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The fungi represent a heterogenous assemblage of eukaryotic microorganisms
and have become favored organisms for research at the cellular and molecular
level. Such research involvement has been stimulated by interest in the
biotechnological application of fungi in processes related to industry, agricul-
ture and ecology. Considering both yeasts and mycelial fungi, THE
MYCOTA highlights developments in both basic and applied research and
presents an overview of fungal systematics and cell structure. Foremost
authorities in research on mycology have been assembled to edit and contrib-
ute to the volumes.
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The Mpycota is an encyclopedic book series published by Springer as a
comprehensive treatise spanning the Fungal Kingdom through a focus on
fungi as experimental systems for basic and applied research. Articles in this
series present introductory information in a comprehensive manner to broaden
our general knowledge, along with state-of-the-art information on selected
topics in fungal biology. Thus, these articles serve as a timeless reference
source for historically relevant discoveries in fungal biology to drive further
advances in the field.

The Mycota was founded in 1994 by Karl Esser and Paul Lemke. Since
then, 15 volumes have been published, with several now in their third edition.
The steadily growing interest in The Mycota, reflected in particular by the high
number of e-book downloads, encouraged Springer to continue this publica-
tion with a new international Series Editorial board beginning in 2022.

Historically, the study of fungi originated as a sub-discipline of botany and
was a largely descriptive discipline until the early 19th century. Subsequent
experimental research has propelled the field of mycology, and achievements
in the genetics and molecular biology of fungi have benefited studies in the
related fields of fungal biochemistry and biophysics, plant pathology, medical
mycology, and systematics. Ground-breaking research has been carried out
using fungi as recognized by the receipt of nine Nobel Prizes, including the
revolutionary 1945 Nobel Prize in Physiology and Medicine for the discovery
of penicillin, and the foundational 2006 Nobel Prize in Chemistry for
establishing the molecular basis of eukaryotic transcription. All such studies
expand our knowledge of fungi and of fungal processes and improve our
ability to understand, utilize, and control fungi for the benefit of humankind.

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 have been found in the
air of extreme environments. Fungi can be variously associated with plants as
symbionts in the form of lichens, mycorrhizae, and endophytes and also occur
as overt pathogens. Association with animal systems varies; examples include
the predaceous fungi that trap nematodes, the micro-fungi that grow in the
anaerobic environment of the rumen, and medically important pathogens
afflicting humans. Currently, taxonomists have identified about 150,000 spe-
cies, but it is thought that over 90% of fungal species remain undescribed,
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with conservative estimates ranging from 2 to 5 million fungal species on
earth.

From this perspective, there are new topics in fungal biology to explore,
which will expand the current volumes and take them in new directions.
Further, there will be new volumes in areas (e.g., Cryptomycota) that were
not covered before.

Our understanding of the evolution of fungi is still incomplete and mainly
based on species that can be grown in culture. But recent environmental DNA
analyses have revealed a highly diverse form of eukaryotic life that branches
with the Fungi, and thus the resulting and highly diverse clades were named
the cyptomycota. The discovery of novel intermediate forms will redefine the
fungal tree of life. Other topics will consider the adaptation of fungi to climate
changes, the occurrence of fungal pathogens in the environment, and the
dispersal of fungi during global pandemics.

Fungal constituents of the microbiome have received much less attention
thus far, yet recent findings from clinical and animal studies clearly establish
fungi as a significant component of the oral, gastrointestinal, pulmonary, and
skin microbiomes. Finally, the relevance of fungal biology to society is
reflected by the increasing number of fungal-related human diseases.

In the history of pharmacology, fungi have always been sources of useful
molecules for humans, but the diversity of molecules that can be obtained
from fungi is still largely under explored. However, efforts in fungal genomics
provide resources for data-driven genome mining and large-scale
comparisons to explore the molecular repertoires produced by fungi. The
result will be new compounds with applications in the pharmaceutical and
agricultural science industries.

Fungi can also help the entire planet and may, for example, be relevant in
specific sectors, such as that linked to pollution from plastic. Fungi produce a
wide range of enzymes that have the potential to break down the chemical
bonds of plastic polymers, and in this context the potential role of marine
fungi in plastic degradation may be of major relevance. Finally, new
biomaterials from fungal species may open the door to alternatives to fossil-
based materials, and thus reduce environmental pollution.

For consistency throughout this series of volumes, the names adopted for
major groups of fungi should be followed according to the following paper,
which gives an overview of all of the orders in the fungal kingdom: https://
pubmed.ncbi.nlm.nih.gov/32660385/

We are grateful to Springer for continuing The Mycota series and are
especially thankful to all of the Volume Editors in selecting topics and
assembling experts from diverse fields of fungal biology.

Sydney, Australia Dee Carter
Delhi, India Anuradha Chowdhary
Durham, USA Joseph Heitman
Bochum, Germany Ulrich Kiick

July 15, 2022
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Since the first edition of Volume XIV of The Mycota, new developments have
affected the scale of and the types of questions that can be asked in fungal
evolution. Various genome sequences and metagenomic sequences allow
questions to be addressed concerning the origin of the fungal kingdom and
fungal evolution at a level of analytical refinement that have never been
possible before. Most of the 13 articles are new contributions to this volume.
The remaining two articles were rewritten and new information have been
introduced to update the overviews.

The second edition of The Mycota XIV provides a selection of state-of-the-
art reviews dealing with major aspects of fungal evolution. The four parts
comprise Evolutionary Roots of Fungi (Chaps. 1-3), Evolution of Pathoge-
netic Strategies (Chaps. 4-6), Evolution of Mutualistic Interactions
(Chaps. 7-10), and Evolution of Metabolism and Development in Fungi
(Chaps. 11-13).

Fungi are among the oldest clades of eukaryotic organisms in the living
world and thus it is important to understand their history and diversification on
the way toward the origin of their more recent sister group, the Metazoa.
Chapter 1 gives an overview about the protistan relatives of animals and fungi.
Dictyostelids were once grouped with fungi because their fruiting structures
are superficially similar. However, these cellular slime molds evolved quite
distinct strategies to reach this mode of species propagation. Chapter 2
describes the cell communication systems that cause Dictyostelid amoebas to
aggregate and that regulate cell-type specialization and cell movement during
fruiting body formation. This part is completed by Chap. 3 about the evolution
of mitochondrial genomes. Fungal mitochondrial genomes are highly variable
while they contain a certain set of conserved genes. When sampling the full
diversity of the fungal tree of life, it is clear that the mitochondrial genome is
constantly rearranging a set of highly conserved genes through the action of
recombination mediated by introns.

Part IT deals with the evolution of pathogenic strategies. Chapter 4 reviews
the evolution of yeast and hyphal dimorphism in fungi, which is often
associated with virulence and pathogenicity. Dimorphic transitions occur
not only in Ascomycota and Basidiomycota but also in Mucoromycotina in
species of the genus Mucor. Chapter 5 provides an overview of recent
research on genome evolution in fungal pathogens. It presents an overview
of drivers of diversification including transposable elements and epigenetic
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modifications regulating pathogenicity factors and genomic defense
mechanisms. Population genomics data revealing short-term dynamics in
plant pathogens are reviewed as well. In plant pathogenic fungi, the interac-
tion with the host plant is the major ecological determinant of fitness and host
switches are a major driver in the diversification of pathogens. Chapter 6
summarizes the current state of knowledge on range expansions and host
jumps in plant pathogens, focusing on (hemi)biotrophic fungi and oomycetes.

The third part focuses on the evolution of mutualistic interactions. Viruses
have a huge impact on their host species, changing host population sizes,
behaviors, and forcing the evolution of complex defensive mechanisms.
Although under study for almost 60 years, the impact of mycoviruses as
hyperparasites of ecologically and agriculturally important pathogens,
symbionts and, potentially, tools for combating diseases and genetic engineer-
ing is just being recognized. Chapter 7 reviews the current knowledge on the
diversity of mycoviruses, their phenotypic impacts on hosts, their mode of
transmission, and impacts on host evolution. Like viruses, bacterial
endosymbionts can influence fungal growth, transcription, protein abundance,
metabolism, and sporulation. The possibility for them to act as mutualists to
their hosts needs to be explored. Chapter 8 gives an overview on bacterial
endosymbionts of Mucoromycota fungi and summarizes the diversity and
function of bacterial and fungal interactions. The endosymbionts fall into two
major groups of bacteria related to Burkholderia and Mycoplasma. Both types
influence the host fungal reproduction and growth.

Filamentous fungi and yeasts are exposed to micropredators in their natural
environment. This predator—prey relationship can impose selection pressure
on both partners. Chapter 9 focuses on micropredators, bacteria, nematodes,
and especially the ubiquitous amoebae that have adapted highly specific tools
to find, engulf, or open fungal cells. It describes laboratory-controlled bipartite
interaction studies aiming to reveal the mechanistic cellular, biochemical, and
molecular details and the coevolution between fungi and micropredators that
have triggered fungal defense mechanisms.

The diversity and distribution of fungal communities play critical roles in
many ecosystem processes. Understanding the extent of global fungal biodi-
versity and the factors that determine it can provide crucial information about
the stability and functioning of ecosystems. Chapter 10 addresses how the
ability to recognize and classify fungi based on appropriate molecular markers
obtained by high-throughput DNA sequencing has opened up the opportunity
to explore the composition and diversity of fungal communities and describes
a unique resource the GlobalFungi database that aggregates numerous studies
of soil fungal communities gathered from high-throughput DNA sequencing.

The last part sets its sight on the evolution of fungal metabolism and
development. Metabolism is one of the key characteristics of life, implicating
that evolution always had an impact on metabolic processes. Studies on fungal
metabolism have traditionally concentrated on metabolites of specific interest,
namely mycotoxins, pathogenicity factors, antibiotics, and other compounds
displaying interspecific activity. Analyses of fungal genomes revealed that
fungi have the potential to produce far more secondary metabolites than have
been identified yet. Chapter 11 summarizes the recent research on the
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activation of silent metabolic gene clusters by mimicking naturally inducing
conditions as well as the elucidation of the ecological roles of secondary
metabolites.

Fungi are able to emit light emission by a luciferin/luciferase chemical
reaction. Chapter 12 reviews the current knowledge on how bioluminescent
fungi have evolved, retained, or lost their luciferase cluster. Genomics has
revealed a single origin of the genes involved in bioluminescence in gilled
mushrooms followed by multiple losses, which was a surprising finding given
the patchy distribution in the mycenoid and marasmioid fungi.

Fruiting body evolution follows a complex pattern, which we are only
beginning to understand. Chapter 13 summarizes evolutionary theories on the
evolution of secotioid and gasteroid basidiomes in the Basidiomycota which
have evolved from gilled forms through changes in the development of the
basidiome such that the hymenium is never exposed. The evolution of this
development is considered to have evolved by paedomorphosis or the reten-
tion of juvenile traits or early stages in the development of agaric mushrooms.

We are very grateful to the authors for their contribution to the second
edition of The Mycota XIV, all are extremely busy; and we appreciate their
willingness to commit valuable time to this project. We hope that the readers
enjoy reading this volume of The Mycota.

Gottingen, Germany Stefanie Poggeler
Ann Arbor, MI, USA Timothy James
January 2023
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Abstract

Fungi and Metazoa (animals) are two major
multicellular kingdoms of life and both are
positioned in the eukaryotic Opisthokonta.
Within the supergroup Fungi and Metazoa
fall into either side of the opisthokont root, in
the major sub-groups Holomycota and
Holozoa. In this chapter, we cover recent
advances in the understanding of opisthokont
biology, in particular looking at their diversity
and where opisthokonts fall in the eukaryotic
tree. Although much uncertainty remains over
how different eukaryotic supergroups are
related to each other, the closest relatives of
Opisthokonta are now widely recognised.

The composition of Opisthokonta has been
revised due to the discovery of new species, as
well as the reassignment of taxa on the basis of
phylogenetic analyses. We consider common
traits and  characteristics found in
opisthokonts. The explosion of genomic and
transcriptomic sequencing since the turn of the
century has allowed the identification of genes
involved in multicellularity in both Metazoa
and Fungi; molecular phylogenies show mul-
ticellularity has independently evolved in
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multiple lineages across the opisthokonts.
Annotated gene complements from species
spanning the group highlight that gene loss
and gain is a dynamic process in the
opisthokonts.

Keywords
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1.1 Introduction

Fungi and Metazoa constitute two of the major
multicellular eukaryotic lineages and a large body
of robust data confirms that they are close
relatives (Brown et al. 2018; Derelle et al. 2015;
Wainright et al. 1993). Together, along with a
number of clades comprising unicellular taxa,
Fungi and Metazoa make up the eukaryotic super-
group Opisthokonta (Adl et al. 2019). This chap-
ter sets out to describe our current knowledge on
the species and biology of the opisthokonts, with
a particular emphasis on the unicellular
representatives.

The composition of Opisthokonta has been
disputed since the existence of the group was
first proposed; however, a more settled view has
emerged within recent years, with between seven
to ten major lineages recognised. In addition to
the  multicellular Fungi and  Metazoa,
Opisthokonta also contains the unicellular
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lineages Choanoflagellates, Filasterea,
Ichthyosporea, and Opisthosporidia, as well as
the nucleariid amoebae (Adl et al. 2019). The
monophyly of Opisthosporidia has been
questioned (Karpov et al. 2014a, b), with
Aphelida potentially forming a clade independent
of the other opisthosporidians (Torruella et al.
2018). A putative ninth taxon, Pluriformea, has
also been proposed (Hehenberger et al. 2017),
but, at present, the relationships between the two
known pluriform species and other opisthokonts
have not been resolved and recognition of the
group is not universal (Torruella et al. 2015).
The most recently discovered independent
opisthokont group is the genus Tunicaraptor,
currently only known by the type species
T. unikontum (Tikhonenkov et al. 2020).

The relationships amongst the opisthokont
groups, and of those of the opisthokonts with
other eukaryotic supergroups, are slowly becom-
ing clearer. We discuss here the major taxonomic
groups  within  Opisthokonta and  their
relationships with each other. It is now clear that
the deepest bifurcation within the opisthokonts
resulted in two major lineages, referred to as
Holozoa and Holomycota (the latter has also
been labelled by authors as the holofungi (Lara
et al. 2009) and Nucletmycea (Brown et al.
2009)). Holomycota is composed of the Fungi,
Opisthosporidia, and nucleariid amoebae (Lara
et al. 2009). Metazoa, -choanoflagellates,
filastereans, pluriformeans, Tunicaraptor, and
the ichthyosporeans are collectively known as
Holozoa (Lang et al. 2002; Shalchian-Tabrizi
et al. 2008).

The lack of any wuniversal diagnostic
characteristics means that membership of
Opisthokonta is often based upon phylogenetic
trees. Early molecular phylogenetic studies of
eukaryotes were prone to generating erroneous
topologies, which lead to conflicting theories on
how groups were related to each other. In partic-
ular, in many studies there was a paucity of spe-
cies for which sequence data were available.
Limited taxa sampling can lead to species being
present on isolated long branches; this, in turn,
may lead to problems when reconstructing
phylogenies due to the phenomenon of long-
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branch attraction (Felsenstein 1978; Hendy and
Penny 1989). When distantly related sequences
share a relatively high number of homoplasies
(shared characters, present due to convergence
rather than common ancestry) the true phyloge-
netic signal may be overwhelmed and long-
branched sequences incorrectly clustered
together. Long-branch effects can also be pro-
duced by unequal rates of evolution; therefore,
when possible, it is advisable to screen taxa and
select those most suitable for phylogenetic recon-
struction. This is not always possible, particularly
in the case of less well-studied eukaryotes where
some lineages are only represented by a single
species. A further problem was that early phylo-
genetic studies mainly relied upon single gene
phylogenies. This was often the small subunit
ribosomal (SSU) RNA gene, which had the
advantages of being ubiquitous across all
domains of life, present in multiple copies per
genome and amplifiable with universal PCR
primers (Medlin et al. 1988). Limitations
associated with single gene phylogenies include
insufficient phylogenetically informative sites
and lineage-specific rate changes which have the
potential to produce long-branch artefacts.

Studies have subsequently shown that increas-
ing the length of alignments, through
concatenating multiple gene sequences, can
reduce long-branch issues (reviewed in Bergsten
2005), as the effects of gene-specific homoplasies
are diluted within the greater volume of data.
Furthermore, increasing the number of taxa in a
phylogenetic analysis reduces the average branch
length across a tree, lessening the impact of long-
branch attraction by dispersing homoplasies
which would otherwise be concentrated on long
internal branches (DeBry 2005; Zwickl and Hillis
2002).

With the advent of high-throughput sequenc-
ing it iS now comparatively inexpensive to
sequence  an  organism’s ~ genome  Or
transcriptome, allowing the generation of phylo-
genetic datasets made up from hundreds of pro-
tein sequences (e.g. see Brown et al. 2018;
Gawryluk et al. 2019; Derelle et al. 2016). This
field of phylogenomics has resolved many previ-
ously unknown relationships within the
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eukaryotic tree; however, artefacts remain a major
issue (Betancur-R et al. 2014; Philippe et al.
2011) and conflicting topologies are still regularly
published in academic papers. The use of
sequences from multigene families can be prob-
lematic unless the chosen genes are carefully
screened. Members of gene families that diverged
when species diverged, termed orthologues, are
suitable for species phylogenetic reconstruction.
In contrast, paralogues, which are the product of
gene duplication events, have different evolution-
ary histories from the species that encode them.
The inclusion of paralogues in datasets used to
create species trees can therefore result in
misleading topologies. Paralogy may be difficult
to identify when gene duplication events are
ancient, or in cases where a gene family is
evolving under weak selective constraint. Further
complications in phylogenetic analyses may arise
due to the choice of the amino acid substitution
model used, as well as the partitioning of
alignments, with incorrect models resulting in
both erroneous relationships and inaccurate node
support values (Philippe et al. 2011; Young and
Gillung 2020).

A well-resolved phylogeny is essential in
order to determine how traits and characteristics
have evolved within groups of species. Due to the
presence of both Fungi and Metazoa, the
opisthokonts have been intensively studied with
regard to the origins of multicellularity. Two
forms of multicellularity are known to have
evolved within eukaryotes. In clonal multicellu-
larity a single initial cell undergoes rounds of cell
division, with the daughter cells remaining
adhered to each other, resulting in a multicellular
organism made up from genetically identical
cells. In aggregate multicellularity, exemplified
by Dictyostelium discoideum (Schilde and
Schaap 2013), genetically unrelated unicellular
individuals of the same species assemble together
to form a multicellular “‘superorganism”.
Although both metazoans and fungi exhibit
clonal multicellularity, they have fundamentally
different developmental pathways and early
opisthokont phylogenies confirmed that multicel-
lularity evolved independently in the two groups,
as both groups are more closely related to

unicellular relatives than each other (Ruiz-Trillo
et al. 2004). As we will set out in this chapter, it is
clear that multicellularity, both aggregate and
clonal, has evolved independently in a diverse
range of opisthokont lineages.

1.2 Opisthokonta

The original Opisthokont group, proposed by
Vischer (1945), unified chytrid fungi with the
choanoflagellates on the basis of both groups
possessing a single posterior flagellum that
pushes swimming cells through water. Gams
(1947) subsequently expanded the group with
the inclusion of Metazoa, under the name
Opisthokonten. In contrast to modern views on
opisthokonts, both Vischer and Gams placed
uniflagellate algae with their groupings. Perhaps
surprisingly, the next amendment of the group,
proposed by Copeland (1956) under the phylum
Opisthokonta, was not a further expansion but to
restrict membership to only chytrid fungi.
Copeland dismissed an evolutionary link between
the chytrids with the choanoflagellates and
metazoans as “far-fetched” and there was limited
acceptance of the group, with debate continuing
over the relationships between the multicellular
kingdoms of animals, fungi, and plants for the
next four decades. The taxon was revived, again
on the basis of morphological characteristics, as
the informal group Opisthokonta by Cavalier-
Smith (1987) to encompass fungi, metazoans,
and the choanoflagellates.

Molecular studies in the 1980s produced
varied and equivocal results on the placement of
both Fungi and Metazoa within the eukaryotic
tree (Gouy and Li 1989; Sogin et al. 1986).
Through a combination of a greater number of
taxa and increasingly sophisticated phylogenetic
analyses, robust molecular support for the
opisthokont group emerged through a trio of
papers in the early 1990s (Baldauf and Palmer
1993; Hasegawa et al. 1993; Wainright et al.
1993). The Wainright et al. (1993) study was of
particular importance, as, in addition to
highlighting the close relationship between fungi
and metazoans, it confirmed, through the



phylogenetic position of choanoflagellates, the
existence of unicellular opisthokonts. Whilst the
Wainright phylogeny recovered a strongly
supported  Opisthokonta, the relationships
between the three represented lineages remained
unresolved.

As the volume of molecular data increased, it
became clear that the opisthokonts harboured
much greater diversity, with multiple unicellular
lineages being closely related to the metazoans
(Cavalier-Smith and Allsopp 1996; Herr et al.
1999; Kerk et al. 1995). The first indications of
unicellular holomycotans were discovered at a
similar time (Edlind et al. 1996; Keeling and
Doolittle 1996); however, clear evidence for uni-
cellular relatives of Fungi was later produced
through the phylogenetic placement of species
that were previously believed to belong to
Amoebozoa and Holozoa (Amaral-Zettler et al.
2001; Brown et al. 2009; Ruiz-Trillo et al. 2004).

Early evidence for the existence of the
opisthokont grouping was based upon morpho-
logical traits. However, as the depth of diversity
in opisthokont lineages has been uncovered, it has
become apparent that there are no recognised
universal morphological characters unique to
this group. The posterior flagellum is not present
in all opisthokont groups; loss of the flagellum
must have occurred on multiple occasions within
both Holomycota and Holozoa (Adl et al. 2019;
Galindo et al. 2021; James et al. 2006). Through-
out the opisthokonts, the morphology of mito-
chondrial cristae is predominantly flat, but this
appears to be a plastic trait, with tubular and
discoidal cristae also present (Adl et al. 2019;
Amaral-Zettler et al. 2001; Ragan et al. 1996;
Wylezich et al. 2012). Nonetheless, the posterior
flagellum and flat cristae are widespread across
the opisthokonts and point to the ancestral states
of the group. The abilities to produce amoeboid
cells and also to engulf particles by phagocytosis
are present in most of the major lineages. More-
over, Metazoa is the only major opisthokont line-
age that does not contain species with cell walls,
and it has been suggested that the last common
ancestor of the opisthokonts also possessed the
potential to produce a cell wall (Mendoza et al.
2002).
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1.3 The Placement
of Opisthokonta

in the Eukaryotic Tree of Life

The improvements in phylogenetic analyses set
out in Sect. 1.2 have also led to a much greater
understanding of the overall eukaryotic tree. For
much of the last two decades, most eukaryotes
were believed to fall into one of seven
supergroups, namely the Alveolata, Amoebozoa,
Archaeplastida, Excavata, Opisthokonta,
Rhizaria, and the stramenopiles. In addition to
the supergroups, a number of minor, or orphan,
groups of uncertain phylogenetic position were
recognised (reviewed in Adl et al. 2005, 2012,
2019). Robust relationships between the
supergroups have been less certain, but the
stramenopiles, alveolates, and rhizarians were fre-
quently recovered as clade known as the SAR
group (Burki et al. 2007). Furthermore, a close
relationship between the amoebozoans and
opisthokonts was also reported (Stechmann and
Cavalier-Smith 2003a, b). As both groups contain
uniflagellate species, the combined Amoebozoa
+Opisthokonta taxon was defined as unikont, a
term originally coined by Cavalier-Smith (2002)
to describe species which possess a single flagel-
lum and single centriole. The remaining eukary-
otic supergroups, which predominantly contain
biflagellate taxa, were labelled as bikonts. It is
now clear that these terms are no longer appropri-
ate, since nested within the unikont grouping are a
small number of biflagellate species such as
Apusomonas proboscidea (Kim et al. 2006;
Vickerman et al. 1974).

Recent findings have cast doubt on the sim-
plicity of the supergroup system (Burki et al.
2020), with neither Archaeplastida nor Excavata
being recovered as monophyletic in large-scale
phylogenomic studies (Cavalier-Smith et al.
2014; Gawryluk et al. 2019; Heiss et al. 2018).
Advances in phylogenetics have also resulted in
the recovery of further novel lineages, such as
Ancyromonadida, = Hemimastigophora,  and
Malawimonadida, which appear to fall outside
of the previously recognised supergroups
(Fig. 1.1). The greatest issue currently hindering
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Fig. 1.1 Representative
cladogram of Eukaryota.
The Amorphea and
Diphoda are written in
black font. Due to the lack
of a resolved root for the
eukaryotic tree, four
lineages, shown by dotted

—— Opisthokonta

grey branches, are of
uncertain position. The
topology is based upon
phylogenies presented in
Brown et al. (2018), Heiss
et al. (2018), Lax et al.
(2018), and Strassert et al.
(2019)
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eukaryotic deep phylogenetics is the unknown
position of the root, or earliest branching point,
of the eukaryotes. Until the position of the root is
established, determining the order of divergence
events and establishing sister groups cannot be
confidently achieved.

Eukaryotes appear to have evolved from a
symbiosis between an alphaproteobacterium and
an Asgard archaeon (Gray et al. 1999; Zaremba-
Niedzwiedzka et al. 2017), with the eukaryotic
crown group estimated to have arisen between 1.6
and 2.5 billion years ago (Parfrey et al. 2011).
This great antiquity leads to long branches posi-
tioned between eukaryotes and archaea in phylo-
genetic trees, with long-branched artefacts pulling
rapidly evolving species to the base of the eukary-
otic group (Brinkmann et al. 2005; Williams and
Embley 2014). Eukaryotic phylogenies created
with bacterial genes tend to recover accepted
eukaryotic supergroups but fail to find a

epoydig

Haptophyta

Archaeplastida
+Cryptophyta

Discoba

consistent root (Derelle et al. 2015; He et al.
2014). A particularly contentious issue with
deep eukaryotic phylogenetics, highlighted in
the He and Derelle studies, is the position of
Excavata. The supergroup is proposed to consist
of three lineages, in Discoba, Malawimonadida,
and Metamonada, all of which contain
multiflagellate species that possess a ventral feed-
ing groove (Adl et al. 2012, 2019). Multiple stud-
ies have both recovered (Hampl et al. 2009; He
et al. 2014) and rejected (Brown et al. 2018; Heiss
et al. 2018) the monophyly of the excavates.
Trees which fail to recover excavate monophyly
often place excavate lineages on either side of the
eukaryotic root (Derelle et al. 2015; Heiss et al.
2018). This raises the possibility of the excavates
being a paraphyletic grouping, with two flagella
and a feeding groove being ancestral traits for all
eukaryotes.



Whilst the position of the eukaryotic root, as
well as the monophyly of the excavate lineages,
remains uncertain, two major domains are now
recognised. The Diaphoretickes consists of the
SAR group, now unified with Telonemia to
form the TSAR clade (Strassert et al. 2019),
Archaeplastida, Cryptista, and Haptista (Adl
et al. 2012, 2019). The relationships between
latter three lineages have yet to be resolved; how-
ever, a number of recent phylogenies suggest that
Cryptista may in fact be a clade within the
archaeplastids (Gawryluk et al. 2019; Strassert
et al. 2019). Derelle et al. (2015) further unified
Diaphoretickes with the excavate Discoba lineage
under the name Diphoda (Fig. 1.1).

The opisthokonts fall into the second major
eukaryotic domain, Amorphea (Adl et al. 2012;
Fig. 1.1). A clade of gliding, biflagellate
heterotrophs termed Apusomonadida (Karpov
and Mylnikov 1989) are robustly recovered as
the sister group to the opisthokonts, highlighting
that the flagellum loss to the uniflagellate state
must have occurred in the opisthokont stem
group. Breviatea (Cavalier-Smith et al. 2004) is
a clade of gliding flagellated amoebae, which may
possess either one or two flagella. The phyloge-
netic position of this group has had something of
a troubled history, being placed initially with
excavates (Cavalier-Smith et al. 2004) and then
amoebozoans (Minge et al. 2009) before being
finally recognised as an independent lineage
related to both the opisthokonts and apusomonads
in the taxon Obazoa (Brown et al. 2013). The
earliest branching Amorphea lineage, and sister
taxon to the Obazoa, is the Amoebozoa (Adl et al.
2019).

The recently proposed CRuMs supergroup,
comprising free-swimming Collodictyonidae,
amoeboid Rigifilida, and the gliding Mantamonas
has been recovered as the putative closest relative
to Amorphea (Brown et al. 2018; Lax et al. 2018);
however, this proposition is controversial due to
the use of unrooted phylogenetic trees and the
uncertainty over the position of the
eukaryotic root.
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14  Holomycota

Molecular phylogenies in the early 1990s con-
firmed that Fungi is a member of Opisthokonta;
however, it was later in the decade that unicellular
close relatives of Fungi were identified. Due to
weak phylogenetic support, early phylogenies
could not differentiate between unicellular
holomycotans being close relatives of, or being
nested within, Fungi (Edlind et al. 1996; Fast
et al. 1999; Gill and Fast 2006; Keeling and
Doolittle 1996). The expansion of known unicel-
lular holomycotan diversity has been mainly
driven by the phylogenetic analysis, and
subsequent taxonomic reassignment, of previ-
ously known taxa, such as microsporidians,
nucleariids, and aphelids. Whilst not universally
agreed upon (Richards et al. 2017), there has also
been a movement of groups from Fungi, into
sister lineages of the group. Two groups of
early-branching holomycotans are recognised, in
the nucleariid amoeba and the opisthosporidians;
however, the latter may be paraphyletic and not a
true clade (Fig. 1.2). At present, there is also no
consensus upon whether opisthosporidians
should be considered members of an enlarged
Fungi kingdom, or whether they should be classi-
fied as the sister group to “true” or “classical”
Fungi. Within this chapter, we refer to
Opisthosporidia as the closest protistan relatives
to Fungi and not as members of the group.

1.4.1  Nucleariid Amoebae

The nucleariid amoebae is the informal name
assigned, initially, to two distinct genera,
Fonticula and Nuclearia, of holomycotans that
were unified through multigene amino acid
phylogenies (Brown et al. 2009). The group is
also known under the formalised synonym
Rotosphaerida, which was originally proposed
as a taxon within Heliozoa (Rainer 1968). As is
the case with numerous unicellular opisthokont
groups, both genera were previously erroneously
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Fig. 1.2 Representative
cladogram of Holomycota.
The holomycotans are
rooted with Holozoa.
Polytomies highlight areas
of uncertainty in fungal
phylogenetic studies and
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assigned to other taxonomic groups before molec-
ular studies placed them within Holomycota.
Nucleariids are slow grazers that can feed on a
variety of organisms depending on the species;
these include unicellular bacteria and algae. It is
suggested that their growth rate may be directly
proportional to the availability of their prey, with
growth most observable after algal blooms
(Dirren et al. 2017).

Discovered over 150 years ago (Cienkowski
1865), to date fewer than 10 nucleariid species
have been described (Lopez-Escardé et al. 2017).
Thriving in both eutrophic and polluted
environments, Nuclearia species can feed on
toxic cyanobacteria owing to their bacterial
endosymbionts which are believed to provide
toxicity protection (Dirren and Posch 2016;
Dirren et al. 2017). All known species have
been isolated from freshwater habitats;
individuals floating within the water column pos-
sess a protoplast (cell body) that is spherical and
non-flagellated, whilst cells in contact with a sub-
stratum become amoeboid. Both forms of proto-
plast exhibit thin filopodia, which are used to
contact bacterial and algal prey prior to phagocy-
tosis (Yoshida et al. 2009). Mitochondrial cristae
are either flattened or discoidal (Amaral-Zettler

et al. 2001; Dykova et al. 2003), whilst species
may be uninucleate, multinucleate, or capable of
switching between the two states (Dirren and
Posch 2016).

Page (1987) and Cavalier-Smith (1993) both
placed Nuclearia into the order Cristidiscoidida,
as members of the amoebozoan phylum
Rhizopoda due to morphological characteristics.
This placement was questioned by Patterson
(1999), on the basis that branching filopodia are
likely to have evolved on multiple occasions
within eukaryotes as well as the unexpected pres-
ence of three mitochondrial cristae morphologies
in the group. Through the use of rRNA phyloge-
netic trees, Amaral-Zettler et al. (2001) placed
Nuclearia within Opisthokonta; however, their
phylogenies could not resolve whether the group
was more closely related to either Metazoa or
Fungi. Ruiz-Trillo et al. (2004) finally robustly
placed Nuclearia as members of Holomycota, as
the then recognised sister group to Fungi.

Fonticula alba was isolated from dog faeces in
1960, but was not named for almost two decades,
until Worley et al. (1979) described the species as
a bacterivorous acrasiomycete slime mold. Indi-
vidual cells are small (7-13 pm), enclosed in a
mucosal glycocalyx, possess mitochondria with
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discoidal cristae, and exhibit pseudopodia that
may project several body lengths from the proto-
plast (Brown et al. 2009). Cells may produce
either filose pseudopodia, when feeding, or a
single lobose pseudopodium when migrating
(Toret et al. 2022). Individual cells predominantly
possess a single nucleus, but larger bi- and
trinucleate cells are infrequently observed in lab-
oratory cultures (Worley et al. 1979). In a form of
multicellularity superficially similar to that
observed in dictyostelid amoebozoans, trophic
cells may form aggregates when local prey
becomes depleted (Worley et al. 1979).
Aggregates become enveloped in a slime-based
extracellular matrix and form into a mound; the
height of the mound increases and subsequently
develops into a globular sorocarp (fruiting body)
on volcano-like stalk. The majority of cells in the
aggregate migrate to the sorocarp and encyst to
become spores; however, a small number of cells
remain at the base of the stalk. After spores have
germinated the stalk structure subsides, allowing
juvenile amoeboid cells to disperse (Worley et al.
1979).

It has recently been discovered that multicel-
lular aggregates also develop when F. alba is
presented with a new prey source (Toret et al.
2022). When encountering a bacterial biofilm a
leader cell directs an elongated collective of
connected cells into the prey. Cell-to-cell contacts
are well defined with regions enriched with actin;
however, individual cells may leave or join the
predatory collective during its migration.

The original description in Acrasiomycetes
was problematic, as F. alba did not appear to be
a member of any known acrasiomycete group
(Worley et al. 1979). Cavalier-Smith (1993)
placed F. alba alongside Nuclearia in
Cristidiscoidia within Filosea; however, Brown
et al. (2009) showed that Fonticula clusters with
Nuclearia as the sister group to Fungi. Morpho-
logical studies have associated a number of other
filose amoebae with the nucleariids (Mikrjukov
1999; Patterson 1985; Patterson et al. 1987). The
monotypic genus Vampyrellidum is similar to
Nuclearia in that cells are surrounded by a muco-
sal glycocalyx. In contrast, species in the genera
Lithocolla and  Pompholyxophrys  possess
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assemblages of scales surrounding the protoplast
(Galindo et al. 2019); Pompholyxophrys taxa pro-
duce their own siliceous scales, whilst in
Lithocolla cells acquire sand particles or diatom
frustules (Gabaldén et al. 2022). Molecular
phylogenies have confirmed Lithocolla and
Pompholyxophrys, as well as Parvularia (origi-
nally deposited in the American Type Culture
Collection as a Nuclearia taxon), as members of
the nucleariid amoebae (Galindo et al. 2019). At
present no sequence data are available for
Vampyrellidum perforans so the taxonomic affin-
ity of this species remains unclear.

Galindo et al. (2019) reconstructed states for
ancestral nucleariid amoebae on the basis of a
multigene phylogeny. They proposed that the
ancestral opisthokont single flagellum was lost
in the stem lineage of the nucleariids and that
last common ancestor was a freshwater protist
that possessed filose pseudopodia and a mucosal
glycocalyx. Aggregate multicellularity evolved in
the Fonticula lineage, whilst scale bearing

evolved an ancestor of Lithocolla and
Pompholyxophrys.

1.4.2 Opisthosporidia

The superphylum Opisthosporidia, which

comprises three endoparasitic lineages in the
Aphelida, Microsporidia, and Cryptomycota (the
latter also described as Rozellida and the
Rozellomycota), was only proposed in 2014 on
the basis of molecular phylogenies (Karpov et al.
2014a). The taxon is a controversial one, as its
placement in Fungi or alternatively the sister
group to Fungi is disputed. Furthermore, the
validity of Opisthosporidia is unclear, as it has
been recovered as paraphyletic in some molecular
phylogenies;  whilst ~ Cryptomycota  and
Microsporidia are recognised as sister groups,
Aphelida has been recovered in a variety of
positions in Holomycota (Corsaro et al. 2014;
Galindo et al. 2019, 2021; James et al. 2006;
Karpov et al. 2014a; Torruella et al. 2018).
Initially described in the 1880s by Balbiani
(1882) microsporidians are a group of predomi-
nantly obligate intracellular parasites. Their
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non-flagellated cells are distinguished by the
presence of a unique structure, the polar tube,
which is present within their spores. Upon
infecting a new host the polar tube breaks through
the chitin-based spore wall and penetrates the
plasma membrane of a host cell, allowing the
unwalled sporoplasm to pass down the polar
tube and enter the cytoplasm of the infected cell.
The sporoplasm, which may be uninucleate or
binucleate, then proliferates within the new host
cells, resulting in a new generation of infective
spores (Franzen 2005; Wadi and Reinke 2020).

The first described microsporidians were
parasites of metazoans, notable for their highly
reduced nuclear genomes, small ribosomes, and
lack of mitochondria (Fast et al. 1999). Cavalier-
Smith (1983) proposed that they were amongst
the earliest branching eukaryotes and placed them
in the kingdom Archezoa along with other
amitochondriate eukaryotes. Rapidly evolving
gene sequences appeared to confirm their antig-
uity (Vossbrinck et al. 1987); however, the use of
more functionally conserved genes showed that
the phylogenetic recovery of Archezoa was an
artefact due to long-branch attraction, with the
microsporidia being either fungi or closely related
to fungi (Edlind et al. 1996; Hirt et al. 1999).

Microsporidians are now known to associate
with non-metazoan hosts, acting as
endosymbionts and hyperparasites for multiple
species in the SAR eukaryotic supergroup (Bass
et al. 2018). Phylogenetic studies including envi-
ronmental DNA (eDNA) have uncovered a far
greater diversity of microsporidians than was pre-
viously known (Bass et al. 2018; Bojko et al.
2022). It is now clear that many of the traits
present in the “canonical” or long-branch
microsporidians, which infect metazoans, are
absent in other lineages. In particular,
mitochondria are widespread outside of the
canonical  microsporidians.  The  derived
Paramicrosporidium saccamoebae possesses a
mitochondrion which has a genome similar to
those of typical fungi (Quandt et al. 2017). In
contrast, the early-branching Mitosporidium
daphniae has lost the genes for the mitochondrial
respiratory chain complex I, highlighting inde-
pendent mitochondrial reduction occurring across
Microsporidia (Haag et al. 2014).

1

Despite being recognised in 2011, the
Cryptomycota remain an enigmatic group within
Holomycota with the composition of the group in
a state of flux (Bass et al. 2018; Corsaro et al.
2014; Jones et al. 2011; Letcher et al. 2013).
Rozella is the most extensively studied genus
within Cryptomycota, with 27 species recognised
by Letcher and Powell (2018). Species possess
uniflagellated, unwalled zoospores and were for a
long time considered to be chytrid fungi (Adl
et al. 2005; James et al. 2006); however, rozellids
differ from chytrids in that they employ phagocy-
tosis to consume the cytoplasmic contents of their
hosts, rather than osmotrophic absorption of
nutrition (Powell 1984). Host species include
early-branching fungi, as well as green algae
and oomycete stramenopiles (Letcher and Powell
2018). Upon contact with a new host cell the
Rozella zoospore withdraws its flagellum and
forms a cyst which possesses a chitin-based
wall. The infective cell then enters the host cell
via a penetration tube (James and Berbee 2012).
Sequencing of the R. allomycis mitochondrial
genome revealed a 12 kb circular chromosome
that has undergone extensive gene loss and a loss
of functional constraint on the remaining genes
(James et al. 2013), mirroring the reduction of
mitochondrial genomes observed in the closely
related microsporidians.

The initial proposal of Cryptomycota by Jones
et al. (2011) was based in part upon a phyloge-
netic analysis which contained a large number of
eDNA sequences. This tree, as well as a number
of others published in the 2010s, indicated that
Cryptomycota possessed a high level of species
diversity (Corsaro et al. 2014; Karpov et al.
2014a, b, 2018). The inclusion of early-branching
microsporidian sequences in phylogenetic trees,
however, revealed that much of this diversity was
not actually cryptomycotan but microsporidian
(Bass et al. 2018; Bojko et al. 2022), suggesting
that the diversity of the group may not be much
greater than the Rozella taxa which have currently
been described.

The aphelids are parasites of archaeplastid and
stramenopile algae and show a number of
similarities with rozellids with regard to their
infection of host cells. Infective propagules
make contact with host cells and their
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pseudopodia search for a break in the algal cell
wall. The propagule subsequently forms a cyst
with a chitin-based wall and develops a penetra-
tion tube at the site of the hole in the host cell
wall. The alga is breached by the tube, allowing
the amoeboid trophic stage to pass from the cyst
into the host cytoplasm. The aphelid
phagocytoses the alga cytoplasm, ultimately kill-
ing the host cell, and undergoes nuclear division
to become a plasmodium. Multiple rounds of cell
division subsequently occur to produce the next
generation of uninucleate zoospores which then
emerge through the host cell wall via the hole
produced by the penetration tube (reviewed in
Karpov et al. 2014a; Letcher and Powell 2019;
Torruella et al. 2018).

The type species Aphelidium deformans was
described by Zopf (1885) and subsequently
14 further species have been described (Letcher
and Powell 2019). Aphelid taxa have been
assigned to four ecologically distinct genera:
Amoebaphelidium and Aphelidium are freshwater
genera and Paraphelidium and Pseudaphelidium
form marine genera (Letcher and Powell 2019).
Whilst all described rozellids possess flagellated
zoospores, aphelid infective cells may be flagel-
lated, amoeboflagellated, or amoeboid cells with
an immobile flagellum (Letcher and Powell
2019). Studies suggest that mitochondrial cristae
morphologies may vary across species and also
between the different stages of lifecycles, with
flat, tubular, and lamellar cristae reported (Karpov
et al. 2014a; Letcher et al. 2013).

The taxonomic placement of aphelids has
proved to be controversial, with varying authors
considering them to be members of Rhizopoda,
Phycomycetes, Mesomyceteozoea, Rozellidea,
and Cryptomycota (Gromov 2000; Karpov et al.
2014a; Letcher et al. 2013; Letcher and Powell
2019). Karpov et al. (2013) recovered
Amoeboaphelidium protococcarum in a clade
with the cryptomycotan Rozella allomycis and
nine  microsporidians, with  the taxon
Opisthosporidia erected the following year
(Karpov et al. 2014a). More recent phylogenomic
studies have placed Aphelida as the sister group
to Fungi and on this basis Galindo et al. (2022)
proposed two novel holomycotan taxa.
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Phytophagea unifies Fungi with Aphelida, whilst
Cryptomycota and Microsporidia make up
Opisthophagea.

1.4.3 Fungi

Fungi are a highly diverse group of heterotrophs,
which may be saprotrophs, commensal
symbionts, or parasites; species employ
osmotrophy, gaining nutrition through absorption
from their environment. Fungi often produce mul-
tinucleate hyphae and possess cell walls that com-
prise both B-glucan and chitin (Adl et al. 2019;
Cavalier-Smith 1998a). In a process that appears
to be mirrored in Metazoa and Microsporidia the
mitochondrial genomes of fungi are reduced in
comparison to the ancestral state of opisthokonts,
typically encoding 30—40 genes. This reduction in
mitochondrial genome size and gene content has
been shown to have begun in the fungal stem
group, but is a continuing process in the crown
group (Bullerwell and Lang 2005). Within the
early-branching  Neocallimastigomycota  the
capacity for oxidative phosphorylation has been
completely lost and the mitochondrion has
evolved into a hydrogenosome; this organelle
produces ATP  anaerobically and has
convergently evolved in eukaryotes on multiple
occasions (Embley et al. 2003). Some members
of Chytridiomyceta have also undergone tRNA
gene loss in their mitochondria and rely upon
extensive tRNA editing or the import of tRNA
molecules into mitochondria in order to facilitate
localised protein translation (Bullerwell and Lang
2005).

The taxonomy of Fungi has undergone sub-
stantial revisions since the turn of the century, due
to molecular phylogenetic studies. In particular,
the number of phyla has increased considerably
from the four generally recognised in the 1990s,
in the Ascomycota, Basidiomycota,
Chytridiomycota, and Zygomycota, to between
8 and 18 phyla (Galindo et al. 2021; James et al.
2020; Tedersoo et al. 2018). The disagreements in
the number of phyla are predominantly due to the
taxonomic rank assigned, either phylum or
sub-phylum, to fungal groups, rather than the
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validity of the groups themselves. However,
disagreements over phylum number are also due
to classification systems, such as that proposed by
Tedersoo et al. (2018), which include
opisthosporidian groups as fungal phyla.

The Ascomycota and Basidiomycota remain
recognised as valid taxa, but the early-branching
Chytridiomycota has now been split into
Cryptomycota, Blastocladiomycota,
Monoblepharidomycota, Neocallimastigomycota
and Olpidiomyceta, as well as a reduced
Chytridiomycota (James et al. 2020; Spatafora
et al 2016). The  Chytridiomycota,
Monoblepharidomycota, and
Neocallimastigomycota have been shown to
form a monophyletic grouping and make up the
subkingdom Chytridiomyceta. The former
Zygomycota has now been divided into the
Mucoromycota and Zoopagomycota (Fig. 1.2;
James et al. 2020; Spatafora et al. 2016). The
branching order of the non-Dikarya fungi has
yet to be resolved, with Blastocladiomycota,
Chytridiomyceta, or a unified
Blastocladiomycota+Chytridiomyceta clade
being recovered as the earliest branching fungal
lineage in different studies (Chang et al. 2015;
Galindo et al. 2021; Tedersoo et al. 2018).

The subkingdom Dikarya, also described as
Neomycota (Cavalier-Smith 1998b), is defined
by species that possess cells with unfused haploid
nuclei called dikaryons. Dikarya contains the two
major fungal phyla  Ascomycota and
Basidiomycota and encompasses ~98% of
known fungal diversity (James et al. 2006). A
recent phylogenetic study erected a third dikaryon
phylum in Entorrhizomycota, a group which had
previously been considered a member of the
Basidiomycota (Bauer et al. 2015). The
Mucoromycota are now recognised as the sister
clade to Dikarya (James et al. 2020).

A robust phylogeny of Fungi is vital in order to
understand how the group evolved. Phagocytosis
was ancestral to opisthokonts, and the trait is
present in early-branching holomycotans, includ-
ing the opisthosporidians, but absent from all
fungi, indicating it was lost in the stem lineage

13

after the divergence of Fungi from Aphelida. The
ancestral single flagellum is present in early-
branching fungi; however, it has been lost on
multiple occasions across the kingdom. Within
Chytridiomyceta, Hyaloraphidium
appears to be aflagellate (Ustinova et al. 2000),
highlighting a loss within early-branching taxa.
Sanchytriomycota is a novel phylum erected to
accommodate two recently discovered flagellated
early-branching fungi (Karpov et al. 2018,
2019b). Unusually, their flagella are non-motile,
with evidence indicating that the structure has
evolved to become a light sensing organelle
(Galindo et al. 2021). Species within Dikarya,
Mucoromycota, and Zoopagomycota all appear
to lack a flagellum (James et al. 2006); however,
their  relationships  with  the flagellated
Olpidiomyceta remain uncertain. As a result, it
is not clear if the ancestral flagellum was lost
within these species on one or two occasions.

Whilst a comprehensive phylogeny of the
deepest branches of Fungi has yet to be agreed
upon, initiatives such as the Joint Genomes
Initiative’s MycoCosm program are generating
the data required for an accurate reconstruction
of ancestral fungal and holomycotan metabolism
as well as a resolved phylogeny of the group.

curvatum

1.5 Holozoa

The second major lineage of Opisthokonta,
Holozoa, was proposed in 2002, on the basis of
the phylogenetic unification of Metazoa with two
unicellular groups, in the choanoflagellates and
ichthyosporeans, to the exclusion of Fungi (Lang
et al. 2002). Since this initial proposal the known
diversity of the clade has expanded, with the
identification of the filasterean group (Shalchian-
Tabrizi et al. 2008). Two additional putative
lineages have recently been described in
Pluriformea (Hehenberger et al. 2017) and
Tunicaraptor (Tikhonenkov et al. 2020); how-
ever, neither of these groups have robustly
resolved phylogenetic positions and their validity
has not been confirmed.
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1.5.1 Ichthyosporea

The ichthyosporeans are an ecologically and mor-
phologically diverse group of predominantly par-
asitic, unicellular holozoans. The first reports of
this clade came from Ragan et al. (1996) and
Spanggaard et al. (1996), with the former naming
the group the DRIP clade as an acronym based on
the first known members—Dermocystidium,
rosette agent, Ichthyophonus, and
Psorospermium. Cavalier-Smith (1998a)
described these species as Ichthyosporea, due to
the four known species all infecting fish hosts.
Herr et al. (1999) noted, however, that non-fish
hosts had subsequently been discovered and so
recommended the name Mesomycetozoa to
reflect the phylogenetic position of the group,
that is holozoans located between Fungi and
Metazoa. Adl et al. (2005) expanded
Mesomycetozoa to include unicellular holozoans
and holomycotans; however, this status, as a
paraphyletic dustbin taxon, was not widely
accepted and the term Mesomycetozoa has gener-
ally reverted to being a synonym of
Ichthyosporea.

A lack of unifying morphological characters
means that membership of Ichthyosporea is
mainly based upon molecular phylogenies. Prior
to the emergence of molecular phylogenetics, a
number of ichthyosporean taxa, such as species in
the Amoebidiidae and Eccrinidae, were consid-
ered to be trichomycete fungi; however, these
earlier placements were considered somewhat
controversial at the time due to the presence of
amoeboid stages in their lifecycles and a lack of a
chitinous cell wall (Lichtwardt 1986; Trotter and
Whisler 1965).

All known ichthyosporeans are symbionts of
metazoans, with relationships varying between
commensalism, mutualism, and parasitism; how-
ever, there has also been speculation that some
species have saprotrophic stages within their
lifecycles (Glockling et al. 2013; Mendoza et al.
2002). Species are unicellular and frequently mul-
tinucleate, exhibiting a great variety of
morphologies. Across the group mitochondrial
cristae are flat, with a single known exception in
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Ichthyophonus hoferi which possesses tubular
cristae (Ragan et al. 1996). Phylogenetic studies
have consistently recovered the ichthyosporeans
as comprising two robustly supported clades,
labelled Ichthyophonida and Dermocystida
(Cafaro 2005; Grau-Bové et al. 2017; Lohr et al.
2010; Pereira et al. 2005) that are both morpho-
logically and ecologically distinct.

Erected by Cavalier-Smith (1998a), the order
Dermocystida has also been described as the fam-
ily Rhinosporidiaceae (Mendoza et al. 2001).
Most described species are parasites of
vertebrates; however, the host species and site of
infection vary across dermocystid species.
Dermocystidium and Sphaerothecum species
infect fish, with the latter apparently restricted to
infecting internal organs whilst the former may
additionally be found on external structures, such
as gills and fins (Glockling et al. 2013; Ramaiah
2006). Rhinosporidium species cause
rhinosporidiosis (Thompson 2016), a disease
resulting in granulated polyps in the sinonasal
tract, conjunctiva, and urethra in mammals and
birds (Kennedy et al. 1995; Seeber 1900). Six
genera of dermocystids are known to infect
amphibians, predominantly infecting the skin
but also being associated with the heart and liver
(reviewed in Borteiro et al. 2018).

The infectious agents of dermocystids are
endospores. Fish parasites tend to have
uniflagellate zoospores, whilst flagellum loss
appears to have occurred in species with amphib-
ian hosts (Glockling et al. 2013). Upon infecting a
new host the endospore encysts and produces a
walled sporangium (cyst) in the host. The
sporangia then increase in size to 200-400 pm
in diameter, whilst cells undergo division to pro-
duce thousands of zoospores. Endospores range
across 7—-15 pm diameter (Herr et al. 1999) and
are either released directly into the tissue of the
original host or into the environment to infect a
new host (for a review of the life cycle, see
Mendoza et al. 2002). Whilst Dermocystida is
consistently recovered as monophyletic, the inter-
nal relationships within the clade are poorly
resolved (Fig. 1.3; Gonzéalez-Hernandez et al.
2010). As a result of this lack of phylogenetic
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Fig. 1.3 Maximum likelihood phylogeny of Ichthyosporea.
The phylogeny was created with RAXMLGUI 2.0 (Edler
et al. 2020) from a SSU RNA alignment of 1538 sites
sequences generated in MAFFT 7.309 (Katoh and Standley
2013). The phylogenetic analysis used the TIM2 model
(Posada 2003) with a four-category gamma distribution and
a proportion of invariant sites. Support values were calcu-
lated as bootstrap percentages from 1000 replicates. A
Bayesian inference phylogeny was created using the same

alignment with MrBayes 3.2.6 (Ronquist et al. 2012) The
ichthyosporeans are rooted with SSU sequences from four
choanoflagellates  (Diaphanoeca  grandis, ~Monosiga
brevicollis, Savillea parva, and Stephanoeca diplocostata).
Asterisks highlight nodes strongly supported with both
methodologies (>70% maximum likelihood bootstrap per-
centage, >0.97 Bayesian inference posterior probability).
The scale bare represents the number of substitutions per
site. Family names are taken from Reynolds et al. (2017)
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definition, to date it has been difficult to recon-
struct the evolution of observed traits within the
order.

In contrast to Dermocystida, phylogenetic
relationships within Ichthyophonida are well
resolved and the order is made up from multiple
recognised families (Fig. 1.3; Glockling et al.
2013). Whilst vertebrate parasitism is prevalent
in the dermocystids, only two genera of
ichthyophonids are known to have vertebrate
hosts. Anurofeca richardsi is a gut pathogen of
frogs and toads and infection results in inhibited
larval growth (Baker et al. 1999; Beebee and
Wong 1992); Ichthyophonus species are also
known to parasitise a range of amphibians, as
well as both freshwater and marine fish hosts
(Herman 1984; Raffel et al. 2006; Rowley et al.
2013). The majority of the investigated
ichthyophonids associate with arthropods and
molluscs, although species also infect
echinoderms, peanut worms, and tunicates
(Lu et al. 2020; Marshall and Berbee 2011,
2013; Reynolds et al. 2017). Not all
ichthyophonids are believed to be parasitic;
despite its name, the arthropodophilous
Amoebidium parasiticum 1is a non-pathogenic
symbiont which attaches itself to the external
exoskeleton of its insect hosts (Benny and
O’Donnell 2000). A further contrast to
dermocystids is found in the morphology of the
motile dispersal stage. Flagellated cells have yet
to be reported, with all motile dispersal cells
showing an amoeboid morphology (Mendoza
et al. 2002). However, amoeboid dispersal cells
are not universal across the group and appear to
have been lost on multiple occasions (Lord et al.
2012; Reynolds et al. 2017).

The well-resolved phylogeny of
Ichthyophonida allows the evolutionary recon-
struction of traits in the group. In particular, it
can be seen that Anurofeca and Ichthyophonus,
the two genera known to parasitise vertebrate
hosts, are distantly related (Fig. 1.3), showing
that ichthyophonids have undergone at least two
transitions from non-vertebrate to vertebrate
hosts. Based upon their phylogenetic trees,
Reynolds et al. (2017) speculated that the
ancestors of Ichthyophonus were externally
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attached commensals of non-vertebrate hosts
that subsequently evolved into internal parasites
of vertebrates.

Whilst the monophyly of Ichthyosporea is
widely accepted, the relationships of the group
with other holozoans are far from resolved. Since
the recognition of the group in 1996 many studies
have recovered the ichthyosporeans as both an
independent lineage and the earliest branching
group in Holozoa (Hehenberger et al. 2017,
Paps et al. 2013; Ragan et al. 1996; Torruella
et al. 2012). However, discoveries of novel
holozoans in recent years have clouded this
view and the identities of the most basal holozoan
group and the closest relatives of the
ichthyosporeans are not presently clear (Grau-
Bové et al. 2017; Tikhonenkov et al. 2020;
Torruella et al. 2015).

1.5.2  Pluriformea

One of two enigmatic holozoan taxonomic
groups Pluriformea was only erected in 2017
and, at present, contains two highly disparate
species (Hehenberger et al. 2017). The first spe-
cies identified in the group, Corallochytrium
limacisporum, is a unicellular saprotroph isolated
from coral lagoons in the Arabian Sea (Raghu-
kumar 1987). To date flagellated cells have not
been observed; however, transcriptome analyses
have shown presence of the genes required for
flagellum assembly (Torruella et al. 2015),
suggesting that the C. limacisporum may possess
more morphological diversity than that witnessed
in laboratory cultures. Like most opisthokonts the
mitochondria of C. limacisporum possess flat
cristac (Mendoza et al. 2002). Mature cells are
spherical, ranging from 4.5 to 20.0 pm in diame-
ter, and possess a filamentous cell wall that
contains multiple pores (Cavalier-Smith and
Allsopp 1996; Mendoza et al. 2002). Cell divi-
sion occurs within the cell wall, resulting in the
release of up to 32 elongated, amoeboid daughter
cells (Mendoza et al. 2002). The juvenile cells
show motility via a slow rocking movement
(Cavalier-Smith and Allsopp 1996). Unlike
many eukaryotes, cell division is decoupled
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from nuclear division and C. limacisporum is
binucleate for most of the lifecycle as observed
in laboratory cultures. The majority of binucleate
cells undergo cell division to produce uninucleate
daughter cells; however, approximately 1% of
observed binucleate cells continue to undergo
nuclear division to produce multinucleate
coenocytes. Coenocytes eventually bud off
daughter cells to return to a uninucleate state
(Kozyczkowska et al. 2021).

Upon its discovery C. limacisporum was
described by Raghu-kumar (1987) as a
thraustochytrid. Cavalier-Smith and Allsopp
(1996) disputed this classification, on the basis
that C. limacisporum lacks any of the diagnostic
morphological characters of either
thraustochytrids or fungi. With a SSU rRNA
phylogeny, they recovered C. limacisporum as a
holozoan and a close relative of the
choanoflagellates. Later multigene phylogenies,
based upon three or four genes, provided
conflicting positions with C. limacisporum recov-
ered as a close relative of either choanoflagellates
or ichthyosporeans (Carr et al. 2008; Ruiz-Trillo
et al. 2006; Steenkamp et al. 2006). Torruella
et al. (2015) found a sister relationship between
two strains of C. limacisporum and the
ichthyosporeans, as the earliest branching group
of Holozoa, and suggested the name Teretosporea
(meaning “rounded spore”) for this basal clade.

The discovery of Syssomonas multiformis, as a
close relative of C. limacisporum in 2017, led to
the proposal of the Pluriformea clade
(Hehenberger et al. 2017). S. multiformis, a fresh-
water unicellular holozoan isolated from a pond
in Vietnam, shares very little morphological or
ecological similarities with C. [limacisporum.
S. multiformis can switch between amoeboid
and amoeboflagellate cells, as well as form cysts
and multicellular clusters. The species is a preda-
tor, which ingests the cytoplasmic content of
eukaryotic prey cells (Hehenberger et al. 2017).
A 225-gene phylogenetic analyses placed
Ichthyosporea as an independent basal holozoan
lineage, with Pluriformea being recovered in a
more derived position; however, the authors
acknowledged their datasets could not exclude
the possibility of an enlarged Teretosporea clade
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made up from Ichthyosporea+Pluriformea
(Hehenberger et al. 2017).

1.5.3  Tunicaraptor

The second, and most recently described, of the
enigmatic holozoan lineages, Tunicaraptor, was
only discovered in 2020 and is represented by a
single species in 7. unikontum (Tikhonenkov
et al. 2020). Isolated from marine waters from
the coast of Chile, T. unikontum is a small
(3.5-5.1 pm in length) predator of unicellular
eukaryotes. As with the pluriform
S. multiformis, T. unikontum exhibits a broad
range of morphologies. Observed cells are pre-
dominantly uniflagellate, with most of the cell
enclosed in a rigid theca that possesses long
hair-like structures. The flagellum protrudes
from the posterior end of the theca, whilst an
anterior aperture of the theca exposes a mouth-
like structure. To date no other unicellular
opisthokonts are known to possess a feeding
mouth, although superficially similar structures
are widespread amongst biflagellate eukaryotes
(Steinert and Novikoff 1960; Verni and Gualtieri
1997). Short filopodia may exude from the proto-
plast and aggregations of 3—6 cells have been
observed, particularly during feeding.

Despite the availability of a full transcriptome,
the phylogenetic position of 7. unikontum has not
been established. Indeed, the inclusion of
T. unikontum genes into phylogenomic datasets
leads to  instability in  phylogenetic
reconstructions of Holozoa. Tikhonenkov et al.
(2020) presented a consensus Bayesian inference
tree placing the Tunicaraptor genus as a sister
group to a clade comprising Metazoa,
Choanoflagellatea, and Filasterea. However, the
authors acknowledged that this position was not
well supported and their own maximum likeli-
hood phylogeny using the same data united
Tunicaraptor in a weakly supported clade with
Filasterea, Ichthyosporea, and Pluriformea. Addi-
tional analyses by Tikhonenkov et al. (2020),
varying both the number of genes and taxa,
resulted in poorly resolved phylogenies with no
consistent placement of T. unikontum.
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1.5.4 Filasterea

As with most of the taxonomic groups within
Holozoa, Filasterea is a clade based upon phylo-
genetic relationships, with member species
harbouring a high level of morphological and
ecological diversity. Erected in 2008 by
Cavalier-Smith (Shalchian-Tabrizi et al. 2008)
through the phylogenetic clustering of two
incertae sedis holozoan genera, the group has
expanded in recent years to its current member-
ship of six taxa.

Capsaspora owczarzaki was the first species
discovered, as an endosymbiont of the pulmonate
snail Biomphalaria glabrata (Owczarzak et al.
1980; Stibbs et al. 1979); however, the species
was not named and described for a further
23 years, when it was recognised as a member
of Holozoa (Hertel et al. 2002). C. owczarzaki
protoplasts are typically spherical and amoeboid
(3-5 pm in diameter), possessing numerous thin,
unbranching filopodia (Hertel et al. 2002; Stibbs
et al. 1979). Cells encyst due to overcrowding
(Hertel et al. 2002) and mature cells may form
aggregates (Sebé-Pedrés et al. 2013). Flagellated
cells have never been observed and the sequenced
genome revealed the loss of over 80 genes neces-
sary for flagellum formation (Suga et al. 2013).
As with all known filastereans, mitochondria pos-
sess flattened cristae (Amaral-Zettler et al. 2001;
Urrutia et al. 2022).

Within the B. glabrata host C. owczarzaki
predates the sporocysts of the parasitic trematode
flatworm Schistosoma mansoni, which uses
B. glabrata as a vector in its lifecycle (Stibbs
et al. 1979). A specialised filopodium extends
from the protoplast and penetrates the sporocyst
when C. owczarzaki comes into contact with
S. mansoni (Stibbs et al. 1979). It is unknown if
C. owczarzaki provides a pathogenic burden to its
snail host, or if the symbiosis is one of mutualism;
however, C. owczarzaki can be cultured in axenic
media, highlighting the existence of nutritional
mechanisms other than S. mansoni predation
(Stibbs et al. 1979).

Two further filastereans were discovered in the
mid-1990s, prior to the recognition of the group.
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Ministeria marisola (Patterson et al. 1993) and
M. vibrans (Tong 1997) are both cosmopolitan
marine bacteriovores, which capture prey through
phagocytosis. Both species are characterised by a
small spherical protoplast (1.5-3.6 pm in diame-
ter) that possesses an array of straight, rigid
microvilli (approximately 9 pm in length) that
radiate symmetrically around the cell body
(Mylnikov et al. 2019; Patterson et al. 1993).
M. vibrans may attach to surfaces via a peduncle,
previously believed to be a derived flagellum
(Cavalier-Smith and Chao 2003); however, this
appears to be a plastic trait with many M. vibrans
cultures lacking the peduncle (Mylnikov et al.
2019). The presence of unequivocally flagellated
protoplasts has recently been confirmed in
M. vibrans; however, less than 1% of observed
cells in culture were observed to possess a flagel-
lum (Mylnikov et al. 2019).

Three recently discovered species have further
expanded the known morphological and ecologi-
cal diversity of filastereans. Hehenberger et al.
(2017) isolated two freshwater unicellular, flagel-
lated eukaryovores from Chile and Vietnam,
which they assigned to the novel genus
Pigoraptor.  Whilst being distinct from
C. owczarzaki as a flagellated species, both
Pigoraptor species show clear similarities to
C. owczarzaki, as all three species feed through
the capture of the cytoplasmic contents of their
eukaryotic prey and have the capacity to encyst as
well as form  multicellular aggregates
(Hehenberger et al. 2017). A second symbiotic,
and potentially parasitic, filasterean was recently
identified by Urrutia et al. (2022). In contrast to
C. owczarzaki, which habituates the haemolymph
of its snail host, Txikispora philomaios is an
intracellular symbiont of multiple genera of
amphipod crustaceans. Individual infected host
cells may harbour up to 10 T. philomaios cells.
Host cells become necrotic as a result of infection,
with the host individuals becoming lethargic and
unresponsive to stimuli (Urrutia et al. 2022).
T. philomaios cells are typically spherical
(24 pm in diameter) and frequently are enclosed
within a cell wall. Multicellular groupings of 3—4
cells are also observed within host cells; however,
it is unclear if these are aggregates of unrelated
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cells or the result of clonal cell division. Naked
protoplasts, lacking a cell wall, may produce
microvilli and a flagellum (Urrutia et al. 2022).

Phylogenetic analyses have consistently
recovered Filasterea as a robust clade. The amoe-
boid symbiont C. owczarzaki has been shown to
cluster with the flagellated Pigoraptor predators,
whilst the parasitic 7. philomaios appears to be
the closest known relative of the free-living
Ministeria species (Hehenberger et al. 2017;
Urrutia et al. 2022).

1.5.5 Choanoflagellatea
With approximately 300 species described in over
50 recognised genera, the choanoflagellates are
acknowledged as the most speciose group of uni-
cellular holozoans. The first records of
choanoflagellates came in the mid-nineteenth
century (Ehrenberg 1831, 1838; von Fresenius
1858); however, due to the limitations of micros-
copy at the time, the microanatomy of the proto-
plast was not clearly visible. Choanoflagellate
cells are characterised by a distinctive collar of
3040 actin-based microvilli that surrounds a sin-
gle apical flagellum (see Carr et al. 2008 for a
review of choanoflagellate morphology). These
features were not observed until the 1860s when
James-Clark described three species, whilst also
noting the morphological similarity between
choanoflagellate cells and the choanocyte feeding
cells of poriferans (James-Clark 1866, 1867).
Independently Biitschli (1878), Kent (1878,
1880-1882) and von Stein (1878) all recognised
that the various species of recently described col-
lared flagellates could be assigned to a single
taxonomic group, which they respectively
named as Cylicomastiges, Choanoflagellata, and
Craspedomonadina. The latter two names have
both persisted in the literature, and Kent’s
Choanoflagellata has been adapted to provide
the group’s common name. In the most recent
major taxonomic revision, Nitsche et al. (2011)
raised the taxonomic rank of the group to the class
Choanoflagellatea.

The choanoflagellates are aquatic protists,
although some species may also be present in
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heavily hydrated soils, where they play an impor-
tant role in microbial communities and food webs
as filter feeders (Leadbeater 2015). The beating of
their flagellum creates a water current that sweeps
bacteria and eukaryotic picoplankton onto the
collar of microvilli, which acts as a filter by
trapping food particles on the outside of collar
(Pettitt 2001). Pseudopodia, which emerge from
the base of the collar, engulf trapped food
particles; however, captured cells may also be
translocated down the microvilli to be
phagocytosed closer to the cell body. Food
vacuoles formed within the pseudopodia move
to the base of the cell where digestion occurs
(Fig. 1.4; Leadbeater 1983).

Despite the choanoflagellates showing a simi-
lar phylogenetic diversity to Metazoa (Richter
et al. 2018), the morphology of their protoplasts
shows very little variation. Cells tend to be spher-
ical or ovoid with a collar surrounding a posterior
flagellum. All species have a periplast (extracel-
lular coat) that encloses at least some part of the
protoplast. One function of the periplast in many
choanoflagellate species is to secure the cell to a
surface. In motile cells the beating of the flagel-
lum drives locomotion and reduces the volume of
water flow over the collar (Lighthill 1976). As a
result, swimming cells are less efficient feeders in
comparison to sedentary cells, which can filter
greater water volumes through each beat of the
flagellum (Leadbeater 2008a).

Kent’s description (1880-1882) of
Choanoflagellata contained three families,
namely the Codonosigidae, Phalansteriidae, and
Salpingoecidae; however, of these, only the
Salpingoecidae remains accepted as a valid
choanoflagellate taxon (Nitsche et al. 2011). In
addition to Salpingoecidae, the Acanthoecidae
and Stephanoecidae are morphologically distinct
families (Nitsche et al. 2011).

Three different forms of periplast have been
described, which were traditionally the basis
underpinning choanoflagellate taxonomy. Two
forms of periplast are purely organic based in
construction, in the glycocalyx and the theca
(reviewed in Leadbeater 2015). The glycocalyx
is a mucilaginous and flexible investment, which
may be made from either one or two layers of fine
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Fig. 1.4 Feeding
mechanism of a sedentary
choanoflagellate cell. The
protoplast (Pr) is secured to
a surface by a peduncle
(Pe) which extends from an
external cell coat. The
beating of the flagellum

(F) creates a water current
(grey dotted arrows)
through the microvilli of the
collar (C). Food particles
(grey ovals) are trapped on
the outside of the collar and
are phagocytosed by
pseudopodia (Ps) which
extend from the protoplast
at the base of the collar.
Food vacuoles (Fv) are
transported from the apical
pole of the cell to the base
of the cell for digestion.
Figure based upon Lapage
(1925) and Pettitt et al.
(2002)

fibrils (Carr et al. 2017). Species across the
known diversity of choanoflagellates possess a
glycocalyx and the structure appears to be both
a universal and ancestral morphological trait of
choanoflagellates (Leadbeater 2008a). In many
species the glycocalyx extends into a peduncle
which secures the protoplast to a surface
(Fig. 1.4). Species which exhibit a single cell
per peduncle are referred to as monosigid,
whereas in codosigid species multiple clonal
cells share the same peduncle. Phylogenetic stud-
ies have shown that both the monosigid and
codosigid morphologies are polyphyletic, with
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convergent evolution occurring across the
choanoflagellate tree (Carr et al. 2017; Nitsche
et al. 2011; Fig. 1.5).

The theca is a more substantial and robust
periplast than the glycocalyx, being composed
of carbohydrate-based microfibrils (Leadbeater
2008a). The theca exhibits sufficient morphologi-
cal variation across species for it to have been
used as a taxonomic character, with cup, flask,
ovoid, and tube shaped thecae being possessed by
choanoflagellate species. However, species
possessing particular thecae forms do not form
monophyletic groups, indicating that theca



1 The Protistan Origins of Animals and Fungi 21

—— Hartaetosiga balthica

L Hartaetosiga gracilis

—— Salpingoeca rosetta

——— Microstomoeca roanoka

Salpingoeca infusionum

——— Choanoeca flexa

L Choanoeca perplexa

+ 4+ 4+ 4

Monosiga brevicollis

——— Salpingoeca urceolata

L Salpingoeca kvevrii

——— Salpingoeca macrocollata

L Salpingoeca punica

Salpingoeca helianthica

+

—— Salpingoeca fluvialitis

L——— Myilnosiga fluctuans

——— Salpingoeca dolichothecata

L Salpingoeca tuba

——— Sphaeroeca leprechaunica

L——— Sphaeroeca volvox

——— Codosiga botrytis

+ 44

2 2332 33 3 3 33 3 3 33 33 3 3 3 3 3 3 B33 3 3 3 3 838

L Codosiga hollandica

Didymoeca costata

Diaphanoeca grandis

Stephanoeca diplocostata

Enibas tolerabilis

Savillea parva

——— Acanthoeca spectabilis

® ® ® ® & & & f{ { VAV <o o w0 OO OO0 4O a4

L Helgoeca nana

$ Monosigid Morphology (O Ovoid Theca «a%v Colonial
‘*f" Codosigid Morphology 0 Tube Theca AR Marine

6 Unstalked Glycocalyx Morphology (M) Tectiform Lorica AA Freshwater
Y Cup Theca ® Nudiform Lorica

6 Flask Theca

Fig. 1.5 Maximum likelihood 14-gene cladogram of nucleotide positions, from partial sequences of SSU and
28 choanoflagellate species. The phylogeny was created LSU, and 5941 amino acid positions from 40S Ribosomal
with RAXMLGUI 2.0 using a mixed alignment of 4242  Protein S8, 60S Ribosomal Protein L10-B, Ribosomal
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morphology is a plastic trait with multiple
examples of convergent evolution and loss (Carr
et al. 2017; Fig. 1.5). Whilst cell division may
occur within the confines of the flexible
glycocalyx, the rigid nature of the theca means
that cells must become amoeboid and emerge
before undergoing cell division outside of the
thecae (Carr et al. 2008). After cell division,
daughter cells from both glycocalyx and theca-
bearing species may undergo a motile stage, with
collared, flagellated swimming cells (Carr et al.
2008).

Species presenting only a glycocalyx were
traditionally  assigned to  the  family
Codonosigidae, with theca-bearing species placed
into the Salpingoecidae. Molecular phylogenies
indicated neither family was monophyletic (Carr
et al. 2008; Medina et al. 2003; Steenkamp et al.
2006), and Nitsche et al. (2011) subsumed the
polyphyletic Codonosigidae into the paraphyletic
Salpingoecidae. The Salpingoecidae is the lone
recognised family within the choanoflagellate
order Craspedida (originally described by
Cavalier-Smith 1997), which contains all species
that possess a purely organic-based periplast.

Codonosigidae and Salpingoecidae were both
described in Kent’s pioneering taxonomic work
of the 1880s; however, the family Acanthoecidae
was not described until 1965, under botanical
nomenclature, with the name Acanthoecaceae
(Norris 1965). Due to the diversity of species
recognised within the group, the taxon was raised
from a family to the order Acanthoecida by
Nitsche et al. (2011). The order is characterised
by the lorica, a distinctive periplast comprising
two layers of silica costal strips which form a
basket-like structure around the cell (Fig. 1.6a;
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Leadbeater et al. 2009). Organic microfibrils,
similar to those present in the theca, are fre-
quently arranged between the costal strips; these
facilitate the adhesion of the protoplast to the
lorica and, in some species, act to funnel water
over the collar (Leadbeater 2008a; Leadbeater
et al. 2009).

In contrast to the glycocalyx and theca, loricae
show considerable morphological variation
between species and are considered reliable diag-
nostic taxonomic characters (Nitsche et al. 2017;
Schiwitza and Nitsche 2021). Loricate taxa can be
divided into two groups based upon their
mechanisms of cell division, as well as the struc-
ture of their loricae. Nudiform taxa are similar to
craspedid species in that after cell division one
daughter cell remains with the original periplast,
whilst the second daughter cell will undergo a
“naked” motile dispersal stage (Manton et al.
1981). The motile stage is relatively brief in
nudiform species, compared to that observed in
craspedids, and swimming cells rapidly settle
onto a surface and construct a new lorica from
costal strips that have accumulated in membrane-
bound vesicles within the protoplast (Leadbeater
2008b). The loricae of nudiform species possess
both longitudinal and helical costal strips but lack
transverse rings of strips (Leadbeater et al. 2008).
In contrast to the nudiforms, tectiform species do
not have a naked dispersal stage. Prior to cell
division the parental cell exocytoses all of the
costal strips required to produce a new, second
lorica and stores the strips at the top of its collar
(Manton et al. 1981). Cell division occurs within
the parental lorica and immediately after cytoki-
nesis one daughter cell exits the lorica, taking the
previously deposited costal strips and assembles

Fig. 1.5 (continued) Protein S5, Rps15A, EFL, EF1A,
Hsp70, Hsp90, RNA Pol, RNA Pol II, TubA, and TubB.
Each gene was aligned individually in MAFFT 7.309 and
then concatenated. For nucleotide sites, the TN93 model
(Tamura and Nei 1993) was employed with maximum
likelihood-derived base frequencies and proportion of
invariant sites, as well as a gamma distribution of rate
variation. For amino acid sites, the LG model (Le and

Gascuel 2008) was employed with maximum likelihood-
derived base frequencies, as well as a gamma distribution
of rate variation. Parameters were calculated through opti-
mization in the RAXMLGUI. Craspedid species are shown
in green and nudiform acanthoecid species are shown in
red and tectiform acanthoecids are in blue. The key defines
morphological and ecological traits
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Fig. 1.6 Morphological
variation in
choanoflagellates. (a) The
acanthoecid
choanoflagellate Savillea
parva surrounded by a
lorica of silica strips. (b)
Clonal colony of the
choanoflagellate
Salpingoeca punica. The
flagella and collars of all
cells face outward to
maximise prey capture.
Pictures presented with
kind permission from Barry
Leadbeater

its own new lorica (Leadbeater 2010; Manton
et al. 1981). Tectiform loricae are often more
elaborate than nudiform loricae in their construc-
tion, with costal strips being organised in longitu-
dinal, helical, and transverse ring arrangements.
The presence of transverse rings provides greater
structural stability than helical strips, which has
resulted in many tectiform species evolving light-
weight, open baskets, allowing species to become
planktonic and free-floating within the water col-
umn (Leadbeater 2010).

An excess of 100 tectiform species have been
described; however, fewer than 10 nudiform spe-
cies are recognised (Nitsche et al. 2017;
Schiwitza and  Nitsche 2021).  Within
Acanthoecida, the nudiforms and tectiforms
have both been assigned family status, with the
former described as Acanthoecidae and the latter
as Stephanoecidae (Nitsche et al. 2011). Whilst
both taxa are recognised as distinct families, the
phylogenetic relationship between the two is far
from clear. The use of nucleotide or amino acid
datasets, as well as different phylogenetic
methodologies, may result in either two mono-
phyletic sister families or a monophyletic
Acanthoecidae being nested within a paraphyletic
Stephanoecidae (Carr et al. 2008, 2017). Carr and
Leadbeater (2022) proposed that the monophyly
of Stephanoecidae is an artefact produced due to
convergent phylogenetic signals present in syn-
onymous third codon positions and through a
14-gene phylogeny showed that the nudiform
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species evolved within a lineage of tectiform
choanoflagellates.

Over 70 species of choanoflagellate have pub-
licly available gene sequences; however, the
majority of described species lack sequence data
and cannot be placed into molecular phylogenies.
Environmental DNA studies have indicated that a
number of diverse choanoflagellate clades exist
that currently have no known representative spe-
cies (del Campo and Massana 2011; del Campo
and Ruiz-Trillo 2013). However, as eDNA
surveys tend to be based upon a single gene, the
phylogenetic support for the novel groups is fre-
quently weak and fewer novel lineages are recov-
ered when more stringent analyses are undertaken
(Carr et al. 2017).

A large number of choanoflagellate species
have been observed to switch from a unicellular
state to colonial forms (Fig. 1.6b). The number of
species known to have the capacity to form
colonies is probably an underestimate of the true
number, as environmental conditions appear to
play a major role in colony formation and labora-
tory culture conditions may not always provide
the necessary cues for coloniality (Carr et al.
2017; Ireland et al. 2020). The morphologies of
colonies vary between choanoflagellate taxa and
may even vary within the same species (Dayel
et al. 2011). Sedentary species possessing either a
glycocalyx or theca may generate colonies on a
single peduncle, whilst free-swimming species
may produce spherical globular colonies or raft-
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like chains of cells (Dayel et al. 2011). Such
colonies are clonal, rather than aggregate, in
nature (Dayel et al. 2011) and also show evidence
for cellular differentiation (Laundon et al. 2019).
The presence of a spacious, restrictive lorica
appears to limit the capacity of acanthoecid spe-
cies to form connections between individual
protoplasts (Carr et al. 2017). However,
Diaphanoeca sphaerica and Parvicorbicula
socialis produce colonies through the linkage of
the loricae of individual cells (Leadbeater 2015;
Thomsen 1982).

Whilst James-Clark (1867) speculated on a
close relationship between choanoflagellates and
metazoans, the exact relationship between
choanoflagellates and other eukaryotic groups
was a long source of considerable debate. Since
their discovery, it has been speculated that the
choanoflagellates may be highly simplified
metazoans (Maldonado 2004), a paraphyletic
grouping ancestral to both Metazoa and Fungi
(Cavalier-Smith 1987), the sister group to
Ichthyosporea or Corallochytrium (Cavalier-
Smith and Chao 2003; Medina et al. 2003;
Mendoza et al. 2002), or even a form of algae
(Bourrelly 1968; Chadefaud 1960). Early molec-
ular phylogenies lacked phylogenetic support or
omitted important holozoan groups (Baker et al.
1999; Jiménez-Guri et al. 2007; Medina et al.
2003; Steenkamp et al. 2006; Wainright et al.
1993). The first phylogenetic analysis to include
the major recognised lineages within the Holozoa
recovered the choanoflagellates as the sister
group of Metazoa (Carr et al. 2008), and this
relationship has been consistently recovered in
subsequent phylogenomic studies (Hehenberger
et al. 2017; Tikhonenkov et al. 2020). Molecular
clock analyses indicate that the last common
ancestor of choanoflagellates and metazoans
existed approximately one billion years ago
(Berbee and Taylor 2010; Parfrey et al. 2011).

Based upon traits shared between both
Choanoflagellatea and Metazoa, a number of
putatively ancestral characteristics have been
recovered. Carr et al. (2008) proposed the last
common ancestor of both groups was a marine
organism that possessed a microvilli collar and
apical flagellum employed for filter-feeding. Due
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to the widespread nature of coloniality in
choanoflagellates, it is also possible that the
ancestor of both metazoans and choanoflagellates
may also have been able to transition between
unicellular and colonial states (Carr et al. 2008).
The cytoplasmic bridges formed between cells in
choanoflagellate colonies resemble those present
between metazoan cells and similar bridges may
have been present in a putative colonial ancestor
of both groups (Dayel et al. 2011).

Based upon 16 species, Carr et al. (2008)
highlighted a marine origin of the
choanoflagellates, with freshwater species falling
into a single phylogenetic group. Subsequent
phylogenetic studies have confirmed one major
freshwater invasion occurred early in the evolu-
tionary history of choanoflagellates. There have
been a limited number of more recent, minor
freshwater incursions which appear to involve
individual species (Carr et al. 2017; Nitsche
et al. 2011; Paul 2012). Marine-freshwater
transitions in the group appear to be rare, which
is not uncommon in unicellular eukaryotes
(Logares et al. 2009), with only a single species,
Salpingoeca macrocollata, known to have
reverted to a marine habitat from freshwater
ancestors (Carr et al. 2017).

1.5.6 Metazoa

Uniquely amongst the opisthokonts, Metazoa
only contains species that have multicellular
stages within their lifecycles. Species exhibit
multiple epithelial layers which are linked by
connective tissue that generally contains collagen
fibres (Cavalier-Smith 1998b). Mitochondrial
cristae are flat and metazoans typically possess a
13-19 kb circular mitochondrial chromosome
which encodes a suite of 37 highly conserved
protein-coding and non-coding RNA genes
(Burger et al. 2003). The reduction in mitochon-
drial genome size must have occurred in the
metazoan stem group and contrasts with the
large genomes present in Choanoflagellatea,
Filasterea, and Ichthyosporea (Burger et al.
2003; Suga et al. 2013). As noted in Sect. 1.4, a
similar reduction in the mitochondrial genome
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has also occurred within fungi; however, fungal
mitochondrial genomes are far more variable in
length and gene content in comparison to meta-
zoan genomes (Bullerwell and Lang 2005).

Despite being highly conserved across most
metazoans, the ancestral state of a reduced circu-
lar mitochondrial chromosome has been indepen-
dently lost in a number of cnidarian lineages.
Linear mitochondrial chromosomes, with
telomeres, have evolved in both medusozoan
and anthozoan cnidarians (Smith et al. 2011;
Stampar et al. 2019). Furthermore, the anthozoan
Protanthea simplex has its mitochondrial genome
divided into two circular mito-chromosomes
(Dubin et al. 2019), whilst the myxozoan
Henneguya salminicola possesses a
mitochondria-related organelle but lacks both a
mitochondrial genome and many of the genes
required for aerobic respiration (Yahalomi et al.
2020).

The number of recognised phyla within
Metazoa is disputed, with between 30 and
35 being recognised (Erwin and Valentine,
2013). A clear division in phyla is observed in
the number of cell layers present within
organisms. In four phyla, the Porifera (sponges),
Ctenophora (comb jellies), Placozoa (a phylum
consisting of three described marine species
possessing highly simplified bodyplans), and
Cnidaria (corals, jellyfish, sea anemones, and
sea pens), species possess two layers of cells,
generally referred to as the endoderm (internal
layer) and ectoderm (outer layer), giving rise to
the informal name diploblasts (Kobayashi et al.
1996).

All other metazoan phyla have body plans that
contain a third cell layer, the mesoderm, located
between the endoderm and ectoderm, resulting in
them being referred to as triploblasts (Christen
et al. 1991). In at least part of their lifecycles
triploblasts show left:right (bilateral) symmetry
across the sagittal plane of their body plans,
resulting in an alternative, formalised, name of
Bilateria (Hatschek 1888). Bilateral symmetry is
also present in a number of anthozoan and hydro-
zoan cnidarians, whilst radial symmetry is
observed in ctenophores, as well as some
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cnidarians and poriferans 1940;
Malakhov 2016).

