The
Aspergillus phytochrome has a chromophore
binding domain and an output domain com-
posed of a histidine kinase domain and a
response regulator domain. The FphA phyto-
chrome bounds the chromophore biliverdin
when it was expressed in E. coli and showed
the red/far-red-light photoreversibility that is
typical of phytochromes. In addition, the
expressed FphA phytochrome showed a
reduced but detectable autophosphorylation.
FphA is located in the cytoplasm of germinat-
ing spores, and this localization is not changed
after red-light exposure. In vivo experiments
have showed that FphA molecules interact
physically (Blumenstein et al. 2005; Brandt
et al. 2008). An Aspergillus strain with a dele-
tion of the fphA gene showed a reduction in the
red-light-dependent inhibition of sexual devel-
opment and in the red-light-dependent stimu-
lation of asexual development (conidiation).
However, lack of red-light sensitivity in the
strain without a functional fphA gene was not
complete, since this strain produced only about
10 % of the sexual structures under red light
that developed in the dark. This observation
suggested that other red-light-absorbing pro-
tein was responsible for most of the red-light
repression of sexual development in Aspergillus

(Blumenstein et al. 2005). The Aspergillus phy-
tochrome forms a complex with WC proteins
and interacts with the WC-2 homolog LreB in
the nucleus, despite the preferred localization
of the phytochrome in the cytoplasm (Pursch-
witz et al. 2008). The interaction between FphA
and LreB occurs through the histidine kinase
domain and the response regulator domain of
FphA (Purschwitz et al. 2009). These results
suggest the active transport of the phytochrome
to the Aspergillus nuclei, perhaps to modulate
the transcriptional activity of the WC complex.
A key protein in the photobiology of A. nidu-
lans is VeA. A mutation in veA allows Aspergil-
lus to conidiate in the dark, suggesting a role for
VeA as a negative regulator of red-light-
induced conidiation (Mooney and Yager
1990). The cellular location of VeA depends
on the presence of light. VeA is preferentially
located in the nucleus in cells grown in the
dark. Light exposure results in a more even
distribution of VeA between the nucleus and
the cytoplasm, consistent with a role for VeA
as a repressor of light-dependent processes. As
expected, the mutant VeA1 protein was always
found in the cytoplasm regardless of light expo-
sure (Stinnett et al. 2007). FphA forms a com-
plex with LreA (WC-1) and LreB (WC-2) and
the protein VeA in the nucleus suggesting the
formation of a photoreceptor complex that reg-
ulates gene transcription after light reception
(Purschwitz et al. 2008). The role of FphA and
VeA seems to be central in the responses to
light in Aspergillus, but a role of VeA in the
response to light has not been observed in Neu-
rospora (Bayram et al. 2008c). The A. nidulans
cryptochrome, CryA, shows photolyase activity
and functions as a repressor of sexual repro-
duction under ultraviolet and blue light, unlike
its Neurospora homolog (Bayram et al. 2008a;
Froehlich et al. 2010). These observations sug-
gest differences in the mechanisms that regu-
late transcription by light in N. crassa and A.
nidulans.

In many ascomycete and basidiomycete
fungi, proteins homologous to WC-1 act as the
main photoreceptor for blue light. Light regu-
lates conidiation and enzyme production in
several species of Trichoderma (Schmoll et al.
2010; Carreras-Villaseñor et al. 2012). In Tri-

240 L.M. Corrochano and P. Galland



choderma atroviride, the wc genes are named
blr-1 and blr-2 and are required for the photo-
induction of conidiation and gene expression
but not for the light-dependent inhibition of
hyphal growth (Casas-Flores et al. 2004;
Rosales-Saavedra et al. 2006; Castellanos et al.
2010). A homolog of the wc-1 gene has been
identified in the related species Trichoderma
pleuroticola (Steyaert et al. 2010). An increase
in sensitivity to light is observed when blr-2 is
overexpressed suggesting that BLR-2 is limiting
the formation of the photoresponsive complex
(Esquivel-Naranjo and Herrera-Estrella 2007).
A gene similar to vvd, envoy, has been isolated
in Hypocrea jecorina (Trichoderma reesei). The
gene is induced by light and by the presence of
cellulose, suggesting a connection between light
reception and carbon utilization in this fungus
(Friedl et al. 2008; Schmoll et al. 2005). Light
regulates gene transcription in Hypocrea
through the activity of the BLR1/BLR2 and
ENVOY (Castellanos et al. 2010), but BRL1,
BRL2, and ENVOY have additional roles in the
dark, as shown by the identification of genes
and proteins regulated by the photoreceptors in
the absence of light (Schuster et al. 2007; Sán-
chez-Arreguı́n et al. 2012; Tisch and Schmoll
2013).

Light regulates the biosynthesis of carote-
noids in Fusarium (Avalos and Estrada 2010).
Genes homologous to wc-1 have been charac-
terized in Fusarium fujikuroi, Fusarium oxy-
sporum, and Fusarium graminearum.
Mutation of the wc-1 gene in each of these
fungi reduced, but did not abolish, light-
dependent accumulation of carotenoids, sug-
gesting that the Fusarium WC-1 protein is
required for full activation of photocaroteno-
genesis in coordination with other blue-light
photoreceptors (Ruiz-Roldán et al. 2008;
Estrada and Avalos 2008; Kim et al. 2013). The
F. fujikuroi wc-1mutant did not show any light-
dependent mRNA accumulation for the opsin
genes, carO and opsA, but the mRNA levels
increased in the dark, suggesting that WC-1
has a dual role as a repressor and as a light-
dependent inducer (Estrada and Avalos 2008).
A reduction in secondary metabolism and
conidial production in the wc-1 mutant of F.
fujikuroi suggested that this protein plays a

major regulatory role in this fungus (Estrada
and Avalos 2008). In addition, the wc-1 gene
from F. oxysporum was required for full patho-
genicity in a mice model (Ruiz-Roldán et al.
2008), a phenotype that had been observed in
the wc mutants of Cryptococcus neoformans
(Idnurm and Heitman 2005). Two opsin
genes, carO and opsA, have been identified in
the genome of Fusarium species. One of the
opsins, CarO, is a light-driven proton pump
that is abundant in conidia and retards germi-
nation under light, suggesting a role for CarO in
the regulation of fungal germination (Garcı́a-
Martı́nez et al. 2015). However, the best use of
an opsin as fungal photoreceptor has been
described in Blastocladiella emersonii. The
photoreceptor for phototaxis in this fungus is
a fusion protein containing an opsin domain
and a guanylyl cyclase catalytic domain (Avelar
et al. 2014).

Genes for proteins similar to VIVID and
cryptochromes are present in the genome of F.
fujikuroi. VvdA participates in the regulation of
mycelial development and is required for the
accumulation of carotenoids after light (Cas-
trillo and Avalos 2014). CryD is a member of
the CRY-DASH family and participates in the
regulation of secondary metabolism and the
development of conidia (Castrillo et al. 2013).
It is interesting to note that in the ascomycete
Sclerotinia sclerotiorum, deletion of the CRY-
DASH gene results in minor developmental
defects, suggesting that this protein may have
a sensory role in this fungus (Veluchamy and
Rollins 2008) as in Fusarium.

Additional wc genes have been character-
ized in other ascomycetes and basidiomycete
genomes, including the plant pathogenic fungi
Magnaporthe oryzae (Lee et al. 2006b; Kim et al.
2011), Bipolaris oryzae (Moriwaki et al. 2008;
Kihara et al. 2007), Botrytis cinerea (Canessa
et al. 2013), Alternaria alternata (Pruss et al.
2014), the human pathogen Aspergillus fumiga-
tus (Fuller et al. 2013), and the edible fungus
Cordyceps militaris (Yang and Dong 2014).
However, it is worth mentioning the discovery
of a protein with a novel FAD-binding site in
Coprinopsis cinerea that is required for the reg-
ulation by light of morphogenesis (Kuratani
et al. 2010). In C. cinerea blue light regulates
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development through a homolog of wc-1
(Kamada et al. 2010), as in other basidiomycete
fungi like Schizophyllum commune (Ohm et al.
2013), Lentinula edodes (Sano et al. 2007), or
Cryptococcus neoformans (Idnurm and Heit-
man 2005; Lu et al. 2005). The discovery of
Dst2 with a novel putative chromophore bind-
ing site suggests that a novel photoreceptor
may play an additional role in the photobiology
of C. cinerea (Kuratani et al. 2010).

A different evolutionary strategy in the evo-
lution of photoreceptor genes has been
observed in basal fungi. Genes for WC proteins
have expanded by duplication in the genomes
of fungi belonging to the Mucoromycotina
(Corrochano and Garre 2010). Three genes sim-
ilar to wc-1 have been identified and character-
ized in Phycomyces blakesleeanus (Sanz et al.
2009; Idnurm et al. 2006), Mucor circinelloides
(Silva et al. 2006), Rhizopus delemar (Idnurm
et al. 2006), and Pilobolus crystallinus (Kubo
2009). In addition, four wc-2 genes have been
identified in Phycomyces (Sanz et al. 2009) and
Mucor (V. Garre pers. comm.), but five wc-
2 genes have been identified in Rhizopus (Ma
et al. 2009).

Only two of the Phycomyces wc genes,
madA and madB, are required for photorecep-
tion since mutations in madA or madB reduce
the sensitivity to light in Phycomyces (Cerdá-
Olmedo 2001). The madA alleles have muta-
tions in the flavin-binding domain or lack the
Zn finger that is presumably involved in DNA
binding (Idnurm et al. 2006). The only madB
allele characterized has a splicing mutation that
should produce a truncated protein without the
zinc finger (Sanz et al. 2009). The blind pheno-
type of strains carrying madA or madB alleles
suggests that the flavin-binding domain and Zn
finger are both required for Phycomyces light
responses, including gene photoactivation
(Sanz et al. 2009; Idnurm et al. 2006; Rodrı́-
guez-Romero and Corrochano 2006). MadA
and MadB interact to form a complex (Mad
complex) in yeast two-hybrid assays and after
coexpression in Escherichia coli, but none of
these proteins interact with other Phycomyces
WC proteins. The absence of any additional
interaction between Phycomyces WC proteins
in yeast two-hybrid assays suggests that the

Mad complex must be the main photoreceptor
complex in Phycomyces (Sanz et al. 2009).

The role of the remaining wc genes in Phy-
comyces photobiology is currently unknown.
However, the functional domains of the WC-1
proteins suggest that they may also serve as
blue-light-dependent transcription factors that
may be relevant for gene photoactivation. The
genesmadA andmadB are not induced by light,
and the amount of madA mRNA is reduced
after blue-light exposure. In contrast, wcoA,
wcoB, wctB, and wctD are induced by light
(Sanz et al. 2009; Idnurm et al. 2006; Rodrı́-
guez-Romero and Corrochano 2006). The dif-
ferential regulation of these genes by light
probably reflects different roles for the
corresponding proteins in Phycomyces photo-
biology.

Unlike Phycomyces, the WC proteins from
Mucor have specialized as photoreceptors for
specific responses (Silva et al. 2006). The fruit-
ing bodies of a strain with a deletion ofmcwc-1a
showed reduced phototropism, while a strain
with a deletion of mcwc-1c showed a reduced
light-dependent beta-carotene biosynthesis,
suggesting that Mcwc-1a and Mcwc-1c may
act as photoreceptors for phototropism and
photocarotenogenesis, respectively. The activ-
ity of the third WC protein, Mcwc-1b, is mod-
ified by ubiquitylation and regulates the
transcription of the genes for the biosynthesis
of beta-carotene and participates in the regula-
tion of vegetative growth (Silva et al. 2008;
Navarro et al. 2013).

The transient activation of transcription by
light, photoadaptation, has been described in
Neurospora (see above), Phycomyces (Sanz et al.
2009; Rodrı́guez-Romero and Corrochano
2006), and Aspergillus (Ruger-Herreros et al.
2011). Photoadaptation in Phycomyces has
been investigated using the heat-shock protein
gene hspA. The hspA gene is induced by heat-
shock and light (Rodrı́guez-Romero and Cor-
rochano 2004; Corrochano 2002), but photoa-
daptation was not prevented by changes in light
intensities or dark incubations, unlike photo-
adaptation in Neurospora, suggesting the oper-
ation of a different molecular mechanism
(Rodrı́guez-Romero and Corrochano 2006). As
we have discussed above, photoadaptation in
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Neurospora relies on the interaction between
WC-1 and VVD, but no vvd homolog has been
identified in the genomes of Aspergillus or Phy-
comyces (Idnurm et al. 2010; Lombardi and
Brody 2005). Photoadaptation in these fungi is
likely to occur through a novel mechanism that
should be different from the one described in
Neurospora.

B. Transducing the Light Signal

TheWCC is capable of receiving the light signal
to regulate transcription in a very simplified
signal transduction pathway. However, other
proteins have been described in several fungi
that play a role in the transduction of the light
signal in coordination with homologs of the
WCC.

In N. crassa, blue light induces the phos-
phorylation of a 15-kDa protein that was iden-
tified as a nucleoside diphosphate kinase
encoded by the ndk-1 gene (Ogura et al. 1999).
Mutations in ndk-1 reduced the NDK-1 activity,
prevented the effect of light on the polarity of
the perithecial beak (the upward positioning of
the end of the sexual structure in this fungus)
without affecting perithecial beak phototro-
pism (the orientation of the beak toward
light), and showed alterations in other develop-
mental responses and light-dependent carotene
biosynthesis. These results suggest that NDK-1
may be an element of the signal transduction
pathway for some light responses in N. crassa
but do not rule out a structural defect in the
perithecial beak of ndk-1 strains (Lee et al.
2006a; Ogura et al. 2001). The observation that
NDK-1 is present in the plasma membrane in
the dark but relocates to the cytoplasm after
light exposure further supports a relevant role
for this protein in the light transduction path-
way (Yoshida and Hasunuma 2006). Other sig-
nals may also play a role in light transduction.
A sod-1 mutant altered in the enzyme Cu,Zn
superoxide dismutase lost the light-induced
polarity of perithecia and also showed an
enhanced synthesis of carotenes. The results
suggested that intracellular reactive oxygen
regulated by SOD-1 should have a role in the
light transduction pathway (Yoshida and Hasu-
numa 2004), a conclusion further supported by

the observation of physical interactions
between NDK-1 and the catalase CAT-1 in
yeast two-hybrid assays (Yoshida et al. 2006).

Several A. nidulans proteins participate in
the transduction of the light signal. We
described earlier the presence of a photorecep-
tor complex composed of the WC proteins, the
phytochrome and VeA. VeA has been identified
as a component of another A. nidulans protein
complex, the velvet complex, with proteins
VeA, VelB (a protein similar to VeA), and
LaeA (the major regulator of secondary metab-
olism), which has been proposed to participate
in the regulation by light of development and
secondary metabolism (Bayram et al. 2008b).
To complicate things further, VelB forms a sec-
ond protein complex with VosA, another mem-
ber of the velvet family, and the formation of
both complexes is regulated by LaeA (Sarikaya
Bayram et al. 2010). LaeA is a key element in the
regulation of sexual development by light, per-
haps through its regulation of the two different
velvet complexes (Sarikaya Bayram et al. 2010).
Proteins homologous to VeA have been char-
acterized in several fungi (Calvo 2008). Homo-
logs of VeA participate in the transduction of
the light signal for the regulation of metabolic
pathways and development in Penicillium chry-
sogenum (Hoff et al. 2010),Mycosphaerella gra-
minicola (Choi and Goodwin 2011), and
Botrytis cinerea (Schumacher et al. 2012).
Another protein involved in signal transduc-
tion in A. nidulans is the protein kinase ImeB,
which has been proposed to participate in the
regulation of development and secondary
metabolism by light (Bayram et al. 2009).

In addition, the COP9 signalosome (CSN)
plays a major role in the transduction of the
light signal in A. nidulans (Braus et al. 2010). A
csnD deletion strain is missing one of the com-
ponents of the CSN and is blind for light regu-
lation of development, since it produced sexual
development in plates grown in light or dark.
The results with the csnD mutant and mutants
in other components suggested that in A. nidu-
lans, the CSN, which is involved in targeting
proteins for degradation, is essential for light-
dependent signaling and sexual development
(Busch et al. 2003, 2007). The CSN and DEN1/
DenA are deneddylases, proteins that remove
ubiquitin-like protein Nedd8 from modified
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proteins. Both proteins interact in A. nidulans
and participate in the regulation by light of the
balance between sexual and asexual develop-
ment (Christmann et al. 2013). The components
of the CSN and its role in the regulation of
development have been described in great
detail (von Zeska Kress et al. 2012; Helmstaedt
et al. 2011). These results indicate a prominent
role for protein modifications in the light signal
transduction pathway in A. nidulans, a sugges-
tion further supported by the observation that
another protein modification system, sumoyla-
tion, participates in the regulation of asexual
development (Harting et al. 2013).

In Trichoderma reesei, the transduction of
the light signal through the BLR photoreceptors
and ENVOY interacts with nutrient sensing
through the heterotrimeric G-protein signaling
pathway. The role of the BLR proteins in carbon
deprivation induced conidiation, and the role
of the protein kinase A in the regulation of gene
expression points to an additional role for the
photoreceptor in environmental sensing and
interactions with the cAMP signaling pathway
(Casas-Flores et al. 2006). In addition, the phe-
notype of single and double mutants in the G
subunits or a mutant in the phosducin-like
protein PhLP1, a regulator of G-protein signal-
ing, shows modified regulation by light of cel-
lulase gene expression (Schmoll et al. 2009;
Seibel et al. 2009; Tisch et al. 2011a, b). The
interactions between the light-signaling path-
way and nutrient sensing by G proteins was
further confirmed by the observation of a role
for the cAMP signaling pathway in the regula-
tion by light of gene expression (Tisch et al.
2011a; Schuster et al. 2012) and by the tran-
scriptomic characterization of mutants in
these pathways (Tisch et al. 2014). Interactions
between light and nutrient sensing might be
widespread in fungi. Light and glucose abun-
dance regulate the light-dependent localization
of VeA and photoreceptor activity in A. nidu-
lans (Atoui et al. 2010).

cGMP plays a major role in the light signal
transduction pathway for phototaxis in Blasto-
cladiella emersonii. This basal fungus perceives
light using a fusion protein between a rhodop-
sin and a guanylyl cyclase catalytic domain,
suggesting a role for the cGMP signaling path-
way in vision as it has been described in verte-

brates (Avelar et al. 2014). It is tempting to
speculate that this is an ancient mechanism of
vision that was lost in most fungi and is still
observed in vertebrates.

The search for novel mutants in fungal
photoresponses may help to identify new pro-
teins involved in signal transduction. In Cryp-
tococcus a screening for suppressors of light-
dependent inhibition of mating allowed the
identification of the ssn8 gene that is required
for transcriptional regulation in yeast (Yeh
et al. 2009).

C. The Output of Photoreception: Genes
Regulated by Light

Most fungi see blue light using homologs of the
WC proteins, a light-dependent transcription
factor complex. It is not surprising that the
first consequence of photoreception is the mod-
ification of the transcriptional machinery so
that genes are activated or repressed after the
cell is exposed to light. The regulation of tran-
scription by light has been characterized using
several techniques (microarrays, cDNAs, RNA-
seq) in several fungi, and common themes have
emerged.

A detailed analysis of light-dependent tran-
scription using genomic microarrays identified
5.6 % of transcripts (314 out of the 5600 sur-
veyed genes) with a peak in mRNA expression
after approximately 15–30 min (early light-
regulated) or 60–90 min of light treatment
(late light-regulated) (Chen et al. 2009). Six
genes for transcription factors were identified
among the light-responsive genes (wc-1, sub-1,
csp-1, sah-1, vad-3, and NCU03643.2), and one
of them, the GATA family transcription factor
SUB-1, was required for the activation by light
of late-responsive genes. The observation of
WCC binding to the promoter of sub-1 sup-
ports the idea that the WCC activates the tran-
scription of sub-1 so that SUB-1 can activate
late-responding genes (Chen et al. 2009). A
homolog of SUB-1 has been identified in Botry-
tis cinerea, and it plays a relevant role in patho-
genesis and in the regulation by light of gene
expression suggesting a conservation of its
function at least in related fungi (Schumacher
et al. 2014). A subsequent study identified WC-
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2 binding sites in the N. crassa genome and
showed that the WCC controls a transcriptional
network that regulates 20 % of all Neurospora
genes in response to light. These genes include
24 transcription factor (TF) genes, which repre-
sents 20 % of all annotated Neurospora TFs,
including proteins associated with develop-
ment, metabolism, stress response, and 11
putative TFs of unknown function (Smith
et al. 2010). A more detailed characterization
of the transcriptional response to light found
that 31 % of N. crassa-expressed genes were
induced by light, while genes involved in
rRNA metabolism were repressed (Wu et al.
2014).

Similar results have been obtained with
other fungi. Microarray hybridization experi-
ments performed with A. nidulans identified
about 400 genes upregulated and about 100
genes downregulated by light, including genes
that participate in the regulation of conidiation.
This regulation occurred at the level of tran-
scription with the participation of the photore-
ceptors for red and blue light (Ruger-Herreros
et al. 2011). In the related human pathogen,
Aspergillus fumigatus light regulates 2.6 % of
genes detected by microarray hybridization
(Fuller et al. 2013). Similar experiments have
been performed in Trichoderma atroviride and
Trichoderma reesei with wild-type strains and
with strains with mutations in the photorecep-
tor genes. About 2.8 % of genes are regulated by
light in T. atroviride, but genes regulated by
light in the absence of the BLR photoreceptors
or under red light were characterized (Rosales-
Saavedra et al. 2006). However, only 72 proteins
were identified that showed differential accu-
mulation by light raising questions about the
biological relevance of differential gene regula-
tion (Sánchez-Arreguı́n et al. 2012). A similar
fraction of genes (2.8 %) were found to be
regulated by light in T. reesei (Tisch et al.
2011b). A major consequence of exposure to
light is the activation of genes that participate
in cellulose degradation and the glycoside
hydrolases in particular (Tisch and Schmoll
2013; Tisch et al. 2011b). In Botrytis cinerea
microarray hybridization identified 293 light-
responsive genes, many of them involved in the
response to oxidative stress, and the transcrip-

tion of most of them is modulated by the SUB-1
homolog BcLTF1 (Schumacher et al. 2014).

D. Regulation by Light of Fungal
Morphogenesis

The main developmental transitions in the life
cycle of fungi are spore germination, hyphal
growth and branching, and formation of repro-
ductive structures for spore development and
dispersal. These developmental transitions are
regulated by many environmental factors,
including the presence or absence of light
(Corrochano and Galland 2006; Corrochano
and Avalos 2010). Most fungi use blue light and
homologs of the WCC to regulate development
but differ in their sensitivity to light suggesting
additional mechanisms or interactions with
otherphotoreceptors ineach species (Table11.1).

1. Regulation by Light on Germination
and Hyphal Growth

Blue and red light inhibits conidial germination
in the human pathogen Aspergillus fumigatus
and A. nidulans through the activity of the
phytochrome and a blue-light photoreceptor
that is not the wc-1 homolog (Fuller et al.
2013; Röhrig et al. 2013). An opsin is required
for the inhibition of germination of conidia of
F. fujikuroi (Garcı́a-Martı́nez et al. 2015). A
similar inhibition of germination and germ
tube growth has been observed in several spe-
cies of rust fungi including several species of
Puccinia (Buck et al. 2010; Dong and Buck
2011). The regulation by light on hyphal
branching has been described in N. crassa,
Tuber borchii, and T. atroviride (Ambra et al.
2004; Lauter et al. 1998; Casas-Flores et al.
2004), resulting in colonies that are more com-
pact when grown under light. Hyphal growth in
Hypocrea atroviridis is enhanced by light when
the fungus is grown on carbon sources related
to cellulose and hemicelluloses. This effect of
light requires an active blue-light receptor sys-
tem (BRLs proteins) and additional metabolic
signals provided by the growth medium (Friedl
et al. 2008).
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2. Regulation by Light of Asexual and Sexual
Development

The regulation by light on fungal reproduction
has been investigated in great detail. Prominent
examples are the activation by light of conidia-
tion and the repression by light of sexual devel-
opment in N. crassa (Chen et al. 2010b) and A.
nidulans (Bayram et al. 2010), the regulation by
light of conidiation in species of Trichoderma
(Carreras-Villaseñor et al. 2012; Schmoll et al.
2010) and Fusarium (Avalos and Estrada 2010),
and the regulation by light of fruit body forma-
tion in C. cinerea (Kamada et al. 2010) and P.
blakesleeanus (Corrochano and Garre 2010).

In N. crassa, the regulation by light of con-
idiation and the inhibition of perithecial devel-
opment requires the WCC (Chen et al. 2010b).
The regulation by light of conidiation appears
to act through the direct activation of transcrip-
tion of a key regulator of conidiation, the gene
for the transcription factor fluffy (Bailey and
Ebbole 1998). The transcription of fluffy is suf-
ficient to induce conidiation in vegetative cells
(Bailey-Shrode and Ebbole 2004). Light acti-
vates the transcription of fluffy in vegetative
cells through the binding of the WCC to the
promoter providing a simple mechanism for
the regulation by light of conidiation (Olmedo
et al. 2010b). A similar observation has been
made in A. nidulans where the key regulator of

conidiation, brlA, is regulated by light through
the activity of the photoreceptors for blue and
red lights (Ruger-Herreros et al. 2011). It is
possible that similar regulation by light of key
developmental regulators may explain the
mechanisms that control conidiation in other
fungi. A detailed spectral characterization of
conidiation in A. nidulans showed that both
blue light and red light were required for full
conidial induction, contradicting previous
observations that suggested a prominent role
for red light only (Purschwitz et al. 2008). Blue
light and red light for the activation of conidia-
tion must be sensed by the WC proteins and the
phytochrome (in a protein complex described
earlier), since only double mutants in the wc
and phytochrome genes were blind (Purschwitz
et al. 2008).

Blue light and red light inhibit sexual devel-
opment in A. nidulans (Purschwitz et al. 2008),
an observation that has been explored fully
with detailed stimulus–response experiments
with light of different wavelengths (Bayram
et al. 2008a). A low-intensity component
(10�4–10�2 mmol/m2�s) and a high-intensity
component (above 10�4 mmol/m2�s) were
observed in the inhibition of sexual develop-
ment after exposure with near-UV, blue, and
red lights, suggesting the activity of a complex
photosensory system. Deletion of the crypto-
chrome gene reduced the sensitivity in the

Table 11.1 Effects of light on fungal development

Organism Phenomenon Threshold Reference

Phycomyces Induction of macrophores or inhibition
of microphores

10�8 W/m2 Corrochano and Cerdá-
Olmedo (1990)

10�4 J/m2 Corrochano and Cerdá-
Olmedo (1990)

10�10 mol/m2 Corrochano et al. (1988)
Inhibition of sexual development 3�10�2 W/m2 Yamazaki et al. (1996)

Neurospora Induction of protoperithecia 4 J/m2 Degli-Innocenti et al. (1983)
Circadian clock resetting 10�5 mol/m2 Crosthwaite et al. (1995)

Aspergillus Induction of conidiation 135 J/m2 Mooney and Yager (1990)
8�10�4 mol/m2 Mooney and Yager (1990)

Inhibition of sexual development 10�4 mmol/m2�s
(4.3�10�5 W/m2)

Bayram et al. (2008a)

Trichoderma Induction of conidiation 10�5 mol/m2 Horwitz et al. (1990)
Alternaria Inhibition of photoinduced conidiation 10�5 mol/m2 Kumagai (1989)
Paecilomyces Induction of conidiation 1.8�10�4 mol/m2 Sánchez-Murillo et al.

(2004)
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near-UV/blue region of the spectrum for the
inhibition of sexual development, supporting
a role for the A. nidulans cryptochrome in the
blue-light-dependent inhibition of sexual
development (Bayram et al. 2008a). However,
the absence of sexual inhibition by light in the
phytochrome and wc gene double mutants sug-
gested that, in addition to the cryptochrome,
the A. nidulans WC complex participates in
sensing blue light for this developmental
response (Purschwitz et al. 2008). No results
have been reported about the possible interac-
tions between the cryptochrome and other
Aspergillus photoreceptors (WC proteins and
phytochromes), but the results summarized
here and the observation of physical interac-
tions between the phytochrome and the WC
proteins (Purschwitz et al. 2008) suggest the
possibility of a physical interaction between
the cryptochrome and any of the other photo-
receptor proteins. The results summarized here
suggest that the effect of light on A. nidulans
development is mediated by the coordinated
activity of a cryptochrome (only data for sexual
development are available), the WC complex,
and a phytochrome, perhaps acting in a coordi-
nated manner in a photoreceptor complex
located in the nucleus.

The regulation by light of conidiation or
fruit body development in several species of
fungi requires homologs of the WCC suggesting
the ancient origin of this photoreceptor com-
plex for fungal vision (Idnurm et al. 2010; Cor-
rochano 2007; Rodriguez-Romero et al. 2010).
Homologs of the WCC are required the regula-
tion by light of fruit body formation in C.
cinerea (Kamada et al. 2010) and P. blakesleea-
nus (Corrochano and Garre 2010), but the role
of other proteins or novel photoreceptors can-
not be ruled out. For example, the regulation by
light of fruit body formation in C. cinerea
requires a protein with a novel flavin-binding
site that may be a new photoreceptor (Kuratani
et al. 2010), and in M. circinelloides the regu-
latory protein CrgA and the photoreceptor
Mcwc-1b participate in the regulation of vege-
tative reproduction (Navarro et al. 2013). In
species of Trichoderma light regulates conidia-
tion through homologs of the WCC (Schmoll

et al. 2010; Carreras-Villaseñor et al. 2012) in a
complex interaction with ENVOY and the reg-
ulatory cascade for nutrient sensing (Tisch
et al. 2011a). ENVOY and the WCC homolog
participate in mating and its regulation by light
in Hypocrea jecorina (Trichoderma reesei) in a
complex mechanism that includes the regula-
tion of mating type genes and the biosynthesis
of pheromones (Chen et al. 2012; Seibel et al.
2012).

The effect of light on development has been
investigated in other fungi. In species of Fusar-
ium light regulates the biosynthesis of carote-
noids and development (Avalos and Estrada
2010). Most of the characterization has been
done with F. fujikuroi (Garcı́a-Martı́nez et al.
2015; Castrillo and Avalos 2014; Castrillo et al.
2013; Estrada and Avalos 2008), but the regula-
tion by light of conidiation has been character-
ized in F. graminearum (Kim et al. 2013), F.
verticillioides (Fanelli et al. 2012b), and F. pro-
liferatum (Fanelli et al. 2012a). Sexual and asex-
ual development is controlled by light in B.
cinerea, but the regulation by light can only be
observed in certain isolates suggesting that
light regulation is not a general feature of the
species (Schumacher et al. 2012, 2014; Canessa
et al. 2013). Conidiation is induced by light in
Penicillium chrysogenum, and the regulation
requires the velvet complex as in A. nidulans
(Hoff et al. 2010), but conidiation was repressed
in two species of Puccinia (Dong and Buck
2011) or Exserohilum turcicum (Flaherty and
Dunkle 2005), an indication that light can
exert opposite effects in different fungi.

The regulation by light of fruit body devel-
opment in edible fungi adds a biotechnological
aspect to research in photomorphogenesis.
Growth conditions have been investigated that
promote fruit body development for Pleurotus
ostreatus, including the effect of light and light/
dark cycle (Lee et al. 2011; Arjona et al. 2009).

III. Gravitropism

The effect of gravity on plants and fungi is
usually associated with gravitropism, i.e., the
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directed growth of elongating organs parallel or
antiparallel to the gravity vector. While gravi-
tropism represents no doubt the most apparent
gravireaction, gravity exerts in addition a sub-
stantial influence on morphogenesis, i.e., shape
and form of plants and fungi. An example is the
peg formation in seedlings of several plants
including Mimosa and Eucalyptus and various
Cucurbitaceae. The peg is a protuberance, a
special hook-like organ, at the base of the hypo-
cotyl that serves to remove the seed coat at the
time of germination. That the morphogenesis
of this organ is under control of gravity
becomes apparent from the observation that
clinostatted seedlings of Cucurbita develop
two instead of only one peg (Takahashi 1997).
Prolonged clinostatting can also induce dra-
matic changes in flower morphology as zygo-
morphic flowers can take on a radial symmetry
(Rawitscher 1932). The space-filling pattern
and morphology of the plant root system criti-
cally depend on the hierarchy of primary, sec-
ondary, and tertiary roots that each posses
characteristic gravitropic (liminal) set point
angles (Hart 1990). The important role of grav-
ity for regular morphogenesis has been docu-
mented even for fungi. The agaric fungus,
Polyporus brumalis, for example, develops in
weightlessness flattened fruiting bodies with
twisted and irregular pedicles (Zharikova et al.
1977) and the cytological fine structure of
hyphae from the stem of agaric fungi changes
during gravitropic bending (see below).

Gravireception is ubiquitous in the fungal
kingdom and is manifested as gravimorpho-
genesis and gravitropism. Fruiting bodies usu-
ally grow vertically and reorient in a few hours
after displacement from the plumb line. Even
though the gravitropism of different classes of
fungi has been described since more than a
century (Table 11.2), the cellular and molecular
mechanisms that underly gravioriented growth
are still elusive, and as a consequence the gen-
eral understanding has remained largely on a
phenomenological level. In plants, gravipercep-
tion is mediated by statoliths (usually amylo-
plasts), heavy cell organelles that sediment
upon reorientation and that generate potential
energy. The search for fungal statoliths (grav-

isusceptors), though a century old, has only
very recently received novel input (see below).
As in plant research, the hunt for the hypothet-
ical gravireceptor has, however, remained
unsuccessful and will continue. Though the
phytohormone auxin, a hallmark of plant
photo- and gravitropism research, is also pres-
ent in gravitropic fungi, its role in gravi- and
phototropism has yet to be elucidated.

A. Criteria for Gravisusceptors

Cell organelles or cell inclusions that function
as gravisusceptors must be able to generate
potential energy that exceeds the thermal
noise of the cellular environment. After reori-
entation of the plant or fungal organ, gravisus-
ceptors generate a gravitropic signal. To
achieve this, they must have the potential to
sediment (statoliths) or else to float upwards
(“buoys”) so that a particle gradient can be
formed. To do this, they require a density dif-
ferent from that of the surrounding cytoplasm
and additionally, a critical size to overcome the
effect of thermal motion, which counteracts the
effect of sedimentation or buoyancy and thus
the formation of a particle gradient. Whether or
not a cell organelle qualifies as a gravisusceptor
can be determined with a function that was
originally introduced by Einstein who modified
the Boltzmann distribution by taking into
account the earth’s gravitational field. The
function describes the ratio of sedimenting
(or floating) particles separating along a dis-
tance, h:

N=N0 ¼ exp� V ρc � ρgs
� �

g h=kBT
h i

ð1Þ

where N0 and N are the number of particles
separated by the distance h before and after
sedimentation (flotation), respectively, V is
the particle volume, rc and rgs are the specific
densities (kg m�3) of the cytoplasm and of the
gravisusceptor, respectively, g is the constant of
gravitational acceleration (9.81 m s�2), kB is the
Boltzmann constant (1.38�10�23 J K�1), and T
is the absolute temperature (K). The relation is
essential for calculating the minimal size and
density that are required for a putative gravi-
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susceptor to function as statolith. To take into
account the viscosity of the cytoplasm and the
mobility of the sedimenting particles, one relies
on the Einstein–Smoluchowski relation:

D=μ ¼ kB T ð2Þ
that allows to rewrite Eq. 1 as

N=N0 ¼ exp� μV ρc � ρgs
� �

g h=D
h i

ð3Þ

where m (i.e., particle velocity/drag force,
Stoke’s law) represents the particle mobility
(s kg�1) and D the diffusion coefficient
(m2 s�1) (Einstein 1905, 1906)

When gravisusceptors sediment or float
upwards they generate a force, F, which can be
calculated as

F ¼ g � V� n� ρc � ρgs
� �

ð4Þ

where g is the earth’s gravitational acceleration

(9.81 m s�2), V is the volume of a gravisuscep-
tor, n is the number of gravisusceptors, rc is the
density of the cytoplasm, and rgs is the density
of the gravisusceptor. The potential energy, E,
of a sedimenting or floating gravisusceptor is
given by

E ¼ F � d ð5Þ
where F is the static force (Newton) and d is the
distance (m) over which the gravisusceptors
are displaced. The potential energy of a grav-
isusceptor needs to exceed the thermal noise
(3/2 kBT¼6.21�10�21 J at 300 K). For example,
at the gravitropic threshold of Phycomyces,
which is near 2�10�2�g (Galland et al. 2004),
the potential energy generated by floating lipid
globules (Fig. 11.1) would amount to 10�18 J,
which is still 360 times above the thermal noise.
The estimated potential energies are also suffi-
ciently high to explain the adherence of Phyco-
myces to the so-called sine law of gravitropism

Table 11.2 Examples for gravitropism of fungi and the putative gravisusceptors

Organism Organ Gravitropism
Candidates for
Gravisusceptor Reference

Basidiomycota
Amanita Stem Negative Unknown Hofmeister (1863)

Gills Positive Unknown Moore (1991)
Coprinus Stem Negative Unknown Knoll (1909)

Stem Negative Cytoplasm/vacuole Gooday (1985)
Gills Positive Unknown Moore (1991)

Flammulina Stem Negative Actin filaments Monzer (1995)
Stem Negative Nuclei Monzer (1996)
Gills Positive Unknown

Fomes Stem Negative Unknown Buller (1922)
Tube Positive Unknown

Psalliota Stem Negative Unknown Buller (1909)
Gills Positive Unknown

Polyporus Gills Positive Unknown Sachs (1879)

Zygomycota
Phycomyces Sporangiophore Negative Octahedral Schimek et al. (1999)

Crystals and lipid
globules

Grolig et al. (2004)
Grolig et al. (2014)

Cytoplasm/vacuole Dennison and Shropshire
(1984)

Pilobolus Sporangiophore Negative Unknown Horie et al. (1998)

Glomeromycota
Gigaspora Germ tubes Negative Lipid globules Grolig et al. (2006)

Branching hyphae Positive Lipid globules Grolig et al. (2006)
Watrud et al. (1978)
Hong et al. (2001)
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(Galland et al. 2002). For small inclination
angles of the sporangiophore of 1–2�, the grav-
itropic stimuli are according to the sine law 1.7
to 3.4�10�2�g, which is just above the abso-
lute gravitropic threshold and thus above the
thermal noise (see above). An energy of about
10�16 J could be sufficient to open 106 mechan-
osensitive Ca2+ channels (Howard et al. 1988).
Such considerations appear relevant in view of
the reasonable possibility that the gravipercep-
tion of fungi may involve ion transport and the
requisite channels.

B. Basidiomycota

Gravitropism is ubiquitous among basidiomy-
cota and is manifested by the lamellae as well as
by the stipe. The lamellae (gills) of the pileus of

agarics display positive gravitropism, i.e., they
grow parallel to and in the same direction as the
vector of the earth’s gravitational acceleration
when they are displaced from the plumb line. A
displacement of vertical lamellae by as little as
5� can reduce the spore dispersal by some 50 %;
an inclination angle of 30� may even completely
abolish spore dispersal (Buller 1909). Stipes
that are inclined bend upwards displaying
thus negative gravitropism, a response that
Flammulina velutipes completes in about 12 h
(Kern and Hock 1996a, b). Basidiomycota, such
as Polyporus brumalis or Flammulina, that
have been cultured during microgravity in
satellites or space shuttles displayed disor-
iented and twisted growth and sometimes
even abnormal fruiting body formation (Kern
and Hock 1996a, b; Zharikova et al. 1977).

Fig. 11.1 Phycomyces blakesleeanus. (a) Schematic
drawing of the tip of a stage 1 sporangiophore, i.e.,
without sporangium. The complex of lipid globules
(CLG) and the octahedral protein crystals in the apical
segment of the sporangiophore function as gravisus-
ceptors. (b) Complex of lipid globules (arrow). (c) The

apical segment of the central vacuole is formed by an
assembly of small vacuoles; arrowheads indicate the
octahedral protein crystals. Bars: 20 mm. Phase contrast
microscopy (Modified after Grolig et al. (2014). Cour-
tesy of Dr. Franz Grolig)
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The gravisensitive zone seems to be
restricted to the apex of the stipe (Haindl and
Monzer 1994), which comprises in Coprinus
cinereus the upper 20–30 % (Greening et al.
1997). Gravitropic curvature of the stipe is
caused by partial inhibition of the elongation
growth of the upper side (Monzer et al. 1994).
Gravitropic curvature is caused by differential
elongation growth of the upper and lower
flanks of the stipe. In Flammulina the outer
flank grows at an increased rate, while the
inner one shows a decreased growth rate. In
Coprinus the outer flank shows a rapid increase
in growth rate, while the inner flank shows a
delayed increase of growth rate (Greening et al.
1997). In Flammulina the gravitropic bending
of horizontally placed stipes is complete in
about 12 h (Kern and Hock 1996a).

Inner hyphae of stipes contain large
vacuoles and high turgor pressure, while outer
hyphae contain smaller ones and moderate tur-
gor. It is the high turgor of the inner hyphae
that causes the elongation growth, while the
outer hyphae control the differential relaxation
that causes differential growth and this way
gravitropic curvature. Elongation growth of
hyphae of the stipe differs from that of mycelial
hyphae in that cell extension occurs along the
entire length of the cell; mycelial hyphae dis-
play in contrast apical growth (Kern and Hock
1996a).

Bending stress generated by the weight of
the pileus does not elicit gravitropism (Green-
ing et al. 1993). The gravistimulus is perceived
even after removal of the cap; the gravipercep-
tive and the graviresponsive zone is thus
located in the apex of the stipe (Kern and
Hock 1996b). However, to maintain elongation
growth of the stipe for prolonged periods, the
presence of the cap is necessary.

A diffusible growth promoter of unknown
chemical identity plays a crucial role in the
gravitropism of Agaricus and Flammulina
(Gruen 1979, 1982; Hagimoto 1963). The
growth promoter must be water soluble,
because stipes or segments of stipes display
gravitropism in air and under silicon oil, not,
however, under water. Imbibition under water
abolishes tropism, not, however, elongation

growth (Kern and Hock 1996a, b). In order to
elicit gravitropic bending, one has to postulate
that the growth promoter forms a gradient in
horizontal stipes that increases from the upper
to the lower flank. The fact that the upper part
of the stipe contains much water between the
hyphae fits well this hypothesis (Kern and Hock
1996b). In Coprinus graviperception remains
unaffected by the Ca2+ channel blockers verap-
amil or by the calmodulin inhibitor calmidazo-
lium even though the efficiency of gravitropic
bending is reduced (Novak Frazer and Moore
1993).

1. Gravisusceptors

Sedimentation of cell organelles such as
observed for plant statoliths (typically amylo-
plasts or barium sulfate bodies in Chara rhi-
zoids) has never been observed in
Basidiomycota, and their statoliths have
remained elusive. Upon reorientation (inver-
sion) of Coprinus, no displacement of glycogen
granules could be observed, and it was thus
concluded that they do not represent gravisus-
ceptors (Borriss 1934). In horizontal stipes of
Coprinus cinereus, the cytoplasm of hyphae was
displaced to the lower and vacuoles to the
upper part. It is thus feasible that the cytoplasm
functions as a gravisusceptor (Gooday 1985). A
similar separation was reported for sporangio-
phores of Phycomyces (see below), not, how-
ever, for other basidiomycota.

In Flammulina velutipes, actin filaments
play an important role in graviperception.
Gravitropic curvature was suppressed by the
actin filament-disrupting agent cytochalasin
D, not, however, by the microtubule inhibitor
oryzalin (Monzer 1995). The relative high den-
sity of the nuclei (1.2 g cm�3) and their close
association with actin filaments suggest a role
for the nuclei as gravisusceptors (Monzer
1996). The density of nuclei of Flammulina is
lower than that of plant nuclei (1.32) but higher
than that of Neurospora (1.08). A density of 1.2
is sufficiently high for a potential gravisuscep-
tor (Eq. 1), and actin-associated nuclei repre-
sent thus interesting contenders for
gravisusceptors.
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Reorientation of stipes of Flammulina
causes the formation of numerous microva-
cuoles in the hyphae of the lower flank, while
those of the upper flank retain a single major
vacuole. It is likely that the process of vacuoli-
zation is relevant for graviperception as the
process of vacuolization correlates with the
differential growth rates of the hyphae of
the upper and lower flanks (Kern and Hock
1996a, b).

2. Kinetics, Dose Dependence,
and Threshold

When Coprinus cinereus is placed horizontally,
gravitropic bending manifests about 25 min
later (¼reaction time) (Kher et al. 1992). The
presentation time, i.e., the minimal stimulus
time for eliciting a response, for excised and
clinostatted stipe of Coprinus cinereus is
9.6 min (Hatton and Moore 1992). In plants
the presentation time can be as short as 10–
15 s or up to 4 min leading to gravitational
threshold doses (expressed as the product of
the earth’s acceleration g�time) ranging from
10gs to 240gs (Hatton and Moore 1992; Volk-
mann and Sievers 1979). The corresponding
value for Coprinus would be 576gs. Mechanical
stress does not affect the bending reaction
(Greening et al. 1993).

3. Gravimorphogenesis: Effects of Spaceflight
and Simulated Microgravity

Long-term space experiments have shown that
the presence of a gravitational field is of para-
mount importance for the morphogenesis of
plants and fungi. The growth pattern and the
morphogenesis of Basidiomycota are severely
affected under weightlessness. Polyporus bru-
malis and Pleurotus ostreatus that were raised
under weightlessness showed in darkness
abnormal or no formation of fruiting bodies,
while irradiation-induced fruiting bodies
lacked, however, a hymenium. Stipes of Flam-
mulina raised in weightlessness were flat
instead of round (Kern and Hock 1996b). Simi-
lar results were also obtained in long-term

space experiments with Polyporus brumalis. In
weightlessness and darkness, not however in
light, the formation of fruiting bodies was
either arrested or twisted stems developed that
lacked a cap (Kasatkina et al. 1980; Zharikova
et al. 1977). When the fruiting bodies of Pleur-
otus ostreatus were clinostatted for a prolonged
period, 17 genes were upregulated and 19 were
downregulated; among these genes were those
required for fruiting body formation (Miyazaki
et al. 2010). In Candida albicans, a prominent
fungal human pathogen, prolonged micrograv-
ity in space elicited enhanced cell aggregation
and random budding and for 452 genes an
altered gene expression (Crabbé et al. 2013).
Simulated microgravity (clinostat) elicited in
Candida albicans an increased filamentous
growth (Altenburg et al. 2008). Saccharomyces
cerevisiae shows several developmental changes
in response to spaceflight, e.g., invasive bud-
ding and hyphal growth (Van Mulders et al.
2011).

C. Ascomycota

Even a superficial inspection of the various
fructification organs of Ascomycota will pro-
vide evidence for their ubiquitous capacity
of graviperception. The upright growing
perithecia of Neurospora, the upward orienta-
tion of the apothecia of Pezizazeae, and the
vertical fruiting bodies of Helvellaceae, Helvel-
loidae, and Morchellaceae bear ample witness
for gravitropism. In spite of this fact, there
exists almost no literature on the gravipercep-
tion of this group of organisms.

To answer the question, whether or not
single-celled organisms possess the potential
to perceive gravity, yeasts were often employed
in space experiments under microgravity con-
ditions. Attempts to detect differences in the
induction and the repair of DNA lesions under
earth and microgravity conditions were with-
out success for Saccharomyces (Pross et al.
2000; Takahashi et al. 2001). Cultures of Sac-
charomyces that were subjected to simulated
weightlessness in a special apparatus providing
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low-fluid shear, the “rotating wall vessel biore-
actor,” displayed substantially altered expres-
sion for clusters of genes that were either up- or
downregulated. The genes contained promoter
sequences with similarities to the Rap1p tran-
scription factor binding site and the stress-
responsive element (STRE) (Johanson et al.
2002). The experiments provide clues how
physical forces acting on the cell surface could
translate into differential gene expression and
thus represent a model for gravimorphogen-
esis. A phenomenon of gravimorphogenesis
was observed in bioreactor cultures of Saccha-
romyces cerevisiae that were maintained for
8 days under microgravity in a spacelab. The
percentage of randomly distributed bud scars
was about three times higher in the cells sub-
jected to weightlessness (17 %) than in those
maintained on earth (5 %) (Walther et al. 1996).

D. Zygomycota

Sporangiophores of Phycomyces blakesleeanus
and Pilobolus crystallinus display negative
gravitropism (Horie et al. 1998; Schimek et al.
1999). Mycelial hyphae, zygophores, and zygos-
pores attached to suspensors are agravitropic.
Sporangiophores of Phycomyces that grew in a
satellite in weightlessness displayed completely
random and disoriented growth (Parfyonov
et al. 1979). The effectiveness of gravitropism
depends to some extent on the developmental
stage. Stage 1 sporangiophores of Phycomyces,
which lack sporangia, bend gravitropically
more slowly than stage 4 sporangiophores,
which possess sporangia (Schimek et al. 1999;
Grolig et al. 2004). In Pilobolus gravitropism is
almost absent in stage 1, while it is well
expressed in stage 4 sporangiophores (Horie
et al. 1998). The latter observation might be
explained by the fact that the growing zone in
stage 1 sporangiophores of this fungus is
merely 0.3 mm, while it is about 2–3 mm in
Phycomyces (Horie et al. 1998).

1. Gravisusceptors

Flexure (bending stress) could potentially play
a role in graviperception. Sporangiophores
respond to cell wall stress generated by flexure

or compression (Dennison 1961, 1964). A uni-
lateral force of 0.5 mg elicited a bending
response (Dennison and Roth 1967). Stretch
elicits also a transient growth response (dimi-
nution of growth rate) when sporangiophores
are stretched (elongated) by a load of 5 mg;
when the load is lifted, a transient increase of
growth rate is observed. Both responses are
adaptive so that the growth rate returns after a
few minutes to the prestimulus level (Dennison
and Roth 1967). The data are in agreement with
the assumption that stretch (flexure) occurring
at the upper side of a horizontal sporangio-
phore influences gravitropism. The latencies
of the respective stretch responses are about
1 min and thus much shorter than the gravi-
tropic latencies obtained after reorientation of
the sporangiophore.

The gravisusceptors of Phycomycesmust be
internal, because negative gravitropism persists
in sporangiophores submerged in water or in
fluids with a density exceeding that of the cyto-
plasm (Dennison 1961). Because cytoplasm
sediments and the central vacuoles float slightly
upward in horizontal sporangiophores, they
probably participate in gravisusception (Den-
nison and Shropshire 1984). The central
vacuoles contain octahedral protein crystals
of high density (1.27 g cm�3) (Fig. 11.1) that
rapidly sediment upon reorientation of the
sporangiophore and that participate in gravi-
susception. Mutants lacking these protein crys-
tals are affected in gravitropism (Schimek et al.
1999; Galland et al. 2004). The crystals contain
three proteins and are associated with pterin
and flavin-like pigments (Eibel et al. 2000;
Fries et al. 2002).

Besides the protein crystals, apical lipid
globules are also involved in gravisusception.
In stage-1 sporangiophores of Phycomyces, the
lipid globules are clustered in a special organ-
elle, a complex of lipid globules (CLG) that
resides 110 mm below the apex (Fig. 11.1). Spor-
angiophores lacking the CLG display a greatly
diminished gravitropic response (Grolig et al.
2004). The sedimentation of the octahedral crys-
tals and the buoyancy of the lipid globules gen-
erate a potential energy that each supersedes the
thermal noise by 3–4 orders of magnitude (Schi-
mek et al. 1999; Grolig et al. 2004). The density
of the lipid globules of Phycomyces
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(0.79 g cm�3) is much lower than that com-
monly found in oleosomes of plant material.
The specific density of oleosomes (sphero-
somes) of peanuts, for example, is 0.92 g cm�3

(Jack et al. 1967) and that of oleosomes of wheat
aleuron can be as high as 1.16–1.18 (Quail 1979).
It is very apparent from such a comparison that
the lipid globules of Phycomyces, which have
diameters comparable to those of plant oleo-
somes, display traits that are indispensable for
gravisusception while those of plants display
ones that are suitable only for storage.

A prominent feature of the lipid globules is
the fact that they are in continual non-
Brownian motion that is probably powered by
an actomyosin system, because the globules are
localized in a cage of a compact actin mesh
(Grolig et al. 2014). The lipid globules contain
b-carotene and appear deep yellow. In addition,
they carry pterin and flavin-like pigments that
emit blue and green fluorescent light upon exci-
tation (Grolig et al. 2004; Ogorodnikova et al.
2002). Lipid globules (droplets) are ubiquitous
among oleaginous fungi (e.g., Mortierella
ramanniana; Kamisaka et al. 1999), and it
appears likely that graviperception mediated
by buoyancy might represent a mechanism
that is rather widespread in the fungal kingdom
(Grolig et al. 2006).

2. Kinetics, Dose Dependence,
and Threshold

Sporangiophores of Phycomyces that are placed
horizontally have a rather irregular gravitropic
latency of about 10–30 min or even longer when
the conditions are suboptimal (Dennison 1961;
Dennison and Shropshire 1984; Schimek et al.
1999). Gravitropic bending of horizontal spor-
angiophores is complete in 10–12 h (Schimek
et al. 1999). The stimulus dependence was
determined in long-term experiments on a
clinostat centrifuge, and the threshold was
found to be near 2�10�2�g (Galland et al.
2004). A mutant that lacks the vacuolar protein
crystals showed a slightly elevated threshold.
Upon reorientation of the sporangiophore, the
slowly ensuing bending response of Phyco-
myces is preceded by very fast molecular events

that can be monitored spectroscopically. A
gravitropic stimulus elicits so-called gravity-
induced absorbance changes (GIACs) that
occur almost instantaneously and that are spe-
cific for early events of the transduction chain,
because they are altered in a gravitropism
mutant with genotype madJ (Schmidt and Gal-
land 2000, 2004; Schmidt 2006, 2007, 2011). The
molecular nature of the response remains pres-
ently unidentified.

3. Cytoskeleton and Calcium

As in higher plants, the cytoskeleton appears to
play a major role in the gravitropism of the
Phycomyces sporangiophore in which actin,
myosin, spectrin, and integrin were immunode-
tected (Doucette et al. 1994). The apical lipid
globules of stage 1 sporangiophores are encased
by dense mesh of actin filaments that fills the
dome-like structure of the apex. Inhibitor stud-
ies show that the actin filaments cause the non-
Brownian motion of the lipid globules (Grolig
et al. 2014). Injection of stage 4 sporangiophores
with cytochalasin D (inhibiting actin polymeri-
zation) causes a 4-h long delay of the gravitropic
bending, while rhodamine phalloidin (inhibiting
actin depolymerization) enhances the gravitro-
pic bending rate and sometimes also the bending
angle (Edwards et al. 1997).

Physiological studies suggest that gravi-
tropism entails a mobilization and redistribu-
tion of Ca2+ and calmodulin. Gadolinium
chloride, an inhibitor of plant gravitropism
and stretch-activated ion channels, delays the
onset of gravitropism and diminishes gravitro-
pic curvature. An asymmetric application of
gadolinium, Ca2+-chelators, and compound
48/80 (inhibiting calmodulin) to the growing
zone of the sporangiophore elicits curvature
toward the side to which the inhibitors were
applied (Edwards 1990; Stecker et al. 1990).
Ca2+ and H+ fluxes at the tip of Phycomyces
sporangiophores were directed inward. The
gravitropism mutant, A909 madJ, displayed
instead outward-directed ion fluxes (Živanović
2012). A gravistimulation of horizontally placed
sporangiophores caused an influx of ions at the
lower side and an efflux at the upper side. The
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gravitropism of sporangiophores is moderately
increasing in response to exogenous Ca2+ in a
dynamic range from 10�8 to 10�3 M. The octa-
hedral crystals (Fig. 11.1C) play a role in this
response, because the gravitropic bending of a
crystal-lacking mutant is exceeding that of the
wild type about threefold (Galland et al. 2007).
The result indicates that the crystals suppress
the stimulatory effect of the exogenous calcium.

4. Sine Law and Exponential Law

Gravitropic bending of shoots and roots of
plants obey the so-called sine rule or sine law
(Sachs 1879), which states that the gravitropic
stimulus can be described by the relation:

S ¼ g � sin γ ð6Þ
where S is the gravitropic stimulus, g the earth
gravitational acceleration (9.81 m s�2), and g is
the inclination angle (degrees) of the inclined
plant organ.

Sporangiophores of Phycomyces obey this
classical sine law (Galland et al. 2002). When
sporangiophores are irradiated unilaterally,
they bend toward the light source and a photo-
gravitropic equilibrium is established. The
photogravitropic bending angle is the result of
two antagonistic responses, i.e., positive pho-
totropism and negative gravitropism. The irra-
diance of unilateral light that is required to
compensate the ensuing gravitropic response
is well described by a novel exponential law
(Grolig et al. 2000; Galland et al. 2002).

I ¼ I0 exp kλg sin γð Þ ð7Þ
where I is the fluence rate of the unilateral light
that compensates the gravitropic response eli-
cited by a given inclination angle g, I0 is the
absolute threshold fluence rate (near 10�9

W m�2, 450 nm), kl is a wavelength-dependent
constant, g is the earth gravitational accelera-
tion, and g is the inclination angle of the spo-
rangiophore (deviation from the vertical). The
exponential law states that the fluence rate that
compensates a gravitropic stimulus needs to be
raised exponentially when the gravitropic stim-
ulus (g sin g) is raised linearly. Because the
novel law is valid also for coleoptiles of Avena

(Galland 2002) and also Arabidopsis, it
describes a universal relationship for the inter-
action of gravi- and phototropic stimuli.

5. Gravitropism Mutants

Mutants of Phycomyces with a defective madC
gene display a 106-fold elevated phototropic
threshold (Bergman et al. 1973; Campuzano
et al. 1996) and, at the same time, also a hyper-
gravitropic phenotype (Göttig and Galland
2014). Because the madC gene codes for a Ras-
GAP protein (Ras-GTPase-activating protein;
Polaino Orts et al. 2013), this observation indi-
cates that MadC operates as a negative regula-
tor in gravitropism and as a positive regulator
in phototropism.

Mutants of Phycomyces with defects in the
genes madD,E,F,G,J are gravitropically partially
defective (so-called stiff mutants). They are
highly pleiotropic, because they show reduced
light-growth and phototropic responses and a
reduced avoidance response (Bergman et al.
1973; Campuzano et al. 1996). Mycelial
responses such as photocarotenogenesis and
photoinitiation of sporangiophores are, how-
ever, unaffected (see above). System analysis
employing Wiener white noise or sum-of-sinu-
soid stimuli showed that these mutants have a
lower gain than the corresponding wild-type
strains or mutants that are affected only in the
phototropism genes madA-C (Lipson 1975;
Palit et al. 1989). The threshold for photogravi-
tropic equilibrium is raised at least 6 orders of
magnitude and the corresponding action spec-
tra are greatly abnormal, a feature that indi-
cates that these mutations directly affect the
photoreceptor system (Campuzano et al.
1996). The various features indicate that (1)
the photoreceptor system is affected in these
gravitropismmutants, (2) that photo- and grav-
iperception are interacting at early steps of the
transduction chain, (3) and that the madD,E,F,
G gene products interact with those of the
madA,B,C gene products.

Another class of mutants with defects in the
gene madH shows enhanced gravitropic and
phototropic bending and also an enhanced
avoidance response (Lipson et al. 1983; López-
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Dı́az and Lipson 1983). While the locations of
the respective mad genes on the genetic map of
Phycomyces have been determined (Alvarez et al.
1992), their molecular nature remains unknown.

E. Glomeromycota

Hyphae of the endomycorrhizal fungus, Giga-
spora margarita, display either negative or posi-
tive gravitropism. Germ tubes are growing
upward (negative gravitropism), while secondary,
i.e., branching, hyphae, which are the sites for the
formation of enichulate vesicles, grow downward
(positive gravitropism) (Watrud et al. 1978; Hong
et al. 2001). Calcium, an important signal element
in the graviperception of plants, plays a substan-
tial role also in the gravitropism of Gigaspora
rosea, because lanthanum (a Ca2+ blocker) and
EGTA (a Ca2+ chelator) induce hyphal branching
and at the same time also inhibition of gravitrop-
ism (Berbara et al. 2002).

The gravisusceptors of these mycorrhizal
fungi are presently unknown. In view of the
fact that these oleaginous fungi contain numer-
ous lipid droplets, it appears reasonable to
assume that the buoyancy of these droplets
mediates graviperception. We found that verti-
cally growing hyphae of Gigaspora margarita
possess an apical complex of lipid globules
(CLG) (Grolig et al. 2006) that is similar to the
one found in Phycomyces (Grolig et al. 2014).
Even in the CLG of Gigaspora, the lipid globules
are in continual motion. Lateral hyphae grow-
ing horizontally do not contain apical lipid
globules and are agravitropic. Lipid globules
occur thus only in segments that grow vertically
upwards. The close correlation between gravi-
tropic orientation with the occurrence of lipid
globules clearly indicates their role as gravisus-
ceptors (Grolig et al. 2006).

IV. Conclusions

Light and gravity are environmental stimuli
responsible for the final appearance of fungi.
Research on fungal photomorphogenesis and
gravitropic responses has concentrated on the
description and characterization of the
responses to light and gravity. Genes that are

required for photoreception and photomor-
phogenesis have been identified and, in some
cases, isolated and characterized. The identifi-
cation of the WCC in N. crassa has served as a
model for other fungi, and in most cases
mutants in the homologs of the WCC result in
blind phenotypes. A number of WCC homologs
have been identified with the increased number
of fungal genome projects, and the reduction in
the cost of genome sequences allows us to pre-
dict that the number of fungal photoreceptors
will soar in the near future. Genome projects
allowed the identification of additional photo-
receptor genes in fungal genomes, many of
them unexpected and most of them without a
clear function in the fungal cell. Understanding
the role and the coordination of fungal photo-
receptors will be a major avenue of research in
the future. N. crassa has been established as a
model system for fungal photobiology, but
there are indications that other fungi, even
other ascomycetes, have molecular mechan-
isms for photoreception that are different
from the one in N. crassa. It is becoming clear
that there are limits to the use of N. crassa as a
model for fungal photobiology.

The molecular basis of fungal gravitropism,
however, is still rudimentary. Several examples
of gravisusceptors and mechanisms for gravity
sensing have been suggested and presented here.
We hope that the combination of genetics and
molecular biology with detailed cytological char-
acterization of model systems will help to
unravel the complexities of fungal gravitropism.
Light and gravity interact in complex ways to
direct sporangiophore growth in Phycomyces,
possibly at the level of the photoreceptor system
itself. It is thus possible that light and gravity will
share some of the elements of the transduction
chain in fungi. Only future research will confirm
the possible relationship between light and grav-
ity as major signals for fungal development,
growth, and appearance.
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Navarro E, Peñaranda A, Hansberg W, Torres-Martı́nez
S, Garre V (2013) A white collar 1-like protein
mediates opposite regulatory functions in Mucor
circinelloides. Fungal Genet Biol 52:42–52

Navarro-Sampedro L, Yanofsky C, Corrochano LM
(2008) A genetic selection for Neurospora crassa
mutants altered in their light regulation of tran-
scription. Genetics 178:171–183

Novak Frazer L, Moore D (1993) Antagonists and inhi-
bitors of calcium accumulation do not impair
gravity perception though they adversely affect
the gravitropic responses of Coprinus cinereus
stipes. Mycol Res 97:11113–11118

Nsa IY, Karunarathna N, Liu X, Huang H, Boetteger B,
Bell-Pedersen D (2015) A novel cryptochrome-
dependent oscillator in Neurospora crassa. Genet-
ics 199:233–245

Ogorodnikova U, Sineshchekov O, Galland P (2002)
Blue-light perception in stage-1 sporangiophores
of Phycomyces: a role for apical lipid globules? J
Plant Physiol 159:205–209

Ogura Y, Yoshida Y, Ichimura K, Aoyagi C, Yabe N,
Hasunuma K (1999) Isolation and characterization
of Neurospora crassa nucleoside diphosphate
kinase NDK-1. Eur J Biochem 266:709–714

Ogura Y, Yoshida Y, Yabe N, Hasunuma K (2001) A
point mutation in nucleoside diphosphate kinase
results in a deficient light response for perithecial
polarity in Neurospora crassa. J Biol Chem
276:21228–21234

Ohm RA, Aerts D, Wosten HA, Lugones LG (2013) The
blue light receptor complex WC-1/2 of Schizophyl-
lum commune is involved in mushroom formation
and protection against phototoxicity. Environ
Microbiol 15:943–955

Olmedo M, Navarro-Sampedro L, Ruger-Herreros C,
Kim SR, Jeong BK, Lee BU, Corrochano LM
(2010a) A role in the regulation of transcription
by light for RCO-1 and RCM-1, the Neurospora
homologs of the yeast Tup1-Ssn6 repressor. Fun-
gal Genet Biol 47:939–952

Olmedo M, Ruger-Herreros C, Corrochano LM (2010b)
Regulation by blue light of the fluffy gene encoding
a major regulator of conidiation in Neurospora
crassa. Genetics 184:651–658

Olmedo M, Ruger-Herreros C, Luque EM, Corrochano
LM (2010c) A complex photoreceptor systemmed-
iates the regulation by light of the conidiation
genes con-10 and con-6 in Neurospora crassa. Fun-
gal Genet Biol 47:352–363

Olmedo M, Ruger-Herreros C, Luque EM, Corrochano
LM (2013) Regulation of transcription by light in
Neurospora crassa: a model for fungal photobiol-
ogy? Fungal Biol Rev 27:10–18

Palit A, Pratrap P, Lipson ED (1989) System analysis of
Phycomyces light-growth response: madC, madG,
and madH mutants. Biophys J 55:519–526

Parfyonov GP, Platanova RN, Tairbekov MG, Belenev
YN, Olkhovenko VP, Rostopshina AV, Oigenblick
EA (1979) Biological investigations aboard bio-
satellite Cosmos-782. Acta Astronaut 6:1235–1238

Peter E, Dick B, Baeurle SA (2012) Illuminating the
early signaling pathway of a fungal light-oxygen-
voltage photoreceptor. Proteins 80:471–481

Polaino Orts S, Chaudhary S, Shakya V, Miralles-Durán
A, Corrochano LM, Idnurm A (2013) Map-based
identification of the mad photosensing genes of
Phycomyces blakesleeanus. Fung Gen Rep 60(Sup-
plement), Abstract # 211

Pross HD, Casares A, Kiefer J (2000) Induction and
repair of DNA double-strand breaks under irradi-
ation and microgravity. Radiat Res 153:521–525

Pruss S, Fetzner R, Seither K, Herr A, Pfeiffer E, Metzler
M, Lawrence CB, Fischer R (2014) Role of the
Alternaria alternata blue-light receptor LreA
(white-collar 1) in spore formation and secondary
metabolism. Appl Environ Microbiol 80:2582–
2591

Purschwitz J, Müller S, Kastner C, Fischer R (2006)
Seeing the rainbow: light sensing in fungi. Curr
Opin Microbiol 9:566–571

Purschwitz J, Muller S, Kastner C, Schoser M, Haas H,
Espeso EA, Atoui A, Calvo AM, Fischer R (2008)
Functional and physical interaction of blue- and
red-light sensors in Aspergillus nidulans. Curr Biol
18:255–259

Purschwitz J, Müller S, Fischer R (2009) Mapping the
interaction sites of Aspergillus nidulans phyto-
chrome FphA with the global regulator VeA and
the White Collar protein LreB. Mol Genet Geno-
mics 281:35–42

Quail PH (1979) Plant cell fractionation. Ann Rev Plant
Physiol 30:425–484

Querfurth C, Diernfellner A, Heise F, Lauinger L, Neiss
A, Tataroglu O, Brunner M, Schafmeier T (2007)
Posttranslational regulation of Neurospora circa-
dian clock by CK1a-dependent phosphorylation.
Cold Spring Harb Symp Quant Biol 72:177–183

Rawitscher F (1932) Der Geotropismus der Pflanzen.
Gustav Fischer, Jena

Rockwell NC, Su YS, Lagarias JC (2006) Phytochrome
structure and signaling mechanisms. Annu Rev
Plant Biol 57:837–858

Rodrı́guez-Romero J, Corrochano LM (2004) The gene
for the heat-shock protein HSP100 is induced by
blue light and heat-shock in the fungus Phyco-
myces blakesleeanus. Curr Genet 46:295–303

Rodrı́guez-Romero J, Corrochano LM (2006) Regula-
tion by blue light and heat shock of gene transcrip-
tion in the fungus Phycomyces: proteins required
for photoinduction and mechanism for adaptation
to light. Mol Microbiol 61:1049–1059

Rodriguez-Romero J, Hedtke M, Kastner C, Muller S,
Fischer R (2010) Fungi, hidden in soil or up in the
air: light makes a difference. Annu Rev Microbiol
64:585–610
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I. Introduction

The typical life cycle of heterothallic Agarico-
mycetes comprises of two alternate mycelial
stages, the sterile monokaryon and the fertile
dikaryon (Fig. 12.1; Kües 2000; Kothe et al.
2015). The monokaryon arises as the primary
mycelium from germination of the meiotic
basidiospores which in most species contain
only one type of haploid nuclei. Accordingly,
monokaryons do also have only one type of
haploid nuclei in their hyphal cells (Kües
2000). A monokaryon in the strictest sense of
the word is a homokaryon that contains just
one haploid nucleus per hyphal segment, such
as observed in many strains of the model basi-
diomycetes Coprinopsis cinerea and Schizophyl-
lum commune (Bensaude 1918; Buller 1931;

Raper and Raper 1966; Polak et al. 1997a;
Kües et al. 2002a), but deviations with many
more nuclei within hyphal cells (coenocytic
nuclear behaviour; Boidin 1971) are also
known such as in Heterobasidion annosum
sensu lato (Korhonen and Stenlid 1998) and
amongst species of the Polyporales (Rajchen-
berg 2011). Primary mycelia of heterothallic
species are characterised by distinct mating
types. Mating types describe physiological con-
ditions that when different allow two indivi-
duals after hyphal fusion to form the
secondary mycelium (Casselton and Olesnicky
1998; Kües 2000; Freihorst et al. 2016). The
typical secondary mycelium, the dikaryon, has
two distinct haploid nuclei in its hyphal cells,
each one per parental monokaryon (Iwasa et al.
1998; Schuurs et al. 1998; Kües et al. 2002a). The
two distinct nuclei in the dikaryotic cells divide
in synchrony for cellular divisions, with clamp
cell formation at the places of future hyphal
septa as part of a coordinated cellular process
that ensures the even distribution of the respec-
tive daughter nuclei to the two new hyphal cells
(Bensaude 1918; Buller 1933).

In this process, a daughter nucleus of one mating type
moves backwards into the becoming new subapical cell,
a daughter nucleus of the other mating type will be
trapped by septation in the backwards growing clamp
cell while another septum laid in the main hypha sepa-
rates the new subapical cell and the new hyphal tip cell
with the remaining two mating-type-distinct nuclei
from each other. Once the clamp cell fuses with the
subapical cell, the trapped nucleus can migrate into
the latter in order to pair with the already resident
nucleus which renders also the subapical cell dikaryotic
(Iwasa et al. 1998; Badalyan et al. 2004; Schubert et al.
2006; Raudaskoski 2015).

1Department of Molecular Wood Biotechnology and Technical

Mycology, Büsgen-Institute, University of Göttingen, Göttin-
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However, there are also species in the Agar-
icomycetes with plurinucleate heterokaryotic
hyphal cells which act less regular in synchrony
of nuclear divisions and in the formation of
clamp cells at hyphal septa (Boidin 1971; Butler
1972; Stenlid and Rayner 1991; Korhonen and
Stenlid 1998; Rajchenberg 2011). Fruiting bod-
ies can form on the secondary mycelia, given
the right environmental conditions (Kües 2000;

Kües and Navarro-Gonzaléz 2015; Pelkmans
et al. 2016). Within the fruiting bodies in the
specialised basidia, nuclear fusion and meiosis
occur, followed by the production of four sex-
ual basidiospores (meiospores), thereby clos-
ing the sexual cycle (Fig. 12.1; Kües 2000; Kües
et al. 2004; Navarro-Gonzaléz 2008).

In addition to the meiotic basidiospores
within the fruiting bodies, Agaricomycetes

Fig. 12.1 Life cycle of the model fungus Coprinopsis
cinerea (after Kües (2000) and Kües et al. (2002a)).
Haploid meiotic basidiospores (binucleate by a post-
meiotic mitosis) germinate into monokaryotic mycelia
which abundantly produce uninucleate haploid oidia in
the aerial mycelium. When aging, they may also pro-
duce thick-walled chlamydospores in submerged myce-
lium and sclerotia (multicellular brown-stained resting
bodies with a melanised outer rind and an inner
medulla of chlamydospore-like cells) in aerial and
submerged mycelium. All these structures may germi-
nate again into monokaryotic mycelia. When different
in mating type (indicated by the white and black nuclei
in the cells), monokaryons may after fusion form a
dikaryon with clamp cells at hyphal septa and with
two distinct nuclei in the hyphal compartments, each

one per parental monokaryon. On the dikaryon, pro-
duction of uninucleate haploid oidia is light induced.
Also aging dikaryotic mycelia give rise to sclerotia and
chlamydospores which are dikaryotic and may germi-
nate again into dikaryotic mycelia. On the dikaryon
under distinct environmental conditions (at 25–28 �C,
under a day-night light-dark rhythm) fruiting bodies
can develop. In the basidia, specific cells formed at the
surface of the gills, the two haploid nuclei of distinct
mating types will fuse by karyogamy into a diploid
nucleus, and meiosis follows directly. The four haploid
meiotic products will individually migrate into four
basidiospores that bud off from sterigmata on the
apex of the basidium. A postmeiotic mitosis follows in
the basidia
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might also form variousmitotic types of spores
(mitospores), thus asexual or vegetative
spores, in subsidiary reproductive cycles on
the monokaryon and/or on the dikaryon,
respectively (Fig. 12.1; Kües 2000; Kües et al.
2002a). There are a number of seminal early
reports on asexual sporulation in Agaricomy-
cetes (Brefeld 1877, 1889; Falck 1902; Brodie
1936). In spite of this, asexual spore formation
in Agaricomycetes has mostly been neglected in
research. Only few systematic studies on asex-
ual sporulation in this subphylum are known
(Walther et al. 2005). Nobles (1948) and Stal-
pers (1978, 1984) included characters of asexual
spores in cultures as taxonomic criteria for
wood-inhabiting non-gilled species (in the out-
dated artificial order of Aphyllophorales). Ken-
drick and Watling then draw stronger attention
through ‘The Whole Fungus’ concept on the
importance of mitotic spores produced by
Agaricomycetes. These authors published a
first longer literature compilation on the occa-
sional reports of asexual sporulation by Agar-
icomycetes, with ~100 species of Agaricales and
several hundreds of non-gilled species where
occurrence of one or more types of asexual
spores was noted (Kendrick and Watling 1979;
Watling 1979). Clémençon (1997, 2004, 2012) in
his meticulous books on anatomy of Hymeno-
mycetes (largely corresponding to the Agarico-
mycetes; Hibbett et al. 2007) compiled different
types of mitotic spores and spore production
modes, whereas Walther et al. gave overviews
on asexual sporulation in groups of Agaricales
for taxonomic purposes (Walther and Weiß
2006, 2008; Walther et al. 2005). Other collec-
tions on occurrence of asexual spores in Agar-
icomycetes were presented by Buchalo and
colleagues (Buchalo 1988; Buchalo et al. 2009,
2011a, b) who listed in publications in Russian
and English language in total 136 different
mitospore-forming species from the Agaricales,
Auriculariales, Boletales, Hymenochaetales,
Phallales, Polyporales and Russulales, respec-
tively. Specifically for 77 species, the authors
described types of asexual spores (arthroconi-
dia, blastoconidia and chlamydospores; see
below for definitions) in mono- and dikaryotic
cultures. Reshetnikov (1991) also in Russian
language gave other extensive lists of 238 spe-

cies with arthroconidia, 59 with blastoconidia
and 244 with chlamydospores, respectively,
coming mainly from the orders of Agaricales,
Boletales, Hymenochaetales, Polyporales and
Russulales. A compilation of selected species
known to produce vegetative spores is pre-
sented in Table 12.1.

While studies of asexual spores might be driven by
interests in fungal biology and for taxonomic purposes,
asexual spores can have also important implications in
various types of technical applications. The unicellular,
uninucleate, haploid asexual spores (oidia) of C.
cinerea (Fig. 12.2) for example allow an efficient proto-
plast transformation procedure and make C. cinerea to
the champion filamentous fungus in genetic transfor-
mation with several hundreds of transformants
obtained per mg DNA (Binninger et al. 1987; Granado
et al. 1997; Dörnte and Kües 2012). Uninucleate spores
on dikaryons permit further in various species to
obtain cells with individual component nuclei, for
example for karyotyping and breeding purposes (Wal-
ser et al. 2001; Tanesaka et al. 2012; Kim et al. 2014).
Asexual spores can serve in replica plating of fungal
colonies for efficient genetic screenings (Polak et al.
1997b). Furthermore, spore inoculation procedures
have been adopted for fermentations with medicinal
species such as Ganoderma lucidum (Xu et al. 2012)
and Antrodia camphorata (syn. Taiwanofungus cam-
phoratus; Geng et al. 2013; Hu et al. 2014; Lu et al. 2014)
for production of interesting bioactive secondary meta-
bolites. Root inoculation with chlamydospores of the
endophytic Piriformospora indica can protect host
plants from root rot caused by fungal pathogens and
can promote plant growth (Franken and Varma 2000;
Waller et al. 2005; Harrach et al. 2013). P. indica chla-
mydospores can be produced in liquid culture (Kumar
et al. 2012), have a long shelf-life and formulations for
commercial applications have been developed (Tripathi
et al. 2015).

Asexual spores of Phlebiopsis gigantea in traded
registered products (RotstopF, RotstopS, PG Suspen-
sion, PG IBL) are of high economic impact in a number
of North-European countries in successful biological
control of Heterobasidion conifer root and butt rot
(Asiegbu et al. 2005; Kües et al. 2007; Malecka et al.
2012). P. gigantea is a fast pioneer colonizer of wood
(Hori et al. 2014) why commercial Phlebiopsis formula-
tions are applied in high spore densities to stump
surfaces in commercial forest thinning in order to
block any entry into the fresh cut by airborne germinat-
ing spores of Heterobasidion and to subsequently avoid
the spread of the pathogen from infected stumps via
root contacts into living trees (Asiegbu et al. 2005; Kües
et al. 2007; Malecka et al. 2012). Similar products
against Heterobasidion infections are in tests for poten-
tial registration in other countries in order to stop the
enormous yearly economic losses in the forests through
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Ša
še
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Heterobasidion wood decay (Kües et al. 2007; Dumas
and Laflamme 2013) and various studies target on
finding and establishing similarly successful biological
control agents against various other serious fungal tree
pathogens (Kües et al. 2007; Mohammed et al. 2014).

