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Series Preface

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

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

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

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

Pseudomycota

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



Eumycota

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

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

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

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

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

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

The fungi represent a heterogeneous assemblage of eukaryotic microorgan-
isms. Fungal metabolism is characteristically heterotrophic or assimilative for
organic carbon and some nonelemental source of nitrogen. Fungal cells charac-
teristically imbibe or absorb, rather than ingest, nutrients and they have rigid cell
walls. The vast majority of fungi are haploid organisms reproducing either
sexually or asexually through spores. The spore forms and details on their
method of production have been used to delineate most fungal taxa. Although
there is a multitude of spore forms, fungal spores are basically only of two types:
(1) asexual spores are formed following mitosis (mitospores) and culminate
vegetative growth, and (2) sexual spores are formed following meiosis (meios-
pores) and are borne in or upon specialized generative structures, the latter
frequently clustered in a fruit body. The vegetative forms of fungi are either
unicellular, yeasts are an example, or hyphal; the latter may be branched to
form an extensive mycelium.

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

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

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

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

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

Bochum, Germany KARL ESSER

Auburn, AL, USA PAUL A. LEMKE

April 1994 Series Editors
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Volume Preface to the Third Edition

It is now more than 15 years since the release of the second edition of The Mycota
Volume II—Genetics and Biotechnology—in 2004. Since then, great methodolo-
gical progress, particularly in the field of molecular biology, has led to substantial
developments in these fields. On the one hand, novel techniques based on next
generation sequencing have sped up the analysis of genomes and transcriptomes.
On the other hand, tremendous advances have been made in the fields of cloning
and genome editing, which have led to many novel discoveries and a refined
understanding of the genetics and molecular mechanisms underlying cellular
processes. At the same time, the relevance of fungi for research and development
is unbroken and has only increased in the past, both due to unsolved threats to
human health and welfare by fungal pests and pathogens and by the many
benefits that fungal biotechnology can offer to the diverse emerging markets
and processes that form the basis of the modern bioeconomy. In this respect,
we felt that the compilation of a new third edition was timely and highly
warranted.

The great amount of novelty in the field is well reflected by the updated nature
of this third edition: Out of the 17 chapters, 15 are new additions to the book,
while the other two chapters have been completely refurbished. In line with the
title of the series, the book is separated into two parts: Part I combines nine
contributions to basic research in molecular genetics and Part II eight articles on
different topics of fungal biotechnology. Our goal was to compile a broad range of
excellent articles on up-to-date topics. Major fungal reference systems, including
both yeasts and filamentous fungi like Neurospora crassa, Aspergillus niger,
Saccharomyces cerevisiae, Pichia pastoris, and Ustilago maydis, were considered,
but also novel fungi from so far underexplored environments, such as the sea or
animal guts, as well as mycorrhizal and wood-degrading fungi.

In Part I, basic genetic processes including chromosome organization and
inheritance (Chaps. 1 and 2), the unfolded protein response (Chap. 3), the
circadian clock (Chap. 4), and small RNAs (Chap. 5) are discussed. Furthermore,
an overview of the latest discoveries regarding self/non-self recognition in fungi
(Chap. 6) is provided as well as insights into the fascinating world of fungal
symbioses with the example of arbuscular mycorrhiza (Chap. 7). Two chapters on
the border of basic and applied science conclude this section: A comprehensive
summary of the genetics behind secondary metabolism and fungal development
(Chap. 8) and a chapter on the most recent advances in fungal genomics (Chap.
9), which we have decided to include due to its timeliness and its broad impact on
all fields of fungal genetics and biotechnology. For interested readers who want to



learn more, we refer to The Mycota Volume XIII—Fungal Genomics, in which an
excellent overview about the many facets of this topic can be found.

In Part II, Chaps. 10–14 highlight recent progress and future prospects in the
development of molecular tools and synthetic biology for the engineering and
optimization of microbial cell factories. This includes both yeasts and filamentous
fungi used for the production of recombinant proteins, fatty acids, and secondary
metabolites. Chapter 15 contains a comprehensive review on the current state of
our understanding regarding wood-degrading fungi, while the remaining chap-
ters cover the applied aspects and future potentials of less well-studied fungi, such
as from the marine environment or the anaerobic digestive tracts of ruminants
(Chaps. 16 and 17).

We sincerely thank all authors for their great contributions. We are well
aware that the writing of a book chapter requires an enormous amount of work
that is often perceived as non-rewarding without the benefits of an open-access
publication. While hoping that open access will become the standard also for
book chapters in the near future, this was not possible for this volume, which we
regret as editors. However, we are therefore even more grateful for the personal
engagement and cooperativity that we experienced from the authors, which
allowed us to compile this exciting new edition nevertheless.

We would furthermore like to thank Louise Glass (UC Berkeley) for her
assistance during the editing process as well as all the reviewers who helped us
to give constructive feedback to the chapters and thereby improve the book.

Unfortunately, this volume will be the last to be published by Karl Esser as the
series editor. He passed away just shortly before all manuscripts could be fina-
lized. However, he still managed to personally revise the vast majority of the
chapters in this edition, and we are thankful for his motivation and support all
along the process—this book has benefited tremendously from his experience
and his passion for fungal biology.

Freising, Germany J. Philipp Benz
Düsseldorf, Germany Kerstin Schipper

Volume EditorsApril 2020
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Obituary: Karl Esser 1924–2019

Karl Esser, Emeritus Professor of General Botany and Director of the Botanical
Garden at the Ruhr University Bochum, died on December 3, 2019, at the age of
95. Karl Esser was an internationally respected and recognized researcher in
fungal biology and genetics. In 1994, he and Paul Lemke (Auburn, Alabama)
became the founding editors of the MYCOTA, which was meant to highlight
developments in both basic and applied research and to present an overview of
fungal systematics and cell biology. Even a few weeks before his death, Karl Esser
managed the present volume of this series. He published 4 textbooks and more
than 220 original publications in scientific journals. Further, he was editor or
member of the editorial board of 14 scientific journals.

Karl Esser graduated from Cologne University with a PhD in biology and
biochemistry in 1952. Later on, he was research fellow at the Genetic Institute of
Paris and of the Botanical Institute in Cologne. After his habilitation (second
PhD) in 1958, he was a research fellow at the Department of Microbiology, Yale
University, New Haven, Connecticut, USA. After his return to Germany, he took
the chair for General Botany at the Ruhr University and was member of the
Founding Committee to build up the newly established Ruhr University. In 1967,
he became the first director of the Botanical Garden in Bochum, one of the largest
at a German university. On April 1, 1989, he retired from his position as a
professor of botany. He was active in many international organizations. To



name only a few, he was chairman of the German National Committee for the
International Union of Biological Sciences (IUBS), he was member of the Execu-
tive Committee of IUBS, he was secretary of the Division of Botany and Microbi-
ology, and finally, he was president of the 14th International Botanical Congress
1987 in Berlin. He received awards from several societies. For example, he got the
ONR Award of the Society of Industrial Microbiology USA, and he was a fellow of
the American Association for the Advancement of Science (AAAS), the American
Academy of Microbiology, and the Society of Industrial Microbiology (SIM,
USA). Further, he became honorary member of the Polish and the German
Botanical Society, and he received the Docteur honoris causa of the Université
d’Orleans, the Université de Toulouse, and the Université de Lille, all in France.

His scientific work focused in general on the genetics of plants and fungi. He
was trained as a plant geneticist, but recognized early in his career that fungi are
ideal organisms to conduct genetics. Already in 1967, he published a textbook
entitled Genetics of Fungi, which was for long main literature for his students. In
Germany, he was a pioneer of fungal genetics, and he was very highly influential
for this discipline. Using filamentous fungi as his main model organisms, he
investigated two basic phenomena of biology. In 1958, he set up a system to study
fruit body development in fungi using the ascomycete Sordaria macrospora. In
the late 1970s and the early 1980s, he focused his research work on senescence,
using the ascomycete Podospora anserina. In 1985, this research was honored
through the SANDOZ Prize for Gerontological Research. He was one of the first
who detected plasmids in higher fungi, and his group published one of the first
papers on the DNA-mediated transformation of filamentous fungi. As an aca-
demic teacher, he wrote a very much recognized textbook, where he compared the
lifecycle, morphology, and genetics of algae and fungi. The German book entitled
Kryptogamen was later translated into English and was published by Cambridge
University Press in 1982. Karl Esser has a long and distinguished academic career
in mycology and was always interested in combining basic with applied research.
From this, it follows that his group conducted a lot of projects with filamentous
fungi that are important for industrial microbiology.

The research of Karl Esser had a great impact on the scientific careers of many
of his students. Thus, many of the internationally recognized projects led by his
students have their origin in the laboratory of Karl Esser. To name a few, these are
genetics of industrial yeasts (Stahl, Berlin), killer plasmids in yeasts (Meinhardt,
Münster), genetics of Claviceps purpurea, the producer of the ergot alkaloids
(Tudzynski, Münster), senescence in Podospora anserina (Osiewacz, Frankfurt),
genetics of mitochondria and transposons in fungi (Kempken, Kiel), fungal
genomics (Nowrousian, Bochum), autophagy (Pöggeler, Göttingen), fungal cell
biology and RNA editing (Teichert, Bochum), and sexual development and
secondary metabolism (Kück, Bochum).

Ulrich Kück, Frank Kempken, Friedhelm Meinhardt, Minou Nowrousian,
Heinz-Dieter Osiewacz, Stefanie Pöggeler, Ines Teichert, and Paul Tudzynski
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I. Introduction

In eukaryotic cells, the relevant substrate for
most DNA-based processes is chromatin, a
complex of DNA and proteins that functions
to organize the genome and regulate DNA-
templated processes inside the nucleus. The
most basic unit of chromatin is the nucleosome
core particle, comprised of a histone octamer
wrapped ~1.5 times by ~146 base pairs (bp) of
DNA (Luger et al. 1997). Repeating nucleosome
units are separated by a short region of linker
DNA, giving rise to the well-known “beads on a
string” structure of chromatin (Olins and Olins
1974; Kornberg 1974; Oudet et al. 1975). Inside
the cell, the chromatin fiber is extremely
dynamic and heterogeneous. A number of

diverse mechanisms alter local chromatin
structure, providing an important layer of reg-
ulation for many genome functions. For exam-
ple, DNA-templated processes are profoundly
impacted by (1) differential covalent modifica-
tion of histone proteins and DNA, (2) binding
of nonhistone proteins to the chromatin fiber,
(3) replacement of core histones with histone
variants, (4) restructuring and remodeling of
nucleosomes on DNA by ATP-dependent chro-
matin remodeling factors, and (5) assembly of
higher-order chromatin structures that com-
pact the chromatin fiber and organize the
genome within the three-dimensional space
inside the nucleus (Henriksen 2007; Clapier
and Cairns 2009; Henikoff and Smith 2015;
Schmitt et al. 2016; Allis and Jenuwein 2016;
Clapier et al. 2017).

Historically, chromatin has been simply
classified into two different types, euchromatin
and heterochromatin, which were originally
defined based on their distinct cytological
appearance (Heitz 1928; Zacharias 1995). DNA
associated with euchromatin is relatively acces-
sible, gene-rich, and transcriptionally active,
whereas DNA associated with heterochromatin
is typically highly condensed, transcriptionally
repressed, and closely associated with the
nuclear periphery (Pueschel et al. 2016; Solovei
et al. 2016). Molecular analyses have now
described a large number of distinct chromatin
environments based on differential enrichment
of chromatin modifications and binding of
nonhistone proteins. Indeed, the idea that
eukaryotic chromosomes are partitioned into
many structurally and functionally distinct
domains is now widely appreciated, and local
chromatin structure is known to play important
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regulatory roles in nearly all nuclear DNA-
based processes, including transcription, DNA
repair, DNA replication, and chromosome seg-
regation (Allis and Jenuwein 2016). For the
purposes of this chapter, we will use the terms
euchromatin and heterochromatin to describe
active and silent chromatin compartments,
respectively, but it should be clear that a still
undetermined number of chromatin states exist
within each of these nuclear compartments.

For over three decades, the fungus Neuros-
pora crassa has been an important gene and
concept discovery platform for many aspects
of chromatin structure and function. Work
with N. crassa continues to yield discoveries in
this field with broad relevance to fungi and to
eukaryotes in general. Identifying the structural
and functional relationships within chromatin
domains remains an active area of research in
N. crassa with many open questions that war-
rant further study.

II. Euchromatin

Most genes in N. crassa are arranged closely
together on the chromosome, with adjacent
genes typically separated by only 500–2000
base pairs of intergenic DNA sequences (Gala-
gan et al. 2003). The vast majority of genes in N.
crassa can be classified as “euchromatic” based
on the absence of conserved heterochromatin-
associated modifications (see Sect. III, “Hetero-
chromatin”) (Lewis et al. 2009; Jamieson et al.
2013; Bicocca et al. 2018). Chromatin structure
within the euchromatin compartment of the N.
crassa genome has not been as extensively stud-
ied as heterochromatin, but important struc-
tural and regulatory information has been
generated from genetic and genomic studies
by a number of research laboratories. For
example, genome-wide approaches have been
applied to examine chromatin accessibility,
nucleosome occupancy, nucleosome position-
ing, the presence of the conserved histone vari-
ant H2A.Z, and several conserved chromatin
modifications. These analyses revealed that
gene promoters and gene coding sequences
reside in strikingly different chromatin envir-

onments. Promoters and regulatory regions are
highly accessible and often depleted for nucleo-
somes. On the other hand, the coding
sequences and most intergenic sequences are
characterized by low DNA accessibility and
high histone occupancy. General features of
chromatin structure in regulatory regions and
gene bodies are discussed separately below.