Within diploblasts, the internal and external
cells layers are separated by a gelatinous matrix
termed mesophyll in poriferans (Bonasoro et al.
2001) and mesoglea in both cnidarians and
ctenophores (Hyman 1940). The mesoglea of
cnidarians and ctenophores contains both muscle
cells and a simple neural network (Hyman 1940),
but neither of these tissue types are present in
either placozoans or poriferans (Burkhardt and
Sprecher 2017). A further similarity between
cnidarians and ctenophores is the presence of a
blind gut, whereas both the placozoans and
poriferans lack any form of gut (Hyman 1940).
The Hox gene family plays a major role in body
patterning  during bilaterian  development,
establishing cell identity along the anterior-to-
posterior axis (Ferrier and Holland 2001).
Cnidarians and placozoans also possess a limited
repertoire of Hox or Hox-like genes, but
orthologues have not been identified to date in
any poriferan or ctenophore (Ramos et al. 2012;
Moroz et al. 2014; Pastrana et al. 2019; Srivastava
et al. 2010).

Molecular phylogenetics has yet to produce an
unequivocal tree of metazoan phyla; however, it
is clear the bilaterians form a robustly supported
clade. The Porifera, Ctenophora, Placozoa, and
Cnidaria are recovered at the base of the meta-
zoan tree and, as such, can be described as early-
branching metazoans. The four early-branching
phyla do not form a single clade and their
branching order remains unresolved. Cnidaria is
now recognised as the sister taxon to Bilateria
(Philippe et al. 2019; Rouse et al. 2016; Cannon
et al. 2016). Similarities in embryonic gene
expression patterns between the groups, as well
as the presence of bilateral symmetry in a number
of cnidarian species, have led to speculation that
the common ancestor of Bilateria and Cnidaria
exhibited bilateral symmetry and that the condi-
tion has been lost on multiple occasions within
cnidarians (Matus et al. 2006). Most phylogenies
that contain Placozoa only include one of the
three described species, in Trichoplax adhaerens;
however, the phylum is consistently recovered in
phylogenomic studies as the sister group to the

(Hyman
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clade of Bilateria+Placozoa (Philippe et al. 2019;
Pisani et al. 2015).

Molecular phylogenies of the earliest
branching metazoan group have proved to be
extremely controversial (Telford 2016; Moroz
and Halanych 2016). Recent large phylogenomic
studies have recovered either the poriferans
(Kapli and Telford 2020; Pick et al. 2010; Pisani
et al. 2015; Simion et al. 2017) or the ctenophores
(Dunn et al. 2008; Moroz et al. 2014; Ryan et al.
2013; Whelan et al. 2015) as the first branching
metazoan lineage. The internal branch leading to
Ctenophora in phylogenetic trees is considerably
longer than the branches leading to other meta-
zoan phyla, giving rise to concerns that the recov-
ery of ctenophores at the base of the metazoans
may be due to long-branch attraction (Kapli and
Telford 2020; Simion et al. 2017; Telford 2016).
The effects of long-branch artefacts can be weak-
ened through the use of more appropriate substi-
tution models in phylogenetic reconstruction. In
general, site-homogenous amino acid substitution
models tend to place ctenophores as the basal
lineage, whilst more sophisticated  site-
heterogenous models recover the poriferans as
the first branching group. At present, however, it
is not clear whether either the homogenous or
heterogenous models more accurately estimate
amino acid changes within deep metazoan
evolution.

This controversy is not simply one of taxon-
omy, as the correct identification of the first
branching metazoan group has a considerable
impact on the reconstruction of ancestral traits.
The ctenophore-first scenario indicates either that
neuronal cells, musculature, and possibly a gut
were present in the metazoan last common ances-
tor (LCA) or that these characters have evolved
independently in different metazoan phyla. The
distinctive nature of neurons and striated muscle
in ctenophores may indicate convergent evolution
within metazoans (Moroz and Halanych 2016);
however, such convergence could have occurred
under both the ctenophore-first and poriferan-first
scenarios. The poriferan-first model would sug-
gest that the metazoan LCA was a relatively sim-
ple organism which existed prior to the evolution
of true tissue layers. The similar morphologies of
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choanoflagellate protoplasts and choanocytes
have been argued to be homologous and therefore
present in the metazoan LCA. However, a
detailed study of cell ultrastructure and flagella
beating, albeit based only upon two species, has
raised the possibility that the collared flagellated
cells may not be homologous but could have
independently evolved in the ancestors of both
extant choanoflagellates and poriferans (Mah
et al. 2014). Furthermore, gene expression
profiles across different poriferan cell types and
unicellular holozoans also failed to recover evi-
dence for homology between choanoflagellates
and choanocytes (Sogabe et al. 2019). However,
as remarked upon by Laundon et al. (2019), the
two cell types have been evolving under different
evolutionary pressures since the choanoflagellate
and metazoan lineages diverged; therefore,
differences between choanoflagellates and
choanocytes should not be unexpected even if
they are homologous.

The majority of metazoan diversity and phyla
are assigned to Bilateria. Based upon embryonic
development patterns, Grobben (1908) divided
Bilateria in protostomes and deuterostomes. Dur-
ing gastrulation, in the former group the primary
opening (blastopore) typically develops into the
mouth, whilst in the latter group the blastopore
develops into the anus. Multigene phylogenies
have generally recovered both Deuterostomia
and Protostomia as monophyletic (Bourlat et al.
2008; Dunn et al. 2008; Laumer et al. 2019);
however, a number of recent phylogenomic stud-
ies indicate that the deuterostomes may be
paraphyletic (Kapli and Telford 2020; Kapli
et al. 2021; Philippe et al. 2019). In these studies,
the Chordata (metazoans that possess a noto-
chord) can either cluster with Protostomia,
resulting in deuterostome paraphyly, or within a
monophyletic Deuterostomia that is separated
from Protostomia by a very short internal branch
in trees. If the latter topology is correct, it
indicates that the deuterostome radiation
commenced only a very short time after the origin
of Bilateria. In contrast, deuterostome paraphyly
would point to the ancestral bilaterian possessing
deuterostome traits, such as blastopore fate and
the presence of pharyngeal slits, which would
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have been subsequently lost in the derived
protostomes.

1.6  Genomic Evolution

The advent of high-throughput technologies has
made sequencing whole genomes relatively rapid
and low cost. RNA-Seq, the sequencing of
transcriptomes, is an alternative approach that
may be employed when obtaining pure genomic
DNA is technically challenging or when sequenc-
ing intergenic DNA is not required. As a result, a
large body of data now exists on the genomes of
the unicellular relatives of both fungi and
metazoans. These data are providing new insights
into the origins of multicellularity.

Fungi are characterised by the presence of both
chitin and 1,3-p-glucan in their cell walls, and the
gene complements of unicellular holomycotans
have allowed the evolution of these cell wall
components to be reconstructed. Chitin synthases
are present in fungi and all opisthosporid
lineages, indicating chitin walls are an ancestral
character (James and Berbee 2012; Torruella et al.
2018). The -early-branching opisthosporids,
Microsporidia and Cryptomycota, possess chitin,
but only in the walls of their infective or resting
cyst stages (Torruella et al. 2018). The infective
cysts of aphelids also contain chitin and their
genomes encode a broad range of genes involved
in chitin synthesis, modification, and degradation,
some of which may have been acquired through
horizontal gene transfer (Torruella et al. 2018).
Microsporidians and  cryptomycotans  lack
1,3-p-glucan, as do chytrid fungi. However, the
presence of 1,3-f-glucan synthase genes in the
transcriptome of the aphelid Paraphelidium
tribonemae (Torruella et al. 2018) indicates that
1,3-B-glucan was present in the cell walls of the
ancestor of fungi and aphelids, with its
subsequent loss in the chytrids. Chang et al.
(2015) highlighted a major expansion in pectinase
gene diversity within fungal lineages, which they
proposed occurred after the divergence of the
Cryptomycota lineage in Holomycota. Their
explanation for this expansion was that ancient
fungi evolved to digest the cell walls of algae. The
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putative sister group to Fungi is Aphelida, a group
made up of algal parasites, and the findings from
the Chang et al. (2015) study would indicate that
the last common ancestor of Aphelida and Fungi
was a flagellated, freshwater parasite of
archaeplastid algae. The aphelids have retained
this ancestral nutritional mode, as have some
extant fungal lineages, whilst other fungi have
diversified to parasitise other host groups or
become saprotrophs and symbionts.

The parasitic lifecycles of microsporidians and
cryptomycotans appear to have resulted in
genome reduction; this is seen in terms of genome
size and gene content, with both groups showing
aloss of genes involved in metabolism (Bass et al.
2018; James et al. 2013). Gene loss has occurred
across the microsporidian crown group, with dif-
ferent lineages having lost different ancestral
genes; genes involved in processes such as lipid
metabolism, glycolysis, and mRNA splicing have
been independently lost on multiple occasions
across the group (Wadi and Reinke 2020).
Microsporidian genomes have also undergone
considerable expansions of copies in some gene
families, through both individual gene and whole-
genome duplication events, resulting in species
within the same genus having large numbers of
different genes (Reinke et al. 2017). Despite
being closely related parasites, the aphelids do
not appear to have undergone a similar loss to
those observed in cryptomycotans and
microsporidians, with P. tribonemae showing a
similar diversity of metabolic genes to fungi
(Torruella et al. 2018); however, further genome
sequences are required to determine if
P. tribonemae 1is typical of aphelids. In general,
holomycotan genomes are characterised by gene
reduction, with notable losses of genes involved
in signal transduction. The repertoire of metabo-
lism genes began to expand in the common
ancestors of Fungi and Aphelida, a process
which continued within the fungal stem lineage
(Ocaria-Pallares et al. 2022).

Gene complements from all major holozoan
lineages have been accrued over the last decade
(Denbo et al. 2018; Fairclough et al. 2013;
Hehenberger et al. 2017; Lépez-Escardé et al.
2019; Richter et al. 2018; Suga et al. 2013). One
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striking finding from these studies is that many
gene families previously believed to be
metazoan-specific are now known to have much
greater antiquity with origins deeper in Holozoa.
Both the metazoan and choanoflagellate stem
groups underwent considerable expansions of
gene number, as both lineages gained approxi-
mately 2000 novel families (Richter et al. 2018),
with a burst of innovation in genes involved in
both gene transcription and signal transduction
occurring in the metazoan stem group (Ocafa-
Pallares et al. 2022). The expansion of the meta-
zoan gene complement appears to have been
through both gene duplication and the rearrange-
ment of existing domains, rather than a result of
evolving novel protein domains (Lépez-Escardé
et al. 2019; Richter et al. 2018). Holozoan
genome evolution is a dynamic process, as, in
addition to the large-scale gene gain that
occurred, over 1500 gene families, including
many involved in energy production, as well as
the metabolism of amino acids, carbohydrates,
and lipids, were lost in premetazoan genomes
(Ocana-Pallares et al. 2022). Gene loss has
continued in metazoans as, in a screen of crown-
group taxa, fewer than 40 of the novel genes that
evolved in the stem group were found to be uni-
versally retained (Richter et al. 2018). As a result
of these changes, extant metazoans, unlike fungi,
have gene complements which are distinct from
their protistan relatives (Ocafia-Pallares et al.
2022). As the number of genomes from early-
branching holomycotan and holozoan genomes
increases, ancestral reconstructions of gene loss
and gain will become more accurate and fine-
tuned in comparison to current studies.

The increased volume of genomic data now
available has highlighted the role that horizontal
gene transfer has played in the holozoan evolu-
tion. Hundreds of genes identified in
choanoflagellates, filastereans, ichthyosporeans,
and pluriformeans have been shown to be
acquired from donor species outside of
Opisthokonta (Betat et al. 2015; Carr et al.
2010; Matriano et al. 2021; Southworth et al.
2019; Yue et al. 2013). The identified donor spe-
cies consist of bacteria and algal alveolates,
archaeplastids, haptophytes, rhizarians, and
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stramenopiles, all of which are prey items of
predatory unicellular holozoans. Horizontal trans-
fer may occur if partially degraded chromosomal
DNA escapes from the food vacuoles of holozoan
predators, passes into the nucleus, and then
integrates into chromosomes. Transferred genes
have been shown to provide new functions to the
recipient cell and, on some occasions, replace
ancestral holozoan homologues (Carr and
Leadbeater 2022; Yue et al. 2013). Highlighting
the dynamic nature of genome evolution, hori-
zontally acquired genes may subsequently be
lost in some descendent lineages whilst retained
in others (Carr et al. 2010; Suga et al. 2013).

1.7 Conclusions

1.7.1  Molecular Phylogenetic
Analyses of Opisthokonta
and the Eukaryotic Tree of Life

Advances in both DNA sequencing technology
and phylogenetic methodologies have allowed
many of the deeper branches in the eukaryotic
tree to be resolved. This greater resolution has
been somewhat offset by the discovery that a
number of orphan lineages, such as
Hemimastigophora and Malawimonadida, appear
to fall outside of the generally recognised
supergroups (Brown et al. 2018; Lax et al.
2018). The ongoing failure to locate the root of
eukaryotic tree means that the composition of the
Amorphea clade, to which the opisthokonts
belong, remains unclear. Despite this uncertainty,
the placements of the biflagellate Apusomonadida
and uniflagellate Breviatea as the closest relatives
of Opisthokonta are now broadly recognised.
Within Opisthokonta, the view that the root
lies between Holomycota and Holozoa remains
unchallenged, despite numerous novel lineages
being identified since Holomycota and Holozoa
were originally proposed. Areas of uncertainty
remain in Holomycota, with the monophyly or
paraphyly of Opisthosporidia still to be robustly
resolved (Karpov et al. 2014a, b; Torruella et al.
2018). As a result, the sister group to Fungi is not
universally agreed upon. Despite major revisions
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to the groups positioned in Holozoa, the
choanoflagellates appear to be the closest
relatives of Metazoa. The recent inclusion of the
predatory Tunicaraptor in holozoan phylogenies
disrupts the support for the deeper branches in
Holozoa (Tikhonenkov et al. 2020); however, it is
at present unclear if Tunicaraptor sequences are
introducing phylogenetic artefacts or allowing a
weak, but genuine, phylogenetic signal to be
observed within trees. Furthermore, the earliest
branching lineages in Metazoa and “classical”
Fungi have not been identified, preventing reli-
able ancestral state reconstruction in both of these
major multicellular kingdoms.

1.7.2 Determining Opisthokont

Diversity

Like most, if not all, eukaryotic supergroups, the
phylogenetic diversity of the opisthokonts
remains uncertain. Since the turn of the century,
novel lineages have been identified in both
Holomycota and Holozoa, with the discovery of
small predatory holozoans and slowly evolving
microsporidians (Bass et al. 2018; Hehenberger
et al. 2017; Tikhonenkov et al. 2020). Further-
more, eDNA studies have highlighted putative
enigmatic clades of opisthokonts that have no
recognised representatives. Our increasing
knowledge of opisthokont diversity is well
exemplified by the class Filasterea. Since its
description in 2008, the number of known species
has doubled; however, phylogenies which
include eDNA sequences have identified clades
containing unknown aquatic and terrestrial
filastereans (Urrutia et al. 2022), highlighting the
presence of taxa that have yet to be isolated and
described.

The phylogenetic support of eDNA trees is
however often weak; therefore, whilst such stud-
ies are useful for highlighting novel diversity,
their potential for producing accurate phyloge-
netic placements is more limited. Novel
approaches, such as the use of eDNA sequences
as probes to identify cells of unknown species
(Jones et al. 2011) and single-cell genomics

29

(Lépez-Escard6 et al. 2019), may assist in
expanding knowledge of opisthokont diversity.

1.7.3  Reconstructing Opisthokont
Evolution and the Multiple

Origins of Multicellularity

The last decade has seen an explosion in the
sequencing of opisthokont genomes and
transcriptomes. Whilst the emphasis has been on
the multicellular Fungi and Metazoa, the increas-
ing data available from their unicellular relatives
have begun to shine a light on the origins of both
kingdoms. Candidates for the closest relatives of
Fungi and Metazoa have now appear to have been
identified, in the Aphelida and Choanoflagellatea,
respectively (Carr et al. 2008; Galindo et al.
2021). With two whole genomes and
20 transcriptomes, a greater volume of gene data
is currently available for the choanoflagellates
(Richter et al. 2018), whilst at the time of writing
only a single publicly available transcriptome,
from Paraphelidium tribonemae, has been
generated for the aphelids (Torruella et al.
2018). Comparative genomic and morphological
studies have highlighted previously unidentified
ancestral traits (Booth et al. 2018; Karpov et al.
2019a; Southworth et al. 2018; Torruella et al.
2018); however, many uncertainties remain. For
example, whilst coloniality is widespread across
craspedid choanoflagellates it is not clear if this
trait was ancestral to choanoflagellates. Morpho-
logical similarities between their cytoplasmic
bridges, as well as choanoflagellate rosette
colonies and metazoan larval blastulae, raise the
possibility that the common ancestor of
metazoans and choanoflagellates may have
exhibited facultative coloniality (Carr et al.
2008; Brunet and King 2017). Intriguingly,
bacterial-mediated coloniality is observed in
both Holomycota and Holozoa, whilst bacteria
have been shown to be essential to the normal
development of some metazoans (Fraune and
Bosch 2010). Future work may uncover whether
this was an ancestral character, or if similar
mechanisms have evolved convergently in the
two major branches of Opisthokonta.
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Functional studies are required to show if there
are any common genetic pathways in the devel-
opment of metazoan bodies and choanoflagellate
colonies. Furthermore, such studies may also
identify shared developmental pathways across
multicellularity in Choanoflagellatea, Filasterea,
Fungi, Ichthyosporea, Metazoa, and nucleariid
amoebae which may have evolved in the
opisthokont stem. The advent of transfection
techniques in unicellular opisthokonts (Booth
et al. 2018; Kozyczkowska et al. 2021; Parra-
Acero et al. 2018) promises to reveal the function
of fungal and metazoan multicellularity genes in
their protistan relatives.

The ongoing drive to sequence genomes
across the eukaryotic tree of life will in the next
few years provide accurate gene complements for
the LCAs of Holomycota, Holozoa, and
Opisthokonta. In combination with studies of
gene expression and function, these gene
complements can be expected to identify the
origins of multicellularity in Fungi and Metazoa,
as well as colony formation in opisthokont
protists.
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Christina Schilde

Abstract

Dictyostelids were once grouped with fungi
because their fruiting structures are superfi-
cially similar. However, either group evolved
quite distinct strategies to reach this mode of
species propagation. This chapter describes the
cell communication systems that cause
dictyostelid amoebas to aggregate and regulate
cell-type specialisation and cell movement
during fruiting body formation. It also
highlights how increasingly = complex
morphologies appeared during dictyostelid
evolution and how some of these morphologi-
cal innovations were caused by modification
of specific cell—cell signalling systems.

Keywords

Amoebozoa - Camp - Cyst - Dictyostelia -
Fruiting body - Evolution - Multicellularity -
Signalling - Social amoebas - Spore

2.1 Introduction

Like fungi, dictyostelids build fruiting bodies for
the dispersal of spores. Because of the sessile
nature of their fruiting bodies and their
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cellulose-walled vacuolised stalk cells, they
were initially considered to belong to the plant
kingdom and hence follow plant taxonomic
nomenclature rules. However, they are only dis-
tant relatives to fungi and not related to plants at
all. The dictyostelids, or social amoebas, are
members of the Amoebozoa, a sister group to
Opisthokonts, the group that comprises the
animals and fungi (Baldauf et al. 2000). Within
the Amoebozoa, Dictyostelia form the class
Mycetozoa together with Myxogastria and
Protosporangiida. Dictyostelids themselves are
subdivided into the two orders: Acytosteliales
(branch I) and Dictyosteliales (branch II) (Sheikh
et al. 2018) (Fig. 2.1). Both branches consist of
two major groups and some minor clades.
Acytosteliales comprise the Cavenderiaceae
(group 1), Acytosteliaceae (group 2), and the
“polycarpum” complex. Dictyosteliales encom-

pass the “polycephalum” complex, the
Raperosteliaceae (group 3), the
“polysphondylium” complex, and  the

Dictyosteliaceae (group 4).

Unlike fungi, which mostly feed by absorption
of low-molecular-weight compounds through cell
walls and membranes, dictyostelids are active
predators of bacteria and other microbes. Other
differences are the absence of a cell wall during
most of the dictyostelid life cycle, and the fact
that multicellularity is achieved by cell aggrega-
tion and not but by cell division. In fact, multicel-
lularity and morphogenesis in dictyostelids are
highly dependent on the fact that their unwalled
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Fig. 2.1 Overview of the phylogenetic relationships
within the Dictyostelia (after Schilde et al. 2019). The
phylogenetic tree of the Dictyostelia based on a Bayesian
inference analysis of six concatenated conserved proteins
(Agl, AmdA, PurD, PurL, RpaA, SmdA) is shown on the
left with Bayesian inference posterior probabilities
indicated as (coloured) dots on the nodes. Three species
of solitary Amoebozoa (Acanthamoeba castellanii,

Physarum polycephalum, and Protostelium aurantium
var. fungivorum) have been included as outgroups
(orange). The phylogeny shows subdivision of all species
into four major groups and some minor group-
intermediate complexes and the within-group relationships
and groups. Species names and strain designations (are
colour-coded to) reflect their affiliation with groups or
clades and use the nomenclature proposed by Sheikh
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amoeboid cells remain motile until the fruiting
body is completed. As single-celled amoebae
they feed on bacteria that live on decomposing
leaves or animal waste. They have an efficient
machinery for engulfing and digesting bacteria,
at a rate of about 300 per hour per cell (Gerisch
1960; Peracino et al. 1998). Amoebas feed on
many different bacterial species but can also be
infected by and serve as host for bacterial
pathogens (Steinert 2011).

Dictyostelids are found in all types of soils
including those in arctic regions and above the
tree line. However, species diversity is higher in
forest soils and particularly those at tropical
latitudes (Swanson et al. 1999). Some species
show a very widespread distribution, like
Dictyostelium mucoroides, whereas others are
more restricted, like the cannibalistic species
Speleostelium caveatum which has only ever
been found on bat guano of caves in Arkansas
(Waddell 1982; Baldauf et al. 2018). Around
150 dictyostelid species have been isolated that
grow under laboratory conditions, whereas the
actual diversity of dictyostelids estimated from
sequencing environmental DNA samples is
much higher (Baldauf et al. 2018). Some species,
such as Heterostelium oculare (Cavender et al.
2005) and Tieghemostelium menorah (Vadell and
Cavender 2007), only form fruiting bodies effi-
ciently = when  co-cultured  with  other
microorganisms, indicating that symbiotic
relationships may exist. Other species may not
be growing under laboratory conditions at all.

In addition to the vegetative reproduction
cycle, where haploid amoebas divide by binary
fission, dictyostelids have three responses to envi-
ronmental stress, such as starvation. Similar to a
range of other free-living amoebas, many
dictyostelid species can form cysts (microcysts),
where individual amoebae encapsulate without

<

aggregation (Raper 1984). The microcyst, which
has a two-layered cellulose wall, can endure rela-
tively short periods of nutrient depletion and
hatches a single haploid amoeba when food
becomes available again. Conversely, the
macrocyst is a sexual structure and can survive
for long periods. Dictyostelid strains can be
homothallic (self-fertile) or heterothallic (self-
sterile) and can have multiple mating types
(Bloomfield 2019). Macrocyst formation starts
with the fusion of two (or often more) haploid
amoebas of opposing mating types to form a
diploid zygote, which then attracts other amoebas
by chemotaxis (Bloomfield 2019). Most of these
cells are cannibalised by the zygote, and their
resources are used to build a three-layered thick
wall around the >100 pm large structure. The
zygote goes through sexual recombination and
rounds of meiotic and mitotic divisions and even-
tually numerous haploid amoebae emerge (Raper
1984). Although the macrocyst stage should
allow application of traditional genetic
approaches to Dictyostelium research, its useful-
ness is hampered by the absence of protocols to
induce efficient germination of the macrocyst.
Multicellularity is the third response to nutri-
ent depletion, which triggers regulated secretion
of a chemoattractant by the amoebas (Fig. 2.2).
Cells aggregate to form a mound, which can
consist of up to a million amoebas. Sophisticated
cell—cell signalling mechanisms between the
amoebas orchestrate the differentiation of up to
five different cell types and coordinate an intricate
progression of cell movements. In combination
with the synthesis of a flexible skin-like matrix,
cell differentiation and cell movement first gener-
ate the formation of a motile structure, called the
“slug”. The slug is attracted by light and warmth,
which cause it to move to the soil’s top layer.
Here, the slug cell mass projects upwards and

Fig. 2.1 (continued) et al. (2018). Genus, family, and
order designations are shown on the right-hand side and
genera are indicated by vertical lines. There are four
families (Cavenderiaceae, Acytosteliaceae,

Raperosteliaceae, Dictyosteliaceae) each comprised of
one to four genera. Group 4 so far is the species-richest
group containing only a single genus Dictyostelium
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Fig. 2.2 Life cycle of Dictyostelium discoideum.
D. discoideum amoebas emerge from spores and start
feeding on bacteria. When food runs out, amoebas secrete
cAMP pulses, which trigger chemotactic movement and
aggregation of cells. Once aggregated, the amoebas differ-
entiate into prestalk and prespore cells in a regulated ratio.
The organising tip continues to emit cAMP pulses, which
shape the cell mass by coordinating cell movement. The
cAMP pulses also cause the prestalk cells, which are

forms the fruiting body, which consists of a col-
umn of stalk cells topped by a globular mass of
spores. Depending on the species, the stalk can
show different patterns of side branches and/or be
decorated with disc-, root-, or cup-shaped support
structures (Raper 1984).

The developmental process of dictyostelids
with its strong dependence on coordinated cell
migration is more reminiscent of animal develop-
ment than fungal or plant development, which
depends mostly on coordinated outgrowth. The
ease of culture and genetic manipulation of
Dictyostelium discoideum, combined with its
excellent accessibility to biochemical and cell
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chemotactically most responsive to cAMP, to move
towards the front. At the posterior, prespore cells dediffer-
entiate into anterior-like cells, which replenish the prestalk
cells when needed. At the onset of culmination, the cells
synthesise a cellulose tube, the apical prestalk cells move
into the tube and mature into stalk cells, and the remaining
prestalk cells form support structures, such as the upper
and lower cup and the basal disc. The prespore cells move
up the stalk and mature into spores

biological approaches, has therefore encouraged
many workers to use this organism as a model for
studies of chemotaxis, cell migration, develop-
mental cell signalling and cell-type specialisation,
and cellular processes such as vesicle trafficking,
phagocytosis, and cytokinesis.

More recently, dictyostelids have also become
popular to resolve evolutionary questions. Most
multicellular organisms start life as a zygote,
where after cell division cells remain together
and, through coordinated cell division, cell differ-
entiation, and cell migration, generate structures,
organs, and tissues that consist of millions of
cells. Although these cells may vary greatly in
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form and function, they are all genetically identi-
cal. Dictyostelia become multicellular by aggre-
gation and the contributing cells are not
necessarily genetically identical. Since only part
of the cells propagate as spores, the genes of the
non-propagating stalk cells are lost. This
generates genetic conflict in the population with
cells avoiding stalk fate (cheating), leading ulti-
mately to both physical and metaphorical collapse
of the multicellular assembly. This raises the
question how cheating is suppressed by
counteracting mechanisms (Strassmann et al.
2000; Castillo et al. 2005; Forget et al. 2021).

The dictyostelids with their facultative multi-
cellular lifestyle are very suited to answer another
fundamental question. What caused multicellular-
ity to evolve in the first place? Multicellular
organisms are typically dependent on intercellular
communication, whereas unicellular organisms
respond mainly to environmental signals. A
major aspect of the evolution of multicellularity
is therefore how the sensory and secretory
systems of unicellular organisms were adapted
to allow for signalling between cells.

In this chapter, I firstly present an overview of
the signalling mechanisms that control develop-
ment of the model organism D. discoideum. Sec-
ondly, I will summarise how phenotypic
complexity evolved in the dictyostelids and high-
light changes in developmental signalling pro-
cesses that may have caused novel forms and
behaviours to appear.

2.2  Development of Dictyostelium
discoideum
2.2.1 Cell-Type Specialisation
and Morphogenesis
2.2.1.1 Aggregation

Upon nutrient depletion, many dictyostelid spe-
cies have a choice of three alternative pathways.
They can aggregate to form fruiting bodies,
encyst individually, or fuse with a mate and then
attract other cells to form a macrocyst. Apart from
starvation there are apparently other cues to guide
their choice. In general terms, high local cell

densities, light, and low humidity favour fruiting
body formation, whilst macrocyst formation
occurs under dark and humid conditions when
compatible mating types are present, using ethyl-
ene as a specific trigger (Chang et al. 1983;
Amagai 1984). Microcyst formation is promoted
by high osmolyte or high ammonia levels and
also occurs at lower cell densities (Toama and
Raper 1967; Lonski 1976).

Like all group 4 members, D. discoideum has
lost the microcyst pathway, but nevertheless
depends on other signals besides starvation to
initiate development. Two of these signals are
the glycoproteins PSF (prestarvation factor) and
CMF (conditioned medium factor). They act as
quorum sensors; cells sense that a cell density
appropriate for aggregation has been reached,
once PSF and CMF concentrations reach a spe-
cific threshold. The response to PSF is inhibited
by bacteria and allows cells to monitor their own
density relative to food. CMF acts later and is
secreted by starving cells (Clarke and Gomer
1995). PSF stimulates basal expression of genes
that encode proteins required for aggregation,
such as the G-protein coupled cAMP receptor,
cAR1, which detects the chemoattractant 3’,5’-
-cyclic adenosine monophosphate (cAMP), and
the extracellular cAMP phosphodiesterase PdsA
(Rathi et al. 1991). CMF contributes to this
response, but also directly facilitates cAMP sig-
nalling (Brazill et al. 1997). In other species, the
chemoattractant used for aggregation can be the
dipeptide glorin, folate, pterins, or so far
uncharacterised diffusible molecules (Shimomura
et al. 1982; De Wit and Konijn 1983a, b).

Once basal levels of cAMP signalling genes
are expressed, some cells start to spontaneously
secrete pulses of cAMP. In surrounding cells, this
evokes two responses: (1) extension of a pseudo-
pod and movement towards the cAMP source and
(2) synthesis and secretion of a cAMP pulse. The
latter response causes the original pulse to travel
outward through the population and the former
causes the cells to move inwards and collect at the
oscillating centre (Fig. 2.2).

In addition to mediating aggregation, the
cAMP pulses also serve another function. They
trigger rapid upregulation of all genes that are
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involved in the aggregation process and induce
competence for the subsequent stages of develop-
ment (Gerisch et al. 1975; Schaap et al. 1986).
Continued pulsatile cAMP signalling from the tip
organiser also holds the cell mass together
(Dormann et al. 1998).

2.2.1.2 Formation and Migration

of Slugs

The formation of well-proportioned fruiting bod-
ies from loose aggregations of cells depends on an
interplay between cell differentiation and cell
movement. Cell movement remains under control
of cAMP signalling until the end of development

(Singer et al. 2019). Even though other
dictyostelid species use different
chemoattractants for aggregation, oscillatory

waves of cAMP may organise their morphogene-
sis, too, and cAMP receptors have been found in
all dictyostelid species (Alvarez-Curto et al.
2005). The tip of the aggregate takes over the
function of the aggregation centre and emits
waves of cAMP (Dormann et al. 1998). Cells
become more adhesive and secrete matrix
proteins and cellulose, which form an elastic
sheath around the aggregate (Wilkins and
Williams 1995). The cells, which are now con-
fined, can only move upwards in response to
cAMP waves and form the sausage-shaped slug.
Gravity causes the slugs to topple over and they
start migrating towards light and warmth (Bonner
1950). In nature, this serves to reach the top layer
of the soil, the most propitious spot for fruiting
body formation and spore dispersal (Bonner and
Lamont 2005). Migration of slugs coincides in
most species with stalk formation and such slugs
leave a stalk behind them on the substratum
(“stalked migration”). Only D. discoideum and a
few close relatives have evolved to stalk-free
migration (Romeralo et al. 2013; Schilde et al.
2019).

Meanwhile, cells are differentiating into spore
and stalk precursors: prespore and prestalk cells.
In the mound, these cell types appear at first
intermixed (Fig. 2.2). Intrinsic factors, such as
nutritional state and cell cycle phase at the onset
of starvation, influence the initial choice in such a
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manner that the prespore cells differentiate from
the largest, best-fed cells and the prestalk cells
from the more starved cells (Leach et al. 1973;
Weijer et al. 1984). In a starving population the
most starved cells are also the first to initiate
aggregation and to express aggregation-
associated genes (Wang et al. 1988a). Addition-
ally, cells which have suffered DNA damage are
shed from the rear of the slug (Miermont et al.
2019). Cell—cell adhesion in the aggregate is
mediated by cognate immunoglobulin-like cell
surface receptors TgrB1 and TgrCl1 that act in
specific trans pairs (Chen et al. 2013; Hirose
etal. 2011). Even though prespore cells chemotax
faster towards cAMP, they are highly polarised
by existing TgrB1/C1 cell—cell contacts (Fujimori
et al. 2019). Prestalk cells are less polarised and
form more pseudopods and therefore move more
chemotactically towards the oscillating cAMP at
the tip whilst the prespore cells show greater
adhesion between them, thus creating an anterior—
posterior prestalk—prespore pattern (Fujimori
et al. 2019; Sternfeld and David 1981). Initially,
approximately 80% of cells differentiate into
prespore cells, and this results in a relatively
stable 70-80% prespore and 20-30% prestalk
population patterning. Additionally, there are
cells with prestalk-like characters found scattered
within the prespore region, called anterior-like
cells (ALCs) that will replenish lost prestalk
cells and contribute to several auxiliary structures
of the fruiting body (Sternfeld and David 1981).

The differentiation of the prespore cells
involves the expression of many spore-coat
genes (Fosnaugh and Loomis 1991); the cells fill
up with Golgi-derived vesicles that bear a thick
internal coating of spore-coat glycoproteins and
contain precursors and enzymes for spore coat
synthesis (West 2003). The prestalk cells express
genes encoding sheath and stalk matrix proteins
(McRobbie et al. 1988) and are characterised by
autophagic vacuoles (Schaap 1983; Yamamoto
and Takeuchi 1983). These vacuoles will later
fuse to form the large central vacuole of the
stalk cells similar to the tonoplast of plant cells.
This and the synthesis of the cellulose stalk cell
wall require extensive energy and material
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resources, making autophagy an essential process
for development (Otto et al. 2003; Mesquita et al.
2017).

In most species, transdifferentiation of
prespore cells at the posterior boundary of the
prestalk zone replenishes the prestalk cells
which are constantly differentiated into stalk
cells  (Schilde et al. 2014). Rapid
transdifferentiation of prespore cells is also
responsible for regeneration of a lost tip after
injury of the slug (Mohri et al. 2020). In
D. discoideum, the prestalk region is replenished
by the forward movement of ALCs that are
generated by dedifferentiation of the most starved
prespore cells (Sternfeld and David 1982; Brown
and Firtel 1999; Thompson and Kay 2000a).
Until the point of terminal differentiation is
reached, dedifferentiation into vegetative cells
can also occur when cells are dissociated from
the aggregate and presented with a fresh food
source. For about 60% of genes dedifferentiation
is a complete reversal of the differentiation path-
way albeit with differing kinetics (Nichols et al.
2020). Dedifferentiation may also occur in cells
that are continuously shed from the rear of the
slug if they encounter a fresh food source. This
dual strategy of fruiting body construction, as
well as leaving some cells able to rapidly respond
to a new nutrient source, may be a strategy of
bet-hedging in changeable environments.

2.2.1.3  Fruiting Body Construction

Fruiting bodies reach heights of 70 pm
(A. minutissimum) to 1 cm (D. giganteum) with
the typical height being 1-2 mm for
D. discoideum. Incident light and low local
ammonia levels trigger fruiting body formation
(Schindler and Sussman 1977). The slug
contracts and points its tip upwards (Fig. 2.2).
Prestalk cells start to synthesise a central cellulose
tube (Raper and Fennell 1952). They continue
their movement towards the cAMP waves emitted
by the tip, but now move into the upper open end
of the stalk tube and differentiate into stalk cells.
This involves synthesis of a cellulose cell wall,
uptake of water, formation of a large central

vacuole, and eventually cell death. The prespore
cells climb up the newly formed stalk and mature
into spores, starting from the prestalk boundary
downwards. ALCs sort both downwards and
upwards from the prespore region (Fig. 2.2).
The downward moving cells form a basal disc
surrounding the base of the stalk. A portion of
the ALCs moves behind the spore mass and
together with cells from the prestalk region
forms a ‘lower cup’ that supports the spore
head, whilst the upward moving cells from the
posterior prestalk boundary cap the spore head
from above as the ‘upper cup’ (Sternfeld 1998;
Bichler and Weijer 1994). Cup cells, which are
only found in a subset of group 4, are evolution-
arily derived from stalk cells (Kin et al. 2018).
Cup cells remain motile until late in development
and may have functions in spore survival as well.

A remarkable exception to the construction of
the stalk of dead cells is the genus Acytostelium.
As the name suggests, Acytostelium species only
secrete an acellular stalk tube and do not differen-
tiate into stalk cells. As a consequence, their
relatively weak stalks can only support fruiting
bodies less than 2 mm tall (Cavender and Vadell
2000). The cells aggregate and secrete a thin
cellulose stalk through temporal division of
labour and all cells eventually ascend the stalk
and differentiate into spores (Mohri et al. 2013;
Urushihara et al. 2015).

Spore maturation is a rapid and tightly
regulated process that involves fusion of prespore
vesicles with the plasma membrane. Those Golgi-
derived prespore vesicles only form in prespore
cells and contain cell-wall precursors and
enzymes. Their fusion with the plasma membrane
is triggered only in the physical presence of
prestalk cells. This brings the first layer of the
spore coat in situ at the surface, whilst the
remaining two layers are rapidly being produced
by secreted enzymes and prefabricated wall
materials (West 2003). Spores are kept dormant
by high osmolarity in the spore head. Addition-
ally, cryoprotective and antimicrobial compounds
in the spore head may protect spores from infec-
tion and freezing conditions.
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2.2.2  Signals that Control

D. discoideum Development
2.2.2.1 Signalling Before and During

Aggregation

The most remarkable aspect of D. discoideum
development is the very dominant role of
cAMP. As a secreted signal, it controls cell move-
ment and differentiation throughout the develop-
mental programme, but in its more common role
as intracellular messenger, it mediates the effect
of many other developmental signals. The main
intracellular target for cAMP is the cAMP-
dependent protein kinase A (PKA), which, like
the fungal PKA, consists of a single catalytic
(PKA-C) and a single regulatory subunit
(PKA-R) (Mutzel et al. 1987).

During most of the life cycle, PKA is activated
in a manner similar to other eukaryotes. cAMP
binds to PKA-R, which causes PKA-R to dissoci-
ate from PKA-C, leaving PKA-C in its active
form. However, in early development, PKA-C is
regulated at the translational level. In feeding
cells, PKA-C translation is inhibited by binding
of the translational repressor PufA to the 3'-
-region of the pkaC mRNA (Souza et al. 1999).
Upon starvation, this repression is relieved by
YakA, a member of a deeply conserved protein
kinase family that also regulates the decision
between growth and differentiation in animals
and fungi (Hartley et al. 1994; Souza et al.
1998; Mercer and Friedman 2006). Active PKA
is essential for expression of early genes such as
the tetrameric surface lectin discoidin 1, and for
basal expression of the aggregation genes, the
cAMP receptor cARI, the secreted cAMP phos-
phodiesterase pdsA, and adenylate cyclase A
(acaA) (Schulkes and Schaap 1995). The second
quorum signal CMF affects early gene expression
through another route, which involves the recep-
tor CMFRI1 (conditioned media factor receptor 1)
(Deery et al. 2002).

The biochemical network that enables pul-
satile cAMP signalling involves the following
sequence of events (Fig. 2.3):
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1. The adenylate cyclase A (ACA) produces a
low basal level of cAMP, which is rapidly
secreted.

2. Secreted cAMP binds to the cAMP receptor
cAR1 and upregulates ACA activity. This
involves activation of the heterotrimeric
G-protein, G2, and a series of intermediate
steps. Binding of cAMP to cARI also leads
to activation of the extracellular mitogen-
activated kinase ErkB, which in turn inhibits
the intracellular cAMP-degrading phosphodi-
esterase RegA resulting in an increase in intra-
cellular cAMP concentration (Adhikari et al.
2020). This, in turn, activates cAMP-
dependent protein kinase A (PKA) by dissoci-
ation of its regulatory subunit, but activated
PKA also relieves the inhibition of RegA by
ErkB via a negative feedback loop
contributing to the cAMP oscillations (Maeda
et al. 2004).

3. The cAMP pulse lasts for 3 minutes and
reaches its peak when persistent stimulation
with cAMP brings cAR1 in an inactive
desensitised state, blocking further activation
of ACA.

4. Hydrolysis of extracellular cAMP by the
cAMP phosphodiesterase PdsA frees up
cARI1 and together with relief of ErkB inhibi-
tion on RegA resets the system for the next
pulse (Devreotes 1994; Kriebel and Parent
2004; Saran and Schaap 2004).

The combination of positive and negative
feedback signalling circuits in a field of cells
creates an excitable medium. Such media can
generate spontaneous oscillations and waves of
excitation. In a field of starving cells, randomly
pulsing cells appear first, followed by circular
waves that break up to form single- or multi-
armed spirals. The oscillatory cAMP waves direct
cell movements through regulation of cytoskele-
tal components (Pal et al. 2019; Schaap 2021).
Spiral cAMP waves persist in mounds once
aggregation is completed. They evolve into scroll
waves in front of the slug and standing waves in
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Fig. 2.3 Production of cAMP pulses. Pulsatile cAMP
signalling results from positive and negative feedback
loops acting on cAMP production. Cells secrete a low
basal level of cAMP, which binds to the cAMP receptor
cARI to activate the heterotrimeric G-protein G2, which
dissociates into its o and Py subunits. The latter activates
PI3-kinase, which phosphorylates the membrane phospho-
lipid PIP2 to form PIP3. PIP3 brings the Cytosolic Regu-
lator of Adenylate Cyclase (CRAC) to the membrane,
where it activates the adenylate cyclase ACA. This posi-
tive feedback loop terminates because cAMP also causes

the rear, the three-dimensional equivalents of spi-
ral and concentric waves, respectively (Dormann
et al. 1998; Dormann and Weijer 2001). cAMP
waves originating from the tip shape the organism
during slug and fruiting body formation by
coordinating the movement of its component
cells. Other species create similar oscillatory
aggregation patterns using chemoattractants
other than cAMP. Extracellular cAMP also
gains other roles in cell type specification, and
new layers of complexity in cAMP signalling
become apparent after aggregation.

In a system of aggregative multicellularity
where the cells are non-clonal, genetic conflicts
can arise and kin-recognition systems are in place
to guide aggregation of only genetically compati-
ble strains. The #grBI/CI genes are expressed
from early aggregation to mound stage and form
cognate pairs of cell surface receptors which have

desensitisation of cAR1, which blocks further cAMP accu-
mulation. Removal of extracellular cAMP by the phospho-
diesterase PdsA resets the system for the next pulse.
Binding of cAMP to cARI1 also activates extracellular
signal-regulated kinase B (ErkB) which inhibits the intra-
cellular phosphodiesterase RegA by phosphorylation. This
allows for an increase in intracellular cAMP and activation
of the cAMP-dependent protein kinase A (PKA) which
initiates changes in gene transcription. Activated PKA also
inhibits ErkB inhibition of RegA in a negative feedback
loop contributing to oscillatory pulses of cAMP

highly polymorphic loci (Hirose et al. 2011).
Allorecognition through activation of the intracel-
lular part of the receptors is necessary for
subsequent gene activation and cells without
compatible cell adhesion #zgrBI/CI genes are
shed from the aggregate (Ho and Shaulsky
2015). This ensures that only closely related
strains will co-aggregate and protects the aggre-
gate from potential cheaters that do not contribute
to the formation of the stalk (Ho et al. 2013). The
size of aggregates is regulated by a secreted high-
molecular-weight complex called counting factor
(CF) which modulates cellcell adhesion
properties (Roisin-Bouffay et al. 2000; Gomer
et al. 2011).

2.2.2.2 Signalling in Mounds and Slugs
Once collected in mounds, phenotypic
differences between cell types become apparent.
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Firstly, the proteins that are involved in
oscillatory cAMP signalling, such as ACA,
PdsA, and cAR1, become specifically localised
or enriched in prestalk and anterior-like cells.
Three new cARs appear: cAR3 in all cells, and
cAR2 and cAR4 in prestalk cells (Ginsburg et al.
1995). Two new adenylate cyclases appear, ACG
and AcrA (adenylate cyclase with response regu-
lator domain A). ACG is translationally
upregulated in the posterior region of the early
slug and localised in the prespore vesicle mem-
brane. During spore maturation, it becomes
localised in the spore plasma membrane
(Alvarez-Curto et al. 2007). The differentiation
of prespore cells requires both extracellular
cAMP acting on cAR1 (Wang et al. 1988b) and
intracellular cAMP acting on PKA (Hopper et al.
1993). ACG produces cAMP for both purposes.
AcrA is preferentially expressed in prestalk cells;
its activity increases at early fruiting body forma-
tion, where it is required for both spore and stalk
cell maturation (Alvarez-Curto et al. 2007,
Meima and Schaap 1999; Soderbom et al. 1999).

Dictyostelids possess large families of polyke-
tide synthases (PKS) that show extensive clade-
specific gene gain and loss. These enzymes pro-
duce polyketide compounds, some of which have
signalling functions, such as the differentiation-
inducing factors, DIF-1-3 and 4-methyl-5-
pentylbenzene- 1,3-diol (MPBD) in
D. discoideum (Zucko et al. 2007; Ghosh et al.
2008). DIF-1, produced by the prespore cells,
triggers differentiation of a subpopulation of
ALCs that will sort downward during fruiting
body formation to form the basal disc and lower
cup (Saito et al. 2008). DIF-1, DIF-2, and MPBD
also act to modulate the cAMP relay (Kuwayama
and Kubohara 2009; Narita et al. 2014; Wang
et al. 1986). DIF-1 has different effects in
Polysphondylium violaceum where a mutant that
cannot produce DIF-1 overproduces misshapen
stalk cells (Narita et al. 2020). Species of groups
1-3 may utilise chemically distinct polyketide
compounds.
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2.2.2.3 Signalling During Fruiting Body
Formation

Slugs migrate to the soil surface directed by light
and warmth to form fruiting bodies, which
ensures optimal exposure for spore dispersal
(Fisher and Williams 1981; Raper 1940; Poff
and Skokut 1977). The rounded slug tip acts as
a lens focusing the light on the opposite side
where it increases metabolism and ammonia pro-
duction (Bonner et al. 1988). Ammonia is an
inhibitor of oscillatory cAMP signalling driving
the autonomous oscillator to the other light facing
side of the tip, thereby causing the slug to turn
towards light. Incident light causes migrating
slugs to point their tips upwards and initiate
fruiting body formation (Fig. 2.4). Excess ammo-
nia antagonises this response and causes
prolonged migration (Schindler and Sussman
1977). This is at least partly due to inhibition of
terminal stalk and spore differentiation by ammo-
nia (Hopper et al. 1993). Ammonia is sensed
through the sensor histidine kinase DhkC
(Fig. 2.5) and the ammonia transporters AmtC
and AmtA (Kirsten et al. 2005; Singleton et al.
1998, 2006).

Sensor-linked histidine kinases are common
sensors for external stimuli in bacteria, fungi,
and plants but not in animals (Shaulsky et al.
1998; Thomason et al. 1998, 1999). The histidine
kinase moiety can also act as a histidine phospha-
tase. Ligand binding to the sensor domain can
trigger either the kinase or phosphatase activity.
Active kinase phosphorylates itself on a histidine
residue, which starts a series of His-Asp-His
transfers. In Dictyostelium, the phosphoryl
group is deposited via the phosphorelay interme-
diate RdeA onto the response regulator of the
intracellular cAMP phosphodiesterase RegA,
thereby activating cAMP hydrolysis (Fig. 2.5).
When ligand binding activates the histidine phos-
phatase, phosphorelay runs in reverse and
inactivates RegA. Ammonia activates the histi-
dine kinase DhkC and consequently RegA,
resulting in degradation of intracellular cAMP
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NHa is lost by diffusion
stalk cells mature

protein degradation yields NHa

Fig. 2.4 Induction of terminal differentiation. Protein
degradation in starving cells yields large amounts of
ammonia (NHs), which accumulates in soil moisture.
Once slugs reach the soil surface light from above redirects
the tip upwards across the air—water interface. Ammonia is
now lost by gaseous diffusion and ammonia depletion

which prevents activation of PKA (Singleton
et al. 1998). PKA activation is essential for
spore and stalk cell maturation, and ammonia
activation of RegA therefore effectively blocks
both processes (Harwood et al. 1992; Hopper
et al. 1993; Mann et al. 1994).

Culmination is induced by a sudden drop in
ammonia concentration as the slug tip penetrates
the surface water film (Fig. 2.4). This allows the
accumulation of intracellular cAMP to activate
PKA and activation of the transcription factor
STATa (signal transducer and activator of tran-
scription A) (Mohanty et al. 1999). The drop in
ammonia concentration is sensed through the
ammonia transporter AmtC as no nuclear accu-
mulation of STATa in prestalk cells is observed in
the amrC-null mutant (Kirsten et al. 2005).
STATa induces expression of another transcrip-
tion factor, CudA (Culmination Deficient A),
which is localised in the nucleus of a cone of
prestalk cells within the tip and is considered to
induce stalk formation (Fukuzawa et al. 1997)
(Fig. 2.5).

Another stalk cell inducing signal has been
identified in D. discoideum as cyclic di-(3’,5’)-
guanosine monophosphate (cyclic di-GMP)
which is produced by diguanylate cyclase
(DGC) (Chen and Schaap 2012). A role for cyclic
di-GMP had so far only been established as a

NHz loss + SDF2
spores mature

allows stalk cells to mature. Maturing prespore cells
secrete a protein AcbA that is processed by prestalk cells
to produce the spore differentiation factor SDF2, which
together with ammonia depletion triggers spore
encapsulation

prokaryotic second messenger mainly involved
in the transition from free-living bacteria to ses-
sile or biofilm forming species, and no DCG
proteins have ever been identified in other
eukaryotes (Romling et al. 2013). Whereas DIF-
1 is mainly responsible for induction of basal disc
and lower cup cells, cyclic di-GMP acts to induce
stalk cells of the main stalk by locally
upregulating cAMP production through ACA
specifically in the tip cells (Chen et al. 2017).
Mutants of DGC in D. discoideum fail to enter
culmination and are arrested at the slug stage.
DGC homologues have been identified in all
groups of dictyostelids (Chen and Schaap 2012),
but it remains to be seen if functions of cyclic
di-GMP are conserved as well.

Prespore cells require the presence of prestalk
cells to proceed with encapsulation. Prespore
cells secrete the protein AcbA, which is processed
by the protease TagC localised on prestalk cells to
yield the peptide SDF-2 that induces sporulation
(Fig. 2.5). SDF-2 in turn binds to the sensor
histidine kinase DhkA on prespore cells and
activates its phosphatase activity, resulting in
reverse phosphorelay and inactivation of RegA.
cAMP can then accumulate and activate PKA,
which triggers spore encapsulation (Anjard et al.
1998; Wang et al. 1999; Anjard and Loomis
2005).
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Fig. 2.5 Regulation of terminal differentiation of prestalk
and prespore cells. Terminal spore and stalk maturation
requires high levels of PKA activation by cAMP. In
prestalk cells at the tip, CAMP is mostly produced by the
adenylate cyclase ACA which is hyperactivated by the
stalk inducing signal cyclic di-GMP (c-di-GMP). In
prespore cells, cAMP is produced by the adenylate
cyclases ACG, activated by high osmolarity, and AcrA,
activated by the cytokine discadenine. The cAMP phos-
phodiesterase RegA requires to be phosphorylated to be
active. The phosphorylation state is controlled by a sensor
histidine kinase/phosphatase that either adds or removes
the phosphate when a ligand binds to their sensor domain
(DhkA and DhkC). Ammonia activates the histidine
kinase activity of DhkC, thereby causing activation of
RegA and preventing cAMP accumulation. A drop in

2.2.2.4 Signalling in the Spore Head

Dictyostelid survival critically depends on spore
dispersal to fresh feeding grounds. The dispersal
mechanism is thought to be surface water, but
accidental or targeted dispersal by insects has
also been discussed (Smith et al. 2014) and dif-
ferent fruiting body morphologies including
pigmented spore heads may be an adaptation to

C. Schilde

discadenine high osmolarity

v v
Onk>—Cace

\

4

—_—

A Mr}ucleus / *

[spore differentiation]

prespore cell

NHj; at the tip allows cAMP to accumulate and activate
PKA. This causes activation of the transcription factor
STATa leading to expression of the transcription factor
CudA, which is then the most likely indirect target for
activation by PKA resulting in the expression of stalk
genes. Prespore cells secrete the precursor of SDF-2,
AcbA. The protease TagC, which is expressed on prestalk
cells, cleaves AcbA to yield SDF-2 which activates the
phosphatase activity of the histidine kinase DhkA. This
results in dephosphorylation of RegA and consequent
cAMP accumulation and PKA activation in prespore
cells. Solid lines indicate direct activations and inhibitions,
dotted arrows potential protein phosphorylation cascades,
and dashed angled arrows gene transcription cascades
leading to cellular responses (boxed)

animal dispersal. Spore germination is therefore
tightly regulated. High intracellular cAMP levels
and strong PKA activation maintain spores in the
dormant state (Van Es et al. 1996; Virdy et al.
1999). High osmolarity of the spore head fluid,
caused by high concentrations of ammonium
phosphate, blocks spore germination (Cotter
1977; Cavallo et al. 1999). High osmolarity has
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two targets: it acts on the intrinsic osmosensor of
ACG to activate cAMP synthesis (Saran and
Schaap 2004; Van Es et al. 1996), and it inhibits
cAMP degradation by RegA by triggering reverse
phosphorelay through the sensor histidine kinase
DokA  (Dictyostelium osmosensing kinase)
(Oehme and Schuster 2001; Schuster et al. 1996).

The cytokine discadenine is another strong
inhibitor of spore germination in D. discoideum
(Abe et al. 1976; Obata et al. 1973) and also
promotes spore maturation (Anjard and Loomis
2008). Discadenine acts via activation of the sen-
sor histidine kinase DhkB (Anjard and Loomis
2008; Zinda and Singleton 1998). Activation of
DhkB results in an increase in intracellular cAMP
concentration, thus activating PKA to rapidly
cause encapsulation of spores and keep them
dormant (Anjard and Loomis 2008). However,
unlike DhkA, the DhkB pathway is dependent
on the adenylate cyclase AcrA (which also has
histidine kinase function) and is independent of
the phosphorylation intermediate RdeA (Anjard
and Loomis 2008). Activation of DhkB leads to
heterodimerisation with AcrA and activation of
adenylate cyclase activity. This produces a rise in
cAMP and activation of PKA induces the MADS-
box transcription factor SrfA, which is essential
for spore differentiation (Escalante and Sastre
2002), and also BzpF, essential for both correct
spore differentiation and dormancy (Huang et al.
2011). The transcription factor Spores Absent A
(SpaA) is acting as PKA-dependent regulator for
both spore differentiation and spore dormancy
and acts upstream of SrfA (Yamada et al. 2018).
Thus, there are several pathways acting in parallel
to ensure spore differentiation and spore dor-
mancy in the spore head (Fig. 2.5).

In conclusion, the transduction mechanisms of
known signals that control the final stages of
development all converge at regulating intracellu-
lar cAMP levels and the activation of PKA.
cAMP is the most deeply conserved signalling
intermediate in both pro- and eukaryotes, with a
broad repertoire of functions in environmental
sensing, hormone action, neurotransmission, and
developmental control. Whilst intracellular use of
cAMP is common to most organisms,

extracellular cAMP signalling is thus far unique
to social amoebas. This suggests that the extracel-
lular use of cAMP is derived from its intracellular
use. PKA is not essential for growth in social
amoebas but is thereafter required for all stages
of multicellular development. It is therefore likely
that cAMP signalling in social amoebas has
evolved from a stress response in their unicellular
ancestors.

23 Evolution of Morphogenesis
and Developmental Signalling
2.3.1 The Evolution of Morphology

The evolution of novel forms in multicellular
organisms results from alterations in the develop-
mental programmes that generate these forms.
For most groups of multicellular organisms,
more is known of developmental signalling in
the extant, complex members of the group than
in the often extinct unicellular ancestors. The
evolutionary origins of these processes can there-
fore only be retraced by a top-down approach. To
assess what are ancestral and derived traits, it is
essential to know the phylogenetic relationships
of the group of organisms under study. Apart
from minor inconsistencies, the most recent
phylogenies of dictyostelids based on -either
rDNA or multiple protein sets have reached
agreement and recognise 4 major groups and
some minor group intermediates (Schilde et al.
2019; Sheikh et al. 2015; Singh et al. 2016)
(Fig.2.1). By plotting morphological characters
of individual species to their family tree, the
order in which these characters evolved can be
assessed. Computational methods can be used to
reconstruct trait probabilities in the last common
ancestor (Romeralo et al. 2013; Schilde et al.
2019).

The four groups do not coincide with the ear-
lier subdivision into genera that was based on
fruiting body morphology (Raper 1984). The
genus Polysphondylium, characterised by similar
fruiting bodies bearing regular whorls of spore
heads and confusingly using the same
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chemoattractant (glorin), appeared at two differ-
ent locations: once in group 2 and once between
groups 3 and 4. This and other inconsistencies
have been addressed in the revised taxonomy of
dictyostelids and the genus Polysphondylium of
group 2 was renamed Heterostelium (Sheikh et al.
2018).

Social amoeba species differ greatly in the
shape and size of the fruiting bodies, which can
be solitary or clustered, unbranched or carrying
branches with specific topologies. Cellular
structures such as basal discs and triangular
supporters may support the stalk, whilst upper
and lower cups may support the spore head. The
stalk may be constructed of dead cells or secreted
material. A migrating slug stage can be present,
but more often a stalk is laid down during migra-
tion. Alternative life cycles, such as the microcyst
or macrocyst, can be present. Spores vary in size
and shape and may carry conspicuous granules at
their poles. The chemoattractant used for aggre-
gation may be cAMP, folic acid, glorin, or a
pterin but is unknown for most species. Twenty
consistently described characters were plotted to
the family tree (Romeralo et al. 2013). The
characters that showed clear evolutionary trends
are summarised in Fig. 2.6.

Sexual macrocysts are found in all groups, but
microcysts appear to be lost from the most
derived group 4. Spores are smallest in group
1 and largest in group 4, where the polar granules
are smaller and more dispersed compared to their
usually clustered position at the spore poles
(Romeralo et al. 2013; Lawal et al. 2020).
Clusters of fruiting bodies usually arise from a
single aggregate in groups 1-3, and these fruiting
bodies are also often branched. Aggregates usu-
ally yield solitary unbranched fruiting bodies in
group 4 species; however, more recently discov-
ered Dictyostelium species have clustered or
coremiform (brush-like) fruiting bodies with
polar spore granules indicating a greater diversity
in fruiting body morphologies within this group
than previously assumed (Romeralo et al. 2011).
In general, group 4 fruiting bodies are signifi-
cantly larger than those of other groups with
species like the aptly named Dictyostelium
gargantuum reaching heights of up to 8§ mm
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when erect and up to 30 mm when prone
(Romeralo et al. 2011). The larger fruiting bodies
of group 4 species are supported by additional cell
types such as upper and lower cup cells and basal
discs or triangular supporters. Outside group
4 there is only a single species with a basal disc
in group 1 (Dictyostelium mexicanum) (Cavender
et al. 1981), and a cluster of species in group
3 with a crampon-shaped support (Romeralo
et al. 2011). Remarkably, for all tested species
in group 4, the chemoattractant is cAMP, whilst
the closest related clade “polysphondylium” com-
plex uses glorin (Shimomura et al. 1982). All
tested species in the other groups use glorin or
other chemoattractants but not cAMP. There is
apparently a correlation between the use of cAMP
during aggregation with additional cell-type
specialisation, large unbranched fruiting body
typus, large spore size, and loss of microcysts
(Romeralo et al. 2013). This suggests that elabo-
ration of cAMP signalling in group 4 species may
have contributed to these phenotypic changes.

In contrast, in members of group 2A, the genus

Acytostelium seems to have undergone
miniaturisation and all cells of the small
aggregates develop into spores which are

crawling up a collectively secreted stalk tube.
The largest species of Acytostelium reach only
2 mm in length and spore number in the spore
head is amongst the lowest of all dictyostelids,
because the secreted stalk can only support fewer
spores. Since the group 1 species as well as the
other genus of group 2B, Heterostelium, display a
cellular stalk, the most parsimonious explanation
is that the cellular stalk was present in the last
common ancestor of group 2 (Traub et al. 1981).
The loss of a cellular stalk in Acytostelium might
have been the consequence of a catastrophic
cheating event where the only stable solution to
the dilemma of a cheater finding itself without
any partner to cheat on was the cooperation of
all cells to secrete a stalk.

Cell-type determination in group 1-3 species
is predominantly achieved by transdifferentiation
of prespore cells to replenish a continuously
diminishing prestalk cell population during
stalked sorogen formation (Schilde et al. 2014).
The early determination of intermixed prespore
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Alternative life cycles

macrocyst microcyst

— Group 4

Group 1

Fig. 2.6 A total of 20 described morphological characters
were mapped to the phylogenetic tree. Many of those are
more or less randomly scattered over the four taxon
groups. An example of such a trait is sexual macrocyst
formation, which occurs in multiple species in each group.
However, encystation of solitary amoebas to form
microcysts is lost in the most derived group 4. Species in
groups 1-3 generally form multiple tips on aggregates and
sorogens, which give rise to clusters of small, branched
fruiting bodies. Group 4 species usually form only one or a

outgroup

and prestalk cells in the mound in appropriate
proportions according to their later fate (80%
spore and 20% stalk cells) is an evolutionary
innovation of group 4 dictyostelids. We find addi-
tional triangular supporter structures at the base of
the stalk in many members of group 4 and a few
of group 3. A basal disc that is induced by DIF-1
is only observed in a very restricted subgroup of
group 4 (clade 4C) (Romeralo et al. 2013). Upper
and lower cup cells are derived from stalk cells
but share transcriptional signatures with both
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few tips per aggregate and fruiting bodies are consequently
solitary, unbranched, and large. Many group 4 species
form cellular supporters or basal discs to hold up the
stalk. A cluster of four species in group 3 forms unique
crampon-like supports. Spore size is smallest in group
1 and largest in group 4, where spore granules are not as
conspicuous as in spores of groups 1-3. None of the
species in groups 1-3 use cAMP as chemoattractant, but
all investigated species in group 4 do

prespore and prestalk cells (Kin et al. 2018).
They also remain motile and have their own
expression  signature indicating additional
functions at late stages of fruiting body formation.

2.3.2 The Evolution

of Developmental Signalling

The model system D. discoideum has been almost
exclusively wused to study developmental
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processes, and information on developmental
signals in other social amoebas is therefore lim-
ited. However, in many aspects, like free slug
migration, the presence of additional supporter
cell types, the use of cCAMP as chemoattractant,
and the inability to form microcysts,
D. discoideum is rather the exception than the
norm. The genome is D. discoideum was
published first (Eichinger et al. 2005), but now
the genomes and transcriptomes of more
dictyostelid species have become available and
are a useful source for comparative developmen-
tal studies (Table 2.1). This allows examination
whether protein-derived signals such as CF,
CMF, and SDF-2 are conserved, as well as the
proteins that are involved in the detection,
processing, and degradation of these signals. Sim-
ilarly, the conservation of the proteins responsible
for the production and detection of cAMP,
polyketides like DIF-1, cyclic di-GMP,
cytokinins, ethylene, ammonia, etc. can be
assessed. More recently, the evolution of entire
families of signal transduction proteins, such as
small G-proteins, has been analysed (Forbes et al.
2022).

Comparative analysis of transcription factors
across Dictyostelia revealed that evolution of new
and more complex morphologies correlated more
with change in transcription factor expression
patterns than with de novo acquisition, amplifica-
tion, or domain change (Forbes et al. 2019).
Unexpectedly, some transcription factors with
roles in D. discoideum cell type specification
like CudA, GtaC, and STATSs are conserved
across the dictyostelids and even in the solitary
Amoebozoans Protostelium aurantium and
Acanthamoeba castellanii (Hillmann et al. 2018).

The basic components of cAMP signalling
(adenylate cyclases, cAMP receptors,
phosphodiesterases, PKA) are conserved in all
dictyostelids, but their expression pattern has
been brought forward in development in group
4. Ancestrally, cAMP likely mediated induction
of encystation by environmental stress (Ritchie
et al. 2008). Solitary Amoebozoa, like
Acanthamoeba castellanii, also have sensor histi-
dine kinases, and enzymes like AcrA, RegA, and
PKA, which are used in encystation, but no
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cAMP receptors, which evolved only in the
Dictyostelia.

In group 4 dictyostelids, the expression of the
aggregation stage cAMP receptor gene carA is
directed from a distal promoter element and later
expression from a proximal element (Louis et al.
1993). The expression from the proximal pro-
moter is probably ancestral and cAR orthologues
are expressed at the multicellular stages of group
1-3 species (Alvarez-Curto et al. 2005). Simi-
larly, the promoters of the extracellular phospho-
diesterase pdsA and the adenylate cyclase acaA
have acquired distal elements in group 4 that
direct early gene expression (Faure et al. 1990;
Galardi-Castilla et al. 2010). Loss of cAR1 func-
tion in group 4 species blocks aggregation and
further development. However, disruption of
cAMP signalling by SpcAMPs
(a non-hydrolysable cAMP analog) did not affect
aggregation in most group 1-3 species but
delayed or inhibited their fruiting body formation
(Romeralo et al. 2013). Similarly, disruption of
the cAR receptor genes tasA and fasB did not
inhibit H. album (group 2) aggregation but
resulted in disorganised fruiting bodies (Kawabe
et al. 2002, 2009). Instead of oblong spores,
encapsulated round cells with high similarity to
microcysts were formed in the fruiting bodies.
This suggests that extracellular cAMP in the mul-
ticellular stage is used to coordinate fruiting body
morphogenesis and to provide a cue to direct the
specification of spores rather than cysts in those
species that can form both. This implies that
induction of sporulation and coordination of
fruiting body morphology are the ancestral roles
of extracellular cAMP signalling, whilst its role in
aggregation is evolutionary derived in group 4.

Comparative phylogenetic analysis also shows
that the adenylate cyclase ACG and its role in
osmoregulation of spore germination are
conserved in all four taxon groups (Kawabe
et al. 2015). Moreover, in species that form
microcysts, PKA and ACG, together with AcrA,
critically regulate encystation (Ritchie et al. 2008;
Kawabe et al. 2015). Microcysts usually form
when cells are starved, but high osmolarity
triggers encystation independently. For soil
amoebas, high osmolarity may  signal
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Table 2.1 List of available dictyostelid genome and transcriptome assemblies. The table contains the new species
names, reference publication (where available), and GenBank Bioproject numbers of the assemblies

Assembly type of Genbank #
Species assembly Publication accession
Dictyostelium discoideum Genome (Eichinger et al. 2005) | PRINA201
Dictyostelium discoideum/ Dictyostelium Transcriptome (Parikh et al. 2010) PRINA565993
purpureum
Dictyostelium intermedium Genome PRINA45879
Dictyostelium citrinum Genome PRINA45877
Dictyostelium firmibasis Genome PRINA45875
Dictyostelium purpureum Genome (Sucgang et al. 2011) | PRINA30991
Dictyostelium rosarium Genome PRINAG639678
Transcriptome PRINA636272
Dictyostelium brefeldianum Genome PRINA638801
Transcriptome PRINA635606
Dictyostelium capitatum Genome PRINA638827
Transcriptome PRINA636270
Dictyostelium gargantuum Genome PRINA639417
Transcriptome PRINA636271
Polysphondylium violaceum Genome (Narita et al. 2020) PRINA45881
Transcriptome (Narita et al. 2020) PRIJEB34080
Tieghemostelium lacteum Genome (Gloeckner et al. PRINA305239
2016)
Transcriptome (Singh et al. 2016) PRIJEB 12908
Tieghemostelium menorah Transcriptome PRINA633982
Hagiwaraea rhizopodium Transcriptome PRINA634000
Raperostelium potamoides Transcriptome PRINA633998
Raperostelium gracile Transcriptome PRINA633972
Raperostelium australe Transcriptome PRINA633971
Speleostelium caveatum Genome PRINA495862
Coremiostelium polycephalum Genome (Singh et al. 2016) PRJEB 14640
Heterostelium gloeosporum Transcriptome PRINA634006
Heterostelium multicystogenum Genome PRINA495730
Heterostelium album Genome (Heidel et al. 2011) PRINA40191
Transcriptome (Singh et al. 2016) PRJEB12907
Heterostelium colligatum Metagenome PRINA454077
Rostrostelium ellipticum Genome (Singh et al. 2016) PRJEB 14640
Acytostelium subglobosum Genome (Urushihara et al. PRIDB1513
2015)
Acytostelium leptosomum Genome (Singh et al. 2016) PRJEB 14640
Cavenderia parvispora Transcriptome PRINA633780
Transcriptome PRINA630548
Cavenderia bifurcata Transcriptome PRINA630419
Cavenderia multistipes Transcriptome PRINA630548
Cavenderia fasciculata Genome (Heidel et al. 2011) PRINA40189
Transcriptome (Singh et al. 2016) PRJEB12909
Cavenderia deminutiva Genome (Singh et al. 2016) PRIEB 14640
Synstelium polycarpum Genome (Singh et al. 2016) PRIEB 14640
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approaching drought when the concentration of
soil minerals increases. High osmolarity directly
activates cAMP synthesis by ACG, which,
together with AcrA, activates PKA and initiates
the encystation process. Since encystation
represents an ancestral mode of stress survival,
this implies that the roles of AcrA and PKA in
prespore and spore differentiation during multi-
cellular development were evolutionarily derived
from homologous roles in encystation (Ritchie
et al. 2008; Du et al. 2015).

Comparative genomics also allows us to
examine conservation of specific members of the
polyketide synthase gene family, since this may
lead us to the signal for prestalk differentiation
that has remained elusive (Thompson and Kay
2000b; Saito et al. 2008). The three DIF-1 bio-
synthetic enzymes StIB, DmtA, and ChlA are
present in all four dictyostelid taxon groups
(Gloeckner et al. 2016). The basal disc inducer
DIF-1 is present in the group 4 species,
Dictyostelium mucoroides, which also has the
DIF degrading enzyme, DIF-dechlorinase, and
in Polysphondylium violaceum, between groups
3 and 4 (Kay et al. 1992). Raperostelium
minutum, in group 3, can sense DIF-1 and direct
changes in gene expression (Van Es et al. 1994).
However, group 3 species possess neither
DIF-dechlorinase nor basal disc cells, suggesting
that DIF-1 induction of basal disc cells is a recent
innovation in group 4. However, STATc, the
transcription factor that is activated and rapidly
accumulates in the nucleus by DIF-1 (Fukuzawa
et al. 2001), is conserved in all dictyostelids, and
it would be interesting to investigate its function
in other taxon groups. The molecular identity of
the receptor for DIF-1 has so far remained
elusive.

DgcA, the enzyme which catalyses the produc-
tion of cyclic di-GMP, is conserved across all
dictyostelids but remarkably absent in all
Amoebozoan genomes investigated so far. The
receptor for DGC has not been identified yet,
and it remains to be tested if cyclic di-GMP has
analogous functions in culmination and stalk dif-
ferentiation in other dictyostelids.

Ammonia blocks aggregation and causes cells
to form microcysts in the group 2 species
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H. album (Lonski and Pesut 1977; Choi and
O’Day 1982). However, in other species ammo-
nia has an inhibitory effect on encystation
(Romeralo et al. 2013). Effects on later develop-
ment have not been investigated but are very
likely considering the fact that all species produce
this catabolite.

Dictyostelids can synthesise at least six differ-
ent cytokinins and the function of the best-studied
one, discadenine, in spore dormancy is restricted
to group 4 species. However, IptA, which is
involved in the synthesis of discadenine, and its
receptor DhkB are conserved in all dictyostelids.
Interestingly, IptA and two other enzymes
involved in the synthesis of signalling molecules,
ChlA and DgcA, as well as the osmolyte sensor
DokA have been acquired by horizontal gene
transfer from bacteria (Gloeckner et al. 2016).

24  Conclusion

The social amoebas with their combination of a
unicellular and a multicellular lifestyle are an
outstanding model to study the evolution of
aggregative multicellularity. Their recently
completed molecular phylogeny provides a
framework for evolutionary studies and provides
information on the core components of develop-
mental pathways and the patterns of gene gain
and loss in each of the major groups. This will
show how ancestral signalling mechanisms were
elaborated on and how developmental robustness
was increased by bringing crucial steps in the life
cycle under multiple levels of control.

The number of sequenced dictyostelid
genomes and transcriptomes has been extended
massively at the species level (Table 2.1). This
allows for data mining and comparative genomic
studies. However, genome mining can only lead
so far, and experimental evidence thus far shows
that most evolutionary change happened at the
level of gene regulation with most genes deeply
conserved. This needs to be followed up with
functional studies to further consolidate this
trend. One of the strengths of the Dictyostelium
system is that such hypotheses can relatively eas-
ily be tested by gene replacement. In addition to
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the model D. discoideum, genetic tractability has
also been developed for group 2 species H. album
and the group 3—4 intermediate P. violaceum (Fey
and Cox 1997; Narita et al. 2020). The develop-
ment of a CRISPR/Cas9 system and new trans-
fection methods for dictyostelids now allows
functional studies in more species and is helped
by the fact that all dictyostelids have haploid
genomes (Iriki et al. 2019; Paschke et al. 2019).
A restricting factor is the availability of suitable
selection markers since many species display
resistance to commonly used selection drugs.

Ecology, or rather adaptation to specific
habitats, is the ultimate cause for the transition
to a multicellular lifestyle and the evolution of
multicellular complexity. We can only hope to
elucidate how multicellularity evolved if we
know what has driven it in the first place.
Mapping the factors that characterise the habitats
of species to the phylogeny, such as latitude,
altitude, (micro)climate, vegetation, and soil
type, would provide insights into the factors
driving phenotypical change. We can now corre-
late morphological traits with ecological features
(Romeralo et al. 2013). By integrating this infor-
mation at the gene and genome level together
with phenotypic change, we may get closer to
understanding why and how multicellular
organisms evolved.
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Abstract

Fungal  mitochondrial (mt)  genomes
(mitogenomes) are diverse and highly variable
both at the inter- and intra-species level. While
they contain a certain set of conserved genes,
exceptions with respect to gene content and
order may be found among and within species
of all phyla across the kingdom of fungi.
Phylogenies based on the concatenated matrix
of the conserved mitochondrial protein-coding
genes are robust and at least as informative as
the ones provided by nuclear-based gene
matrices, irrelevant to their matrix sizes. The
diversity of mitogenomes’ size and structure,
as well as presence (or not) of accessory
elements (introns, ORFs, and plasmids),
provides strong information regarding the
genome’s evolution and to an extent the evo-
lution of the organism. This diversity is also
evident in their variable gene order (synteny).
Gene shuffling is common among the mt
genomes of fungal species, even of closely
related ones, like those belonging to the same
taxonomic  order.  Recombination  and
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horizontal gene transfer (HGT) events are
among the major mechanisms involved,
although there are several cases of gene shuf-
fling which are the result of plasmid integra-
tion within the genome, intron mobility, and
transposition.  Nowadays, analyses  of
mitogenomes in fungal species provide
evidenced insights related to the endosymbi-
otic event which led to the genesis of the
mitochondrion in the proto-eukaryote and its
evolution. This is due to the different evolu-
tionary  divergence rates that fungal
mitogenomes present, given their rates differ
from the known respective ones in metazoan
and plant mt genomes. In this chapter, all
aspects of fungal mitochondrial evolution are
described, summarizing the existing knowl-
edge on fungal mitogenomic structure, evolu-
tion, and dynamics.

Keywords

Mitochondrial genomes - Synteny - Structure
of mitogenomes - Introns - Homing
endonuclease genes (HEGs) - Plasmids - mt
genetic codes - mtRNA polymerase -
Phylogeny - a-proteobacterial endosymbiont

3.1 Introduction

The accumulation of the available whole genome
sequencing (WGS) projects of fungal species has
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progressed exponentially over this last decade
(Smith 2016). Among the sequences created by
the analyses of these projects for the species
under examination, a small sized genome (com-
pared to the nuclear counterpart) is frequently
assembled, the mitochondrial (mt) genome or
mitogenome that is located within the
mitochondria of the organisms. Even before the
WGS projects, analyses of mitogenomes are of
great interest to the scientific community for
many different reasons (Smith 2016; Rubinoff
and Holland 2005). They were preferred firstly
because they were easier to handle, since
mitogenomes are multi-copied even within a sin-
gle cell, smaller in size, and more conserved in
their gene content than the nuclear chromosomes
(Clark-Walker 1992). This is probably the reason
why mt genomes were the first non-viral genomes
to be sequenced and used in early genetic studies
[e.g., for fungal mitogenomes like the ones of
Podospora anserina (Cummings et al. 1990)
and Hansenula wingei (Sekito et al. 1995)]. Sec-
ondly, many of the genetic exceptions known up
to now, such as the high and variable copy num-
ber per cell, different genetic codes, self-splicing
introns, high A/T content, missing genes, and
various mutational and evolutionary rates
depending on the organism that carries them
(Moritz et al. 1987, Clark-Walker 1992;
Christinaki et al. 2022), are found in fungal
mitogenomes. Even small genes or regions pres-
ent differences that may be useful for
investigating genetic attributes, as well as
evaluating the taxonomic, phylogenetic, and evo-
lutionary status of the organisms that carry them
(Hebert et al. 2003; Rubinoff and Holland 2005;
Song et al. 2020; Liu and Wang 2021). In fact,
mitochondrial genomic regions are among the
most widely used and informative genetic
markers for population and evolutionary studies
(Smith 2016; Wolters et al. 2015; De Chiara et al.
2020).

Fungi present a diversity which is fundamen-
tally informative for studying the evolutionary
mechanisms that govern life. Within the kingdom
of fungi, more than 3.3 million different species
are expected to be discovered (Hawksworth and
Liicking 2017), demonstrating species variability
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which is worth studying, given that fungi inhabit
all global ecosystems and exhibit diverse modes
of life, including saprotrophism, parasitism, and
commensalism. Therefore, their genomic study is
imperative for obtaining the required insights to
explain evolution among other basic or applied
scientific questions.

In this chapter, the acquired knowledge
concerning the mitogenomes of fungal species
will be presented under the prism of their contri-
bution to evolution. Specifically, general features
including genome content and size, gene order
(synteny), intron abundance, intergenic regions’
variability, genetic code usage, and mutational
divergence rates will be discussed in depth, in
respect of their contribution in the evolution of
mitogenomes, as well as the evolution of the
organisms. For reasons of consistency throughout
this chapter, mt gene names will follow the
nomenclature proposed by Boore (1999).

3.2 General Features

of Mitogenomes

Fungal mt genomes present remarkable diversity
in size, while their core gene content can be
considered generally conserved. Their features
are similar to the ones found in metazoa, but
enriched with accessory elements like introns,
additional genes, usually unidentified open
reading frames or pseudogenes, plasmids, and
large intergenic regions. The inclusion of these
elements usually renders fungal mitogenomes
larger than their metazoan counterparts (Lang
et al. 1999). There are exceptions within early-
diverging species belonging to Microsporidia and
Neocallimastigomycota, which do not contain
any mt genomes (Bullerwell and Lang 2005;
James et al. 2013).

The typically conserved fungal mitogenome
consists of ~30—40 genes implicated in the most
important function of the cell, i.e., production of
ATP through aerobic respiration. Specifically,
there are genes that encode proteins functional
as subunits for NADH dehydrogenase (nadl-
nad6 and nad4l.), apocytochrome b (cob), cyto-
chrome c oxidase (cox1-cox3), and ATP synthase
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(atpb6, atp8, and atp9). The conserved package of
fungal mitogenomes is completed with 2 genes
encoding rRNA subunits, i.e., rnl and rns for the
large (23S) and small (16S) rRNA subunits,
respectively, a protein important to the assembly
of the small ribosomal subunit, rps3 (in the early
literature it is also called varl), a variable number
of ~22-26 tRNA trn genes, which usually cover
all tRNA needs of the protein synthesis within the
organelle, and tRNA processing genes, like rnpB
(Cummings et al. 1990; Clark-Walker 1992).
There are, however, several fungal mitogenomes
which lack a varying number of these core genes.
For instance, the mt genomes of species belong-
ing to Cryptomycota, Schizosaccharomycetaceae,
Saccharomycetaceae, and Saccharomycodaceae
lack the nad genes (Bullerwell et al. 2003;
James et al. 2013; Freel et al. 2015; Quandt
et al. 2017; Christinaki et al. 2022). Additionally,
the mitogenomes of most Chytridiomycetes lack
many trn genes (Forget et al. 2002; van de
Vossenberg et al. 2018), while several
mitogenomes of taxonomically dispersed species
lack one or two genes, like rps3 (Bullerwell et al.
2000; Korovesi et al. 2018), a#p8 and atp9
(Franco et al. 2017), or trn genes, such as trnA
(for tRNA™®) and mmC (for tRNA®Y®) in
Lecanicillium muscarium (Kouvelis et al. 2004)
(see Table 3.1).

Other genes, which often enrich the
mitogenomes’ gene content, are the ones
encoding for (a) homing endonucleases (HEs) or
reverse transcriptases (RTs) needed for horizontal
mobility of themselves (and usually of the mt
introns which carry them) and (b) even less fre-
quently, DNA and RNA polymerases or remnants
of these genes and (c) unidentified ORFs with
either an unidentified function or a role in fungal
pathogenesis (see corresponding sections below).

Studies of genome sequences show that DNA
transfer from organelles to the nucleus occurs at
very high rates and that this influx is an ongoing
process, occurring since the first endosymbiotic
event (Timmis et al. 2004). Still, questions related
to the reasons for which the few genes of fungal
mitogenomes comprising its main core remained
“captive” within the organelle, when the first
bacterial endosymbiont turned out to be the
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mitochondrion (Adams and Palmer 2003), remain
unclarified and addressed with suggested
hypotheses. These core genes were not even
transferred during the much later organellar gene
transfer (OGT) incidents, which include the occa-
sional transfer of large DNA genes/fragments
from the mitochondrion to the nucleus and, in
rare cases, vice versa (Martin 2003). The main
arguments that try to explain this hotly debated
issue are (a) the protein structure of these genes’
products or (b) the mitochondrion’s need for
redox control. The first theory, called
hydrophobicity theory, supports that these genes
remain within the mt genome because their
products cannot be transferred from the cyto-
plasm to the inner mitochondrial membrane due
to their amino acid content and structure. The
hypothesis that these proteins remained due to
their transmembrane structure seems plausible
and also acceptable for the fungal mt genomes
(Adams and Palmer 2003; Daley and Whelan
2005). The second theory supports that these
genes had to be maintained and not transferred
to the nucleus, due to their implication in the
organelle’s redox balance (Allen 2003). Thus,
this core of genes can be found in all eukaryotes,
including fungi and metazoa. Findings show that
most of the hydrophobic proteins of both
mitochondria and chloroplasts are encoded by
the nucleus and transferred to the organelles, a
fact that conflicts the hydrophobicity theory
(Allen 2003). Mitogenomes, however, are highly
compact in metazoa (sizes usually ranging from
17 to 26 kb), whereas in fungi the respective
range is from 11,223 bp (Hanseniaspora
pseudoguilliermondii) to 272.2 kb (Morchella
importuna) (Liu et al. 2020b). In other words, if
the evolution of mitogenomes was studied by
focusing only on metazoa, the conclusion would
have been that mitogenomes shrink in size during
evolution. However, as it has recently been
shown in a few studies of fungi and more specifi-
cally in species of the subphylum
Saccharomycotina of the phylum Ascomycota
(Christinaki et al. 2022; Hao 2022), the size of
mitogenomes changes without a clear pattern of
reduction or expansion, since both of these pro-
cesses seem to have happened in many different
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independent events (Christinaki et al. 2022). A
similar study, but with only 25 mitogenomes
under examination, had reached the same conclu-
sion for the kingdom of fungi (Aguileta et al.
2014). Interestingly enough, size diversity work-
ing restlessly toward both directions, i.e., either to
expansion or reduction, can be even monitored
within the same species, as it was shown with
Saccharomyces cerevisiae (De Chiara et al.
2020).