II. Types of Asexual Spores

Generally, asexual fungal spores may be pro-
duced by thallic spore formation through dis-
section of pre-existing hyphae into single cells or
generated externally from a sporogenous cell
(exogenous spores, exospores) by blastic sporo-
genesis (blastospores) or internally (endoge-
nous spores, endospores) newly within spore
mother cells (Watling 1979; Esser 2000; Fischer
and Kües 2006). All three basic principles of
asexual sporulation are known in the Agarico-
mycetes (Kendrick and Watling 1979; Clémen-
çon 1997, 2004, 2012; Walther et al. 2005;

Table 12.1). However, sporulation may further
include production of specific sporophores on
undifferentiated vegetative hyphae, and there
are modes of spore formation that combine
steps from these different basic processes of
mitotic spore generation (Kües et al. 2002a).
Differentiated sporophoresmay be free-standing
as the oidiophores in C. cinerea (Polak et al.
1997a, 2001). In other species, sporogenous
hyphae may group into clusters such as in the
erect, brush-like Spiniger-type ofHeterobasidion
species (Brefeld 1889; Stalpers 1974). Or, they
may assemble in conidiomata (multi-hyphal,
conidia-bearing structures) such as in the core-
mia of Dendrocollybia racemosa (known in the
literature as anamorph Tilachlidiopsis racemosa;
Watling 1979; Stalpers et al. 1991) and in the
coremia of Pleurotus cystidiosus (Buchalo 1988;
Esser 2000; Truong et al. 2006), alternatively
called synnemata (large erect structures bearing

Fig. 12.2 (a, b) Electron microscope picture of apical
wet oidia of Coprinopsis cinerea strain AmutBmut. The
apical tip and the side walls of the spores are covered by
double-layered cell walls including an outer fimbriae-
like proteineous structure. The flat ends of the spores as
former places of cell-cell attachment possess only a
single-layered cell wall and lack the fimbrial structures
indicating a schizolytic mode of spore release. Note in

(b) the somewhat splitted double-layered cell wall of
the side wall at the lower left end of the spore. Abbre-
viations: F fimbriae, iW inner cell wall layer, M mem-
brane,Mimitochondrion, N nucleus, oW outer cell wall
layer, R ribosomes. Experimental details for sample
preparation and photographing were described in
Polak et al. (1997a) (Original photos by R. Hermann)
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compact conidiophores that aggregate together
into a plectenchyma to form a type of stalk) and
described for P. cystidiosus under an anamor-
phic name Antromycopsis macrocarpa (Stalpers
et al. 1991). Sporodochia are cushion-like stro-
mata with conidiophores and pseudoparen-
chyma found, for instance, in the mitosporic
basidiomycetes Glutinoagger fibulatus (Sivane-
san and Watling 1980) and Sporotrichum sporo-
dochiale (von Arx 1971; Sivanesan and Watling
1980) and in Termitomyces species (Botha and
Eicker 1991). Also, conidiogenous hyphae may
not only be found in the vegetative mycelium
but may also be part of fruiting bodies such as
in the clavaroid basidiomes of Pterula subulata
on which both sexual and asexual spores are
formed (Cripps and Caesar 1998).Arthrosporella
ditopamay form pileus-free clavaroid structures
(described as anamorph Nothocluvulina ditopa)
that bear arthrospores on their surface as do the
stipes of fully developed mushrooms with pileus
and basidiospores (Singer 1986; Stalpers et al.
1991). Arthrospores are also typical for cortical
layers of caps and stipes of certain Cystoderma
(Harmaja 1979; Saar 2003; Saar et al. 2009) and
Arthromyces species (Baroni et al. 2007) and
appear on the spines of basidiocarps of Echino-
poria hydnophora (Kirschner and Wu 2005).
The surface of the pileus of Blastosporella zonata
in contrast is covered with age by blastospores
born from conidial heads (Baroni et al. 2007), as
are caps and stipes of Hemimycena conidiogena
with thick-walled propagules (Moreau et al.
2005) and can be wetted basidiocarps of Hetero-
basidion species (Brefeld 1889). The mycopara-
site Squamanita odorata produces large
amounts of chlamydospore in galls (‘cecidio-
carps’) which are formed when the fungus
infects basidiocarps of other species (Bas 1965;
Bas and Thoen 1998; Redhead et al. 1994). Fur-
thermore, pileus tissues and gills, respectively, of
the mycoparasites Asterophora (Nyctalis) lyco-
perdoides and Asterophora (Nyctalis) parasitica
convert into large masses of chlamydospores
(Buller 1924). Further examples of asexual
spore formation linked to fruiting bodies are
given in Hibbett and Thorn (2001) although
basidiomes in most species are missing any
such structures (Pantidou et al. 1983).

Traditionally in mycology, anamorphs and teleomorphs
were distinguished as terms for asexual and sexual
reproductive stages of fungi and these were often given
different species names (Minnis 2015). By the restrictive
interest in asexual stages for the Agaricomycetes and a
long tradition by rather not naming anamorphic stages
in the Basidiomycota (Seifert and Gams 2001; Kirschner
and Oberwinkler 2009), there are not as many anamor-
phic names around for respective mitospore-producing
species of Basidiomycetes as compared to the Ascomy-
cetes (Kendrick and Watling 1979; Hibbett and Thorn
2001; Hyde et al. 2011). Nevertheless, there were some
distinct anamorphic genera coined such as Spiniger for
Heterobasidion and others (Brefeld 1889; Stalpers 1974),
Antromycopsis for Pleurotus, the synonyms Tilachlidiop-
sis and Sclerostilbum for Dendrocollybia (Collybia),
Nothoclavulina for Arthrosporella (Stalpers et al. 1991),
Confistulina for Fistulina (Stalpers and Vlug 1983),
Nematoctonus for Hohenbuehelia species (Koziak et al.
2007a, b), Sporotrichum among for Ceriporia, Laeti-
porus, Phanerochaete and Pycnoporellus species (Sivane-
san and Watling 1980; Stalpers 1978, 1984), Ovularia for
Marasmius (Kirschner et al. 2013), Pseudohelicomyces
for Psilocybe (Valenzuela and Garnica 2000), Hormogra-
phiella for Coprinopsis and Coprinellus, respectively
(Guarro et al. 1992; Gené et al. 1996; Cáceres et al.
2006; Badalyan et al. 2011a), and Aegeritina for Subuli-
cystidium (Cooper 2005). In some instances, teleo-
morphic genera have been assigned to more than one
anamorphic genus and some anamorphic genera have
been assigned to species from quite distinct teleo-
morphic genera, both of which complicate taxonomy
and understanding of evolutionary relationships within
the fungi (Hyde et al. 2011). Moreover, there are also
anamorphic genera such as Cenangiomyces (Dyko and
Sutton 1979), Chaetospermum (Tangthirasunum et al.
2014), Corticomyces (Romero et al. 1989), Ellula (Nag
Raj 1980), Fibulochlamys (Madrid et al. 2010), Fibulo-
taeniella (Marvanová and Bärlocher 1988), Glutinoagger
(Sivanesan and Watling 1980), Helicomyxa (Kirschner
and Chen 2004), Pycnovellomyces (Nag Raj et al. 1989),
Taeniospora (Marvanová and Bärlocher 1988), and some
others where the teleomorphs are not known of (Hibbett
and Thorn 2001; Hyde et al. 2011). Policy of ICN (Inter-
national Code of Nomenclature for algae, fungi and
plants) for fungal naming by now is a One-Name-Per-
Fungus strategy and to avoid as much as possible any
double naming for species (Hyde et al. 2011; Minnis
2015).

Within the basidiomycete literature, the
nomenclature of distinct spores and modes of
spore formation is not too uniform. Walther
et al. (2005), for example, used generally the
term conidiogenesis for various types of asex-
ual sporulation and included formation of any
internal chlamydospores. A conidium in the
sense of these authors is a mitotically produced
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cell that becomes detached during ontogeny,
independent of the shape and the thickness of
the cell wall. Spore-like swellings of which
release has never been observed are excluded
from the definition by these authors.

Conidia as defined in the dictionary of fungi (Kirk et al.
2008) are asexually produced specialized spores that
are non-motile, casucous (falling off readily), and not
developed by cytoplasmic cleavage or free-cell forma-
tion. Kirk et al. (2008) distinguish two basic modes of
conidiogenesis (blastic and thallic) and present coni-
dium ontogenesis further in 43 different schemes. Blas-
tic modes of conidiogenesis are characterized by a
marked increase in size of a recognizable conidial ini-
tial prior to septum formation for spore separation
from the conidiogenous cell (any cell from which or
within which a conidium is directly produced). Blastic
modes are further differentiated into holoblastic and
enteroblastic, depending on whether both the outer
and inner cell walls of the conidiogenous cell contribute
to the spore cell wall or whether only the inner or no
cell wall layer takes part, respectively. In thallic con-
idiogenesis, cross-walls are first laid to delimit a conid-
ial initial and then the cell may enlarge. In case that the
outer wall of the sporogenous cell is not involved in
formation of the spore cell wall, such process is called
enterothallic.

Highly relevant to the Agaricomycetes is further
the term chlamydospores which are 1-celled endoge-
nous spores primarily generated for perennation within
pre-existing hyphal cells by contradiction of the hyphal
protoplast and formation of an inner secondary, often
thickened cell wall which is usually impregnated with
hydrophobic material and may be pigmented (Kirk
et al. 2008).

Clémençon (1997, 2004, 2012) in his books
distinguished spores on the base of thallic and
blastic modes. Arthrospores (or arthroconidia,
in Agaricomycetes most often called oidia) are
those that arise in thallic mode from simple
dissection of pre-existing hyphal cells. Blasto-
spores or blastoconidia are those that bud off
exogenously on a sporogenous (conidiogen-
ous) cell. Chlamydospores in the narrowest
sense as endogenous thick-walled thallic spores
with the mother cell wall as a loose mantle
follows the definition by Kirk et al. (2008),
while chlamydospores in the broad sense
include chlamydospores without a loose mantle
(i.e. the cell wall of the mother cell is fused with
the spore cell wall), aleuria as terminal spores
that swell after delimitation and where the cell
wall eventually thickens and blastocysts as

blastic mitospores with a thickened cell wall
(Clémençon 1997, 2004, 2012). This author
includes in the definition of chlamydospores
also spore-like swellings that remain attached
to the generating hyphae. More generally, chla-
mydospores may be defined as more or less
swollen and thick-walled spores (Walther et al.
2005). In this report, we use the term chlamy-
dospores more generally since details of modes
of production of large thick-walled spores are
often not known (Fig. 12.3). Furthermore, we
try to define major modes of sporogenesis and
major types of spores using specific Agarico-
mycetes as examples. However, it should be
noted as pointed out by Walther et al. (2005)
that fluent transitions exist between the major
types of spores distinguished.

Structures identified by light microscopy as spore-like
swellings might in not all instances present immature
or non-released spores. In Coprinus comatus, the exis-
tence of uni- and binucleate spores has been mentioned
in the literature (Walther et al. 2005, not further docu-
mented in the paper; Badalyan et al. 2011a). Other
authors analysed by electron microscopy spore-like
structures on short sporophore-like branches thought
to be chlamydospores and identified them as so-called
‘spiny balls’, unicellular structures with hair-like tubu-
lar appendices that serve in nematode infections (Luo
et al. 2004, 2007; Badalyan et al. 2005; Buchalo 1988;
Buchalo et al. 2011a). As other examples, Coprinus
sterquilinus, Conocybe albipes, Climacodon septentrio-
nalis and Pleurotus ostreatus produce tiny secretory
cells on vegetative hyphae which contain toxin with
which they attack nematodes (Buller 1931; Kemp 1977;
Barron and Thorn 1987; Hutchison et al. 1996; Tanney
and Hutchison 2012; Walther and Weiß 2006;
Fig. 12.4b). Such secretory vesicles in P. ostreatus were
identified in other publications as blastospores (Reshet-
nikov 1991; Badalian and Melik-Khachatrian 1994).
Morphological similar vesicles have been reported,
often also as blastospores, in Agrocybe pediades, Agro-
cycbe firma, Agrocybe vervacti, Conocybe appendiculata
and further Conocybe species, Gymnopilus pampeanus,
Pleurotus eryngii, Pleurotus smithii, S. commune and
more (Brefeld 1889; Stalpers et al. 1991; Badalian and
Melik-Khachatrian 1994; Sede and Lopéz 1999; Walther
and Weiß 2006; Fig. 12.4a). According to Walther and
Weiß (2006), any such swollen structures may mistak-
enly be believed to be blastospores when the carrying
hyphae break of underneath the swollen terminal cells.
As another interesting example, Leucoagaricus gongy-
lophorus forms in clusters large swollen cells at ends of
hyphae as symbiontic organs (called gongylida or bro-
matia) for feed of leaf-cutting ants and for spread of
proteolytic enzymes and laccases by the ants onto
chewed-up plant material (De Fine Licht et al. 2014;
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Kooij et al. 2014; Lange and Grell 2014). Likewise, large
globular cysts in aging cultures of Termitomyces and
Attamyces species might serve in nourishing their ter-
mite hosts (Kreisel 1972; Watling 1979; Botha and
Eicker 1991). Examples of multiple other types of
specialized swollen cells (cysts) with often unknown
function that may or may not break off from the myce-
lium are collected by Clémençon (1997, 2004, 2012).
Intrinsic to the definition of spores is their reproductive
component (Kirk et al. 2008).

A. Thallic Arthrospore Formation by
Dissection of Pre-existing Undifferentiated
Hyphae

Thallic sporogenesis in its simplest case has
been reported by Brodie (1936) for monokar-
yons and dikaryons of Flammulina velutipes. In
this fungus, vegetative hyphae of monokaryons
and dikaryons fragment secondarily into chains

Fig. 12.3 Chlamydospores or chlamydospore-like swel-
lings of a selection of dikaryotic strains of Agaricomy-
cetes. (a–c) Ganoderma resinaceum strains Gr-7, Gr-5
and F-1. (d, e) Ganoderma lucidum strain GLU1. (f)
Schizophyllum commune strain V-1. (g) Ganoderma
adspersum strain 1016. (h) Coprinellus radians strain
C22. (i) Coprinellus disseminatus strain 3-2S. (j) Copri-
nellus bisporus strain C406. (k, l) Laetiporus sulphureus

strain Ls-3. (m) Coprinopsis cothurnata strain C145.
Strains were grown on 1.5 % MEA medium with chlor-
amphenicol (100 mg/L) at 25 �C and observed under a
light microscope as described by Badalyan et al. (2011a)
(All photos were taken using a 40� objective. Note that
the sample of C. cothurnata in (m) was stained with a
0.1 % methylene-blue aqueous solution for better con-
trasting. Photos were all taken by SMB)
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of single uninucleate cells (Brodie 1936; Nobles
1948; Takamaru 1954; Reshetnikov 1991; Badal-
yan et al. 2006). Examples for chains of oidia on
a F. velutipes dikaryon and on a dikaryon of the
related species Flammulina rossica can be seen
in Fig. 12.5b, c, respectively. Individual chains
in F. velutipes may count only a few to over 40
arthrospores (Brodie 1936; Ingold 1980).
Released spores assemble into larger clumps
of 100–200 oidia (Kemp 1980). In the dikaryon,
all uninucleate oidia within a chain and within a
larger clump are of the samemating type. While
dikaryotic colonies produce uninucleate
arthrospores of both kinds of parental mating
types, there is however often a strong bias
within dikaryotic colonies towards spore pro-
duction of only one mating type (Brodie 1936;
Aschan 1952; Aschan-Åberg 1960; Kinugawa
1979; Kemp 1980; Kitamoto et al. 2000). The
process of thallic sporulation in the dikaryon
thus provides a specific developmental
programme for dedikaryotization and mono-
karyotization, respectively (Aschan 1952;
Ingold 1980; Kitamoto et al. 2000; see also
Sect. III).

Oidia clumps in aerial mycelium of F. velu-
tipes dikaryons are born on a single clampless
aerial hypha (Kemp 1980). Standard dikaryotic
hyphal branching in growing F. velutipes colo-
nies occurs at positions slightly below clamps,
whereas clampless hyphae are produced in
irregular frequencies by a first branching at
fixed positions above (unfused) clamp cells,
possibly due to some irregularities in nuclear
distributions during clamp cell formation
(Ingold 1980; Kemp 1980). Some further clamp-
less side branches can emerge on the first

clampless hypha, all of which will extend to
long, sparingly branched hyphae. Two to three
neighbouring clampless aerial hyphae may
thereby form mycelial strands by adhering to
each other. From the long clampless aerial
hyphae, complex systems of multiple lateral
oidial branches eventually arise. Oidial
branches may loosely coil around each other.
They have initially no cross-walls, but some
scattered simple cross-walls appear with time
(Ingold 1980). In aging dikaryotic colonies,
clampless branches for spore formation can in
addition arise at low frequencies from both-
sided clamped intercalary hyphal cells which
may have increased their number of nuclei
beyond two. Processes in the production of
oidial branches in monokaryons are similar to
those observed in the dikaryons (Brodie 1936;
Ingold 1980). In both types of mycelia, release
of oidia starts in oidial branches at the hyphal
apexes and proceeds basipetally and can also
continue from oidial branches into the parental
hyphae (Brodie 1936; Ingold 1980; Kemp 1980).
Spore formation involves alternative vacuola-
tion and portioning of protoplasm over the
length of a hypha for subsequent splitting into
discrete oidia (Brodie 1936; Reshetnikov 1991).
Vacuolic spaces between portions of proto-
plasm are very narrow in oidial branches (com-
pare Fig. 12.5b) and irregular extensive in cases
of rare intercalary spore formation in older
hyphal segments (Ingold 1980). Transverse
cell walls will form to delimitate the oidia
within the parental hyphae that with time dis-
integrate (Brodie 1936; Ingold 1980). Hyphal
cell walls rupture rhexolytically in the regions
in between the spores (Walther et al. 2005;

Fig. 12.4 Scanning electron microscope pictures of secretory cells in (a) Pleurotus eryngii dikaryon MS-27 and
(b) in Pleurotus ostreatus dikaryon 004 (Reprinted with permission from Badalian and Melik-Khachatrian (1994))
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Fig. 12.5 Arthrospore formation in selected species of
Agaricomycetes. Vegetative hyphae split into chains of
arthrospores in (a) Coprinopsis lagopus dikaryon C6B,
(b) Flammulina velutipes dikaryon SBII-2 and (c)
Flammulina rossica dikaryon SBR-12. Oidiophores of
Hormographiella types are produced in (d) Coprinellus
ellisii dikaryon C140, (e) Coprinopsis cinerea mono-

karyon 5026 and (f) Coprinellus aff. radians dikaryon
C35. (g–o) Arthrospore formation in Psilocybe cyanes-
cens monokaryons Bad Düben 1-3 (g, h, j), KA1-4 (i,
m–o) and Diss 3-1 (k, l). (g–k) Stages of conidiophore
production, successive outgrowth of enrolling oidial
branches and vacuolisation and protoplasm portioning
in oidial hyphae. (l–o) Rhexolytic mode of spore
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Reshetnikov 1991), i.e. in intermediate, usually
reduced cells (Clémençon 1997, 2004, 2012).
Resulting free spores are dry and can be
blown away by wind (Brodie 1936; Ingold
1980). Most oidia of F. velutipes are cylindrical
to oval and of a size of 5–8�10–20 mm. How-
ever, there are also longer ones (up to 80 mm),
curved ones (from coiled hyphal segments) and
Y-shaped ones (from points of hyphal branch-
ings), and there might be spores staying
connected in blocks of two or three (Ingold
1980).

Rhexolytic refers to a mode of secession of spores by
circumscissile splitting the periclinal cell wall of hyphal
mother cells apart of the basal septa of spores, thereby
destroying the reproductive cell. Schizolytic splitting in
contrast refers to secession of spores by splitting the
delimiting (double-layered) septum so that only half of
the cross wall remains as outer shield of the spore
(Descals 1985; Kirk et al. 2008). According to Walther
et al. (2005), most modes of splittings between arthro-
conidia in Agaricales are rhexolytic. In contrast, the
mode of splitting in the Tricholomataceae is mostly
schizolytic (Watling 1979; Walther et al. 2005) and
Hutchison (1988) reports this for arthrospore forma-
tion in dikaryons of Limacella illinita (Amanitaceae).
However, the mode of splitting is not always easy to
observe purely by light microscopy when two spores
are so close together so that potential protoplasm con-
tractions and vacuolizations in between as preparation
for the rhexolytic mode of separation might be over-
looked (Walther et al. 2005). Electron microscopy may
help to observe the fine structure of the spore cell walls
(one-layered or double-layered; are residues from the
parental hyphal cell protruding from the spore?) at the
sites of spore release in order to decide on a
splitting mode (Heintz and Niederpruem 1970, 1971;
Jurand and Kemp 1972; Gardiner and Day 1988; Polak
et al. 1997a; Kües et al. 2002a; Dörnte and Kües 2012;
Fig. 12.2).

Many species of the Agaricales undergo sim-
ilar simple thallic arthrospore formation by usu-
ally rhexolytic splitting of more or less straight

growing, morphologically not or little differen-
tiated hyphae into individual arthrospores, such
as seen mono- and dikaryons of Agrocybe aeger-
ita, Agrocybe dura, Agrocybe firma and Agro-
cybe praecox (Walther and Weiß 2006; Buchalo
1988; Buchalo et al. 2009, 2011a, b); in mono-
karyons of Gymnopilus junonius, Gymnopilus
sapineus and Gymnopilus spectabilis (Reshetni-
kov 1991; Walther et al. 2005) and Cystoderma
amianthium (Walther et al. 2005); in clampless
hyphae of the homothallic mycoparasites A.
lycoperdoides and A. parasitica (Brefeld 1889;
Buller 1924; Thompson 1936); and in dikaryons
of Amauroderma rude (Furtado 1966), Cysto-
derma granulosum (Pantidou et al. 1983), Mon-
iliophthora perniciosa (Delgado and Cook 1976),
Coprinopsis lagopus (Fig. 12.5a; note similar pre-
sentations given under the likely false labelled
species name C. cinerea in Watling 1979),
Hypholoma fasciculare (Brefeld 1889; Garibova
et al. 1986; Fig. 12.6), Lepista nuda (Buchalo et al.
1985, 2009, 2011a, b), Oudemansiella canarii
(Sede and Lopéz 1999), T. camporatus (Chang
and Chou 1995) andAgaricus arvensis (Molitoris
et al. 1996). Oidia from splitting undifferentiated
hyphaewere observed inmonokaryons ofGloeo-
phyllum odoratum (Nobles 1948) and dikaryons
of Bjerkandera fumosa (Clémençon 1997, 2004,
2012), Laetiporus sulphureus (Buchalo 1988;
Buchalo et al. 2009, 2011b), Lentinus suavissimus
(Peterson et al. 1997), Mycena metuloidifera
(Valenzuela et al. 1997), Polyporus adustus, Poly-
porus umbellatus, Polyporus varius and P. gigan-
tea (Nobles 1948; Stalpers 1978; Peterson et al.
1997) from the Polyporales and Punctularia stri-
gosozonata (Stalpers 1978) from the Corticales.
Fomes fomentarius, Fomitopsis pinicola, Poly-
porus elegans, Polyporus squamosus, Phlebia
radiata and Phlebia rufa form arthrospores on
both types of mycelia (Brefeld 1889; Boddy and
Rayner 1983b; Peterson et al. 1997; Mukhin and

⁄�⁄�

Fig. 12.5 (continued) release and free C-shaped spores
of variable lengths. Arrows point to empty spaces in
oidial branches where spores will be separated from
each other by rhexolytic splitting of the parental cell
wall. Strains were grown on glass slides and photo-
graphed as described in Polak et al. (1997a), using a
40� objective (a–d, f) or a 100� objective (all others).

Growth media and temperatures were either YMG/T
and 37 �C (C. cinerea; Granado et al. 1997) or MEA
and 25 �C (all others). Note that the samples of C.
lagopus and C. aff. radians were stained with a 0.1 %
methylene-blue aqueous solution for better contrast-
ing. Photos (a, b, d–f) were taken by SMB, photo (e)
by E. Polak, photos (g–o) by AG
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Votintseva 2002; Badalyan et al. 2015). However,
species may differ in frequency of arthrospore
formation (compare the different reports listed
in this chapter; Boddy and Rayner 1983b). While
the majority of competent species apparently
produces uninucleate arthrospores from dikar-
yons (Reshetnikov 1991; Walther and Weiß
2006, 2008), oidia from dikaryons of M. perni-
ciosa are, for example, binucleate (Delgado and
Cook 1976). Outgrowth of clampless monokar-
yotic hyphae precedes arthrospore formation in
dikaryons of B. fumosa (Clémençon 1997, 2004,
2012) and P. adustus (Nobles 1948), respectively.

Monokaryons of Polyporus badius produce
in narrow distances ellipsoidal arthroconidia
(7–8�2.5–3 mm) in rhexolytic manner from
loose tufts of length-restricted oidial branches
that are slightly thicker than their parental
hyphae. Whether dikaryons in this species give
also rise to arthroconidia remains to be estab-
lished (Ingold 1986). Arthrospore formation in
Polyporus squamosus was observed on mono-
and dikaryons. Main hyphae and shorter side
branches may convert into oidia in the mono-
karyon, whereas in the dikaryons, it is preferen-
tially specific branches that grow out from
clamp cells. The processes in the different
types of mycelia are similar in that there is
successive protoplasmic retraction with repeti-
tive retraction-septum formations as the sizes of
the protoplasts within the parental hyphae

shrink. Spores are released by rhexolytic peri-
clinal hyphal cell wall rupture and somewhat
swell; those obtained from dikaryons are wider
than those of monokaryons. Depending on the
place of rhexolytic rupture, mature spores may
carry empty chambers at their ends originating
from the repetitive septum formation during
successive protoplasmic retraction. Spores
obtained from dikaryons are dikaryotic and ger-
minate into new dikaryons (Ingold 1986).

Dikaryotic sporulating hyphae in aerial
mycelium of Polyporus varius show limited
length growth. They are wider towards their
tips, and their clamp connections are closer
together than those in the parental hyphae
and in between are also non-clamped septa.
The ovoid to rod-shaped arthrospores resulting
from splitting of these hyphae are dry and very
variable in size (8–25�2.5–6.6 mm). Many are
monokaryotic and some are dikaryotic (10 % of
spores which will germinate into new dikar-
yons). The process of sporulation in monokar-
yons is similar but results in smaller spores
sized 5–22�2–4 mm (Ingold 1991). A recent
report documents oidia (7–10�3–4.2 mm) also
for dikaryons of Polyporus umbellatus. The
authors suggest that these arise from short out-
growths from clamp cells (Xing and Guo 2008).

Pholiota microspora (nameko) produces
abundant dry oidia from aerial hyphae in
monokaryons and dikaryons and in low quan-

Fig. 12.6 Scanning electron microscope pictures of
aerial mycelium and arthrospores generated in rhexo-
lytic mode from hyphae of the dikaryotic Hypholoma
fasciculare strain 0395. Arrows point to spores separat-

ing from each other by splitting the empty spaces of
parental hyphae in between. Stars mark positions of
clamp cells (Photos were taken by SMB. Photos b, c)
reprinted from Garibova et al. (1986) with permission)
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tities also wet oidia in submerged mycelium
(Arita 1979; Hui et al. 1999a). Aerial oidia are
globular, oval or rod shaped and the average
size in monokaryons is 4.9�1.9 mm and in
dikaryons 5.2�1.7 mm. Spores of both types
of mycelia are mostly uninucleate (about 80 %
of oidia from monokaryons; about 70 % of
oidia from dikaryons), and smaller parts are
binucleate (about 12–15 % in monokaryons;
15–25 % in dikaryons) with the remaining
being polynucleate (up to 6 nuclei per spore).

Dry oidia are hydrophobic, wet oidia are hydrophilic
spores (Kemp 1975). Hui et al. (1999a) show that aerial
hydrophobic oidia of P. microspora are covered by a
rodlet layer, likely of assembled hydrophobins, while
submerged wet oidia miss such layer. Hydrophobins
are short secreted cysteine-rich amphipathic fungal
proteins that assemble on surfaces of aerial cells into
films with an outer hydrophobic side and an inner
hydrophilic side that contacts the cell walls (Wösten
2001; Walser et al. 2003; Linder et al. 2005). Ásgeirsdót-
tir et al. (1997) documented in C. cinerea that the wet
oidia from aerial mycelium miss hydrophobins. The
surfaces of primary cell walls of wet oidia in different
species are covered by fimbria-like proteineous struc-
tures and they are encapsulated in sticky mucilage
(Jurand and Kemp 1972; Castle and Boulianne 1991;
Polak et al. 1997a; Hui et al. 1999a; Kües et al. 2002a;
Dörnte and Kües 2012; Fig. 12.2). There is possibly a
certain tendency that oidia generated by splitting of
undifferentiated hyphae within the mycelium
(Fig. 12.4a–c) are dry and that oidia generated on spe-
cific carrier hyphae (conidiophores, oidiophores;
Fig. 12.4d–f) are wet and assemble in globose mucoid
masses at the tips of the sporophores (Kemp 1975;
Walther et al. 2005; Walther and Weiß 2006, 2008). In
Pholiota squarrosoadiposa, dikaryotic arthroconidia
assemble abundantly in slimy droplets within the aerial
mycelium (Clémençon 2004, 2012) as do spore masses
in mono- and dikaryotic mycelium of Pholiota tubercu-
losa (Walther and Weiß 2008).

About 80 % of aerial oidia on both types of
P. microsporamycelia arise from shorter lateral
branches that developed perpendicular to the
main hyphae and that might have further verti-
cally be branched. Portions of protoplasts sep-
arate in such secondary branches by large
vacuoles, cell walls are formed around the pro-
toplast, and the original hyphal cell wall is
believed to be dissolved (rhexolytic mode of
secession). The other 20 % of spores in aerial
P. microspora mycelia generate sequentially

from the termini of the main vegetative hyphae.
Thereby, a first terminal arthrospore develops
while the tip of the mother hyphae continues to
grow which can lead to acropetal formation of a
second or more oidia. Since such temporary
terminal oidia in P. microspora tend to some-
what swell, they may more specifically be
referred to as aleurioconidia (Arita 1979; Hui
et al. 1999a). Walther et al. (2005) considered
such terminally formed spores as intergrada-
tions between arthrospores and blastoconidia.

Between different Pholiota species, the degree of swel-
lings of such terminal types of spore varies and there
might be further intercalary swollen cells giving rise to
chlamydospores (Table 12.1). Swelling might happen
prior or after septum formation. It can therefore be
difficult to clearly distinguish in these species between
(transitions in) spore types by mode of production and
by morphologic shapes and sizes and in denominations
between simple arthrospores, blastoconidia and chla-
mydospores. Accordingly, different authors in the lit-
erature use different terms for the same type of spores
(Jacobsson 1985; Walther et al. 2005; Walther andWeiß
2008).

Many other Pholiota species (Stropharia-
ceae) undergo similar modes of thallic oidia
production on mono- and dikaryotic mycelia
(for some examples, see Table 12.1), while spe-
cies differ in degree of length and ramification
of the spore-forming hyphae (Reshetnikov
1991; Walther et al. 2005; Walther and Weiß
2008). In some species, for example, Pholiota
jahnii, the sporogenous hyphae are moreover
coiled (Arita 1979; Jacobsson 1985; Walther
et al. 2005; Walther and Weiß 2008). A special
case is represented by monokaryons and dikar-
yons of Pholiota tuberculosa. In this species,
sporogenous hyphae proliferating sympodially
from a short hyphal side branch strongly coil.
Coiled sporogenous hyphae might give in
acropetal manner 2–3 spores which swell prior
to maturation and release. Spores are curved or
irregularly formed of sizes of 6–11.5�2–
3.5 mm. Spores assemble in masses into slimy
drops (Walther and Weiß 2008).

Also in species from other genera in the
Strophariaceae, oidial branches are more dis-
tinct in shape since they enrol in young stage
into loops and intermingle into clews and
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finally result in large clusters of more or less C-
shaped oidia (Brefeld 1889; Walther et al. 2005;
Walther and Weiß 2008). Such types of oidia
have, for instance, been reported from mono-
karyons of Tubaria furfuracea (Ingold 1983)
and from mycelia of Psilocybe coprophila.
While Brodie (1935) observed oidia production
only on P. coprophila monokaryons, other
researchers reported arthrospore formation in
the species from both the monokaryons and the
dikaryons (Gilmore 1926; Reshetnikov 1991;
Walther and Weiß 2006). In this species, single
side hyphae strongly coil up while extending in
length by hyphal tip growth to later split by
rhexolytic mode into a collection of small
groups of interlinked spores and of individual
spores, respectively (Reshetnikov 1991;
Walther andWeiß 2006). More often for arthro-
spore production, oidial hyphae sympodially
branch off from the tip of a short side branch,
coil up and dissect into spores in basipetal
order. Parts of the apex of the side branch
might be included (Reshetnikov 1991). Another
example is represented by monokaryons of Psi-
locybe cyanescens where groups of enrolling
oidial branches arise in sympodial manner
mainly from tips of carrier hyphae within the
aerial mycelium (Fig. 12.5g, h, j) and ball
together (Fig. 12.5i, k). Within oidial branches,
vacuolation, portioning of protoplasm and sep-
tum formation happen (Fig. 12.5h, j, k) for
subsequent rhexolytic fragmentation into smal-
ler groups of spores (Fig. 12.5l, m, o) and finally
into single curved spores of variable lengths
(Fig. 12.5m, o) that assemble in larger clumps
of spores at the tips of the carrier hyphae
(Fig. 12.5i). Arthroconidia in this species seem
to be exclusively formed on the monokaryons
and are not found on dikaryons so far (AG,
unpublished observations). However, produc-
tion of arthrospores on curling oidial branches
of conidiophores has been observed on mono-
and dikaryotic mycelium of Psilocybe merdaria.
Spore-producing hyphae in dikaryons of P.
merdaria have clamp cells, and generated
spores are uninucleate and dry. Septation
within oidial branches is first acropetal and
later more random (Watling 1971; Valenzuela
and Garnica 2000). Valenzuela and Garnica
(2000) believe that the spores in P. merdaria

are released by schizolytic splitting of septa.
According to Watling (1971), oidia formation on
dikaryons in the species is rare as compared to
monokaryons. Psilocybe inquilina and an unde-
fined Psilocybe sp. are reported to sporulate only
on the monokaryons (Walther and Weiß 2006).

Within the Strophariaceae, the thallic mode of conidio-
genesis seems to predominate. Walther and Weiß
(2008) distinguish two basic types of thallic conidiogen-
esis. In mode I, arthroconidia are formed by fragmen-
tation of straight or coiled conidiogenous hyphae that
arise as lateral or terminal branches (mode Ia) or
slightly sympodial (mode Ib). The lateral or terminal
branches in mode 1a are considered as undifferentiated
conidiophores (examples:Hypholoma capnoides, Kueh-
neromyces mutabilis, Pholiota lenta, Stropharia rugo-
soannulata). A slightly sympodial branching pattern in
mode 1b results in a first primitive conidiophore dif-
ferentiation in a sterile stalk and a conidiogenous apical
part (examples: Pholiota lucifera, Psilocybe species). In
mode II, the spore-forming structures are more com-
plex, distinguish by morphology from normal side-
branches, and adopt a clear conidiophore function.
The conidiophores in the more advanced mode II sym-
podially proliferate short branches on their apexes that
develop into single spores or chains of arthroconidia.
The morphological plasticity in spore formation in
mode II species makes it difficult to define the sporula-
tion as (purely) thallic or also blastic spore generation.
Spores will swell and may become coloured (examples:
Pholiota aurivella, Pholiota gummosa, Pholiota squar-
rosa). Note that swollen spores generated by mode II
are sometimes by other authors (e.g. in Martens and
Vandendries 1933; Hübsch 1978) considered as chla-
mydospores (further discussion in Walther and Weiß
2008 and see also Hughes 1953 and Reshetnikov 1991).
The majority of analysed Strophariaceae can be
assigned in asexual sporulation to mode I of arthro-
spore formation while a few species (Pholiota alnicola,
P. tuberculosa; see Sect. II.D) deviate in asexual sporu-
lation from both modes I and II. In most sporulating
species of the Strophariaceae however, arthrospore for-
mation is observed on both, monokaryons and dikar-
yons. Arthrospore release in both modes usually starts
at the apices of oidial branches and continues either
basipetally or random (Walther and Weiß 2008).

Curved mitospores born in spiral chains
have been further described for Panaeolus cam-
panulatus from the Psathyrellaceae (Brefeld
1889; Clémençon 1997) and Simocybe sump-
tuosa from the Inocybaceae (Clémençon 2000,
2004, 2012). In S. sumptosa, thin bean-shaped
spores are born from ends of hyphae or from
short conidiogenous side hyphae. The spores in
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S. sumptosa are binucleate and assemble in the
aerial mycelium of dikaryons into slimy dro-
plets (Clémençon 2000, 2004, 2012), often
together with swollen thick-walled chlamydos-
pores (Clémençon 2000; see Sect. II.E).

B. Production of Arthrospores on Special
Differentiated Sporophores

We apparently see in arthrospore formation
within the Agaricomycetes an increasing
complexity in spore-generating hyphae, from
simple undifferentiated hyphae that are mor-
phologically alike to the standard vegetative
hyphae (Fig. 12.5a, c) over an outgrowth of
simple or slightly modified side branches
that proliferate possibly at distinct places
(Fig. 12.5b) to the generation of primitive
(Fig. 12.5g, h) and also more advanced conidio-
phores, respectively, oidiophores (Fig. 12.5d–f).

Further, the arthrospores themselves may maintain the
width of their generating hyphae (Fig. 12.5a, b, d–o) or
may possibly swell (Fig. 12.5c; Walther et al. 2005;
Walther and Weiß 2008) and they may be curved
from coiling of the sporogenous hyphae (Fig. 12.5l–o).
Walther et al. (2005) discuss these spore features,
schizo- and rhexolytic modes of spore releases as well
as degrees of differentiation of conidiogenous hyphae
and conidiophores in terms of evolution within the
Agaricales. Typically, arthrospores of Agaricaceae may
swell unlike spores of Bolbitiaceae and Psathyrellaceae.
Also other characters in sporulation follow up major
clades in the Agaricales (see also Hibbett and Thorn
2001).

Arthrospores in mono- and in dikaryons of
P. aurivella are in larger numbers produced, in
chains of up to 4–6 spores on distinct structures
formed by short multiply branched side
hyphae. The arthrospores may be cylindrical
(8–13�1.7–2.2 mm), thin-walled and of widths
defined by their conidiogenous hyphae. Slightly
swollen spores are produced from short side
branches in chains of two. Others arise in the
species singly from short single side branches,
swell more strongly, have thick cell walls
(Reshetnikov 1991; Walther and Weiß 2008)
and, depending on authors, are distinguished
as chlamydospores (Martens and Vandendries
1933; Hübsch 1978). If from dikaryons, spores

in P. aurivella are binucleate (Reshetnikov
1982, 1991; Walther and Weiß 2008). Tree-like
structures with a number of conidiogenous
hyphae dissecting into up to 8 thin-walled not
or only slightly swollen arthroconidia occur on
mono- and dikaryons of Pholiota gummosa
(Walther and Weiß 2008). Irregularly branched
complex structures which assemble in heaps up
to 150 spores are reported from monokaryons
of Favolus tenuiculus from the Polyporales. The
terminal arthroconidia are clavate; all others in
subjacent positions are barrel shaped to cylin-
drical (Peterson et al. 1997).

Many Bolbitius and Conocybe species (both
genera from the Bolbitiaceae) produce specific
conidiophores on the aerial vegetative myce-
lium of monokaryons but usually not on dikar-
yons. Conocybe subovalis is an exception of a
species with conidiophores produced also on
the dikaryon. Conidiophores of Bolbitiaceae
are often slender long stalk cells (exception of
short stalks: C. albipes) that may or may not
separate from the hyphal foot cell by septation,
and frequently, they are slightly swollen. In
some species, the stalks are further branched
(Bolbitius vitellinus, Conocybe appendiculata)
or may be further divided into more stalk cells
(Conocybe magnicapitata). Conidiogenous
hyphae proliferate sympodially on the often
swollen and with proceeding branching
enlarged apex of conidiophores. Conidiogen-
ous hyphae often adopt a coiled morphology.
After delimitation of a conidiogenous hypha
from a stalk cell by septa formation, plasma in
the conidiogenous hyphae will be concentrated
into portions and septa will be laid. At first,
septa formation runs in basipetal succession,
but later septation is random and splits already
delimited hyphal segments into two or more
further cells. Conidiogenous hyphae mostly
dissect in rhexolytic mode into in total 4–
8 straight cylindrical or curved arthroconidia.
The unicellular spores are thin-walled and will
not further swell. Released spores in most spe-
cies are mucous and assemble into clumps at
the tips of the conidiophores (Watling 1979;
Walther et al. 2005; Walther and Weiß 2006).

Agrocybe arvalis develops conidiophores of a similar
simple type as Bolbitius and Conocybe species (Walther
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and Weiß 2006) whereas several other Agrocybe species
form abundant arthrospores by fragmentation of undif-
ferentiated mono- and dikaryotic hyphae (see Sect. II.
A). The conidiophores in A. arvalis sympodially prolif-
erate oidial branches which split in rhexolytic mode
into 4–8 spores. In low frequency, such type of con-
idiophores can also be found in mono- and dikaryotic
cultures of A. aegerita as a minor mode of oidia pro-
duction (Walther and Weiß 2006). However, the genus
Agrocybe has recently been excluded from the Bolbitia-
ceae on base of phylogenetic data. Species named in the
genus seem not to be of monophyletic origin and some
species seem to nest in the Strophariaceae (Gulden et al.
2005; Walther et al. 2005; Matheny et al. 2006; Tóth et al.
2013).

A case of advanced conidiophore develop-
ment is presented by the well-studied C.
cinerea. This fungus produces specific oidio-
phores (Figs. 12.5e, 12.7 and 12.8) in the aerial
mycelium of monokaryons and in low fre-
quency on dikaryons. On the tips of the oidio-
phores, short oidial branches (termed oidial
hyphae) bud off to eventually split into two or
rarely also into three or even more distinct
uninucleate oidia (Bensaude 1918; Brodie
1931; Reshetnikov 1991; Gené et al. 1996;
Polak et al. 1997a, 2001; Verweij et al. 1997;

Fig. 12.7 Development of oidiophores of Coprinopsis
cinerea homokaryon AmutBmut with time. In the
images to the left, a young bulge is seen on an aerial
hypha which, during the following 3 h, elongates into a
structure starting to successively produce oidial
hyphae. Two hours later, the first two spores are
released, followed by more within the next 5 h. In the

images to the right, development of a larger oidiophore
with more oidial hyphae and spores can be seen. The
scale bar represents 10 mm (Photos were taken by E.
Polak as described (Polak et al. 1997a). The figure is
reprinted from Fischer and Kües (2006) from the sec-
ond edition of The Mycota Vol. I)
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Kües et al. 2002a; Yoon 2004; Figs. 12.7, 12.8
and 12.9). Oidia formation in C. cinerea
involves aspects of budding (production of the
oidial hyphae) and thallic spore release by
splitting the established oidial hypha into indi-
vidual equally sized cells (Kendrick and
Watling 1979; Watling 1979; Reshetnikov
1991; Polak et al. 1997a).

Oidiophores mainly arise in the aerial mycelium but
oidiophores have occasionally also been observed
submerged within the agar phase in cultures on artifi-
cial medium (Brodie 1931; Polak et al. 2001).

At 37 �C as favoured growth temperature
of the fungus, the whole process of oidiation
takes between 12 and 24 h (Polak et al. 1997a;
Fig. 12.7). Using the self-compatible homokar-
yon AmutBmut (Amut, Bmut), a specific mutant
where oidiation is light dependent by the Amut
defect in the A mating-type locus (Polak et al.
1997a; Kertesz-Chaloupková et al. 1998), it was
possible to document the complete developmen-
tal process on individual structures over the
time. At first, a small lateral bulging appears
from a main hypha that distinguishes in appear-
ance from lateral outgrowths of normal side

Fig. 12.8 Development of oidiophores of Coprinopsis
cinereamonokaryon FA2222 with time. Arrows point to
places of spore-spore and of spore-oidiophore splitting.

Photos were taken by E. Polak as described in Polak
et al. (1997a)
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branches (Polak et al. 1997a; Fig. 12.7, 0 h, the
oidiophore on the left side of the photos). Its base
is broader (3–7 mm) than the width of vegetative
side hyphae (~2–4 mm), and the branching angle
is ~80–85� (Fig. 12.7) and wider as compared to
~70–75� of monokaryotic branches and to ~10–
45 �C of dikaryotic branches (Polak et al. 1997a;
Polak 1999; Kües et al. 2002a). A nucleus within
the parental hyphal cell (now the becoming foot-
cell) will divide, one of the daughter nuclei
migrates laterally into the growing oidiophore,
and a septum is laid to separate the young oidio-
phore from its footcell (Fig. 12.7, 1 h, the oidio-
phore on the left side of the photos). The
oidiophore will further elongate in length and it
tapers with length (Fig. 12.7, 0–3 h; both oidio-
phores). At the apex of a fully grown oidiophore,
short oidial hyphae bud off, one after each other
(Fig. 12.7, 3–10 h; both oidiophores). Consecu-
tive divisions of the nucleus within the oidio-
phore provide each new oidial hypha with a
nucleus. An oidial hypha separates afterwards
by septum formation from the oidiophore,
another nuclear division follows in the oidial
hypha, another septum formation divides it
into two rod-shaped cells of equal length (usu-
ally about 2�4–6 mm in length), and finally the
oidial hypha breaks up into two separate uni-
nucleate hyaline cells (Polak et al. 1997a;
Fig. 12.7, 4–10 h; both oidiophores). These
free oidia will assemble in sticky liquid droplets
at the tip of the oidiophore (Brodie 1931; Polak
et al. 1997a). More oidial hyphae and oidia are
produced over the time until up to 200 spores are
collected at the tip of the oidiophore (Polak
et al. 1997a). The processes on oidiophores of
monokaryons are alike (Fig. 12.8). The ‘wet’
oidia of C. cinerea are strongly hydrophilic,
and by their surrounding gelatinous layer,
they are also sticky (Brodie 1931; Kemp 1975;
Reshetnikov 1991; Guarro et al. 1992; Polak
et al. 1997a, b). Due to the spore-containing
liquid droplets, aerial mycelium of sporulating
cultures appears as if speckled with dewdrops
(Brodie 1931; Polak et al. 1997a; Kües et al.
1998a, 2002a).

Reshetnikov (1991) and Yoon (2004) observed stages in
oidiation of a normal monokaryon of C. cinerea and
reported similar observations to those of Polak et al.
(1997a, 2001) on the self-compatible homokaryon

AmutBmut and various monokaryons, respectively.
According to Yoon (2004), splitting of terminal and
intercalary oidia might not be simultaneous and the
upper oidium might be released prior to the lower
one. The order of events over the time on different
oidial hyphae shown in Fig. 12.8 suggests this can be
the case but that it also does not always occur in that
order, consistent with observations by Guarro et al.
(1992). As a special addition, Yoon (2004) report out-
growth of oidiophores also from multi-fold coiled
hyphae (hyphal loops). Such loop structures are
encountered in many related species but their function
remains elusive (Badalyan et al. 2011b).

Brodie (1931) and Walther et al. (2005)
state that oidia release in C. cinerea is rhexoly-
tic. In contrast, Yoon (2004) compared the
dissection of oidial hyphae into individual
spores to schizolysis in cell divisions in the
ascomycetous fission yeast Schizosaccharo-
myces pombe. Polak concluded that septa are
laid in between mitotically dividing nuclei
in a shared protoplast and that the mode of
spore release is schizolytic by septum splitting.
Electron microscope pictures were taken as
support for the view on a schizolytic mode of
separation of oidial hyphae into individual
spores. Different from the double-layered
spore side walls, the sides of the splits have
only a single cell wall layer as is expected for
schizolysis through double-layered septa
(Polak et al. 1997a; Polak 1999; see also the
model of schizolytic secession as presented in
Walther et al. 2005). Spores coming from the
apex of oidial hyphae have only one flat side
with a single-layered cell wall as consequence of
spore separation. Other spores have two flat
sides with a single-layered cell wall, owing to
splitting between spores within the oidial
hyphae and to splitting from the oidiophore
(Fig. 12.2; Heintz and Niederpruem 1970,
1971; Guarro et al. 1992; Polak et al. 1997a;
Kües et al. 2002a; Yoon 2004; Dörnte and Kües
2012). The flat ends with the single-layered cell
walls will be used for oidia germination (Brodie
1931; Heintz and Niederpruem 1971).

Polak et al. (1997a) noted as first step towards spore
delimitation only single septa being laid between oidial
hyphae and the stalk and between becoming spores
within oidial hyphae that split according to the interpre-
tation of the authors into two individual single-layered
cell walls during the process of spore release. Brodie
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(1931) however describes appearance of a single fine line
at first at places of later spore splitting but does not
further comment on the observed fine lines in his con-
cluding process descriptions and leaves open what hap-
pens to them in later development. He summarizes as
events in the process of oidiation 1. the division of
protoplasm into two (or more) separate masses, 2.
shrinking or condensation of the protoplasmic masses
with the formation of gaps in between, 3. the develop-
ment of a wall at the ends of portions of shrunken
protoplasm and 4. the dissolution of the wall of the
oidial hyphae in between the two new cells.

How do the single fine lines of Brodie (1931) relate
to the single septa mentioned by Polak et al. (1997a)?
Figure 12.9 shows the head of a young oidiophore of
strain AmutBmut with four oidial hyphae (numbered
here 1–4 from left to right in the photos) at different
stages of development. One is at the state of mitosis
with the nucleus not yet separated into two daughter
nuclei (no. 2). The other three oidial hyphae have all
two nuclei. One of these seems to have across the
middle a single septum positioned seen as a fine line
(no. 1) and the protoplasts in the lower and upper parts
of the oidial hyphae appear to have shrunken. Another
one seems to have started splitting into two completed
spores with a clearly recognisable gap in between (no.
3). The fourth one has not yet a septum but apparently
two separated portions of protoplasm with a gap in
between (no. 4). Thus, details in this figure support
specific observations made by Polak et al. (1997a) and
made by Brodie (1931) while the process may need
further attention for clarification in future studies.

Walther et al. (2005) present three submodes of
rhexolytic splitting for spore release. In the 1st sub-
mode, portions of contracted protoplasts are each
delimited by individual double-layered septa and
splitting of spores occurs in hyphal gaps in between.
In the 2nd submode, a septum is formed before plasma
contraction. Upon subsequent shrinkage of the proto-
plasts, secondary septa are laid and spores split some-
where in between in the protoplasma-free hyphal zones.
In the 3rd submode, single septa are formed between
portions of protoplasm and every second cellular seg-
ment will be lost as place of rhexolytic splitting. Neither
of these three descriptions appear to fit all the observed
situations in C. cinerea and they would not explain why
the C. cinerea spores at their flat ends possess only a
single cell wall layer as shown in Fig. 12.2. In Ingold’s
model of rhexolytic hyphal dissection however, cross-
walls between portions of protoplasm separated within
hyphae by empty spaces are presented only single-
layered (Ingold 1980) and this could explain the cyto-
logical observations on oidia in C. cinerea.

Oidiophores in C. cinerea are persistent and
will not dissociate themselves into spores. A
simple oidiophore in C. cinerea (known also
as anamorph Hormographiella aspergillata)
consists of just one single stem cell (type 1

oidiophores; the oidiophore on the left side of
the photos in Fig. 12.7; e.g. the upward growing
oidiophores in Fig. 12.8) and measures about
20–30 mm in length (Brodie 1931; Reshetnikov

Fig. 12.9 Oidiophore ofCoprinopsis cinereahomokaryon
AmutBmut stained with DAPI (40,6-diamidin-2-pheny-
lindol). Positive light microscopy photo after image edit-
ing: from left to right with the contrast enhanced and
brightness reduced (1st row), positive light microscopy
photo with 100 % contrast and slight changes in bright-
ness (2nd row), negative light microscopy photo (inverse
grey scale) with increasing contrast and reduced bright-
ness (3rd row), positive photo of DAPI staining under
different brightness (4th row), positive photo of DAPI-
stained nuclei under reduced brightness and enhanced
contrast (5th row), and negative photo of DAPI-stained
nuclei (inverse grey scale) with increasing contrast and
brightness (6th row). Arrows mark positions of septum
formation and protoplast partitions (Original photos
taken by E. Polak as described (Polak et al. 1997a))
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1991; Gené et al. 1996; Polak et al. 1997a; Ver-
weij et al. 1997). However, oidiophores divided
by two or three stem cells exist with one, two or
rarely also more side branches (type 2A oidio-
phores; Fig. 12.5e) that all will produce oidia at
their apical ends (Reshetnikov 1991; Guarro
et al. 1992; Polak et al. 2001; Yoon 2004).
Some oidiophores produce oidial hyphae also
from short lateral bulges on subapical stem
cells (type 2B oidiophores; Fig. 12.7, the oidio-
phore on the right side of photos); others have
only a stunted stem cell (type 3 oidiophores). In
other instances, no stem cells are produced and
oidial hyphae bud off directly from a vegetative
hypha, singly (type 4A oidiophores; the down-
wards growing oidiophore in the middle of the
photos shown in Fig. 12.8) or in groups (type 4B
oidiophores; the downwards growing oidio-
phore on the right side of the photos in
Fig. 12.8), (Reshetnikov 1991; Polak et al.
2001; Kües et al. 2002a; Badalyan et al. 2011a).
While oidial hyphae generated on tips of oidio-
phores usually split up into only two spores
(Reshetnikov 1991; Polak et al. 1997a, 2001;
Yoon 2004), oidial hyphae generated directly
at a vegetative hypha can give 2, 3, 4 or more
spores (Polak et al. 2001; Kües et al. 2002a;
Badalyan et al. 2011a; see oidial hyphae at the
lower left side in Fig. 12.8). Analysis of more
than 20 different strains revealed that each
strain usually forms all types of oidiophores,
but the frequencies per type differ between the
strains. Usually, there is a preference in each
strain for one or two types of oidiophores
(Polak et al. 2001).

The most abundant branching pattern of emergence of
oidial hyphae at tips of oidiophore stem cells results in
an umbel-like appearance (Figs. 12.5e, 12.7, 12.8, and
12.9). In rare cases, oidial hyphae at tips of oidiophores
branch themselves prior to splitting up into individual
spores which gives a panicle-like appearance. When
oidial hyphae bud off in line one behind the other at
only one side of an oidiophore, the appearance is cyme-
like (Reshetnikov 1991; Polak et al. 2001). Further var-
iations are encountered in sizes of oidia. Although oidia
in most strains measure 2�4–6 mm, there can be higher
variation in length (Brodie 1931; Polak et al. 1997a,
2001). Regardless of whether formed on monokaryons
or on dikaryons, oidia are nearly exclusively uninucle-
ate (Bensaude 1918; Brodie 1931; Hollenstein 1997;

Polak et al. 1997a, 2001). Oidiophores on dikaryons
can occur on cells with clamp cells at both ends (Kües
2000; Badalyan et al. 2011a).

Hormographiella-type of oidiophores char-
acterise monokaryons of species within the
family of Psathyrellaceae (Walther et al. 2005;
Badalyan et al. 2011a). Oidiophores of Hormo-
graphiella-types have been reported for
Coprinellus domesticus (identified as Hormo-
graphiella verticillata), Coprinellus ellisii
(Fig. 12.5d) and Coprinellus aff. radians
(Fig. 12.5f), Coprinellus aff. xanthothrix and a
yet unknown species termed as anamorph Hor-
mographiella candelabrata (Guarro et al. 1992;
Gené et al. 1996; Cáceres et al. 2006; Badalyan
et al. 2011a). The complexity of oidiophores
differs between the species. C. domesticus and
C. aff. xanthothrix form multiple dense clusters
of oidial hyphae, either directly on cells of little
branched parental hyphae or on very short
stalks that may or may not deliminate from
the parental hyphae by a septum (Reshetnikov
1991; Guarro et al. 1992; Cáceres et al. 2006;
Badalyan et al. 2011a). These two species
resemble in branching pattern to a certain
degree the simple types 3, 4A and 4B oidio-
phores defined by Polak for C. cinerea (Polak
et al. 1997a; Cáceres et al. 2006; Badalyan et al.
2011a). Similarly, Coprinellus congregatus,
Coprinellus hiascens and Coprinellus sassii pro-
duce also tufts of oidia on shortest stalks
(Watling 1979).

Two distinct types of ITS sequences are given in NCBI
(http://www.ncbi.nlm.nih.gov/) for the species C.
domesticus (HQ847052 for strain SZMC-NL 1292;
KP132301 for strain CNRMA10.949 linked as a barcode
of the species to the International Society of Human
and Animal Mycology (ISHAM)-ITS-reference barcod-
ing database; Irinyi et al. 2015). The two sequences
share only a level of 96 % identity, strongly supporting
that these come from two distinct species. The sequence
of the Hormographiella verticillata voucher strain
(AY663836) of the large ribosomal RNA gene is to
99 % identical to that of strain SZMC-NL-1292
(HQ847132) that in course of delimitation of species
within the genus Coprinellus has been renamed to
Coprinellus aff. xanthothrix (Nagy et al. 2012). The
strain C482 (EU168106) identified by Naumann et al.
(2007) on base of 100 % sequence identity to AF361228
as Coprinellus xanthothrix and described by Badalyan
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et al. (2011a) to produce oidia in C. domesticus similar
manner shares 99 % sequence identity in the ITS region
with KP132301. Consequently to current understand-
ing, C482 should possibly be renamed as C. domesticus.
Nevertheless of the vice versa exchange of species attri-
bution, there are still two closely related species with
H. verticillata type of oidiophores (Cáceres et al. 2006).

Oidiophores in C. ellisii and C. aff. radians
in contrast are much more branched into tree-
like structures (Guarro et al. 1992; Cáceres et al.
2006; Badalyan et al. 2011a; Fig. 12.5d, f). Their
branching resembles in part the more complex
type 2A oidiophores of C. cinerea (Polak et al.
1997a; Kües et al. 2002a; Badalyan et al. 2011a).
However, compared to C. cinerea, less oidia are
produced per oidiophore tip cell in the Copri-
nellus species, and every oidial hypha results
usually only in one single spore (Reshetnikov
1991; Guarro et al. 1992; Cáceres et al. 2006;
Badalyan et al. 2011a), whereas C. cinerea and
H. candelabrata split oidial hyphae mostly into
two (Polak et al. 1997a, 2001) and 2–7 arthro-
spores, respectively (Guarro et al. 1992).
Whether the number of spores generated per
oidial hyphae will be a taxonomic character to
distinguish the genera Coprinellus and Copri-
nopsis needs further study. However, drawings
of Coprinellus ephemerus, Coprinellus callinus,
Coprinellus subimpatiens and Coprinellus sub-
disseminatus show all oidiophores with oidial
hyphae dividing into 2 or 3 spores (Nichols
1904; Clémençon 1997). In Coprinopsis verticil-
lata, oidiophores arise in high densities on
swollen clubbed ends of thin hyphae with very
short stalks that produce 1–3 oidial hyphae
each at the upper tips which fall apart into
probably 2 or also 3 individual spores. Released
spores are collected in large slimy masses at the
hyphal ends (Thielke 1984). Unlike C. cinerea
and C. verticillata, oidia in C. domesticus and in
H. candelabrata are dry and do not collect in
slimy conidial heads (Guarro et al. 1992).

Species in the genus Psathyrella also have
oidiophores of the Hormographiella-type
(Kühner 1978). Psathyrella candolleana
(Reshetnikov 1991), Psathyrella corrugis
(Walther et al. 2005) and Psathyrella spadiceo-
grisea (Brefeld 1889) have all short stalks and
their oidial hyphae split mostly into 2 oidia.
Oidia of P. coprophila are wet and assemble in

slimy heads within the aerial mycelium of
monokaryons (Brefeld 1889; Kendrick and
Watling 1979; Jurand and Kemp 1972; Kemp
1975).

Different from the coprinoid species belonging to the
Psathyrellaceae, a desert coprinoid species Coprinus
xerophilus from the Agaricaceae (Keirle et al. 2004) is
homothallic and produces on clamped mycelium
chains of multiple binucleate rod-shaped oidia
(5–15 mm long), by segmentation of upright growing
aerial hyphae that occasionally might be branched. The
oidia germinate at one or both ends to give rise to a
clamped mycelium (Barnett 1945). Although arthros-
pores are not observed in the type species of the genus,
C. comatus,C. sterquilinus as another species of the genus
might also produce arthroconidia (Kemp 1977).

C. Arthrospore Production in Conidiomata

Coremia of P. cystidiosus, Pleurotus smithii,
Pleurotus australis and allies may occur on
stipes, caps and lamellae of fruiting bodies,
respectively (Buchalo 1988; Guzmán et al.
1991; Clémençon 1997, 2004, 2012; Segedin
et al. 1995; Peterson et al. 1997; Zervakis
1998), and also on mono- and on dikaryotic
mycelia in culture (e.g. Buchalo 1988; Guzmán
et al. 1991; Petersen 1992; Capelari 1999; Esser
2000; Truong et al. 2006; Clémençon 2004,
2012). The coremia are bundles of parallel
growing erected hyphae (forming a prosen-
chyma) that together form a stalk and that
release large numbers of chains of brown-
coloured arthroconidia (12–20�4–7 mm) from
the upper hyphal tips into a mucous liquid at
the loosened apex of the coremia (the capitel-
lum) which by the masses of spores results in
shiny black heads. Apical hyphal cells some-
what swell to become ovoid to subcylindrical
in shape upon spore maturation. Arthroconidia
are produced basipetally by sequential schizo-
lytic secession of apical hyphal cells (Šašek et al.
1986; Stalpers et al. 1991; Capelari 1999;
Walther et al. 2005; Truong et al. 2006; Clém-
ençon 2012). For spore release, the parental cell
starts to circumferentially break at the place of
a hyphal septum, while the septa centripetally
split and the ends of the spores round up,
including in clamped dikaryotic cells the
respective portions of the clamps. Formation
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of a conidial cell wall initiates at the doliporus.
The doliporus degenerates and the pore
between two cells will be fully closed by a conid-
ial cell wall (Moore 1977; Clémençon 2012).
While the cell wall of the parental hypha
becomes gelatinous, the mature brown spores
have double-layered conidial cell walls with an
outer layer being fibrous and smooth and an
inner thickened layer with pore-like channels
as the principal cell wall (Moore 1977; Stalpers
et al. 1991). Since the spores swell during devel-
opment and have a thickened cell wall, Clémen-
çon (2012) refers to them as chlamydospores
rather than as arthroconidia as it is more com-
mon in literature. After release of spores, con-
idiogenous hyphae within the coremia continue
to grow for further spore production (Moore
1977; Truong et al. 2006). An average coremium
may contain 20,000 conidiogenous hyphae.
Every hypha may produce 20 spores per day,
up to 20 days (Truong et al. 2006; Clémençon
2012). Dikaryotic mycelia exclusively produce
dikaryotic arthrospores from clamped conidio-
genous hyphae, and monokaryotic mycelia pro-
duce uninucleate spores from clampless hyphae.
Moisture is required at the capitellum for spore
production and an unknown signal component
released by the fungus into the mucous liquid.
Light is an environmental signal required for
induction of coremia formation (Truong et al.
2006).

Very similar as in Pleurotus species, arthro-
conidia form in synnemata of A. macrocarpa
basipetally on diverged clamped hyphae in the
capitellum, round up and stain brownish-black,
while in addition blastoconidia arise on denti-
cles on hyphae of the synnemata stipe (Stalpers
et al. 1991). Synnemata on stipes of D. racemosa
produce masses of slimy hyaline arthroconidia
at terminal ends of clamped divergently branch-
ing hyphae. Arthroconidia are at first angular
but will become with time ellipsoidal to cylindri-
cal, and they can have remnants of clamp con-
nections (Watling 1979; Stalpers et al. 1991;
Clémençon 1997, 2004, 2012). Hydnoid spines
and cushions with clamped hyphae breaking
up into arthrospores have been described as
conidiomata on wood samples for the tropic
species Echinoporia hydnophora (Clémençon
1997, 2004, 2012). Analysis of sporodochia of
Termitomyces species taken from termitaria

(nests of termites) revealed chains of a few
arthrospores produced in basipetal succession
on distinct long undifferentiated conidiogenous
hyphae. Chains of arthroconidia may be sympo-
dially branched (Botha and Eicker 1991).

D. Blastic Sporogenesis

Blastoconidia arise by budding from parental
cells, either from undifferentiated hyphal cells,
often on short thin sterigma-like denticles (a
small tooth-like projection on which a spore is
born), or also from specific sporophores (Stal-
pers 1988; Fig. 12.10). Some of such spores are
thin-walled, while others may strengthen their
cell walls and the morphological transition to
thick-walled blastocysts as special subgroup of
chlamydospores can be fluent (Clémençon
1997, 2004, 2012; Walther et al. 2005; see also
Sect. II.E). An important cytological distinction
between obvious blastospores (whether thin-
walled or with thickened cell walls) and blasto-
cysts in the sense of chlamydospores however
concerns the origin of the spore nuclei. Blasto-
spores obtain a daughter nucleus after mitosis
in the conidiogenous cell unlike blastocysts that
take over the resident nuclei from the mother
cells (Clémençon 1997, 2000, 2012).

Blastic sporulation appears to be more
common in early lines of Basidiomycetes than
in the Agaricomycetes where strict blastic co-
nidiogenesis is possibly seldom (Kendrick and
Watling 1979). The rare examples documented
in the Agaricales include Gymnopilus junonius
with thick-walled single blastoconidia born on
short sterigmata on undifferentiated hyphae
(Walther et al. 2005), Hohenbuehelia and
related anamorphic Nematoctonus species that
form on denticles singular cone-shaped conidia
for passive distribution (Drechsler 1941, 1946,
1949; Cooke and Godfrey 1964; Giuma and
Cooke 1972; Thorn and Barron 1986; Reshetni-
kov 1991; Koziak et al. 2007a) and Laccaria
laccata which produces terminal and interca-
lary solitary spherical smooth hyaline spores
(7 mm Ø) on 5–8 mm long sterigmata born on
clamped cells (Pantidou et al. 1983) which
according to Walther et al. (2005) might how-
ever be non-germinable secretory cells. All
these species follow the simple Galzinia-type
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Fig. 12.10 Conidiophores and blastospores of Hetero-
basidion irregulare homokaryon TC32-1, a reference
strain with an established genome sequence (Olson
et al. 2012). (a, b) Conidiophores with spores still
attached, and (c, d) conidiophores with mace-like
appearance after spores broke off from their sterig-

mata. (e, f) Mature and germinated blastospores. The
strain was grown on MEA at room temperature (Photos
in (a, b) were taken without cover slip, photos in (c, d)
with cover slip, using a 40� objective. For photos in (e,
f) a 100� objective was used. All photos were taken by
BD)
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of blastospore formation on denticles, singular
or in tufts, on morphologically undifferentiated
hyphal cells, as described first for monokaryo-
tic and dikaryotic mycelia of Galzinia incru-
stans from the Corticales. Blastospore
formation in G. incrustans starts with a small
peg that extends into a tube, the end of which
blows up into the spore. The spore separates
from the denticle by cell wall formation and
splitting. Denticles in dikaryons may form on
clamp cells. Over 80 % of blastoconidia from a
dikaryon are binucleate and germinate into a
dikaryon, whereas >10 % are monokaryotic
and the rest is trinucleate (Nobles 1937; Clémen-
çon 1997, 2000, 2012). Corticum botryosum,
Botryobasidium conspersum and otherBotryoba-
sidiaceae also produce single blastoconidia on
denticles, whereas blastoconidia in Hypochnus
coronatus and in Botryobasidium simile arise in
long chains of inflated spores without denticles
(Hughes 1953; Clémençon 1997, 2004, 2012).

Other species appoint distinct conidio-
phores for blastoconidia production (Stalpers
1978, 1988). In Clavaria quisquiliaris, a first
blastoconidium is generated at the apex of a
conidiogenous hyphal tip. Subsequently, the
next conidium initiates by lateral budding
underneath the first spore. With increase in
spore size, the new spore stretches in position
into the axis of the conidiogenous hypha, while
the first spore is pushed away. Another side-
ward budding can follow (Clémençon 1997,
2004). In the same manner, blastospores of
Baeospora myosura appear sympodially on dif-
ferentiated sporophores and secede schizolyti-
cally (Kendrick and Watling 1979; Walther
et al. 2005). Also in the same manner as in C.
quiquiliaris, holoblastic conidia are generated
on tip cells of conidiophores in Typhula incar-
nata (Remsberg 1940; Metzler 1987a) and
Typhula graminum (Olariaga et al. 2008).

Mitospores produced on Typhula trifolii monokaryons
in contrast have been described as oidia (3.6�0.8 mm)
born in clusters of single spores on tips of very short
and thin sidebranches (Noble 1937).

Uninucleate blastoconidia arise sympodially
from conidiophores that grow out from hyphal
cells or from clamps of dikaryotic mycelia of
Hydnum raduloides. Only a single nucleus

migrates from a parental dikaryotic cell into a
conidiophore (Maxwell 1954). Fistulina hepatica
also has a blastic mode of mitotic spore forma-
tion. Spores are generated at random, in seem-
ingly retrogressive sequence or in dense clusters
at the tips of conidiophores. Some immature
blastoconidia at lowest position may grow out
into further conidiogenous branches on which
then more spores are formed. Cell walls of the
round inflated blastospores may thicken, even
to degrees as expected to be found for thick-
walled chlamydospores (Stalpers and Vlug
1983; Buchalo 1988; Buchalo et al. 1985,
2011b). Clavaria micans is special since it is
one of the very few known cases in Agaricomy-
cetes with anneloconidia. Its mitospores bud off
one after the other from a tip of conidiophore,
each leaving behind a collar-like ring on the
conidiogenous cell at the place of spore libera-
tion (Koske and Perrin 1971; Clémençon 1997,
2000, 2012).

Eye-catching are species of the Russulales
with Spiniger-types of conidiophores (Stalpers
1974; Kendrick and Watling 1979; Fig. 12.10).
Corticium effuscatum (Nobles 1942), Hypho-
derma mutatum (Nobles 1935), Hyphoderma
populneum, Bondarzewia berkeleyi, Paullicorti-
cium curiosum (Stalpers 1974), Dichostereum
effuscatum (Clémençon 1997, 2004, 2012),
Dichostereum granulosum, Laurilia sulcata
and Resinicium furfuraceum (Maxwell 1954)
have such types of conidiophores. The best
described case of blastic sporogenesis on Spini-
ger-type conidiophores concerns however H.
annosum s.l. (Brefeld 1889; Stalpers 1974;
Fig. 12.10). Spiniger conidiophores are abun-
dantly generated on homokaryotic and hetero-
karyotic mycelia of Heterobasidion species
(Brefeld 1889; Stalpers 1974, 1978; Korhonen
and Stenlid 1998; Tokuda et al. 2009; Paul
et al. 2012). The club-like conidiophores are
long erect aerial hyphae of variable lengths
(up to 300 mm; Tokuda et al. 2009; Paul et al.
2012) with an inflated vesicle at the top on
which multiple denticles arise (Greig 1998;
Fig. 12.10a–d), each of which produces a single
ovoid to pyriform smooth blastospore
(Fig. 12.10a, b, e, f). Conidiophores might
arise singly as unbranched structure or they
might carry at the upper ends short side
branches ending in inflated vesicles producing
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also blastospores on short denticles. Multiple
conidiophores can also group into brush-like
conidiomes (Brefeld 1889). Blastospores are of
similar sizes (about 4.5–8.0�3.0–6.0 mm) than
the encrusted basidiospores but have smooth
surfaces (Stalpers 1974; Korhonen and Stenlid
1998; Tokuda et al. 2009; Paul et al. 2012). They
may have only one nucleus but usually carry
two or more nuclei. When coming from a het-
erokaryon, they can be either homokaryotic or
heterokaryotic (Griffin and Wilson 1967; Ahr-
berg 1975; Stenlid 1985; Hsiang et al. 1988;
Korhonen and Stenlid 1998). Spore populations
from heterokaryons can in statistical random
manner roughly divide into 25 % of one mating
type, 25 % of the other mating type and 50 % of
heterokaryotic cells (Hsiang et al. 1988), but
large variations between different strains have
been reported including preferences for recov-
ery of spores of only one distinct mating type
(Ramsdale and Rayner 1994, 1996; James et al.
2008, 2009).

Nobles (1935) reported for H. mutatum that one
nucleus migrates into vesicles of conidiophores of
homokaryons and a pair of nuclei into vesicles of con-
idiophores of heterokaryons. Several mitoses follow to
give 16 or more nuclei that will individually migrate
through denticles into the blastospores. Accordingly, in
this species all blastospores will be uninucleate.

E. Chlamydospore Production

Thick-walled swollen chlamydospores are
broadly distributed types of asexual spores in
the Agaricomycetes (Nobles 1948; Stalpers
1978; Kendrick and Watling 1979; Buchalo
1988; Buchalo et al. 2009; Reshetnikov 1991;
Clémençon 1997, 2004, 2012; Fig. 12.3;
Table 12.1) although Watling (1979) and
Walther et al. (2005) reckon that in the Agar-
icales arthrospores are the most prominent
types of mitospores.

Often, chlamydospores are intercalarily
produced within existing hyphae, singly in
hyphal cells or also in chains over the length
of a hypha (Fig. 12.3a–i), but there are also
terminally produced thick-walled swollen soli-
tary spores (Kendrick and Watling 1979;
Figs. 12.3j–l; 12.11) or single swollen chlamy-

dospores or short chains of 2 or 3 swollen cells
arising from conversion of very short side
branches (Fig. 12.3m). Terminal chlamydo-
spores by some authors are distinguished as
aleuria or aleuriospores (Barron 1968; Clémen-
çon 1997, 2004, 2012), whereas others reject this
term as confusing and obsolete (Kendrick and
Watling 1979; Kirk et al. 2008). Another sub-
type of chlamydospores is presented by blasto-
cysts (blastic chlamydospores) born from
hyphal cells by budding, transfer of the whole
cell content including the residing nuclei (with-
out extra mitosis) from the mother cell into the
bud, swell growth and subsequent cell wall
strengthening (Clémençon 1997, 2004, 2012).
Cytological descriptions of chlamydospores
and even more their modes of production in
most species tend to be poor (Kendrick and
Watling 1979; Reshetnikov 1991). Typically,
there are no special mechanisms for release of
chlamydospores from the mycelium, unlike for
other mitospores that are liberated by breaking
off from the parental mycelium in rhexolytic or
schizolytic secessions. Chlamydospores in con-
trast may stay within their hyphae until these
degenerate with time.

Chlamydospores were first apparent in his-
tory on fruiting bodies of the mycoparasite A.
lycoperdoides and A. parasitica where pileus tis-
sues and gill trama, respectively, are converted

Fig. 12.11 Scanning electron microscope picture of a
terminal chlamydospore of Hypholoma fasciculare
dikaryon 0395 (Photo taken by SMB. Reprinted from
Garibova et al. (1986) with permission)
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into chlamydospores. Similar chlamydospores
can be produced in cultures of these homothallic
species, as single spores on hyphae that possess
clamp cells (Brefeld 1889; Buller 1924; Thomp-
son 1936; Watling 1979; Koller and Jahrmann
1985). The chlamydospores are binucleate and
contain glycogen granules and lipid droplets
(Brefeld 1889; Clémençon 1997, 2004, 2012) and
will germinate into clamped mycelia (Buller
1924). The process of chlamydospore production
involves the steps of swelling of the mother cell
with stretching of its cell wall, cytoplasm con-
densation, secretion of lipids and production of
the thickened inner spore cell wall. Mature chla-
mydospores thus are covered by two cell wall
layers, by the outer wall of the mother cell (the
‘mantle’) and by the inner thickened wall formed
during spore production (Watling 1979; Clém-
ençon 1997, 2004, 2012). Chlamydospores of A.
parasitica have a smooth surface (Redhead et al.
1994; Clémençon 1997, 2004, 2012). The stellate
chlamydospores of A. lycoperdoides in contrast
have characteristic blunt projections irregularly
distributed over the spore surface (Koller and
Jahrmann 1985; Redhead et al. 1994). These pro-
jections originate from upfolding of the hyphal
cell wall during swelling of the clamped mother
cell which happens prior to the cytoplasm con-
densation (Clémençon 1997, 2004, 2012). A stel-
late form of chlamydospores as in A.
lycoperdoides is rare and further only known
from a few other species including Tomophagus
colossus (Stalpers 1978; Adaskaveg and Gilbert-
son 1989; Parihar et al. 2013), Lepista flaccida
(Clémençon 2003) and Sarcodon imbricatus
(Agerer 1991). Stellate chlamydospores of L. flac-
cida arise in swollen dikaryotic hyphae with
granular content in a similar mode as described
for A. lycoperdoides. The resulting thick-walled
spores are binucleate (Clémençon 2003).

Chlamydospores as apical and/or interca-
lary elements were observed in the pileipellis
and pileitrama of fruiting bodies of species
from various orders of Agaricomycetes. Exam-
ples are Albatrellus ellisii, Albatrellus flettii,
Antrodia pulverulenta, Boletus chlamydo-
sporus, Botryobasidium baicalinum, Crinipellis
pedemontana, Ganoderma subamboinense and
other Ganoderma species, Inonotus rickii, Ino-
notus nidus-pici, Lentinellus species, T. colossus
and Squamanita species (Reshetnikov 1991;

Segedin 1996; Gottlieb et al. 2002; Hong and
Jung 2004; Petersen and Hughes 2004; Plątek
and Cabała 2005; Albee-Scott 2007; Kotiranta
and Ryvarden 2007; Vizzini et al. 2007;
Douanla-Meli and Langer 2009; Dai et al. 2010;
Parihar et al. 2013; Spirin et al. 2013). The
Inonotus species give rise to normal basidiomes
with hymenia and in addition to imperfect
fruiting-body-like hymenium-less assemblies
that are semi-spherical or cushion-like, soft
and fleshy at first and that with age disintegrate
into a mass of globose to ovoid golden-brown
chlamydospores (Barnard 1993; Gottlieb et al.
2002; Melo et al. 2002; Plątek and Cabała 2005;
Annesi et al. 2010) which also form in chains
(1–20�8–12.5 mm) in cultures on clampless
hyphae (Davidson et al. 1942; Stalpers 1978,
2000; Gottlieb et al. 2002; Ramos et al. 2008).
Verrucous chlamydospores are typically found
in the context of fruiting bodies of Postia brun-
nea, Postia ptychogaster, Postia renneyi and
Postia stellifera sp. nov., whereas chlamydo-
spores in cultures of these species are smooth
except in P. stellifera (Ryvarden and Gilbertson
1994; Rajchenberg and Buchanan 1996; Stalpers
2000; Hattori et al. 2010). Thick-walled blasto-
sporal structures on denticles, interstages between
blastoconidia and thick-walled chlamydospores,
arise in Hemimycena conidiogena fruiting bodies
on the surface of the stipes (Moreau et al. 2005).

Chlamydospores within fruiting bodies can have simi-
lar morphologies and ornamentations as basidiospores
(Albee-Scott 2007). In addition to the verrucose meiotic
basidiospores, secondary apomitic spores (9–11�6–
8 mm) occur in conks of Ganoderma species. These
thick-walled chlamydospores of Ganoderma are known
under a specific name gasterospores. They are ovoid with
truncated apex, brown, verrucose, and double-
walled with a hyaline epispore and can be of alike
appearance of the basidiospores or sometimes also of
more simple look (Banerjee and Sarkar 1959; Steyaert
1972, 1980). Gasterospores arise terminally on peg-like
protrusions on thick-walled, hyaline or brown-colored
hyphae (Banerjee and Sarkar 1959). As another special
case, Ingold (1988) reports for Marasmius oreades that
round chlamydospores arise as single secondary spore
type within germinating basidiospores and in inflating
germtubes when required nutrients are too few for
further mycelial growth. Similar observations exist for
F. fomentarius (Mukhin and Votintseva 2002).

Chlamydospores of mycoparasitic Squama-
nita species generate as transformations of
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clamped hyphal mother cells in galls formed
from parasitised fruiting bodies of other basid-
iomycetous species. Species distinguish in
spore surfaces. Squamanita contortipes has
rugose walls, Squamanita pearsonii pitted
walls and Squamanita paradoxa smooth sur-
faces (Redhead et al. 1994).

Chlamydospores have moreover been
detected in nature as dense mats on the ecto-
mycorrhizal mantle of Hydnellum peckii (inter-
calarily or subterminal produced warty spores,
11–13 mm in Ø) and on the mantle of Hydnel-
lum caeruleum (single-walled, spherical to
ellipsoid smooth spores) and on rhizomorphs
of Phellodon niger (terminally or mostly inter-
calarily formed round smooth endospores, 8–
10 mm in Ø), S. imbricatus (intercalarily pro-
duced in thin-walled, easily collapsing hyphae
as solitary stellate dark-brown endospores with
hollow warts, 3–5 mm in Ø with 3–5 mm long
outgrowths), Boletopsis leucomelaena (formed
in oidia-like cells), Bankera fuligineoalba and
other ectomycorrhizal Bankeraceae (Danielson
1983; Agerer 1991, 1992, 1993, 2006; Kernaghan
2001). An example with chlamydospores on
rhizomorphs from the ectomycorrhizal Entolo-
mataceae is Entoloma clypeatum f. hybridum
(Kobayashi and Yamada 2003). Tricholoma
species form terminal chlamydospore-like
round thick-walled swellings on hyphae on
mycorrhizal root tips (Gill et al. 1999; Yamada
et al. 1999). Chlamydospores of Tricholoma
bakamatsutake were observed on the surface
of shiro (mycelial blocks in soil from which
fruiting body development starts; Terashima
et al. 1993) and of Tricholoma matsutake within
the root cortex of artificially infested Pinus spe-
cies (Yun et al. 1997). Similar structures are
known from laboratory cultures of distinct Tri-
choloma species (Shimazono 1979).