A. Promoters and Regulatory Regions

A key structural feature of euchromatin is the
presence of “open” or “accessible” regions
corresponding to gene promoters and/or distal
gene regulatory regions (Fig. 1.1a). These open
regions have been identified by mapping nucle-
osome occupancy using an approach called
MNase-seqMicrococcal nuclease (MNase) (Lai
and Pugh 2017). MNase-seq has been carried
out with N. crassa by several groups (Sancar
et al. 2015; Seymour et al. 2016; Liu et al. 2017;
Klocko et al. 2019). This method first uses
micrococcal nuclease (MNase) to partially
digest chromatin to yield mono-nucleosomes
(a histone octamer and approximately 146 bp
of DNA). The DNA bound by histones is pro-
tected from MNase digestion, whereas “free”
linker DNA is degraded. Protein is then
removed and the remaining DNA fragments
are analyzed by high-throughput sequencing.
Subsequent bioinformatic analysis is per-
formed to determine nucleosome occupancy
across the entire genome. Inaccessible regions
with high nucleosome occupancy are identified
by relatively high sequence coverage, whereas
regions that are depleted for nucleosomes (i.e.,
accessible) can be identified based on low
sequence coverage. In addition to occupancy,
this approach can provide information about
the positioning of nucleosomes at specific loci.
Nucleosomes that have a stable position within
a population of nuclei give rise to a clear alter-
nating pattern of high and low sequence cover-
age corresponding to bound nucleosomes and
linker DNA, respectively (Lai and Pugh 2017).
Inspection of MNase-seq data from N. crassa
reveals a characteristic Nucleosome Free
Region (NFR) near the transcriptional start
site of many genes (Sancar et al. 2015; Seymour
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Fig. 1.1 The structure of genes in the euchromatin of
Neurospora crassa. (a) Top: Structure of a typical
euchromatic gene in Neurospora prior to transcription
initiation. The nucleosome-free region (NFR) is cleared
by ATP-dependent chromatin remodelers, allowing
transcription factors and RNA polymerase II (RNAPII)

to bind to the accessible DNA; nucleosomes near the
transcription start site (TSS) are enriched for acetylation
and the histone variant H2A.Z. Bottom: Upon recruit-
ment of RNAPII, transcription is initiated, and the
repressive H3K36me2 is converted to H3K36me3 by
RNAPII-associated SET-2/KMT3 or the RNAPII-
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et al. 2016; Klocko et al. 2019), as observed for
many other organisms (Lai and Pugh 2017).
Additional accessible regions within intergenic
sequences can also be identified, presumably
corresponding to important distal regulatory
sequences that control transcription of a nearby
promoter. On the other hand, well-positioned
nucleosomes can be observed adjacent to the
NFR extending into the gene coding sequence
(see Sect. II.B).

Several mechanisms operate to create or
maintain open chromatin within gene promo-
ters. In other eukaryotes, promoter regions
adjacent to the transcriptional start site are
enriched for sequences that are energetically
unfavorable for nucleosome binding, such as
poly(dA:dT) tracts (Iyer and Struhl 1995; Segal
and Widom 2009; Krietenstein et al. 2016). It is
not known if this also occurs in N. crassa, but
given the similarity in nucleosome occupancy
pattern surrounding transcriptional start sites
(i.e., an NFR is often observed just upstream of
the transcriptional start site), it is reasonable
that the NFRs of N. crassa may be enriched for
similar sequences. Other mechanisms that pro-
mote chromatin accessibility involve regulatory
proteins or protein complexes. ATP-dependent
chromatin remodeling enzymes can function
to enhance chromatin accessibility, for exam-
ple. The major class of ATP-dependent remo-
deling enzymes is the SWI/SNF (switching
defective/sucrose nonfermenting) superfamily,
named after the phenotypes of yeast mutants
that led to the discovery of the founding family
member (Stern et al. 1984; Neigeborn and Carl-
son 1984). SWI/SNF family remodeling
enzymes harness the energy from ATP hydro-
lysis to alter local chromatin structure by
changing the absolute position or composition
of the histone octamer on DNA through a vari-
ety of mechanisms including sliding nucleo-

somes along the DNA, ejecting nucleosomes
from the DNA, ejecting histone dimers from
the histone octamer, and, in the case of the
multi-subunit SWR1 complex, depositing the
histone variant H2A.Z in place of the canonical
H2A (Clapier and Cairns 2009; Clapier et al.
2017). These activities can increase or decrease
chromatin accessibility. A number of N. crassa
remodelers have been implicated in gene regu-
lation, primarily linked to the regulation of
circadian clock genes. For example, the SNF2
family enzyme CLOCKSWITCH (NCU09106)
and the multi-subunit SWI/SNF complex were
shown to remodel chromatin in the promoter
and upstream regulatory sequences controlling
frequency (frq; NCU02265), a key component of
circadian oscillator (Belden et al. 2007; Wang
et al. 2014). Another chromatin remodeler, the
Clock-ATPase (CATP; NCU06484), is necessary
to displace histones from the C-box, a critical
cis-regulatory element required for activation
of frq transcription. Disruption of the catp
gene caused increased histone H3 density at
the C-box, reduced frq transcription, and an
aberrant circadian rhythm (Cha et al. 2013).
Interestingly, the catp gene was also identified
as the defective in methylation mutant dim-1
locus (Sect. IIIA) (Klocko et al. 2019), suggest-
ing this chromatin remodeler acts across the
genome at both euchromatin and heterochro-
matin.

Another major mechanism for creating
“open” chromatin is the binding of transcrip-
tion factors. Nucleosome occupancy and tran-
scription factor binding are typically mutually
exclusive, such that transcription factors can
compete with nucleosomes for access to the
underlying DNA at promoters. In N. crassa,
the DNA-binding photoreceptor White Collar
Complex (WCC), comprised of WC1
[NCU02356] and WC2 [NCU00902], is required

Fig. 1.1 (continued) independent ASH1, thereby acti-
vating gene expression. Methylation of H3K4 occurs as
well, with trimethylation enrichment at the TSS and
monomethylation enrichment at the 30 end of genes.
Inset: Each histone H3 N-terminal tail can be enriched
for multiple posttranslational modifications, although
it is unclear what proteins bind these marks. (b) Inte-
gration of ChIP-seq and ATAC-seq data reveals at least
five distinct promoter structures in N. crassa (Lewis lab,

unpublished). Divergent genes with shared promoters
were removed, and k-means clustering of genes with
unambiguous promoter assignments was performed
based on patterns of H2A.Z, H3K27 acetylation, and
H3K36me3 ChIP-seq enrichment. The heat map shows
relative enrichment of each mark in clusters 1–5.
ATAC-seq enrichment for chromatin accessibility is
also shown
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to drive open chromatin at certain genome
sites. A study of WCC and another transcrip-
tion factor necessary for induction of a subset
of light-inducible genes, SUB-1, revealed that
WCC was needed to create open chromatin in
response to light (Sancar et al. 2015). On the
other hand, open chromatin at SUB-1
(NCU01154) binding sites did not depend on
SUB-1 (Sancar et al. 2015). Thus, some tran-
scription factors play critical roles in opening
chromatin, which could in turn allow for addi-
tional transcription factors to subsequently
bind promoters at an adjacent sequence motif,
thereby enabling combinatorial regulation of
gene expression by multiple transcription fac-
tors. Interestingly, interactions of WCC with
SWI/SNF are required for circadian activation
of frq expression in the dark, but not for its
light-induced activation (Wang et al. 2014).
Together, these results indicate that WCC may
promote chromatin accessibility through mul-
tiple mechanisms. More broadly, these data are
consistent with a model in which a subset of N.
crassa transcription factors, such as the WCC,
function as master or “pioneer” transcription
factors.

In addition to their elevated accessibility
compared to the rest of the genome, promoters
can be distinguished from coding sequences
and heterochromatin by additional structural
features. N. crassa histones can be acetylated
at a number of residues (Xiong et al. 2010),
and many promoters are highly enriched for
histones with acetylated lysines (Anderson
et al. 2010; Smith et al. 2010; Bicocca et al.
2018). Mutation of the ngf (NCU10847) gene
encoding a homolog of the highly conserved
GCN5 lysine acetyltransferase or a key lysine
residue in histone H3 (NCU01635) causes
defects in WCC-dependent activation of the
light-induced gene albino-3 (NCU01427) (Gri-
maldi et al. 2006; Brenna et al. 2012), demon-
strating that histone lysine acetylation
positively regulates transcription in N. crassa
similar to other organisms. Unmodified lysines
in the histone tails are proposed to create a
relatively inaccessible chromatin structure that
is refractory to transcription due to strong
interactions between positively charged lysines
in the histone tail with adjacent nucleosomes

and the negatively charged DNA backbone
(Verdone et al. 2005). Thus, histone lysine acet-
ylation may promote transcription in two ways:
(1) Acetylation neutralizes the positive charge
of lysines in the histone tail, which is proposed
to weaken histone-DNA interactions, increase
the accessibility of the underlying DNA, and
lower the energetic barrier to transcription.
(2) Acetylated lysines can be recognized and
bound by specific chromatin-binding proteins
(e.g., see Gong et al. 2016), facilitating tran-
scription factor recruitment to promoters for
enhancing transcription. Additional work is
needed to elucidate the complex role(s) of acet-
ylation in N. crassa promoters, but hyper-
acetylated lysines of promoter histones are
strongly correlated with active transcription
(Smith et al. 2010; Bicocca et al. 2018).

Finally, a common feature of N. crassa pro-
moters is the histone variant, H2A.Z
(NCU05347). This histone variant is highly
conserved from yeast to humans and is com-
monly enriched in promoter nucleosomes
(Talbert and Henikoff 2010). Despite extensive
study in multiple organisms, however, the
function of H2A.Z has remained mysterious.
Genetic studies implicate H2A.Z in transcrip-
tional activation, transcription repression, and
DNA repair, yet how this histone variant per-
forms different functions in different genomic
contexts is poorly understood (Talbert and
Henikoff 2010). Two published studies of N.
crassa H2A.Z suggest that it may repress tran-
scription (Liu et al. 2017; Dong et al. 2018), but
RNA-seq analysis suggests that H2A.Z is
required for repression of some genes and acti-
vation of others (A.J. Courtney and Z.A. Lewis,
unpublished). The paradoxical functions of
H2A.Z likely depend on posttranslational mod-
ifications of H2A.Z as well as other promoter
features that co-localize with H2A.Z. Hierar-
chical clustering of transcriptional start sites
in N. crassa was performed based on multiple
chromatin features including H2A.Z. This
approach resolved at least five distinct pro-
moter structures present in this fungus (A.J.
Courtney and Z.A. Lewis, unpublished)
(Fig. 1.1b). The recruitment of unidentified
H2A.Z binding proteins may also impact
these transcriptional effects.
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More recently, Assay for Transposase-
Accessible Chromatin coupled to high-
throughput sequencing (ATAC-seq) (Buenros-
tro et al. 2013) has provided even higher reso-
lution analysis of open chromatin within N.
crassa promoters and regulatory regions (A.R.
Ferraro and Z.A. Lewis, unpublished). Curi-
ously, a subset of N. crassa genes has promoters
that are unusually large (>2000 bp of upstream
intergenic sequence) and rich in accessible
regions. Based on these chromatin accessibility
profiles, these rare genes are likely bound by
multiple transcription factors. It is also inter-
esting to note that this subset of genes is
enriched for regulatory proteins such as tran-
scription factors or signal transduction pro-
teins. One hypothesis is that these relatively
large, hyper-accessible regions seem to resem-
ble evolutionary precursors to metazoan
enhancers.

B. Coding Sequences

In contrast to promoters, gene coding
sequences are largely inaccessible. Nucleosome
mapping by MNase-seq shows high occupancy
of well-positioned nucleosomes within gene
bodies, especially for those nucleosomes imme-
diately adjacent to the transcriptional start site
and the NFR (Sancar et al. 2015; Seymour et al.
2016; Klocko et al. 2019), although the period-
icity of nucleosome positioning degrades fur-
ther from the 50 end of genes.

Coding sequences themselves have a
unique pattern of epigenetic marks. Trimethy-
lation of lysine 36 on histone H3 (H3K36me3),
which is generally thought of as a “euchro-
matic” chromatin modification, has a critical
role in gene bodies and some promoters to
limit DNA accessibility. In S. cerevisiae, this
modification is deposited co-transcriptionally
by the enzyme SET-2, also referred to as
KMT3, using the recommended histone
methyltransferase nomenclature (Allis et al.
2007).