3.3  Topology: Structure

of Mitogenome

Another intriguing feature of fungal mitogenomes
is their morphology. Almost all bilaterian animal
mitogenomes are found as circular molecules
(Boore 1999), with a small, unique region called
D-loop as the epicenter for starting their replica-
tion (Falkenberg 2018). In fungi, such a unique
region has not been determined, but in Saccharo-
myces cerevisiae and its close relatives, several
specific regions have been determined to act as
origins of replication (ori), while in other yeasts,
different modes of replication have been pro-
posed, i.e., the rolling circle replication followed
by template switching. Thus, it is suggested that
ori elements are not a universal attribute in mt
genomes of yeasts (Chen and Clark-Walker
2018). Therefore, even today, except for
S. cerevisiae and some of its related species, the
mechanism of mt genome replication is not fully
and experimentally clarified. Mitogenome struc-
ture remains ambiguous regarding circularity or
linearity in fungi, with a few experimentally
substantiated exceptions (Zardoya 2020). As a
common belief, mitochondrial genomes are
mostly circular, but findings regarding the preva-
lence of linear fungal mt genomes are growing
exponentially. The notion about fungal
mitogenome circularity is still, rather wrongfully,
retained for three logically sound facts:
(a) beyond any doubt, the circularity of most mt
genomes of bilaterian metazoa, like the human
mitogenome, which historically was among the
first to be fully studied (Menger et al. 2021),
(b) the endosymbiotic ancestor of mitochondrion
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which was a bacterium with a circular genome
(Williamson 2002), and (c) the circularity of the
restriction maps of fungal mt genomes (Bendich
1993). Exceptions that experimentally verified
the linearity of the mitogenome were found in
early-diverging  fungi, like the chytrids
Hyaloraphidium curvatum (Forget et al. 2002)
and  Synchytrium  endobioticum (van de
Vossenberg et al. 2018), and in yeasts, either as
multipartite linear array (e.g., Saccharomyces
cerevisiae and Candida spp. Maleszka et al.
1991; Valach et al. 2011) or monomeric linear
with inverted terminal repeats (e.g., Pichia
pijperi—Dinouél et al. 1993; Hanseniaspora
uvarum—Pramateftaki et al. 2006). Especially
in yeasts, full analyses, employing pulse field
gel electrophoresis (PFGE) and mapping of
termini with exonucleases, provided further
knowledge by discriminating the telomeric
regions of the linear mitogenomes into two
types of terminal structures: type I, with inverted
terminal repeats containing a covalently closed
single-stranded hairpin (Dinouél et al. 1993),
and type II, with the inverted terminal repeats
composed of tandem arrays of large repetitive
units which end with an incomplete repeat unit
possessing a 5’ single-stranded extension of
defined length (Nosek et al. 1995). Mitogenome
linearity can also be found in other eukaryotes,
besides fungi, and it seems to be a trait acquired
independently many times throughout evolution-
ary history assuming genome circularity of the
a-bacterial endosymbiont. This is also confirmed
by observations that genome structure is not
related to species phylogeny, as closely related
fungal species may have different mt genome
structures (Nosek et al. 1998; Christinaki et al.
2022). The prevailing hypothesis for this morpho-
logical change of the mitogenome involves the
integration of mobile elements including linear mt
plasmids or transposons (Nosek and Tomdska
2003; Fricova et al. 2010).

Regardless of the genome’s conformation,
mitogenomes are clustered in different numbers
in the mitochondria and are packaged and
protected within proteins in a structure that is
reminiscent of the chromosomal DNA form of
bacteria which is in accordance with
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endosymbiotic theory (Gilkerson et al. 2013).
Further experiments would, however, have to be
performed in order to decipher the in vivo confor-
mation of fungal mitogenomes, and thus, at the
moment, it is prudent to refer to it as a circularly
mapped fungal mitogenome when there is no
clear experimental evidence for the linearity of
the genome examined.

3.4 Synteny (Gene Order)

and Genetic Rearrangements

The content of the core genes in fungal mt
genomes is generally conserved (with only a
few exceptions in which one or more genes are
missing, as previously mentioned). The gene
order (or synteny) of fungal mt genomes, how-
ever, presents extraordinary plasticity (Kouvelis
et al. 2004; Freel et al. 2015; Aguileta et al. 2014)
(Fig. 3.1). Nowadays, thanks to the WGS projects
and the advent of next-generation sequencing
(NGS), the known mt genome sequences have
increased exponentially, and it is evident that
mitogenomic synteny is often so different from
one species to another that its study should be
considered a necessity if fungal mt genome evo-
lution is to be analyzed. Synteny can be studied
with two different approaches, considering
(a) only the large sized core genes, i.e., IRNA
and protein-coding genes, or (b) with the addi-
tional inclusion of smaller genes as the frn genes
(coding tRNAs). The first approach offers the
advantage of retrieving the order of the large,
core genes in a simple depiction, which may
provide information about ancestral core gene
pairs or clusters (Kouvelis et al. 2004), with the
additional retrieval of trans-spliced or divided
genes, like the rns and cox1 genes of Gigaspora
rosea (Nadimi et al. 2012), the rns of
Hyaloraphidium curvatum (Forget et al. 2002),
or of pseudogenes and chimeric genes [i.e., fused
intronic homing endonuclease gene (HEG) with
the preceding exon of the mt gene], like the ones
found in the mitogenome of Sclerotinia borealis
(Mardanov et al. 2014) and Beauveria
brongniartii (Ghikas et al. 2010), respectively.
However, the inclusion of #rn genes offers more
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insights into the synteny and evolution of
mitogenomes, because trn genes can be found
either as single units, scattered among the large
core genes, or as clusters, which are usually
conserved when considering mt genomes of
fungi belonging to the same order (Ghikas et al.
2006; Christinaki et al. 2022). Clear syntenic
groups and patterns can be found among fungal
species belonging to the same order (Fig. 3.1),
especially in the case of Ascomycota (Pantou
et al. 2008; Christinaki et al. 2022). Both types
of distribution provide useful information under
the prism of genomics and evolution. Single trn
genes may play a dual role, either as termination
signals of transcription (Schifer et al. 2005;
Varassas and Kouvelis 2022) or as hotspots for
recombination events which may contribute to
gene shuffling (Pantou et al. 2008). This latter
theory has been proposed earlier for mt gene
shuffling in metazoa (Saccone et al. 2002), but it
must be used cautiously in fungal mitogenomes,
since (a) species belonging to early-diverging
fungi (EDF), like the ones belonging to
Chytridiomycetes, usually contain a very small
number of #rn genes (Forget et al. 2002; Zardoya
2020) and (b) other repetitive elements like the
GC islands of yeasts and Neurospora crassa may
play the role of the target sequences for recombi-
nation (Yin et al. 1981; Dieckmann and Gandy
1987).

3.5 Mt Plasmids

The mt plasmids can be defined as sequences with
little or no homology to the mitochondrial
genome and have an independent evolutionary
history that may render them intracellular
parasites. They have been found in plants, fungi,
and protists (Hausner 2012). Fungal mt plasmids
are either circular or linear, usually carrying one
or more genes involved in replication and tran-
scription (DNA or RNA polymerases) (Griffiths
1995; Hausner 2012). They can be mainly
discriminated into three different types:
(a) linear or circular retroplasmids, which usually
carry a gene that encodes a reverse transcriptase
(Kennell and Cohen 2004), (b) linear plasmids
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Fig. 3.1 Gene order of mitogenomes of species belong-
ing to different orders of Ascomycota and their phyloge-
netic relationships: synteny of (a) various orders of
Pezizomycotina subphylum and (b) the major phyloge-
netic clades of Saccharomycotina subphylum. Due to the
variability of syntenic units among all members of each
order, the sequence that represents most of the taxa of each
order for Pezizomycotina and one representative from
each clade of Saccharomycotina presented. Orders that
contained less than three strains were not included in the
analysis. Each arrow represents a gene. Pink arrows with 1l
and rs represent rnl and rns genes, respectively; blue and

yellow arrows with cb, c1-c3, n1-n6, and n4L correspond
to cob, cox1-3, nadl-6, and nad4L, respectively. White
arrows with a single capital letter are for the #rn genes
which will encode the tRNAs of the respective one-letter
designated amino acid. b) The double slash symbol (//)
depicts a high variability of gene order at this part of the
sequence. The dendrograms were based on the phyloge-
netic trees of Li et al. (2021b), Abdollahzadeh et al.
(2020), and Christinaki et al. (2022) and represent the
phylogenetic relationships of each order without showing
distances
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with terminal inverted repeats and with genes
encoding either a DNA or an RNA polymerase,
or both (Nakai et al. 2000; Klassen and Meinhardt
2007), and (c) circular plasmids that encode a
DNA polymerase (Griffiths 1995). Linear
plasmids, in particular, present the following
usual features: (a) terminal inverted repeats,
(b) genes for RNA and DNA polymerases of
viral origin, and (c) termini with either covalently,
hairpin-like closed ends (i.e., “hairpin” plasmids)
or proteins which are covalently attached to their
5’ termini (i.e., “inverton” plasmids) (Meinhardt
et al. 1997).

Their size varies usually from 5 to 10 kb for
linear DNA plasmids, which encode for both
DNA-dependent DNA and DNA-dependent
RNA polymerases, or from 2.5 to 5 kb circular
DNA plasmids that encode either a DNA poly-
merase or a reverse transcriptase (Cahan and
Kennell 2005). It is highly intriguing that mt
plasmids can be found either stably integrated in
the mt genome, like in Moniliophthora perniciosa
(Formighieri et al. 2008), or free and occasionally
integrated in the mt genome, like in Neurospora
spp. (Myers et al. 1989) and in Podospora
anserina (Hermanns et al. 1994).

They have been considered as cryptic mito-
chondrial elements, since there is no evidence
for a change in their host’s phenotype (Hausner
2012), but according to several experimentally
examined cases, they have also been correlated
to senescence, life-span elongation, vegetative
incompatibility, and reduced pathogenicity. Spe-
cifically, circular retroplasmids, like the kalilo or
the Maranhar plasmids of Neurospora
intermedia, may be inserted in several different
domains of the mt genome and thus disrupt the
function of essential genes, leading to growth
cessation and aging, a process called senescence
(Fox and Kennell 2001). However, in
P. anserina, insertion of the linear pAL2-1 is
correlated with an increased life span, and there-
fore, this mitochondrial plasmid has been named
life-span-prolonging plasmid (Hermanns et al.
1994). Moreover, hairpin plasmids with variable
hairpin loops have been correlated to vegetative
incompatibility groups of Rhizoctonia solani
(Katsura et al. 1997), while the circular plasmid
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PCRY1 of Cryphonectria parasitica is an infec-
tious agent that reduces pathogenicity (Monteiro-
Vitorello et al. 2000). Finally, in Candida
subhashii, a linear invertron-type plasmid may
have been domesticated to serve as its mitochon-
drial genome’s telomeres (Fricova et al. 2010).

The potential of plasmid integration into their
respective mt genome has not been fully resolved
for all different types of mt plasmids, but plasmid-
like sequences have been found to cluster in
domains of mt genomes where low numbers of
Pstl palindromic sequences exist (Cahan and
Kennell 2005). Short sequence homologies of
the target regions within the terminal sites of the
plasmid are necessary for the integration of the
kalilo plasmid, whereas other integrated
plasmids, like Maranhar, do not require a
sequence homology for being incorporated in
the mt genome. This renders plasmid
duplications, horizontal plasmid transfer, or
other unknown mechanisms as the proposed
explanations for the existence and integration of
mt plasmids into the mt genomes (Cahan and
Kennell 2005). It is worth mentioning that in a
few cases, like the mt genome of Agrocybe
aegerita, there are two polymerase genes (polB)
flanked by two large, inverted repeats longer than
2.4 kb. Each repeat contains an identical copy of
nad4 gene and, thus, this whole region is of
linear-plasmid origin or might even be a remnant
of a plasmid (Liu et al. 2020a). In Moniliophthora
perniciosa, the existence of ORFs between the
inverted repeats of the plasmid was considered
as an indication of an integration-recombination
event (Formighieri et al. 2008), despite the fact
that no ORF coding for integrase activity has been
found in mt plasmids of any fungal species so far
(Cahan and Kennell 2005).

Overall, mt plasmids can be found quite often
in fungal mitochondria, mostly in Ascomycetes
and Basidiomycetes. Even if they have been
integrated into the mt genome, they always carry
at least a gene implicated in their function, usually
a DNA or RNA polymerase. These genes share a
common ancestor with their counterparts in
phages (Poggeler and Kempken 2004), but more
recent horizontal gene transfer events cannot be
excluded (Kempken 1995). In M. perniciosa, the
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integration of the plasmid in the mt genome was a
recent event, since the plasmid sequence is not
adapted to the rest of the mt sequence, but the
plasmid was not found in its close relative,
M. roreri (Formighieri et al. 2008). The existence
of the mt integrated plasmid might be an evolu-
tionary advantage if the plasmid has been
acquired recently and prolongs the life span of
the organism carrying it (Formighieri et al. 2008).
Similarly, in the mt genomes of Glomus spp.,
numerous DNA polymerase (dpo) sequences
were retrieved with no similarity to each other,
but they seemed to be related to dpo plasmid
sequences in Daucus carota, a plant that may
act as a host (Beaudet et al. 2013). This example
is an indication that the plasmid integration or
even the integration of plasmid-derived genes
may occur repeatedly and independently through-
out evolution. Additionally, the recent finding
that mt plasmids are common in Agaricomycetes
(with only the exception of Cantharellus
cibarius, out of the 12 strains examined), but not
in other known classes of Basidiomycota
(Himmelstrand et al. 2014), indicates that vertical
inheritance of mt plasmids and their genes from
the common ancestor of Agaricomycetes may
explain their existence with subsequent integra-
tion events into the mt genomes at many different
independent occasions.

Nuclear—Mitochondrial
Interactions

3.6

Nuclear mitochondrial interactions may be stud-
ied under the prism of three different approaches:
(a) the involvement of nuclear (nc)-encoded
proteins in the functions of mitogenomes, like
replication, transcription, and DNA repair,
(b) the mechanisms and processes that regulate
the stoichiometry of nc- and mt-encoded products
for efficient mitochondrial homeostasis, and
(c) the exchange of nc- and mt-originated
sequences harbored in both genomes. In brief,
the fungal contribution to the evolution of
these interactions to date may be presented as
follows:
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(a) Mt functions controlled by nc-encoded
proteins—the  example of mtDNA
transcription
Functional processes of fungal mitogenomes
rely on nc-encoded genes, as it has been
shown in several studies, primarily in fungal
model organisms like Saccharomyces
cerevisiae,  Neurospora  crassa, and
Schizosaccharomyces pombe (e.g., Burger
et al. 1985; Kleidon et al. 2003; Schifer
et al. 2005) and, recently, in other fungi
like Candida albicans and
entomopathogenic hyphomycetes Beauveria

bassiana and Metarhizium  brunneum
(Kolondra et al. 2015; Varassas and
Kouvelis 2022). While many related

questions about the evolutionary establish-
ment of these mechanisms remain unan-
swered, the study of the mt gene
transcription in fungi for more than three
decades provides certain well-substantiated
hypotheses and brings insight into fungal
mitochondrial genome evolution.

In specific, the finding of an eubacteria-like
multisubunit RNA (msuRNA) polymerase
in the mitogenome of a close relative of
early-diverging amitochondriate eukaryotes,
ie., the protist Reclinomonas americana
(Lang et al. 1997), as well as in fission yeasts
(Seif et al. 2003) provided credibility to the
theory that mt transcription was initially
performed by a msuRNA polymerase
which was subsequently lost and a nucleus-
encoded single-subunit RNA (ssuRNA)
polymerase was employed for the transcrip-
tion of mt genes (Burger and Lang 2003).
This replacement must have occurred early
in the evolution, as a ssuRNA polymerase
gene which resembled a T7 phage RNA
polymerase gene has been identified in the
early-diverging amoeba Naegleria fowleri
(Cermakian et al. 1996). An alternative
explanation to this is that the ancestral
a-proteobacterium, which acted as the pro-
genitor of the mitochondrion, was already
infected with a lysogenic T7-like phage
that had its genome integrated into the
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(b)

bacterial one and that this phage-originated
gene was transferred along with the majority
of all the other bacterial genes into the
nucleus (Varassas and Kouvelis 2022). The
experimentally proven necessity of a sigma-
like subunit (Mtfl gene) for the infallible
function of mt RNA polymerase Rpo41 in
yeasts (Yang et al. 2015) adds further credi-
bility to the latter theory.

Nevertheless, the transfer of genes from the
endosymbiotic bacterial ancestor to the
nucleus is beyond any doubt, as shown by
the fungal mitogenome contents (see chapter
above). The main mechanism proposed for
the transfer of these genes to the nucleus is
their transfer by mobile elements that
employ the non-homologous (NHEJ)
recombination for integration (Berg and
Kurland 2000; Fonseca et al. 2021).
Mechanisms of mitochondrial homeostasis
The existence of two independently
originated protein products in almost all
eukaryotic organisms, which have to interact
and cooperate in order to achieve vital cell
processes—including the production of ATP
in mitochondria through oxidative phos-
phorylation (OXPHOS) and aerobic respira-
tion in general—has recently been
elucidated effectively through the study of
yeasts and other organismal cells including
mammalian ones (Youle 2019). In yeasts, as
well as in the majority of other fungi,
14 (at maximum) different mt-encoded
proteins have to interact with a median of
80 different nc-encoded counterparts, in
order to assemble all the necessary
complexes of OXPHOS (for a review, see
Barros and McStay 2020 and references
therein). Intriguing questions about the
mechanisms and processes which are
involved in the establishment of functional
coordination of both mt- and nc-encoded
proteins within the cell have only recently
been partially addressed through compara-
tive studies among yeasts and mammals (for
reviews, see Isaac et al. 2018; Youle 2019).
Therefore, in this subsection, the new
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advances based on the impact of fungi in
deciphering their evolution will be presented
in brief.

In a fungal cell there is usually one nucleus,
while mitochondria and their mitogenomes
are always larger in number (reaching in
some cases 100 mitogenomes per cell;
Burger et al. 2003). Therefore, a stoichiom-
etry of the mt- and nc-encoded products is
imperative. The balance of this stoichiome-
try is achieved through the coordination of
RNA transcription in the nucleus with pro-
tein translation in the mitochondrial matrix
and by degrading extraneous protein
subunits (for a review, see Youle 2019).
Proteolysis in the mitochondrial matrix
(Liao et al. 2020), mitophagy and mitochon-
drial biogenesis (Pickles et al. 2018), and
mitochondria-derived ~ vesicles  which
directly target outer mitochondrial mem-
brane proteins to lysosomes (Klecker et al.
2014) may act as additional backup pro-
cesses. This may be achieved by eliminating
excess proteins imported from cytosolic
translation of nuclear genes or translated in
the matrix from mtDNA-encoded genes that
misfold in the absence of interacting partners
from the alternate genome (for a review, see
Youle 2019 and references therein). More-
over, when hydrophobic inner mitochondrial
membrane proteins are overexpressed, they
may clog the translocase of the outer mem-
brane (TOM)/translocase of the inner-
membrane (TIM) import channels and pro-
tect the cell through the unfolded protein
response activated by the mistargeting of
proteins (UPRam) and mitochondrial pre-
cursor overaccumulation stress (mPOS)
pathways (Weidberg and Amon 2018). As
for mtDNA-encoded proteins, mitochondrial
translation machinery and translation itself
(but not transcription) are markedly
downregulated after clogging (Boos et al.
2019).

Thus, there are several processes which con-
tribute to the maintenance of proteostasis
and control of stoichiometry in nc- and
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mt-encoded products. These mechanisms
have also been found in mammals (Youle
2019). Therefore, there is strong indication
of a common strategy that may have
originated early in eukaryotic evolution and
most probably at the stage of the last eukary-
otic common ancestor (LECA.) That being
said, a few other processes which help in the
effective establishment of normal functional
nc—mt interactions, like the mitophagy path-
way, may be a later evolutionary acquisition
(Youle 2019).

(c) NUMTs (NUclear sequences of MiTochon-
drial origin)
At present, it is well established that nuclear
genomes in fungi, as well as in other
eukaryotes, contain integrated fragments of
mitochondrial DNA called NUMTs
(NUclear sequences of MiTochondrial ori-
gin) (see, e.g., Kleine et al. 2009; Lafontaine
et al. 2004). These usually correspond to
pseudogenes or non-coding regions, but in
a few cases, they have been incorporated
within functional genes as exon patches
(Noutsos et al. 2007). A comparative analy-
sis of NUMTs in six different yeast species
showed broad diversity in the number, size,
and distribution of these elements within the
chromosomes (Sacerdot et al. 2008). It is
worth mentioning that in the examined
yeasts the size of NUMTs was small
(<400 bp), in contrast to the ones found in
Neurospora crassa (the largest 4136 bp and
average size of 647 bp—Richly and Leister
2004), and was distributed as either a tight
mosaic (NUMTs overlap or are very close)
or a loose one (more distant). In both cases,
the mechanism of this mtDNA insertion into
the nuclear genome may be considered a
mutagenic phenomenon that may frequently
inactivate a gene (Sacerdot et al. 2008).
There are, however, NUMTs which have
undergone a positive selection from the evo-
lutionary aspect, since they have produced a
new functional gene (Noutsos et al. 2007).
Still, the mechanism of transferring NUMTs
from the mitochondria to the nucleus is
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unresolved, but Beaudet et al. (2014) exper-
imentally demonstrated the mobility of the
nadl-nad4 intergenic region from the
mitogenome of a Rhizophagus irregularis
strain to its chromosomal DNA, thus
suggesting an ongoing evolutionary process
which may differ even among strains of the
same species (not found in a second exam-
ined strain). Similarly, two Trichoderma
strains harbored three NUMTs localized
within the mitogenomic regions of nad$,
nad6 and an intergenic region, while in the
nuclear chromosomes they were found, as
expected, in AT-rich regions which do not
encode for any protein or RNA. It has been
proposed that NUMTs have been implicated
in increasing genetic diversity and facilitate
genome evolution (Li et al. 2021a). Further-
more, it is experimentally proven in Saccha-
romyces cerevisiae and Kluyveromyces
lactis that the NUMT acquisition and prolif-
eration is a result of the existing DNA repair
mechanism, either with the involvement of
double-strand break (DSB) repair or the
non-homologous end joining (NHEJ) path-
way (Sacerdot et al. 2008).

3.7 Mt Gene-Based Phylogenies

Even from the early stages of molecular
phylogenies, mt genes have been used as plausi-
ble alternative markers that may provide useful
information in order to determine the phyloge-
netic relationships among fungal species, and to
an extent their evolution. For example, studies
have employed the genes of ATP synthase sub-
unit 6 (atp6) (Kretzer and Bruns 1999) and of the
small rRNA subunit (rns) (Pantou et al. 2005).
When it became obvious that single gene
phylogenies may be misleading in determining
the phylogeny of whole organisms, these mt
gene-based markers were used either in combina-
tion with nuclear and other mitochondrial genes
as a concatenated matrix (Fahleson et al. 2004;
Kouvelis et al. 2008; Theelen et al. 2021) or as a
combined dataset of all the conserved mt genes
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(Bullerwell et al. 2003; Kouvelis et al. 2004;
Nadimi et al. 2016; Christinaki et al. 2022).

Mt-based phylogenies of the major lineages of
fungi usually exhibit similar topologies to those
produced by nuclear datasets (Bullerwell et al.
2003; Christinaki et al. 2022) with a few major
differentiations (Pantou et al. 2008). One such
“discrepancy” is the positioning of subphylum
Saccharomycotina. Based on nuclear datasets,
this subphylum is a sister clade to
Pezizomycotina, and Taphrinomycotina are
basal to both. Mt concatenated matrices produce
phylogenetic trees showing the sisterhood of all
yeasts (Saccharomycotina with
Taphrinomycotina) and with Pezizomycotina as
a sister clade of both (Bullerwell et al. 2003;
Pantou et al. 2008; Freel et al. 2015; Christinaki
et al. 2022). A plausible explanation for such
phylogenetic incongruence is the different diver-
gence rates of proteins and genes of mt vs nc
origin. Recently, Christinaki et al. (2022)
suggested a different molecular clock governing
the evolution of the mt genes when compared
with their nc counterparts. While the notion that
mt genes evolve faster than nc genes present in
metazoa is prevalent (Brown et al. 1982), it has
lately been suggested that in plants and fungi, mt
genomes exhibit a slower divergence rate (Sandor
et al. 2018). However, Christinaki et al. (2022)
proposed that fungal mt genes evolved slower
than nc genes during the early phases of yeast
evolution, and only recently has this changed so
that mt genes evolve faster than their nc
counterparts.

3.8 Intergenic Regions

As previously mentioned, introns and intergenic
regions are some of the major determinants of
fungal mt genome diversity. Intergenic regions
vary greatly in fungal mt genomes in terms of
both their size and content. Mitochondrial
genomes of other eukaryotes, such as plants,
may harbor larger intergenic regions, but fungi
tend to have a very broad range of intergenic
region size diversity. These regions in fungi may
be as large as 88% of their whole mitogenome, as
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shown in the case of Nakaseomyces bacillisporus
(Christinaki et al. 2022), while in certain cases
they can also be as small as 1 bp, or non-existent,
in cases when gene sequences overlap by 1 bp
(Kouvelis et al. 2004). A characteristic example
of such non-existing intergenic region is the case
of nad4L and nad5 genes in several species such
as Lecanicillium muscarium, Neurospora crassa,
and Podospora anserina, where these genes over-
lap one another by a single base pair (Kouvelis
et al. 2004). It has been suggested that intergenic
regions may play an important role in genomic
rearrangements and gene shuffling (Paquin et al.
2000). They often host repetitive sequences
which can act as hot spots for recombination, as
well as introns and ORFs with unknown
functions (Paquin and Lang 1996; Liu et al.
2020b). This may explain the mobility of certain
syntenic units, as there are indications of repeats
in the intergenic regions that flank such syntenic
units (Yildiz and Ozkilinc 2021; Zhao et al.
2021). It has been previously shown that the
number of rearrangement events in fungal
mitochondria is significantly correlated with the
number of repeats in intergenic regions, the accu-
mulation of which is mainly due to drift and
mutation pressure (Aguileta et al. 2014). Simi-
larly, small intergenic regions between genes
may favor the formation and stability of syntenic
units over time. Such an example can be observed
in the case of atp6 and atp8 genes which are
found as a conserved syntenic unit in most of
the representative genomes of Pezizomycotina
and Saccharomycotina, as well as in some species
of Taphrinomycotina (Kouvelis et al. 2004;
Christinaki et al. 2022), thus forming an ancestral
conserved element. Additionally, small intergenic
regions may help in the transcription of mt genes
as fungal mt transcripts are initially polycistronic,
but immediately after the formation of the poly-
cistronic molecules, they mature to single cistrons
as has been already shown in Ascomycetes
(Breitenberger et al. 1985; Varassas and Kouvelis
2022). Therefore, repetitive elements in
intergenic regions are most probably the result
of stochastic duplication and recombinational
events However, from the evolutionary prism,
they can be involved in a diversity of functionally
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relevant outcomes such as conversions of the
mitogenome from linear to circular forms and
vice versa (Valach et al. 2011), duplication of
certain genes within the repeats (Theelen et al.
2021), and mobility through transposition
(Paquin et al. 2000). The latter is further
directly associated with the structure and organi-
zation of mitogenomes and, indirectly, with the
regulation of the genomes’ expression
(de Zamaroczy and Bernardi 1986; Koll et al.
1996).

3.9 Introns and Intronic ORFs
Fungal mt genomes harbor various introns, in
contrast to metazoa which rarely carry introns
(Boore 1999). Based on their RNA secondary
structure, sequence conservation, and splicing
mechanisms, mt introns can be classified into
Group I and Group II introns, but the former are
more frequent in fungal mt genomes (Lang et al.
2007; Hausner et al. 2014; Sandor et al. 2018).
Both types of introns have the ability to move
within the genome by a self-catalyzation mecha-
nism (for a recent review, see Mukhopadhyay and
Hausner 2021). In order to do so, self-splicing
introns of Group I usually contain homing endo-
nuclease genes (HEGs), coding for homing
endonucleases (HEs), i.e., enzymes that recognize
site-specific DNA targets (Belfort and Roberts
1997). HEGs have almost exclusively been
found in Group I introns of fungal mitogenomes
(Megarioti and Kouvelis 2020), but they may also
be located within Group II introns or as free-
standing genes, a characteristic most commonly
seen in early-diverging fungal species (Toor
and Zimmerly 2002; Megarioti and Kouvelis
2020). In general, HEs may be classified in
one of the following four families based on
the amino acid motifs participating in the
enzyme active site: GIY-YIG, LAGLIDADG,
His-Cys box, and HNH (Stoddard 2014). Fungal
mt genomes usually contain the first two
types; LAGLIDADG is generally the most fre-
quently found and HNH extremely rare
(Mukhopadhyay and Hausner 2021; Toor and
Zimmerly 2002).
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Group II introns rarely carry a LAGLIDADG
endonuclease gene, as mentioned above, and they
usually include a reverse transcriptase gene that
helps splicing and intron’s mobility through an
intermediate step of reverse transcription
(Novikova and Belfort 2017; Mukhopadhyay
and Hausner 2021). However, both Group I and
II introns can also take part in several intronic
arrangements. One of the most complex intron
formations involves introns within other introns,
a term called twintron (Copertino and Hallick
1991). Twintrons may be formed by different
combinations of Group I and II introns, or other
intron types (e.g., tRNA introns), and there is no
necessity for them to be of the same type (Hafez
and Hausner 2015). Twintrons may be formed by
different mechanisms which are based on the
mobility of their components. The simplest and
most common example is when an intron moves
to a critical sequence of another one, preventing
its splicing until the inside intron moves again and
allows for the second one to become splicing
competent. There are also cases where the invad-
ing intron interrupts an ORF sequence, so the
gene is expressed only after its splicing (Guha
and Hausner 2014). A characteristic example is
the case of the expression of a functional rps3
gene located in an external intron, only after the
splicing of the internal intron which contains a
LAGLIDADG endonuclease in the mitogenome
of Grosmannia piceiperda (Rudski and Hausner
2012). Similarly, in the fungus Chaetomium
thermophilum, an ORFless intron interrupts an
external intron that harbors an ORF for a homing
endonuclease which can only be expressed upon
self-splicing of the invading internal intron (Guha
and Hausner 2014). In cases where the sequence
is not critical for the splicing, the outside intron
has the ability to move independently (Hafez
et al. 2013). The role and significance of twintron
formations is yet unknown, but their complex and
various formations suggest that they could be
useful as regulatory elements for gene expression
regulation through the various alternative splicing
mechanisms they provide (Younis et al. 2013;
Hafez and Hausner 2015).

In general, the number, as well as length of
introns present in mt genomes, is highly variable,
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and along with the mitochondrial intergenic
regions, introns are major determinants of mt
genome size diversity (Hausner 2012; Friedrich
et al. 2012; Megarioti and Kouvelis 2020). There
are cases, like the fungi Podospora anserina and
Phlebia radiata, where introns account for up to
75% and 80% of the overall size of mtDNA,
respectively (Cummings et al. 1990; Salavirta
et al. 2014), while in a few other fungal species,
i.e., in Hyaloraphidium curvatum, no introns
were found in their mt genome (Forget et al.
2002). While introns contribute to genome size
expansion, intron abundance is not always analo-
gous to fungal mt genome size (Christinaki et al.
2022), and closely related species can vary
immensely in the mt genome content of introns.
At the same time, intron presence varies among
different genes, in respect to both their number
and their type. Genes like cox1 and cob usually
contain many more introns than other genes
(Freel et al. 2015; Wolters et al. 2015; Christinaki
et al. 2022). Accordingly, the various intron types
and their HEGs exhibit a preference for certain
genes, showing a wide or narrow gene host pref-
erence (Hausner et al. 2014; Zardoya 2020;
Christinaki et al. 2022).

Introns have a restless evolutionary history.
According to the intron-early theory, introns
were abundant during the first stages of evolution
after the initial endosymbiosis and thereafter had
a tendency to disappear. In several cases, an
intronic ORF may be fused with a preceding
exon in one frame. As suggested in the modified
Goddard and Burt model, mutations, which
change the target sites for intron acquisition and
alternative splicing, may lead to the loss of the
intronic ORF fused to the upstream exon
(Goddard and Burt 1999; Guha et al. 2018).
Recent studies have shown, however, that introns
may remain intact at conserved gene locations
(Korovesi et al. 2018; Wai et al. 2019), a fact
that indicates a form of habituation in certain
genes. In reality, introns not only stay intact with-
out disappearing, at least as frequently as the
intron-early theory suggests, but may in some
instances become more numerous, with new
introns being acquired through HGT events or
transposition (Wu et al. 2015). Introns and
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HEGs have a long and co-related evolutionary
history. According to the recently proposed
“aenaon” model, introns have undergone a com-
plex evolutionary transformation, from an ances-
tral compact form to a more expanded and
complex structure. HEGs tend to invade introns
throughout evolution in a perpetual manner,
through many recombination, transposition, and
horizontal gene transfer events. Ancestral introns
still exist, while new introns may be found in
Dikarya fungi (Megarioti and Kouvelis 2020).
Finally, it has been shown that intron diversity
and mobility within the genome play a substantial
role in recombination events. Introns tend to
move from an intron-containing allele to an
intron-minus allele in a homology-dependent
gene conversion, a term called intron homing
(Dujon 1989). During this process of intron
movement, sequences from the intron-containing
allele are transferred to the recipient gene,
thus shaping genetic diversity through intron
homing (Repar and Warnecke 2017; Wu and
Hao 2019).

3.10 Unidentified ORFs with Other
Function than Intron Splicing
and Mobility

In addition to the conserved fungal mt genes
or Group I and II intronic ORFs that have
an already known role (i.e., HEGs, RT and
rps3), mitochondria also contain a number of
non-conserved ORFs (ncORFs), otherwise called
unidentified ORFs. Their presence varies substan-
tially among fungal mt genomes and can either be
found in introns or as free-standing genes within
intergenic regions (Liu et al. 2020b; Losada et al.
2014; Duo et al. 2012). There have been three
main theories regarding their origin: (a) they are
derived from existing mt loci that have
accumulated point mutations, (b) they are derived
from a nuclear gene that was transferred in the
mitochondrion, and/or (c) horizontal transfer has
occurred from another organism. In addition,
mobile elements, such as HEGs, can alter ORFs
so they could possibly create unidentified ORFs
(Al-Reedy et al. 2012).
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Despite being numerous, the majority of them
have unknown roles (Hane et al. 2007; Duo et al.
2012). Regardless, it has been suggested that a
large number of nuclear ORFs are typically found
in large fungal mt genomes, and thus, they may
contribute to genome size expansion (Li et al.
2015). Mitochondrial genomes of Fusarium spp.
were found to contain highly variable regions of
7-9 kb that encode Group I intron associated
OREFs, as well as an exceptionally large unidenti-
fied ORF which was probably horizontally trans-
mitted before the divergence of Fusarium spp.
(Al-Reedy et al. 2012). Similarly, free-standing
unidentified ORFs were also located in the mt
genome of four Rhynchosporium spp., among
which there was a large unidentified ORF, i.e.,
Ro_ORF11, which encoded an 807 amino acid in
size protein with five transmembrane domains
without a recognized function (Torriani et al.
2014). It has also been suggested that
non-conserved ORFs with unknown functions
may be involved in mitonuclear interactions
(Clergeot and Olson 2021). Such interactions
can contribute to virulence and host interactions
of pathogenic fungi (Hu et al. 2020).

Unidentified ORFs’ random and
non-conserved presence in fungal mt genomes,
in combination with their location within introns
or intergenic regions, implies that they contribute
largely to mt diversity among different species/
taxa. This is in compliance with their role as a
rapidly evolving accessory compartment in the
mt genome, as their location in non-conserved
areas allows them to be the subject of mutations
or other genetic rearrangements (Croll and
McDonald 2012; Torriani et al. 2014).

3.11 Genetic Codes

The canonical genetic code was established
before the LECA. Its essential role in protein
synthesis suggested that its alteration is not pro-
moted or favored, as such a thing would cause an
alteration in the amino acid sequences and thus
possibly in protein structure or function (Crick
1968). As more genome sequences become avail-
able, it is now clear that there are numerous
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deviations throughout different groups of
organisms, and indications exist that there is a
greater evolvability and flexibility of the code
(Knight et al. 2001a, b, ¢). However, this suggests
that the various established genetic codes would
require deep structural, functional, and evolution-
ary changes, which are deep modifications. Still,
these have not yet been elucidated upon. Mito-
chondrial genomes employ variable non-standard
genetic codes compared to their nuclear
counterparts (Swire et al. 2005). Fungal mt
genomes, in particular, employ the genetic codes
NCBI 4 (The Mold, Protozoan, and Coelenterate
Mitochondrial Code and the Mycoplasma/
Spiroplasma Code) and NCBI 3 (The Yeast Mito-
chondrial Code), while only a few of them
employ genetic code NCBI 1 (The Standard
Code) and NCBI 16 (Chlorophycean Mitochon-
drial Code) (Fonseca et al. 2021). Deviations
from the canonical code involve reassignments
between different amino acids or from amino
acids to stop codons and vice versa. Genetic
code 4 (UGA codon from Stop to Trp) is the
most common change used in fungal
mitochondria, while genetic code 3 is mostly
used by yeast species (AUA from Ile to
Met, CUN from Leu to Thr, and UGA from
Stop to Trp). Genetic code 1 is found in species
of Mucoromycota and Schizosaccharomyces
pombe and genetic code NCBI 16 (UAG from
stop to Leu) in Chytridiomycota (Laforest et al.
1997).

Sengupta et al. (2007) summarize the
reassignments that occurred after the establish-
ment of the canonical code and classify them
according to a gain-loss framework. In brief,
“loss” is the deletion of the gene for the tRNA
originally associated with the codon to be
reassigned or the loss of function of this gene
due to a mutation or base modification in the
anticodon. “Gain” is the addition of a new type
of tRNA for the reassigned codon through gene
duplication, or the gain of function of an existing
tRNA due to a mutation or a base modification,
enabling it to pair with the reassigned codon.
Therefore, four possible mechanisms for codon
reassignments (Sengupta and Higgs 2005;
Sengupta et al. 2007) were proposed (Fig. 3.2):
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a. Codon disappearance (CD) mechanism (Osawa and Jukes, 1989,1995)
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Fig. 3.2 Schematic representation of the two most widely accepted models for codon reassignments

codon disappearance (CD), unassigned codon
(UC), ambiguous intermediate (Al), and compen-
satory change mechanism. CD involves codon
loss prior to any other gain and loss events, a
disappearance occurring through random drift
and directional mutation pressure. It has been
previously suggested that variation in GC content
is a major determinant in the CD mechanism and
influences synonymous codon usage (Knight
et al. 2001b). This hypothesis, alternatively stated
as the “codon capture” model by Osawa and
Jukes, suggested that this mechanism would
minimize the possible catastrophic effects of
codon alteration before its disappearance
(Osawa 1995; Osawa et al. 1992). In both the
unassigned codon (UC) and ambiguous interme-
diate (AI) mechanisms, codons do not disappear
prior to the reassignment, but #rn loss and gain
occur first, respectively (Schultz and Yarus
1996). None of the above models can fully
interpret all genetic code alterations, and most
importantly, they are not mutually exclusive.
Sengupta et al. (2007) suggest that CD mecha-
nism may explain stop codons to protein codon
changes, such as UGA from stop to Trp (genetic
code 3) or UAG to Leu (genetic code 16), as well

as some of the other reassignments, because stop
codons are rarely found in the mt genome, and
thus, are more likely to be lost by chance. In
addition, CD mechanism may explain the reas-
signment of CUN and CGN codons in some yeast
species, as it appears that there is a strong bias in
their mt genome against C, which leads to codon
loss. In contrast, Knight et al. (2001b, c) support
the AI mechanism, which acts alone or after the
codon disappearance.

All models described above may be used to
explain differential appearance of their genetic
codes in fungal mitogenomes, but it is important
to have in mind that changes may have happened
independently many times throughout evolution.
In favor of this argument is gene codon usage
employed in mitogenomes of early-diverging
fungal species and other species from
Basidiomycetes and Ascomycetes. Specifically,
recently reassigned codons like UGA (a stop
codon in the universal genetic code) have only
recently been utilized, in mt genomes in
Ascomycetes, and randomly in the respective
genomes of Basidiomycetes, while they are
absent in the respective genomes of early-
diverging fungal fungi (Korovesi et al. 2018).
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Similarly, the occurrence of alternative codon
usage in the mitogenomes of yeasts is variable
even within members of the same families
(Christinaki et al. 2022), thus supporting the inci-
dental but restless change of genetic codes
throughout evolution.

3.12 Major Fungal Evolutionary
Transitions Based
on Mitogenomes (Conclusions)

The analyses of all the features of fungal
mitogenomes, as summarized above, offer many
insights pertaining to the evolution of eukaryotes
within the kingdom of fungi. Likewise, they
provide insights into the evolution of the
alpha-proteobacterial endosymbiont which was
“adopted” by the archaeon acting as the proto-
eukaryote, according to the prevailing endosym-
biotic theory (Martin et al. 2015).

From the above-mentioned analyses, it
becomes evident that a diverse group of species,
like the one belonging to the kingdom of fungi,
carries all the conserved ancestral elements, such
as genes for the subunits of oxidative phosphory-
lation, since they cannot be transferred to the
nucleus (Adams and Palmer 2003; Daley and
Whelan 2005). At the same time, these ancestral
elements are differentiated and evolved with
the addition of mobile elements like introns
and HEGs (Megarioti and Kouvelis 2020;
Mukhopadhyay and Hausner 2021), plasmids,
and DNA/RNA polymerases (Formighieri et al.
2008; Fricova et al. 2010). There is a restless
“back and forth” mechanism in mitochondrial
genomes, which is based on recombination and
horizontal gene transfer (HGT) events. Even
though this is not a deterministic procedure, but
a rather stochastic one, it presumably helps the
species carrying these genomes to better adapt to
their environment. Under this context, studies like
the one of Clergeot and Olson (2021) provide
evidence that there is a correlation of mt ORFs
with pathogenicity, due to their interaction with
their nuclear counterparts. NUMTs have revealed
an ongoing mechanism of ceaseless interaction
between nc chromosomes and mt genomes
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(Sacerdot et al. 2008; Beaudet et al. 2014), thus
offering fungal organisms the ability to evolve
with the creation of new genes and pseudogenes
or gene hitchhiking (Noutsos et al. 2007; Xiao
et al. 2017). Moreover, mt plasmids are, beyond
any doubt, involved in processes like senescence
and life-span determination (Hermanns et al.
1994; Monteiro-Vitorello et al. 2000) and along
with introns, tRNA genes and repetitive
sequences may act as hotspots for recombination
within the genome and eventually lead to gene
shuffling, under a model similar to the one
already proposed for the mobility of Group I
introns and their HEGs, i.e., the “aenaon” model
(Megarioti and Kouvelis 2020). In other words,
all mitogenomic studies which tried to decipher
the evolution of these genomes and the fungi
carrying them revealed that all known
mechanisms needed for evolution, including
genetic drift, genetic draft (gene hitchhiking),
and HGT, also apply in the fungal mitogenomes
(Lang et al. 2014; Xiao et al. 2017; Hao 2022;
Christinaki et al. 2022). Moreover, unique (to our
knowledge) mechanisms in fungal mitochondria,
such as the programmed translational jumping in
mt genomes of yeasts (Lang et al. 2014), provide
evidence that evolution may happen indiscrimi-
nately at any time, adding to the plasticity and
diversity of mitogenomes. Finally, mitogenomes
and studies which try to examine nucleus—mito-
chondrion interactions in the context of the
mitogenome’s well-tempered functioning, such
as the coevolution of the major proteins
implicated in the transcription of mt genes, help
in further supporting the proposed hypotheses of
mt genome changes through different genetic
mechanisms (Varassas and Kouvelis 2022). As
mentioned earlier, recent analyses examining fun-
gal mt transcription led to support for the hypoth-
esis that the bacterial endosymbiont was most
probably infected with a T7-like phage, and this
prophage genome offered the RNA polymerase to
the newly formed mitochondrion (Filée and
Forterre 2005; Varassas and Kouvelis 2022).
Needless to say, other fungal studies, which can-
not be overruled, suggest that this phage RNA
polymerase, as well as the DNA polymerase, both
presenting a phage origin of the mt respective
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enzymes, might have been acquired in the mito-
chondrion at a later stage (Burger and Lang
2003).

Irrelevant to which theories are the correct
ones, it is evident that the fungal mitogenome
diversity offers data needed to resolve such cru-
cial questions such as the origin of the
mitochondria and how mitogenomes evolve over
time. Therefore, in this era of broad sequencing
and WGS projects, the mitogenome analyses of
fungal species must be performed in depth.
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Abstract

Many pathogenic fungi are dimorphic, in
which they switch the morphology between
yeast and filamentous forms. This dimorphism
has been observed in the Dikarya. Interest-
ingly, the genus Mucor is the only group of
fungi among the early diverged fungi outside
of the Dikarya that exhibits the yeast-hyphae
transition. Their morphogenic switch is con-
trolled by environmental factors such as low
oxygen and high carbon  dioxide
concentrations.  Genetically, the genes
encoding  G-protein  coupled  receptors
(GPCR), a serine/threonine phosphatase
calcineurin, and subunits of protein kinase A
(PKA) all have been documented in the regu-
lation of the dimorphic transitions in Mucor.
Mucor circinelloides is one of causative agents
of the deadly opportunistic fungal infection
mucormycosis. Similar to other known dimor-
phic fungi (e.g. Candida albicans and
Coccidioides  species), the morphology
directly contributes to the virulence of this
fungus. Upon entering a host, it grows as fila-
mentous hyphae and invades the host tissue.
This chapter further highlights the recent
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findings on how genes and the environment
play a critical role in dimorphism and the
virulence in Mucor and discusses how these
findings can serve as a platform for new thera-
peutic interventions.
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4.1 Introduction

There is a dramatic variety of cellular
morphologies in fungi that can be observed.
Two of the most common are the yeast and
hyphal morphologies. The ability to shift between
two morphologies is referred to as dimorphism.
The yeast morphology is characterized as a single
cell with a nucleus that reproduces via budding or
fission (Sudbery et al. 2004). Typically, this mor-
phology has a spherical or ellipsoid shape that can
span a few micrometers in length (Sudbery et al.
2004). Other morphotypes of yeast cells do exist,
such as the syncytium, which consists of a single
cytoplasm with multiple nuclei (Knop 2011). The
hyphal morphology consists of long segments
called filaments. These filaments can be
1-30 pm in diameter and can grow from a few
microns to meters in length (Islam et al. 2017).
Many fungi can transition between yeast and
filamentous forms; the dimorphic transition
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between these two morphologies depends on
factors such as pH, temperature, and aerobic/
anaerobic environmental conditions (Orlowski
1991; Mitchell 1998; Kirkland and Fierer 2018).

Dimorphism shows convergent evolution
across the tree of fungi. Most of these fungi
belong to the phyla Ascomycota or
Basidiomycota, such as Candida spp. and Cryp-
tococcus spp. (Fig. 4.1a). Many studies indicate
that the yeast morphology is only conserved in
the Dikarya (Ascomycota and Basidiomycota)
and that fungi in the basal lineages do not undergo
the yeast form (Laundon et al. 2020). However,
yeast growth is also observed in fungi in the
phylum Mucoromycota. Mucoromycota has not
been included in a yeast-forming group, which is
due to only species found in the genus Mucor
having the ability to grow as yeast (Fig. 4.1b)
(Nagy et al. 2017; Laundon et al. 2020). There
are three scenarios with regard to the evolution of
the yeast morphology. In the first scenario, yeast
may have emerged early in the evolution of the
fungal kingdom, followed by a loss of the mor-
phology that may have occurred in most basal
lineages and some Dikarya clades (Prostak et al.
2021). In the second scenario, the yeast morphol-
ogy may have emerged prior to the emergence of
Mucoromycota and Dikarya. If so, then a loss of
the morphology could have occurred in most of
the lineages in Mucoromycota and some lineages
in Dikarya. In the final scenario, multiple inde-
pendent convergent evolutions may have
occurred in distinct, unrelated clades.

4.2 Dimorphic Transitions in Mucor
Species
421 Environmental Factors

Mucor species have been studied longer than
most of the world’s fungi. They were first
described in 1665 in the publication
Micrographia by Robert Hooke, who described
the morphology of a Mucor species that grew on
his leather belt (Hooke 1667). As time passed and
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research on Mucorales delved deeper, it was dis-
covered that fungi in the Mucor genus are dimor-
phic (Orlowski 1991; Lee et al. 2013).
Interestingly, the hyphal growth of Mucor was
thought to result from a transmutation of Saccha-
romyces species (Bartnicki-Garcia 1963). How-
ever, Louis Pasteur wrote in his book Etudes Sur
La Bieére that Mucor is a filamentous fungus but
grows as a multi-budded yeast in conditions with
low O, and high CO, concentrations (Fig. 4.1b),
similar to the conditions in the bottom of wine or
beer barrels (Pasteur 1876). Bartnicki-Garcia and
his colleagues later rediscovered that the major
inducer of Mucor yeast growth is CO, (Bartnicki-
Garcia and Nickerson 1962a, b).

Although Mucor species exhibit a dimorphic
transition in response to various environments,
the primary factors that affect the type of growth
are the concentration of O, and CO, and carbon
sources (Orlowski 1991). High O, concentrations
trigger hyphal growth even when fungi are
exposed to high concentrations of CO,
(Fig. 4.1b). This indicates that respiration and
mitochondrial function is involved in the dimor-
phic transition. In fact, chemicals that inhibit
mitochondrial function, such as potassium cya-
nide and antimycin A, which are known to block
electron transport, or oligomycin and phenyl alco-
hol, which inhibit oxidative phosphorylation, can
induce yeast growth even in aerobic conditions
(Schulz et al. 1974; Gordon et al. 1972;
Friedenthal et al. 1974). In addition, chloram-
phenicol,  which  inhibits = mitochondrial
components, results in yeast growth in Mucor
(Clark-Walker 1973; Rogers et al. 1974). The
lipid metabolism inhibitor cerulenin and the
S-adenosylmethionine  synthetase  inhibitor
cycloleucine both inhibit the formation of hyphal
growth from yeast in aerobic conditions as well
(Aoki and Ito-Kuwa 1982; Garcia et al. 1980).
Importantly, the addition of bicarbonate that
activates adenylyl cyclase or cAMP to the culture
media results in yeast growth of Mucor (Linz and
Orlowski 1991; Lee et al. 2013), implying that
protein kinase A (PKA) plays an important role in
yeast growth.
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Fig. 4.1 Phylogeny figure. A
(a) Phylogenetic tree of
different phyla of fungi.
The yeast morphology is
found throughout the
Dikarya (Ascomycete and
Basidiomycota). Fungi in
the basal lineages, except
for Mucoromycota, do not
grow in the yeast
morphology or at least have
not been observed. (b) Two
morphologies of Mucor.
Mucor is a filamentous
fungus but grows as a
multi-budded yeast in
conditions with low O, and
high CO, concentrations B
(left). High O,
concentrations trigger
hyphal growth (right)

4.2.2 Genetics

Dimorphism in Mucor species has been
documented to be controlled by environmental
and genetic cues (Lee et al. 2015; Nadal et al.
2008; Valle-Maldonado et al. 2020). Genetic
changes in fungi, such as mutations, generate
various detectable signals; the dimorphic fungi
receive these signals and may undergo a morpho-
logical shift. Currently, there are several
documented signaling pathways in the regulation
of the dimorphic transitions in Mucor - those
related to G-protein coupled receptors (GPCR),
calcineurin, and subunits of PKA.

Phylogenetic  analysis of heterotrimeric
G-proteins in fungal species has gained traction
in the past two decades. Heterotrimeric
G-proteins are abundant across eukaryotic cells;
these proteins are fundamental in biological pro-
cesses, including but not limited to growth, cell
differentiation, pathogenesis, and signaling trans-
duction (Li et al. 2007). The heterotrimeric
G-proteins are composed of three subunits: Ga,

Yeast growth

GB, and Gy. Most fungal genomes consist of three
Ga, one Gf, and one Gy subunits that are
conserved (Li et al. 2007). These subunits are
attached to the GPCR and sense various ligands
(Beckerman 2005; Li et al. 2007). The signaling
cascade of the G-proteins is initiated when gua-
nosine triphosphate (GTP) binds to the Ga sub-
unit. The heterotrimeric G-protein dissociates into
two signaling components: the Ga—GTP complex
and the GP—Gy dimer. Both of these signaling
components may regulate downstream effectors.
The hydrolysis of the GTP by the Ga subunit
results in the reassociation of the heterotrimeric
complex (Li et al. 2007).

It has been documented that Mucor possesses
twelve Ga (Gpa 1-12), three G (Gpb 1-3), and
three Gy subunits (Gpg 1-3), which is the largest
collection of heterotrimeric G-proteins in a fungal
species (Valle-Maldonado et al. 2015). Phyloge-
netic and mRNA quantitation analysis of these
genes during dimorphic shifting showed that the
expression of gpbl specifically was upregulated
during mycelial growth when compared to spore
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or yeast growth, which may indicate that it plays a
role in regulating mycelial growth. gpb3 and
gpg2 are expressed during mycelial growth; in
contrast, gpal, gpb2, and gpg2 are expressed
during yeast growth (Valle-Maldonado et al.
2015). These results could together outline the
biological importance of these genes and the
dimorphism in Mucor.

Another pathway is the calcium-signaling
pathway. Calcineurin is a Ca**/calmodulin-
dependent, serine/threonine-specific ~ protein
phosphatase and is a conserved virulence factor
in many pathogenic fungi (Vellanki et al. 2020).
Mucor encodes for one regulatory B subunit
(CnbR) and three calcineurin catalytic A subunits
(CnaA, CnaB, and CnaC) (Lee et al. 2013). Some
nonsynonymous mutations that occur in the genes
cnaA or cnbR result in hyphal growth in the
presence of calcineurin inhibitors such as FK506
(tacrolimus) or cyclosporine A (CsA), which
indicates that the mutations confer resistance to
the drugs. Also, loss-of-function mutations that
occurred in the cnbR gene, which is necessary for
calcineurin activity, result in yeast-locked cells
(Lee et al. 2013; Garcia et al. 2017) (Fig. 4.2b).
In addition, epimutations in the gene encoding
FKBP12, the cellular receptor for FK506, also
result in hyphal growth in the presence of
FK506 (Calo et al. 2014). These combined
findings strongly indicate that calcineurin plays
a central role in the morphological transition of
Mucor.

Additionally, it has been found that when
Mucor is yeast locked, either genetically or
environmentally, PKA activity is elevated. This
implies that there is a link between calcineurin
and PKA (Lee et al. 2013). The cyclic AMP

A. 1t Calcineurin — | BycA —> | PKA — Hyphal Growth

B. { Calcineurin — t BycA — t PKA — Yeast Growth

Fig. 4.2 How calcineurin, BycA, and PKA are expressed
in the morphogenesis of Mucor. (a) Calcineurin positively
regulates hyphal growth through suppressing bycA expres-
sion and consequently preventing PKA activity from
increasing. (b) Under conditions when calcineurin is not
functional (either through loss-of-function mutations or
drug inhibition), bycA gene expression is elevated. BycA
then activates PKA, promoting yeast growth in Mucor
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(cAMP)-dependent PKA signaling pathway is
conserved and controls many cellular processes
in numerous fungi, such as development, growth,
and virulence (D’Souza and Heitman 2001;
Kronstad et al. 1998; Taylor et al. 1992). The
central components of this signaling pathway
have been defined for various fungal species
(e.g. Cryptococcus neoformans, Ustilago maydis,
and Candida spp.), including the model yeast
system Saccharomyces cerevisiae (Thevelein
and De Winde 1999). The Mucor genome harbors
multiple copies of the genes encoding two
subunits of the cAMP-dependent PKA: regu-
latory PKA (PKAR) and catalytic PKA (PKAC).
cAMP serves as a secondary messenger that
regulates PKA activity through the binding and
interaction with the regulatory subunit. As a result
of this interaction, the catalytic subunit is
released, initiating the phosphorylation cascade
that causes a dimorphic shift (Taylor et al.
1992). The role of this signaling pathway in
regulating morphology and filamentation/
branching has been documented using genetic
approaches in various fungal species, including
Aspergillus niger and Mucor (Saudohar et al.
2002; Wolff et al. 2002). The regulatory and
catalytic subunits are encoded by pkaR (regu-
latory subunit) and pkaC (catalytic subunit)
genes. Both genes are upregulated under yeast
growing conditions. However, only pkaR expres-
sion is increased when shifting from yeast to
filamentous growth. Additionally, the
overexpression of pkaR results in the multi-
branched phenotype. These results together indi-
cate that the PKAR subunit plays a major role in
filamentation in Mucor (Liibbehiisen et al. 2004;
Wolff et al. 2002; Valle-Maldonado et al. 2020).

Notably, one study revealed that calcineurin
activity is inversely correlated with PKA activity
(Lee et al. 2013). When calcineurin is active,
PKA activity is lowered and Mucor exhibits
hyphal growth (Fig. 4.2a). On the other hand,
when calcineurin is inhibited by drugs or the
calcineurin gene has loss-of-function mutations
PKA activity is elevated, and the fungus is forced
to grow in the yeast morphology. Another study
found that the bycA gene encoding an amino acid
permease serves as a link between calcineurin and
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PKA (Vellanki et al. 2020). Calcineurin nega-
tively regulates the expression of the bycA gene,
and the bycA gene products function as a positive
regulator of PKA activity (Fig. 4.2b).

4.3 Dimorphism and Virulence
in Pathogenic Fungi
4.3.1 Candida Species

In many pathogenic fungal systems, dimorphic
transitions play a central role in pathogenesis.
The commensal and opportunistic fungus Can-
dida albicans has the ability to transition between
individual yeast cells and filamentous hyphae
(Sudbery et al. 2004) (Fig. 4.3a). As noted
above, environmental conditions can initiate the
dimorphic transition in different fungi. In
C. albicans, filamentation can be stimulated
when the organism is grown at 37 °C either in
serum or in a neutral pH (Mitchell 1998). Dimor-
phism and filamentation have been known to be a
major virulence factor in C. albicans. Interest-
ingly, it is known that these filaments adhere
well to different surfaces, such as the tubing
used in catheters or even mammalian cells. This
allows C. albicans to form biofilms that can cause
chronic infections in immunocompromised
patients or patients with medically implanted/
indwelling devices (Gulati and Nobile 2016).
Another advantage of dimorphism in
C. albicans can be observed in the evasion of
macrophages (Mitchell 1998; Cutler 1991).
Some studies have found that yeast cells taken
up by macrophages can switch to the hyphal form
and lyse the macrophages from within, leading to
the successful evasion of the host immune system
(Cutler 1991). Additionally, a yeast-locked
mutant of C. albicans was used to infect mice
and was compared to a filamenting strain. In this
study, it was observed that the filamentous strain
of C. albicans was more virulent than the yeast-
locked mutant (Cutler 1991).

Yeast

Candida albicans

B Spherule Hyphae

Coccidioides posadasii

Fig. 4.3 Varying types of morphologies presented by
different dimorphic fungi. (a) Varying morphologies of
Candida albicans. C. albicans has three morphologies,
with the most two common being the yeast and hyphal
form; the third is called pseudohyphae (not depicted),
which is an intermittent morphology that exhibits
characteristics of both yeast and true hyphae. (b) Different
morphologies of Coccidioides spp. The two major
morphologies of Coccidioides spp. are the spherules and
the hyphae forming long filaments that protrude from the
spherules

4.3.2 Coccidioides Species

The Coccidioides spp. of the dimorphic fungi can
also transition between the yeast and hyphal
forms. C. immitis and C. posadasii are the two
highly pathogenic fungal species endemic to the
arid regions of the western USA (Kirkland and
Fierer 2018). These species of Coccidioides are
known to grow as filamentous mold in the soil
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and can form parasitic spherules (Kirkland and
Fierer 2018; Parish and Blair 2008). In the wild,
the Coccidioides spp. form mycelium in the soil
(Fig. 4.3b) and make arthroconidia. Once the
arthroconidia are released, they can further prop-
agate if the spores land in the soil (Kirkland and
Fierer 2018; Cole and Sun 1985). Unfortunately,
if the spores are inhaled, the arthroconidia can
then form spherules (Fig. 4.3b). These spherules
will begin to swell and convert into hundreds of
endospores that can then form their own
spherules (Cole and Sun 1985). The environmen-
tal cues that trigger dimorphism in Coccidioides
spp. are a temperature change to 37 °C and an
increase in CO,, making animals a perfect host
for the replication of spherules (Parish and Blair
2008). Interestingly, it has been found that when
the arthroconidia encounter neutrophils they can
begin to form spherules as well. This is further
backed by evidence showing that in an organ
lacking neutrophils, such as the lungs, an attempt
to reverse the hyphal form can be observed
(Mufioz-Hernéndez et al. 2014). The dimorphic
transition of different fungi can play major roles
in their survival in various environments, includ-
ing an infected host. It is important to understand
dimorphism since it can be an excellent target for
therapeutic treatments against disease-causing
dimorphic fungi.

4.4 Dimorphism and Virulence

in Mucor Species

Mucor is typically found in the wild as a mold,
which poses little threat to healthy individuals. In
recent years, Mucor has rapidly emerged as a
causative agent of the infection mucormycosis
(Smith and Lee 2022). Patients who lack a func-
tional immune system are at the highest risk of
this infection that has unacceptably high mortality
rates of 90—-100% in disseminated cases (Reid
et al. 2020). When Mucor infects an individual,
it grows as filamentous hyphae and has been
known to invade the host tissue via angiogenesis
(Vellanki et al. 2020). The biggest issue related to
the mortality of these infections is that Mucorales
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fungi are intrinsically resistant to most antifungal
treatments, making it difficult to contain the infec-
tion (Challa 2019). One possible treatment for
mucormycosis is to target the dimorphic transi-
tion that these fungi make in stressful
environments. Studies have found that the yeast-
locked phenotype of Mucor is avirulent, making
dimorphism an excellent target for treating
mucormycosis infections (Lee et al. 2013; Lee
et al. 2015).

Dimorphism in Mucor is governed by
calcineurin, and calcineurin inhibitors block the
formation of invasive hyphal growth in Mucor.
Thus, further investigation into Mucor dimor-
phism can provide a platform of understanding
the invasive filamentous growth of Mucorales
fungi and aid in the development of anti-
mucormycosis drugs. Calcineurin inhibitors such
as FK506 and CsA inhibit hyphal growth in
Mucor and other Mucorales fungi (Juvvadi et al.
2017; Haider et al. 2019; Schwarz et al. 2019;
Vellanki et al. 2020). However, these calcineurin
inhibitors cannot be used to treat fungal infections
in humans because calcineurin is highly
conserved in fungi and humans. In humans,
calcineurin is required for T-cell function and is
a popular target to immunosuppress patients
(Williams and Gooch 2012). A recent study
suggests that a gene downstream of calcineurin
can be targeted to inhibit the calcineurin pathway
without the direct inhibition of calcineurin itself
(Vellanki et al. 2020). The bycA gene is down-
stream from calcineurin, and its overexpression
potentially recapitulates the inhibition of
calcineurin seen when calcineurin inhibitors are
used. Importantly, this amino acid permease is
highly diverged and unique to Mucorales. There-
fore, any molecules that directly affect the expres-
sion of bycA will be excellent calcineurin
pathway inhibitors without compromising
calcineurin and therefore will have no effect on
human calcineurin function.

Among the fungi in the phylum
Mucoromycota, Mucor species in the Mucorales
order are the only ones to exhibit dimorphism
between yeast and hyphal growth. This is the
only dimorphism observed in the basal fungal
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lineages. The yeast phase of fungi is an evolution-
ary conundrum in which evolutionarily distinct
species show both yeast and hyphal growths. In
contrast, in other cases of closely related species
only one species exhibits dimorphism, but others
do not. For example, C. albicans is dimorphic and
another fungus in the Candida clade Candida
lusitaniae is not (Shapiro and Cowen 2012). The
evolution of dimorphism in the Mucor lineage is
quite interesting. Further comparative genomics
followed by genetic manipulations will provide
clues to understanding the evolution of dimor-
phism in Mucor and even in the fungal kingdom.

Conclusion and Future
Directions

4.5

In the last two decades, many studies have
unveiled how genes and the environment play a
critical role in the virulence of Mucorales. These
studies have shown promising developments in
host-Mucor interactions and new treatments.
Among the recent studies, it was demonstrated
that iron uptake systems also play a role in viru-
lence and dimorphism (Navarro-Mendoza et al.
2018), indicating the presence of regulatory
factors orchestrating both processes. Therefore,
these factors could represent a target for new
treatment therapies. Additionally, other studies
are currently using antifungal compounds, like
FK506, and gene silencing targeting calcineurin
to research dimorphism and virulence. Unfortu-
nately, compounds like FK506 do not have a
clinical application as an antifungal because of
its strong immunosuppressive effect on patients
(Hooks 1994). In spite of that, new compounds
are needed to target the calcineurin pathway and
in tandem with gene silencing could prove to be a
promising avenue for new therapies.

It is of interest that only Mucor species exhibit
yeast-hyphal transition, even when considering
other fungi in Mucoromycota and other basal
lineages. Has dimorphism only evolved in
Mucor species? Or is the extent of dimorphism
in other basal lineages simply yet to be found?
More attention needs to be paid to the basal
fungal lineages to address these questions.
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Our understanding of how this diverse group
of fungi interacts with hosts and the environ-
ment has been critically advanced by analyses
of fungal genomes. Here, we provide an over-
view of recent research into surveys of geno-
mic diversity within species and review drivers
of diversification including transposable
elements. Analyses of epigenetic
modifications of the genome have revealed
important links to pathogenicity factors and
genomic defense mechanisms of the genome.
We also review population genomics analyses
focused on short-term dynamics in plant
pathogens such as recombination, genetic
exchange, host adaptation, and the genetic
basis of phenotypic traits.
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5.1 Introduction

Fungal plant pathogens play key roles in
ecosystems and threaten global food security
(Fisher et al. 2012, 2018). A key focus of research
over the past several decades has been on genetic
factors governing the interaction of fungal
pathogens with their environment including host
organisms. The discovery of effectors and sec-
ondary metabolites governing such interactions
were major achievements (Lo Presti et al. 2015).
Advances in our understanding of functions
encoded by pathogen genomes allowed
researchers to further analyze the chromosomal
locations of genes underlying important
phenotypes. In plant pathogens, effector genes
tend to be encoded in more repetitive and
dynamic regions of the genome; genes underlying
antifungal drug resistance are found to evolve
rapidly through duplications or insertions into
regulatory regions. Comparative analyses of
genome sequences have additionally illuminated
the evolutionary processes underlying pathogen
adaptation. In this chapter, we review recent
advances in the fields related to plant pathogen
evolutionary genomics. We provide an overview
of wvariation in genome sequences among
individuals and how such variation can be linked
to adaptation to the host and environment. We
focus on transposable elements (TEs) as key
drivers of variation in genomes over different
evolutionary time frames. We review the emer-
gence of defenses against TEs including epige-
netic changes of pathogen genomes. Finally, we
discuss how variation in genomes can be used to
study  within-species  processes such as
hybridization and gene flow, as well as how
genetic variation can be linked to variation in
phenotypic traits. Such population genomics
analyses provide powerful insights into the recent
adaptation of pathogens to new hosts, fungicides,
and the environment.
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5.2  Variation in Pathogen Genome

Structure

Genetic variation is at the origin of all evolution-
ary innovation. Genetic variation ranges from
single nucleotide differences among individuals
to extensive variation in the content and organi-
zation of genomes called structural variants (SVs)
(Ho et al. 2020; Priest et al. 2020). Compared
with mutations at the single nucleotide level,
SVs often have substantial implications for
genome stability and affect inheritance and link-
age patterns across the genome. SVs can impact
large chromosomal regions in a single mutational
step, thus affecting the expression of several phe-
notypic traits at once. TEs are major factors in
initiating SV mutations due to their repetitive
nature and are thought to contribute to the
evolvability of lineages (Grandaubert et al.
2014; Yeaman et al. 2016; Hartmann 2022).
Identifying the mechanisms generating SVs and
associated changes in phenotypic traits have been
highly fruitful to understand the process of path-
ogen adaptation at the genetic level.

5.2.1  Origins of SVs and Their Impact

on Pathogenicity Evolution

SVs arise through distinct mechanisms, and
characterizing their origins and effects on pheno-
typic traits is important for understanding their
role in pathogen evolution. In broad terms, SVs
can be either “balanced” or “unbalanced.” SVs in
either category span orders of magnitude in
length, ranging from tens to hundreds of
thousands of base pairs (Fig. 5.1) (Hartmann
2022). Balanced SVs, such as inversions,
translocations, and chromosomal fissions and
fusions, lead to the reorganization of genomic
sequences but no net sequence gain or loss.
Although balanced SVs do not change the
sequence content, such SVs can destabilize chro-
mosomal integrity or affect gene order (Pepper
2003). In outcrossing species, balanced mutations
tend to decrease recombination rates between
loci, thus increasing linkage disequilibrium. In
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Fig. 5.1 Origin, fate, and consequences of structural
variants among fungal plant pathogen genomes.
Depending on the trigger and mechanism, structural varia-
tion can affect only a few base pairs to several million base

general, higher linkage disequilibrium decreases
the efficacy of selection, but can have the positive
effect of preserving associations if a region
encodes loci with co-adapted alleles (Hill and
Robertson 2008; Faria et al. 2019). For example,
two inversion polymorphisms in Microbotryum
anther-smut fungi show high degrees of
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pairs. Genetic variation can impact phenotypic traits, influ-
ence genome architecture, and have long-term
consequences for populations and species

divergence among host-specialized populations
and contain genes likely involved in ecological
adaptation with evidence for selective sweeps
(Hartmann et al. 2020a). Preserving associations
between co-adapted alleles may be particularly
beneficial under conditions of high gene flow
from maladaptive populations, as these may
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occur during bouts of local adaptation (Yeaman
2022).

In contrast to balanced SVs, unbalanced SVs
result in either a net gain or loss of sequences.
Sequence gains and losses often take the form of
duplications that arise from polymerase replica-
tion slippage, unequal crossing-over, and
non-homologous recombination (Bzymek and
Lovett 2001; Mieczkowski et al. 2006; Vogan
et al. 2013). Sequences can also be gained
through processes such as horizontal gene trans-
fer, hybridization, introgression, and polyploidy.
The acquisition of new sequences can be a major
driver of genome evolution of fungal pathogen
and are an important source of genetic variation
facilitating adaptation to new hosts and
environments (Gardiner et al. 2012; Menardo
et al. 2016). For instance, repeated introgression
among lineages of fungal pathogens causing
Dutch elm disease has driven the evolution of
pathogenicity-related traits (Hessenauer et al.
2020).

SVs can have important consequences for the
evolution of pathogenicity even at the level of
single gene events. The transfer of the ToxA
gene responsible for the production of a host-
specific toxin from the wheat pathogen
Parastagonospora nodorum to Pyrenophora
tritici-repentis resulted in the emergence of the
tan spot disease in the 1940s (Friesen et al. 2006).
Non-homologous recombination deleted a gene
encoding a recognized effector located between
copies of TE in the wheat pathogen Zymoseptoria
tritici likely enabling the escape from recognition
by specific wheat cultivars (Hartmann et al.
2017). Such effector genes and other loci under-
pinning “gene-for-gene” interactions with the
host are particularly prone to favor gains or losses
as these genes can mediate host specificity
(Franceschetti et al. 2017). For example,
Leptosphaeria maculans, the causative agent of
the stem cancer disease in Brassica napa, can
infect specific host cultivars depending on the
effector complement a strain encodes in the
genome (Jiquel et al. 2021).

SVs spanning multiple genes can affect more
complex phenotypes such as the production of
metabolites. The frequent gain and loss of
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metabolic gene clusters generates variation in
secondary metabolite production in multiple
pathogens, including the Fusarium graminearum
species complex (Tralamazza et al. 2021).
Finally, among the largest unbalanced SVs in
fungal pathogen genomes are conditionally dis-
pensable or accessory chromosomes, which are
frequently gained, transferred, and lost among
individuals (Croll and McDonald 2012). Acces-
sory chromosomes can be among the smallest
chromosomes (a few hundred kb) or largest
chromosomes of an organism carrying upward
of hundreds of protein-coding genes, including
virulence factors that determine host range
(Akagi et al. 2009; Bertazzoni et al. 2018; Habig
and Stukenbrock 2020). Many accessory
chromosomes are a cradle for TEs and other
repetitive sequences, yet are often not being
fixed or can be lost in pathogen species (Yang
et al. 2020).

5.2.2 Transposable Elements
as Drivers of Structural

Variation

An important category of SVs are TEs, which are
DNA sequences that encode mechanisms for their
own excision, replication, and re-integration into
genomic sequence, thus generating either bal-
anced or unbalanced SVs through excision and
translocation or through duplication (Wicker et al.
2007). A notable consequence of TE activity is
the potential to generate adaptive genetic varia-
tion at higher rates than expected from point
mutations. Rates of SVs generated by TE activity
in fungal pathogen genomes have been shown to
increase under conditions of stress during infec-
tion (Fouché et al. 2020). The activity of class II
cut-and-paste transposable elements, such as Tcl
mariner and MITEs, may result in both balanced
and unbalanced SVs depending on successful
re-integration at a new locus. In contrast, class I
copy-and-paste TEs, such as Copia or LINEs,
result in the generation of unbalanced SVs
through sequence duplication.

Several families of TEs have significant poten-
tial to shape pathogen genome evolution by
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carrying genes necessary for their own replication
and act as cargo carriers capable of mobilizing
host genes implicated in pathogen adaptation. For
example, the recently discovered class of giant
Starship TEs can carry virulence factors
implicated in pathogen adaptation (McDonald
et al. 2019; Gluck-Thaler et al. 2022; Urquhart
et al. 2022). Similarly, a smaller class II DNA
transposon identified in the wheat pathogen
Z. tritici carries a gene, which negatively impacts
pathogen reproduction (Wang et al. 2021). Types
of cargo-carrying TEs such as Helitrons and
Mutator-like  elements were found in
non-pathogenic fungi as well (Castanera et al.
2014; Dallaire et al. 2021), yet the impact of
TEs on fungal lifestyle evolution remains largely
unexplored. Beyond contributing directly to the
generation of SVs, TEs also potentiate the fre-
quency of other events creating SVs (Faino et al.
2016; Seidl et al. 2020). Especially in the case of
copy-and-paste TEs, the creation of duplicated
sequences at multiple loci increases opportunities
for non-homologous recombination (i.e., affect-
ing distinct loci in the genome) triggering gene
deletions (Hartmann et al. 2017).

The Fate of SVs and TEs
in Pathogen Populations

5.23

Deletions, insertions, and rearrangements have a
high likelihood of affecting chromosomal integ-
rity and being deleterious under most
circumstances. As a consequence, most novel
SVs will not remain in populations. In particular,
large SVs affecting the faithful transmission of
chromosomes during meiosis are likely to be
under strong purifying selection (Petrov et al.
2003). How likely SVs are generated at each
generation stems from multiple factors as
discussed above including the activity of TEs
and the repetitiveness of the genome. SVs with
weak effects on fitness can evolve neutrally in
populations and escape counter-selection. Fur-
thermore, how efficient selection acts on SVs is
a function of effective population size, rates of
sex, and recombination rates. Sexual reproduction
breaks up associations between beneficial alleles
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through recombination (Agrawal 2006). Asexual
reproduction constrains selection against detri-
mental SV. TEs in particular may be more active
drivers of diversification in clonal species com-
pared to species with regular sexual cycles (e.g.,
Colletotrichum higginsianum (Tsushima et al.
2019)). Hence, the extent of SVs (and TEs) pres-
ent in a pathogen species is a complex product of
both population genetic factors and properties of
a species’ genome.

5.3 Compartmentalization

of Pathogen Genomes

In many fungal plant pathogen genomes, most
SVs cluster into compartments with low gene
content. SV-rich compartments consist mostly of
TEs and other repetitive elements. Depending on
the pathogen, compartments can be large and
include entire chromosomes or occur as a fine-
grained mosaic along chromosomes. The few
genes located in TE-rich compartments are often
involved in the interaction with the plant host, and
include effectors, which are secreted proteins
manipulating the host to escape recognition and
repress immune responses by the host (Lo Presti
et al. 2015). Effectors may also act as avirulence
factors if the host retains the ability to recognize
the proteins (Rouxel and Balesdent 2010). In the
generalist fungal pathogen Verticillium dahliae,
the fungal avirulence factor Avel is encoded in a
TE-rich compartment and was independently lost
in strains infecting host plants that recognized
Avel (Faino et al. 2016). Relaxed selection,
insertion of TEs, and higher rates of chromosomal
rearrangement in TE-rich compartments are
thought to allow effector genes to mutate more
rapidly in order to escape recognition by the host
(Rouxel and Balesdent 2010; Schmidt et al.
2013). In some pathogens, defense mechanisms
against TEs also contribute to higher mutation
rates in TE-rich compartments (Wang et al.
2020). In contrast to the gene-poor compartments,
gene-rich compartments encode most essential
genes and are under strong purifying selection
with few newly inserted TEs and SVs observed
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at the population level (Croll and McDonald
2012).

The differentiation of genome compartments
and the association of particular compartments
with pathogenicity is referred to as the two-
speed genome of plant pathogens (Raffaele and
Kamoun 2012; Croll and McDonald 2012; Dong
et al. 2015). However, two-speed genomes are
found in fungi with non-pathogenic lifestyles as
well and are also not a shared feature of all fungal
plant pathogens (Torres et al. 2020). In the wheat
powdery mildew Blumeria graminis f. sp. hordei,
mutation rates and gene as well as TE densities
are fairly uniform along the genome (Spanu et al.
2010; Frantzeskakis et al. 2018). Abundant and
likely still active TEs likely contributed to the
observed polymorphisms and rapid turnover in
effector genes (Miiller et al. 2019). Such a
genome was referred to as a de facto one-speed
genome (Frantzeskakis et al. 2018). Other fungal
pathogens were proposed to carry a so-called
multi-speed  genome, including Fusarium
oxysporum f. sp. lycopersici. In multi-speed
genomes, more than two distinct compartments
were recognized with differing levels of
polymorphisms and associations with pathoge-
nicity factors (Vlaardingerbroek et al. 2016;
Frantzeskakis et al. 2019). The use of the term
“compartment’” has been suggested over “speed,”
stressing the importance of structural variation
itself and avoiding some of the challenging
concepts of assessing and comparing evolution-
ary rates between different genomic regions
(Frantzeskakis et al. 2019; Torres et al. 2020).

5.4  Transposable Element Activity
and Defenses in Fungal

Genomes

Pathogen genomes vary strongly in their TE com-
position and content even between closely related
species, consistent with recent activity (Raffaele
and Kamoun 2012). Beyond affecting gene
functions through disruption or changes in regu-
lation, activation of specific TEs can underpin TE
content and genome size variation within patho-
gen species such as Z. tritici (Oggenfuss et al.
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2021). In some species such as Pseudocercospora
ulei and Cenococcum geophilum, single TE
families were likely responsible for most recent
insertions (Peter et al. 2016; Gonzalez-Sayer et al.
2022). In genomes with high TE content, it is
more likely for an active TE to insert into regions
already populated by TEs; thus, most TE
insertions do not have a strong deleterious impact.
Consequently, ongoing TE activity can lead to
further genome size increases. While some
short-term benefits are apparent for fungal
pathogens (see above), the ongoing proliferation
of TEs may incur long-term costs. Genome com-
partmentalization may allow fungal plant
pathogens to retain TE activity to a certain degree
through compartmentalization and epigenetic
control (Fouché et al. 2022). Nevertheless, TEs
may regain activity due, e.g., to stress caused by
host plant defenses or fungicides (Chen et al.
2015; Fouché et al. 2020). The tenuous relation-
ship of pathogens with TEs in their genomes has
recently been proposed as a devil’s bargain,
where the presence and activity of TEs is adding
potential benefits and disadvantages at the same
time (Fouché et al. 2022).

5.4.1 Repeat-Induced Point
Mutations as a Defense

Against TEs

All organisms including fungi have evolved
mechanisms to defend their genomes against the
deleterious effects of TEs, with most of these
mechanisms having deep evolutionary origins in
the defense against viruses (Slotkin and
Martienssen 2007; Jordan and Miller 2008). Of
particular interest are the fungal-specific
methyltransferases DIM-2 and RID, which are
suspected to be involved in a major genome
defense pathway called repeat-induced point
mutations (RIP). RIP is exclusively found in
ascomycete fungi and is thought to occur each
generation between fertilization and meiosis
(Selker 1990). RIP induces mutations in any
duplicated region such as TEs and duplicated
genes (Watters et al. 1999). Smaller repeats,
including the non-autonomous MITEs, seem to
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be able to escape RIP (Pereira et al. 2020b). RIP
mutations mostly follow a CpA to TpA pattern,
but questions remain about the conservation of
this mutation pattern (Horns et al. 2012). The
impact of RIP is highly variable, even among
closely related lineages (van Wyk et al. 2021)
and may be mediated by the presence of the
different methyltransferases (Bewick et al.
2019). Experiments in Neurospora crassa
showed reduced but not abolished RIP activity
when either RID or DIM-2 had been deactivated
(Freitag et al. 2002). Some species such as
Z. tritici show RIP in the absence of a functional
copy of dim2, indicating that RID- and DIM-2-
mediated RIP pathways may be individually dis-
pensable (Gladyshev 2017; van Wyk et al. 2021).
TE-rich compartments provide long stretches of
RIP targets, and leakage of RIP into neighboring
loci may contribute to the rapid diversification of
effectors (van de Wouw et al. 2010; van Wyk
etal. 2021). A loss of RIP may lead to an increase
in TE activity, followed by higher diversification
rates as it was shown for the recent loss of dim2 in
Z. tritici (Habig et al. 2021; Lorrain et al. 2021).
Populations of the pathogen across the global
distribution range show uneven patterns of RIP
activity. Populations with reduced signatures of
RIP also tend to carry higher TE loads, which
may be a direct consequence of reduced RIP
efficacy (Feurtey et al. 2023).

5.4.2 RNAi-Mediated Defenses

Proteins of the Argonaute family are at the basis
of all RNA interference (RNAi)-based defenses
and utilize small RNAs to guide the
RNA-induced silencing complex to target RNAs
(Rivas et al. 2005). RNAi may induce post-
transcriptional silencing of repetitive sequences
through quelling, meiotic silencing, and
sex-induced silencing (Wang et al. 2010; Dang
et al. 2011). In some host—pathogen interactions,
small RNAs are exchanged either unidirectionally
or bidirectionally between the host and the patho-
gen. Botrytis cinerea was shown to export small
RNAs capable of silencing immunity genes of its
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host Arabidopsis thaliana (Weiberg et al. 2013).
In parallel, hosts are also capable of using small
RNAs to target pathogenicity genes upon infec-
tion (Zhang et al. 2016). Overall, small RNA
cross-talk during infection may result in different
evolutionary pressures on the RNAi pathways in
fungal pathogens as compared to non-pathogenic
lineages.

5.5 Epigenetic Landscapes

and Control of Transcription

Repeat-rich compartments in the genome are
often associated with specific epigenetic
signatures in fungi. Epigenetic signatures include
DNA or histone methylation, and both are
associated with transcriptional silencing of TEs
in Magnaporthe oryzae, and N. crassa, respec-
tively (Selker et al. 2003; Jeon et al. 2015). Global
reprogramming of DNA and histone methylation
serves various additional purposes including the
regulation of fungal growth, the expression of
virulence factors, or the development of morphol-
ogy (Jeon et al. 2015; Ramos-Garcia et al. 2022).
Epigenetic modifications at the level of chromatin
conformation are formed by the nucleosome, an
octamer with two copies each of histone protein
(i.e., H2A, H2B, H3, and H4) with 146 base pairs
of DNA wrapped around histones (Luger et al.
1997). Chemical modifications of nucleosome
components invoke significant chromatin spatial
rearrangements and changes to DNA accessibility
(Fig. 5.2). The joint effect of nucleosomes may
modulate or stabilize gene expression during the
cell cycle (Klemm et al. 2019). Cytosine DNA
methylation is a covalent modification involving
the transfer of a methyl group onto the C5 posi-
tion of cytosine sites (i.e., 5-methylcytosine,
5SmC) by a DNA methyltransferase enzyme
(Martienssen and Colot 2001). DNA methylation
occurs mostly in intergenic and repeated regions
of fungal plant pathogen genomes. A major role
of DNA methylation is to transcriptionally silence
transposable elements and other repetitive
elements (Bewick et al. 2019). After the inactiva-
tion of a DNA methyltransferase in the wheat
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Fig. 5.2 Epigenetic changes in plant pathogen genomes
based on histone modifications. Species vary in their spe-
cific mechanisms how regions of euchromatin and obligate
and facultative heterochromatin are determined based on

pathogen Z. tritici, 5SmC levels had decreased, and
TE activity subsequently increased (Moller et al.
2021; Kramer et al. 2022).

Histone modifications have a wide range of
impacts on the epigenetic landscape of a genome
(Bannister and Kouzarides 2011). For fungal
plant pathogens, methylation of the lysine residue
of histone 3 has been the focus of most studies so
far. Histone methylation patterns in the genome
show a high degree of conservation among path-
ogen species and underpin spatial and regulatory
defined genomic regions (Freitag 2017). Tran-
scriptionally active euchromatin is frequently
enriched in histones that are methylated at lysine

histone methylations and SmC methylation. De-repression
of facultative heterochromatin upon stress (e.g., experi-
enced during host infection) can upregulate otherwise
silenced genes

4 (H3K4me) (Gates et al. 2017). Deletion of
histone methyltransferases in F. graminearum,
Colletotrichum fructicola, and M. oryzae led to
the loss of H3K4me2/me3 (i.e., fourth lysine with
di- or tri-methylation), defects in growth, reduced
spore production, decreased metabolism, and vir-
ulence (Liu et al. 2015; Zhou et al. 2021; Gao
et al. 2022). H3K9me3 is frequently found in
transcriptionally silent heterochromatin such as
the centromeres and repeat-rich compartments
and its disruption is associated with changes in
the development and regulation of metabolism in
fungal plant pathogens, including L. maculans,
Fusarium verticillioides, Fusarium mangiferae,
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or V. dahliae (Soyer et al. 2014; Gu et al. 2017,
Gates et al. 2017; Atanasoff-Kardjalieff et al.
2021; Kramer et al. 2022).