Masses of smooth thick-walled chlamydos-
pores are generated by the endophytic root
coloniser P. indica in planta. The pear-shaped
spores are formed in root hairs where the fun-
gus enters a host and inside and outside of host
cells in the root cortex tissue (Verma et al. 1998;
Peškan-Berghöfer et al. 2004; Waller et al.
2005). Pear-shaped chlamydospores (16–25�
10–17 mm) arise in culture as terminal propa-
gules on clusters of short straight hyphal
branches or on hyaline somewhat inflated

moniliform hyphae characterised by irregular
swellings near the point of first spore forma-
tion. With cell wall thickening, the spores adopt
a yellow colour. They have multiple nuclei,
between 8 and 25, and can germinate in culture
into small hyphae (Sun and Oelmüller 2010;
Kost and Rexer 2013).

Within laboratory cultures, abundant chla-
mydospores are generated in dikaryons of Leu-
copaxillus amarus. As in Asterophora species,
the spore-forming process starts in clamped
cells by stretching of the hyphal cell wall,
swelling of the mother cell and condensation
of the cytoplasm. The cell content will be
retracted, retraction-septa are formed at both
ends of the condensed protoplast to separate
the spore from the hyaline part of the hyphal
mother cell, and finally cell walls will be thick-
ened (Pantidou et al. 1983). Similar courses of
development may be undertaken in dikaryotic
mycelium of Ganoderma species (Badalyan
et al. 2015; Fig. 12.3a–e), Agrocybe cylindrica
and Gymnopilus pampeanus (Sede and Lopéz
1999) and Rhodotus palmatus (Doguet 1956).
Chains of smooth chlamydospores are pro-
duced from short clamped cells of multiply
branched side hyphae in Postia species, or
they generate terminally or intercalarily within
longer somatic hyphae (Brefeld 1889; Ryvarden
and Gilbertson 1994; Rajchenberg and Bucha-
nan 1996; Hattori et al. 2010). When produced
within longer hyphal cells, retraction-septa are
formed upon protoplast condensation (Hattori
et al. 2010). In Lentinus tigrinus, chlamydo-
spore production is mainly intercalary with
steps of retraction of cytoplasm, retractive sep-
tum formation, local hyphal swelling and thick
cell wall production. This species in addition
forms on short thin hyphae chlamydospores in
blastic mode (Clémençon 1997).

Glycogen-rich chlamydospore-like structures appear
further in filaments of Cryptococcus yeasts (Kurtzman
1973; Lin and Heitman 2005). Morphological similar
shaped-round cells have recently been observed in wid-
est hyphae within the gelatinous loosely interwoven
inner zone in a fruiting body of Auricularia auricula-
judae (Kües and Navarro-Gonzaléz 2015).

In S. commune, ellipsoid chlamydospores
are formed in monokaryotic and dikaryotic

Asexual Sporulation in Agaricomycetes 307



mycelium by intercalary septations of
deformed hyphal cells (Nobles 1948; van der
Westhuizen 1958; Wesssels 1965; Koltin et al.
1973; Fig. 12.3f). Intercalary septa are devoid of
the typical basidiomycetous septal dolipore
apparatus. When spores are formed adjacent
to a pre-existing septum, this will thicken to
close the doliporus first into a narrow channel
and eventually also fully. The cell wall compo-
nents of chlamydospores do not differ from
those of the parental vegetative hyphae (Koltin
et al. 1973). Chains of short rounded cells arise
with condensed cytoplasm and thick cell walls
which with time will detached from the hyphal
network (Nobles 1948; Wesssels 1965; Koltin
et al. 1973). Chlamydospores originating from
monokaryons and from dikaryons might be
uni-, bi- or seldom also trinucleate. Chlamydo-
spores from dikaryons germinate into mono-
karyons of either one of the parental mating
types (Koltin et al. 1973). Chlamydospores of
S. commune have been detected in vessels of
infected wood (Peddireddi 2008). Other wood-
inhabiting species (Antrodia carbonica, L. sul-
phureus, R. palmatus, Rhodonia (Postia) pla-
centa) also produce chlamydospores within
wood vessels (Marryat 1908; Powell 2002;
Schwarze et al. 2004; Schwarze 2007) or in
larger amounts on surfaces of wood (e.g. Gano-
derma species and Leucogyrophana mollis; Fer-
nando 2008; Mattsson et al. 2010).

Thick-walled chlamydospores in vicinity of clamped
mycelium of a fossil fungus Palaeofibulus antartica
have been observed in a lacunar canal of a fossil plant
stem (Dennis 1969; Osborn et al. 1989).

Chlamydospores for long-term survival of
the dung fungus C. cinerea are found in brown-
coloured patches at the air-agar interface of
mycelial mattings in aging cultures of both
monokaryons and dikaryons, while chlamydo-
spore production on dikaryons is more com-
mon (Bensaude 1918; Lewis 1961; Andersen
1971; Kües et al. 1998a). The nuclear condition
of chlamydospores from dikaryons is binucle-
ate (Day 1959). Chlamydospores in C. cinerea
are variable in form; they may be round or oval
or also irregularly shaped (Lewis 1961; Ander-
sen 1971; Kües et al. 2002a). There appear to be

two distinct modes of generation: In the first
more common mode, thick-walled inflated
spores develop endogenously within cells of
aging hyphae, following the compression of
the cytoplasm (Lewis 1961; Andersen 1971;
Kües et al. 2002a). Not as often, swollen thick-
walled blastocysts appear as an inflated bud at
the side of a hyphal cell into which the com-
pressed cytoplasm from the hyphal cell is trans-
ferred (Kües et al. 2002a).

Swollen thick-walled hyphal segments resembling
stages of chlamydospore development are multiply
observed in mattings of mono- and dikaryons of C.
cinerea. In the dikaryons, these swollen segments are
connected to glycogen storage as repositories for food
for preparation of fruiting (Madelin 1960; Waters et al.
1975). Appearance of such inflated glycogen-rich cells
in mycelial mattings correlates further with production
of the multicellular brown-rinded sclerotia serving as
resting bodies (Fig. 12.1). Glycogen-rich cells play also
a role in the differentiation process of sclerotia: Glyco-
gen stored in cells of the central region of the develop-
ing sclerotia will be mobilized in favour for the
formation of thick hyaline secondary cell walls in the
outer rind that will cover the rounded swollen cells
filling the inner medulla of the mature sclerotia (Volz
and Niederpruem 1970; Waters et al. 1972, 1975). These
medullary cells are morphologically alike to chlamy-
dospores (Volz and Niederpruem 1970; Waters et al.
1972, 1975; Kües et al. 2002a), inferring further a close
linkage of production of sclerotia with its large thick-
walled medullary cells and of chlamydospores in the
free mycelium (Kües 2000; Kües et al. 2002a; Badalyan
et al. 2011a).

Terminal holothallic thick-walled propa-
gules or short chains of yellow spores occur in
Fibulochlamys ferruginosa as transitions of
short clamped cells on unbranched sporoge-
nous hyphae (Romero et al. 1989) and in Fibu-
lochlamys chilensis on branched hyphae
(Madrid et al. 2010). Spores are freed by a
rhexolytic mode. Spores in F. ferruginosa are
smooth, while those from F. chilensis are wrin-
kled with age (Romero et al. 1989; Madrid et al.
2010). In Pholiota adiposa, terminal thick-
walled spores are produced on unbranched
and branched stunted side hyphae. The short
sporogenous propagations arise on clamped
parental hyphae in submerged and aerial myce-
lium and are often not separated by septa from
the parental cells (Cartwright 1929; Nobles
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1948; Buchalo et al. 1985). Thick-walled spores
in P. adiposa however are produced by mode II
of conidiogenesis with thallic and also blastic
features (Sect. II.A) defined by Walther and
Weiß (2008) for the Strophariaceae.

Other examples for production of mainly ter-
minal chlamydospores on short single side
hyphae or on bunches of multiply branched
short side hyphae are F. velutipes (Badalyan et al.
2006), L. sulphureus (Nobles 1948; Stalpers 1984;
Clémençon 1997, 2004, 2012; Badalyan and Sake-
yan 2004; Fig. 12.3k, l), H. fasciculare (Garibova
et al. 1986), Lentinellus cochleatus (Clémençon
1997, 2004, 2012) and Phanerochaete chrysospor-
ium (Burdsall and Eslyn 1974). Terminal ovoid
chlamydospores in S. sumptuosa are produced in
clusters on multiply branched clamped hyphae,
and they can collect in slimy heads together with
the thin bean-shaped arthroconidia (Clémençon
2000; Sect. II.A). Thick-walled mitospores in Vol-
variella volvaceae are blastocysts laterally formed
on hyphal cells that donate their complete cell
content with many nuclei into the spores (Clém-
ençon 1997, 2004, 2012).

III. Regulation of Asexual Spore
Formation

Principally, asexual spores might be formed on
the monokaryon or on the dikaryon or on both
(Table 12.1; Sect. II). Such latter situation is
best known for C. cinerea (Fig. 12.1). This
mushroom forms abundant oidia in the aerial
mycelium of the monokaryon (Sect. II.C;
Fig. 12.5e) and may produce smaller numbers
of oidia on the dikaryon when growing in light
(Bensaude 1918; Brodie 1931; Swamy et al.
1984; Kertesz-Chaloupková et al. 1998; Kües
2000; Polak et al. 2001). Moreover, the mono-
karyon may produce some chlamydospores in
the aging submerged mycelium, but the dikar-
yon produces many more (Andersen 1971;
Kües et al. 1998a, 2002a). In this species, some
insight exists on the regulation of formation of
the different types of spores. Oidia production
on the monokaryon is constitutive, whereas it is
regulated by mating-type genes and by light in
the dikaryon (Kertesz-Chaloupková et al. 1998).
Mating-type genes and light also take part in

the dikaryon in the regulation of chlamydo-
spore formation (Kües et al. 1998a, b, 2002b).
Chlamydospore production in dikaryons
happens more regular and copious than in
monokaryons and preferentially in the dark
(Andersen 1971; Kües et al. 1998a).

C. cinerea as a typical tetrapolar basidiomycete has two
distinct mating type loci, A and B (matA and matB)
which contain the master genes for regulation of dikar-
yon development and sexual reproduction. For success-
ful dikaryon formation, two fusing monokaryons must
be different at both loci. The A locus (or HD locus)
encodes two types of homeodomain transcription fac-
tors (HD1 and HD2), the B locus (or P/R locus) pher-
omones and pheromone receptors. For dikaryon
formation, an HD1 protein encoded in one A allele
(from one mating monokaryon) has to interact with
an HD2 protein of another A allele (from the other
mating monokaryon) in order to form a functional
transcription factor complex that can migrate into the
nucleus and bind to promoters of A-regulated genes for
control of downstreamA-regulated pathways. Likewise, a
pheromone encoded in one B allele must interact with a
receptor coming from the other B allele in order to start a
pheromone signalling pathway that culminates in the
nucleus in tunings of expression of genes of the B path-
way. In dikaryon formation and maintenance, the A
genes regulate nuclear pairing, clamp cell production
and synchronized nuclear division whereas the B genes
control the reciprocal nuclear migration into mycelium
of oppositemating type for establishing the dikaryon and
subsequently in dikaryon growth the clamp cell fusion
(Casselton and Olesnicky 1998; Kües et al. 2011; Kües
2015; Raudaskoski 2015; see also Kothe et al. 2016).

In the monokaryon, the A mating-type
genes are not required. A knock-out of the A
locus grows as a normal monokaryon and pro-
duces abundantly oidia (Pardo 1995; Polak
1999). Knock-outs for the B locus are not yet
available, but also their genes are not expected
to have an essential function in the growth and
development of monokaryons (Pardo 1995).

The A mating-type genes in C. cinerea
repress oidiation in the dikaryon when growing
in the dark (Tymon et al. 1992; Kües et al. 1994,
1998a). Light signals override this A-mediated
repression, while the B mating-type genes
counteract the negative effect of light on A
regulation (Kües et al. 1998a, 2002b). These
observations were confirmed in repetitive
experiments (Srivilai et al. 2009). Notably, acti-
vation of the Bmating-type pathway alone has no
effect on oidia numbers. Oidiation inBmut strains
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(self-activated by mutations within the matB
locus) and in B-activated transformants (mono-
karyons transformed with B genes from foreign
matB alleles) remains high and constitutive (Ker-
tesz-Chaloupková et al. 1998; Kües et al. 2002b).

Light in the blue range (360–490 nm) is active in
controlling developmental processes on the C. cinerea
dikaryon (Borriss 1934; Madelin 1956; Tsusué 1969; Lu
1974; Kertesz-Chaloupková et al. 1998; Kües et al. 1998a).
The effect of light on oidiation within cultures is local
and not a systemic event (Kertesz-Chaloupková et al.
1998). Light targets at induction of oidiophore develop-
ment (Polak et al. 1997a) while oidiophore maturation
can occur fully in dark (Kertesz-Chaloupková et al.
1998). An established mycelium keeps competence for
light-induction of oidiation for several days (6 days com-
plete, up to 20 days partial). Brief illumination of 1 min
already activates oidiation, 10-min illumination of
0.1 mE m–2s–1 (blue light) or 0.5 mE m–2 s–1 (white
light) is sufficient for full response. Temperature influ-
ences the amount of spores produced per plate. Spore
yields at higher temperatures (37 �C, 42 �C) are about 10-
fold higher than at 25 �C (Kertesz-Chaloupková et al.
1998; Kües et al. 1998b). Light induction of oidiation is
not restricted to defined nutritional conditions as is
fruiting body development (Madelin 1956, 1960; Rao
and Niederpruem 1969; Kertesz-Chaloupková et al.
1998; Kües et al. 2004) although available metabolizable
nutrients will influence absolute spore numbers pro-
duced on a mycelium. Nutritional effects on absolute
oidia numbers are observed in light-induced oidiation
on dikaryon-like strains (Amut Bmut homokaryons acti-
vated in both mating type pathways) as well as in consti-
tutive oidiation in monokaryons. Too much glucose in a
medium leads to reductions in spore numbers (catabo-
lite repression) while amounts of nitrogen are less influ-
ential (Walser 1997a, b).

In sum, when growing on complete medium
in the dark, a dikaryon may produce 106–107

spores per 9 cm Ø Petri dish; in total 100- to
1000-fold less than monokaryons do by consti-
tutive spore production. In light, oidiation pro-
duction on the dikaryon is about tenfold
enhanced, while spore numbers as high as at
the monokaryon are not reached (Hollenstein
1997; Kertesz-Chaloupková et al. 1998). More-
over, when only the A mating-type pathway is
activated in a strain (such as by mutation in the
A locus or such as by transformation of cloned A
genes into compatible monokaryons), it pro-
duces only low numbers of oidia when growing
in the dark but as many oidia as the monokar-
yons when growing in light and A-mediated
repression on oidiation is fully released (Ker-

tesz-Chaloupková et al. 1998; Kües et al. 1998a,
2002b; Srivilai et al. 2009). In accordance,
mutants being blind by defects in genes for
putative blue light receptors (dst1/wc1 for a
white-collar 1-type receptor; dst2 for a protein
with FAD-binding domain) and other defects in
the light signalling pathways do not show an
effect in releasing A-mediated repression of
oidiation (Terashima et al. 2005; Kamada et al.
2010; Kuratani et al. 2010; Chaisaena 2008).

Also genes acting within the A mating-type
pathway affect oidiation in dikaryons of C.
cinerea. Gene clp1 encodes a putative transcrip-
tion regulator that induces clamp cell forma-
tion in the dikaryon (Inada et al. 2001). The
gene is possibly induced by the A mating-type
proteins (Brown and Casselton 2001; Kamada
2002; Kües 2015). A mutation in gene clp1
resulted in somewhat elevated levels of oidia
in the dark although in light there was still
some increase in spore numbers (Inada et al.
2001). Intact Clp1 in dikaryons negatively
affects the functions of gene pcc1 (Brown and
Casselton 2001; Kamada 2002; Kües 2015) for a
HMG box transcription factor that negatively
regulates clamp cell production (Murata et al.
1998). Defects in pcc1 cause clamp cell produc-
tion and allow also fruiting in mutant mono-
karyons (Uno and Ishikawa 1971; Murata et al.
1998; Murata and Kamada 2009). Furthermore,
oidiation in respective mutants renders to
become positively light-controlled (Kües
2000). Pcc1 in the wild-type monokaryon
blocks thus possibly a dikaryon-specific repres-
sor gene of oidiation (Kües et al. 2002a).
Repressor Pcc1 is expressed in both monokar-
yons and dikaryons of C. cinerea, and regula-
tion of the protein must therefore be
posttranslational (Murata et al. 1998). Defects
in gene pcc1 in monokaryons lead further to
increased cellular cAMP values (Uno and Ishi-
kawa 1971, 1973a, b) and related enzyme activ-
ities (adenylate cyclase, phosphodiesterase,
cAMP-dependent protein kinase, glycogen syn-
thetase, glycogen phosphorylase; Uno and Ishi-
kawa 1974, 1976, 1978, 1981; Uno et al. 1974),
another phenotype known in the dikaryon to be
coordinately controlled by the mating-type
genes (Swamy et al. 1985a, b) and light (Uno
et al. 1974). cAMP levels and cAMP-linked
enzyme activities decrease with increasing glu-
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cose amounts in a growth medium, while any
fruiting abilities disappear in dikaryons and in
pcc1 mutants (Uno and Ishikawa 1974). Nutri-
tional control is thus one possibility of regulat-
ing the activities of the Pcc1 transcription
factor as well as of regulating any crosstalk
between the A and B mating-type pathways.
Nutritional conditions, both C and especially
N, appear to influence specifically the B
mating-type pathway (Kües et al. 2004). Little
molecular detail is yet established in C. cinerea
as how the mating-type pathways interlink with
each other and further with the light and nutri-
tional signalling pathways (Kües et al. 2004;
Kües 2015). More insight in molecular inter-
connections exists in the smut fungus Ustilago
maydis (Brefort et al. 2012). Here, the Clp1
protein is one of the factors that orchestrate
mating-type pheromone signalling and home-
odomain transcription factor activities. Clp1
binds to and thereby inactivates the HD2 pro-
teins for regulation of HD- and PR-dependent
cell cycle control (Heimel et al. 2010a, b).
Another modulator of interest in U. maydis is
Ubc2 that interacts with MAPKK as one of the
upstream kinases in the MAP kinase cascade
(Mayorga and Gold 2001; Klosterman et al.
2008) which is triggered by cAMP signalling
and the pheromone-activated signalling cas-
cade, respectively (Brefort et al. 2012). The
Ubc2 homolog in C. cinerea, Cc.ubc2, is a medi-
ator in the crosstalk between the A and B
mating-type pathways. A defect in Cc.ubc2
blocks phosphorylation of a presumptive
kinase of the MAP kinase cascade and disturbs
A and Bmating-type regulation of developmen-
tal processes in the dikaryon. Amongst the
observed defects, oidia production in the dark
is 100-fold increased (Nakazawa et al. 2011).

Cc.snf5, a gene encoding a putative component of the
SWI/SNF chromatin remodeling complex, is essential
for sexual development in C. cinerea. Gene disruption
results in loss of fruiting and blocks clamp cell forma-
tion (Ando et al. 2013). Similarly, mutants of gene
Cc.rmt1 for an arginine methyltransferase fail in initia-
tion of fruiting body development and clamp cell produc-
tion (Nakazawa et al. 2010). A dikaryon-specific defect in
regulation of oidia production in Cc.snf5 and in Cc.rmt1
mutants was not tested but is quite likely. However,
silencing in C. cinerea of genes atr1 and chk1 acting in
DNA damage checkpoint control did still enable the first

specific step in fruiting body development (secondary
hyphal knot formation), did not fully block clamp cell
formation and, of interest here, did not affect levels of
oidia formation in dark and in light (de Sena-Tomás et al.
2013).

Oidia produced on a dikaryon of C. cinerea
are usually uninucleate and tend to be mostly of
only one of the two possible mating types.
Importantly, alleles of the A mating-type locus
are influential on the decision which type of
spores will be released in higher numbers (Hol-
lenstein 1997). In C. cinerea, the dominance in
frequency of one mating type in spore recovery
can be reversed by insertion of foreign A
mating-type genes into the respective favoured
nucleus (Hollenstein 1997). These transforma-
tion data support further an influence of the
HD transcription factors on the choice of nuclei
released. A model proposes that functional
HD1-HD2 transcription factor complexes
formed in close vicinity of a nucleus are
required to suppress the genes for oidiation in
the respective nucleus. Accordingly, it will be
the nucleus which is less repressed by the HD1-
HD2 transcription factor complexes that is
found in the oidia generated on the dikaryon
(Polak 1999; Fischer and Kües 2006; Kües et al.
unpublished).

Similar hierarchical recoveries of nuclei in
dependence of HD mating-type genes were
reported for uninucleate spores from dikaryons
of the tetrapolar F. velutipes (Kitamoto et al.
2000). Ninety percent of oidia obtained from P.
microspora dikaryons germinate into monokar-
yons indicating that many of the binucleate and
polynucleate spores are homokaryotic. Also in
this bipolar species, there is a hierarchy of pref-
erential spore recovery by mating type (Hui
et al. 1999a, b) as well as for outgrowth of
types of monokaryotic hyphae from a dikaryon
(Arita 1979; Masuda et al. 1995). Blastoconidia
from heterokaryons of H. annosum s.l. are in
large parts uninucleate, and there is also a
strong preference for recovery of only one mat-
ing type from a heterokaryon (Ramsdale and
Rayner 1994, 1996; James et al. 2008). In these
species, mating-type control of dikaryon and
heterokaryon development will thus be given
up in favour for escape of one type of nucleus
from a nuclear partnership. When mitospores
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with only one type of nuclei are distributed to
new environments, this would give them a
chance to find a new mating partner for possi-
bly forming a better, probably more fit dikar-
yon (Kües 2002; Kües et al. 2002a).

The various morphological observations on
spore production on dikaryotic mycelia of
Agaricomycetes described in the sections
above which involve local production of clamp-
less hyphae or outgrowth of conidiogenous
hyphae from clamp cells of dikaryotic hyphae
might indicate that mating-type control is
somehow also given up for spore formation in
such species. The nuclear states of spores will
need to be analysed to proof this assumption
for such species. However, other species seem
to proceed a different route and stabilise also
for spore production the heterokaryotic situa-
tion. For example, once a heterokaryon is
formed in Termitomyces sp., asexual spore pro-
duction will be enhanced as compared to
homokaryons and only heterokaryotic spores
were observed for the species (Nobre et al.
2014).

Aging of mycelia causes loss of light-
induced oidia production of C. cinerea (Walser
1997b). On the other hand, chlamydospores of
C. cinerea appear in aging cultures (Andersen
1971; Kües et al. 1998a), and regulation of chla-
mydospores is quite opposite to regulation of
oidia formation (Kües et al. 1998a, 2002b).
Chlamydospore production in C. cinerea is
thus likely a reaction on nutritional depletion.
Chlamydospores on the dikaryon are binucle-
ate (Andersen 1971; Esser 2000), and for pro-
duction of these spores, nuclear interaction is
thus not given up. Not surprisingly therefore,
more chlamydospores are produced in the dark
when the B mating-type reaction on A mating-
type control of development is stronger (Kües
et al. 1998a, 2002b). In line with an importance
of B mating-type genes, it might be further
noted from work in S. commune that nuclear
distances and loss of reciprocal mating-type
control of gene expression in the two nuclei in
dikaryons are controlled on the one hand by the
B mating-type genes and on the other hand by
nutrition (Schuurs et al. 1998).

Other than that we have some insight in mating type
regulation on dikaryons, our understanding of regula-

tion of asexual spore formation is generally rather lim-
ited. There are the occasional notes that nutrient
sources can play a role, conditions of aeration or also
presence of light (Whitney and Bohaychuk 1975; Ingold
1988; Walser 1997a, b; de Koker et al. 2000; Saxena et al.
2001; Geng et al. 2013; see sections above). Xu et al.
(2012) isolated 147 differentially expressed genes from
sporulating cultures of G. lucidum that might have roles
in asexual sporulation. The products of 86 of the uni-
genes possess similarity to known functions in cell
organization, signal transduction, cell metabolism and
protein biosynthesis and transcription regulation. 13
others had similarities to hypothetical proteins in the
databank whereas the remaining 46 appear to be all
new. A mutant screening approach in C. cinerea identi-
fied many morphological changes in oidiophore and
spore production and also in spore morphology. Most
of the mutations (85 %) simultaneously affect also the
fruiting process. However, a number of morphological
mutants have altered shapes of oidiophores, or shapes
and lengths of oidial hyphae are affected or spores
might be much longer or shorter than normal, or
they are swollen, shrivelled or branched. In a flocculat-
ing strain, the outer fimbriae and the gelatinous outer
layer were found to be absent. In another mutant,
spores are released through rhexolytic ripping the
cells below. Oidia in another mutant are not released.
Interesting are further regulatory mutants including
constitutive producers and spore-negative strains
unable to initiate oidiophore production (Polak 1999).
The pool of available mutants holds promise for future
work to identify many interesting genes (Fischer and
Kües 2006) as do large scale molecular approaches on
expressed genes such as started in G. lucidum (Xu et al.
2012). In Heterobasidion irregulare, transcription of
genes for expansins of the cerato-platanin-type has
been studied and one gene (HiCP2) was specifically
expressed in sporulating mycelium (Baccelli et al.
2015).

IV. Conclusions and Prospect

Asexual spore formation in Agaricomycetes is
still a largely neglected field of research,
although some attention has been given to it in
the past, often for taxonomic purposes. The
account in this chapter on the multitude of
species where one or more types of mitospores
have been observed can provide an impression
that asexual sporulation in Agaricomycetes is
widespread, possibly, much more than has
been perceived so far. Descriptions are not nec-
essarily collected from systematic species analy-
sis so that the complete distribution range of
abilities for mitospore formation within the
Agaricomycetes remains open. Also, different
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developmental stages (primary and secondary
mycelium, developmental structures) are often
not all analysed. For example, the original claim
that arthrospore formation on dikaryons is rare
(Brodie 1936; Watling 1979; Walther et al. 2005)
may be of need of some correction considering
the multiple examples of species with oidia pro-
duction on dikaryons that we found in the liter-
ature (see Sects. II.A–II.C). Similarly, the ability
for chlamydospore generation might be more
differentially perceived since in some species
their production can be abundant and thus
very obvious (see, e.g. Nobles 1948; Kües et al.
1998a; Hattori and Lee 1999; Saxena et al. 2001;
Douanla-Meli and Langer 2009; Badalyan and
Sakeyan 2004; Badalyan and Kües 2015),
whereas in others it is only scarce (for examples,
see Nobles 1948; Valenzuela et al. 1997; Miller
and Metheven 2000; Badalyan et al. 2011a,
2015). Formation of blastoconidia appears to
be possibly less distributed over the range of
Agaricomycetes. Does this restricted distribu-
tion reflect a common phylogenetic back-
ground, multiple gains or losses of asexual
sporulation abilities in evolution? As a support
for possibly early gain of distinct modes of
sporulation in evolution, in more basal lines of
basidiomycetes such as in Dacrymyces stillatus
(Dacrymycetes), all basic types of mitospores
can be generated on vegetative hyphae in multi-
ple modes (Mossebo et al. 2001).

Modes of production are described in some
species to certain detail, whereas regulation
mechanisms of sporulation in most instances
are unknown. At the time being with little
knowledge on the cytological and genetic pro-
cesses of asexual sporulation, it appears best for
global overview to continue to distinguish
between thallic arthrospore formation, blastic
sporulation and endogenous chlamydospore
formation as main modes of mitotic sporula-
tion (Watling 1979; Stalpers 1988; Reshetnikov
1991; Clémençon 1997, 2000, 2012), although
between different fungal species features in
the production of asexual spores are not always
as sharply separated (Walther et al. 2005; this
report). Spore-type interpretations can be a
matter of debate with much space open also
for potential misinterpretations (Kendrick and
Watling 1979; Clémençon 1997, 2004, 2012)

which we are not free from also in this chapter.
Only with deeper insight into the cytologies, we
might be able to recognise the extent of true
overlaps between modes of sporulation or
whether they are indeed (all) fully distinct pro-
cesses.

What we know about regulation focuses
mostly around the mating-type genes, thus on
the decisions whether asexual spores are
formed on the primary or on the secondary
mycelia or on both, in the same or in different
frequencies, whether mitospores from dikar-
yons are still heterokaryotic or whether they
have escaped into a homokaryotic state. So
far, we have no definitive clue in any fungus,
not even in the best analysed species C. cinerea,
on any gene that might be directly involved in
the process of sporulation and might be specific
for spore formation.

Spore types might be explained by mode of
generation, by spore release and by function
(Kendrick and Watling 1979). In our spore
descriptions, we concentrated in first instance
on modes of generation. Where considered,
spore releasewas taken secondarily and functions
were treated even further subordinate or were so
far ignored. Therefore, a further remaining
question addresses the spore functions. Asexual
spores serve mainly three not mutually exclu-
sive lines of functions: distribution within the
environment, fertilisation of mycelia of different
mating type and duration under unfortunate
environmental conditions. An outlook on spore
functions emphasising their positions for the
fungal reproduction, distribution and survival,
for modulating population structures and for
suppression of competitors in a shared environ-
ment therefore finishes this chapter.

Thick-walled chlamydospores with
condensed cytoplasm are generally believed to
serve the purpose of duration. Usually, they will
remain in a substrate until environmental con-
ditions become more favourable for new
growth. In this sense, a dikaryotic nature of
the spores can be more favourable. Dikaryotic
chlamydospores in C. cinerea can grow out with
one germination hypha that will give rise to a
new dikaryotic mycelium. Alternatively, the
spores might germinate at both ends to form
monokaryotic hyphae, but since these are of
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different mating types, they will soon fuse to
form again a dikaryon (Andersen 1971; Esser
2000). In wood-inhabiting fungi, there is a ten-
dency that species with chlamydospores sur-
vive longer when buried in soil and under
flooding (Chang 1996, 2003; Chang et al. 2002)
and they resist any heat stress better than spe-
cies without (Powell 2002; Allen et al. 2014).
Fungal competition in wood can be high in
complex hierarchies (Boddy 2000). Extremely
fluctuating moisture content of wood and des-
iccation periods favour survival of chlamydo-
sporic species such as R. palmatus and
Schizopora paradoxa, respectively, which can
then outcompete in wood those decay species
that under other conditions have growth pre-
ferences (Boddy and Rayner 1983a; Rayner and
Boddy 1988). Species with chlamydospores bet-
ter survive cryopreservation and lyophilisation
(Croan et al. 1999), further supporting their
biological role in persistence under adverse
environmental conditions. Chlamydospores of
Piptoporus quercinus germinated well even
after longer exposures (for up to 14 d) to
extreme cold or heat (–20 �C or 40 �C) and to
desiccation (Crockatt et al. 2010). Chlamydo-
spores function not in long-range dispersal in
space, but they apparently have a passive role
for dispersal in time (Crockatt et al. 2010).
Amongst the community of fungal wood coloni-
sers, there can be also mycoparasites (Boddy
2000) that may produce chitinases and gluca-
nases to attack basidiomycetous wood decay
fungi (Murmanis et al. 1988; Bruce et al. 1995;
Lee et al. 2012; Ujor et al. 2012). Possibly, forma-
tion of thick-walled chlamydospores might offer
some degree of defence against such attack.

A very interesting case of a rather specialized function,
i.e. of capturing amoebae as prey by immature stalked
chlamydospores surrounded by sticky mucilage during
delayed spore maturation has been reported by Drechs-
ler (1960) for the species Pagidospora amoebophila.
Once the round thick-walled chlamydospores are
matured, the amoeba-capturing ability will be lost.
Mature chlamydospores detach from the mycelium by
slight disturbances.

In contrast to their chlamydospores, the
uninucleate oidia in C. cinerea are only short
lived and lose within a few days the ability of

germination (Hollenstein 1997), and light of
shorter wavelength reduces the oidia lifetime
even further (Rahman and Cowan 1972). Par-
ticularly older literature reported on negative
attempts of germination of arthrospores in sev-
eral other species of Agaricomycetes (Falck
1902; Nichols 1904; Kemp 1975). Whether this
is due to a general lack of germination ability of
such spores or whether the results were influ-
enced by fast aging of spores such as that
observed in C. cinerea remains to be tested.
However, studies on various wood-rotting spe-
cies showed that their arthrospores do not help
species in long-term survival in soil and under
flooding (Chang 1996; Chang et al. 2002).

The biological functions of the oidia are
thus different. Oidia production in monokar-
yons in C. cinerea appears to follow up a circa-
dian oscillation (Walser 1997b), and also the
light-induced oidiation process in mating-type
controlled strains ensures maturation of spores
(Polak et al. 1997a; Polak 1999) at times when
insects are possibly active and when humidity
is high. The elegant experiment by Brodie
(1931) with flies and sporulating monokaryotic
C. cinerea mycelium grown on horse dung
showed that the wet arthrospores in sticky liq-
uid attach to insects in order to be distributed
onto new horse dung (ectozoochory). There,
the short-lived oidia may serve as spermatia
for mating with monokaryons already present
on the new substrate (Bensaude 1918; Brodie
1931, 1932; Kemp 1977), or in the case of a
prevailing dikaryon, there might also be a pos-
sibility for the Buller phenomenon to happen,
i.e. a mating reaction between a monokaryon
and a dikaryon that can result in the formation
of a new dikaryon (Kües 2000, 2002; Nieuwen-
huis et al. 2013). However, according to Kemp
(1975), C. cinerea dikaryons appear not to react
on the ungerminated spores.

Another fascinating function is the homing
reaction of the wet C. cinerea oidia with which
they attract hyphae of other individuals for
cellular fusion. These spores can induce a
change in direction of growth of hyphae from
the own species independent of their mating
type and, importantly, also of hyphae of foreign
species. In the first case, a mating reaction
might follow the fusion when mycelia are com-
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patible; in the latter case, a somatic incompati-
bility occurs upon fusion and a killing reaction
of the hyphae of the unwanted competitor for
space and resources starts (Kemp 1975, 1977).
Oidial homing has been observed also for other
coprinoid species, with wet and with dry oidia,
for oidia of Psathyrella species, for oidia of
Clitocybe truncicola, for oidia of F. velutipes
and conidia of T. incarnata (Bistis 1970; Kemp
1977; Metzler 1987b). Oidia seem to secrete a
signalling compound upon which other fungi in
the closer environment react. In most species,
monokaryons react more readily on oidial
homing than their dikaryons, with F. velutipes
being an exception. In species, where spore
germination into monokaryons could not be
induced, oidial homing with the purpose of
interspecies killing is assumed to be the main
spore function (Bistis 1970; Kemp 1977). Sper-
matia function has been demonstrated in
T. incarnata (Metzler 1987b).

Some spores of other species enable an inti-
mate symbiosis with insects such as in the cases
of the wood-rotting Amylostereum species
whose oidia are either collected into or pro-
duced and then transported within mycetangia
(intersegmental sacs as special insect organs)
by female siricid woodwasps to the fungal sub-
strate where the insects oviposit their eggs
(Thomsen 1998; Slippers et al. 2003). A conse-
quence of the obligate mutualistic relationship
between the fungi and the woodwasps is that
propagation of the fungus to new wooden sub-
strate is largely clonal, resulting in a low overall
genetic diversity of the species in nature (Ber-
geron et al. 2011). Upon infection of living trees
by a pathogenic fungus, small spores such as
hydrophilic oidiamight easily be distributed fur-
ther in the living trees, such as through the rising
liquid in the sapwood (Boddy andRayner 1983a).

Other symbiotic insect relationships relate
to termites. Termites in new colonies start
fungal gardens from the sexual basidiospores
of Termitomyces species, while asexual homo-
karyotic and heterokaryotic spores serve the
fungal propagation by workers within termite
colonies (Nobre et al. 2014). Blastoconidia
of nematode-capturing Nematoctonus and
Hohenbuehelia species in contrast function in
parasitism of nematodes. They can vigorously

adhere to eelworms for invasion of the animals
upon conidial germination (Drechsler 1941,
1946, 1949; Barron and Dierkes 1977; Koziak
et al. 2007a, b).

Many oidia and blastospores of Agaricomy-
cetes are dry spores and are likely to be
distributed by wind. High spore numbers are
then particularly important for species that are
in need to infect trees, stumps and dead wood
(Edman et al. 2004a, b). While many of the
species employ basidiospores for the dispersal
(Edman et al. 2004a, b), Heterobasidion species
and their antagonist P. giganteamight use both
airborne sexual and airborne asexual spores for
stump infection (Risbeth 1959; Kuhlman and
Hendrix 1964; Thor et al. 1997; Redfern and
Stenlid 1998; Gunulf et al. 2012; Oliva et al.
2013). While blastic mitospores have been
observed in nature on barks of stumps, dead
trees and infected roots and in insect galleries
in wood (suggesting possible transmission via
insects) and while they have reasonable lifetimes
(Korhonen and Stenlid 1998; Stenlid and Rayner
1989, 1991; Redfern and Stenlid 1998), basidios-
pores of Heterobasidion are given higher impor-
tance in stump infection in nature (Hsiang et al.
1988; Stenlid and Rayner 1989; Möykklen 1997;
Redfern and Stenlid 1998), by a possible better
growth rate of mycelium originating from basi-
diospores as compared to blastoconidia (Kuhl-
man andHendrix 1964) and by the longevity and
high spore-producing capacity of basidiocarps
(Redfern and Stenlid 1998). However, systematic
studies on this need to be conducted (Gunulf
et al. 2012). Both types of spores in Heterobasi-
dion are vectors for viruses and transmissions
between species are possible (Ihrmark et al. 2002,
2004; Vainio et al. 2011, 2015). Viruses can take
influence on population dynamics, with benefi-
cial, cryptic or detrimental effects on individual
hosts in dependence of environmental and eco-
logical conditions (Hyder et al. 2013).

Multicellular spores are rare in the Agaricomycetes.
There are however exceptional freshwater species that
for distribution when in contact with water form on
their mycelial surfaces multicellular aero-aquatic pro-
pagules referred to in the literature as conidia or
conidial bodies. The propagules of Peyronelina glomer-
ulata contain 20–30 smooth globular inner cells cov-
ered by 7 to 17 incurved spinose outer hyphal arms.
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When immersed, the propagules float on the surface of
the water due to air that becomes enclosed by the
hyphal arms (Fisher et al. 1976; Wongsawas et al.
2009; Yamaguchi et al. 2009). The globose conidial
bodies of Subulicystidium longisporum are 50–
150 mm in Ø and consist of interwoven hyaline
clamped hyphae that can retain air between the cells.
Characteristic encrusted cystidia project from the sur-
face of conidial balls of S. longisporum (Abdullah et al.
1997; Hyde and Goh 1999; Cooper 2005). Propagules of
Bulbillomyces farinosus up to 400 mm in Ø are formed
on clamped stalk cells. They consist of smooth sub-
globose cells (12–20�10–15 mm) surrounded by a
hyphal cortex (Cooper 2005). In some other aquatic
species, multicellular conidia for distribution in water
are generated by breaking off branched hyphae or
branched ends or conidiophores (Nawawi 1985; Mar-
vanová and Bärlocher 1988).
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Badalyan SM, Kües U (2015) Morphological character-
istics and anamorphs in different collections of
xylotrophic basidiomycetous mushrooms. In:
Muchin VA, Kovalenko AE, Kurakov AV, Veselkin
DV, Shyryaev AG, Paukov AG, Tretyakova AS,
Shyryaeva OS (eds) Biodiversity and ecology of
fungi and fungiform organisms of the Northern
Eurasia. Proceedings of all-Russian conference
with international participation. Ural University
Press, Yekaterinburg, pp 300–302

316 U. Kües et al.

http://www.nappo.org/en/data/files/download/Science_and_technology_documents/ST%205HeathTreatment-e.pdf
http://www.nappo.org/en/data/files/download/Science_and_technology_documents/ST%205HeathTreatment-e.pdf
http://www.nappo.org/en/data/files/download/Science_and_technology_documents/ST%205HeathTreatment-e.pdf
http://www.nappo.org/en/data/files/download/Science_and_technology_documents/ST%205HeathTreatment-e.pdf


Badalyan SM, Sakeyan CZ (2004) Morphological, phys-
iological, and growth characteristics of mycelia of
several wood-decaying medicinal mushrooms
(Aphyllophoromycetidae). Int J Med Mushrooms
6:347–360

Badalyan SM, Polak E, Hermann R, Aebi M, Kües U
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I. Introduction

The process of fungal mating needs to be con-
trolled with respect to timing, mate choice and
subsequent developmental processes. Since the
1920s (Kniep 1920, 1922), basidiomycete mating
behaviour has been known to be regulated by
two independent mating factors, A and B. The
four potential outcomes of a mating interaction
define what is termed the tetrapolar mating sys-
tem. For the mushroom-forming basidiomy-
cetes, hyphae from different strains fuse
irrespective of mating types, and as a result, the
mating-type genes do not determine the out-

come of a cross before hyphal anastomosis. In
case of partners of identical mating type, the
resulting incompatible interaction lacks any fer-
tile stages. Each monokaryotic hypha containing
a single haploid nucleus per cell will continue to
grow as before. There are two types of interac-
tion termed semi-compatible matings. If the two
mates differ in their Bmating types, a reciprocal
nuclear exchange takes place, while a difference
solely at A mating types leads to a barrage reac-
tion separating the two mycelia on solid media.
It is only if there is a difference in both A and B
that a fully compatible mating will ensue, with
the growth of dikaryotic hyphae containing the
two different nuclei derived from each mating
partner present in every cell. This fertile dikar-
yon is able to develop fruiting bodies (reviewed
in Pelkmans et al. 2016). In the developing basi-
dia within the hymenium of fruiting bodies, kar-
yogamy will take place, resulting in a very short
diploid stage, quickly followed by meiosis and
sexual spore production. In many basidiomy-
cetes including Schizophyllum commune and
Coprinopsis cinerea, clamp connections will
develop in the dikaryotic mycelia subsequent to
a compatible mating. These cellular structures
help to ensure the proper distribution of the
two nuclei during mitosis. However, in many
other basidiomycetes, one example being the
ectomycorrhizal fungus Tricholoma vaccinum,
there is no formation of clamp connections, yet
these fungi still form a true dikaryon.

From classical genetic analysis of the
semi-compatible interactions in S. commune
(Raper 1966), it had been deduced that A con-
trols clamp cell development, while B exerts
control over the final step of clamp fusion in
addition to nuclear migration (Casselton 2008;
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Raudaskoski and Kothe 2010; Kües et al. 2011;
Heitman et al. 2013).

The homeodomain (HD) transcription fac-
tors encoded within A regulate the initial steps
of clamp connection formation as well as the
pairing of the two haploid nuclei (Kües and
Casselton 1992b; Specht et al. 1992b; Stankis
et al. 1992). This developmental programme is
found in all the phylogenetic lineages of the
basidiomycetes, with prominent examples
being the agaricomycete C. cinerea (Kües et al.
1994; O’Shea et al. 1998), the human pathogenic
yeast Cryptococcus neoformans (Kwon-Chung
et al. 1982; Hull and Heitman 2002) and the
maize pathogen Ustilago maydis (Schulz et al.
1990; Bölker et al. 1992), among others dis-
cussed below. On a molecular level, the recip-
rocal nuclear exchange and nuclear migration
are controlled by a pheromone/receptor system
(P/R) encoded within B (Specht 1995; Wend-
land et al. 1995; Vaillancourt et al. 1997).

An interesting twist in the tale is that both A
and B complexes may consist of several
repeated units, each encoding mating-type
genes of the respective type. These independent
subloci act autonomously, with differences in at
least one subset of A and also in at least one
subset of B being sufficient to result in a fully
compatible mating. Since any subset may exist
in multiple allelic specificities, a tremendously
high number of variants may therefore exist in
nature. This ensures a very high chance to ran-
domly encounter a compatible partner with a
different genetic background, while within the
progeny of the same fruiting body, compatible
mates are encountered only 25 % of the time
(Badalyan et al. 2004). It thus seems interesting
to compare different basidiomycetes with
respect to numbers of subsets and numbers of
allelic specificities in order to evaluate both the
essential functions in mating and of the molec-
ular evolution of its control. Starting from the S.
commune H4-8 genome (Ohm et al. 2010) and
strains being publically available, we will dis-
cuss the current knowledge on HD and P/R
mating-type loci across the basidiomycetes
which expanded substantially. Predictions on
the interaction of proteins with different speci-
ficity are now available to be tested experimen-
tally. For the B or P/R subloci in S. commune,

the distance between the Ba and Bb loci was
found to be close to 7 kb, whereas the entire B
locus consists of approximately 32 kb. How-
ever, the entire A or HD locus of this species
consists of over 580 kb from border to border.
A summarized view of the HD and P/R loci
of some selected basidiomycetes is given in
Fig. 13.1 (Table 13.1).

As a guide through the evolutionary maze
of basidiomycete mating-type genes, we will use
the model S. commune, to which other systems
will be compared. This tetrapolar species is a
wood-decaying fungus which, aside from a
plenitude of experimental data on mating-type
genes, is also exploited for its biotechnological
relevance, for example, in producing the glucan
schizophyllan used for third-generation
enhanced oil recovery (Kothe and Freihorst
2012) or the production of secondary metabo-
lites (Scholtmeijer et al. 2014). Its lifestyle is
thought to resemble the ancestor of Agaricomy-
cetes which, like S. commune, is predicted to
have been a tetrapolar white-rot fungus (Hib-
bett and Donoghue 2001). The mating-type
genes regulate all of the following processes:
recognition of a compatible mate, formation
of a dikaryotic mycelium and the developmen-
tal switching to fruiting body and sexual spore
formation (for detailed review of the latter, see
Pelkmans et al. 2016). In S. commune, the
mating-type genes are encoded in two linked
A or HD subloci, while another chromosome
encodes the two linked B or P/R subloci (Ohm
et al. 2010). These subloci were initially
detected by genetic recombination analysis:
Aa with 9 specificities, Ab with an estimated
32, Ba with 9 and Bb with 9. These subspecifi-
cities multiply to the 23,328 different mating
types calculated to potentially exist in nature
(Raper et al. 1960; Raper 1966; Koltin et al.
1967). However, the S. commune genome
sequence requires us to redraw the initial pic-
ture somewhat with yet more subsets of HD
genes, while for B the two hypothesized subloci
were indeed confirmed. The numbers of subloci
vary between different species (compare Kües
et al. 2011; James et al. 2013) with the overall
principle of subloci being followed throughout
the phylum of basidiomycetes. Anywhere
between two (for Postia placenta) and eight
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(for S. commune) HD representatives were
identified, while an even broader spectrum
ranging from one pheromone receptor gene
(for Tremella mesenterica) to up to 26 (for
Serpula lacrymans) have been identified to
date. The latter case of P/R systems is addition-
ally complicated by multiple pheromone genes
associated with one receptor gene (compare
below and Kües et al., 2011). This complexity
is explored in the following paragraphs.

II. Homeodomain Transcription Factor
Gene Sets

The paradigm for function of the homeodo-
main (HD) proteins has been well established,
primarily using C. cinerea, S. commune and U.
maydis (Feldbrügge et al. 2004; Casselton and
Kües 2007; Fraser et al. 2007; Stankis and
Specht 2007; Stanton and Hull 2007). It has

been shown that interaction of non-self HD
proteins of two different classes initiates gene
expression in a cascade of developmental
events essential to successfully establish and
maintain a dikaryon. With large-scale genomic
sequencing, it is now feasible to investigate the
diversity and evolution of the proteins of the
HD mating-type locus. The archetype HD locus
in basidiomycetes contains two divergently
transcribed genes (see Fig. 13.1), each encoding
a protein with an embedded HD motif. The
proteins cluster into two evolutionarily related
groups based on the molecular characteristics
of their homeodomains: HD1 and HD2. The
proteins of the HD1 group are considered ‘atyp-
ical’ or ‘TALE’ (TALE ¼ three-amino-acid-loop
extension) HD proteins, in that they contain
three extra amino acids located between helices
one and two of the three helices that comprise
the homeodomain motif. The ‘typical’ home-
odomain is characteristic of the HD2 class of
homeodomain proteins, which include a highly

Fig. 13.1 Organization of mating-type loci (HD and P/R genes). For citations, see Table 13.1 except for 1, Bao et al.
(2013), and 2, van Peer et al. (2011)
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conserved DNA-binding region and homology
across the entire 60 amino acids of the home-
odomain motif (Gillissen et al. 1992; Kües and
Casselton 1992a; Stankis et al. 1992).

A model for how the HD1 and HD2 pro-
teins interact is well supported by substantial
experimentation. Following hyphal fusion of
two potential monokaryotic mates, develop-
ment controlled by the HD locus is initiated if
a non-self interaction occurs between HD1 and
HD2 proteins of differing mating type. Gener-
ally, this complex is thought to form at the level
of a dimer and only between non-self HD1/HD2
protein pairs (Kües et al. 1994; Kämper et al.
1995; Asante-Owusu et al. 1996; Schlesinger
et al. 1997). However, evidence from experi-
mental work with S. commune has indicated
that both HD1 and HD2 proteins may also
form homodimers and that the active complex
may be of a higher order than a dimer in this
species (Asada et al. 1997; Robertson et al.
2002). Following formation of the now active
hetero-protein complex, it is transported into
the nucleus, where it can bind to regulatory
sequences found in target genes and initiate
the changes in gene expression required for
sexual development. In this way, HD mating-
type proteins initiate events that culminate in
the formation of a stable dikaryon.

Aside from the homeodomain region itself,
several characteristic features are commonly
found in HD proteins across the basidiomy-
cetes. Typically, a nuclear localization signal
can be found C-terminal to the homeodomain
in either the HD1 or HD2 protein of an inter-
acting pair but not with both. Since this protein
sequence is essential for translocation of the
active heterodimer into the nucleus (Spit et al.
1998; Robertson et al. 2002), it is imperative
that at least one of the proteins should carry
this nuclear localization domain. However, the
dimer likely would not be transported properly
if both HD proteins carried the signal. Regions
that have high concentrations of negative
charge localized C-terminal to the homeodo-
main region have been shown to activate tran-
scription both in vivo and in heterologous
systems. One important difference between
the HD1 proteins may lie in the function of
the HD1 atypical homeodomain, which has
been shown to be tolerant of significant dele-

tion and mutations in vivo both in C. cinerea
and S. commune but not in U. maydis (Luo et al.
1994; Asante-Owusu et al. 1996; Schlesinger
et al. 1997). The primary structure of the N-
terminal region is highly divergent between
alleles derived from different mating types and
contains regions imparting mating-type speci-
ficity and also mediating dimerization (Kämper
et al. 1995; Yue et al. 1997).

The HD locus of S. commune covers more
than 580 kb sequence making it the largest
discovered so far and substantially different in
its chromosomal organization than other
basidiomycete fungi investigated to date
(James et al. 2013). Within different strains,
the number of HD1 and HD2 proteins encoded
varies. Within the sequenced S. commune strain
H4-8, six predicted homeodomain genes were
found (compare also Fig. 13.1). One of these,
abv6, showed mating-specific function (Shen
et al. 1996) while the others still await func-
tional analysis. Recent investigations led us to
conclude that the Ab locus with its HD genes is
derived from the Aa locus after speciation. By
duplication, additional gene pairs diverged to
become the more complex sublocus with addi-
tional specificities (KAB unpublished).

III. Pheromone and Receptor Gene Sets

As a group, the B genes encode pheromones
and their respective receptors. The lipopeptide
pheromones act as ligands only to the G-pro-
tein-coupled receptors (GPCRs) derived from a
different specificity. Thus, any given monokar-
yotic, haploid individual cannot induce its own
pheromone response by stimulating its own
receptor. The signal transduction pathway acti-
vated upon recognition of a pheromone by an
appropriate GPCR involves Ras, a MAP kinase
cascade, and Cdc42, as well as cAMP-
dependent signalling (Feldbrügge et al. 2004;
Weber et al. 2005; Palmer and Horton 2006;
Raudaskoski and Kothe 2010; Raudaskoski
et al. 2012; Knabe et al. 2013).

One of the least complicated but best under-
stood basidiomycete P/R systems discovered to
date is in the corn smut Ustilago maydis
(Banuett and Herskowitz 1989; Gillissen et al.
1992). In this species, the P/R system is encoded
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by one of either two allelic a loci, a1 or a2,
corresponding to the two specificities. Each a
locus, named long before any molecular homo-
logies to agaricomycete B genes were discovered,
codes for one pheromone gene, either mfa1 or
mfa2, and one receptor gene, either pra1 or pra2.
The lipopeptide pheromones are similar to the
yeast a-factor, as they are short peptides mod-
ified by both carboxymethylation and farnesyla-
tion. The receptor proteins are homologous to
the yeast Ste3 receptor. While Pra1 can only
recognize Mfa2, Pra2 only responds to Mfa1.

In Agaricomycetes, the redundant B subloci
encode one Ste3-type receptor and several
pheromone proteins each (Raudaskoski and
Kothe 2010). The most complex B locus exam-
ined so far is the Bb2 locus of S. commune
(Ohm et al. 2010) with one receptor gene bbr2,
eight functionally characterized pheromone
genes (bbp genes) and, in addition, four puta-
tive pheromone genes or pheromone-like genes
(bpl genes).

A. Receptors

Basidiomycete pheromone receptors are
homologous to the S. cerevisiae pheromone
receptor Ste3. The protein function of Ste3
(Hagen et al. 1986) is associated with its locali-
zation in the membrane enabled by seven
hydrophobic transmembrane domains, and
certain mutations in this gene can lead to insen-
sitivity towards the a-factor pheromone. The
receptors are coupled via heterotrimeric G pro-
teins to a MAP kinase cascade, resulting in
mating-dependent gene regulation (Nakayama
et al. 1987; Feng and Davis 2000).

Analysis of the predicted protein products
encoded by the S. commune receptor genes
revealed the typical seven-transmembrane
domain structure of G-protein-coupled recep-
tors (GPCRs). Compared to S. cerevisiae Ste3,
there were rather extended C-termini. The func-
tional analysis of receptor genes in S. commune
was initially performed utilizing transformation
assays, in which a putative B receptor gene was
introduced into recipient strains of different B
specificity (containing pheromones of different
specificities). The resulting transformants dis-
played a phenotype of B-regulated development.

When crossed with a strain differing only in the
Amating specificity, a fully compatible develop-
ment could be seen (Wendland et al. 1995; Vail-
lancourt et al. 1997). A B locus deletion mutant,
Bnull, has been identified that carries no phero-
mone or receptor genes and thus was used for
more straightforward analysis of B genes after
transformation (Raper and Raper 1973; Fowler
et al. 2001, 2004; Gola et al. 2002; Gola and Kothe
2003). In order to identify the domains respon-
sible for the different specificities in allelic
receptors, chimeric receptors derived from
orthologous receptor genes of two different spe-
cificities were constructed. These experiments
revealed that the specificity domains are situated
in extracellular loops along the entire length of
the receptor, for example, the specificity for Ba1
resides in the last extracellular loop (Hegner
et al. 1999; Gola et al. 2002; Gola and Kothe
2003; Kothe et al. 2003). With respect to Ba2,
other sites in at least two distinct extracellular
locations along the receptor molecule were nec-
essary to prevent binding of ‘self’ Ba2 specificity
pheromones. Chimeric receptors were also cre-
ated that were constitutive, i.e. active in turning
on B-regulated development without the need
for any pheromone to bind. Even more interest-
ingly, two other phenotypes were detected: pro-
miscuous receptors (any pheromone can induce
subsequent development) and highly selective
receptors (with only a small subset of phero-
mones of all non-self specificities able to activate
development). These mutants allowed for char-
acterization of receptor activation in an induced
state following the mode of action that had been
described for pharmaceutically important G-
protein-coupled receptors (Fowler et al. 2001;
Gola et al. 2002; Erdmann et al. 2012).

The high redundancy of pheromones recognized as
non-self poses the question of how does one receptor
molecule discriminate between the few self and more
than 20 different non-self pheromones? The activation
of a receptor by a non-self pheromone can be visualized
as the interaction between the ligand with receptor
domains presented at the outer surface of the mem-
brane. By binding to the receptor, the pheromone sta-
bilizes an activated state in a multistate model for
receptor structure in which a specific conformation is
favoured that allows for transduction of the signal. This
transduction is initiated by dissociation of the hetero-
trimeric G protein from its C-terminal binding site. The
stabilizing effect of the bound ligand is the result of
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interaction of certain amino acids of the peptide back-
bone of the pheromone with specific amino acids of the
receptor. Only if these interacting amino acids are
spaced in a way that permits the adoption of the active
state conformation will the signal be transduced and B-
regulated development subsequently ensue. If this
model is correct, then a single point mutation could
alter the array of pheromones inducing signal transduc-
tion. This idea was confirmed using the chimeric recep-
tors described above, where one promiscuous receptor
was changed to a super-specific one by one single point
mutation in an extracellular domain of the receptor
(Bar2-1-1Q61M, Gola et al. 2002).

The molecular explanation of induction of a
pheromone receptor by different ligands, how-
ever, is only half the story. A key remaining
question is, in which developmental stage of
the mycelium is the receptor required to be
activated? The localization of pheromone
receptor protein in wild-type monokaryotic
cells has proven to be problematic, likely
because of the rather low level of expression
of this protein. However, receptor expression
was induced in a specific mutant in which the
signal transduction network was disrupted by
inactivation of a Ras-Gap. The latter is involved
in the regulation of Ras, a small G protein
(Raudaskoski et al. 2012) and activator of the
intrinsic GTPase activity of Ras, with the effect
of deactivating Ras. In deletion mutants lacking
this Gap function, Ras is therefore activated
(Schubert et al. 2006; Knabe et al. 2013). Dikar-
yotic hyphae homozygous for the Ras-Gap
deletion were observed to produce unfused
clamps, consistent with B-regulated develop-
ment being necessary for clamp fusion. These
unfused clamps showed abundance of receptor
proteins, essential for the receptor localization
(Erdmann et al. 2012). This allowed us to
describe the role of the pheromone response
pathway in mate recognition, with a specifically
defined impact in clamp fusion.

One remaining question concerns the evo-
lution of the multitude of receptors in S. com-
mune. As discussed above, both super-selective
and promiscuous receptors can be constructed
in vitro. These experiments support the idea
that gene duplication along with recombination
events could lead to new types of receptors.
Indeed, in the S. commune strain collection
from the Raper laboratory at Harvard, two
strains are known with promiscuous mating

behaviour for Ba, which now can easily be
explained on a molecular level. These isolates
from nature, as well as the synthetically con-
structed promiscuous chimeric receptors, show
a phenotype that resembles semi-compatible
mating interactions in which B-regulated devel-
opment is turned on. In addition, selection for
reversion to a new state of B-off receptor has
also been achieved (Gola and Kothe 2003). The
result of mutation then would be a new B mat-
ing type originating from an initial gene dupli-
cation event. Especially with S. commune, the
selection pressure against the B-on phenotype
is easily seen. Here, B-regulated development is
associated with a phenotype lacking aerial
mycelium formation (‘flat’) which, in dead
wood, would lead to drying out of the hyphae
and hence immediately presenting a strong
selective pressure for reversion to B-off. How-
ever, this ‘flat’ phenotype is not phenotypically
true for all B-on basidiomycetes (e.g. C. ciner-
eus), and therefore an alternate selection
scheme must be postulated in those species. A
potential solution to this conundrum is that
semi-compatible mating interactions mimicked
by promiscuous receptor molecules are in fact
detrimental when it comes to achieving com-
patible matings in encounters with other myce-
lia.

The evolution of tetrapolar receptor sys-
tems in other agaricomycetes reveals an essen-
tially common picture with some specifics to
each fungus. Both C. cinerea and S. lacrymans,
the latter a prominent destroyer of building
timber, contain three receptor genes (rcb1,
rcb2, rcb3) associated with the respective pher-
omone genes (Skrede et al. 2013),each of which
fails to cross-hybridize to the others (Riquelme
et al. 2005). For C. cinerea, two alleles of group 1
type, five of group 2 type and seven of group 3
type have been identified, which totals to 70 B
mating-type specificities, close to the 79 speci-
ficities estimated previously by population
analysis (Raper 1966). In S. lacrymans, there
seems to be less richness in allele diversity
(three HD, four P/R specificities), to which the
authors ascribe a genetic bottleneck in the
investigated European strains. As a result,
only two dikaryons would have been sufficient
to found the entire European S. lacrymans pop-
ulation (Skrede et al. 2013). In the ectomycor-
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rhizal fungus Laccaria bicolor, in addition to
three receptor genes (Riquelme et al. 2005;
Niculita-Hirzel et al. 2008), five partial, dys-
functional genes were identified, and yet
another five genes with a cryptic function may
in fact be non-mating-type receptors (see
Section 15.3 C, this chapter). With Flammulina
velutipes, an edible mushroom (enokitake)
from East Asia, two receptor genes surrounded
by pheromone genes and three putative non-
mating-type receptors were found (van Peer
et al. 2011). In the basal clades of basidiomy-
cetes with the comparatively simple smut P/R
mating-type loci described above, the anther
smut of several Caryophyllaceae Microbotryum
violaceum has linked mating-type loci charac-
teristic for bipolar species such as U. hordei.
However, homothallic development has been
described as well for this fungus (Giraud et al.
2008). In the rust Puccinia graminis, three
hypothetical Ste3-like proteins have been iden-
tified which await further analysis (Devier et al.
2009). Another group of rust fungi, the red
yeasts, is considered to be bipolar heterothallic
with two true alleles, A1 and A2, such as Rho-
dosporidium toruloides (Coelho et al. 2008).

B. Pheromones

Whether biochemically isolated, genetically
confirmed or merely predicted from DNA
sequences, basidiomycete mating pheromones
have one common feature: a farnesylated cyste-
ine at the carboxyl-terminus of the mature
pheromone. The first examples were isolated
from R. toruloides (rhodotorucine A) and
from basidiomycete jelly fungi in the genus
Tremella (Kamiya et al. 1978; Sakagami et al.
1981; Ishibashi et al. 1984). The S. cerevisiae a-
factor pheromone has been the target for
intense genetic and biochemical studies, and it
now serves as the paradigm for the fungal king-
dom (Michaelis and Barrowman 2012). Since
these initial studies, farnesylated lipopeptide
pheromones have been investigated from U.
maydis (Bölker et al. 1992; Spellig et al. 1994),
U. hordei (Anderson et al. 1999), the human
pathogen C. neoformans (Moore and Edman

1993; McClelland et al. 2002) and also from
the mushroom fungi S. commune (Wendland
et al. 1995; Vaillancourt et al. 1997) and C.
cinerea (O’Shea et al. 1998). Several research
groups have produced synthetic pheromones
based on predicted or known processing of
the precursors for use in assays and structural
studies (Anderson et al. 1999; Hegner et al.
1999; Olesnicky et al. 1999; Kosted et al. 2000;
Davidson et al. 2000; Szabo et al. 2002). This
flurry of basidiomycete pheromone research
was built on two common themes that were
recognized and reconfirmed with each addi-
tional study, namely that: (1) mating phero-
mone genes are located in the MAT loci as
determinants of mating-type identity and (2)
basidiomycete mating pheromones are all lipo-
peptides. Both of these themes differed from
the pattern established at the time in the asco-
mycete yeast models in which pheromones
came in prenylated and unmodified peptide
pairs and that the MAT loci only harboured
transcriptional regulators (Herskowitz 1988;
Kelly et al. 1988; Davey 1998).

Not surprisingly, the total number of pre-
dicted basidiomycete pheromones has
increased in parallel with the number of
sequenced genomes (Niculita-Hirzel et al.
2008; Kües et al. 2011; van Peer et al. 2011;
Wu et al. 2013; Kim et al. 2014). In predicting
pheromone genes, a C-terminal prenylation
signalling motif has been the most readily
identifiable feature in an in silico translation.
This CAAXmotif is composed of C for cysteine,
A for an aliphatic residue and X as one of
several residues, with leucine and few other
amino acids at the X position acting as a signal
for geranylgeranylation rather than farnesyla-
tion (Clarke 1992; Michaelis and Barrowman
2012). Exceptional gene structures are found
within R. toruloides, Melampsora larici-popu-
lina and two additional red yeast species, for
which pheromone genes each encode tandem
copies of a CAAX-containing pheromone pre-
cursors (Akada et al. 1989) (Coelho et al. 2008;
Duplessis et al. 2011; Kües et al. 2011). A recent
report on F. velutipes suggests that a predicted
mating pheromone gene encodes CAAXW at its
prenylation motif, rather than CAAX(STOP)
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(van Peer et al. 2011). Functional testing is
needed to determine if this variation on a
CAAX motif is actually recognized and modi-
fied biochemically.

Genes for mating pheromones and their
receptors are linked: this makes genetic sense
because pheromones and receptors are mating-
type determinants. However, some deviations
to this pattern are found. The bipolar fungus
Pholiota nameko does not include pheromone
genes in its MAT locus but instead is able to
promote full sexual development solely through
its homeodomain proteins (Aimi et al. 2005; Yi
et al. 2010). James and colleagues (2006)
showed that pheromones and receptors are
not mating-type determinants of the bipolar
fungus Coprinellus disseminatus, yet can sub-
stitute in that role in heterologous expression of
mating assays in C. cinerea, a host species that
has the pheromones and receptors as determi-
nants of mating-type identity (O’Shea et al.
1998; Halsall et al. 2000). Most recently, for
the king oyster mushroom Pleurotus eryngii,
four genes for mating pheromones were identi-
fied, two of which have been confirmed to pro-
duce active pheromones by their expression in
transformed strains followed by mating assays
(Kim et al. 2014).

Basidiomycete mating pheromone precur-
sors are presumed to be processed in a manner
that parallels maturation of a-factor of S. cere-
visiae (Fig. 13.2). The multistep process for a-
factor was recently reviewed by Michaelis and
Barrowman (2012). Currently, basidiomycete
pheromone processing is only understood by

analogy to the yeast paradigm. Active phero-
mones that have been isolated and character-
ized indicate that the precursors predicted from
gene sequence data have been modified by
farnesylation, N- and C-terminal proteolytic
cleavages and, typically, carboxymethylation
(Fig. 13.2). Rhodotorucine A and tremerogen
a-13 are exceptions that do not have a carbox-
ymethylated C-terminal cysteine residue
(Kamiya et al. 1978; Sakagami et al. 1981; Ishi-
bashi et al. 1984; Anderegg et al. 1988; Davey
1992; Spellig et al. 1994). In efforts towards
understanding pheromone precursor proces-
sing, an essential farnesyltransferase b subunit
and an ABC transporter were explored in C.
neoformans (Vallim et al. 2004; Hsueh and
Shen 2005). Basidiomycete pheromone precur-
sor processing has been assessed indirectly
through heterologous expression of basidiomy-
cete pheromone genes in S. cerevisiae. Fowler
et al. (1999) expressed S. commune mating
pheromone and receptor genes as substitutes
for the a-factor and its receptor (Ste3p) in S.
cerevisiae. Two different S. commune phero-
mones, Bbp2(4) and Bbp1(1), were properly
exported and detected in yeast pheromone
response assays. The response to Bbp2(4) was
abolished in a farnesyltransferase-deficient
yeast strain (Dram1), severely reduced in the
absence of the AAX-removing proteases (Drce1
Dste24) and carboxymethylase (Dste14), but
was near wild-type response levels in a yeast
host that is deficient for one of the N-terminal
protease activities (Daxl1 Dste23). Thus, for at
least this one S. commune pheromone, C-

pheromone precursor peptide

mature pheromone

M

C A A X

40 to 100 amino acids

10 to 15 amino acids

*
maturation 

C

S

O - CH3*

Fig. 13.2 Pheromone maturation process. Before N-
terminal processing, farnesylation followed by removal
of AAX motif and carboxymethylation are accom-
plished. M methionine, C cysteine, A aliphatic residue,

X one of several residues that cue farnesyl isoprenyla-
tion illustrated by the structural formula; asterisk
stands for one to two acidic or basic residues
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terminal processing of the pheromone precur-
sor in yeast required the same enzymes that S.
cerevisiae uses to process its own a-factor. The
status of N-terminal processing remains
unclear. Export of the S. commune pheromone
was reduced in the absence of the a-factor
transporter Ste6p but only by about 50 % in a
Dste6 background in the a-cell type. This result
indicates that export of the S. commune phero-
mone Bbp2(4) from yeast cells involves an
alternative pathway in addition to facilitation
by the a-factor transporter (Fowler et al. 1999).
S. cerevisiae has also successfully been used for
heterologous expression of C. cinerea phero-
mones and receptors (Olesnicky et al. 1999).
In contrast to S. commune pheromone Bbp2
(4), C. cinerea pheromone Phb2.242 absolutely
required the a-factor transporter for export of
the pheromone to elicit mating.

Structure-function studies of pheromones using
synthesized, unmodified peptides with amino acid
sequences corresponding to the natural pheromones
from U. maydis (Spellig et al 1994; Szabo et al. 2002),
U. hordei, C. neoformans and C. cinerea have shown
that both C-terminal modification and increased
hydrophobicity of the peptides were necessary for
near wild-type pheromone activity (Spellig et al. 1994;
Kosted et al. 2000; Davidson et al. 2000; Olesnicky et al.
2000). Synthetic analogues of the C. cinerea pheromone
Phb2.242, however, were only about half as effective
when only carboxymethylated rather than both carbox-
ymethylated and farnesylated (Olesnicky et al. 1999).
Synthetic C. neoformansMFa derivatives required both
farnesylation and carboxymethylation to induce a
response in a filamentation assay (Davidson et al.
2000). Synthetic analogues with variations at the N-
termini were produced to test the effectiveness of pep-
tides of different lengths. C. cinerea Phb2.242 had the
least tolerance for N-terminal truncation (Olesnicky
et al. 1999). U. hordei tridecapeptide mfa1 and decapep-
tide mfa2 remained fully active with a single N-terminal
amino acid truncation from the predicted mature pher-
omones, with some activity being retained even in a
tetrapeptide for Uhmfa2 if the peptide was farnesylated
and carboxymethylated (Kosted et al. 2000). Synthetic
analogues of U. maydis tridecapeptide pheromone
mfa1 were strongly active even with the loss of two N-
terminal residues, and a version missing five N-
terminal residues had some residual activity in a live
cell assay (Szabó et al. 2002). Notably, a single amino
acid truncation of mfa1 increased the effectiveness
compared to the known pheromone sequence, suggest-
ing that at least in these assays, the potency of a phero-
mone may not always be maximized in vivo. The U.
maydis nonapeptide mfa2 could be reduced by three N-

terminal residues before its activity was undetectable.
In addition to truncations at the N-terminus, Szabó and
colleagues (2002) examined alanine and D-amino acid
replacements to identify residues critical for phero-
mone function. Generally, the N-terminal half of the
peptide was less sensitive to substitutions, similar to the
conclusion reached for comparable modifications to
the M-factor lipopeptide pheromone of S. pombe
(Seike et al. 2012).

Alignments of the predicted pheromone pre-
cursors from their C-terminal CAAX sequence
hinted at a potential consensus protease recog-
nition site for N-terminal cleavage to achieve the
mature peptide size. The consensus appears to
be a pair of charged amino acids, such as
glutamate-arginine (ER) in C. cinerea precursors
(Riquelme et al. 2005). Some S. commune pre-
cursors have a charged dipeptide, while others
have a single charged residue at about the same
relative position from the CAAX motif (Fowler
et al. 2004; Riquelme et al. 2005). If the N-
terminal cleavage prediction is correct, then the
mature pheromones are about 10–15 amino
acids in length. Levels of amino acid similarity
on each side of the putative cleavage sites also
hint that these proposed recognition sites may
be used (Fowler et al. 2004; Riquelme et al. 2005).
On the C-terminal side where the mature phero-
mone sequences reside, there are several exam-
ples of near identity, and the genes for these
pheromones are presumed to have arisen by
duplication. However, on the N-terminal side
of the putative cleavage site of the same pre-
dicted pheromone precursor peptides, the
sequences are often too different to align with
any confidence and can vary widely in length
[see Kües et al. (2011) for several examples].
This suggests that selection pressure is different
for the two ends of these precursors and with the
cleavage position being the boundary.

In addition to investigating the pheromone
receptors for specificity determinants (see
above), mutations in basidiomycete phero-
mone genes have yielded some understanding
of amino acid residues that are important for
recognition in specific pheromone/receptor
pairs. Examples from the mushroom fungi
illustrate that the difference between two pher-
omones that activate different receptors can be
as little as a single amino acid (Olesnicky et al.
2000; Fowler et al. 2001).
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The S. commune pheromone Bbp2(1) has a predicted
mature sequence of EHGYGGSNVHGWC and is pre-
sumed to be C-terminally farnesylated and carboxy-
methylated. Bbp2(1) activates three mating receptors:
Bbr4, Bbr6 and Bbr7 (Fowler et al. 2001). A change in a
single amino acid (V to A) converts Bbp2(1) to
EHGYGGSNAHGWC (¼ Bbp2(1-1)), which has an
altered activity spectrum of Bbr4, Bbr6 and Bbr7
(same as wild-type) plus the additional ability to acti-
vate receptor Bbr2 (Fowler et al. 2001). This expanded
range of pheromone activity coincidentally led to self-
activation of pheromone response in the strain and a
mutant ‘B-on’ phenotype (Parag 1962). Another exam-
ple comes from C. cinerea pheromone Phb3.26 with the
sequence ERRTHGGNGLTFWC (Olesnicky et al. 2000).
This pheromone naturally activates a receptor pro-
duced by strains with the B42 version of matB but not
any of the receptors in the B6 version. The two aromatic
residues, FW, were reversed in their order to WF with
sequential site-directed mutations. Strain B42 did not
respond to the ‘WF’ mutant pheromone but instead
strain B6 responded to the mutant pheromone. A sec-
ond mutant pheromone derived from Phb3.26 with
WW in the aromatic positions activated pheromone
response in both B42 and B6 strains (Olesnicky et al.
2000; Brown and Casselton 2001) which is similar to
functions identified with S. commune (Fowler et al.
2001, 2004; Fowler 2010).

Finally, the large numbers of mating pher-
omones expressed by S. commune and C.
cinerea are the product of co-evolution and
extensive gene duplication. These are in accor-
dance with the above discussion of duplications
of receptor genes. Accumulated sequence infor-
mation and predicted protein products have
distinguished five pheromone groups in S. com-
mune (Fowler et al. 2004) and three pheromone
groups in C. cinerea (Riquelme et al. 2005).
While different criteria were used in these clas-
sifications, it appears that the pheromones
group with particular receptors and co-evolved
with the receptors as the number of mating
receptors expanded by gene duplication and
divergence. Pheromone genes also experienced
duplications and divergence that led to speci-
ficity for one or a few receptors and some
incomplete overlap of receptor recognition
spectra. By accumulating a well-homed reper-
toire of pheromone genes, each different ver-
sion of the P/R genes codes for pheromones
that activate all possible mating receptors in
the species, except for the receptors expressed
from its own self-specificity. Thus, at the
molecular level, mating pheromones and their

receptors reinforce the obligate outcrossing
and heterothallic behaviours of these species.

C. Non-mating Type Receptors

When annotating genes derived from the
genome sequence of S. commune, homologues
to the Ste3-type receptor gene were discovered
which had not been identified by extensive
functional transformation assays or by hybridi-
zation (Ohm et al. 2010). These so-called non-
mating-type receptors (NMRs) belong to the
class of fungal pheromone receptors and are
either linked to the B locus or are unlinked in
other genomic locations. Two striking differ-
ences are seen in comparison to the mating
receptors: (1) there are no classical pheromone
genes associated to these new receptor genes,
and (2) they possess even longer C-termini than
the mating receptors, suggesting an additional
function of this region in cytoplasmic interac-
tions. NMRs can also be found in the genomes
of other basidiomycetes (James et al. 2006;
Niculita-Hirzel et al. 2008; Hsueh et al. 2009;
van Peer et al. 2011; Bao et al. 2013). The func-
tion of NMRs remains elusive, but several inter-
esting possibilities have been proposed, such as
self-recognition or foreign-species recognition
(Kües et al. 2011). Fungi with putative non-
mating receptors are L. bicolor (Niculita-Hirzel
et al. 2008), C. cinerea and T. mesenterica (Kües
et al. 2011), Phanerochaete chrysosporium
(Martinez et al. 2004), Postia placenta (Marti-
nez et al. 2009) and C. disseminatus (James et al.
2006). Potential NMRs have also been detected
in several Polyporales species (Kües and
Navarro-Gonzalez 2010; Kües et al. 2011;
James et al. 2013).

Experimental evidence available to date for S. commune
suggests that NMRs are not sufficient to induce mating-
specific development. The NMRs are not activated
through lipopeptide pheromones of a compatible
mate, since the Bnull strain still harbours and expresses
the four NMRs (DF unpublished) but lacks sexual com-
petence (Raper and Raper 1973; Fowler et al. 2004).
Another characteristic of NMRs in S. commune is
their low degree of polymorphism, which has also
been shown with other species (van Peer et al. 2011).
This would suggest that they are unlikely to function as
specificity determinants. The amino acid sequence sim-
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ilarity of all mating-type pheromone receptors of S.
commune is around 20 %; only among allelic groups
(only Ba or only Bb receptors) it is higher, around 50 %.
In contrast, the non-mating receptors (called B-like
receptors, brl, in S. commune) of different strains
share overall amino acid similarities between 72 and
96 %. Phylogenetic reconstruction of S. commune
receptor proteins shows a clear separation of mating
receptors (clustering in Ba and Bb receptors) from non-
mating receptors (Fig. 13.3).

In the phylogenetic tree combining S. com-
mune receptors with Ste3 homologues of other
fungi (Fig. 13.3), the receptors of the Ustilagi-
nomycetes, Pucciniomycotina and Saccharomy-
cetes clustered as expected, similar to the
speciation of these fungi (Niculita-Hirzel et al.
2008; Kües et al. 2011) and not with the Agar-
icomycetes. The Ba receptors of S. commune
cluster with the receptors Rcb2B44 and
Rcb2B1 of C. cinerea and several proteins
from Lentinula edodes and Postia placenta,
which might be indicative that they have the
same function as pheromone receptors during
mating. The sister group contains some Bb
receptors and, interestingly, Brl1 of S. commune
(which is an NMR) but with no close relatives
except the Bb receptors of its own species.
Noteworthy, another clade contains most of
the Rcb3 proteins of C. cinerea. Several proteins
seem to have an unresolved phylogeny, e.g. the
Brl3 and Brl4 NMRs of S. commune, proteins of
T. vaccinum, F. velutipes and P. placenta.
Another well-resolved clade contains Bb recep-
tors of S. commune, several C. cinerea proteins
(all classes of Rcb1, Rcb2 and Rcb3) and recep-
tors of all other investigated agaricomycetes.
Hinting at the possibility of a common origin,
a sister group to this clade contains S. commune
NMR Brl2, V. volvacea Ste3.3 and four other
proteins, two of which are from P. placenta. The
pseudo-homothallic straw mushroom V. volva-
cea carries both HD1- and HD2-encoding
genes, but no P/R locus was detected (Bao
et al. 2013). Nevertheless, three clustered Ste3-
like genes were identified in a chromosomal
region, showing no synteny when compared to
the P/R loci of other fungi. In addition, no
corresponding pheromone genes were found,
arguing for an NMR nature of these genes. A
compatible mate to the sequenced V. volvacea
strain again carried only the same alleles with

low polymorphism. Thus, like with S. com-
mune, the respective genes likely are not func-
tional pheromone receptors but NMRs.

Some promising efforts have been made to
reveal the function of a putative NMR, Crp2, of
C. neoformans (Hsueh et al. 2009). While this
gene acts independently of a ligand and is as a
result constitutively active, it has important
functions during morphogenesis of this basal,
bipolar basidiomycete. Abnormal hyphal struc-
tures and fusion defects were detected in crp2
deletion mutants. Heterologous expression in S.
cerevisiae revealed that Crp2 activated the
pheromone response signalling cascade in
yeast. Thus, a clear indication as to whether or
not this particular gene is evolutionarily
derived from a formerly pheromone-
dependent, true receptor is not possible.

One working hypothesis concerning the
function of NMRs is that heterodimer forma-
tion might increase the amino acids available
for binding of different pheromone ligands.
Both ways are possible: a heterodimerization
among the NMRs or even with the true mating
receptors. Thus, the NMRs would contribute to
the high redundancy of pheromones and the
discrimination of multitudes of self versus
non-self pheromones. An example of such a
heterodimerization of G-protein-coupled
receptors from the animal kingdom is found
in the D2 domain receptor (Lee et al. 2000).