The SET-2 protein contains a canonical SET [Su(var)3-
9, enhancer of zeste, trithorax] catalytic domain typical
of all histone methyltransferases, including SET-1/

KMT2, DIM-5/KMT1, and SET-7/KMT6 enzymes dis-
cussed below. SET2/KMT3 enzymes directly interact
with the C-terminal repeats of the RNA polymerase II
(RNAPII) subunit RPB1 (Kizer et al. 2005).

Co-transcriptional deposition of H3K36me3
in yeast gives rise to a characteristic pattern of
H3K36me3 in gene bodies of expressed genes,
with highest levels observed in the 30 end of
gene bodies (Krogan et al. 2003). It is thought
that this H3K36me3 prevents reinitiation of the
RNAPII following transcription, as deletion of
set2 in yeast causes aberrant transcription from
cryptic promoters within gene bodies (Car-
rozza et al. 2005; Keogh et al. 2005; Joshi and
Struhl 2005), consistent with a role for this
histone mark in limiting DNA accessibility.
Further, H3K36me3 recruits a histone deacety-
lase (Keogh et al. 2005; Joshi and Struhl 2005) to
further compact chromatin, thereby limiting
accessibility of underlying DNA and preventing
transcription initiation outside of promoter
regions.

These roles for methylation of H3K36 may
hold true in N. crassa as well. The N. crassa set-
2 gene (NCU00269) is required for H3K36me3,
like its yeast homolog, and SET-2-catalyzed
H3K36me3 is also found within expressed N.
crassa genes, suggesting that SET-2 also func-
tions to deposit H3K36me3 during gene tran-
scription in N. crassa (Adhvaryu et al. 2005;
Bicocca et al. 2018). In contrast to yeast, how-
ever, virtually all gene bodies in N. crassa con-
tain high levels of H3K36me3 regardless of their
expression level (Bicocca et al. 2018). The dif-
ferences in H3K36me3 localization patterns
can be explained by the fact that N. crassa
encodes a second H3K36 methyltransferase,
ASH1 (NCU01932), that dimethylates K36 in
histone H3 within the gene bodies and promo-
ters of repressed genes (Bicocca et al. 2018).
H3K36me2 deposited by ASH1 can apparently
be converted to H3K36me3 by SET-2 through a
transcription-independent mechanism to elicit
the full H3K36me3 across all gene bodies;
these data suggest the N. crassa SET-2/KMT3
enzymes have a “roaming activity” to convert
dimethyl H3K36 to trimethyl H3K36, even at
repressed genes. Dimethylation of H3K36 by
ASH1, and the subsequent conversion to
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H3K36me3 by SET-2/KMT3, is associated with
facultative heterochromatin (see Sect. C2)
(Bicocca et al. 2018), in contrast to the
transcription-coupled H3K36 methylation by
SET-2/KMT3 at active genes. Widespread initi-
ation from cryptic promoters has not been
reported for the N. crassa set-2 deletion strain,
but SET-2 is implicated in transcriptional
repression of the clock gene frequency (frq).
The large and accessible promoter region of
frq is highly regulated by multiple mechanisms,
including by a natural antisense RNA (Hurley
et al. 2015; Cha et al. 2015). Antisense transcrip-
tion through the frq promoter leads to
transcription-dependent H3K36 methylation
by the SET-2/KMT3 histone methyltransferase
and subsequent gene repression (Xue et al.
2014). Other factors that serve to suppress
unregulated frq transcription include the tran-
scriptional repressor RCO-1 (NCU06205) and
the chromatin remodeler CHD-1 (NCU03060)
(Zhou et al. 2013; Sun et al. 2016), the latter
suggesting that nucleosome positioning plays a
critical role in frq repression.

Euchromatin compartments are also highly
enriched for H3 that is dimethylated or tri-
methylated on lysine 4 (H3K4me2/3). Similar
to H3K36me3, H3K4 methylation is also co-
transcriptionally deposited. In S. cerevisiae,
additionally, states of H3K4 methylation
exhibit a gradient of enrichment from the 50 to
30 end of genes, with trimethylated lysine 4
(H3K4me3) on histone H3 exhibiting highest
enrichment near the 50 end of genes,
H3K4me2 enrichment shifted towards the mid-
dle of the gene bodies, and peaks of mono-
methyl H3K4 enrichment shifted further
towards the 30 end of genes (Liu et al. 2005;
Pokholok et al. 2005). The enrichment of
H3K4 methylation occurs in most genes, yet
the absolute levels of enrichment are tightly
correlated with transcriptional levels: high
H3K4me corresponds to a high presence of
mRNA, although it is unclear if the H3K4me
causes elevated transcription or is simply a
result of transcriptional output. While the dis-
tribution of the different H3K4 methylation
states has not been well studied in N. crassa,
available data suggest that H3K4 methylation
has a complex regulatory network for deposi-

tion: for example, many expressed genes have
no H3K4 methylation. The function of different
H3K4 methylated states (H3K4me3/2/1) in N.
crassa is also understudied and poorly under-
stood. Like H3K36me3, methylation of K4 on
H3 is linked to regulation of frq expression and
repression of gene expression (Raduwan et al.
2013; Zhu et al. 2019), though additional work
is needed to understand how H3K4 methylation
contributes to genome function. Additional
work is also needed to determine the mechan-
isms that control H3K4 methylation states and
levels at specific genes.

III. Heterochromatin

Emil Heitz coined the term “heterochromatin”
to describe structurally distinct segments of
chromosomes based on their cytological stain-
ing pattern (Heitz 1928; Zacharias 1995).
Subsequent genetic and molecular studies
revealed that (1) heterochromatin compart-
ments are transcriptionally and recombination-
ally suppressed, (2) heterochromatin is
characterized by molecular features that are
conserved in many organisms, and (3) hetero-
chromatin is important for critical cell func-
tions such as genome defense, chromosome
segregation, gene regulation, and genome orga-
nization (Grewal and Jia 2007; Janssen et al.
2018). Heterochromatin domains can be sub-
classified into two types, constitutive and
facultative heterochromatin, which are func-
tionally distinct and characterized by different
molecular components including a unique set
of posttranslational modifications on histones
deposited and bound by heterochromatin-
specific proteins. These types of heterochroma-
tin are discussed separately below. Notably,
Neurospora has served as an important model
system for understanding heterochromatin
because it shares many critical molecular fea-
tures of heterochromatin with higher eukar-
yotes, including plants and animals. The
shared hallmarks of heterochromatin include
cytosine methylation on DNA and histone H3
methylated on lysine 9 (H3K9me) or lysine 27
(H3K27me). Notably, some or all of these fea-
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tures are absent from major yeast models such
as Saccharomyces cerevisiae and Schizosacchar-
omyces pombe. Application of powerful genetic
approaches in N. crassa has thus led to several
important discoveries regarding heterochro-
matin.

A. Constitutive Heterochromatin (Repeat-
Associated Heterochromatin)

Constitutive heterochromatin in N. crassa
shares many features with constitutive hetero-
chromatin found in multicellular eukaryotes.
Like plants and animals, N. crassa heterochro-
matin domains are rich in repeated DNA
sequences, but repeats in N. crassa are degener-
ate due to the action of repeat-induced point
mutation (RIP), highlighting a key difference
between N. crassa and other systems (Selker
et al. 1987; Selker 2002; Galagan and Selker
2004). RIP is a genome defense system that
introduces C to T mutations in duplicated
DNA sequences during the sexual phase of the
N. crassa life cycle (Selker et al. 1987; Selker
2002; reviewed in Gladyshev 2017) and requires
a DNA methyltransferase homolog RID (RIP-
defective, NCU02034) (Freitag et al. 2002).
Approximately 20% of the N. crassa genome
exhibits sequence hallmarks of RIP, and most
of these DNA sequences appear to be nonfunc-
tional transposon sequences (Galagan et al.
2003). These regions make up the constitutive
heterochromatin component of the N. crassa
genome and are easily identified by their high
content of A/T nucleotides relative to gene-rich
euchromatin (Lewis et al. 2009). In addition,
these genomic regions are enriched for chro-
matin features that are associated with consti-
tutive heterochromatin domains in plants and
animals including 5-methylcytosine (5mC), his-
tone H3 trimethylated at lysine 9 (H3K9me3),
and heterochromatin protein 1 (HP1;
NCU04017), a conserved chromatin-binding
protein that interacts specifically and
directly with H3K9me3 (Nielsen et al. 2002;
Freitag et al. 2004a; Lewis et al. 2009). Within
the N. crassa genome, heterochromatin
domains can be relatively large, ranging from
~300 bp to over 300 kilobases (kb) in the cen-

tromeres. In the case of Linkage Group VII, the
heterochromatic centromere domain is
enriched for both H3K9me3 and the
centromere-specific H3 variant CenH3 and
makes up to approximately 10% of the entire
chromosome (Lewis et al. 2009; Smith et al.
2011).

1. Assembly of Constitutive Heterochromatin
Domains

A great deal of information regarding assembly
of constitutive heterochromatin in N. crassa has
come from genetic studies designed to elucidate
control of cytosine methylation in DNA, which
was first identified in N. crassa within dupli-
cated sequences that were products of RIP
(Selker et al. 1993; Margolin et al. 1998). Isola-
tion of mutants with abolished or reduced
levels of 5mC, the so-called defective in methyl-
ation (dim) mutants, uncovered key genes
whose protein products are needed to assemble
and regulate constitutive heterochromatin in N.
crassa. To date, nine dim mutants have been
identified, although some of these have yet to be
described. Additional information obtained
from proteomics and molecular studies has
led to a detailed working model for assembly
of constitutive heterochromatin domains.

A/T-rich DNA can recruit the H3K9
methyltransferase complex, DCDC (DIM-5,7,9,
CULLIN4, DNA damage-binding protein 1
Complex, named after its confirmed compo-
nents, gene IDs NCU04402, NCU04152,
NCU01656, NCU00272, and NCU06605)
(Tamaru and Selker 2001; Tamaru et al. 2003;
Zhao et al. 2010; Lewis et al. 2010b, a; Xu et al.
2010). Once recruited, DCDC catalyzes the
covalent addition of three methyl groups to
lysine 9 of H3 (Fig. 1.2a) (Tamaru et al. 2003).

The catalytic subunit of the complex is DIM-5, a SET
domain methyltransferase that belongs to the KMT1
family of enzymes. DIM-5 is homologous with KMT1
family enzymes including Drosophila SuVar3-9 (sup-
pressor of variegation 3–9) and its mammalian homo-
logs SUV39H1 and SUV39H2, as well as the plant
enzyme KRYPTONITE. All of these homologs methyl-
ate H3K9 in constitutive heterochromatin domains
(Rea et al. 2000; Jackson et al. 2002; Allis et al. 2007).
DIM-7 is required for proper recruitment of DCDC to
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RIP’d DNA regions (Lewis et al. 2010a), whereas DIM-9,
DDB1, and CUL4 are required for DIM-5 catalytic activ-
ity in vitro (Lewis et al. 2010a). However, the latter three
complex members, which also function in DNA repair,
appear to have a structural role for DCDC assembly, as
the C-terminal domain of CUL4, which contains the
critical lysine required for the posttranslational addi-
tion of a NEDD peptide for DNA repair, is dispensable
for heterochromatin formation (Adhvaryu et al. 2015).

Further, the Neurospora protein DIM-3 (NCU01249),
whose homologs in yeast (importin a) and humans
(karyopherin a) transport proteins into the nucleus,
may be required for DCDC localization to heterochro-
matin following nuclear shuttling (Klocko et al. 2015).
Interestingly, DIM-5 does not require these accessory
factors to methylate the H3 K9 residue in vitro (Zhang
et al. 2002, 2003; Tamaru et al. 2003; Collins et al. 2005;
Adhvaryu et al. 2011). In addition to regulation by

Fig. 1.2 Current models for the formation of hetero-
chromatin in Neurospora crassa. (a) H3K9me3-
dependent constitutive heterochromatin catalyzed by
the DCDC formed at genomic loci containing A/T-
rich, repetitive DNA and intergenic loci defined by
convergent genes and (b) directed by binding of ERI1

to nascent RNA associated with stalled RNA polymer-
ase. (c) H3K27me2/3- and H3K36me2-demarcated fac-
ultative heterochromatin catalyzed by the PRC2 and
ASH1, respectively, formed at subtelomeric loci (left)
and internal, position-independent genomic loci
(right)
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interacting proteins, DIM-5 activity can be impacted by
modification of nearby residues providing an addi-
tional layer of regulation governing constitutive hetero-
chromatin assembly (Adhvaryu and Selker 2008;
Adhvaryu et al. 2011).