5.5.1 Epigenetic Regulation

of Pathogenicity Factors

H3K27me3 modifications underpin facultative
heterochromatin and gene expression regulation
and are frequently associated with secondary
metabolism gene clusters and effectors modulated
during the infection cycle (Connolly et al. 2013;
Studt et al. 2016; Meile et al. 2020; Tralamazza
et al. 2021; Kramer et al. 2022). Genomic regions
rich in repetitive elements and effector genes are
often marked by H3K9me3 and H3K27me3
(Meile et al. 2020; Soyer et al. 2021). In
L. maculans, H3K9me3 is shown to be involved
in the epigenetic regulation of effector genes
enriched in AT isochores of the genome (Soyer
etal. 2014, 2021; Clairet et al. 2021). The expres-
sion of the highly diverse effector gene Avr3D1
among isolates of Z. tritici is likely influenced by
chromatin changes and sequence rearrangements
(Meile et al. 2020). In M. oryzae, genes important
for host infection tend to be enriched in
H3K27me3 repressing transcription outside of
the host but triggering transcription during the
stressful plant infection period (Zhang et al.
2021). Differences in virulence among
V. dahliae strains were suggested to be governed
by variation in DNA methylation profiles
(Ramirez-Tejero et al. 2020). Furthermore,
specific chromatin profiles define virulence-
associated genomic regions highlighting how dif-
ferent epigenetic factors contribute to the organi-
zation of such regions (Cook et al. 2020).
Secondary metabolites contribute to fungal path-
ogenicity in many species (Scharf et al. 2014)
with epigenetic regulation playing a major role
in the activation of the underlying gene clusters
(Pfannenstiel and Keller 2019). The maize patho-
gen F. verticillioides produces the mycotoxin
fumonisin regulated by histone-acetylation
modifications (Visentin et al. 2012). In
F. graminearum, a third of all genes are marked
with H3K27me3 and de-repression of marked
genes mainly regulates secondary metabolite pro-
duction (Connolly et al. 2013).
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5.6  Evolutionary Histories
of Pathogen Species Through

the Lens of Genomics

Understanding the evolutionary history of patho-
gen species, such as the origin, migration routes,
or the co-evolutionary interaction with their host,
is a major challenge. In many cases, host and
pathogen evolution are tightly linked, from
short-term local adaptation to co-speciation.
Microbotryum anther-smut pathogens show a
highly similar population structure compared to
their Silene host species, with local adaptation of
the host for pathogen resistance (Feurtey et al.
2016; Hartmann et al. 2020b). Similarly, the
apple scab fungus Venturia inaequalis shows
geographical clustering depending on the
co-evolved wild apple species (Gladieux et al.
2010). Co-evolution between host and pathogen
can go beyond population differentiation and lead
to co-speciation. Z. tritici was domesticated
alongside its wheat host and further co-evolves
with different wheat cultivars, resulting in com-
plex adaptation of the pathogen toward different
host genotypes (Stukenbrock et al. 2007; Karisto
et al. 2018). Hymenoscyphus species co-evolved
with their local ash tree host species giving rise to
non-pathogenic endophytes (Cleary et al. 2016).
In contrast, the introduction of Asian
Hymenoscyphus species into Europe led to a dra-
matic ash dieback disease outbreak and a strong
decline in native ash species (Gross et al. 2014).
Beyond striking examples of host—pathogen
co-evolution, the history of many pathogen spe-
cies and genera is marked by host jumps and,
thus, decoupled evolutionary paths of the hosts
and pathogens (De Vienne et al. 2013; Thines
2019).

5.6.1 The Evolution of Genetic
Diversity and Pathogen

Emergence

Fungal pathogen populations display a wide
range of genomic diversity from extremely
diverse pathogen populations to globally
distributed quasi-clonal species. In Z. tritici, a
population from a single field can contain
millions of genotypes and upward of 37 SNPs
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per kilobase making the pathogen one of the most
polymorphic species known (Singh et al. 2021;
McDonald et al. 2022). Sexual reproduction of
Z. tritici is a key aspect generating diversity in the
form of recombinant genotypes. However, the
lack of meaningful population bottlenecks
throughout the seasons constitutes an even stron-
ger factor maintaining diversity for the pathogen
(Feurtey et al. 2023). High genetic diversity was
also observed in V. inaequalis and P. nodorum
(Le Cam et al. 2019; Richards et al. 2019) and to a
lesser extent in the globally distributed rust
Austropuccinia psidii with strong geographic
effects on diversity (Stewart et al. 2018). Recent
pathogen emergence is often associated with a
dramatic loss of genetic diversity and a rapid
spread of clonal lineages. In F. oxysporum f. sp.
cubense, the causative agent of the Panama dis-
ease in bananas, a single clonal lineage led to
severe disease on the most widely used banana
cultivar in the 1960s (Ploetz 2008). A recently
emerged clonal lineage is now threatening new
banana cultivars resistant to the previous clonal
lineage (Magdama et al. 2020). A clonal strain of
Cryphonectria parasitica, the causative agent of
the chestnut blight, caused a devastating invasion
in southeastern Europe (Stauber et al. 2021).
However, how long such aggressive clones
remain successful is not known. Aggressive
clones may go extinct as either the host plant is
decimated or gains resistance leading to
co-evolutionary dynamics.

Following devastating clonal plant pathogen
invasions, the diversification of the lineage
through the acquisition of variability seems to a
be a general feature. Genetic variability can be
acquired through mutations, gene flow between
populations, hybridization with closely related
species, horizontal gene transfer, or introgression.
Such gene flow among pathogen populations or
species depends on the distribution of the hosts.
Pathogens colonizing well-connected host
populations tend to form well-connected patho-
gen populations as well. The main route for many
pathogens to disperse is through wind or rain
splash dispersed spores (Karisto et al. 2021).
Spores can also be transported through the
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atmosphere and have thus the potential to be
spread globally (Golan and Pringle 2017).
Human activity is another important factor in the
distribution of fungal plant pathogens, and often,
fungal material can hitchhike on plant material
including seeds, fruits, or grass to become
established in a new area (Fones et al. 2020).
The introduction of chestnut blight caused by
C. parasitica into North America and later into
Europe in the twentieth century dramatically
decimated chestnut (Bissegger et al. 1997).
More recently, the spread of wheat blast from
South America to Bangladesh and Zambia was
facilitated by the shipment of infected plant mate-
rial (Latorre et al. 2022). Both pathogen invasions
were also likely facilitated by the introduction of
pathogen genotypes, which were able to create
new variants favorable for further spread (i.e., the
establishment of a bridgehead). For C. parasitica,
the bridgehead was likely formed in Europe early
during the invasion helping to generate a geno-
type adapted to the new environment, including
the host (Stauber et al. 2021). Wheat blast exists
as a highly diverse pathogen population on South
American wheat helping create a globally inva-
sive lineage that twice independently colonized
African and South Asian wheat (Latorre et al.
2022). In contrast to factors facilitating their
spread, obligate asexual and clonal pathogens
may face more significant challenges to invade
new areas with the clear exception of global rust
lineages (Singh et al. 2011; Karisto et al. 2021).
Overall, many sexual pathogens display clear
geographic patterns indicating that modest gene
flow occurs among regions (Mohd-Assaad et al.
2018; Pereira et al. 2020a; Feurtey et al. 2023).
Hybridization and re-establishment of gene
flow after long periods of isolation have been
suggested as an important driver of plant patho-
gen evolution in particular for crop pathogens.
Hybridization is defined as reproduction between
members of genetically distinct populations, pro-
ducing offspring of mixed ancestry (Abbott et al.
2013; Stukenbrock 2016). The hybridization
between two B. graminis formae speciales caus-
ing mildews on wheat and rye gave rise to a novel
mildew lineage that can infect triticale, which
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incidentally is itself an artificial hybrid between
the two host species (Menardo et al. 2016). In
contrast to hybridization, introgression is the pro-
cess where individuals interbreed and the
resulting hybrids undergo backcrossing with one
of the progenitor species (Stukenbrock 2016).
The backcrossing introduces a restricted amount
of genetic material from one species into the
species and can drive the success of invasive
species via the rapid acquisition of adaptive
mutations. For example, the Dutch elm disease
pandemic was caused by three fungal lineages
with permeable reproductive barriers:
Ophiostoma ulmi, O. novo-ulmi subspecies
novo-ulmi, and O. novo-ulmi subspecies ameri-
cana (Hessenauer et al. 2020). Introgression was
the main driver creating genetic diversity in the
species and had important effects on fitness-
related traits, including growth rates at high
temperatures and necrosis sizes (Hessenauer
et al. 2020).

5.6.2 Plant Pathogens in the Face

of Changing Environments

Plant pathogens are exposed to numerous envi-
ronmental challenges in particular during the col-
onization of new environments. Crop pathogens
are exposed to the impact of human activity, e.g.,
through the application of fungicides, the intro-
duction of more resistant cultivars, or changes to
irrigation (Fig. 5.3). Furthermore, climate change
will have a strong impact on future distributions
and selection pressures on pathogen populations
(Chaloner et al. 2021). To investigate
consequences of environmental stress on patho-
gen populations requires an understanding of phe-
notypic trait variation and genes governing such
variation. The main approaches to link
phenotypic trait variation to polymorphism are
quantitative trait locus (QTL) mapping and
genome-wide association studies (GWAS). QTL
mapping requires the analysis of progeny
populations and has been used to investigate evi-
dence for pleiotropy between azole sensitivity
and melanization (Lendenmann et al. 2015;
Zheng et al. 2018). In contrast, GWAS are
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typically based on population samples of local,
regional, or global sets of isolates (Weigel and
Nordborg 2015; Sanchez-Vallet et al. 2018). Both
GWAS and QTL mapping can identify genomic
regions or even individual genes associated with a
specific phenotypic trait. Mapping outcomes can
be followed up with molecular genetics
approaches recapitulating the genetic variants
associated with a phenotype in different genetic
backgrounds. GWAS can also be complemented
with gene co-expression studies as it has been
used to identify soybean resistance factors to
multiple fungal pathogens (Gao et al. 2016;
Almeida-Silva and Venancio 2021). On the path-
ogen side, GWAS enabled among others the
mapping of effectors using panels of only
100-150 isolates coupled with molecular genetics
validation (Zhong et al. 2017; Hartmann et al.
2017).

A further application of GWAS in plant
pathogens is to identify mechanisms of fungicide
resistance. Fungicides are a strong selection pres-
sure for crop pathogens and shape the evolution-
ary course of many species in human-dominated
environments (Hawkins and Fraaije 2018;
Rhodes et al. 2022). Fungicide application in
agriculture varied widely across countries and
time resulting in different resistance levels along
clines helping map mutations linked to resistance
(Croll and McDonald 2017). Modern selective
fungicides are site-specific, designed to target
specific cellular processes and bind to specific
protein targets. However, the exact mutations
leading to resistance can vary across the globe
for the same pathogen (Mohd-Assaad et al. 2016;
Pereira et al. 2020b; Hartmann et al. 2021).
Beyond mutations modifying the gene encoding
the fungicide target protein, additional resistance
mechanisms related to, e.g., detoxification were
discovered. A striking example includes the mul-
tiple insertions of TEs upstream of a gene
encoding a major facilitator superfamily gene in
Z. tritici with resistant strains showing different
complements of inserted TEs upregulating gene
expression (Omrane et al. 2015, 2017). Gains in
resistance were found to be associated with costs
for resistant strains in the absence of fungicides
(Croll and McDonald 2017). For example, higher



114

U. Oggenfuss et al.

Fig. 5.3 Stress factors for
fungal plant pathogens.
Different stressors include
abiotic factors such as heat
stress, cold temperatures, or
the application of
fungicides. Upon arrival on
the plant surface, pathogens
typically suffer from
nutrient stress and may be
exposed to plant defenses
such as reduced pH and
enzymes. Genetic and
epigenetic modifications

Cold temperatures
Freezing point

can be triggered during Heat \ g Fungicides
stress Drought Toxins
Radiation

Nutrient stress on plant surface
Plant defences (hypersensitive
reaction, pH, etc.)

A BYANY

Epigenetic modifications or
mutations (TEs, genomic defences, etc.)

azole resistance in Z. tritici correlates with slower
colony growth possibly mediated by melanin pro-
duction (Lendenmann et al. 2014, 2015). In a
systematic analysis of trade-offs among traits
expressed by Z. tritici revealed multiple instances
of distinct traits being either positively or nega-
tively correlated at the phenotypic level but also
showing possible pleiotropic effects (Dutta et al.
2021). The study used GWAS to identify loci
contributing to the expression of dozens of indi-
vidual traits related to fungicide resistance or
virulence. A number of trait pairs of virulence
and fungicide resistance showed negative genetic
correlations meaning that mutations contributing
positively to one trait on average affected nega-
tively the other trait. Such hints at genetic
constraints to evolve both high virulence and

high resistance may open the possibility to exploit
these constraints to limit pathogen evolution.

5.7 Conclusions and Open

Questions

The advent of genome sequencing technologies
has been particularly fruitful in investigating the
evolution and ecology of fungal plant pathogens.
The typically compact genomes, the ability to
culture many species, and the imperative to
improve crop protection against new pathogen
threats have helped build scientific communities
with a common goal to generate reference
genome sequences early on. Over the past two
decades, high-quality genomes have been
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established for all major crop pathogens. More
recently, community efforts to build additional
resources for pathogens outside of agricultural
concern have emerged. This included efforts to
broadly sequence fungal diversity by establishing
reference genomes (e.g., the 1K fungal genome
project; Grigoriev et al. 2011). In parallel, falling
costs of sequencing enabled genome sequencing
efforts at the within-species levels. For an increas-
ing number of crop pathogens, extensive sets of
field samples were sequenced across the globe. In
combination, the genomic resources available for
fungal pathogens paved the way for a broad set of
scientific discoveries from identifying genetic
factors of pathogenicity, processes of rapid adap-
tation to the environment, epigenetic regulation,
TE dynamics, and genome organization. The cou-
pling of research focused on addressing agricul-
tural concerns with basic research has created
multidisciplinary and  dynamic  scientific
communities.

Future research on pathogen genomes will
likely pursue the parallel tracks of applied
research addressing direct needs for managing
pathogen damage and basic research tackling
broader topics of genome evolution. Highlights
of such future research could include the system-
atic discovery of pathogenicity factors using
high-throughput mutant analyses and GWAS.
The lack of knowledge around pathogenicity
mechanisms and resistance breakdown often
complicates resistance breeding efforts. Simi-
larly, predicting evolutionary paths to fungicide
resistance before large field applications may pre-
vent rapid failures in efficacy. Standing variation
in pathogen populations could be exploited to
understand how well individual crop pathogens
will be able to adapt to new chemicals. On the
basic research side, recent analyses of the epige-
netic landscape of pathogen genomes have
provided fascinating insights into how different
genomic elements including TEs modulate chro-
mosomal structure, gene functions, and regula-
tion. The rapid changes at effector gene loci will
further improve our understanding of how gene
functions evolve in general. Finally, the global
population genomic surveys of multiple pathogen
species are among the most extensive datasets for
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any group of organisms. These public sequence
datasets offer vast opportunities to investigate
mechanisms of rapid adaptation. Environmental
gradients and variation in host genotypes provide
powerful gradients across continents to assess
how pathogens may have adapted along such
environmental factors. In summary, fungal plant
pathogens will continue to provide highly fertile
grounds for interdisciplinary and impactful
research.
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Abstract

While it is increasingly well understood how
plants and animals spread around the world,
and how they diversify and occupy new
niches, such knowledge is fairly limited for
fungi and oomycetes. As is true for animals
and plants, many plant pathogenic fungi have
been spread anthropogenically, but, in contrast
to them, only rarely as a deliberate introduc-
tion. In addition, the occupation of new niches
for plant pathogenic fungi is less defined by
the abiotic environment, but more by the biotic
environment, as the interaction with the host

plant is the major ecological determinant of
fitness, especially for biotrophic and
hemibiotrophic  pathogens. = Thus, host
switches are a major driver in the diversifica-
tion of pathogens, which can have an effect
similar to the arrival of animals or plants on a
previously uninhabited archipelago. This
chapter summarises the current state of knowl-
edge on range expansions and host jumps in
plant pathogens, focusing on (hemi-)
biotrophic fungi and oomycetes.
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6.1 How Plant Pathogenic Alien
Fungi and Oomycetes Spread
Around the World

6.1.1 Biological Invasions and Plant

Pathogens

Alien species (syn. introduced, non-native) are
those that occur outside their natural range due
to human-mediated introduction, intentionally or
accidentally. Although most will not find them-
selves in a suitable new environment, some thrive
and form self-sustaining populations (i.e.
established alien species) and may ultimately
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start spreading and impacting native biota and
ecosystems, human well-being, and the economy
(i.e. invasive alien species) (Convention on
Biological Diversity 2014). Nowadays invasive
alien species are thought to be one of the main
drivers of biodiversity loss, and they are
associated with enormous economic costs world-
wide (Diagne et al. 2021; IPBES 2019; Pimentel
et al. 2005).

Fungi and fungus-like organisms were long
neglected in invasion science (Desprez-Loustau
et al. 2007) due to several obstacles. Amongst
these are their often inconspicuous life-cycle
stages, small size, and unsettled taxonomy
(Liicking et al. 2020). But as for other taxonomic
groups, their spread has accelerated in recent
decades (Santini et al. 2013; Seebens et al.
2017) and frequently resulted in devastating
impacts on human livelihoods and native
biota—often with cascading effects on ecosystem
services (Fisher et al. 2012; Newcombe and
Dugan 2010). This is especially the case for
plant pathogens, i.e. defined hereafter as fungi
and fungal-like organisms that are able to cause
disease in a plant host, excluding other plant pests
such as arthropods and nematodes. There are
several prominent examples in  natural
ecosystems (e.g. Dutch elm disease, ash dieback,
chestnut blight), and managed agricultural or
plantation-forestry systems, where they cause
crop yield losses worth billions of dollars annu-
ally and sometimes even threaten food security
(e.g. wheat stem rust, potato late blight, and Pan-
ama disease) (Fisher et al. 2012; Fones et al.
2017; Guurr et al. 2011; Sikes et al. 2018). A few
notable recently emerging pathogens introduced
by anthropogenic activity are shown in Fig. 6.1.

6.1.2  Historical Changes

in the Introduction Frequency

Although the human-mediated transportation of
organisms to new areas is as old as human move-
ment itself, a new order of magnitude was reached
after the onset of large-scale intercontinental
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movement of humans and goods in the fifteenth
century [i.e. Columbian Exchange; Crosby
(2003)] (Santini et al. 2018). While concrete
information on introduction frequency prior to
the eighteenth century is largely lacking, it can
be assumed that a considerable number of plant
pathogens were also transported between
continents (Kreisel and Scholler 1994). With the
unparalleled expansion of the global trade net-
work associated with increases in trade and travel
volumes, introductions of fungal and fungal-like
plant pathogens have been continuously increas-
ing worldwide (Fig. 6.2). Particularly steep
increases took place in recent decades, e.g. in
Europe (Desprez-Loustau et al. 2010; Santini
et al. 2013), New Zealand (Sikes et al. 2018),
North America (Aukema et al. 2010; Nealis
et al. 2016), South America (Fuentes et al.
2020), and Australia (Nahrung and Carnegie
2020).

6.1.3  Major Routes of Introduction

A commonly identified major driver of this devel-
opment is the intensification and expansion of
trade (Desprez-Loustau et al. 2010). Plant
pathogens are mostly introduced unintentionally,
often as contaminants of their hosts. Therefore,
the import of living plants (plants-for-planting,
i.e. for agriculture, forestry, horticulture) is a
well-recognised introduction pathway for alien
plant pathogens, e.g., in infected asymptomatic
plants (Anderson et al. 2004; Santini et al. 2013,
2018). This issue led to the stepwise implementa-
tion of phytosanitary measures and plant quaran-
tine, resulting in multilateral treaties such as the
International Plant Protection Convention (IPPC;
https://www.ippc.int) which introduced Interna-
tional Standards for Phytosanitary Measures
(ISPMs). The implementation and effectiveness
of such measures varies amongst countries, but
for those with very strict biosecurity measures
(e.g. Australia and New Zealand) the main path-
way for plant pathogens nowadays is believed to
be contaminated goods other than plants (Santini
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Fig. 6.1 Notable plant pathogens for which evidence
suggests that they have spread via anthropogenic activities
onto new, economically important crops. (a) Peronospora
belbahrii, the downy mildew pathogen of basil, introduced
from Africa from an unknown original host and now
distributed worldwide. (b) Hemileia vastatrix, the causal
agent of coffee leaf rust, which was able to colonise all
major coffee growing regions of the world within
150 years. (¢) Erysiphe neolycopersici, one of those three

et al. 2018). Indeed, in New Zealand, the arrival
rate of new crop- and pasture-associated plant
pathogens decreased in the last few decades,
coinciding with the implementation of strict agri-
cultural quarantine policies (Sikes et al. 2018).
Apart from living plants, other important
pathways of plant pathogens are contaminated
seeds, soil (e.g. potting soil), timber and wood
or associated insects, as well as machinery
(Santini et al. 2013; Wingfield et al. 2015).
Contaminated wood was identified as the second
most important pathway of forest pathogens to
Europe (Santini et al. 2013). A rather unexpected
pathway is the unintentional introduction of plant
pathogens during war activities through allied
army supplies, such as the rot fungus
Heterobasidion irregulare to Italy in WWII
(Santini et al. 2018).

powdery mildew species that infect tomato, started to
spread in the 1980s in Europe and has become widespread
in the European and North American tomato production
by the early 2000s. (d) Sporisorium scitamineum on
cultivated sugarcane, which apparently originated from
wild progenitors of sugarcane in India and has spread to
almost all sugarcane-producing countries throughout the
past five decades

6.1.4  Major Sources and Sinks

of Plant Pathogens

The highest numbers of alien plant pathogens
globally are currently known in New Zealand,
Europe (e.g. Austria, France, Italy, Switzerland),
Australia, the USA, and China (Fig. 6.3). Gener-
ally, alien plant pathogen richness patterns should
be treated with caution, as there is a considerable
spatial bias in sampling frequency, monitoring
effort, and research capacity (Bebber et al.
2019). Together with agricultural production,
research efforts can largely explain crop pest
numbers across countries, exemplifying the bias
in reported pathogen richness (Bebber et al.
2019). Global studies on the plant pathogenic
oomycete genus Phytophthora, which contains
many invasive alien species, showed that many
countries are likely to have an underreported
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Fig. 6.2 Number of global first records of alien plant
pathogens (fungi and oomycetes) in S-year periods
between 1800 and 2015. A global first record is defined
as the first available report on the occurrence of a specific
pathogen in an area outside its native range (alien or
cryptogenic, i.e. likely outside its native range sensu Essl
et al. 2018), and first records are based on a range of
published sources (Abasova et al. 2018; Arechavaleta
et al. 2005, 2009; Barwell et al. 2020; Bradshaw et al.
2021; Bufford et al. 2016; CAB International 2021;
Desprez-Loustau et al. 2010; Deutsche Gesellschaft fiir
Mykologie DGfM 2020; Dgebuadze et al. 2018;
European and Mediterranean Plant Protection Organiza-
tion EPPO 2020; Farr and Rossman 2021; Fortini et al.

pathogen diversity, especially in Asia (Scott et al.
2019) and tropical regions worldwide (Bebber
et al. 2019).

Alien plant pathogens in Europe mostly origi-
nate from temperate North America and Asia
(Desprez-Loustau et al. 2010; Santini et al.
2013; Voglmayr et al. 2022). Nevertheless, for a
significant amount of newly recorded plant
pathogens the origin is unknown but likely alien
(i.e. cryptogenic, Essl et al. 2018).

6.1.5 Knowledge Gaps and the Way

Forward

Besides fungi and oomycetes being understudied
in invasion science in general, plant pathogens of
economically used plants have received the bulk
of attention, while the consequences for natural
plant communities are far less well known (Roy
et al. 2017). Also, historical information on
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2019; Fuentes et al. 2020; Graziosi et al. 2020;
Gryzenhout et al. 2006; Heluta et al. 2019; IUCN Invasive
Species Specialist Group ISSG 2019a, b; LeBlanc et al.
2018; McCook 2006; MyCoPortal 2020; Nahrung and
Carnegie 2020; Nielsen et al. 2020; Santini et al. 2013;
Seebens et al. 2017; Simpson et al. 2018; Strand et al.
2019; SwissFungi 2021; Talhinhas et al. 2019;
Tomoshevich 2019; Voglmayr et al. 2022; Westerdijk
Fungal Biodiversity Institute 2020; Wood 2017; Xu and
Qiang 2018). Note that the number of records in recent
periods might represent an underestimation due to lags in
recording and reporting (Seebens et al. 2017) and that the
number of new records per region is likely much higher

fungal introductions before the eighteenth century
is largely missing, with some exceptions as the
introduction of the Armillaria root rot pathogen in
the 1600s to South Africa by early European
settlers (Graziosi et al. 2020). Due to a lack of
baseline data on their natural distribution, the
biogeographic status of newly recorded fungi
can often only be inferred from their hosts or
through population genetic studies (Newcombe
and Dugan 2010). Methodological improvements
such as the application of microscopy in the late
nineteenth century and the development of
molecular phylogenetics and environmental
DNA sampling in the last few decades aided the
description and detection of plant pathogens
(Hawksworth and Liicking 2017) also resulting
in an increased number of first records and better
knowledge of the distribution, such as for the
oomycete genus Phytophthora (Scott et al.
2019). Despite the significant advances made,
unresolved taxonomy, unknown and cryptic
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Fig. 6.3 Global patterns of known alien and cryptogenic
plant pathogen (fungi and oomycetes) richness. In total
183 mainland and island regions (the latter represented as
circles) are coloured after the number of recorded plant
pathogen taxa (species or infraspecific rank) per region

species, unclear biogeographic origin, and strong
regional differences in research and recording
intensity still hamper the way forward. Even for
better studied taxa simple baseline knowledge is
often missing (Desprez-Loustau et al. 2007).

A more interdisciplinary approach, integrating
fungal invasion biology with plant pathology and
other relevant disciplines as well as better integra-
tion into international policies, can help to
improve our global understanding of fungal
biological invasions and minimise resulting eco-
nomic costs and damage to natural ecosystems
(Fisher et al. 2020; Paap et al. 2022; Roy et al.
2017; Santini et al. 2018).

6.2 Oomycota

6.2.1 General Introduction

So far, about 1800 species of oomycetes have
been described (Beakes and Thines 2017,

26-50

51-100 101-250 251-500 1154

based on a range of published sources (see references
listed in Fig. 6.2)". Colours represent either the minimum
or maximum or an interval and grey colour indicates that
no data were available for a region

Wijayawardene et al. 2022). Amongst these,
more than 1000 are plant pathogens (Thines
2014). Within the plant pathogenic lineages, var-
ious levels of host specificity have been observed.
Generally, opportunistic pathogens, e.g. in the
genera Pythium and Globisporangium, have
broad host spectra (Middleton 1943), while the
obligate biotrophic downy mildew and white blis-
ter pathogens have rather narrow host spectra
(Ploch et al. 2010; Thines and Choi 2016). How-
ever, there are some exceptions, e.g. Albugo can-
dida, which parasitises a wide range of
Brassicales (Choi et al. 2009), and
Pseudoperonospora cubensis, which parasitises
several dozen species of the Cucurbitaceae
(Runge et al. 2011). In these cases, it is likely
that a genetic innovation has led to a host jump
and subsequent radiation (Thines 2019), which
has not yet resulted in speciation. Like in other
groups, the process of host jumping, radiation,
and subsequent speciation has driven the diversity
of at least biotrophic oomycetes (Choi and Thines
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2015; Thines 2019), as also evidenced by consec-
utive host jumping, radiation, and speciation
found in the genus Peronospora (Ploch et al.
2022).

Several devastating plant pathogens in the
oomycetes are found amongst the pythiacacous
genera, e.g2. Globisporangium ultimum, which is a
widespread cause of damping off of seedlings
(Lévésque et al. 2010; Molin et al. 2021; Panek
and StiiZkova 2021). Also, various members of
the hemibiotrophic genus Phytophthora are nota-
ble pathogens, e.g. Phytophthora infestans, the
causal agent of potato late blight (Fry 2008), and
Ph. capsici, which infects a wide range of
vegetables (Hausbeck and Lamour 2004). How-
ever, due to their seed-borne nature and the ability
to cause latent systemic infections, downy mil-
dew pathogens are equally threatening agricul-
ture, as they infect various important crops, such
as maize (Shaw 1978; Suharjo et al. 2020), soy-
bean (Pathak et al. 1978), grape (Gessler et al.
2011), lettuce (Lebeda et al. 2008), spinach (Feng
et al. 2018), and sunflower (Viranyi et al. 2015),
as well as culinary herbs, e.g. basil, which is
parasitised by Peronospora belbahrii (Thines
et al. 2009), and ornamentals, e.g. balsamines,
which are parasitised by Plasmopara destructor
and Pl. velutina (Gorg et al. 2017).

6.2.2  Centres of Diversity

for Different Groups

For the opportunistic and hemibiotrophic species
of oomycetes, centres of diversity cannot be
defined at present, as their diversity is poorly
explored and many species seem to have a cos-
mopolitan distribution (Diéguez-Uribeondo et al.
2007; Tojo et al. 2012). Also, for the white blister
pathogens an assessment on their origin and cen-
tre of diversity is difficult, even though it is note-
worthy that most species of the genus Albugo
have been described from temperate to subtropi-
cal regions of Eurasia (Choi and Priest 1995; Choi
et al. 2011). Downy mildews seem to have
originated in the Paleotropics, probably as
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descendants of obligate biotrophic grass parasites
(Thines 2009). For the major downy mildew
genera centres of diversity can be defined. The
genus Bremia likely originated in Eurasia and is
especially  species-rich in  warm-temperate
climates (Choi and Thines 2015).
Hyaloperonospora affects various Brassicaceae
and seems to have its highest diversity in temper-
ate Europe, even though the West Asian moun-
tainous regions, which are rich in potential hosts
(Franzke et al. 2011), are underexplored in terms
of downy mildew diversity. Peronosclerospora is
a neglected genus affecting C4 grasses, with sev-
eral species infecting maize (Kenneth 1981;
Crouch et al. 2022), and which leads to severe
crop losses in several countries of East Asia
(Suharjo et al. 2020). The majority of its species
have been reported from Australasia (Crouch
et al. 2022), but some species have been
introduced into other regions along with their
hosts, e.g. Pscl. sorghi (Prom et al. 2015).
Peronospora is the most speciose genus of
oomycetes, with more than 400 described species.
It is common throughout the Holarctic, and its
highest diversity seems to be in temperate and
warm-temperate Eurasia, from where also most
species were described (Gdumann 1923;
Gustavsson 1959; Constantinescu 1991). The
genus Plasmopara is widespread throughout
North America and Eurasia, but the highest diver-
sity of affected hosts is in North America (Thines,
unpublished). Given the high degree of host
specialisation that has been observed in the
genus (Gorg et al. 2017; Salgado-Salazar and
Thines 2022), it seems likely that North America
is the centre of diversity for this genus.

6.2.3  Anthropogenic Spread

Anthropogenic spread of oomycete pathogens is
with infested soil, seeds, and plants. Due to the
increase in global trade, new downy mildew
diseases have been reported at a high frequency
throughout the past two decades, some of which
are causing notable diseases, such as the downy
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mildews of basil (Belbahri et al. 2005), poppy
(Voglmayr et al. 2014), balsamines (Gorg et al.
2017), and columbines (Denton et al. 2015;
Thines et al. 2019, 2020). Especially the trade
with infected seeds is an important source of
pathogens, as seed infection has been shown in
various downy mildew pathogens (Inaba et al.
1983; Adenle and Cardwell 2000; Ioos et al.
2007) and is difficult to detect if infections are
not severe. Thus, utmost care should be taken to
avoid import of seeds from areas in which downy
mildew has been reported on a specific host plant
(Thines and Choi 2016).

Infested soil and plant parts are the most
important cause of anthropogenic spread of
hemibiotrophic and opportunistic pathogens, and
can have potentially devastating effects, such as
in case of Ph. infestans, which triggered the Great
Irish Famine in the mid-nineteenth century after
having been introduced from southern North
America (Yoshida et al. 2013; Fry et al. 2015;
Leesutthiphonchai et al. 2018), or severe ecologi-
cal effects, such as in case of Ph. ramorum and
Ph. cinnamomi, which led to sudden oak death in
the western USA (Rizzo et al. 2002) and to Jarrah
dieback in Australia (Hardham and Blackman
2018), respectively.

6.2.4 Most Notable Host Jumps

As mentioned earlier, host jumps are a driving
force in the diversification of oomycetes. How-
ever, there are a few host jumps that are notable,
as they are across orders or even classes. Probably
the widest host jump has happened in the genus
Peronospora—here a host jump from dicots to
monocots took place and led to the evolution of
Pe. destructor, an economically important patho-
gen of onions (Kofoet et al. 1990). However, this
host jump to Alliaceae so far has not led to a wide
radiation of the pathogen, with only rather few
species being affected. Contrary, the host jump
from hops to Cucurbitaceae, leading to the two
lineages of Ps. cubensis, has proven to be rather
successful, with a wide range of hosts reported to
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be colonised by the pathogen under natural and
laboratory conditions (Thomas et al. 1987;
Colucci 2008; Runge and Thines 2011). Two
further noteworthy host jumps have occurred in
the white blister pathogens—one from dicots to
Piperaceae (Ploch et al. 2018), and one from
Brassicaceae to Fabaceae (Choi et al. 2012). In
both cases, these host jumps have not led to new
radiations, and it can be assumed that most host
shifts will not be evolutionarily successful, due to
the difficulties in sustaining infections in the ini-
tial phase of suboptimal interaction (Thines
2019). Along these lines, the host shift of Ps.
cubensis from Cucurbitaceae to Balsaminaceae,
observed in Africa (Voglmayr et al. 2009), is
remarkable, and it seems to be warranted to mon-
itor if similar host shifts occur in the future, as
they might herald a new epidemic, if the pathogen
became able to sustain infections on cultivated
balsamines.

6.2.5 Most Notable Range

Expansions

Apart from a few hemibiotrophic species, such as
Ph. infestans, which was already mentioned
above, the most notable range expansions
occurred in downy mildew pathogens. Historic
examples for this are Pl viticola, which was
restricted to North America and is now present
in almost all regions in which grapes are
cultivated (Gobbin et al. 2006; Rouxel et al.
2014), and PL halstedii, a pathogen of cultivated
sunflower, which, after its introduction into
Europe, has spread globally to all sunflower-
producing areas (Gulya et al. 1991; Spring
2019), except for Australia (Constantinescu and
Thines 2010). In the past two decades, most range
expansions were due to an insufficient knowledge
regarding the diversity of downy mildews,
associated with the erroneous assumption that
species of downy mildews could often infect a
whole host family (Yerkes and Shaw 1959). This
led to an insufficient action against Pe. belbahrii,
a disease that was first attributed to the
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widespread species Pe. lamii or referred to as
Peronospora sp. (Lefort et al. 2003; Coosemans
2004; Garibaldi et al. 2004; Thines et al. 2009).
Likewise, Pe. somniferi did not receive adequate
attention, as it was initially thought to be the same
species as Pe. arborescens on weedy poppy
(Landa et al. 2005; Voglmayr et al. 2014). Also
Pl. destructor was not opposed with strong
phytosanitary measures, as it was first thought to
be conspecific with a pathogen of wild impatiens,
Pl obducens (Lane et al. 2005; Cunnington et al.
2008a; Gorg et al. 2017). All of these pathogens
are now present in most regions in which their
hosts are commercially grown, and it seems
unlikely that it will be possible to fully
defeat them.

6.2.6  Future Directions

As no general testing methods are in use and
resistance to fungicides is common (Ziogas et al.
2006; Bi et al. 2014), the spread of pathogens can
often only be delayed, such as in the case of Pe.
aquilegiicola (Denton et al. 2015; Thines et al.
2019), which was first restricted to England and
Wales after its import from East Asia, but now
has crossed the channel to the European main-
land, where several cases have been reported in
Germany (Thines et al. 2020). Thus, it will be of
great importance to enhance testing for and mon-
itoring of new oomycete diseases. To achieve
this, it seems necessary that the great knowledge
gaps regarding the diversity and ecology of
oomycetes are being filled. It is estimated that
less than 10% of oomycete species are presently
known (Beakes and Thines 2017), and for most
pathogens, natural and potential host ranges are
poorly known. In addition, species occurring in
the tropics are notoriously understudied, which is
exemplified by graminicolous downy mildews,
which pose a substantial threat to maize farming,
yet major lineages affecting maize are insuffi-
ciently known (Suharjo et al. 2020). Thus, it
will be important in the coming years to gain a
better understanding of oomycete diversity on
crops and related species to enable an informed
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risk assessment and countermeasures against
future pathogen spread.

6.3 Pucciniales

6.3.1  General Introduction

Pucciniales, known as the rust fungi, comprise
the largest group of plant pathogens. Close to
8000 species have been described in
ca. 180 currently accepted genera (Aime and
McTaggart 2020). As a group the rust fungi
have evolved a suite of characters that are other-
wise unique or rare in fungi. All rust fungi are
obligate biotrophs. Species undergo alternation of
generations with separate gametothalli and
sporothalli that are usually, though not exclu-
sively, produced on different host plant species.
Additionally, rust species produce up to five dif-
ferent spore stages that are morphologically and
functionally distinct, and, as a result, the rusts are
believed to have the most complex life cycles in
fungi. Some of the largest genomes known in
fungi are of rusts; for example,
Gymnosporangium confusum has a reported
genome size of 893 Mb, and Austropuccinia
psidii has a reported haploid genome size of
over 1 Gb, which is one of the largest assembled
fungal genomes to date (Tavares et al. 2014;
Tobias et al. 2021).

Rust fungal species infect a wide range of
flowering plants that include most important agri-
cultural crops such as wheat, coffee, and soybean.
Wheat stem rust, for example, caused by the
fungus Puccinia graminis, was known as a
scourge of crops to early Greeks and Romans,
the latter developing an annual ritual, known as
the Robigalia, in attempts to placate the gods and
reduce wheat crop losses. Puccinia graminis,
which alternates between wheat and barberry
(Berberis spp.), is also an important organism
for advancing the disciplines of plant pathology
and agriculture. The first agricultural bans,
against barberry, were instigated to mitigate
wheat stem rust outbreaks, and the modern
green revolution was sparked by the effort to
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breed durable resistance against P. graminis into
wheat.

A rust fungus that alternates between two host
species to complete its life cycle is known as
heteroecious; one that can complete its life cycle
on a single host is termed autoecious. Rust spe-
cies that cycle through all five spore stages are
termed macrocyclic; those that eliminate one or
more spore stages can be demicyclic, microcyclic,
or endocyclic. The different, unrelated, host spe-
cies necessary for completion of the life cycle of a
heteroecious rust are termed alternate hosts, for
example, barberry and wheat are alternate hosts
of P. graminis. In contrast, alternative hosts are
related species that can be utilised by a rust spe-
cies by either the gametothallus or sporothallus.
For examples, Asian soybean rust, caused by
Phakopsora pachyrhizi, can utilise other alterna-
tive leguminous host species, in addition to soy-
bean, for development of the sporothallus. While,
in terms of species richness, Pucciniales can be
considered a very successful lineage, the
complexities of the life cycle, and incomplete
data on geographic and host species ranges for
most species have hindered our ability to under-
stand the drivers of this diversity. While forces
such as  co-speciation  (or  biological
specialisation) and host jumping (or biogenic
radiation) have been variously used to explain
rust species diversification, modern analyses are
highlighting how the heteroecious nature of
Pucciniales may have made it possible for both
forces to act, but on different stages of the life
cycle, leading to the tremendous extant diversity
in this group (Aime et al. 2018).

6.3.2  Centres of Diversity

for Different Groups

The centre of diversity for most rust fungal
lineages has not been explored in depth. The
rust fungi likely evolved during the middle Juras-
sic, with two major diversification events—that of
the Raveneliineae, which occurred during the
early Cretaceous, and that of the Uredinineae—
the lineage to which the majority of extant rust
species belong—which occurred during the
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middle Cretaceous (Aime et al. 2018; Aime and
McTaggart 2020). The earliest extant rusts pro-
duce gametothalli that are usually associated with
Gymnosperms in temperate climates and, given
that most tropical rust species appear to be
derived (Aime 2006), a temperate origin of
Pucciniales appears most likely. Some rust
genera are known to have radiated in regions
where their host genera have also undergone
radiations, especially for the autoecious rusts,
for example, Endoraecium species on Acacia
hosts in Australia, and Dasyspora species on
Xylopia hosts in the neotropics (McTaggart et al.
2015; Beenken et al. 2012).

6.3.3  Anthropogenic Spread

The common name, “rust” fungi, comes from the
typical orange-brown colour of urediniospores—
one of the five spore stages produced by
Pucciniales and the stage responsible for most
epidemic diseases—that en masse impart a rusty
colour to infected hosts. Urediniospore produc-
tion can be so dense in cropping systems that a
person walking through an infected area can
emerge with a powdery coating of spores on
clothing, skin, and machinery. Because
urediniospores may remain viable for long
periods of time—more than 300 days in some
systems (Barua et al. 2018)—the potential for
human-mediated transmission is immense. Addi-
tionally, as other spore stages can be more cryp-
tic, rust fungi are frequently and unwittingly
transported in infected plant material (Helfer
2013). For example, the origins of the coffee
rust pathogen, Hemileia vastatrix, are unknown,
but likely North African (Ramirez-Camejo et al.
2022a). Humans are believed to have mediated
the global spread of this rust, and detailed epide-
miological and genotypic analyses of its most
recent incursion into Hawaii implicate human-
mediated, and not natural, spread (Ramirez-
Camejo et al. 2022b). Other anthropogenic
factors, such as climate change and host range
expansions, whether intentional or unintentional,
also impact the spread of rust fungal disease
(Helfer 2013).
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6.3.4 Most Notable Host Jumps

Host jumps, especially for the sporothallus, are
believed to be one of the driving forces in rust
diversification, similar to other pathogen groups
(Thines 2019), yet a lack of data on natural host
ranges for most rust species have limited empiri-
cal testing of this hypothesis. Nonetheless, a few
instances of host jumps have been documented in
the rust fungi, and while these have not been
linked, yet, to species diversification, they can
be devastatingly consequential to ecosystems. In
modern times, host jumps are most frequently
mediated by anthropogenic factors. One well-
documented case is that of Cronartium ribicola—
a rust fungus that alternates between species of
Ribes (sporothallus) and pines (gametothallus).
Cronartium ribicola is a native of China that
was accidentally introduced into the USA on
nursery seedlings and has since jumped to several
native North American pine species with
devastating results to both natural and managed
forest ecosystems (Kinloch 2001).
Austropuccinia psidii, a native of Myrtaceae spe-
cies in South America, jumped to introduced
Eucalyptus species on that continent (Coutinho
et al. 1998), thereby facilitating one of the most
important recent range expansions of a rust
fungus.

6.3.5 Most Notable Range

Expansions

Austropuccinia psidii is an autoecious rust fungi,
first reported from guava (Myrtaceae) in Brazil
(Winter 1884), which over the last two decades
has undergone a tremendous host and range
expansion, infecting more than 400 species of
Mpyrtaceae across the globe. Although the first
reported host jumps, to introduced Eucalyptus
plantations in Brazil, were recorded in the
1940s, the fungus did not begin its expansive
range and host expansions until much more
recently (Almeida et al. 2021). Austropuccinia
psidii is now considered a threat to natural
ecosystems in the South Pacific and Australia
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where it may well cause the extinction of numer-
ous native species (Carnegie et al. 2016;
McTaggart et al. 2016a). The reason for this mas-
sive host and range expansion is unknown,
although evolution of a new race has been
implicated (Granados et al. 2017), as has the
increased  transposable element content—
estimated at 91% of the genome—which may
favour rapid adaptation to new hosts (Tobias
et al. 2021).

6.3.6  Future Directions

As is true for so many groups of fungi, much
more data are needed to fully elucidate the causes
and consequences of host and range expansions
in Pucciniales. In contrast to most other fungal
groups, the heteroecism of most rust species fur-
ther complicates both the ability to work out
entire life cycles for species and the ability to
meaningfully analyse host/rust interaction data.
Nonetheless, some general patterns are beginning
to emerge. Heteroecious rust species tend to con-
serve  gametothallus  hosts—the site  of
fertilisation—and  patterns  consistent  with
co-evolution or co-speciation are evident at this
stage; however, evidence for co-speciation is
much less evident between heteroecious rusts
and their sporothallus hosts, and host jumping
may be the driving force behind speciation at
this stage (Aime et al. 2018). However, diversifi-
cation in autoecious rusts may also be driven by
co-speciation (e.g. McTaggart et al. 2015). Addi-
tionally, rust speciation can be driven by localised
host extinctions that can drive the rapid speciation
of alternate life cycles, such as has been shown in
some microcylic rusts (Scholler et al. 2019).

6.4  Erysiphaceae

6.4.1 General Introduction

Powdery mildews (Erysiphaceae, Helotiales,
Ascomycota) are conspicuous plant pathogens
that infect altogether more than 10,000 dicot and
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monocot species globally (Braun and Cook
2012). Non-flowering plants are not infected by
powdery mildews. The powdery mildews are
obligate biotrophs as they take up nutrients exclu-
sively from the living cells of their host plants
through specialised intracellular structures known
as haustoria (Hiickelhoven and Panstruga 2011;
Zheng et al. 2013). Consequently, powdery
mildews cannot grow and reproduce without
being structurally and functionally connected to
living host plant tissues. There are over 900 pow-
dery mildew species in total, included in 19 genera
(Kiss et al. 2020), which belong to a large mono-
phyletic lineage within the order Helotiales based
on recent genome-scale phylogenetic analyses
(Johnston et al. 2019; Vaghefi et al. 2022).
These results make the order Erysiphales redun-
dant; currently, the family Erysiphaceae is the
highest taxonomic group that only includes pow-
dery mildews (Vaghefi et al. 2022).

Powdery mildew is also the name of the plant
disease caused by these obligate biotrophic fungi.
Symptoms of powdery mildew are easy to recog-
nise and appear as whitish patches localised
exclusively on aerial plant surfaces, mainly on
leaves and stems, and sometimes also on flowers
and young fruits, wherever epiphytic mycelium
develops. In addition, powdery mildews may also
cause chlorotic spots, leaf distortions, yellowing,
and premature fall or death of the infected plant
organs, and may also kill entire plants, especially
at the seedling stage. Some powdery mildew spe-
cies cause economically important diseases by
reducing the yield and quality of agricultural
and horticultural crops, including wheat, barley,
grapevine, and other fruit, and vegetable species
(Fuller et al. 2014; Kelly et al. 2021; Kusch et al.
2020; Zhang et al. 2022). Others are forest
pathogens (Margais and Desprez-Loustau 2014;
Demeter et al. 2021). Some are known as invasive
plant pathogens in different parts of the world
(Kiss 2005; Desprez-Loustau et al. 2010, 2018;
Kiss et al. 2020; Choi et al. 2022). Blumeria spp.
on cereals and Erysiphe necator on grapevine
have become model species of powdery mildews
in plant pathology research (Gadoury et al. 2012;
Bindschedler et al. 2016). Another species,
Podosphaera plantaginis that infects a weedy
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host, Plantago lanceolata, has long been in
focus in the study of wild plant pathosystems
(e.g. Halliday et al. 2020).

6.4.2 Centres of Diversity
of Tree-Pathogenic
and Herb-Pathogenic Powdery

Mildews

There are only speculations on the centre(s) of
diversity of the Erysiphaceae. These were based
on the estimated age and evolutionary radiation of
the angiosperms as powdery mildews are unable
to infect other plants, and molecular clock
calculations that were built on the 18S and the
28S regions of the nuclear ribosomal DNA
(nrDNA) of powdery mildews. Altogether, these
data indicated that the first powdery mildews
appeared approximately 100 million years ago
(Berbee and Taylor 2001; Takamatsu and
Matsuda 2004; Takamatsu 2013a), about 30-60
million years after the first angiosperms had
emerged (Soltis et al. 2008; Coiro et al. 2019).
Takamatsu (2013a, b) hypothesised that during
the evolution of the Erysiphaceae the most ances-
tral powdery mildews may have emerged as obli-
gate biotrophic pathogens of woody hosts,
especially broad-leaved deciduous trees, while
species infecting herbaceous hosts appeared
later. This hypothesis has been supported by all
phylogenetic analyses to date (Frantzeskakis et al.
2019; Bradshaw and Tobin 2020; Kiss et al.
2020; Kusch et al. 2022; Vaghefi et al. 2022)
and helps decipher the possible centres of diver-
sity of powdery mildew lineages.

Phylogenies and morphological analyses of
powdery mildews infecting Nothofagus in South
America (Niinomi et al. 2008) and another study
on the co-evolution of Golovinomyces spp. and
their asteraceous hosts (Takamatsu et al. 2006)
have both indicated that powdery mildews first
emerged in the Northern Hemisphere. The distri-
bution of those angiosperm families that are
known as hosts of the Erysiphaceae has also
revealed that powdery mildews are more common
in the Northern Hemisphere and occur less fre-
quently on tropical hosts and plant families that
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are confined to the Southern Hemisphere
(Takamatsu 2013a). When the number of pow-
dery mildew species that infect herbaceous plants
in Europe, North America, Central and West
Asia, and East Asia was compared to those on
woody hosts, i.e. tree and shrub species, based on
the data compiled by Amano (1986), it was found
that the highest number of powdery mildew spe-
cies on trees and shrubs is native to East Asia.
This indicated that East Asia could be the centre
of diversity of the Erysiphaceae on woody hosts.
Those species are considered ancestral; thus, East
Asia may also be the centre of origin of all pow-
dery mildews (Takamatsu 2013a, b). However,
the number of Golovinomyces spp. pathogenic
on herbaceous plants is much higher in Europe
than  Asia, which may indicate that
Golovinomyces has diversified in Europe rather
than East Asia (Takamatsu 2013a).

6.4.3  Anthropogenic Spread

The introduction of Erysiphe necator, the causal
agent of grapevine powdery mildew, from North
America to Europe in the nineteenth century, has
been widely presented as a textbook example of
human-mediated dispersal of a crop disease
through intercontinental movement of living
plant materials, such as cuttings and rootstocks
(Weltzien 1978; Brewer and Milgroom 2010;
Gadoury et al. 2012). Grape powdery mildew
was also introduced to Australia, New Zealand,
South Africa, South America, and other
grapevine-growing regions of the world (Csikés
et al. 2020), possibly from North America, the
presumed centre of origin of E. necator based on
comprehensive genetic analyses (Brewer and
Milgroom 2010; Gadoury et al. 2012; Frenkel
etal. 2012). A recent study on wild and traditional
vines in the Middle East has also revealed the
genetic fingerprints of the North American
populations of E. necator there and, in addition,
has identified a distinct population that may have
been introduced to Israel from Asia (Gur et al.
2021). Although the centre of origin of E. necator
is still debated (Brewer and Milgroom 2010;
Gadoury et al. 2012; Gur et al. 2021), there is

M. Thines et al.

little doubt that its recent introduction to different
grapevine-growing regions around the globe and
the economic damage that it has caused in the
new areas (Scholefield and Morison 2010; Fuller
et al. 2014) are an unwanted outcome of global
horticultural trade.

From the early 1900s, the emergence and epi-
demic spread of Podosphaera mors-uvae on
gooseberry across Europe may have also been
the result of horticultural trade (Weltzien 1978).
This new crop disease was named ‘American
gooseberry mildew’ in Europe shortly after it
has emerged because it had been known in the
USA since the nineteenth century. There are no
detailed genetic and genomic analyses of diverse
P. mors-uvae populations; therefore, the origin of
American gooseberry mildew in Europe is still
unknown.

Surprisingly, the first comprehensive inven-
tory of all powdery mildew taxa in Australia
found that the total number of species is very
low compared to other continents (Kiss et al.
2020). Moreover, all powdery mildew taxa
identified in this Australian study were known
overseas from the same hosts or other plant spe-
cies. Only a few powdery mildew infections were
observed on Australian native plants, and the
causal agents were always polyphagous species
that infect other plant species both overseas and in
Australia. The conclusion of this study was that
Australia is probably a continent without native
powdery mildews, and most, if not all, species
have been introduced inadvertently since 1788,
the beginning of the European colonisation (Kiss
et al. 2020). This hypothesis implies that the
Australian land vegetation has been exposed
recently to a massive human-mediated introduc-
tion and dispersal of an entire group of plant
pathogens that have not co-evolved with the
local flora. Sporadic powdery mildew infections
of Australian native plants could be examples of
rapid host range expansions of polyphagous spe-
cies (see below). The hypothesis aligns with the
molecular clock estimates of the first emergence
of the Erysiphaceae (ca. 100 million years ago) in
East Asia (Takamatsu 2013a). This was also
about the time when the Australian and the Ant-
arctic continents separated from India, which had
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all separated from the western half of
Gondwanaland about 180 million years ago
(Williams et al. 2013). The Australian terrestrial
flora has continued to evolve in isolation, without
exposure to plant pathogenic fungi from overseas
until the arrival of the first European settlers in
1788 (Kiss et al. 2020).

One of the best documented examples of
anthropogenic dispersal of a powdery mildew
species is a study on the global spread of wheat
powdery mildew caused by Blumeria graminis
(Sotiropoulos et al. 2022). An analysis of
172 B. graminis genomes indicated that this fun-
gus emerged in the Fertile Crescent during wheat
domestication. After its spread throughout Eur-
asian wheat fields, the European colonisation had
brought it to North America, where hybridisation
events may have occurred with unknown
Blumeria lineages on wild grasses. US
populations of wheat powdery mildew were then
introduced to Japan, and European ones to China.
Apparently, in both China and Japan, the
introduced lineages hybridised with local
populations. This comprehensive study has
documented how human activities have driven
the global spread and evolution of an important
crop pathogen and has also highlighted rapid
evolution events through hybridisation of diverse
Blumeria lineages (Sotiropoulos et al. 2022).

6.44 Most Notable Host Jumps

In the 1960s, triticale (xTriticosecale), an artifi-
cial intergeneric hybrid of wheat and rye, was
released for commercial use in Europe and else-
where (Walker et al. 2011; Troch et al. 2012). By
the late 1990s, triticale had become a widely
grown cereal in Europe due to its favourable
agronomic traits that included complete resis-
tance to powdery mildew. However, in 2001,
powdery mildew was observed in triticale fields
across Europe, where it has since become a major
limiting factor of production. Initial analyses of a
limited number of DNA markers concluded that
wheat-pathogenic B. graminis strains have
acquired virulence factors that enabled those
lineages to cause disease on triticale. This process
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was interpreted as a host range expansion of some
B. graminis lineages infecting wheat (Walker
etal. 2011; Troch et al. 2012). However, compar-
ative analyses of the genomes of 46 powdery
mildew isolates indicated that the strains that
infect triticale were, in fact, hybrids between
wheat-pathogenic and rye-pathogenic Blumeria
strains, infecting triticale, an artificial hybrid cre-
ated by plant breeders (Menardo et al. 2016). The
role of hybridisation in the rapid evolution of
Blumeria graminis lineages has also been
documented in a global study of wheat powdery
mildew isolates (Sotiropoulos et al. 2022) men-
tioned above.

Podosphaera xanthii is another common pow-
dery mildew fungus mostly known from cucurbits
(Pérez-Garcia et al. 2009) and fabaceous hosts
(Kelly et al. 2021). It has been reported as a
pathogen of many diverse, only distantly related
plants (Hirata et al. 2000), which indicates that
P. xanthii is a polyphagous species. In Australia,
where P. xanthii was unintentionally introduced
during European colonisation, several host jumps
onto native Australian plants were reported (Kiss
et al. 2020). Podosphaera xanthii was found on
Cephalotus follicularis, an insectivorous plant
endemic to Western Australia (Cunnington et al.
2008b); rainforest spinach (Elatostema
reticulatum) that often grows along rainforest
creeks in Queensland and New South Wales
(Kiss and Vaghefi 2021); and Trema tomentosa,
a native rainforest tree species (Kiss et al. 2020).
In other parts of the world, P. xanthii caused
unusual and unique infections on diverse other
plants, such as a serious disease of jellyfish tree
(Medusagyne oppositifolia) imported from the
Seychelles to the UK (Pettitt et al. 2010), and an
infection of water poppy (Hydrocleys
nymphoides), a monocot grown in an urban area
in Korea (Cho et al. 2018).

6.4.5 Most Notable Geographic

Range Expansions

In the late 1980s, an apparently new powdery
mildew disease appeared in tomato production
in Europe. It was first reported from the
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Netherlands (Noordeloos and Loerakker 1989),
then shortly after from almost every other
European country (Kiss 1996; Whipps et al.
1998; Jones et al. 2001) as well as Canada and
the USA (Kiss et al. 2005). The pathogen that has
spread so rapidly across Europe and North Amer-
ica was recognised as a new species, Erysiphe
neolycopersici (Kiss et al. 2001; Hsiao et al.
2022).

Many other powdery mildews are known to
rapidly expand their geographic ranges if their
host plants are available in the new environments
and the climatic conditions are conducive. Most
crop pathogenic powdery mildews, such as
Blumeria graminis on cereals (Sotiropoulos
et al. 2022), E. necator on grapes (Gadoury
et al. 2012), and P. xanthii on cucurbits (Pérez-
Garcia et al. 2009), have quickly spread around
the world causing serious epidemics in the newly
colonised regions. Accidental introductions of
North American powdery mildews to Europe,
and their quick spread in new regions, have
been well documented. For example, E. flexuosa
infecting horse chestnut (Aesculus spp.) and
E. elevata infecting Indian bean (Catalpa
bignonioides) are both considered as North
American species. The two powdery mildews
have been established in Europe since the early
2000s and spread rapidly from one European
country to another causing serious epidemics on
their hosts planted as ornamentals in urban areas
(Kiss 2005).

It is often difficult to explain how obligate
biotrophic plant pathogens reach new and/or
remote geographic regions, particularly if their
hosts are weeds or other little studied native
plants (Fontaine et al. 2013; Kiss et al. 2018).
Powdery mildews are not seed-borne; their air-
borne conidia are short-lived; and their long-
distance dispersal by natural means is debated
(Glawe 2008). Some powdery mildews regularly
produce sexual morphs (chasmothecia), and their
ascospores enclosed in chasmothecia may remain
viable for a few years (Jankovics et al. 2015; Vagi
et al. 2016). The chasmothecia of Blumeria spp.
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may have been spread between continents by
humans, e.g., in straw bales transported overseas
during military or other missions (especially if
horses were taken from one continent to another)
provided that at the destination there were young
host plants available for infection by ascospores
released from chasmothecia.

Such potential long-distance dispersal and
mostly human-mediated spread is not possible
for many powdery mildew species because most
of them do not produce chasmothecia (and
ascospores). Most likely, powdery mildews
reach new geographic areas as living mycelia on
their living host plants that are transported to new
destinations.

6.4.6  Future Directions

It may be surprising that amongst all the known
plant pathogenic fungi, some powdery mildews
are amongst the most rapidly spreading species.
By 2050, many powdery mildews are predicted to
spread to all those countries where their hosts are
currently present (Bebber et al. 2014, 2019;
Bebber and Gurr 2015).

In addition to their highly successful dispersal,
powdery mildews are also capable of rapid evo-
lution (Thines 2019; Frantzeskakis et al. 2020).
Host range expansions are part of their lifestyle
(Végi et al. 2007). Most probably, their unique,
large genomes drive their rapid and versatile evo-
lutionary processes (Wicker et al. 2013;
Frantzeskakis et al. 2018; Miiller et al. 2019;
Sotiropoulos et al. 2022).

The Australian continent offers a special envi-
ronment to study the rapid evolutionary processes
of powdery mildews in the field. Apparently, all
species of the Erysiphaceae that are currently
found in Australia have reached this continent
inadvertently, not more than 200-230 years ago
(Kiss et al. 2020). Since then, microevolutionary
processes, such as radiation through host jumps,
may have started in some populations. Experi-
mental and genome-level studies are needed to
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decipher the mechanisms of host range
expansions in this highly successful group of
plant pathogens.

6.5  Ustilaginomycotina

6.5.1  General Introduction

The Ustilaginomycotina comprises four classes
(Exobasidiomycetes, Malasseziomycetes,
Moniliellomycetes, and  Ustilaginomycetes)
(Begerow et al. 2018; James et al. 2020). The
Exobasidiomycetes  and  Ustilaginomycetes
include mostly plant pathogens (smut fungi),
which are characterised by a saprobic,
monokaryotic yeast or yeast-like stage and a
plant pathogenic, dikaryotic filamentous stage
(Begerow et al. 2014; Spatafora et al. 2017).
Fereydounia  khargensis is an  unusual
ustilaginomycetous yeast as it is an opportunistic
pathogen of humans (Nasr et al. 2014).

The Malasseziomycetes
Moniliellomycetes are asexual fungi known only
as yeasts or yeast-like fungi (Wang et al. 2014),
with some, especially Malassezia spp., causing
diseases in humans and animals (Das et al.
2021). Of evolutionary interest are the four
known species of Cintractiella (Cintractiellales),
which share a most recent common ancestor with
the Malasseziomycetes, and do not share a most
recent common ancestor with other orders of smut
fungi (McTaggart et al. 2020). Cintractiella spp.
are unusual smut fungi that infect some tropical
sedges (Cyperaceae, subfamily Mapaniodeae)
and produce black spore masses in adventitious
spikelets that form on infected leaves (McTaggart
et al. 2020).

Prior to the application of molecular
phylogenies to the classification of fungi, the
ustilaginomycetous yeasts were classified in a
largely artificial taxonomic system that was
often incompatible with that of the smut fungi
(Wang et al. 2015). Traditionally,
ustilaginomycetous yeasts were classified by
physiological traits in culture, and smut fungi

and
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were classified by morphology and host. Now
many ustilaginomycetous yeast species have
been transferred to corresponding genera of
smut fungi based on strongly supported molecular
phylogenetic affinities (Wang et al. 2015; Li et al.
2021). The smut fungi take their name from the
often conspicuous and copious amounts of
dikaryotic teliospores produced in fungal
structures called sori (sing. sorus) that are pro-
duced in plant tissues. The sori of grass-infecting
smut fungi are often located in the ovaries,
flowers, or the entire inflorescences of grasses
(McTaggart et al. 2012a, c¢; Vanky 2012), which
includes the domesticated cereal crops. The smut
fungi are classified in about 50 genera (Vanky
2013) with about 1650 species (Vanky 2012).

6.5.2  Centres of Diversity

for Different Groups

The most current and widely accepted model of
plant pathogen evolution proposes that diversity
is driven by host jumps, followed by radiation,
specialisation and speciation, which occurs rap-
idly, within centuries and millennia rather than
over millions of years (Thines 2019). Species of
smut fungi are highly host specific with most
restricted to a single host species, and very few
of the remainder having more than five host spe-
cies (Begerow et al. 2004; Véanky 2012). Diver-
gence time estimates indicate that
Ustilaginomycotina originated about 450 MYA
before the age of angiosperms and coincided
with the major expansion of gymnosperms
(Riess et al. 2016). Consequently, Riess et al.
(2016) proposed that early smut fungi must have
been saprobic organisms as hosts plants did not
exist at that time.

Most smut fungi parasitise grasses (Poaceae)
and other monocots (Bauer et al. 2001; Vanky
2012). To find insights into the possible origins
(and centres of diversity) of smut fungi, one must
look to the distribution and nature of grasslands
worldwide. Grasslands are one of the largest
biomes on earth and dominate the landscape,
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possibly covering up to 70% of the world’s land
surface (Gibson 2009; Conant 2010; Chapin et al.
2013). Unfortunately, many of the world’s
grasslands have been degraded by farming,
overgrazing, fires, invasive species, and climate
change. Further, smut fungi have been under-
collected and their diversity is likely to be far
greater than currently known in comparison to
the diversity of grasses that have about 12,000
species in 780 genera (Christenhusz and Byng
2016).

Many of the smut fungi on dicots belong to the
family Melanotaeniaceae (Ustilaginomycetes)
(Begerow et al. 2018). There is still much to
discover about the evolution of members in the
Melanotaeniaceae. For example, Yelsemia
contains four species, which each occur on hosts
in different plant families, specifically
Y. arthropodii on  Arthropodium  minus
(Asparagaceae), Y. droserae on Drosera
burmannii (Droseraceae), Y. lowrieana on Byblis
rorida (Byblidaceae), and Y. speculariae on
Specularia perfoliata (Campanulaceae) (Véanky
2012). It is curious that Y. droserae and
Y. lowrieana can co-occur on carnivorous host
plants in different families (Shivas et al. 2014).

6.5.3  Anthropogenic Spread

Smut fungi have followed cultivated grass hosts
(including barley, bamboo, corn, couch turf grass,
oats, millet, wheat) around the world with their
spread often assisted by human activity that
moves infected soil, plants, or seed. Biosecurity
regulations have restricted or slowed the spread of
some serious cereal smut fungi, e.g. Tilletia
indica (the cause of karnal bunt in wheat)
(Bishnoi et al. 2020). Many smut fungi are spread
by wind dispersed spores that infect highly sus-
ceptible sentinel crops established in regions/
countries previously free of disease. For example,
Sporisorium scitamineum (sugarcane smut) was
reported for the first time in a remote agricultural
region in north-western Australia in 1998 (Croft
and Braithwaite 2006) before its spread to the
major sugarcane regions of eastern Australia as
well as to Papua New Guinea in 2016 (Bhuiyan
et al. 2021).
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6.5.4 Most Notable Host Jumps

The diversification of plant pathogens, whether
facultative or obligate biotrophic pathogens, is
largely driven by host jumps followed by rapid
radiation and speciation (Choi and Thines 2015;
McTaggart et al. 2016b; Thines 2019). Two nota-
ble examples of smut fungi that have been shown
by molecular phylogenetic studies to have made
host jumps are (i)  Melanopsichium
pennsylvanicum, which causes gall smut of sev-
eral species of Persicaria (Polygonaceae, which
is eudicotyledonous), and represents a host jump
from an unknown grass (Poaceae, which is
monocotyledonous) (Sharma et al. 2014), and
(i) Pattersoniomyces tillandsiae, which produces
sori in the flowers of some Tillandisia ssp.
(Bromeliaceae), and represents a host jump from
either a sedge (Cyperaceae) or grass, without
further radiation on other bromeliad genera
(Piatek et al. 2017). Explosive radiation of species
following a rapid succession of host jumps is seen
in Entyloma (Exobasidiales), which contains
smut fungi that mostly parasitise the leaves and
stems of species in the eudicot plant families,
Apiaceae and Asteraceae (Véanky 2012; Begerow
et al. 2014). Evidence of rapid radiation and spe-
ciation in smut fungi is seen in the phylogenetic
analyses of the grass-infecting Ustilago s.l. that
reveal monophyletic clades of closely related spe-
cies restricted to individual host genera or closely
related host genera, some of which have been
reclassified in genera such as Langdonia
(on Aristida spp.), Stollia (on tribe
Andropogoneae), and Triodiomyces (on Triodia)
(McTaggart et al. 2012b).

6.5.5 Most Notable Range

Expansions

In general, epidemic plant diseases are often
caused by asexual (clonal) stages of fungi that
disperse and build inocula from successful
genotypes (Drenth et al. 2019). However, the
smut fungi are strict outbreeders that become
pathogenic only after dikaryotisation (Bakkeren
et al. 2008). Smut fungi require monocultures of
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susceptible host plants to cause epidemics. For
example, Quambalaria pitereka, which causes
leaf and shoot blight on Corymbia (Myrtaceae),
had greatest impact when susceptible hosts were
planted in large monocultures in eastern Australia
(McTaggart et al. 2022). Australia is considered
the centre of origin for Quambalaria spp., as all
occur on tree species native to Australia (de Beer
et al. 2006; Pegg et al. 2008). Quambalaria spp.
have spread to many parts of the world where
eucalypt plantations have been established
(Braganca et al. 2016).

Species of Restiosporium (Ustilaginomycetes)
infect host plants in the Restionaceae in Australia
and New Zealand (Vanky 2013). Restiosporium
spp. are not found in South Africa, where the
Restionaceae are most diverse. It appears that
Restiosporium has originated in Australia from a
jump from an unknown host after the southern
continents split from Gondwana about 65 MYA
(Bremer 2002).

6.5.6 Future Directions

There are several genera of smut fungi with
unknown host origins that may be explained by

host jumps, for example, Centrolepidosporium,
Ceraceosorus, Cintractiella, Entyloma,
Eriocaulago, Exobasidium, Graphiola,
Melanopsichium, Pattersoniomyces,
Pericladium, Restiosporium, Uleiella,

Websdanea, and Yelsemia. Elucidation of the
evolutionary journey of these genera awaits fur-
ther specimen collection and molecular phyloge-
netic analyses.

6.6  Conclusions

Facilitated by anthropogenic spread, plant
pathogens have colonised a wide range of new
hosts and regions. The speed of this process
seems to be still accelerating, as global trade
with plants still increases, and generally, there is
no saturation of alien species colonising new
territories in sight (Seebens et al. 2017). As
range expansions by the invasion of new
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territories and host jumps can be regarded as a
main driver of pathogen diversity (Thines 2019),
it seems likely that the anthropogenic impact on
the evolution of plant pathogens is high, with yet
unpredictable outcomes and implications for
global health and food security. The spread of
pathogens and the colonisation of new hosts
must be closely monitored, so that potential
threats can be identified early, to enable timely
countermeasures and to devise mitigation
strategies. To halt the future spread of plant
pathogens, the trade with seeds and plants should
be done with utmost caution, especially between
geographically divergent regions. In addition, the
introduction of, e.g., new exotic ornamental
plants should be carefully weighed against the
risk of introducing pathogens that could have a
major impact on crops or native ecosystems.
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Abstract

Viruses are tiny genetic elements that can have
enormous impacts on living systems. Relative
to viruses of prokaryotes and many other
eukaryotes, mycoviruses have received less
attention. Recent work, however, has shed
light on how mycoviruses modify host
phenotypes, the molecular basis for
mycovirus—host interactions, and potential
applications of mycoviruses for biocontrol in
agriculture.

Known from most, but not all, phyla,
mycoviruses are still underexplored in many
fungal lineages. Mycovirus diversity is classi-
fied into 22 families of predominantly RNA
viruses. Phenotypic effects vary and examples
of mycovirus—host relationships span the
parasitism—mutualism  continuum, though
mycovirus infection often appears asymptom-
atic in lab culture. However, either the litera-
ture is skewed toward or mycoviruses tend
toward negative host effects, such as growth
rate reduction or inducing hypovirulence.
These phenotypic changes are typically
associated with altered host gene expression
induced by both virus and host. Hosts may
respond to infection through the innate
immune function of RNA silencing pathways.
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It is known that mycoviruses may also be able
to manipulate third parties (i.e., plant or animal
hosts) via their affiliation with fungi. Many
mycoviruses have become endogenized into
their host’s genome, and this process may be
involved in facilitating horizontal gene transfer
between fungi.

Keywords

Mycovirus - CHV1 - Killer virus - RNAi -
Horizontal gene transfer

7.1 Introduction

Viruses are reputed for having an outsized impact
on their host species, changing host population
sizes, behaviors, and forcing the evolution of
complex defensive mechanisms (e.g., CRISPR,
the prokaryotic viral defense system derived
from phage DNA). Fungi also play host to
viruses, but by and large, mycologists have
overlooked the presence and impact viruses may
be having on their organisms of interest. Fungal
viruses (mycoviruses) have been under study for
nearly 60 years, gradually increasing in popular-
ity as a study system (Fig. 7.1). The past 20 years
of research have been especially fruitful and have
put mycoviruses on the map as hyperparasites of
ecologically and agriculturally important
pathogens, symbionts and, potentially, tools for
combating diseases and genetic engineering.
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Diebacks reported in an American mushroom cultivation
house and named “La France Disease" after the owners’.

“Mycovirology” is born: Viruses are identified in the
button mushroom Agaricus bisporus, and shown to
induce symptoms of “La France Disease” when
transmitted to healthy mushrooms?.

responsible for the “killer”
phenotype in Saccharomyces
cerevisiae®.

Cytoplasmic dsRNA viruses are

Method established for RNA virus detection in plant

L

Viruses in Cryphonectria parasitica
are identified and linked to
hypovirulence. This system
pioneered the use of mycoviruses
for biological control®.

and fungal species via isolation of dsRNAS.

Synthetic hypovirus

The discovery of a three-way symbiosis between a plant,
endophyte, and mycovirus ushered in a time of questioning
whether and how often mycoviruses may be beneficial’.

transcripts are
horizontally
transmissible®.

Fig. 7.1. A brief history of mycovirology including
selected notable discoveries. (1) Sinden and Hauser 1950
(2) Hollings 1962 (3) Bevan et al. 1973 (4) Anagnostakis
1982; Heiniger and Rigling 1994; Van Alfen et al. 1975

Mycoviruses generally have properties that dis-
tinguish them from the traditional view of deadly
pathogens. This relates to their mode of transmis-
sion which may be primarily vertical, a phenom-
enon that is expected to select for more benign,
even mutualistic, interactions between host and
virus. Indeed some of the best studied mycoviral
systems are known to be cases where the virus
can be considered a mutualist, such as the killer
viruses of yeast. It is estimated that perhaps as

Next generation sequencing is used to detect,
identify, and sequence/characterize mycoviruses®.

First DNA mycovirus discovereds?.

1994
(7) Marquez et al. 2007 (8) Yu et al. 2010 (9) Al Rwahnih
et al. 2011; Marzano et al. 2016; Nerva et al. 2016

(5) Morris and Dodds 1979 (6) Chen et al.

many as 20% of all fungal cultures contain
viruses, yet some strains are known to host
many (>10!) viruses (Khan et al. 2021b; Myers
et al. 2020). In this chapter, we summarize the
current knowledge on the diversity of viruses,
their impacts on hosts, their mode of transmis-
sion, and impacts on host evolution. Numerous
excellent reviews have already been published on
the subject of mycoviruses (Ghabrial et al. 2015;
Kondo et al. 2022; Pearson et al. 2009; Son et al.
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2015). Here we take special care to write for the
mycologist who may have little or no background
knowledge of viruses or methods common in
virology.

7.2  Mycoviral Diversity

and Taxonomy

Viruses are the most genetically diverse entities
on the planet. The known diversity of
mycoviruses can only be but a minute fraction
of what exists because mycovirology, as a disci-
pline, is in its infancy. And yet, viruses with great
variation in morphology and genetic features
have been described. At the most fundamental
level of genetic diversity, mycovirus genomes
can be composed of single-stranded RNA
(ssRNA), double-stranded RNA (dsRNA), or
single-stranded DNA (ssDNA). Most known
mycoviruses have RNA genomes, though this is
likely a result of biased sampling since a screen-
ing protocol for RNA viruses was developed rel-
atively early on (Morris and Dodds 1979). The
first DNA virus was not discovered until 2010
(Yu et al. 2010), and double-stranded DNA
mycoviruses have not yet been described.

Mycoviruses with RNA genomes can be
naked nucleic acids or form virions that have
capsids of various shapes and symmetries assem-
bled into a protective coat around the genome.
Most are found in the cytoplasm, but some RNA
mycoviruses specialize in the mitochondria. RNA
mycovirus genomes are linear, on one or many
segments. Relative to some viruses that infect
other hosts, the genomes tend to be relatively
small, ranging from 2.5 to 23 kb and encoding
just one to twelve genes. Although there are no
common genes shared by all viruses, all RNA
viruses do have one gene in common: the
RNA-dependent RNA polymerase (RdRp). This
gene is critical to our understanding of viral relat-
edness and taxonomy. Mycoviruses that are
encapsidated encode a coat protein (CP). Though
many mycoviruses contain open reading frames
(ORFs) in addition to the RdRp and CP, their
functions are often unknown.
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The most common method for identifying
RNA viruses in a culture relies on the specific
binding of dsSRNA during cellulose chromatogra-
phy, which captures viruses with both dsRNA
and ssRNA genomes since a double-stranded
intermediate of ssSRNA virus genomes is made
during replication (Morris and Dodds 1979).
This method is still commonly used, but is limited
to detecting RNA viruses only, and may miss
some viruses in low titer. The advent of high-
throughput sequencing has changed this, as it
has much of biology. Numerous mycoviruses
have been identified through searching genomic
and transcriptomic data (Gilbert et al. 2019;
Marzano et al. 2016; Myers et al. 2020; Nerva
et al. 2016). However, the ends of viruses
detected by data-mining are often lost; to achieve
the complete sequence of a virus one must usually
perform RNA ligase-mediated rapid amplification
of ¢cDNA ends (RLM-RACE) (Coutts and
Livieratos 2003; Liu and Gorovsky 1993). For
visualization, viruses must be purified by ultra-
centrifugation and viewed by transmission elec-
tron microscopy.

To date, the only DNA mycoviruses known to
actively infect fungi are circular rep-encoding
single-stranded (CRESS) DNA viruses. As the
name describes, these viruses are composed of
ssDNA forming a very small (1.3-2.4 kb) circular
genome typically encoding just two proteins:
Rep, an enzyme which initiates replication by
rolling-circle amplification, and a capsid. Virions
are 20-22 nm in diameter and are replicated in the
nucleus (Zhao et al. 2019). The first of these DNA
viruses was identified in 2010 in the phytopatho-
gen Sclerotinia sclerotiorum (Yu et al. 2010), and
just a few more have been characterized since
then (Du et al. 2014; Khalifa and MacDiarmid
2021; Li et al. 2020). Though the first discovery
was over a decade ago, still very little is known
about the prevalence or diversity of CRESS DNA
viruses in fungi. However, recent findings of
endogenous CRESS virus-like sequences in fun-
gal genomes suggest a frequency of past, if not
contemporary, infection (Liu et al. 2011; Zhao
et al. 2021).

Together, mycovirus diversity has been classi-
fied into 22 viral families, in at least 6 different
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phyla. Traditionally, virus taxonomy was based
on phenotypic features including viral particle
size and symmetry, host range, and disease
symptoms. A viral taxonomy based on genetic
data began to gradually develop more recently,
empowered by improved sequencing
technologies. =~ With  special  thanks to
metagenomics and metatranscriptomics we now
have the ability to identify and classify viruses
without first isolating them. This has created a
boom of viral data necessitating the switch to a
genetics-based taxonomy.

As of 2020, viruses can be classified into
15 taxonomic ranks, reflecting those used for
cellular life (Gorbalenya et al. 2020). Viral
realm is the highest classification, of which there
are currently six. Realm is analogous to “domain”
in cellular life but is markedly different in that not
all viruses have common ancestry. Each of the six
realms represents at least one novel origin
whereby a virus came into existence. Thus,
these are broadly defined groups that are decid-
edly different from one another. For example, the
realm Riboviria includes all viruses with RNA
genomes that replicate with RNA-dependent
RNA polymerases (RdRps). Adnaviria includes
all viruses with dsDNA genomes, filamentous
virions, and a particular capsid protein structure.

At fine scale resolutions phylogeny is typically
used to inform taxonomy, though supplementary
phenotypic characteristics are also sometimes
included in demarcation criteria. For example,
mycovirus  species  within  the  genus
Betachrysovirus are demarcated based on
sequence similarity of RARP and capsid protein
(CP) genes whereby different species share less
than 70% and 53% similarity, respectively
(Walker et al. 2022). Other criteria can be used
to supplement these data including length of
genome segments and length of the 5°UTR.
Criteria for species demarcation are often genus-
specific, and the rules for a particular genus are
available through the International Committee on
the Taxonomy of Viruses (ICTV).

Importantly, viral taxonomy is not set in stone,
and is very often revised based on new data. The
ICTV is in charge of establishing, defining, and
implementing viral taxonomy and nomenclature.
ICTV is a non-profit global organization made up

J. M. Myers and T. Y. James

of many virologist volunteers elected to serve
terms in specialized Study Groups. Collectively,
the ICTV produces reports documenting current
information on viral taxonomy and properties of
each viral group/taxon and maintains a web-based
searchable viral taxonomy (https://ictv.global/
taxonomy).

7.3  The Prevalence of Infection
Although the majority of mycovirus research has
focused on plant pathogens, mycoviruses exist
across the fungal tree of life and arguably there
could be at least one virus for every fungal spe-
cies. The only fungal phylum for which a
mycovirus is not known is Cryptomycota, almost
surely due to the lack of sampling. Detectable
infection prevalence across the Fungi is highly
variable, and some clades appear to be more
highly infected than others, but more research is
needed (Gilbert et al. 2019; Myers et al. 2020).
Particularly, a geographically controlled and tax-
onomically broad and even analysis is needed to
reliably determine whether certain phyla or
subphlya are more susceptible to mycoviral infec-
tion than others.

Both Myers et al. (2020) and Gilbert et al.
(2019) found viral prevalence between subphyla
to vary greatly; the Glomeromycotina
(Mucoromycota) had the highest infection rate at
88.9%, though the sample size was small (n = 9).
Glomeromycotina are also often host to endosym-
biotic bacteria and it is possible that viruses pop-
ulate these fungi through mechanisms similar to
those used by other cytoplasmic symbionts
(Bonfante and Desird 2017). The high rate of
mycoviral infection in this group, in combination
with prevalent endohyphal bacteria, is interesting
to consider in light of the hypothesis that
communities of microbial symbionts are more
diverse than communities of macrobial hosts
(Feldman et al. 2012). Research is needed to
corroborate the idea, but this may be an interest-
ing system in which it could be explored.
Entomophthoromycotina (Zoopagomycota),
which includes many insect pathogens and
symbionts, also had a high infection prevalence
at 54.5% (Myers et al. 2020). On the other hand,


https://ictv.global/taxonomy
https://ictv.global/taxonomy

7 Mycoviruses

genome sizes of these host-associated fungi are
also large and genome sequences difficult to
assemble, making it also possible that the viruses
are endogenous elements that have inserted into
the genome. Endogenous elements are transmit-
ted along with the nuclear genome and would
appear as high prevalence viruses.

Between species there is also great variability.
Beauveria bassiana has infection prevalence
ranging from 20% to 50% in nature (Herrero
et al. 2012; Kotta-Loizou and Coutts 2017a),
while dozens of isolates of certain species have
been screened without a single positive (Webb
et al. 2022). Notable human pathogens Crypto-
coccus neoformans, Candida albicans, and Can-
dida glabrata are curiously lacking reported
mycoviruses.

Whether infection prevalence varies by habitat
or host ecology is an open question, as is what
conditions lead to one isolate being infected by
multiple unique viruses. Coinfection of multiple
mycoviruses within a single host is common and
can sometimes be extreme. A single isolate of
Fusarium mangiferae was host to 11 viruses
(Khan et al. 2021b). Because soil environments
support highly diverse fungal communities, we
expect that these habitats should be particularly
rich with mycoviruses (Sutela et al. 2019). Data
suggests that soils have greater viral species rich-
ness than even marine environments, which are
far better studied, though these data are largely
based on bacterial viruses (Williamson et al.
2017). As mycovirus identification and sequenc-
ing continues it is reasonable to think that more
unknown sequences in databases will be
attributed to mycoviruses (Marzano and Domier
2016). Overall, it is tempting to conclude that
there are phylogenetic and ecological components
to the likelihood of viral presence, though delib-
erate examination is needed.

7.4  Mycoviral Transmission

and Evolution

Over the past 60 years of mycovirus research, the
dominant idea regarding transmission has been
that mycoviruses do not possess an extracellular
phase to their replication cycles, and instead are
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passed vertically via spores as well as horizon-
tally to compatible individuals via hyphal fusion
(Ghabrial 1998). Although multiple lines of evi-
dence are in agreement with this, other modes of
transmission are possible, have occurred under
laboratory conditions, and occur in nature at
least sometimes.

The extent to which transmission to spores
occurs seems to be highly variable and without a
yet detectable pattern. In some species, such as
Cryphonectria parasitica, sexual reproduction
can limit or restrict viral transmission, but in
general both sexual and asexual spores frequently
possess viruses, with the rates varying by species
from O to 100% (Anagnostakis 1988; Chu et al.
2004; Thrmark et al. 2002; Pearson et al. 2009;
Vainio et al. 2015; Varga et al. 2005). However,
the prevailing dogma is that many viruses are not
transmitted through sexual spores (Ghabrial et al.
2015; Nuss 2005). Vertical transmission implies
stable infection over time. This is often true in the
laboratory, where many virally infected cultures
can apparently be passaged indefinitely without
loss of virus. While this is interesting evolution-
arily, it can be quite frustrating in the laboratory
when trying to obtain an uninfected strain with
the same genetic background. In nature, it might
be expected for spores that by chance are unin-
fected to outcompete those with virus and subse-
quently for viruses to be diminished in a
population over time. However, evidence
suggests that mycovirus infections can be stable
in nature for years (Sutela and Vainio 2020),
though this likely depends on the species-specific
factors such as efficiency of transmission via
spores (Hillman and Suzuki 2004).