D. Basidiomycete Mating Type Gene
Radiation: Evolutionary Models

James and colleagues investigated the genomes
of Polyporales focusing on genes associated
with tetrapolar and bipolar mating: they sum-
marized general information available for all
Agaricomycetes and concluded that bipolarity
has evolved independently and with multiple
origins within the Agaricomycetes. All the gen-
omes investigated contained HD and P/R genes,
based on synteny and sequence similarities
(James et al. 2013). An unusual situation was
seen with the straw mushroom Volvariella vol-
vacea, which seems to contain only NMRs and
no P/R genes; meanwhile HD genes show a
normal arrangement (Bao et al. 2013).
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Fig. 13.3 Phylogeny of pheromone receptors and
NMRs. Proteins were aligned using Mafft (Katoh et al.

2005), phylogeny calculated with MrBayes (Huelsen-
beck and Ronquist 2001) and neighbour joining
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In tetrapolar, heterothallic species, P/R
genes are unlinked to HD genes. Homothallism
(self-compatibility) might arise from a lack of
mating-type genes, which is true for 5 % of
Polyporales species (James et al. 2013). Possible
reasons might be that there are mutations ren-
dering the receptors either constitutive or pro-
miscuous (Gola et al. 2000; Gola and Kothe
2003), HD1/2 fusions which are constitutively
active, or they might have an aberrant mecha-
nism of spore production containing already
mated, potentially even diploid nuclei (e.g.
Agaricus bisporus). Bipolar heterothallism
with a single functional mating-type locus and
obligate outcrossing is observed in 18 % of the
Polyporales species, while true tetrapolar spe-
cies are making up the majority with 77 %
(Rajchenberg 2011). These numbers corrobo-
rate the findings of Raper almost 50 years ago
(Raper 1966).

Over 100 years ago, Albert Blakeslee defined heterothal-
lic species to be self-sterile, requiring a mating partner
in order to undergo reproduction in contrast to homo-
thallic species (Blakeslee 1904). The genetics of hetero-
thallism requires mating-type genes to discriminate self
from non-self.

The evolution of mating types was nicely
discussed by Nicholas Perrin (2012) not only
for fungi but also for algae and ciliates. He
defines two hypotheses for their evolution:

1. Mating-type genes evolved to control
organelle transmission during sexual
reproduction or to prevent inbreeding or
same-clone mating.

2. Mating-type genes evolved primarily to
switch on the correct developmental/
genetic programme (e.g. meiosis, gameto-
genesis, mating) at the right stage of life
cycle (for plants: gametophytes or sporo-
phytes, for fungi: monokaryon, dikaryon,
fruiting body).

Two mating types would lead to 50 %
inbreeding and 50 % outcrossing in random
matings but at the same time would be less
highly selected if, in the case of fungi, the dikar-
yotic lifestyle is advantageous. A large number
of mating types simply maximizes the chance to
meet a compatible partner. Basidiomycetes
have increased the number of mating types by
functional redundancy, i.e. gene duplication
and development of new specificities (Casselton
and Olesnicky 1998). This is seen with puta-
tively 160 different mating types with HD loci
in C. cinereus and 288 types in S. commune and
holds true for the P/R genes as well.

In order to explore the potential increase in
fitness by both mates contributing organelles, a
potential conflict based on competition
between organelles needs to be considered. In
S. cerevisiae, mitochondria are transmitted by
both partners and mitochondrial fusion and
recombination of mtDNA will occur (Takano
et al. 2010). This maximizes fitness of the result-
ing organelle. Within basidiomycetes like S.
commune (Specht et al. 1992a), a uniparental
inheritance of organelles has evolved, which
prevents such costs of competition. Thus, the
first hypothesis proposed by Perrin (2012)
seems unlikely for tetrapolar basidiomycetes.
As to Perrin’s second hypothesis, although it
is clear that mating-type genes evolved to
switch on sexual development in basidiomy-
cetes, it is hard to imagine this being the sole
cause to explain the impressive radiation of
mating-type genes in these fungi.

An alternate theory was introduced by Bil-
liard and colleagues: the ‘sex-advantage
enhancer’ model (Czaran and Hoekstra 2004;
Billiard et al. 2011). The model states that mat-
ing maximizes recombination, DNA repair and
breakdown of negative epistasis (recessive and
dominant alleles, epigenetics) and generally
increases genetic variability. In order to avoid
mating and recombination between genetic

⁄�⁄�

Fig. 13.3 (continued) method (Dayhoff model, 3 � 106

generations) and verified using Tracer (Rambaut and
Drummond 2003). NCBI accession numbers or JGI
protein identifiers are given followed by species name,

protein name and strain if available. Bootstraps are
indicated and branches with less than 50 % support
have been collapsed. Putative NMRs are labelled with
an asterisk
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clones, mating types evolved. While this might
be true, this hypothesis also does not explain
the high radiation of the mating-type genes. An
interesting idea revolves around the fact that
pheromones are secreted factors and might
therefore have the additional function of allow-
ing quorum sensing. This notionmight go some
way towards explaining the high variability of
pheromones and their receptors. Indeed, close
examination of opposed hyphae of S. commune
has revealed some attraction of hyphae at short
distance (Raudaskoski 1998). Thus the attrac-
tion towards a potential mate, which is in con-
currence with exploitation of the habitat for
new resources in the filamentous growth state,
would be limited to those cases where mating
will be—at least for the P/R genes—fruitful.

For the HD genes’ radiation, another line of
thought may be exploited. In order to assess the
state of ploidy, since meiosis and sexual spore
production should not happen when in the hap-
loid state, theHD transcription factors serve as a
developmental switch ensuring that polyploidy is
avoided. At the same time, sexual development in
haploids is prevented (Perrin 2012). Maximizing
control over assessment of a potential mating
partner is realized in the P/R genes by the high
number of allelic versions. As in ciliates and algae
and the ascomycete heterokaryon incompatibil-
ity system, the basidiomycetes have evolved a
developmental switch using a multiallelic and
multipolar system of the highest complexity.
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Kües U, Casselton LA (1992a) Homeodomains and reg-
ulation of sexual development in basidiomycetes.
Trends Genet 8(5):154–155
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(eds) The Mycota XIV: Evolution of fungi and
fungal-like organisms. Springer, Berlin, Germany,
pp 97–160

Kwon-Chung K (1976) Morphogenesis of Filobasidiella
neoformans, the sexual state of Cryptococcus neo-
formans. Mycologia 821–833

Kwon-Chung K, Bennett JE (1978) Distribution of a and
amating types of Cryptococcus neoformans among
natural and clinical isolates. Am J Epidemiol 108
(4):337–340

Kwon-Chung KJ, Bennett JE, Rhodes JC (1982) Taxo-
nomic studies on Filobasidiella species and their
anamorphs. Antonie van Leeuwenhoek 48(1):25–38

Lee N, Bakkeren G,Wong K, Sherwood JE, Kronstad JW
(1999) The mating-type and pathogenicity locus of
the fungus Ustilago hordei spans a 500-kb region.
Proc Natl Acad Sci USA 96(26):15026–15031

Lee SP, O’Dowd BF, Ng GY, Varghese G, Akil H, Man-
sour A, Nguyen T, George SR (2000) Inhibition of
cell surface expression by mutant receptors demon-
strates that D2 dopamine receptors exist as oligo-
mers in the cell. Mol Pharmacol 58(1):120–128

Levasseur A, Lomascolo A, Chabrol O, Ruiz-Duenas FJ,
Boukhris-Uzan E, Piumi F, Kües U, Ram AF,
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I. Introduction

The ability to undergo sexual reproduction,
involving the fusion of haploid gametes to form
a diploid zygote followed by meiosis, is a key
feature of many fungal species as with eukar-
yotes in general. Indeed, fungi have evolved

unusually diverse and fascinating methods to
achieve such sexual union (Dyer 2008). In the
case of the Pezizomycotina (also termed euas-
comycete fungi or filamentous ascomycetes),
species can exhibit heterothallic (self-
incompatible) or homothallic (self-compatible)
lifestyles, and some species are even able to
switch from one reproductive lifestyle to
another. Thus, by definition, individuals of
homothallic species can complete the sexual
cycle without the need for a mating partner,
whereas individuals of heterothallic species
are obligately outcrossing and require a com-
patible partner for sexual reproduction to
occur. In some circumstances, one of the two
compatible partners of a heterothallic species
can engage in sexual reproduction on its own,
revealing a potential for a unisexual lifestyle.
However, unlike higher eukaryotes which show
clear morphological differences between the out-
crossing sexes, in the case of heterothallic Pezi-
zomycotina, the two mating partners are
morphologically indistinguishable for most of
their life cycles (Debuchy et al. 2010). Thus,
rather than being referred to as male or female,
based on morphological differences, the term
‘mating type’ is instead used to define the sex-
ual identity of a fungal individual with respect
to the ability to recognise and mate with differ-
ent sexual cell types. In heterothallic Pezizomy-
cotina, there are normally only two mating
types present, which by convention are termed
MAT1-1 and MAT1-2, although for some spe-
cies alternative established terminologies such
asmat A andmat a (e.g. inNeurospora) ormat+
and mat� (e.g. Podospora) are used (Turgeon
and Yoder 2000). The mating type of a fungal
cell is itself determined by genes present at a
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particular region of the genome. The term mat-
ing type has also been extended to refer to this
region of the genome and the genes contained
therein, which are therefore termed the mating-
type (or MAT) region or locus and mating-type
(or MAT) genes, respectively. In heterothallic
filamentous ascomycetes, the MAT regions
have been shown to exhibit high sequence diver-
gence between isolates of different mating type
(Fig. 14.1). These regions have therefore been
termed ‘idiomorphs’, in accordance with a sug-
gestion by Professor J. Wyatt, and popularised
by a seminal paper by Metzenberg and Glass
(1990). This term denotes DNA sequences that
occupy the same locus in individuals of different

mating type and was preferred to the standard
use of the term alleles to emphasise the apparent
absence of similarity between different mating-
type regions, an unusual occurrence as alleles
normally have fairly strong sequence similarity.
Mating-type regions are fascinating parts of the
genome, due to their diverse structures and
functions. The structure determines whether
the species is heterothallic, is homothallic or is
able to switch from one lifestyle to another.
Furthermore, there can be dramatic fluidity of
mating-type structures, even within a genus,
implying lifestyle change and regulatory circuit
rewiring within a short evolutionary time frame.
Thus,MAT regions provide an intriguing exam-
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Fig. 14.1 Typical structural organisation of MAT
regions in heterothallic and homothallic Pezizomyco-
tina. (a) In heterothallic species, the MAT locus is
flanked by DNA sequence (shown as dark grey rectan-
gles) both upstream and downstream which is con-
served between isolates of complementary mating
type. At the MAT locus, either a MAT1-1 or MAT1-
2 idiomorph is present, containing at least a MAT1-1-
1 a-domain gene (shown as red and grey rectangle) or a
MAT1-2-1MATA_HMG-box gene (shown as green and
grey rectangle), respectively. In addition, further genes
may be present at the MAT locus, numbered in succes-
sion MAT1-1-x, MAT1-1-y, etc. (shown as light grey
rectangles). The genes flanking the idiomorph are fairly

well conserved within the Pezizomycotina, for example,
often including SLA2 and APN2 genes among others.
See Fig. 15.3 of chapter ‘Fruiting Body Formation in
Basidiomycetes’ of The Mycota I for more details
(Debuchy and Turgeon 2006). (b) In homothallic spe-
cies, a single MAT locus may be present containing
both MAT1-1 a-domain and MAT1-2 MATA_HMG-
box genes [shown as arrangement (i)], or the MAT1
a-domain and MAT2 MATA_HMG-box genes may be
unlinked, for example, being present on different chro-
mosomes [shown as arrangement (ii)]. Stippled rectan-
gles represent unrelated sequences; other rectangles
coloured as per (a) above
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ple of how dissimilar structures can evolve at the
same locus. Mating-type genes are involved in
the control of fertilisation and can also have
critical functions during fruit body development
(see Peraza-Reyes and Malagnac 2016). The rela-
tionship between mating-type structure and
function has already revealed remarkable find-
ings when the evolution of this developmental
pathway is considered in Saccharomycetales
(Scannell and Wolfe 2004; Tsong et al. 2003,
2006, 2007; Tuch et al. 2008).

In this review, we summarise and discuss
recent advances that raise critical issues or rep-
resent significant progress in our understand-
ing of mating-type function and evolution
specifically in the Pezizomycotina. In some sec-
tions, we have also included reference to yeasts
where a comparison with this group was con-
sidered highly pertinent. This chapter follows
on from several previous reviews concerning
mating-type structure and features of MAT
genes (e.g. Debuchy et al. 2010; Debuchy and
Turgeon 2006; Coppin et al. 1997) and various
chapters in the Sex in Fungi book by Heitman
et al. (2007), to which the reader is referred
for additional detail. Other earlier reviews on
mating types are listed in the second edition of
The Mycota I (Debuchy and Turgeon 2006). We
do not deal with several fields that have recently
been reviewed elsewhere, for example, a general
presentation of sex in fungi (Ni et al. 2011),
the evolution of sex in the fungal kingdom
(Lee et al. 2010; Whittle et al. 2011) and sexual
reproduction specifically in fungal pathogens
(Butler 2010; Heitman 2010; Heitman et al.
2014).

II. Mating-Type Structure
and Evolution

A. Mating-Type Genes and Evolution

1. Core HMG-Box Genes

The core fungal mating-type genes are derived
from ancestral high-mobility group box (HMG-
box) alleles found throughout the Eukaryota.
These have evolved to form fungal-specific phy-
logenetic groupings of HMG-box genes, which
in one case has diverged so much that it was not

even recognised as a member of the HMG-box
superfamily for a long time. Two main cate-
gories of mating-type genes are present in the
Pezizomycotina, which are referred to by stan-
dardised mating-type nomenclature according
to differences in their sequence and specific fea-
tures (Turgeon and Yoder 2000). The core
MAT1-1 gene family (also called MAT1-1-1)
is characterised by the presence of a region
encoding an a1 domain (Fig. 14.1). The core
MAT1-2 gene family (also called MAT1-2-1) is
characterised by the presence of a MATA_
HMG-box (Fig. 14.1). The MATA_HMG-box
binds to DNA-specific sequences and is present
in fungal transcription factors, most of which
are involved in sexual development. The
MATA_HMG-box motif defines a HMG-box
subfamily that was identified by Soullier et al.
(1999), a few years after the discovery of the first
MAT1-2-1 gene (Staben and Yanofsky 1990). By
contrast, the evolutionary origin and relation-
ship of the a1 domain with the MATA_HMG-
box and other transcription factors were ques-
tioned for nearly 30 years (Souza et al. 2003).
The a1 domain was first identified based on
sequence conservation between the mating-
type proteins MAT A-1 from Neurospora crassa
and MATa1p from Saccharomyces cerevisiae
(Glass et al. 1990a). The molecular function of
the a1 domain is not known, but several lines of
evidence indicate that MATa1p of S. cerevisiae is
a transcriptional co-activator (Hagen et al. 1993;
Yuan et al. 1993). A first hint as to the origin of
the a1 domain was the report of weak sequence
identity between MAT1-1-1 and the HMG-box
(Idnurm et al. 2008). A consensus sequence rep-
resentation of a1 and MATA_HMG-box indeed
revealed conserved features (Fig. 14.2). Analyses
of the 3-D structures of MATa1p from S. cere-
visiae and MAT1-1-1 proteins of the Pezizomy-
cotina revealed that their best-fitting model is
the HMG-box structure (Fig. 14.3) (Jackson
et al. 2013; Martin et al. 2010). Most signifi-
cantly, the identification of the binding motif
of MAT1-1-1 from Penicillium chrysogenum
revealed strong similarities to the binding site
of Sox9, a SRY-related HMG-box protein
(Becker et al. 2015). Numerous HMG proteins
have been crystallised and analysed to determine
their 3-D structure (Remenyi et al. 2003; Werner
et al. 1995; van Houte et al. 1995), but up to this
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point, there are no reports of the crystallisation
of any protein from the MATA_HMG-box sub-
family. The expression of MATa1p or MAT1-1-1
proteins of Podospora anserina and Cochliobolus

heterostrophus, as well as of truncated versions
reduced to the a1 domain, in Escherichia coli or
in Pichia pastoris was unsuccessful (N. Lazar, K.
Blondeau, B.G. Turgeon, R. Debuchy and H. van
Tilbeurgh; unpublished results) with other
laboratories encountering similar difficulties
(Jackson et al. 2013). Further attempts will be
necessary to analyse the 3-D structure of the a1
domain and its interactions with DNA.

The placement of the a1 domain in the
HMG-box superfamily reveals that opposite
idiomorphs are related by common descent,
in contrast to the definition proposed by Met-
zenberg and Glass (1990). Phylogenetic ana-
lyses indicate that the a1 domains form a
subgroup within the MATA_HMG-box pro-
teins (Martin et al. 2010). It is, therefore, likely
that the a1 domain diverged from this sub-
family, which contains the MAT1-2-1 proteins.
These data provide insight regarding the evolu-
tionary trajectory of MAT in fungi. Idnurm
et al. (2008) found that the sex-determining
alleles in the Zygomycota, a basal lineage in
fungi, consist of single genes encoding an
HMG-box protein and proposed that the
HMG-box proteins are an earlier form of fungal
MAT locus (Idnurm et al. 2008). The presence
of the HMG-box in MAT1-1 is in agreement
with models proposed by Idnurm et al. (2008)
and Dyer (2008) concerning the evolution of
MAT genes within the fungal kingdom. How-
ever, these models do not explain why home-
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Fig. 14.2 Conserved sequence of the a1 domain and
MATA_HMG-box. The x-axis represents the amino
acid positions from the N to C termini. Logos represent
an ~40 residue core sequence from 300 a1 domains and

257 MATA_HMG-box. WebLogo (Crooks et al. 2004;
Schneider and Stephens 1990) representation with the
chemistry colour scheme. Adapted from Martin et al.
(2010)

Fig. 14.3 Superposition of the a1 domain and
MATA_HMG-box. The a1 domain of Fusarium sac-
chari (accession number 97974007) is shown in
magenta. The MATA_HMG-box of Aspergillus flavus
(accession number XP_002374195) is shown in cyan.
Regions with conserved residues are indicated in yel-
low. The superposition of the structures predicted by
PHYRE (Kelley and Sternberg 2009) shows consider-
able overlap. N and C terminal ends are labelled. Images
were made using PyMOL. Adapted from Martin et al.
(2010)
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odomain transcription factors have evicted and
replaced HMG-box transcription factors in the
MAT loci of the Basidiomycota (see Freihorst
et al. 2016). It is noteworthy that MATA_HMG-
box genes still play a critical role in mating in
Basidiomycota, such as in Ustilago maydis
(Brefort et al. 2005; Hartmann et al. 1996;
Urban et al. 1996), Coprinopsis cinerea (Murata
et al. 1998) and Cryptococcus neoformans (Kru-
zel et al. 2012). Any model should also explain
why yeasts (Taphrinomycotina and Saccharo-
mycotina) harbour MAT loci with HMG- and
homeobox genes. Further analyses will be nec-
essary to understand why HMG-box genes are
not the core mating-type genes in all fungi.
Strikingly, the binding site of the MAT1-1-1
protein has also some similarities with the
binding site from homeodomains (Becker et
al. 2015), suggesting that alpha1 and homeodo-
mains may have some evolutionary or func-
tionnal connections.

2. Acquired Genes

The typical structure for MAT regions in het-
erothallic Pezizomycotina is that the flanking
DNA sequences, and gene synteny, both
upstream and downstream of the MAT locus
are highly conserved in isolates of complemen-
tary mating type. It is only specifically in the
idiomorph region that isolates of different mat-
ing type show very strong sequence divergence
(Debuchy et al. 2010). Within the idiomorphs,
MAT1-1 isolates by definition harbour at least a
MAT1-1 gene, whereas MAT1-2 isolates by def-
inition harbour at least a MAT1-2 gene
(Fig. 14.1). The smallest idiomorphs in the Pezi-
zomycotina contain only a single MAT1-1-1 or
MAT1-2-1 gene and are approximately 1 kb in
size (Debuchy et al. 2010).However, aside from
the core mating-type genes that are derived
from ancestral HMG-box alleles, the MAT
locus in certain taxonomic groupings of the
Pezizomycotina can also include additional
genes, resulting in the presence of larger idio-
morphs, which can be up to 6 kb or larger in
size (Debuchy et al. 2010). A list of these
acquired genes is shown in Table 14.1. Unfor-
tunately, authors quite frequently use the same
nomenclature for genes that are undoubtedly
unrelated. For instance, MAT1-1-5 designates

COX13 in Coccidioides spp. and COX13-unre-
lated mating-type genes in Leotiomycetes.
MAT1-2-4 in Botrytis cinerea and MAT1-2-4
in Aspergillus spp. represent another instance
of unfortunate generic designations applied to
unrelated genes. BLAST analysis of these two
genes failed to reveal any similarity. By con-
trast, weak sequence conservation was reported
for MAT1-2-4 among Aspergillus spp. (Euro-
tiales) and Coccidioides spp. (Onygenales) (Swi-
laiman et al. 2013), warranting the use of the
same designation for these genes.

Capture of adjacent genes into the MAT
locus has occurred in Coccidioides immitis
and Uncinocarpus reesii (Fraser et al. 2007;
Mandel et al. 2007). In these heterothallic spe-
cies, both idiomorphs have captured the genes
encoding the DNA lyase (APN2) and the cyto-
chrome c oxidase subunit VIa (COX13). Both of
these genes are adjacent to theMAT locus in the
closely related species Microsporum gypseum
(Li et al. 2010) and in other more distantly
related fungi. The capture process involves
more than just the incorporation of adjacent
sequences. It is accompanied by changes in
gene order, gene orientation and also gene
loss. This process illustrates the dynamic
nature of MAT loci, but the influence of MAT
remodelling on gene function and mating abil-
ity is unknown.

In many cases, the evolutionary origin of
the additional genes at theMAT locus remains
obscure because they are specific to a particu-
lar idiomorph and taxonomic grouping. The
most studied examples are MAT1-1-2 and
MAT1-1-3, which are both present in sordario-
mycete genomes. MAT1-1-2 encodes a protein
with a domain of unknown function. This
domain was previously termed HPG (Debuchy
and Turgeon 2006) and later PPF (Kanematsu
et al. 2007), based on conserved residues iden-
tified in an alignment. A family for MAT1-1-
2 was built in Pfam and will appear in release
28.0 with the reference PF17043. The deletion of
this gene in Podospora anserina (Arnaise et al.
2001), Sordaria macrospora (Klix et al. 2010)
and Gibberella zeae (Zheng et al. 2013) results
in arrest at an early stage of fruit body develop-
ment following fertilisation. These results
emphasise the critical role of MAT1-1-2 in
heterothallic and homothallic Sordariomycetes,
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Table 14.1 Mating-type genes adjacent to the core genes MAT1-1-1 and MAT1-2-1

Gene nomenclature Fungal group Speciesa
Conserved domain and
functiona

MAT1-1-2 Sordariomycetes Ubiquitous in Sordariomycetes PF17043 domain, required for
fruit body developmentb

MAT1-1-3 Sordariomycetes Ubiquitous in Sordariomycetes except
in a group of Clavicipitaceaec

HMG-box, required for fruit
body developmentb

MAT1-1-4 Leotiomycetes Pyrenopeziza brassicaed Unknown function
Eurotiomycetes Coccidioides immitise, C. posadasiif,

Trichophyton verrucosumg,
Arthroderma benhamiaeh

Unknown function

Dothideomycetes Diplodia pineai Unknown function
MAT1-1-5 Eurotiomycetes Coccidioides spp.j,k COX13

Leotiomycetes Sclerotinia sclerotioruml, S.
homoeocarpam, Botrytis cinereal

Required for disc developmentn

MAT1-1-6 Eurotiomycetes Coccidioides spp.j,k APN2
Leotiomycetes Pseudogymnoascus destructanso Unknown function

MAT1-1-7 Eurotiomycetes Coccidioides spp.j,k Unknown function
MAT1-2-2 (mat a2) Sordariomycetes Neurospora crassap Unknown function
MAT1-2-3 Eurotiomycetes Coccidioides spp.j,k Mannosyl transferase

Hypocreales Fusarium spp.q Unknown function
MAT1-2-4 Eurotiomycetes Coccidioides spp.j,k Unknown function

Aspergillus fumigatusr, A. lentuluss,
Neosartorya fischeris, Talaromyces
marneffeit

Unknown function

Leotiomycetes S. sclerotioruml, S. homoeocarpam,
B. cinereal

Required for disc developmentn

MAT1-2-5 Eurotiomycetes Coccidioides spp.j,k COX13
Leotiomycetes P. destructanso Unknown function
Dothideomycetes D. pineai Unknown function

MAT1-2-7 Eurotiomycetes Coccidioides spp.j,k APN2
Sordariomycetes Huntiella omanensisu, H. moniliformisu Unknown function

MAT1-2-8 Hypocreales Villosiclava virensv, Metarhizium
acridumv, Ophiocordyceps sinensisv,
Trichoderma spp.v

Unknown function

aReferences
bReviewed in Debuchy et al. (2010)
cYokoyama et al. (2006)
dSingh et al. (1999)
eAccession number ABS19617
fAccession number ABS19621
gAccession number XP_003023854
hAccession number XP_003014758
iBihon et al. (2014)
jFraser et al. (2007)
kMandel et al. (2007)
lAmselem et al. (2011)
mLiberti et al. (2012)
nTerhem et al. (2013)
oPalmer et al. (2014)
pPöggeler and Kück (2000)
qMartin et al. (2011)
rFedorova et al. (2008)
sSwilaiman et al. (2013)
tWoo et al. (2006)
uWilson et al. (2015)
vYu et al. (2015)
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although it is non-functional in some homo-
thallic species of the Sordariaceae (Wik et al.
2008) and absent in Metarhizium robertsii, a
putatively heterothallic species (Pattemore
et al. 2014). MAT1-1-3 encodes HMG-box tran-
scription factors that form a clade in a phyloge-
netic tree based on HMG-box sequences (Ait
Benkhali et al. 2013). MAT1-1-3 has a critical
role during fruit body development in P. anser-
ina (Arnaise et al. 2001) but is absent in a group
of Clavicipitaceae species (Yokoyama et al.
2006) and Huntiella omanensis (Wilson et al.
2015). MAT1-1-3 is non-functional or not
required for the sexual cycle in some homothal-
lic Sordariaceae species (Klix et al. 2010; Wik
et al. 2008). MAT1-1-4 is present in Eurotiomy-
cetes and Diplodia pinea (Dothideomycetes)
(Bihon et al. 2014). It displays weak sequence
conservation across species but was identified by
reciprocal BLAST searches (our unpublished
results), suggesting an orthologous relationship.
The function of MAT1-1-5 was functionally
investigated in B. cinerea. The deletion of this
gene prevents the development of the stipes into
apothecial discs (Terhem et al. 2013). Interest-
ingly, the deletion of MAT1-2-4 in the opposite
mating type of B. cinerea results in an identical
phenotype, suggesting that these two genes
jointly control the transition from stipes to disc
development (Terhem et al. 2013).

B. Reproductive Lifestyles and Evolution

1. Pseudo-homothallic Lifestyle

a) Definition of Pseudo-homothallism
Pseudo-homothallism (also called secondary
homothallism) is a reproductive strategy
adopted by some heterothallic fungi involving
the production of ascospores that contain sexu-
ally compatible nuclei within the same single
ascospore envelope. This typical packaging is
achieved via strict regulation of recombination
between the mating-type locus and the centro-
mere and by programmed nuclear choreography
during ascospore delineation. The regulation of
recombination raises fascinating questions in
the field of meiosis, which was widely explored
in fungi (Zickler 2006). The mycelium resulting
from the germination of these ascospores dis-

plays heterokaryosis, namely, the association of
nuclei of opposite mating type in vegetative
hyphae. This type of self-fertile mycelium could
be confused with homothallism but can be dis-
tinguished when it is resolved into homokaryo-
tic self-sterile cultures, thereby revealing its
heterothallic nature. The resolution of hetero-
karyons into homokaryons requires drastic
treatments, such as shearing the mycelium into
uninucleate fragments, indicating the presence
of mechanisms that maintain a strong associa-
tion between the complementary nucleotypes in
the mycelium. The use of the term heterokaryo-
sis was expanded to cover all conditions in
which two or more genetically distinct nuclei
are associated in a common cytoplasmic system,
a feature commonly observed in many fungi.
This type of heterokaryosis exists in homothallic
species, some of which display a strong bias in
favour of mating between genetically distinct
nuclei, even though they are self-compatible.
This phenomenon is termed relative heterothal-
lism (Hoffmann et al. 2001; Pontecorvo et al.
1953) and must not be confused with pseudo-
homothallism.

b) MAT Chromosome Structure in
Pseudo-homothallic Species

Neurospora tetrasperma and P. anserina serve
as model systems for the analysis of pseudo-
homothallism. Idiomorph analysis indicates
unambiguously that the two species have a het-
erothallic structure (Ellison et al. 2011; Grognet
et al. 2014). Genome sequencing of N. tetra-
sperma MAT1-1 (also called mat A) and
MAT1-2 (also calledmat a) isolates and compar-
ison with the close relative N. crassa revealed
massive differences in the genome architecture
of N. tetrasperma (Ellison et al. 2011). Whereas
the two mating-type chromosomes of N. crassa
and the mat a chromosome of N. tetrasperma
are colinear, a series of three inversions affect
the central region of the chromosome that con-
tains the mat A idiomorph in N. tetrasperma.
None of the rearrangement events include the
mating-type locus itself, but the region of sup-
pressed recombination encompasses this locus
and the centromere. The region of suppressed
recombination includes ~2000 genes and spans
a distance of ~7.8 Mb, representing 80 % of the
mat A chromosome of N. tetrasperma (Ellison
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et al. 2011). As a consequence of suppressed
recombination, mating types segregate at the
first meiotic division, and two non-sister nuclei
resulting from post-meiotic mitosis are included
in ascospores. This results in the correct pack-
aging of nuclei of opposite mating types (Raju
1992). Two observations indicate that sup-
pressed recombination on mat chromosome is
regulated by yet unknown trans-acting factors
in N. tetrasperma. First, reciprocal introgression
of the mating-type chromosomes between N.
tetrasperma and N. crassa reveals that the inver-
sions are not essential for suppressed recombi-
nation (Jacobson 2005). The N. crassa mat A and
N. tetrasperma mat a chromosomes, which are
colinear, recombine in N. crassa but not in N.
tetrasperma. Second, pericentric inversion has
been observed on the mating-type chromosome
of N. crassa and results in the formation of
typical inversion loops during meiosis, allowing
both pairing and crossing of the inverted region
as well as the formation of inviable and unstable
progeny (Newmeyer and Taylor 1967). Such
inversion loops or crossovers do not occur in
N. tetrasperma. As suppressed recombination is
independent of chromosome inversion, it may
predate these genomic rearrangements, but the
timeline of these events is not yet established.
(Sun et al. 2012). Pseudo-homothallism in P.
anserina is achieved by a mechanism that is
different from the suppressed recombination
observed in N. tetrasperma. One obligate cross-
over event occurs between the mating-type locus
and the centromere, and additional crossovers
are suppressed around the mating-type locus
(Marcou et al. 1979). A specific nuclear choreog-
raphy after post-meiotic mitosis ensures nuclei
of opposite mating types are delivered to each
ascospore (Raju and Perkins 1994). In P. anser-
ina, the region of suppressed recombination
includes ~229 genes and spans ~0.8 Mb (Grog-
net et al. 2014). Interestingly, the MAT1-1 (also
called mat�) and MAT1-2 (also called mat+)
chromosomes are colinear. This indicates that
suppressed recombination is controlled by as
yet unknown trans-acting elements in P. anser-
ina, as well as in N. tetrasperma. In many plants
and animals, it is unclear whether suppressed
recombination is created by chromosome rear-
rangements, as initially suggested (Lahn and
Page 1999), or by recombination modification

without rearrangements (with rearrangements
occurring after recombination suppression)
(Bergero and Charlesworth 2009; Marais and
Galtier 2003). Suppressed recombination in
colinear regions in P. anserina and N. tetra-
sperma is an interesting model for decreased
recombination by the spread of recombination
modifiers. Further analyses will be necessary
to elucidate the mechanism of suppressed
crossover in these fungi and to identify com-
monalities with suppressed recombination in
centromeric regions (Talbert and Henikoff
2010) and in sex chromosomes of plants and
animals (Charlesworth et al. 2005).

c) Heterokaryosis in Pseudo-homothallic
Species

Factors that may affect heterokaryosis were
described by Pontecorvo (1946) and include (i)
drift (i.e. random variation in the proportion of
each nucleotype in a population), (ii) migration
(influx and outflow of nuclei following hyphal
anastomoses), (iii) variation in nucleus number,
(iv) selection and (v) mutation (Pontecorvo
1946). Genetic drift models predict that hetero-
zygosity at the moving colonisation front decays
exponentially over time owing to stochastic fluc-
tuation (Hallatschek and Nelson 2008). This pro-
cess eventually creates homokaryotic hyphae.
Although this diversity of factors suggests that
the maintenance of heterokaryosis may be chal-
lenging, heterokaryons are remarkably stable.
Genetic drift is counteracted by the nuclear
dynamics within the hyphal network (Roper
et al. 2011, 2013). Nuclei undergo intense and
complex mixing flows that are assumed to main-
tain the genetic diversity throughout the myce-
lium. The impact of the other factors on
heterokaryosis is discussed below.

Selection and variation in nucleus number
add another layer of complexity to nuclear
dynamics. Our comparison of the variation in
nucleus number reported in N. crassa and N.
tetrasperma suggests that the ratio of mat A/
mat a nuclei may be regulated in N. tetra-
sperma. The analysis in N. crassa, conducted
with biochemical mutants, indicated that the
nuclear ratio changes very little during hetero-
karyotic growth, and, surprisingly, the growth
rate is maximal over a wide range of nuclear
ratio (Pittenger and Atwood 1956). In N. tetra-
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sperma, an analysis of the ratio of mat A/mat a
nuclei indicated that the nucleotype distribution
is stable in the mycelium from the inoculation
point to the growth edge of plates (Samils et al.
2014), which is in agreement with the observa-
tions in N. crassa. However, the mat A/mat a
ratio was biased format A nuclei in three isolates
ofN. tetrasperma (mean of 87%; range, 67–99%).
This conserved bias in independent experiments
disagrees with the various nuclear ratios that can
be accommodated by heterokaryons of biochem-
ical mutants in N. crassa (Pittenger and Atwood
1956) and suggests that the mat A/mat a ratio is
controlled by an as yet unknown mechanism.
The switch frommycelial growth to sexual repro-
duction in N. tetrasperma is associated with a
significant change in the mat A/mat a ratio that
evens out and does not display any bias formatA
nuclei (range, 40–57 %) (Samils et al. 2014). This
result also supports the regulation of the nucleo-
type ratio in pseudo-homothallic species. How-
ever, the data may be misleading because the
experiments did not dissociate the mycelium
from fruit bodies, and this may introduce a bias
in nucleotype counting. Various heterokaryons
in P. anserina also show a remarkable stability
(Grognet et al. 2014). Further investigations are
necessary to determine whether independent
mat+/mat� heterokaryons display a biased
nucleotype ratio, which would point to a con-
served mechanism for nucleotype maintenance
in pseudo-homothallic species.

Once recombination between a pair of
homologous chromosomes has ceased, they
are free to follow separate evolutionary trajec-
tories, independently accumulating mutations.
Accordingly, the non-recombining regions of
mating-type chromosomes in N. tetrasperma
and P. anserina contain various polymorph-
isms that affect gene expression (Grognet et al.
2014; Samils et al. 2014) and possibly protein
activity (Contamine et al. 2004; Ellison et al.
2011). Fixation and accumulation of deleteri-
ous mutations are expected to affect the fitness
of homokaryons, while the heterokaryon ben-
efits from the presence of a functional gene in
either MAT1-1 or MAT1-2 nuclei. This model
predicts that heterokaryons grow better than
homokaryons. However, neither P. anserina
nor N. tetrasperma behaves as predicted by
this model. In P. anserina, homokaryons grow

as well as heterokaryons (Grognet et al. 2014),
suggesting that the differences between the
nucleotypes are not important for maintaining
heterokaryosis. In N. tetrasperma, mat A
homokaryotic isolates display greater radial
growth than mat a or heterokaryotic isolates
(Samils et al. 2014). This result is in agreement
with themat A-biased nuclear ratio during veg-
etative growth (see above) and may suggest that
the mat A nucleotype has a greater fitness than
the mat a nucleotype for vegetative growth. As
mat a/mat A heterokaryons are able to engage
in sexual reproduction, it is not yet clear
whether the greater fitness of themat A nucleo-
type reflects differences in vigour or differences
in developmental programmes between hetero-
karyons and homokaryons. Moreover, the
authors emphasised that their finding contra-
dicts previous reports of reduced vigour of
homokaryotic nucleotype of N. tetrasperma rel-
ative to heterokaryons during vegetative
(Dodge 1942) and reproductive stages (Raju
1992). Microarray experiments were performed
in N. tetrasperma (Samils et al. 2013) and P.
anserina (Grognet et al. 2014) to identify gene
families preferentially expressed in each
nucleotype. The numbers of differentially tran-
scribed genes were 196 and 1054 in the compar-
ison between N. tetrasperma mat a and mat A
and between P. anserina mat+ and mat�,
respectively. It is likely that the gene number
was underestimated for N. tetrasperma, owing
to the use of N. crassamicroarrays (Kasuga et al.
2005). A high proportion of the 196 N. tetra-
sperma genes locate in the region of suppressed
recombination, while the 1054 P. anserina genes
are not clustered on any particular chromosome.
There is an excess of mat A-biased genes when
N. tetrasperma is grown on crossing medium
that induces fruit body formation. By contrast,
the majority of genes expressed when grown on
vegetative medium, inducing formation of the
mycelium and macroconidia, are mat a biased.
Samils et al. (2013) proposed that sex-specific
selection resulted in the feminisation of the
mat A chromosome and masculinisation of the
mat a chromosome. However, the mat a strain
produces more fruit bodies than the mat A
strain (Howe 1964). Moreover, macroconidia
are primarily vegetative propagules that give
nuclei to female organs and must not be con-
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fused with microconidia, which are true male
cells with specific features (Maheshwari 1999).
Therefore, the production of macroconidia is
not conclusive evidence for masculinisation.
Taken together, these observations counter the
hypothesis of mating-type dimorphism pro-
posed by Samils et al. forN. tetrasperma (Samils
et al. 2013). In P. anserina, the 1054 mating-type
differentially expressed genes were further
divided in 860 genes controlled by the mating-
type genes, while the remaining 194 genes were
differentially expressed owing to polymorph-
isms that differentiate the mat+ and mat�
strains (Grognet et al. 2014). Among these 194
genes, all of those encoding glycoside hydro-
lases (n ¼ 21) had higher expression in mat�
than inmat+. The genes with higher expression
in mat+ than in mat� showed a significant
enrichment in products with predicted mito-
chondrial localisation (n ¼ 13). This analysis
revealed that the non-recombining regions
determine the physiological state, but their sig-
nificance in heterokaryosis needs additional
investigation.

d) Mating-Type Chromosomes as Models
for Sexual Chromosomes in Animals
and Plants

The spread of the non-recombining regions on
sex chromosomes is attributed to (i) selection
against recombination between linked genes
with a positive interaction effect upon fitness,
(ii) genetic drift of mutations causing suppres-
sion of recombination and (iii) selection of
recombination suppression because it prevents
homozygosity of deleterious recessive genes
(Ironside 2010). However, there is little evidence
so far to support each of these hypotheses in
N. tetrasperma and P. anserina. The first point
was addressed in the above discussion about the
validity of the suggested masculinisation of mat
a chromosome and feminisation of the mat A
chromosome in N. tetrasperma (Samils et al.
2013). Second, the hypothesis that a mutation
could invade through genetic drift is challenging
to model beyond a single isolated population
(Ironside 2010). And third, the presence of
deleterious recessive genes is questionable, as
N. tetrasperma and P. anserina individuals can
grow as haploid homokaryons that are capable of
outcrossing and acting as maternal and paternal

parents. It is also noteworthy that normal
recombination along the N. crassa mat chromo-
some indicates that suppression of recombina-
tion is not necessarily associated with the mat
locus. The driving force for the spread of non-
recombining regions in pseudo-homothallic
may be the preservation of heterozygosity
in fungi with obligate intratetrad mating
(Zakharov 2005). Alternatively, non-recombin-
ing regions may be selected to favor the packag-
ing of nuclei with opposite mating types in the
same ascospore. These hypotheses question the
use of mating-type chromosomes asmodels for
the evolution of animal and plant sexual chro-
mosomes (e.g. Menkis et al. 2008), because the
evolutionary forces applying on sex chromo-
somes in fungi, and in plants and animals, may
be different.

2. Homothallic Lifestyle

Heterothallism is the most likely ancestral mat-
ing state of most extant homothallic species. This
is illustrated by detailed studies of genera that
contain both homothallics and heterothallics,
including Cochliobolus spp. (Yun et al. 1999)
and its relative Stemphylium spp. (Inderbitzin
et al. 2005) and the Aspergillus section Fumigati
(Rydholm et al. 2007). Generally, in those exam-
ples, homothallism evolved by fusion of the two
idiomorphs, with the bringing together in the
same genome of MAT1-1 and MAT1-2 genes
thought to be a critical factor enabling self-
fertility. But idiomorphs in homothallic species
are not always tightly linked in the genome as
exemplified by Cochliobolus cymbopogonis in
which the locations of MAT1-1 with respect to
MAT1-2 are unknown (Yun et al. 1999) and
Aspergillus nidulans in which the two opposite
mating-type loci MAT1 and MAT2 exist in the
same haploid nucleus but on different chromo-
somes 6 and 3, respectively (Dyer et al. 2003;
Paoletti et al. 2007). The evolutionary mecha-
nism leading to unlinked idiomorphs being in
the same nucleus of a homothallic species is
unknown, but a chromosomal breakage between
initially fused idiomorphs followed by a translo-
cation could distribute opposite mating-type
genes onto different chromosomes. The shift
from heterothallism to homothallism is fairly
common, resulting in the frequent coexistence
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of heterothallic and homothallic species within
a genus. For instance, homothallism evolved
independently at least six times in the evolution-
ary history of the genus Neurospora (Nygren
et al. 2011). There are thought to be various
ecological factors favouring the evolution of
homothallism, such as the ability to produce
environmentally resistant sexual propagules
without the need for a mating partner or meta-
bolic investment in finding a mate and the reten-
tion of favourable gene combinations which
might be broken up during outcrossing (Billiard
et al. 2012; Murtagh et al. 2000). Furthermore,
most homothallic species are not restricted to
self-fertility; instead, isolates retain the ability
to outcross if opportunities arise, and in A.
nidulans, there is evidence that outcrossing is
favoured, as exemplified by relative heterothal-
lism (Hoffmann et al. 2001).

The role of expression of mating-type genes
in determining reproductive lifestyle has been
investigated by four different experimental
approaches: (i) exchange of MAT loci between
homothallic and heterothallic species; (ii) dele-
tion of one mating-type gene in a homothallic
species, to see if this results in a heterothallic
species; (iii) introduction of the complemen-
tary MAT idiomorph in a heterothallic strain;
and (iv) overexpression of mating-type genes in
homothallic species.

The exchange of MAT loci was thoroughly
investigated by using the homothallic Cochlio-
bolus luttrellii, which contains fused MAT1-1-1
and MAT1-2-1 mating type genes (Yun et al.
1999), and its heterothallic relative, C. hetero-
strophus (Turgeon et al. 1993). The fused
(MAT1-1-1)-(MAT1-2-1) gene was introduced
into a mat-deleted strain of C. heterostrophus
(Yun et al. 1999). Abundant fruit bodies formed
when the transformants were selfed, and many
showed some degree of fertility (1–10 % of
wild-type ascospore production). In the reverse
experiment, a mat-deleted C. luttrellii strain
carrying C. heterostrophus MAT1-1-1 can mate
with a mat-deleted C. luttrellii strain carrying
C. heterostrophus MAT1-2-1 (Lu et al. 2011).
The fertility of the cross is similar to that of
the selfed wild-type C. luttrellii, except the asci
often contain fewer than the eight expected
ascospores. These experiments show that a
heterothallic species can become homothallic

and vice versa via exchange of MAT loci. How-
ever, these exchanges result in quantitative
and qualitative defects in the progeny. There-
fore, mating types must undergo fine-tuned
adaptation to perform optimally when placed
in a new context.

The deletion of one mating type was per-
formed in the homothallic Gibberella zeae,
which carries closely linked MAT1-1 and
MAT1-2 in a single nucleus (Lee et al. 2003).
Targeted gene replacement was used to differen-
tially delete MAT1-1 or MAT1-2 from a wild-
type haploidMAT1-1,MAT1-2 strain. The result-
ing MAT1-1,DMAT1-2 and DMAT1-1,MAT1-
2 strains were found to be completely self-sterile
yet able to cross with each other. Fruit body
formation was 10–20 % relative to wild-type
selfers, and the fertility of the fruit bodies (in
terms of ascospore production) was about 10%
that of the wild type. As above, this experiment
indicates fine-tuned adaptation of the MAT
genes to optimise the sexual cycle in a homo-
thallic species. Crosses between MAT1-1,D
MAT1-2 and DMAT1-1,MAT1-2 strains with a
wild-type self-fertile strain have a striking fea-
ture. They yield only biparental progeny, and
no asci resulting from selfing of wild-type
nuclei are observed in perithecia. This observa-
tion indicated a preference for karyogamy
between nuclei from the mat-deleted parent
and the wild type, rather than between like
nuclei from the homothallic wild-type parent
that is able to self. The mechanism for the pref-
erence among nuclei is currently unknown but
may be related to the MAT gene-mediated
nucleus recognition proposed in heterothallic
species (Debuchy and Turgeon 2006). Similar
observations were obtained for the homothallic
A. nidulans, where deletion of either the resident
MAT1 (a1 domain) or MAT2 (MATA_HMG-
box) gene resulted in defects in sexual develop-
ment (Paoletti et al. 2007). In both DMAT1,
MAT2 and MAT1,DMAT2 strains, it was found
that fruit bodies (cleistothecia) were still pro-
duced under conditions inducing the sexual
cycle. However, these were lower in number
and, in the case of DMAT1,MAT2, were smaller
than those of control strains. Critically, cleis-
tothecia were sterile, being devoid of ascospores.
However, it was then possible to cross the resul-
tant MAT1,DMAT2 and DMAT1,MAT2 strains
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to produce cleistothecia containing ascospores,
i.e. there was a switch from a homothallic to a
heterothallic lifestyle as a result of manipulation
of MAT genes. Remarkably, Czaja et al. (2014)
have also recently reported that the human SRY
protein (part of the HMG-box family) is able to
functionally replace the A. nidulansMAT2 (syn-
onym matA) protein to initiate early stages in
the sexual cycle (Czaja et al. 2014). Ascospore
production is defective, but a hybrid MATA
protein containing the SRY HMG-box is fully
capable of driving both early and late stages of
sexual development.

There have been several attempts to convert
heterothallic P. anserina and C. heterostrophus
isolates to homothallism by introducing the
MAT1-1 idiomorph in a MAT1-2 strain and
vice versa, resulting in transgenic strains carry-
ing resident and ectopic opposite idiomorphs
(Coppin et al. 1993; Picard et al. 1991; Turgeon
et al. 1993). Selfing of these transgenic strains
results in a high number of fruit bodies but very
low ascospore production. When the transgenic
strains were outcrossed, normal fertility was
obtained when resident idiomorphs of the
transgenic strains were required to function.
By contrast, fertility was low when ectopic idio-
morphs were required to function. These ectop-
ically integrated idiomorphs confer normal
fertility to strains that have a deletion of the
resident idiomorph, indicating that reduced
fertility was not due to a deficiency in expres-
sion of the ectopic idiomorph, but instead that
expression of the resident idiomorph is par-
tially dominant (Coppin et al. 1993; Wirsel
et al. 1996). This dominance of the resident
idiomorph with respect to the ectopic one is
termed interference (Wirsel et al. 1996). To
eliminate this dominant effect, the MAT1-
2 idiomorph was integrated immediately down-
stream of the resident MAT1-1 idiomorph in P.
anserina (Xie et al. 2015, submitted). Ironically,
this strain displayed low fertility in outcrosses
with MAT1-1 and MAT1-2 tester strains as well
as in selfing strains (1% of a wild-type cross),
suggesting that this structural organisation of
mating-type genes affects the expression of
both MAT1-1 and MAT1-2. Crossing between
the MAT1-1,MAT1-2 strain and heterothallic
tester strains results mainly in selfing of the
MAT1-1,MAT1-2 nuclei (Xie et al. 2015, sub-

mitted), a behaviour that contrasts with the
preference for karyogamy between nuclei from
the mat-deleted parent and wild type observed
in the homothallic G. zeae (Lee et al. 2003). In
conclusion, all attempts to obtain a fertile
homothallic strain by manipulation of the
mating-type genes of a heterothallic species
have so far resulted in wild-type or higher
than wild-type fertilisation ability (in terms of
numbers of fruit bodies formed), but have
failed to restore the normal post-fertilisation
developmental processes that lead to ascospore
formation.

Finally, the effects of overexpression of
MAT genes in a homothallic species have been
investigated in A. nidulans. It was found that
simultaneous overexpression of both MAT1
and MAT2 resulted in suppression of vegeta-
tive growth and the induction of sexual devel-
opment under conditions not normally
favourable for sex (Paoletti et al. 2007). The
same study found that sexual reproduction was
correlated with significantly increased expres-
sion of the MAT genes and key genes of a
pheromone response MAP-kinase signalling
pathway, indicating that selfing in A. nidulans
involves activation of the same mating path-
ways characteristic of sex in heterothallic spe-
cies. However, unlike heterothallic species,
aspects of pheromone signalling appeared to
be independent of MAT control because no
clear differences were apparent in pheromone
precursor and receptor gene expression despite
deletion or overexpression of the residentMAT
loci. This again suggests possible adaptation
and fine-tuning of the role of MAT genes to
optimise the sexual cycle in a homothallic spe-
cies. It was speculated that MAT gene expres-
sion may therefore be primarily required for
later stages of sexual development, rather than
mating, as a possible adaptation for homothal-
lism (Paoletti et al. 2007).

Taken together, these experiments clearly
indicate that the switch from heterothallism to
homothallism is associated with adaptations
that involve the two idiomorphs and the MAT
target genes. It is likely that there are as many
accompanying adaptation mechanisms as
there are switching events. One of the most
interesting hypothetical mechanisms assumed
that genetically self-compatibleMAT1-1,MAT1-
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2 nuclei become functionally self-incompatible
(Metzenberg and Glass 1990). This could be
achieved by an epigenetic process that inacti-
vates the MAT1-1 or the MAT1-2 functions, as
proposed by C. Scazzocchio for A. nidulans
(Scazzocchio 2006). It seems unlikely that this
mechanism is ubiquitous in homothallic spe-
cies or operates in species that harbour fused
MAT1-1 and MAT1-2 mating-type genes. How-
ever, this epigenetic mechanism may explain
the preference for karyogamy between nuclei
from the mat-deleted parent and the wild
type, as observed in G. zeae (Lee et al. 2003).
The MAT1-1,MAT1-2 nuclei may undergo ran-
dom epigenetic inactivation of MAT1-1 or
MAT1-2, and MAT1-1,DMAT1-2 nuclei may
recognise their compatible MAT1-2 partner
(or MAT1-1 partner for DMAT1-1,MAT1-
2 nuclei) and form ascogenous hyphae and
biparental progeny. Epigenetic silencing of
MAT genes may not exist in heterothallic spe-
cies, explaining the preference for selfing of
MAT1-1,MAT1-2 nuclei in a similar experiment
in P. anserina (Xie et al. 2015, submitted).

3. Switching Lifestyle

a) Bidirectional Switching in Budding
and Fission Yeasts

Similar to other traits, mating type is passed on
from mother to daughter cells during vegetative
growth and is transmitted to progeny according
to Mendel’s rules during sexual reproduction.
But in some species, mating type can be altered
during vegetative growth or sexual reproduc-
tion, in a process termed ‘mating-type switch-
ing’. Mating-type switching has been thoroughly
investigated in the budding yeast S. cerevisiae
and the fission yeast Schizosaccharomyces
pombe (Herskowitz 1988; Klar 2007). These two
species contain one expressed mating-type locus
and two silenced loci that contain oppositeMAT
sequences. A homologous recombination event
replaces the expressedMAT allele with the oppo-
site MAT allele from one of the silenced loci.
Mating-type switching in the budding and fis-
sion yeasts always occurs during mitosis and is
bidirectional, which means that a cell lineage
may display multiple and successive mating-
type changes. After mating, these yeasts display

conventional, bipolar inheritance of their
mating-type alleles.

b) Unidirectional Switching of Homothallism
to Heterothallism

Mating-type switching in the Pezizomycotina
differs from yeasts and displays three specific
features: (i) switching occurs always during
sexual reproduction; (ii) switching occurs
from one lifestyle to another, i.e. from homo-
thallism to heterothallism or vice versa; and
(iii) switching is unidirectional and cannot be
reversed. Examples include Chromocrea spinu-
losa, various Ceratocystis species, Fusarium
subglutinans (Sordariomycetes) and Sclerotinia
trifoliorum (Leotiomycetes), which display
mating-type switching from homothallism to
heterothallism during sexual reproduction
(Perkins 1987; Tolmsoff 1983). Among the
best-studied examples of mating-type switch-
ing in filamentous ascomycetes is Ceratocystis
spinulosa, where upon selfing, four of the eight
ascospores in each ascus are homothallic and
the other four ascospores are heterothallic
(Mathieson 1952). Heterothallic isolates cannot
mate with one another, but heterothallic iso-
lates can mate with homothallic isolates,
where the same ratio of homothallic to hetero-
thallic ascospores in each ascus is repeated
(Fig. 14.4). The organisation of the mating-
type locus in C. spinulosa has been determined
(Turgeon and Debuchy 2007). Homothallic iso-
lates have aMAT1-2-1 gene that is adjacent to a
complete set ofMAT1-1 genes includingMAT1-
1-1, MAT1-1-2 and MAT1-1-3, whereas hetero-
thallic isolates have all three MAT1-1 genes but
lack the MAT1-2-1 gene. Direct repeats are
present on either side of MAT1-2-1 in homo-
thallic strains (Turgeon and Debuchy 2007).
Recombination between the two repeats would
result in the elimination ofMAT1-2-1 and could
account for the missing MAT1-2-1 in hetero-
thallic isolates.

Ceratocystis fimbriata is similar to C. spinu-
losa in that the progeny of homothallic strains
includes both homothallic and heterothallic
strains (Mathieson 1952; Olson 1949). Hetero-
thallic strains can only mate with homothallic
strains, again resulting in both homothallic and
heterothallic progeny (Turgeon and Debuchy
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2007; Webster 1967) (Fig. 14.4). As in C. spinu-
losa, C. fimbriata heterothallics are lacking the
MAT1-2-1 gene (Witthuhn et al. 2000), which in
homothallic isolates is located between two
direct repeats that are separated by 3.6 kb.
The repeats measure 260 bp, and recombina-
tion between the two repeats would result in the
excision of the intervening DNA, including
MAT1-2-1 (Wilken et al. 2014). But unlike C.
spinulosa, the ratio of homothallic to hetero-
thallic strains in C. fimbriata is not constant but
depends on the perithecia and ranges from 1:1
to 1:9, with 3:2 being the most common (Web-
ster and Butler 1967). Tetrad analyses are
not possible in Ceratocystis, since the asci
disintegrate before ascospores fully mature.
Other species of Ceratocystis, including Cerato-
cystis coerulescens, Ceratocystis pinicola and

Ceratocystis virescens also practise mating-
type switching (Harrington and McNew 1997;
Witthuhn et al. 2000), which results in the for-
mation of heterothallic strains that may lack
MAT1-2-1, as also seen with C. fimbriata.

Little is known about MAT architecture in
S. trifoliorum, but mating compatibilities and
the ratio of homothallic to heterothallic prog-
eny (Uhm and Fujii 1983) are as observed in C.
spinulosa (Fig. 14.4), suggesting a similar
mechanism. Mating-type switching has also
been reported in F. subglutinans (Leslie et al.
1986), but very few details have been described.

In C. fimbriata, C. coerulescens, C. spinulosa
and S. trifoliorum, mating type correlates with
phenotype, which suggests a pleiotropic effect of
MAT. In C. fimbriata and in C. coerulescens,
homothallic strains grow faster than heterothal-
lic strains (Harrington and McNew 1997;
Webster and Butler 1967), and in C. fimbriata,
colony morphology differs between homothallic
and heterothallic strains (Webster and Butler
1967). In C. spinulosa and S. trifoliorum, homo-
thallic ascospores are larger than heterothallic
ascospores (Uhm and Fujii 1983). Pleiotropic
effects of MAT are known from the homothallic
Coniochaeta tetraspora, where only half of the
ascospores in each ascus are viable and all viable
ascospores are homothallic (Raju and Perkins
2000). The pleiotropic effects of MAT may be
mediated by altered MAT gene expression
between different MAT region arrangements as
described for Sclerotinia sclerotiorum below.

c) Structural Mating-Type Rearrangement
Without Lifestyle Switching

S. sclerotiorum is a filamentous ascomycete that
does not undergo mating-type switching, but
the S. sclerotiorum MAT region undergoes reg-
ular rearrangements that correlate with MAT
gene expression patterns (Chitrampalam et al.
2013), which could account for mating-type
switching in other species. S. sclerotiorum is
homothallic and contains fused MAT1-1 and
MAT1-2 idiomorphs. A 3.6 kb region, the inver-
sion region, is flanked by 250 bp inverted repeats
and spans acrossMAT1-2-1,MAT1-2-4 and part
of MAT1-1-1. Upon selfing, the inversion region
is inverted in half of the progeny in each ascus
and among random ascospore progeny. The 1:1
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Fig. 14.4 Mating-type switching in Ceratocystis species,
C. spinulosa and Sclerotinia trifoliorum. Progeny from
selfing homothallics are either homothallic or hetero-
thallic. Heterothallics can only mate with homothallics,
again resulting in homothallic and heterothallic prog-
eny. There is a 1:1 ratio of homothallics to heterothal-
lics in tetrads of C. spinulosa and S. trifoliorum and in
perithecia of C. coerulescens. The ratio varies from 1:1
to 1:9 between perithecia of C. fimbriata. Homothallic
and heterothallic progeny differ in morphology, which
is indicative of the pleiotropic effects of MAT. Mating-
type switching appears to be due to deletion of a MAT
gene in homothallics, which is caused by a recombina-
tion event between direct repeats flanking the deleted
gene
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segregation pattern of forward to inverted inver-
sion region is repeated when the progeny self
and is independent of the orientation of the
inversion region in the parent. Expression of
MAT1-1-1 and MAT1-2-1 differs depending on
the orientation of the inversion region. For
instance in isolates with the inversion, the
MAT1-1-1 a1 domain is shortened to only 15
residues. Thus, isolates with the inversion could
be expected to be functionallyMAT1-2-1 hetero-
thallic, but they remain homothallic. No pheno-
typic differences are known between strains that
differ in the orientation of the inversion region
(Chitrampalam et al. 2013).

d) Switching of Heterothallism to Unisexual
Mating

In some heterothallic Ascomycetes, indivi-
duals derived from a homokaryotic ascospore
are able to engage in sexual reproduction by
mating with themselves or with a partner of
the same mating type. This sexual lifestyle was
investigated thoroughly in the heterothallic B.
cinerea. Seven out of 105 asci from ten different
crosses contained progeny that mated with
both MAT1-1 and MAT1-2 strains (Faretra
and Pollastro 1996). Two of these dual mater
strains were crossed to a MAT1-2 reference
strain, which resulted in a 1:1 segregation for
MAT1-1 andMAT1-2, as well as the appearance
of six dual mater progeny among the 128 ascos-
pores examined between the two crosses (Fare-
tra and Pollastro 1996). Four dual mater strains
were investigated by sequencing of the MAT
regions and were found to have standard
heterothallic MAT arrangements, containing
either MAT1-1 or MAT1-2 idiomorphs (Amse-
lem et al. 2011). Thus, the mechanistic basis of
this functional switching, from heterothallism
to homothallism, does not involve bringing
together complementaryMAT genes and there-
fore is different from homothallism. In the
heterothallic Sordaria brevicollis, uncrossed
perithecia of one mating type are able to form
a few ascospores (Robertson et al. 1998). Meio-
sis occurs, but the frequency of recombination
is lower than in heterothallic crosses. Crypho-
nectria parasitica also appears to lack a regular
mechanism for mating-type switching. Ascos-
pores in general are heterothallic, and only very

few are capable of self-mating. Mating is either
due to heterokaryosis established during asco-
spore formation or results from an unknown
mechanism in ascospores that have only one
mating type (McGuire et al. 2004).

The ability of same-sex mating was termed
unisexual mating (Wang and Lin 2011). This
denomination should be restricted to species
which have a heterothallic structural organisa-
tion of mating-type genes, to avoid confusion
with homothallism. According to this restric-
tion, Neurospora spp., which contain only mat
A (e.g. N. africana) (Wik et al. 2008), should be
considered homothallic species, as initially
described (Glass et al. 1990b). To date, no struc-
tural rearrangement can explain the switch
from heterothallism to unisexual mating in
some individuals. Unlike mating-type switch-
ing from homothallism to heterothallism, the
switch from heterothallism to unisexual mating
is reversible. It is possible that unisexual mat-
ing results from an epigenetic mechanism,
which converts a functional heterothallic indi-
vidual to a homothallic one.

e) The Timing and Mechanism of Mating-Type
Switching

All evidence points to the association of
mating-type switching with the sexual state.
In C. fimbriata, C. coerulescens and C. spinulosa,
homothallics do not mutate into heterothallics
during vegetative growth (Harrington and
McNew 1997; Mathieson 1952; Webster 1967),
and the S. sclerotiorum MAT inversion region is
stable during vegetative growth (Chitrampalam
et al. 2013). Harrington and McNew proposed
that in C. coerulescens, switching occurs prior to
dikaryon formation (Harrington and McNew
1997). This is an attractive possibility, since
the switched, heterothallic nuclei could then
pair up with homothallic nuclei during the
dikaryotic stage (Shiu and Glass 2000). This
would ensure that inside each ascus, one homo-
thallic nucleus and one heterothallic nucleus
entered into karyogamy. A constant 1:1 segre-
gation ratio of homothallic to heterothallic
progeny would ensue, as is observed for asci of
C. spinulosa and S. trifoliorum (Mathieson 1952;
Uhm and Fujii 1983) and possibly for C. coer-

Mating-Type Structure, Function, Regulation and Evolution in the Pezizomycotina 365



ulescens perithecia (Harrington and McNew
1997). Association between homothallic and
heterothallic nuclei may be less stringent in C.
fimbriata, since the ratio of homothallic to het-
erothallic ascospores differs between perithecia
(Webster and Butler 1967).

Various mechanisms have been proposed
to explain mating-type switching in filamen-
tous Ascomycetes (Perkins 1987; Tolmsoff
1983). As compared to budding and fission
yeasts, few details are known, but evidence
suggests the involvement of recombination
between repeats atMAT. Analyses of the stabil-
ity of repeated sequences during the sexual cycle
in the non-mating-type switchers P. anserina
(Bouhouche et al. 2004; Coppin-Raynal et al.
1989; Picard et al. 1987) and N. crassa (Selker
1990) provided numerous examples for pre-
meiotic DNA deletions, which were most likely
mediated by intra-chromosomal recombination
between direct repeats. We thus propose that
mating-type switching as described for C. spi-
nulosa (Mathieson 1952) and C. fimbriata
(Webster 1967) relies on a premeiotic repeat-
mediated, intra-chromosomal recombination
mechanism similar to that evidenced in N.
crassa and P. anserina. In C. spinulosa and C.
fimbriata, mating-type switching is unidirec-
tional, because the repeats involved are direct
repeats and the intervening DNA is deleted
upon recombination. Inverted repeats have
not been associated with mating-type switching
but could result in reversible mating-type
switching. This is because recombination
between inverted repeats causes the DNA
between repeats to invert, a process that is
reversible as described for S. sclerotiorum
MAT (Chitrampalam et al. 2013).

In B. cinerea and C. parasitica, mating-type
switching does not alter the structure of MAT,
which suggests that an epigenetic mechanism
may be involved. Epigenetic modification of
DNA associated with the sexual state was
observed in Ascobolus immersus, where de
novo premeiotic methylation (MIP) results in
silencing of repeated genes (Rossignol and Fau-
geron 1995). We thus propose that MIP might
trigger the reversible mating-type switching
observed in B. cinerea and potentially in C.
parasitica.

4. Asexual Lifestyle and Cryptic Sexuality

a) Definitions and Use of MAT Genes to
Investigate Asexuality

It has been estimated that a surprisingly high
proportion, as many as 20%, of all fungal spe-
cies exhibit a purely asexual lifestyle with no
sexual state having been described (Hawks-
worth et al. 1995). Phylogenetic analysis has
shown that almost all species that were once
classified in the subdivision Deuteromycotina
(the so-called ‘Fungi Imperfecti’) are actually
placed within the sexual Pezizomycotina
grouping (Schoch et al. 2009). Indeed, taxo-
nomic changes under the ‘one fungus, one
name’ proposal might lead to supposedly asex-
ual species being given genus epithets once
reserved only for species with described sexual
states (Hawksworth et al. 2011). This lack of
sexual reproduction in so many Pezizomyco-
tina is very surprising given the many sup-
posed benefits of sex in fungi, even if only
intermittent and involving self-fertilisation
(homothallism) [reviewed by Billiard et al.
(2012), Dyer and Paoletti (2005) and Lee et al.
(2010)]. Asexuality has also been viewed as an
evolutionary dead end due to limited opportu-
nities to generate genetic diversity and the pro-
blems associated with accumulation of
deleterious mutations (the Muller’s and Kon-
drashov’s ratchet effects) (Lobuglio and Taylor
2002; Normark et al. 2003). However, there has
been accumulating evidence over recent years
that many Pezizomycotina thought to have a
purely asexual lifestyle might in fact have the
ability to undergo sexual reproduction. Thus,
they are described as exhibiting ‘cryptic sexu-
ality’ (Dyer and O’Gorman 2012; Ene and Ben-
nett 2014; Kück and Pöggeler 2009), here
defined as meaning that they have genetic,
physiological and/or morphological character-
istics associated specifically with sexual spe-
cies, without a sexual state yet having been
described. Therefore, these species can be said
to show signs of sexuality, indicating that there
might be possible occurrence in nature of an as
yet unobserved and undescribed sexual state
that would contribute to the generation of
genetic diversity and evolution of the species
in question. Various criteria (sex tests) have
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been used to provide evidence of cryptic sexu-
ality in supposed asexual species (Dyer and
O’Gorman 2011; Varga et al. 2014). These
include the detection of recombination from
population genetic analyses, observation of
the initial morphological stages of sexual devel-
opment, identification of genes required for
sexual reproduction in the genome and demon-
stration of functional expression of such sex-
related genes. Of relevance to the current chap-
ter is that the analysis of the presence and
distribution of mating-type genes has become
the most commonly used method to gain
insights into cryptic sexuality, with a number
of discoveries made about asexual lifestyles in
the Pezizomycotina based onMAT gene studies
as follows.

b) Presence of Impaired Mating-Type Genes
It is generally accepted that asexual Pezizomy-
cotina is derived from earlier sexual ancestor
lineages (Geiser et al. 1996; Taylor et al. 1999).
One possible explanation for the evolution of
asexuality is that MAT genes regulating key
sexual developmental processes might have
become mutated and therefore impaired in
function, thus leading to an asexual lifestyle.
There is evidence of such mutation of mating-
type genes in the asexual yeast Candida para-
psilosis (Logue et al. 2005). However, in all
studies to date where MAT regions have been
sequenced from asexual Pezizomycotina, there
has been no such evidence for such mutations,
with all sequenced genes appearing to code for
intact, functional MAT proteins (see below).
The only possible exception was with the phy-
topathogen Phoma clematidina in which the
majority of isolates sampled failed to amplify
aMAT gene product, and it was speculated that
corruption of MAT genes might be the cause of
asexuality (Woudenberg et al. 2011). However,
theMAT regions were not sequenced to test this
hypothesis.

c) Presence of Only One Mating-Type Gene
in Populations

An alternative explanation for asexuality in
certain species is that they have evolved from
a heterothallic ancestor(s) of a single mating
type, and therefore extant populations will be

composed of isolates harbouring only one type
of MAT gene. Consequently, the species would
be obligately asexual even if the genome
contained all genes, except that of the compati-
ble mating type, for sexual development. There
is evidence for such an explanation for an asex-
ual lifestyle in certain of the Pezizomycotina
based on studies of the presence and distribu-
tion of MAT genes. King et al. found that
all sampled isolates of the phytopathogens
Rhynchosporium orthosporum and Rhynchos-
porium lolii from a diverse range of hosts and
geographical locations throughout Europe were
exclusively of theMAT1-1 genotype (King et al.
2014). This finding was confirmed by BLAST
analyses of draft genome sequences of these
species, which failed to detect the presence of
any MAT1-2-1 gene homologue. Furthermore,
it was not possible to detect expression of the
MAT1-1-1 gene under laboratory conditions.
Similarly, Christiansen et al. found that sur-
veyed isolates of the oat pathogen Cochliobolus
victoriae were entirely of the MAT1-2 genotype
and suggested that this species had arisen by
horizontal gene transfer of DNA conferring
pathogenicity on oats into a single female ster-
ileMAT1-2 ancestral strain of Cochliobolus car-
bonum (Christiansen et al. 1998). Groenewald
et al. also reported that all worldwide isolate
samples of Cercospora apicola were of the
MAT1-2 genotype, while all German isolates
of Cercospora apii were of the MAT1-1 geno-
type, both of these asexual species being path-
ogenic on celery (Groenewald et al. 2006). Most
recently, Brännström et al. found that a sample
of 218 individuals of the lichen-forming fungus
Thamnolia vermicularis covering the whole of
the northern, and parts of the southern, hemi-
sphere were entirely of the MAT1-2 genotype
(Brännström et al. 2015). Further examples
of the possible presence of only one mating
type in populations leading to asexuality
include various Fusarium and Penicillium spe-
cies (Covert et al. 2007; Kerenyi et al. 2004;
Lopez-Villavicencio et al. 2010), the antibiotic
producer Acremonium chrysogenum (Pöggeler
et al. 2008) and the ray blight fungus Stagonos-
poropsis tanaceti (Chilvers et al. 2014), but in
these cases, sampling only covered a limited
number of isolates or a limited geographic area
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so the results are less conclusive. Intriguingly,
some yeasts exhibit unisexual reproduction
between partners of the same mating type as
a solution to same-sex incompatibility (Ene
and Bennett 2014; Heitman et al. 2014), but
such a phenomenon has not yet been described
in filamentous ascomycetes other than with
mating-type switching (see Sect. 3).

d) Presence of Complementary Mating-Type
Genes Leads to Discovery of Sex

Arguably, the greatest insights into cryptic sex-
uality have arisen from studies where detection
of both MAT1-1 and MAT1-2 isolates within
global populations has ultimately led to the
discovery of a previously unknown sexual
stage. An understanding of MAT gene presence
has been critical in such studies because a
knowledge of the mating-type identity of strains
has allowed directed crosses to be set up between
known MAT1-1 and MAT1-2 isolates with
potential sexual compatibility, whereas prior to
this, many wasteful attempted crosses might
have been tried with isolates that were of the
same mating type, i.e. were sexually incompati-
ble (Houbraken and Dyer 2015). A sexual revo-
lution based on MAT gene analysis has been
seen particularly regarding supposed asexual
Aspergillus and Penicillium species (Dyer and
O’Gorman 2011). For example, the opportunistic
human pathogen Aspergillus fumigatus was long
considered a purely asexual organism. However,

genome analysis combined with experimental
work demonstrated the presence of both
MAT1-1 and MAT1-2 isolates within global
populations in an approximately 1:1 ratio
together with evidence for expression of MAT1-
1 and MAT1-2 genes in vitro, consistent with
sexual reproduction (Galagan et al. 2005; Paoletti
et al. 2005). O’Gorman et al. later identified a
recombinant population in Ireland and set up
crosses between MAT1-1 and MAT1-2 Irish iso-
lates under a variety of conditions (O’Gorman
et al. 2009). A major finding was then made,
being that prolonged incubation on a particular
oatmeal substrate led to induction for the first
observed time of sexual reproduction in the spe-
cies with the newly identified sexual state being
named Neosartorya fumigata (Fig. 14.5). Using a
similar approach, Ramirez-Prado et al. were first
able to demonstrate that the asexual species
Aspergillus flavus and Aspergillus parasiticus
both contained an idiomorphic MAT locus
arrangement characteristic of heterothallic sex-
ual species and that MAT1-1 and MAT1-2 genes
were expressed in the species under laboratory
conditions (Ramirez-Prado et al. 2008). In
subsequent studies crossing known MAT1-1
and MAT1-2 isolates, Horn et al. were then able
to induce sexual reproduction for the first
observed time in these species, involving the
production of a Petromyces sexual state (Horn
et al. 2009a, b). Böhm et al. used similar meth-
odology to induce sexual reproduction in the

Fig. 14.5 Newly discovered sexual state of Aspergillus
fumigatus (Neosartorya fumigata). (a) Two cleistothe-
cia visible as white to cream hyphal aggregations
against darker green conidia in the background; scale
bar indicates 400 mm. (b) Scanning electron micro-

graph of a cleistothecium, showing the outer peridium
wall of interwoven hyphae; scale bar indicates 100 mm.
(c) Scanning electron micrograph of four ascospores
showing spore ornamentation; scale bar indicates 2 mm.
Adapted from O’Gorman et al. (2009)
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antibiotic producer P. chrysogenum for the first
time (Böhm et al. 2013). A MAT locus had pre-
viously been identified in P. chrysogenum (Henk
et al. 2011; Hoff et al. 2008), and crossing of
certain MAT1-1 and MAT1-2 isolates was
found to lead to production of cleistothecia con-
taining recombinant progeny. This finding was
of industrial importance because the sexual cycle
now offers a novel means of strain improvement.
Further examples where a knowledge of MAT
gene presence (from PCR amplification and
sequencing work) has recently allowed sexual
states to be identified for the first time include
the aflatoxin producer Aspergillus nomius (Horn
et al. 2011), the opportunistic pathogens Asper-
gillus lentulus and Aspergillus terreus (Arabatzis
and Velegraki 2013; Swilaiman et al. 2013), two
members of the black aspergilli Aspergillus
tubingensis and Aspergillus sclerotiicarbonarius
(Darbyshir et al. 2013; Horn et al. 2013), the
emerging pathogens Aspergillus felis and Fusar-
ium keratoplasticum (Barrs et al. 2013; Short
et al. 2013) and Aspergillus wyomingensis (Nová-
ková et al. 2014). All of these examples illustrate
that many fungal species currently considered to
be asexual are instead likely to exhibit cryptic
sexuality. There is therefore the possibility of
identifying a sexual stage if conditions to trigger
sex can be identified, with the analysis of MAT
gene presence and their use in identifying com-
patible mating partners being a key first step in
such investigations (Houbraken and Dyer 2015).

e) Presence of Both Mating Types but No Sexual
State Yet Identified

Although it has been possible to induce a sexual
cycle in some previously considered asexual
species, the majority of studies to date involv-
ing the analysis of MAT organisation and the
presence in the asexual Pezizomycotina have
so far only been able to provide evidence of
cryptic sexuality. Numerous studies have
shown that taxonomically diverse asexual spe-
cies contain apparently functional MAT genes
(based on sequence analysis) which are located
in MAT idiomorphic regions whose structure
resembles those of known sexual heterothallic
species. There have also been a series of reports
thatMAT genes are expressed at the RNA level,

and some studies have even shown evidence of
functionality based on gene manipulation
work. Furthermore, studies of field distribu-
tions of the complementary mating types have
often shown a near 1:1 ratio of MAT1-1:MAT1-
2 isolates, consistent with sexual reproduction
and data for known sexual species (Dyer et al.
2001; Waalwijk et al. 2002).

Debuchy and Turgeon previously described
how either MAT genes alone or idiomorph
regions have been sequenced from a range of
asexual loculoascomycete, sordariomycete,
leotiomycete and eurotiomycete species (Debu-
chy and Turgeon 2006). Where complete idio-
morphs were sequenced, asexual species
such as Fusarium oxysporum, for example,
were found to contain MAT1-1-1, MAT1-1-2,
MAT1-1-3 and MAT1-2-1 genes that were
structurally indistinguishable from those of
related Gibberella sexual species (Yun et al.
2000). Furthermore, Debuchy and Turgeon
described how for most asexual species where
gene expression was assayed, such as Bipolaris
sacchari and Alternaria alternata (Arie et al.
2000), it was possible to detect transcription
of MAT genes, importantly suggesting that the
asexual lifestyle does not arise from a transcrip-
tional deficiency of these genes. Since then,
various other studies have yielded similar
data. Complementary MAT1-1 and MAT1-
2 genes have been identified from asexual Cer-
cospora, Penicillium and Fusarium species
(Groenewald et al. 2006; Henk and Fisher
2011; Hughes et al. 2014; Lopez-Villavicencio
et al. 2010), and diagnostic tests have shown a
near 1:1 ratio of both mating types in field
populations in most examples. Similarly, com-
plete MAT1-1 and MAT1-2 genes have also
been identified from asexual Aspergillus,
Rhynchosporium and Ulocladium species, and
in these instances, evidence of transcription
of the MAT genes was also provided (Geng
et al. 2014; King et al. 2014; Wada et al. 2012).
Houbraken and Dyer suggested that the term
‘proto-heterothallic’ be used to describe such
asexual species where genetic evidence, such
as the presence of complementary MAT loci,
indicates the presence of a sexual cycle to
distinguish these species from heterothallic
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species with an already described sexual state
(Houbraken and Dyer 2015).

Interestingly, it is noted that investigations
of MAT gene occurrence have so far failed to
reveal any asexual species with both MAT1-1
and MAT1-2 family genes in the same genome,
i.e. a homothallic arrangement of MAT genes.
Given that homothallism seems to be a derived
state from heterothallism as a result of
evolutionary selection to facilitate sexual spore
production (see Sect. II.B.2) (Billiard et al. 2012;
Murtagh et al. 2000), it is conceivable that the
same selective pressures would act to maintain
sexual reproduction in homothallic species and
therefore asexual species are unlikely to be
derived from homothallic ones. But if such a
homothallic mating-type organisation of MAT
genes was found in a species lacking a sexual
state, then the term ‘proto-homothallic’ could
be applied (Houbraken and Dyer 2015).

f) Functionality of MAT Genes from Asexual
Species

In a limited number of studies, evidence of the
functionality of MAT genes from asexual spe-
cies has also been provided. Arie et al. demon-
strated that MAT genes from A. alternata were
able to regulate sexual development by heterol-
ogous expression in a close sexual relative C.
heterostrophus, where bothMAT1-1 andMAT1-
2 genes restored sexual fertility to a MAT null
strain (Arie et al. 2000). Hornok’s lab compared
gene expression of a wild-type MAT1-2 isolate
of F. verticillioides versus a DMAT1-2 gene
deletant strain and found differential expres-
sion of 216 genes, providing evidence that the
MAT1-2 gene was acting as a transcription fac-
tor (Keszthelyi et al. 2007; Waalwijk et al. 2006).
Pöggeler et al. showed that A. chrysogenum
contains transcribed MAT1-1 family genes and
that when the MAT1-1-1 gene was heterolo-
gously expressed in a MAT deletant strain of
P. anserina, it was able to restore sexual fertility
(Pöggeler et al. 2008). Most recently, Wada et al.
demonstrated the presence of bothMAT1-1 and
MAT1-2 idiomorphs in Aspergillus oryzae, that
both MAT1-1 and MAT1-2 genotypes were
present in a large sampling of industrial strains
of the fungus and that the MAT genes were
expressed under in vitro conditions (Wada

et al. 2012). They then created MAT1-1 and
MAT1-2 isogenic strains and used DNA micro-
array experiments to show 33 genes were dif-
ferentially regulated over tenfold between the
different mating types. These included a phero-
mone precursor gene, indicating that the MAT
genes were indeed functionally regulating cel-
lular processes related to sexual development.

g) Future Prospects
Taken as a whole, studies using MAT genes to
investigate the asexual lifestyle have in most
cases revealed evidence of cryptic sexuality in
the species involved and in a growing number
of examples have led to induction of a com-
plete sexual cycle. This indicates that perhaps
the majority of the ‘asexual’ Pezizomycotina
has the potential for sexual reproduction.
However, it is cautioned that some species
may prove to be genuinely asexual, especially
given that there are some long-term evolution-
ary benefits to asexuality (Normark et al. 2003).
Extensive attempts to induce sexual reproduc-
tion between MAT1-1 and MAT1-2 isolates of a
series of asexual Penicillium, Fusarium and
Aspergillus species have failed despite using
environmental conditions and crossing proto-
cols that have triggered sex in closely related
species (P. S. Dyer and K. Kitamoto, unpub-
lished data) (Hughes et al. 2014; Lopez-
Villavicencio et al. 2010). Meanwhile, genetic
manipulation of MAT genes has so far failed
to induce sexual reproduction in asexual spe-
cies. For example, expression of the C. hetero-
strophus MAT1-1 and MAT1-2 genes failed to
induce a sexual cycle in the related asexual B.
sacchari (Sharon et al. 1996). Thus, asexuality
might be due to mutation in genes other than
the MAT genes required for sexual reproduc-
tion. Although this review focuses on the role of
MAT genes, it is noted that over 70 other genes
have so far been characterised which are also
required for normal sexual development (Dyer
and O’Gorman 2012). Therefore, it is important
to considerMAT genes as just one part, albeit a
very significant one, of the overall sexual devel-
opmental machinery. It is also conceivable that
MAT genes might have been subverted to con-
trol other cellular processes in asexual fungi,
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although there is no evidence to date of this
occurrence in filamentous fungi.