Following DIM-5 action, the resulting
H3K9me3 mark is bound by the chromodo-
main of HP1 (encoded by heterochromatin pro-
tein one, hpo; NCU04017). Like other
components in the DNA methylation pathway,
HP1-deficient strains completely lack DNA
methylation (i.e., these mutants have a Dim
phenotype). To date, three HP1-containing
complexes have been described. HP1 interacts
directly with DIM-2 (NCU02247), a conserved
cytosine methyltransferase enzyme that is
required for all 5mC in vegetative tissues of N.
crassa (Kouzminova and Selker 2001; Honda
and Selker 2008). A second HP1 complex,
HCHC, is comprised of HP1, chromo-domain
protein-2 (CDP-2; NCU00738), histone deace-
tylase-1 (HDA-1; NCU01525), and CDP-2- and
HDA1-associating protein (CHAP; NCU01796)
(Honda et al. 2016). The HCHC complex regu-
lates heterochromatin assembly by removing
acetyl groups from lysine residues within his-
tone tails (Honda et al. 2012, 2016); acetyl
marks are considered active (euchromatic)
marks that loosen the DNA-histone interaction
(see Sect. IIA). The combined action of the
HP1-DIM2 complex and the HCHC complex
generates a transcriptionally repressed and
compacted chromatin structure that is charac-
terized at the molecular level by low levels of
histone acetylation and high levels of 5mC.
Interestingly, by using an in vivo tethering sys-
tem to ectopically localize individual compo-
nents of the heterochromatin machinery, it
was found that tethered HP1 can actually
induce H3K9me3 in an HCHC/HDA-1-depen-
dent manner, suggesting deacetylated histone
tails recruit DCDC-dependent catalytic activity
and, more broadly, that some positive feedback
between HCHC and DCDC occurs (Gessaman
and Selker 2017).

A third HP1 complex, called the DNAmeth-
ylation modulator complex (DMM), functions
to prevent uncontrolled spreading of hetero-
chromatin into adjacent gene sequences

(Honda et al. 2010). The DMM complex
includes HP1, the Jumonji domain protein
DMM-1 (NCU01554) and the DNA-binding
protein DMM-2 (NCU08289) (Honda et al.
2016). Although Jumonji domain proteins are
predicted to be lysine demethylases (KDMs), an
enzymatic activity for DMM-1 has not been
described. Genetic studies highlight the impor-
tant role of DMM-1 at heterochromatin/
euchromatin boundaries. Mutation of dmm-1
leads to spreading of DNA methylation and
H3 lysine 9 methylation into genes that reside
adjacent to constitutive heterochromatin
domains, which in turn leads to their aberrant
transcriptional repression and severe growth
defects. Thus, this HP1 complex functions to
restrict constitutive heterochromatin to the
correct regions of the genome.

Characterization of another dim mutant,
dim-1 (NCU06484), whose phenotype includes
the hypomethylation of constitutive hetero-
chromatin and hypermethylation of intergenic
euchromatic regions, revealed that positioning
of nucleosomes within heterochromatic regions
is distinct from euchromatin and functionally
important (Klocko et al. 2019). The causative
mutations within the dim-1 strain were identi-
fied in the Neurospora homolog of an ATP-
dependent chromatin remodeler conserved
from yeast (Yta7) (Lombardi et al. 2011) to
humans (ATAD2) (Zou et al. 2007). Using
MNase-seq as described in Sect. IIA above,
nucleosome positioning in wild-type and dim-
1 strains was examined. Interestingly, hetero-
chromatic nucleosomes of a wild-type Neuros-
pora strain were found to be less well
positioned than their euchromatic counterparts
(Klocko et al. 2019). Peaks of MNase-protected
DNA were broad and short, a classic phenotype
for moving, less well-positioned nucleosomes
(Lai and Pugh 2017), in contrast to the well-
defined, high-amplitude nucleosomal peaks
surrounding the transcriptional start sites of
euchromatic genes.

It can be speculated that the underlying
repetitive, AT-rich DNA in heterochromatin
may not be conducive for proper positioning
of histone octamers. Nucleosomes just outside
heterochromatic regions were often well-
positioned and stable, perhaps reflecting a
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local binding site for complexes that manage
heterochromatin borders. Interestingly, the
periodicity of nucleosomes in heterochromatin
was antiparallel to cytosine methylation enrich-
ment (Klocko et al. 2019), suggesting regions of
DNA not protected by nucleosomes (i.e., linker
DNA) were more apt to contain DNA methyla-
tion. In support, a deletion strain lacking his-
tone H1, which is thought to bind linker DNA,
exhibited increased methylation at typical con-
stitutive heterochromatin domains (Seymour
et al. 2016). The loss of cytosine methylation
within a dim-1 strain could be explained by
the nucleosome disorder that was observed.
Heterochromatic nucleosome positioning was
exacerbated upon inactivation of the DIM-1
chromatin remodeler—any positioning of
nucleosomes was essentially abolished and
linker DNA availability for methylation was
thus reduced (Klocko et al. 2019). This same
nucleosome disorder was observed at inter-
genic euchromatic regions gaining cytosine
methylation in a Ddim-1 strain, leading to spec-
ulation that disordered nucleosomes may be a
signal for heterochromatin formation.

Heterochromatin domains in N. crassa are
also enriched for a phosphorylated form of
H2A, referred to as ɣH2A (Sasaki et al. 2014).
In both Saccharomyces cerevisiae and humans,
phosphorylation of a C-terminal serine on H2A
or H2A.X, respectively, to yield ɣH2A occurs
typically at sites of DNA damage, where it is
contributes to proper DNA repair (Chambers
and Downs 2007; Dickey et al. 2009). Thus,
one can speculate the role of ɣH2A in Neurospora
heterochromatin is to maintain the integrity of the
underlying A/T-rich DNA. In S. cerevisiae, ɣH2A
is deposited at sites of DNA damage by the Tel1
and Mec1 kinases (homologs of human ATM and
ATR) (Downs et al. 2000), but the enzyme that
phosphorylates H2A to yield ɣH2A in N. crassa
heterochromatin domains is unknown.

Despite several decades of work, the
mechanisms that control assembly of constitu-
tive heterochromatin remain poorly under-
stood. In the fission yeast Schizosaccharomyces
pombe, small interfering RNAs are important
for directing H3K9 methylation to the appro-
priate regions of the genome (Martienssen and
Moazed 2015). In N. crassa, however, the RNA

interference pathway is not required (Freitag
et al. 2004b). In contrast, the ectopic introduc-
tion of A/T-rich DNA is sufficient to direct 5mC
and presumably heterochromatin formation
(Miao et al. 2000; Tamaru and Selker 2003),
but how this occurs is unknown. In addition,
repeated DNA (i.e., paired repeated sequences)
may play an important role in directing
assembly of constitutive heterochromatin. A
tandem array of the euchromatic albino-1
gene generated by transformation was asso-
ciated with H3K9me3, and a synthetic
sequence duplication was subjected to DIM-
2-dependent RIP during the sexual cycle
(Chicas et al. 2005; Gladyshev and Kleckner
2017). In both cases, the DNA sequences
could recruit components of the constitutive
heterochromatin machinery even though
they were not A/T-rich. Together, these
observations support the idea that multiple,
redundant, or partially redundant mechan-
isms regulate assembly of heterochromatin
domains. Future studies are needed to uncover
these regulatory mechanisms.

2. Functions of Constitutive Heterochromatin

In N. crassa, heterochromatin domains are
devoid of genes, yet it is clear that proper
assembly of heterochromatin is important for
genome function. Indeed, mutants that lack key
components of the constitutive heterochroma-
tin pathway exhibit severe growth defects (e.g.,
dim-5, hpo, and others). The most obvious
function for constitutive heterochromatin is to
defend the genome against transposable ele-
ments. The presence of cytosine methylation
in DNA was shown to inhibit transcription
elongation by RNA polymerase II in vivo lead-
ing to transcriptional repression of the methy-
lated sequence (Rountree and Selker 1997). Due
to the action of RIP, N. crassa lab strains con-
tain only a single active DNA transposon typi-
cally present as a single copy (Wang et al. 2015).
Functional retrotransposons are present in
some wild isolates, however, and the DNA
methyltransferase DIM-2 is required to sup-
press mobilization of active Tad elements
(Zhou et al. 2001).
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Proper assembly of constitutive hetero-
chromatin domains is also needed for genome
stability. Deletion mutants that lack HP1 or the
H3K9 methyltransferase DIM-5 displays defects
in centromere structure (Smith et al. 2011),
which leads to defects in chromosome segrega-
tion, as DCDC mutants have increased segrega-
tion defects including chromosome bridges
(Lewis et al. 2010a). These heterochromatin-
defective mutants display other signs of
genome instability as well, including elevated
levels of ɣH2A and high sensitivity to DNA-
damaging agents (Sasaki et al. 2014; Basenko
et al. 2015). It is not entirely clear why hpo and
dim-5 strains display increased sensitivity to
DNA-damaging agents, but this is at least par-
tially caused by mis-localization of the repres-
sive chromatin modifications dimethyl and
trimethyl H3K27 (H3K27me2/3). In the absence
of DIM-5 or HP1, H3K27me2/3 aberrantly
accumulates in genomic regions that are typi-
cally assembled into constitutive heterochro-
matin (see Sect. IIIC). Why mis-localization of
H3K27me2/3 leads to genotoxic stress is
unknown, but one reasonable hypothesis is
that heterochromatin structure is improperly
regulated during S-phase. It may also be related
to misregulation of catalase-3 expression
(Wang et al. 2016).

Recent work suggests that constitutive het-
erochromatin may play a key role in genome
organization within the three-dimensional
space of the nucleus. The Neurospora genome
is non-stochastically organized within the
nucleus; this organization is similar to other
eukaryotes but has properties specific to the
unique composition of Neurospora DNA. The
first evidence of the 3D architecture of Neuros-
pora was gleaned from electron microscopy of
Neurospora nuclei, which showed contrasting
light and dark stained material, which we
now realize comprise active euchromatic DNA
and silent heterochromatic DNA, respectively
(Shatkin and Tatum 1959). Much of the hetero-
chromatin was observed to associate with the
nuclear membrane. Further cytological experi-
ments using fluorescently tagged centromeric
and telomeric proteins showed clustering of
these genomic structures. GFP fusions to a cen-
tromeric protein showed that all seven centro-

meres cluster into a single focus (Smith et al.
2011), while GFP fusions with proteins that
form the telomere protection complex shelterin
showed that the 14 telomeres cluster into two to
four foci (Galazka et al. 2016). Interestingly,
both centromeric and telomeric foci are in
close proximity to the nuclear membrane,
which speaks to their heterochromatic nature.
This chromosome organization is consistent
with what had been observed by Rabl (Rabl
1885) and what has now become known as the
Rabl chromosome configuration: clusters of
centromeres and telomeres at the nuclear mem-
brane are essential for organizing eukaryotic
nuclear DNA. Despite the characterization of
chromosomal structure, little information has
been gleaned about the interactions of individ-
ual loci from cytological studies.

Recent technological advances have
enabled the genome-wide analysis of chromo-
somal contacts across the Neurospora genome,
revealing important aspects of three-
dimensional (3D) chromosome structure
within the nucleus. The extremely powerful
protocol chromosome conformation capture
(3C) monitors the interactions between geno-
mic loci: in vivo chromatin is nonspecifically
cross-linked, digested with a restriction
enzyme, and ligated, thus covalently linking
interacting genomic loci into a single DNA
molecule (Dekker et al. 2002). When 3C is cou-
pled with high-throughput sequencing (Hi-C)
(Lieberman-Aiden et al. 2009), it became possi-
ble to monitor the long-range contacts of every
locus in the genome, with the only limitations
being the density of restriction enzyme sites
and sequencing depth. Two noteworthy publi-
cations detailed the genome organization of
wild-type N. crassa and initially characterized
the epigenetic factors that contribute to proper
3D genome architecture (Galazka et al. 2016;
Klocko et al. 2016). Importantly, due to the
action of RIP, the degenerate nature of
heterochromatin-associated repeats in N.
crassa allows for contacts across the whole
genome to be analyzed, including sequences
found in silent heterochromatin. This is not
possible in other organisms.

The seven chromosomes of the Neurospora
genome form both strong intrachromosomal
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and interchromosomal contacts: the chromo-
somal territories of near-exclusive intrachro-
mosomal interactions that dominate the
human Hi-C heatmaps are less prevalent in
Neurospora (Galazka et al. 2016). Strong long-
range interchromosomal contacts between the
seven centromeres or between the 14 telomeres
are readily observed, confirming microscopic
observations of centromere or telomere cluster-
ing and the Rabl organization pattern of Neu-
rospora chromosomes (Galazka et al. 2016).
Interestingly, strong interactions between het-
erochromatin dominate the organizational
landscape. Silent DNA marked by H3K9me3,
or to a lesser extent H3K27me2/3, strongly
interacts to form a “heterochromatic bundle”
of intrachromosomal and interchromosomal
interactions; few paired interactions between
heterochromatin and euchromatin are
observed (Galazka et al. 2016). On a single
chromosome, interactions between inter-
spersed heterochromatic regions marked by
H3K9me3 often form the base of euchromatin
loops (Galazka et al. 2016). These loops of
active DNA, which average < 100 kilobases in
size, may play a structural role for genome
compaction or may be essential for optimal
transcription induction. Surprisingly, deletion
of the genes encoding the H3K9 methyltrans-
ferase DIM-5 or its cognate binding partner
HP1 has little impact on the genome organiza-
tion, as the heterochromatin bundle still forms
in their absence. Hi-C datasets of Ddim-5 and
Dhpo strains only have decreased centromere-
flank interactions and reduced packaging of
interspersed heterochromatic regions (Galazka
et al. 2016). Only a dim-3 strain encoding a
neomorphic importin-a allele that compro-
mises, but does not abolish, H3K9me3 and
cytosine methylation levels (Klocko et al.
2015) shows any drastic differences in genome
organization. As the average volume of nuclei is
significantly larger with defective importin a,
sub-telomeres have a greater tendency to disso-
ciate from the nuclear membrane, compromis-
ing the normal folding of chromosomes, as Hi-
C of a dim-3 strain shows increased centro-
mere—euchromatin interactions and
decreased intra- and inter-telomeric contacts
(Galazka et al. 2016). Thus, noncanonical pro-

teins can have a profound yet potentially indi-
rect impact on the Neurospora genome
architecture.