In plants, most virus genomes include move-
ment proteins that modulate viral spread within an
individual by altering plasmodesmata to allow
viruses to pass between cells. In fungi, it is
unknown whether an analogous system exists
that would facilitate viral spread. Instead, it is
presumed that viruses are passively -carried
along between cells with the cytoplasm. Though
this might suggest an accumulation of virus at the
hyphal tips, this does not always appear to be so,
and in fact hyphal tip fragmentation is one
method that can be used to achieve a virus-free
strain, albeit with varied success rates depending
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on the species and strain. Viral accumulation at
hyphal tips could facilitate horizontal transmis-
sion between vegetatively compatible individuals
and, in concept, possibly also through the failed
or incomplete reactions of vegetatively incompat-
ible individuals. Indeed, there is an abundance of
evidence that horizontal transmission can occur
through anastomosis of compatible individuals in
the laboratory, though with some variability
(Dalzoto et al. 2006; Ihrmark et al. 2002; Smit
et al. 1996; Suzaki et al. 2005). There is also some
evidence of more limited transmission between
incompatible individuals (Cortesi et al. 2001;
Suzaki et al. 2005). In a transmission experiment
with monokaryotic strains of Helicobasidium
mompa, a totivirus conferring hypovirulence
was transmitted from the donor strain to 2 of
12 recipient strains that were vegetatively incom-
patible with the donor and comprising 11 different
compatibility groups (Suzaki et al. 2005). Those
two recipients were then used as new donor
strains, and successfully infected an additional
7 monokaryotic strains, demonstrating that hori-
zontal transmission between vegetatively incom-
patible hosts can occur and that monokaryons
have a role in viral transmission. A recent study
also showed that viruses can readily transmit
between different Beauveria spp. (Ning et al.

2022).
Evidence for horizontal transmission in nature,
between species as well as incompatible

conspecifics, is mixed. One study examined
viruses in numerous hosts within a single forest
stand highly infected with Heterobasidion spp.,
for which the Heterobasidion viruses have been
thoroughly studied (Vainio et al. 2017). Interest-
ingly, they did find instances of Heterobasidion
viruses infecting two other fungal hosts, though it
was rare. Another study looking at population
structure of closely related species of Lactarius
in two forests found no cross-species transmis-
sion (Sutela and Vainio 2020). Viruses of
Cryphonectria spp. have been shown to cross
the species barrier (Liu et al. 2003). For a given
species pair, whether horizontal transmission
occurs and to what extent may depend on factors
specific to host biology, ecology, and/or habitat.
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Phylogenetic evidence supports some amount
of cross-species transmission, if limited. That
many fungi are infected by multiple, very dis-
tantly related viruses implies horizontal transmis-
sion, if in the distant past (Arjona-Lopez et al.
2018; Thapa and Roossinck 2019). Tests of
cophylogeny indicate that mycovirus families
mostly speciate by duplication and cospeciation
with the host, but at greater phylogenetic depths
there are recurrent host-shifts (Goker et al. 2011;
Myers and James 2022). Host-switching across
kingdoms seems a substantial hurdle but given
the often intimate association between plants and
fungi it could be expected to occur at least some-
times. Indeed, many fungal and plant viruses are
closely related, and fungal viruses have been
shown capable of replicating in plant cells, and
vice-versa (Janda and Ahlquist 1993; Nerva et al.
2017; Panavas and Nagy 2003). Remarkably, a
natural infection of Rhizoctonia solani with
cucumber mosaic virus was recently reported,
the first direct evidence of cross-kingdom viral
transmission from plant to fungus (Andika et al.
2017). Further, in the lab the fungus could
become infected with the virus through
interactions with the plant, and could then trans-
mit the virus to uninfected plants. Soon after, this
group reported widespread, though transient,
infection by plant viruses in filamentous fungal
strains isolated from plant leaves (Cao et al.
2022b). These recent findings of cross-kingdom
viral transmission imply that plants and fungi
play a role in the evolution and ecologies of the
other’s viral infections, perhaps serving as vectors
Or TeServoirs.

Horizontal and environmental transmission is
thought to be hindered by the fungal cell wall,
though the fungal mechanism of endocytosis
provides at least a conceptual entry point
(Commer and Shaw 2021). In laboratory settings,
protoplasting can be used to facilitate horizontal
transmission in some species and sometimes
between species, though whether this could
occur in nature is unknown (Kanematsu et al.
2010; Lee et al. 2011; van Diepeningen et al.
2000, 1998). It is interesting to consider whether
horizontal transmission between individuals of
the same or different species might be more
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frequent among fungi with life cycles that include
a zoosporic stage which lack a cell wall.

Although a couple of studies have hinted that
insects may also play a role in mycovirus trans-
mission, the consensus remains that transmission
is generally limited (Bouneb et al. 2016; Petrzik
et al. 2016). Perhaps this idea is changing. It is
also possible that the limitation to transmission
applies more frequently to RNA mycoviruses, but
so few DNA mycoviruses are known it is difficult
to say. One of the most exciting recent
discoveries in mycovirology is Sclerotinia
sclerotiorum hypovirulence-associated DNA
virus 1 (SsHAD-V1), a ssDNA virus that is trans-
missible horizontally to vegetatively incompati-
ble strains (Yu et al. 2010), extracellularly
(Yu et al. 2013), and also vectored by a
mycophageous insect (Liu et al. 2016). It remains
an open, and very interesting, question whether
other DNA mycoviruses transmit similarly, and
whether RNA mycoviruses may also be environ-
mentally- or vector-transmitted more frequently
than currently expected.

7.5  Effects on Host Phenotype

Mycoviruses are notorious for their negative
effects on hosts, and these impacts include
reduced growth rates, sporulation, and virulence.
Some of the best studied examples of
mycoviruses include the CHV-1 (Hypoviridae)
which leads to lower sporulation, reduced growth
rate, as well as hypovirulence of the chestnut
blight pathogen Cryphonectria parasitica
(Prospero et al. 2021), and the ssDNA pathogen
SsHADV-1 which leads to reduced growth and
virulence of Sclerotinia sclerotiorum (Yu et al.
2010). Yet the paradigm of mycovirus phenotypic
effects is that the majority of viruses have no
phenotypic effect on their hosts (Ghabrial et al.
2015). Nonetheless, when phenotypic effects
occur, they need not necessarily be detrimental
to their host, and numerous instances where
viruses promote growth or invasion of their fun-
gal host are known (Applen Clancey et al. 2020;
Kotta-Loizou and Coutts 2017a, 2017b; Thapa
et al. 2022; Tran et al. 2019). In fact, because
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mycoviruses are largely vertically transmitted, it
stands to reason that they should in general
evolve to improve the fitness or virulence of
their hosts so that they may themselves increase
their own chances of reproducing (Lerer and
Shlezinger 2022). To study recent trends in the
phenotypic effects uncovered in mycovirus
research, we reviewed the recent literature
(2019-2022) on viral phenotypic impacts,
identifying studies where the specific effects of
the virus on the fungal host (and specifically
virulence and growth rate) could be measured
such as after the clearing of a virus from its host
(Table 7.1).

Overall, we found that in the published litera-
ture it is more common to observe negative
effects on the fungal host, both in terms of growth
rate and hypovirulence (Fig. 7.2). It is worth
noting that these data are likely to be biased
toward viruses that have a negative effect on
host fitness, because of (1) the strong motivation
of researchers to identify candidates for biological
control and (2) the range of negative phenotypic
effects is broader and more likely to be observed.
Moreover, though less and less the case for viral
screening with emerging sequencing methods,
viruses can be detected via screening of strains
for signs of abnormal morphology or
hypovirulence (Boland 1992).

Most of the recent studies measured the phe-
notypic effect of a mycovirus by clearing the
virus from an infected strain using either isolation
of numerous random asexual spores or hyphal
tips. The clearing of strains is also improved
when grown in the presence of cycloheximide or
ribavirin. These drugs function by inhibition of
RNA processing or protein elongation in
eukaryotes, which presumably either have a
stronger impact on viral components or help
dilute out the virus from cells. In this manner
virus-free strains can be compared to genetically
identical strains with the virus. Another manner
of checking phenotype effects of viruses relies on
transmitting the virus from a donor strain to a
virus-free recipient strain via hyphal anastomosis
(Cornejo et al. 2021; Li et al. 2022c¢). To do this
the two fungal strains need to be vegetatively
compatible. Strains are paired and following cell
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Table 7.1 List of recent studies of the phenotypic effects of mycoviruses in a diversity of fungal taxa. These studies are
mostly limited to a clear relationship between a particular virus and its effect on the host could be established, e.g., by
clearing the viruses or transferring it to a virus-free host

Method of
Phenotypic effect | establishing
Host Virus Virus family of virus phenotype Reference
Alternaria alternata | AalVV1 Totiviridae Asymptomatic Protoplast fusion Jamal et al.
of virus infected 2019
and recipient strain
Alternaria alternata | AaHV1 Hypoviridae Reduced growth Single spore Lietal. 2019
and hypovirulence | isolation
Alternaria alternata | AaBbV1 Botybirnaviridae | No effect on Transfection via Shamsi et al.
growth or viral particles 2019
morphology
Alternaria alternata | AaCV1-QY2 | Chrysoviridae Hypovirulence, Cycloheximide Lietal
f. sp. mali lower mycotoxin clearing 2022a
production, spore
germination
reduced
Alternaria AaCV1 Chrysoviridae Reduced growth Protoplasting Ma et al.
tenuissima and sporulation, 2020
but increased
resistance to
antifungals
Aspergillus AfuPmV-1 Polymycoviridae | Reduced growth Single spore Takahashi-
fumigatus rate, conidiation, isolation Nakaguchi
and hypovirulence et al. 2020a
Aspergillus AfuCV41362 | Chrysoviridae Reduced biomass | Single spore Takahashi-
fumigatus accumulation, isolation Nakaguchi
lower spore et al. 2020b
production,
reduced stress
tolerance,
hypovirulence
Botryosphaeria BdPV2 Partitiviridae Reduced growth Comparisons Y. Wang
dothidea and virulence between naturally | et al. 2022e
infected and
uninfected strains
Botryosphaeria BdBV1 Alphaflexiviridae | Reduced growth Single spore Yang et al.
dothidea and altered isolation 2021
morphology,
hypovirulence
Botrytis cinerea BcBoV19 Botourmiaviridae | No effect on Anastomosis Q. Wang
growth, virulence, et al. 2022b
or morphology
Botrytis cinerea BGDaVl Genomoviridae Reduced growth Transfection via Khalifa and
and virulence viral particles MacDiarmid
2021
Colletotrichum CcBV1 Botourmiaviridae | No effect on Single spore Xu et al.
camelliae growth or isolation 2022b
sporulation
Colletotrichum CfRV1 Polymycoviridae | Reduced growth Anastomosis Fuetal. 2022
fructicola and virulence
Colletotrichum CgRV1- Unclassified Reduced growth Single spore Suharto et al.
gloeosporioides Ssa-44.1 and conidiation, isolation 2022

hypovirulence

(continued)
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Table 7.1 (continued)
Method of
Phenotypic effect | establishing

Host Virus Virus family of virus phenotype Reference

Colletotrichum ChNRV1 Amalgaviridae No effect on Cycloheximide Olivé and

higginsianum growth rate (except | clearing with Campo, 2021
at highest single spore
temperatures), isolation
conidium width;

mild
hypervirulence

Colletotrichum CIPV1 Partitiviridae Reduced Protoplasting and | Zhu et al.

liriopes sporulation and separately 2021
virulence, also transfection of
lower growth rate | other strain
when transferred
into another strain

Cryphonectria CnSpV1 Splipalmiviridae | No effect on Anastomosis Sato et al.

naterciae growth or 2022
morphology

Cryphonectria CnFGV1 Fusagraviridae Reduced growth Anastomosis Cornejo et al.

naterciae and altered 2021
morphology, no
effect on virulence

Diaporthe DpCV1 Chrysoviridae Changes to cell Single spore Xu et al.

pseudophoenicicola and ourmia-like wall, isolation 2022a
hypovirulence,
lower resistance to
antifungal

Fusarium equiseti FePV1 Partitiviridae Reduced growth Single spore Mahillon
and hypovirulence | isolation et al. 2021

Fusarium FgGMTV1 Genomoviridae Reduced growth Transfection via Li et al. 2020

graminearum and hypovirulence | clone

Fusarium FgV1-ch Fusariviridae Slightly reduced Anastomosis L. Zhang

graminearum growth rate and et al. 2020b
asexual
sporulation, no
effect on virulence.

Fusarium nygamai | HadV1 Polymycoviridae | No effect on Single spore Khan et al.
growth or isolation 2021a
morphology

Fusarium FoMyV1 Mymonaviridae Reduced growth Anastomosis J. Wang et al.

oxysporum and conidiation but 2022a
no effects on
virulence

Fusarium FoAV1 Alternaviridae No effect on Subculture Wen et al.

oxysporum growth or 2021
morphology

Fusarium FoOuLV1 Botourmiaviridae | Hypovirulence, no | Anastomosis Zhao et al.

oxysporum information on 2020
growth rate

Fusarium HadV1 Polymycoviridae | No effect on Single spore Sato et al.

oxysporum growth or isolation 2020
morphology

Fusarium FodHV2 Hypoviridae No effect on Anastomosis Torres-

oxysporum growth, Trenas et al.
sporulation, or 2020
virulence

(continued)
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Table 7.1 (continued)

Method of
Phenotypic effect | establishing

Host Virus Virus family of virus phenotype Reference

Fusarium FpgMBV1 Megabirnaviridae | Hypovirulence Hyphal tip Xie et al.

pseudograminearum 2022

Fusarium FvMV1 Mitoviridae No differences in Comparisons Jacquat et al.

verticillioides growth rate, between naturally | 2020
increased infected and
conidium uninfected strains
production,
increased virulence

Lentinula edodes LePV1 Partitiviridae Reduced growth Hyphal Sun et al.
and changes in fragmentation, 2022
morphology, ribavirin
pigmentation

Leptosphaeria LbQV-1 Quadriviridae Changes in Cycloheximide Shah et al.

biglobosa pigmentation, clearing with 2020
increased growth single spore
rate, and isolation;
hypervirulence transfection with

dsRNAs

Magnaporthe MoV2 Totiviridae No change in Single spore Owashi et al.

oryzae growth rate or isolation 2020
morphology,
pigmentation, but
increased growth
rate in leaf sheath
test (partial
evidence of
hypervirulence
effect)

Malassezia restricta | MrV40 Totiviridae No difference in Serial transfer Park et al.
morphology, 2020
however larger
vacuoles

Malassezia MsMV1 Totiviridae Induction of Serial transfer at Applen

sympodialis immune response, |37 C Clancey et al.
enhanced skin 2020
colonization

Melanconiella theae | MIMV 1 Mitoviridae No effect on Hyphal tips Shafik et al.
growth or 2021
morphology

Nigrospora oryzae NoNRV1 Partitiviridae Hypovirulence, Hyphal tip X. Wang
increased isolation using et al. 2022¢
pigmentation, ribavirin
lower
thermotolerance

Penicillium PcCV1 Chrysoviridae No effect on Conidium isolation | Wang et al.

crustosum growth but reduced | using ribavirin 2019
resistance to
prochloraz
antifungal

Penicillium italicum | PiCV1 Chrysoviridae No differences in Anastomosis Zhang et al.
growth rate, 2019

pigmentation, or
virulence

(continued)
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Table 7.1 (continued)
Method of
Phenotypic effect | establishing
Host Virus Virus family of virus phenotype Reference
Pestalotiopsis theae | PtCV1 Chrysoviridae Reduced growth Transfection via Zhou et al.
rate and altered viral particles; 2021
morphology; anastomosis
hypovirulence-
change to
endophyte
Pleurotus ostreatus | OSMV-Ch Tymoviridae Reduced growth Hyphal tip Hu et al.
and mushroom isolation and high | 2022
yield temperature
Pleurotus ostreatus | PoV Partitiviridae Reduced growth Hyphal Song et al.
and sporocarp fragmentation 2020
production,
reduced enzyme
activity
Pseudogymnoascus | PAPV Partitiviridae Increased virulence | Serial transfer with | Thapa et al.
destructans in a pig ear model | PEG 2022
Rhizoctonia solani RsRhV1 Rhabdoviridae Hypervirulence Anastomosis and Liet al.
protoplast 2022c
regeneration
Rhizoctonia solani RsRV5 Partitiviridae Reduced growth, Protoplasting Zhang et al.
sclerotium 2021
production, and
hypovirulence
Rhizoctonia solani RsHV2 Hypoviridae No change in Protoplasting Abdoulaye
growth rate, altered et al. 2021
morphology (fewer
sclerotia),
hypovirulence
Rosellinia necatrix | RnHV2 Hypoviridae Reduced growth Anastomosis Arjona-
rate and Lépez et al.
hypovirulence 2021
Sclerotinia SlaGemV-1 Genomoviridae Reduced growth, Transfection via Feng et al. n.
sclerotiorum altered clone d.
reproduction,
hypovirulence
Sclerotinia SsEV3 Endornaviridae Reduced growth Removal of other | Mu et al.
sclerotiorum and virulence viruses via 2021
cycloheximide and
ribavirin and
protoplasting
(original strain was
infected with
9 viruses).
Univirally infected
with SsEV3 was
transmitted by
anastomosis
Sclerotinia HuSRV1 Unclassified Reduced growth Transfection via Azhar et al.
sclerotiorum rate and viral particles 2019
hypovirulence

(continued)
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Table 7.1 (continued)

Host Virus Virus family
Trichoderma TaMV1- Fusagraviridae
atroviride NFCF377

Trichoderma ThHV1 Hypoviridae
harzianum

Trichoderma ThMV1 Unclassified
harzianum

fusion, strains from the recipient side are isolated
and tested for virus. It is important that the donor
strain can be distinguished from the recipient, and
this is often done through the use of drug markers,
such as hygromycin resistance, which can be
transformed into the recipient genome. This
ensures that the isolated strain has not been the
mere product of hyphal invasion into the recipient
side by the donor strain. A final method to study
viral-induced effects can be done using experi-
mental transfection. Such an approach can be
used to move a virus or parts of a virus between
strains as well as between species (Eusebio-Cope
et al. 2015). One of the confounding factors in
understanding viral effects on phenotype is the
large number of viruses a single strain may have.

Fig. 7.2 Summary of

53 recent studies on the
effects of mycoviruses on
fungal host growth (A) and
on the effects on the fungal
host virulence (B)

reduced growth

increased growth

no effect

J. M. Myers and T. Y. James

Method of
establishing
phenotype

Phenotypic effect

of virus Reference

Chun et al.
2020b

No differences in
growth rate, colony
morphology, or
conidia
production;
increased
production of an
antifungal
Reduced
sporulation,
growth rate, and
hypovirulence

Single spore and
hyphal tip isolation

You et al.
2019

Anastomosis

Liu et al.
2019

Greater biomass
accumulation and
reduced ability to
protect plant host
from pathogen

Protoplasting

If a fungal strain is infected by 5 or more viruses,
as is sometimes the case (Khan et al. 2021b;
Myers et al. 2020; Y. Wang et al. 2022d), it can
be very difficult to assign phenotypic effect to the
component viruses. High-throughput production
of synthetic viruses would be useful for dissecting
these effects using transformation or transduction.

With the hindsight of having detected a
mycovirus, it becomes straightforward to look
for particular effects by screening cultures for
aberrant phenotypes. Despite the biases in the
data just explained, it is striking that the majority
of them actually do negatively affect the host
(Table 7.1, Fig. 7.2). A couple possibilities
could explain this prevalence of negative impacts.
Firstly, it may be that viruses are transmitted

B)

hypovirulence

no effect

hypervirulence
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horizontally more often than believed, perhaps
through endocytosis by one genotype of virions
shed by dead fungal cells of another genotype.
Alternatively, it could be that from the perspec-
tive of growth rate and virulence that the fungal
host exists at a local optimum, and it is very
difficult for a virus to modify either of these traits
in a manner that appears as a net benefit to the
host. In other words, since viruses are generally
cellular parasites, it is unclear precisely how they
might modify molecular pathways within the host
organism in order to improve the fitness of both
virus and fungus. Nonetheless, for particular
virus—fungus combinations, there are instances
where this does seem to occur (Jacquat et al.
2020; Owashi et al. 2020; Shah et al. 2020). It is
of particular note that these outcomes are context
dependent, e.g., host or medium type specific,
which does open up the door to dissecting their
molecular mechanisms (Filippou et al. 2021).
Finally, before turning to the nature of gene
expression changes invoked in the host by
mycoviruses and the host defense mechanism,
we put forward a few examples where context-
dependent benefits to the host are observed.

Among the most fascinating mycovirus
systems is the infection of panic grass
(Dichanthelium lanuginosum) with the endo-
phytic fungus Curvularia protuberata which
itself is infected by an RNA virus CThTV. In a
now classical paper, Marquez et al. (2007)
showed that the plant requires infection by an
endophyte with the virus in order to be able to
withstand the high temperature of the soils near
geothermal pools at Yellowstone National Park.
The mechanism involves a heat stress response
and increased osmolyte concentration, however
instead of being induced as a stress response to
heat, the plants with virus-infected endophytes
had a higher constitutive presence of the
osmolytes than endophyte-free or endophytes
without the virus (Marquez et al. 2007).

A quite different context-dependent phenotype
is observed with Saccharomyces cerevisiae killer
virus system, which is a combination of a L-A
helper dsRNA virus, which encodes the capsid
and RdRP, and a separate M toxin-encoding
dsRNA virus (Schmitt and Breinig 2006). Strains
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infected with the killer virus system secrete a
toxin which Kkills sensitive cells of S. cerevisiae
and other yeast species lacking the virus, and only
the strains with the killer virus are immune.
Immunity appears complicated and dependent
on which of the three M encoding viruses is
involved (ScV-M1, ScV-M2, and ScV-M28)
(Becker and Schmitt 2017; Schmitt and Breinig
20006). Presence of the virus therefore creates an
advantage for a virus-infected cell when rare in
the environment. Killer viruses are found not only
in S. cerevisiae but in diverse yeasts, such as
Ustilago maydis and Kluyveromyces
(Magliani et al. 1997). There is presumably a
strong cost to the production of the toxin as inva-
sion of a non-toxin producing population can
only occur under limited conditions of high den-
sity and strong spatial structure (Greig and
Travisano 2008). Moreover, clones producing
the killer virus grown for numerous generations
in the lab were shown to lose the ability to both
produce and eventually resist the toxin (Buskirk
et al. 2020), highlighting both the costs and
benefits that virus production and associated
resistance entails.

Additional viral-induced phenotypes have
been observed which are worth mentioning.
Mycoviruses modify the expression and sensitiv-
ity of their hosts to antifungals, for example
Alternaria alternata chrysovirus 1-N18 (AaCV1-
N18) promoted increased resistance of its host to
the antifungals difenoconazole or tebuconazole
(Ma et al. 2020). Infection by Trichoderma
atroviride mycovirus 1 (TaMV1-NFCF377) led
to increased production of antifungal metabolites
(Chun et al. 2020b) and infection by a totivirus
led to increased production of mycotoxin
tenuazonic (TeA) acid by Magnaporthe oryzae
(Ninomiya et al. 2020). Increased sensitivity to
antifungals mediated by viral infection is also
reported (Niu et al. 2018; Wang et al. 2019).
Mycoviruses are also known to reduce the expres-
sion of genes involved in programmed cell death
triggered by the vegetatively compatibility sys-
tem (Biella et al. 2002; Li et al. 2008; Shang et al.
2008; Wu et al. 2017). This phenomenon is
clearly advantageous to the mycovirus as it will
promote the spread of the virus through hyphal

lactis
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fusion of conspecific individuals. Finally, it has
been documented that some mycoviruses are able
to convert their pathogenic hosts into endophytes
(H. Zhang et al. 2020a; Zhou et al. 2021). This
may be considered a form of hypovirulence, yet
from the perspective of the virus it may lead to
promotion of plant growth or increased opportu-
nity for the virus to spread though interactions
with other fungal individuals or species in plants.

Coordinated Virus and Host
Response After Infection

7.6

The phenotypic changes imparted to the fungal
host by the virus presumably occur through the
paradigm of altered host gene expression, and this
field has been very active describing differences
in gene expression using isogenic fungal material
with and without viruses (Chun et al. 2020a;
Marzano et al. 2018; Wang et al. 2016; Fuyou
Deng et al. 2007). For example, an ourmia-like
virus of Sclerotinia sclerotiorum has only a single
ssRNA and one ORF (RdRp), and expression of
only RdRp is sufficient for completing the viral
cycle (Wang et al. 2020). When more genes are
present, the expression of the various viral genes
is variable, but can reveal mechanisms by which
the host is debilitated by the virus. Dissecting the
function of specific viral genes in the fungal host
can be accomplished by expression of the viral
genes or fragments individually and monitoring
phenotypes and host gene expression (Feng et al.
n.d.; Gao et al. 2020; Li et al. 2020). For example,
the 5 individual ORFs of the polymycovirid
AfuPmV-1 M infecting Aspergillus fumigatus
were individually investigated using expression
from a plasmid after transformation (Takahashi-
Nakaguchi et al. 2020a). The results show that
each of the ORFs has a variable influence and
expression level depending on the trait and tissue.
In this case, only ORFs 2 and 5 (both with motifs
of unknown function) influenced virulence in a
mouse model, whereas expression of ORFs
1 (RdRp) & 3 (methyltransferase) influenced the
swelling and germination of conidia.

By comparison of isogenic strains with and
without a mycovirus, the expression of all host
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genes can be investigated. Such studies typically
find that many genes (hundreds or thousands)
exhibit expression differences (Chun et al.
2020a; Gao et al. 2020; Y. Li et al. 2022b), and
these data can be used to infer the molecular
mechanisms underlying host phenotypes. For
example, expression of beta-1,3-glucanase is pro-
moted by infection of Rhizoctonia solani with
RsPV?2 partitivirus (Y. Li et al. 2022b) and may
lead to an autolysis of the fungal host associated
with hypovirulence toward plants. On the other
hand, phenoloxidase and carbohydrate active
enzymes were down-regulated in viral-infected
Pleurotus ostreatus (Song et al. 2020), leading
to reduced ability to grow in mushroom produc-
tion scenarios which may impose a great threat to
farming. In general, however, the large number of
genes changing expression and their myriad roles
highlight that there are few shared mechanisms by
which viruses manipulate their host cells.

Despite the diversity of viral and host genes
implicated, there are hints that shared
mechanisms of fungal host defense exist. Specifi-
cally, much emphasis is placed on the expression
of genes involved in the RNA silencing (RNA1)
pathway, specifically the production of small
RNAs by the protein Dicer and the destruction
of viral RNA by Argonaute using the small RNAs
as a guide (Eusebio-Cope et al. 2015; Li et al.
2013). Gene expression studies of the fungal host
show that the RNAi machinery could be
up-regulated (Hu et al. 2019) or down-regulated
(Aulia et al. 2019; Qu et al. 2021; Yu et al. 2020)
during mycoviral infection. Both directions have
implications for the outcome of the infection, but
from the viral-perspective, reduced expression of
RNAI genes should be beneficial for replication.
Viral infection also leads to changes in host small
RNA expression (Cao et al. 2022a; Marzano et al.
2018), which could relate to the initiation of the
RNAI pathway post-infection. Studies of mutants
of the DNA methyltransferases (DNMTs) in
Cryphonectria parasitica suggested their role in
defense or tolerance of viral infection as mutants
of the DNMTs led to spontaneous loss of the virus
despite heavy viral burden (Ko et al. 2021).

Of particular interest is the nature of the viral
manipulation of third parties via fungi. A recent
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example is the upregulation of beta interferon
expression in bone marrow-derived macrophages
when challenged with virus-infected, relative to
virus-cured, Malassezia sympodialis (Applen
Clancey et al. 2020). These data provide evidence
of how a mycovirus can influence third party gene
expression which would be indicative of a con-
comitant induction of immune response.
Transcriptome analysis of thermotolerance-
promoting virus CThTV infecting the endophyte
Curvularia protuberata showed increased fungal
expression of heat-stress related genes including
melanin with virus infection (Morsy et al. 2010),
which should promote survival of the fungus at
high temperatures, however gene expression in
the plant host as modified by the mycovirus has
yet to be explored. In contrast, suppression of
melanin production was observed with infection
of Magnaporthe oryzae with chrysovirus 1-D
(MoCV1-D) (Higashiura et al. 2019). As melanin
is a major virulence factor of many fungi
(Nosanchuk and Casadevall 2003), this observa-
tion is consistent with a hypovirulence effect of
chrysoviruses in many fungi (Higashiura et al.
2019). For the SSHADV-1 infection that converts
S. sclerotiorum from a necrotrophic pathogen to
an endophyte of rapeseed, many genes (3110) of
S. sclerotiorum are differentially expressed genes
(DEGS) during SSHADV-1 infection (Qu et al.
2021). Plant gene expression following inocula-
tion of endophytic strain DT8 with SSHADV-1
showed that expression of genes in the host plant
is modified (H. Zhang et al. 2020a), but a direct
comparison of plant gene expression with virus
infected and uninfected S. sclerotiorum would be
informative.

Virus-Mediated Horizontal
Gene Transfer

7.7

Viruses have the potential to mediate horizontal
gene transfer (HGT) between organisms. In bac-
teria, this process is called transduction and can
occur by a number of well-described mechanisms
(Chiang et al. 2019). No such mechanisms have
been described in fungi, but it is possible that
similar ones exist. The most obvious mechanism
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for gene integration is by integrases, the retroviral
enzymes responsible for interweaving viral DNA
into cellular DNA. But of the 22 mycoviral
families only one, Pseudoviridae, encodes
integrases (Llorens et al. 2021). Therefore, for
most mycoviruses, the integration of genes into
their host nuclear genome may be a product of
random, erroneous processes. RNA viruses
would first require co-option of a reverse-
transcriptase to convert to DNA. This viral DNA
could then be incorporated into the nuclear
genome, perhaps through the co-option of
integrases from retrotransposons, or by errors in
the repair of double-strand breaks, which has
been shown experimentally to be possible
(Frank and Wolfe 2009; Moore and Haber 1996;
Yu and Gabriel 1999) (Fig. 7.3). Given this, we
can make a few predictions. We would expect:
(1) DNA viruses or plasmids to be more fre-
quently integrated than RNA since the co-option
of a reverse-transcriptase would not be required,
(2) variation in the functionality of integrated
genes since genes integrate randomly without
regard for position of the host’s promoter regions
or reading frame, and (3) that genes advantageous
to the host when carried by a virus are also advan-
tageous when transferred to the nuclear genome
and thus would be evolutionarily conserved.
Though studies on HGT involving mycoviruses
are fairly scant, there have been a few looks into
yeast systems that address these predictions.

One of the earliest studies found that 40% of
Saccharomycotina genomes tested (n = 26) had
copies of viral or plasmid genes integrated into
the nuclear genome (Frank and Wolfe 2009). The
majority of these were pseudogenic homologs of
genes from linear DNA plasmids though some
were also from dsRNA viruses and, more rarely,
circular DNA plasmids. At least one chromo-
somal homolog was functional—the KHS! gene
responsible for the killer phenotype of
S. cerevisiae strains equipped with this viral
gene. Like extrachromosomally-derived killers,
strains with the KHS gene secrete a toxin lethal
to sensitive cells. Since this study, many more
viruses have been characterized which has
opened up new possibilities for observing
patterns of viral gene integration.
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Fig. 7.3 Schematic of a possible mechanism for the inte-
gration of viral genetic material into a yeast genome, and
subsequent preservation of the viral gene through sexual
and asexual reproduction. The virus RNA genome is
(1) transcribed and mRNA extruded from the capsid into
the cytoplasm where it is (2) reverse-transcribed to DNA
through the co-option of a reverse-transcriptase. The DNA
molecule enters the nucleus and is (3) integrated into the

Recently, Fredericks et al. identified a new
dsRNA virus-associated killer toxin in Saccharo-
myces paradoxus, related to the canonical “killer”
in Saccharomyces cerevisiae, and found chromo-
somal homologs to this toxin sporadically
throughout the Saccharomycotina, which they
showed to be biologically active in killing
competitors (2021a). These results implicate
dsRNAs as agents of multiple independent HGT
events that were, notably, between species. Fur-
ther, gene duplication has occurred in multiple
species with evidence of this gene family
evolving under purifying selection.

Virally-derived toxin-encoding genes have
clearly made their way into genomes on multiple
occasions throughout the Saccharomycotina. In a
different approach, Satwika et al. fully sequenced
an active plasmid in Debaryomyces hansenii and
identified multiple homologs of plasmid ORFs of
unknown function in the nuclear genome (2012).
This result suggests that with more complete
characterization of plasmids and viruses, we are
likely to find the sources of additional
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host genome, perhaps during the repair of a double-
stranded break (as predicted by Frank and Wolfe 2009)
or by the co-option of an integrase of a retrotransposon.
The newly integrated viral gene could be maintained in the
population through mitotic division of the cell (asexual
reproduction/budding), or by sexual reproduction resulting
in variation in the presence of the viral gene in the
offspring

chromosomal elements of fungi. It is interesting
to consider how much of fungal genomes may
well be from non-fungal sources. And further,
how frequently these random, aberrant processes
must occur such that eventually the HGT of a
viral gene is both functional and does not interfere
with the transcription of another critical gene.
Based on these few studies in yeasts, our
predictions mostly hold up. But, whether HGT
events have occurred in hyphal fungi remains to
be tested. Indeed, whether HGT of viral genes is
truly more common in yeasts than other fungi or
whether this trend is a result of biased sampling is
unclear. However, we might expect HGT to be
both more common and easier to detect in yeasts.
As long as a HGT event is not lethal, it should be
possible to maintain in a yeast population since
every cell division results in vertical transmission
of the virus, whether sexual or asexual (Fig. 7.3).
In multicellular fungi the HGT event would have
to occur in conidia or a cell that undergoes sexual
reproduction in to proliferate vertically. Without
vertical transmission, it is unlikely that individual
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nuclei containing genes of viral origin would
mitotically reproduce enough to be widely
detected, unless they imbued a very strong fitness
advantage. In yeasts, we already know of viral
genes that provide strong fitness advantages, and
thus searching for these genes in particular has
enabled studies of HGT. It is clear how the seren-
dipitous transfer of such a valuable gene as one
encoding a secreted toxin could be evolutionarily
maintained. Considering that some of these yeasts
are typically the dominant microbe of their envi-
ronment, particularly in artificial environments
such as in fermentation production, individuals
with these genes would rapidly overtake the
populations as individuals susceptible to the
toxin would be eliminated. While there are some
examples of beneficial viruses in hyphal fungi,
there are not such well-understood mechanisms
of mutualism as those in the yeast “killers.” Char-
acterization of the function of more mycoviral
genes may provide more insight and motivate
studies of HGT in more diverse fungi.

Whether mycoviruses are mediating genetic
exchange between species has yet to be thor-
oughly investigated, but because mycoviruses
may be limited in cross-species transmission it is
expected to be less common. Interestingly, a
pseudogene homolog of a Penicillium virus was
found in the nuclear genome of Vanderwaltozyma
polyspora, possibly suggesting past cross-species
viral transmission (Frank and Wolfe 2009). In
concept, rare events of cross-species virus trans-
mission could facilitate HGT resulting in func-
tional genes new to the receiving species. This
has almost certainly occurred at some point,
despite the miniscule probabilities involved,
given the vastness of time.

7.8  Applications to Agriculture,

Wildlife and Human Health

An increased recognition of the threat that fungal
pathogens pose to agriculture, human and wildlife
health has motivated interest in alternatives to
chemical interventions, which tend to have dam-
aging side effects and be neither practical nor
sustainable. Biological control, in which the
antagonistic relationship between a pathogen
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and its own natural parasites is leveraged to mini-
mize the harm done by the primary pathogen, is
one alternative typically considered to have a
lesser negative impact on the ecosystem. Due to
their ability to induce hypovirulence, the prospect
of using mycoviruses for biological control has
received a lot of interest, particularly in regard to
fungal pathogens of agriculturally important
crops but also to control fungal diseases of
wildlife.

The best studied system involves the
hypovirulence-inducing viruses in Cryphonectria
parasitica. The fungus arrived in North America
in the early 1900s and is solely responsible for the
blight that effectively eradicated chestnut trees in
North America, forever altering the landscape. A
few decades later the pathogen arrived in Europe
but has caused considerably less damage, in part
due to the greater resistance of the European
chestnut species and in part due to success of
natural biological control. Extensive reviews of
the application of hypoviruses for biological con-
trol of chestnut blight in both North America and
Europe have been published, and the reader is
pointed to these for in-depth analysis (Heiniger
and Rigling 1994; Milgroom and Cortesi 2004).

In North America, attempts at biological con-
trol with hypoviruses have largely failed due to
limitations of transmission in nature. In most
regions of North America, C. parasitica has
high levels of sexual reproduction, which restricts
hypovirus transmission because these viruses do
not transmit in sexual spores, and sexual repro-
duction maintains diversity in vegetative compat-
ibility loci resulting in reduced horizontal
transmission of the viruses. This system arguably
poses substantial challenges relative to those in
which the viruses, for instance, readily transmit
via sexual spores and whose host populations
have low diversity in vegetative compatibility
loci. Biological control may be more successful
for virus/host pairs in which the virus is more
efficiently transmitted vertically. However, this
creates a paradox, because if a virus transmits
faithfully with its host, it will be selected to mini-
mize impacts to host reproduction. An alternative
may be to introduce viruses to non-native hosts in
the lab to induce hypovirulence, and then apply it
to the field (Garcia-Pedrajas et al. 2019). Virus—
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host pairs in which the virus spreads more effi-
ciently horizontally should also be more success-
ful for biocontrol. One interesting approach is to
genetically engineer “super donors” through
knock-outs of vic genes to create fungal strains
capable of horizontally transmitting
hypovirulence-inducing mycoviruses to
genotypes with various vic alleles (Zhang and
Nuss 2016). Nevertheless, the lack of an extracel-
lular route of transmission generally in
mycoviruses is a major limitation to their effec-
tive and efficient utilization for biological control.

There is one example showing exceptional
promise as a biological control agent: Sclerotinia
sclerotiorum  hypovirulence-associated DNA
virus 1 (SSHADV-1) is a small circular DNA
virus that, unlike other known hypovirulence-
inducing viruses, can infect the host when applied
extracellularly (Yu et al. 2010). Its natural host,
S. sclerotiorum, causes white mold on many agri-
culturally important crops and is difficult to man-
age. Purified particles of SsHADV-1, when
inoculated on plants, reduces the likelihood of
disease, minimizes disease severity, and improves
crop yield (H. Zhang et al. 2020a). As research
progresses, perhaps particularly with DNA
mycoviruses, examples of such crop-protective
virus application may be more common.

It remains unclear and largely unexplored
whether a similar biocontrol strategy could be
attempted to control fungal pathogens of humans
or wildlife. Clinical isolates of various human
pathogens have been shown to be infected by
mycoviruses, but the impacts of the viruses are
unknown (Kinsella et al. 2022). One promising
avenue bypassing the need for extracellular trans-
mission of mycoviruses to the pathogenic strain
involves using mycovirally-derived killer toxins
therapeutically. Numerous studies have shown
the inhibitory capacity of various killer yeasts on
pathogenic fungi, including clinical and drug-
resistant isolates (Buzzini and Martini 2001;
Fredericks et al. 2021b; Giovati et al. 2018;
Hodgson et al. 1995; Middelbeek et al. 1980;
Schmitt et al. 1997; Walker et al. 1995). Killer
toxins may prove to be excellent therapeutic
agents against pathogenic yeasts, such as Can-
dida sp., because they are nontoxic to human

J. M. Myers and T. Y. James

cells and could potentially be applied locally, as
opposed to orally-administered fungicidal drugs,
while remaining active at low pH, which is
required for local treatment of vaginal candidiasis
(Fredericks et al. 2021b). Overall therapeutic
applications of mycoviruses may be possible
and should be explored given the ever-increasing
threat of fungal pathogens, but research focus is
needed.

Conclusions and Future
Directions

7.9

Here we overviewed many of the major areas in
mycoviral research with emphasis on the effects
of the viruses on their fungal hosts. Viruses come
in several flavors, and consideration of the com-
plexity of viral taxonomy requires appreciation
that there are multiple independent origins of
viruses. A major theme in virus research is that
a little can go a long way. Viral fragments with
single ORFs are sufficient for self-replication and
are sufficient for invoking major phenotypic
effects on their hosts. Despite the major biases
in reporting of viral phenotypes, we find that
actually the majority of the studies in the literature
find that viruses negatively impact growth rate
and virulence of their hosts, much as might be
expected for a pathogen. Nonetheless the variety
of different impacts on host phenotypes provides
a glimpse into the coevolutionary process of virus
and host as well as the implications of these viral
effects on fungal biology. Mutualistic benefits are
not uncommon, yet it is very likely that the
benefits are always context-dependent viruses
come with costs. A better, unbiased assessment
of virus impacts on fungal phenotypes and how
often mutualisms occur is needed. Given the
incredible unexplored diversity of mycoviruses,
it is likely that emerging systems for their study
will arise. On the other hand, continued emphasis
on the few model systems, such as Cryphonectria
hypovirus 1 (CHV1) and Rosellinia necatrix
megabirnavirus 1 (RnMBV1) are needed (Chiba
et al. 2009; Eusebio-Cope et al. 2015), as the
underlying mechanisms of viral manipulation of
host and fungal defense against viruses are poorly
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understood. There is a clear association of the
RNAI pathway and the presence of killer viruses
in yeasts (Drinnenberg et al. 2011), and RNAI1 is
involved in viral silencing (Nuss 2011), however
the RNAi model lacks a component by which
fungi could acquire immunity toward
mycoviruses, a phenomenon which is a major
open area in mycoviral research.

There is a great promise for using mycoviruses
to manipulate fungi in ways that benefit society.
As  discussed, mycoviruses  could  be
commandeered to help as biocontrol agents.
There are numerous other applications which
could involve use of virus infections. Specifically,
since they can change susceptibility to stressors,
such as osmotic, temperature, and antifungal
agents, they could be transfected into fungi in
agricultural or clinical settings. As mycoviruses
are involved in horizontal transfer of fungal
genes, and they might be co-opted for use in
fungal transformation systems. Fungi are hidden
workhorses for natural and derived products and
are becoming ever more of interest for their
potential applications in the biofuel, fiber and
textile, supplement, and food industries. How
mycoviruses impact or may potentially enhance
fungal industry applications is a largely
unexplored area.
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Abstract

Endosymbiotic  bacteria are commonly
inhabitants of environmental isolates of
Mucoromycota fungi. Described bacte-

rial endosymbionts of Mucoromycota are
related to Burkholderia and Mycoplasma
lineages.  Bacterial endosymbionts  of
Mucoromycota tend to be obligately depen-
dent on their fungal host for nutrition, but
bacterial endosymbionts are not always needed
for normal vegetative growth by their fungal
hosts. When present in the fungal cytosol,
bacterial endosymbionts alter fungal physiol-
ogy including gene expression, protein synthe-
sis, metabolism, and sporulation. Many
bacterial endosymbionts have steamlined
genomes due to reductive evolution, and the
categories of functional gene loss differ by

J. K. Uehling (X)) - K. R. Amses

Department of Botany and Plant Pathology, Oregon State
University, Corvallis, OR, USA

e-mail: Jessie.Uehling @OregonState.edu

A. Salvioli - P. Bonfante
Department of Life Sciences and Systems Biology,
University of Torino, Torino, Italy

L. P. Partida-Martinez

Department of Genetic Engineering, Centro de
Investigacion y de Estudios Avanzados del Instituto
Politécnico Nacional (Cinvestav) - Unidad Irapuato,
Irapuato, Mexico

G. Bonito
Department of Plant Soil and Microbial Sciences,
Michigan State University, East Lansing, MI, USA

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023

fungal host lineage. Much remains to be
learned about bacterial endosymbionts of
fungi regarding their ubiquity, transmission,
and fungal host interactions.
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8.1 Introduction

Mucoromycota is a phylum of fungi that inhabit
diverse terrestrial environments. These species
are largely microscopic and ecologically diverse.
Many are plant, microbial, and soil-associated
saprotrophs, some are pathogens of plants or
animals, and others are mutualistic or commensal
plant rhizosphere inhabitants (Spatafora et al.
2016). Notorious Mucoromycota fungi include
Rhizopus  species that regularly colonize
decomposing plant-based food products and
opportunistically infect animals, as well as
arbuscular mycorrhizal fungi (AMF) that are
associated with nearly % of the terrestrial plant
species. Mucoromycota hyphae are coenocytic
and have few or no cross walls. They reproduce
asexually via chlamydospore and sporangiospore
production. The plesiomorphy uniting many
fungi in this group is sexual reproduction via
gametangial conjugation and the production of
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zygospores, although in several lineages sexual
reproduction is poorly understood (Spatafora
et al. 2016).

Mucoromycota and Zoopagomycota are two
monophyletic clades that are basal to the Dikarya
and that were formerly classified as Zygomycota
(Spatafora et al. 2016). Historically, Zygomycota
classification was based on morphological, chem-
ical, and life history traits (Moreau 1952). How-
ever, phylogenetic and phylogenomic
reconstructions demonstrate the paraphyly of the
former Zygomycota, and that Zoopagomycota
and Mucoromycota form monophyletic clades
basal to Dikarya (James et al. 2006; Liu et al.
2009; Chang et al. 2015a). Although other
phylum-level classifications based on ribosomal
DNA have been proposed for Fungi (Tedersoo
et al. 2018), we use Mucoromycota as defined by
Spatafora et al. (2016) and present insights into
the endosymbionts of its three monophyletic
subphyla the Glomeromycotina,
Mucoromycotina, and  Mortierellomycotina
(Spatafora et al. 2016).

Associations between Mucoromycota fungi
and their bacterial endosymbionts share many
commonalities and a few key differences that
reflect the evolution of their interactions. Mecha-
nistic, functional, and symbiotic interaction
insights have been gleaned through comparative
genomics and physiological assays using geneti-
cally identical fungal isolates with and without
endosymbionts (Desir0 et al. 2018; Uehling et al.
2017; Salvioli et al. 2016; Partida-Martinez et al.
2007; Biittner et al. 2021). Across all three
subphyla, it is clear that the endosymbionts are
predominantly related to Burkholderia and Myco-
plasma bacterial lineages, although novel geno-
mic and computational efforts will undoubtedly
elucidate additional endohyphal bacterial and
viral diversity (Robinson et al. 2021; Myers
et al. 2020).

The relative abundance and function of bacte-
rial endosymbionts and their fungal hosts is con-
text dependent (Desir0 et al. 2018; Salvioli et al.
2008). Bacterial endosymbionts can influence
fungal growth, transcription, protein abundance,
metabolism, and sporulation (Uehling et al. 2017;
Salvioli et al. 2016; Partida-Martinez et al. 2007;
Mondo et al. 2017; Li et al. 2017; Salvioli di
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Fossalunga et al. 2017; Dearth et al. 2018;
Partida-Martinez and Hertweck 2005). However,
the directionality and magnitude of those shifts
differ between symbionts and host systems. For
instance, while clearing Rhizopus microsporus

(Mucoromycotina) of Mycetohabitans
endosymbionts led to reduced zygospore produc-
tion, clearing Linnemannia sugarandi

(Mortierellomycotina) of Mycoavidus increases
zygospore production (Mondo et al. 2017;
Takashima et al. 2020). These intimate fungal—
endosymbiont interactions coupled with the
observation that several Mucoromycota fungi
host closely related bacterial endosymbionts
have led to the early invasion hypothesis. This
hypothesis posits that select lineages of fungi and
bacterial endosymbionts have co-evolved, in
some cases for over 400 million years (Uehling
et al. 2017; Mondo et al. 2012; Bonfante and
Desird 2017). One genomic feature that supports
this hypothesis is that some bacterial endosymbi-
ont genomes are extraordinarily streamlined. This
gene loss is thought to reflect host adaptation over
long periods of time and has resulted in decreased
endosymbiont ability to live outside their hosts
(Uehling et al. 2017; Lackner et al. 2011a;
Ghignone et al. 2012; Fujimura et al. 2014;
Moebius et al. 2014). Investigations into the role
of ecology and transmission mode on
endobacterial genome evolution and function as
they relate to the hyphal environment are ongoing
and are an exciting research frontier in mycology.

8.2  History of the Field

While the recent rise of next generation genome
sequencing has enabled much greater apprecia-
tion for endosymbiont ubiquity and diversity, the
first observations of endosymbiotic bacteria
within Mucoromycota fungi were made over
50 years ago with electron microscopy.
Pioneering observations were made by Barbara
Mosse who demonstrated that plant biomass
increases result from interactions with arbuscular
mycorrhizal fungi. Through these transmission
electron microscopy studies, she detailed how
the fungus, which now bears her name
(Funneliformis mosseae), not only increases
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plant biomass but also produces spores containing
bacteria-like organisms (BLOs) (Mosse 1970;
Mosse 1962). Her results were unprecedented as
DNA sequence-based confirmation did not yet
exist and comparable examples were very limited.
Examples of bacterial endosymbionts were scant
in fungi, but included the well cited, gram-
negative, rod-shaped bacteria living inside host-
derived vesicles of Amoeba discoides (Jeon
1972). Further use of electron microscopy rapidly
expanded the diversity of fungi hypothesized to
be harboring apparently non-pathogenic BLOs.
From 1975 to the 1990s, observations of BLOs
were made by many research groups in several
AMF species, and other fungal species associated

with  photosynthetic ~ symbionts including,
Jimgerdemannia flammicorona = Endogone
flammicorona, and  Geosiphon  pyriforme

(Scannerini and Bonfante 1975; Scannerini and
Bonfante 1991; MacDonald and Chandler 1981;
Sward 1981; Schiiller et al. 1994). Later the
technical development of freeze-substitution
allowed higher resolution imaging of bacteria
inside Gigaspora margarita vacuoles (Bonfante
et al. 1994). These detailed morphological
observations identified two main types of BLOs:
rod-shaped BLOs, which were enclosed inside a
fungal vacuole, and irregularly coccoid BLOs
directly embedded in the fungal cytoplasm.
Thus, decades before the wide application of the
polymerase chain reaction (PCR) and the use of
ribosomal DNA (rDNA) researchers had already
detected through electron microscopy two classes
of endobacteria that colonize Mucoromycota
cells. In parallel, bacterial symbionts have been
documented in the  Ascomycota and
Basidiomycota (Hoffman and Arnold 2010;
Bertaux et al. 2003), but much remains to be
understood about how these bacteria impact
their fungal hosts. Here we focus on bacterial
endosymbiont diversity, ubiquity, and function-
ing in Mucoromycota fungi.

8.3  Mucoromycota Associated

Bacterial Diversity

Researchers who study bacterial endosymbionts
of fungi have been limited by challenges in
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imaging and cultivating bacterial endosymbionts
in monoculture in lab settings with several nota-
ble exceptions. Images such as transmission elec-
tron micrographs (Fig. 8.1) or fluorescent images
are essential to unequivocally demonstrate the
intracellular nature of endosymbionts and differ-
entiate endosymbionts from free-living bacterial
associates. The observation some endosymbionts
are uncultivable has led to the categorization of
obligate (uncultivable) and the so-called faculta-
tive (cultivable) endosymbionts in the literature
(Uehling et al. 2017; Mondo et al. 2012; Bonfante
and Desiro 2017; Mondo et al. 2016; Ohshima
et al. 2016). However, some obligate
endobacteria have been cultured on custom
media supplemented to complement functional
gene loss (auxotrophy) identified through genome
analysis (Ohshima et al. 2016; Glaeser et al.
2015) prompting a growing consensus this
dichotomy may be artificial and endobacterial
genome evolution in response to fungi is a plastic
process.  Therefore, the term  obligate
endobacteria may be better used to refer to
whether the bacteria are nutritionally dependent
on the fungal host. Often these relationships are
facultative for the fungus, which may maintain its
specific features, for example mycorrhization
capacity irrespective of the endosymbiont pres-
ence (Bonfante and Desiro 2017; Deveau et al.
2018).

The endobacteria of Mucoromycota fall into
two taxonomic groups closely related to
Burkholderia and Mycoplasma. Burkholderia-
Related Endosymbionts (BREs) are present in
all three fungal subphyla. The best studied exam-
ple is the endosymbiont Mycetohabitans
rhizoxinica, which facilitates plant pathogenicity
in Rhizopus microsporus and protection from
micropredators (Partida-Martinez and Hertweck
2005; Richter et al. 2022) (Figs. 8.2 and 8.3),

and was recently observed in
Mortierellomycotina. Other well-studied
examples of BRE include Candidatus

Glomeribacter gigasporarum reported from some
Glomeromycotina (Mondo et al. 2012; Bianciotto
et al. 2003; Desiro et al. 2014), and Mycoavidus
cysteinexigens in some Mortierellomycotina
(Uehling et al. 2017; Ohshima et al. 2016; Sato
et al. 2010) (Figs. 8.2 and 8.3). Mycoavidus
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Fig. 8.1 Intracellular confirmation of Mycoavidus
endosymbionts in Linnemannia elongata.
Figure reproduced with permission from Uehling et al.
2017, doi 10.1111/1462-2920.13669 Transmission elec-
tron microscopy of wild type (a, b) Linnemannia
(Mortierella) elongata NVP64. (a). A group of clustered
rod-shaped Mpycoavidus cells (arrowhead) within the

diversity falls into 3 clades (Ohshima et al. 2016)
called BRE clades A, B, and C with
M. cysteinexigens AG77 in Clade A (Figs. 8.2
and 8.3). Mollicutes-Related Endosymbionts
(MREs) are a second class of obligate
endobacteria and are also associated with
members of all three subphyla of Mucoromycota
(Desiro et al. 2014; Naumann et al. 2010; Desirdo
et al. 2013; Toomer et al. 2015) (Figs. 8.2 and
8.3). Novel species and genera were erected to
house this taxon, including Candidatus
Moeniiplasma glomeromycotorum which is
hosted by several Glomeromycotina fungi
(Toomer et al. 2015; Naito et al. 2017). Novel
related taxa that reside within
Mortierellomycotina fungi are thought to be dis-
tinctive  from  Candidatus  Moeniiplasma
glomeromycotorum based on genome rDNA
and sequence divergence but have yet to be for-
mally classified (Fig. 8.3). Genomes of BRE and
MRE bacteria are often reduced, and some are
GC skewed compared to their free-living relatives
(Fig. 8.4).

Striking patterns of similarity and difference
between BRE and MRE have emerged. These
include varied degrees of fungal host dependence;
variable intraspecific genome reduction; loss of
motility; abridged primary metabolism; and

fungal mycelium in proximity of several, usually large,
lipid bodies (Ib). (b). Magnification of square from panel
(a): Mycoavidus cells (NVP64) (b) have a jagged cell wall
and are surrounded by a tangled complex of membranes
(asterisk). Endobacteria are engaged in cell division, as
suggested by the central constriction (arrow). Image by
Alessandro Desird

impacts on fungal host physiology. Fungal
isolates harboring endosymbionts can be cleared
without impacting host viability in most
cases through antibiotic culture passaging (Desird
et al. 2018; Uehling et al. 2017; Partida-Martinez
and Hertweck 2005; Okrasiriska et al. 2021). A
second similarity is that endobacterial
populations can persist in individual fungal
isolates, a phenomenon hypothesized to reflect
their potential for vertical transmission in nature
(Uehling et al. 2017; Partida-Martinez et al.
2007). Many fungal endobacteria adapt to fungal
hosts resources, resulting in endosymbiont
genome streamlining (Desiro et al. 2018; Uehling
et al. 2017; Lastovetsky et al. 2016) (Fig. 8.4,
Table 8.1). Differences between Mucoromycota-
endobacteria pairs include physiological or niche
differentiation in their fungal hosts, the categories
of functional endosymbiont genes lost during
genome streamlining, and the diversity of the
endosymbiont populations with a single hypha.
For example, while most Mucoromycota BRE
populations are thought to be genetically uniform,
diverse MRE populations can co-reside within
hyphae or spores of mycorrhizal AMF and
Endogonales (Naumann et al. 2010; Chang et al.
2019).
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Fig. 8.2 Endobacterial across  the

diversity
Mucoromycota. The interior cladogram represents current
phylogenetic diversity and relationships between genera of
the Mucoromycota colored by subphylum on the interior.
The exterior heat maps displays endosymbionts bacterial

8.4 Mucoromycota Lineage
Specific Insights

8.4.1 Glomeromycotina Fungi

Glomeromycotina are  cosmopolitan  root

symbionts of plants, widely known as arbuscular
mycorrhizal fungi. Over 72% of land plants host
arbuscular mycorrhizal fungi, which are known to

identity and abundance by genus. Mycoavidus (BRE) are
colored in red, Candidatus Glomeribacter gigasporarum
(CaGg) are colored in brown, Mycetohabitans species are
colored in yellow, and Mollicutes-Related Endosymbionts
(MREs) are colored in blue

increase plant growth rates and stress tolerance
(Chang et al. 2015a; Brundrett and Tedersoo
2018; Genre et al. 2020). AMF form intracellular
arbuscules within root cortical cells which serve
as an exchange site for mineral nutrients and
reduced carbon (Smith and Read 2010). Plant
hosts of arbuscular mycorrhizal fungi are taxo-
nomically diverse, including non-vascular spore-
bearing and vascular seed-bearing plants
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Fig. 8.3 Bacterial 16S phylogeny demonstrating the
diversity and identity of fungal endosymbionts. Clades of
bacteria are colored by phylogenetic identity. Mycoavidus
(BRE) are colored in red, Candidatus Glomeribacter
gigasporarum  (CaGg) are colored in  brown,

(Brundrett and Tedersoo 2018; Genre et al. 2020;
Smith and Read 2010). While the majority of
Glomeromycotina fungi form symbioses with
plants, one notable exception is Geosiphon
pyriforme. This species hosts the photosynthetic
cyanobacterium Nostoc punctiforme as a primary
symbiont but individuals can simultaneously be
infected with MRE (Schiiller et al. 1996).
Glomeromycotina are one of the most ancient
terrestrial fungal lineages, dating back to over
400 million years ago in the Ordovician where
they were believed to have facilitated primary
plant colonization across terrestrial Earth (Taylor
et al. 1995; Remy et al. 1994; Redecker et al.
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2000). Glomeromycotina species host both obli-
gate BRE and MRE species of endobacteria
(Toomer et al. 2015; Naito et al. 2015).

8.4.1.1 Glomeromycotina
Endosymbiotic Bacteria

Since the first microscopic observations carried
out in the 1970s revealed the presence of
endobacteria in many isolates of arbuscular
mycorrhizal fungi (Scannerini and Bonfante
1991), modern molecular tools including 16S
rDNA sequencing have identified several
endobacteria related to Burkholderia (Bianciotto
et al. 1996) (Figs. 8.2,8.3). This research began
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Fig. 8.4 Genome size and GC content of bacterial
endosymbionts of fungi. Figure compares genome sizes
and GC contents among genomes of Burkholderia-Related
(BREs) and Mycoplasma Related
Endosymbionts (MREs) compared to their free-living

Endosymbionts

relatives. Genome assembly size in megabases (Mbp) is
reported by taxa panels A and C. The percentage of DNA
base pairs that are either Guanine (G) or Cysteine (C) are
reported by taxa panels B and D. All BRE are colored in
red, while all MRE are colored in blue
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Table 8.2 Model bacterial endosymbiont research systems. Table indicates fungal identity and taxonomic information,

as well as ecology and endosymbiont interaction data

Mucoromycotina

Mortierellomycotina

Glomeromycotina

Mucorales Endogonales Moriterellales AM fungi Geosiphonales
Rhizopus, Densospora Jimgerdemannia, Mortierella, Actinomortierella, Diversispora, Dentiscutata, Geosiphon
Mucor, Endogone Linnemannia, Podila, Gigaspora, Glomus,
Umbelopsis Lobosporangium, Modicella, Ambispora, Scutellospora,

Gamsiella, Dissophora, Rhizophagus, Racocetra, Racocetra,

Benniella, Entomortierella, Claroideoglomus

Lunasporangiospora
Plant Endophytes | Ectomycorrhizal Saprotrophs, endophytes, plant | Obligate mycorrhizal biotrophs with | Symbiotic
pathogens, soil | of symbionts, associates 80% of land plants with
saprotrophs, bryophytes, saprotrophs cyanobacteria
opportunistic lycophytes,
animal ferns,
pathogens Trifolium
BRE MRE MRE MRE, BRE MRE, BRE MRE

on Gigaspora margarita BEG 34 and was
extended to other members of the Gigasporaceae.
The endobacteria were characterized as
Candidatus Glomeribacter gigasporarum (Desird
et al. 2014) and observed in the cytoplasm occur-
ring singularly or in groups, surrounded by a
vacuole-like membrane (Bianciotto et al. 1996).
Current phylogenetic analyses indicate that

Candidatus Glomeribacter gigasporarum
endobacteria form a sister lineage to Mycoavidus,
a clade of endosymbionts that colonize

Mortierellomycotina fungi, discussed further
below. In contrast with Mycoavidus, attempts to
isolate and cultivate Candidatus Glomeribacter
gigasporarum in monoculture have been thus far
unsuccessful. These bacteria are presumed to be
primarily transmitted vertically through spores to
progeny (Mondo et al. 2016; Bianciotto et al.
2003; Jargeat et al. 2004). However, patterns of
host-switching owing to a lack of co-divergence
have also been reported (Mondo et al. 2012).

To obtain a Candidatus Glomeribacter
gigasporarum-free fungal isolate, commonly
used antibiotic-based clearing methods have
been attempted and have thus far failed (Jargeat
et al. 2004). Instead, consecutive monosporic
generations of Gigaspora margarita BEG
34 have produced a fungal cured line, devoid of
the endobacteria as confirmed by molecular and
microscopic methods (Lumini et al. 2007)
(Table 8.2). This technique enabled functional
studies on the fungal-endobacterial association
via comparisons of fungal behavior in an isogenic

background with and without endosymbionts and
has become a standard protocol for studying
interactions between AMF and endobacteria. We
discuss these patterns below in the functional data
section.

Spores and hyphae of Glomeromycotina are
known to host MRE (Mosse 1970; Mosse 1962)
(Fig. 8.2). Glomeromycotina hosts of MRE

include Ambispora appendicula Att1235-2,
Ambispora fennica Att200-26, Geosiphon
pyriformis  AS402,  Gigaspora margarita

MAFF520054, Glomus versiforme Att475-45
and Att1226-4, Glomus etunicatum Att239-4,
MUCLA47650, MUCLA49411, and CA-OT126-3-
2, Scutellospora gilmorei Att590-16, Glomus
caledonium Att263-23, and Glomus mosseae
Att109-20 and Boll7 (Naumann et al. 2010).
Using the 16S rDNA sequence as a phylogenetic
marker, the close relationship between
endobacteria with Mollicutes was demonstrated,
despite the presence of an electron dense cell
wall-like layer (Naumann et al. 2010). More
recently, this lineage has been placed within
Mycoplasmataceae ~ (Naito et al. 2015;
Torres-Cortes et al. 2015). MREs are presumed
to be transmitted vertically under laboratory
conditions (Naito et al. 2015). However, there is
a high level of genetic recombination in MRE
genomes analyzed so far, indicating potential
roles for horizontal transmission and recombina-
tion within bacterial populations, or even hosts
(Toomer et al. 2015). Recently named
Candidatus Moeniiplasma glomeromycotorum
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(Naito et al. 2015), these cytoplasm residing
endobacteria belong to the MRE, and so far
have not been cultured outside the fungal host.
8.4.1.2 Glomeromycotina
endosymbiont Diversity

and Ubiquity

The occurrence of Candidatus Glomeribacter
gigasporarum (BRE) within AMF is limited to
Gigasporaceae, where they have been
investigated in Gigaspora and Scutellospora
(Table 8.2) (Mondo et al. 2012; Bianciotto et al.
2003). There are many different isolates of
Candidatus Glomeribacter gigasporarum (BRE)
and although their rDNA sequences are
conserved, each fungal host harbors a genetically
uniform Candidatus Glomeribacter population
(Mondo et al. 2012; Desirdo et al. 2014)
(Fig. 8.2, Table 8.2). The association between
arbuscular mycorrhizal fungi and Candidatus
Glomeribacter gigasporarum is inferred to be at
least 400 million years old, predating the diversi-
fication of Gigasporaceae (VanKuren et al. 2013).
The frequency of Candidatus Glomeribacter
gigasporarum observations among populations
varies across the family and within closely related
fungal genotypes, and has been observed in ~15%
(18 out of 115) fungal isolates surveyed (Mondo
et al. 2012). For example, Candidatus
Glomeribacter is not present within G. rosea
BEGY9 (Bianciotto et al. 2003) but it has been
detected from other isolates of the same species
(Toomer et al. 2015), suggesting that
endobacterial ~ populations may fluctuate
depending on environmental conditions, their
physical location within the fungus, or fungal
development.

In contrast, Candidatus Moeniiplasma
glomeromycotorum (MRE) occur frequently
across Glomeromycotina (Fig. 8.2). Naumann
and colleagues surveyed phylogenetically diverse
AMF and detected MRE in members of
Archaeosporales, Glomerales, and
Diversisporales, as well as in G. pyriforme
(Naumann et al. 2010). MRE hosts include
Rhizophagus clarus (= Glomus clarum),
Rhizophagus intraradices (= G. intraradices),
and Glomus DAOMI197198 (= R. irregularis).
In natural populations, the incidence of MRE in
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AMF was reported to reach 88%, much higher
than the 2% reported for BRE across the same
populations of AMF (Lastovetsky et al. 2018).
Unlike BRE, multiple divergent MRE sequences
can be amplified from a single AMF individual
(Naumann et al. 2010; Desiro et al. 2013; Toomer
et al. 2015).

Some arbuscular mycorrhizal fungi contain
both BRE and MRE (Table 8.2), as is the case
for G. margarita. While the two coexisting
endobacteria persist within the same fungal line,
it was determined that Candidatus Glomeribacter
gigasporarum maintained a higher relative abun-
dance within the fungal host. From a phyloge-
netic point of view, the widespread MRE
distribution across AMF suggests that the inva-
sion by the common ancestor occurred before the
radiation of Glomeromycotina, at least 400 mil-
lion years ago (Bonfante and Desirdo 2017,
Naumann et al. 2010).
8.4.1.3 Glomeromycotina
and Endosymbiotic Genetic
Resources
The first arbuscular mycorrhizal fungal genome
was published in 2013 from the model species
Rhizophagus irregularis DAOM197198
(Tisserant et al. 2013). Spores which contain
thousands of nuclei but no endobacteria offered
strictly fungal genomic DNA for the assembly.
Arbuscular mycorrhizal fungi have some of the
largest genomes in the fungal kingdom, spanning
from ~140 Mbp of in R. irregularis to ~770 Mbp
in G. margarita BEG34 (Venice et al. 2020a).
The total gene number in these fungi is higher
than in many other fungi and can be attributed to
transposable elements (Venice et al. 2020a).
Because arbuscular mycorrhizal fungi are coeno-
cytic, they have offered opportunities to address
novel biological questions such as the diversity of
nuclear genomic variants within an individual. It
has been established that intra-isolate
polymorphisms mirror that of homokaryotic or
heterokaryotic isolates behaving as functional
diploids (Ropars et al. 2016).

The first genome sequencing of endobacteria
associated with AMF preceded the genome
description of its fungal host: Candidatus
Glomeribacter gigasporarum from G. margarita
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BEG34 was obtained in 2012 using a combina-
tion of Sanger and 454 sequencing technologies
(Ghignone et al. 2012). The size of the genome
and its functional annotation (1.7-1.9 Mb, with
1736 coding sequences) are consistent with the
unculturable status of these endobacteria
(Table 8.1). For example, Ca. Glomeribacter
gigasporarum displays limited sugar catabolism
and lacks the ability to synthesize amino acids
such as arginine, isoleucine, leucine, methionine,
phenylalanine, tryptophan, histidine, and valine
(Ghignone et al. 2012). At the same time, its
genome encodes many amino-acid permeases
and transporters, indicating that Ca.
Glomeribacter gigasporarum could take up such
compounds from its fungal host as an energy
source (Ghignone et al. 2012). Similar to
Mycoavidus, Ca. Glomeribacter retains essential
genes involved in DNA replication and repair, but
has lost individual glycolytic genes such as phos-
phofructokinase (Uehling et al. 2017; Ghignone
et al. 2012; Guo et al. 2020). Interestingly, Ca.
Glomeribacter contains the full operon for vita-
min B12 synthesis, genes for antibiotic resistance
and toxin-antitoxin systems, which may contrib-
ute to the ecological fitness of the endosymbiont
plus host, or holobiont (Salvioli di Fossalunga
et al. 2017; Ghignone et al. 2012). While phylo-
genetic analyses place Ca. Glomeribacter in the
Burkholderiaceae, a hierarchical clustering of
KEGG metabolic pathways grouped it together
with insect endosymbionts, suggesting that con-
vergent evolution could have shaped an adapta-
tion to the intracellular lifestyle (Ghignone et al.
2012). Events of horizontal gene transfer have

been postulated in the Ca. Glomeribacter
genome. Genes encoding for  hybrid
non-ribosomal peptide  synthases-polyketide

synthases (NRPS-PKS) have been analyzed,
with one cluster showing a close relationship
with sequences belonging to Myxococcus (Venice
et al. 2020b).

Single isolate  MRE have been genome
sequenced from Dentiscutata heterogama and
three metagenome assemblies of MRE from
Racocetra Claroideoglomus
etunicatum, and Rhizophagus clarus are available
(Naito et al. 2015; Torres-Cortes et al. 2015)
(Table 8.1). In contrast to BRE, MRE show

verrucosa,

J. K. Uehling et al.

even further reduced capacities (Fig. 8.4). The
severely reduced genomes of these MRE
populations (0.7-1.3 Mb) support their direct
dependence on their fungal hosts. For example,
gene loss has been observed in glycolysis, the
tricarboxylic acid cycle, oxidative phosphoryla-
tion, and DNA replication pathways. As only a
few putative nutrient transporters were annotated
in MRE genomes, alternative ATP-producing
pathways are also lacking such as the arginine
dihydrolase pathway. As such, the mechanism
of energy production in MRE still remains
unclear (Naito et al. 2015; Torres-Cortes et al.
2015). A metabolic hierarchical clustering
applied to MRE places them with obligate insect
endosymbionts with very reduced metabolic
capacities (Torres-Cortes et al. 2015). Sun and
colleagues sequenced and assembled the
genomes of the AMF Diversispora epigaea and
its MRE (Sun et al. 2019), and found two distinct
MRE populations that were approximately 88%
similar on a genomic scale. Interestingly, the
MRE genome assemblies obtained from
D. epigaea contained several coding sequences
suggested to have been obtained by horizontal
gene transfer (Naito et al. 2015; Torres-Cortes
et al. 2015). These genes are involved in fungal
metabolism, such as chitin deacetylase,
glycosyltransferase family, chitin synthase, and
malic enzyme and were expressed in different
conditions, suggesting that they could have a
functional importance for the fungal-bacterial
holobiont (Naito et al. 2015; Torres-Cortes et al.
2015). In the same study, the authors noticed that
MRE cannot synthesize purine and pyrimidine de
novo, and instead imported these from their fun-
gal host. After observing a significant expansion
of a nucleoside salvage pathway family in
D. epigaea, the authors suggested that the host
competes with the MRE for these resources and
that a pathogen defense system exists in AMF
including G. margarita (Venice et al. 2020a).
The generation of genomic resources for
Glomeromycotina endobacteria has enabled
analyses of the evolution and function in these
microbes. Genomic commonalities of heritable
endobacteria include molecular evolution rate
acceleration, genome contraction and accumula-
tion of deleterious mutations in functional genes
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(Fig. 8.4, Table 8.1) (Bennett and Moran 2013).
Both Ca. Glomeribacter and Ca. Moeniiplasma
appear to evolve faster than their free-living
relatives. However, the calculated rate of muta-
tion accumulation for Ca. Glomeribacter is com-
parable to that of free-living bacteria and much
lower than the one estimated for insect
endobacteria. This observation led researchers to
hypothesize that the evolutionary rate accelera-
tion in Ca. Glomeribacter relies on the long-
term maintenance of a large clonal population
together with a low occurrence of recombination
and host switching (Mondo et al. 2016). In con-
trast, Ca. Moeniiplasma are characterized by very
high genome plasticity, intrahost genetic diver-
sity, and population-level recombination
(Naumann et al. 2010; Toomer et al. 2015;
Naito et al. 2017; Naito et al. 2015). They possess
active recombination machinery and display an
ultrarapid mutation rate, posited to be one of the
fastest rates of evolution observed in bacteria
(Naito and Pawlowska 2016). Ca. Moeniiplasma
are widely presumed to be vertically transmitted
in arbuscular mycorrhizal fungi, although recent
studies suggest they may have originated from a
host-switching event that involved an animal-
infecting MRE ancestor (Naito et al. 2015), ren-
dering the origin of the fungal-Ca. Moeniiplasma
symbiosis enigmatic still.

8.4.1.4 Glomeromycotina

and Endosymbiotic

Functional Data
Genomic and empirical data indicate that while
Glomeromycotina endobacteria are dependent on
their fungal hosts for nutrition, endobacteria are
non-essential to AMF fungi. However, Ca.
Glomeribacter increases fungal hosts’ fitness in
some settings. These insights are made possible
by deriving cleared fungal lines with no bacteria
in the same genetic background as wildtype. In
experiments carried out with both fungal lines,
Gigaspora margarita BEG34 cured of its
endosymbionts germinated slower and was
slower to grow and colonize plant host roots at
the time of the curing experiment, but revealed
adaptive capacities along the years and eventually
became similar to the WT line. As arbuscular
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mycorrhizal fungi are obligate biotrophs, in natu-
ral conditions the reduced ability of the cleared
lines to grow during the pre-symbiotic stage of its
life cycle might lead to a reduced rate of root
colonization, and thus to a lower chance of suc-
cess as compared with the wildtype isolates. In
addition, fungal fatty acids are less abundant in
the cured spores (Salvioli et al. 2010). Compara-
tive transcriptomic analyses of G. margarita dem-
onstrate that mitochondrial functions and
pathways (ATP synthesis, oxidative phosphoryla-
tion, reactive oxygen species metabolism) are
enhanced by endobacterial presence (Salvioli
et al. 2016). Combining the transcriptomic,
proteomic, metabolomic, and cellular biology
approaches has provided insights into
endobacterial effect of bioenergetic capacity of
its fungal host (Salvioli et al. 2016; Dearth et al.
2018; Vannini et al. 2016). Wild type isolates
elicit ATP production and respiration associated
with a greater ROS detoxification potential
(Salvioli et al. 2016; Dearth et al. 2018; Vannini
et al. 2016).

Plant host health is also impacted via
interactions with fungi and their endobacteria.
For example, in Trifolium plants, roots colonized
with the wildtype arbuscular mycorrhizal fungal
isolates containing endobacteria showed a
decrease in protein carbonylation, which is a hall-
mark of oxidative damage (Vannini et al. 2016).
Similar findings were reported in Lotus japonicus
roots, where transcriptomics and proteomics
revealed a diverse activation of many pathways
in roots colonized with either wild type or cleared
arbuscular mycorrhizal fungi (Venice et al.
2020a). These studies demonstrated that Ca.
Glomeribacter presence affects central arbuscular
mycorrhiza functioning, including antioxidant
metabolism, respiration, lipid biosynthesis, and
the activity of the phosphate transporter, which
is the iconic marker of mycorrhizal functionality
in plants (Venice et al. 2021).

Outside of the model system G. margarita
BEG34, understanding of functional effects of
endobacteria on their Glomeromycotina hosts is
still in its infancy. A recent study revealed C flux
within a quadruplet symbiosis that included
Allium roots and Gigaspora margarita
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MAFF520054 that hosts both BRE and MRE
(Kuga et al. 2021). Using C13 isotope labeling,
C flow was followed from the plant to fungi to
BRE and MRE and showed that MRE represent a
higher cost to their fungal host in terms of carbon
compared to BRE (Kuga et al. 2021). These
observations corroborate the hypothesis that
MRE is more opportunistic than BRE. All
attempts to clear arbuscular mycorrhizal fungi of
MRE to date have been unsuccessful, and thus the
interaction of MRE and their hosts cannot yet be
identified as mutualistic or parasitic.

8.4.2 Mucoromycotina Fungi
Mucoromycotina fungi have several lifestyles.
Some are saprotrophic and live in soils or eutro-
phic environments such as animal wastes or plant
refuse, while others live as endophytes or
ectomycorrhizal symbionts. A few species cause
pathogenesis in plants (Gnanesh et al. 2021;
Cruz-Lachica et al. 2017; Gho et al. 1978) and
animals, including humans (Desir0 et al. 2018;
Hibbett et al. 2007; Jeong et al. 2019). This sub-
phylum is the most speciose within
Mucoromycota, containing 354 described species
distributed across the Mucorales, Endogonales,
and Umbelopsidales, as well as many other spe-
cies that remain to be described.

Among the orders, Endogonales include taxa
that can form mycorrhizal associations with
diverse plants, including with members of the
Pinaceae, Fagaceae, liverworts and hornworts
(Desiro et al. 2013; Warcup 1990; Walker 1985;
Field et al. 2015; Yamamoto et al. 2017). Many
species of Endogonales form small hypogeous
sporocarps, containing zygospores; thus, they
account for rare cases of sporocarp production
within Mucoromycota (Smith et al. 2013). The
Endogonales are comprised of two family-level
clades (Desiro et al. 2017); Endogonaceae which
contains Endogone and Jimgerdemannia, and
Densosporaceae, containing Densospora and
Sphaerocreas.  While members of the
Endogonaceae tend to reproduce by producing
sequestrate (closed) sporocarps, Densosporaceae
produce tiny sporocarps which are quite cryptic in
nature (Desiro et al. 2017; Hirose et al. 2014).
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Fungi in both families remain quite under sam-
pled, but they are represented by considerable
phylogenetic diversity known from environmen-
tal plant tissue samples, including arbuscule-
forming fine root endophytes (Desird et al.
2017; Walker et al. 2018). Bifiguratus and
Calcarisporiella  are  the  most  basal
Mucoromycotina (Torres-Cruz et al. 2017; Hirose
et al. 2012).

In contrast to the Endogonales, fungi in the
Mucorales are saprotrophic and associated with
decaying plant materials. Some Mucoralean fungi
including species in Rhizopus, Lichtheimia, and
Mucor, cause opportunistic human fungal
infections, collectively called Mucoromycosis.
Fungi in the Umbelopsidales are saprotrophic,
soil and plant-associated fungi (Spatafora et al.
2016; Meyer and Walter 2003) and are
well-known to produce lipids including polyun-
saturated fatty acids and house endosymbiotic
bacteria (Papanikolaou and Aggelis 2019).
8.4.2.1 Mucoromycotina endosymbiont
Diversity and Ubiquity
Despite the great diversity of Mucoromycotina
fungi, only a few genera have been reported to
be associated with BRE or MRE (Fig. 8.2,
Table 8.2). These include Rhizopus, Mucor, and
Umbelopsis that harbor BRE (Partida-Martinez
and Hertweck 2005; Okrasinska et al. 2021;
Lackner et al. 2009), and Endogone and
Jimgerdemannia that associate with MRE (Desir0o
et al. 2015a; Chang et al. 2015b) (Fig. 8.2,
Table 8.2).

Discovery of BRE symbionts in Rhizopus
began with the search for the biosynthetic genes
of the phytotoxin rhizoxin (Partida-Martinez and
Hertweck 2005). Rhizoxin is the causative agent
of rice seedling blight (Gho et al. 1978; Iwasaki
et al. 1984) and a potent antimitotic, antifungal
macrolide. This toxin is produced by several
isolates of Rhizopus microsporus obtained from
diverse habitats including rice seedlings, soils,
necrotic human tissues, ground nuts, and
fermented foods such as tempeh and sufu. The
biosynthetic genes found in all rhizoxin-
producing Rhizopus isolates have high homology
with Type I PKS bacterial genes, suggesting the
presence of bacterial symbionts  within
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Table 8.3 Secondary metabolites produced by bacterial endosymbionts of fungi. Table describes secondary metabolite
diversity by endosymbiont including biosynthetic gene clusters, functional insights, and literature citations

Secondary
metabolite

Produced by

Biosynthetic gene
cluster

Mucoromyocotina (Rhizopus microsporus mainly)

Rhizoxin

Rhizonin

Galactofuranose

lipopolysaccharide

T2SS Chitinase

Exopolysaccharide

Holrhizin A

Heptarhizin

Endopyrroles

Lasso peptides,
burhizin-23,
mycetohabin-16,
mycetohabin-15

TAL effector

Mycetohabitans
B1-B8, B9
P. fluorescens pt-5

Mycetohabitans
endofungorum BS

Experiments done in
M. rhizoxinica B1

Experiments done in
M. rhizoxinica B1

Experiments done in
M. rhizoxinica B1
(megaplasmid)

All sequenced
Mpycetohabitans
(B1-BS8)

Mycetohabitans
(Pacific clade, B1,
B2, and B6)

Mpycetohabitans
clades A and B
(Pacific),

C and D (Eurasian)
Experiments done in
M. rhizoxinica B1.

Mycetohabitans
sp. B13 (B4)

Rhi,AM411073,
(hybrid PKS-NRPS)

BGC 29 genes,
22 LPS

WcaA, WcaB,
RBRHO04235

HolA, RBRH01792
(6 modules, NRPS)

HepA (7 modules,
NRPS)

EpyA-E, MN081797
(8 modules, NRPS)

Mycetohabin-16-like
BGC also in
Mycoavidus sp. from
Mortierella elongata
AG77 (Glomeribacter
sp. 10,166,415)
Btl19-13

Function

1. Causal agent of rice
seedling blight,

2. Antimitotic, binds
to N (AA 100th) in
beta tubulin and
inhibits mitosis,

3. Defense against
nematodes and other
micropredators of
fungi

Mycotoxin, capable
of producing lethal
hepatic failure

LPS contains an
O-antigen that mimics
fungi and allows
colonization of

R. microsporus
T2SS helps delivers
chitinase to allow
bacterial penetration
into fungal hyphae
Exopolysaccharide
contributes to
aggregation of
symbiotic bacteria
Reduces surface
tension, regulates
biofilm formation,
and contributes to
fungal colonization
Metabolite so far only
known from
Mycetohabitans
strains from the
Pacific clade
Produced under salt
stress only in
symbiosis

Produced in
symbiosis, both in
Mycetohabitans and
Mycoavidus spp.

Effector of T3SS,
affects host
transcription and one
enhances tolerance to

References

(Partida-Martinez
and Hertweck 2005,
2007; Brendel et al.
2007; Scherlach et al.
2006, 2012; Richter
et al. 2022)

(Partida-Martinez
et al. 2007)

(Leone et al. 2010)

(Moebius et al. 2014)

(Uzum et al. 2015)

(Nichs et al. 2018b)

(Niehs et al. 2018a)

(Niehs et al. 2019)

(Cheng and Hua

2020)

(Carter et al. 2020)

(continued)
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Table 8.3 (continued)

Secondary

metabolite Produced by cluster

Arw effector, TAL
effector (3 bats)

All sequenced
Mpycetohabitans
(B1-B8) Batl
(RBRH_01844),
Bat2 (RBRH_01776)

Single, double, and
triple mutants

J. K. Uehling et al.

Biosynthetic gene

Function References

cell membrane stress
in the fungus

Arw and Bat1-3
effector proteins of
the T3SS. Arw had no
effect on sporulation.

(Richter et al. 2020)

and Bat3
(RBRH_01777)
Necroxime A, Mycetohabitans Nec BGC MN734804 | Cytotoxic (Biittner et al. 2021;
B, C, and D sp. B8 and BRE from benzolactones that Niehs et al. 2020)
P. verticillata NRRL help defend host fungi
6337 (Ca. from fungivorous
Mycoavidus nematodes

necroximicus)

Habitasporins A, Mpycetohabitans spp.

B, and C (B1 to B8)
MZ52031,
respectively.
Glomeromycotina
Compounds were | NR-PKS with

not identified, only
putative BGCs in
both fungal and
bacterial partners

bacterial signature

R. microsporus (Tables 8.2 and 8.3). This hypoth-
esis was confirmed with 16S rRNA gene sequenc-
ing, and the presence of living bacterial cells
inside the fungal cytoplasm was confirmed with
Syto9 staining and microscopy. Phylogenetic
analyses of the 16S sequences from Rhizopus
associated, rhizoxin-producing BRE revealed
these bacteria comprise a new clade within the
genus Burkholderia, warranting creation of a new
genus Mpycetohabitans (Partida-Martinez and
Hertweck 2007). The type strains were designated
as M. rhizoxinica and M. endofungorum (=
Burkholderia rhizoxinica and B. endofungorum)
(Estrada-de Los Santos et al. 2018) (Table 8.1).
Through curing and reintroduction of BRE
symbionts from the fungus employing antibiotics
and by independently culturing Mycetohabitans
endosymbionts, it was demonstrated rhizoxin was
directly produced by the symbionts (Partida-
Martinez and Hertweck 2005). This pioneering
work demonstrated that endosymbiont derived
toxins in plant pathogenic fungi alter ecological
functions. The Rhizopus-Mycetohabitans

habA, habB, accession
numbers: MZ520316,

Needed for effective
sporulation

(Niehs et al. 2022)

(Venice et al. 2020a)

symbiosis currently serves as a model system for
understanding fungal-bacterial interactions due
to the cultivability of bacterial symbionts; ability
to derive bacterial free fungal lineages with anti-
biotic clearing; and widespread occurrence of
naturally Rhizopus isolates with and without
endobacteria.