III. Mating-Type Circuits (Functions
and Regulation) and Evolution

A. Regulation of Mating-Type Genes

1. Budding Yeast

The S. cerevisiae system comprises haploid a and
a cells that mate spontaneously even on rich
medium, which is generally considered as
repressing sexual reproduction. This observation
suggests that mating-type genes are constitu-
tively transcribed. No significant transcription
activation is observed for mating-type genes in
medium deprived of nitrogen (Adomas et al.
2010; Gasch et al. 2000), a condition that typically
induces sexual reproduction. There is also no
induction of mating-type gene transcription in
a and a cells after exposure to pheromones
(Roberts et al. 2000). Taken together, these
observations confirm that mating-type genes
are constitutively expressed in S. cerevisiae,
although this expression can be modulated to
some extent. For example, GAT3 and RTG3 were
found to regulate the expression of MATa1 (Lee
et al. 2002), and MATa1 is cell cycle regulated
(Spellman et al. 1998). It is not clear how these
modulations are related to mating. In diploid a/a
cells, the transcription of the MATa1 activator
gene is repressed by the a1/a2 heterodimer,
which has a binding site in theMATa1 promoter
(Galgoczy et al. 2004).

2. Fission Yeast

Themating types of S. pombe are termed plus (P)
and minus (M), with sexual identity determined
by genes present at a single MAT locus. Either P
or M sequences are present, each encoding two
proteins designated by P or M, and a suffix (c or
m), in the respective mating types (Kelly et al.
1988). Pc andMc are needed for conjugation and
meiosis, and Pm and Mm are specifically
involved in meiosis. Unlike S. cerevisiae, S.
pombe does not mate spontaneously; the expres-

sion of Pc and Mc is regulated by the transcrip-
tion factor SpSte11 (Sugimoto et al. 1991).
Transcription of SpSte11 and phosphorylation
of its product are regulated by numerous signal-
ling pathways, such as the nitrogen starvation
and mating pheromone response pathways
(Otsubo and Yamamoto 2013). The two
mating-type genes specifically involved in meio-
sis are not directly controlled by SpSte11, but
their expression requires a pheromone signal,
which in turn is dependent on SpSte11, Mc and
Pc (Willer et al. 1995). Pm and Mm are not
sufficient for meiosis; SpSte11 controls the
expression of mei2, an RNA-binding protein,
and the transcription of its RNA cofactor,
meiRNA (Mata and Bahler 2006), both of which
promote meiosis (Watanabe and Yamamoto
1994). SpSte11, therefore, appears to be the
master regulator of conjugation and meiosis,
acting upstream of mating-type genes. This
idea is supported by the ectopic expression of
SpSte11, which leads to sexual differentiation
irrespective of nutritional conditions (Sugimoto
et al. 1991). SpSte11 should not be confused with
its S. cerevisiae homonym, the STE11 mitogen-
activated MAPKKK (Merlini et al. 2013); SpSte11
is an HMG-box transcription factor that belongs
to the MATA_HMG-box subfamily and recog-
nises a ten-base DNA motif, the TR-box (50-
TTCTTTGTTY-30) (Sugimoto et al. 1991).

3. Pezizomycotina

A functional analysis of HMG-box genes in P.
anserina indicated that an SpSte11 orthologue,
PaSte11 (Pa_1_13940), controls the transcrip-
tion of the mating-type genes that are essential
for fertilisation (Ait Benkhali et al. 2013).
It binds to a target DNA sequence (50-
TTTCTTTGTT-30) that is very similar to the
TR-box of SpSte11 (see above). PaSte11 is at
the hub of a network of several HMG-box fac-
tors involved in the control of the sexual cycle.
Although PaSte11 appears to be a pivotal regula-
tor of the sexual cycle, similar to its orthologue
in S. pombe, the overexpression of PaSte11 does
not trigger sexual differentiation unlike SpSte11
where overexpression in S. pombe has this effect
(Sugimoto et al. 1991). However, deregulation of
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SpSte11 results in heterogeneous aberrant
growth phenotypes, a feature also observed in
P. anserina strains overexpressing PaSte11. It is
likely that the control of sexual differentiation
requires finely tuned Ste11 expression. An
exhaustive analysis of HGM-boxes in P. anser-
ina revealed the critical role of this superfamily
in sexual development: 11 of 12 HMG-box genes
are involved in sexual reproduction in this fun-
gus (Ait Benkhali et al. 2013), with similar
results recently obtained with the homothallic
A. nidulans (A. Ashour, N. Salih and P.S. Dyer,
unpublished results).

4. Evolution of Regulatory Circuits
in Opisthokonta

P. anserina and S. pombe diverged 550 million
years ago (Berbee and Taylor 2010). The func-
tional conservation of PaSte11 and SpSte11 over
such a prolonged time frame is a striking excep-
tion to the general observation that develop-
mental pathways involved in sex are highly
variable, even among closely related lineages.
A critical question is whether Ste11 regulates
mating-type expression in other ascomycete spe-
cies. FUNGIpath (Grossetete et al. 2010) failed to
find an SpSte11 orthologue in S. cerevisiae or
Candida albicans but identified one
(YALI0D22660g) in Yarrowia lipolytica, which
is a basal taxa within the Saccharomycotina line-
age (Fitzpatrick et al. 2006; James et al. 2006). No
functional analysis has determined whether this
orthologue of SpSte11 regulates mating-type
genes in Y. lipolytica. Although orthologues of
PaSte11 are ubiquitous in the Pezizomycotina,
evidence supporting their role in mating-type
control is scarce. Functional analysis of tran-
scription factors in the homothallic species
Fusarium graminearum hints at such a role for
Ste11 (FGSG_01366). In F. graminearum, the
deletion of FGSG_01366 recapitulates the pheno-
type of the deletion of mating-type genes (Son
et al. 2011). This observation strongly suggests
that FGSG_01366 also controls the expression of
mating-type genes. N. crassa has an orthologue
of PaSte11 (NCU09387) and one paralogue
(NCU02326) (Ait Benkhali et al. 2013; Iyer et al.
2009). NCU09387 mutations result in strains
that can mate, but fruit body development is

blocked before ascospore formation (Johnson
1979). The function of NCU02326 has not yet
been investigated. The transcription of these
two genes during sexual development was inves-
tigated (Wang et al. 2014). NCU02326 expression
decreased after crossing and was maintained at a
low level during perithecial development, while
NCU09387 expression was upregulated after
crossing. These expression patterns suggest
that NCU02326 and NCU09387 regulate the
expression of mating-type genes during early
and mid-early sexual development, respectively.

HMG-box genes also play a critical role in
vertebrate sex determination. Sry, the mamma-
lian Y-chromosomal testis-determining HMG-
box gene, is an activator of Sox9 (Koopman
2010). Sox9 is also conserved among non-
mammalian vertebrate species and has an ances-
tral and pivotal role in sex determination (Koop-
man 2010). The P. anserina and S. pombe
mating-type genes and their upstream regu-
latory factor form a module of HMG-box genes
that is similar to the Sry/Sox9 module. SRY/
SOX9 and the fungal mating-type proteins
belong to different HMG-box subfamilies (Soul-
lier et al. 1999) and are therefore not ortholo-
gues, suggesting that sex regulation in fungi and
animals is analogous. Nevertheless, an ancestral
origin of sex regulation in Opisthokonta was
proposed based on functional analyses (Czaja
et al. 2014). A hybridMAT1-1-1 protein carrying
the SRY HMG-box is able to drive a complete
sexual cycle in A. nidulans. Although functional
conservation is not a conclusive argument for
common ancestry, a phylogenetic analysis sup-
ports the possible ancestral origin of sex regula-
tion in Opisthokonta: the mating-type protein of
an early diverged fungus is classified within the
SRY/SOX9 subfamily (Ait Benkhali et al. 2013;
Martin et al. 2010). The discovery of a mating-
type regulator that belongs to the SRY/SOX9
subfamily in this fungus would provide conclu-
sive evidence for an evolutionary link between
the fungalMAT locus and animal sex regulation.

B. Regulation and Diversity of Mating-Type
Target Genes

Given that mating-type genes are defined by
their role in determining sexual identity, it
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might be envisaged that the main target genes
regulated by MAT genes would be those
involved directly in mating processes, for exam-
ple, genes involved with pheromone signalling
and cell fusion. However, there is evidence
from recent studies from the Pezizomycotina
indicating that a remarkably high number of
genes can be regulated by MAT genes and that
relatively complex regulatory circuits are pres-
ent compared to the relatively few genes known
to be regulated from yeast mating systems, as
described below. Indeed, as mating-type genes
are also implicated in later stages of sexual
development, MAT genes will undoubtedly reg-
ulate a wider diversity of target genes. However,
we limit our review to the genes involved in
mating and fertilisation because experimental
studies have not yet been conducted to identify
MAT-regulated target genes required for post-
fertilisation functions in the Pezizomycotina.

The discovery of a potential sexual cycle in
C. albicans (Hull et al. 2000; Magee and Magee
2000) prompted a dissection of the cell type-
specification circuit in this yeast. The functions
of the mating-type transcription factors are rel-
atively straightforward. MATa1 and MATa2
activate a� and a-specific genes, respectively
(Fig. 14.6) (Scannell and Wolfe 2004). There are
15 target cell-specific genes that encode phero-
mones and their cell surface receptors as well as
the factors required for processing and export-
ing pheromone (Tsong et al. 2003). The C. albi-
cans mating-type circuit is considered to
represent the ancestral paradigm. By contrast,
the S. cerevisiae lineage has undergone further
evolution involving the loss of theMATa2 gene
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Fig. 14.6 Cell-type regulation and target gene numbers
in Schizosaccharomyces pombe, Candida albicans, Sac-
charomyces cerevisiae and Podospora anserina. Mating-
type transcription factors are enclosed in coloured cir-
cles: magenta, a1 domain; cyan, MATA_HMG-box; and
green, homeodomain. Grey circles indicate different
types of target genes, and enclosed figures indicate
their sample size. Mating-type transcription factors
are specific to each cell type, whereas mating-type tar-
get genes are present in both cell types. Arrows with
heads and blunt ends indicate activation and repres-
sion, respectively. Adapted from Bidard et al. (2011)
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and consequent specific rewiring of the regu-
latory circuits. This rewiring of the MAT locus
has resulted in the constitutive expression of
a-specific genes in a-cells, while in a-cells,
MATa2 represses the a-specific genes
(Fig. 14.6) (Scannell and Wolfe 2004). As in C.
albicans, the MATa1 transcription factor acti-
vates a-specific genes. Among the 11 mating-
type target genes, ten are well known for their
role in mating, while the other has no obvious
effect in this process.

In S. pombe, the mating-type regulators
Mc and Pc appear to be activators of M- and
P-specific genes, respectively (Fig. 14.6). The
induction of 12 M-specific genes and 4 P-
specific genes by SpSte11 overexpression was
cell type dependent (Mata and Bahler 2006).
Note this strategy precludes the identification
of genes that are repressed by Mc and Pc.
Among these 16 cell type-specific genes, three
proved to be dispensable for mating and two
were essential for viability.

The first large-scale analysis of mating-type
target genes in a filamentous fungus was
reported by Hornok’s lab in Fusarium verticil-
lioides (Keszthelyi et al. 2007; Waalwijk et al.
2006). They identified a total of 216 target
genes of MAT1-2-1 by screening 7680 ESTs on
a macroarray. Among the 216 target genes, 120
were activated by MAT1-2-1 and 96 were
repressed. As F. verticillioides was supposedly
asexual, the authors assumed that the mating-
type genes were conserved in this fungus owing
to their involvement in general metabolism, as
evidenced by the large number of targets not
directly involved in the mating process. A later
study using microarray analysis in the asexual A.
oryzae also revealed that 1,155 genes were differ-
entially regulated by MAT1-1 and MAT1-2, with
33 genes showing a greater than tenfold differ-
ence in expression according to whether these
were in a MAT1-1 or MAT1-2 genetic back-
ground (Wada et al. 2012). The target genes
included a pheromone precursor gene, but
most genes were of unknown function. Surpris-
ingly, further identification of mating-type tar-
get genes in sexual fungi such as S. macrospora
(Klix et al. 2010; Pöggeler et al. 2006), P. anser-
ina (Bidard et al. 2011) and N. crassa (Wang
et al. 2012) revealed that these transcription

factors control a very large number of genes
not directly involved in the mating process. In
P. anserina, 157 genes are differentially tran-
scribed in opposite mating types. Only a few of
these genes are directly involved in mating. The
transcriptome profiling of mating-type mutants
indicated that MAT1-1-1 (also called FMR1) and
MAT1-2-1 (also called FPR1) have activating and
repressing functions, and all combinations of
these two effects were observed on the target
genes (Bidard et al. 2011) (Fig. 14.6). An addi-
tional layer of complexity was revealed by an
interspecific comparison of mating-type-regu-
lated genes (Bidard et al. 2011). The search for
common target genes revealed a significant
number of orthologous pairs in the comparisons
between P. anserina and F. verticillioides or S.
macrospora. Orthologous pairs of genes that are
essential for mating typically have similar
expression patterns across species. For instance,
the transcription of genes encoding lipophilic
pheromones is activated by FPR1 in P. anserina
and MAT1-2-1 (also called mat a-1) in N. crassa.
Similarly, the genes encoding hydrophilic pher-
omones are activated by FMR1 in P. anserina
and MAT1-1-1 (also called mat A-1) in N. crassa.
Most of the orthologous pairs obtained from
interspecific comparisons did not display con-
served transcriptional profiles. For example, a
gene from one pair is activated in a given species
and repressed in another one. This surprising
observation indicates that the binding site is
conserved, but some yet unknown factor deter-
mines the transcriptional pattern of the gene.
The most recent studies in this area have
concerned studies to identify genes regulated
by the MAT genes of P. chrysogenum. It was
shown that the MAT1-2-1 gene was required
for sexual development but in addition regulated
light-dependent asexual sporulation, agglutina-
tion of conidiospores and aspects of secondary
metabolism with relevance to biotechnology and
influenced pellet morphology in submerged cul-
ture (Böhm et al. 2013, 2015). In a pioneering
study, ChIP-seq was then used to identify target
genes of the a-domainMAT1-1-1 gene. A total of
254 genes were identified, with the vast majority
of these genes found to have functions beyond
sexual reproduction, such as an involvement
with asexual sporulation and amino acid, iron
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and secondary metabolism. Most significantly,
further bioinformatic and experimental analysis
led to the identification of a MAT1-1-1 binding
motif (CTATTGAG) which showed a high degree
of conservation within the Pezizomycotina, sug-
gesting that MAT1-1-1 acts as master switch for
development and metabolism in this fungal
group (Becker et al. 2015).

Evidence to date has therefore shown that
most mating-type target genes have putative
functions that are not suggestive of a direct
role in the mating process. Nevertheless, a pos-
sible involvement of MAT genes in regulating
aspects of sexual reproduction was tested by
deletion analysis in A. nidulans and P. anserina.
Orthologues of the mating-type target genes
identified in A. oryzae (Wada et al. 2012) were
deleted in A. nidulans (Salih and Dyer 2015:
Salih et al. 2015). A range of effects was
observed, from no obvious impact, to moder-
ate loss or gain of fertility, to complete loss of
sexuality. By contrast, the deletion of 29
mating-type target genes in P. anserina did
not affect mating and fertility (Bidard et al.
2011). However, the experiments performed in
A. nidulans indicate that detection of loss and
gain of fertility requires careful examination
and slight, but significant, changes in levels of
fertility may have been overlooked in P. anser-
ina. To explain the numerous and diverse genes
controlled by the mating-type transcription
factors, we suggest that some of these might
originate from the ‘spurious’ transcription fac-
tor binding sites that have been reported to
occur throughout the genomes of various spe-
cies (Spivakov 2014). The binding of transcrip-
tion factors to these spurious binding sites
typically occurs without transcription. In fungi
with short intergenic sequences, e.g. ~ 2.8 kb in
P. anserina (Silar et al. 2003), spurious binding
could not occur outside gene regulatory regions
and, thus, may affect the expression of various
genes. Some of these genes may be unrelated to
fertility, while the expression of others may
affect the sexual process. Selection then may
finely tune the expression of this latter category
to optimise the sexual process according to the
lifestyle and genomic context of the species.

In addition to acting alone to regulate
developmental processes, one final issue is to
what degree the MAT1-1 and MAT1-2 proteins

might physically interact with other sex-
related proteins to mediate gene transcription.
It is known from the S. cerevisiae yeast model,
for example, that MAT1-1 alpha domain pro-
tein forms a complex with the MCM1 and
STE12 proteins to activate a1-domain-specific
genes (Debuchy et al. 2010). Similar physical
interactions between an MCM1 homologue
and MAT1-1-1 and an STE12 homologue of S.
macrospora have also been described (Nolting
and Pöggeler 2006a, 2006b), suggesting a simi-
lar interaction throughout the Pezizomycotina.
In addition, an interaction between the SMTA-1
and SMTa-1 proteins of S. macrospora has been
reported (Jacobsen et al. 2002). In G. zeae, a
direct interaction between MAT1-1-1 and
MAT1-2-1 was not observed, but MAT1-1-
2 interacts with all the other MAT transcription
factors, which may bring MAT1-1-1 andMAT1-
2-1 together (Zheng et al. 2013). Intriguingly,
this suggests that MAT proteins of homothallic
species might form such heterodimers in the
dikaryotic ascogenous hyphae to control gene
expression linked to further sexual develop-
ment. This would be analogous to the forma-
tion of the MATa2-MATa1 heterodimer of S.
cerevisiae, which indirectly activates meiosis by
repressing haploid-specific genes. However, no
interaction between the FPR1 and FMR1 pro-
teins of P. anserina could be detected via yeast
two-hybrid studies, although an interaction
between the FMR1 and SMR2 proteins was
observed (Coppin et al. 1997). The MAT A-1
and MAT a-1 proteins of N. crassa have been
found to interact in the yeast two-hybrid assay
(Badgett and Staben 1999). However, mutations
that interfere with the interaction eliminate
vegetative incompatibility but not mating, sug-
gesting that this interaction is not essential for
the sexual cycle.

IV. Conclusion

Significant progress has been made since the
previous edition of The Mycota published in
2006. The most conspicuous advances have
concerned firstly our understanding of the evo-
lution of mating-type regions in the fungal
kingdom and secondly the identification of the
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spectrum of target genes regulated by MAT
genes.

The evolutionary trajectory of mating types
can now be drawn as a continuous line of HMG-
box gene history spanning from the early
diverged fungi to the Pezizomycotina. By con-
trast, the relationship of the HMG-box mating-
type genes with sex determination in verte-
brates, and with mating types in the Basidio-
mycota, remains to be elucidated. Some
commonalities point to a relationship between
the sex determination mechanism in verte-
brates, but the evidence for an ancestral origin
of sex in the Opisthokonta is not conclusive.
The acquisition of mating types in the Basidio-
mycota is not consistent with the continuous
linear evolution of HMG-box genes. Under-
standing why and how HMG-box mating types
in the Basidiomycota have been evicted by
homeobox genes is critical to complete the his-
tory of mating-type evolution and may provide
a clue to the yet unexplained presence of
homeobox genes in yeast (Saccharomycotina
and Taphrinomycotina) mating-type loci.

In the previous edition of The Mycota, the
conclusion called for an effort to characterise
the target genes of mating-type transcription
factors. The use of microarray analyses, next-
generation genome sequencing, RNA-seq and
ChIP-seq technologies has now provided
insights into this area and is continuing to do
so. Transcriptome analyses have revealed a sur-
prisingly high number and diversity of mating-
type target genes and a complex nature of reg-
ulation. It is therefore perhaps ironic that
mating-type genes are so named, given the
emerging observation that probably the major-
ity of genes regulated by MAT genes in the
Pezizomycotina appear not to be directly
related to sex and mating. Indeed, the fact that
MAT genes appear to regulate processes as
diverse as asexual sporulation and aspects of
primary and secondary metabolism (Böhm
et al. 2013, 2015; Becker et al. 2015) might
explain the paradox why functional MAT
genes are conserved and expressed in suppo-
sedly asexual species. Thus, in the future
mating-type genes are likely to attract the atten-
tion of researchers with interests beyond those
of the traditional areas of mating and sexual
development.

Finally, concerning the specific topic of sex-
ual development, we wish to highlight that ana-
lyses of MAT gene function have so far been
limited to initial mating and fertilisation stages.
Filamentous ascomycetes display novel develop-
mental steps after fertilisation, including mitotic
divisions of parental nuclei in a syncytium and
formation of dikaryotic ascogenous hyphae.
These specialised hyphae contain one nucleus
from each parent. The mechanism for selection
of the two parental nuclei from the syncytium is
not yet known. Several models based on (i)
nucleus identity determined by MAT genes
(Arnaise et al. 1997; Papazian 1956), (ii) the
formation of heterodimers between MAT pro-
teins (Metzenberg and Glass 1990) and (iii) ran-
dom distribution of nuclei to form biparental
ascogenous hyphae and abortion of those hyphae
that are not formed from one MAT1-1 and one
MAT1-2 nucleus (Kronstad and Staben 1997)
have been proposed, but genetic, transcriptomic
and functional approaches are still needed to
resolve these questions. The association between
mating-type genes and processes that take place
during syncytium and ascogenous hypha forma-
tion (e.g. repeat-induced point mutation and
excision of repeated sequences) also needs inves-
tigation. The functional analysis of mating-type
genes during fruit body development is certainly
a field that would bring many exciting surprises.
Investigations into the evolution of the develop-
mental functions of mating-type genes from
early diverged fungi to the Pezizomycotina and
during the switch from heterothallism to homo-
thallism are also likely to result in significant
discoveries, as has already been illustrated in
yeast species (Scannell and Wolfe 2004; Tsong
et al. 2003, 2006, 2007; Tuch et al. 2008).
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Böhm J, Hoff B, O’Gorman CM, Wolfers S, Klix V,
Binger D, Zadra I, Kurnsteiner H, Poggeler S,
Dyer PS, Kück U (2013) Sexual reproduction and
mating-type-mediated strain development in the
penicillin-producing fungus Penicillium chryso-
genum. Proc Natl Acad Sci USA 110:1476–1481

Böhm J, Dahlmann TA, Gümüşer KU (2015) A MAT1-
2 wild-type strain from Penicillium chrysogenum:
functional mating-type locus characterization,
genome sequencing and mating with an industrial
penicillin-producing strain. Mol Microbiol
95:859–874

Bouhouche K, Zickler D, Debuchy R, Arnaise S (2004)
Altering a gene involved in nuclear distribution
increases the repeat-induced point mutation pro-
cess in the fungus Podospora anserina. Genetics
167:151–159

Brännström IO, Ament SL, Spribille T, Scofield DG,
Johannesson H (2015) Constraints on sex by a sin-
gle mating-type: a case study from lichenized fungi.
Fungal Genet Reports 60(Suppl): Abstract p40

Brefort T, Muller P, Kahmann R (2005) The high-
mobility-group domain transcription factor Rop1
is a direct regulator of prf1 in Ustilago maydis.
Eukaryot Cell 4:379–391

Butler G (2010) Fungal sex and pathogenesis. Clin
Microbiol Rev 23:140–159

Charlesworth D, Charlesworth B, Marais G (2005) Steps
in the evolution of heteromorphic sex chromo-
somes. Heredity (Edinb) 95:118–128

Chilvers MI, Jones S, Meleca J, Peever TL, Pethybridge
SJ, Hay FS (2014) Characterization of mating type
genes supports the hypothesis that Stagonosporop-
sis chrysanthemi is homothallic and provides evi-
dence that Stagonosporopsis tanaceti is
heterothallic. Curr Genet 60:295–302

Chitrampalam P, Inderbitzin P, Maruthachalam K, Wu
BM, Subbarao KV (2013) The Sclerotinia sclero-
tiorum mating type locus (MAT) contains a 3.6-kb
region that is inverted in every meiotic generation.
PLoS One 8, e56895

Christiansen SK, Wirsel S, Yun SH, Yoder OC, Turgeon
BG (1998) The two Cochliobolusmating type genes
are conserved among species but one is missing in
C. victoriae. Mycol Res 102:919–929

Contamine V, Zickler D, Picard M (2004) The Podos-
pora rmp1 gene implicated in nucleus-
mitochondria cross-talk encodes an essential pro-

Mating-Type Structure, Function, Regulation and Evolution in the Pezizomycotina 377



tein whose subcellular location is developmentally
regulated. Genetics 166:135–150

Coppin E, Arnaise S, Contamine V, Picard M (1993)
Deletion of the mating-type sequences in Podos-
pora anserina abolishes mating without affecting
vegetative functions and sexual differentiation.
Mol Gen Genet 241:409–414

Coppin E, Debuchy R, Arnaise S, Picard M (1997) Mat-
ing types and sexual development in filamentous
ascomycetes. Microbiol Mol Biol Rev 61:411–428

Coppin-Raynal E, Picard M, Arnaise S (1989) Transfor-
mation by integration in Podospora anserina. III.
Replacement of a chromosome segment by a two-
step process. Mol Gen Genet 219:270–276

Covert SF, Aoki T, O’Donnell K, Starkey D, Holliday A,
Geiser DM, Cheung F, Town C, Strom A, Juba J,
Scandiani M, Yang XB (2007) Sexual reproduction
in the soybean sudden death syndrome pathogen
Fusarium tucumaniae. Fungal Genet Biol 44:799–807

Crooks GE, Hon G, Chandonia JM, Brenner SE (2004)
WebLogo: a sequence logo generator. Genome Res
14:1188–1190

Czaja W, Miller KY, Skinner MK, Miller BL (2014)
Structural and functional conservation of fungal
MatA and human SRY sex-determining proteins.
Nat Commun 5:5434

Darbyshir HL, van den Vondervoort PJI, Dyer PS
(2013) Discovery of a sexual reproduction in the
black aspergilli. Fungal Genet Reports 60(Suppl):
Abstract #687

Debuchy R, Turgeon BG (2006) Mating-type structure,
evolution and function in Euascomycetes. In: Kües
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I. Introduction

Fruiting bodies have evolved in the fungal king-
dom to produce and disperse sexual spores.
These reproductive structures of the Homoba-
sidiomycota generally contain specialised cells,
basidia, in which the genetically different
parental haploid nuclei fuse. The resulting
diploid cells immediately undergo meiosis to
form haploid basidiospores. In some cases,
diploid nuclei are already formed in the
vegetative mycelium, as in Armillaria species
(Ullrich and Anderson 1978; Grillo et al. 2000).
After discharge, germination of the haploid
basidiospores results in homokaryotic mycelia.
These mycelia can fuse and, depending on
an often complex system of mating-type genes

(see Freihorst et al. 2016), produce a hetero-
karyotic mycelium that is fertile. Consequently,
it forms fruiting bodies under appropriate envi-
ronmental conditions. Basidiomycetes behav-
ing according to this scheme are in the
majority and are called heterothallic (i.e. self-
incompatible). From a teleological point of
view, this makes sense because it ensures that
the diploid basidia produce recombinant mei-
otic progeny. A minority of basidiomycetes
(about 10 %; Whitehouse 1949) are homothallic
(i.e. self-compatible). Recently, it was shown
that unisexual reproduction also creates diver-
sity (Ni et al. 2013), which would explain the
existence of homothallic species from an evolu-
tionary point of view.

This review discusses the regulation of
fruiting body formation in homobasidiomy-
cetes and the role structural proteins and
enzymes play in this process. Related topics
such as morphogenesis, cytology and mathe-
matical modelling are discussed in Wells and
Wells (1982), Moore et al. (1985), Wessels
(1993), Chiu and Moore (1996), Moore (1998),
Kües (2000), Meskauskas et al. (2004). Fruiting
of commercially important species is reviewed
in van Griensven (1988), Kües and Liu (2000),
Kothe (2001) and Sánchez (2010).

II. Development of Emergent
Structures

Formation of a Feeding Mycelium
Fruiting bodies develop from a vegetative
mycelium. Formation of this mycelium starts
with the germination of an asexual or sexual
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spore. Hyphae growing out of these spores
grow at their tips, while branching subapically
(Wessels 1986, 1990). Hyphal fusion promotes
the formation of an elaborate hyphal network
(Chap. 6 in The Mycota, Volume VIII).

The vegetative mycelium degrades and colo-
nises organic substrates by means of extracellu-
lar enzymes that are secreted at tips of growing
hyphae (Wösten et al. 1991; Moukha et al. 1993).
The degradation products are taken up and serve
as nutrients. They can also be transported to
other parts of the mycelium, which would
explain why some fungi can grow for consider-
able distances over nonnutritive surfaces (Jen-
nings 1984, see Chap. 9 in Volume I of The
Mycota, 1994). Mass transport of water and
nutrients through the mycelium implies that
the cytoplasm is continuous within the myce-
lium. This would be mediated by the large
pores (diameters up to 500 nm) within the
septa that compartmentalise hyphae. These
pores, however, are not always open, at least in
Schizophyllum commune (van Peer et al. 2009).
As many as 90 % of the subapical septa can be
closed when S. commune is growing on glucose-
containing medium. Septal closure is strongly
reduced when S. commune is grown in the
absence of this carbon source, while high tem-
perature, hypertonic conditions or exposure to
the antibiotic nourseothricin increase plugging
incidence. So far, the plugging state of septa has
not been assessed when S. commune (or other
basidiomycetes) grows under natural conditions
and how this affects long- and short-distance
transport of nutrients. Closure of the septal
pores is mediated by the septal pore cap (SPC)
(van Driel et al. 2008; van Peer et al. 2010).
Inactivation of spc33 that encodes a structural
SPC protein results in reduced vegetative growth
and retarded fruiting body formation (van Peer
et al. 2010). It was proposed that this is caused by
decreased turgor pressure due to the inability to
close the septal pores. Septal closure may also
allow for differentiation of hyphae within the
vegetative mycelium, as was shown in Aspergil-
lus niger (Wösten et al. 2013).

Translocation of water and nutrients is
essential for fruiting body development. Fruit-
ing body primordia of S. commune (Wessels
1965) and Coprinus cinereus (Coprinopsis

cinerea) (Moore 1998) can arise at the expense
of polymeric constituents of the supporting
mycelium, while expanding fruiting bodies
grow at the expense of both supporting myce-
lium and abortive fruiting body primordia. At
the moment, it is not clear how much of this is
due to movement of cytoplasm or to degrada-
tion and resynthesis of cellular components.
Woolston et al. (2011) showed in A. bisporus
that the heterologous protein b-glucuronidase
is transported from the vegetative mycelium
into the fruiting body. No evidence was
obtained for translocation of its mRNA.

Formation of Fruiting Bodies from the Vegeta-

tive Mycelium
Formation of fruiting bodies is a highly com-
plex developmental process. A generalised
scheme for formation of agaric fruiting bodies
such as those of C. cinereus (Moore 1998; Kües
2000) is as follows: After a “critical mass” of
vegetative mycelium has been formed, hyphae
escape the substrate to grow into the air. These
aerial hyphae form aggregates, which are called
hyphal knots or nodules. Within the knots,
hyphae aggregate forming a fruiting body ini-
tial. These initials are the first fruiting body-
specific structures (Sánchez and Moore 1999;
Sánchez et al. 2004; Kües et al. 2004). Initials
can further develop into primordia. Primordia
are characterised by the presence of all tissues
that occur in a mature fruiting body. Only a
fraction of the initials or primordia eventually
will grow out into mature fruiting bodies. Pos-
sibly, stochastic processes and competition for
translocated materials determine which initials
further develop. Alternatively, and not mutu-
ally exclusive, developing fruiting bodies may
repress outgrowth of neighbouring initials.
Such a mechanism was proposed based on the
observation that inactivation of fst3 of S. com-
mune resulted in a high number of fruiting
bodies. These Dfst3 fruiting bodies were smaller
than those of the wild type (Ohm et al. 2010).

The lower part of primordia will develop
into the stipe of a mature fruiting body, while
the cap will be formed from the upper part.
Within the cap, different tissues develop,
which are not formed from meristems, as
in plants, but result from the interaction of
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individual hyphae. The hymenium is one of the
cap tissues, which consists of different cell
types including the basidia. In the basidia, kar-
yogamy and meiosis take place, ultimately
resulting in basidiospores. The complexity of
fruiting body development is also exemplified
by the fact that formation of the different tis-
sues overlaps in time. Moreover, cells in the
developing mushroom differ in diameter,
length, the number of septa, nuclei and
vacuoles and molecular composition (e.g. the
content of reserve carbohydrates; Moore 1998).
The different cell types are the result of loca-
lised growth as well as apoptosis (Umar and van
Griensven 1997; Wiemer et al. 2016).

Not all basidiomycetes follow the general
morphogenetic pathway of fruiting body for-
mation (Reijnders and Stafleu 1992; Watling
1996; Clémonçon 1997). For instance, the fruit-
ing bodies of S. commune (Fig. 15.1) result from
indeterminate growth of fruiting body primor-
dia. Expansion of the cup-shaped primordia is
not the result of intercalary growth but is due to
continued apical growth and differentiation of
hyphae in the primordium (Wessels 1993).
Despite the variety in developmental pro-
grammes, their underlying regulation seems to
be conserved, at least partly (see Sects. III.B and
III.C).

III. Regulation of Fruiting Body
Formation

A. Environmental Signals

Aerial growth is accompanied by drastic
changes in exposure to oxygen, CO2 and light.
These environmental factors can exert a pro-
found influence on fruiting body development.
Moreover, temperature, humidity, volatiles,
pH, salinity and availability of nutrients may
play a decisive role (Madelin 1956; Manachère
1980; Kües and Liu 2000; Eastwood et al. 2013).

Fig. 15.1 Fruit body development of S. commune.
Aerial hyphae (a) aggregate into stage I aggregates
(b) from which stage II primordia develop (c). These
primordia form cup-shaped structures (d) that further
differentiate into mature fruiting bodies (e)
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The development of fruiting bodies is often, if
not always, the result of a combination of envi-
ronmental conditions. For instance, fruiting in
Lentinula edodes is induced by light, moisture
and low temperature (Ishikawa 1967; Matsu-
moto and Kitamoto 1987; Nakazawa et al.
2008). In the case of Agaricus bisporus, it was
proposed that the volatile 1-octen-3-ol controls
the early differentiation of vegetative hyphae to
multicellular knots. A drop in temperature
would subsequently control the differentiation
of primordia in this basidiomycete, while the
carbon dioxide level would determine the num-
ber of fruiting bodies that develop (Eastwood
et al. 2013). Molecular mechanisms underlying
regulation of fruiting by CO2 and light have
been studied in some detail. This will be dis-
cussed in the following sections.

Carbon Dioxide as a Signal for Fruiting Body

Formation
CO2 represses fruiting body development in a
variety of basidiomycetes including A. bisporus
and S. commune (Niederpruem 1963; Raudas-
koski and Viitanen 1982; van Griensven 1988;
Eastwood et al. 2013). Carbonic anhydrase most
likely functions in CO2 sensing by converting
this molecule in bicarbonate (HCO3

�) (Bahn
and Muhlschlegel 2006). This molecule stimu-
lates adenylyl cyclase activity in Candida albi-
cans and Cryptococcus neoformans (Klengel
et al. 2005; Mogensen et al. 2006). Adenylyl
cyclase may also be involved in CO2 sensing in
fruiting body formation (Eastwood et al. 2013).
In agreement, high levels of intracellular cAMP,
the product of adenylyl cyclase, resulting from
expression of dominant active G protein a-sub-
units (SCGP-A and SCGP-C) reduce fruiting in
S. commune (Yamagishi et al. 2002, 2004).

Light as a Signal for Fruiting Body Formation
Induction of primordia would be the only light-
sensitive step in S. commune (Perkins 1969;
Raudaskoski and Yli-Mattila 1985). Illumina-
tion for a few minutes was reported to be
sufficient to induce primordia and, as a conse-
quence, fruiting body development. However,
recently, it was found that at least two develop-

mental stages require light exposure at 2000
lux. Light is required for aggregate formation
and for maturation of fruiting bodies (JF Pelk-
mans, unpublished data). Light is also required
for several stages of fruiting body development
in, for example, Coprinus congregatus (Mana-
chère 1988) and C. cinereus (Tsusué 1969; Lu
1974; Kamada et al. 1978). Fruiting body forma-
tion in C. cinereus has at least five light-
sensitive phases (Kües 2000; Lu 2000). Light is
needed for the formation of initials, for matu-
ration of primordia and for karyogamy. On the
other hand, it negatively impacts hyphal knot
formation and completion of meiosis. Thus, for
fruiting bodies to develop, cycles of light and
darkness are required. Light effects are local
and are not spread systemically (Madelin
1956; Kertesz-Chaloupková et al. 1998).

Light is not required for the formation of
mushrooms in A. bisporus. On the other hand,
blue light initiates fruiting body formation in C.
cinerea and S. commune (Perkins 1969; Durand
1985). The molecular mechanisms underlying
blue light regulation in these basidiomycetes
have been partly elucidated. Yet, blue light reg-
ulation is much better understood in Aspergil-
lus nidulans and Neurospora crassa
(Purschwitz et al. 2006; Bayram et al. 2010).
We here briefly discuss what is known about
light signalling in A. nidulans in relation to
sexual development to illustrate how light sig-
nalling may operate in fruiting body formation
in basidiomycetes. A. nidulans forms fruiting
bodies preferentially in the dark. The phyto-
chrome FphA is a red light receptor that
represses sexual development (Blumenstein
et al. 2005), while the blue light LreA/LreB
receptor complex stimulates this process. The
latter is concluded from inactivation of lreA or
lreB (Purschwitz et al. 2008). Yet, light-
regulated development is more complex as evi-
denced by the finding that fruiting body forma-
tion in a strain in which lreA, lreB and fphA are
inactivated is less affected than in the DlreA and
the DlreB strains. LreA, LreB and PhyA form a
light-sensing complex that also includes an
activator of sexual development called VeA
(Kim et al. 2002). VeA is also part of a complex
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with VelB, LaeA and VosA as core components
(Bayram et al. 2010). Like the DveA strain, the
DvelB strain does not form fruiting bodies
(Bayram et al. 2008b). LaeA is a negative regu-
lator of sexual development (Sarikaya Bayram
et al. 2010) as evidenced by the finding that
fruiting body development in the DlaeA strain
is markedly increased in the light. Finally, A.
nidulans has a second blue light sensor, CryA
(Bayram et al. 2008a). CryA functions as a neg-
ative regulator of sexual development probably
by integrating near-UV and blue light, resulting
in repression of VeA-mediated initiation of sex-
ual development.

C. cinerea has homologues for LreA, LreB,
VeA, VelB, LaeA, a phytochrome and a
cryptochrome-like photolyase. The role of
these proteins is not yet known except for the
LreA and LreB homologues, Dst1 and WC-2,
respectively (Terashima et al. 2005; Nakazawa
et al. 2011). Gene dst2 has also been proposed to
be a photomorphogenic protein based on its
phenotype (Kuratani et al. 2010). Genes dst1,
wc-2 and dst2were identified in a homokaryotic
fruiting strain (i.e. with constitutively active A
and B mating-type pathways). This strain
shows aberrant photomorphogenesis in that it
forms dark stipes when grown continuously in
the dark (Kamada et al. 2010). In other words,
this strain does not need light for induction of
initials but requires light for primordia matu-
ration. Dark stipes in the wild type are obtained
when cultures containing primordia are trans-
ferred to the dark. The pileus and stipe tissues
at the upper part of the primordium remain
rudimentary in the case of dark stipes, but the
basal part of the primordium does elongate.
Inactivation of dst1, wc-2 or dst2 in the homo-
karyotic fruiter impaired fruiting body devel-
opment and resulted in the dark stipe
phenotype when subjected to light.

The genome of S. commune contains ortho-
logues of lreA, lreB, a putative cryptochrome, a
phytochrome and genes encoding homologues
of VeA, VelB and LaeA (Ohm et al. 2010).
Moreover, S. commune contains a homologue
of dst2. Genes wc-1 and wc-2 represent the lreA
and lreB homologues of S. commune. Inactiva-
tion of these genes results in a blind phenotype.
Dikaryons with both copies of wc-1 or wc-

2 inactivated behave like monokaryons, unable
to formmushrooms in white or blue light (Ohm
et al. 2013; Fig. 15.2). The WC-1 and WC-2-
proteins contain two and one protein-binding
Per-Arnt-Sim (PAS) domain, respectively. One
of the PAS domains in WC-1 is a modified
version, called a light-oxygen-voltage (LOV)
domain. This domain is expected to bind flavin
adenine dinucleotide (FAD), which is a chro-
mophore that detects blue light. The WC-2-
protein has a predicted zinc finger domain of
the GATA type. These data suggest that WC-1 is
the light receptor, while WC-2 would have a
role as a transcriptional regulator. Compared
to the wild type, 183 and 244 genes are more
than twofold up- and downregulated in the
Dwc-2Dwc-2 dikaryon, respectively (Ohm
et al. 2013). Hydrophobin genes are overrepre-
sented in the downregulated genes (see Sect. IV.
A). Moreover, expression of the transcription
factor genes c2h2 and hom1, known to be
involved in fruiting body development (Ohm
et al. 2011) (see Sect. III.C), is decreased in the
Dwc-2Dwc-2 dikaryon. Gene cry1 is also down-
regulated in the Dwc-2Dwc-2 dikaryon. This
suggests that the encoding cryptochrome/
photolyase plays a role in photobiology of S.
commune (Ohm et al. 2013).

B. Mating-Type Genes as Master Regulators

Heterokaryons of heterothallic basidiomycetes
are generally the life stage capable of fruiting.
Fertile heterokaryons are the result of a mating
between two homokaryons that have different
mating-type genes (for further details, see Frei-
horst et al. 2016). Homokaryons of S. commune
and C. cinereus contain one nucleus in each
hyphal compartment and are therefore called
monokaryons. On the other hand, the hetero-
karyons contain two nuclei (one of each mating
partner) in each hyphal compartment and
are, therefore, called dikaryons. The dikaryons
of S. commune and C. cinereus are characterised
by a clamp connection at each septum,
which is formed during synchronous mitotic
division of the two nuclei (Kües et al. 2016).
Nuclear distribution and the presence of clamp
connections are variable in heterobasidiomy-
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cetes. The homokaryon of Agaricus bitorquis is
multikaryotic, while the fertile heterokaryon is
dikaryotic but without clamp connections
(Raper 1976). The fertile heterokaryon of A.
bisporus grows directly from a basidiospore
that contains two nuclei with different mating
types. The heterokaryon is multikaryotic and,
like A. bitorquis, has no clamp connections
(Raper et al. 1972).

The mating-type genes are the master
regulators of sexual development (see also
Freihorst et al. 2016). When two homokaryons
with different alleles for the A and B mating-
type loci (in S. commune called MATA and
MATB) fuse, a heterokaryon is formed with
the potential to fruit. Nuclei that are exchanged
migrate to the apical compartment of the recip-
ient hypha, which is accompanied by septal
dissolution. In the apical compartment, the
donated and recipient nuclei pair and hyphal
dissolution is switched off. In fact, new septa
are formed that are more resistant to dissolu-
tion and which physically prevent nuclear
migration (Wessels and Marchant 1974). The
nuclei in a dikaryotic hyphal compartment
divide synchronously. Nuclear division is

accompanied by the formation of clamps. As a
result, the apical and the subapical compart-
ments contain nuclei of both mating types.

The molecular structure of the mating-type
loci has been uncovered in, for instance, S. com-
mune and C. cinereus (for a detailed overview
and references, see Dyer et al. 2016). TheA genes
of these fungi encode homeodomain proteins of
the HD1 and HD2 type. In heterokaryons with
nuclei containing different A genes, these pro-
teins form heterodimers that are active in clamp
development and the initial pairing and migra-
tion of compatible nuclei. On the other hand, the
B genes of C. cinereus and S. commune encode
pheromones and G-coupled pheromone recep-
tors. In heterokaryons with nuclei containing
different B genes, pheromones from one nucleus
interact with receptors encoded by the other
nucleus and vice versa. These genes are involved
in exchange and migration of the nuclei as
well as fusion of the hook cell. Homokaryotic
mutant strains have been isolated with a consti-
tutive active A mating-type gene (referred to as
MATAcon in S. commune, Amut in C. cinereus)
and/or B mating-type gene (referred to as
MATBcon in S. commune, Bmut in C. cinereus)

Fig. 15.2 Model of regulation of fruiting body forma-
tion in S. commune. Depicted are transcription factors
and proteins involved in signalling as have been inves-
tigated in S. commune. Thick lines represent develop-
mental stages in which these genes are involved. Thin

lines represent interaction between transcription fac-
tors, as indicated by whole genome expression analysis
(Ohm et al. 2011, 2013). Dotted lines represent regula-
tion of target genes that are involved in specific stages
of development
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(Raper et al. 1965; Koltin 1970; Swamy et al.
1984). Activity of these loci is thus independent
of a compatible allele donated by a sexual part-
ner. The S. commune MATAconMATBcon dikar-
yotic homokaryon can form fruiting bodies.
Likewise, AmutBmut homokaryons of C. ciner-
eus form fruiting bodies like wild-type dikaryons
(Swamy et al. 1984; Boulianne et al. 2000). Muta-
tions in the pcc1 gene of C. cinereus can also lead
to fruiting in homokaryons (Uno and Ishikawa
1971; Muraguchi et al. 1999). The product of pcc1
has been proposed to be a negative regulator of
the A mating-type pathway (Kamada 2002; see
below). The frt1 gene of S. commune also initi-
ates fruiting in a homokaryon. Certain homo-
karyons with introduced copies of this gene start
to fruit independent of the mating-type loci (see
next section).

S. commune and C. cinereus are examples of
tetrapolar species that have two unlinked
mating-type loci. Bipolar species exist within
the agaricomycetes as well, where the B locus
has lost its ability to distinguish self from non-
self (James et al. 2006). This is in contrast to
bipolar basidiomycetes that have linked all
mating-type genes on a single locus (Bakkeren
and Kronstad 1994; Lengerer et al. 2002).

C. Other Regulatory Genes

Regulatory Genes in Establishment of the Dikar-
yotic Mycelium
Establishment of the dikaryotic mycelium
strongly impacts gene expression. For instance,
26 % of the genes of S. commune show a fold
change of two or more upon mating (Erdmann
et al. 2012). The A and B pathways regulate
27 % and 42 % of these genes, respectively,
while the remaining 31 % are controlled by
both mating-type loci. Among the A-activated
genes is clp3, a homologue of clp1 in C. cinereus
(Inada et al. 2001). The latter gene was isolated
by complementation of an AmutBmut mutant
homokaryon that did not form clamps. Expres-
sion of clp1 also depends on the A genes.
Clamps are made independently from the
homeodomain heterodimer when clp1 is
expressed from a constitutive promoter. The

mode of action of Clp1 is not known, and it
does not contain any known structural motifs.
Gene pcc1 (see previous section) is another
gene that seems to be part of the A-regulated
pathway (Murata et al. 1998). A homokaryotic
strain with a mutated copy of this gene forms
pseudoclamps, and it has the capacity to form
fully differentiated fruiting bodies. These data
and its expression in a wild-type homokaryon
indicate that pcc1 is a repressor of the fruiting
pathway in the absence of a functional A com-
plex (i.e. in the homokaryon). Gene pcc1 likely
encodes a transcription factor because of its
HMG box motif and nuclear localisation signal.
The presence of pheromone-responsive ele-
ments in the pcc1 promoter suggests that it is
a pheromone-responsive gene. Indeed, it is
upregulated by a compatible B-mating interac-
tion (Murata et al. 1998). The fact that pcc1 is
also upregulated by an activated A gene sug-
gests that Pcc1 coordinates the activities of the
A and B genes (Murata et al. 1998). This
hypothesis is supported by the finding that the
pcc1 mutant homokaryon has the potential to
form fruiting bodies. It has been suggested that
the repressor activity of pcc1 is released by a
compatible A gene interaction via clp1
(Kamada 2002).

FRT1 is a putative nucleotide-binding pro-
tein with a P-loop motif (Horton and Raper
1995). Its gene was identified by its fruiting phe-
notype when transformed into certain homokar-
yons of S. commune (Horton and Raper 1991).
Experimental evidence indicates that homokar-
yotic strains that start to fruit have an endoge-
nous frt1 allele of a different kind (designated
frt1-2; Horton et al. 1999). In contrast, strains
possessing frt1-1 do not fruit when transformed
with this allele (Horton and Raper 1991). Homo-
karyons in which the frt1 gene is disrupted are
more fluffy compared to wild-type strains, and
the Dfrt1 aerial hyphae aggregate (Horton et al.
1999) as observed during the first stages of fruit-
ing body development (Raudaskoski and Vauras
1982; van der Valk and Marchant 1978). This is
accompanied by increased expression of the
dikaryon-specific genes sc1 and sc4 (see Sect. IV).
From these data, it was proposed that FRT1 is
part of a signal transduction pathway that
represses expression of dikaryon-specific genes
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in the monokaryon (Horton and Raper 1995).
However, the absence of FRT1 is not sufficient to
initiate full development of fruiting bodies. How
can haploid fruiting be explained when frt1-1 is
transformed into a frt1-2 strain? It has been
proposed that these proteins dimerise and by
this relieve repression of the dikaryon-specific
genes. The heterodimer would also activate
genes, resulting in the formation of mature fruit-
ing bodies (Horton et al. 1999). Note that the
absence of frt1 did not affect fruiting in the
dikaryon (Horton et al. 1999). This suggests
that frt1 is not a component of the pathway
that leads to formation of fruiting bodies in the
dikaryon.

Highly conserved small G proteins, called
Ras, play an essential role in intracellular sig-
nalling (e.g. the MAPK, cAMP and Cdc42 sig-
nalling pathways). Two ras genes have been
identified in nearly all fungi. The Ras protein
exists in a GTP-bound active form and a GDP-
bound inactive form. Guanine nucleotide
exchange factors (GEFs) and GTPase-activating
proteins (GAPs) promote interconversion of
the active and inactive forms of Ras, respec-
tively. Deletion of gap1 of S. commune resulted
in hampered clamp, gill and spore formation
(Schubert et al. 2006). Constitutively activated
Ras1 resulted in dysfunctional dikaryotization,
as nonself nuclei were not accepted. Further-
more, growth orientation, branching, fruiting
body morphology and spore formation were
affected (Knabe et al. 2013). Since deletion of
gap1 increases Ras1 activity, an overlap of phe-
notypical traits with the ras1 overexpression
strain is expected. Indeed, PKA levels were
increased in both strains, linking these proteins
to the cAMP signalling pathway. Expression
analysis of above-mentioned transformant
strains and a constitutively active Cdc42
mutant, involved in the MAPK pathway,
revealed an overlap in target genes. This
implies that Ras1 is also involved in MAPK
signalling in S. commune (Weber et al. 2005).

Regulatory Genes Involved in Fruiting Body For-

mation in the Heterokaryon
The thn1 gene of S. commune acts early in the
developmental pathway of fruiting body forma-
tion. A mutation in thn1 leads to pleiotropic

effects including the absence of aerial growth
in the homokaryon and, when homozygous, in
the dikaryon (Raper and Miles 1958; Schwalb
and Miles 1967; Wessels et al. 1991b). Thus,
both aerial hyphae and fruiting body formation
are affected. Thn1 is a putative Regulator of G-
protein signaling protein that interacts with a
Ga subunit of a heterotrimeric G protein. Such a
protein converts an active GTP-bound Ga sub-
unit into an inactive GDP-bound Ga. It was
therefore proposed (Fowler and Mitton 2000)
that thn1 regulates a heterotrimeric G protein
signalling pathway that functions in the deci-
sion of the vegetative mycelium to start the
development of aerial hyphae and fruiting bod-
ies. This function would be similar to that of
FlbA in A. nidulans (Lee and Adams 1994).
Transcriptome analysis of a thnmutant showed
114 genes, mostly involved in cellular responses
that were affected by the mutation. This is in
agreement with a role in G protein signalling
(Erdmann et al. 2012). Most of the pleiotropic
effects of the thn mutation are overcome by
growing the mutant near a wild-type colony
(Schuren 1999). A diffusible molecule smaller
than 8 kDa would be responsible for this effect
and may be part of the signalling cascade.

A set of transcription factor genes has been
identified that is involved in different stages of
fruiting body development in S. commune
(Fig. 15.2) (Ohm et al. 2010, 2011, 2013). Inacti-
vation of the homeodomain gene hom2 results
in symmetrical monokaryon-like colonies that
form aerial hyphae but do not form aggregates,
primordia and mature fruiting bodies. Fst4 is a
zinc finger transcription factor positioned
downstream of Hom2. Deletion of its encoding
gene results in irregular dikaryon-like colonies
that form aerial hyphae but do not form aggre-
gates. Zinc finger protein C2h2 is involved in
primordia formation. Inactivation of its encod-
ing gene gives rise to irregular colonies that
form aerial hyphae and aggregates. Deletion
strains of fst3, gat1 and hom1 do form fruiting
bodies. However, these fruiting bodies are
smaller and are produced in a higher number.
It was proposed that Fst3, a fungal-specific
transcription factor, is a local repressor of pri-
mordia formation (Ohm et al. 2010). This
would imply the existence of communication
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between developing fruiting bodies. Such com-
munication would ensure full outgrowth of
mushrooms when resources are limited. Gat1,
a GATA-type zinc finger protein, and Hom1, a
homeodomain protein, might play a role in the
expansion of the fruiting body. Expansion of
fruiting bodies will go at the expense of out-
growth of neighbouring aggregates because of
limited resources. Such a mechanism would not
require communication between fruiting bod-
ies. The ich1 gene of C. cinereus also acts at later
stages of fruiting body formation. Cap differen-
tiation is blocked at an early stage of fruiting
body differentiation in the ich1 mutant (Mur-
aguchi and Kamada 1998). In contrast to wild-
type primordia, no rudimentary pileus is
observed in the primordial shaft of the ich1
mutant. The precise role of the gene is not yet
known. It encodes a protein that contains a
nuclear targeting signal and an S-adenosyl-L-
methionine (SAM)-binding motif (Kües 2000),
being characteristic for the enzyme family of
methyltransferases (Faumann et al. 1999).

The model presented in Fig. 15.2 could also
apply to other mushroom-forming fungi. The
hom2, hom1, fst3, fst4, c2h2 and gat1 genes are
basidiomycete-specific regulators (Todd et al.
2014). These and the other S. commune tran-
scription factors that are involved in fruiting
body development have homologues in Lac-
caria bicolor and in A. bisporus (Ohm et al.
2010; Morin et al. 2012). Similarly, homologues
of ich1 are present in S. commune and A. bis-
porus. Gene expression analysis of A. bisporus
revealed 22 genes with homologues in S. com-
mune that were significantly upregulated in
mature fruiting bodies. This group includes
fst3, fst4, c2h2 and hom1. Similarly, homolo-
gues of hom2, fst4, fst3, gat1 and hom1 showed
similar expression in L. bicolor (Morin et al.
2012), while homologues of c2h2, fst3, hom1
and gat1 showed similar expression in C. ciner-
eus (Plaza et al. 2014).

Whole genome expression analysis
revealed that 284 genes are differentially
expressed in the monokaryotic stage of S. com-
mune (Ohm et al. 2010), whereas 128 genes are
differentially expressed during the aggregate
stage. Genes involved in hydrophobins, protein
and energy production are upregulated during

aggregation, while genes involved in signal
transduction, gene regulation, carbohydrate
metabolism and cell wall biogenesis are
downregulated. 467 genes were differentially
expressed during primordia formation.
Upregulated genes are involved in signal
transduction, gene regulation, carbohydrate
metabolism and cell wall biogenesis. Protein
and energy production are downregulated. Of
the 128 differentially expressed genes during
fruiting body maturation, fatty acid metabolism
is upregulated, while gene regulation and glu-
cose, alcohol and amino acid metabolism are
downregulated (Ohm et al. 2010). The high
number of genes exclusively expressed during
primordia development suggests this is a cru-
cial developmental switch.

D. Nuclear Positioning

The sc1, sc4 and sc6 hydrophobin genes (see
Sect. IV.A) as well as sc7 and sc14 are expressed
in dikaryons (MATA-on MATB-on) of S. com-
mune but not in monokaryons (MATA-off
MATB-off) and MATA-on MATB-off or MATA-
offMATB-onmycelia (Mulder andWessels 1986;
Wessels et al. 1995). In contrast, the sc3 hydro-
phobin gene is active in the monokaryon and is
downregulated in a MATA-off MATB-on myce-
lium (Ásgeirsdóttir et al. 1995). From this, it is
expected that sc3 would also be inactive in dikar-
yons (i.e. MATA-on MATB-on). Indeed, sc3
mRNA levels are reduced in a fruiting dikaryon.
However, under non-fruiting conditions (e.g.
high CO2 and darkness), high sc3 expression is
observed, while expression of sc1, sc4, sc6, sc7
and sc14 is relatively low (Wessels et al. 1987).
Apparently, the MATB pathway, and possibly
also the MATA pathway, is not active in at least
part of the dikaryotic mycelium. This was
explained by a regulatory mechanism that varies
the distance between the nuclei in compartments
of dikaryotic hyphae (Schuurs et al. 1998). The
distance of nuclei in dikaryotic aerial hyphae is
relatively large (>8 mm) and correlates with high
sc3 expression. In contrast, nuclear distance in
fruiting bodies is small (<2 mm), correlating
with low sc3 and high sc4 expression. Increased
distance of the nuclei (>4 mm) would inactivate
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the MATB-on pathway, and possibly also the
MATA-on pathway, resulting in a monokaryon-
like gene expression (Wessels et al. 1998).

IV. Structural Proteins and Enzymes
Involved in Fruiting

A. Hydrophobins

Hydrophobins are secreted proteins that fulfil a
wide spectrum of functions in fungal growth
and development (Wessels 1997; Wösten and
Wessels 1997; Wösten 2001, see Chap. 7 in
Volume VIII, The Mycota). Class I and class II
hydrophobins are distinguished based on
hydropathy patterns and solubility characteris-
tics (Wessels 1994). Basidiomycetes only have
class I hydrophobins. These hydrophobins can
affect hyphal wall composition in a soluble state
(van Wetter et al. 2000b). However, most func-
tions of these hydrophobins are based on their
property to self-assemble into an amphipathic
membrane at hydrophilic/hydrophobic inter-
faces (Wösten et al. 1993, 1994a, b, 1995,
1999). This ~10 nm thick membrane is highly
insoluble and consists of a mosaic of amyloid-
like fibrils called rodlets (Wösten et al. 1993;
Wösten and de Vocht 2000; de Vocht et al. 2002;
Butko et al. 2001; Scholtmeijer et al. 2009).
Upon self-assembly at the interface between
the hydrophilic cell wall and a hydrophobic
environment (the air or the hydrophobic sur-
face of a host), the hydrophilic side of the
amphipathic membrane will face the cell wall,
while the hydrophobic side becomes exposed.
Aerial hyphae and spores thus become hydro-
phobic, while hyphae that grow over a hydro-
phobic substrate become attached.

The role of hydrophobins in mushroom-
forming fungi has been best studied in S. com-
mune. This fungus contains 13 hydrophobin
genes (Ohm et al. 2010) including sc1, sc3, sc4
and sc6 (Mulder andWessels 1986; Schuren and
Wessels 1990; Wessels et al. 1995; de Vocht
et al. 1998). The sc1, sc4 and sc6 hydrophobin
genes are dikaryon-specific and are regulated
by the mating-type genes (Ruiters et al. 1988),
fbf (Springer and Wessels 1989), thn (Wessels
et al. 1991b) and transcriptional regulators

involved in pre-aggregate development wc-2,
hom2 and fst4 (Ohm et al. 2011, 2013). On the
other hand, sc3 is expressed both in the mono-
karyon and the dikaryon (see Sect. III.D). It is
regulated by thn,wc-2, hom2 and fst4 but not by
fbf. Hydrophobins make up 6–8 % of protein
synthesised by S. commune at the time of emer-
gent growth (Wessels et al. 1991a, b). So far, the
roles of SC3 and SC4 have been established and
they will be discussed below.

Expression of sc3 in monokaryons is
induced after a feeding mycelium has been
established (Mulder and Wessels 1986). SC3
secreted by submerged hyphae self-assembles
at the medium-air interface, which is accompa-
nied by a huge drop in water surface tension.
This enables hyphae to breach the interface of
the aqueous environment and the air to form
aerial hyphae (Wösten et al. 1999). The water
surface tension remains high in a Dsc3 strain
and only few hyphae can escape the aqueous
environment. In other words, in the absence of
sc3 expression, hyphae are forced to grow in the
aqueous substrate. Expression of sc3 is thus a
main event in the onset of aerial growth. How
the mycelium senses that the feeding mycelium
is large enough to be able to support aerial
growth by switching on SC3 production
remains to be solved (Wösten and Willey
2000). SC3 secreted by aerial hyphae cannot
diffuse into the medium but will be confronted
with the cell wall-air interface. As a result, SC3
assembles at the surface of these hyphae
making them hydrophobic (Wösten et al.
1994a). SC3 also lowers the water surface ten-
sion in the dikaryon allowing aerial hyphae to
grow into the air (van Wetter et al. 2000a). The
amount of SC4 in the medium is too low to
complement for the absence of SC3 in a
Dsc3Dsc3 dikaryon. SC3 also coats aerial
hyphae of the dikaryon and hyphae at the
outer surface of fruiting bodies (Ásgeirsdóttir
et al. 1995). SC4, but not SC3, is located in the
fruiting body context, in which it lines air chan-
nels that traverse the plectenchyma (Lugones
et al. 1999). The air channels of Dsc4Dsc4 fruit-
ing bodies readily fill with water in the absence
of a hydrophobic coating (van Wetter et al.
2000a). SC4 thus ensures gas exchange in the
fruiting body tissue under moist conditions.
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The ABH1 hydrophobin of A. bisporus
(Lugones et al. 1996; de Groot et al. 1996) is
an orthologue of SC4 of S. commune. Expres-
sion of abh1 starts prior to primordia forma-
tion and remains high during primordia and
fruiting body formation (Eastwood et al.
2013). The protein not only lines air channels
in the fruiting body tissue (Lugones et al. 1999)
but also coats the outer surface of the mush-
room (Lugones et al. 1996). The HypB hydro-
phobin of A. bisporus is located at the border of
the cap and the stipe tissue and has been
proposed to protect the mushroom against bac-
terial infection (de Groot et al. 1999).

The presence of multiple hydrophobin
genes not only enables the fungus to produce
hydrophobins at different stages of develop-
ment (Kershaw et al. 1998) but also to form
hydrophobins that are tailored to fulfil specific
functions (van Wetter et al. 2000a). SC4 can
substitute for SC3 in the formation of hydro-
phobic aerial hyphae, but hyphal attachment to
hydrophobic surfaces is only partially restored.
This is explained by a lower affinity of assem-
bled SC4 for the cell wall of adhering hyphae
when compared to SC3. Possibly, this is related
to sugar-binding specificities of these hydro-
phobins (van Wetter et al. 2000a). The exposed
carbohydrates of cell walls of aerial hyphae and
hyphae in the fruiting body tissue may be dif-
ferent, requiring different lectin specificities to
ensure strong binding to the cell wall. Evolution
of hydrophobins to fulfil specific functions is
also indicated by sequence analysis. SC3 of S.
commune (de Vocht et al. 1998), ABH3 of A.
bisporus (Lugones et al. 1998), COH1 of C.
cinereus (Ásgeirsdóttir et al. 1997) and POH1
of P. ostreatus (Ásgeirsdóttir et al. 1998) that all
function in the formation of aerial hyphae are
more related to each other than SC3 and ABH3
to other hydrophobins of S. commune and A.
bisporus, respectively. Similarly, the fruiting
body-specific hydrophobins of S. commune
cluster with HypB (de Groot et al. 1999), ABH1
and ABH2 (Lugones et al. 1996; de Groot et al.
1996) of A. bisporus.

With the established roles of SC3, SC4 and
ABH1, we are only at the beginning of our
understanding of the functions of hydropho-
bins in fruiting. Dikaryons express several

hydrophobins at the same time that may have
specific properties and/or are expressed at a
particular place. For instance, it has been sug-
gested that hydrophobins could be involved in
aggregating aerial hyphae during fruiting body
morphogenesis (see Chap. 21 in Volume I
1994). The situation is even more complex by
the presence of proteins that can substitute for
hydrophobins. For example, the SC15 protein
can partly rescue the reduction of surface ten-
sion of the culture medium by SC3 (Lugones
et al. 2004).

B. Lectins

Lectins are carbohydrate-binding proteins that
play diverse roles in fungi (Singh et al. 2010).
For instance, they function in parasitism
against plants and insects, in predation of soil
nematodes and in early stages of ectomycorrhi-
zal symbiosis. Expression of galectin lectins is
upregulated in multiple stages of fruiting in C.
cinereus and Agrocybe aegerita (Boulianne et al.
2000; Luan et al. 2010). They may play a role in
mushroom defence against predators and para-
sites but also seem to play a role in mushroom
development. Addition of the galectin AAL of
A. aegerita to an established mycelium induces
aggregation and primordia formation both in
A. aegerita and Auricularia polytricha (Sun
et al. 2003; Luan et al. 2010). In contrast, the
presence of the galectin at the moment of inoc-
ulation results in growth inhibition and repres-
sion of fruiting (Luan et al. 2010). These data
show that temporal expression of galectins is
important for their role in mushroom develop-
ment.

C. Haemolysins

Haemolysins are pore-forming proteins that
are known for their ability to lyse red blood
cells. Aggregation of haemolysins in the plasma
membrane results in ~4 nm wide pores that
permeabilise the membrane (Nayak et al.
2013). Fungal homologues have been identified
in the basidiomycetes A. aegerita (Fernandez
Espinar and Labarère 1997; Berne et al. 2002),
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P. ostreatus (Berne et al. 2002) and S. commune
(Han et al. 2010). There is a strong evidence for
the involvement of haemolysins in fruiting
body formation. These proteins are specifically
expressed in primordia and young fruiting
bodies of A. aegerita and P. ostreatus (Vidic
et al. 2005). In both species, the concentration
of protein is highest at the edge of lamellae, in
basidia and in developing basidiospores.
Notably, external addition of the haemolysin
ostreolysin of P. ostreatus to mycelium boosts
fruiting initiation in this fungus and increases
quantity and size of fruiting bodies (Berne et al.
2007).

D. Oxidative Enzymes

A role for laccases in oxidative cross-linking of
hyphae in polypores, which become pigmented
and woody by oxidation of phenolic com-
pounds, was already proposed in 1967 (Bu’Lock
1967; Bu’Lock and Walker 1967). However, so
far, proof of a role in mushroom development
is lacking. Evidence for a role of cytochrome
P450 enzymes in fruiting body formation is
available. The eln2-1 mutant of C. cinereus was
isolated in a screen for developmental mutants
(Muraguchi et al. 1999). This mutant is charac-
terised by dumpy fruiting body primordia. Cell
morphogenesis and tissue organisation are
affected in the primordial shaft of the eln2-1
mutant. As a result, the mature fruiting bodies
have short stipes (Muraguchi and Kamada
2000). The eln2 gene is constitutively expressed
and encodes a novel type of cytochrome P450
enzyme. These enzymes are involved in the
oxidative, peroxidative and reductive metabo-
lism of numerous compounds. A deletion of 18
amino acids at the C-terminus is the cause of
the mutant phenotype. Muraguchi and Kamada
(2000) gave three explanations to explain the
mutant phenotype. A changed catalytic activity
may produce a toxic compound that affects
development in the primordial shaft. Alterna-
tively, activity of the truncated enzyme may not
result in a product that is normally instrumen-
tal in development. Finally, the mutant enzyme
may overproduce a normal metabolite or pro-
duce superoxide radicals.

E. Expansins

Expansins are nonenzymatic proteins that
induce cell wall extension and cell wall modifica-
tion (McQueen-Mason et al. 1992; Cosgrove
2005). These proteins are believed to act by dis-
rupting non-covalent interactions between car-
bohydrate polymers (McQueen-Mason and
Cosgrove 1995). Expansins were originally
found in plants, but homologues have also been
identified in fungi. Basidiomycetes do not appear
to have strict homologues of expansins. Instead,
they have expansin-like proteins named loosen-
ins with an N-terminal domain similar to that of
plant expansins. LOOS1 was first isolated from
the basidiomycete Bjerkandera adusta (Quiroz-
Castañeda et al. 2011), but they also occur in, for
instance, S. commune, A. bisporus, C. cinereus
and L. bicolor (Suzuki et al. 2014). The main
function of expansin(-like) proteins in fungi is
believed to facilitate degradation of plant-
derived substrates. However, evidence accumu-
lates that these proteins also play a role in mor-
phogenesis and cell wall modification. Deletion
of the expansin-like gene eglD in A. nidulans
results in increased resistance against lysing
enzymes. This observation combined with the
exclusive presence of EglD in conidial cell walls
suggests that this protein is involved in cell wall
remodelling during germination (Bouzeralou
et al. 2008). In basidiomycetes, repression of
stipe wall extension by heat in F. velutipes and
C. cinereus could be rescued by a snail expansin-
like protein (Fang et al. 2014; Zhang et al. 2014).
This suggests that expansin(-like) proteins are
involved in the extension of fruiting bodies.

V. Conclusions

Establishment of the dikaryotic mycelium and
formation of fruiting bodies are highly complex
developmental programmes that are activated
by a combination of environmental cues. A
wide variety of proteins are expected to regulate
and coordinate these programmes or to fulfil
enzymatic conversions or structural roles. With
the identification of the first genes involved in
mushroom development, we are only at the
beginning of understanding fruiting body for-
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mation. The process of identification of genes
will be accelerated by whole genome expression
studies and increased availability of molecular
tools to assign functions to genes.

Establishment of the dikaryon and emer-
gence of fruiting bodies in basidiomycetes are
regulated by the mating-type genes. These
genes encode DNA-binding proteins and pher-
omones and their receptors. Regulation of
fruiting by the mating-type genes is mediated
by downstream transcription factors. Several
genes encoding such regulatory proteins have
now been identified. Regulatory circuits ulti-
mately activate genes encoding structural pro-
teins or enzymes that are involved in fruiting
body formation. The role of hydrophobins is
well established. They enable hyphae to escape
the aqueous environment to allow fruiting body
development. Moreover, they coat aerial struc-
tures and line air channels in mushrooms. The
hydrophobic coating irreversibly directs
growth of hyphae into the air, allows dispersal
of spores and ensures gas exchange in fruiting
bodies under humid conditions. Apart from
hydrophobins, phenolics polymerised by the
action of laccases may contribute to surface
hydrophobicity of fruiting bodies. These
enzymes have also been proposed to cross-
link cell walls of hyphae in the fruiting bodies
but this still has to be established. Experimental
evidence indicates that cytochrome P450
enzymes, lectins, haemolysins and expansins
also function in mushroom development. Lec-
tins may be involved in aggregation of hyphae,
haemolysins in signalling particularly to induce
apoptosis of selected hyphae in the fruiting
body, while expansins may be involved in cell
wall modification and extension.
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Wösten HAB, Ruardy TG, van der Mei HC, Busscher
HJ, Wessels JGH (1995) Interfacial self-assembly
of a Schizophyllum commune hydrophobin into
an insoluble amphipathic membrane depends on
surface hydrophobicity. Coll Surf B Biointerface
5:189–195
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I. Introduction

The kingdom Fungi is a vast and diverse group
of eukaryotic organisms that exhibit a broad
ecological distribution. Their metabolic and
physiological resourcefulness enable them to
colonize a wide variety of habitats and to esta-
blish intricate biological associations with most
other organisms, which are crucial for ecosystem
structure and functioning. Much of the success
of fungi in nature is related to the large diversity
of reproductive systems that has evolved
throughout their evolution. Fungi are able to
reproduce asexually by propagating vegetatively
or by producing asexual propagules or spores,
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which are frequently produced in large numbers
and that allow extensive dissemination. In addi-
tion, most fungi are able to reproduce sexually.
Sexual reproduction in fungi entails a large
diversity of developmental strategies and mating
systems, which correlates with their specific life-
styles. This includes inbreeding systems that
permit a single individual to self-fertilize and to
complete sexual reproduction on its own, not-
withstanding outcrossing between genetically
different individuals, as well as obligate out-
breeding systems in which only genetically dis-
tinct compatible partners are able to mate (Ni
et al. 2011; Billiard et al. 2012). On the end of this
spectrum, elaborate multifactorial incompatibil-
ity systems have evolved in fungi, where a fungal
species might posses over 20,000 different sexes
(mating types), that enable to establish very high
outbreeding rates (Kothe 1996). Moreover,
breeding systems that allow self-sterility to be
bypassed to different extent (pseudo-
homothallism, Billiard et al. 2012) or that gener-
ate ploidy changes and recombination without
meiosis (i.e., parasexual reproduction, Sher-
wood and Bennett 2009) extend the diversity of
reproductive systems evolved in fungi.

Sexual reproduction enables genetic
recombination and the production of geneti-
cally diverse offspring, which has long been
considered to facilitate adaptive evolution
(Aanen and Hoekstra 2007). Besides, sexual
reproduction can also reduce the accumulation
of deleterious mutations (Bruggeman et al.
2003). In addition, sexual reproduction in
fungi is associated to developmental roles
such as the formation of survival/resistance
structures (e.g., Doll et al. 2013; Coluccio et al.
2008; Aanen and Hoekstra 2007).

In fungi, sexual reproduction involves the
differentiation of mating structures, the recog-
nition of mating partners, and the fusion—in
most fungi—of haploid cells (plasmogamy) and
nuclei (karyogamy) to produce a diploid
zygote, which subsequently undergoes meiosis.
In most fungi, this process culminates with the
formation of haploid sexual spores, which
enclose the nuclear products of meiosis and
permit the dissemination of the meiotic off-
spring (the sexual life cycles of two model asco-
mycete fungi are illustrated in Figs. 16.1 and

16.2). Sexual reproduction involves important
changes in cellular functioning and architec-
ture. This process requires precise coordi-
nation between the differentiation of multiple
cell types and the progression of nuclei through
karyogamy and meiosis and often must be
orchestrated with the morphogenic process
driving the formation of complex multicellular
fruiting bodies, where sexual development
takes place. The essence of sexual reproduction
lays on meiosis, which constitutes the reduc-
tional division that allows, along with karyo-
gamy, for the alternation of haploid and diploid
phases and that provides the potential for
genetic recombination. In this chapter, we
describe the molecular and cellular bases of
the developmental processes implicated in sex-
ual reproduction in fungi, with an emphasis on
the cell biology of the mating process and on
the developmental events that connect this pro-
cess to meiosis. Further detailed information
on the genetic systems governing sexual iden-
tity and determination can be consulted else-
where in this book.

II. Sexual Identity and Mate Recognition
in Fungi

A. Sexual Compatibility in Fungi Is Defined by
Mating-Type Loci

The cell identity implicated in sex determination
in fungi is defined by a specialized genomic
region known as the mating-type locus, which
is designated by the MAT acronym. Two basic
strategies defining mating behavior have evolved
in fungi. Some fungi are able to self-mate and are
referred to as homothallic, whereas other species
are unable to mate between genetically identical
cells and are, thus, self-sterile. Mating in these
latter fungi, which are known as heterothallic,
only takes place between compatible partners
that differ at the mating-type locus (Figs. 16.1A
and 16.2). In these fungi, the MAT locus of
compatible strains encompasses alternative idio-
morphic alleles, which are located at the same
genomic position but that differ in sequence
and information. So far, the mating system
of all studied heterothallic ascomycetes and
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Fig. 16.1 Sexual development of a model ascomycete
fungus. (A) The sexual life cycle of a mycelial hetero-
thallic ascomycete. The somatic (vegetative) phase of
most Pezizomycotina consists on haploid hyphal cells
that grow by apical extension and producing ramifica-
tions to establish an intricate hyphal system known as
the mycelium. In these fungi, sexual reproduction typi-
cally takes place inside of multicellular fruiting bodies
emerging from the mycelium and known as ascomata
(singular ascoma). These structures are formed by a
sexual tissue (the hymenium) surrounded by a protec-
tive envelope of highly interwoven hyphae. In a number
of Pezizomycotina, ascomata consist on piriform fructi-

fications opening by an upper ostiole, which are known
as perithecia (singular perithecium). Heterothallic asco-
mycetes possess two mating types, which are defined
genetically (denoted in the figure as MAT+ and MAT–
and depicted by different nuclear shading). Mycelia of
either mating type differentiate both female gametangia
(ascogonia) and male gametes, but mating only occurs
between sexual structures of opposite mating type. The
ascogonium emerges from vegetative hyphae as a single
multinucleated hyphal branch that coils around itself.
Ascogonia then recruit neighboring hyphae and become
surrounded by a protective coat of aggregate hyphae,
which after fertilization produces the perithecium enve-
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zygomycetes is governed by a single MAT locus,
which possesses two alternative versions and
defines a bipolar mating system. In contrast, a
multifactorial mating system composed of two
MAT loci controls sexual compatibility in basid-
iomycete fungi. In these fungi, the two MAT loci
might be located at distinct genomic positions
and be, therefore, genetically unlinked. This
arrangement results in a tetrapolar mating sys-
tem, in which four different mating types are
generated after meiosis. Nevertheless, the two
MAT loci of some basidiomycetes have physi-
cally coalesced to constitute a single locus, which
defines a bipolar system (Raudaskoski and
Kothe 2010; Debuchy et al. 2010; Freihorst et al.
2016; Dyer et al. 2016, for a comprehensive anal-
ysis onmating-type structure, function, and evo-
lution).

Self-fertility in fungi has evolved by differ-
ent genetic and molecular mechanisms. The
mating system of homothallic fungi is also con-
trolled by the MAT locus. However, in these
fungi, the MAT locus has adopted an arrange-
ment that consents sexual reproduction to
occur between genetically identical cells. For
instance, the genetic mechanisms that allow
for self-mating in ascomycete fungi include
the presence of both mating-type idiomorphs

in a single genome or the existence of a single
MAT idiomorph that allows unisexual mating.
Additionally, secondary homothallism has
evolved in some fungal species by molecular
mechanisms that allow heterothallism to be
bypassed, such as mating-type switching or
the co-segregation of compatible mating-type
nuclei when sexual spores are made (Ni et al.
2011) (an example of the latter process is illu-
strated by the development of the pseudo-
homothallic ascomycete Podospora anserina in
Fig. 16.1B).