B. ERI1-Directed Facultative Heterochromatin

In contrast to constitutive heterochromatin,
facultative heterochromatin assembles on gene
sequences under certain conditions and may
contribute to gene regulation (Trojer and Rein-
berg 2007). Based on genome-wide analysis of
DNA methylation and H3K9me3 by microarray
and high-throughput sequencing-based
approaches, it was initially concluded that
both modifications were restricted to repeat-
rich constitutive heterochromatin domains
and therefore were not associated with faculta-
tive heterochromatin (Lewis et al. 2009). How-
ever, subsequent studies have identified low
levels of DNA methylation and H3K9me3 at
certain euchromatic sequences in the N. crassa
genome. This was first observed at the frq locus
of N. crassa, when DNA methylation was
detected in the promoter by Southern blotting
(Belden et al. 2011). Interestingly, inspection of
the data revealed that most copies of frq are
unmethylated, while a fraction of nuclei exhibit
heavy DNA methylation in which most Cs are
methylated. High-throughput sequencing of
small RNAs revealed a second unusual feature
of the frq locus. High levels of small RNAs were
produced from the frq promoter region on both
sense and antisense strands and were processed
via a Dicer-independent mechanism (Lee et al.
2010). Together, these observations raised the
intriguing possibility that small RNAs could
direct DNA methylation, H3K9 methylation,
or both modifications to these regions. This
idea was particularly attractive given the well-
established links between small RNAs and
H3K9 methylation in Schizosaccharomyces
pombe and the existence of the extensively
studied RNA-directed DNA methylation path-
way in Arabidopsis thaliana (Martienssen and
Moazed 2015; Wendte and Pikaard 2017).
In addition to frq, production of Dicer-
independent small-interfering RNAs (disiR-
NAs) from other loci is reportedly correlated
with low levels of DNA methylation (Dang et al.
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2013). Interestingly, the conserved RNA exonu-
clease enhanced RNAi-1 (ERI-1; NCU06684) is
necessary and sufficient for DNA methylation
at these sites (Fig. 1.2b)(Dang et al. 2016). Based
on these studies, a model for heterochromatin
formation at disiRNA-producing loci has been
proposed. In this model, convergent transcrip-
tion is thought to stall RNA polymerase, allow-
ing ERI1 binding to the nascent RNA and
resulting in subsequent recruitment of the het-
erochromatin machinery. It is important to
note that this process must only occur in a
small subset of nuclei. The observation that
frq is unmethylated in most nuclei but contains
dense cytosine methylation in a small fraction
of nuclei is consistent with the idea that ERI1-
induced deposition of H3K9me3 and 5mC is a
rare event, which may explain the inability to
detect high levels of these chromatin modifica-
tions in genome-wide studies. Additional work
is needed to fully explain the role of ERI1-
induced heterochromatin in N. crassa. One
idea is that certain loci may be subject to occa-
sional epigenetic silencing within a population
(i.e., multiple epialleles exist) as a form of epi-
genetic bet-hedging. In other words, epialleles
could create additional phenotypic diversity
that would allow certain individuals in a genet-
ically identical population to thrive under dif-
ferent selective pressures (Grimbergen et al.
2015).

C. The Polycomb System and Facultative
Heterochromatin

One powerful advantage of N. crassa as a model
organism for epigenetic studies is the presence
of a conserved Polycomb repression system,
which in metazoans is important for assem-
bling facultative, or temporary, heterochroma-
tin which maintains cell type-specific or
environmentally specific gene repression
(Simon and Kingston 2013; Lewis 2017). In
animals, plants, and some fungi, facultative het-
erochromatin is demarcated by the presence of
histone H3 containing trimethylated lysine 27
(H3K27me3). In N. crassa, both dimethylated
and trimethylated H3K27 are found together
covering ~7% of the Neurospora genome.

These regions typically have high gene content,
in contrast to constitutive heterochromatin,
and are located near the telomeres of all the
seven chromosomes (Smith et al. 2008; Jamie-
son et al. 2013). Subtelomeric H3K27me2/3-
associated domains are highly enriched for
genes that are present only in fungi and are
less conserved with other eukaryotes, though a
few of these repressed and lowly expressed
genes have known functions (Jamieson et al.
2013).

1. Assembly of Facultative Heterochromatin by
Polycomb Repressive Complex-2

Recent efforts have focused on elucidating the
mechanisms that control methylation of H3
lysine 27 and assembly of facultative domains.
H3K27me2/3 is catalyzed by the Polycomb
Repressive Complex 2 (PRC2), a four-member
complex comprised of the histone methyltrans-
ferase SET-7/KMT6 (NCU07496) and three
additional members: EED (NCU05300), SUZ12
(NCU05460), and P55/CAC-3 (Neurospora p55/
chromatin assembly complex-3; NCU06679)
(Borkovich et al. 2004; Jamieson et al. 2013).
Neurospora PRC2 members are conserved with
related fungal species and with higher eukar-
yotes (Jamieson et al. 2013); however, genes
encoding members of the H3K27me2/3 reader
complex PRC1, found in Drosophila, mammals,
and plants, are not encoded in Neurospora
(Jamieson et al. 2013; Lewis 2017), leading to
the question of how the facultative heterochro-
matin mark is read and interpreted. Loss of
PRC2 in Neurospora does not confer any
noticeable growth defect (Jamieson et al.
2013), in contrast to other closely related fungal
species (Connolly et al. 2013; Studt et al. 2016).

Depending on the target locus, placement
of the H3K27me2/3 mark within chromosomal
domains can occur in a position-dependent or
position-independent manner (Fig. 1.2c)
(Jamieson et al. 2018). Analysis of H3K27me2/
3 in translocation strains revealed that new
telomere creation as a result of chromosome
rearrangement leads to establishment of a new
facultative heterochromatin domain adjacent to
the new chromosome end (Jamieson et al.
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2018), suggesting proximity to the chromosome
end is sufficient to drive assembly of a faculta-
tive heterochromatin domain. In fact, telomere
repeats (TTAGGG) themselves can induce
H3K27me2/3 placement, as ectopically placing
8 or 17 telomere repeats drives formation of
novel facultative heterochromatin domains
(Jamieson et al. 2018). However, position-
independent domains of facultative hetero-
chromatin exist as well; these domains are typ-
ically internal on the chromosome and are
maintained upon chromosome translocation.
No underlying signal for H3K27me2/3 has
been identified in position-independent
domains, as ectopic placement of underlying
DNA from one such domain failed to induce
H3K27me2/3 (Jamieson et al. 2018).

An interesting dynamic exists between
H3K27me2/3-marked facultative heterochro-
matin and constitutive heterochromatin
marked by H3K9me3: the placement of
H3K9me3 at some genomic loci actually
represses the establishment of facultative het-
erochromatin (Fig. 1.2c). Deletion or mutation
of components of DCDC or HP1 results in relo-
calization of the H3K27me2/3 mark to former
sites of constitutive heterochromatin (Basenko
et al. 2015; Jamieson et al. 2016). The reverse
relationship does not hold true: loss of PRC2
function does not cause H3K9me3 movement
(Basenko et al. 2015; Jamieson et al. 2016).
The inhibition of PRC2 components actually
rescues two phenotypes of constitutive hetero-
chromatin mutants: defective growth rates and
sensitivity to DNA-damaging agents (Basenko
et al. 2015; Jamieson et al. 2016). Interestingly,
the movement of facultative heterochromatin to
formerly constitutive heterochromatin
domains is also observed in a Dhpo strain, in
which the H3K9me3 binding HP1 is removed,
but H3K9me3 is still catalyzed on histone tails.
Mass spectrometry of Dhpo histones showed
tails with substantial levels of both H3K9me3
and the dimethylated posttranslational modifi-
cation of H3K27 (Jamieson et al. 2016). Thus,
the loss of the canonical H3K9me3-binding
protein HP1 must signal, directly or indirectly,
for PRC2 recruitment and specific dimethyla-
tion on lysine 27.

It is currently unknown how H3K27me2/3-
marked heterochromatin repression is estab-
lished and maintained, given the lack of PRC1
homologs in the Neurospora genome—clearly
H3K27me2/3 must be bound by and interpreted
as a repressive mark. All four members of the
Neurospora PRC2Polycomb Repressive Com-
plex 2 (PRC2) complex are required for wild-
type levels of H3K27me2/3, but deletion of npf/
cac-3 causes loss of only the most subtelomeric
H3K27me2/3, whereas facultative heterochro-
matin domains located internally on the chro-
mosome are maintained (Jamieson et al. 2013;
Klocko et al. 2016). Other fungal species encode
a PRC2 complex that itself, through the EED
protein, allosterically binds the H3K27me2/3
mark for positive induction of catalytic activity
(Jiao and Liu 2015), thereby providing a conve-
nient mechanism for propagating the dimethy-
lation or trimethylation to nearby histones.
Moreover, one of the most common mechan-
isms to bind a methylated histone tail is
mediated by chromodomains, such as that
found in HP1 for H3K9me3.

Within the chromodomain, three aromatic residues—
most often tyrosines and tryptophans—form an aro-
matic cage enclosing the methylated, and now nonpo-
lar, lysine side chain; further amino acid determinants
of the chromodomain interact with the surrounding
residues within the N-terminal histone tail to provide
specificity to that specific histone residue (Nielsen et al.
2002).

Currently, it is unclear whether
chromodomain-containing proteins have a
role in binding H3K27me2/3. Further, the first
H3K27me2/3 reader protein, Early Bolting in
Short Day (EBS), which contains a bromo-
adjacent homology (BAH) domain that also
forms an aromatic cage for binding
H3K27me2/3, was recently characterized in
Arabidopsis (Yang et al. 2018), thus providing
a new research direction with a different
domain. Neurospora appears to have a weak
homolog of EBS, but it is unclear what role, if
any, this homolog may play in H3K27me2/3
recognition. Lastly, many eukaryotic model
systems rely on noncoding RNAs for the estab-
lishment of H3K27me2/3, including on the
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repressive environment of the inactive X-
chromosome (e.g., see Colognori et al. 2019),
yet a possible role of noncoding RNAs for fun-
gal facultative heterochromatin has yet to be
explored.

2. Methylation of H3K36 by ASH1 at Facultative
Heterochromatin

Recently, it was determined that another epige-
netic mark that is traditionally thought to
demarcate active genes, methylation of lysine
36 on histone H3 (H3K36me), is essential for
eukaryotic gene repression and establishment
of facultative heterochromatin. In Neurospora,
methylation of H3K36 is catalyzed by two dif-
ferent SET domain-containing proteins: the
RNA polymerase II (RNAPII)-associated SET-
2, which monomethylates, dimethylates, and
trimethylates H3K36 on actively transcribed
genes and ASH1, which acts independently of
RNAPII to dimethylate and occasionally tri-
methylate unmarked H3K36; the action of
both proteins provides the full complement of
H3K36me2 and H3K36me3 in wild-type Neu-
rospora cells (Bicocca et al. 2018). In an elegant
series of experiments, Bicocca et al. (2018)
were able to separate the levels of H3K36me2
and H3K36me3 that were exclusively catalyzed
by ASH1 and found that ASH1-catalyzed
H3K36me2/3 demarcates lowly expressed
genes, in contrast to the enrichment of SET-2-
catalyzed H3K36me2/3 across the gene bodies
of highly transcribed genes (Fig. 1.2c). Thus,
ASH1-catalyzed H3K36me2 and H3K36me3
act as a repressive mark. Indeed, peaks of
ASH1-catalyzed H3K36me2 co-localize with
H3K27me2/3 enrichment at facultative hetero-
chromatin (Bicocca et al. 2018), suggesting
ASH1 catalytic activity is also critical for gene
repression, although other ASH1-dependent
H3K36me2 peaks exist independent of PRC2
activity. Interestingly, in mutants that exhibit
alternative patterns of facultative heterochro-
matin relative to a wild-type strain, the newly
placed H3K27me2/3 co-localizes with ASH1-
catalyzed H3K36me2, and ~ 30% of
H3K27me2/3 domains first require the deposi-
tion of H3K36me2 by ASH-1, although ASH1-

catalyzed H3K36me2 can also inhibit
H3K27me2/3 deposition (Bicocca et al. 2018).
Together, these data suggest that for some
position-independent facultative heterochro-
matin domains, the initial dimethylation of
H3K36 by ASH1 may help recruit PRC2 for
dimethylation and trimethylation of H3K27,
although a direct interaction between these
complexes has not been reported to date and
it is unknown how ASH1 is recruited to these
sites. Thus, the power of the model organism
Neurospora crassa has helped elucidating a
complex dynamic between two histone marks
important for gene repression.