Rhizopus microsporus and related Mucorales
isolates are often found in the environment, and
some can opportunistically infect mammals
including humans (Spatafora et al. 2016;
Petrikkos et al. 2014; Frey-Klett et al. 2011).
Some clinical R. microsporus isolates have been
shown to form stable associations with BREs
including Mpycetohabitans rhizoxinica
(=Burkholderia rhizoxinica) (Ibrahim et al.
2008; Itabangi et al. 2022) and Ralstonia pickettii
(Itabangi et al. 2022). Both R. microsporus and
free-living Burkholderia species are pathogens
with unique virulence mechanisms (Walsh et al.
2012; Petrikkos et al. 2012; Wiersinga et al.
2006). These observations have given rise to the
hypothesis that BRE may directly or indirectly
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increase the virulence of their pathogen fungal
hosts. Given the demonstrated antimitotic role of
rhizoxin in plant pathogenic R. microsporus
(Partida-Martinez and Hertweck 2005; Partida-
Martinez and Hertweck 2007) efforts have been
made to study the presence and absence of rhi
biosynthetic gene cluster in BRE of clinical
R. microporous isolates. This work concluded
that because the Rhi genes are not universally
present in bacterial endosymbionts of fungi and
because rhizoxin has a non-appreciable effect on
mammalian phagocytes at biologically relevant
ratios that endosymbionts do not influence the
outcomes of R. microsporus infections in the
human body (Ibrahim et al. 2008). In conflicting
results, it was shown that the presence of a second
BRE, Ralstonia pickettii  from  Rhizopus
microsporus shaped fungal transcription and in
some cases the outcome of phagocytotic assays
and fungal cell wall composition (Itabangi et al.
2022). Further, it has been hypothesized that
environmental interactions with phagocytic soil
microbes including cellular slime molds,
amoebae, and nematodes favor acquisition of vir-
ulence traits including secondary metabolite
diversity in bacterial endosymbionts of fungi
(Richter et al. 2022; Itabangi et al. 2022). Consis-
tent with this, it was recently shown that rhizoxin
derivatives prevent fungal killing by fungivorous
amoeba (Richter et al. 2022). In addition, it was
recently shown that a cancer patient succumbed
to Mpycetohabitans rhizoxinica bacteremia, and
that genomic DNA from both M. rhizoxinica
and R. microsporus was present in her body
(Yang et al. 2022) further supporting a role for
environmentally acquired endosymbionts in the
virulence of their fungal hosts. Many open
research questions remain including whether the
putative added virulence of BREs in
Mucoromycotina human fungal pathogens is
direct or indirect, how functionally similar BRE
of R. microsporus and other human fungal patho-
gen are, what pathogenicity mechanisms are at
play, and how frequently isolates transit between
the environment and clinics.

Efforts to quantify endosymbionts in
Mucoromycotina isolates demonstrate they are
not present in every isolate. Screening a collec-
tion of 22 Rhizopus microsporus resulted in
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detection of Mycetohabitans symbionts in 8 of
22 (36%) of isolates (Partida-Martinez and
Hertweck 2007; Lackner et al. 2011b; Partida-
Martinez 2013). Another investigation found by
screening 33 R. microsporus, 31 R. arrhizus, and
6 R. delemar isolates from the CBS-KNAW Fun-
gal Biodiversity Center reference collection, that
11% of all isolates and 21% of R. microsporus
housed Mycetohabitans species (Dolatabadi et al.
2016). In Umbelopsis spp., it was observed that
23/40 (57%) of isolates contained
Paraburkholderia symbionts (Okrasiriska et al.
2021) with homology to free-living bacteria
based on molecular sequencing. In the same
study 1 of 15 (6%) isolates of Mucor, harbored
Paraburkholderia symbionts (Okrasifiska et al.
2021). In contrast, studies investigating MRE
abundance demonstrate in approximately 45%
of the Endogonales fruiting bodies contained
endobacteria (Desiro et al. 2015b).

More recently, metagenomes of MRE and
their hosts were generated by sequencing
Endogone and Jimgerdemannia fruiting bodies
(Table 8.2) (Chang et al. 2019). Three of the
four metagenomes sequenced had MRE within
them. MRE contigs were assembled for
J. flammicorona ADO002 (0.9 Mb), J. lactiflua
0SC162217 (1.8 Mb), and Endogone sp. FLAS
F-59071 (2.9 Mb). Given that MRE genomes are
predicted to be ~1 Mb, it was hypothesized that
some of the sampled sporulating bodies contained
multiple MRE phylotypes, which were further
confirmed through phylogenetics of extracted
16S rDNA assemblies from these metagenomes
(Chang et al. 2019).
8.4.2.2 Mucoromycotina
and endosymbiont Genetic
Resources
There are rapidly growing genomic resources for
Mucoromycotina fungi, with over 186 publicly
available genomes on the National Center for
Biotechnology’s website (176 Mucoromycetes;
5 Endogonomycetes; and
5 Umbelopsidomycetes). For BRE symbionts,
the full genome of Mycetohabitans rhizoxinica
HKI-454 (B1) was first assembled and published
in 2011 (Lackner et al. 2011a; Lackner et al.
2011b; Lackner et al. 2011c). To date, seven
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other draft genomes of Mycetohabitans spp.
associated with R. microsporus, including the
type strain M. endofungorum HKI-456 (BS), are
publicly available (Table 8.1). A remarkable fea-
ture observed from all sequenced Mycetohabitans
symbionts to date is that, despite their rather
reduced size, they possess a great number of
biosynthetic gene clusters (BGCs) as described
in (Table 8.3) when compared to free-living
Burkholderia spp. (Biittner et al. 2021; Moebius
et al. 2014; Richter et al. 2022; Venice et al.
2020b; Partida-Martinez and Hertweck 2007;
Mullins and Mahenthiralingam 2021; Niehs
et al. 2022; Brendel et al. 2007; Scherlach et al.
2006; Leone et al. 2010; Uzum et al. 2015; Carter
et al. 2020).

For MRE symbionts, there are currently six
available genomes or metagenomes available.
(Table 8.1). Contigs of MRE associated with
Endogone and Jimgerdemannia are also publicly
available (Table 8.1).
8.4.2.3 Mucoromycotina endosymbiont
Functional Data
The Rhizopus microsporus-Mycetohabitans sym-
biosis is a model system for functional studies of
fungal-endosymbiont interactions due to genetic
tractability of both organisms, and the establish-
ment of Koch’s postulate to test functional
hypotheses leveraging cultivability and genetic
transformation of endosymbionts (Partida-
Martinez and Hertweck 2005; Partida-Martinez
and Hertweck 2007). In R. microsporus, the
Mpycetohabitans symbionts increase the metabolic
capabilities of their fungal hosts through the pro-
duction of the potent toxins rhizoxin, rhizonin,
and several other secondary metabolites that
increase fungal pathogenesis (Partida-Martinez
and Hertweck 2005; Partida-Martinez and
Hertweck 2007) (Table 8.3). Moreover, some
Moycetohabitans can influence asexual sporulation
(Partida-Martinez et al. 2007) and the rate of
sexual zygospore production (Mondo et al.
2017). In both cases, bacterial symbionts are ver-
tically transmitted through the sporangiospores
and zygospores, respectively. Further studies in
R. microsporus demonstrated Mycetohabitans
contain Burkholderia TAL-like (Btl) proteins
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that act as effectors on fungal host DNA and
may influence fungal transcription (Carter et al.
2020).

A recent study demonstrated that R. delemar
isolates derived from agricultural soils can also
harbor Mycetohabitans species. Interestingly, a
cleared line of R. delemar showed no differential
growth rates compared to their wild type
counterparts, and neither the symbiotic or cured
lines produced the secondary metabolite rhizoxin
nor had the rhi gene cluster. Further, cleared
R. delemar isolates did not differ in their asexual
sporulation rates (Cabrera-Rangel et al. 2022).
Much remains to be learned about the diversity
of Mycetohabitans and how distribution of func-
tional endosymbiont genes impacts evolution of
these bacterial fungal symbioses. Collectively,
these studies suggest that fungi, as most plants
and animals, are indeed holobionts that depend on
microbiota (bacteria and/or viruses) for their fit-
ness and survival (Partida-Martinez 2017).

8.4.3 Mortierellomycotina Fungi

The subphylum Mortierellomycotina contains
one single family, Mortierellaceae, with 13 mono-
phyletic genera (Vandepol et al. 2020). Like their
relatives in Mucoromycotina and
Glomeromycotina, Mortierellomycotina fungi
occur on every continent. However, we currently
lack clear understanding about the niches these
fungi occupy and their ecological roles in the
environment. Mortierellomycotina have been
isolated from plant-associated soils, living roots,
dead organic substrates, and insect tissues. Most
taxa in this group are considered to be saprotrophs
(Vandepol et al. 2020; Macias et al. 2019; Gams
1977; Dixon-Stewart 1932) and many are
chitinolytic (Uehling et al. 2017), cycling nitro-
gen in soils via chitin degradation (Liao 2021;
Liao et al. 2019). Several key Mortierellaceae
species are utilized in applied and industrial
mycology for their polyunsaturated fatty acid bio-
synthesis (Mamani et al. 2019; Goyzueta-
Mamani et al. 2021). Fungi in the
Mortierellomycotina associate with diverse spe-
cies of bacteria, including Paraburkholderia,
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Paenibacillus, and Pseudomonas, the
Enterobacteriaceae, and with the obligate MRE
and BRE (Desiro et al. 2018; Uehling et al. 2017;
Ohshima et al. 2016; Sato et al. 2010; Okrasinska
et al. 2021) such as Candidatus Mycoplasma,
Mpycoavidus, and Mycetohabitans species. Genera
of Mortierellomycotina that host bacterial
endosymbionts include Mortierella,
Actinomortierella, Linnemannia, Podila,
Benniella, Modicella, Lobosporangium,
Dissophora, and Gamsiella (Desiro et al. 2018;
Uehling et al. 2017; Biittner et al. 2021; Robinson
et al. 2021; Okrasinska et al. 2021; Takashima
et al. 2018a; Telagathoti et al. 2021).
8.4.3.1 Discovery
of Mortierellomycotina
Endosymbionts
Mortierellomycotina fungi host both BRE and
MRE (Fig. 8.2, Table 8.2). Detection of BRE
within Mortierellomycotina was first described
by Sato and colleagues within an isolate of
Linnemannia elongata (=Mortierella elongata)
from Japan (Table 8.2). Originally reported to be
Ca. Glomeribacter, these endosymbionts are now
described as Mycoavidus cysteinexigens after
analyzing their genome sequences and physiol-
ogy (Fujimura et al. 2014; Ohshima et al. 2016).
Later the genomes of both Linnemannia elongata
AGT77 and Mycoavidus cysteinexigens AG77
were sequenced from an isolate obtained from
Duke Forest in the United States (Uehling et al.
2017). Mycoavidus has since been documented
throughout the Mortierellaceae including in
Mortierella (M. alpina, M. ambigua, M. chienii,
M. oedorhiza, M. polycephala, M. sossauensis,
M. sugadairana); Linnemannia (L. exigua,
L. gamsii); Podila (P. horticola, P. humilis,
P. minutissima, P. verticillata); Entomortierella
(E. lignicola, E. parvispora); Actinomortierella
(A.  formicae); and  Lunasporangiospora
(L. microzygospora, L. rishikesha, L. rostafinski,
L. selenospora) (Biittner et al. 2021, Okrasiriska
et al. 2021, Telagathoti et al. 2021; Takashima
et al. 2018b; Herlambang et al. 2022) (Fig. 8.2).
MRE have also been reported in
Mortierellomycotina since 2018 (Desiro et al.
2018). Desiro and colleagues showed that MRE
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bacteria are present in Lobosporangium
transversale, Linnemannia elongata, L. gamsii,
Mortierella capitata, M. thaxteri, Podila humilis,
P. minutissima, Lunasporangiospora
selenospora, and L. rostafinskii (Desird et al.
2018) (Fig. 8.2, Table 8.2). Given their presence
in Glomeromycotina (Naumann et al. 2010),
Mucoromycotina (Desiro et al. 2018), MRE are
hypothesized to be widely distributed amongst
Mucoromycota fungi and commensal or opportu-
nistic symbionts (Kuga et al. 2021).

8.4.3.2 Diversity and Ubiquity

of Endosymbionts

in Mortierellomycotina

The intraspecific abundance of BRE within
Mortierellomycotina fungi including
Linnemannia varies by study, but all studies
show that within any given species, many natu-
rally occurring isolates do not host endobacteria.
Utilizing 16S rDNA genes as a proxy for endo-
symbiotic presence, Takashima et al. (2018b)
found that 22% (53/238) of environmental
Mortierellaceae isolates, and 37% (22/59) of
Mortierella isolates harbored BREs, validated
with fluorescent and electron transmission
microscopy (Takashima et al. 2018b). Imaging
such as these are necessary to distinguish the
intrahyphal endosymbionts from free-living
hyphal associates, which are common.
Telagathoti and colleagues later determined that
environmental Mortierellaceae isolates from
Europe including Mortierella sensu stricto,
Dissophora, Entomortierella, Gamsiella,
Linnemannia, and Podila frequently have a BRE
bacterial signal; they report that 30% of
Mortierellaceae isolates were BRE 16S positive
as determined through PCR (Okrasifiska et al.
2021). Finally, Okrasinskd and peers reported
that approximately 20% of Mucoromycotina and
Mortierellomycotina isolates screened harbored
BRE, which were validated with fluorescent
imaging (Okrasiriska et al. 2021). In all these
studies bacteria were screened from isolates
obtained from the environment on media lacking
antibiotics to not bias results. Taken together,
these results indicate that endosymbionts are pres-
ent in ~20-30% of environmental Mortierellaceae
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isolates. Future research is needed to better under-
stand the frequency of BRE endosymbionts, why
isolates naturally differ in endosymbiont status,
and how the endosymbiont presence impacts fun-
gal functioning in different environments and
selective pressures.

In contrast to the BRE, MRE have been
detected  within  approximately 3%  of
Mortierellaceae isolates (Desiro et al. 2018).
While they found that MRE ubiquity was rela-
tively low, they showed that MRE may persist in
isolates for decades in the case of
Lobosporangium. Desird and colleagues went
on to demonstrate the relationship between cul-
ture temperature, culture age, and MRE abun-
dance within the fungal colony (Desiro et al.
2018). Interestingly, hosts grew best at lower
temperatures, and slower at high temperatures,
while MRE cells were more abundant in cultures
at higher temperatures (Desiro et al. 2018).
8.4.3.3 Mortierellomycotina
and Endosymbiont Genetic
Resources
There are rapidly growing genomic resources for
Mortierellomycotina fungi (Spatafora et al. 2016;
Uehling et al. 2017; Vandepol et al. 2020) and for
their endosymbionts, with over 30 host genomes
currently publicly available on the NCBI
GenBank. There are currently 5 published
genome sequences for Mycoavidus species avail-
able (Table 8.1). These include Mycoavidus
cysteinexigens from Linnemannia elongata,
Entomortierella  parvispora, and  Podila
verticillata (Table 8.1). Ca. Mycetohabitans
necroximicus was also detected from P.
verticillata (Uehling et al. 2017; Biittner et al.
2021; Guo et al. 2020; Sharmin et al. 2018).
These genomes range in length from 1.9 to
2.8Gb (Fig. 8.4, Table 8.1), and although they
share nucleotide and protein homology, each
also contains unique genes and substantial
rearrangements (Guo et al. 2020). Comparisons
between these endosymbiont genomes show
reductive evolution and specialization of meta-
bolic capacities including decreased abilities to
produce amino acids and complete glycolysis
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(Biittner et al. 2021; Guo et al. 2020; Herlambang
et al. 2022).

BRE  Mycoavidus  genomes in  the
Mortierellomycotina are similar, with ~81-84%
of genes shared with high homology between
individuals (Uehling et al. 2017; Guo et al.
2020). While each of the 5 Mycoavidus genomes
from Mortierellomycotina hosts shares many sim-
ilar gene sequences, the relative proportion of
unique content varies by isolate from 8 to 12%
(Guo et al. 2020). There are several well
supported clades of Mycoavidus BRE that will
likely lead to novel genera, and are noted by
BRE clades A-C (Takashima et al. 2018b)
(Figs. 8.2 and 8.3). Conversely, single copy
genes constitute 64—-80% of the
M. cysteinexigens in B1-EB and B2-EB, respec-
tively (Guo et al. 2020). Last, all Mycoavidus
genomes sequenced to date have similar numbers
of rRNAs, tRNAs, and ~ 50% GC content
(Uehling et al. 2017; Guo et al. 2020; Sharmin
et al. 2018). Future research evaluating the
driving factors for these similarities and
differences given the isolation of each endosym-
biotic lineage will yield valuable insights into
evolution of these organisms.

BRE endosymbionts in these fungi have
reduced genomes, to their closest free-living
Burkholderiales relatives in the genera
Burkholderia, Paraburkholderia, Ralstonia, and
Cupriavidus which have 5-12 Mb genomes and
are divided into circular chromosomes and sec-
ondary replicons such as plasmids (Partida-
Martinez and Hertweck 2007; Carter et al. 2020;
Szabd et al. 2022) (Fig. 8.4). In contrast,
Mycetohabitans BRE have genomes ranging
from 3.3 to 3.8 Mb (Lackner et al. 2011b, ¢) and
Mycoavidus BRE have genomes ranging from 1.9
to 2.8 Mb and have approximately 1600-2300
genes (Uehling et al. 2017; Fujimura et al. 2014;
Guo et al. 2020; Sharmin et al. 2018) (Fig. 8.4,
Table 8.1). The most reduced genomes are
observed in Ca. Glomeribacter genomes which
range from 1.3 to 2.3 Mb genes (Ghignone et al.
2012; Jargeat et al. 2004) (Fig. 8.4, Table 8.1).
However, many of these genomes are incomplete
and future work on entire endosymbiont bacterial
chromosomes will be enlightening.
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The extraordinary gene loss  within
endosymbionts of fungi is thought to reflect selec-
tive pressures imparted by the fungal host
(Uehling et al. 2017; Guo et al. 2020). For exam-
ple, Mycoavidus cysteinexigens AG77 has lost
individual glycolytic genes and nearly entire
pathways such as Entner—Doudoroff, while
maintaining transporters and catalytic genes for
host-derived lipids and fatty acids (Uehling et al.
2017) and these resources come from their fungal
hosts. In contrast to what has been observed in
insect endosymbionts, Mycoavidus genomes
retain genes in DNA repair pathways, which
may contribute to purging of deleterious
mutations (Guo et al. 2020). While the debate
about whether fungal endobacteria are
undergoing stable evolutionary trajectories
continues (Guo et al. 2020), it remains clear that
a hallmark of fungal endosymbiosis is reduced
gene content compared to related free-living bac-
teria. Given that many bacterial endosymbionts of
fungi are thought to be transmitted vertically,
evolutionary theory also predicts that molecular
evolution will be accelerated in these smaller
populations which experience bottlenecks during
transmission (Ohta 1972). Genomic data for bac-
terial endosymbionts of fungi is still scarce rela-
tive to other symbiotic systems, yet preliminary
data suggests that genomes of bacterial
endosymbionts are streamlined reflecting host
adaptation resulting from unique intracellular
selective pressures (Uehling et al. 2017; Mondo
et al. 2016; Pawlowska et al. 2018) (Fig. 8.4,
Table 8.1).

8.4.3.4 Mortierellomycotina

and Endosymbiont

Functional Data
Functional interaction data from comparative
assays of cleared and wild type fungi of the
same background genotype have shown that bac-
terial endosymbionts impact fungal physiology,
transcription, metabolism, and growth variably.
Both BRE and MRE presence impact fungal
growth rates (Desird et al. 2018; Uehling et al.
2017) metabolism of fatty acids and sugars
(Li et al. 2017), volatile production (Uehling
et al. 2017; Guo et al. 2020). BRE, but not
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MRE, decrease their hosts ability to reproduce
sexually (Takashima et al. 2020). Research on
the benefits for fungi on hosting bacterial
endosymbionts points toward holo-organismal
utilization of bacterial secondary metabolites for
modulating interactions between fungi and other
organisms. Early work in the Mucoromycotina
demonstrated the role of the hybrid PKA-NRPS
derived rhizoxin in  endosymbiont—plant
interactions (Partida-Martinez and Hertweck
2007). Recent work by Buttner et al. and Niehs
et al. showed that both Mycetohabitans and Ca.
Mycoavidus necroximicus share the nec genes, a
hybrid PKS-NRPS biosynthetic gene cluster
which encodes cytotoxic benzolactones named
necroximes (Niehs et al. 2022) (Table 8.3). It
was shown that necroximes enable their
Mortierellomycotina host fungi to evade
fungiverous grazing of nematodes (Biittner et al.
2021; Partida-Martinez and Hertweck 2007). This
hypothesis is supported by the general depletion
of Mucoromycota genomes in secondary meta-
bolic gene clusters compared to other clades of
filamentous fungi and raises the hypothesis that
specialized metabolisms in fungi may be derived
from metabolisms of bacterial endosymbionts
(Koczyk et al. 2021; Wurlitzer et al. 2021;
Tabima et al. 2020). These findings also suggest
that the horizontal transfer of biosynthetic gene
clusters, such as nec, among different lineages of
endofungal BRE symbionts is likely.

8.4.3.5 Bacterial and Viral
Endosymbionts

in Mucoromycota

Viruses which reside inside of fungal hyphae are
covered in detail in Chap. 8 by Myers et al. and
elsewhere (Kondo et al. 2022). Here, we present
Mucoromycota specific insights into mycoviruses
that co-reside with endosymbiotic bacteria in fun-
gal hyphae and spores. Mycoviruses are
estimated to be present in approximately 27% of
Mucoromycota isolates, and appear to be most
abundant in the Glomeromycotina subphylum
(67%), followed by Mortierellomycotina (34%)
and Mucoromycotina (19%) (Myers 2020).
Co-occurrence of bacterial and viral symbionts
within the phylum Mucoromycota has been
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reported in four cases, including Geosiphon
pyriformis, Gigaspora margarita BEG34, and
Rhizopus microsporus ATCC52814. Geosiphon
pyriformis is associated with Nostoc punctiforme
and a Tymo-like virus (Myers 2020). G. marga-
rita BEG34, which harbors Ca. Glomeribacter
gigasporarum (Bianciotto et al. 2003), possesses
a diverse viral community formed by four
mitoviruses, one Ourmia-like virus, one Giardia-
like virus, and two sequences related to Fusarium
graminearum mycoviruses (Turina et al. 2018).
Rhizopus microsporus ATCC52814 associates
with Mycetohabitans sp. B7 and two narnaviruses
called RmNV-20S and RmNV-23S (Espino-
Véazquez et al. 2020). Benniella erionea
GBAus27b contains MRE bacteria which carry
a belonging to the Inoviridae (Roux et al. 2019),
adding even more complexity to life within fun-
gal hyphae. From a functional standpoint, it has
been demonstrated that narnaviruses and
Mycetohabitans endobacteria co-residing in
R. microsporus cytoplasm are required for suc-
cessful sexual reproduction (Espino-Vazquez
et al. 2020) and each microbe alone reduces or
abolishes  vegetative  sporulation  (Partida-
Martinez et al. 2007). These observations under-
score the complexity of Mucoromycota fungal
holobionts whose ecological and evolutionary
trajectories are influenced by both bacterial and
viral symbionts.

8.4.3.6 Future Directions and Open
Questions

Intriguing research questions for all subphyla
include how endobacteria influence their fungal
hosts’ interactions with other organisms and the
environment, including impacting virulence of
opportunistic human fungal pathogens. We cur-
rently lack a fundamental understanding of the
spatial dynamics of endosymbiont location and
relative abundance within fungal cells, or the
factors that affect these patterns. The branch of
mycology studying bacterial endosymbiosis will
continue to benefit from development of visuali-
zation technologies, application of novel genome
editing tools, and development of computational
genomic pipelines. Generating robust population
genomic data sets will allow analysis of current
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dogmas  surrounding  partner  specificity,
co-evolution, and endosymbiont transmission
dynamics within and between fungal hosts. Last,
novel genome sequences of hosts and their
endosymbionts will provide an opportunity to
evaluate functional and evolutionary similarities
with other eukaryotic-endosymbiont partners,
which will in turn illuminate fundamental rules
for intracellular life.
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Abstract

Predator—prey interactions are obvious drivers
in the evolution among higher animals,
but until today, there is little known about
such relationships in the microverse. Like
any other microbes, fungi can be prone to
predation by bacteria, amoebae, or nematodes.
While the boundaries between parasitism,
biotrophy, and predation appear to be less
sharp for bacteria, highly sophisticated
mechanisms to feed on are obvious for unicel-
lular amoebae and nematodes. Even phago-
cytic amoebae are not restricted to the
ingestion and intracellular killing of single
yeast cells or conidia but they can also attack
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and invade entire hyphae of filamentous fungi.
Nematodes, in turn, can specifically open
hyphae via injection-needle like stylets. In
this chapter, we provide a selected overview
of examples from recent years on how fungal
preys exploit a variety of strategies to either
escape or survive attacks by these specialized
environmental predators. At least some of
these factors have been shown to fulfil a dual
function, serving in predator defence but also
against innate immune cells when colonizing
higher animals. Whether predatory defence
has thus acted as a selection pressure towards
virulence determinants in fungi is a matter of
ongoing research.

Keywords

Amoeba - Predation - Phagocytosis - Virulence

9.1 Introduction

What is long known for higher eukaryotes
becomes increasingly clear also on the microbial
scale: Predator—prey relationships are abundant in
natural environments and can impose selection
pressure on both partners. More and more
examples show that not only bacteria but also
filamentous fungi and yeasts are exposed to
micropredators. While insects and even
vertebrates feed mainly on fungal fruiting bodies,
this chapter will focus on micropredators, unseen
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bacteria, nematodes, and especially the ubiqui-
tous amoebae that have adapted highly specific
tools to find, engulf, or open fungal cells. While
predatory interactions between fungi and eukary-
otic micropredators were described half a century
ago, laboratory- controlled bipartite interactions
studies aiming to reveal the mechanistic cellular,
biochemical, and molecular details were only
initiated in the last 20 years. Apart from unique
killing mechanisms on the predator side, these
studies have also provided accumulating evi-
dence that coevolution between the two partners
has triggered fungal defence mechanisms that not
only allow predator escape, but may also be
exploited against immune cells and thus favour
the emergence of traits considered to be virulence
determinants in higher animals.

9.2  Fungal Micropredators

There are numerous examples for highly evolved
mutualistic interactions between fungi and other
taxonomic groups. The most famous are the
highly complex symbioses in lichens or the for-
mation of fungal roots called mycorrhizae and are
known for several decades. Without any doubt,
these cross-kingdom partnerships have driven the
evolution of the fungal kingdom, but frequently
occurring antagonistic interactions have also
shaped the fungal tree. The two most simple
antagonisms between two fungal species occur
when one partner simply feeds on or acquires
nutrients from other fungi in close proximity
(Fig. 9.1). Such a lifestyle is considered
necrotrophic when nutrients are derived from a
dead  fungal host cell.  Necrotrophic
mycoparasites are less specific to fungal prey
and therefore exhibit a rather broad host range.
Members of the Trichoderma, Escovopsis,
Tolypocladium, and Clonostachys genera are the
most common examples (Karlsson et al. 2017).
When in contrast, a living organism is directly
attacked, a fungal lifestyle becomes biotrophic
and can be considered mycopredatory or
mycoparasitic (Barnett and Binder 1973). Since
biotrophic mycoparasites usually coevolve with
their hosts, they generally exhibit a narrow host

S. Radosa et al.

range and thus, rather few organisms have been
studied in detail. Ampelomyces quisqualis, a nat-
ural fungal opponent of Erysiphales fungi, the
causative agents of powdery mildew disease, is
one of them (Németh et al. 2019). Such
mycoparasites detect the existence of prospective
hosts, move towards, and attach to them,
followed by the frequent formation of coils
around the prey to produce appressoria-like infec-
tious structures that aid host penetration (Chet
et al. 1981; Elad et al. 1983; Lu et al. 2004).
Furthermore, numerous cell-wall disintegrating
enzymes and antifungal metabolites are released
throughout necrotrophic or  biotrophic
mycoparasitism to digest and destroy fungal
hosts and utilize nutrients (Lu et al. 2004,
Almeida et al. 2007; Druzhinina et al. 2012). In
addition to fungal predation, the best-known
examples of mycoparasites have the ability to
facilitate plant growth through rhizosphere com-
petence (Harman et al. 2004; Chatterton and
Punja 2010; Dubey et al. 2014). Therefore, their
use as an active ingredient in biocontrol
formulations is not surprising. A prominent
example of such a biocontrol agent (BCA) is
Coniothyrium minitans, a fungal parasite whose
conidia are used as a bio-fungicide against the
white mould causing fungus Sclerotinia
sclerotiorum (de Vrije et al. 2001).

A wide range of bacteria are also fungivorous
and have the capability to feed on fungal cells
(Boer et al. 2005; Fritsche et al. 2006). Like
mycoparasites, bacteria exhibit three phenomenal
mechanisms of acquiring nutrients, namely exo-
and endocellular biotrophy and exocellular
necrotrophy (Fig. 9.1). In exocellular biotrophic
interactions, bacteria coexist with fungal hyphae
or may colonize their surfaces to assimilate the
nutrients released by active fungal cells. The syn-
thesis of antibacterial compounds by fungal cells
can either be tolerated or suppressed by biotrophs,
and they may be able to modify fungal metabo-
lism to facilitate the release of nutrients (Leveau
and Preston 2008). However, endocellular
mycoparasitic bacteria reside in the living fungal
host and actively absorb the nutrients from the
cytoplasm, such as Burkholderia mallei and
Burkholderia pseudomallei (Levy et al. 2003).
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In contrast, exocellular necrotrophic bacteria
release antifungal metabolites to kill their fungal
prey and feed on them (Leveau and Preston
2008). Actinobacteria, p-proteobacteria, and
myxobacteria are only a few of the diverse bacte-
rial groups that have been shown to necrotize
fungal hosts (Boer et al. 2005). These mycopha-
gous bacteria produce a variety of distinct hydro-
lytic enzymes, toxins, and antibiotics.
Nevertheless, most of the bacterial-fungal inter-
action studies have identified low molecular
weight bacterial toxins as the primary causative
agents of fungal necrosis. Pseudomonas tolaasii’s
toxin tolaasin is one of the prominent examples of
such predation factors causing brown blotch dis-
ease in the button mushroom Agaricus bisporus
(Rainey et al. 1993; Jolivet et al. 1999; Lo
Cantore et al. 2006). Tolaasin’s ability to disrupt
the cell membrane by pore formation or
biosurfactant activity has been extensively
investigated by Jourdan and others (Scherlach
et al. 2013; Jourdan et al. 2003). A similar mode
of action has been shown for Jagaricin from
Janthinobacterium agaricidamnosum, another
membrane active toxin against a major causative
agent in soft rot disease of mushrooms like
Agaricus bisporus (Graupner et al. 2012). In addi-
tion to toxins, necrotizing bacteria may subse-
quently secrete an array of hydrolytic enzymes
such as chitinases, lipases, glucanases, and
proteases to disintegrate cell components and
absorb fungal nutrients (Lorito et al. 1994
Fogliano et al. 2002; Woo et al. 2002; Someya
et al. 2007). Moreover, biotrophic mycophagous
bacteria are anticipated to modify three key
aspects of fungal physiology, i.e., growth, mem-
brane permeability, and metabolism (nutrient
efflux) to feed on the fungal host (Leveau and
Preston 2008). For example, Pseudomonas
aeruginosa quorum sensing molecules (QSM)
3-0x0-C12 homoserine lactone (HSL) and
2-heptyl-3,4-dihydroxyquinoline have the ability
to inhibit filamentation in Candida albicans
(Davis-Hanna et al. 2008), biofilm formation in
Aspergillus fumigatus (Mowat et al. 2010), and
growth in Cryptococcus neoformans (Rella et al.
2012), respectively. This might help the bacteria
to benefit from the fungal host.

S. Radosa et al.

Single cell eukaryotes from the kingdom
Amoebozoa are dominant environmental micro-
predator that feeds on a variety of
microorganisms, including fungi (Chakraborty
et al. 1983; Old and Darbyshire 1978; Magnet
et al. 2015). However, only few of them such as
Acanthamoeba  castellanii,  Allovahlkampfia
spelaea, Protostelium aurantium, and
Vermamoeba vermiformis have been well
documented as true fungal  predators
(Albuquerque et al. 2019; Tosetti et al. 2014;
Hillmann et al. 2015; Radosa et al. 2019; Radosa
et al. 2021).

Interestingly, these fungivorous amoebae also
display distinct predatory tendencies based on the
species and environment they live in. For exam-
ple, P. aurantium, a widespread inhabitant of
plant leaves, can feed on many members of Can-
dida clade but not on any of those of the Saccha-
romyces clade (Radosa et al. 2019).
Consequently, their role is crucial in determining
the composition of the microbial communities in
the environment (German et al. 2013; Siddiqui
and Khan 2012). When considering that fungi and
their amoeba predators may have interacted for
millions of years it appears obvious that predatory
selection pressure could have boosted the ramifi-
cation of the fungal evolutionary tree.

The amoeba P. aurantium utilizes phagocyto-
sis and ruphocytosis mechanisms to feed on the
opportunistic human pathogenic yeast Candida
parapsilosis and the filamentous fungus
A. fumigatus, respectively. Following phagocyto-
sis, the yeast cells of C. parapsilosis encounter
oxidative stress and are lyzed in acidified
phagolysosomes of P. aurantium. A similar
mechanism of intracellular killing was observed
for swollen conidia of A. fumigatus. However,
before swelling, dormant conidia of Aspergillus
and a variety of other fungi are covered by pro-
tective coats of amorphous polymers and
hydrophobin proteins. These melanins and
hydrophobin layers can mask the pathogen
(or prey) associated molecular patterns
(PAMPs), thereby protecting the dormant conidia
from predation by P. aurantium and other
amoebae (Ferling et al. 2020; Geib et al. 2016;
Radosa et al. 2019; Radosa et al. 2021).
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Germlings and hyphae have either none or
drastically reduced melanin layers, allowing
amoebae like P. aurantium to perforate the cell
membrane of A. fumigatus. Germlings and
hyphae are further invaded by the amoebae and
the complete cytoplasmic fluid is resorbed within
minutes. This  mechanism was  coined
ruphocytosis (Fig. 9.2)., based on the Greek
word povgw, “to suck”, or “slurp” (Radosa
et al. 2019).

The first observation of fungivorous amoeba
dates back to the original discovery of a predation
on Cryptococcus neoformans (Castellani 1930).
A. castellanii can phagocytose a wide variety of
fungal species, but feeding in laboratory
conditions depends on environmental factors,
more precisely on balance of divalent cations
Mg?* and Ca** (Fu and Casadevall 2018). The
phospholipid-dependent expression of polysac-
charide capsule in the yeast C. neoformans and
temperature-mediated filamentous growth of
dimorphic fungi also protect them from intracel-
lular killing by A. castellanii (Steenbergen et al.
2004; Chrisman et al. 2011; Guimaraes et al.
2016). To further analyse the impact of fungal
predation, Gongalves and colleagues infected the
wax moth  Galleria  mellonella  with
C. neoformans, C. albicans, Paracoccidioides
brasiliensis, Sporothrix brasiliensis, Histoplasma
capsulatum, and Saccharomyces cerevisiae cells
recovered from amoeba and in all cases the larvae
were killed quicker than controls (Gongalves
et al. 2019). Hence, predation studies with

Fig. 9.2 Ruphocytic
interactions of Protostelium
aurantium with the
filamentous fungus
Aspergillus fumigatus. The
amoebae attack and invade
hyphal filaments. F-actin
filaments of P. aurantium
and chitin of the fungal cell
wall are stained in red and
blue, respectively
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fungivorous amoebae such as A. castellanii and
P. aurantium support the hypothesis that environ-
mental interactions trigger the evolution of path-
ogenic traits or resistance to immune cells.

9.3  Dual-Use of Fungal Predatory
Defence Mechanisms

as Virulence Factors

Environmentally acquired human pathogenic
fungi naturally occur as saprophytes involved in
the processing of decayed organic matter, nutri-
ent, and carbon recycling, intensely shaping the
microbiome they are inhabiting. In this hostile
milieu, they are constantly exposed to changing
conditions such as temperature, light, oxygen,
salinity, or humidity, as well as to competition
for nutrients with other microorganisms and more
importantly, they often represent a central dietary
resource for soil protists, nematodes, or
arthropods (Bahram and Netherway 2021).

In this respect, fungi have evolved sophisti-
cated strategies to enhance their competitiveness
for nutrient acquisition and to protect themselves
against eukaryotic predators (Kiinzler 2018). In
turn, predators continuously evolved new

strategies to secure food from their preys. This
process of an evolutionary arms race has widely
been described for fungi and nematodes. The
latter even includes fungivorous nematodes as
well as nematophagous fungi (Zhang et al.
2020; Bleuler-Martinez et al. 2011; Tayyrov
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et al. 2018; Fischer and Requena 2022; Yang
et al. 2020; Youssar et al. 2019). Both antagonists
can contribute significantly to the immune status
of surrounding plants and gain a lot of interest due
to their possible role in biocontrol applications
mainly in agriculture and forestry (Zhang et al.
2020).

For several human pathogenic fungi it has
been demonstrated that some of these predator
defence factors fulfil a so-called dual-use in the
sense that they can be equally relevant for the
survival in the natural environment as well as
within the human host (Novohradska et al.
2017). This appears convincing since an infection
of humans or mammals with a fungal conidium or
an environmental yeast like C. neoformans seems
to be only accidental and any pathogenic outcome
depends almost exclusively on the host suscepti-
bility. Most of the environmentally acquired path-
ogenic fungi like A. fumigatus or C. neoformans
have defined ecological niches as decomposers of
organic material in natural environments, such as
in compost heaps or decaying wood and thus,
lack the specific need for a human or animal
host (Casadevall and Pirofski 2007). This idea
has already been extensively studied in bacteria
like Legionella spp. or Mycobacterium spp., clas-
sic example of intracellular pathogens, which can
employ amoebae as reservoirs and exploit similar
mechanisms during replication and survival in
human phagocytes (Molmeret et al. 2005).

9.3.1 Melanins

The chemically diverse and irregularly structured
polymers are among the most prominent
examples of dual-use factors contributing to the
defence against phagocytic immune cells and
amoebae. An important role for melanins in
protecting fungi against a variety of abiotic
stresses is known for a long time and includes
UV light protection, metal binding, energy
harvesting, thermoregulation, protection against
oxidative stress, but also inhibitory activities
against microbial lytic enzymes and defensins,
thereby enhancing the fungal survival in the envi-
ronment (Heinekamp et al. 2013).

S. Radosa et al.

In A fumigatus, green  pigment
dihydroxynaphthalene (DHN) melanin regulates
host proinflammatory cytokine response by phys-
ically masking fungal PAMPs from immune rec-
ognition (Chai et al. 2010). During the
germination of fungal conidia, the melanin layer
is gradually degraded, exposing fungal PAMPs
and allowing recognition by pathogen recognition
receptors (PRRs). A pigment-less mutant of
A. fumigatus, ApksP, was taken up at signifi-
cantly higher rates by human macrophages than
a respective wild type strain (Luther et al. 2007).
Interestingly, similar outcomes have resulted
from the interaction of A. fumigatus with amoe-
boid soil predator Dictyostelium discoideum
(Hillmann et al. 2015). Here, fungal spores were
efficiently phagocytosed by D. discoideum, but
ingestion was higher when conidia were devoid
of the DHN-melanin. What is more, the same
study proved the co-occurrence of A. fumigatus
and Dictyostelids sharing the same micro-habitats
indicating that such predatory—prey interactions
could be abundant in nature. The biosynthesis of
DHN-melanin is, in fact, restricted to the fruiting
bodies, suggesting its possible protective role
against environmental predators.

Further, by dissecting the endocytic pathway
using confocal microscopy, it was found that
DHN-melanin highly reduced acidification of
phagolysosomes of murine-derived alveolar
macrophages, human monocyte-derived
macrophages, human neutrophils, and epithelial
cells (Thywillen et al. 2011; Amin et al. 2014). In
D. discoideum, phagocytosis of fungal conidia
was followed by the formation of the nascent
phagosome, but here the phagolysosome was rap-
idly, but only transiently acidified, then
neutralized, before the final exocytosis of the
fungal spore. However, melanized conidia
displayed an extended retention time within the
phagocytic cells. As a repercussion, the swelling
of the fungal spore induced enhanced
phagolysosomal damage. At the same time, the
membrane repair machinery of the amoeba was
inefficiently recruited to the damage sites, thereby
interfering with the canonical autophagy pathway
of the amoeba (Ferling et al. 2020).
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The cinnamon-brown conidia of the closely
related Aspergillus terreus are known to be cov-
ered by non-ribosomally synthetized
Asp-melanin. A. the highly
conserved naphthopyrone synthase, and as a con-
sequence, it is not able to inhibit phagolysosomal
acidification in macrophages (Slesiona et al.
2012). Nevertheless, Asp-melanin accounts for
resistance against UV light and even hampers
the phagocytosis by amoeba D. discoideum, thus
likely contributing to the survival of this fungus in
its natural environment (Geib et al. 2016).

As a sign of convergent evolution, a compara-
ble protective mechanism has also been engaged
by the basidiomycetous yeast C. neoformans.
Like in A. fumigatus, melanin of C. neoformans
provides protection from ultraviolet light and
scavenges ROS generated by phagocytes (Liu
et al. 2021). C. neoformans has long been studied
as a typical example of an environmentally
acquired fungal pathogen whose virulence
determinants for humans have evolved as a con-
sequence of selection pressure imposed by amoe-
boid predators (Derengowski Lda et al. 2013).
Striking parallels in phagocytic processing by
amoeba can be found when comparing to fungus—
macrophage interactions (Gaylord et al. 2020).
Melanin and polysaccharide capsules (mentioned
later) are major virulence factors of
C. neoformans. When phagocytosed by the
amoeba castellanii,  both
melanized and non-melanized strains survived
and replicated inside of the host cell which has
led to the death of amoeba cells. However, a
difference in survival was observed when cells
devoid of melanin also lacked a capsule. These
cells were rapidly killed (Steenbergen et al.
2001). Hence, melanin significantly contributes
to the resistance against amoeba predation, but
the capsule seems to play an even more important
role in this interaction.

terreus lacks

Acanthamoeba

9.3.2 Capsule

The characteristic polysaccharide capsule of
C. neoformans consists of two large repeating
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polymers, glucuronoxylomannan (GXM) and
glucuronoxylomannogalactan (GXMGal).
Although the capsule itself is weakly immuno-
genic, it masks the underlying cell wall PAMPs,
such as pB-glucans, a-mannans, and chitin, from
the recognition by the innate immune system
(Gaylord et al. 2020).

Incubation of C. neoformans  with
A. castellanii elicited an approximately four-fold
increase in the cryptococcal capsular volume
compared to yeast cells grown in the absence of
amoeba (Chrisman et al. 2011). Similar capsular
enlargement has been observed when yeast cells
were confronted with macrophages. Environmen-
tal strains of C. neoformans have in general
smaller capsule, in contrast with the situation
found during infection whereby cells with very
large capsules are commonly found in mamma-
lian tissue (Zaragoza and Casadevall 2004).
While in human cells, the capsular enlargement
arises from high CO, and iron deprivation, in
amoeba, this effect occurs in response to
phospholipids of amoeba origin. C. neoformans
can cause enzymatic damage to the cell mem-
brane of amoebae and macrophages thus releas-
ing membrane phospholipids. These are
subsequently cleaved by fungal extracellular
phospholipase B, releasing their polar heads that
are in turn sensed by C. neoformans, triggering
capsule enlargement and the formation of giant
cells (Chrisman et al. 2011).

9.3.3  Phospholipase
Phospholipase activity is another important viru-
lence factor and a factor of dual-use in Crypto-
coccus survival. Phospholipase B-deficient
mutant, Aplbl, was found to be dramatically
impaired in virulence in both the mouse inhala-
tional model and the rabbit meningitis model.
Furthermore, Aplbl strains exhibited a growth
defect in a J774 macrophage-like cell line (Cox
et al. 2001).

This mutant was also unable to growth in the
presence of the amoeba A. castellanii, suggesting
a significance of this virulence factor in
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environment as well as infection
(Steenbergen et al. 2001).

In addition, phospholipase B seems to be
implicated in the process of non-lytic exocytosis,
also known as non-lytic phagosomal extrusion or
vomocytosis, as mutants deficient in PIbl secre-
tion are impaired in non-lytic exocytosis (NLE)
(Gaylord et al. 2020). Identical mechanisms of
WASH-mediated constitutive exocytosis and
non-lytic exocytosis are employed by the fungus
to escape both amoeba and human macrophages
(Watkins et al. 2018; Ma et al. 2006).

during

9.3.4 Mannoprotein Coat

In a first line of fungal defence stands the hiding
from this recognition, and fungi have, in this
respect, covered their PAMPs under the thick
layers of cell wall composites, such as aforemen-
tioned capsule in C. neoformans. In the human
commensal Candida albicans, the functional role
of the capsule is at least partially fulfilled by the
presence of a thick surface coating with
mannoproteins (Erwig and Gow 2016).

Over the past decade, it has clearly been
demonstrated that the mannoprotein coat is essen-
tial for C. albicans to escape the recognition of
innate immune cells (McKenzie et al. 2010; Bain
et al. 2014). The uptake and phagocytosis by
macrophages were significantly reduced in
mutants defected in phosphomannan biosynthesis
and O- and N-linked mannosylation.

However, only lately, the role of this protec-
tive coat has been proven to be effective also in
the context of the fungivorous amoeboid predator
Protostelium aurantium (Radosa et al. 2019).
Treatment with sub-inhibitory concentrations of
caspofungin or mannosidase turned the previ-
ously unrecognizable C. albicans to a readily
ingested food source.

In accordance with this, two mannose-binding
proteins on the surface of A. castellanii have been
identified to mediate the recognition of the fungal
prey (Gongalves et al. 2019). Besides, the
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interaction between A. castellanii and several
fungi was inhibited by the addition of mannose,
while no inhibition was observed with
N-acetylgalactosamine (GalNac) and galactose.

9.3.5 Reactive Oxygen Species

Apart from recognition-shielding function, mela-
nin and capsule structures on the surface of many
fungi were thought to be antioxidants against host
reactive oxygen and nitrogen species (ROS,
RNS) (Zaragoza et al. 2008; Liu et al. 2021).
However, the idea that melanins would serve a
direct protective role against ROS was recently
challenged for DHN-melanin of A. fumigatus, as
conidia of mutants lacking DHN-melanin biosyn-
thesis were as sensitive to ROS as melanized
wild-type conidia (Keizer et al. 2022). Reactive
oxygen species, such as superoxide (02™) and
hydrogen peroxide (H,O,) are by-products of
normal aerobic metabolism, and together with
more reactive singlet oxygen('0,), peroxide radi-
cal (HO",), peroxide ion (HO™,), hydroxyl radi-
cal (HO"), and nitric oxide (NO") cause DNA
damage, protein inactivation, and lipid peroxida-
tion via oxidation of iron sulphur centre and cys-
teine residues in virtually any cell molecule
(Aguirre et al. 2006; Gessler et al. 2007). Cells,
in turn, evolved a number of mechanisms to
reduce the intracellular ROS levels, like superox-
ide dismutases, catalases, peroxidases, glutathi-
one peroxidases, or peroxiredoxins. Activation
of this antioxidant response is not only an impor-
tant virulence trait, but also many fungi produce
and handle ROS as a signal transduction mecha-
nism in multicellular development. In turn, innate
immune cells may exploit ROS to activate the
fungal apoptosis-like pathway, thereby Kkilling
ingested conidia of the human pathogen
A. fumigatus (Shlezinger et al. 2017). Besides
immune cells, the generation of ROS as a key
component of cell autonomous defence against
various pathogens has also been observed for
environmental predators, such as insects (Bergin
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et al. 2005), nematodes (McCallum and Garsin
2016), or amoebae (Dunn et al. 2018).

The insect immune response possesses a mul-
titude of structural and functional similarities to
the innate immune response of mammals.
Haemocytes of the greater wax moth
G. mellonella were found to be capable of
phagocytosing C. albicans cells in a manner sim-
ilar to human neutrophils via the production of
superoxide (Bergin et al. 2005). The study further
identified several proteins being homologous to
the NADPH oxidase complex of human
neutrophils.

The innate immune response of a nematode
Caenorhabditis elegans is also accompanied by
an increase of reactive oxygen species. The
genome of C. elegans encodes for two NOX
family enzymes, however ROS production has
been functionally characterized only for the
BLI-3 enzyme. BLI-3 generated ROS play an
important defensive role against both epidermal
and intestinal fungal infection (McCallum and
Garsin 2016).

The amoeba D. discoideum encodes for three
NADPH oxidase catalytic subunits, i.e. noxA to
noxC, with NoxA and NoxB being even homolo-
gous of the mammalian gp91phox subunit (Lardy
et al. 2005). In co-incubation experiments with
A. fumigatus, ROS production coincides with
neutralization of A. fumigatus-containing
phagolysosomes, as previously shown for den-
dritic cells, having a proposed function in
DHN-melanin degradation (Ferling et al. 2020).

In another example, the fungivorous amoeba
P. aurantium directly targets cell redox homeo-
stasis upon predation on the yeast Candida
parapsilosis (Radosa et al. 2021). Yeast cells
were exposed to host ROS shortly after uptake
and resided within an acidic compartment, a pro-
cess widely conserved in phagocytic cells of
immune system.

These studies suggest that soil fungi have been
constantly exposed to the ROS generated by their
environmental predators and conversely, must
have evolved strategies to counter this biotic
stress.  Further functional genomics of
C. parapsilosis confronted with P. aurantium
revealed the highly expressed PRXI gene in
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C. parapsilosis, encoding a thioredoxin-linked
peroxidase accountable for cell redox homeosta-
sis and response to oxidative stress (Radosa et al.
2021). A C. parapsilosis PRX1 mutant was found
to be not only impaired in the growth when
subjected to organic hydroperoxide but also
displays lower survival rate when confronted
with amoeba as well as primary macrophages.
Finally, however, the production of reactive
oxygen species by fungi as a direct response to
environmental predators has not been clearly
observed yet. Even more, it seems plausible that
host-derived ROS act rather as a signal molecule
in phagosome maturation (Ferling et al. 2020).

9.3.6 Nutritional Immunity

Every living organism requires a trace amount of
metals like copper, iron, zinc, and manganese for
its cellular functions. In human pathogenic fungi,
maintenance of metal homeostasis has been
extensively studied as a possible virulence factor,
since many host cells, as a form of defence mech-
anism, actively sequestrate the amount of these
micronutrient for the pathogen availability—a
process collectively called nutritional immunity
(Malavia et al. 2017).

The mechanisms how fungi deal with the lack
of trace metals seems to be highly adapted to the
environment in which they have evolved.
Environmentally acquired fungi like
A. fumigatus have developed more generic
siderophore systems to acquire the iron, unlike
human-adapted fungi like C. albicans, which
relies on mechanisms to obtain iron from host-
specific sources like heme or ferritin (Siscar-
Lewin et al. 2022).

Amoeba cells are able to modulate zinc and
copper homeostasis in an effort to attenuate
microbial pathogenicity. This process has been
described for bacterial cells, in fact, the same
strategy has been now observed in fungi (German
et al. 2013; Hao et al. 2016).

The acidic environment of amoebal
phagolysosomes moreover increases the protease
activity and enhances the toxicity of trace metals
such as Cu(I) and Zn(Il), and respectively
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decreases their bioavailability. Transcriptional
profiling of C. neoformans during ingestion by
A. castellanii and macrophages revealed a com-
mon set of upregulated genes involved in nutrient
uptake (Derengowski Lda et al. 2013). An exper-
imental study of Ribeiro et al. provided further
evidence that amoebae can reduce the zinc avail-
ability for Cryptococcus gattii in order to reduce
fungal proliferation (Ribeiro et al. 2017). In par-
allel, the Pl-type copper exporter CRPI of
C. parapsilosis was found to be the highest
upregulated gene in response to amoeba preda-
tion, whereas an orthologue to CTR1 copper
importer was the second most downregulated
gene (Radosa et al. 2021). Additionally, sensitiv-
ity of the C. parapsilosis deletion mutant A/Acrpl
towards high copper concentrations was only
apparent when cells were exposed to high Cu at
acidic pH, suggesting that intoxication of fungal
cells inside of the phagosomal compartments
represents an evolutionary antimicrobial activity
evolved by phagocytic cells.

9.3.7 Production of Secondary

Metabolites and Peptides

Production of secondary metabolites and peptides
(either  ribosomally or  non-ribosomally
synthesized) acts as a direct killing factor and
main chemical defence of fungi.

These bioactive compounds are involved in
numerous inter-species interactions such as com-
munication, chemical defence, endosymbiotic
relationship, or pathogenicity (Boysen et al.
2021).

Interestingly, it has been proposed that the
effector molecules directed against microbial
competitors are secreted by fungal hyphae or
mycelium, whereas molecules against metazoan
predators are usually stored intracellularly within
the fungal hyphae or in the fruiting bodies and are
taken up during predation (Kiinzler 2018).
Gliotoxin, aflatoxin B1, cyclosporin A, lova-
statin, or penicillin are all autonomously secreted
examples of fungal defence effectors, naturally
meant to target either fungi, bacteria, or insects
living in close proximity and competing for the
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same source of nutrients. Several secondary
metabolites have been already identified to act
effectively against environmental predators,
possessing either amoebicidal or insecticidal
activity (Boysen et al. 2021). For example, the
model mushroom Coprinopsis cinerea produces a
mycelium-localized toxic compound upon chal-
lenge with the fungivorous nematode
Aphelenchus avenae (Plaza et al. 2016). More-
over, the functional analysis identified a specific
induction of several genes encoding previously
characterized nematotoxic lectins with high tox-
icity towards the bacterivorous nematode
C. elegans, and several putative antibacterial
proteins (Plaza et al. 2016).

One of the best known fungal secondary
metabolite is aflatoxin, produced mainly by fila-
mentous fungus Aspergillus flavus,
contaminating grain, seeds, spices, edible nuts,
and even milk. Aflatoxin is extremely
hepatocarcinogenic in humans, further causing
immune suppression, acute aflatoxicosis, and
underdevelopment in small children (Wild and
Gong 2009). However, not all strains of
A. flavus produce aflatoxin, and it has been
shown that selection for aflatoxin production is
driven by interaction with insects (Drott et al.
2017). Aflatoxin greatly reduced the fitness of
Drosophila melanogaster and the mortality of
its larvae increased when infected with
toxicogenic fungal strains, in comparison to
non-toxicogenic strains. Interestingly,
toxicogenic strains showed even slightly higher
fitness during the larvae infection but not in the
absence of larvae. Moreover, the addition of
external aflatoxin greatly increased fungal fitness
but only in the presence of D. melanogaster lar-
vae. These data suggest that aflatoxin production
is selected for through an interaction with insects
and the cost of aflatoxin production in the absence
of susceptible insects will favour non-toxigenic
isolates (Drott et al. 2017).

The dual-use of cyclosporin A produced by
Tolypocladium inflatum has been shown, as it
blocks a crucial step in calcium dependent signal
transduction in T-cells via inhibition of
calcineurin, resulting in immunosuppression, but
at the same time it can also suppress insect
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defence cells (Bushley et al. 2013) and poses even
antifungal properties (Cruz et al. 2000).

Gliotoxin is a non-ribosomal peptide derived
toxin of several fungal genera such as Aspergil-
lus, Trichoderma, and
Leptosphaeria, whose production is furthermore
tightly regulated by a plethora of exogenous
biotic and abiotic factors (Boysen et al. 2021).
Together with the spore-borne toxin trypacidin
and meroterpenoid fumagilin, these secondary
metabolites are not only cytotoxic to humans but
play parallel roles in natural environment against
amoeboid predators such as D. discoideum and
Entamoeba histolytica, or against eukaryotic
parasites such as Trypanosoma and Plasmodium
(Hillmann et al. 2015; Mattern et al. 2015; Arico-
Muendel et al. 2009).

Spore  diffusates  of = non-germinated
A. fumigatus conidia, of both clinical and envi-
ronmental isolates, inhibited certain functions of
neutrophil phagocytes as well as the growth of the
amoeba Naegleria gruberi (Hobson 2000),
suggesting that dormant conidia might have to
defend against phagocytic predators.

In this sense, it is worth mentioning that
co-cultivation experiments of fungi with other
species often lead to the activation of silent gene
clusters and thus, to the discovery of new
metabolites with  antimicrobial  properties
(Rutledge and Challis 2015). For example,
grazing by larval, D. melanogaster induced the
expression of several putative resistance genes in
Aspergillus nidulans, including the secondary
metabolite master regulator LaeA (Caballero
Ortiz et al. 2013). A. nidulans, in fact, relies on
secondary metabolite production to avoid preda-
tion by the fungivorous springtail Folsomia can-
dida. Moreover, arthropod-induced production of
secondary metabolites further accounted for a
fungal phenotype that showed enhanced resis-
tance to fungivory (Dol et al. 2013).

Penicillium,

9.3.8 Filamentous Growth

A key component of fungal virulence is admit-
tedly phenotypical switching from yeast to
hyphae and filamentous growth. Despite the
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large number of fungal species that have the abil-
ity to grow filamentously, only a few of them
switch to hyphae upon infection. These include
C. albicans, Candida dubliniensis, Malassezia
spp., or Trichophyton rubrum (Brand 2012). In
the case of C. albicans, the combination of body
temperature and serum is a key activator of
hyphae formation, suggesting the adaptation of
this fungus to commensal lifestyle. In fact, it
seems very reasonable that the mechanism of
hyphae formation in many fungi serve other
purposes, such as substrate adherence, transloca-
tion between environments, nutrient acquisition,
but induced filamentation or even the formation
of biofilms may again serve a dual use to defend
against natural predators.

Several dimorphic fungi, such as Histoplasma
capsulatum, Blastomyces dermatitidis, and
Sporothrix schenckii switch to a hyphae forma-
tion upon interaction with the amoeba
A. castellanii occurring even under the condi-
tion where the yeast form in preferred
(Steenbergen et al. 2004). C. albicans forms
filaments when ingested by nematode C. elegans
(Breger et al. 2007). Hyphae of the filamentous
fungus A. fumigatus are directly targeted by
fungivorous amoeba P. aurantium via
“ruphocytosis”, a strategy of amoeba to perforate
the tip of the hyphae, invade it, and feed on the
cytoplasmic content (Radosa et al. 2019).

An incubation of D. discoideum with
non-filamentous C. albicans mutants defected in
the hyphal growth, such as Acphl/Aefgl or
Ahgcl mutant, resulted in reduced resistance
towards amoeba predation. Besides,
co-incubation with the amoeba at 22 °C induced
the hyphae formation in C. albicans wild type
even without the presence of any known
hyphae-inducing substance in the medium in the
contact-independent manner (Koller et al. 2016).

9.3.9 Dual-Use Virulence Factors
of Phytopathogenic

and Entomopathogenic Fungi

The number of studies concerning tripartite inter-
action of soil microorganism as an evolutionary
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driver underlying the acquisition of virulence
traits and establishment of endosymbiosis
between fungi and bacteria is recently increasing.
The phytopathogenic mucoromycete Rhizopus
microsporus was found to harbour different bac-
terial endosymbionts that are necessary for full
fungal virulence and serve the fungal host in
fending off protozoan and metazoan predators
(Itabangi et al. 2022; Richter et al. 2022).

The endosymbiotic beta-proteobacterium
Mycetohabitans rhizoxinica, residing within the
fungal hyphae, produces the extremely potent
toxin rhizoxin. At least one ecological role of
this phytotoxin seems to be the inhibition of
microtubule polymerization in fungal
micropredators, such as the amoeba
P. aurantium and nematodes like Aphelenchus
avenae, and thereby protecting the host fungus
from these two fungivores (Richter et al. 2022).

This strategy to defend against environmental
micropredators seems to be a common trait for
Mucormycota fungi, since all toxic compounds
identified in Mucormycota fungi are produced by
their bacterial endosymbionts. On the other hand,
the important plant-growth promoting fungus
Mortierella verticillata forms an endosymbiotic
relationship with the toxin-producing bacterium
Mycoavidus necroximicus, which protects the
fungus, and thereby also the plant, from nematode
attacks (Biittner et al. 2021).

A so far unknown compound is also produced
by endosymbiotic bacterium Ralstonia pickettii of
R.  microsporus. Conditioned media from
endosymbiont-containing fungal cultures
inhibited antiphagocytic activity of macrophages
as well as of D. discoideum amoeba. Besides, the
presence of the endosymbiotic bacterium was
necessary for the virulence of R. microsporus in
the zebrafish model (Itabangi et al. 2022).

Last but not least, even the virulence of
entomopathogenic fungi Metarhizium anisopliae
and Beauveria bassiana could be explained as a
consequence of fungal adaptation to avoid
amoeba grazing (Bidochka et al. 2010). As men-
tioned earlier, phagocytic haemocytes, circulating
in the hemolymph of insect, are analogous to
mammalian macrophages. Interestingly, the
authors further proposed the idea, that the ability

S. Radosa et al.

of fungi to avoid amoeboid predators seems to be
restricted to zoopathogenic fungi, including the
invertebrate pathogens, potentially due to the
absence of phagocytic cells that would reinforce
such an adaptation.

Hence, studies on fungal interactions with
non-mammalian phagocytes shed the light on
the origin and evolution of fungal virulence
determinants. Predator-induced resistance to
fungivory therefore significantly contributes to
the understanding of the evolutionary distinct
strategies of fungal pathogenicity.

9.4  Experimental Efforts
on Evolution of Fungal

Virulence

The major fungal lineages are very ancient and
have emerged approximately 1.5-two million
years ago, long before the appearance of innate
immunity, which is estimated to have emerged
300—400 million years ago (Hedges et al. 2004).
From over 3—five million fungal species, approx-
imately only 500 are able to cause disease in
humans (Siscar-Lewin et al. 2022). Thus, to
establish the infection or commensal stage within
the human host, fungi must have already been
endowed with the ability to counteract with innate
immune system. These properties they have either
acquired earlier during the common evolution in
the environment or lately by within the host
selection.

A commonly accepted idea for the evolution
of microbial virulence, known as continuum
hypothesis, proposes that pathogens should
always evolve towards avirulence or reduced vir-
ulence, especially if there is a higher possibility
for vertical transmission. However, when there is
a trade-off between virulence and vertical trans-
mission, selection may favour horizontal trans-
mission and higher virulence. In other words,
virulence factors are maintained to support the
exploitation, proliferation, and transmission of
the parasite (Alizon et al. 2009). This seems to
be typical for fungal plant pathogens. Less viru-
lent fungal strains displayed a lower rate for ver-
tical transmission, probably due to their slow
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growth, thereby providing enough time for more
chemical defences to be mobilized by the plant
before fungal hyphae reached the seed.
Atkinsonella hypoxylon is a fungal pathogen of
the grass Danthonia compressa. Fully virulent
strains reduce fitness of the grass by 50% or
more by castrating the inflorescence, despite
reducing its own change for vertical transmission
by seeds. Less virulent strains of A. hypoxylon are
causing less damage to the plant inflorescence but
interestingly, those have only rarely been found in
the nature (Kover and Clay 1998). Since the 90 s,
the “trade-off” hypothesis has been significantly
challenged, suggesting that the trade-offs exist,
but may not be as simple as it was usually consid-
ered. Consequently, at least two alternative
hypotheses have been proposed to explain the
evolution of microbial virulence: the “short-
sighted” and the “coincidental” hypothesis.

The coincidental evolution hypothesis states
that factors responsible for virulence were not
generated for virulence per se, but rather to
increase the fitness of the pathogen in a
non-parasitic context (Levin and Svanborg Edén
1990; Adiba et al. 2010). This idea was strongly
supported by a series of microevolution
experiments, in which continuous passage of an
avirulent or low virulent strain of a certain patho-
gen through an environmental predator, would
subsequently led to the generation of such a
trait, that would increase the resistance of fungus
in either murine infection or enhance the survival
when confronted with innate immune cells.

The avirulent strain of  Histoplasma
capsulatum, CIB 1980, was passaged with and
without amoeba A. castellanii and then used to
infect mice. While no colony-forming units were
recovered from mice infected with non-passaged
strain, mice infected with amoeba-passaged strain
suffered from persistent fungal infection. Expo-
sure of H. capsulatum to A. castellanii, moreover
resulted in an increase in hyphal cells
(Steenbergen et al. 2004). Similarly, yeast cells
of H. capsulatum are under normal condition, not
able to kill the larvae of G. mellonella. However,
the same cells recovered from an A. castellanii
interaction, killed 100% of larvae within 6 days.
A similar enhanced virulence phenotype against
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Galleria larvae after co-culture with A. castellanii
was observed for the dimorphic fungi Sporothrix
brasiliensis and Paracoccidioides brasiliensis as
well as for C. neoformans, C. albicans, and
S. cerevisiae (Gongalves et al. 2019).

An encapsulated strain of C. neoformans
increased its virulence by the formation of a larger
capsule and faster time to melanization when
continuously incubated with D. discoideum
(Steenbergen et al. 2003). Even here, the mice
infected with C. neoformans grown with live
D. discoideum had significantly shorter survival
time than mice infected with C. neoformans
grown either alone or in the presence of dead
amoeba. Furthermore, this study also proved the
concept that even an avirulent strain can turn out
to be virulent in a susceptible host, as the incuba-
tion of acapsular C. neoformans with amoeba
impaired in phagocytosis resulted in infection.

Interestingly, exposing the environmental
isolates of C. meoformans to another amoeba
A. castellanii over the prolonged period resulted
in complex pleiotropic changes such as
pseudohyphal growth, larger capsule thickness,
increased urease activity, enhanced macrophage
toxicity but reduced melanin production. How-
ever, this in turn was accompanied by less viru-
lence in mice because the strain elicited a strong
antifungal immune response (Fu et al. 2021).
Variations in phenotypic and genetic changes
between evolved strains suggested that the micro-
evolution happens frequently and rapidly when
exposed to amoeba.

In another study, previous interaction of
C. neoformans with A. castellanii generated fun-
gal cells more efficient in killing the wax moth
G. mellonella and more resistant to oxygen- and
nitrogen-derived molecular species. Here,
increased urease activity and amoeba-induced
changes in cell wall architecture accounted
proposedly for the enhanced survival in this
invertebrate model (Rizzo et al. 2017).

The thermodimorphic fungus
Paracoccidioides spp., endemic to Latin Amer-
ica, is a causative agent of a neglected tropical
disease called paracoccidioidomycosis despite the
fact for its life cycle does not need to infect
humans or other animals. Cultivation of soil
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samples revealed the presence of numerous
amoeba species, such as Allovahlkampfia
spelaea,  Vermamoeba  vermiformis,  and
Acanthamoeba sp. All of these efficiently
ingested and killed yeast cells of P. brasiliensis.
Later, a sequential co-cultivation of
Paracoccidioides with A. castellanii selected for
the induction of virulence transcripts and accu-
mulation of cell wall alpha-glucans,
polysaccharides that mask the recognition of fun-
gal PAMPs. Survived fungal cells were further
confronted with amoeba and J774 murine
macrophages and used to infect BALB/c mice
and G. When compared to
non-passaged cells, the proportion of dead
amoeba increased and the number of fungal
colony-forming units was significantly higher in
both amoeba and murine macrophages. Addition-
ally, evolved strains were also able to kill both
animal models significantly faster (Albuquerque
et al. 2019).

Noticeably, in the centre of these experiments
stands an amoeboid predator, giving the evidence
that amoeboid predators act as an important medi-
ator for the maintenance of fungal virulence. The
idea that environmentally acquired pathogens
evolved their virulence factors upon interaction
with soil amoeba in the so-called environmental
school of virulence, has been studied over
decades. However, only recently it has been
summarized as “Amoeboid predator-animal viru-
lence” hypothesis (Casadevall et al. 2019). In
summary, this hypothesis states that constant
amoeboid predation on fungal species during evo-
lution selected for the virulence traits that
supported the virulence in certain animal hosts.
Given the countless number of potential soil
predators, this hypothesis can also be universally
extended to other microorganisms and their soil
predators. The whole phenomenon seems to fol-
low a similar pattern and seems to have occurred
many times during the evolution: first, amoeba
“feast” on the microorganism for its own nutrient
acquisition; prey microorganisms adapt to the
host cell and became more “fit” in terms of
selecting for and maintenance of virulence

mellonella.
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factors; the fitness adaptation to the evolutionary
more complex hosts results in the “fist” for the
survival within the host milieu and consequently
the host damage as “feat” outcome and returning
the pathogen back to the environment; compre-
hensively named as “feast-fit-fist-feat” or “4F”
hypothesis (da Silva Ferreira et al. 2021).
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Abstract

Fungi are key players in vital ecosystem
services, spanning carbon cycling, decomposi-
tion, and varied plant symbioses. Due to their
cryptic lifestyle, it was difficult to assess their
diversity until the advent of methods of high-
throughput sequencing. Based on the papers
utilizing high-throughput sequencing
approaches to study fungi in natural habitats
using the nuclear ribosomal internal tran-
scribed spacer 2 (ITS2) contained in the public
open database GlobalFungi (https://
globalfungi.com), the current estimate of
global fungal diversity is 6.3 million species,
considering 97% sequence similarity as a
species-level threshold. Of the observed
fungi, most belong to Ascomycota and
Basidiomycota: 57% and 37% of taxa, respec-
tively. Soil and litter represent the habitats
with the highest alpha diversity of fungi
followed by air, plant shoots, plant roots, and
deadwood. Based on the high-throughput
sequencing data, the highest proportion of
unknown fungal species is associated with
samples of lichen and plant tissues. Climate
was identified as the key driver of fungal bio-
geography. In contrast to plants and most other
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taxa, fungal diversity in tropics appears to be
lower than at high latitudes. Despite
limitations, the use of high-throughput
sequencing is an important tool for the assess-
ment of diversity, biogeography, and ecology
of fungi.

Keywords

Fungal diversity - High-throughput
sequencing - Metabarcoding - Biogeography -
Fungal ecology

10.1 Introduction

Fungi represent one of the most diverse groups of
organisms in the world (Purvis and Hector 2000;
Hawksworth 2001). However, the cryptic life-
style of most fungal species makes estimates of
global biodiversity challenging. Given their criti-
cal roles in many ecosystem processes (Peay et al.
2016), understanding the extent of global fungal
biodiversity and the factors that determine it can
provide crucial information about the stability
and functioning of ecosystems. In the past,
mycology has mostly relied on morphological
characteristics, but early studies of amplified
molecular markers derived from high-throughput
sequencing (HTS) (Buéé et al. 2009; Amend et al.
2010; Baldrian et al. 2012) have suggested that
traditional approaches greatly underestimate the
diversity of fungi. The ability to recognize and
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classify fungi based on appropriate molecular
markers obtained by DNA sequencing has
opened up the opportunity to explore the compo-
sition and diversity of fungal communities
(Koljalg et al. 2013), and HTS-based
metabarcoding has demonstrated its scientific
predictive power for studying global fungal diver-
sity and biogeography (Tedersoo et al. 2014;
Davison et al. 2015) as well as for elucidating
regional drivers of fungal community diversity
and composition (Talbot et al. 2014; Tedersoo
et al. 2020b; Odriozola et al. 2021). Moreover,
mycological efforts supported by HTS are able to
address a wide range of questions regarding eco-
logical and functional aspects of fungal
communities (Baldrian et al. 2012; Peay et al.
2016; Nilsson et al. 2019a). Metabarcoding of
fungal communities has become a well-
established method readily available to the
broader scientific community with a solid meth-
odological backing (Lindahl et al. 2013;
Vétrovsky and Baldrian 2013; Anslan et al.
2018; Nilsson et al. 2019a). As a result, several
hundred papers have been published to date using
high-throughput sequencing to analyse fungal
community composition (Vétrovsky et al. 2020).

With the exception of a few large-scale
attempts (Tedersoo et al. 2014; Davison et al.
2015), the power of HTS to determine the global
diversity of fungi by assembling data from multi-
ple studies is only now beginning to be exploited.
This cumulative approach allows for more precise
estimates of global fungal diversity (Vétrovsky
et al. 2019; Vétrovsky et al. 2020; Baldrian
et al. 2022).

10.2 Global Database of Fungal
Metabarcoding Data

An appreciation of the number of studies that use
metabarcoding to characterize fungal
communities in terrestrial and aquatic
communities has led to the creation of a commu-
nity resource: a database of results from all avail-
able studies that use fungal internal transcribed
spacer (ITS) as a metabarcoding marker—the
GlobalFungi database (Vétrovsky et al. 2020).

P. Baldrian et al.

This curated database (https:/globalfungi.com)
is a public repository of metabarcoding data that
continuously catalogues the fungal records
generated by high-throughput sequencing studies
(Fig. 10.1). To achieve the goal of making
published data findable, accessible, interoperable,
and reusable (FAIR), the web interface allows
users to search the entire database or within a
selected set of samples for individual sequences,
fungal species hypotheses—groups of sequences
that share similarity approximately corresponding
to a species level created using the data of the
UNITE database (Koljalg et al. 2013), species, or
genera; obtain a visual representation of their
distribution in the environment; and access and
download sequence data and metadata
(Fig. 10.1). In addition, the user interface allows
authors to submit data from studies not yet
included, thereby contributing to building a
resource for the community of researchers in fun-
gal systematics, biogeography, and ecology
(Vétrovsky et al. 2020).

The  GlobalFungi  database  includes
high-throughput studies of fungal community
composition published since 2009. All studies
that fulfilled the following criteria are included:
(1) the samples represent natural habitats that
have not been experimentally treated in a labora-
tory or greenhouse, (2) the exact geographic loca-
tion of each sample is available, (3) the primers
used for amplicon sequencing were designed to
target the entire fungal community (rather than
subsets of it), (4) internal transcribed spacer
regions (ITS1, ITS2, or both) were the subject
of amplification, and (5) the sequencing data
were publicly available. In its third release, the
database covered up to 36,684 samples of fungal
communities from 367 studies that contained over
1.1 billion sequence records from more than
200 million unique variants (Fig. 10.2).

10.3 Global Fungal Diversity
Estimate

It was long in the past when scientists realized
that fungi are extremely diverse. Since then, there
have been repeated to estimate the total number of
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Fig. 10.1 User interface of the GlobalFungi database
(https://globalfungi.com) provides a quick yet complex
access to the data in the GlobalFungi Database. It is
possible to search for individual fungal taxa—genera,
species, or Species Hypotheses (Taxon search) or to search

fungal species on Earth. The estimates were orig-
inally obtained by quantifying of host-specific
fungi and multiplying them with putative number
of fungal specialists per host (i.e. plant or insect)
species (Hawksworth and Liicking 2017; Hyde
et al. 2020). The high-throughput sequencing
opened in the recent years another opportunity
to assess the global fungal richness, and with
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for sequences and taxa by sequence similarity (Sequence
search). The list of studies can be accessed through the
Studies button and regional mycoflora can be retrieved
using Geosearch. There is also the option to submit new
data using the Submit your study option

increasing numbers of studies, the opportunities
offered by this approach increase.

As GlobalFungi is currently the largest collec-
tion of fungal ITS marker data, it can serve as a
data source for estimating global fungal diversity.
Based on 97% sequence similarity clustering of
full-length fungal ITS2 sequences, we recently
identified more than a million fungal nonsingleton
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Fig. 10.2 Location of 36,684 samples covered in GlobalFungi database, release 3 (https:/globalfungi.com)

Operational Transcription Units (OTUs) that were
already reported and are contained in the database.
The total global diversity of fungi was estimated to
be approximately 6.3 million OTUs based on the
Chaol estimate calculated from the entire dataset
(Baldrian et al. 2022).

Although this estimate is significantly higher
than some previously proposed estimates of
global fungal diversity, e.g., 2.2 or 3.8 million
species (Hawksworth and Liicking 2017; Hyde
et al. 2020), there are several reasons why this
might be a rather conservative value. First, the
threshold for judging a sequence as fungal was set
at a conservative e-value of e-50 after using
BLAST. Second, although some of the global
doubletons and OTUs with higher sequence
counts are likely to be undetected chimaeras or
otherwise compromised data, many of the global
singletons that were excluded from the analysis as
potential technical sequencing errors or chimeric
sequences are likely to represent true fungal spe-
cies. Third, although some fungal species harbour
several different copies of ITS2 with less than
97% similarity (Stockinger et al. 2010; Lindner
et al. 2013; Vétrovsky et al. 2016), and some
OTUs may represent rRNA pseudogenes (Glass
et al. 2013), identical or very similar ITS

sequences shared between different species are
known from many species-rich genera of
Pezizomycotina, including Cladosporium, Peni-
cillium, Fusarium, and Aspergillus (Schoch et al.
2012). It should also be noted that there are sev-
eral geographical gaps in knowledge where our
information about fungal communities is limited.
The high-throughput sequencing work published
to date shows considerable geographic variation
with one sample per 4000 km2 reported from
Europe and only one sample per 200,000 km? in
Africa. Habitat sampling has thus far been largely
dominated by studies focusing on soils, particu-
larly forest soils (Vétrovsky et al. 2020). It is very
likely that more representative sampling covering
a wider range of environmental conditions would
lead to higher estimates of overall diversity. In
addition, there is for sure additional fungal diver-
sity associated with other habitats: marine
environments, animal-associated microbiomes,
or engineered systems. As has been shown for
bacteria, these habitats contain a high proportion
of specific microbial taxa (Thompson et al. 2017),
and the same pattern should be true in fungi. It
should be noted that metabarcoding studies on
fungal communities in marine habitats are even
fewer than studies on bacteria. Additionally,
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surveys of animal-host-associated mycobiomes
are much less frequent than studies on host-
associated bacteria (Peay et al. 2016; Nilsson
et al. 2019a; Seibold et al. 2019). Finally, many
fungal taxa, such as the phylum Glomeromycota,
show limited recovery when general fungal
primers are used (Kohout et al. 2014).

Metabarcoding has previously been used to
demonstrate the existence of so-far undescribed
but widespread groups of fungi and provide their
putative taxonomic placement (Nilsson et al.
2016; Tedersoo et al. 2020b). The present
dataset also lends itself to such an endeavour.
The majority of OTUs in our data belonged to
Ascomycota (613,755 OTUs; 57%), followed by
Basidiomycota (395,877; 37%), Glomeromycota
(12,780; 1%), Mucoromycota (8263; 0.8%),
Mortierellomycota (4621; 0.4%), Rozellomycota
(3027; 0.3%), and fungal organisms with an
unclear phylum-level classification (39,246 OTUs;
3.6%, Fig. 10.3). The most common families are
listed in Table 10.1 (Baldrian et al. 2022).

The largest proportion of the terrestrial
habitats was represented by soil samples—
approximately 60% of all samples. Together
with other samples from the rhizosphere or litter,
these topsoil samples accounted for almost 70%
of the total. Aboveground plant biomass (shoots)
and plant roots were also frequently targeted by
HTS (14% and 6%, respectively) as was dead-
wood (9% of samples). When examining the
diversity across all samples, the Chaol estimate
increased with sampling depth across the dataset,
but Chaol estimates at fixed sampling depths
(5000 sequences) were higher for soil than for
deadwood, roots, and shoots (Baldrian et al.
2022) (Fig. 10.4).

Accordingly, when comparing samples of dif-
ferent habitat types after random subsampling to
5000 sequences, the highest OTU richness was
found in soil (mean + SE: 366 + 4), followed by
litter, with deadwood showing the lowest value
(82 + 2). At this sampling depth, Chaol estimates
were highest for soil and lowest for shoots, roots,
and deadwood (Table 10.2) (Baldrian et al. 2022).
Although no significant correlation was found
between the volume of material sampled and
alpha diversity (Vétrovsky et al. 2019), we can

assume that larger samples or samples that are
composite and represent larger volume of mate-
rial capture higher diversity of potential fungal
habitats and thus more fungal species (Smith
and Peay 2014).

The comparison of clustered sequences used in
a study with the UNITE reference corpus
(Baldrian et al. 2022) allowed us to estimate the
relative proportion of taxa and sequences that
belong to previously undescribed fungal species.
Across all samples, 78% of sequences
(representing 52% of OTUs) mapped to previ-
ously characterized taxa, showing a similarity of
greater than 97% to any UNITE 8.2 species
hypothesis. The relative proportion of sequences
of known species ranged from 75% in soil
samples to almost 97% in air samples. The lichen
habitat appears to be the most promising for
finding new fungal species, as 69% of recorded
OTUs were not mapped to any characterized
taxon; this share was significantly higher than in
any other habitat. This observation is consistent
with previous reports documenting a surprisingly
high number of unrecognized species among
lichenized fungi (Liicking et al. 2014). In the
litter, the proportion of new taxa averaged a mod-
erate 35%, perhaps reflecting the fact that this has
been investigated by mycologists for several
centuries. It should be noted that fungi associated
with animal hosts were not included in the analy-
sis due to limited data availability. These and
other undersampled habitats may still harbour an
unknown proportion of total fungal diversity
(Wu et al. 2019) and definitely worth further
exploration.

10.4 Global Patterns
and Determinants of Fungal
Diversity

In the context of ongoing global change, it is
critical to determine how climate and other envi-
ronmental factors affect the diversity and distri-
bution of fungal communities (Hillebrand 2004).
Fungal symbionts may benefit plants by
mitigating abiotic stressors associated with
climate change such as heat and drought
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Fig. 10.3 Taxonomic
breakdown of the best hits
of nonsingleton OTUs
present in the GlobalFungi
database (Baldrian et al.
2022). The taxonomy
follows (Tedersoo et al.
2018)
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(Kivlin et al. 2013), but the distribution of these
symbionts may be controlled by mechanisms
other than climate (Kreft and Jetz 2007; Bardgett
and van der Putten 2014). Because the geographic
distribution and environmental preferences of
almost all fungi remain unknown (Tedersoo
et al. 2014), it is difficult to assess their current

status and future threats to their existence (Jetz
et al. 2012; Joppa et al. 2016). Given the impor-
tance of plant—fungal interactions, the ability to
predict shifts in fungal distribution could help to
understand or predict ecosystem-level changes.
Recently, fungal community composition has
been found to be influenced by climatic

Table 10.1 Families with the most predicted fungal species-level taxa (OTUs) based on the GlobalFungi database
(https://globalfungi.com), release 3. The numbers indicate predicted OTU counts in each family and the numbers of

sequences of fungi in each family in the database

Family

Cortinariaceae (Basidiomycota)
Inocybaceae (Basidiomycota)
Hydnangiaceae (Basidiomycota)
Aspergillaceae (Ascomycota)
Nectriaceae (Ascomycota)
Herpotrichiellaceae (Ascomycota)
Bolbitiaceae (Basidiomycota)
Tricholomataceae (Basidiomycota)
Pezizaceae (Ascomycota)
Agaricaceae (Basidiomycota)
Chaetomiaceae (Ascomycota)
Thelephoraceae (Basidiomycota)
Helotiaceae (Ascomycota)
Pleosporaceae (Ascomycota)

OTUs Sequences (thousands)
67,940 4265
65,952 5358
37,583 1166
36,708 3717
34,350 5480
31,699 5733
27,700 933
26,127 2665
24,886 1545
24,004 1000
23,959 4705
16,774 1468
15,615 5265
15,358 4603
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Fig. 10.4 Alpha diversity of fungal communities based shoot (n = 2298), root (n = 1581), and deadwood

on ITS2 sequencing. Correlation of the Chaol diversity
estimate and sequencing depth across soil (n = 9743),

(Wollan et al. 2008; Maestre et al. 2015; Newsham
et al. 2016) and edaphic variables (Tedersoo et al.
2020b; Odriozola et al. 2021) as well as vegetation
elements (Crowther et al. 2016).

(n = 1126) samples in the GlobalFungi database (Baldrian
et al. 2022). The lines represent linear correlation fits

It is less clear whether global patterns of fungal
biodiversity correspond to the higher diversity at
low latitudes previously demonstrated for terres-
trial macroorganisms and bacteria (Amundson

Table 10.2 Mean fungal species-level taxon (OTU) richness and Chaol estimates in samples from various habitats. The
values were calculated after subsampling each sample to 5000 sequences, and the data are based on the GlobalFungi

database (https://globalfungi.com), release 3

Habitat n Chaol OTU Richness
Soil 4113 1219 + 48 366 + 4
Litter 178 569 + 18 332 +9
Air 36 392 + 24 202 + 10
Lichen 84 276 + 16 134 +9
Shoot 933 228 + 6 107 + 3
Root 416 215+ 6 135 + 4
Deadwood 630 140 + 5 82 +2
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et al. 2015; Thompson et al. 2017). The distribu-
tion of plant and animal species also exhibits
strong biogeographic partitioning (Kreft and Jetz
2010). Although some biogeographic patterns
have been observed for bacteria, other data indi-
cate that dominant microbes are widely
distributed and thus can occur in all regions of
suitable environments (Hanson et al. 2012;
Delgado-Baquerizo et al. 2018).

In a previous study (Vétrovsky et al. 2019),
data from 3084 soil samples in 36 independent
studies covering a wide range of climatic
conditions were evaluated in terms of the diver-
sity of these communities. Both species richness
and the Chaol index across the different sets
consistently revealed relatively low fungal diver-
sity in the tropics. In contrast, areas of higher
latitude showed considerable variation in fungal
diversity with the most diverse areas concentrated
near the high latitudes (Fig. 10.5). Based on these
results, there is no convincing support for high
fungal diversity in the tropics, which contrasts
dramatically with well-known patterns for plants,
arthropods, vertebrates (Amundson et al. 2015),
and some bacteria (Thompson et al. 2017). More-
over, fungal diversity showed a moderate inverse
relationship with temperature, confirming higher
diversity at higher latitudes with colder and more
seasonal climates (Vétrovsky et al. 2019).
Although these results will need to be further
refined and re-evaluated as more data become
available, particularly from currently
understudied areas, the present comparisons
strongly suggest surprisingly low fungal diversity
in the tropics.