B. Sexual Pheromones Manifest the Mating
Identity of Fungal Cells

The mating-type loci genetically define the mat-
ing identity of individuals in fungi. However, this
identity is expressed by means of distinctively
produced sexual pheromones. In most fungi,
sexual pheromones are produced in a mating-
type-specific manner, and they constitute the
main factor that allows fungi to detect mating
partners and to establish mating compatibility.
Nevertheless, among different evolutionary
lineages, fungal pheromones exert their action
at different levels of the sexual determination

Fig. 16.1 (continued) lope. Ascogonia also differentiate
specialized hyphae—the trichogynes—that exhibit
positive tropism toward opposite mating-type
pheromone-producing cells. Trichogynes provide the
female gametic cells, which grow toward and fuse with
male fertilizing cells. Vegetative hyphal fragments or
asexual spores can fertilize trichogynes, but some fungi
differentiate specialized cells (antherida) or spores
(spermatia) to fulfill this role. After fertilization, the
male gametic nucleus is delivered through the tricho-
gyne into the ascogonium. Male and female nuclei then
divide within the coenocytic ascogonium before differ-
entiating the sexual cell lineages that constitute the
hymenium and where karyogamy, meiosis, and sexual
spore (ascospore) formation takes place. Ultimately,
the mature ascospores are forcibly expelled out of the
perithecium. (B) Sexual development from the dikar-
yotic stage to ascospore differentiation. From left to
right: Fertilized ascogonia present within ascomata
contain male and female nuclei (of opposite mating
type in heterothallic fungi), which migrate into asco-
genous cells emerging from ascogonial cells. Ascogen-
ous hyphae elongate and grow around producing hook-

shaped cells called croziers. After coordinated mitoses
(lines linking nuclei represent spindles) and septa for-
mation, each crozier is separated into three cells: a
penultimate (upper) binucleated cell flanked by to
uninucleated cells. The two uninucleated cells fuse,
and the terminal cell nucleus migrates into the basal
cell, which regains the dikaryotic state and further
produces new dikaryotic croziers. Concomitantly, the
upper dikaryotic cell undergoes karyogamy and devel-
ops into an ascus, where meiosis takes place (the meio-
cyte). The meiotic-derived haploid nuclei are ultimately
packaged into ascospores, but in many fungi, this pro-
cess is preceded by additional mitoses. In the figure,
which illustrates the development of P. anserina, a
postmeiotic mitosis yields eight haploid nuclei, which
are enclosed by pairs into ascospores. In this fungus,
the high frequency of second meiotic division segrega-
tion of the MAT locus and the packaging of two
non-sister nuclei per ascospore result in the formation
of binucleated spores containing one nuclei of each
mating type, which upon germination produce
heterokaryotic self-fertile mycelium (pseudo-
homothallic inbreeding)
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process. Furthermore, sexual pheromones con-
sist on molecules of different chemical nature in
different fungi. This indicates that different
pheromone-based communication systems
have evolved in fungi. The evolution of such
systems has allowed consenting sexual repro-
duction among diverse fungi, which differ in
evolutionary origin and lifestyle.

1. Sexual Pheromones in Chytridiomycetes and
Zygomycetes

Fungal sexual pheromones were first identified
and characterized in the Blastocladiomycota
fungus Allomyces macrogynus (Machlis 1958;
Machlis et al. 1966; Nutting et al. 1968). In this
aquatic fungus, male and female gametes con-
sist of motile uninucleated cells that bear a

Fig. 16.2 The life cycle of Saccharomyces cerevisiae.
The ascomycete yeast S. cerevisiae can proliferate
mitotically by budding of either haploid or diploid
cells. However, only haploid cells are able to reproduce
sexually. Sexual reproduction is initiated when cells of
opposite mating type (S. cerevisiae possesses two mat-
ing types, denoted as a and a) encounter each other,
and the pheromones produced by one mating type
induce the formation of shmoos in the opposite mating
type. Shmoos are cells competent to mating that pro-
duce a mating projection toward an opposite mating-
type pheromone source. Like this, the mating projec-

tions of opposite mating-type shmoos encounter each
other and undergo plasmogamy, which is immediately
followed by karyogamy. This results in the formation of
a diploid zygote, which on favorable nutritional condi-
tions propagates asexually by budding. When diploid
cells are exposed to nutritional limitations, they
undergo meiosis and pack their resulting nuclei into
ascospores. The four resulting haploid ascospores are
enclosed inside the original mother cell, the ascus.
Finally, ascospores are released from asci and prolifer-
ate by budding

Sexual Development in Fungi 411



single posterior flagellum. These gametes are
produced in separate gametangia, which are
superposed in a common hyphal branch (a
terminal male gametangium laying on top of a
subterminal female gametangium), and differ
in size and subcellular architecture. The female
gametes of this fungus attract the smaller male
gametes by producing a low molecular mass
diffusible pheromone of sesquiterpene nature,
which is known as sirenin (Nutting et al. 1968;
Machlis 1968). Sirenin secretion by female
gametes begins before they are released from
gametangia. This attracts male gametes to
swarm around the developing female gametan-
gia, ready to fertilize female gametes as soon as
they emerge (Carlile 1996; Machlis 1958).
Evidence also indicates that male cells also
produce a female attractant, parisin (Pommer-
ville and Olson 1987), but this pheromone has
remained uncharacterized. Also uncharacter-
ized has remained the role that these phero-
mones exert beyond gamete attraction, and
whether these molecules participate in fertiliza-
tion or postfertilization events is currently
unknown.

Mating in zygomycete fungi has most
intensely been studied in Mucoromycotina. In
these fungi, mating typically takes place by
conjugation between specialized sexually com-
mitted hyphae, which differentiate from the
vegetative mycelium. These hyphae might con-
sist on aerial hyphae, which are morphologi-
cally indistinguishable from the surrounding
aerial mycelium, or on distinct specialized
hyphal branches that emerge from vegetative
hyphae. These specialized hyphae are known
as zygophores, and they have the ability to
grow toward each other to meet and engage in
sexual reproduction. In heterothallic species,
zygophores come from opposed parents,
whereas in homothallic ones, they originate
within a common mycelium. After their initial
contact, zygophores differentiate into progame-
tangia by swelling their apposed tips. Each pro-
gametangium then divides by forming a
septum, resulting in the formation of two
cells: the gametangium and its suspensor cell.
Plasmogamy takes place at the site where the
two gametangia make contact, and a zygospore
further differentiates at this site. Zygospores
are zygotic resting spores, which ultimately

undergo karyogamy and meiosis (Wostemeyer
and Schimek 2007; Idnurm et al. 2007).

The pheromones implicated in sexual
determination have been identified in two
zygomycete lineages—Mucormycotina and
Mortierellomycotina—and in both these
lineages, they consist on trisporic acid-based
pheromones (Gooday and Carlile 1997; Schi-
mek et al. 2003; Wostemeyer and Schimek
2007). These pheromones are capable of induc-
ing zygophore formation, which is the earliest
recognizable sexual differentiation event in
these fungi, and directing the growth of the
zygophores from opposed mating partner
toward each other, a process that is known as
zygotropism. Interestingly, externally added
trisporic acid is able to induce the formation
of zygophores irrespectively of the mating type
of a strain (Van den Ende et al. 1970). Further-
more, trisporoid pheromones are also active in
inducing zygophore formation of a mucoralean
species even if produced in the mating reaction
of a different one (Austin et al. 1969; Gooday
1968; Van Den Ende 1967). Trisporoid phero-
mones provide, however, a highly specific and
stringent system for sexual communication,
which allows induction of sexually committed
hyphae only in the presence of a compatible
partner and that permits to finely direct the
mating cell growth, ensuring accurate zygo-
tropism of the developing zygophores.

The specificity of the trisporoid pheromone
system is provided by the regulation of the
synthesis of trisporic acid (recently reviewed
in Lee and Heitman 2014). This process
involves the sequential action of specific
enzymes, which are solely produced by a mat-
ing partner. In this system, a trisporoid precur-
sor synthesized and released by a mating-type
strain is taken up and modified by its compati-
ble partner, which then produces a molecule
that is active as a pheromone. This process
results in the cooperative formation of a
number of trisporic acid derivatives, which in
turn stimulate the production of enzymes
involved in trisporic acid synthesis in a mat-
ing-type-dependent manner (Sahadevan et al.
2013; Czempinski et al. 1996; Schimek et al.
2005; Wetzel et al. 2009). This results in a feed-
back trisporic acid pheromone production sys-
tem, which ensures that no trisporic acid is
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produced in unmated cultures. This system
prevents sexual responses in single mating
partner cultures and establishes a tight sexual
communication that allows to accurately
finding a compatible partner.

Currently, the processes underlying zygo-
phore differentiation, as well as the mechanism
by which trisporoid pheromones regulate zygo-
tropism, is currently not known. Also currently
unknown is whether trisporoid pheromones
are directly involved in the mating process per
se. Interestingly, in contrast to other fungi
where the mating-type genes regulate phero-
mone production—like most Ascomycota
fungi—in the zygomycete fungus Mucor
mucedo, the mating-type genes are themselves
regulated by trisporoid pheromones. This sug-
gests a cooperative mate recognition system,
in which pheromones could contribute to
define sexual identity before the action of the
mating-type genes. This could also indicate
that, in addition to mate recognition, the
mating-type genes of this fungus participate in
later stages of sexual development (Wetzel et al.
2012).

2. Mating Pheromones in the Dikarya
Fungi

The function of fungal sexual pheromones has
been more thoroughly studied in the Dikarya
fungi, where pheromones controlling sexual
compatibility are peptidic in nature. These
pheromones consist on short peptides, which
are the processed products of pheromone pre-
cursor genes belonging to two dissimilar clas-
ses. The first class—known as alpha-class (after
the S. cerevisiae paradigm; see below)—
encodes for peptidic pheromones that are pro-
duced, processed, and secreted by the standard
secretory pathway. In contrast, the second
pheromone class (the a-class) consists on
lipid-modified peptides, which are processed
in the cytosol and are exported out of the cell
through specific cell transporters. Whereas
alpha-class pheromones are exclusively present
in ascomycete fungi, the lipopeptidic a-class
pheromones are present both in ascomycetes
and basidiomycetes (Jones and Bennett 2011).

One gene of each pheromone class is pres-
ent in a common genome of Ascomycota fungi
(although paralogues may exist), irrespectively
of its mating type. However, the expression of
these genes in most fungi is mating-type spe-
cific. In heterothallic fungi, each mating type
expresses a single pheromone class precursor
gene: strains of the MAT1-1 mating type (please
refer to Dyer et al. 2016, for information on
mating-type nomenclature) express the alpha-
class gene, whereas MAT1-2 strains express the
a-class. After secreted, each kind of pheromone
is recognized by a specific cognate receptor,
which is located on the cell surface of the oppo-
site mating-type partner and that upon phero-
mone binding triggers the mating response.
Expression of pheromone receptor-encoding
genes is also mating-type specific (Jones and
Bennett 2011). A notable exception for this
organization is the heterothallic fungus Hypo-
crea jecorina (teleomorph of Trichoderma ree-
sei), which lacks a prototypical a-class
pheromone. Instead, this fungus possesses a
hybrid pheromone that exhibits characteristics
of both alpha- and a-class pheromones. Fur-
thermore, transcription of the pheromone pre-
cursor genes in this fungus, or that of their
receptors, is not strictly dependent on the mat-
ing type (Schmoll et al. 2010; Seibel et al. 2012).

In contrast to Ascomycota, a single locus
for the pheromone precursor genes is present
per genome in basidiomycete fungi, and the
identity of this locus is mating-type specific.
This locus may encompass a single pheromone
precursor gene or a unique combination of
genes, but its sequence is mating-type specific.
Actually, the pheromone precursor genes,
along with the pheromone receptor-encoding
genes, constitute by themselves one of two loci
that define the mating type of basidiomycete
fungi (Wendland et al. 1995; Bolker et al. 1992;
O’Shea et al. 1998; for review, Raudaskoski and
Kothe 2010 and Freihorst et al. 2016).

The locus that codes for pheromones and
pheromone receptors in fungi like Ustilago
Maydis (here, the MATa locus) possesses two
alternative alleles, and each allele encodes a
pheromone and a pheromone receptor. In this
system, the pheromone encoded by one allele is
specifically recognized by the receptor encoded
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by the opposite allele and vice versa (Bolker
et al. 1992). In contrast, a multi-allelic and
often multigenic pheromone/receptor system
has evolved in Agaricomycotina. In this system,
the locus coding for pheromones and phero-
mone receptors may contain many subloci,
each of which enclosing one receptor- and one
(or multiple) pheromone-encoding gene
(O’Shea et al. 1998; Wendland et al. 1995; Vail-
lancourt et al. 1997). Underscoring the com-
plexity of this system, nine alleles have been
identified for each of the two unlinked subloci
that compose this locus in Schizophyllum com-
mune, and a single allele of this locus encodes
as many as two receptors and 11 pheromones
(Fowler et al. 2004; Raudaskoski and Kothe
2010).

C. Mate Recognition and Attraction

The mating pheromones control mate compat-
ibility in fungi by regulating different events of
the sexual determination process. For example,
sexual pheromones facilitate mating in most
ascomycete fungi, but they are not essential

for plasmogamy in many basidiomycetes. In
these latter fungi, mating pheromones rather
determine mate compatibility at postfertili-
zation events (Raudaskoski 1998) (see also
Sect. V.C).

Pioneer research in Ascobolus stercorarius
revealed that the formation of sexual reproduc-
tive structures (ascogonia; Fig. 16.3A, B illus-
trates the differentiation of an ascogonium) of
this heterothallic fungus does not take place in
solo cultures, whatever the mating type. How-
ever, a diffusible substance produced by a cell
of the opposite mating type was able to induce
the differentiation of ascogonia and to further
attract the growing trichogynes, the specialized
female gametic cells produced by ascogonia
that grow toward male cells to attain fertiliza-
tion (see Fig. 16.3B, C and below) (Bistis 1956;
Bistis and Raper 1963). These observations sug-
gested a role for sexual pheromones both in the
induction of sexual reproductive structures and
in the chemotropic interaction between com-
patible mating partners. Nonetheless, further
research in ascomycetes like Neurospora crassa
and Neurospora tetrasperma revealed that sin-
gle mating-type strains of these species were

Fig. 16.3 Sexual structures of the model Sordario-
mycete fungus P. anserina. (A) Early female asco-
gonium emerging as a lateral multinucleate curved
branch from a hyphal cell (arrow points to a nucleus).
(B) The ascogonium coils around itself and produces a
trichogenous hypha (arrow). (C) Ascogonia then
become surrounded by enveloping hyphae, producing
protoperithecia (note the emergence of an enveloping
hypha—arrowhead—which grows over the expanding
protoperithecium, a), from which the emerging tricho-
gyne (thin arrow) captures a microconidium (the sper-
matium, s) to accomplish fertilization (thick arrow).
Upon fertilization, the male nucleus is delivered into
the ascogonium, and the protoperithecium develops
into a perithecium. Inside perithecia, ascogenous cells
differentiate from ascogonial cells and further develop
into croziers. Each crozier ultimately forms two di-

karyotic cells, an upper cell that produces an ascus
and a basal cell that gives rise to new croziers. By this
process, arborescences of croziers and asci simul-
taneously containing different progressive develop-
mental stages are produced (D). Small lettering
indicates progressive stages of ascus development. a–
d are in first meiotic prophase: a, diplotene; b, pachy-
tene; c and d, zygotene. e shows an early prekaryogamy
differentiating ascus. Note a primordial reminiscent
crozier (arrow) divided by septa (arrowheads), in
which the upper (left) cell has differentiated into an
ascus, whereas the lower cell has produced a new di-
karyotic cell, which in turn successively produced new
croziers and asci. Scale bar, 5 mm. Images are kind
courtesy of D. Zickler (Univ. Paris Sud, France),
adapted from Zickler et al. (1995) with permission
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capable of differentiating ascogonia in solitary
cultures. Furthermore, these ascogonia were
also able to differentiate functional trichogynes
in the absence of opposite mating-type cells or
pheromones. Addition of an opposite mating-
type cell, however, was able to reorient the
trichogyne growth toward that cell (Bistis
1981, 1996). These observations suggested
that, in contrast to A. stercorarius, pheromones
were dispensable for the differentiation of sex-
ual reproductive structures in these fungi. Cor-
roborating this notion, further research
demonstrated that elimination of the phero-
mone receptors in N. crassa does not prevent
ascogonia formation (Kim and Borkovich 2004;
Kim et al. 2012). Similarly, formation of pri-
mordial sexual structures is not prevented by
the absence of pheromone receptors in homo-
thallic species like Sordaria macrospora and
Gibberella zeae (teleomorph of Fusarium gra-
minearum) (Mayrhofer et al. 2006; Kim et al.
2008; Lee et al. 2008b).

Mating pheromones have been implicated
in the chemotropic recognition system that
allows detecting and attracting mating partners
in most Ascomycota fungi. Trichogynes are
specialized hyphae that emerge from ascogo-
nial cells and grow toward male gametes to
subsequently fuse and capture the male fertiliz-
ing nucleus (Fig. 16.3B, C). These hyphae are
morphologically similar to vegetative hyphae,
but they differ from the latter in that they are
able to grow when the mycelium has reached
stationary growth phase—where vegetative
hyphal growth normally ceases—and in that
their growth exhibits positive chemotropism
toward mating pheromones (Debuchy et al.
2010). Actually, in heterothallic ascomycete
fungi, genetic elimination of a pheromone pro-
duces male sterility in the cognate mating type
(where the corresponding pheromone would
normally be produced) (Coppin et al. 2005;
Kim et al. 2002; Kim and Borkovich 2006; Tur-
ina et al. 2003). In N. crassa, it has been shown
that this sterility results from inability of male
gametes to attract trichogynes (Kim and Bor-
kovich 2006). In contrast, the capacity of tri-
chogynes to orientate their growth toward male
gametes and to be fertilized by them is not
disturbed in the absence of the pheromone pre-
cursor genes. Conversely, elimination of a pher-

omone receptor impedes female trichogynes to
reorient their growth toward pheromone-
producing male cells but does not affect the
capacity of male cells to attract trichogynes
(Kim and Borkovich 2004; Kim et al. 2012).
These data indicate that the recognition
between male and female gametic cells in het-
erothallic ascomycetes depends on the interac-
tion between pheromones and their cognate
receptors.

In the ascomycete yeast Saccharomyces
cerevisiae, mating occurs spontaneously when-
ever compatible cells coexist on rich medium
(Fig. 16.2 illustrates the life cycle of S. cerevi-
siae). In this yeast, an addition of mating pher-
omone is sufficient to induce shmoo formation,
which is the first identifiable sexual differentia-
tion event in this fungus (Duntze et al. 1970,
1973). Therefore, akin to zygomycete trisporic
acid pheromones, pheromones in this yeast are
sufficient to trigger sexual development. Never-
theless, gametic cell differentiation resulting in
zygophores and yeast shmoos is intimately
associated to the cell polarization process that
drives gametic cell growth toward a pheromone
source.

In contrast to S. cerevisiae, the fission yeast
Schizosaccharomyces pombe requires not only
cells of opposite mating type to be together, but
sexual differentiation also requires specific
stress conditions to be induced, most notably
nitrogen starvation. In this yeast, an additional
level of regulation is exerted by the high-
mobility group (HMG) transcription factor
Ste11. This protein, whose production, nuclear
localization, and activity are subject to nitrogen
availability, is a master regulator of the mating
program and controls the expression of many
genes required to induce sexual differentiation,
as well as the subsequent meiotic development
(Sugimoto et al. 1991; Mata and Bahler 2006;
Qin et al. 2003). Actually, MAT genes are
among the targets that are positively regulated
by Ste11. Thus, the mating behavior of a cell in
S. pombe is only established after Ste11 induces
the expression of the mating-type genes, a pro-
cess that is promoted upon nitrogen starvation.
Mating-type gene expression then stimulates
the production of pheromones and pheromone
receptors, which allows the establishment of the
mating response between partners. Interest-
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ingly, Ste11 itself is activated by the pheromone
signaling system (Qin et al. 2003; Kjaerulff et al.
2005); therefore, the activity of this transcrip-
tional regulator is further amplified upon pher-
omone stimulation. In this way, the induction
of sexual differentiation in S. pombe relies on a
cooperative system that integrates the phero-
mone signaling response with the activity of a
central transcriptional regulator, Ste11, which
integrates physiological and environmental
stimuli. Of note, the P. anserina orthologue of
Ste11 plays a central role as an upstream regu-
lator of a genetic network of HMG-domain
transcriptional regulators, which include
mating-type gene-encoded transcription fac-
tors, that is required for mating and sexual
development in this fungus (Ait Benkhali et al.
2013). This indicates a conserved role for Ste11

as a central regulator of the sexual determi-
nation process in ascomycete fungi.

D. Mating Signaling

1. Mating Pheromone Signaling: The Yeast
Paradigm

Considerable understanding of the mating sig-
naling system has been generated through
research on yeasts, most significantly on S. cere-
visiae (Table 16.1 summarizes the major cell
developmental processes regulated by mating
pheromones in S. cerevisiae). Interestingly, in
most studied ascomycete yeasts, pheromone
stimulation results in the polarization of cells
toward the pheromone-producing partner

Table 16.1 Main processes regulated by mating pheromones in Saccharomyces cerevisiae

Process Main target/proteins involved References
Mate recognition and attraction
Global transcriptional activation of

mating-involved genesa
Fus3 MAPK cascade, Ste12 Errede and Ammerer (1989) and Ren

et al. (2000)
Cell cycle arrest at G1 Fus3 MAPK cascade, Far1, Cln Chang and Herskowitz (1990) and

Peter et al. (1993)
Polarity complex wandering for

mating site selection
Actin dynamics/vesicle traffic? Dyer et al. (2013)

Polarity complex activation for mating
cell polarized growth toward a
partner

Far1, Cdc24, Bem1, Ste5 Butty et al. (1998), Leeuw et al. (1995),
Nern and Arkowitz (1999), and
Shimada et al. (2000)

Actin filament arrangement for mating
cell polarized growth toward a
partner

Fus1, Bni1 Matheos et al. (2004)

Plasmogamy
Adhesion between mating partners a-/alpha-agglutinins Lipke et al. (1989) and Roy et al. (1991)
Delivery of cell wall-remodeling

enzyme secretory vesicles
Fus1 McCaffrey et al. (1987), Trueheart et al.

(1987), and Gammie et al. (1998)
Secretion of cell wall-remodeling

enzymes
Fus2, Rvs161 Trueheart et al. (1987), Gammie et al.

(1998), Elion et al. (1995), and
Erdman et al. (1998)

Plasma membrane merger Prm1, Fig1 Erdman et al. (1998), Heiman and
Walter (2000), and Aguilar et al.
(2007)

Karyogamy
Anchorage of microtubules to the SPB

half bridge for nuclear orientation
Spc72, Kar1 Pereira et al. (1999)

Anchorage of microtubules to the
shmoo tip for nuclear orientation

Kar3, Cik1, Gpa1 Maddox et al. (2003), Sproul et al.
(2005), and Zaichick et al. (2009)

Nuclear congression Kar3 Meluh and Rose (1990)
Nuclear outer membrane fusion Prm3, Kar5 Beh et al. (1997), Shen et al. (2009), and

Melloy et al. (2009)

aPlease note that this is a broad category that includes the direct or indirect activation of many factors described below in the

table
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(Fig. 16.2), a process referred to as shmooing.
This process involves a reorganization of the
cellular structure encompassing rearrangement
of cell membrane and cytoskeletal components.

S. cerevisiae pheromones produced by a-
and alpha-mating-type cells are called a- and
alpha-factors, respectively. These pheromones
are recognized by specific G-protein-coupled
seven-transmembrane domain receptors—Ste3
and Ste2, respectively—which are expressed
and decorate the cell surface in a mating-type-
specific manner (Ste3 on MATalpha and Ste2
MATa cells) (Jenness et al. 1983; Hagen et al.
1986; Sprague et al. 1983; Hartig et al. 1986).
Both receptors are coupled to a common hetero-
trimeric G-protein. Pheromone binding stimu-
lates the exchange of GDP for GTP by the G-
protein alpha subunit (Gpa1), which promotes
the dissociation of G-alpha from a G-beta/G-
gamma heterodimer that is released to activate
the mating signaling response (Whiteway et al.
1989; Nomoto et al. 1990; for review, see Merlini
et al. 2013). A similar system operates in yeasts
like Candida albicans, Kluyveromyces lactis, and
the distantly related S. pombe; however, the G-
protein subunits implicated in the activation of
the mating signaling pathway in these yeasts
differ. Whereas mating signaling in S. pombe is
activated by the G-alpha subunit, which is nega-
tively regulated by G-beta (Obara et al. 1991;
Goddard et al. 2006), G-beta activates signaling
in K. lactis independent of G-gamma (Navarro-
Olmos et al. 2010), and both G-alpha and G-beta
are required in C. albicans (Dignard et al. 2008).

Pheromone stimulation produces three
main outcomes in S. cerevisiae. First, phero-
mone signaling is transmitted by a mitogen-
activated protein (MAP) kinase module to the
transcription factor Ste12, which promotes the
transcription of genes implicated in mating.
Second, the actin cytoskeleton and the exocy-
totic machinery are reorganized to bring about
the cell polarization that orientates the shmoos
to grow toward each other; third, the cell cycle
is arrested to allow mating and karyogamy to
take place between G1 nuclei. These three out-
puts are mainly mediated by effectors of the G-
beta/G-gamma subunit, but the G-alpha sub-
unit also contributes to polarity establishment
(Merlini et al. 2013; Jones and Bennett 2011).

One key effector of G-beta/G-gamma is the
scaffold protein Ste5. This protein interacts
with released G-beta/G-gamma, which remains
tethered to the plasma membrane, and recruits
the three mating MAP kinases (Ste11, Ste7, and
Fus3) to the cell cortex (Pryciak and Huntress
1998; Whiteway et al. 1995; Choi et al. 1994;
Marcus et al. 1994). This brings together the
MAP kinase (MAPK) module facilitating its
activation and insulation from cross talk with
other MAPK signaling pathways (Lamson et al.
2006; Zalatan et al. 2012). G-beta/G-gamma also
interacts with, and activates the p21-activated
kinase (PAK) Ste20, the upstream kinase that
phosphorylates Ste11 (not to be confused with
the S. pombe HMG transcription factor Ste11)
and promotes the activation of the Fus3 MAPK
cascade (Chen and Thorner 2007; Drogen et al.
2000; Leeuw et al. 1998). Upon activation, the
downstream MAPK Fus3 is released from the
cell membrane and is able to reach and phos-
phorylate its targets, leading to Ste12 activation
(van Drogen et al. 2001). In addition, Fus3 also
phosphorylates the scaffold protein Far1, which
associates with and inhibits the G1 cyclin (Cln)/
cyclin-dependent kinase (Cdc28p) complex,
triggering G1 cell cycle arrest (Chang and Hers-
kowitz 1990; Peter et al. 1993). Far1 is a Ste5-
related protein that also coordinates cellular
polarity by associating with polarity establish-
ment proteins (see Sect. II.D.3).

2. Mating Pheromone Signaling in Filamentous
Fungi

Different genetic and functional conservation is
observed for the components of the signaling
network that drives the pheromone response in
fungi. Orthologues of the pheromone receptor-
encoding genes—STE2 and STE3 in S. cere-
visiae—have been so far identified in all studied
Ascomycota fungi (Rispail et al. 2009). How-
ever, orthologues of STE2, which codes for the
alpha-class pheromone receptor, are lacking in
the genome of Basidiomycota fungi, like
U. maydis, Cryptococcus neoformans, Copri-
nopsis cinerea (Coprinus cinereus), and S. com-
mune. Instead, the pheromone receptors
identified in these fungi all belong to the Ste3
type, which is in agreement with only a-class
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pheromones being present in basidiomycete
fungi (Rispail et al. 2009; Raudaskoski and
Kothe 2010; Bolker et al. 1992). Consistent
with the different structural nature of sexual
pheromones of Chytridiomycetes and Zygomy-
cetes, no orthologues of STE2 and STE3 have
been observed in these fungi (Rispail et al. 2009;
Krishnan et al. 2012).

Pheromone receptors have been implicated
in the mating signaling system of the hetero-
thallic N. crassa (Kim and Borkovich 2004; Kim
et al. 2012) and H. jecorina (Seibel et al. 2012),
where their absence results in female sterility in
their cognate mating types. Importantly, both
Ste2- and Ste3-related pheromone receptors are
also present in the homothallic ascomycetes,
like Aspergillus nidulans (teleomorph: Emeri-
cella nidulans) (Seo et al. 2004), G. zeae (Kim
et al. 2008; Lee et al. 2008b), and S. macrospora
(Mayrhofer et al. 2006). Moreover, the absence
of both receptors causes infertility in A. nidu-
lans and S. macrospora, indicating that phero-
mone signaling is also necessary for
homothallic mating. However, in these fungi, a
single pheromone/receptor pair is sufficient to
support (to some extent) mating and sexual
spore formation. Interestingly, the absence of
both receptors in S. macrospora produces infer-
tility, whereas lack of both pheromones only
results in a reduction of sexual fruiting body
and spore formation. This suggests that non-
specific activation of the pheromone receptors
can, to some degree, support homothallic mat-
ing in this fungus. In contrast to A. nidulans
and S. macrospora, the pheromones and their
receptors are not required for mating in G.
zeae, where they rather act enhancing this pro-
cess (Kim et al. 2008; Lee et al. 2008b). This
indicates that in some homothallic species,
pheromones and their receptors are not essen-
tial for mating. Nonetheless, downstream com-
ponents of the pheromone signaling pathway
are required for mating in G. zeae, as strains
deficient for the G-protein alpha subunit Gpa1
(Yu et al. 2008) or the MAPK Gpmk1 (ortholo-
gue of S. cerevisiae Fus3) are sterile (Jencz-
mionka et al. 2003). Thus, a constitutively
active pheromone signaling pathway could
account for mating in this homothallic fungus.
Of note, whereas pheromone function in fungi
like P. anserina is restricted to fertilization

(Coppin et al. 2005), roles in postfertilization
events for pheromones and their receptors have
been described in a number of ascomycetes
(see below), including heterothallic (Seibel
et al. 2012; Kim et al. 2012) and homothallic
(Mayrhofer et al. 2006) species.

Heterotrimeric G-proteins in fungi are
highly conserved. Most filamentous fungi pos-
sess three G-alpha proteins, which are classified
in three major groups (I–III), whereas only one
G-beta and one G-gamma protein are generally
present in these fungi (Li et al. 2007). Consistent
with participation in transducing the phero-
mone receptor signal, elimination of the group
I G-alpha protein results in sterility in most
studied ascomycete fungi, including both homo-
thallic (A. nidulans, G. zeae) (Rosen et al. 1999;
Yu et al. 2008) and heterothallic (N. crassa,Mag-
naporthe oryzae, Cochliobolus heterostrophus,
Gibberella fujikuroi, Cryphonectria parasitica)
(Ivey et al. 1996; Liu and Dean 1997; Horwitz
et al. 1999; Studt et al. 2013; Gao and Nuss 1996)
fungi. However, the outcome of eliminating
these proteins may differ. For example, deletion
of the corresponding gene in A. nidulans abro-
gates fruiting body formation (Rosen et al.
1999), while in N. crassa results in the formation
of small aberrant fruit bodies that are sterile
(Ivey et al. 1996). Similarly, the absence of the
group I G-alpha protein in G. fujikuroi (teleo-
morph of Fusarium fujikuroi) produces female
sterility; however, whereas in N. crassa this phe-
notype is observed in both mating types, in G.
fujikuroi it is only observed in MAT1-1 strains
(Studt et al. 2013). Perithecia formation is also
affected in S. macrospora lacking the group I G-
alpha protein, but these fruiting bodies still pro-
duce fertile ascospores. In this fungus, elimina-
tion of a second G-alpha protein, however,
results in infertility (Kamerewerd et al. 2008);
thus, some degree of functional redundancy
between G-alpha proteins may exist in fungi.

Analysis of the genetic interactions between
G-alpha protein and pheromone receptor com-
ponents in S. macrospora established that the
group I G-alpha protein is the predominant
pheromone receptor signal transducer (Kamer-
ewerd et al. 2008). In N. crassa, similar to the
absence of pheromone receptors, both the direc-
tional growth of trichogynes toward male cells
and their capacity to fuse with them are compro-
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mised in the absence of GNA-1, the group I
G-alpha protein of this fungus. Furthermore,
this developmental defect is also observed in
the absence of either the G-beta (GNB-1) or
G-gamma (GNG-1) subunits (Krystofova and
Borkovich 2005; Kim and Borkovich 2004), indi-
cating that these three proteins are required for
transducing the pheromone response. In this
fungus, GNB-1 and GNG-1 interact with each
other and form a complex that stabilizes
GNA-1. Strains expressing constitutively acti-
vated (GTPase-deficient) alleles of GNA-1 are
fertile, but overexpression of these alleles cannot
bypass the absence of GNB-1 (Yang et al. 2002;
Krystofova and Borkovich 2005; Won et al. 2012;
Yang and Borkovich 1999). This suggests a direct
involvement for both GNA-1 and GNB-1 in mat-
ing. Furthermore, activated GNA-1 can also not
bypass the absence of a pheromone receptor
(Kim and Borkovich 2004); thus, additional
pheromone receptor effectors might be involved
in driving trichogyne directional growth and
mating. Importantly, (female) sterility has also
been demonstrated for a number of G-beta
(Ganem et al. 2004; Kaneko et al. 2013; Nishi-
mura et al. 2003; Rosen et al. 1999) and
G-gamma (Seo et al. 2005)-deficient strains in
filamentous Ascomycota, suggesting a broad
participation for these proteins as positive reg-
ulators of the mating process of these fungi. A
notable exception is G. zeae, whose G-beta
protein is not required for sexual reproduction
(Yu et al. 2008).

Less is known about the G-protein effectors
of the pheromone signaling pathway beyond
Saccharomycotina. In S. pombe, activation of
both the pheromone-responsive MAPK module
and the polarity factor Cdc42 depends on Ras1,
the only Ras small GTPase present in this yeast.
Actually, it has been proposed that different
pools of this protein signaling from different
cell compartments are distinctively implicated
in regulating these pathways (Onken et al.
2006). However, whether Ras1 is implicated in
linking pheromone signaling to the polarity
complex during mating remains an open ques-
tion. Importantly, the scaffold proteins Ste5 and
Far1, which are key regulators of the mating
signaling response in S. cerevisiae, are not pres-
ent in S. pombe (Cote et al. 2011). Actually,

homologs for Ste5 are absent in fungi beyond
Saccharomycotina (Rispail et al. 2009; Cote et al.
2011). Likewise, although present in diverse
filamentous fungi, deletion of the putative far1-
orthologue in Botrytis cinerea—the only myce-
lial fungus where the gene has so far been
studied—does not exert significant developmen-
tal alterations (Giesbert et al. 2014). These obser-
vations indicate significant differences in the
organization of the signaling pathway trans-
ducing the mating pheromone signal in fungi.

The protein kinases that compose the
MAPK mating signaling cascade are also highly
conserved in fungi. Orthologues of S. cerevisiae
Ste11, Ste7, and Fus3/Kss1 (a Fus3 paralogue
controlling pseudohyphal development) have
been identified in representative species of
most major fungal lineages (Rispail et al.
2009). As illustrated in N. crassa, deficiency in
either of the corresponding MAP kinases—
NRC1, MEK2, and MAK2—results in female
sterility due to defective protoperithecia differ-
entiation (Kothe and Free 1998; Li et al. 2005;
Pandey et al. 2004; Maerz et al. 2008). Detailed
analysis has revealed that in the absence of
either of these proteins, ascogonia can differen-
tiate and recruit enveloping hyphae to produce
incipient protoperithecia. However, develop-
ment of these structures does not further prog-
ress, and they are unable to produce
trichogynes (Lichius et al. 2012). This implica-
tion for the MAPKmating kinases in trichogyne
formation has precluded analyzing their role in
the subsequent fertilization process.

The three equivalent MAP kinases of A.
nidulans—SteC, MkkB, and MpkB—are also
required for fertility, and their absence blocks
sexual development before fruit body forma-
tion (Wei et al. 2003; Bayram et al. 2012;
Paoletti et al. 2007). These three kinases form
a complex with the scaffold protein Ste50
(SteD), producing a signaling module that is
required for sexual development. Interestingly,
in vegetative cells this signaling module dyna-
mically travels along the plasma membrane and
crosses the cytoplasm to associate with the
nuclear envelope, where MpkB (Fus3) further
localizes to the nucleoplasm (Bayram et al.
2012). These observations suggest that in con-
trast to S. cerevisiae—where Ste5-anchored
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Fus3 is released alone from the plasma mem-
brane to reach the nucleus—in A. nidulans an
entire Ste50-bound MAP signaling module
migrates from the plasma membrane to the
nucleus, from where MpkB (Fus3) alone is
transported into the nucleus to promote sexual
development (Bayram et al. 2012). Ste50 is an
adaptor protein that in S. cerevisiae recruits
Ste11 to the cell surface by association to the
plasma membrane protein Opy2, as well as to
the G-proteins implicated in mating, and parti-
cipates in modulating the different MAPK sig-
naling pathways (Yamamoto et al. 2010; Xu
et al. 1996). Importantly, Ste50 has a broad
distribution in Dikarya fungi (Rispail et al.
2009), and it has actually been implicated in
mediating mating pheromone signaling in
diverse species, including distantly related asco-
mycete yeasts (Sanchez-Paredes et al. 2011; Barr
et al. 1996), filamentous ascomycetes (as illu-
strated by A. nidulans), and basidiomycetes
(Jung et al. 2011; Mayorga and Gold 2001; Fu
et al. 2011). This suggests that Ste50 could per-
form a central conserved role in organizing the
matingMAPK signaling pathway in the Dikarya.

3. Directing Polarized Cell Growth to Allow
Mate Encounter

The Rho GTPase Cdc42 is the main factor
implicated in the establishment of cell polar-
ization in yeasts (Martin and Arkowitz 2014).
In S. cerevisiae, the Ste5-related scaffold protein
Far1 coordinates cellular polarity by asso-
ciating with polarity establishment proteins.
Cdc24, the guanine nucleotide exchange factor
(GEF) that activates Cdc42, is sequestered in
the nucleus by association to Far1 in mitotic
G1 cells. In response to mating pheromone, the
Far1-Cdc24 complex is exported from the
nucleus and translocated to the cell surface by
associating to the G-beta/G-gamma hetero-
dimer (Shimada et al. 2000; Nern and Arkowitz
1999; Butty et al. 1998). This promotes the
interaction of Cdc24 with the scaffold protein
Bem1 and with Cdc42 to form an active polarity
complex that drives polarized growth. This
complex coordinates the local cytoskeletal
organization and vesicle trafficking by pro-
cesses that include the activation of the formin

Bni1, which nucleates actin cables for delivery
of secretory vesicles (Evangelista et al. 1997;
Chen et al. 2012). In coordination with Far1,
additional interactions between mating signal-
ing and cell polarization components partici-
pate in polarity establishment. For example,
Bem1 also interacts with the MAPK scaffold
Ste5 and the PAK kinase Ste20 (Leeuw et al.
1995), linking the MAPK module to the polarity
complex. Also, the MAP kinase Fus3 phosphor-
ylates the formin Bni1, further promoting its
activation and correct localization (Matheos
et al. 2004). Therefore, cell polarization in
response to mating pheromone is established
by a cooperative network of protein interac-
tions, which allows cells to precisely orientate
their growth toward a mating partner.

Cdc42 has also been implicated in estab-
lishing cell polarization in filamentous fungi;
however, the role of this protein in regulating
hyphal morphogenesis among different fungal
species can differ. Furthermore, among differ-
ent fungi, Cdc42 acts in collaboration, or parti-
tioning roles with other Rho small GTPases,
most notably with Rac1 (Arkowitz and Bassi-
lana 2015). Both Cdc42 and Rac1, along with a
third Rho GTPase—Rho4—are required for
perithecia formation in G. zeae. Furthermore,
a fourth Rho-family protein—Rho2—is dis-
pensable for perithecia formation but required
for ascospore formation (Zhang et al. 2013).
Thus, overall, four of the five nonessential Rho
GTPases of this fungus (which harbors an addi-
tional essential Rho protein) are implicated in
sexual reproduction, stressing the importance
of these proteins in this process. However, the
precise molecular role of these proteins in sex-
ual development awaits elucidation. On the
other hand, some components of the polarity
complex that are essential for cell polarization
and mating in yeasts have been found to be
dispensable in filamentous fungi, specifically
the scaffold protein Bem1 in N. crassa (Schurg
et al. 2012). This indicates differences in the
organization of the polarity complex during
the mating process of filamentous fungi and
yeasts and suggests that different conform-
ations for the cell system that mediates mate
attraction might have evolved in fungi with
different lifestyles.
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4. Choosing the Mating Partner

In S. pombe, exposure to low levels of mating
pheromone promote successive formation and
dissipation throughout the cell surface of active
Cdc42 complexes, which contain the activating
GEF Scd1 (Cdc24) and the scaffold protein Scd2
(Bem1). However, these complexes are unable
to trigger polarized growth due to a block in the
secretion of cell wall synthases. Interestingly, an
increase in pheromone concentration results in
the formation of a single stable zone of active
Cdc42 that promotes polar growth. These
results suggest that Cdc42 explores the cell peri-
phery in order to track the pheromone source
and orientate the shmoo toward a mating part-
ner. Consistent with this interpretation, cells
where Cdc42 exploration is prevented mate
mistakenly with sister cells (Bendezu and Mar-
tin 2013). A similar exploratory mechanism has
been described in S. cerevisiae, but in this yeast
wandering patches of polarity factors, rather
than complexes that assemble and disassemble,
have been implicated in tracking the phero-
mone gradient to orientate the shmoo. In this
system, Myo2- and actin-dependent vesicle
trafficking has been postulated to drive polarity
patch wandering (Dyer et al. 2013).

III. Plasmogamy

Following recognition and attraction between
mating partners, their gametic cells make con-
tact and adhere to subsequently undergo cell
fusion. This permits gathering in a same cell the
nuclei that ultimately will undergo karyogamy
and produce diploid zygotes. Plasmogamy
accomplishment implicates a number of suc-
cessive cellular events that need to be finely
orchestrated in space and time in order to
maintain cellular integrity and to prevent cell
lysis during the cell-cell fusion process. In
fungi, the generation of high intracellular tur-
gor pressure that results from their absorptive
lifestyle imposes additional constrains to this
process. Notably, successful plasmogamy
requires precise coordination between the pro-
cesses that mediate plasma membrane fusion
with those driving cell wall remodeling and
fusion.

A. Fungal Cell Wall Remodeling During
Plasmogamy

Cell fusion in fungi first requires the adhesion
of the opposed mating cells (Table 16.1), which
then merge by remodeling and fusing their cell
walls. During this process, cell wall materials
are removed from contact site between mating
cells, resulting in the formation of a narrow
channel, which allows apposition and contact
between the plasma membranes of the mating
partners. Fusion of the plasma membranes
ensues, and further cell wall remodeling facili-
tates the expansion of the fusion pore between
cells. This produces a widening of the fusion
channel that permits nuclear migration and
fusion (Gammie et al. 1998).

Cell wall removal requires the confined
activity of cell wall-remodeling enzymes. In S.
cerevisiae, the initial contact between mating
cells is accompanied by a large accumulation
of vesicles at the tip of the mating cell projec-
tion, adjacent to the place where cell fusion will
take place (Gammie et al. 1998). Experiments
where the fusion of secretory vesicles to the
plasma membrane is blocked have shown that
inhibition of protein secretion impedes cell wall
remodeling and hampers the subsequent
plasma membrane fusion (Grote 2010). This
indicates that the vesicles that accumulate at
the cell fusion zone actually correspond to
secretory vesicles, which deliver the cell wall-
remodeling enzymes to the fusion site. Further-
more, evidence also indicates that polarized
actin cables provide tracks for secretory vesicle
delivery in yeast, in a process dependent on
formin (Bni1)-, tropomyosin-, and
polarisome-dependent actin dynamics and
that involves the type V myosin Myo2 (Liu
and Bretscher 1992; Dorer et al. 1997; Gammie
et al. 1998; Sheltzer and Rose 2009). Interest-
ingly, S. pombe possesses a specific formin—
Fus1—dedicated to organize the acting cyto-
skeleton during mating (Petersen et al. 1995,
1998). During plasmogamy, this formin orga-
nizes an actin aster that focalizes actin fila-
ments with type V myosins near the plasma
membrane fusion site. Type V myosins deliver
and concentrate cell wall-degrading enzymes at
the focus of this actin aster, promoting
restricted cell wall degradation. In contrast,
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cell wall-polymerizing enzymes are excluded
from the actin focus and remain localized at
the cortex of the shmoo tip. These observations
reveal a mechanism whereby cell wall-
degrading enzymes are delivered and concen-
trated at the fusion site to locally replace cell
wall synthases, establishing a confined zone of
cell well dissolution surrounded by zones
where cell wall integrity is preserved (Dudin
et al. 2015).

Polarized vesicle positioning in S. cere-
visiae also depends on the O-glycosylated
transmembrane protein Fus1 (not to be con-
fused with the S. pombe formin Fus1), which
itself localizes to cell fusion zone in a
pheromone-dependent manner (Trueheart
et al. 1987; Trueheart and Fink 1989; McCaffrey
et al. 1987; Gammie et al. 1998). Fus1 local-
ization at the cell fusion zone also depends on
the polarity GTPase Cdc42 and its GEF Cdc24
(Barale et al. 2004, 2006). In addition to vesicle
positioning, Fus1 promotes the localization at
the cell fusion site of additional fusion-specific
factors, notably of Fus2 (Paterson et al. 2008).
Like Fus1, Fus2 is required for the cell wall
removal process; however, unlike the former,
the absence of Fus2 does not impede vesicle
clustering at the fusion site, suggesting that
this factor functions at a latter step of the pro-
cess (Gammie et al. 1998; Elion et al. 1995).
Fus2 forms a complex with the BAR-domain-
containing protein Rvs161, and both proteins
are transported to the fusion site also in an
actin- and Myo2-dependent manner, probably
by associating to a specific group of vesicles
(Sheltzer and Rose 2009; Paterson et al. 2008;
Brizzio et al. 1998). Although the precise role of
these proteins remains undetermined,
Rvs161—along with the second N-BAR pro-
tein, Rvs167—is known to induce curvature of
lipid membranes in vitro (Youn et al. 2010).
Therefore, the function of the Fus2/Rvs161
complex could be related to facilitating mem-
brane deformation and/or fusion to allow exo-
cytosis and the release of cell wall-remodeling
enzymes. Of note, experimental data suggest
that Fus2 is an effector of the polarity protein
Cdc42; thus, this GTPase could modulate the

cell wall-remodeling process through Fus2 acti-
vation (Ydenberg et al. 2012).

B. Plasma Membrane Fusion

Pheromone-regulated membrane protein 1
(Prm1) was the first identified protein required
for plasma membrane fusion during mating
(Heiman and Walter 2000). In S. cerevisiae, the
absence of this protein in both mating parents
results in inhibition of cell fusion, which is
characterized bymating pairs in which the inter-
vening cell wall material is successfully degraded
and where plasma membranes become closely
apposed; however, these membranes remain
unfused. Nonetheless, around 40 % of Prm1-
deficient mating pairs are still able to success-
fully undergo plasmogamy, suggesting the exis-
tence of additional factors controlling plasma
membrane fusion. One such factor is the calcium
influx system regulator protein Fig1 (Aguilar
et al. 2007; Erdman et al. 1998). Lack of this
protein generates a similar, but milder, cell
fusion defect as the absence of Prm1. Addition-
ally, up to 90 % of mating pairs are unable to
fuse when both these proteins are absent (Agui-
lar et al. 2007). Notably, the tightly apposed
membranes present in cells deficient for these
proteins tend to invade the opposed cell cyto-
plasm by forming bulges that, in most cases,
retain the cell integrity. However, simultaneous
lysis of both membranes eventually takes place.
This defect has been interpreted as a failure of a
yet unidentified cell membrane fusase, which is
still active in the absence of Prm1 and Fig1, but it
is unable to correctly merge the plasma mem-
branes. Under this scenario, Prm1 and Fig1 do
not provide per se the fusogenic activity for
plasmamembrane fusion but are rather involved
in regulating the process (Engel and Walter
2008; Jin et al. 2004; Aguilar et al. 2007). In
addition to these two proteins, regulation of
plasma membrane fusion also requires the
proteolytic activities of Kex2 and Kex1, two
Golgi-resident proteases (Heiman et al. 2007),
and it has been proposed that protein secretion
could also be involved (Grote 2010). Therefore,
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delivery and/or processing of some components
of the plasma membrane fusion machinery
could rely on secretory pathway trafficking.

Prm1 is a conserved protein among fungi,
and its involvement in cell fusion has been
demonstrated in S. pombe (Curto et al. 2014)
and in the filamentous fungus N. crassa
(Fleissner et al. 2009). Notably, the outcome
of eliminating this protein in N. crassa cell
fusion is very similar to that observed in S.
cerevisiae. Furthermore, Prm1 in N. crassa is
part of the general cell fusion machinery, as it
is involved in both vegetative and sexual cell
fusions. In contrast, elimination of Prm1 in S.
pombe generates a more severe defect in terms
of number of mating pairs that fail to undergo
cell fusion. Still, in these mating pairs, the cell
wall present at the interphase between mating
cells is not extensively degraded, revealing that
in this yeast, Prm1 is required for cell wall
remodeling. Similarly, S. pombe Dni1—a
close relative of S. cerevisiae Fig1—is required
for plasma membrane organization and cell
wall remodeling during mating (Clemente-
Ramos et al. 2009; Curto et al. 2014). These
observations indicate that the organization of
the molecular mechanism in which Prm1 par-
ticipates might differ among fungi.

Fig1 has been implicated in the mating pro-
cess of different ascomycete fungi, including C.
albicans (Alby et al. 2010; Yang et al. 2011), G.
zeae, N. crassa (Cavinder and Trail 2012), and
A. nidulans (Zhang et al. 2014), but information
about the precise function exerted by this pro-
tein in the cell-cell fusion process of these fungi
is still limited. Nonetheless, A. nidulans Fig1
(FigA) is able to correct the mating defect of a
S. cerevisiae Fig1-deficient strain (Zhang et al.
2014), suggesting conservation of the molecular
function of this protein for, at least, these two
ascomycete species. Importantly, filamentous
ascomycetes (Pezizomycotina) possess an addi-
tional protein required for plasma membrane
fusion during mating. This protein—LFD1—
was identified in N. crassa and possesses func-
tional redundancy with Prm1. Like the latter,
LFD1 is required both for vegetative and sexual
cell fusions at the plasma membrane merger
step, and its absence results in reduced ability
of trichogynes and conidia (asexual spores) to
fuse (Palma-Guerrero et al. 2014).

IV. Fruit Body Formation

A. Fruiting Body Formation in Ascomycota

With the exception of Saccharomycotina and
Taphrinomycotina, the Ascomycota fungi gen-
erate complex fruiting bodies (ascomata),
which are formed after fertilization through
highly regulated developmental processes [for
review on fruit body formation in Basidio-
mycota, please refer to Pelkmans et al. (2016)].
These integrated structures are made of differ-
ent cell types; however, two major classes of
tissues can be distinguished: the envelope and
the dikaryotic hyphae. The envelope is made of
vegetative haploid hyphae. It shelters the di-
karyotic tissue where the cells containing two
unfused haploid nuclei are formed (dikaryons;
see Sect. V.B). In the course of sexual develop-
ment, these cells undergo karyogamy, which
results in diploid cells that are immediately
subjected to meiosis. The subsequent asci,
mostly containing from four to eight asco-
spores, are then ready to be expelled from the
fruiting bodies to generate new colonies.

1. Building Fruiting Bodies

Induction of fruiting body formation begins
with fertilization. In ascomycetes, fertilization
proceeds through two main patterns, provided
that the fungal species is genetically self-
compatible (homothallic) or genetically self-
incompatible (heterothallic). As described
above (Sect. II.A), heterothallism results in out-
breeding, while homothallism results in selfing.
Anyhow, the first step of sexual reproduction
starts with the fusion of two compatible gametes
(Fig. 16.3C). In general, the male gametes, also
called antheridia or spermatia, are small
conidia-like cells formed directly on the myce-
lium. However, in contrast to the vegetative con-
idia, they usually do not germinate (Esser and
Prillinger 1972; Beisson-Schecroun 1962), as if
their only biological fate was to deliver their
haploid nucleus to the female gametes. The
female gametangia, also called ascogonia, are
large coiled cells (Fig. 16.3A, B). In some species
(Ascobolus immersus, P. anserina, N. crassa,
etc.), these ascogonia mature into preformed

Sexual Development in Fungi 423



fruiting bodies (protoperithecia) by recruiting
protective layers of vegetative hyphae
(Fig. 16.3C). Wrapped up into this envelope,
the mature female gamete can then await fertili-
zation. To this end, the protoperithecia produce
specialized hyphae, the trichogynes, which col-
lect the fertilizing male haploid nucleus
(Fig. 16.3C). By contrast to what happens in
other eukaryotic organisms, the fusion of the
two haploid nuclei (karyogamy) does not pro-
ceed immediately after fertilization. The mecha-
nism by which this dikaryotic phase is extended
in Basidiomycetes as well as in filamentous
Ascomycetes remains unknown. Instead of fus-
ing, pairs of male and female haploid nuclei are
formed, which then migrate into hook-shaped
ascogenous hyphae called croziers. These di-
karyotic tissues grow within the haploid enve-
lope fromwhich they draw nutritional resources.
In addition to ascogenous hyphae, the fruiting
bodies contain also sterile hyphae originating
from one of the haploid parental strains.
Among these are the paraphyses, hyphae of
female origin in most cases, which elongate
from the basal part of the fruiting bodies.

Dikaryotic cells formed by heterothallic
species contain one haploid nucleus of each
mating type. This means that the two haploid
nuclei are genetically compatible and can con-
sequently undergo karyogamy. Again, to date,
what makes genetically different nuclei to rec-
ognize each other is not completely known (see
Sect. V.B.2). Finally, after several rounds of

synchronized mitotic divisions, the male and
female haploid nuclei fuse to form a diploid
cell. Then, right after karyogamy, the diploid
cells undergo meiosis and differentiate into
asci. Because in many species meiosis is fol-
lowed by one mitotic division, asci are formed
of eight uninucleated ascospores. The layout of
these asci into the fruiting body can be random
or arranged in a delineate layer called the
hymenium.

Ascospore discharge is dependent on the
fruiting body shape. Four main types can be
distinguished: apothecia, perithecia, pseudothe-
cia, and cleistothecia. Apothecia are cup-shaped
wide-open structures, where the hymenium is
not enclosed within a hyphal tissue but directly
exposed to the environment. Consequently, asci
are discharged upward. On the contrary, peri-
thecia are pear-shaped structures that are
almost closed but form a pore at the tip of the
fruiting bodies called an ostiole (Fig. 16.1A).
Thus, in perithecia, discharge of unitunicate
asci proceeds through the ostiole, which con-
tains short sterile hyphae, the periphyses.
Pseudothecia are alike perithecia except that
asci are bitunicate and not organized into a
hymenium. In such fruiting bodies, discharge of
ascospores relies on the expansion of the ascus
double cell wall after filling up with water. Con-
trary to apothecia, perithecia, and pseudothecia,
cleistothecia are closed round-shaped fruiting
bodies (Fig. 16.4A). The asci are found either
scattered throughout the interior cavity or arising

Fig. 16.4 Example of genes implicated in signaling
during sexual fruit body formation in Aspergillus
nidulans. (A) As in a wild-type strain, mutants defec-
tive for the MAPK SakA—the stress-activated MAPK
homolog of Hog1/p38—are able to differentiate
conidia-bearing conidiophores (a), hülle cells (b,
specialized nursing cells for cleistothecia), and cleis-

tothecia (c). However, sexual development in this
mutant is derepressed (not depicted) (Kawasaki et al.
2002). In contrast, the absence of the NADPH oxidase
NoxA abrogates cleistothecia formation (B, here a
DnoxADsakA double mutant, in which DnoxA is epi-
static on DsakA) (Lara-Ortı́z et al. 2003). Images are
kind gift from J. Aguirre (UNAM, México)
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from an enclosed hymenium. In either case, the
cleistothecium wall has somehow to burst open
for the ascospores to be dispersed.

Before phylogenetic analyses based on
genomic data were available, the classification
of fungi belonging to the Ascomycota was
partly based upon fruiting body properties.
Hemiascomycetes (yeasts) were fungi showing
asci not enclosed in a fruiting body. Fungi that
form apothecia belonged to the Discomycetes
group, whereas those endowed with perithecia
were Pyrenomycetes. Fungi developing pseu-
dothecia were clustered into the Loculoascomy-
cetes group, while fungi that form cleistothecia
belonged to the Plectomycetes. Although
challenged by more accurate classifications,
these taxonomic groups are still present in the
textbooks (Hibbett et al. 2007).

The time frame of fruiting body develop-
ment and sexual cycle completion are highly
variable. Most information comes from model
species for which the sexual cycle can be mas-
tered in laboratory conditions. Extensive studies
performed on the heterothallic Sordariomycete
P. anserina (Coppin et al. 2012; Espagne et al.
2011; Grognet et al. 2012; Jamet-Vierny et al.
2007; Malagnac et al. 2004; Peraza-Reyes et al.
2011; Silar 2011) (illustrated in Figs. 16.1 and
16.3) showed that male (spermatia) and female
(ascogonia) gametes start to differentiate after
three days of growth on minimal medium at the
optimal temperature of 27 �C. Once fertilization
occurs, the perithecia mature in four days. Two
days after fertilization, the perithecium neck and
ostiole are formed. When fully mature, two days
later, each fruiting body yields hundreds of
ascospores that are continuously shoot out for
five days. During the course of their develop-
ment, the perithecia of P. anserina enlarge over
100-fold, requiring considerable amounts of
nutrients from the surrounding mycelium.
Nutrient status of the colony by itself and also
the capability of sensing this nutrient status
through appropriate signaling pathways are
actually two key points for fungal sexual devel-
opment (Fig. 16.5 and Sect. IV.2). N. crassa, also
a heterothallic Sordariomycetes used as a model
organism, shows a sexual development pattern
similar to that of P. anserina. However, because
it does not differentiate proper spermatia, any
haploid nucleus of the opposite mating type, i.e.,

hyphal fragments, vegetative macroconidia, and
microconidia, can fertilize a female gamete.
Besides, maturation of ascogonia into protoper-
ithecia is subjected to a metabolic regulation,
since it only occurs at low nitrogen concentra-
tions. Again, nutrient status of the colony is
used as a checkpoint for sexual reproduction.
Sexual development proceeds slightly differently
in the homothallic Eurotiomycetes A. nidulans.
Although no proper gametes can be detected,
self-fertilization results in the formation of small
coiled lump of cells reminiscent of ascogonia,
which are soon surrounded by a loose layer of
growing hyphae that will later differentiate into
the cleistothecium envelope. Around the devel-
oping fruiting bodies, a second cell type is also
found: the thick-walled multinucleate hülle cells
(Fig. 16.4A). The function of these very peculiar
cells is to protect and provide nutrients to the

Fig. 16.5 Model for fruiting body development signal-
ing [adapted from Jamet-Vierny et al. (2007)]. In P.
anserina, the developing perithecium would send a
signal to the surrounding mycelium possibly through
diffusible reactive oxygen species (ROS) produced by
the PaNox1 NADPH oxidase (Malagnac et al. 2004).
This would be mediated by the Pezizomycotina-specific
protein IDC1 (Jamet-Vierny et al. 2007). Indeed, both of
these proteins are essential to the differentiation of the
perithecium envelope. Once the oxidative signal is
received by the mycelium located underneath the devel-
oping fruiting bodies, it is transduced by the PaMpk1
MAP kinase cascade (Kicka et al. 2006; Kicka and Silar
2004). Activation of this MAPK module results in the
mobilization of the nutrients to feed the maturing fruit-
ing body. The PaMpk2 MAP kinase cascade is also
essential to the perithecium envelope formation, but,
contrary to the PaMpk1 MAP kinase cascade, its acti-
vation is independent of PaNox1 (Lalucque et al. 2012).
The nature of the putative signal emitted by the devel-
oping dikaryons to induce the ROS signalization is still
unknown
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developing cleistothecia. The dikaryotic asco-
genous hyphae enclosed within the fruiting
bodies can produce, after karyogamy and
subsequent meiotic division, up to 1000 asco-
spores per cleistothecium (Sohn and Yoon 2002).

It is worth to note that in addition to asco-
spores generated though meiotic divisions,
some of these fungi also produce asexual con-
idia. But interestingly, this aptitude to propagate
through clonal divisions is irrelevant of their
heterothallic or homothallic status. For instance,
both N. crassa (self-sterile) and A. nidulans
(self-fertile) form conidia (Fig. 16.4A), whereas
P. anserina (self-sterile) and S. macrospora (self-
fertile) do not.

Fruiting Body Development Requires the Coor-

dinate Expression of Hundreds of Genes Using
N. crassa, P. anserina, S. macrospora, A. nidu-
lans, C. heterostrophus, M. grisea, etc., as model
organisms, over 200 genes have been identified
as essential for sexual development, mainly
through classical genetic approaches. Now that
large-scale screenings are available, this number
will likely increase. In that respect, exploration
of the N. crassa knockout strain collection (Park
et al. 2011) will certainly be of great help.
Besides, our comprehension of the genetic inter-
actions might also improve. Originally, sterile
mutants fell into three phenotypic categories:
male sterile only mutants, female sterile only
mutants, and male and female sterile mutants.
But the opportunity to purposely form hetero-
karyons in N. crassa (Pandey et al. 2004) and P.
anserina changed this view. Hence, when sterile
mutants harboring distinct mutations are forced
to form heterokaryons, it is possible to tell apart
those that form the envelope of the fruiting bod-
ies with no ascogenous hyphae inside from those
that do not form fruiting bodies at all. Finally,
recent high-throughput gene expression ana-
lyses will definitely help to draw evenmore com-
plex genetic networks involved in sexual
reproduction of fungi.

2. Reactive Oxygen Species and Fruiting
Body Development

In eukaryotic cells, various metabolic pathways
generate reactive oxygen species (ROS) as by-
products. ROS are powerful oxidant molecules

that damage macromolecules, and, as such,
they are inactivated by dedicated antioxidative
cellular components. But ROS are also second-
ary messengers involved in either intracellular
or cell-to-cell signaling (Aguirre and Lambeth
2010; Scott and Eaton 2008; Tudzynski et al.
2012). The NADPH oxidase enzymes (Nox)
are a major source of ROS (Lambeth 2004).
These highly conserved transmembrane pro-
teins produce superoxide by reduction of oxy-
gen using cytoplasmic NADPH as electron
donor. Three distinct families of Nox have
been characterized in the Pezizomycotina,
namely, NoxA, NoxB, and NoxC. NoxA and
NoxB are homologs of the mammalian
gp91phox, responsible for the neutrophil oxi-
dative burst during the immune defense
response. NoxC harbors calcium-binding EF-
hand motifs found in the human Nox5 and
plant RBOH proteins. The evidence of a link
between ROS generation and induction of fruit-
ing bodies in filamentous fungi was first esta-
blished in the Eurotiomycetes, when the NoxA
gene of A. nidulans was shown to be essential to
cleistothecium development (Lara-Ortı́z et al.
2003) (Fig. 16.4B). Later on, in Sordario-
mycetes, the PaNox1 gene of P. anserina and
the NoxA gene of N. crassa were also shown to
be essential to fruiting body development, i.e.,
perithecia (Cano-Domı́nguez et al. 2008; Malag-
nac et al. 2004). In B. cinerea and Sclerotinia
sclerotiorum (Leotiomycetes), both NOXA and
NOXB isoforms are required to develop scler-
otia, which after fertilization with microconidia
evolve into apothecia (Kim et al. 2011; Segmül-
ler et al. 2008).

Because the intracellular concentration of
NADPH is relevant for the metabolic status of a
cell, it has been proposed that ROS generated
by Nox could signal nutrient shortage. Indeed,
in P. anserina PaNox1 mutants, perithecium
formation can be restored if nutrients are con-
tinuously supplied (Malagnac et al. 2004).
Moreover, heterokaryon experiments have
shown that PaNox1 activity is not diffusible to
the fungal colony but restricted to perithecia.
Therefore, this enzyme is likely a cis-acting—
perithecia autonomous—molecule, which is
consistent with a potential signaling role in
the developing fruiting body (Malagnac et al.
2004). These data also suggest that nutrient
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resources could be stored in neighboring cells
and mobilized through a local ROS signaling
cascade to build fructifications, especially
when the medium has been depleted in nutri-
tional resources after vegetative growth of the
parental mycelia.

3. Fruit Body Development Signaling

Analyses of filamentous fungus complete
genome sequence show that unlike S. cerevisiae,
only three MAPK signaling modules are present
(Rispail et al. 2009; Zhao et al. 2007). The first
one is orthologous to the budding yeast FUS3
pathway involved in mating, the second one is
orthologous to the MPK1 pathway involved in
the yeast cell wall integrity pathway, and the last
one is orthologous to the HOG1 yeast pathway,
the osmosensing stress-related responding path-
way. During N. crassa vegetative growth and
asexual reproduction, these three MAPK mod-
ules are involved in separate functions, but a
joined activity of the three of them is required
to build the complex multicellular structures
necessary for sexual reproduction (Maerz et al.
2008). Loss of the MAK1 pathway function
(orthologous to the Mpk1 pathway) or of the
OS2 pathway function (orthologous to the
Hog1 pathway) both result in the absence of
proper ascogonium formation. Because ascogo-
nia are female gametes, the Dmak-1mutants and
the Dos-2mutants are female sterile. In contrast,
the Dmak-2 mutants, impaired for the MAK2
pathway (orthologous to the Fus3 pathway), pro-
duced ascogonia but those do not mature into
protoperithecia, leading also to female sterility.

Again, in P. anserina, systematic inactiva-
tion of the nine genes encoding the three differ-
ent MAPKs of the three MAPKmodules showed
an overlapping activity restricted to female
gamete differentiation (Lalucque et al. 2012).
Mutants impaired in MPK1 and MPK2 pathway
functions (respectively, orthologous to the
MPK1 and FUS3 yeast pathways) are also
female sterile. Although the DPaMpk1 and
DPaMpk2 mutants can form ascogonia, these
gametes do not mature into protoperithecia.

In the self-fertile ascomycete A. nidulans,
mutants impaired in genes encoding the
AnSte11 MAPKKK (Wei et al. 2003), the

AnSte7 MAPKK (Bayram et al. 2012), and the
AnFus3 MAPK (Paoletti et al. 2007) are sterile
(see Sect. II.D.2 for further details). Moreover,
null alleles of the gene encoding the SakA
kinase, orthologous to Hog1p, lead to prema-
ture sexual development and increase yield of
cleistothecia, the Aspergillus fruiting bodies
(Kawasaki et al. 2002) (Fig. 16.4A).

V. The Dikaryotic Phase

In many organisms, the cell fusion process that
accounts for plasmogamy during sexual repro-
duction is closely coupled to the subsequent
nuclear fusion process. In keeping with the
large diversity of reproductive systems exhib-
ited by fungi, the timing in which these two
processes take place in fungi can significantly
differ.

A. The Correlation Between Plasmogamy,
Karyogamy, and Meiosis in Fungi

In aquatic fungi like A. macrogynus, plasmog-
amy takes place between free-living motile
gametes. These uninucleated cells fuse by their
posterior ends, next to their flagella, and pro-
duce a biflagellated cell with closely apposed
nuclei. These nuclei immediately fuse to pro-
duce a motile zygote (Pommerville and Fuller
1976). In zygomycetes, zygotes consist on rest-
ing spores—the zygospores—that are pro-
duced at the contact site where gametangia
undergo plasmogamy. In these fungi, gametan-
gia contribute with many nuclei to the develop-
ing zygospore, which ultimately produce
recombinant haploid nuclei. However, nuclear
behavior within the zygospore is not
completely understood. Genetic analyses from
Phycomyces blakesleeanus suggest that inside
each zygospore, a single diploid nucleus under-
goes meiosis to then divide mitotically and pro-
duce thousands of recombinant haploid nuclei
(Eslava et al. 1975a, b). However, genetic data
also indicate that some progeny of a single
zygospore originate from more than one dip-
loid nucleus, which could result from multiple
karyogamy events. Furthermore, evidence also
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indicates that the process of genetic reduction
that occurs within zygospores is not a “perfect”
meiosis (Chaudhary et al. 2013; Cerda-Olmedo
1975; Mehta and Cerda-Olmedo 2001). There-
fore, the precise correlation between plasmog-
amy, karyogamy, and meiosis in these fungi is
not fully understood. However, these processes
are coupled to zygote development ostensibly
in a concerted manner, without distinctive
dikaryotic phase been perpetuated.

In contrast, in Basidiomycota and Ascomy-
cota, which comprise most (~98 %) of the fun-
gal species known today, plasmogamy and
karyogamy are separated in space and time by
the propagation of a dikaryotic phase, which is
a distinctive feature of the fungi grouped in the
Dikarya subkingdom (James et al. 2006). In the
dikaryotic phase, the two gametic nuclei that
are brought together after plasmogamy remain
distinct and proliferate mitotically. These
nuclei divide coordinately, in such a way that
ultimately a pair of nuclei of opposed parental
origin is engaged in karyogamy and undergoes
meiosis. As a result, the number of karyogamies
and meioses that are obtained from a single
fecundation event is amplified. On the other
hand, in most Dikarya fungi, karyogamy is
immediately followed by meiosis, which
restricts the diploid phase to a single nuclear
generation.

As exemplified by Ascomycete yeasts like S.
cerevisiae and S. pombe, in which karyogamy is
concurrent to plasmogamy, the dikaryotic
phase of some Dikarya fungi can be rather
ephemeral. Furthermore, S. cerevisiae also exhi-
bits an alternation of haploid and diploid
phases that results from deferring meiosis
from karyogamy by the propagation of a dip-
loid phase. In this yeast, the diploid cells that
result from karyogamy can proliferate mitoti-
cally by budding until they encounter nutri-
tional limitation, which induces meiosis and
sporulation (Fig. 16.2) (for review, see Neiman
2011). Unlike S. cerevisiae, S. pombe is normally
haploid in nature, and meiosis and sporulation
typically take place readily after karyogamy.
Consequently, sexual induction in this yeast
triggers all: mating, karyogamy, meiosis, and
sporulation. Altogether, the above observations
indicate that the timing and relationship that

karyogamy maintains with plasmogamy and
meiosis can significantly vary among fungal
lineages. Our knowledge about the signals that
trigger or delay the succession of these events,
as well as about the mechanisms that coordi-
nate these processes in diverse fungi, which
differ in evolutionary origin and lifestyle, is
still limited.

B. The Dikaryotic Phase in Ascomycota

1. Dikaryotic Development in Ascomycota

The dikaryotic phase in most mycelial ascomy-
cetes takes place inside sexual fructifications
and is restricted to specific cell types present
in the fertile tissue (the hymenium) of these
structures. Following plasmogamy, the tricho-
gyne hypha delivers the male gametic nucleus
into the ascogonium. Ascogonia can be naked
or enclosed within an ascoma (Fig. 16.3C) and
consist on syncytial cells harboring numerous
female gametic nuclei. Upon entry of the male
nucleus into primary ascogonial cells, both
gamete nuclei multiply to produce plurinu-
cleated cells that contain nuclei of both parental
origins (Coppin et al. 1997). Within these cells,
nuclei of opposite gametic origin (of different
mating type in heterothallic fungi) recognize
each other (Debuchy 1999) and are segregated
into specialized ascogenous hyphae, where
dikaryotic compartmentalization takes place.
Ascogenous hyphae originate from the surface
of ascogonial cells as small hyphal protrusions
that, at first, are devoid of nuclei. These hyphae
emerge near small groups of ascogonial nuclei,
which at this time are distributed to the cell
periphery (Wilson 1952). No distinctive nuclear
pairing has been observed in ascogonial cells of
fungi like Pyronema confluens, N. crassa, or P.
anserina (Zickler et al. 1995; Wilson 1952; Raju
1980), but genetic analyses indicate that one
nucleus from each parent migrates into asco-
genous hyphae. These hyphae initially consist
on plurinucleated cells. As they elongate, nuclei
arrange in a single row to then become evenly
spaced and divide synchronously. Subse-
quently, each ascogenous hypha grows around
producing a hook-shaped cell called the crozier
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(Fig. 16.1, but see also Fig. 16.6C). The two
leading haploid nuclei of this cell (of opposite
mating type) divide simultaneously with their
spindles orientated in such an arrangement that
two non-sister nuclei are placed together in the
crook part of the crozier (Fig. 16.1; see also
crozier b in Fig. 16.6C). A septum is then pro-
duced across the position formerly occupied by
each mitotic spindle, resulting in the formation
of three cells: a binucleated (dikaryotic) cell
flanked by terminal and basal uninucleated

cells (Raju 1980; Wilson 1952; Zickler et al.
1995). In many filamentous ascomycetes, the
upper (penultimate) dikaryotic crozier cell
undergoes karyogamy and differentiates into
an ascus (the meiocyte), whereas the basal and
terminal cells fuse to produce a new dikaryotic
crozier, which propagates the dikaryotic stage
(Fig. 16.3D). However, in some fungi, karyog-
amy can take place either between the nuclei
that are isolated in the penultimate cell or
between those that are reunited upon fusion of

Fig. 16.6 Genes implicated in the dikaryotic stage of
the fungus P. anserina. (A) Wild-type mature peri-
thecia produce asci containing four ascospores. In con-
trast, pex2 (formerly car1) mutant homozygous crosses
produce exclusively hook-shaped dikaryotic crozier
cells (B). In this mutant, instead of asymmetrically
differentiating a meiocyte (ascus) and a new crozier,
as in wild type (see Fig. 16.3D), each crozier gives rise to
two new croziers (see the two terminal croziers—
arrowheads—emanating from a reminiscent crozier),
which, successively, result in the formation of crozier
“trees” where no ascus is produced (note the arbores-
cence bifurcations resulting from the differentiation of
two croziers from a preceding crozier, arrows). None-
theless, these croziers differentiate properly, and their
nuclear progression up to dikaryon delimitation is nor-
mal (illustrated in C for a pex20mutant, which displays
the same phenotype as pex2 (Peraza-Reyes et al. 2011).

Note the two developmental stages highlighted: a, bi-
nucleated crozier bending; b, tetranucleated crozier
after dikaryon delimitation (arrowheads point to the
septa separating terminal and basal uninucleate cells
from a dikaryotic penultimate cell). (D) Uninucleate
croziers from a heterozygous sexual cross involving a
mating-type mutant (here an smr2-2 by wild-type
cross). Note the presence of two elongated cells
(arrows), which might evolve into asci; n indicates a
nucleus. (E) Multinucleate croziers obtained from a
cro1-1 homozygous cross. Note that cro1 mutant cro-
ziers can be considerably large. (F) Abnormal uni-
nucleate croziers produced in an ami1 heterozygous
cross. Scale bar in A and B, 10 mm; in C–F, 5 mm.
Adapted from Zickler et al. (1995), Peraza-Reyes and
Berteaux-Lecellier (2013), Peraza-Reyes et al. (2008,
2011), Graı̈a et al. (2000), Berteaux-Lecellier et al.
(1998) with permission
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the basal and terminal cells (Read and Beckett
1996; Wilson 1952; Zickler et al. 1995; Raju
1980). By this process, ascogenous hyphae suc-
cessively produce a cell that will be engaged in
meiosis and ascospore formation and a second
cell that will proliferate mitotically and perpet-
uate the dikaryotic phase. This results in the
formation of arborescences in which croziers
and asci with a gradual developmental stage
arrangement are simultaneously present
(Fig. 16.3C). Like this, one fertilization event
produces numerous asci (up to two hundred
in species like P. anserina, Zickler et al. 1995),
which are all issued with independent meioses.

2. The Mating-Type Gene-Dependent
Internuclear Recognition Allows Biparental
Dikaryotic Cell Formation

In heterothallic fungi, genetic analyses of mei-
otic segregation of individual asci indicate that
each ascus differentiates from a dikaryotic cell
always containing nuclei of opposite parental
origin (e.g., Shear and Dodge 1927; Zickler et al.
1995). This indicates the existence of a stringent
internuclear recognition system that selectively
distributes gametic nuclei during ascogenous
hyphae differentiation. The process whereby
opposite gametic nuclei recognize each other
in order to produce biparental dikaryotic cells
remains not completely understood. However,
the mating-type genes are known to be impli-
cated in this process. In the heterothallic P.
anserina, it has been demonstrated that hetero-
zygous sexual crosses involving mating-type
mutant strains yield uniparental progeny.
Genetic and cytological analyses show that
this progeny mainly arises from monokaryotic
ascogenous hyphae, in which a single haploid
nucleus is compartmentalized in a crozier cell
(Fig. 16.6D) and undergoes meiosis without a
previous karyogamy (haploid meiosis) (Zickler
et al. 1995). Moreover, the progeny of these
heterozygous crosses is predominantly derived
from the MAT mutant nuclei, which indicates
that when the mating-type genes are defective,
the nuclear identity is altered and produces
“selfish” nuclei that enter into ascogenous
hyphae ignoring the nuclei of the opposite

parental origin (Zickler et al. 1995; Arnaise
et al. 1997). This indicates that the mating-
type genes establish the nuclear identity that
allows recognition between nuclei of opposite
parental origin and ensure biparental progeny
during sexual reproduction. During ascogen-
ous hypha differentiation, both gametic nuclei
coexist in a common cytoplasm; therefore, the
system governing nuclear identity likely resides
on gene products that do not diffuse to neigh-
bor nuclei. In P. anserina, the MAT genes SMR2
and FPR1 [please refer to Dyer et al. (2016) for
further information on MAT gene function]
code for transcription factors that have a
nucleus-limited expression (Arnaise et al.
1997), consistent with a function for these fac-
tors in manifesting by themselves the nuclear
identity. On the other hand, it has been postu-
lated that interactions between nuclear DNA
and the spindle pole bodies (SPBs, the fungal
functional equivalents of centrosomes) could
participate in mediating recognition between
opposite mating-type nuclei (Thompson-Coffe
and Zickler 1994). Identification of the actual
signals defining nuclear identity and how these
signals are transmitted to the cell machinery
driving nuclear movement and distribution
remains a challenging task.

3. Dikaryotic Cell Differentiation

Few genes implicated in dikaryotic cell differ-
entiation have been so far identified, and
among them only a couple have been charac-
terized. In N. crassa, the banana (ban) mutant
defined a dominant mutation in which early
ascogenous cells produce asci that differentiate
a single giant banana-like ascospore. However,
late ascogenous cells arrest from going into
karyogamy and meiosis, and their nuclei pro-
liferate mitotically instead. These nuclear divi-
sions occur without corresponding cell
divisions, resulting in multinucleate croziers
(Raju and Newmeyer 1977). Similarly, a second
dominant mutation producing giant ascospores
alters the development of late ascogenous
hyphae yielding multinucleate croziers (Raju
1987). This second mutation—prf—is geneti-
cally unlinked to ban and differs from the latter
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in also exhibiting defective ascus apical ostiole
differentiation. Also, defects in SPB structure
during ascus development have been described
for ban mutants. Two additional mutants—
Cwl1 and Cwl2—producing multinucleated
crozier cells have been identified in N. crassa.
In these mutants, the formation of multinucle-
ate cells has been associated to deficient septa
formation in ascogenous hypha. However,
since these mutants also exhibit defective sep-
tation in vegetative cells, they could represent
factors implicated in the general cell septation
process, a process that also involves the Rho
GTPase Rho-4 (Raju 1992; Rasmussen and
Glass 2005).

Elimination of the UCS protein Cro1 in P.
anserina produces a multinucleated crozier
phenotype similar to that of N. crassa Ban and
Prf mutants. In the absence of Cro1, however,
most ascogenous hyphae become multinucle-
ated (Fig. 16.6E) independently of the perithe-
cium developmental progression. Furthermore,
in spite of their nuclear condition, a number of
these croziers are able to differentiate asci and
to undergo karyogamy, meiosis, and ascospore
formation, although these processes occur
abnormally (Berteaux-Lecellier et al. 1998; Sim-
onet and Zickler 1978). Cro1 mutants display
defects in septa formation in ascogenous cells
but not in vegetative hyphae. Also, microtubule
and actin cytoskeletal organization is defective
in cro1 mutant croziers, including impaired
assembly of actin rings involved in septa for-
mation. USC (UNC-45/Cro1/She4) proteins are
myosin-interacting chaperones that assist
actomyosin-dependent processes, such as
actin cable-based transport and cytokinetic
actomyosin ring assembly (for review, see Hel-
lerschmied and Clausen 2014). These observa-
tions suggest that Cro1 could participate in
dikaryotic cell differentiation by establishing
the actomyosin interaction implicated in con-
tractile ring assembly during septa formation.