3. Functions of Facultative Heterochromatin

Facultative heterochromatin marked by PRC2-
catalyzed H3K27me2/3 and ASH1-catalyzed
H3K36me2 mainly functions to repress gene
expression (Jamieson et al. 2013; Basenko
et al. 2015; Klocko et al. 2016). As previously
mentioned, genes marked by H3K27me2/3 in a
wild-type strain are typically silent or expressed
at very low levels. Paradoxically, removal of the
H3K27me2/3 mark in a Dset-7 mutant only
derepressed a subset of the genes in facultative
heterochromatin at sub-telomeres, although
the overall low level of the messenger RNA
from these genes may confound any RNA-
sequencing analysis. It is probable that the
remaining association of the sub-telomeres at
the nuclear membrane (below) may continue to
enforce a repressive environment on these
genes (Klocko et al. 2016), or the presence of
ASH-1-catalyzed H3K36me2, which often co-
localizes with the H3K27me2/3 mark inhibits
any remaining transcription initiation at these
promoters (Bicocca et al. 2018).

Facultative heterochromatin is an impor-
tant determinant in organizing the Neurospora
genome. As detailed above, interactions
between H3K27me2/3-marked intrachromoso-
mal and interchromosomal loci are some of the
strongest interactions within the wild-type
Neurospora genome and facilitate the forma-
tion of the “heterochromatin bundle” in Neu-
rospora nuclei (Galazka et al. 2016). However,
the loss of H3K27me2/3 following the deletion
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of set-7 (kmt-6) did impact the 3D architecture
of Neurospora DNA, as monitored by Hi-C.
Namely, while the heterochromatin bundle
was still able to form in a Dset-7 strain, the
genome architecture of a Dset-7 strain showed
a decrease in contacts between intrachromoso-
mal and interchromosomal subtelomeric
regions, as well as a moderate increase in con-
tacts between centromeres and euchromatic
arms (Klocko et al. 2016). These changes
could be explained by the H3K27me2/3 sub-
telomeres becoming more detached from the
nuclear membrane. Indeed, microscopy of fluo-
rescently labeled telomeres showed a greater
propensity of the telomere foci to be found in
the central part of the nucleus and less asso-
ciated with the nuclear membrane (Klocko et al.
2016). In support, Hi-C of a strain lacking npf
(Neurospora P55), which causes the loss of only
subtelomeric H3K27me2/3, produced an almost
identical genome interaction map that sup-
ported sub-telomere detachment upon loss of
sub-telomeric facultative heterochromatin
(Klocko et al. 2016). Neurospora sub-telomeres
are unique in that these are the only genomic
loci in which both H3K9me3 and H3K27me2/3
co-localize in a wild-type strain; however,
removal of both histone marks in a Ddim-5;D
set-7 mutant did not exacerbate the telomere
detachment phenotype. Only a decrease in cen-
tromere flank interactions was evident in this
strain relative to a single Dset-7mutant (Klocko
et al. 2016); this double mutant also refutes the
hypothesis that H3K27me2/3 relocalized to
centromeres in a Ddim-5 strain helps to main-
tain the heterochromatin bundle with compro-
mised constitutive heterochromatin.

VI. Conclusions

Neurospora crassa has served as a powerful
model system for understanding chromatin
structure and function in fungi and in other
eukaryotes. Work in N. crassa has generated
important information about how chromatin
structure contributes to gene regulation within
euchromatin through studies of promoter
structure, DNA accessibility, activating epige-

netic marks, and histone variants. Similarly, N.
crassa has played an important role in advanc-
ing our understanding of silent chromatin and
the factors necessary for its assembly and main-
tenance, from the permanent, or constitutive,
heterochromatin necessary to inactivate repeti-
tive DNA to facultative heterochromatin that
silences a multitude of evolutionarily novel
genes. It is now, more than ever, clear that
chromatin—both activating and silencing—
impacts every genome function in the nucleus
from nucleotide base pairing to three-
dimensional organization of chromosomes. In
many ways, chromatin regulation in N. crassa
appears more complex than in the budding
yeast S. cerevisiae, primarily because a number
of key chromatin regulatory pathways are
absent from the Saccharomycotina. For this
reason, N. crassa is a more relevant model sys-
tem for elucidating general principles and
mechanisms of chromatin structure in fungi
than the more extensively studied budding
yeast. Indeed, key discoveries in N. crassa
have motivated work in a number of other
fungal genera. Namely, work with species of
Aspergillus, Fusarium, Leptosphaeria, Magna-
porthe, Zymoseptoria, and others has uncov-
ered important roles for chromatin regulators
in secondary metabolite production and regu-
lation of pathogenicity genes, highlighting the
need for future work [e.g., see Shwab et al. 2007;
Soukup et al. 2012; Palmer et al. 2013; Connolly
et al. 2013; Soyer et al. 2014; Gacek-Matthews
et al. 2015, 2016; Niehaus et al. 2016; Gu et al.
2017; Maeda et al. 2017; Janevska et al. 2018; He
et al. 2018; Pfannenstiel et al. 2018; Möller et al.
2019; Lan et al. 2019; and others].

Despite a great deal of progress, many
important questions about chromatin structure
and function remain unanswered. Given the
importance of chromatin structure to fungal
pathogenesis and secondary metabolism, iden-
tification of chromatin-based mechanisms that
are fungal-specific could provide new avenues
to limit the economic costs of fungal disease
and crop contamination. A better understand-
ing of chromatin regulatory processes could
also enable more efficient engineering of fungi
for biotechnology purposes. N. crassa is an
ideal experimental system to address key open
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questions and serve as an important model for
the fungal kingdom due to its rich history in the
field, a diversity of chromatin-based mechan-
isms shared among many fungi, and the avail-
ability of powerful molecular genetic tools to
drive future studies. Important goals for future
work include developing a more complete
understanding of promoter structure and how
it contributes to gene regulation, defining
unknown mechanisms that control assembly
and maintenance of both facultative and con-
stitutive heterochromatin, defining the genes
and mechanisms that govern three-
dimensional chromosome organization in the
nucleus and how organization might change
under different conditions, and, lastly, defining
the complete complement of histone modifica-
tions in N. crassa and resolving additional sub-
types of chromatin within euchromatin and
heterochromatin based on co-occurrence of
histone modifications and histone binding pro-
teins.
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I. Introduction

Accessory chromosomes are found in some
but not all individuals of a population, in con-
trast to essential chromosomes that are always
present. This presence/absence polymorphism
of entire chromosomes was first observed in
1907 in a dipteran species using classical kar-
yotyping (Wilson 1907). Since then accessory
chromosomes, also known as B, supernumer-
ary, lineage-specific, or (conditionally) dis-
pensable chromosomes, have been described
in a large variety of plant, animal, and fungal
species, including approximately 14% of karyo-

typed orthopteran insect species (Jones 1995)
as well as 8% of monocot and 3% of eudicot
species (Levin et al. 2005). Across this wide
range of taxa, accessory chromosomes share
the following defining characteristics: (i) they
are not essential for growth and development of
the organism, (ii) they do not recombine with
the essential chromosomes, and (iii) they often
do not follow Mendelian inheritance (Jones
1995). Historically, the amenability of some
accessory chromosomes in plants and animals
(called B chromosomes in these species) to light
microscopy allowed for earlier detection and
analysis in these kingdoms. In fungi however,
the relatively small size of accessory chromo-
somes hindered their detection using conven-
tional light microscopy (Mehrabi et al. 2017).
The development of pulsed-field electrophore-
sis in 1984 (Schwartz and Cantor 1984) enabled
the separation of fungal chromosomes, and
with this technique the comparison of karyo-
types between isolates led to the first discovery
of fungal accessory chromosomes in Nectria
haematococca in 1991 (Miao et al. 1991). The
advent of next-generation sequencing and
availability of whole genome sequences have
since then fueled detailed analyses including
population genomic analyses of accessory chro-
mosomes (Plissonneau et al. 2018).

What is the origin of accessory chromo-
somes? Two non-exclusive models have been
proposed to explain their presence. They may
originate from essential core chromosomes and
diverge or degenerate over time (Galazka and
Freitag 2014), or they may be acquired by hori-
zontal chromosome transfer (Mehrabi et al.
2011; Mehrabi et al. 2017). Both models are
supported by current data: in some species,
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high similarity in sequence composition
between core and accessory chromosomes sug-
gests an origin within the same genome, while
in other species significant differences in
sequence composition may indicate horizontal
transfer (Akagi et al. 2009a; Ma et al. 2010).
Phylogenetic analyses of fungal plant patho-
gens, for example, indicate that the accessory
chromosomes of Fusarium oxysporum f. sp.
lycopersici causing Fusarium wilt of tomato
have a different origin than the core chromo-
some (Ma et al. 2010). Similarly, the accessory
chromosomes in asexual Alternaria alternata
strains appear to have been horizontally trans-
ferred between lineages (Akagi et al. 2009a).
The presence of mechanisms that allow hori-
zontal transfer of entire chromosomes between
distinct lineages has furthermore been experi-
mentally demonstrated (Akagi et al. 2009a, b;
He et al. 1998; Ma et al. 2010; Masel 1996). It is
therefore possible that mechanisms of both
models are involved in the origin of new acces-
sory chromosomes in different taxa, although
their relative importance appears to vary
between species.

In plants and animals, B chromosomes are
widespread, and no unifying pattern of taxo-
nomic distribution is apparent. In contrast,
accessory chromosomes in fungi are restricted
almost exclusively to plant symbionts with a
large fraction of these being plant pathogens
(Bertazzoni et al. 2018; Mehrabi et al. 2017;
Soyer et al. 2018). Why are fungal accessory
chromosomes mainly found in plant patho-
gens? Fungal plant pathogens represent a very
intensively studied group of organisms, and
notably genetic and genomic variation has
been a focus of research (Möller and Stuken-
brock 2017). It is therefore possible that the
excess of examples in this group of organisms
simply reflects the research coverage. J. Taylor
and colleagues have moreover suggested that
the enrichment of accessory chromosomes in
plant-associated fungi may reflect the need to
rapidly adapt to changes in plant defense (Tay-
lor et al. 2017). Host specificity determinants of
several plant-associated fungi locate on acces-
sory chromosomes (Ahn and Walton 1996;
Coleman et al. 2009; Condon et al. 2013; John-
son et al. 2001; Ma et al. 2010). Possibly, this

particular genomic location provides an advan-
tage for virulence-related traits as they can be
modified readily without affecting core pro-
cesses. In this way, accessory chromosomes
may represent specific genome compartments
that allow these fungi to rapidly respond to
changes in host plant defenses (Taylor et al.
2017).

The function of accessory chromosomes
appears to be highly variable. B chromosomes
in plants and animals often have no known
function, and the fitness effect is assumed to
be neutral or even negative (Houben et al.
2014). However, a few examples demonstrate
that B chromosomes in plants and animals
can also confer a fitness advantage (Jones
1995; Pereira et al. 2017; Yoshida et al. 2011).
In several pathogenic fungi, accessory chro-
mosomes directly influence pathogenicity as
they are required for the infection of specific
hosts and hence provide a benefit (Ahn and
Walton 1996; Coleman et al. 2009; Condon
et al. 2013; Johnson et al. 2001; Ma et al. 2010).
In these cases, the respective chromosomes
encode traits that confer a fitness advantage
and natural selection should favor individuals
carrying these chromosomes. By contrast, the
accessory chromosomes of the wheat pathogen
Zymoseptoria tritici were shown to cause a fit-
ness disadvantage (Habig et al. 2017), high-
lighting the variety of fitness effects associated
with accessory chromosomes. However, for
many fungal accessory chromosomes, function
and fitness effects have yet to be determined,
and the influence of selection on the presence of
these chromosomes still remains unclear (Soyer
et al. 2018).

How are accessory chromosomes transmit-
ted during cell division? Based on cytological
studies, much more is known about the trans-
mission of accessory chromosomes during
mitosis and meiosis in plants and animals
than in fungi. Many B chromosomes in plant
and animals appear to offset their negative fit-
ness effect by increasing their relative fre-
quency during cell divisions compared to the
essential A chromosomes. This increase in fre-
quency has been described as chromosome
drive which results from segregation distortion
before, during, or after meiosis (Houben 2017).
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Therefore, many B chromosomes of plants and
animals are considered to be selfish genetic
elements propagating themselves at a cost for
the organism (Houben 2017). Similarly, in
fungi, the accessory chromosomes of Botrytis
cinerea, Cochliobolus heterostrophus, Gibber-
ella fujikuroi mating population A, Lepto-
sphaeria maculans, Magnaporthe oryzae, N.
haematococca mating population VI, and Z.
tritici show non-Mendelian inheritance during
meiosis (Table 2.1). This non-Mendelian inher-
itance involves either frequent losses or trans-
mission advantages, i.e., transmission of an
accessory chromosome to more progeny than
predicted by Mendelian segregation (Coleman
et al. 2009; Croll et al. 2013; He et al. 1998;
Mehrabi et al. 2017; Orbach et al. 1996; Soyer
et al. 2018; Wittenberg et al. 2009; Xu and Leslie
1996). In this respect, it is likely that accessory
chromosomes are also propagated by a drive
mechanism in fungi. In support of this, we
recently demonstrated a meiotic chromosome
drive of accessory chromosomes in Z. tritici
(Habig et al. 2018).