Fungi can be categorized into ecological
guilds reflecting their nutrition or other features
(Polme et al. 2020). When comparing the distri-
bution of fungal species-level taxa belonging to
different ecological guilds, ectomycorrhizal fungi
have a lower upper temperature limit than that of
fungi from other guilds. The temperature valence,
defined as a range of temperatures where 90% of
all observations of a particular taxon were
observed, averaged 4.2 °C in ectomycorrhizal
fungi compared with those in other fungal guilds
(6.7-9.6 °C). The precipitation valence (330 mm)
of this group was also narrower than those of all
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other guilds (430 to 860 mm), except for
endophytes and wood-associated saprotrophs,
which was due to the relatively low abundance
of ectomycorrhizal fungi in samples with low
precipitation. The narrower climatic niche of
ectomycorrhizal fungi suggests that these mutual-
istic plant symbionts may need to respond to
climate change-related problems by altering
their phenology, range of distribution, or physiol-
ogy. If they fail to do so, they are likely to become
extinct under future climatic conditions. Plant
pathogens, in contrast, appear to have much
broader climatic niches (Fig. 10.6) (Vétrovsky
et al. 2019).

10.5 Limitations of Molecular
Barcoding of Fungi

Although it is tempting to consider HTS as the
best solution to explore fungal diversity and bio-
geography, molecular barcoding and
metabarcoding  approaches  have  several
limitations that prevent their use as the sole tool
for diversity studies. The first important problem
is the definition of species. Species are biological
entities whose existence is subject to assessment
by experimental tools, although these tools may
be difficult to apply to all species. Metabarcoding
relies on the mathematical construction of taxa.
These constructions are an approximation of real-
ity and typically build on an average barcoding
gap (sequence divergence) that delineates DNA
sequences into molecular taxa or OTUs. The
barcoding gap varies significantly among fungi,
such that some biological species appear to be
multiple OTUs, whereas others may be clustered
into a single OTU (Schoch et al. 2012; Liu et al.
2015; Vétrovsky et al. 2016). Another important
issue is the scale of observations. The distribution
of fungi can be extremely heterogeneous in space,
and samples collected over a small area may share
only a few dominant taxa (Stursova et al. 2016).
Metabarcoding is also prone to errors from tech-
nical sample processing as well as platform-
specific sequencing issues, which adds more
sources of bias (Nilsson et al. 2019a). One such
potential bias is nucleic acid extraction, and
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Fig. 10.5 Inferred patterns of fungal species diversity (OTU richness) predicted by the best-subset GLM (Vétrovsky

et al. 2019)

another is the formation of chimeric sequences
during marker amplification. The limited ability
of bioinformatics tools to recognize chimaeras
results in an unknown number of OTUs
representing artificial taxa, whereas an unknown
number of authentic OTUs are incorrectly
removed as potential chimaeras (Schloss et al.
2011). For alpha diversity studies, cross-
contamination of samples is a major and largely
undescribed problem. There are also many impor-
tant aspects related to the choice of molecular
marker (Schoch et al. 2012). The ITS2 region
has the advantage of high taxonomic resolution
and limited length variability; moreover, a battery
of well-tested PCR primers with varying degrees
of specificity is available (Thrmark et al. 2012;
Schoch et al. 2012; Tedersoo et al. 2015). Despite
the reasonable coverage of some ITS2 primers, all
fungus-specific primer pairs used thus far in HTS
studies, which were designed to be generally
applicable to all fungi, miss at least a few of the
467 most abundant fungal taxa in GlobalFungi
(Vétrovsky et al. 2019). It should be noted that
existing ITS primers have been designed based on
databases of available sequences, and the extent
to which they work well for previously undiscov-
ered and possibly genetically divergent fungal
groups remains largely unknown.

Due to the fact that the number of copies of
rDNA (and thus ITS) per genome varies among

fungi (Lofgren et al. 2019), single-copy markers
were considered as an alternative metabarcoding
marker. While some of them were proven suc-
cessful for analysis of closely taxonomically
related taxa and appeared to possibly better esti-
mate species-level diversity, they typically miss a
large proportion of taxa across the fungal tree of
life and show highly variable barcoding gap
(Vétrovsky et al. 2016).

10.6 Conclusions

Using a large number of metabarcoding datasets
from the GlobalFungi database, the conservative
estimate of global fungal species richness was 6.3
million species (Baldrian et al. 2022). The global
distribution of fungal diversity is shaped by mul-
tiple environmental factors, but climate appears to
be the major factor affecting the most common
fungal species. This finding underscores how pro-
found the impacts of ongoing climate change can
be on ecosystem functioning and food security.
For example, beneficial ectomycorrhizal fungi
exhibit narrow climate niches compared with
those of plant pathogens. Thus, the impact of
climate on fungal distribution could seriously
impair plant productivity. These results open the
way for further such research and identify climate
as a major determinant of biogeographic patterns
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Fig. 10.6 Climatic determinants of ecological guilds of
fungi. (a) The first and ninth deciles of sample mean
annual temperature and (b) annual precipitation for SHs

in fungi, which appears to differ dramatically
from those known for other eukaryotes and bac-
teria. It is clear that the estimation of diversity
from HTS data needs to be viewed in light of the
many potential sources of bias mentioned above.
However, attempts to estimate extant fungal
diversity without considering the HTS perspec-
tive appear unrealistic. Mycology as a whole

belonging to selected ecological guilds with occurrence in
>10 samples (Vétrovsky et al. 2019)

stands to gain from the successful implementation
of HTS, and classical mycology is entering the
age of big data; there is considerable benefit for
the future of fungal ecology and biogeography
arising from this paradigm change.
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Abstract

Fungi can be found in virtually every habitat
on earth. Over time, they evolved strategies to
survive even the most challenging conditions,
leading to their enormous diversity. For their
survival in the habitat they have acquired the
ability to produce a multitude of secondary
metabolites, also named natural products.
These unusual low-molecular-weight
compounds exhibit a variety of effects, rang-
ing from antimicrobial activity to protective
compounds and information molecules for
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neighboring microorganisms. Through these
effects, our recent data substantiate the
hypothesis that secondary metabolites shape
the composition of microbial consortia
(microbiomes) by reducing or promoting the
growth of certain microorganisms or changing
their metabolic activity. Genetic analyses indi-
cate that fungi have the potential to produce far
more secondary metabolites than have been
identified yet. Their encoding biosynthesis
gene clusters remain silent under laboratory
conditions and the ecological context is
required for their activation. Therefore, we
have initiated research on the activation of
such silent gene clusters by microbial commu-
nication. Since then, many studies attempted
to mimic naturally inducing conditions, e.g.,
by varying culture conditions, genetic manip-
ulation of the producing organism, or
co-culturing of multiple microorganisms.
Elucidating the ecological roles of these
compounds and the underlying triggers lead-
ing to their production is of major importance
for our understanding of how microbial
communities are shaped and how complex
interactive networks can be formed with their
profound influence on human health and the
environment. Further, understanding the eco-
logical trigger regulating the production of
secondary metabolites will allow us to shed
light on the pool of yet unidentified
compounds in search for potential new
antibiotics and other useful compounds.
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11.1  Introduction

Secondary metabolites (SMs), also called natural
products or specialized metabolites, are
compounds that are mostly not essential for the
general survival of the producing organism, but
instead provide benefits under specific conditions
(Brakhage 1998). Filamentous fungi are
renowned producers of a plethora of SMs. These
compounds can function as messenger molecules
that enable communication, including cross-
kingdom communication between
microorganisms, provide accessibility to limited
nutrients and resources, or act as chemical
weapons to fight competitors (Fig. 11.1) (Netzker
et al. 2015; Khalid and Keller 2021). These
diverse roles suggest that they are important
factors in microbial communication and interac-
tion with the biotic and abiotic environment.
SMs, especially mycotoxins, often play important
roles in fungal infections. Some support the infec-
tion process, e.g., by influencing the host immune
system, while others directly damage the host
(Park et al. 2015; Broom 2015; Scharf et al.
2014). The targets of these compounds are
diverse. Many SMs have found useful
applications, e.g., in the food or pharmaceutical
industry (Narsing Rao et al. 2017; McCormack
and Perry 2005; Kardos and Demain 2011).
While some SMs have rather broad effects,
influencing various targets in the vicinity of the
producer, others are highly specialized, only
required and applied in specific situations or
against certain opponents.

Genes encoding the biosynthesis enzymes of
these compounds are often located in close prox-
imity to each other, forming so-called biosyn-
thetic gene clusters (BGCs) (Brakhage 2013).
As the compounds are not constantly needed
and their production requires energy, it is
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beneficial for the producers to synthesize SMs
only when the respective conditions are met.
Throughout the evolution of fungi, a variety of
mechanisms arose that regulate the production of
SMs in response to biotic and abiotic signals or
triggers. These include the presence of
compounds indicative of competing organisms,
low availability of nutrients, entering and leaving
specific phases of the microbial life cycle, and
infection of a host but also changes in temperature
or pH (Fig. 11.1). As a consequence, SMs are
often produced under rather specific environmen-
tal or growth conditions and are therefore fre-
quently overlooked in laboratory set-ups.
Identifying conditions that lead to SM formation
as well as understanding the underlying genetic
and molecular mechanisms are therefore of high
value, especially for the medical and pharmaceu-
tical industry. Such knowledge would also pro-
vide the opportunity to discover hitherto
unknown compounds with putative new targets
and modes of action. This is of special importance
in antibiotics research, as the number of multi-
resistant microorganisms is growing, continu-
ously reducing the effectiveness of the existing
antibiotic compounds and thus enhancing the risk
of patients succumbing to infections (Mendelson
et al. 2022). Furthermore, studying the cross-talk
of microorganisms at the molecular level will
advance our efforts to better our understanding
of complex ecosystems. Discovering the
mechanisms that shape microbial communities
and the processes that change their compositions
will be a valuable asset when predicting the
consequences of disruptive environmental pro-
cesses like climate change and environmental
pollution (Coban et al. 2022).

In this chapter, we summarize ecological
triggers that lead to the induction of SM produc-
tion in fungi, starting with fungal interactions
with bacteria and other fungi in various
ecosystems, via abiotic and environmental
influences on the induction of fungal BGCs, and
fungus—host interactions in infection and ending
with interactions of fungi with other eukaryotes.
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Fig. 11.1 Schematic depiction of factors and conditions that trigger fungal SM production as well as effects of the

produced SMs. Figure created with BioRender.com

11.2 Induction of Fungal SM
Production by Microbial

Interaction

Fungi live in likely all habitats where they share
their environment with a multitude of other
(micro-)organisms.  The  composition  of
organisms in these ecosystems may vary, but
bacteria will be conceivably encountered in all
habitats. Similarly, fungi coexist, compete, or
collaborate with each other. Therefore, they had
to evolve strategies to either cooperate with their
bacterial and fungal neighbors in beneficial
interactions or reduce their competitive pressure,
e.g., by inhibiting growth of neighboring
microorganisms or even killing them (Rangel
et al. 2021; Jakubczyk and Dussart 2020;
Venkatesh and Keller 2019).

In the following paragraphs, we present
examples from various ecosystems, in which fun-
gal SM production is induced by bacteria and
other fungi, and summarize current knowledge
on how the activation is regulated by the ecologi-
cal context. We will discuss why the investigation
of these processes is relevant for research, discov-

ery of novel compounds, and industrial
application.
11.2.1 Chemical Communication

of Bacteria and Fungi
in Terrestrial Ecosystems

A well-studied environment regarding microbial
interactions is soil. It encompasses diverse
habitats with an enormous number of ecological
niches. In soil, fungi get in contact with a
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multitude of other organisms that compete for the
same niche (Fig. 11.1). To prevail, fungi evolved
a substantial arsenal of SMs. Whereas the func-
tion of some of these compounds has been
elucidated, for most of them their meaning for
the producing fungus is unknown. This is even
more complex, given that most fungal genomes
encode far more BGCs for SMs than were
identified in the respective fungus (Brakhage
2013).

An  extensively  studied genus  of
SM-producing fungi is Aspergillus. Aspergillus
species are widespread and found in a variety of
habitats across the world. Particularly well stud-
ied is the model organism Aspergillus nidulans, a
saprophytic, soil-dwelling fungus with a pro-
found capability to produce SMs (Caesar et al.
2020; Yaegashi et al. 2014). Since the majority of
its BGCs are silent under conventional laboratory
conditions, a number of methods have been
developed to activate production of the encoded
compounds (Brakhage 2013; Caesar et al. 2020).
An especially efficient method is co-cultivation of
fungi with distinct microorganisms. It can appar-
ently mimic the SM-producing ecological
conditions of the natural habitat. The early estab-
lishment of this strategy led to the activation of
the orsellinic acid (ors) BGC in A. nidulans.
Co-cultivation of A. nidulans with both Strepto-
myces rapamycinicus and Streptomyces iranensis
triggers the production of orsellinic acid and its
derivatives lecanoric acid, F-9775A, and
F-9775B (Schroeckh et al. 2009; Krespach et al.
2021). Whereas the effect of the produced
compounds on other microorganisms remains
elusive, remarkable findings regarding the molec-
ular pathway of the induction have recently been
reported. The bacteria induce an alteration of the
fungal histone acetylation pattern, mediated by
the Saga/Ada complex (Niitzmann et al. 2011,
2013), and the activation of a distinct fungal
transcription factor, BasR (Fischer et al. 2018).
Both are required for the induction of the ors
BGC. Recently, the bacterial inducer was
identified as azalomycin F, a marginolactone
produced by S. rapamycinicus and S. iranensis
(Krespach et al. 2023). It was also demonstrated
that a whole family of compounds, i.e.,
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arginine-derived  polyketides, which share
distinct structural features, induce the silent
BGC in the fungus. Furthermore, azalomycin F
was found to induce SM production in various
Penicillium strains. Due to the worldwide occur-
rence of arginine-derived polyketide producers as
well as fungi reacting to these compounds, the
discovered type of interaction could represent a
widespread mechanism of bacteria-induced acti-
vation of fungal BGC.

S. rapamycinicus also interacts with the human
pathogenic fungus A. fumigatus. Similarly to
A. nidulans, this saprotrophic fungus is ubiqui-
tously distributed in nature. The fungus produces
a huge number of conidia which, when inhaled,
can cause severe diseases in immunocompro-
mised humans (Brakhage 2005) (Fig.11.1).
A. fumigatus possesses a great variety of silent
BGCs (Brakhage 2013). Upon co-cultivation
with S. rapamycinicus, the fcc BGC is induced,
producing the meroterpenoids fumicycline A and
B (Konig et al. 2013). A moderate antibacterial
effect of these compounds against the inducing
bacterium was demonstrated, leading to the spec-
ulation that the compounds may be involved in
the fungal defense against bacterial competitors.

Furthermore, co-cultivation of
S. rapamycinicus with A. fumigatus induces the
fen BGC, resulting in the production of
fumigermin (Stroe et al. 2020). Besides
S. rapamycinicus, the closely related S. iranensis
and the more distantly related S. lividans and
S.  coelicolor induce the production of
fumigermin as well, albeit the two latter ones to
a much lesser extent. Fumigermin was shown to
reversibly inhibit spore germination of different
Streptomyces strains and is therefore likely part of
the chemical warfare of this fungus to inhibit
bacteria in the same habitat. This hypothesis is
strengthened by the fact that the two strong
inducers of fumigermin production were more
susceptible than the weak inducers S. lividans
and S. coelicolor (Stroe et al. 2020).

Consistent with the activation of the ors BGC
in A. nidulans, induction of fumigermin and
fumicycline A/B production by
S. rapamycinicus and S. iranensis is mediated
by the arginine-derived polyketide azalomycin F
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(Krespach et al. 2023). This indicates the impor-
tance of arginine-derived polyketides as wide-
spread signaling molecules with the capability to
induce fungal BGCs.

Interestingly, the ors BGC of A. nidulans can
also be induced by A. fumigatus (Ninomiya et al.
2022). Production of the antibacterial diphenyl
ethers violaceol I and II in A. nidulans is
enhanced in co-cultivation with A. fumigatus.
RNA-sequencing and  gene  disruption
experiments confirmed that the production of
these compounds depends on the upregulation
of the ors BGC upon co-culture. This is in accor-
dance with previous findings by Nielsen et al.
(2011), which link violaceol production to one
of the cluster genes, orsA. However, they also
report constitutive production of violaceols by
A. nidulans, without induction by A. fumigatus.
Thus, it seems likely that culturing conditions (e.
g., use of different media) affect violaceol pro-
duction as well.

The above-described examples can be
summarized as signaling via SMs. This is advan-
tageous as it allows communication over short
distances without the need for physical contact.
Other compounds are so-called volatile organic
compounds (VOCs). They are small molecules of
low molecular weight (< 300 Da). Due to their
volatile nature, they easily dissipate through air,
water, and tissue (Schulz-Bohm et al. 2017,
Netzker et al. 2020). Many VOCs have
antibacterial or antifungal activity, while others
are messenger molecules, able to alter the meta-
bolic activity of the target organism. Plants are
prolific producers of VOCs, since they play an
important role in their communication with each
other and their microbial environment (Ninkovic
et al. 2021; Loreto et al. 2014; Minerdi et al.
2021). Here, we will focus on bacterial-fungal
and fungal-fungal communication via VOCs.

Lutz et al. (2004) discovered that several Pseu-
domonas fluorescens strains influence the produc-
tion of chitinases in Trichoderma atroviride. Both
organisms are regarded as possible biocontrol
agents, able to protect crop plants from infection
by plant pathogenic microorganisms (Couillerot
et al. 2009; Sood et al. 2020). P. fluorescens
produces 2.4-diacetylphloroglucinol (DAPG)
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which has broad antifungal and antibacterial
activity. Production of DAPG is increased upon
exposure to VOCs produced by T. atroviride. In
turn, exposure of 7. atroviride to DAPG-produc-
ing P. fluorescens strains leads to an increased
expression of the nagl gene and thus to higher
amounts of the chitinase N-acetyl-B-D-
glucosaminidase NAG1 (Lutz et al. 2004). Since
NAGTI is of major importance for the biocontrol
activity of T. atroviride (Brunner et al. 2003) and
DAPG is one of the contributors to P. fluorescens
biocontrol activity, this interplay indicates that
mixtures of microorganisms can be more effec-
tive in biocontrol applications than axenic
cultures (Lutz et al. 2004). The use of biocontrol
agents in agriculture instead of classical
treatments allows for more sustainable agricul-
ture, as it reduces the need for pesticides and
improves both health and yield of crop plants
(Hofte and Altier 2010; De Silva et al. 2019).

VOCs also drive the interaction between the
plant pathogenic fungus Verticillium longisporum
and the bacterium Paenibacillus polymyxa.
V. longisporum increases production of
1-butanol and 2-phenylethanol, two antimicrobial
VOCs, when exposed to the various antifungal
and plant growth-promoting VOCs emitted by
P. polymyxa (Rybakova et al. 2017). As a conse-
quence, P. polymyxa protects its host plant by
inhibiting growth of V. longisporum, thereby
reducing its detrimental effects on the host.
V. longisporum-infected oil seed rape seedlings
used as host plants showed increased growth
when co-infected with P. polymyxa Sb3—1. This
demonstrates how fungi and bacteria can limit
each other’s growth through production of
VOCs, maintaining a balance between two
organisms, which in this case also benefits the
host plant.

A VOC-mediated two-way interaction was
found between the plant pathogenic bacterium
Ralstonia solanacearum and the likewise plant
pathogenic fungus Aspergillus flavus (Spraker
et al. 2014). The fungus reduces conidiation and
increases aflatoxin production, while the bacte-
rium lowers its extracellular polysaccharide pro-
duction. However, as no specific VOCs
responsible for the increased aflatoxin production
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could be identified, it was speculated that
alterations in mycotoxin production could also
be a secondary effect of the reduced growth and
conidiation of the fungus in the presence of the
bacterium.

An ecologically relevant co-culture of two
wood-decaying  fungi, FEutypa lata and
Botryosphaeria obtusa, was studied by Azzollini
et al. (2018). The authors simultaneously
observed all SM-inducing processes for both vol-
atile and non-volatile compounds. Using multi-
variate data analyses, they found that in
co-culture the volatile compound 2-nonanone
was overproduced over time. The compound
2-nonanone, an antifungal toward both fungi,
was found to be co-produced with the known
antifungal substance O-methylmellein. This
co-production can be interpreted as generation
of a synergistic activity for defense against com-
peting fungi (Azzollini et al. 2018).

11.2.2 Fungal SM Production Induced
by Endophytic Microorganisms

Endophytes inhabit the intercellular or intracellu-
lar spaces of plant tissue and either act as benefi-
cial symbionts and neutral commensals or cause
damage to the host as pathogens (Brader et al.
2017). Since plant tissues are inhabited by various
microorganisms simultaneously, the dynamics
and interactions between endophytes have a
strong influence on growth and health of the
host plant and therefore are of high interest to
ecological and especially agricultural research
(Khare et al. 2018). Furthermore, endophytic
organisms represent a large pool of potential bio-
active agents, making them a promising subject
for drug discovery (Hagag et al. 2022; Hridoy
et al. 2022; Singh et al. 2017).

A recent study found that the endophytic path-
ogen Fusarium fujikuroi produces several SMs in
response to colonization of its chlamydospores by
R.  solanacearum. The bacterial compound
ralsolamycin specifically triggers the induction
of several BGCs in the fungus, resulting in pro-
duction of the polyketide bikaverin and the
non-ribosomal peptide beauvericin, among
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others. Together, the SMs possess antibacterial
activity which may protect the chlamydospores
from bacterial invasion by R. solanacearum since
the compounds accumulate in chlamydospores
(Spraker et al. 2018). Ralsolamycin also
suppresses the biosynthesis of imizoquin, an
antibacterial peptide, produced by the plant path-
ogen A. flavus. This compound plays a major role
during the germination of the fungus and is
suspected to give A. flavus a competitive advan-
tage over the bacterium (Khalid et al. 2018).
Therefore, suppression of imizoquin production
in the fungus could be a strategy of
R. solanacearum to defend its habitat against
fungal invaders. These examples illustrate how
endophytic organisms use SMs to regulate each
other’s growth in order to limit the spread of
competing organisms and preserve their ecologi-
cal niche.

The presence of bacteria can also alter expres-
sion of constitutively active fungal BGCs. The
fungal endophyte Fusarium tricinctum was
shown to increase its production of several SMs
up to 78-fold upon co-cultivation with Bacillus

subtilis (Ola et al. 2013). Among these
compounds enniatin Al and Bl showed
antibacterial activity against the inducing

B. subtilis as well as against Staphylococcus
aureus, Streptococcus pneumoniae, and Entero-
coccus faecalis. Thus, these compounds might
have a defensive function against bacterial
competitors. In  addition to enniatins,
macrocarpon C, N-(carboxymethyl)-anthranilic
acid, (—) citreoisocoumarin, and (—)
citreoisocoumarinol were detected in the
co-culture extracts. Their effects seem to be spe-
cific to B. subtilis as they were neither detectable
in an axenic fungal culture nor in a co-culture
with Streptomyces lividans. As none of these
compounds were found to have antibacterial
capabilities, their role remains elusive.
Co-cultivation experiments of the endophytic
fungi Alternaria tenuissima and Nigrospora
sphaerica revealed increased production of sev-
eral polyketides by A. tenuissima (Chagas et al.
2013). The increase in production was particu-
larly strong for the perylene quinone
stemphyperylenol. The compound showed
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growth-inhibiting activity against N. sphaerica,
indicating a competitive interaction between the
two endophytic fungi. When applied to leaves of
the host plant, no phytotoxic effect could be
observed, which is remarkable since many other
perylene quinones are reported to have phytotoxic
activity. The authors argue a regulatory role of
stemphyperylenol for maintaining the balance in
the endophytic system of host plant and
colonizers.

The endophytic fungus Paraconiothyrium
variabile and the plant pathogen Fusarium
oxysporum also exhibit a competitive interaction
(Combes et al. 2012). P. variabile, isolated from
the cowtail pine Cephalotaxus harringtonia
showed antiphytopathogenic activity against
F. oxysporum. Further investigation revealed
that P. variabile produces twelve compounds,

among them two oxylipins, 13-0x0-9,11-
octadecadienoic  acid  (13-0xo-ODE) and
13-hydroperoxy-9,11-octadecadienoic acid

(13-HPODE). In contrast, the amount of
beauvericin, a mycotoxin produced by
F. oxysporum in the inhibition zone between the
two fungi, was strongly reduced. Since other
studies indicated a signaling role for fungal
oxylipins (Christensen and Kolomiets 2011),
this change in metabolic activity might be
mediated by oxylipins. Indeed, addition of the
commercially available oxylipin 13-oxo-ODE
reduced the amount of beauvericin detectable in
the medium. A follow-up study by Bérenstrauch
et al. (2020) showed that upon co-cultivation the
production of PVLOX2, the enzyme responsible
for production of oxylipin 13-HPODE, was
strongly increased, but a repressive effect on the
beas gene responsible for beauvericin production
was not detected. This finding suggests that the
previously reported effect of oxylipins on
beauvericin production is not due to a transcrip-
tional inhibition. Instead, exposure of
F. oxysporum to P. variabile strongly induced
beas expression indicating a specific response of
F. oxysporum against the endophyte. Further
experiments confirmed the antifungal activity of
beauvericin against P. variabile, which supports
the hypothesis that beauvericin production is part
of a defensive response against the competing
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fungus. This finding contrasts those of Combes
etal. (2012), who found that P. variabile is able to
degrade or transform beauvericin, reducing the
concentration of the mycotoxin in the
surrounding medium. Since beauvericin is a
known phytotoxin, a putative protective effect of
the beauvericin-degrading P. variabile on the
host plant was investigated. In plant infection
experiments, F. oxysporum rapidly killed
Arabidopsis thaliana when infected with the
pathogen. When A. thaliana was colonized by
P. variabile prior to infection with
F. oxysporum, the endophytic fungus reduced
the plant death rate up to 85%.

11.2.3 Aquatic Ecosystems: A Pool
of Novel Compounds

It is fairly undisputed that the first lifeforms on
our planet originated from water (Russell 2006;
Damer and Deamer 2020; Osinski et al. 2020).
Today, about 71% of our planet’s surface is cov-
ered with water, over 96% being salt water of the
oceans. Consequently, marine environments pro-
vide a multitude of habitats with highly variable
conditions and billions of years of evolution lead
to a huge biological diversity. As a result, aquatic
ecosystems have proven a valuable source of
SM-producing fungi (Hasan et al. 2015; Liu
et al. 2020) and bacteria (Andryukov et al.
2019). In marine ecosystems, microbial life
tends to accumulate on surfaces like those of
aquatic plants and animals or sediment particles,
since they provide constant access to nutrients
and other resources (Dang and Lovell 2016).
These surfaces are quickly covered by a diverse
community of microorganisms, often forming
biofilms. In these close associations, many marine
microorganisms  have evolved metabolic
responses to the presence of other microbes or
their produced compounds (Chen et al. 2020).
This makes microorganisms from aquatic
environments a fruitful topic in the endeavor to
identify novel compounds and to study their acti-
vation conditions.

The antibiotic pestalone, a benzophenone, was
found when the fungus Pestalotia sp. CNL-365,
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isolated from the surface of the brown alga
Rosenvingea sp., was cultivated with the unclas-
sified marine bacterium CNJ-328 (Cueto et al.
2001). The compound was only produced in
co-cultivation, in the presence of bacterial
competitors. Pestalone was not found after addi-
tion of bacterial culture extract or supernatant of
the bacterial culture to the fungus. Pestalone
exhibits strong antibacterial activity, e.g., against
methicillin-resistant Staphylococcus aureus and
vancomycin-resistant  Enterococcus  faecium,
indicating a role in antibacterial defense. How-
ever, the compound also exhibits moderate cyto-
toxicity against tumor cells. While initially
considered as a promising precursor for antibiotic
development, later studies could not further
increase the antibacterial activity (Augner et al.
2013). Nevertheless, pestalone is a prominent
example of how fungal-bacterial interactions
can provide new candidates for antibiotic
development.

The marine-derived fungus Emericella sp. was
found to produce the cyclic depsipeptides
emericellamide A and B in co-culture with the
marine  bacterium  Salinispora  arenicola.
Emericellamides have modest antibacterial
activities against methicillin-resistant Staphylo-
coccus aureus (Oh et al. 2007). The production
of emericellamides A and B increased 100-fold
upon co-cultivation with the bacterium compared
to the levels detected in fungal axenic culture,
indicating that they might be part of an
antibacterial defense.

Another example of a fungal-bacterial interac-
tion involving two marine-derived organisms was
discovered in the production of cytotoxic
libertellenones A—D by the fungus Libertella sp.
(Oh et al. 2005). The production of these
diterpenoids was induced when co-cultivated
with  the  a-proteobacterium  Thalassopia
sp. Libertellenone formation appears to rely on
physical contact between the two
microorganisms. Addition of bacterial superna-
tant or culture extract was insufficient to induce
production of the SMs. The bacterial trigger as
well as the function of the libertellenones remains
elusive, as no inhibitory activity against the
inducing bacterium was found.
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Penicillium sp. DT-F29, isolated from marine
sediment, was found to produce a number of
2,5-diketopiperazines (2,5-DKPs) when
co-cultivated with Bacillus sp. B31 (Yu et al.
2017). In total, the authors found 12 2,5-DKPs
in the fungal-bacterial co-culture that were absent
in the fungal monoculture. Among the identified
substances were 10 new compounds, but also the
already known fumitremorgin A and 13-prenyl
fumitremorgin B, all of which have
bromodomain-containing protein 4 inhibitory
activities. 2,5-DKPs have various biological
activities, which makes them attractive research
subjects especially for drug discovery and phar-
maceutical applications (Borthwick 2012).

Berkeleylactones are macrolide SMs produced
by a fungal co-cultivation of Penicillium fuscum
and Penicillium camemberti/clavigerum isolated
from the surface water of a lake (Stierle et al.
2017). An axenic cultivation of either fungus
resulted in the production of known compounds
like citrinin and patulin, but co-cultivation of the
two fungal species activated an otherwise silent
BGC leading to the production of
berkeleylactones A—H. The produced SMs are
active against four MRSA strains, Bacillus
anthracis, Streptococcus pyogenes, Candida
albicans, and Candida glabrata, indicating
berkeleylactones may be produced as a means to
protect a given habitat.

In another example, a co-cultivation of the two
ascomycetes Chaunopycnis sp. with Trichoderma
hamatum isolated from the inner tissue of the
mollusk Siphonaria sp. led to the production of
chaunopyran A (Shang et al. 2017). Interestingly,
Chaunopycnis sp. was co-cultured with five other
co-isolated fungal strains, but only co-cultivation
with 7. hamatum showed separate growth zones
for both fungi. In a veritable competition sce-
nario, Chaunopycnis sp. appears to produce the
antifungal compound pyridoxatin to inhibit the
growth of 7. hamatum. As a response,
T. hamatum Dbiotransforms and modifies
pyridoxatin to the inactive substance methyl-
pyridoxatin. Finally, Chaunopycnis sp. activates
the production of the antifungal chaunopyran A to
gain a competitive advantage over a fungus
inhabiting the same ecological niche.
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Zhu et al. (2011) co-cultivated two marine-
derived mangrove epiphytic  Aspergillus
sp. isolated from a rotten fruit of the Avicennia
marina mangrove in the South China Sea. An
extract of the mixed cultured mycelia revealed
the presence of a new alkaloid designated as
aspergicin, as well as a previously known SM,
neoaspergillic acid. Significant antibacterial
activity against the Gram-positive bacteria Staph-
ylococcus aureus, Staphylococcus epidermidis,
and Bacillus subtilis and the Gram-negative bac-
teria Shigella dysenteriae, Proteus sp., and
Escherichia coli indicates bacterial competitors
as target of both compounds.

An innovative approach to identify novel
compounds via co-cultures was introduced by
(Mandelare et al. 2018). The authors discovered
that different developmental stages of the marine
alga-derived Aspergillus alliaceus (teleomorph:
Petromyces alliaceus), i.e., the sexual and asexual
form, produced different SMs. The vegetative
stage produced the anthraquinone pigment
nalgiovensin, the sexual morphotype mainly the
mycotoxin ochratoxin. However, when both
stages were combined, the metabolite profile
drastically changed, becoming dominated by the
cytotoxic bianthrone allianthrone A, its two
diastereomers allianthrone B and C, and elevated
levels of nalgiolaxin, the chlorinated congener of
nalgiovensin.

Motivated by the need for structurally new
bioactive compounds, Li et al. considered man-
grove fungi as a source of SMs. In an initial study,
the authors investigated a co-culture of
Phomopsis sp. K38 and Alternaria sp. E33,
which were both isolated from the coast of the
South Chinese Sea (Li et al. 2006; Li et al. 2007,
Li et al. 2008). The authors identified three new
bioactive molecules: a diimide derivative and a
nonadride derivative with weak cytotoxic activ-
ity, as well as a polysubstituted benzaldehyde
with growth-inhibiting activity against several
fungi (Li et al. 2010b, 2011; Wang et al. 2013).
In a follow-up study, a new cyclopeptide, cyclo-
(L-leucyl-trans-4-hydroxy-L-prolyl-D-leucyl-
trans-4-hydroxy-L-proline) from the co-culture
broth of the same fungi (Li et al. 2014) with
antifungal activities against known fungal crop
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parasites such as Gaeumannomyces graminis,
Rhizoctonia cerealis, Helminthosporium sativum,
and Fusarium graminearum, was discovered.

An ecology-based approach of fungal-fungal
interactions was applied by Oppong-Danquah
et al. (2020). They classified eight fungi derived
from marine sediment based on their inhibitory
activity against a collection of phytopathogenic
bacteria and fungi. Systematic co-cultivations of
the eight fungal strains were conducted and their
culture extracts tested against the collection of
phytopathogens. A co-culture of Plenodomus
influorescens and Pyrenochaeta nobilis showed
an especially large inhibition zone between the
two fungi. The extract obtained from this zone
displayed strong inhibitory activity against the

phytopathogenic ~ bacterium  Xanthomonas
campestris and was further investigated. Five
polyketide derivatives were isolated: the

macrolides dendrolide E and dendrolide N, the
azaphilones spiciferinone and 8a-hydroxy-
spiciferinone, as well as the mycotoxin
cephalochromin. Production of cephalochromin
was specifically upregulated in the co-culture. In
a screening against the eight phytopathogens, the
compound showed the highest activity against X.
campestris and the oomycete Phytophthora
infestans. While its activity against P. infestans
was already known, activity against X. campestris
was reported for the first time, as well as its
production by a fungus of the genus Plenodomus.

11.2.4 Microbial Interactions
in the Human Host

Humans host a plethora of bacterial and fungal
colonizers. In healthy humans, the homeostasis of
the microbiome is regulated by both the human
host and the interactions between the various
microorganisms (Gilbert et al. 2018). Studies on
the human microbiomes in the lung, gut, skin, or
mouth revealed that fungal-bacterial interactions
shaping these systems have a strong influence on
the hosts’ susceptibility to infections and their
outcome (Kriiger et al. 2019; Peleg et al. 2010).
Whereas many studies link human microbiome
and diseases (van Tilburg Bernardes et al. 2020;
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Agus et al. 2021; Fobofou and Savidge 2022),
only few interactions between human-colonizing
microorganisms were traced back to specific SMs
and their effects on other species of the
microbiome yet. While the number of studies
investigating SMs of the human microbiome is
growing (Wilson et al. 2017; Milshteyn et al.
2018; Zipperer et al. 2016), not many microbial
interactions have been examined to this level
of detail. In this section, we report interactions
of human-colonizing microorganisms. Activation
of SM production in human pathogenic fungi
during infection will be discussed in Sect. 11.4.1.

Candida albicans is an opportunistic fungal
pathogen that can cause infections in immuno-
compromised patients. In healthy individuals it
is a well-known member of the microbiome,
e.g., in the gut (Pérez 2021). Synergistic as well
as antagonistic interactions with bacteria have
been reported (Kriiger et al. 2019; Peleg et al.
2010), but the molecular origin of these effects
often remains obscure. Here, we focus on studies
describing links to SMs. For example, dental
plaque biofilms of C. albicans together with
Streptococcus mutans showed higher pathogenic-
ity than single-species biofilms, causing more
aggressive caries (Falsetta et al. 2014). A later
study attributed these findings to an increased
production of the SM farnesol by the yeast upon
co-cultivation with S. mutans (Kim et al. 2017).
Farnesol, in the detected concentrations, had a
growth-enhancing effect on S. mutans, which
explains the reported increase in virulence. Pultar
et al. (2021) discovered that the S. mutans product
mutanobactin D, a non-ribosomal cyclic peptide,
reduces yeast-to-hyphae transition and biofilm
formation of C. albicans, which are essential
mechanisms of the fungus to cause infection.
Furthermore, it also inhibited the growth of the
cariogenic bacteria Actinomyces oris, Streptococ-
cus oralis, Streptococcus anginosus, Streptococ-
cus gordonii, and Veillonella dispar, while it
increased the growth of Fusobacterium
nucleatum. The authors speculate that this may
create a favorable environment for early coloni-
zation of dental surfaces by S. mutans, allowing it
to outcompete other colonizers, thereby
facilitating the transition from healthy to
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dysbiotic plaque. Thus, the interactions between
S. mutans and C. albicans seem to switch from
competitive in early colonization to beneficial in
established, bipartite biofilms.

Considering that several fungal-bacterial
interactions are reported, in which bacteria pro-
duce antifungal compounds, it is essential for
fungi to recognize bacteria (Morales et al. 2010;
Li et al. 2012; Islam et al. 2012). This is also the
case within a human host. Pseudomonas
aeruginosa is a pathogenic colonizer of the
human lung and produces pyocyanin and phena-
zine, two SMs known to inhibit A. fumigatus as
well as C. albicans (Kerr et al. 1999). Both fungi
can cause invasive pulmonary infections in
immunocompromised patients and have been
found alongside P. aeruginosa in cystic fibrosis
(CF) patients (Zhao et al. 2018; Haiko et al.
2019). This suggests that P. aeruginosa and the
fungi compete for the same niche within human
host. However, Scott et al. (2019) discovered that
produces  volatile  sulfur
compounds that promote growth of A. fumigatus
and increases pathogenicity in co-infections of
both organisms. Further studies confirmed that
the nature of interactions between P. aeruginosa
and C. albicans or A. fumigatus can vary strongly,
from secretion of SMs inhibiting each other’s
growth to increased resistance against
antimicrobials in mixed biofilms (Reece et al.
2021; Beswick et al. 2020). This indicates that
interactions between bacteria and fungi in the
human body are embedded in a complex regu-
latory network with shifting dynamics, which
influences the composition of the microbiome.
Elucidating these interaction networks will be of
major importance for our understanding of many
diseases and future advancement of therapies.

P.  aeruginosa

11.3 Induction of Fungal SM
Production by Environmental

Factors

Optimal adaptation to the environment signifi-
cantly enhances fitness of fungi and is crucial
for survival in nature. Fungi have therefore
evolved the capability to sense their environment
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and to regulate transcriptional induction of BGCs
accordingly. The diverse abiotic environmental
factors that influence fungal secondary metabo-
lism include light, oxidative and osmotic stress,
temperature, and humidity. Others, such as pH
and the availability of certain nutrients, can
serve as indicators for potential microbial compe-
tition (Fig. 11.1). Altogether, regulation of meta-
bolic pathways by the diverse abiotic factors is
complex and regulatory cross-talk is often
observed (Monroy et al. 2017).

11.3.1 Light and Oxygen-Dependent

Induction of SM Production

Abiotic environmental factors such as light, tem-
perature, and oxidative and osmotic stress trigger
an adaptive cellular response (Brown et al. 2017).
These factors have long been known as important
stimuli for the induction of otherwise silent gene
clusters in fungi and were used to increase the
production of numerous SMs (Keller 2019). More
recent studies elucidated some of the mechanisms
behind this activation of BGCs. Light and tem-
perature response in filamentous fungi is
regulated by the trimeric velvet complex VeA-
LaeA-VelB (Bok and Keller 2004; Lind et al.
2016). In the dark, VeA and VelB form a complex
which interacts with LaeA in the nucleus. Light
inhibits transport of VeA into the nucleus, which
leads to reduced amounts of the trimeric complex
in the nucleus and thus reduced activity of LaeA.
VeA and LaeA have been shown to be global
regulators of secondary metabolism and develop-
ment in Aspergillus (Tisch and Schmoll 2010;
Bayram et al. 2008). While in A. nidulans LaeA
is required for the biosynthesis of
sterigmatocystin and penicillin, the gliotoxin bio-
synthesis in A. fumigatus and the expression of
the lovastatin BGC in Aspergillus terreus depend
on LaeA as well (Caceres et al. 2020; Bok and
Keller 2004; Bayram et al. 2008). When growing
in soil under absence of light, filamentous fungi
might encounter various competitors where the
production of certain SMs is advantageous.
Growth at the surface and thus exposure to light
is a scenario that requires a different set of SMs
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and therefore might result in a changed SM
arsenal.

Typical SMs produced under exposure to light
are pigments. Just as in other organisms, fungal
pigments often have photoprotective effects.
Fungi produce a variety of pigment SMs, belong-
ing to several chemical classes such as
carotenoids, melanins, phenazines, quinones,
monascin, and violacein (Braga et al. 2006; Lim
et al. 2021; Langfelder et al. 2003). Carotenoids
are a group of terpenoids and are even industrially
manufactured due to their beneficial effects on
humans and animals as antioxidants (Tisch and
Schmoll 2010). Carotenoids can be found in spe-
cies of all fungal phyla, and probably originated
from archaea (Sandmann 2022). They were
shown to be able to inactivate oxygen radicals
and to quench singlet oxygen, generated by
photosensitized reactions, thereby serving as a
defensive measure against reactive oxygen spe-
cies (ROS) (Sandmann 2022). The protective role
of carotenoids against cell death caused by light
and UV radiation was demonstrated with Neuros-
pora crassa almost 50 years ago (Blanc et al.
1976). Although the regulation of carotenoid pro-
duction and time needed to produce these
compounds vary from species to species,
carotenoids are commonly upregulated in blue
light conditions since they are able to effectively
absorb light of this wavelength (Tisch and
Schmoll 2010). Melanins are typically found in
spores and hyphae of fungi where they convey
resistance to UV radiation (Langfelder et al.
2003) or assist the infection process (Heinekamp
et al. 2015). There are several studies showing the
inducing effect of light on melanization (Braga
et al. 2006; Sun et al. 2021).

Other BGCs known to be induced under blue
light conditions are the mycotoxins alternariol
and altertoxin, produced by Alternaria alternata
(Pruss et al. 2014). However, a photoprotective
role has not yet been demonstrated for these SMs.
In Trichoderma reesei, the blue light response is
coupled to oxygen levels, and it is proposed that
the oxidative stress response is coordinated with
the response to blue light and metabolism to
enhance growth and overall fitness under damag-
ing levels of blue light (Lokhandwala et al. 2015).
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Indeed, not only pigments but also other BGCs
induced by light also react to oxidative stress.
Especially highly oxygenated molecules such as
the mycotoxin aflatoxin and its precursors are
subject to redox regulation and thus their produc-
tion is part of the oxidative stress response
(Grintzalis et al. 2014; Kenne et al. 2018; Hong
et al. 2013). Wild-type Aspergillus parasiticus is
able to decrease the ROS concentration signifi-
cantly faster than an aflatoxin deletion mutant
(Kenne et al. 2018). Accordingly, oxidative stress
inducing factors activate aflatoxin biosynthesis,
while antioxidants block its production (Caceres
et al. 2020; Hong et al. 2013). At least in some
fungi, aflatoxin can be produced by the conver-
sion of sterigmatocystin. Since this mycotoxin
induces oxidative stress, an inverse regulation of
these two metabolites is suggested (Zingales et al.
2020). Further examples of compounds produced
under oxidative stress are fumonisins by Fusar-
ium fujikuroi (Ferrigo et al. 2015) and the
penitrems A-F by Penicillium
(Kenne et al. 2018). However, studies regarding
the involvement of these compounds in the oxi-
dative stress response are still missing; hence,
their physiological role remains elusive.

A recent study demonstrated the vital role of
the fungal light desensitization protein VVD of
Podospora anserina in response to white light
(Shen et al. 2022). Besides severe growth defects
and overproduction of spermatia, deletion of vvd
resulted in increased pigmentation of the deletion
mutant in white light. VVD negatively regulates
melanin biosynthesis and production of yet
uncharacterized further pink and orange
pigments. Comparative transcriptomics also
showed downregulation of the sterigmatocystin
BGC in the Avvd mutant in white light, while
no difference was detectable in the dark. This
suggests a positive regulatory effect of VVD on
the sterigmatocystin BGC, which was confirmed
by HPLC analysis of extracts from wild-type and
Avvd P. anserina cultures. Collectively, it was
found that white light exposure represses produc-
tion of sterigmatocystin, and VVD is able to
attenuate this effect. Furthermore, growth of the
Avvd mutant was strongly reduced when exposed
to oxidative stress under constant illumination,
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confirming the previously indicated protective
role of sterigmatocystin in response to oxidative
stress (Shen et al. 2019).

11.3.2 Induction of Fungal BGCs

in Response to Osmotic Stress

Besides illumination, water availability and tem-
perature have been identified as two of the main
abiotic factors modulating fungal growth (Li et al.
2020). Therefore, it can be assumed that these
factors also influence the production of SMs.
While there are several studies investigating
how the association with fungi changes the
effects of droughts on plants (Begum et al.
2021; Irankhah et al. 2020; Sheteiwy et al.
2021), the influence of drought on activation of
fungal BGCs is understudied. There are only a
few examples of fungal SMs produced under
osmotic stress, resulting from reduced water
availability (Mona et al. 2017; Overy et al.
2017). Osmolarity changes in the medium, caused
for example by addition of sugars or NaCl, are
transmitted by signal cascades. The most impor-
tant signaling cascade for this environmental cue
is the high osmolarity glycerol (HOG) pathway,
which induces accumulation of osmolytes in the
cell and provision of Na*™-ATPases (Duran et al.
2010). The involvement of the HOG signal trans-
duction pathway in the regulation of BGCs has
been described for various mycotoxins from sev-
eral fungal species. Trichothecene biosynthesis in
F. graminearum seems to be repressed in high
osmolarity/ reduced water availability conditions
while the alternariol biosynthesis in Alternaria
alternata was shown to be induced (Graf et al.
2012; Medina et al. 2015). Deletion of the final
MAP kinase in the MAPK HOG pathway in
A. alternata, AaHOG, reduced fungal osmotic
stress resistance and blocked alternariol produc-
tion and colonization of tomato plants. Alternariol
might be an important colonization factor, which
is only produced under appropriate colonization
conditions, for example in a tomato plant. How-
ever, the reduced osmotic stress resistance could
also be due to other pleiotropic effects of the
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Aaahogl transformant and not directly linked to
alternariol biosynthesis (Graf et al. 2012).

Penicillium nordicum, often found on dry
cured ham, grows better at high salt
concentrations (22% NaCl) compared to
conditions where water is more available. Also,
the production of ochratoxin A is significantly
increased under these conditions (Schmidt-
Heydt et al. 2012). The authors investigated the
ecological reasons for the occurrence of several
ochratoxin A-producing species in salt-rich
habitats. They confirmed an adaptive role of
P. nordicum ochratoxin A in NaCl-rich habitats.
A mutant strain unable to produce ochratoxin A
showed drastically reduced growth under high
NaCl conditions. Another fungus, Penicillium
verrucosum, shifts the production of citrinin, an
SM structurally similar to ochratoxin A but not
containing a chloride atom, to ochratoxin A at
higher NaCl levels. These results suggest that
biosynthesis and possibly excretion of the
chloride-containing ochratoxin A support the
maintenance of chloride homeostasis in the fun-
gal cell (Schmidt-Heydt et al. 2012).

11.3.3 Influence of pH and Nutrient
Starvation on Fungal

Secondary Metabolism

Environmental pH, influenced by minerals and
water entry, can also be a cue indicating the
presence of neighboring microorganisms, since
all microorganisms influence the surrounding
pH by uptake and secretion of various molecules.
The pH values significantly impact biological
processes as they influence enzyme activities,
proton gradients across membranes, as well as
the synthesis and folding of proteins (Li et al.
2010a; Selvig and Alspaugh 2011; Hu et al.
2020). The initial pH in microbial cultures also
influences the production of various compounds
(Bizukojc et al. 2012). SMs produced upon a
certain pH can have an antimicrobial effect
(Ozcengiz and Demain 2013), suggesting that
they were produced to inhibit the growth of a
neighboring organism instead of simply changing
the surrounding pH to a value more suitable for

253

the producers. Similar to pH, the availability of
nutrients is often influenced by microbial meta-
bolic activity and can thus be indicative of a
microbial neighbor (Biinemann et al. 2018). It is
conceivable that fungi produce certain
compounds in response to changes in nutrient
availability. These compounds can be directly
involved in resolving the nutritional shortage by
making nutrients available, like siderophores, or
they can be targeted at other organisms to reduce
competition.

The most well-known example of an SM help-
ing a fungus outcompete bacteria is penicillin.
The discovery of penicillin by Alexander Fleming
was one of the major milestones of modern medi-
cine as it opened up the possibility to treat for-
merly untreatable diseases and infections.
Penicillin, produced by various species of the
genus Aspergillus and Penicillium, belongs to
the p-lactam antibiotics, which hinder the pepti-
doglycan synthesis during cell division of bacte-
ria, thereby leading to shedding of the bacterial
cell wall (Brakhage 1998). Several factors influ-
ence the regulation of the penicillin BGC, some
of which can also be an indicator for the presence
of a microbial competitor. These factors, trigger-
ing major metabolic and developmental
regulators, include availability of nutrients such
as carbon or nitrogen and environmental pH. The
latter might be connected to the observation that
p-lactam antibiotics seem to exhibit increased
toxicity on some bacterial species at alkaline pH
(Brakhage 2013). Expression of the acvA gene,
and thus penicillin production, in Penicillium
chrysogenum is influenced by the major carbon
catabolite repression transcription factor CreA
and therefore dependent on sugar levels, espe-
cially glucose and sucrose (Cepeda-Garcia et al.
2014). CreA in A. flavus has a major impact on
aflatoxin production (Fasoyin et al. 2018). Similar
as for penicillin, low availability of carbon
resulted in a rise of production. A generally
lowered availability of a carbon source appears
to be an indicator of microbial competitors deplet-
ing available carbon sources. It can therefore be
speculated that the induced production of
antibiotics upon detection of low-carbon
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availability could be a measure to inhibit or kill
the microbial competitors.

Besides carbon and oxygen, nitrogen is
another important element that is needed for
growth by all organisms. Low availability of
nitrogen can hint toward a microbial competitor.
Previous studies found hints that nitrogen avail-
ability might play a role in the regulation of the
penicillin BGC in P. chrysogenum (Feng et al.
1994). Later, this observation was attributed to
NRE, a transcription factor that mediates nitrogen
metabolite repression by binding in the penicillin
BGC (Haas and Marzluf 1995; Martin 2000). In
F. fujikuroi, deletion of the nre ortholog areA
resulted in the complete abolishment of gibberel-
lin production (Tudzynski 2014). Furthermore, it
was shown that AreA binds to the gibberellin
biosynthesis gene promoters. Interestingly,
gibberellins regulate plant growth and develop-
ment (Daviere and Achard 2013); hence, it can be
speculated that the fungus manipulates the growth
of the host plant through production of these
phytohormones. In the opportunistic human path-
ogen Penicillium marneffei, AreA is important for
virulence, since area deletion mutants failed to
adapt to nitrogen-poor conditions during infec-
tion (Bugeja et al. 2012). Even though a direct
link between NRE or its orthologs and other
BGCs is not yet established in the case of
A. terreus, it was shown that diverse SMs are
differently regulated dependent on the amounts
and the quality of the available nitrogen source.
Production of diverse antibiotic and cytotoxic
SMs as mevinolinic acid, geodin, terrein, asterric
acid, and butyrolactone I was promoted during
nitrogen limitation (Boruta and Bizukojc 2016).

As discussed above, the substrate pH can be a
parameter for metabolic activity in the proximity
of the fungus, as it is influenced by metabolites
and degradation products secreted by the
surrounding organisms. pH-dependent regulation
is most prominently mediated by the transcription
factor PacC that is described to be involved in the
regulation of secondary metabolism in various
Aspergillus, Fusarium, and Penicillium species
(Arst and Peiialva 2003). Furthermore, PacC
was shown to be involved in the virulence of
pathogenic fungi, as deletion of pacC reduced
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virulence in several pathogenic fungi (Rascle
et al. 2018; Barda et al. 2020; Zhang et al.
2013). However, this might also be due to the
pleiotropic effects of reduced growth which was
also reported for several fungi (Li et al. 2021a).
Generally, PacC can directly regulate the expres-
sion of virulence factors. For example, it regulates
the production of various mycotoxins, first
reported for aflatoxin, where a PacC consensus
motif was found in the promoter region of the
aflatoxin transcription factor gene (Ehrlich et al.
1999).

In the cases presented above, the produced
SMs are assumed to be directed against a micro-
bial competitor or the host organism, either
directly damaging them or inhibiting their
growth. Siderophores, on the other hand, are
known to chelate iron and other metals, making
them better accessible. Iron is essential for fungal
growth and development (Haas 2014). Under aer-
obic conditions, there is a constant competition
among microorganisms for soluble iron. For iron
uptake under low bioavailable conditions, many
microorganisms evolved siderophores
(Misslinger et al. 2021).

While the first fungal siderophore was
identified from Ustilago sphaerogena by
Neilands (1952), many other fungal species such
as Aspergillus, Penicillium, Candida, Alternaria,
and Trichoderma spp. were shown to produce
siderophores as well (Pecoraro et al. 2021).
Although various different mechanisms are
involved in the regulation of siderophore biosyn-
thesis (Misslinger et al. 2021), the most obvious
trigger is the availability of iron. Expression of
biosynthesis genes of the siderophores fusarinine
C (FSC) and triacetylfusarinine C (TAFC) in
A. fumigatus was induced upon co-cultivation
with A. nidulans (Ninomiya et al. 2022). The
authors speculate that the production of
siderophores could be a reaction of A. fumigatus
to microbial competition for available iron, as a
similar increase in siderophore production was
induced by  phenazine production  of
P. aeruginosa (Moree et al. 2012). In
A. nidulans, biosynthesis of siderophores is
repressed by high concentrations of available
iron, mediated by the GATA transcription factor
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SreA (Oberegger et al. 2001). Additionally,
siderophore production is influenced by pH,
since SidA, catalyzing the initial step in TAFC
biosynthesis, and the siderophore transporters
MirA and MirB all contain PacC binding sites
within their promotors (Eisendle et al. 2004).
Acidic conditions repressed siderophore produc-
tion, while neutral or alkaline conditions
increased it. The authors offer several hypotheses:
why concerted upregulation of siderophore bio-
synthesis genes during alkaline and low iron
conditions is sensible. These include higher bio-
availability of iron and lower efficiency of
siderophores in acidic conditions as well as
enhanced iron competition with bacteria during
alkaline conditions. Furthermore, acquisition of
iron is a major concern of fungi living in human
or animal hosts. This is discussed in Sect. 11.4.1.

11.4 Induction of Fungal SMs

in Infection

Co-evolution of fungi and mammals began, when
the first mammals roamed the earth at least
160 million years ago, as evidenced from fossil
records (Luo et al. 2011). An important result of
this process is the ability of fungi to cause
infections. A variety of factors can contribute to
fungal virulence, but in many cases SMs pro-
duced by a particular fungus play a pivotal role
in enabling or supporting an infection process.
Typical examples for this are mycotoxins. Many
fungal SMs have high value as therapeutics
against bacterial infections, as cholesterol-
lowering agents, or as immunosuppressants, just
to name a few (Brakhage 2013). Conversely,
fungal toxins have devastating effects on human
health, as well as on crops, leading to high losses
in agricultural food production (Almeida et al.
2019). Numerous mycotoxins are known that
are virulence factors, causing diseases in animals
and plants or accumulate in food (Scharf et al.
2014; Raffa and Keller 2019). Although many
studies investigated the effects of mycotoxins in
infection and disease (Richard 2007; Wild and
Gong 2010; Fung and Clark 2004), the
mechanisms by which the process of infection
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induces or enhances toxin production are less
well studied. In the following, the current knowl-
edge on fungal BGC induction during infection is
summarized. We exemplify SMs that enable or
support the infective process and whose biosyn-
thesis is (co-)regulated with the course of infec-
tion in mammals, insects, and plants (Fig. 11.1).

11.4.1 Mycotoxins and Other Fungal
SMs Activated Upon Infection

of Humans

During infection of humans, fungal mycotoxins
decrease the host’s immune response, provide the
fungus with immune evasion strategies, and
induce tissue necrosis for nutrient acquisition
and infection (Raffa and Keller 2019). We have
already presented interactions of human-
colonizing microorganisms resulting in fungal
SM production in Sect. 11.2.4. Here, we focus
on the few known examples, in which host factors
or the environment generated by the host directly
activates or enhances the production of
mycotoxins and other SMs. Although there are
many pathogenic fungi infecting humans, other
fungi than A. fumigatus are understudied in this
aspect. The presented examples focus on human
hosts, but it is likely that similar mechanisms of
SM induction exist during infection of other
mammals.

Infection with A. fumigatus can lead to
devastating diseases such as invasive aspergillo-
sis. Lethality of invasive aspergillosis can be up
to 95% due to its sophisticated immune evasion
strategies (Brown et al. 2012; Schmidt et al.
2018). A microarray hybridization study revealed
that at the onset of infection the BGCs for
gliotoxin, fumagillin, fumitremorgin, and
pseurotin  biosynthesis are  upregulated
(McDonagh et al. 2008). Gliotoxin, an NRPS-
derived mycotoxin, suppresses macrophage
immune response, interferes with cytokine signal-
ing, and directly damages host cells by the pro-
duction of ROS (Arias et al. 2018; Scharf et al.
2016). The mycotoxin fumagillin inhibits the
activity of phagocytes and amoeba, enabling the
fungus to evade being killed by those cells
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(Guruceaga et al. 2019), while fumitremorgin
possesses activity against cancer cells and shows
cell cycle inhibiting activity on mammalian cells
(Cui et al. 1995). Pseurotin has neuritogenic and
chitin synthase inhibitor function (Komagata
et al. 1996; Wenke et al. 1993), moderate cyto-
toxicity against lung fibroblasts (Schmeda-
Hirschmann et al. 2008), and the capacity to
inhibit IgE production (Ishikawa et al. 2009). It
is conceivable that these compounds impede the
defensive capabilities of the host’s immune sys-
tem against the fungus and damage the
surrounding tissue, thereby facilitating a success-
ful infection of the host. Further studies were
conducted to investigate the specific triggers for
activation of the corresponding BGCs.
Simulating the physiological conditions in the
host during infection, Sueiro-Olivares et al.
(2015) found that incubation of A. fumigatus at
37 °C instead of 24 °C induced the expression of
gliZ, encoding a gliotoxin BGC transcription fac-
tor as well as gliP, coding for an NRPS that
catalyzes the first step of gliotoxin biosynthesis.
The hypoxic conditions in inflamed human tissue
were also simulated (Grahl et al. 2012). Incuba-
tion at 0.2% O, instead of the 21% atmospheric
O, concentration found in the air led to fumagillin
and pseurotin production (Vodisch et al. 2011).
Besides its role in disturbing the host’s immune
response, it is also conceivable that pseurotin A
inhibits other microbes or nematodes, thereby
enhancing the survival of A. fumigatus under
natural hypoxic conditions, e.g., in soil. Lastly,
biofilm growth, which is often found in patients
suffering from lung aspergilloma, triggers pro-
duction of gliotoxin, fumitremorgin, and
fumagillin further hinting at a potential impor-
tance of these SMs during infection (Bruns et al.
2010; Gibbons et al. 2012).

The immune system and hypoxic conditions in
inflamed tissue are not the only challenges
A.  fumigatus faces during host infection.
A. fumigatus can also penetrate epithelial tissue
and disseminate via the blood stream (Hope et al.
2005). Here, A. fumigatus is not able to grow
effectively due to hardly accessible iron and will
try to escape into tissue. If this escape fails, the
fungus reportedly shuts down most metabolic

L. M. Zehner et al.

activity, while increasing siderophore production
(Irmer et al. 2015) and expression of iron homeo-
stasis genes. Along with sidA, the BGC for TAFC,
an NRPS-derived siderophore, is overexpressed,
suggesting an important role of TAFC for iron
acquisition in blood (Irmer et al. 2015). The
importance of siderophores for A. fumigatus
lung infection was shown, as sidA was proven to
be essential for A. fumigatus virulence (Schrettl
et al. 2004; Hissen et al. 2005).

11.4.2 Fungal SM Activation
in Response to Antifungal
Treatment

When patients suffer from fungal infections, they
are usually treated with antifungal therapeutics.
However, the  pharmaceutically  applied
antifungals are limited to few classes of
antimycotics: azoles, polyenes, echinocandins,
flucytosine, and terbinafine (Mattern et al.
2015). Interestingly, several studies showed that
exposure of fungi to these drugs can trigger the
production of fungal SMs. Caspofungin, an
echinocandin-type antifungal, is used for treat-
ment of aspergillosis. Exposure of A. fumigatus
to caspofungin leads to increased production and
release of gliotoxin and fumagillin (Eshwika et al.
2013; Conrad et al. 2018). It is speculated that the
production of fumagillin could be an attack of the
fungus on host cells or an attempt of communica-
tion, since echinocandin antifungals are products
of other fungi (Conrad et al. 2018). The produc-
tion of gliotoxin could be a countermeasure to
mitigate the oxidative and osmotic stress induced
by caspofungin, as gliotoxin also has
antioxidative properties (Eshwika et al. 2013).
Gliotoxin production is also increased upon treat-
ment with the polyene macrolide amphotericin
B. The increased release of gliotoxin after
amphotericin B treatment might be due to mem-
brane damage induced by amphotericin B
(Reeves et al. 2004).
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11.4.3 Activation of Fungal SM
Biosynthesis During Infection
of Insects

Insects have an even longer history of
co-evolution with fungi than mammals, since
they arose approximately 400 million years ago
(Grimaldi 2010). Unsurprisingly, fungi have
evolved specific interactions with insects that
include infection and manipulation strategies. In
addition to their ecological impact, these
interactions are of interest as certain fungi and
insects are major threats to crop plants and
compounds involved could be potential
candidates for future pesticides or biocontrol
agents.

Beauveria bassiana is a well-studied patho-
genic fungus infecting a wide range of insects
(Uma Devi et al. 2008). During infection of
Triatoma infestans, a blood-sucking bug and
important vector of Chagas disease, expression
of the core biosynthesis genes for tenellin and
beauvericin was strongly increased, while genes
for bassianolide were expressed to a lesser extent,
suggesting specific roles of these compounds in
the course of an infection (Lobo et al. 2015).
Beauvericin and bassianolide are highly insecti-
cidal virulence factors, while tenellin exhibits
cytotoxic activity (Eley et al. 2007; Rohlfs and
Churchill 2011). When larvae of the wax moth
Galleria mellonella are infected by B. bassiana,
oosporein, an orsellinic acid derivative, is pro-
duced. Oosporein is primarily formed after the
insect died of the infection. Together, this
suggests a suppressing effect of oosporein toward
competing microorganisms to secure the insect
carcass as food source for the fungus (Feng
et al. 2015; Fan et al. 2017). The fungus
Metarhizium anisopliae is a pathogen of
arthropods. When cultured in a medium
supplemented with tick cuticles, 15 SM BGCs
are upregulated as revealed by RNA-Seq analysis.
Among them are the biosynthetic machineries for
a  tropolone/citrinin-related  compound, a
pseurotin-related compound, the insecticidal and
phytotoxic destruxin, and the siderophore
ferricrocin (Sbaraini et al. 2016). Destruxins are
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known virulence factors for the infection of cer-
tain insects and have also found application in
pharmacological research as a basis for the devel-
opment of drugs against cancer and osteoporosis,
as well as potential biocontrol agents (Liu and
Tzeng 2012). The siderophore ferricrocin is of
importance for virulence of Metarhizium
robertsii, as it is required for germination and
maintenance of iron homeostasis (Giuliano
Garisto Donzelli et al. 2015). The functions of
both the tropolone/citrinin-related compound and
the pseurotin-related metabolite have not yet been
identified; hence, their potential roles during
infection are unclear.

11.4.4 Fungal SMs Induced Upon
Infections of Plants

Fungi and plants have the longest history of
co-evolution. Plants conquered land approxi-
mately 480 million years ago, possibly with the
help of fungi that formed mycorrhiza (Lutzoni
et al. 2018). Since then, fungi have also evolved
the capability to infect plants and are among the
biggest threats for crops and hence for the nutri-
tion of humans. An estimated 10-23% of harvests
are lost to fungal infections on the field and
another 10-20% after harvesting (Fisher et al.
2012). Fungi employ a vast array of SM toxins
that enable them to infect plants and cause
diseases, as reviewed comprehensively in
Evidente et al. (2019). Here, we focus on BGCs
that are induced upon infection of a plant or
throughout the infection process.

An important genus of fungi infecting major
crop plants is Fusarium. Fusarium spp. colonize
maize, peas, tobacco, and banana where they
cause various diseases (Edel-Hermann and
Lecomte 2019). Fusarium fujikuroi (teleomorph:
Gibberella fujikuroi), for example, causes the ear
rot disease in maize (Zea mays). When maize
kernels are infected, the fungus produces
fumonisins, a family of SM toxins. Fumonisins
are predominantly produced during the dent stage
of maize kernel development, characterized by a
rise in internal pH and a high amylopectin content
in the kernels (Picot et al. 2011). When
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F. fujikuroi was cultivated in a medium in which
the carbon source amylose was substituted by
amylopectin the amounts of produced fumonisins
increased (Bluhm and Woloshuk 2005). A posi-
tive transcription regulator of the fumonisin BGC
in F. fujikuroi is ZFR1, also predominantly
expressed in maize kernels (Flaherty and
Woloshuk 2004), which leads to fumonisin accu-
mulation in these structures. This is of concern
since fumonisins are considered threats to human
and animal health (Li et al. 2021b) and are poten-
tial human carcinogens (Riley et al. 1994). This
needs to be observed because fumonisins are not
entirely eliminated during food processing
(Humpf and Voss 2004). Consequentially, efforts
are undertaken to enhance the resistance of maize
plants against F. fujikuroi, e.g., by application of
genetically engineered Bacillus thuringiensis on
the maize plants (Munkvold et al. 1999). The
transgenic bacteria produce CrylA(b) and other
toxins to certain maize-feeding insects like the
European corn borer Ostrinia nubilalis. Conse-
quentially, this so-called Bt maize suffers less
damage from feeding insects, which in turn
makes it less vulnerable to infection by
F. fujikuroi. Complementary to these approaches,
improving our understanding of the regulatory
mechanisms behind fumonisin production might
help to design crop plants that accumulate less
toxins, thereby reducing the health risk to humans
and animals.

Another maize pathogen, Cochliobolus
carbonum, causes the leaf spot disease. In early
infection the fungus forms appressoria, swollen
hyphal structures that adhere to plant leaves and
facilitate penetration into the plant tissue. The
formation of these infection structures coincides
with the production of HC-toxin, a cyclic
tetrapeptide and histone deacetylase inhibitor
(Brosch et al. 1995). HC-toxin is of major impor-
tance for invading the host and therefore consid-
ered a virulence factor of C. carbonum (Yoder
1980). While it is still unclear how the inhibition
of histone deacetylases induces disease in maize,
several studies have confirmed that the activity of
HC-toxin as HDAC inhibitor is not confined to
this host. As reviewed in Walton (2006), it
extends to other plants and even insects and
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mammals. An especially interesting aspect of
this cyclic tetrapeptide is, that it only displays
toxicity toward maize plants with specific
genotypes. Presence of the dominant alleles
Hml or Hm2 renders maize plants resistant, as
they code for HC-toxin reductase, a detoxifying
enzyme, speculated to be exclusively retained in
the genome as a defense against HC-toxin and
related compounds (Walton 2006). This
exemplifies how the evolutionary pressure
exerted by fungal pathogens and their toxins
shaped the genetic equipment of host plants.
Botrytis cinerea causes gray mold disease in
more than 200 agricultural plants and employs
botcinic acid and botrydial as phytotoxic SMs.
Both compounds induce chlorosis and plant tis-
sue necrosis. Botcinic acid also exhibits antifun-
gal activity. During tomato leaf infection the
BGCs for both compounds are upregulated and
double knock-out mutants exhibit markedly
diminished virulence. A knock-out mutant defi-
cient in only botcinic acid production retains a
substantial virulence potential, suggesting an at
least partially redundant role of both compounds
during infection (Dalmais et al. 2011). Botcinic
acid is also synthesized during infection of soy-
bean plants with Sclerotinia sclerotiorum, caus-
ing Sclerotinia stem rot disease (Westrick et al.
2019). The suggested widespread role of this
phytotoxin in plant infection and the broad
range of crop plants susceptible to these
pathogens emphasize the importance of under-
standing the underlying molecular mechanisms
in this specific pathogen—host interaction.
Various Penicillium ser. Corymbifera strains
are responsible for blue mold storage rot in plant
bulbs (Overy et al. 2005). When these strains
were cultivated on plant tissue-based agars, e.g.,
with extracts of yellow onions (Allium cepa), the
production of some corymbiferones and
corymbiferan lactones was massively enhanced.
In addition, these compounds were also identified
in onions infected by Penicillium spp. (Overy
et al. 2006). This finding indicates that
conditioned media can activate SM production
similar to the real infection of the plant. Through
this method, the authors were able to amplify the
production of several SMs compared to
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cultivation on commonly used media. Among
them were the novel compound corymbiferone
B and another yet unidentified but structurally
similar compound. This approach could be
employed in screening for novel compounds, as
it enables detection of compounds that would
have been overlooked when using standard
media and will allow elucidation of a more com-
plete metabolic profile of the used fungi (Overy
et al. 20006).

Kobayashi et al. (1995) investigated plant
calli, which are more easily infected by fungi
than highly differentiated intact plants. A
co-culture consisting of a fungus and a callus
appears to be a promising strategy for initiation
of new metabolite production. By infecting a
Phytolacca americana callus with the fungus
Botrytis fabae (Kobayashi et al. 1995), the
authors identified the antifungal metabolite
phytolaccoside B, which was likely produced as
a defense mechanism against the fungal patho-
gen. In a follow-up study, Marfori et al. (2002) set
up a co-culture of Trichoderma harzianum and
Catharanthus callus and isolated
trichosetin, an antimicrobial compound with a
remarkable activity against the Gram-positive
bacteria S. aureus and B. subtilis. The compound
was not produced in individual cultures of either
T. harzianum or C. roseus callus. Due to the close
structural analogy of trichosetin to the fungal
toxin equisetin, the authors argue that the com-
pound is likely produced by the fungus.

roseus

11.5 Induction of Fungal SMs
During Non-infectious
Interaction with Other

Eukaryotes

Except of mycorrhiza fungi and infection-related
interactions, reports of fungi interacting with mul-
ticellular eukaryotes are scarce. This is likely due
to the complexity of such interactions which
makes them more difficult to analyze than
fungal-fungal or fungal-bacterial interactions.
Nevertheless, the ecological context for and rela-
tionship between interacting partners can help to
unravel the nature of a microbial interaction.
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Interactions may be classified as neutral
(in which no species gains an advantage from
the interaction), competitive (in which the
partners antagonize each other to gain advantage
over nutrients, territories, etc.), or synergistic
(in which all species benefit from the interaction).
With regard to SMs, in many cases their produc-
tion was interpreted as useful for competition.
However, it also needs to be taken into account
that the amounts produced in the natural environ-
ment are often very low and a function as com-
munication molecule should be also considered
(Fig. 11.1).

11.5.1 Fungal-Nematode Interactions
Fungi form a heterogeneous group of species
characterized by diverse lifestyles which are
mainly driven by the nutritional mode of the
fungus. Saprotrophic fungi obtain nutrients from
dead organic matter; biotrophic species exploit
living host cells, while necrotrophic fungi gain
nutrients from killed host cells (Macauley and
Thrower 1966). Some fungi may not be restricted
to only one lifestyle and can switch from a
saprotrophic existence to a predatory one. The
latter is a fascinating area of microbial interaction:
fungi able to catch and kill nematodes, called
nematode-trapping fungi or NTFs. NTFs produce
specific traps with which they capture nematodes.
After entrapment, the nematodes are paralyzed
and penetrated by the fungal hyphae, which pro-
liferate and digest the worm. An intricate chemi-
cal warfare occurs between the pathogenic NTFs
and the host nematode. NTFs eavesdrop on the
Caenorhabditis elegans pheromones known as
ascarosides, which are used by the fungus as a
signal to switch from the saprotrophic lifestyle to
a predatory one via induction of trap morphogen-
esis (Hsueh et al. 2013; Yu et al. 2021b). More-
over, NTFs secrete VOCs like butenoate
derivatives and polyketide SMs like 6-methyl-
salicylic acid to attract the worms into fungal
colonies (Hsueh et al. 2017; Yu et al. 2021a).
To enable penetration, NTFs produce virulence
factors including protease inhibitors, chitin-
binding proteins, small-secreted proteins, and,
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importantly, SMs (Stergiopoulos and de Wit
2009; Hsueh et al. 2017; Yu et al. 2021a, b)
After penetration, NTF may use SMs to kill or
paralyze nematodes, as shown for the most
widely studied model NTF Arthrobotrys
oligospora (Niu and Zhang 2011). It thus
becomes evident that fungal SMs are crucial for
the fungal-nematode interaction and the biosyn-
thesis of a number of SMs is specifically activated
by the presence of prey nematodes.

Recently, Yu et al. identified key SMs
involved in the regulation of trap formation and
attraction of the nematode C. elegans by the NTF
Duddingtonia flagrans, a fungus
phylogenetically closely related to A. oligospora
(Yu et al. 2021a). The genome of D. flagrans
(Youssar et al. 2019) encodes the PKS gene
artA, which shows high similarity to a known
PKS gene of A. oligospora. In A. oligospora,
this PKS is responsible for the biosynthesis of
arthrosporols, which were shown to inhibit the
formation of nematode traps (Xu et al. 2015). In
agreement, Yu et al. (2021a) found that by delet-
ing artA, or the neighboring genes artB or artC,
the ability of D. flagrans to form traps was
increased. LC-MS analysis confirmed the absence
of arthrosporols in AartA, AartB, and AartC
mutants. However, the salicylic acid derivative
6-methyl-salicylic acid (6-MSA) accumulated in
a AartC mutant strain. Furthermore, the heterolo-
gous expression of the PKS arfA in the fungus
Aspergillus oryzae led to the formation of
6-MSA, indicating that 6-MSA is the polyketide
product of ArtA, and that ArtB and ArtC convert
6-MSA to arthrosporols. As shown for
arthrosporols, 6-MSA was also found to inhibit
trap formation. Interestingly, the expression of the
three genes is uncoupled, in both time and space.
At the hyphal tips, only artfA was expressed,
which led to accumulation of 6-MSA, while
artB and artC were expressed in the rear of the
hyphae, where arthrosporols accumulated.
Intrigued by the fact that both 6-MSA and
arthrosporols inhibit trap formation, the authors
looked for another role for 6-MSA to be produced
at the hyphal tip and found that it serves as a
chemoattractant for C. elegans. Therefore,
D. flagrans employs an interesting regulatory
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mechanism of trap formation based on the spa-
tially resolved production of SMs: at the hyphal
tips, 6-MSA is produced to attract C. elegans,
while further back in the hyphae arthrosporols
are produced to block trap formation until a suffi-
cient number of nematodes are present. When
enough nematodes are sensed, D. flagrans will
switch off arthrosporol and 6-MSA production
and proceed to form nematode traps. Overall,
D. flagrans makes use of a multifunctional SM
BGC, which through combinatorial biosynthesis
produces  multiple compounds  (6-MSA,
arthrosporols, and additionally pigments), each
with a specific role. The fungal SM 6-MSA is
produced when worm pheromones are sensed
and serves a chemoattractant role for the nema-
tode, while both 6-MSA and arthrosporols are
involved in trap formation, which the fungus
controls by modulation of art gene expression.

11.5.2 Leafcutter Ant-Fungus Cultivar:
Interaction with Fungal
Pathogen Escovopsis weberi

Another fascinating association is the mutualism
between Acromyrmex leafcutter ants and their
fungal cultivar (Currie 2001). As part of this
symbiosis, the ants groom the basidiomycete
Leucoagaricus gongylophorus, which then serves
as their main food source. It was initially believed
that the ants manage to maintain the fungus free
of microbial pathogens. However, the ant gardens
are also home to a highly virulent and pathogenic
fungus belonging to the genus Escovopsis. To
counteract the pathogen, the ants have evolved a
beneficial association with actinomycetes (mostly
Streptomyces and Pseudonocardia spp.), which
produce antibiotics that suppress the growth of
the ascomycete Escovopsis weberi. In turn, the
pathogen E. weberi produces a variety of
compounds in order to compete with the garden
fungus and circumvent the mutualist-powered
defense of the leafcutter ants. Since E. weberi
can overwhelm L. gongylophorus, researchers
assumed the effect was achieved through secre-
tion of toxins and SMs. In agreement with this
hypothesis, Dhodary et al. (2018) discovered that
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E. weberi produces five shearinine-type indole
triterpenoids including two novel derivatives,
shearinine L and shearinine M, as well as the
polyketides emodin and cycloarthropsone. The
latter two SMs strongly inhibited the growth of
the garden fungus L. gongylophorous, while
shearinine L inhibited the ants, which after a
two-day learning period quickly adapted to
avoid the compound. These findings were con-
firmed by Heine et al. (2018) who found that in a
mutually beneficial symbiosis of Acromyrmex
leafcutter ants and the fungus L. gongylophorus
and Pseudonocardia bacteria, the parasitic
Escovopsis fungus upregulates the production of
two specialized metabolites including
shearinine D, which reduces ant behavioral
defenses and 1is ultimately lethal when it
accumulates in ant tissues.

11.5.3 Grazing Insect Larvae Induce
the Chemical Defense of Fungi

Leafcutter ants are not the only insects feeding on
fungi. Several other insects use fungi as a food
source as well. It is not surprising that fungi
evolved chemical defense mechanisms to fight
fungivorous  insects.  Investigating  these
substances could lead to the discovery of new
insecticidal compounds that could potentially be
useful for agriculture.

Grazing of Drosophila melanogaster larvae on
A. nidulans upregulates LaeA, a global regulator
of SM biosynthesis (Caballero Ortiz et al. 2013).
This leads to enhanced expression of four BGCs,
encoding the mycotoxin sterigmatocystin, the
insecticidal austinoids, the antibiotic
emericellamides, and the prominent antibiotic
penicillin (Caballero Ortiz et al. 2013; Valiante
et al. 2017). Similar results were obtained from
the soil arthropod Folsomia candida grazing on
A. nidulans (Dol et al. 2013). In this case, the
fungus overproduced emericellamides (Sanchez
et al. 2012), as well as the meroterpenoids
austinol and dehydroaustinol. The latter exhibit
neurotoxic activity to insects (Kataoka et al.
2011). It was discovered that the shift in second-
ary metabolism is part of a defensive response
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increasing the resistance to fungivore grazers.
The production of a combination of SMs might
exert synergistic effects and make the chemical
response more effective than producing a single
compound (D61l et al. 2013). Additionally, a pre-
vious study on arthropod grazing behavior
indicated that F. candida tends to distribute its
feeding activity on different fungal colonies
because it is speculated that feeding leads to
resistance of the colonies against the fungivore
(Stotefeld et al. 2012). This behavior could be
evidence of the toxin concentration increasing
over time in the fungal colony when the
arthropods started feeding.

In response to grazing of Drosophila
melanogaster larvae, A. nidulans produces the
terpenoid juvenile hormone III (JH-III) (Nielsen
et al. 2013), which is essential for larval develop-
ment. This finding is particularly interesting,
since JH-III was previously not reported to be a
fungal SM and no genes homologous to the bio-
synthesis pathway of JH-III were found. The
authors speculate that this could either be due to
the long evolutionary distance between fungi and
insects, which may have obscured a common
origin of the biosynthesis genes, or that the fun-
gus indeed evolved an alternative biosynthetic
pathway for JH-IIT (Nielsen et al. 2013). In both
cases, the fact that the fungus is able to produce
an insect hormone might result from the long
history of co-evolution between insects and
fungi. JH-IIT is not excreted by the fungus and
instead is retained inside the mycelium. When
D. melanogaster larvae feed on the mycelium,
they ingest the compound that disturbs the fragile
balance of juvenile hormones in the animals,
thereby having a devastating effect on the insects
(Wilson 2004). These findings impressively dem-
onstrate  the intricate chemical defense
mechanisms of the fungus against grazing insects.

11.6 Conclusion

Over the course of evolution, fungi became an
incredibly diverse group, conquering niches in
virtually all habitats on earth and surviving even
the harshest conditions. A significant factor
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contributing to their adaptability is their capacity
to produce secondary metabolites. These
compounds allow them to shape the composition
of their surrounding microorganisms, to fight
their competitors, and to survive conditions that
would otherwise be damaging or even lethal
(Macheleidt et al. 2016). In general, secondary
metabolites can be regarded as signal molecules
that influence other (micro-)organisms either in a
positive or negative way. The ecological meaning
of most of these compounds has not been uncov-
ered until today.

Understanding the ecological factors trigger-
ing fungal BGCs is of major importance because
fungi encode an enormous number of silent BGCs
(Keller 2019; Knowles et al. 2022; Brakhage
2013). Since these silent BGCs represent a pool
of potentially new antibiotics and further useful
compounds, it is of high scientific interest to
investigate the mechanisms underlying their acti-
vation. In the last decade, many different
approaches to mimic natural ecological
conditions have been followed that lead to the
activation of silent BGCs: changes in culturing
conditions, genetic manipulation of the producing
organism, or complex co-culture systems of two
and more partners (Netzker et al. 2018; Brakhage
2013), to name a few. Besides new compounds
potentially interesting for medical or industrial
application, another aim to study the complex
interactive  networks is how  microbial
communities are shaped and what is the potential
outcome for human health and a healthy environ-
ment. Consequentially, understanding the inter-
play of microorganisms and the roles SMs play in
structuring microbiomes might enable us to
manipulate these microbial systems to our benefit
and treat diseases.
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Abstract

Bioluminescence is one of the most
fascinating features of basidiomycetes. In this
chapter, we have reviewed a total of 105 biolu-
minescent fungi that have been documented to
date. We show that these species are restricted
to three major lineages, including mycenoid,
Armillaria, and Omphalotus, and display dif-
ferent bioluminescent patterns and geographi-
cal distributions. A global phylogeny shows
that these species also exhibit patchy phyloge-
netic placement with their non-bioluminescent

relatives. We review previous work on their
genomes, which contain the fungal luciferin
biosynthetic cluster. The dynamics of this
cluster provide an evolutionary scenario since
the last common ancestor of the family
Mycenaceae and the marasmioid clade of
Agaricales. Finally, we discuss potential
functions and possible research directions of
bioluminescence in these fungi.
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12.1 Introduction

Bioluminescence is the emission of light by a
living organism, generated by a chemical reaction
that involves proteins called luciferases that cata-
lyze the oxidation of substrates called luciferins.
It is a trait that has evolved at least 94 times
independently across the tree of life (Lau and
Oakley 2021), with over 700 genera of biolumi-
nescent organisms recorded from freshwater, ter-
restrial, and marine environments (Haddock et al.
2010; Widder 2010; Lau and Oakley 2021;
Delroisse et al. 2021). Bioluminescence can be
further categorized into two types, autogenic and
bacteriogenic, in which light is produced either by
the organism itself or bioluminescent bacterial
symbionts, respectively (Lau and Oakley 2021).
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Bioluminescence in fungi is autogenic, which
means fungi emit light using their own luciferin
and luciferase (Oliveira et al. 2012; Oliveira and
Stevani 2009; Airth and Mc 1959). Fungal lucif-
erin is different from the other 13 known
luciferins (Lau and Oakley 2021; Purtov et al.
2015) and all fungal luciferases are homologous
and distinct from other known luciferases used by
other organisms based on sequence similarity
(Delroisse et al. 2021; Kotlobay et al. 2018).

All bioluminescent fungi belong to the
Agaricales of Basidiomycetes, which is a major
order comprising around 13,000 gilled
mushrooms (Kirk et al. 2008). These fungi belong
to ten different unrelated genera although some of
which have taxonomic synonyms. The apparent
patchy phylogenetic distribution of biolumines-
cence in fungi and the conserved genetic
mechanisms underlying phenotype can be
explained by either convergent evolution or an
intricate loss/gain history. Recent phylogenomic
progress has resolved the phylogenetic
relationships among species and helps us answer
those questions.

This review focuses on the evolution of biolu-
minescence in mushrooms in the Agaricales
order. The recent identification of the luciferin
biosynthetic = pathway genes and new
phylogenomic analyses of bioluminescent fungi
and their sister taxa have shown that fungal bio-
luminescence occurred in the last common ances-
tor of the mycenoid and the marasmioid clade.
We will review the features of bioluminescent
fungi, the known genes involved in the biolumi-
nescence, and their evolutionary history.