The P. anserina pleckstrin homology (PH)
domain-containing protein Ami1 is a protein
that is also implicated in controlling nuclear
distribution in crozier cells. However, in con-
trast to the above-described proteins, the
absence of Ami1 affects nuclear migration,
resulting in the formation of some uninucleated

croziers (Fig. 16.6F) (Graı̈a et al. 2000). Like its
orthologues in S. cerevisiae (Num1) (Kormanec
et al. 1991) and A. nidulans (ApsA) (Fischer
and Timberlake 1995), Ami1 is implicated in
nuclear migration, and the distribution of
nuclei in different cell types is compromised
when this protein is defective. During mitosis,
S. cerevisiae Num1 is asymmetrically
distributed to the cell cortex by association to
the ER, where it interacts with microtubules
and dynein to facilitate the migration of nuclei.
Moreover, this protein also regulates the parti-
tioning during cell division of other organelles,
specifically of mitochondria (Farkasovsky and
Kuntzel 1995, 2001; Lackner et al. 2013; Chao
et al. 2014). Interestingly, in addition to nuclear
defects, the croziers produced in the absence of
Ami1 are also abnormal in shape, suggesting
that ascogenous hypha morphogenesis also
relies on this protein.

4. The Mitosis-Meiosis Transition

In P. anserina, the CAR1 gene (hereafter
referred to as PEX2, as it was subsequently
renamed; see below) was initially discovered
as a gene required for karyogamy (Simonet
and Zickler 1972, 1978). The sexual develop-
ment of mutants defective for this gene does
not progress further than the dikaryotic stage.
However, pex2mutants are able to differentiate
normal croziers. Actually, the coordinated
mitoses and septa formation that drive dikar-
yotic compartmentalization in these croziers
are unaffected. As illustrated in Fig. 16.6C, this
process results in the formation of a dikaryotic
cell flanked by two uninucleate cells (note the
dikaryotic cell delimited by two septa—indi-
cated by arrows—on crozier b), as in wild-
type development. In P. anserina, the dikaryo-
tic penultimate cell undergoes karyogamy and
ascus formation, while the two uninucleate
flanking cells fuse and produce a new crozier,
which perpetuates the dikaryotic stage. This
latter process is also not affected in pex2
mutants, but the nuclei present in the dikaryo-
tic penultimate cell never fuse and instead
divide mitotically. However, in contrast to P.
anserina cro1 or N. crassa Ban and Prfmutants,
these nuclei do not accumulate within croziers
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but are rather engaged in the formation of
a new crozier. Consequently, pex2mutants pro-
duce profuse crozier arborescences
(Fig. 16.6B), where no ascus is produced or
diploid nucleus can be detected (Fig. 16.6C)
(Simonet and Zickler 1972, 1978).

A number of observations suggest that this
developmental defect results from failure to
enter meiosis rather than from a defect in kary-
ogamy per se. First, it has been demonstrated
that the fusion of haploid nuclei in vegetative
hyphae of pex2mutants is not affected, suggest-
ing that the process of nuclear fusion per se is
not impaired in these mutants (Berteaux-
Lecellier et al. 1995). Second, mutants with
altered internuclear recognition (i.e., deficient
for mating-type genes; see Sect. V.B.2) (Zickler
et al. 1995) or defective for nuclear fusion (see
Sect. VI.A.2) (Vasnier et al. 2014) are still able
to undergo haploid meiosis when karyogamy is
prevented, suggesting that karyogamy is not
strictly required for meiosis to proceed. Still,
meiosis is never observed in pex2 mutants.

In filamentous Ascomycetes, the premeiotic
replication of DNA occurs before karyogamy
(Zickler 2006). The nuclei present in pex2
mutant croziers can divide mitotically, indicat-
ing that DNA replication is not impaired in
these nuclei. However, there are fundamental
differences between the meiotic and mitotic S-
phases, and those driving chromosome mor-
phogenesis are critical. Many proteins impli-
cated in chromosome assembly and division
are common during meiosis and mitosis; how-
ever, a number of these proteins are specific to
meiosis. Some of these proteins are incorpo-
rated into chromosomes during premeiotic
DNA replication (e.g., Storlazzi et al. 2008),
which indicates that in filamentous ascomy-
cetes, the commitment to undergo meiosis is
taken before karyogamy. These observations
indicate that meiotic induction takes place in
dikaryotic cells in a PEX2-dependent process.
They also suggest that in the absence of this
gene, the mitotic division “program” is pre-
served.

Notably, further research demonstrated
that CAR1 actually encodes for a peroxisome
biogenesis factor—PEX2—that is required for
the import of proteins into the peroxisome
matrix (Berteaux-Lecellier et al. 1995). These

unexpected findings revealed a role for peroxi-
somes in the induction of meiotic development.
However, the precise role that this organelle
performs during meiocyte differentiation is
still unknown. Nevertheless, along with PEX2,
a number of additional specific peroxisome
biogenesis factors (peroxins) have also been
shown to be required for meiotic induction in
P. anserina (Bonnet et al. 2006; Peraza-Reyes
et al. 2008, 2011). It has been postulated that
these peroxins could constitute an alternative
peroxisome import pathway, which drives the
import into peroxisomes of a yet unidentified
protein necessary to initiate meiotic develop-
ment. Alternatively, the induction of meiotic
development could depend on a signaling path-
way that signals from peroxisomes by associa-
tion to a specific group of peroxins. Of note, the
developmental defects produced by the elimi-
nation of PEX2 (or other meiosis-required per-
oxins) in P. anserina are not observed upon
elimination of the corresponding proteins in
A. nidulans (Hynes et al. 2008, 2010). This indi-
cates that the factors regulating entry into mei-
osis, or their subcellular organization, can
significantly vary between different fungi, even
when closely related.

C. The Dikaryotic Phase in Basidiomycota

In contrast to Ascomycota, the dikaryotic phase
of Basidiomycota fungi is not restricted to the
fertile tissues of sexual fructifications and is
extended to the somatic phase of the life cycle.
As illustrated by U. maydis (Ustilaginomyco-
tina), the dikaryotic stage of most basidiomy-
cetes can commence when haploid vegetative
cells undergo plasmogamy to produce a dikar-
yotic mycelium. In this plant pathogen, in addi-
tion, each stage is associated to a specific phase
of the life cycle. While haploid monokaryotic
yeast cells proliferate saprophytically by bud-
ding, the dikaryotic stage is associated with the
infective phase of the fungus, as only dikaryotic
hyphae are able to infect and induce disease in
the host (maize). Actually, sexual reproduction
of this fungus is absolutely dependent on the
presence of the plant. This virulence-related
development commences by the formation of
conjugation tubes by the yeast-like haploid
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cells, which is regulated by the pheromone sig-
naling system. These cells undergo plasmo-
gamy by fusing their tips and generate a
dikaryotic hypha, which can infect the plant
and proliferate within to ultimately differenti-
ate diploid teliospores. Teliospores are resting
spores that are produced inside of fungus-
induced plant tumors and that upon germina-
tion undergo meiosis to produce haploid meio-
spores (basidiospores) (Vollmeister et al. 2012).

In Agaricomycotina, the dikaryotic phase
frequently initiates by the fusion of hyphae
from vegetative monokaryotic haploid mycelia.
Cell anastomosis is followed by the reciprocal
migration of haploid nuclei from one parental
mycelium into the opposed preexisting myce-
lium, giving rise to haploid dikaryotic mycelia
(also referred to as the secondary mycelium)
(Kues 2000 and references therein). However,
homokaryotic mycelia can also be dikaryotized
by nuclei arising from hyphal fragments or
spores (Vilgalys and Sun Bao 1994; Williams
et al. 1984; Buller 1931). In these fungi, the
mating-type genes (which include the phero-
mone and pheromone receptor-encoding
genes) are dispensable for the initial cell fusion
process, but the nuclear migration allowing
dikaryotization and dikaryon growth is con-
trolled by these genes. Importantly, the homo-
karyotic and heterokaryotic (dikaryotic)
vegetative mycelia of these fungi exhibit differ-
ent mating behavior, as homokaryotic myce-
lium can both accept and donate nuclei in a
mating reaction, whereas in many fungi, dikar-
yotic mycelium cannot stably incorporate a
third type of nucleus but still can donate nuclei
and fertilize a homokaryotic mycelium. In this
process, which is referred to as the Buller phe-
nomenon (described initially by Buller 1931; for
review, see Kues 2000; Anderson and Kohn
2007), both types of nuclei from the dikaryotic
mycelium can initially migrate into the
opposed homokaryotic mycelium. This can
produce a dikaryotic mycelium where only
one type of incoming nuclei is accepted, a
dikaryotic mosaic mycelium containing sectors
with different combinations of nuclei, or even a
relatively stable trikaryotic mycelium. Still, in
some cases, the two incoming nuclei from the
fertilizing dikaryon can replace the original

monokaryotic mycelium nuclei (May 1988;
James et al. 2009). Furthermore, the segregation
of monokaryotic sectors from a dikaryon and
their subsequent reassociation with a different
type of nucleus (Nieuwenhuis et al. 2013a;
James et al. 2009), as well as nuclear exchange
between heterokaryotic mycelia (Johannesson
and Stenlid 2004), can dynamically transform
the nuclear associations of heterokaryotic
mycelia in nature. This remarkable genetic
flexibility permits to establish recombinant
genotypes in nature without the occurrence
of meiosis and reflects that mating in basidio-
mycetes is a rather complex and asymmetrical
process in nature (Anderson and Kohn 2007;
Nieuwenhuis et al. 2013b).

Early pioneer studies on Coprinopsis
(Coprinus) lagopus established that the dikar-
yotization of a monokaryotic mycelium
depended on the migration of the incoming
fertilizing nucleus throughout the established
accepting mycelium. In this process, immigrant
nuclei from one genotype undergo rapid inter-
cellular migration—with velocities up to ten
times as great as the rate of hyphal growth—
over a preexisting mycelium containing resi-
dent nuclei of another genotype (Buller 1931).
These nuclei migrate through microtubule
tracks (Raudaskoski 1998), likely propelled by
microtubule-dependent molecular motors;
however, the process whereby distinct type of
nuclei get differentially engaged in intercellular
displacements is currently not known. Further-
more, it is also known that the migration of
these nuclei depends on the B mating-type
locus, which encodes for the mating phero-
mones and pheromone receptors (Wendland
et al. 1995; Papazian 1950), but the process by
which nuclear migration is induced also
remains unclear.

Different cellular processes have evolved in
basidiomycetes to maintain dikaryotic cells.
Whereas dikaryotic hyphae of species like Het-
erobasidion annosum and Agaricus bisporus
consist on multinucleate hyphae possessing as
many as 30 nuclei per cell (Chase and Ullrich
1983; Evans 1959), regular pairing of comple-
mentary nuclei is observed in hyphal cells of
species like C. cinerea and S. commune
(Kamada et al. 1993; Niederpruem et al. 1971).
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Nonetheless, balanced association of the two
types of gametic nuclei exists in the heterokary-
otic hyphae of these fungi. Central to dikaryon
establishment is the process of formation of
clamp connections. Upon its arrival to the api-
cal cells of the mycelium, the incoming migrat-
ing nucleus is paired with a compatible resident
nucleus. Subsequently, a clamp (or hook) cell
emerges as a lateral branch close to these nuclei
and next to the site where a septum will be
produced. Clamp cells then grow around back-
ward toward its parent hypha, and one of the
nuclei (the one located closer to the tip)
migrates into the developing clamp cell,
whereas the second one remains in the hyphal
cell beneath the site where the septum will be
formed. Both nuclei then divide synchronously
with their spindles oriented in such an arrange-
ment that a pair of complementary nuclei (one
of them leaving the clamp cell) is laid together
above the future septum location. A pair of
septa is then produced across the previous loca-
tion of the spindles, and one of them separates
the clamp cell from the hypha, and the second
one divides the hypha into apical and subapical
cells. As a result, two complementary nuclei are
isolated in the apical cell delimited from uni-
nucleate clamp and subapical cells. Further, the
clamp cell continues to grow backward and
fuses with a peg produced beneath the newly
formed hyphal septum. The fusion between the
clamp cell and the peg delivers the clamp cell
nucleus back into the subapical cell, which
regains the dikaryotic state [extensively
reviewed in Kues (2000)]. In this way, the co-
ordinated nuclear division and septa formation
associated to the formation of clamp connec-
tions ensure the isolation of a pair of compati-
ble (of opposite mating type) nuclei in each
hyphal compartment along hyphal growth.
Still, while clamp cells have not been observed
in A. bisporus (Evans 1959), clamp connections
are also produced in compatible matings of H.
annosum, even when possessing highly multi-
nucleate cells (Chase and Ullrich 1983). Impor-
tantly, as shown in U. maydis (Scherer et al.
2006), clamp connections are present in basi-
diomycetes beyond Agaricomycotina.

While the nuclear migration accounting for
the initial dikaryotization of a homokaryon is
controlled by the B mating-type locus, clamp

cell formation is governed by both mating-type
loci (Raudaskoski and Kothe 2010). The A
mating-type genes encode for homeodomain
proteins, which when synthetized from com-
patible nuclei heterodimerize to produce an
active transcription factor that activates specific
target genes. The A mating-type genes are
required for clamp cell formation, whereas the
induction of the subapical peg, with which
clamp cells fuse, depends on the B mating-
type genes (Badalyan et al. 2004) [please refer
to Freihorst et al. (2016) for further information
on basidiomycete mating-type genes].

The resemblance of the dikaryotic cell com-
partmentalization processes occurring in cro-
ziers in ascomycetes and clamp connections in
basidiomycetes—the two fungal lineages exhi-
biting a distinctive dikaryotic stage—has led to
propose a common evolutionary origin for
these two structures. However, analysis of the
functional conservation of the homeodomain
transcription factors—which control clamp
cell formation in basidiomycetes—during
dikaryotic cell development in the ascomycete
P. anserina has provided no support for such
hypothesis (Coppin et al. 2012).

Ultimately, the two compatible nuclei of
dikaryotic cells undergo karyogamy and meio-
sis to subsequently produce sexual spores con-
taining the nuclear products of meiosis, the
basidiospores. This process takes place in the
basidia (the basidiomycete meiocyte) that
develop in the hymenium of complex sexual
fructifications (reviewed in Pelkmans et al.
2016).

VI. Karyogamy

Karyogamy is the process whereby nuclei fuse
to produce diploid cells. In fungi, this process
normally takes place in specialized sexual cycle
cells, which compartmentalize the gametic-
derived nuclei, and is coordinated with the
progression of the steps of the sexual cycle,
like plasmogamy and meiosis. However, in
many fungal species, haploid nuclei of vegeta-
tive cells can eventually fuse to produce diploid
nuclei. This process usually takes place with a
low frequency, and the generated diploid nuclei
are relatively stable, as they can spontaneously
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go back to the haploid state by successive seg-
regation and loss of whole chromosomes. This
process, which is referred to as the parasexual
cycle, also differs from typical sexual reproduc-
tion in that the steps encompassing it occur
independently of one another. Nonetheless,
this process can contribute to genetic variabil-
ity and promote fitness (Schoustra et al. 2007).
Whether the same molecular process produces
somatic and germinal (those produced during
sexual reproduction) diploid nuclei is still
unknown. However, in some fungi, epigenetic
marks can define the identity and fate of the
diploid nuclei that are produced at different
stages of the life cycle.

In the homothallic A. nidulans, where the
parasexual cycle was first described (Ponte-
corvo et al. 1953), vegetative diploid nuclei
can divide indefinitely, whereas germinal dip-
loid nuclei are committed to meiosis and never
divide mitotically. Furthermore, if diploid
mycelium is induced to reproduce sexually, a
single—likely diploid—nucleus is compart-
mentalized into the ascogenous cells produced
within sexual fructifications. However, this
nucleus undergoes aberrant meiosis, and ascos-
pores are produced in irregular numbers (Scaz-
zocchio 2006; Pontecorvo et al. 1953).
Nonetheless, diploid nuclei produced in
somatic cells of some fungi can successfully be
engaged in sexual reproduction. This is actually
the case in the human pathogen C. neoformans,
a causal agent of fungal meningoencephalitis
(Lin and Heitman 2006). This basidiomycete
is able to undergo heterothallic bisexual repro-
duction by a process involving yeast to hypha
dimorphic transition. Haploid yeast cells of
opposite mating type (denoted as a and alpha)
recognize each other and mate to produce
dikaryotic hyphae. Aerial hyphae then develop
from these hyphae and differentiate round basi-
dia at their tips, where karyogamy, meiosis, and
basidiospore formation take place. Impor-
tantly, nuclear fusion can also take place in
vegetative yeast cells immediately after mating.
These diploid cells can propagate mitotically as
yeasts or produce diploid hyphae, which even-
tually differentiate basidia and undergo meiosis
and basidiospore formation (Sia et al. 2000).
Interestingly, in this fungus, the proportion of

each mating type in nature seems to be rather
unequal, and about 99 % of environmental and
clinical isolates belong to the alpha-mating type
(Fu et al. 2014). Furthermore, C. neoformans is
able to undergo unisexual reproduction by
mating between same-sex cells, predominantly
by the alpha-mating-type cells (Lin et al. 2005).
During this process, alpha-alpha diploid nuclei
that can resume the sexual cycle by undergoing
meiosis are produced. These diploid nuclei can
originate by nuclear fusion either early in vege-
tative cells or in the sexually differentiated basi-
dia, or they can be produced by nuclear
endoreplication.

In the Dikarya fungi, karyogamy normally
takes place in the specialized cell type, which
will further develop into a meiocyte. This cell is
called an ascus, in the Ascomycota, and a basid-
ium, in the Basidiomycota, and also corre-
sponds to the cell that ultimately produces the
sexual spores.

A. The Molecular Mechanisms of
Karyogamy

The molecular mechanisms underlying karyog-
amy have been most intensively studied in S.
cerevisiae. In this yeast, karyogamy implicates
the migration of the two haploid nuclei toward
each other, which is referred to as nuclear con-
gression, and the subsequent fusion of the
nuclear envelopes. Pioneer work involving the
isolation and characterization of nuclear fusion
mutations in this yeast led to the identification
of most genes known to govern the progression
of karyogamy (referred to as kar genes, for
karyogamy defective). These mutations
resulted in the formation of aberrant zygotes
that were unable to fuse their haploid nuclei
and could broadly be grouped in two main
classes depending on the position of their
nuclei. In the so-called type I mutants, which
defined the nuclear congression genes, nuclei
fail to pair close to one another and remain
separated by about 3 microns. In contrast,
nuclei in type II mutants become closely
apposed but remain unfused. These mutants
defined the nuclear envelope fusion genes
(Rose 1996).
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1. Nuclear Congression

In S. cerevisiae, nuclear congression is initiated
shortly after mating. Actually, critical develop-
mental processes promoting karyogamy are
regulated by the pheromone signaling system
that controls mating. Early experiments showed
that heterokaryotic cells obtained by fusion of
protoplasts derived from mitotic cells were
unable to fuse their nuclei; however, if the
cells producing the protoplasts were pretreated
with mating pheromone their nuclei could
effectively fuse and produce diploid cells even
when bearing same mating type (Rose et al.
1986). These experiments demonstrated that
the competency of nuclei to undergo karyog-
amy was regulated by the mating pheromone
response.

Upon stimulation of a haploid S. cerevisiae
cell with the pheromone of the opposite mating
type, the cell cycle is arrested at G1, and the cell
forms the shmoo projection toward the source
of the pheromone. Cell fusion takes place at the
tip of the shmoo projection (Fig. 16.2). Actually,
the initial step required to facilitate karyogamy
takes place in shmoos before mating and con-
sists on the orientation of nuclei toward the
shmoo projection. This process initiates by the
reorganization of cytoplasmic microtubules,
which are relocated from the outer plaque of
the SPB to the half bridge, a lateral extension of
the SPB. This process depends on the transfer
of the gamma-tubulin receptor Spc72p from the
SPB outer plaque to the half bridge. This pro-
cess is stimulated by mating pheromone expo-
sure and depends on anchorage of Spc72 to the
half bridge component Kar1 (Pereira et al.
1999). Subsequently, the plus ends of micro-
tubules are transported along polarized actin
cables into the cell mating projections. The
protein Kar9, in association with the micro-
tubule end-binding protein Bim1 and the type
V myosin Myo2, facilitates this transport
(Hwang et al. 2003). Mating pheromones also
stimulate the capture of cytoplasmic micro-
tubules at the cortical site of the shmoo tip by
promoting both the localization of the kinesin-
14 family protein Kar3 and its non-motor-asso-
ciated protein Cik1 to the microtubules plus
ends (Maddox et al. 2003; Sproul et al. 2005)

and the interaction of Kar3 with the G-alpha
protein Gpa1, which localizes at the cortex of
the shmoo tip and provides an anchor for this
kinesin at this site (Zaichick et al. 2009). These
processes orientate the nucleus and direct the
cytoplasmic microtubules toward the mating
projection. Actually, nuclear movement toward
this site commences before plasmogamy takes
place.

Following cell fusion, the cytoplasmic
microtubules of a cell protrude into the cyto-
plasm of its mating partner and contact the
opposite nucleus. These microtubules emanate
from the half bridge of a SPB, where they are
anchored by their minus ends to the Spc72/
gamma-tubulin complex, and interact with
Spc72 located on the half bridge of the opposite
SPB (on the mating partner nucleus). This sec-
ond interaction between microtubules and
Spc72 is mediated by the minus-end-directed
kinesin motor Kar3, which from this SPB pro-
vides the force that pulls the opposite nucleus
and allows for nuclear congression (Gibeaux
et al. 2013). As a result, nuclei converge and
their SPBs get closely apposed. The fusion of
the nuclear envelopes normally occurs in the
vicinity of these SPBs.

Very little is known about the processes
that mediate nuclear congression beyond
yeasts; however, as illustrated in C. neoformans,
this process might be rather divergent in other
fungi (Lee and Heitman 2012). This basidio-
mycete lacks orthologues of KAR1 and KAR9,
and those for KAR3 and KAR4 are not required
for karyogamy (Lee and Heitman 2012). S. cere-
visiae KAR4 encodes a transcription factor that
promotes the induction of genes implicated in
karyogamy (Lahav et al. 2007; Kurihara et al.
1996). Therefore, these observations could indi-
cate that nuclear congression is dispensable for
karyogamy in some fungal lineages, or they
could reflect fundamental differences in the
molecular mechanisms accounting for nuclear
congression.

2. Nuclear Envelope Fusion

Nuclear envelope fusion is a process that takes
place in two steps, where outer membrane
fusion precedes inner membrane fusion and is
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followed by the fusion of the SPBs (Melloy et al.
2007). The fusion of the outer membranes is
dependent on ER-resident SNARE proteins—
namely, the Q-SNAREs Sec20, Bos1, Ufe1, and
Use1, which conceivably provide the mem-
brane fusogenic activity (Rogers et al. 2013).
In addition, nuclear outer membrane fusion
also requires the proteins Prm3 and Kar5 (Mel-
loy et al. 2009; Shen et al. 2009). These two
proteins are induced upon pheromone stimula-
tion and interact with each other at the nuclear
membrane, where they are enriched at the site
where membrane fusion commences, adjacent
to the SPBs (Shen et al. 2009; Beh et al. 1997). In
addition, Kar5 seems to also coordinate the
processes of fusion of the outer and inner
nuclear membranes. Ultimately, inner mem-
brane takes place, in a process that depends
on the ER-resident chaperon proteins Kar8
(Jem1) and Kar2 (Bip) (Melloy et al. 2009;
Nishikawa and Endo 1997; Rose et al. 1989).
Notably, Kar2 is involved in protein import
into the ER, and strains deficient for Kar7
(Sec66), a nonessential component of the
Sec63 ER protein import complex, or for
Sec63 per se also display nuclear fusion defects.
The precise connection between ER protein
import and nuclear fusion is not clear, but
genetic data suggest that these proteins could
have separate roles in these processes (Ng and
Walter 1996). Interestingly, among the C. neo-
formans orthologues of genes implicated in
karyogamy in S. cerevisiae, the only one
required for karyogamy is KAR7. Furthermore,
this gene is equally required for bisexual (oppo-
site sex) and unisexual (same-sex) reproduc-
tion in C. neoformans (Lee and Heitman
2012). These observations suggest not only a
relevant conserved function for this protein,
but they also indicate that both vegetative and
germinal nuclear fusions depend on this pro-
tein.

Recently, an additional protein required for
karyogamy was identified in S. macrospora.
This protein—Slp1—is a SUN-domain-con-
taining ER protein whose absence blocks
nuclear envelope fusion. Interestingly, karyo-
gamy impairment in mutants devoid for this
protein does not abrogate the following meio-
sis, and instead parallel haploid meioses take

place. Furthermore, the meiotic recombination
and synapsis program in these meioses is
switched, such that it now occurs between sister
chromatids instead than between homologous
chromosomes, allowing the production of a
significant number of ascospores (Vasnier
et al. 2014). These data reveal a tight connection
between karyogamy and meiotic development,
which permits to adjust meiosis in response to
specific clues on karyogamy status.

As illustrated in S. cerevisiae, the phero-
mone response pathway stimulates many of
the processes driving sexual development
(Table 16.1). These processes must be precisely
orchestrated in time in order for successful
mating to take place. For instance, commencing
the cell wall-remodeling processes required
plasmogamy before encountering a mating
partner could have significant detrimental con-
sequences. Consistent with this notion, the
expression of a number of genes that are
induced upon pheromone stimulation shows a
temporal delay during the mating process. It
has been shown that the transcription factor
Kar4, which itself is induced upon pheromone
stimulation by Ste12, provides specificity and
allows for the delayed temporal induction for a
subset of pheromone-inducible genes that are
required for karyogamy, such as Kar3 and Cik1
(Lahav et al. 2007; Kurihara et al. 1996). As
exemplified by this gene, sequential activation
of key regulatory factors governing different
developmental steps could account for the effi-
cient temporal control of the mating process.
Additional research is required to further eluci-
date how the precise temporal orchestration of
sexual development is achieved in the diverse
developmental programs of fungi.

VII. Premeiotic Genome Scrutiny and
Defense Mechanisms

For some filamentous ascomycetes (Pezizo-
mycotina), sexual reproduction is also a time
to check for genome integrity. Interspersed
repeats account for a significant fraction of
eukaryotic genomes and can range from a few
percent to more than 50 % of genomic contents.
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As these selfish elements do not participate in
cellular development and maintenance of their
host, they are mainly considered as a genomic
burden. To protect genomes against these inva-
sive DNA repeats and to minimize their tran-
scriptional noise homology-based epigenetic
defense systems have been selected through
evolution. This is the purpose of the premeiotic
fungal transcriptional gene silencing systems
related to the repeat-induced point mutation
(RIP) process that was originally described in
N. crassa (Selker et al. 1987).

A. RIP and RIP-Like Defense Systems Are
Premeiotic Processes

Genetic evidences showed that RIP takes place at
the dikaryotic stage of the sexual cycle. As a
consequence, RIP events occur independently
in each of the individual haploid nucleus
contained in the dikaryotic cells. RIP targets
are DNA repeats longer than 400 bp (Watters
et al. 1999) that share over 80 % of nucleotide
identity. Once subjected to RIP, repeats are
mutagenized, mostly via C–G to T–A transitions.
As a result, the N. crassa genome shows a com-
plete absence of intact and active mobile ele-
ments (Galagan et al. 2003), and natural repeats
are AT rich. In addition, most of the cytosines of
RIPed loci are de novo methylated. When genes
are embedded in RIPed loci, their expression is
silenced because cytosine methylation inhibits
transcription elongation (Rountree and Selker
1997). If the RIP mutagenic effect results in
introduction of Mendelian mutations, the silenc-
ing of RIPed alleles is reversible.

To date, only one gene essential to RIP has
been described. The rid gene (RIP defective,
Freitag et al. 2002) encodes a putative DNA
methyltransferase. When inactivated, it pre-
vents the two outcomes of RIP, i.e., cytosine
de novo methylation and nucleotide mutagene-
sis of newly formed repeats, while methylation
patterns of previously RIPed alleles are main-
tained. Despite its canonical structure of
eukaryotic DNA methyltransferase, the N.
crassa RID protein failed to show any in vitro
enzymatic activity (Freitag et al. 2002). Besides,
whether RID plays any direct role in nucleotide

mutagenesis remains unknown. The molecular
mechanism that allows recognition of repeats
has also remained poorly understood for long.
It has first been established that none of the
proteins involved in N. crassa RNA interference
pathways were essential to RIP (Lee et al. 2010).
This meant that homology recognition of
repeats dispersed in the genome do not proceed
through siRNA signaling. Recent evidences
point toward direct DNA-DNA interactions of
homologous segments, provided that they
share triplets of base pairs displayed with a
matching periodicity of 11 or 12 base pairs
(Gladyshev and Kleckner 2014). This original
homology-dependent pairing system does not
rely upon the canonical homology recognition
pathway because it can proceed in the absence
of MEI3, the only RAD51/DMC1 protein in N.
crassa (Gladyshev and Kleckner 2014).

But, if the core of the RIP mechanism is far
from being understood, its impact upon chro-
matin plasticity and gene expression has been
extensively described in N. crassa. Heavily
methylated and AT-rich RIPed sequences are
converted into heterochromatin through a suc-
cession of steps that can be summarized as
follows. After the phosphatase PP1 removes
phosphorylation of the histone H3 serine 10
(H3S10p) (Honda and Selker 2008), the DIM-5
histone methyltransferase trimethylates the his-
tone H3 lysine 9 residues (H3K9me3) (Tamaru
and Selker 2001). This enzyme is one of the core
components of a complex that also contains
DIM-7, DIM-8 (a DNA repair protein), DIM-9
(a histone deacetylase), and CUL4 (a cullin pro-
tein): the DCDC complex (Lewis et al. 2010a, b).
This complex is essential to direct histone
methylation of RIPed sequences. Specifically,
DIM-7 targets DIM-5 to heterochromatin.
Once trimethylated, the H3K9me3 residues
recruit HP1 proteins. Then, the DNA methyl-
transferase DIM-2 is brought to the RIPed loci
by HP1 (Honda and Selker 2008) to methylate
any cytosine residues. By inhibiting trimethyla-
tion of H3K9, the DMM complex prevents the
heterochromatin to spread into unRIPed neigh-
boring sequences (Honda et al. 2010). Thus, as
a consequence, RIPed regions are highly het-
erochromatic, and this feature is coextensive
with the RIP-induced DNA methylation.
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RIP is not restricted to N. crassa. This pro-
cess is widely conserved among the Pezizomy-
cotina and has important physiological and
genomic consequences. Typical C to T RIP
transitions have been observed in numbers of
species belonging to this subphylum, mostly
using in silico analyses (see Clutterbuck 2011
for the most recent compilation), but also by
experimental evidences (Coleman et al. 2009;
Coppin and Silar 2007; Cuomo et al. 2007;
Fudal et al. 2009; Graı̈a et al. 2001; Idnurm
and Howlett 2003; Ikeda et al. 2002; Nakaya-
shiki et al. 1999). To our knowledge, none of
those species show DNA methylation. Thus, N.
crassamight be an exception with respect to the
RIP features. Interestingly, the Pezizomycete A.
immersus presents an RIP-related mechanism
named MIP for methylation induced premeio-
tically, where repeats are subjected to DNA
methylation but not to mutagenesis during the
dikaryotic stage of sexual reproduction. The
masc1 gene of A. immersus, which encodes a
putative DNA methyltransferase homologous
to the N. crassa RID protein, is essential to de
novo methylation of DNA repeats through MIP,
while methylation is fully maintained on previ-
ously MIPed alleles (Malagnac et al. 1997). But
when the rid mutants of N. crassa are fertile,
crosses involving masc1 mutant strains are
arrested at an early stage of sexual reproduction
and therefore sterile. Similarly, DmtA, the
Masc1 and RID orthologue of A. nidulans, a
homothallic fungus showing no DNA methyl-
ation but RIP signatures in its genome, is also
essential for early sexual development (Lee
et al. 2008a). Whether some of the RIP-related
genome defense systems are also required for
completion of sexual reproduction in Pezizo-
mycotina remains to be investigated.

B. Meiotic Silencing by Unpaired DNA in N.
crassa

Besides the vegetative quelling pathway, N.
crassa presents a second RNAi pathway, specifi-
cally active during meiosis (Aramayo and Met-
zenberg 1996). The MSUD (meiotic silencing by
unpaired DNA) identifies unpaired genomic
regions during prophase homolog pairing
(Shiu et al. 2001). Once identified, the genes

included within the unpaired DNA segments
are silenced, as well as all homologous copies
that may be found in the genome, whether or
not they are themselves paired. This meiotic
silencing is temporary since the expression of
the unpaired alleles gradually resumed shortly
after spore formation (Shiu et al. 2006). A work-
ing model proposes that after an unpaired seg-
ment is detected, an aberrant RNA (aRNA) is
transcribed from the unpaired locus. Once
addressed to the perinuclear region, the aRNA
is turned into a double-stranded RNA (dsRNA)
by SAD-1, an RNA-directed RNA polymerase
homologous to QDE-1 (Shiu and Metzenberg
2002), probably along with SAD-3, a helicase
that may contribute to form dsRNA (Ham-
mond et al. 2011). dsRNA is processed into
small interfering RNAs (siRNAs) by DCL-1, a
Dicer protein (Alexander et al. 2008). Once
converted into single strand by the exonuclease
QIP (Lee et al. 2010; Xiao et al. 2010), the siR-
NAs are loaded onto the Argonaute SMS-2 pro-
tein that uses siRNA to target the homologous
mRNA (Lee et al. 2003). All the proteins of this
meiotic silencing complex are also essential to
sexual reproduction.

Meiotic silencing relies upon trans-acting
small RNA intermediates to signal unpaired
DNA. Indeed, the sad-1 gene encoding an
RNA-directed RNA polymerase homologous
to QDE-1 (Shiu et al. 2001) and the sms-2 and
sms-3 genes encoding paralogs of the Argo-
naute protein QDE-2 and of Dicer protein
DCL-2, respectively, are all essential to MSUD
(Lee et al. 2003). SAD-1, SMS-2, and SMS-3 are
also required for sexual reproduction. Two
more proteins of unknown function, SAD-4
and SAD-5 (restricted to Sordariales), are
important for the formation of siRNA involved
in meiotic silencing (masiRNAs) but are not
essential to sexual reproduction (Hammond
et al. 2013).

As for RIP, while the silencing process of
MSUD is well deciphered, the process that
detects unpaired DNA is poorly understood.
But it has been recently demonstrated that
SAD-6, a putative SNF2-family protein closely
related to Rad54, is required for efficient MSUD
(Samarajeewa et al. 2014). Because the Rad54
protein plays a part in the repair of double-
strand breaks by homologous recombination,
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the unpaired DNA recognition step of MSUD
may be achieved through homologous recombi-
nation, on the contrary of the RIP searching
mechanism.

Interestingly, the sad-1 mutant strains can
perform interspecific crosses. Such crosses are
otherwise barren when done with wild-type
strains, suggesting that meiotic silencing, by
targeting unpaired DNA due to chromosomal
polymorphism, could be part of the genetic
barrier that prevents interspecific crosses. But
if genes encoding SAD-1-like protein can be
found in most of fungal genomes, to date,
MSUD has been described in N. crassa only.

VIII. Meiosis

The purpose of meiotic process is to reduce by
half any diploid genome such that the genetic
material of gametes will be suitable for fecunda-
tion and subsequent development of new diploid
zygotes, genetically different from their parents.
Meiosis has been studied in fungal model organ-
ism for a long time. Indeed, sexual development
in fungi is a rather quick process, but more
importantly, unlike in plants and animals, the
fungal meiotic spores are grouped together (tet-
rads) in a single structure, the ascus of the
Ascomycetes (illustrated in Figs. 16.1B, 16.2
and 16.6A) and the basidium of the Basidio-
mycetes. Thus, each single event of meiosis can
bemonitored. This is a quite peculiar asset, since
such tetrad analysis can be performed only in
fungal model organisms or single-celled algae.
Moreover, when ascospores are linearly
arranged in asci, as those of N. crassa or S.
macrospora, it gives a straightforward picture
of the former nuclear divisions. Hence, if two
haploid strains harboring polymorphic alleles of
a given gene are crossed, the alleles will either
segregate during the first meiotic division or
during the second meiotic division.

An important corpus of data on meiosis
mechanistic was gathered thanks to fungal
model species. Among those, one can name A.
immersus, A. nidulans, N. crassa, P. anserina, S.
cerevisiae, S. macrospora, S. pombe, and C.
cinerea. However, apart from this laboratory
well-acclimated species, completion of a sexual
cycle onto petri dish is impossible for most

fungi. On the other hand, the full set of genes
required to perform meiosis is found in most, if
not all the available complete fungal genome
sequences, even though their sexual cycle is
not documented in nature. Consequently, dis-
persion through sexual reproduction, which is
the only way to ensure genetic variability
among offspring, might be more widely used
than expected based on functional evidences.

Meiotic division is performed once diploid
cells are formed, thus after karyogamy. It also
requires DNA synthesis prior division. While
premeiotic replication is mechanistically ana-
logous to its mitosis counterpart, it spans over a
longer time frame. As shown in Saccharomyco-
tina, this delay might be related to the forma-
tion of meiotic double-strand breaks (DSBs)
(Borde et al. 2000). DSBs initiate the meiotic
recombination, which is an essential step for
completion of the sexual cycle. After the
extended G2 phase, the meiotic prophase I
(chronologically divided into leptotene, zygo-
tene, pachytene, and diplotene) is devoted to
recognition, pairing, and subsequent recombi-
nation of homologous maternal and paternal
chromosomes (homologs). The initial step of
the juxtaposition of the homologs, which hap-
pens early during prophase (leptotene),
involves long-distance interaction to recognize
homology. How homologs locate each other
into the nucleus is not yet understood. This
spatial disposition of homologs, unique to the
meiotic prophase I, has peculiar genetic conse-
quences. By comparison with the parental geno-
types, it creates novel allele combinations.
Indeed, during mitotic division, when some of
the infrequent sporadic DSBs are repaired
through the homologous recombination path-
way, sister chromatids are used as template. By
contrast, during meiosis, all of the frequent
programmed DSBs are repaired through the
recombination pathway, and because of the
co-alignment of bivalents, non-sister chroma-
tids of homologs are used as template.

DSBs are induced at early leptotene, thus
before pairing, by evolutionary conserved
Spo11p protein. Initially identified in S. cerevi-
siae (Bergerat et al. 1997), this meiosis-specific
topoisomerase II-like catalyzes DSB formation
by the way of its endodeoxyribonuclease
activity. This cleavage of the DNA molecule is
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followed by the resection of the 5’ ends of the
fragments, leading to the formation of pro-
tuberant 3’ ends soon to be protected by a
protein complex that includes the single-strand
binding proteins Rad51 and eventually Dmc1
when present (Keeney 2001). By zygotene, the
assembly of a scaffold-like structure called the
synaptonemal complex (SC) is initiated. Being
the most universally conserved structure of
meiosis, the SC mediates the co-alignment of
homologs along their entire length. The SC is
made of three distinct elements: two lateral ele-
ments bridged by transverse filaments on which
lays a central element, the latter being parallel
and equidistant to the lateral elements. Like
poles, the two lateral elements assemble along
the pair of bivalents, each of them in the vici-
nity of the two sister chromatids. The SC first
forms foci of nucleation in between the homo-
logs, co-aligned at �400-nm distance. This is
concomitant with generation of single-strand
ends by resection. Once formed, these pro-
tuberant 3’ ends invade their respective homo-
logous duplexes to give single-end invasion
(SEI) intermediates. At early to mid-pachytene,
after repair synthesis, double Holliday junc-
tions (DHJs) are formed. By then, the SC is
fully assembled, and upon SC completion, syn-
apsis brings the chromosome axes of homologs
at �100-nm distance. This close vicinity pro-
motes recombination at late pachytene. It has
been long considered that resolution of DHJs
would give two different outcomes. If the DHJs
are resolved with reciprocal exchange of DNA,
this would lead to inter-homolog crossing-
overs (COs). In heterozygous crosses of eight-
spore ascomycetes, this will typically result in a
4:4 segregation pattern. On the other hand, if
DHJs are resolved without reciprocal exchange
of DNA, this would lead to noncrossovers
(NCOs), also called gene conversion. In that
case, heterozygous crosses of eight-spore asco-
mycetes will typically yield asci showing a 6:2
segregation pattern.

Most of the effective DSBs will turn into
NCOs, while the rest of them will mature into
COs. The signal that determines if DSB will give
NCOs or COs is still unknown. However, in S.
cerevisiae, NCOs versus COs determination
occurs before the resolution of DHJs (Allers
and Lichten 2001; Börner et al. 2004). In fact,
in the budding yeast, all of the DHJs are

resolved into COs. The decision to engage into
COs pathway might be concomitant with the
SEI formation. Moreover, in fungi, as in most
eukaryotes, localization of COs is not random.
Hot spots of recombination have been well
defined in S. cerevisiae genome. Many of them
are located into gene promoters, which are
genomic regions exhibiting euchromatic fea-
tures (Brachet et al. 2012). In addition, in a
defined genetic interval, the presence of a first
CO decreases the probability that a second CO
takes place in its close vicinity, which is known
as interference. By contrast, NCOs do not
exhibit interference. The molecular basis of
interference is unknown. Moreover, to ensure
accurate segregation of homologs at meiotic
division I, each pair of chromosomes has to
undergo at least one CO. But because fungal
chromosomes have quite different lengths,
without regulation, probability would be rather
high that the smallest chromosomes would not
undergo any CO. Interestingly, A. nidulans and
S. pombe that do not form SC show a high
number of COs per bivalent when compared
to fungal species endowed with SC. Conversely,
if SC is impaired resulting in an absence of
synapsis, recombination is abolished (Espagne
et al. 2011).

In between end of leptotene and early pachy-
tene, the telomeres of aligned bivalents are
attached to the inner surface of the nuclear enve-
lope. This conserved meiotic feature is called the
bouquet stage. The bouquet forms indepen-
dently of DSBs and is also seen in haploid meio-
sis. To date, the function of the bouquet remains
unclear. After completion of recombination, the
SC is lost, and subsequently, at diplotene, homo-
logs are not anymore co-aligned along their
entire length but only connected at sites of cross-
overs (referred as chiasmata in cytological stud-
ies). This is called the diffuse stage. To allow the
segregation of each homolog into daughter cells,
chiasmata are released at metaphase I. Success-
ful execution of meiotic division II is linked to
the release of centromeric cohesion. Indeed, if
sister chromatids do not part at metaphase II,
this leads to imbalance chromosome numbers
into gametes. Aneuploid gametes harboring to
few or too many chromosomes are the most
prominent cause of sterility in fungi as in all of
the organisms that rely on sexual reproduction.
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Sporulation is dependent on spindles posi-
tion, both meiotic spindles and postmeiotic
mitosis spindles. When postmeiotic mitosis
occurs, asci are composed of eight ascospores
instead of the four meiotic products. In pseudo-
homothallic species as in P. anserina, after
postmeiotic mitosis, two nuclei of opposite
mating types are packed into one ascospore
(Fig. 16.1B). This requires identification of
nuclei genetically different, which mechanism
is still unknown. Interestingly, mating-type-
deficient strains of P. anserina are unable to
form heterokaryotic biparental ascospores.
This leads rather to monokaryotic ascospores
or to dikaryotic uniparental ascospores. Pack-
ing nuclei of opposite mating types into P.
anserina ascospores requires also correct posi-
tion of spindles. Migration of nuclei is primary
dependent on actin filaments as well as on
actin-myosin interactions and to a lesser extent
on microtubules (Thompson-Coffe and Zickler
1994).

IX. Concluding Remarks

A. Is Sexual Development an Uncommon Way
to Reproduce?

When most eukaryotes reproduced sexually, a
fifth of fungal species were thought to reproduce
through clonal divisions. This has long been
considered as a surprisingly high and
unmatched proportion of asexual species for an
entire kingdom. Indeed, even if sexual reproduc-
tion is associated with some immediate costs, it
seems essential for the long-term persistence of
species. Fungal species that reproduce clonally
are not subjected to meiotic recombination that
breaks down advantageous allele combinations
built by past selection. Their genome might also
escape to contamination by parasitic genetic ele-
ments. Sex provides some additional positive
outcomes that outbalance these costs. Sexual
reproduction reduces the accumulation of dele-
terious mutations. It leads also to a more rapid
adaptive response by building new beneficial
combinations of alleles, which is clearly impor-
tant in changing environments.

The scattered distribution of species
endowed with sexual reproduction among the

fungal kingdom suggests that sex has been lost
independently several times. However, popu-
lation genetics shows that many of these alleg-
edly asexual species have finally been found to
reproduce sexually in nature. For others, it was
recently possible to master successfully their
sexual cycle under laboratory conditions.
From a genomic perspective, other signs of
sexual reproduction have been uncovered.
First, the vast majority of the fungal complete
genome sequences currently available show
clear footprints of RIP, which is indicative
that sexual reproduction was effective at some
point during the evolutionary history of these
species. Second, the mating-type loci and the
set of genes required for sex can be identified
from complete genome sequences of most spe-
cies considered to be asexual. Moreover, these
genes are often found to evolve under purifying
selection, as expected for functional genes.
Because, in asexual fungal species, the evolu-
tionary constraints on genes involved in sexual
reproduction would be relaxed, these evi-
dences suggest that sexual reproduction is
still occurring in nature or that it occurred
until recently.

Finding a partner to mate is one of the sex
costs to consider. To do so, fungi depend on
pheromone-based systems. These communi-
cation systems have evolved differently
depending on fungal lifestyles and genetic com-
patibility. As a consequence, molecules of dif-
ferent chemical nature are used for recognition
and attraction of mating partners. Moreover,
because finding the compatible partner can be
somehow challenging for heterothallic fungi,
some of them have evolved into pseudo-
homothallic species, thanks to sophisticated
molecular mechanisms that are still not well
understood. As this bypass makes them parti-
cularly efficient in terms of meiospore dissemi-
nation, it will be of great interest to get further
knowledge on these mechanisms.

B. Multiple Fruiting Body Architecture but a
Common Dikaryotic Phase

Sexual reproduction in fungi involves both iso-
gamy and anisogamy. In the case of anisogamy,
although male and female gametes exhibit a
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variety of shapes depending on fungal species,
the smaller gamete is considered to be the male
gamete, whereas the larger gamete is consi-
dered to be the female one. In dikaryotic
fungi, fertilization results in cells where the
two parental nuclei remain unfused. The di-
karyotic phase is a peculiar hallmark of fungal
sexual development. But, although well charac-
terized from cytological prospects, numerous
questions about the dikaryotic cell ontogeny
are still awaiting. How the two parental nuclei
recognize each other is one of the most funda-
mental questions that should be addressed in
the near future. Moreover, the dikaryotic stage
is associated with specific defense mechanisms
that scrutinize the fungal genome integrity and
prevent repeated elements to spread.

Fungal fruiting bodies display a variety of
shapes, which impact the dispersion of the off-
spring. To date, among the filamentous asco-
mycetes, four main types have been described,
but further exploration of the fungal diversity
might eventually allow the discovery of more
fruiting bodies. Although the environmental
stimuli inducing fruit body development
might be quite diverse, the molecular pathways
leading to their assembly are well conserved.
Furthermore, many of the factors that govern
the progression of sexual development in fungi
are conserved. However, significant differences
in their organization and regulation could
account for the diversity of sexual strategies
evolved in fungi. Further comparative and
inventive research should lead to a compre-
hensive understanding on the key develop-
mental processes that have shaped sexual
reproduction over fungal evolution.
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I. Introduction

Fungi of the genus Trichoderma are known for
their diverse applications producers of
enzymes, as secondary metabolites, and as
potent biocontrol organisms (Schuster and
Schmoll 2010). Therefore, tools for strain
improvement are among the major subjects of
research with Trichoderma in academia and
industry (Kubicek et al. 2009; Mukherjee et al.
2013; Schmoll et al. 2014).

The genus Trichoderma was mentioned
already about 200 years ago in literature (Per-
soon 1794), and also a potential anamorph–
teleomorph relationship was suspected very
early (Tulasne and Tulasne 1865). However, it
took more than 100 years until this relationship
could be confirmed for Trichoderma reesei by
molecular (Kuhls et al. 1996) and biological
(Seidl et al. 2009) data. T. reesei is one of the
most productive organisms used in biotechnol-
ogy for enzyme production. Due to its efficient
production of cellulolytic enzymes, T. reesei
became a model organism for plant cell wall deg-
radation (Glass et al. 2013; Schmoll et al. 2014).

The strain used in research and industry
nowadays along with a sizable number of deri-
vatives, QM6a, was isolated from the Solomon
Islands during WWII (Reese 1976). Prior to the
availability of molecular methods, reliable
species identification was problematic with
Trichoderma (Samuels 2006) and may be one
reason for the considerable delay in the
achievement of sexual development under
laboratory conditions: Initially, the strain
isolated at the Solomon Islands was named T.
viride (Reese et al. 1950) but later on recognized
as a new species, T. reesei (Simmons 1977).
Shortly thereafter it was synonymized with T.
longibrachiatum (Bissett 1984), and the name
T. reesei was no longer used for some time until
molecular data confirmed species identity and
an anamorph–teleomorph relationship with
Hypocrea jecorina was proposed (Kuhls et al.
1996). At this time, sexual crossing has already
been attempted, but without determination of
mating types and lack of knowledge on suitable
conditions, these efforts failed and T. reesei
QM6a was considered asexual. Subsequently,
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the name of the teleomorph, H. jecorina, was
used to describe the whole species. However,
after a recent decision of the International Code
of Nomenclature for algae, fungi, and plants
(ICN) and a community vote, T. reesei became
the only name to be used for this species
[reviewed in Atanasova et al. (2013a)]. When
identifying novel nature isolates at the
molecular level using published sequences and
selection of strains to be crossed, these issues
with nomenclature need careful consideration.
In recent years, the relationship between T.
reesei and H. jecorina was reevaluated in detail,
and the species was found to in fact comprise
additional species, including the novel T.
parareesei, which contains strains isolated
from soil and is reported to be a clonal asexual
species (Druzhinina et al. 2010).

Actually, it is difficult to safely confirm that a species is
truly asexual (Taylor et al. 1999). Indications of recombi-
nation in the population genetic structure have been
observed frequently, even though for many of those
fungi, a sexual cycle is not known. Additionally, it has
to be kept in mind that optimal conditions for sexual
development vary considerably from one species to
another (Moore-Landecker 1992; Pöggeler et al. 2006).
Hence, if mating has never been achieved in culture, the
issue remains that the reasons for that might be subopti-
mal conditions, incorrectly or not precisely determined
species, or wrong mating types. Asexual, clonal popula-
tions of species are known to succeed in competition for
some time but ultimately are assumed to reach an evolu-
tionary end point. Therefore, failed attempts for crossing
of even high numbers of potential mating partners are
not sufficient proofs for asexuality (Taylor et al. 1999).

Trichoderma spp. are frequently isolated
from soil (Klein and Eveleigh 1998), but they
are also often found growing on decaying plant
material and bark, where isolation from fruit-
ing bodies is not uncommon. Consequently, a
sexual cycle is obvious for diverse species of the
genus Trichoderma in nature (Jaklitsch 2009,
2011) but has only achieved under artificial
conditions for T. reesei so far. With the now-
precise molecular species delimitation (Atana-
sova et al. 2013a) along with knowledge on
mating types and culture conditions, new iso-
lates can additionally be checked for species
assignment by sexual crossing, as is commonly
done with other fungi (Perkins et al. 1976).

Sexual development means the recombina-
tion between two individual genomes that
increases genetic diversity, eliminates deleteri-
ous mutations, and ideally results in an organ-
ism with improved competence to survive and
succeed in a changing environment (Debuchy
et al. 2010). Genome recombination, however,
can also result in decreased abilities to cope
with a challenging situation. For mating to hap-
pen, these organisms first need to sense each
other, i.e., communicate and decide whether
they are suitable partners.

In fungi, two types of sexual systems have
evolved. Homothallic fungi are self-fertile, and
a single individual can reproduce sexually even
when cultured alone. For heterothallic fungi,
two compatible partners of opposite mating
types are necessary for successful sexual devel-
opment (Ni et al. 2011).

Mating requires a higher investment of
resources compared to asexual development.
Additionally, formation of female reproductive
structures that might never be fertilized due to
the absence of a suitable partner makes prepa-
ration for sexual development a risky effort in
terms of resource allocation.

When sexual development with T. reesei
was achieved under laboratory conditions
(Seidl et al. 2009), it was the first filamentous
ascomycete of industrial importance, for which
this tool became available. Thereafter, many
other important species, such as Penicillium
chrysogenum, P. roqueforti, or Aspergillus
niger, followed (Böhm et al. 2013; Frisvad
et al. 2014; Ropars et al. 2014).

Availability of this tool opened up new per-
spectives for strain improvement, and leverage
of the benefits of sexual development is only in
its beginnings. Classical genetic tools, which
have been applied in other fungi for decades,
are now also available for T. reesei, and conven-
tional breeding is gaining interest as a method to
improve nature isolates without using genetic
modification. For industrial applications, strains
with different characteristics can be combined,
with the major advantage being that it is not
necessary to know the precise molecular basics
for the properties of a given strain. Progeny of a
cross will have in part acquired characteristics of
both mating partners—provided these charac-
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teristics do not exclude each other—and can be
selected for combinations. Moreover, outcross-
ing of unwanted mutations or deletions, such as,
for example, in case of nonhomologous end-
joining deficient strains, is now possible (Schus-
ter et al. 2012b).

II. Discovery of Sexual Development
in T. reesei

Since its application in industry, the ability to
improve strain performance by crossing was
subject to research with T. reesei. Actually,
only few of the strains of Trichoderma/Hypo-
crea identified in nature came from sources
other than perithecia. Additionally, no indica-
tion was found that populations of this fungus
would show reproductive isolation in nature,
and it was suggested that H. jecorina/T. reesei
reproduces sexually (Lieckfeldt et al. 2000).

Consequently, there was no evidence that
sexual development would not be possible with
T. reesei. Nevertheless, after a large-scale
attempt to cross various isolates without suc-
cess, it was concluded that T. reesei QM6a was a
clonal, asexual derivative of H. jecorina, which
had lost its ability to undergo sexual develop-
ment (Kuhls et al. 1996). This study more or
less buried the hope to achieve mating under
laboratory conditions for some time.

Several years later, a small RNA was found
in a screening for cellulase-regulating factors
(Schmoll et al. 2004). This RNA turned out to
encode the peptide pheromone precursor HPP1
(Schmoll et al. 2010b). In searching the genome
sequence of T. reesei, which became available
shortly after detection of hpp1, we also found a
mating-type locus indicating T. reesei to be
heterothallic, which confirmed earlier studies,
another pheromone precursor gene, and both
pheromone receptor genes. In order to test if
sexual development might indeed be possible,
we used a strain that had already produced
fruiting bodies in axenic culture (Lieckfeldt
et al. 2000) and for the first time obtained fruit-
ing bodies and ascospores with QM6a (Seidl
et al. 2009; Fig. 17.1). Crossing of T. reesei was
found to be most efficient at low temperatures

around 20 �C in ambient daylight upon growth
on complex media such as malt extract or PDA
but is also possible on minimal media
(Lieckfeldt et al. 2000; Seidl et al. 2009). While
in many fungi rather scarce nutritional condi-
tions are required for sexual development
(Moore-Landecker 1992), mating in T. reesei is
even improved on higher concentrations of
complex media and as in other fungi is depen-
dent on the nature of the carbon source (Li and
Schmoll unpublished).

III. Mating-Type Structure
in Trichoderma

As bipolar heterothallic fungi, T. reesei strains
can have mating type MAT1-1 or MAT1-2,
which is determined by a genomic locus
containing one of two possible sequences (idio-
morphs) (Debuchy and Turgeon 2006; Metzen-
berg and Glass 1990). The transcriptional
regulators encoded in these genomic regions
are responsible for mating-type-specific gene
regulation and consequently in part also the
phenotype of a strain. The progeny of a sexual
cross then theoretically shows an equal fre-
quency of MAT1-1 strains and MAT1-2 strains.

In T. reesei the mating-type locus is flanked
by a highly conserved DNA lyase and a less-
conserved hypothetical protein. T. reesei QM6a
was found to be a MAT1-2 strain by screening
of the genome sequence (http://genome.jgi-psf.
org/Trire2/), and the MAT1-1 idiomorph was
revealed by investigation of the MAT1-1 strain
of CBS999.97 (Seidl et al. 2009). The MAT1-1
idiomorph contains three open reading frames
with mat1-1-1, comprising a characteristic
MAT alpha1 domain (Pfam 04769); mat1-1-2,
showing an A2-domain; and mat1-1-3, encod-
ing a member of the class I of HMG-box pro-
teins (cd01389). While the MAT1-1 sequence is
5.5 kb long, the MAT1-2 idiomorph comprises
the open reading frame of mat1-2-1, which
encodes the characteristic HMG domain pro-
tein found in MAT1-2 loci and only spans
4.3 kb. Intriguingly, the mat1-1-1 open reading
frame extends beyond the mating-type locus
boundary and is therefore in part also present
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Fig. 17.1 Visualization of four rounds of nuclear divi-
sion during T. reesei ascospore formation/maturation.
(a–g) Developing asci were manually dissected, stained
with DAPI, and then visualized by fluorescence micros-
copy. DIC and DAPI fluorescence images are shown.

Nuclei (N) are marked by white arrows. (h) A DIC
image of developing asci showing synchronous division
of eight nuclei (8N) into 16 nuclei (16N). Reprinted
with permission from Chuang et al. (2015)
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in MAT1-2 strains. Although it is unlikely to be
functionally expressed (Seidl et al. 2009), the
relevance of this finding remains to be deter-
mined.

Mating-type loci in the other so far
sequenced Trichoderma species (http://
genome.jgi-psf.org/programs/fungi/) resemble
that of T. reesei, and the sequenced strains are
MAT1-2 in case of T. atroviride, T. virens, T.
harzianum, and T. longibrachiatum, and only
the sequenced T. asperellum strain is MAT1-1
(Schmoll 2013).

IV. Female Fertility

Successful mating requires one of the partners
to assume the male role and one to assume the
female role, which is under artificial conditions
normally determined by the cultivation
medium and inoculation technique. In general,
filamentous fungi are hermaphroditic, which
means they can assume the male or female
role in a cross, independent of their mating
type (Debuchy et al. 2010; Nieuwenhuis and
Aanen 2012). In recent years, however, this
view was debated, and it is likely that prefer-
ences exist (Heitman et al. 2013).

After the finding that QM6a was indeed
able to undergo sexual development with a
nature isolate, the aim was to exchange its
mating type to create a blueprint strategy for
industrial strain improvement with derivatives
of QM6a. Unfortunately, this strategy was only
successful for the nature isolate CBS999.97 but
not for QM6a, which did not form fruiting
bodies despite the compatible mating types of
partner strains. This phenomenon was inter-
preted as a defect of QM6a in female fertility
(Seidl et al. 2009). Due to the extensive and
practically exclusive application of QM6a and
its progeny in research and industry, this
strain has become the workhorse of the
genus. Decades of strain improvement caused
the strains nowadays used in industry to be
substantially different to the wild-type strain
isolated more than 60 years ago. Hence, cross-
ing of industrial high-performance strains

with fully fertile nature isolates of T. reesei is
not a useful option, and solutions for the prob-
lem need to be found.

Female sterility is not uncommon in nature and even can
have some advantages in natural populations (Hornok
et al. 2007). Considering that production of female
reproductive structures that might never be fertilized
due to lack of a compatible mating partner means a
substantial loss of resources, the ability to reproduce
sexually may not pay off. Consequently it is possible
that partially or exclusively asexual production provides
a competitive advantage, at least for some time. Ulti-
mately, asexual reproduction due to such a defect, if
gradually increasing in a population, might lead to a
change in population structure if environmental condi-
tions deteriorate (Leslie and Klein 1996; Taylor et al.
1999) or even in an evolutionary end point (Geiser
et al. 1996; Lobuglio et al. 1993).

For N. crassa, it is known that prolonged
cultivation under laboratory conditions can
result in female fertility. As QM6a has been
handled in the lab for decades, it could not be
excluded that such a defect might also have
been acquired artificially. However, in the
meantime, the genomic region containing the
genes responsible for the defect of QM6a could
be narrowed down to one locus with several
genes clearly correlating with female fertility/
sterility in female fertile or sterile progeny from
crosses of QM6a with female fertile strains
(Schmoll and Freitag unpublished). Hence it
can be concluded that a natural phenomenon
rather than an acquired defect is the reason for
female sterility of QM6a.

Female sterility varies substantially in different popula-
tions, and mutations in numerous loci can lead to
female sterility. Among the genes in such loci, functions
in amino acid transport or a nitrilase were found, which
would not be expected to be relevant for development
(Klittich and Leslie 1988; Xu and Leslie 1996), but the
mechanism governing female fertility is not well
known. Also transcription factors and kinases can be
responsible for female fertility (Deng et al. 2007; Kim
et al. 2002; Sun et al. 2009), and pheromone receptors
are responsible for female fertility in their cognate
mating type, also in T. reesei (Kim and Borkovich
2004; Kim et al. 2012; Seibel et al. 2012a). However,
none of these genes are located within the female fertil-
ity locus detected in QM6a as mentioned above.
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V. Analyzing Sexual Competence
in T. reesei

Achieving sexual crossing between compatible
partners is surprisingly simple with T. reesei
[for details, see Schmoll (2013)]. When investi-
gating regulation of sexual development, diverse
defects have to be considered. The most obvious
analysis concerns the environmental conditions
under which sexual development is preferred
compared to asexual development, which
includes nutritional conditions such as carbon
source, nitrogen source, or sulfur source but also
light/darkness, temperature, CO2 content, or
humidity (Pöggeler et al. 2006). Unfortunately,
up to now, no conditions have been found that
would induce formation of protoperithecia or
trichogynes in T. reesei. Hence, determination
of female and male fertility requires a different
approach than in other fungi.

Usually mating assays with T. reesei strains are set up
by inoculating the two compatible partners on opposite
sides of a plate (“confrontation assay”), where they will
form fruiting bodies at the site of their encounter.
Using this method, it would be difficult to compare
fruiting body formation of strains with different growth
rates, as a delay in fruiting body formation could well
be the result of slower growth. In such a case, a mixture
of equal amounts of spores of both partners can be used
for inoculation at one spot, which leads to fruiting body
formation after roughly the same time than with the
confrontation assay.

A certain genetic defect may only occur in
one but not in another condition, and careful
investigation may enable crossing despite such
a defect. One example for such a defect in T.
reesei is lack of functional ENV1, which results
in deregulation of the pheromone system and
female sterility in light, but not in darkness
(Seibel et al. 2012b).

A further, very important criterion is male
or female fertility. In a cross between two com-
patible partners, one has to assume the male
role and the other one the female role for mat-
ing to happen. Therefore, even if both partners
would in principle be able to undergo sexual
development with a fully competent mating
partner, it is just as impossible to cross two
male sterile strains as it is to cross two female

sterile strains. This problem has major implica-
tions for strain development in industry and
especially for T. reesei.

As outlined above, QM6a, the parental
strain of all strains nowadays used in research
and industry, was found to be female sterile
(Seidl et al. 2009). Since the industrial strains
were adjusted to high-production characteris-
tics under fermentation conditions by multiple
round of random mutation, it was important
that the crossing partner would not introduce
too extensive alterations in the genome (e.g.,
from a nature isolate), which would likely abol-
ish production capacity. While this finding
poses serious problems with application of sex-
ual development in industry, it can be used to
determine the relevance of certain genes, muta-
tions, or conditions for male and female fertility
in T. reesei.

Importantly, the defect of QM6a in female
fertility renders attempts to analyse sexual
development using already available mutants
derived from this strain (including those in
QM9414 and RUT C30) problematic. No effects
on female fertility can be studied, because all
these strains are female sterile already. More-
over, if a mutation is found to abolish the abil-
ity to undergo sexual development with a
compatible partner, there is no way of knowing,
if this is due to a general defect in sexual devel-
opment or merely a problem with male fertility.
Additionally, the mating partner would have to
be a fully sexually competent nature isolate,
because with all derivatives of QM6a, even if
the mating type would have been exchanged,
mating is impossible, except for the unlikely
case that by chance the mutation has restored
female fertility in this strain.

Until the precise defects of QM6a that cause
its female sterility are known, backcrossing of
QM6a derivatives with a fertile nature isolate
can restore sexual competence as shown previ-
ously (Schuster et al. 2012b). Thereby, the
female sterile strain is crossed with the fertile
nature isolate, which leads to progeny of
diverse phenotypes (including such showing
segmental aneuploidy) due to the combined
genomes of two different strains. Afterwards,
fertile progeny of suitable mating type are
again used for crossing with the female sterile
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strain, and after some repetitions (ideally 10 or
more) of this process, the phenotype of the
previously female sterile strain is largely
restored while sexual competence as acquired
from the nature isolate is retained.

This very strategy has also been used to obtain infor-
mation on the genomic loci responsible for the defect in
female fertility of QM6a. Comparison of three indepen-
dent backcrossed lines led to identification of three
genomic loci that were retained after 10 (back)crosses,
and one of these loci significantly correlated with
female fertility. Statistics of distribution of female fer-
tility and female sterility in progeny of the obtained
fertile strains with female sterile QM6a further indicate
that in accordance with the correlation found, only one
locus is responsible for the defect (Schmoll et al.
unpublished results).

Female fertility of QM6a bears the advan-
tage that this strain can serve as a testing strain
for mutations introduced in fully fertile strains
constructed by backcrossing or in the back-
ground of CBS999.97 (Seibel et al. 2012a, b). If
a MAT1-1 mutant can undergo sexual develop-
ment with female sterile QM6a, then it must be
female fertile, and the mutation has no effect on
female fertility. The same mutation, when
introduced into QM6a, provides information
on its influence on male fertility: If then the
mutation abolishes sexual development with a
fertile partner, it is responsible for male fertil-
ity, because a male and female sterile strain
cannot mate anymore.

VI. Segmental Aneuploidy

To gain insight into the molecular mechanism
of T. reesei sexual development, the yeast tetrad
dissection technique has been applied to
sequentially separate the 16 ascospores of each
hexadecad asci. All 16 ascospores were germi-
nated individually to form isolated spore colo-
nies, and then their phenotypes, such as spore
viability, colony morphology, and colony color,
were determined. The genotypes of these ascos-
pores were also compared using array-based
comparative genomic hybridization (aCGH)
and genomic PCR. The results of these experi-
ments showed that the 16 ascospores in each

hexadecad could be classified into four linearly
arranged groups and each group contained four
genetically nearly identical ascospores, indicat-
ing that the 16 ascospores are likely generated
via meiosis followed by two rounds of post-
meiotic mitosis (Chuang et al. 2015).

Surprisingly, sexually crossing of
CBS999.97(1-1) to CBS999.97(1-2) or QM6a
often (>90 %) generated two types of SAN
(segmentally aneuploid) ascospores (Chuang
et al. 2015). The haploid genomes of the
CBS999.97(1-2) and QM6a are similar to that
of ancestral T. reesei strain(s). In contrast, the
CBS999.97(1-1) haploid genome contains a
reciprocal arrangement between scaffold 33
and scaffold M of the CBS999.97(1-2) genome.
Scaffold 33 consists of a 50 “L” segment
(~33 kb) and a 30 “N” segment (~170 kb),
whereas scaffold M has a 50 “D” segment
(~523 kb) and a 30 “S” segment (~452 kb). In
the CBS999.97(1-1) genome, the L segment and
the S segment form scaffold X, and the D seg-
ment and the N segment form scaffold F
(Fig. 17.2). The first type of SAN ascospores
could germinate to form mycelia but these
strains produce white conidia. In contrast,
CBS999.97(1-1), CBS999.97(1-2), and QM6a
produce green conidia. The second type of
SAN ascospores were unable to germinate.
The genomes of the viable SAN progeny con-

Fig. 17.2 Reciprocal exchange between scaffold M and
scaffold 33. Scaffold M and scaffold 33 in wild-type
CBS999.97(1-2), and scaffold F and scaffold X in wild-
type CBS999.97(1-1). Organization and length of the
four segments (L, N, D, and S) in these four scaffolds
are indicated
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tain two D segments but lack the L segment
(Chuang et al. 2015).

Notably, the T. reesei polyketide synthase 4
gene (tpks4) is located within the L segment
that is lost in viable SAN progeny. The PKS4
protein products are responsible for the green
conidial pigmentation in the wild-type strains
(Atanasova et al. 2013b). Loss of the L segment
(comprising tpks4) in these SAN progeny is the
main cause for the white-conidia phenotype.
Furthermore, the two D segments resulted in
an increase of xylanase (but not cellulase) pro-
duction in these viable SAN progeny. Intrigu-
ingly, there is a carbohydrate-active enzyme
(CAZy) gene cluster in the D segment. This
CAZy gene cluster contains a set of hemicellu-
lases or xylanases (abf1, bga1, cip2, cel74a, and
xyn3) (Hakkinen et al. 2014). In contrast, the
genomes of the nonviable SAN progeny likely
contain two L segments but lack the D segment.
The lack of D segment is the cause of meiosis-
driven ascospore lethality, as it contains at least
113 annotated genes, including several putative
essential genes such as an actin-like protein (ID
111468).

Due to unequal crossing-over during meiotic prophase,
these two types of SAN ascospores are differentially
distributed in three types of hexadecad asci. The type
I hexadecad asci (~80 %) have eight viable euploidy
ascospores, four viable SAN ascospores, and four non-
viable SAN ascopores. The type II hexadecad asci
(~10 %) contain eight viable SAN ascospores and
eight nonviable SAN ascospores, but they lack euploidy
ascospore. The type III hexadecad asci (~10 %) have 16
viable euploidy ascospores. Accordingly, these three
types of hexadecad asci were generated via one, two,
or no crossing-over during meiosis (Chuang et al.
2015).

Notably, these findings are consistent with
the classic chromosomal speciation model
(White 1978) stating that chromosome rearran-
gements cause or contribute to heterozygous
hybrid infertility and serve as a genetic barrier
between recently diverged species. Chromo-
somal rearrangements also contributed to repro-
ductive isolation in two closely related species,
e.g., two Schizosaccharomyces strains (S. pombe
vs S. kombucha) (Zanders et al. 2014), two Sac-
charomyces strains (S. cerevisiae vs S. mikatae or

S. paradoxus) (Delneri et al. 2003), and two
occasionally hybridizing North American Dro-
sophila species (D. pseudoobscura and D. persi-
milis) (Noor et al. 2001). In all cases, sexual
crossing resulted in viable hybrid diploids that
efficiently completedmeiosis but frequently gen-
erated nonviable gametes.

QM6a had been subjected to multiple
rounds of random mutagenesis and selection
to generate cellulase hypersecreting mutants
(e.g., QM9414 and RUT-C30). These mutants
have been widely used for various industrial
applications. Recent comparative genome
sequence analyses revealed that their genomes,
compared to that of QM6a, carry multiple
chromosomal translocations and deletions
[reviewed in Seiboth et al. (2011)]. Consistent
with the classic chromosomal speciation model
(White 1978), sexually crossing of CBS999.97
(1-1) with these industrial strains mostly pro-
duces nonviable acsospores (Chuang et al.
2015). Therefore, applying sexual development
in improving these industrial strains can be
expected to be challenging.

VII. Repeat-Induced Point Mutation

In N. crassa, sexual development initiates a
mechanism which is aimed to remove repetitive
sequences from the genome as defense against
mobile genetic elements. This mechanism,
called repeat-induced point mutation (RIP),
detects and mutates duplicated sequences of
more than 400 base pairs hence rendering the
respective genomic area unfunctional (Galagan
and Selker 2004; Ni et al. 2011). As also the
genome of T. reesei contains a surprisingly
low number of duplicated genes, the operation
of RIP was suspected (Martinez et al. 2008).

If operative in T. reesei, RIP is of tremen-
dous importance for industrial strain improve-
ment. As industrial high-performance strains
usually contain multiple copies of regulators
or duplications introduced during mutation
cycles, the risk of losing the benefits of these
regulators upon sexual crossing has to be con-
sidered. In order to evaluate this risk, we per-
formed crossing tests with strains containing
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multiple copies of G-protein alpha subunits
(Schmoll et al. 2009; Seibel et al. 2009) and
tested progeny for mutations in the respective
genes. However, the operation of RIP could not
be confirmed (Schuster and Schmoll unpub-
lished observations). Additionally, we used sex-
ual crossing to prepare double mutants. Since
the respective deletion strains contained a
duplication of the pki promotor and cbh2 ter-
minator, which were introduced due to their
presence in the deletion cassette (Mach et al.
1994), we could not exclude that RIP might
interfere with the function of these genes.
Again no defect could be detected (Seibel et al.
2012a, b). Nevertheless, it cannot be excluded
that RIP occurs, albeit likely at a low extent.
Hence we deleted the homologue of N. crassa
rid-1 (RIP-deficient 1; Freitag et al. 2002), which
abolishes RIP and should consequently prevent
RIP from mutating target genes. The phenotype
of the resulting strain was similar to the wild
type (Schuster et al. 2012b). This strategy can
be applied if RIP is observed upon strain
improvement by crossing, although since RIP
has not been detected in T. reesei, we could also
not test if T. reesei rid1 can indeed abolish this
mechanism.

VIII. The Pheromone System

A. Peptide Pheromone Precursors

Prior to initiation of sexual development, sig-
nals are exchanged, which enable mate recog-
nition. Peptide pheromones are crucial in this
communication (Jones and Bennett 2011),
although also chemical signals play important
roles (Leeder et al. 2011). Of these small, diffus-
ible pheromones, which act via specific G-pro-
tein-coupled receptors (Bolker and Kahmann
1993; Ni et al. 2011), one encodes a polypeptide
with multiple repeats of a putative pheromone
sequence bordered by protease-processing sites
and is related to the Saccharomyces cerevisiae
alpha factor precursor (Singh et al. 1983). The
second pheromone precursor gene encodes a
CAAX domain protein, which upon maturation
is modified to end with a carboxymethylated
cysteine. Peptide pheromone precursors with

these characteristics are not only found in S.
cerevisiae a-strains and numerous ascomycetes
but also in basidiomycetes (Ni et al. 2011) and
sometimes in unexpectedly high numbers
(Martinez et al. 2009).

In contrast to other fungi, in which phero-
mone receptors and pheromone precursor
genes are regulated in a strictly mating-type-
dependent manner (Bobrowicz et al. 2002; Cop-
pin et al. 2005; Shen et al. 1999; Zhang et al.
1998), this is surprisingly not the case in T.
reesei (Schmoll et al. 2010b). While some pref-
erence for mating-type-dependent regulation is
observed, both pheromone receptors and pre-
cursors are transcribed in both mating types.
Studies in other fungi showed that this is the
case for other species as well and that asymme-
try in pheromones is not required for sexual
development (Goncalves-Sa and Murray 2011).

Pheromone precursor genes are known to
be essential for male fertility in their cognate
mating type in fungi and also in T. reesei, while
their receptors are crucial for female fertility
(Coppin et al. 2005; Kim and Borkovich 2006;
Schmoll et al. 2010b; Seibel et al. 2012a).

Despite largely similar components as
found in other ascomycetes, the T. reesei pher-
omone system also shows intriguing altera-
tions. The alpha-type peptide pheromone
precursor PPG1 shows the expected structure
with repeats and KEX-domains. However, the
function of the a-type peptide pheromone pre-
cursor is assumed by HPP1, the first character-
ized member of a novel type of peptide
pheromone precursors named “h-type”
(Schmoll et al. 2010b). Its initial detection in
the genome of T. reesei happened rather by
chance in a screen for cellulase regulators
(Schmoll et al. 2004). As the sequence of the
respective short mRNA sequence suggested it
might encode a peptide pheromone precursor,
analyses to investigate the potential of T. reesei
to undergo sexual development were initiated
after it had been considered asexual earlier.

HPP1 is characterized by a C-terminal
CAAX domain, which is part of the consensus
motif (LI)GC(TS)VM that occurs three times in
the predicted protein sequence. Consequently,
HPP1 comprises characteristics of a-type as
well as alpha-type peptide pheromone precur-
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sors, reflecting a “hybrid type” named h-type.
Additionally, T. reesei HPP1 contains two KEX-
protease sites and a cAMP-dependent phos-
phorylation site (Schmoll et al. 2010b). These
additional sites are not essential for sexual
development, and their relevance remains to
be determined.

Besides the structure and domain composi-
tion, also the genomic location of hpp1 is dif-
ferent compared to the largely conserved
position of a-type peptide pheromone precur-
sor genes in other fungi in the vicinity of a
cyanate lyase. The latter, conserved locus
shows a deletion of several kilobases in Tricho-
derma spp., and hpp1 is found on a different
scaffold in the vicinity of a sec23 homologue
(Schmoll et al. 2010b). In Trichoderma spp.
the consensus sequences of hpp1 are relatively
conserved, but KEX-domains and the cAMP-
dependent phosphorylation site are not. Addi-
tionally, the assumed hpp1 homologue of T.
atroviride is shorter and only contains one
instead of three consensus motifs (Schmoll
2013; Schmoll et al. 2010b).

These findings would point at an evolution-
ary event, where a lost pheromone precursor
gene in Trichoderma spp. has been complemen-
ted by a newly evolved gene. However, genes
encoding pheromone precursors with similar
characteristics, also at the conserved locus
close to a cyanate lyase, were detected in Nec-
tria spp., Gibberella spp. and other fungal spe-
cies (Schmoll et al. 2010b).

In most cases the potential homologues are
located in the vicinity of a cyanate lyase in the
genome or even fused to the respective gene
model. Moreover, next to hpp1 gene models,
also putative pheromone precursor genes
resembling a-type genes are detected. With the
increase in fungal genome sequences available,
also some more potential HPP1 homologues in
addition to those already known (Schmoll et al.
2010b) were detected. For example, in several
Gibberella/Fusarium spp., Acremonium stric-
tum, or Ilyonectria spp., Hpp1-homologues
were also found within gene models spanning
its genomic location, and additional analyses
would be required to confirm whether these

homologues are indeed specifically transcribed
and translated. Nevertheless, still no homo-
logue has been detected in orders other than
Hypocreales, hence indicating a very specific
function in this group of fungi.

Investigation of the role of HPP1 in sexual
development so far did not reveal any differ-
ences to a-type peptide pheromone precursors
(Schmoll et al. 2010b; Seibel et al. 2012a). Only
its isolation in a screening for cellulase regula-
tors points at an additional function in respond-
ing to nutrient conditions, which are important
for fungal development. Although preliminary
data indeed support such a function, more ana-
lyses are necessary to confirm this hypothesis.

B. Pheromone Receptors

The pheromone receptors belonging to the het-
erotrimeric G-protein pathway sense the pres-
ence of a compatible mating partner. In
heterothallic ascomycetes, they are associated
with one of the two mating types and sense
alpha-type peptide pheromone precursors
(Ste2p-type in MAT1-2) or a-type peptide pher-
omone precursors (Ste3p-type in MAT1-1). T.
reesei has two pheromone receptors, HPR1
(related to Ste3p) and HPR2 (related to Ste2p),
which are essential for female fertility in their
cognate mating types (Seibel et al. 2012a). As in
other fungi (Mayrhofer et al. 2006), also in T.
reesei, a compatible pair of pheromone precur-
sor and receptor in both mating partners
(PPG1-HPR2 or HPP1-HPR1) is required for
mating to occur (Seibel et al. 2012a). Besides
their function in pheromone signal reception,
pheromone receptors moreover have a function
in ascosporogenesis in T. reesei.

Comparing transcription patterns of pher-
omone precursors and pheromone receptors
between the fully fertile nature isolate
CBS999.97 and QM6a revealed that the basic
patterns are similar, but still severalfold (up to
20-fold) differences in transcript levels occur
(Seibel et al. 2012a). While the relevance of
this imbalance is not yet entirely clear, a contri-
bution to the defect of QM6a in female fertility
cannot be excluded.
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IX. Regulation of Sexual Development

One of the major advantages of sexual develop-
ment lies in the ability to overcome problems of
a deteriorating environment by creating prog-
eny with different characteristics due to the
recombination of the genomic content of two
parents. Accordingly, sensing conditions that
would require adaptation of an individual or a
whole population is of crucial importance
(Pöggeler et al. 2006). In T. reesei, so far studies
on the relevance of nutrient signaling via the
heterotrimeric G-protein pathway, the cAMP
signaling, and the light response pathway are
available (Fig. 17.3) along with some prelimi-
nary findings for other regulators.