For fungi without a sexual cycle, only
mitotic transmission of accessory chromo-
somes is relevant. In these cases, fungal acces-
sory chromosomes can again show distinct
mitotic transmission patterns with extremely
high frequencies of chromosome losses and
chromosome rearrangements (Möller et al.
2018; Vlaardingerbroek et al. 2016a). We
argue that the distinct transmission patterns
of accessory chromosomes during mitosis and
meiosis determine the distribution and fre-
quency of accessory chromosomes in fungal
populations. A plausible explanation for this
chromosome variation is the ability of fungi to
rapidly generate new phenotypes in changing
environments. However, there is no direct evi-
dence for this hypothesis in natural populations
of fungi.

We here address the origin, function, and
transmission of accessory chromosomes in
fungi. A main focus of our review is themitotic
and meiotic transmission of accessory chro-
mosomes, which in many fungi clearly differs
from the transmission of core chromosomes.
Since the accessory chromosomes of fungi,
plants, and animals share characteristics, we

first briefly discuss the B chromosomes of
plants and animals where previous findings
can complement the knowledge available on
the accessory chromosomes of fungi. We first
give an overview on the occurrence and char-
acteristics of fungal accessory chromosomes
with a focus on their function and possible
origin. We use the term accessory chromosome
as a general term and only mention the specific
names used in distinct species when referring
to examples in detail. Similarly, we will use the
term core chromosomes to specify the chromo-
somes that are shared by all members of a
population.

II. Accessory Chromosomes Are
Widespread and Diverse but Share
Specific Characteristics

In plants, accessory chromosomes are often
described as B chromosomes contrasting to
the essential A chromosomes shared by all indi-
viduals of a species. One of the best-studied
examples is the rye (Secale cereale) B chromo-
some of which up to eight copies can be found
within a single cell. In animals, B chromosomes
have been described, among others, in fish,
amphibian, and insects, including a recent
example from the model system Drosophila
melanogaster (Bauerly et al. 2014). These plant
and animal B chromosomes share some char-
acteristics: they usually comprise highly repeti-
tive DNA sequences which show sequence
similarities to either A chromosomes within
the same genome or A chromosomes in closely
related species (Pansonato-Alves et al. 2014).
These sequences can be derived from mobile
genetic elements, satellite DNA, or ribosomal
DNA (Bougourd and Jones 1997; Dhar et al.
2002; Houben et al. 2001; Houben 2017; Lamb
et al. 2007; Pansonato-Alves et al. 2014) and are
usually found to be heterochromatic (Cheng
2010; Östergren 1947) and gene-poor (Banaei-
Moghaddam et al. 2015).

The first fungal accessory chromosomes
were described for two plant pathogenic spe-
cies: Nectria haematococca (Miao et al. 1991)
and Cochliobolus heterostrophus (Tzeng et al.
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1992). Today we know that the genomes of a
wide range of fungal species, in particular
plant pathogenic fungi, comprise accessory
chromosomes (Bertazzoni et al. 2018; Mehrabi
et al. 2017; Soyer et al. 2018). Here, we will focus
on a few cases that more generally exemplify
properties of accessory chromosomes in fungi.

N. haematococca can be found in diverse
habitats: as a soil saprophyte, as a commensal
organism in the rhizosphere, as a pathogen of
many different plant species, and as an oppor-
tunistic pathogen in humans (Vanetten 1978;
Zhang et al. 2006). The ability to thrive in
these diverse habitats is partly determined by
the presence of accessory chromosomes which
have been called conditionally dispensable
chromosomes in this fungus (Han et al. 2001;
Miao et al. 1991). Three of the 17 chromosomes
found in N. haematococca mating population
VI (MPVI), namely, chromosome (chr.) 14, chr.
15, and chr. 17, were shown to be dispensable
(Coleman et al. 2009). Similar to the B chromo-
somes in plants and animals, the conditionally
dispensable chromosomes of N. haematococca
MPVI contain an increased abundance of repet-
itive sequences and show a lower GC content in
comparison to the core chromosomes (Cole-
man et al. 2009). They harbor more unique
genes (i.e., genes without homologs), and
these may reflect adaptation to different envi-
ronmental niches of individual isolates (Cole-
man et al. 2009).

The accessory chromosomes of the eco-
nomically important wheat pathogen Zymosep-
toria tritici comprise 12% of the genome in the
reference isolate IPO323 with eight distinct
accessory chromosomes that range in size
from 409 to 773 kb (Goodwin et al. 2011). This
represents one of the largest complements of
accessory chromosomes described to date. In
comparison to the core chromosomes, the
accessory chromosomes of Z. tritici are rela-
tively gene-poor (Goodwin et al. 2011; Grand-
aubert et al. 2015). The genes located on these
chromosomes show a distinct codon usage
which differs from the codon usage of the
genes located on the core chromosomes (Good-
win et al. 2011). Interestingly, only few genes on
the accessory chromosomes encode proteins of
known function, and most of the predicted

genes do not comprise any annotated func-
tional domains (Grandaubert et al. 2015). In
contrast to accessory chromosomes of other
fungal pathogens, the accessory chromosomes
of Z. tritici contain a significantly lower number
of genes encoding secreted proteins and puta-
tive virulence determinants (Grandaubert et al.
2015; Rep et al. 2004; Vlaardingerbroek et al.
2016a). Only few genes belong to gene families
that include members on both the core and
accessory chromosomes, and a detailed survey
of gene duplicates showed a low number of
paralogous sequences on the accessory chro-
mosomes (Kellner et al. 2014). The accessory
chromosomes of Z. tritici are enriched in repet-
itive DNA and transposable elements (Grand-
aubert et al. 2015) and, similar to the B
chromosomes in plants, show histone modifi-
cations associated with heterochromatin
(Schotanus et al. 2015). In comparison to the
core chromosomes, they are highly enriched in
post-translational modification of the histone
H3 by trimethylation of lysine 27 (H3K27me3)
(Schotanus et al. 2015). Sequencing of the
IPO323 genome led to the hypothesis that the
accessory chromosomes in this organism origi-
nated from horizontal chromosome transfer
from another organism (Goodwin et al. 2011).
However, the fact that closely related species of
Z. tritici like Zymoseptoria pseudotritici, Zymo-
septoria ardabiliae, and Zymoseptoria brevis
also harbor accessory chromosomes including
regions syntenic to regions of the accessory
chromosomes of Z. tritici suggest that these
chromosomes represent an ancient trait in the
genus (Feurtey, Lorrain et al., in prep).

The characteristic structural features that
distinguish accessory from core chromosomes
are also present in Leptosphaeria maculans, a
pathogen that causes stem canker (blackleg) of
oilseed rape (Brassica napus) and related cru-
cifers (Rouxel and Balesdent 2005; West et al.
2001). L. maculans contains a dispensable
mini-chromosome of 700–950 kb in size
(Leclair et al. 1996) which mostly comprises
AT-enriched isochores (>60% AT). Besides
being AT-rich, this mini-chromosome is gene-
poor (Balesdent et al. 2013; Rouxel et al. 2011)
and heterochromatic (Soyer et al. 2014). Inter-
estingly, the AT isochores are enriched in trans-
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posable elements which are affected by repeat-
induced point mutation (RIP), a fungal-specific
genome defense mechanism against repetitive
sequences (Selker 1990; Soyer et al. 2014). RIP
can affect neighboring sequences (Gladyshev
and Kleckner 2017), and therefore genes
located within the AT isochores are subject to
increased mutation rates (Rouxel et al. 2011).
Among the genes located within the AT iso-
chores, many encode effectors—small secreted
proteins that manipulate the host defense
(Jones and Dangl 2006; Lo Presti et al. 2015)—
and their location within these AT isochores
could promote rapid sequence diversification
of these genes.

Genome comparison between Fusarium
oxysporum f. sp. lycopersici strain Fol4287 and
Fusarium verticillioides showed that Fol4287
contains chromosomes 3, 6, 14, and 15 and
parts of the chromosomes 1 and 2 which do
not have syntenic chromosomes/regions in F.
verticillioides (Ma et al. 2010). These accessory
chromosomes and regions of chromosomes are
called lineage-specific in this tomato pathogen.
Again, the lineage-specific regions are rich in
transposons; show a lower gene density, a
higher proportion of unique genes, and a dif-
ferent codon usage; and may have a distinct
phylogenetic history compared the essential
chromosomes (Ma et al. 2010). In several addi-
tional fungal species, accessory chromosomes
have been described. These include the plant
pathogens Magnaporthe oryzae (Chuma et al.
2011; Dean et al. 2005), Cochliobolus carbonum
(Ahn and Walton 1996), Colletotrichum gloeos-
porioides (He et al. 1998; Masel et al. 1993),
Gibberella fujikuroi, and several host-specific
lineages of Alternaria alternata (Akamatsu
et al. 1999; Hatta et al. 2002; Hu et al. 2012;
Johnson et al. 2001). Recently, an accessory
chromosome has also been described in Botry-
tis cinerea (Van Kan et al. 2017). It is striking
that accessory chromosomes have been found
mostly in plant pathogenic fungi. One excep-
tion is the insect pathogenic fungus Metarhi-
zium anisopliae, which harbors a single
accessory chromosome (Wang et al. 2003) and
is used as a biocontrol agent (Schrank and
Vainstein 2010).

In conclusion, the accessory chromosomes
in fungi show characteristics similar to acces-
sory chromosomes found in other organisms as
they are enriched in repetitive elements, are
mainly heterochromatic, and often show a dif-
ferent GC content and codon usage compared
to the core chromosomes. However, these char-
acteristics are not exclusive and thus do not
allow unequivocal identification of accessory
chromosomes because sequences with similar
characteristics can also be found within essen-
tial core chromosomes (Möller and Stuken-
brock 2017).

III. Fungal Accessory Chromosomes
Are Generally Associated with
Function

The dispensability of accessory chromosomes
for growth and development raises questions
on their functional role. B chromosomes in
plants and animals are mostly heterochromatic,
and therefore gene expression has been
assumed to be absent or repressed (Banaei-
Moghaddam et al. 2013). Recent studies, how-
ever, report active transcription of coding
sequences located on a number of plant and
animal B chromosomes, indicating a functional
role of genes encoded on these chromosomes
(Banaei-Moghaddam et al. 2013; Carchilan et al.
2007; Graphodatsky et al. 2005; Ma et al. 2017;
Pereira et al. 2017; Ramos et al. 2017; Trifonov
et al. 2013; Yoshida et al. 2011). However, tran-
scription is in general found to be lower com-
pared to genes located on the core
chromosomes (Banaei-Moghaddam et al.
2015). To date, a fitness benefit of individuals
carrying B chromosomes has only been
reported for a small number of plant and ani-
mal species (Jones 1995; Yoshida et al. 2011).
One of these few cases is the exemplary rye B
chromosome, which protects meiocytes against
heat stress-induced damage (Pereira et al.
2017).

In contrast, genes located on fungal acces-
sory chromosomes are often associated with a
function (see Table 2.1 and references therein).
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Some genes directly influence pathogenicity
and host range. One of the conditionally dis-
pensable chromosomes of Nectria haemato-
cocca, the PDA1-CD chromosome, carries, for
example, a cluster of genes required for pea
pathogenicity (PEP) (Han et al. 2001). N. hae-
matococca isolates with the PDA1-CD chromo-
some are highly virulent on pea plants due to
the presence of the PDA1 gene which is part of
the PEP cluster and codes for a cytochrome
P450 enzyme that detoxifies the pea phyto-
alexin pisatin (Maloney and VanEtten 1994).
By contrast, N. haematococca isolates lacking
the PDA1-CD chromosome are strongly attenu-
ated in the ability to cause lesions on pea (Han
et al. 2001). The dispensable chromosome of
Leptosphaeria maculans also contains genes
that affect its host range. These include the
avirulence gene AvrLm11 conferring avirulence
on Brassica rapa (Balesdent et al. 2013) located
on one of the dispensable chromosomes of L.
maculans as well as five additional putative
effector genes (Rouxel et al. 2011). The loss of
the dispensable chromosome of L. maculans
leads to susceptibility of B. rapa carrying the
resistance gene Rlm11 (Rouxel and Balesdent
2017). However, the reason for the continued
maintenance of the accessory chromosome
encoding the AvrLm11 in L. maculans popula-
tions remains unclear to date. Individuals with
this accessory chromosome are avirulent on
Rlm11 carrying hosts and therefore would
have a substantial fitness disadvantage. We
speculate that a counteracting selection, possi-
bly a transmission advantage during meiotic or
mitotic reproduction, maintains this chromo-
some in the population.