12.2 Diversity of Bioluminescent
Fungi

Bioluminescence has long captured the imagina-
tion of scientists. The taxonomy and evolution of
bioluminescent fungi was first compiled and
discussed 70 years ago (Wassink 1978; Harvey
1952). The number of taxonomically reported
bioluminescent fungi continues to increase with
improvement over higher sensitivity in light
detection initially from the naked eye to digital

H.-M. Ke et al.

camera, luminometer, or photomultiplier. Two
reviews have updated the accounts to 64 lumines-
cent species in 2008 (Desjardin et al. 2008) and
81 species in 2015 (Chew et al. 2015). We have
removed the phylogenetically uncertain species
and merged synonyms where possible, as well
as compiled and assigned a list of 28 additional
bioluminescent species (Mihail 2015; Desjardin
et al. 2016; Cortes-Perez et al. 2019; Chang et al.
2020; Karunarathna et al. 2020; Dauner et al.
2021; Terashima et al. 2016). The current number
of recorded bioluminescent fungi is 105. In recent
years, molecular data were generated using
barcode DNA sequences including rRNA ITS
(Internal transcribed spacer), large subunit rRNA
(LSU), and RNA polymerase II (rpb2) to revise
the phylogenetic positions of these species, which
can be classified into three lineages (Fig. 12.1):
80 in the mycenoid (78 Mycenaceae and two
from the Lucentipes lineage) (Table 12.1), 11 in
the Armillaria lineage and 13 in the Omphalotus
lineage, and one species (Pleurotus nitidus Har.
Takah. & Taneyama) with uncertain position
(Table 12.2). With the availability of molecular
markers, the term mycenoid was originally
intended to describe various morphological
features that are now coherently grouped in spe-
cies belonging to the Mycenaceae family. A
fourth lineage (Lucentipes) containing the biolu-
minescent Gerronema viridilucens Desjardin,
Capelari & Stevani (Desjardin et al. 2005) and
Mycena lucentipes Desjardin, Capelari & Stevani
(Desjardin et al. 2007) which were classified as
mycenoid species is excluded in this review
because of the lack of available marker
sequences. The three lineages shared a common
origin in the last common ancestor of
Mycenaceae and the marasmioid clade. For
more details on the relationships, see Ke et al.
2020. Here, we summarize the properties of these
three major bioluminescent fungal lineages.

12.2.1 Mycenaceae Family

The Mycenaceae family contains most species
originally part of the mycenoid lineage (Desjardin
et al. 2008), which are a type of mushrooms
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Mycena kentingensis

a-2
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Mycena luguensis

Origin of

bioluminescence Mycenaceae

Physalacriaceae
Armillaria

Marasmioid

Omphalotaceae
Clade A-J

Clade K: Omphalotus

Anthracophyllum
Marasmiellus lucidus &
Marasmiellus venosus (?)

Marasmiaceae

Fig. 12.1 Overview of bioluminescent fungi lineages and
their sister groups. Basidiomes of Mycena kentingensis in
light (a-1) and dark (a-2) exposures and its mycelium in
light (a-3) and dark (a-4) cultured in compost. Basidiomes
of Mycena luguensis (b-1) and its mycelium in light (b-2)

whose gills adhere to cartilaginous and central
stipes and lack a ring or volva (Ulloa and Hanlin
2017). The mycenoid lineage includes the major-
ity of recorded bioluminescent fungi (80) belong-
ing to the Mycenaceae family with the exception
of two species (Gerronema viridilucens and
Mpycena lucentipes; Desjardin et al. 2008). In
this review, we focus on the diversity of
Mycenaceae. Mycenaceae contains over 600 spe-
cies including  Atheniella, Dictyopanus,
Favolaschia, Mycena, Mycenoporella, Panellus,
Resinomycena, Roridomyces, and Xeromphalina
(Redhead et al. 2012; Kirk et al. 2008). Members
of this family are known primarily to colonize
leaves or wood as litter- or wood-decaying
saprophytes (Moncalvo et al. 2002). Still, other
members of this family were reported to use dif-
ferent nutritional strategies such as orchid
mycorrhizae (Ogura-Tsujita et al. 2009; Martos
et al. 2009; Zhang et al. 2012), the coffee

d-3

and dark (b-3) grown on wood. Basidiomes of Armillaria
mellea (c-1) and its cultured mycelium in light (c-2) and
dark (c-3). Basidiomes of Omphalotus japonicus on natu-
ral host tree (d-1) and the fruiting body in light (d-2) and
dark (d-3)

pathogen Mycena citricolor (Rao and Tewari
1987; Quesada-Chanto and Jimenez-Ulate
1996), a plant root invader (Harder et al. 2021),
and tissues in moss and root system in healthy
plant (Davey et al. 2013; Liao et al. 2014; Botnen
et al. 2014; Lorberau et al. 2017; Kernaghan and
Patriquin 2011). ITS is the most common marker
used in this lineage. We downloaded available
ITS sequences (>500 bp) from the National
Center for Biotechnology Information (NCBI)
according to taxId including Mycenaceae,
Favolaschia, Filoboletus, Dictyopanus, and
Roridomyces. We constructed a phylogentic tree
of 287 non-redundant sequences with species infor-
mation using IQ-TREE (Nguyen et al. 2015). An
alignment length of 1220 bp (last updated
2022.09.11; https://github.com/HueiMien/biolumi
nescent-fungi.git) was produced with MAFFT
(Katoh and Standley 2013) and trimming with
trimal (Capella-Gutierrez et al. 2009). (Fig. 12.2).
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Table 12.1 Bioluminescent fungi recorded in the Mycenaceae

Fruiting
Section® Scientific name® Mycelium® | body® Stipe® | Cap® | Spore® | Reference®
Aspratiles Mycena lacrimans Singer | — + + - - (Desjardin and
Braga-Neto
2007)
Aspratiles Mycena aspratilis Maas ? + - + ? (Desjardin et al.
Geest. & de Meijer 2010)
Basipedes Mpycena illuminans Henn. | + + - + - (Corner 1954,
Chew et al.
2015; Chew
et al. 2013)
Basipedes Mycena stylobates (Pers.: + — — — — (Bothe 1931)
Fr.) P.Kumm.
Basipedes Mpycena kentingensis + + - + - (Shih et al.
Y.S. Shih, C.Y. Chen, 2014)
W.W. Lin & H.-W. Kao
Basipedes Mpycena nocticaelum + + - + ? (Chew et al.
A.L.C. Chew & Desjardin 2015)
Calodontes Mycena pura (Pers.: Fr.) P. |+ - — — - (Treu and
Kumm. Agerer 1990)
Calodontes Mpycena rosea (Bull.) + — — — — (Treu and
Gramberg Agerer 1990)
Calodontes Mpycena cahaya A.L.C. + + + + ? (Chew et al.
Chew & Desjardin 2014)
Calodontes Mpycena seminau A.L.C. + + — + ? (Chew et al.
Chew & Desjardin 2014)
Calodontes Mycena sinar A.L.C.Chew |+ + + + — (Chew et al.
& Desjardin 2014)
Calodontes Mpycena sinar var. ? + + + ? (Chew et al.
tangkaisinar A.L.C.Chew 2014)
& Desjardin
Citricolores Mpycena citricolor (Berk. & | + — — — — (Berliner 1961a)
M.A.Curtis) Sacc.
Crocatae Mpycena luxfoliicola + + + + ? (Cortes-Perez
Cortés-Pérez, Desjardin & et al. 2019)
Ram.-Cruz
Exornatae Mycena chlorophos (Berk. |+ + + + — (Corner 1954)
& ML.A.Curtis) Sacc.
Exornatae Mpycena discobasis Metrod | ? + + + - (Desjardin et al.
2007)
Exornatae Mycena margarita ? + + + ? (Desjardin et al.
(Murrill) Murrill 2010)
Exornatae Mpycena deeptha Aravind. |+ — - - - (Aravindakshan
& Manim. et al. 2012)
Fragilipedes Mpycena polygramma + — — — — (Berliner 1961a;
(Bull.: Fr.) S.F.Gray Treu and Agerer
1990)
Fragilipedes Mycena zephirus (Fr.: Fr.) |+ - — — — (Bothe 1931;
P.Kumm. Treu and Agerer
1990)
Fragilipedes Mycena silvaelucens B.A. | ? + + + ? (Desjardin et al.
Perry & Desjardin 2010)
Fragilipedes Mpycena flammifera Har. + + + + ? (Terashima et al.
Takah.& Taneyama 2016)

(continued)
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Table 12.1 (continued)
Fruiting
Section® Scientific name® Mycelium® | body® Stipe® | Cap® | Spore® | Reference”
Fragilipedes Mpycena stellaris Har. + + + + ? (Terashima et al.
Takah., Taneyama & 2016)
A. Hadano
Fragilipedes Mycena jingyinga + — - — — (Chang et al.
C.C. Chang, C.Y. Chen, 2020)
W.W. Lin & H.W. Kao
Fragilipedes Mpycena luguensis + — — — — (Chang et al.
C.C. Chang, C.Y. Chen, 2020)
W.W. Lin & H.-W. Kao
Fragilipedes Mycena venus C.C. Chang, |+ — - - - (Chang et al.
C.Y. Chen, W.W. Lin & 2020)
H.W. Kao
Galactopoda Mpycena haematopus + + ? ? ? (Bermudes et al.
(Pers.: Fr.) P.Kumm. 1992; Treu and
Agerer 1990)
Hygrocyboideae | Mycena epipterygia + — — — — (Bothe 1931)
(Scop.: Fr.) S.F.Gray
Incertae Sedis Mpycena daisyogunensis ? + ? ? ? (Kobayasi 1951)
Kobayasi
Incertae Sedis Mycena pseudostylobates + ? ? ? ? (Kobayasi 1951)
Kobayasi
Lactipedes Mpycena galopus (Pers.: + - - - - (Berliner 1961a;
Fr.) P.Kumm. Bothe 1931;
Treu and Agerer
1990)
Manipularis- Filoboletus pallescens ? + ? ? ? (Maas
group (Boedijn) Maas Geest. Geesteranus
1992)
Manipularis- Panellus yunnanensis P.G. | ? + ? ? ? (Liu 1995)
group Liu = Filoboletus
yunnanensis
Manipularis- Filoboletus manipularis + + + ? ? (Corner 1954)
group (Berk.)
Teng = Favolaschia
manipularis
Manipularis- Filoboletus manipularis ? + + ? ? (Corner 1954)
group var. microporus Kawam.
ex Corner nom.
inval. = Polyporus
microporus Kawam. nom.
inval.
Manipularis- Filoboletus Hanedae ? + + ? ? (Kobayasi 1951)
group Kobayasi = Poromycena
hanedai
Mycena Mycena inclinata (Fr.) + — - - - (Wassink 1948)
Quél.
Mycena Mycena maculata P Karst. |+ — — — — (Treu and
Agerer 1990)
Mycena Mycena tintinnabulum + — — — - (Bothe 1930)
(Fr.) Quél.
Mycena Mycena gombakensis + + + + ? (Chew et al.
A.L.C. Chew & Desjardin 2015)

(continued)
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Table 12.1 (continued)

Fruiting

Section® Scientific name® Mycelium® | body® Stipe® | Cap® | Spore® | Reference”

Nodosae deformis Maas Geest. & de | + — - - - (Desjardin et al.
Meijer 2016)

Panellus Panellus luxfilamentus + - - - - (Chew et al.
A.L.C. Chew & Desjardin 2015)

Panellus Dictyopanus foliicola + + ? ? ? (Kobayasi 1951)
Kobayasi

Panellus Panellus pusillus var. ? + ? ? ? (Corner 1954)
sublamellatus Corner

Panellus Panellus luminescens + + + + + (Chew et al.
(Corner) Corner 2015; Corner

1950)

Panellus Panellus pusillus (Pers. ex | + + ? + ? (Corner 1954;

Lév.) Burdsall & O.K.Mill Desjardin et al.
2008)

Panellus Panellus stipticus (Bull.: + + - + ? (Berliner 1961a;
Fr.) P.Karst. Wassink 1948)

Resinomycena Resinomycena fulgens Har. | ? + + + ? (Terashima et al.
Takah.,Taneyama & Oba 2016)

Resinomycena Resinomycena petarensis + - — - - (Desjardin et al.
Desjardin, B.A. Perry & 2016)
Stevani

Roridae Roridomyces irritans — + - + - (Horak 1978)
E. Horak = Mycena
irritans)

Roridae Roridomyces — + — - + (Horak 1978;
lamprosporus (Corner) Corner 1950)
Rexer = Mycena
lamprospora (Corner)
E. Horak

Roridae Roridomyces + + + + ? (Chew et al.
pruinosoviscida 2015; Corner
Corner = Roridomyces 1954)
pruinosoviscidus (Corner)
A.L.C. Chew & Desjardin

Roridae Roridomyces ? + ? ? 7) (Corner 1954)
pruinosoviscidus var.
rabaulensis (Corner)
Blanco-Dios

Roridae Roridomyces roridus (Fr.) | + — - — — (Josserand
Rexer = rorida (Fr.) Quel. 1953)

Roridae Roridomyces sublucens — + + + — (Corner 1954)
Corner

Roridae Roridomyces + + + - ? (Karunarathna
phyllostachydis Karun., et al. 2020)
Mortimer and Axford

Roridae Roridomyces viridiluminus | + + + + ? (Dauner et al.
L.A.P. Dauner, 2021)
Karunarathna &
P.E. Mortimer

Rubromarginatae | Mycena lux-coeli Corner ? + + + — (Corner 1954)

Rubromarginatae | Mycena noctilucens + + + ? (Chew et al.
Kawam. ex 2015; Corner
Corner = Mycena 1954)

noctilucens var.
magnispora Corner

(continued)
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Table 12.1 (continued)

Fruiting

Section® Scientific name® Mycelium® | body® Stipe® | Cap® | Spore® | Reference®

Rubromarginatae | Mycena olivaceomarginata | + — - - - (Wassink 1979)
(Massee apud Cooke)

Rubromarginatae | Mycena singeri Lodge ? + + + — (Desjardin et al.

2007)

Rubromarginatae | Mycena coralliformis + - - — — (Chew et al.
A.L.C. Chew & Desjardin 2015)

Rubromarginatae | Mycena fulgoris Cortés- - + + - ? (Desjardin et al.
Pérez, Desjardin 2016)

Rubromarginatae | Mycena lumina Cortés- + + + + ? (Cortes-Perez
Pérez, Desjardin et al. 2019)

Sacchariferae Mpycena asterina ? + — + - (Desjardin et al.
Desjardin, Capelari & 2007; Desjardin
Stevani et al. 2008)

Sacchariferae Mycena lazulina Har. + + + + ? (Terashima et al.
Takah.,Taneyama, 2016)
Terashima & Oba

Sacchariferae Mpycena perlae Cortés- — + - + ? (Cortes-Perez
Pérez, Desjardin & et al. 2019)
Rockefeller

Sanguinolentae Mpycena sanguinolenta + — - - - (Desjardin et al.
(Alb. & Schwein.: Fr.) P. 2007)
Kumm.

Sanguinolentae Mpycena nebula Cortés- ? + + ? (Cortes-Perez
Pérez, Desjardin & et al. 2019)
Rockefeller

Supinae Mpycena fera Maas Geest. ? + + + - (Desjardin et al.
& de Meijer 2007)

Supinae Mycena luxarboricola B. ? + + + ? (Desjardin et al.
A.Perry & Desjardin 2010)

Supinae Mpycena globulispora Maas | ? + + - ? (Desjardin et al.
Geest. & de Meijer 2016)

Similar to Mpycena guzmanii Cortés- + + + + ? (Cortes-Perez

Euspeireae/ Pérez, Desjardin et al. 2019)

Aspratiles

Similar to Mycena luxaeterna B.A. + + + — ? (Desjardin et al.

Hygrocyboideae/ | Perry & Desjardin 2010)

Insignes/

Euspeireae

Similar to Mpycena luxperpetua + + + + ? (Desjardin et al.

Insignes/ B.A. Perry & Desjardin 2010)

Euspeireae

Uncertain Mpycena aff. abieticola ? + + + ? (Desjardin et al.
Singer 2010)

Uncertain Mpycena luxfoliata Har. + — — — - (Terashima et al.
Takah., Taneyama & 2016)
Terashima

Uncertain Mycena oculisnymphae ? + + + ? (Desjardin et al.

Desjardin, B.A. Perry &
Stevanir

2016)

% The “Uncertain” section means there is no assignment according to the reference

® Use current name of the species in Index Fungorum, and their synonyms are listed as well.
¢+, —, and? denote the structure with, without, and uncertain illumination, respectively
4 Citations which report the bioluminescence feature
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Table 12.2 Bioluminescent fungi in Armillaria and Omphalotus lineage

Fruiting
Lineage Taxon Mycelium | body Reference
Armillaria Armillaria fuscipes Petch + - (Wassink 1978; Wassink
lineage 1948; Berliner 1961a)
Armillaria gallica Marxm. & Romagn + - (Mihail and Bruhn 2007)
Armillaria mellea (Valh.) P.Kumm. + - (Mihail and Bruhn 2007)
Armillaria ostoyae (Romagn.) Henrik + — (Rishbeth 1986)
Armillaria tabescens (Scop.) Emel + - (Mihail and Bruhn 2007)
Armillaria calvescens Bérubé & Dessur. + - (Mihail 2015)
Armillaria cepistipes Velen. + - (Mihail 2015)
Armillaria gemina Bérubé & Dessur. + - (Mihail 2015)
Armillaria nabsnona T.J. Volk & Burds. + - (Mihail 2015)
Armillaria sinapina Bérubé & Dessur. + - (Mihail 2015)
Desarmillaria ectypa (Fr.) R.A. Koch & + + (Ainsworth 2004)
Aime = Armillaria ectypa (Fr.) Lamoure
Omphalotus | Omphalotus guepiniiformis (Berk.) + ? (Zang 1979; Kawamura
lineage Neda = Lampteromyces luminescens 1910; Bermudes et al.
M. Zang = Omphalotus japonicus (Kawam.) 1992; Singer 1947)
Kirchm. & O.K. Mill.
Neonothopanus nambi (Speg.) Petersen & + ? (Corner 1981; Chew et al.
Krisai-Greilhuber 2015)
Nothopanus noctilucens (Le'v.) ) + ? (Léveillé 1844; Haneda
Singer = Pleurotus noctilucens Le v. 1955)
Omphalotus illudens (Schwein.) Bresinsky & + + (Berliner 1961b, a;
Besl. = Clitocybe illudens Schwein. = Panus Wassink 1948)
illudens (Schwein.) Fr. = Pleurotus facifer Berk.
& M. A. Curtis
Omphalotus mangensis (J. Li & X. Hu) Kirchm. |+ ? (Li and Hu 1993)
& O. K. Mill. = Lampteromyces mangensis J. Li
& X. Hu
Omphalotus nidiformis (Berk.) O. K. + ? (Berkeley 1844; Miller
Mill. = Pleurotus nidiformis (Berk.) Jr. 1994)
Sacc. = Pleurotus candescens (F. Muell. &
Berk.) Sacc. = Pleurotus illuminans (Berk.)
Sacc. = Pleurotus lampas (Berk.)
Sacc. = Pleurotus phosphorus (Berk.) Sacc.
Omphalotus olearius (DC.) Singer = Pleurotus | + + (Wassink 1948)
olearius (DC.) Gillet
Omphalotus olivascens H.E.Bigelow, O.K.Mill. | + - (Bigelow et al. 1976)
& Thiers
Pleurotus decipiens Corner + (Corner 1981)
Nothopanus eugrammus (Mont.) Singer + (Corner 1981)
1944 = Pleurotus eugrammus var. radicicolus
Corner
Neonothopanus gardneri (Berk.) Capelari, + ? (Capelari et al. 2011;
Desjardin, B.A. Perry, T. Asai & Stevani Saccardo 1887)
Marasmiellus lucidus Har. Takah., Taneyama & | + ? (Terashima et al. 2016)
S. Kurogi
Marasmiellus venosus Har. Takah., Taneyama & | + + (Terashima et al. 2016)
A. Hadano
Uncertain Pleurotus nitidus Har. Takah. & Taneyama + ? (Terashima et al. 2016)
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Fig. 12.2 ITS tree of 287 Mycenaceae sequences with
two Armillaria species as outgroup which was constructed
by IQ-TREE (Nguyen et al. 2015) with an alignment
length of 1220 bp without redundant species downloaded
from NCBI. Numbers on each branch denote support
values (SH-aLRT support (%) / ultrafast bootstrap support
(%)). Dark green nodes annotated with a star denote the

We found that the bioluminescent trait was
scattered along the Mycenaceae phylogeny and
did not group to a specific genus. This

MZ159467.1

bioluminescent species. Note that the sequences are not
necessary the same as the holotype, and not all biolumi-
nescent Mycenaceae species were listed here since not all
of them have been recorded in NCBI. The inset indicates
the lineage with species belong to sect. Calodontes

observation is consistent with previous patchy
distributions observed in smaller datasets using
different molecular markers and focusing on
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Fig. 12.2 (continued)

different closely related species (Chew et al.
2015; Karunarathna et al. 2020; Dauner et al.
2021; Shih et al. 2014; Chang et al. 2020).

Among different species, luminescence also
showed diverse patterns in different tissues,
including bioluminescent mycelia, caps and
stipes of basidiomes (Table 12.1).

Our revision was consistent with the
observations of Desjardin et al. 2008. Overall,
the species with bioluminescent basidiomes
mostly have bioluminescent mycelia (26/32) but
some have non-bioluminescent mycelia (6/32).
The variations can usually be found between
closely related species, indicating that the expres-
sion of bioluminescent is not restricted to specific
tissues. An example was the Mycena sect.
Calodontes shown in Fig. 12.2. These 13 species
with >85.8 ITS nucleotide identity form a mono-
phyletic clade with seven non-bioluminescent
species and six bioluminescent species, including
two species with bioluminescent mycelia but
non-bioluminescent fruiting bodies, as well as
four species with bioluminescent fruiting bodies
with different intensity in the stipes and caps.
Different species also displayed different degrees
of endemism (Fig. 12.3). M. pura is the most
widely distributed across different continents.

By contrast, M. chlorophos is restricted in Asia,
and M. kentingensis has only been found in
Taiwan so far.

12.2.2 Armillaria lineage

This lineage includes all members of genus
Armillaria comprising more than 40 species
(Baumgartner et al. 2011; Anderson and
Stasovski 1992; Piercey-Normore et al. 1998;
Coetzee et al. 2001; Koch et al. 2017). The
Armillaria lineage and its sister group, the
physalacrioid lineage (all of which are
non-bioluminescent), form the family
Physalacriaceae (Moncalvo et al. 2002), which
includes 11 genera and 169 species (Kirk et al.
2008). Most of them can decompose organic
material as saprotrophs and infect plants as
necrotrophic pathogens when they are in a suit-
able environment (Sipos et al. 2018; Shaw et al.
1991; Smith et al. 1992; Kedves et al. 2021).
Some of them are associated with orchid
mycorrhizas (Martos et al. 2009; Cha and Igarashi
1995; Sekizaki et al. 2008; Guo et al. 2016).
Eleven species in the Armillaria lineage have
been confirmed to have a luminescent property in
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Fig. 12.3 The geographic distribution of bioluminescent fungi in Mycenaceae lineage recorded by extracting ITS
(Internal transcribed spacer) from NCBI and converting the collected country to six continents

their mycelium (Table 12.2), and it has been
believed that the mycelium of most Armillaria
species is luminescent (Desjardin et al. 2008).
Among them, only Desarmillaria ectypa (Syno-
nym A. ectypa) emit light in both mycelium and

fruitbodies (mainly from the gills) so far in report.
Based on the classification of a 2018 review using
a translation elongation factor subunit 1-alpha
(tef-1a) (Coetzee et al. 2018), nine sub-lineages
were proposed (Fig. 12.4). Most of the known

< Armillaria solidipes/ostoyae lineage (ostoyae, gemina, sinapina, borealis, solidipes)
[< Armillaria gallica lineage (cepistipes, calvescens, gallica, nabsnona)
—< Armillaria hinnulea lineage (aotearoa, hinnulea, sparrei, umbrinobrunnea)

{4 Armillaria novae-zelandiae lineage (novae-zelandiae, puiggarii)

< Armillaria luteobubalina lineage (fumosa, limonea, luteobubalina, pallidula)

< Armillaria mexicana lineage (mexicana)

< Armillaria mellea lineage (mellea)

< African Armillaria lineage (heimii = fuscipes)

Fig. 12.4 The abbreviation of a phylogeny from (Coetzee
et al. 2018), created using tef-1o sequences. Species with
dark green denote the bioluminescent fungi according to
observation of light emission, those with light green

4 Exannulated lineage (Desarmillaria ectypa, D. tabescens)

denotes the bioluminescent fungi with prediction of lucif-
erase cluster in genome. The figure was adapted with
permission and redrawn
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luminescent species according to phenotypic
observations belong to the Holarctic lineages
including the A. gallica, A. solidipes/ostoyae,
A. mellea, A. mexicana, and Exannulated (subge-
nus Desarmillaria) lineages. In addition, based on
the recent genomic content analysis, all of the
analyzed 14 species have conserved luciferin bio-
synthetic pathway genes (mentioned later), which
extend bioluminescence to two more lineages of
Armillaria (A. Iuteobubalina and A. novae-
zelandiae Lineages).

Even when based just on those recorded biolu-
minescent fungi, it does not seem that the ability
to emit light is related to geographic distribution.
For example, the known luminescent species
include A. gemina which is confined to North
America, A. fuscipes which is confined to Africa,
and A. ostoyae which has transcontinental distri-
bution across Europe, North America, and Asia.
Light emission was recorded in Desarmillaria
ectypa and D. tabescens, which belongs to the
monophyletic group of the Exannulated lineage
basal to all Armillaria species, but no light emis-
sion has been recorded in the closely related
genus Guyanagaster. Interestingly, the genome
of G. necrorhizus maintains the luciferase cluster
but with a truncated luciferase gene (Sect. 12.3).

12.2.3 Omphalotus Lineage

The Omphalotus lineage includes the genera
Omphalotus and Neonothopanus (Kirchmair
et al. 2004). According to a 2019 review (Oliveira
et al. 2019) and Mycobank and Index Fungorum,
in addition to Omphalotus and Neonothopanus,
Omphalotaceae includes the other nine genera
(Anthracophyllum, Connopus, Gymnopanella,
Gymnopus, Lentinula, Marasmiellus, Marasmius,
Moycetinis, Pusillomyces, and Rhodocollybia). It
has been suspected that all species from the
Omphalotus lineage form luminescent fruiting
bodies but that their mycelia can be either lumi-
nescent or non-luminescent. They are known for
large mushrooms and Neonothopanus gardneri
and N. nambi were well-characterized by biolu-
minescent mechanisms (Oliveira et al. 2015) and
the relevant enzyme activity (Kotlobay et al.
2018).

H.-M. Ke et al.

Three new species, Marasmiellus lucidus,
M. venosus, and Pleurotus nitidus, with biolumi-
nescent fruiting bodies were recently discovered
outside the current three major bioluminescent
lineages (Terashima et al. 2016). We successfully
amplified and sequenced the ITS sequences of
Marasmiellus lucidus and M. venosus (submitted
to NCBI; accession pending) and found both of
them were part of Anthracophyllum lineage
which is sister to the Omphalotus lineage
(Fig. 12.5). As it stands, Pleurotus nitidus
remains the only record of bioluminescent fungus
in the entire Pleurotaceae family. We speculate it
may be misclassified that warrants further inves-
tigation as this family often was confused with
species belonging in the Omphalotus lineage.

12.3 Genes Responsible
for Bioluminescence; Luciferase
Cluster: Luz and Luciferin
Biosynthesis Genes

Green light (~530 nm) emission in fungi was
confirmed to be a result of an enzyme-mediated
reaction in which a hot extract containing heat-
stable substrates (e.g., luciferin) mixed with a
cold extract containing enzymes (e.g., luciferase)
(Oliveira and Stevani 2009).

Later, one single bioluminescent system
shared by all known bioluminescent fungal
lineages was validated by detecting biolumines-
cence from combinations of substrate/enzyme
extract from bioluminescent species from four
lineages  (Gerronema  viridilucens  from
Lucentipes lineage, Armillaria mellea from
Armillaria lineage, Mycena Iluxaeterna from
Mycenaceae lineage, and Neonothopanus
gardneri from Omphalotus lineage) and compar-
ing them to nonluminous species (Oliveira et al.
2012). The structure of fungal luciferin and its
precursor were identified in 2015 as
3-hydroxyhispidin and hispidin in the biolumi-
nescent  Neonothopanus  nambi,  Mycena
citricolor, Panellus stipticus, and Armillaria
borealis (Purtov et al. 2015). In 2017, the light-
emitting process was demonstrated by reporting
the structure of the emitter, oxyluciferin, and
oxyluciferin is enzymatically hydrolyzed yielding
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Fig. 12.5 (a), ITS tree of 34 Omphalotaceae sequences
with five species of Marasmiaceae as an outgroup. The tree
was constructed by IQ-TREE (Nguyen et al. 2015) with an
alignment length of 1373 bp and without redundant spe-
cies downloaded from NCBI. Numbers on each branch
denote support values (SH-aLRT support (%) / ultrafast
bootstrap support (%)). Nodes with dark green color
denote bioluminescent species. Note that the sequences

caffeic acid (Kaskova et al. 2017). The biosyn-
thetic cycle was finalized and the four enzymes
involved were identified in N. nambi (Fig. 12.6a):
Hispidin synthase (hisps) converts caffeic acid to
hispidin; hispidin-3-hydroxylase (h3h)
hydroxylates hispidin to give 3-hydroxyhispidin,
the fungal luciferin; and the oxidation of luciferin
by luciferase (/uz) yields an unstable high-energy
intermediate, which emits light while turning into
oxyluciferin, a substance that can be recycled to
caffeic acid by caffeylpyruvate hydrolase (cph)
(Kotlobay et al. 2018). The luz, h3h, and hispS

DQ182506.1_Marasmius rotula

not necessary the same as the holotype, and not all biolu-
minescent species were listed here since not all of them
have been recorded in NCBI. The clade name in the front
of species name according to previous review (Oliveira
et al. 2019). (b), The geographic distribution of biolumi-
nescent fungi recorded by extracting ITS (Internal tran-
scribed spacer) from NCBI and converting the collected
country to six continents

were introduced in yeast Pichia pastoris for
autoluminescence.

12.4 The Origin of Fungal
Bioluminescence

Like other bioluminescent species, the discovery
of bioluminescent fungi, with their minor pres-
ence and patchy phylogenetic placement in gilled
mushrooms, initially suggested they evolved
independently multiple times in a convergent
manner. However, recent advances in the genome
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Fig. 12.6 (a), Fungal luciferin biosynthetic pathway pro-
posed by (Kotlobay et al. 2018). (b), Tree topology from
species with genomes and their gene organization of the
luciferase cluster inferred from (Ke et al. 2020) and
(Kotlobay et al. 2018). Block arrows indicate genes and
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their orientation. The dashed block arrows denote the loss
of a gene. All the species with dark green are biolumines-
cent species with records in the literature. The species with
light green are the species believed to illuminate
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sequencing of Agaricales have pointed to an alter-
native scenario. One study found that the genes
responsible for luciferin biosynthetic cycles were
physically adjacent in genomes (luciferase clus-
ter; Fig. 12.6b) by comparing genomes from ten
bioluminescent fungi and their sister species
(Kotlobay et al. 2018). By generating reference
genomes of bioluminescent fungal genomes from
five Mycenaceae (Ke et al. 2020), eight
Armillaria lineages, and two Omphalotus
lineages, we were able to investigate the evolu-
tionary dynamics around the luciferase cluster.
Members of the luciferase cluster were clearly
homologous across distant bioluminescent fungi,
suggesting that bioluminescence was not inde-
pendently evolved. Both studies concluded that
bioluminescence originated from the last com-
mon ancestor of the Mycenaceae family and
marasmioid clade of Agaricales, although the
species trees in these two studies were not con-
gruent. The latter showed that the
Schizophyllaceae was the closest lineage with
the bioluminescent clade and had a genome
encoding a homologous luciferase. Through phy-
logenetic reconciliation, it was found that the
species tree was congruent to the gene trees in
the luciferase cluster, suggesting the patchy dis-
tribution was a result of a loss of the luciferase
cluster in the majority of Agaricales rather than
horizontal gene transfer (Ke et al. 2020). How-
ever, the origin of these luciferin biosynthetic
pathway genes within Schizophyllaceae is still
unknown. Our experiment of adding hispidin
(luciferin precursor) to Schizophyllum commune
(unpublished data) showed that it could not be
converted to light.

A fungal gene cluster can be differentially
maintained due to differences in genome plastic-
ity (Marcet-Houben and Gabaldon 2019). The
luciferase cluster was located in different low
synteny regions of Mycena genomes, which may
suggest that they were dispensable and could be
lost in most species in the Mycenaceae lineage. In
contrast, the luciferase cluster was located in the
conserved syntenic region in all eight of the bio-
luminescent fungal genomes from the Armillaria
lineage. Ke et al. proposed an evolutionary
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scenario that the luciferase cluster was originally
located at the dispensable region of the last com-
mon ancestor and the cluster was translocated to
different genomic locations through rearrange-
ment (Ke et al. 2020). In the Armillaria lineage,
the luciferase cluster was translocated to the core
region and became more conserved.

12.5 Biological Function
of Bioluminescent Fungi

The roles of bioluminescence in various
organisms have been extensively studied (for
review please see (Lau and Oakley 2021)), and
often involve mating, luring prey or defense. At
the molecular level, negative selection was
detected on the luciferase cluster, and it could
explain why the luciferase cluster had been
maintained across hundreds of millions of years
(Ke et al. 2020) suggesting that bioluminescence
may play a role in environmental adaptation but
in a species-specific way. Several pieces of evi-
dence support different possible hypotheses for
the function of bioluminescence. First, several
studies proposed that fungal bioluminescence
may facilitate spore dispersal by attracting poten-
tial vectors. More recently, in the Brazilian forest,
a biological circadian control of luminescence
was found by measuring the profiles of the
luciferase-, reductase-, and luciferin-rich extract
from mycelia of N. gardneri, as well as insects
captured using an artificial mushroom with light
similar to the bioluminescence of dark
mushrooms (Oliveira et al. 2015). It was pro-
posed that the bioluminescent N. gardneri of the
Omphalotus lineage increased spore dispersal by
attracting arthropods in the evening. However,
the insects’ attraction has not been proven in
other bioluminescent species in the same lineage,
such as Omphalotus nidiformis (Weinstein et al.
2016).

Second, fungal bioluminescence is a
by-product of an unknown biological process.
This hypothesis has been proposed two decades
ago according to the existence of luminous and
nonluminous populations of the same species or
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Fig. 12.7 Bioluminescence patterns were measured for 6 days after inoculation of mycelium on potato dextrose agar

(PDA). The control was PDA only

the continuous light production in bioluminescent
fungi (Herring 1994; Deheyn and Latz 2007).
Recent studies revealing the expression of biolu-
minescence also indicate a biological function. It
has been found that the synthesis of luciferin
precursors and H3H was inhibited during the
Armillaria development from mycelium to mush-
room (Purtov et al. 2017; Mihail et al. 2018;
Puzyr et al. 2017). This suppression resulted in
decreased luminescence indicating a possible
form of regulation and biological role. There is a
divergent intensity in cap, stipe, or mycelium of
species of Mycenaceae lineage. Several genes
that could be responsible for this regulation were
enriched when investigating the differential
expression of genes among different stages of
Mycena kentingensis (Ke et al. 2020). In addition,
a diversity of intensities was also found in
cultured mycelium among species in the
Mycenaceae lineage (Fig. 12.7). Since regulation
implies an adaptive function, these observations
and analyses provide indirect evidence for a
biological role. However, further validation will
be necessary to clear up the biological role for
each species.

12.6 Conclusions

Bioluminescence in fungi is an intriguing feature
restricted to gilled mushrooms that utilizes a sin-
gle type of biochemical reaction. We have been
able to understand the evolution of biolumines-
cent mushrooms better recently thanks to the
accumulated record of which fungi are biolumi-
nescent, molecular studies on luciferin biosyn-
thetic pathways, and genome research. When the
first fungal luciferase gene cluster of
Neonothopanus nambi was identified in 2018,
this successfully heterogeneously expressed bio-
synthetic pathway advanced the further study and
application of fungal bioluminescence ((Kotlobay
et al. 2018); for a detailed review on potential
applications see (Ke and Tsai 2021)). The homol-
ogous luciferase found from the genomic
sequencing of several bioluminescent fungi and
their sister groups allowed us to trace the evolu-
tionary history to a last common ancestor of the
Mycenaceae family and the marasmioid clade
within Agaricales. Despite a great deal of prog-
ress, many important questions still remain.
Important goals for future work include
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developing a more complete understanding of
bioluminescent features, ecological function and
its gene regulation.
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Abstract

Current theories on the evolution of seques-
trate (enclosed) basidiomes explain the origin
of these forms in a gradualist adaptational pro-
cess led by selective forces, such as drought
and animal consumption. Paedomorphosis
(the retention of juvenile traits) has been
invoked as the phenomenon underlying
sequestration, but many consequences of this
process have not yet been explored. Our pres-
ent interpretation of sequestrate morphologies,
in light of Stephen Jay Gould’s characteriza-
tion of neoteny (retention of juvenile features
in an adult stage with mature reproductive
structures) and progenesis (the onset of sexual
maturity in a morphologically immature stage
that does not reach the mature morphology
observed in the ancestral form), both involved
in paedomorphosis, implies that the origin of
sequestrate basidiomes might constitute two
distinct evolutionary processes. These two
processes could be recognized among fungi
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by contrasting their morphological plasticity,
phylogenetic diversification, and ecological
patterns. The hypotheses discussed here pro-
vide new insights for interpreting and studying
the evolution of sequestrate fungi.

Keywords

Gasteroid - Secotioid - Progenesis - Neoteny -
Heterochrony

13.1 Introduction

Sequestrate Agaricomycotina (Basidiomycota) is
an artificial (polyphyletic) group of taxa that
develops more or less enclosed spore-producing
structures  (basidiomes) that lack forcibly
discharged basidiospores. Sequestrate is a term
used to describe fungi with a more-or-less
enclosed fruiting bodies, including a wide range
of fungal taxa. Sequestrate basidiomes exhibit
various morphologies ranging from veiled
mushrooms in which the veil remains in place,
to bird’s nest fungi, earthballs, earthstars,
puftballs, truffle-like fungi, and stinkhorns. Here
we use the term gasteroid to refer to enclosed
basidiomes that do not open or open only late in
the maturation process. We use the term secotioid
to refer to a subset of these sequestrate taxa that
resemble agaricoid relatives in having a stalk
(which may be vestigial) and cap, but in which
the cap never completely opens. The term
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sequestrate is used here following Peintner et al.
(2001), Justo et al. (2010), and Caiafa et al. (2021a)
to refer to secotioid and gasteroid basidiomes as
well as taxa such as bird’s nest fungi and
stinkhorns.

Historically the evolution of sequestrate forms
within Basidiomycota has been a subject of great
interest among mycologists. Early evolutionary
hypotheses interpreted the sequestrate morphology
as primitive in respect to the typical mushroom
morphology. This idea was held until the
mid-twentieth century (Fig. 13.1a). For example,
Singer (1958) regarded the evolution of sequestrate
fungi from agaricoid ancestors as “degradationist.”
This idea recalled the Haeckelian paradigm of
recapitulation, which maintained that “ontogeny
recapitulates phylogeny” (Haeckel 1866). Since
many agaricoid basidiomes show enclosed stages
during their development, it seemed logical to
assume that this developmental sequence could be
applied to discussions of phylogeny. This is evident
from Singer’s (1958) words, “According to
Haeckel’s rule, one might then assume a progres-
sive differentiation.” Singer’s implication was that
agaricoid basidiomes develop from enclosed forms,
so agaricoid basidiomes must have evolved from
gasteroid ancestors (and that secotioid fungi must
be an intermediate stage between the two forms).

The idea of heterochrony (proposed by Haeckel
(1866) and reinterpreted by De Beer (1951)) is that
changes in the timing of embryonic development
are the basis for many evolutionary innovations.
Heterochrony challenged the concept of recapitu-
lation and also played a decisive role in the
biological sciences during the twentieth century
(Shea 1989). Although basidiome fruiting does
not represent the development of the entire organ-
ism (and is therefore different from embryonic
development), this concept has nonetheless been
applied to sequestrate basidiome evolution by
many authors, as summarized by Hibbett et al.
(1994). Gerber and Hopkins (2011) championed
the idea that heterochronic changes may often
affect only a part of the organism (e.g., only the
development of basidiomes), a phenomenon that
they call “local or dissociated heterochrony.”

F. Kuhar et al.

Sequestrate basidiomycetes have been inter-
preted as paedomorphic, i.e. as evolutionary lines
in which the development remains arrested at an
enclosed “juvenile” stage (Thiers 1984; Bruns et al.
1989). Gube (2009) suggests that paedomorphosis
is “the disturbance of the succession of develop-
mental regulation” and assumed it to be “the trig-
gering process of gasteromycetation.” As a logical
consequence, we now accept that the sequestrate
state is often (but not always) evolutionarily derived
from the agaricoid morphology (Fig. 13.1b), an idea
that was first outlined by Anton de Bary (1884). A
recent review by Virdgh et al. (2021) explains that
“from normal pileate-stipitate species, the road
seems to lead through agaricoid forms with
permanently closed caps and contorted gills to
closed (angiocarpic) fruiting bodies in which
the stipe starts to degenerate and eventually
disappear (or remain as a columella) and hy-
menial tissue shows transitions to a gleba-like
structure.” This statement highlights how this
“sequential” hypothesis has permeated the liter-
ature and is still the most accepted and influential
concept to explain the development of seques-
trate fungi.

In 1977, the paleontologist Stephen Jay Gould
published “Ontogeny and Phylogeny,” a book in
which he extensively revised the major ideas
developed around heterochrony. In this work,
Gould (1977) not only discussed the processes
involved but also summarized the implications
of these processes at levels ranging from morpho-
logical considerations, to phylogenetic, taxo-
nomic, and even ecological considerations.
Although the paedogenetic origin of sequestrate
taxa has been proposed by many mycologists, the
implications of this hypothesis have not been
fully explored. This discontinuity in the study of
heterochronic processes has also been the case
for many animal groups; Gould (1977) attributed
this neglect to the fact that much of the research
on this subject has been published in German
(e.g., Miiller 1864; Wirz 1950; Mangold-Wirz
1966).

Gould dedicated the ninth chapter of his book
to the distinction between two different processes
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Fig. 13.1 Hypotheses on

the morphological

evolution of sequestrate A
basidiomes (a) obsolete

concept based on the

Hackelian “recapitulation
paradigm.” (b) modern
gradualist-adaptationist
conception. (¢) present B
proposal considering

Gould’s concept of
paedomorphosis that may

be the result of two distinct
processes, either neoteny or
progenesis

progenesis

that both fit the definition of paedomorphosis:
progenesis and neoteny. He defines neoteny as
the retention of juvenile features in an adult
stage with mature reproductive structures. In con-
trast, progenesis is the onset of sexual maturity in
a morphologically immature stage (relative to the
ancestral developmental sequence) that does not
reach the mature morphology observed in the
ancestral form. Based on these delimitations, he
suggested a series of features and patterns in
development that would be associated with either
progenesis or neoteny.

If we apply these concepts to sequestrate fungi
(Fig. 13.2), we can interpret basidiomes as a
product of either progenesis or neoteny. Neotenic
basidiomes are those where the fertile structure
results from the contortion and anastomosis of an
adult-like  hymenophore  (spore-producing
layers—the tissues supporting the hymenium,
e.g. gills, pores, teeth, etc.). In the case of neo-
tenic basidiomes, it should be possible to identify
a true hymenium. In contrast, progenetic
basidiomes are those in which the ancestral
hymenophoral configuration is not even
insinuated during the ontogeny and therefore no
true hymenium should be present. Although in
most cases this distinction is straightforward, the
presence of true hymenia is difficult to assess in
some taxa. In some cases, fertile hyphae can
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of neoteny
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secondarily invade the surface of preexistent
glebal cavities (gleba is the term used in seques-
trate fungi for the mass of basidiospores produced
in the enclosed basidiome). For example, this
seems to be the case in species of Rhizopogon
(Reijnders 2000, see discussion). Other
macromorphological features highlight this dis-
tinction: in the basidiomes of neotenic fungi
such as those occurring in genera such as Ama-
nita, Cortinarius, Descolea, Entoloma, and
Russula, the “adult” ancestral structures often
can be recognized. In cases such as these, the
differences between the gasteroid morphology
and that of the ancestral stage are the consequence
of the retention of the enclosed hymenophore. At
the opposite end of the spectrum, progenetic
forms are those where the ancestral, mature mor-
phology is not clear and the reproductive stage is
reached in an “egg-like” basidiome and related
“transitional forms” are lacking. Examples of this
progenetic type are the saprobic Geastrales,
Lycoperdon (and allied Agaricales), and
Phallales, as well as the ectomycorrhizal
Hysterangiales and Sclerodermatineae. The pres-
ence of a stipe has proven to be misleading and is
apparently unrelated to hymenophore develop-
ment, since some progenetic taxa (e.g., Tulostoma

and relatives) retain a robust stipe (Reijnders
2000). Accordingly, the ontogeny of the fertile
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Fig. 13.2 Neotenic and progenetic development com-
pared with the ancestral sequence. The example provided
here shows the idealized sequence for a typical agaricoid

tissue is the most reliable criterion to differentiate
neotenic versus progenetic forms.

Progenetic and neotenic fungi have an interest-
ing taxonomic history. Glebal development with-
out traces of a true hymenium was the critical
character used by Schroter (1876) to define the
order Plectobasidiales. Rauschert (1964 ) indicated
that other mycologists had already recognized
these significant differences in the ontogeny of
the spore-producing layers. The fungi we treat
here as progenetic and neotenic were delimited by
Malencon (1955) as Exogastrineae (with a true
hymenium) and Endogastrineae (lacking a true
hymenium). Pilat (1958) used the similar terms
Exogasteromycetidae and Endogasteromycetidae,
whereas Heim (1971) used Gastérales agaricoides
and Gastérales vraies (roughly equivalent to
“agaricoid gasteromycetes” and “true gastero-
mycetes”). These three authors employed similar
groupings and included mostly the same taxa

Developmental Sequence of the Progenetic Innovator

D Hymenium differentiation
. Arrested opening
. Reproductive maturity

mushroom and related forms, but the concept could also be
applied to other sequestrate morphological forms

(Reijnders 2000). Based on current molecular data
we now know that these groups are not monophy-
letic taxonomic units but instead represent several
independently derived lineages. These legacy
classifications are informative since they reflect
different developmental and potentially evolution-
ary processes. The first group, Exogastrineae, more
closely resembles the agaricoid fungi than the other
group, Endogastrineae, due to the presence of rec-
ognizable hymenia (Reijnders 2000). We hypoth-
esize that this similarity to agaricoid fungi is due
to the neotenic origin of the gasteroid morphol-
ogy and can be attributed to the retention of the
enclosed basidiome at maturity (neotenic
sequestration, Fig. 13.2). The second group of
species (Endogastrineae) lacks true hymenia
because the progenetic enclosed structure
reaches sexual maturity while arrested in an
ontogenetic stage prior to hymenophoral differ-
entiation (progenetic sequestration, Fig. 13.2).
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Some authors have suggested a hymenium is
present in groups of gasteroid fungi that have a
more-or-less unorganized gleba, such as
Lycoperdon (Rehsteiner 1892), members of the
Geastrales (Sunhede 1993), and the Phallales
(Dring 1973). The organization of the spore-
producing tissues in these groups has been
discussed extensively in the past (e.g., Lohwag
1926; Fischer 1933; Malencon 1955; Dring
1973). This line of work was based on the idea
that spaces within the developing gleba were
remnants of an ancestral hymenial surface. How-
ever, these concepts have mostly been ignored in
recent literature on sequestrate fungi and were
regarded as unproductive and potentially
misleading by Reijnders (2000) who stated that
“this distinction of glebal development lacks
much value,” and that “the facts concerning the
question of hymenia in gasteromycetes is disput-
able.” For the present discussion, we follow
Reijnders (2000) regarding the definition and
phylogenetic distribution of true hymenia with
the caveat that some taxa likely require addi-
tional morphological study to better characterize
their development.

13.2 Phylogenetic Trends

The fact that sequestrate forms are prolific and
phylogenetically dispersed among
Agaricomycotina has been ascribed to adaptive
forces such as drought or mycophagy (Thiers
1984). Accelerated differentiation of features
associated with  sequestration has been
demonstrated by Bruns et al. (1989) for the
genus Rhizopogon. These authors mention pae-
domorphosis as a possible explanation, but they
also indicate that “sparsity of intermediates
between Rhizopogon and Suillus provides indi-
rect evidence of intense selective pressure”
making clear that the resulting sequestrate mor-
phology is driven by this force. If the paecdomor-
phic hypothesis proposed here is corroborated, no
intensified selective pressure is needed to explain
the sudden morphological reconfiguration.
Although selective pressures are the basis for
gradual evolution, heterochrony (e.g., paedomor-
phosis) leads to saltational evolution (a process of
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sudden, abrupt changes that give rise to new
taxa). The concept of saltation can be traced
back to E. G. Saint-Hilaire (1837). Goldschmidt
(1933) later delimited saltation by explaining that
macromutations (mutations involving dramatic
rearrangements) would result in “hopeful
monsters” which, if successful, might be
perpetuated in the population. Gould (1977)
remarked that progenesis would provide the
basis for the rise of “hopeful monsters,” citing
Goldschmidt: “The mutant gene produces its
effect. .. by changing the rates of partial pro-
cesses of development.” Sequestration might con-
stitute a great example of saltation (Baura et al.
1992); rather than evolving towards enclosed
forms through long selective processes,
basidiome evolution could come about by
exploiting the library of immature stages of the
organism in one simple evolutionary step.
Evolving towards an “immature” form would
explain this acceleration (saltation) of the evolu-
tion of truffle-like forms suggested by Bruns et al.
(1989). This is not unlike the rampant conver-
gence in form exhibited by sequestrate fungi,
and is reflected in the work of Wake (1991) in
paedomorphic salamanders conceptualized as
“paedomorphic homoplasy.” Further changes fol-
lowing the sequestration event, such as the loss of
active spore discharge, can be ascribed to the
suggestion by Bruns et al. (1989) that “loss of
function” mutations occur more frequently than
acquisition of complex features. An alternative
model to explain the emergence of ‘“highly
derived hypogeous lineages” was proposed by
Albee-Scott (2007) which he called, “secotioid
inertia.” This model proposes extinction of epige-
ous (above ground) sister taxa after the emer-
gence of gasteroid taxa due to selection
pressures (such as drought or animal dispersal).
In this scenario, selection would play a key role
and the loss of epigeous taxa via extinction could
make evolutionary relationships difficult to dis-
cern. Gube (2009) suggested that paedomorpho-
sis offers a more plausible hypothesis for
sequestration than does secotioid inertia, since it
does not imply orthogenesis (an intrinsic or innate
tendency to evolve toward some goal). However,
the two concepts are not mutually exclusive.
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This apparently directional evolution (from
exposed to enclosed fertile tissues) is indeed a
likely result from heterochronic evolution.
McNamara (1982) suggests that heterochronicity
is one of the main causes of directional change,
since related lineages evolving immature mor-
phology would independently reach similar
body plans. In simple words, if fruiting bodies
of a certain genus evolve toward forms that
resemble immature stages, the products are likely
to look similar since the immature stages also
tend to look similar for taxa within a genus. This
also means that the final morphology is not cho-
sen among many potential possibilities by natural
selection (Gould 1977). Another consequence
suggested by McNamara (1982) is that the coex-
istence of the neotenic innovator with the ances-
tral morphology would secure the irreversibility
of this change via competition, constituting an
alternative explanation to the “non-reversibility”
of sequestrate forms due to the loss of the ballistic
discharge of basidiospores.

Another aspect of paecdomorphosis discussed
by Gould (1977) is the probability that
heterochronic changes are retained by natural
selection. Whereas neoteny implies more subtle
modifications with a higher likelihood for sur-
vival, the dramatic changes provoked by
progenesis are expected to have lower fitness on
average and therefore lower chances of success in
nature. This is evident in the numerous origins of
neotenic sequestrate forms that have given rise to
polyphyletic entities such as Thaxterogaster
(sequestrate Cortinarius), Gastroboletus (seques-
trate  Boletus relatives), and Zelleromyces
(sequestrate Lactarius), among others.

13.3 Diversification Patterns

One of the most interesting predictions that Gould
outlines in Ontogeny and Phylogeny (1977) is
that progenesis and neoteny play different roles
in macroevolution. Gould predicts that neoteny
would be an escape from a highly competitive
niche for a single species, whereas progenesis
would provide the foundation for new lineages
to arise and be tested by selection. However, he

F. Kuhar et al.

predicted that progenesis would be only rarely
successful because of the new and dramatic mor-
phological changes that could be deleterious (e.g.,
the “hopeful monsters”).

The diversification patterns of sequestrate
fungi follow the predictions of Gould (1977):
the progenetic puffballs constitute clades in
which numerous taxa arise from a single ancestor
and the neotenic examples are the result of multi-
ple sequestration events within otherwise
agaricoid genera (Sanchez Garcia et al. 2020).
This was proposed by Baura et al. (1992) when
they stated that “secotioid forms are easy to pro-
duce.” According to Gould’s reasoning, we find
that groups originating by neoteny will necessar-
ily result in one or a few sequestrate taxa nested
among agaricoid relatives, whereas progenetic
innovations will produce monophyletic radiations
with many species (Fig. 13.3). Evidence of multi-
ple neotenic sequestration events has been well
established in many of the major neotenic groups
such as Amanita (Truong et al. 2017a),
Chlorophyllum  (Loizides et al. 2020),
Cortinarius (Peintner et al. 2001), Descolea
(Kuhar et al. 2017), Entoloma (Kinoshita et al.
2012), Inocybe (Caiafa et al. 202la), and
Laccaria (Sheedy et al. 2013). In contrast, a sin-
gle origin with monophyly is documented for
many progenetic groups, such as the formerly
circumscribed Lycoperdales inc. Tulostoma
(Larsson and Jeppson 2008), in the
Sclerodermatineae (Sato and Toju 2019) and in
the Hysterangiales, among others (Hosaka et al.

QO @ O @ O ® O O O O @ @ @ o

T

Fig. 13.3 Diversification patterns interpreted from Gould
(1977) depicting (a) frequent neotenic innovations
resulting in the polyphyletic arrangement observed in
secotioid taxa (i.e., neotenic evolution of sequestrate
taxa), or (b) rare progenetic innovation resulting in a
prolific monophyletic clade, as observed in many gasteroid
fungi (i.e., progenetic evolution of sequestrate taxa). White
circles represent the ancestral agaricoid morphology and
black circles the derived sequestrate (gasteroid or
secotioid) stages. Horizontal lines represent sequestration
events
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2006). Gube and Dorfelt (2011) pointed out that
within the Agaricaceae, tulostomatoid and
lycoperdoid fungi (progenetic gasteroid taxa)
constitute monophyletic lineages whereas the
secotioid and truffle-like taxa (neotenic gasteroid
taxa) within this family are polyphyletic and are
closely related to agaricoid sister taxa (Lebel and
Syme 2012).

The question of whether sequestrate fungi con-
stitute “evolutionary dead-ends” was addressed in
two presentations at the annual meeting of the
Mycological Society of America, first by Wilson
et al. (2008, later published in Wilson et al. 2011)
and then by Harrower et al. (2016, published in
Harrower 2017). Interestingly, the two studies
arrived at opposite conclusions. Harrower
(2017) concluded that no further diversification
occurs after a sequestration event, while Wilson
et al. (2011) detected an increased diversification
rate in sequestrate lineages.

This apparent contradiction is interesting in the
light of the two different paedogenetic evolution-
ary processes that are described here. Harrower
(2017) focused on the neotenic genus Cortinarius
whereas Wilson et al. (2011) studied progenetic
groups, including Sclerodermatineae  and
Lycoperdales. Moreover, Wilson et al. (2011)
concluded that no increase in the extinction rates
could be detected, which also supports Gube’s
(2009) idea that paedomorphosis is more likely
than secotioid inertia to explain the evolutionary
patterns seen in gasteroid fungi. A progenetic
origin of the “highly derived forms” found in
Sclerodermatineae and Lycoperdaceae would
help to explain the absence of secotioid “missing
links” in those clades. This is because no stepwise
gradual evolution is needed in the progenetic
model, only the heterochronic maturation of
basidia  without hymenial differentiation
(Fig. 13.2).

Another argument that supports the neotenic
nature of the secotioid taxa is the co-occurrence
of neotenic and agaricoid individuals within a
species. This aligns with the paradigmatic case
of the paedomorphic salamanders, whose “trans-
formation” might occur or not, depending on
environmental factors (Tilley 1973). Gould
emphasizes that stable environments with
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crowded niches would favor neoteny as a way to
escape the “adult” niche by slight modifications
of the body plan (Bauplan). In salamanders, this
implies the ability to avoid competition with adult
salamanders by remaining in the aquatic environ-
ment and reproducing there. Among neotenic
mushrooms, this occurrence of both “typical”
(agaricoid) and neotenic (secotioid) individuals
has been observed in many genera, including
Descolea (Neville et al. 2004), Gastrosuillus
(Kretzer and Bruns 1997), Inocybe (Braaten
et al. 2014), and Russula (Vidal et al. 2019). As
expected based on the conceptual model
presented here, this intraspecific alternation of
forms has not been observed in any of the
progenetic fungi.

13.4 Morphological Plasticity

Gould (1977) concluded that progenesis might
have played a major role in the diversification of
body plans in the animal kingdom. The example
used by Gould to illustrate this feature are the
progenetic females of the scale insects, whose
sessile bodies enlarge and remain attached to
leaves and stems without developing wings or
even limbs and they instead produce a large num-
ber of eggs. Neoteny, on the other hand, would
mean only a step back from a specialized adult
morphology  that is  unsuccessful  or
non-competitive under certain conditions, and
would therefore prevent the neotenic innovator
from entering the occupied reproductive niche of
the “normal adults.” Gould’s favorite example of
neotenic animals are aquatic salamanders such as
axolotls, who retain gills throughout their lives
and are able to reproduce in the “larval” aquatic
niche. Gould argues that the success of progenetic
changes relies on their explosive reproductive
ability and not in the new morphology, thus
liberating the morphology for structural
experiments. He also cites De Beer’s (1951) opin-
ion that genes related to the ancestral adult form
would be absent in the progenetic innovator and
ready to undertake transformational processes
(such as gene duplication). Surprisingly, a com-
parative genomics study by Nagy et al. (2016),
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which included two progenetic species (Sclero-
derma citrinum and Sphaerobolus stellatus),
showed that they have significantly larger
genomes than the closest sampled taxa. However,
studies based on larger taxon sampling and
including neotenic forms are needed to ade-
quately test De Beer’s (1951) prediction.

The evolutionary potential of this process was
also highlighted by Takhtajan (1969), who
suggested that heterochrony played a principal
role in angiosperm diversification, e.g. in
structures such as the folded carpels of the
flowering plants, which would result from a neo-
teny event recovering the folded disposition of
immature leaves (Takhtajan 1976). In zoology,
this idea has also been supported by Britz &
Conway (2016), who proposed that progenesis
allowed some fishes in the order Cypriniformes
to escape the characteristic body plan of this
group. Gube and Dérflet (2011) indicated that
the “profound novelties” produced during
gasteromycetation correspond to the scheme of
saltational evolution as explained by Theiflen
(2009) and that heterochrony may be involved
in these processes via mutations in key regulatory
factors of developmental processes. Gould’s idea
that progenesis triggers structural innovation is
supported in sequestrate fungi by the work of
Wilson et al. (2011) who focused on progenetic
taxa. Wilson et al. (2011) emphasize that
“gasteroid fungi represent a small fraction of the
total number of species of Agaricomycotina, but
they encompass a tremendous range of morpho-
logical diversity.” On the other hand, the neotenic
taxa (e.g., secotioid fungi and their relatives that
are recently derived from agaricoid ancestors,
Table 13.1) display a limited level of structural
plasticity, as evidenced by the fact that they often
maintain a recognizable similarity to their
agaricoid relatives. We hypothesize that the dif-
ferent degrees of lamellar anastomosis might be a
consequence of hymenophore development
within an enclosed basidiome following complex
folding dynamics (Kuhar et al. 2022) or in the
case of hypogeous species it could be due to the
pressure exerted by the surrounding soil. In con-
trast to these limited morphologies present in
neotenic sequestrate taxa, we see a great diversity
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of secondary developments in progenetic forms
that range from earth stars to cannonballs to bird’s
nest fungi (Fig. 13.4). These species can even
overcome sequestration and develop novel
stipitate basidiomes (such as in the Phallales or
Calostoma) or even develop unique dispersal
mechanisms (such as in the independent
ballistospory found in Sphaerobolus) (Hosaka
et al. 2006). The overwhelming morphological
plasticity seen in the progenetic gasteroid forms
illustrates better than any other group Gould’s
characterization of progenesis as “the working
laboratory of evolution.” Even if in some cases
the morphological diversity is low (as in the
genus Rhizopogon), we can generalize that the
gasteroid taxa with the highest morphological
diversification are generally progenetic.

13.5 Selection Strategies

The r/K selection theory attempts to explain trait
selection that is correlated with reproductive
strategies. K-selected traits would be related to
taxa that have fewer offspring but allocate more
resources to parental care (in a broad sense),
while r-strategies would lead to higher production
of offspring (either individuals or propagules)
with less investment in their survival. This theory
has been challenged in recent decades by more
complex models (Reznick et al. 2002). However,
modern approaches using the 1/K selection theory
(while taking into account population density or
internal stochasticity) still have high explanatory
value (Oizumi et al. 2016). Gould (1977)
suggested that r- or K-selection strategies were
linked to the different processes of paedomorpho-
sis. Gould’s (1977) predictions are not based on
observations but instead a series of cause—effect
deductions. He suggested that the retention of an
immature  morphology (as in  neotenic
salamanders) would provide an escape from a
crowded adult niche. Thus, if the larval niche
has less competition than the adult niche, then
selection would favor the retention of juvenile
features. On the contrary, the reproduction in
larval stages involving a simplification of the
lifecycle and the higher allocation of biomass to
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Table 13.1 Origin, examples, and predictions of the progenetic and neotenic processes as interpreted from Gould
(1977) and adapted to the evolution of sequestrate basidiomes

Origin

Phylogenetic

Progenetic Sequestration

Onset of reproductive maturity prior to
hymenium differentiation
Increased speciation, monophyletic (i.e., one

Neotenic Sequestration

Retention of the enclosed basidiome throughout
the development
Limited speciation, polyphyletic (i.e.,

consequences event leads to a sequestrate ancestor that sequestrate taxa evolve multiple times
subsequently diversifies to produce descendant | independently within an evolutionary lineage)
sequestrate taxa)

Morphological | Enhanced morphoanatomical diversification Limited morphoanatomical diversification

consequences

Selection r - strategy K - strategy

strategy

Frequency of Rare (15)* Frequent (102)*

sequestration

events

Example taxa
Phallales - Sclerodermatineae

Geastrales - Hysterangiales - “Lycoperdales” -

"Cystangium (Russula) - Descomyces
(Descolea) - Endoptychum (Chlorophyllum)
Thaxterogaster (Cortinarius) Torrendia
(Amanita)-

“estimated number of sequestration events in the taxon sampling of Sanchez Garcia et al. (2020). These numbers
constitute conservative calculations that are likely significant underestimations of the total number of sequestration
events in Agaricomycotina. Genera of fungi are categorized as either progenetic or neotenic based on the documented
morphology and development in known species according to published literature (see reference list)

Here we use generic names as traditionally used for sequestrate taxa with modern placement indicated by names in
parentheses. This illustrates the polyphyletic nature of the classification resulting from the multiple origins of sequestrate

taxa

propagation implies a deep change in the body
plan (Bauplan). In the case of scale insects,
progenetic females become enlarged “casings”
for their eggs, and in the case of fungi, the
progenetic result is fruiting bodies consisting of
sacs containing a large number of spores.
Progenesis is only successful, as Gould sees it,
in a niche that is available for fast colonization,
since it allows an explosive/aggressive propagule
delivery. Based on this logic, Gould suggested
that progenesis would be linked to r-selection
strategies, whereas neoteny would be a result of
K-selective regimes. The state of our knowledge
of basidiome ecology is still too limited to specu-
late if these predictions fit with the sequestration
scheme proposed here. However, given the
importance of this ecological framework to
Gould’s idea, it is important to mention these
hypotheses so that future researchers can evaluate
new data in light of Gould’s proposal.

It is well known that a simplification of the
lifecycle and the massive production of spores are
associated with the colonization of highly

available (r-selective) niches, as happens with
the high prevalence of anamorphic stages in
Ascomycota that colonize fruits or food products
(Hornok 2007). We could provisionally reason
that puffballs, for example, would also follow
this pattern of life cycle shortening and modifica-
tion of the structural plan to produce high num-
bers of spores (Table 13.1). Along the same line,
we could argue that the retention of the closed
morphology could be a successful way to avoid
the overcrowded (and thus competitive;
K-selected) agaricoid reproductive niche, thus
introducing novel colonization strategies such as
dispersal by mycophagous animals. A prelimi-
nary observation pointing in this direction is that
basidia with increased number of sterigmata (and
thus basidiospores) are more likely to occur in
progenetic genera like Alpova (Nouhra et al.
2005), Astraeus (Coker and Couch 1974),
Geastrum (Sunhede 1993), Laternea (Saenz
et al. 1983), Phallus (Gull 1981), and Sclero-
derma (Reijnders 1999). However, reduction in
the number of sterigmata and spores is more
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Fig. 13.4 A-C, Neotenic basidiomes showing a low
degree of morphological modification from the agaricoid
architecture (A and B Cortinarius spp., C, Inocybe sp.;
D-L, progenetic basidiomes illustrating the high level of

morphological differentiation, D, Cyathus sp.: E and F,
Phallus spp.; G, Scleroderma sp.; H, Pisolithus sp.; 1,
Astraeus sp.; J, Calvatia sp.: K, Geastrum sp.; and L,
Tulostoma sp.



13 Paedomorphosis and Evolution of Sequestrate Basidiomycetes

frequent in neotenic genera, including
Chlorophyllum  (Loizides et al. 2020),
Cortinarius (Bougher and Castellano 1993 as
Cortinomyces), Descolea (Kuhar et al. 2017),
Entoloma (Kinoshita et al. 2012), Hymenogaster
(Stewart and Trappe 1975), and Inocybe (Caiafa
et al. 2021a).

If Gould’s hypothesis is correct and can be
applied to the fungal model, stable environments
that favor K-selective conditions would often
trigger the emergenge of neotenic taxa whereas
environments with r- selective conditions would
favor progenetic innovators. However, these
ideas are only speculative and further research
on the selective strategies and any possible link
to basidiome morphology are needed to propose a
plausible hypothesis.

13.6 Outline of Neoteny
and Progenesis within
the Agaricomycotina

Within the Agaricomycotina, sequestration is a
well-known evolutionary phenomenon that took
place in many modern taxonomic orders.
Although Reijnders’ (2000) revision serves as
the basis of the scheme we propose here, further
work is needed to fully characterize the develop-
mental changes leading to  sequestrate
morphologies before testing the applicability of
Gould’s proposal to this framework. Many taxa
still need to be studied in more detail. Under-
standing their phylogenetic position, speciation
patterns, and the ontogeny of their fertile tissues
are of paramount importance in order to under-
stand where they fit in the proposed evolutionary
scenarios discussed here.

Gasteroid taxa in the order Russulales have
been recognized for many decades (e.g., Singer
and Smith 1960; Lebel and Castellano 2002).
Although different levels of modification of the
agaricoid structure have been documented, most
described taxa have true hymenia (e.g., Pegler
and Young 1979). Molecular data (e.g., Vidal
et al. 2019) confirm a pattern of multiple origins
of sequestrate taxa with limited radiation. This
pattern is also supported by the paraphyletic
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nature of Russula, which now contains the obso-
lete genera Bucholtzia, Cystangium,
Elasmomyces, = Gymnomyces, — Macowanites,
Martellia (Elliott and Trappe 2018), or Lactarius,
containing Zelleromyces (Vidal et al. 2019). This
suggests that these taxa should be regarded as
neotenic, together with Arcangeliella (Zeller and
Dodge 1936) and the sequestrate Lactifluus spe-
cies (Lebel et al. 2021). However, progenetic
origins must be ascribed to Leucogaster (Fogel
1990) and Fevansia (Trappe and Castellano
2000) due to the absence of true hymenia. Species
of these two genera are putatively the result of the
same sequestration event (Smith et al. 2013,
Sanchez-Garcia et al. 2020) confirming the phy-
logenetic pattern expected under progenesis. The
case of Hybogaster, recently confirmed as a
“sequestrate” form of Bondarzewia
guaitecasensis (Palfner et al. 2020), might consti-
tute a phenomenon other than sequestration since
the contortion of the hymenophore is not
associated with enclosure, but rather to an abnor-
mal proliferation and folding, and it seems to be
associated with latitude and temperature
gradients. The position of many other taxa such
as Mycolevis and Leucophelps (among others) is
still doubtful due to their unresolved phylogenetic
relationships and lack of information on the struc-
ture and ontogeny of their fertile tissues. The
evolution of the truffle genera Stephanospora
and Mayamontana is also unclear because they
are among only a few truffle taxa where the clos-
est known relatives are saprobic resupinate crust
fungi (in this case, taxa in the genera Cristinia and
Lindtneria). Although Stephanospora and May-
amontana species are characterized by a true
hymenium and therefore likely of neotenic origin,
the possibility of a progenetic origin cannot be
ruled out (Martin et al. 2004; Castellano et al.
2007; Lebel et al. 2015).

Among the Phallomycetidae, the majority of
described species of gasteroid genera lack a true
hymenium and instead have a gleba that consists
of a mass of spores that can either be gelatinous,
slimy, or powdery (Hosaka et al. 2006). Similar
and extensive morphological diversification is
also evident in the Phallales and the Geastrales.
This, together with the limited number of origins



306

with numerous taxa (Sanchez-Garcia et al. 2020;
Davoodian et al. 2021), suggests a progenetic
origin of almost all sequestrate groups in this
clade. A notable exception is the genus Gautieria,
which is characterized by having a true hyme-
nium (Stewart 1974). Gautieria is inferred to be
neotenic and derived from either a coralloid or
gomphoid ancestor, but more phylogenetic data
on Gomphales are needed to clearly infer the
origin of this group (Xu et al. 2022a; Gianchi
et al. 2010).

Within the order Agaricales the situation is
more heterogeneous. The family Agaricaceae
has an exceptionally large number of sequestra-
tion events, as evident from many works (e.g.,
Gube 2009; Lebel and Syme 2012). Puftballs in
the genera Abstoma, Arachnion, Bovista,
Calvatia (s.1.), Disciseda, Lycoperdon (including
synonyms such as Vascellum), and Mycenastrum
form a monophyletic clade (Gube 2009) and puta-
tively represent a single progenetic evolutionary
lineage. This conclusion is supported both by
morphological and phylogenetic data. Members
of this core puffball clade include taxa with a
spongy, cottony, or powdery gleba and they
exhibit diverse methods of peridial opening (api-
cal pore, fragmentation, laceration, basal pore).
The stalked genera, including species of
Battarrea, Chlamydopus, Dictyocephalos,
Queletia, and Tulostoma (incl. Schyzostoma),
putatively form a monophyletic, highly diverse
clade with numerous species (Gube 2009). Their
powdery or cottony glebas, with no trace of true
hymenial surface, seem to fit well with our con-
cept of a progenetic group. A progenetic event
must be inferred for the Nidulariaceae given the
irregular organization of the hymenial palisade
within the peridioles (Payer 1850), which would
also explain the unique body plan and morpho-
logical diversification within this clade
(Kraisitudomsook et al. 2021). However, the
specialized morphology and the reduction of the
number of propagules (the peridioles) suggest
that this situation in Nidulariaceae might be
more complex and needs to be further studied.
Numerous secotioid and gasteroid taxa fitting the
neotenic model occur independently in the genera
Agaricus (Lebel and Syme 2012), Chlorophyllum
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(Loizides et al. 2020), and Macrolepiota (Lebel
and Syme 2012). The anatomically unique genera
Asperosporus (Karlsen-Ayala et al. 2021) and
Podaxis (Morse 1933) seem to represent indepen-
dent neotenic sequestration events. Genera in
other families in the order Agaricales also show
independent sequestration events that mostly fit
the neotenic pattern, such as Amanita (Truong
et al. 2017a), Chlorophyllum (Loizides et al.
2020), Cortinarius (Peintner et al. 2001),
Descolea (Kuhar et al. 2017), Entoloma
(Kinoshita et al. 2012), Inocybe (Caiafa et al.
2021a), Laccaria (Sheedy et al. 2013), and
Psathyrella (Moreno et al. 2015). Members of
the genus Cribbea are described as having a true
hymenium and this is inferred as a neotenic
innovation within the Xerula-Oudemansiella
complex (Lebel and Catcheside 2009). Secotioid
genera such as Clavogaster (Hennings 1896),
Galeropsis, Gastrocybe, Weraroa (Watling and
Martin 2003), and many others have been
described and they all appear to be cases of neo-
teny. Guyanagaster (Henkel et al. 2010) seems to
be a clear case of neoteny, although the develop-
ment of the fertile tissues have not been described
in depth, and the diversification pattern cannot be
assessed from only the two known species (Koch
etal. 2017). Hymenogaster is a well-known genus
where the nature of the sequestration is unclear.
Reijnders (1976, 2000) verified the presence of
true hymenial surfaces within the basidiomes.
There are many described species of
Hymenogaster but nonetheless there is low mor-
phological diversity and a single evolutionary
origin as well as a tendency toward reduction in
sterigmal number (Stielow et al. 2011). Overall,
the data suggest that this is an exceptional case of
a neotenic origin followed by a subsequent radia-
tion. Of special interest within the order
Agaricales is the preservation of the stipe in
genera such as Tulostoma or Battarrea. We
hypothesize that stipe loss is not a necessary
consequence of progenesis. This heterogeneous
distribution of heterochronic morphologies has
been reported many times as “mosaic
heterochrony”(e.g., David 1989). Environmental
factors might play a role in selecting paedomor-
phic stipitate morphologies, as is suggested by the
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frequency of this stipitate morphology in arid
environments.

Both types of sequestration can be also
observed in the order Boletales. The genera
Astraeus, Calostoma, Diplocystis, Pisolithus,
Scleroderma, and Tremellogaster constitute the
gasteroid representatives of the
Sclerodermatineae. These likely arose from either
one or two origins of the sequestrate morphology
(Wilson et al. 2008). These taxa fit the progenetic
pattern due to the absence of a true hymenium and
they also exhibit a phylogenetic pattern of infre-
quent origins followed by successful evolutionary
radiation along with morphological diversifica-
tion. The complete lack of hymenium in the
related genera Alpova, Melanogaster, Neoalpova,
and Paralpova (Dodge 1931; Guzman 1969; Xu
et al. 2022a; Alvarado et al. 2021) suggests that
they may have arisen from a progenetic origin.
The work by Clémengon (2005) documenting the
resemblance in development of the genus
Chamonixia with  non-sequestrate  boletes
suggests that a neotenic origin is likely. A layer
resembling a true hymenium has been shown by
Orihara et al. (2016) in Turmalinea and by Lebel
et al. (2012) in Rossbeevera. These studies also
showed the modest diversification of the two
genera. The case of Octaviania is more confus-
ing, since a rudimentary hymenium was men-
tioned by Orihara et al. (2012, 2021) but
Reijnders (2000) thought that the fertile tissue
consisted of bundles of basidia growing into
cavities. A similar secondary hymenial prolifera-
tion was ascribed by Reijnders (2000) to
Rhizopogon, a genus (discussed below) whose
progenetic nature is also supported by the fre-
quency of basidia with large numbers of
sterigmata (Talbot 1973). The continuity of the
centripetal tramal plates of the monotypic
Sedecula with the center-base of the basidiome
(Zeller 1941) strongly suggests that this genus is
neotenic, although there are no known agaricoid
intermediates between Sedecula and the
corticioid Coniophora clade, from which the
sequestrate genus has evolved (Trappe et al.
2015). Sequestrate species occur within the
Serpulaceae and were classified in the genus
Gymnopaxillus (e.g., G. nudus), together with

307

morcheliform species (e.g., G. morchelliformis)
(Skrede et al. 2011). We can assume that both
forms result from a neotenic innovation, the for-
mer, retaining the enclosed morphology and the
latter, arresting the development of the pileal sur-
face so the hymenophore grows and completely
covers the globose fruiting body to reach the
morel-like shape described by Claridge et al.
(2001).

A true hymenium seems to be present also in
species of Royoungia (Castellano et al. 1992),
Mycoamaranthus (Lumyong et al. 2003),
Solioccasus (Trappe et al. 2013), and is evident
in  Gymnogaster (Gelardi et al. 2017),
Truncocolumella, Gastroboletus (Smith and
Singer 1959), Jimtrappea, Castellanea, and
Costatisporus (Smith et al. 2015). These genera
all seem to fit the neotenic evolution and diversi-
fication pattern. Other Boletaceae genera that fit
the neotenic syndrome due to true hymenium
development and low species diversity include
Carolinigaster (Crous et al. 2018), Kombocles
(Castellano et al. 2016), Mackintoshia (Pacioni
and Sharp 2000), Rhopalogaster (Smith et al.
2018), and sequestrate taxa within Xerocomellus
(Smith et al. 2018), e.g. Heliogaster (Frank et al.
2020). Afrocastellanoa shows no resemblance to
the epigeous sister genus (Porphyrellus) and the
hymenium is absent or disorganized (Orihara and
Smith 2017). We thus hypothesize that
Afrocastellanoa  represents a  progenetic
innovation with little or no subsequent species-
level diversification.

Finally, the rare sequestrate form of Lentinus
tigrinus in the order Polyporales studied by
Hibbett et al. (1994) is apparently neotenic
innovation given the complete correspondence
with the agaricoid body plan.

13.7 Discussion

Studies aiming to elucidate the driving forces
behind basidiome sequestration, such as the one
conducted by Sheedy et al. (2016), have revealed
conflicting results regarding the age of different
sequestrate lineages. Future studies discriminat-
ing between neotenic and progenetic events might
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resolve these apparent contradictions by studying
the differences in diversification rates between
both groups.

If our hypothesis is corroborated, different
strategies should be chosen to study these pro-
cesses in neotenic vs. progenetic taxa. The
increased spore production of progenetic forms
at the costs of the development of surrounding
tissues seems evident. Increased spore production
would be an argument in favor of r-selected
strategies, which can be contrasted in the frame-
work of early vs. late-successional conditions
given the early colonization ability of r-strategic
fungi (Boddy and Hiscox 2016). However, the
overwhelming morphological diversification of
these groups of progenetic taxa might be an obsta-
cle to tracing the change in performance resulting
from the ancestral sequestration event, since
ancestral state reconstruction has proven difficult
(Hosaka et al. 2006). The idea that neotenic
sequestration events should theoretically be suc-
cessful in highly competitive scenarios (e.g., sta-
ble habitats with high levels of competition)
could potentially be tested because of their close-
ness to agaricoid forms. For example, we can
speculate that the higher rate of sequestration in
the genus Cortinarius in southern-Gondwana
landmasses might be related to the extremely
competitive reproductive niche that results from
the dominance by Cortinarius among the mycor-
rhizal fungi in Eucalyptus (Horton et al. 2017)
and Nothofagaceae (Nouhra et al. 2013; Truong
et al. 2017b) forests. This neotenic evolutionary
“escape route” could be related to advantages due
to animal mycophagy, in contrast to the wind-
dispersed ballistospores of the agaricoid species.

Further research is needed to corroborate these
ideas, since a great number of sequestrate taxa are
undescribed and many others still have not been
phylogenetically placed based on molecular data.
Isolated species do not provide a framework to
verify whether they result from isolated seques-
tration events or not. For example, in genera such
as Cortinarius or Descolea, sequestrate forms
previously classified under Protoglossum or
Descomyces have undergone a high degree of
sequestration  (e.g., completely  enclosed
basidiomes, compact gleba with very small
galleries, and dramatic stipe reduction). They
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superficially resemble progenetic sequestrate
fungi rather than neotenic secotioid taxa. How-
ever, they have true hymenial surfaces that are
congruent with the secotioid (neotenic) nature of
the other sequestrate representatives in these
genera. Morphological studies are also needed to
confirm the hymenial configuration and develop-
ment of some groups. Reijnders (2000) explains
that in some cases “the distinction between
cavities surrounded by a hymenium and spaces
filled with (partly) fructifying elements becomes
vague.” This makes it extremely difficult to deter-
mine if a true hymenium is present, and, conse-
quently, whether the species is neotenic or
progenetic. Reijnders (2000) provides evidence
showing that the fertile surfaces found in the
galleries of Rhizopogon constitute examples of a
secondary invasion of the cavities by fertile
hyphae, confirming the progenetic origin of
these genera. Progeneticity is also supported by
the large number of species described in these
genera, the high spore production potential
(Bruns et al. 2009), and the success of
Rhizopogon species in r-strategic scenarios such
as in the early stages of succession (VIk et al.
2020). Reijnders (2000) discussed the situation
of many ambiguous genera in the
neotenic vs. progenetic scheme and resolved
many of them. The diversification pattern
confirms the progenetic character of these groups
suggested by the absence of a hymenium in most
cases.

The look for adaptive forces slowly driving the
sequestration process resulted in a deep under-
standing of ecological and biological phenomena
involving fungi, interacting plants and animals,
and their environments (Sheedy et al. 2016;
Danks et al. 2020; Caiafa et al. 2021b). In this
framework, a series of logical and plausible adap-
tive hypotheses were produced in an attempt to
explain the evolution of sequestrate basidiomes
from epigeous, agaricoid ancestors. Factors such
as aridification, animal mycophagy and spore dis-
persal, and enhanced protection of the fertile
tissues have all been considered as potential
factors (Savile 1955, 1968; Thiers 1984; Bruns
et al. 1989; Varga et al. 2022).

A similar tendency in animal biology was
challenged by Gould and Lewontin (1979) as a
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consequence of the ‘“adaptationist program”
dominating ~ Western science  in  the
mid-twentieth century. Gould and Lewontin
(1979) “.. .fault the adaptationist program for its
failure to distinguish current utility from reasons
for origin.” Gould and Lewontin (1979) also
explain the flawed logic of this adaptationist pro-
gram, by which, if an adaptive explanation fails,
another (frequently suboptimal) one must be true,
without ever questioning this “program” (in the
sense of Lakatos 1970). They emphasize that this
bias is much more evident in the work of Alfred
Wallace (e.g., Wallace 1871) than in the work of
Darwin (e.g., Darwin 1859), particularly since
Darwin did not limit evolutionary explanations
to only adaptive forces. Earlier criticisms of this
adaptationist logic include the work of D’Arcy
Thompson (Thompson 1942) against the “inap-
propriate atomization” of the studied characters,
i.e. the delimitation of a character that might not
be a unit of selection in nature. Another bias that
is evident in the literature on sequestrate fungi is
the pervasive concept of gradual change. This is
frequently quoted in Latin as “Natura non facit
saltum” (Nature does not jump) and is present in
Darwin’s work (Darwin 1859) as a fundamental
idea. The opposing conceptions, such as
macromutations leading to dramatic morphologi-
cal changes as proposed by Goldschmidt (1933),
found many obstacles until more recent times
(Baura et al. 1992).

As  possible alternatives to  these
oversimplifications, more interesting
explanations for sequestration might be found
by considering the constraints imposed by the
body plan and the developmental process, the
possibility of abrupt changes, and the importance
of not reducing the origin to the “current utility”
of traits.

The fact that neoteny and progenesis partition
sequestrate taxa into two distinct developmental
groups that were previously recognized by past
mycologists (Malengon 1955; Pilat 1958; Heim
1971) is especially interesting, particularly since
such distinctions provide a plausible explanation
that was not easy to achieve before Gould’s
(1977) synthesis. These processes also provide a
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mechanistic understanding of the origin of mor-
phological configurations that can be selected for
in nature by different environmental or ecological
forces. The paedogenetic origin of sequestrate
fungi still has many implications that need to be
studied in a more modern framework that
includes developmental genomics. As Viragh
et al. (2021) pointed out, the genetic mechanisms
of sequestration are not well understood. No spe-
cific genes have been yet found that are linked to
the process of gastromycetation. The study of
genetic factors leading to paedomorphosis in
salamanders suggest that the “single gene hypoth-
esis” will certainly be abandoned in favor of a
multigenic model (Voss 1995). We speculate that
mutations changing mechanical resistance of the
veils or triggering the differentiation of fertile
tissues in immature stages are likely candidates.
A complex multifactorial control of developmen-
tal mechanics explaining  hymenophoral
configurations in non-sequestrate mushrooms
has been proposed (Kuhar et al. 2022) that
would also explain rapid evolutionary change
and convergence. A similar model could be
extended to sequestrate fungi. However, a deeper
knowledge of the genetic regulation of the devel-
opmental pathways of fungal basidiomes is nec-
essary to test such models. The corroboration of
this scheme would make the sequestration pro-
cess a perfect model for the study of
heterochronic evolution in the future.
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Endosymbiotic event, 67
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Exobasidiomycetes, 137
Exobasidium, 139

F
Fabaceae, 129
Fereydounia khargensis, 137
Fertile Crescent, 135
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Filastereans, 4, 18, 28, 29
FKBP12, 96
FK506 (tacrolimus), 96
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F. candida, 217
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F. oxysporum f. sp. cubense, 112
F. oxysporum £. sp. lycopersici, 108
Fruiting body, 39, 4145, 48, 50-54

Fungal-bacterial interaction, 248-250, 259
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Fungicide resistance, 113, 115
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Fusarium spp., 81, 254, 257
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G
Galleria
G. mellonella, 219, 220
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Gene order, 66, 72, 73
Gene shuffling, 72, 78, 83
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gain-loss framework, 81
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