A. The Heterotrimeric G-Protein Pathway

As one of the most important signaling path-
ways for environmental sensing, heterotrimeric
G-protein signaling also plays an important
role in sexual development. The two phero-
mone receptors are G-protein coupled, and
once they sense the pheromones of a potential
mating partner, the signaling cascade involving
predominantly G-protein alpha, beta, and
gamma subunits is initiated (Li et al. 2007).
Keeping in mind that the T. reesei genome
contains roughly 50G-protein-coupled recep-
tors (GPCRs), but only 3G-alpha (GNA1,
GNA2, and GNA3), one G-beta (GNB1), and
one G-gamma subunits (GNG1) (Gruber et al.
2013; Schmoll 2008), it can be expected that at
this signal transmission step, also signal inte-
gration occurs.

As co-chaperones presumably supporting
correct folding of G-beta and G-gamma subu-
nits, phosducin-like proteins exert a regulatory
function in the pathway (Willardson and How-
lett 2007). A function of phosducin-like pro-
teins in sexual development of fungi was first
shown in Aspergillus nidulans (Seo and Yu
2006). In T. reesei the gene encoding the class
I phosducin-like protein, phlp1, was shown to
be regulated in response to light and involved
in cellulase gene expression. Additionally, the
regulatory targets of PhLP1, GNB1, and GNG1
include numerous genes associated with sexual

development (Tisch et al. 2011a). Moreover,
PhLP1 was found to be one of the potentially
several factors connecting light response with
nutrient and environmental signaling through
the G-protein pathway via regulatory interac-
tion with the photoreceptor ENV1 (Tisch et al.
2014). Investigation of sexual development in
mutants of phlp1 and gnb1 indeed revealed a
role of these genes in development of female
reproductive structures (fruiting body develop-
ment) and reproductive efficiency (ascospore
discharge) while gng1 had no significant effect.
Lack of phlp1 significantly decreased fruiting
body development, while ascospore discharge
was lower in phlp1 mutants and virtually abol-
ished in gnb1 mutants (Tisch et al. 2011a).

Interestingly, transcript levels of the h-type
pheromone precursor-encoding gene hpp1 are
clearly decreased in mutants of phlp1, gnb1,
and gng1 in light, which is the preferred condi-
tion for sexual development of T. reesei. In
addition, the putative homologue of the phero-
mone receptor gene ste6 is significantly regu-
lated by all three genes (Tisch et al. 2011a).

With respect to the G-protein alpha subu-
nits, evaluation of strains with constitutive acti-
vation of the G-alpha subunit and deletion or
knockdown of gna1, gna2, and gna3 (Schmoll
et al. 2009; Schuster et al. 2012a; Seibel et al.
2009) did not abolish sexual development
(Schuster et al. 2012a; Schmoll and Seibel
unpublished observations). As all the mutant
strains used in these experiments are female
sterile due to their strain background as deri-
vatives of QM6a, it can be concluded that the G-
protein alpha subunits do not exert an essential
function in sexual development in T. reesei and
are dispensable for male fertility. Functions in
female fertility as shown in other fungi
for certain components of the heterotrimeric
G-protein pathway (Kim et al. 2012) remain to
be evaluated.

B. The cAMP Pathway

cAMP levels are influenced by the heterotri-
meric G-protein pathway also in T. reesei
(Schmoll et al. 2009), and the cAMP pathway
represents one of the output pathways of
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Fig. 17.3 Regulation of sexual development in T. reesei.
(a) Influence of signal transduction components of the
heterotrimeric G-protein pathway, the cAMP pathway,
and the light response pathway on sexual development.
(b) Regulatory interconnections between the phosducin-

like protein PhLP1, the G-protein beta and gamma sub-
units (GNB1 and GNG1), and the light response pathway
with respect to regulation of pheromone precursors and
pheromone receptors. Revised and reproduced with per-
mission from Schmoll (2013)
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G-protein signaling, which indicates a function
in development as well. Components of the
cAMP pathway were shown to influence sexual
development in terms of delayed fruiting body
formation or reduced fruiting body size (Ivey
et al. 2002; Kamerewerd et al. 2008). In T. reesei
both adenylate cyclase 1 (ACY1) and protein
kinase A (catalytic subunit PKAc1) play a role
in sexual development. Lack of ACY1 or PKAc1
caused delayed fruiting body formation, but no
significant alteration in fruiting body size
(Schuster et al. 2012a).

In the latter study, crossing was also used to
evaluate segregation of the severe growth phe-
notype of ACY1 and PKAc1 mutant strains with
the selection marker (Schuster et al. 2012a).
Along with an earlier study on the ubiquitin
pathway in T. reesei (Denton and Kelly 2011),
the results corroborate the applicability of
crossing for confirming mutant phenotypes, a
method used in other fungi already for decades.

C. The Light Response Pathway

Accumulating evidence indicates that light is a
key environmental factor affecting vegetative
mycelial growth, asexual conidiation, and sexual
development in several model fungi, includingA.
nidulans, Coprinopsis cinerea, N. crassa, Mucor
circinelloides, and T. reesei (Fuller et al. 2014;
Idnurm et al. 2010; Rodriguez-Romero et al.
2010; Steyaert et al. 2010). In many of them, the
balance between sexual development and asexual
development is considerably influenced by light
(Debuchy et al. 2010; Rodriguez-Romero et al.
2010). In T. reesei, sexual development preferen-
tially occurs in daylight (light–dark cycles) and is
clearly delayed in constant darkness (Seibel et al.
2012b; Seidl et al. 2009). In darkness, perithecia
develop more slowly, are larger in volume, are
located deeper inside the stromata, and have
longer necks toward the upper surface. In con-
trast, fruiting body formation is perturbed in
constant light (Chen et al. 2012).

BLR1, BLR2 (blue light receptors 1 and 2),
and ENV1 (envoy 1) are the blue light photo-
receptors characterized so far from T. reesei
(Castellanos et al. 2010; Schmoll et al. 2005,
2010a).

Despite the important role of light in sexual
development in T. reesei, the photoreceptors
BLR1 and BLR2 are not essential for this pro-
cess, neither individually nor in a double
mutant. Additionally, no specific effect on
male or female fertility was detected. Lack of
BLR1 or BLR2 or both also did not result in the
dark phenotype with respect to sexual develop-
ment. Instead, deletion mutants showed larger
but fewer fruiting bodies, with only a slight
decrease in total dry mass of stromata. Hence
BLR1 and BLR2 positively influence fruiting
body formation (Chen et al. 2012; Seibel et al.
2012b).

The negative effect of constant light on sex-
ual development was however found to be
mediated by BLR1 and BLR2 (Chen et al. 2012).

In contrast to BLR1 and BLR2, ENV1 con-
siderably influences sexual development. ENV1
is essential for female fertility specifically in
light, but not in darkness, which is in agree-
ment with its function as photoreceptor (Chen
et al. 2012; Seibel et al. 2012b). ENV1 is known
to regulate cAMP levels, which is assumed to
occur via dampening phosphodiesterase activ-
ity (Tisch et al. 2011b). Moreover it was recently
shown that the effect of ENV1 is in part due to
its effect on cAMP levels (Tisch et al. 2014).
Therefore the phosphodiesterase inhibitor caf-
feine was used to mimick ENV1 function in
ENV1 mutants, but still the defect in female
fertility in light could not be rescued. Hence,
the effect of ENV1 on female fertility is not
regulated via its effect on cAMP levels (Chen
et al. 2012). Interestingly, the defect could be
alleviated by deletion of blr1 in a strain lacking
ENV1 in light or in a 12:12 photoperiod (Chen
et al. 2012).

With respect to regulation of the phero-
mone system, all three photoreceptors were
involved. BLR1, BLR2, and ENV1 all negatively
regulate transcript levels of the pheromone pre-
cursor genes hpp1 and ppg1 and the pheromone
receptor genes hpr1 and hpr2 (Seibel et al.
2012b). For hpp1 this regulation pattern is spe-
cific for MAT1-1 with BLR1 and BLR2, and the
strongly negative effect of ENV1 on hpp1 tran-
script abundance was even observed upon
shake flask cultivation on cellulose media,
where sexual development does not occur
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(Schmoll et al. 2010b). The effect of ENV1 on
hpp1 was mating-type dependent. Lack of
ENV1 caused up to 100-fold increased tran-
script levels of hpp1 in MAT1-1, but in the
cognate mating type of hpp1, MAT1-2, the
increase was around 100,000-fold. Also the
effect on ppg1 is mating-type dependent but
much less pronounced reaching differences of
around 100-fold in its cognate mating type
MAT1-1. In case of BLR1 and BLR2, some mat-
ing-type-dependent differences were observed,
but the extent was only severalfolds here (Seibel
et al. 2012b). Also for the pheromone receptors,
the negative effect of ENV1 on transcript levels
was clearly more pronounced than that of BLR1
or BLR2 with differences to wild-type strains of
up to around 30-fold. Considering the severe
misregulation of the pheromone system in
env1-mutant strains, the observed female fertil-
ity upon growth in light might be due to lost
sexual identity and failure in mate recognition
in light (Seibel et al. 2012b). Additionally, the
finding that deletion of hpp1 rescues the ability
of fruiting body formation in constant light is
in agreement with this interpretation (Chen
et al. 2012).

Nevertheless, mating of env1 mutants with
female fertile partners of opposite mating type,
which are obviously able to compensate for the
abolished control mechanism, is possible.
Moreover, in photoreceptor mutants, transcript
levels of the genes of the T. reesei pheromone
system are at wild-type levels in darkness (Sei-
bel et al. 2012b).

Besides regulation of the pheromone sys-
tem, BLR1, BLR2, and ENV1 also negatively
regulate the mating-type gene mat1-2-1, again
with ENV1 having the most severe effect.
Hence, the photoreceptors assume important
functions in sexual development in T. reesei
and appear to act at least for some functions
upstream of the mating-type genes in the regu-
latory cascade (Seibel et al. 2012b).

A further factor important for regulation of
development in fungi is VELVET, which is best
studied in Aspergilli (Bayram and Braus 2012),
and now its function has also been investigated
in T. reesei. Initial analysis indicated a function
of VEL1 in sexual development, albeit these
analyses were performed in the background of
a cellulase high-producer mutant (QM9414)

(Karimi Aghcheh et al. 2014), which is female
sterile already (Seidl et al. 2009). Hence female
fertility could not be tested in this system.

Our recent detailed analyses using strains
with a female fertile background indicated a
function of VEL1 in female fertility in light,
while VEL1 is essential for sexual development
in darkness. Additionally, VEL1 was found to
impact regulation of the pheromone system
and appears to be involved in communication
of (potential) mating partners via pheromone
response and secretion of specific patterns of
secondary metabolites (Bazafkan et al. 2015).
This regulation of fungal communication by
VEL1 now connects the functions of this group
of proteins in light response, development, and
secondary metabolism to a biologically impor-
tant role in reproduction.

D. Other Factors

The ability to undergo sexual development has
been tested with several mutant strains albeit
without detailed investigation and in the female
sterile strain background of QM6a derivatives.
For example, the ubiquitin C-terminal hydro-
lase CREB (Denton and Kelly 2011), protein
kinase C, phosphodiesterases 1 and 2 as well
as several transporters and transcription fac-
tors (Schuster et al. 2012b) were shown not to
be essential for sexual development.

Using female fertile Trichoderma strains
and mutants derived from them, a transcrip-
tome analysis comparing conditions under
which sexual development occurred (termed
sexually potent) with those that did not permit
sexual development (sexually impotent)
revealed considerable differential gene regula-
tion. Roughly 200 genes exhibited more than
twofold downregulation, and 287 genes showed
higher transcript levels under sexually potent
conditions in comparison with those under sex-
ually impotent conditions. Interestingly, among
the genes significantly upregulated under sexu-
ally potent conditions, significant enrichment
of genes involved in cellulose and hemicellulose
metabolism, electron transport, redox regula-
tion, and protein folding was detected. Specifi-
cally, more than 30 glycoside hydrolases or
cellulose-binding protein, several peptidases
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and proteases, metabolic proteins, G-protein-
coupled receptors, various transporters, and
permeases were upregulated under sexually
potent conditions versus impotent conditions
(Chen et al. 2012). Consequently, these results
point at a hierarchically organized regulatory
network with complex regulation, which is not
limited to the function of the mating-type tran-
scription factors. Moreover, this regulation
reflects an influence of both environmental
and nutritional cues on sexual development.
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Pöggeler S, Nowrousian M, Kück U (2006) Fruiting
body development in ascomycetes. In: Kües U,
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I. Introduction

Morphogenesis studies of the model fungus A.
nidulans have greatly facilitated our understand-
ing of this sophisticated developmental process.
Genomics, together with classical genetics and
the state-of-the-art molecular biology techni-
ques of this model system, has accelerated dis-
covery of the intricate regulatory genetic
network governing morphology in fungi. The
disseminationmechanism ofA. nidulans is com-
mon in many other fungal species and relies on
the production of asexual spores called conidia
(or conidiospores) on specialized structures
called conidiophores. In addition, this fungus
also presents a sexual stage, forming fruiting
bodies denominated cleistothecia that contain
meiospores called ascospores. Other species,
such as the aflatoxin (AF) producers Aspergillus
flavus and Aspergillus parasiticus, produce ves-
tiges of cleistothecia (in most cases barren of
spores) that act as resistant structures, which is
important for the survival of these fungi under
environmental extremes (Coley-Smith and
Cooke 1971; Malloch and Cain 1972; Wicklow
1987).

It is known that both the development of
asexual and sexual structures is under a tight
temporal and spatial genetic regulation (Calvo
et al. 2002; Adams and Yu 1998; Fischer and
Kues 2006). A major component of this
network is the velvet regulatory system. The
first steps in the investigation of this regulatory
system, unique to fungi, began with the discov-
ery of the “velvet” gene, or veA by Käfer, who
generated a mutant allele called veA1 (Kafer
1965). A. nidulans strains with a veA wild-type

1Department of Biological Sciences, Northern Illinois
University, 155 Castle Drive, Dekalb, IL, 60115, USA; e-mail:

amcalvo@niu.edu

Growth, Differentiation and Sexuality, 3rd Edition
The Mycota I
J. Wendland (Ed.)
© Springer International Publishing Switzerland 2016

mailto:amcalvo@niu.edu


allele develop asexually when the colonies are
exposed to light, while in the dark the fungus
develops fruiting bodies (Champe et al. 1981;
Yager 1992). However, the veA1 strains develop
mainly asexually and present a reduced and
delayed sexual stage independent of illumina-
tion. The veA mechanism of action remained
unknown for many years due to the fact that the
VeA protein did not show homology with other
proteins of known function. Additional genetic
studies, including generation of deletion
mutants, as well as protein–protein interaction
studies and genomics have provided abundant
and valuable information on the mode of action
of the velvet regulatory system and its func-
tional roles.

The sequencing of numerous fungal gen-
omes has also facilitated the rapid identification
and characterization of putative veA homologs
and veA-related regulators in other fungal spe-
cies (Myung et al. 2012) (Fig. 18.1). Efforts from
our group and others have contributed to the
functional characterization of several of these
veA homologs and regulators (Baidya et al.
2014; Calvo et al. 2004; Dhingra et al. 2012;
Dreyer et al. 2007; Duran et al. 2007; Li et al.
2006; Zhang et al. 2004). Overall these studies
indicate that the function of the velvet regu-
latory system is similar in different fungi. How-
ever some of these studies also denote a certain
degree of specialization leading to a different
regulatory output depending on species.

Fig. 18.1 Phylogenetic analysis of several experimen-
tally characterized proteins of the Velvet regulatory
system. Analysis of VeA (a), VelB (b), and LaeA (c). (d)
Species and accession numbers corresponding to the
amino acid sequences used in this analysis and their
source (NCBI or EMBI). The “X” represents that the

gene has not been experimentally characterized. Images
were generated using MEGA6 (http://megasoftware.
net/) (Tamura et al. 2013). Sequences were aligned
using MUSCLE and visualized in a maximum likeli-
hood model using a bootstrap value of 1000
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II. The Velvet System in the Model
Filamentous Fungus A. nidulans

In 1965, after performing a random mutagene-
sis, Käfer obtained the first veA mutant in A.
nidulans, denominated veA1 (Kafer 1965). The
veA1 mutant allele presents a change in the
initiation codon (G to T at position +3). The
next possible initiation codon corresponds to
the 37th codon in this mutant allele. This
results in a truncated gene product with partial
function that lacks the first 36 amino acids. In
strains with a veA1 allele, conidiation is pro-
moted, while cleistothecial formation is delayed
and reduced (Yager 1992). Morphogenesis in
veA1 strains is independent of light, while illu-
mination clearly determines the developmental
stage of A. nidulans strains with a veA wild-type
allele (Champe et al. 1981; Mooney and Yager
1990; Yager 1992). Due to this practical charac-
teristic present in the veA1 mutant, this genetic
background has been and is still used by many
A. nidulans research groups investigating sub-
jects such as asexual development or certain
aspects of fungal metabolism.

The absence of known functional domains
in the VeA protein contributed to the delay in
its characterization. The study of additional
veA mutants, a deletion (DveA) and overex-
pression veA strains, further contributed to
our understanding of this regulatory gene
(Kim et al. 2002). The DveA strain was unable
to produce cleistothecia, while conidiation was
enhanced. The opposite was observed in the
veA overexpression strain. These findings fur-
ther supported veA as negative regulator of
asexual development while positively regulat-
ing sexual development in A. nidulans
(Champe et al. 1981; Yager 1992; Kim et al.
2002). Further studies demonstrated that veA
affects the brlA a/b transcript ratio that mod-
ulates the initiation of asexual development in
A. nidulans (Kato et al. 2003).

Another milestone in the elucidation of the
function of veA was the discovery of its regu-
latory role as master regulator of secondary
metabolism in A. nidulans (Kato et al. 2003).
Additional studies further supported that its
role as genetic link between development and

secondary metabolism is conserved in many
other fungi (i.e., Baidya et al. 2014; Lan et al.
2014). Transcriptome analysis in A. nidulans
(Lind et al. 2015) and in other Aspergillus, A.
flavus (Cary et al. 2007; Cary et al. 2015) and in
A. fumigatus (Dhingra et al. 2013; Lind et al.
2015), revealed that veA regulates the expres-
sion of hundreds of genes. We also recently
discovered additional roles of veA in hydrolytic
activity and oxidative stress response (Duran
et al. 2014). This review is mainly focused on
veA-dependent developmental regulation; how-
ever, in another section, we will briefly describe
other veA-associated cellular processes as a
reflection of its broad regulatory scope in fungi.

The search for VeA-interacting proteins has
provided valuable additional insight on the VeA
mechanism of action (Fig. 18.2). VeA is trans-
ported to the nucleus by the alpha-importin
KapA (Stinnett et al. 2007; Araujo-Bazan et al.
2009). This transport is particularly notable in
the dark, while in the light this process is not
efficient. Once in the nucleus, VeA is able to
establish interactions with other proteins, such
as FphA, a red phytochrome-like protein
(Purschwitz et al. 2008). FphA acts as a bridge
between VeA and two blue light-sensing pro-
teins, LreA and LreB. Deletion of fphA results in
a reduction of asexual development tipping the
developmental balance to the formation of fruit-
ing bodies even under light, while deletion of
lreA or lreB genes results in opposite effects
(Purschwitz et al. 2008). Importantly, FphA also
has a negative effect on the transport of VeA to
the nucleus in the light (Purschwitz et al. 2008).
Other proteins, such as a putative methyltrans-
ferase called LlmF, also have a similar effect on
VeA transport (Palmer et al. 2013). It is unknown
whether FphA and LlmF act coordinately to
antagonize VeA migration to the nucleus in the
presence of light. Additionally, LlmF has been
shown to negatively regulate sexual development
(Palmer et al., 2013). VeA also interacts with
another putative methyltransferase termed
LaeA, as part of the denominated velvet complex
(Bayramet al. 2008a). LaeAhas been described to
be involved in chromatin conformational
changes regulating secondary metabolism (Bok
et al. 2006a, b; Reyes-Dominguez et al. 2010;
Keller et al. 2005). In A. nidulans LaeA is also
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involved in the inhibition of sexual development
in response to light (Sarikaya-Bayram et al.
2010). VelB is another VeA-interacting protein
and component of the velvet complex (Bayram
et al. 2008a; Park et al. 2012a). VelB, togetherwith
VeA, VosA, andVelC (Ni and Yu 2007; Park et al.
2014), forms the denominated velvet protein

family, where VelB interacts with VeA in the
cytoplasm and they are carried together to the
nucleus (Bayram et al. 2008a). Deletion of velB
results in a strain with a light-independent con-
idiation pattern and lack of sexual stage (Bayram
et al. 2008a). VelB also forms dimers and hetero-
dimerswithVosA (Bayramet al. 2010). Park et al.

Fig. 18.2 Model representing interactions among vel-
vet family proteins, LaeA and other proteins in the
model fungus Aspergillus nidulans. The a-importin
KapA transports the VeA-VelB dimer to the nucleus,
particularly in the dark. This migration of KapA-VeA-
VelB is negatively affected by other proteins, including
FphA, LlmF, and VipC-VapB dimer under light. Once
in the nucleus, VeA-VelB promotes sexual development
and is able to interact with LaeA, forming the denomi-
nated velvet complex. In addition, VeA also interacts
with FphA, which interacts with LreB-LreA forming a

light-responsive protein complex. VelB affects asexual
development and forms homodimers and heterodimers
with VosA, which is necessary for trehalose biosynthe-
sis and spore viability. VosA also interacts with VelC,
which positively influences sexual development. VipC
and VapB also positively regulate conidiation and are
found associated with VeA in the nucleus-repressing
sexual development. These protein complexes govern
development and secondary metabolism in a coordi-
nated manner
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(2012a) demonstrated that VosA is required for
normal trehalose production, affecting spore via-
bility. Interestingly, these researchers also
showed that the known developmental regulator
AbaA positively affects the expression of velB
and vosA directly binding to their promoters,
while VelB positively affects the central regu-
latory pathway (Park et al. 2012a) composed of
brlA, abaA, and wetA (Adams et al. 1998). Fur-
thermore, the velvet domain in VelB and VosA
has been shown to bind DNA in A. nidulans
(Ahmed et al. 2013) as well as in Histoplasma
capsulatum (Beyhan et al. 2013). The VelC velvet
protein also contributes to regulate development
inA. nidulans, positively regulating sexual devel-
opment (Park et al. 2014).

Other recently characterized VeA-
interacting proteins include VipC-VapB.
These are methyltransferases released from the
VapA-VipC-VapB membrane-bound complex in
response to environmental signals (Sarikaya-
Bayram et al. 2014). Released VipC-VapB
reduces VeA-VelB nuclear import, resulting in
decreased sexual development. At the same time,
VapB also counteracts histone 3 lysine 9 tri-
methylation (H3K9me3), promoting conidiation.

VeA is posttranslationally modified. For
example, a LaeA-dependent VeA modification
has been reported in A. nidulans (Sarikaya-
Bayram et al. 2010). It is predictable that these
modifications could have an effect on the velvet
complex function. Phosphorylation of VeA was
demonstrated by Purschwitz et al. (2009). Later
Bayram et al. (2012) showed that MpkB is
involved in this phosphorylation. TheMAP kinase
genempkB, homolog of FUS3 in S. cerevisiae, was
first characterized in A. nidulans by Paoletti et al.
(2007) and by Atoui et al. (2008).mpkB transcrip-
tion increased during sexual development, and
deletion of the mpkB gene resulted in sterility
(Paoletti et al. 2007). MpkB is also a genetic link
between development and biosynthesis of natural
products; deletion of mpkB also results in
decreased laeA transcription and in a reduction
in the expression of several secondary metabolite
gene clusters (Atoui et al. 2008).

As mentioned above, VeA influences the
expression of many genes, among them are the
oxylipin genes, or psi factor genes, that affect the
developmental balance between asexual and sex-

ual development (Tsitsigiannis et al. 2004). For
example, veA regulates ppoA expression in A.
nidulans (Tsitsigiannis et al. 2004). Interestingly,
psi factor genes also modulate veA expression;
the triple mutant ppoA/B/C presented an
increase in the expression of this regulatory
gene (Tsitsigiannis et al. 2005), suggesting a
feedback loop regulation between veA and oxy-
lipin genes. This regulation could be affected by
other oxylipins of cross-kingdom origin, mim-
icking or interfering with fungal psi factors.

III. The Role of VeA in the Morphology
of Other Aspergillus spp.

A. Aspergillus flavus

Aspergillus flavus is a saprophytic fungus and
an important opportunistic plant pathogen
which infects oilseed crops worldwide contam-
inating them with potent mycotoxins such as
AFs. As in the case of A. nidulans, A. flavus also
disseminates by producing conidiospores that
lead to field infestations. Additionally, this fun-
gus produces sclerotia that can be dormant for
long periods and allow for survival under
adverse conditions (Coley-Smith and Cooke
1971; Malloch and Cain 1972; Wicklow 1987).
When the environment is favorable again,
sclerotia produce hyphae or conidiophores
directly contributing to dissemination. Genetic
and genomic evidence strongly supports the
origin of these resistant structures as vestigial
forms of cleistothecia (Ramirez-Prado et al.
2008). In most cases these resting bodies are
unable to produce meiospores. However, Horn
et al. (2014) described ascospore-bearing asco-
carps embedded within sclerotia of A. flavus.
The fact that cleistothecia and sclerotia might
possess a common origin suggests that the
genetic regulatory mechanism controlling the
formation of cleistothecia might also control
the formation of sclerotia. The VeA regulatory
system is one of these conserved mechanisms.
The role of VeA was first characterized in A.
flavus by Duran et al. (2007). The absence of
veA resulted in an increase in conidiogenesis
and the inability to produce sclerotia (Duran
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et al. 2007). The requirement of veA for produc-
tion of sclerotia was also demonstrated in
another phylogenetically close AF-producer
species, A. parasiticus (Calvo et al. 2004). In
both species veA was also shown to regulate
the synthesis of AF and other secondary meta-
bolites (Calvo et al. 2004; Duran et al. 2007).

Other elements of the VeA regulatory mech-
anism are also conserved in A. flavus. The LaeA
homolog is necessary for normal production of
conidia and for the production of sclerotia, as
well as for normal secondary metabolism
(Amaike and Keller 2009; Kale et al. 2008). Fur-
ther description of the role of laeA on conidia-
tion was provided by Chang et al. (2012a). The
laeA deletion mutants showed a reduction in
conidial chain elongation, increased production
of conidiophores, and decreased colony hydro-
phobicity compared to the wild type (Chang
et al. 2012a). At transcriptional level, laeA has
been shown to negatively regulate veA in A.
flavus, possibly contributing to maintain the
stoichiometry of the subunits in these multi-
protein complexes necessary to properly per-
form their biological functions. Chang et al.
(2013) also reported interactions among the vel-
vet proteins in A. flavus (Chang et al. 2013). VeA
interacts with both LaeA and VelB, but LaeA
does not interact with VelB. Interactions
between LaeA and VelB with FluG (Chang et al.
2012b, 2013), a developmental regulatory pro-
tein previously described in A. nidulans (Lee
and Adams 1994), were also reported. In this
model organism, FluG is involved in the inacti-
vation of the FadA heterotrimeric G-protein sig-
naling pathway, resulting in inhibition of
vegetative growth and promotion of sexual and
asexual development, as well as production of
the mycotoxin sterigmatocystin (ST) (Hicks
et al. 1997). FadA function was also found to be
conserved in A. parasiticus (Hicks et al. 1997)
and most likely in A. flavus. Initial evidence
supporting a connection between fluG and veA
was previously shown in A. nidulans by Yager
and collaborators (Yager et al. 1998; Mooney
and Yager 1990). Mooney et al. (1990) described
extragenic veA1 suppressor mutations that
restored the light-dependent conidiation that
corresponded to fluG alleles, suggesting a link
between veA and fluG functions. In A. flavus,
FluG has antagonistic role with respect to VeA,

LaeA, and VelB influencing sclerotial formation
(Chang et al. 2012b). While deletion of velB
or veA prevents sclerotial formation, deletion
of fluG results in overproduction of these
structures. In addition, a notable decrease in
condiation and inability to produce AF was
observed in deletion velB strains. Chang et al.
(2013) postulated that a balance among the
interacting proteins VeA, VelB, FluG, and LaeA
is needed to maintain conidiation and sclerotial
formation as well as secondary metabolism
(Chang et al. 2013).

The nutritional environment influences the
veA-dependent regulation of A. flavus conidia-
tion (Duran et al. 2007, 2009). While the dele-
tion veA strain presented greater levels of
conidiation than the wild type when grown on
laboratory media, a decrease was observed
when the mutant was grown on oilseeds,
accompanied by a reduction in colonization
on the host plant substrate. This reduction in
conidiation was also observed in deletion veA
strains of A. parasiticus (Calvo et al. 2004). In
both fungi, veA is required for the production
of sclerotia and AF when colonizing seeds.

B. Aspergillus fumigatus

Aspergillus fumigatus is an opportunistic human
fungal pathogen and the leading cause of inva-
sive aspergillosis, with a mortality rate ranging
between 40 and 90 % among affected immuno-
depressed patients (Dhingra et al. 2012). The role
of veA and other velvet genes in A. fumigatus is
of interest due to their potential effect on pro-
duction of inoculum and virulence factors that
affect fungal infection. Several groups investigat-
ing the role of veA in conidiation reported appar-
ently contradictory results. Krappmann et al.
(2005) described a reduction of conidiation on
nitrate-containing medium in the veA deletion
mutant (Krappmann et al. 2005). Studies by
Dhingra et al. (2012) showed a reduction in con-
idiation accompanied by a decrease in the
expression of brlA in this pathogen (Dhingra
et al. 2012). However, Park et al. (2012a) reported
a notable increase in conidiophore development
in the absence of veA, even when grown in liquid
submerged cultures, suggesting that veA acts as a
negative regulator of conidiation inA. fumigatus.
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Differences in media and culture conditions uti-
lized in these studies could account for the
observed differences.

Transcriptome analysis also further con-
tributed to the elucidation of the broad role of
the veA regulator in A. fumigatus (Dhingra
et al. 2013; Lind et al. 2015), establishing that
the expression of hundreds of genes is influ-
enced by veA in this organism. In addition, a
similar VeA protein interaction pattern to that
described in A. nidulans was also described in
A. fumigatus. Using tandem affinity purifica-
tion, Park et al. (2012b) showed interaction of
VelB and LaeA with the VeA protein. Other
velvet genes were characterized in A. fumigatus.
velB was shown to be a negative regulator of
conidiation, together with vosA (Park et al.
2012b). The A. fumigatus abaA also activates
vosA and velB expression during the mid to late
phase of conidiation. Furthermore, vosA and
velB are also required for proper spore viability
and tolerance to environmental stresses. In
contrast with the clear effect of other velvet
genes on development in A. fumigatus, no
noticeable phenotype associated with the dele-
tion of velC was observed in this fungus (Park
et al. 2012b).

laeA was also characterized in A. fumigatus
(Bok and Keller 2004), where it was reported to
regulate secondary metabolism. Other roles have
also been described for this regulator, among
them are its effects on spore surface and spore
germination, relevant features contributing to
the Aspergillus infection process (Bok et al.
2005; Dagenais et al. 2010). Deletion of laeA
results in decreased virulence (Bok et al. 2005).
Further studies indicate a reduction in RodAp
levels inDlaeA spores (Dagenais et al. 2010). Bok
et al. (2005) also reported that laeA regulates
alb1, a known virulence factor in A. fumigatus
responsible for the formation of conidial pig-
ment. According to these authors, deletion of
laeA causes a delay in alb1 expression. However,
Sugui et al. (2007) did not find a laeA-dependent
regulation of alb1 expression in relation to con-
idiogenesis, but a decrease in alb1 transcription
levels in mycelium. They also did not find
changes in conidial morphology, speculating
that the differences observed in these two studies
could be medium dependent (Sugui et al. 2007).

Perrin et al. (2007) analyzed the transcriptome of
laeA in A. fumigatus. This microarray analysis
indicated that numerous genes are under the
control of laeA; many of them are genes involved
in secondary metabolism.

C. Aspergillus carbonarius

Aspergillus carbonarius is a plant pathogen of
grapes, raisins, coffee, cocoa, peanuts, and
maize (i.e., Battilani et al. 2006; Joosten et al.
2001). A. carbonarius is a main producer of the
mycotoxin ochratoxin A (Creppy 1999; Kuiper-
Goodman and Scott 1989). Deletion of veA
resulted in marked radial grooves, as well as a
decrease in radial growth rate when compared
to wild type. Deletion of laeA results in similar
radial grooves; however, under light condi-
tions, laeA mutants exhibited a slightly faster
growth rate than wild-type strains. Addition-
ally, both deletion mutants presented a
decrease in conidiation independently of light
(Crespo-Sempere et al. 2013). Besides their role
in development, laeA and veA are also involved
in the activation of ochratoxin A genes
(Crespo-Sempere et al. 2013).

IV. Velvet in Fusarium spp.

A. Fusarium verticillioides

The study of the veA homolog FvVE1 in F.
verticillioides was the first characterization of
a velvet gene in a fungal species outside Asper-
gillus (Li et al. 2006) (Fig. 18.3). This mycotoxi-
genic fungus is the most common cause of corn
ear rot worldwide. The absence of FvVE1
results in a suppression of aerial hyphal growth
and reduced colony surface hydrophobicity,
alterations in hyphal polarity and branching,
hyperconidiation, and budding yeast-like
growth in submerged cultures. Deletion of
FvVE1 also increases the ratio of macroconidia
to microconidia, reduces sexual development,
and results in changes in cell wall integrity,
particularly related to mannoprotein content
(Li et al. 2006). Furthermore, Myung et al.
showed that FvVE1 controls secondary metab-
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olism (Myung et al. 2009) and is necessary for
pathogenicity (Myung et al. 2012) in F. verticil-
lioides. Additionally, pull-down studies showed
FvVE1 interactions with other velvet proteins,
FvVelB and FvVelC (Lan et al. 2014). Deletion
of FvVelB presents a similar phenotype to that
described by Li et al. (2006) for FvVE1mutants,
with changes in hydrophobicity and increased
the ratio of macroconidia to microconidia.
Deletion of FvVelC, however, did not show a
phenotype. The laeA homolog, lae1, has also
been found in F. verticillioides (Butchko et al.
2012). Studies of the lae1 transcriptome con-
firmed its role regulating secondary metabo-
lism. However, a developmental role has not
been associated with lae1 in this fungus
(Butchko et al. 2012).

B. Fusarium oxysporum

Through the use of yeast two-hybrid systems, a
preliminary concept of the velvet complex
structure in F. oxysporum was proposed
(Lopez-Berges et al. 2013). According to these
studies, in this fungus VeA interacts with VelB,
VelC, and LaeA. Additionally VelB forms
homodimers or heterodimers with VelC. As
in the case of FvVE1 in F. verticillioides
(Li et al. 2006), velvet modulates development
in F. oxysporum. The absence of F. oxysporum
veA results in a reduction of aerial mycelium, a
decrease in hydrophobicity, an increase in
hyphal branching, and an elongation of conidia
(Lopez-Berges et al. 2013). Also, as in the case
of FvVE1, the presence of osmotic stabilizers

Fig. 18.3 Phenotype of the DFvve1mutant in Fusarium
verticillioides. (a) Colonies of wild type (wt), DFvve1
and complementation strain (com). Water or 1% acid
fuchsin droplets (red spots) were loaded on colony
surfaces. (b) Micrographs of conidia produced by wt

and DFvve1 mutant strain. Bar, 10 mm. (c) Images
obtained from submerged cultures of wt and DFvve1.
Conidia produced under these conditions are indicated
with arrows. Bar, 30 mm (Li et al. 2006)
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(sorbitol) reversed the effects of the veA muta-
tion. The same study also revealed that both
velB and laeA have some common functions
with veA, particularly velB, but less pronounced
(Lopez-Berges et al. 2013), with the exception of
conidial elongation, which was more notable in
the velB mutant than in the veA mutant.
Deletion of laeA also showed a decrease of
hydrophobicity; however, differently from the
veA and velB deletion mutants, it presented a
reduction in microconidia. In the case of DvelC,
conidia were of smaller size and of slightly
increased number compared with the wild
type. This study of F. oxysporum velvet and
laeA genes revealed that veA, velB, laeA, and,
to a lesser extent, velC have some overlapping
and also some distinct roles in the development
of this fungus. Additionally, this study also
shows the role of both veA and laeA in chroma-
tin remodeling, regulating not only develop-
ment but also secondary metabolism and
virulence in plants and animals (Lopez-Berges
et al. 2013; Lopez-Berges et al. 2014).

In A. nidulans a connection between light-
sensing proteins, such as those responsive to
blue light (white collar homologs) or red light
(red phytochrome-like protein), has been
observed (Purschwitz et al. 2008). However,
although the white collar genes have been stud-
ied in several Fusarium spp., a possible link
between these regulators and velvet has not
been investigated in Fusarium. In F. oxysporum
wc1 mutants showed developmental defects,
such as a decrease in aerial mycelium, a reduc-
tion in surface hydrophobicity, a reduction in
light-dependent synthesis of carotenoids and in
UV-dependent photoreactivation, as well as a
decrease in virulence (Ruiz-Roldán et al. 2008).
Some of these phenotypes overlap with those
observed in F. oxysporum veAmutants, suggest-
ing a possible functional connection with veA.

C. Fusarium fujikuroi

Fusarium fujikuroi is a fungus often found on
rice where it causes the bakanae disease, result-
ing in abnormal elongation of the plants, yellow-
ish leaves, decrease in tillering, and sterility
(Desjardins et al. 2000; Sun and Snyder 1981).

Homologs of VeA (FfVel1), VelB (FfVel2), and
LaeA (FfLae1) have been identified and studied
in this fungus. An interaction between FfVel1
and FfLae1 in the nucleus was demonstrated by
bimolecular fluorescence complementation
(Wiemann et al. 2010). The F. oxysporum homo-
logs of VeA and VelB also have similar roles in
development to those originally described for
FvVE1 in F. verticillioides, including effects on
aerial mycelium and pigmentation (Wiemann
et al. 2010). Ffvel1, Ffvel2, and Fflae1 mutants
presented a decrease in the production of micro-
conidia on solid media. All three genes Ffvel1,
Ffvel2, and Fflae1 were relevant for the activa-
tion of secondary metabolism and virulence dur-
ing rice infection. Interestingly, transcriptome
analysis indicated that developmental genes
such as FffluG or FfflbC, homologs of fluG and
flbC first described in A. nidulans (Kwon et al.
2010; Lee and Adams 1994), are under the con-
trol of Ffvel1. Surprisingly, different from A.
nidulans, fruiting body formation increased in
the DFfvel1, suggesting that Ffvel1 is a positive
regulator of asexual development and a negative
regulator of sexual development in F. fujikuroi.

The gene encoding the F. fujikuroi white
collar 1 protein, WcoA, has also been charac-
terized. The wcoA deletion strains showed a
decline in conidial production in both light
and dark conditions. Interestingly, a reduction
in surface hydrophobicity was also observed in
these mutants (Estrada and Avalos 2008). Fur-
thermore WcoA has been shown to regulate the
synthesis of several secondary metabolites.
Whether WcoA function is associated with
VeA is still unknown.

D. Fusarium graminearum

The homologs of A. nidulans veA and velB were
identified in the wheat head blight pathogen
Fusarium graminearum and were denominated
FgVEA and FgVELB, respectively (Jiang et al.
2011; Jiang et al. 2012). Studies have shown that
FgVEA and FgVELB are responsible for several
developmental functions in F. graminearum.
Changes in normal pigmentation, as well as a
reduction in hydrophobicity and amount of
aerial mycelium produced with respect to the
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wild type, were also observed in the case of the
FgVEA and FgVELB mutant strains (Jiang et al.
2011; Jiang et al. 2012). These two mutants also
presented an increase in conidial production.
Additionally, a delay in conidial germination
was detected in the DFgVEA strain. Large lipid
droplets accumulated in the conidia of these
mutants. This, accompanied by gene expres-
sion analysis, indicated that F. graminearum
velvet genes have a role of in lipid metabolism.
Secondary metabolism was also affected in the
absence of FgVEA or FgVELB, specifically
deoxynivalenol biosynthesis, as well as patho-
genicity on flowering wheat head. Jiang et al.
(2012) also identified the homolog of LaeA in F.
graminearum (FgLaeA1). In these studies,
differently from the case of A. nidulans, an
interaction between FgVeA and FgLaeA1 or
between FgVeA and FgVelB proteins was not
found. Furthermore, six different putative
methyltransferases were found to interact with
FgVeA, suggesting a different organization of
the velvet regulatory system in F. graminearum.

A second study also contributed to the
characterization of the veA homolog in F. gra-
minearum, denominated by this research group
as FgVe1 (Merhej et al. 2012). This study also
showed similar results to those described by
Jiang et al. (2012). However the two studies
show a discrepancy regarding the effect of this
gene on conidia production. While Jiang et al.
(2012) reported an increase in conidiation in
the absence of the veA homolog, Merhej et al.
(2012) reported a severe reduction in conidial
production in comparison to the wild type.

A different independent study also investi-
gated the role of FgVelB in asexual development
in F. graminearum (Lee et al. 2012). The
DFgVelB strains lack the ability to produce
fruiting bodies, but retained male fertility. Con-
idiation was delayed but increased compared to
the wild type. The FgVelB transcript greatly
accumulates during sexual development. Tran-
scriptome analysis indicated that velB is
involved in diverse biological functions in addi-
tion to development. Furthermore, infection of
wheat spikes demonstrated that FgVelB is
required for pathogenicity in F. graminearum.

As in the case of FgVeA and FgVelB,
FgLaeA has been shown to regulate morpho-
genesis, sexual development, and virulence in

F. graminearum (Kim et al. 2013a). FgLaeA was
shown to affect pigmentation and production
of aerial mycelium. In the DFgLaeA strain, only
the central part of the colony presents altera-
tions, while the colony edge retains wild-type
phenotype. The oldest part of the colony shows
albinism and a reduction in aerial mycelia
(Kim et al. 2013a). In this albino region, a
decrease in hydrophobicity was observed
(Kim et al. 2013a). Loss of FgLaeA also results
in a decrease of conidiation, particularly in the
dark (Kim et al. 2013a), and precocious produc-
tion of fruiting bodies, accompanied by an
abnormal earlier expression of MAT genes. Vir-
ulence tests also demonstrated that FgLaeA is
necessary for pathogenicity in F. graminearum
on wheat spikes (Kim et al. 2013a). Differently
from Jiang et al. (2012), using a split luciferase
complementation assay, Kim et al. (2013a)
found interaction between FgVeA and FgLaeA
proteins.

Fgwc-1 and Fgwc-2 have also been charac-
terized in F. graminearum. Both deletion
strains show defects in the light-dependent bio-
synthesis of carotenoids and hyperconidia
under conditions nonconducive for wild-type
conidiation, indicating that FgWC-1 and
FgWC-2 regulate asexual development. Addi-
tionally, these genes are necessary for normal
maturity of perithecia (Kim et al. 2013b).

V. Velvet in Other Ascomycetes

A. Neurospora crassa

Developmental differentiation in N. crassa is
dependent on multiple environmental cues,
including light sensed by WC-1 and WC-2-
(Linden et al. 1997; Talora et al. 1999), VIVID
(Crosson et al. 2003; Schwedtfeger and Linden
2003) or veA. In 2008 the N. crassa veA ortho-
log, ve-1, was identified and characterized
(Bayram et al. 2008b). Similarly to the A. nidu-
lans veA deletion strain, the N. crassa DveA
mutant showed an increase in asexual sporula-
tion, indicating that ve-1 acts as a repressor of
conidiation. In addition, this mutant also pre-
sented defects in the formation of aerial hypha
and disturbances in hyphal branching pattern.
Furthermore, ve-1 rescues wild-type pheno-
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types in the A. nidulans DveAmutants, suggest-
ing a similar mechanism of action for this reg-
ulator in both fungal species.

B. Penicillium chrysogenum

Penicillium chrysogenum is the major producer
of the b-lactam antibiotic penicillin in industry
(Hoff et al. 2010). Hoff et al. (2010) studied the
role of PcvelA and PclaeA in development.
PcVelA acts as a negative regulator in light-
dependent conidiation; although conidiophore
morphogenesis is not affected. However,
PcLaeA is involved in modulating conidiophore
differentiation as well as the rate of conidial
production in P. chrysogenum (Hoff et al.
2010). In addition, both PcVelA and PcLaeA
are positive regulators of penicillin biosynthe-
sis, affecting the expression of penicillin genes
(Hoff et al. 2010). Further studies (Kopke et al.
2013) also investigated the velB, vosA, and velC
homologs in P. chrysogenum, PcvelB, PcvosA,
and PcvelC, respectively. PcvelB and PcvosA
promote conidiation, while PcvelC is a negative
regulator in this process. Interestingly, antago-
nistic roles have also been described for mem-
bers of the velvet protein family with respect to
their regulatory role in penicillin biosynthesis
in P. chrysogenum. PcVelC, as well as PcVelA
and PcLaeA, activates penicillin biosynthesis,
while PcVelB has opposite effect (Kopke et al.
2013).

The core of the velvet complex in P. chry-
sogenum was similar to that described in A.
nidulans; PcVelA interacts with PcVelB and
PcLaeA (Hoff et al. 2010). However, other inter-
acting subunits have also been described. These
studies also provided information on the
dynamics of velvet interaction in this fungus.
Yeast two-hybrid system and biomolecular
fluorescence complementation experiments
showed that PcVelA, PcVelB, and PcVosA
directly interact with each other in the nucleus.
In addition, PcVelC interacts with PcVosA and
PcVelA (Kopke et al. 2013), suggesting that in
this fungus both PcVelA and PcVosA function
as keystones to maintain the integrity of these
protein complexes.

C. Acremonium chrysogenum

Acremonium chrysogenum is a major industrial
antibiotic producer of the b-lactam antibiotic
cephalosporin B. Thus far, the veA homolog,
AcveA, is the only member of the velvet genes
to be characterized in this fungus. AcveA was
first characterized by Dreyer et al. (2007). Delet-
ing AcveA results in delayed hyphal fragmenta-
tion, as well as defective hyphal branching
when grown in liquid cultures. Additionally,
AcveA controls the production of the antibiotic
cephalosporin C in this fungus by regulating
the expression of six cephalosporin C biosyn-
thetic genes (Dreyer et al. 2007).

D. Mycosphaerella graminicola

Mycosphaerella graminicola is a dothideomy-
cete that causes Septoria tritici blotch disease in
wheat. A velvet protein homolog of veA has
been identified and characterized in this fun-
gus, denoted MVE1 (Choi and Goodwin 2010).
DMVE1 are albino colonies with abnormal
hyphal swelling. Deletion of MVE1 also nega-
tively affects aerial mycelial formation regard-
less of light conditions and reduces colony
hydrophobicity. Despite the pleiotropic effects
observed in this mutant, no effect on the path-
ogenicity was observed when the fungus was
spray inoculated on wheat (Choi and Goodwin
2010).

E. Dothistroma septosporum

Dothistroma septosporum is another dothideo-
mycete. This fungus is a plant pathogen that
causes disease in conifers, affecting mainly pine
needles. Chettri et al. (2012) identified and
characterized the veA homolog. The Ds-veA
deletion mutants showed a drastic decrease in
conidiation under light or dark conditions.
This was associated with a reduction in the
expression of a putative stuA developmental
regulatory gene. Although a teleomorph of D.
septosporum has been identified, Mycosphaer-
ella pini, sexual development in the lab setting
has yet to be observed, and thus there is no
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information on the effect of Ds-veA on the for-
mation of fruiting bodies. Ds-veA is also a posi-
tive regulator of secondary metabolism in this
fungus, including the synthesis of the myco-
toxin dothistromin. Similarly to the case of M.
graminicola, the absence of Ds-veA did not
affect the capacity of this pathogen to infect
pine seedlings and complete its life cycle.

F. Trichoderma reesei

Trichoderma reesei is an industrially relevant
producer of several monomers utilized to gener-
ate biofuel (Seiboth et al. 2012). This group stud-
ied the laeA ortholog, lae1, and showed that this
gene acts as a positive regulator of conidiation.
Absence of lae1 not only results in a reduction in
conidial production but also in the lack of the
pigment associated with wild-type T. reesei
strains. Overexpression of lae1 results in an
increase in conidiation levels. Conidiation is
not affected by light exposure in wild-type or
Dlae1 strains; however, the increased conidial
phenotype observed in overexpression lae1
strain was only observed in the dark.

Transcriptome analysis also demonstrated
the lae1 is a genetic link between development
and secondary metabolism in this fungus (Sei-
both et al. 2012). Furthermore, chromatin
immunoprecipitation sequencing with antibo-
dies against histone modifications showed
numerous genes exhibiting a correlation
between either H3K4me2 or H3K4me3 and
regulation by LAE1 (Seiboth et al. 2012).
Another study has also revealed that lae1 is
negatively regulated by PKA1 (Karimi-Aghcheh
et al. 2013), similar to the case in A. nidulans
(Bok and Keller 2004). In addition, the T. reesei
LAE1 is required for vel1 expression (Karimi-
Aghcheh et al. 2013). With a yeast two-hybrid
assay, these authors demonstrated that the T.
reesei VeA ortholog, VEL1, interacts with LAE1
(Karimi-Aghcheh et al. 2013). However, T. ree-
sei LAE1 does not interact with the A. nidulans
VeA protein. Furthermore, expression of lae1
in an A. nidulans deletion laeA strain does not
rescue wild-type phenotype, suggesting a dif-
ferent structure for LaeA and LAE1 in these
fungal species.

G. Botrytis cinerea

Botrytis cinerea is an important necrotic plant
pathogen able to infect over 200 crop hosts
worldwide. Two velvet homologs have been
identified in B. cinerea (Yang et al. 2013),
BcVEA and BcVELB. Yang’s group demon-
strated that BcVeA and BcVelB interact in this
fungus, and both function as negative regula-
tors of conidiation. Similarly to A. flavus and A.
parasiticus, B. cinerea produces sclerotia, and
the VeA and VelB homologs also regulate the
production of these resistant structures. These
two regulators are also necessary for full viru-
lence in B. cinerea. Some strains produce bika-
verin. Schumacher et al. (2013) postulates that
BcVEL1 acts as a positive regulator in bikaverin
biosynthesis.

H. Histoplasma capsulatum

Histoplasma capsulatum is a dimorphic fungal
pathogen of animals that presents filamentous
growth in the soil and yeast-like budding in the
mammalian host causing histoplasmosis, a life-
threatening respiratory and potentially sys-
temic disease (Webster and Sil 2008). This
dimorphism is regulated by temperature
changes. Webster and Sil identified genes
encoding orthologs of the velvet family, specifi-
cally vosA, velB, denominated RYP2, and RYP3,
respectively, and demonstrated that these two
regulatory genes are necessary for the charac-
teristic dimorphism of H. capsulatum. RYP2
and RYP3 are differentially expressed in
response to temperature, showing greater
expression at 37�C during yeast-like growth
compared to room temperature, during fila-
mentous growth. Additional studies by this
group revealed that both Ryp2 and Ryp3 are
DNA-binding proteins (Beyhan et al. 2013).

Ryp1, a transcription factor of the WOPR
family, is another Ryp protein involved in ther-
mally driven dimorphism in H. capsulatum
(Nguyen and Sil 2008). Chromatin immunopre-
cipitation studies indicated that Ryp1, Ryp2,
and Ryp3, in addition to their role regulating
the expression of genes involved in the switch
to yeast phase, also regulate a large set of

486 A.M. Calvo et al.



common genomic loci that include virulence
genes directly involved in pathogenicity (Bey-
han et al. 2013). A fourth recently discovered
Ryp, the DNA-associated Ryp4, is also required
for yeast-phase growth and displays interde-
pendent regulation with Ryp1, Ryp2, and
Ryp3 (Beyhan et al. 2013). Beyhan et al. (2013)
also revealed an interaction between Ryp2 and
Ryp3 proteins, and that the presence of both
proteins is necessary for their binding to DNA
motifs, also defined in this study (Beyhan et al.
2013).

In addition, Laskowski-Peak et al. (2012)
analyzed the role of the veA homolog in H.
capsulatum, VEA1, and showed that VEA1 neg-
atively regulates the expression of RYP3. Addi-
tionally, VEA1 is necessary for the production
of cleistothecia in this species (Laskowski-Peak
et al. 2012). Silenced VEA1 strains also switch to
mycelial phase faster, preventing the switch to
the yeast phase once in mycelial phase. Com-
plementation of the A. nidulans veA deletion
mutant with H. capsulatum VEA1 partially res-
cues wild-type morphological and metabolic
phenotype, indicating conserved functionality.
Virulence in mice and macrophages is attenu-
ated in VEA1-silenced strains. These silenced
strains demonstrate increased sensitivity dur-
ing growth under acidic conditions
(Laskowski-Peak et al. 2012).

I. Cochliobolus heterostrophus

Cochliobolus heterostrophus is a plant pathogen
that causes southern corn leaf blight in maize.
Wu et al. (2012) identified and characterized
the orthologs of VeA and LaeA, ChVel1, and
ChLae1, respectively. Under conditions condu-
cive to sexual development, deletion of Chvel1
or either deletion or overexpression of Chlae1
resulted in strains with female sterility. These
results indicate that both Chvel1 and Chlae1 are
positive regulators of sexual differentiation in
C. heterostrophus. The fact that excessive
expression of Chlae1 resulted in sterility sug-
gests that a stoichiometric balance between
ChLae1 and other components in this regu-
latory network would be important to achieve
fertility. Additionally, Chlae1 and Chvel1

mutants also show decreased aerial hyphal for-
mation as well as an increase in asexual sporu-
lation, while overexpression results in fluffy
colonies, revealing their negative regulatory
role in the activation of conidiation while
decreasing vegetative growth (Wu et al. 2012).
In addition, Wu et al. (2012) demonstrated that
both Chvel1 and Chlae1 are important for the
production of secondary metabolites in this
fungus, including T-toxin, and full virulence
during maize infection (Wu et al. 2012).

VI. An Example of Velvet
in Basidiomycetes

A. Ustilago maydis

The basidiomycete Ustilago maydis is a plant
pathogen that is known to colonize maize
crops causing corn smut-forming galls in the
infected tissue (Karakkat et al. 2013). U. maydis
grows in a yeast-like form, producing budding
cells; however, upon infection inmaize, there is a
morphological change to filamentous growth.
After mating of two compatible types, hyphal
branching results in the production of telios-
pores, which spread from the rupture of galls
on the plant surface. Germination of teliospores
results in haploid basidiospores, exhibiting only
one mating type (Karakkat et al. 2013). These
authors identified three velvet homologs, umv1,
umv2, and umv3. Phylogenetic analysis indi-
cated Umv1 to be the homolog of VosA, while
Umv2 and Umv3 are homologs of VelB. Both
deletion umv1 and umv2 mutants showed a
reduction in virulence when inoculated on
maize seedlings. No significant differences on
virulence were observed in Dumv3. Dumv1
strains showed shortened hyphal branches and
failed to produce galls or teliospores when
inoculated onmaize leaves. Dumv2mutants pre-
sented slightly shortened hyphal branches with
respect to wild type, as well as a delay in the
production of teliospores. These results were not
duplicated in adult maize tissue, suggesting that
the roles of Umv1 and Umv2 in pathogenicity
depend on the developmental stage of the host.
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VII. Other Biological Roles Associated
with Velvet

The velvet global regulatory mechanism not
only governs fungal development but also con-
trols other important biological processes. In
this section we will briefly review the influence
of velvet on some of the processes that are
connected to development by this master regu-
latory system unique to fungi.

A. Secondary Metabolism

Fungi have the capacity to produce a wide
range of bioactive compounds called secondary
metabolites or natural products. Some of these
compounds have detrimental effects, for
instance, mycotoxins (i.e., AFs, T-toxin, fumo-
nisins), often found contaminating food and
feed crops, whereas others are beneficial, such
as those used as therapeutic agents (e.g., statins,
antibiotics, and antitumoral drugs). This
attractive side leads to a continuous effort to
increase production as well as to mine new
fungal natural products for pharmaceutical
development. Elucidation of cellular mechan-
isms controlling secondary metabolism could
contribute to reducing the negative effects of
fungi as well as to promoting their positive
impact on human health and the economy.
Velvet is one of the most influential regulatory
mechanisms controlling fungal secondary
metabolism. This work was pioneered by Kato
et al. (2003) when they discovered that A. nidu-
lans VeA, eponymous for the velvet protein
family, is necessary for the production of sev-
eral secondary metabolites, including the
mycotoxin ST and the beta-lactam antibiotic
penicillin, establishing VeA as global regulator
and genetic link between development and sec-
ondary metabolism. This discovery, together
with the fact that VeA is conserved in numerous
fungal species, catalyzed the initiation of many
research studies by other groups that also con-
tributed to the current knowledge of the velvet
regulatory mechanism in A. nidulans and in
other fungi. As mentioned above, not only
VeA but also other proteins of the velvet family

and LaeA have been shown to be unique to
fungi and conserved across fungal genera.
VeA, VelB, VelC, VosA, and LaeA along with
other interacting proteins such as FphA, LreA,
LreB, and LlmF have been extensively charac-
terized in fungi, including their role regulating
the biosynthesis of natural products.

1. Mycotoxins

Mycotoxins are fungal compounds known to
adversely affect health by causing disease or
death in humans and other vertebrates. The
biosynthesis of many of these compounds has
been shown to be regulated by velvet and velvet-
interacting proteins. In the model fungus A.
nidulans, the synthesis of the mycotoxin ST,
which is the penultimate precursor in the bio-
synthetic pathway leading to the formation of
the carcinogenic mycotoxin AF (Bhatnagar et al.
2002; Cary et al. 2000; Payne and Brown 1998;
Sweeney and Dobson 1999; Trail et al. 1995), is
positively regulated by veA, laeA, lreA, and lreB
and negatively regulated by llmF and fphA. In A.
flavus aflatrem, cyclopiazonic acid and AF are
controlled by veA (Duran et al. 2007, 2009). AF
production is also veA-dependent in the closely
related A. parasiticus (Calvo et al. 2004), where it
was shown that veA is necessary for normal
production of aflatoxisomes (Chanda et al.
2009). Other studies reported laeA as a master
regulator of secondary metabolism in A. nidu-
lans and in A. flavus (Bok et al. 2005; Kale et al.
2008). The DlaeA strain did not produce ST or
AF in these two fungi, respectively. In addition, a
metabolomic approach revealed that deletion of
A. flavus laeA negatively affects the synthesis of
other secondary metabolites including kojic
acid, oryzachlorin, and asperfuran, while over-
expression laeA produced metabolites that were
not observed in the wild type such as paspaline/
paspalicine and aflavinines (Kale et al. 2008).

Velvet also regulates the synthesis of natu-
ral products in the most common causative
agent of invasive aspergillosis, A. fumigatus.
This medically important opportunistic patho-
gen has been shown to have the capability to
produce around 226 bioactive secondary meta-
bolites (Frisvad et al. 2009). Among them are
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gliotoxin, identified as a genotoxic and cyto-
toxic metabolite (Nieminen et al. 2002), and a
known virulence factor during A. fumigatus
infection. Dhingra et al. (2013) showed that
gliotoxin genes and concomitant gliotoxin pro-
duction in A. fumigatus is positively regulated
by veA. Furthermore, Dhingra et al. (2013) also
revealed by transcriptome and metabolomic
analyses the broad spectrum of veA regulatory
output in A. fumigatus. The expression of many
other secondary metabolite gene clusters and
their products are also veA dependent, includ-
ing fumagillin, fumitremorgin G, fumigaclavine
C, and glionitrin A (Dhingra et al. 2013). The
production of gliotoxin is also regulated by
laeA in A. fumigatus (Bok et al. 2005). Sugui
et al. (2007) further confirmed this finding.
Perrin et al. (2007) conducted a microarray
analysis that revealed many secondary metabo-
lite gene clusters under the regulation of laeA.

In the plant pathogen Aspergillus carbonar-
ius, veA and laeA homologs positively regulate
the synthesis of ochratoxin A (Crespo-Sempere
et al. 2013), a nephrotoxic, teratogenic, and
immunotoxic mycotoxin (Creppy 1999;
Kuiper-Goodman and Scott 1989).

In F. verticillioides (Butchko et al. 2012; Li
et al. 2006; Myung et al. 2009), well known for
the production of fumonisins and fusarins when
colonizing maize, Myung et al. (2009) demon-
strated that FvVE1 is necessary for production of
these two toxins as well as for the development
of symptoms during maize colonization (Myung
et al. 2012). This study also includes a broad
phylogenetic analysis revealing the extent of
veA conservation in fungi. Butchko et al. (2012)
reported lae1-dependent positive and negative
regulation of the expression of multiple second-
ary metabolite gene clusters. While production
of fumonisins was not altered in the absence of
lae1, bikaverin and fusarin production were
both reduced compared to wild type (Butchko
et al. 2012). In Fusarium oxysporum, the synthe-
sis of beauvericin, a virulence factor in F. oxy-
sporum, as well as the synthesis of siderophores
is positively regulated by veA, velB, and laeA
(Lopez-Berges et al. 2013). Additionally, in
Fusarium fujikuroi, while Ffvel1 and Fflae1 pos-
itively regulate gibberellins, fumonisins, and
fusarin C production, they negatively regulate

bikaverin biosynthesis (Wiemann et al. 2010).
veA, velB, and laeA homologs also play a role
in mycotoxin production in F. graminearum
(Jiang et al. 2011; Jiang et al. 2012; Kim et al.
2013a; Kim et al. 2013b; Lee et al. 2012). FgVEA
positively regulates the biosynthesis of deoxyni-
valenol (DON), a virulence factor in F. grami-
nearum plant infections (Desjardins et al. 1996;
Jiang et al. 2011; Proctor et al. 1995; Seong et al.
2009). Similarly, FgVELB has been shown to
positively affect the biosynthesis of DON and
also zearalenone and trichothecenes (Jiang
et al. 2012; Lee et al. 2012). FgLaeA1 is also
necessary for both DON and zearalenone bio-
synthesis (Kim et al. 2013b). Furthermore, over-
expression of FgLaeA1 produced higher levels of
additional mycotoxins not present in the
DFgLaeA1 strain such as butenolide and cul-
morin indicating that FgLaeA1 is also necessary
for the production of these compounds (Kim
et al. 2013b).

Production of the T-toxin by C. heterostro-
phus is dependent of ChVeA and ChLaeA (Wu
et al. 2012). These proteins promote T-toxin
production, while Llm1 (Bi et al. 2013), the
homolog of LlmF in A. nidulans (Palmer et al.
2013), acts as a negative regulator of T-toxin
production, impacting virulence. ChVel1 and
ChLae1 (Wu et al. 2012) also have a negative
role regulating the formation of melanins, as in
the case of B. cinerea BcVeA and BcVelB
mutants (Yang et al. 2013), and opposite to
Mve1 in M. graminicola where this regulator
promotes melanin (Choi and Goodwin 2010).
Production of the mycotoxin dothistromin in
the pine needle pathogen Dothistroma septos-
porum, similar in structure to the AF-precursor
versicolorin B (Bradshaw and Zhang 2006), is
also positively regulated by the veA homolog,
Ds-veA (Chettri et al. 2012).

2. Antibiotics and Other Medically
Important Fungal Secondary Metabolites

Fungi produce a broad variety of valuable
bioactive compounds, including antibiotics,
cholesterol-lowering drugs, and secondary
metabolites with antitumoral properties among
others. For example, Aspergillus nidulans

Velvet Regulation of Fungal Development 489



produces the b-lactam antibiotic penicillin and
terrequinone A, a compound with antitumoral
properties. Both of these compounds are posi-
tively regulated by veA and laeA (Bok et al.
2006a, b; Bok and Keller 2004; Kato et al. 2003).
Penicillin is industrially produced mainly by P.
chrysogenum, formally known as Penicillium
notatum (Samson et al. 1977). PcvelA, PclaeA,
and PcvelC are positive regulators of penicillin
biosynthesis (Hoff et al. 2010; Kopke et al. 2013),
while PcvelB acts as a negative regulator in this
process (Kopke et al. 2013). The species Penicil-
lium citrinum is another member of the Penicil-
lium genus that produces a secondary
metabolite called ML-236B, which is a substrate
in the cholesterol-lowering drug pravastatin.
Production of these compounds is regulated by
homologs of veA and laeA in this organism
(Baba et al. 2012). In addition, in A. chryso-
genum, another industrially important fungus,
the biosynthesis of the antibiotic cephalosporin
C is regulated by AcveA (Dreyer et al. 2007).

3. Other Industrially Produced Secondary
Metabolites

The industrially important Aspergillus oryzae is
another member of the Aspergillus genus that is
genetically closely related to the opportunistic
plant pathogen A. flavus. A. oryzae, unlike A.
flavus, does not transcribe the AF gene cluster
(van den Broek et al. 2001; Zhang et al. 2004). A.
oryzae is industrially important due to its abil-
ity to produce the secondary metabolite kojic
acid. Kojic acid has also been shown to be
positively regulated by laeA in this fungus
(Oda et al. 2011).

B. Production of Extracellular Enzymes

Many fungi produce a wide array of extracellu-
lar hydrolytic enzymes; some of them could
contribute to host colonization in pathogenic
fungi (Dolezal et al. 2013; Mellon et al. 2007).
For example, in A. flavus extracellular enzymes
allow successful colonization of plant tissue and
acquisition of nutrients from the plant host.
Interestingly, some of these hydrolytic activities
are regulated by veA and laeA (Amaike and

Keller 2009; Duran et al. 2014; Kale et al.
2008). It has been demonstrated that veA, nec-
essary for full virulence during host coloniza-
tion (Duran et al. 2009), is also required for
normal amylase and protease activity (Duran
et al. 2014). laeA, as with veA, is also required
for normal plant colonization (Amaike and Kel-
ler 2009; Kale et al. 2008) and is involved in the
regulation of lipase activity in A. flavus. The
role of veA in regulating hydrolytic activity
has also been described in other Aspergillus
species. A. fumigatus produces many proteases,
some of which have a role in virulence during
animal infection (Bergmann et al. 2009; Jaton-
Ogay et al. 1994; Kolattukudy et al. 1993; Richie
et al. 2009). Dhingra et al. (Dhingra et al. 2012)
showed that veA is necessary for normal prote-
ase activity in A. fumigatus. In industry, the
fungus Trichoderma reesei produces enzymes
such as cellulases that are used to catabolize
polysaccharides into products that are used in
biofuel production (Seiboth et al. 2012). Impor-
tantly, lae1 is necessary for normal expression
of cellulase as well as xylanase genes and con-
comitant enzymatic activity in T. reesei (Sei-
both et al. 2012).

C. Response to Environmental Stresses

Fungi, like many other living organisms, sense
different forms of environmental stresses, such
as nutrient starvation, changes in pH and tem-
perature, light, and oxidative and osmotic
stresses. Biochemical pathways responsive to
environmental stress signals, such as reactive
oxygen species (ROS), have been studied in
depth in the model organisms Saccharomyces
cerevisiae and A. nidulans (Duran et al. 2010;
Furukawa et al. 2005; Hagiwara et al. 2007; Han
and Prade 2002; Hohmann et al. 2007; Kawasaki
et al. 2002; Miskei et al. 2009). Interestingly, in
A. nidulans, VelB and VosA and VeA contrib-
ute to normal responses to UV light and oxida-
tive stress. However, VelB and VosA play a
more relevant role than VeA in response to
these stresses (Sarikaya-Bayram et al. 2010).
This contrasts with A. flavus where VeA plays
an important role in the survival of this fungus
when exposed to an oxidative environment.
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VeA regulates the expression of genes known to
be involved in the response to this stress, affect-
ing the formation of DNA-protein complexes at
the promoter regions (Baidya et al. 2014). In
other fungal species, such as in C. heterostro-
phus, Chvel1 and Chlae1 are also positive reg-
ulators of oxidative stress response (Wu et al.
2012). In F. verticillioides, FvVelB, and particu-
larly FvVE1, has been shown to play a positive
role in the regulation oxidative stress response
(Lan et al. 2014). Response to other environ-
mental stresses, such acidic environment, has
also been associated with veA in H. capsulatum
(Laskowski-Peak et al. 2012).

D. Virulence

Members of the velvet family and interacting
proteins are associated with virulence in some
important fungal pathogens, for example, in the
opportunistic plant pathogen A. flavus (Duran
et al. 2009), A. parasiticus (Calvo et al. 2004),
F. verticillioides (FvVE1) (Myung et al. 2012),
F. graminearium (FgVEA) (Jiang et al. 2011),
F. fujikuroi (Ffvel1) (Wiemann et al. 2010),
B. cinerea (BcVEA) (Yang et al. 2013),
C. heterostrophus (Chvel1) (Wu et al. 2012),
and F. oxysporum (veA) (Lopez-Berges et al.
2013). Some of these fungi, for example,
F. oxysporum, are also opportunistic pathogens
of animals, where veA plays a role in virulence.
Similarly, VEA1 is important in the pathogenic-
ity of H. capsulatum, the causative agent of
histoplasmosis (VEA1) (Laskowski-Peak et al.
2012). Other members of the velvet family, par-
ticularly velB and vosA, also influence viru-
lence, for example, in F. graminearium
(FgVelB) (Jiang et al. 2012), F. fujikuroi
(Ffvel2) (Wiemann et al. 2010), B. cinerea
(BcVELB) (Yang et al. 2013), U. maydis (uvm1
and uvm2) (Karakkat et al. 2013), and H. cap-
sulatum (RYP2 and RYP3) (Beyhan et al. 2013).
laeA has also been linked to virulence, for
instance, in A. flavus (Amaike and Keller 2009;
Kale et al. 2008), A. fumigatus (Bok et al. 2005),
F. graminearium (FgLaeA) (Kim et al. 2013b),
F. fujikuroi (Fflae1) (Wiemann et al. 2010), F.
oxysporum (Lopez-Berges et al. 2013), and C.
heterostrophus (Chlae1) (Wu et al. 2012). Other

velvet-interacting proteins such as Llm1 have
been reported as important for virulence in C.
heterostrophus (Bi et al. 2013). Based on accu-
mulating evidence, it is likely that the velvet
regulatory system plays a role in virulence in
many additional pathogenic fungi.

VIII. Conclusion

Numerous studies have revealed the impor-
tance of the velvet regulatory system in govern-
ing a diversity of cellular processes in fungi.
Investigation carried out with the model fila-
mentous fungus A. nidulans has provided valu-
able insight into this regulatory mechanism
that is conserved in other fungi, particularly in
ascomycetes. These findings led to many addi-
tional studies involving the experimental char-
acterization of putative homologs found in
fungal genomic databases, uncovering the
importance of this regulatory mechanism in
the fungal kingdom. Regulation of development
and secondary metabolism are the two aspects
of velvet regulatory output that have been
investigated in the most depth. The informa-
tion provided in this review extensively reflects
details of the velvetmechanism of action and its
effects on morphological differentiation. Com-
parative studies among Aspergillus species
indicated functional conservation of the velvet
regulatory system regarding conidiation and
formation of fruiting bodies or vestiges of
such structures with remodeled function as
resistant bodies. Interestingly, the velvet regu-
latory output affecting morphogenesis, particu-
larly conidiation, appears strongly influenced
by environmental conditions, such as light or
the nutritional environment.

Although the comparison between the
function of velvet among different fungal spe-
cies shows a clear role in the regulation of
development, it also indicates certain evolu-
tionary plasticity in which this broadly con-
served regulatory mechanism has been
partially rearranged, serving the specific
biological requirements of different fungi
adapted to their respective habitats. These dif-
ferences are noted in variations in their regu-
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latory function as well as in mechanistic differ-
ences, for example, differences in protein inter-
actions among members of the velvet protein
family and with other velvet-associated pro-
teins. The diversity of roles of velvet in fungi
is reflected in the different phenotypes
observed in Aspergillus velvet mutants in com-
parison with those exhibited in mutants gener-
ated in species from other fungal genera. For
example, yeast-like growth or colony hydro-
phobicity, observed in Fusarium or Penicillium
mutants, have not been described in Aspergillus
species. In other species, the involvement of
velvet in developmental processes such as reg-
ulation of dimorphism has been described.
However, the positive effect of velvet on sexual
development is a commonality observed in
numerous fungi. Interestingly, velvet-interact-
ing proteins often present antagonistic roles
with respect to their velvet partners, contribut-
ing to maintain a developmental balance
between asexual and sexual development and
other cellular functions.

It has been well established that the velvet
regulatory system is responsive to environmen-
tal stimuli resulting in an adaptive genetic
response. However, although some studies
have provided insight into how environmental
cues affect the function of velvet, currently this
process is still not well understood and needs
further investigation. Also, recent studies have
indicated direct binding to DNA by some of the
velvet proteins, specifically VelB and VosA.
Future studies could contribute to the detailed
characterization of the dynamics involving
velvet–DNA interactions.

In recent years, several genomic studies
have provided valuable information toward
the understanding of this remarkable regu-
latory mechanism in fungi. Functional genomic
analysis of velvet and velvet-related dependent
genes has revealed a very broad regulatory
spectrum, including the control of develop-
mental genes as well as genes involved in
other processes, such as secondary metabolism,
response to oxidative stress, hydrolytic activity,
and virulence among others. The diversifica-
tion and rewiring of the velvet regulatory sys-
tem is also reflected in its effect on secondary
metabolism. Different fungal species often pro-
duce a distinct signature of natural products;

however, the process is governed by the same
conserved regulatory mechanism. This con-
served regulatory role, combined with our
increasing knowledge of fungal genomes,
makes the velvet system a possible target for
industrial applications to efficiently produce
bioactive compounds of commercial value or
to reduce the synthesis of those secondary
metabolites that are detrimental. In addition,
since velvet has also been linked to hydrolytic
activity in several fungi, it is possible that
manipulation of this system could lead to
greater industrial production of valuable
enzymes. Furthermore, the role of the global
velvet regulatory system on morphogenesis
affects the dissemination and survivability of
many fungi, including pathogenic species.
Lastly, in many cases velvet is important for
virulence. This fact, and the fact that the velvet
system is unique to fungi, could allow for the
design of methodology to decrease the impact
of pathogenic fungi.
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Ovularia, 286

P
PaAtg1, 168
PaClpP, 166
PaCypD, 171
PaDnm1, 167
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Pagidospora amoebophila, 314
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PaMth1, 163
Panaeolus campanulatus, 294
PaParp, 165
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Phanerochaetaceae, 281
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P. chrysosporium, 281, 309
P. pseudomagnoliae, 282

Phellodon niger, 307
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P. radiata, 281, 291
P. rufa, 291

Phlebiopsis gigantea, 271, 282, 291, 315
Pholiota
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P. adiposa, 277, 308
P. alnicola, 277, 294
P. aurivella, 277, 294
P. gummosa, 278, 294, 295
P. highlandensis, 278
P. jahnii, 278, 293
P. lenta, 278, 294
P. lucifera, 294
P. microspora, 278, 292, 311
P. squarrosa, 278, 294
P. squarrosoadiposa, 293
P. squarrosoides, 278
P. tuberculosa, 279, 293
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Phytophthora, 204
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Pleurotaceae, 274
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P. elegans, 291
P. squamosus, 282, 291, 292
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P. varius, 282, 291, 292
Postia

P. brunnea, 306
P. ptychogaster, 306
P. renneyi, 306
P. stellifera sp., 306

Psalliota, 249
Psathyrella, 301, 315

P. candolleana, 301
P. corrugis, 301
P. spadiceogrisea, 301

Psathyrellaceae, 275, 294, 295, 300
Pseudohelicomyces, 286
Psilocybe, 286

P. coprophila, 294
P. cyanescens, 279, 290, 294
P. inquilina, 294
P. merdaria, 279, 294

Pterulaceae, 276
Pterula subulata, 276, 286
Puccinia, 245, 247

P. antirrhini, 187
P. graminis, 186, 187, 337
P. helianthi, 187

Punctularia strigosozonata, 291
Pycnoporellus, 286
Pycnoporus sanguineus, 283
Pycnovellomyces, 286

P. foliicola, 273
Pyronema confluens, 428
Pythium, 221

R
Resinicium furfuraceum, 280, 304
Rhizoctonia, 53

R. cereaiis, 54
R. solani, 54, 56, 137, 141

Rhizophagus irregularis, 214
Rhizophydiales, 33
Rhizopus

R. delemar, 242
R. nigricans, 207
R. oryzae, 51, 52

Rhodonia (Postia) placenta, 308
Rhodosporidium toruloides, 337
Rhodotus palmatus, 307, 308, 314
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Rhynchosporium
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R. orthosporum, 367

Rickenellaceae, 280
Russulales, 271, 283, 304
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Sclerostilbum, 286
Sclerotinia, 53

S. fructigena, 141
S. sclerotiorum, 54, 241, 364, 426

Sclerotium
S. hydrophilum, 136
S. rolfsii, 54

ScMca1, 170
ScMgm1, 168
ScMSRA, 165
ScMSRB, 165
ScRad1, 164
ScRad2, 164
ScRad7, 164
ScSod2, 163
ScTrx1, 163
ScTrx2, 163
ScTrx3, 163
ScUmp1, 165
ScVms1, 166
ScYap1, 159
ScYME1, 166
Serpula lacrymans, 336
shmoo, 415, 436

Simocybe sumptuosa, 294, 309
Sistotrema brinkmannii, 120
Sordaria

S. brevicollis, 365
S. fimicola, 54
S. macrospora, 134, 160, 375, 415, 418, 426, 437

Spicaria violacea, 141
Spiniger, 286

S. conidiophores, 304
Spizellomyces punctatus, 34
Sporotrichum, 286

S. sporodochiale, 281, 286
Squamanita, 306

S. contortipes, 307
S. odorata, 286
S. paradoxa, 307
S. pearsonii, 307

Stagonosporopsis tanaceti, 367
Stereaceae, 284
Strophariaceae, 277, 293, 309
Stropharia rugosoannulata, 294
Subulicystidium, 286

S. longisporum, 316
Syncephalastrum racemosum, 187
Syzygites megalocarpus, 214

T
Taeniospora, 286

T. nasifera, 279
Taiwanofungus camphorates, 271, 280
Tarchonanthus camporatus, 291
Termitomyces, 32, 286, 288, 302, 315
Thamnolia vermicularis, 367
Tilachlidiopsis, 286

T. racemosa, 285
Tomophagus colossus, 281, 306
Trametes

T. hirsuta, 283
T. versicolor, 54

Trichoderma, 53, 240, 246, 247, 457
T. asperellum, 461
T. atroviride, 193, 194, 240, 241, 245, 461
T. harzianum, 461
T. longibrachiatum, 457, 461
T. pleuroticola, 241
T. reesei, 165, 241, 244–245, 413, 457, 486,

490
T. virens, 193–195, 461
T. viride, 54–56
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Tricholoma, 307
T. bakamatsutake, 307
T. matsutake, 307

Tricholomataceae, 279, 291
Triticum aestivum, 69
TrxA, 163
Tubaria furfuracea, 274, 294
Tuber borchii, 245
Typhula

T. graminum, 304
T. incarnata, 279, 304, 315
T. trifolii, 38, 279, 304

Typhulaceae, 279

U
Uromyces phaseoli, 11, 57, 186, 187
Ustilago maydis, 4, 7, 10, 29, 32, 40, 41, 48, 68,

121, 311, 432, 434, 487, 491

V
veA, 240
Velvet, 243
Venturia inaequalis, 141
Vms1, 166

Volvariella
V. volvacea, 341
V. volvaceae, 309

W
Wc, 247
wc-1, 241, 245
wc-2, 242
wcoB, 242
wctB, 242
wctD, 242

Y
YAP1, 159
Yarrowia

Y. lipolytica, 18
Y. lipolytica, 372

Z
Zygomycetes, 411
Zygomycota, 206–218
Zygorhizidium planktonicum, 205
Zygorhynchus moelleri, 212
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Cyclosporine A, 171
Cystidia, 316
Cytochalasin D, 251, 254
Cytochrome, 398
Cytokinesis, 5, 6, 11, 14, 15, 18, 67–73, 76
Cytoplasmic streaming, 30
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Dedikaryotization, 289
Degradation process, 164
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Error catastrophe theory, 169
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Female fertility, 461, 466, 469, 470
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Formation of fruiting bodies, 388
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Free radicals, 157
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Fruiting bodies, 270, 286, 423
Fungal communication, 470
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Fungi, 247
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colony establishment, 134
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transfer of genetic material, 138
transport of resources, 138
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Glycogen synthase kinase, 237
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Hd1 protein, 309
Hd2 protein, 309
Healthy lifespan, 173
Heat-shock proteins, 224
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Heterobasidion
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conidiophores, 305
denticles, 304
heterokaryotic, 304
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basidiospores, 315
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blastospores, 303
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Heterotrimeric G-proteins, 417–419
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function, 112–113
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Histidine kinase, 240
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