In Zymoseptoria tritici, the functional role
of the accessory chromosomes is less clear.
Based on quantitative trait loci mapping, small
but significant fitness benefits for certain acces-
sory chromosomes were detected (Stewart et al.
2016). However, isogenic Z. tritici strains with
deletions of whole accessory chromosomes
could produce more pycnidia than the wild
type, and therefore the accessory chromosomes
14, 16, 18, 19, and 21 rather confer a fitness cost
(Habig et al. 2017). Interestingly, this fitness
cost was dependent on the host wheat cultivar
suggesting an interaction of host genotype-

specific traits and traits encoded by the acces-
sory chromosomes. Z. tritici switches to necro-
trophic growth after a prolonged period of
symptomless, biotrophic growth. Several acces-
sory chromosomes of Z. tritici influence the
timing of this lifestyle switch (Habig et al.
2017), but yet it is unclear how this affects the
fitness of the pathogen in the field.

Host specificity is also influenced by the
accessory chromosomes in lineages of the
genus Alternaria. These plant-pathogenic
fungi infect a remarkably broad range of hosts
(Rotem 1994). Accessory chromosomes, which
are called conditionally dispensable chromo-
somes in Alternaria, are carried by several
Alternaria lineages (Akamatsu et al. 1999;
Hatta et al. 2002; Johnson et al. 2001). These
are generally smaller than 2.0 MB in size (Akagi
et al. 2009b; Salamiah et al. 2001a, b) and rep-
resent a prominent example of how host speci-
ficity is determined by traits encoded on
accessory chromosomes. Several genes that
are encoding host-specific toxins (HSTs) or
are involved in the biosynthesis of toxins are
located within gene clusters on the condition-
ally dispensable chromosomes (Nakatsuka
et al. 1986; Nakashima et al. 1985; Kohmoto
1993; Johnson et al. 2001; Akamatsu et al.
1997). Thereby, these genes confer a strong
selection advantage during host-pathogen
interaction, and this selection appears to main-
tain these chromosomes in the Alternaria
populations.

Fusarium oxysporum reproduces asexually
and consists of many pathogenic clonal
lineages which are grouped into host-specific
formae speciales (Baayen et al. 2000; Lievens
et al. 2008; O’Donnell et al. 1998; Recorbet
et al. 2003). The ability of F. oxysporum to infect
and avoid recognition in its host plant depends
on small Secreted-in-xylem (SIX) proteins that
are secreted into the host xylem during the
infection (Rep et al. 2004). In the tomato-
pathogen F. oxysporum f. sp. lycopersici, the
lineage-specific chromosome 14 harbors six
SIX genes, and the lineage-specific chromo-
somes in general are enriched in genes coding
for secreted effectors and virulence factors (Ma
et al. 2010; Schmidt et al. 2013). In the pea-
pathogen F. oxysporum f. sp. pisi, homologs of
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the pisatin-detoxifying PDA and PEP genes of
N. haematococca are located on chromosomes
considered to be dispensable (Coleman et al.
2011; Milani et al. 2012; Williams et al. 2016).
Furthermore, in F. oxysporum f. sp. medicagi-
nis and F. oxysporum f. sp. ciceris genes with
possible pathogenicity-related functions are
located on dispensable sequences (Williams
et al. 2016). Although a direct link between
pathogenicity and host specificity is lacking
for Magnaporthe oryzae, it is remarkable that
the accessory sequences in this fungus harbor
316 candidate effector genes, defined as genes
encoding secreted proteins (Yoshida et al.
2009). In addition, the avirulence gene AVR-
Pita was found to be located at multiple geno-
mic locations including loci on the accessory
chromosome (Chuma et al. 2011; Yoshida et al.
2009). Hence, the presence/absence of the
accessory chromosome may influence the abil-
ity to infect different host genotypes. Polymor-
phic localization of AVR-Pita (including on the
accessory chromosomes) was proposed to be
an adaptive strategy by allowing loss and
rapid recovery of this avirulence gene, consis-
tent with the idea that the accessory chromo-
somes might serve as a particular genomic
environment allowing the rapid evolution of
new adaptive traits (Chuma et al. 2011).

In conclusion, genes located on accessory
chromosomes of fungi have often been asso-
ciated with a fitness benefit—in many cases by
encoding traits that directly influence pathoge-
nicity and host specificity. In contrast to the B
chromosomes in plants and animals, fungal
accessory chromosomes are rarely associated
with a fitness cost. Nevertheless, they can con-
fer a fitness cost under some conditions as
demonstrated in Z. tritici and the potential
effects of avirulence factors present on the
accessory chromosomes in L. maculans and
M. oryzae.

IV. The Origin of Fungal Accessory
Chromosomes

How did accessory chromosomes originate in
fungal genomes? Genome data has shed light on

the possible origin of accessory chromosomes,
and experimental studies have revealed
mechanisms of de novo chromosome acquisi-
tion. Thereby evidence for two distinct scenar-
ios have accumulated: (i) accessory
chromosomes can be derived from essential
core chromosomes, and (ii) they can be
acquired by horizontal chromosome transfer
from closely or distantly related taxa.

Initially, plant and animal B chromosomes were
thought to be non-homologous to the essential A chro-
mosomes. This view later changed due to their mosaic-
like composition of sequences derived from essential A
chromosomes and organelles, and therefore, they are
now mainly considered to originate from A chromo-
somes (Banaei-Moghaddam et al. 2015; Houben et al.
2014; Martis et al. 2012). The origin of B chromosomes
has been addressed using genomic data in rye, barley,
dogs, and several fish species (Banaei-Moghaddam
et al. 2015; Martis et al. 2012; Mayer et al. 2011;
Pansonato-Alves et al. 2014; Valente et al. 2014; Valente
et al. 2017). These analyses suggested a multi-step
model for the origin of accessory chromosomes from
several core chromosomes where initial genome dupli-
cation (either partial or comprising the whole genome)
has been followed by reductive chromosome transloca-
tions decreasing the size of the B chromosome (Banaei-
Moghaddam et al. 2015; Houben et al. 2014). Chromo-
somes that have evolved in this way diverged over time
by the accumulation of repetitive sequences and further
structural variation that impaired homologous recom-
bination with the original core chromosome (Galazka
and Freitag 2014; Houben et al. 2014). Alternatively,
small accessory chromosomes could be generated by
mis-segregation or Robertsonian translocations at or
near the centromeres of two acrocentric A chromo-
somes. This could result in the duplication of a short
region of A chromosomes that, if it contains a func-
tional centromere and origin of replication, could be
considered a very small B chromosome and later may
increase in size by acquiring additional sequences
(Galazka and Freitag 2014).

In some fungal species, there is evidence that
accessory chromosomes have originated from
core chromosomes. In other species, it is con-
ceivable that fusion of hyphae has mediated
horizontal transfer of chromosomes between
lineages or even species. So far, little is known
about the exact mechanism that transforms
core chromosome copies into accessory chro-
mosomes. In Zymoseptoria tritici, experimental
mating and karyotyping of progeny strains
revealed the evolution of a new accessory chro-
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mosome by a process called “breakage-fusion-
bridge” (BFB) cycles that involves chromo-
somal fusions followed by degenerative break-
age (Croll et al. 2013; McClintock 1941). BFB
cycles can be initiated by non-allelic homolo-
gous recombination between repeats, whereby
dicentric and acentric chromosomes can be
generated (Croll et al. 2013; McClintock 1941).
Acentric chromosomes are lost due to the
absence of centromeres, but dicentric chromo-
somes can form a bridge at anaphase and
undergo BFB cycles (Fig. 2.1) (Croll et al.
2013; Gisselsson et al. 2000). In Z. tritici many
repeat families are shared between core and
accessory chromosomes, possibly facilitating
an origin of the accessory chromosomes within
the genome (Grandaubert et al. 2015). Size var-
iation due to non-allelic sister chromatid
recombination was also observed in Magna-
porthe oryzae (Chuma et al. 2003). The high
content of repetitive DNA on many accessory
chromosomes may indeed favor the occurrence
of non-allelic homologous recombination.

In Fusarium oxysporum f. sp. lycopersici,
the lineage-specific chromosomes appear to
have a different origin than the core chromo-

somes. These chromosomes have a high pro-
portion of unique genes and vary in codon
usage as well as GC content from the core chro-
mosomes and are therefore believed to have
been acquired from another Fusarium species
(Ma et al. 2010). Interestingly, under experi-
mental conditions, transfer of the lineage-
specific chromosome 14 of F. oxysporum can
occur between asexual lineages of the patho-
gen by vegetative hyphal fusion (Ma et al. 2010;
Vlaardingerbroek et al. 2016b). For the analysis,
strains were used that carried two selection
markers (neomycin and hygromycin), located
on the chromosome 14 of the donating strain
(pathogenic on tomato) and on a core chromo-
some of the receiving strain (non-pathogenic
on tomato), respectively. Co-inoculating these
two strains on agar plates allowed the isolation
of colonies resistant to both antibiotics. These
double resistant strains were pathogenic on
tomato and contained large portions of the
lineage-specific chromosome 14. This experi-
mentally validates the possibility of chromo-
somal transfers by vegetative fusion (in this
case between different strains of the same spe-
cies) as a possible mechanism for the acquisi-

Fig. 2.1 Non-allelic recombination between sister chro-
matids of an accessory chromosome initiates a break-
age-fusion-bridge (BFB) cycle. The generation of
dicentric chromosome followed by BFB cycles may
play a role in the plasticity of the accessory chromo-
somes and the bidirectional transfer of sequences
between accessory and core chromosomes. (a) Non-
allelic recombination between repeated sequences on
an accessory chromosome results in an acentric chro-
mosome which is lost during subsequent cell divisions
and a dicentric chromosome (adapted from (Croll et al.
2013)). (b) The dicentric chromosome (chr.) is subject

to a BFB cycle when the two centromeres are pulled to
opposite poles of the dividing cell during anaphase.
Thereby, the chromatid breaks and two non-telomeric
chromosome ends are generated. These ends can either
fuse between the sister chromatids after sister chroma-
tid replication or fuse to other chromosomes creating a
translocation on, in this example, a core chromosome.
In both cases, dicentric chromosomes are generated
which might again be subjected to a BFB cycle. Note:
for the sake of clarity, sister chromatids were omitted
when possible
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tion of accessory chromosomes (Ma et al.
2010). Further examples of chromosome trans-
fers include the asexual plant pathogen Colleto-
trichum gloeosporioides that infects a wide
variety of crops. The supernumerary chromo-
some of C. gloeosporioides is considered to have
been transferred by vegetative fusion, which
can also be observed under laboratory condi-
tions (He et al. 1998; Masel 1996). Similarly,
chromosome transfer occurs in Alternaria
spp. Here, pathogenic strains cause leaf spots
and blights on different host plants (Rotem
1994). Phylogenetic analysis of toxin-encoding,
conditionally dispensable chromosomes sup-
ports chromosome transfer between different
strains (Akagi et al. 2009a). This hypothesis
could be confirmed under laboratory condi-
tions (Akagi et al. 2009b). In addition, transfer
of accessory chromosomes was suggested by
comparative analyses of transposon or repeat
content and codon usage of the accessory and
the core chromosomes of Alternaria arbores-
cens (Hu et al. 2012). Although the origin of
the conditionally dispensable chromosomes in
Alternaria spp. is still unknown, these potential
horizontal transfers would be an example for a
possible mechanism by which pathogens could
acquire novel determinants of host specificity
(Mehrabi et al. 2011).

It is, however, important to note that the observed
differences in sequence composition between core and
accessory chromosomes do not provide a proof of a
horizontal chromosome transfer. Different recombina-
tion and mutation rates, the differences in transposable
element content, and higher frequencies of pseudo-
genes could likewise explain some of the observed dif-
ferences in sequence composition (Galazka and Freitag
2014). This is exemplified by the wheat pathogen Fusar-
ium poae which carries several accessory chromosomes
(Fekete and Hornok 1997). Here, the accessory genome
was shown to be lacking repeat-induced point muta-
tions (RIP). RIP is a genome defense mechanism initi-
ally described in Neurospora crassa that acts to mutate
repetitive elements to prevent their further propagation
in the genome (Selker 1990). Interestingly, in F. poae
RIP occurs on the core chromosomes (Vanheule et al.
2016). The sole absence of RIP on the accessory may
confer differences in sequence composition between
core and accessory chromosomes. Similarly, sequences
on the accessory chromosomes of Z. tritici show signa-
tures of accelerated evolution, which could also account
for the observed sequence differences between the core

and the accessory chromosomes (Stukenbrock et al.
2010; Stukenbrock et al. 2011).

Although accessory chromosomes are
thought to be non-recombining with the core
chromosomes, transfer of genetic material
from accessory to core chromosomes appears
to happen frequently. In several cases an acces-
sory chromosome became part of a core chro-
mosome (Ma et al. 2010; Schotanus et al. 2015;
Vanheule et al. 2016). In Z. tritici, the distal
0.865 Mb segment of the long right arm of the
core chromosomes 7 shares characteristics like
histone modifications, gene content, and gene
organization with the accessory chromosomes
(Schotanus et al. 2015). This chromosome seg-
ment is therefore considered to be either a
translocated fragment or an entire accessory
chromosome fused to a core chromosome
(Schotanus et al. 2015). This type of chromo-
somal fusion could be the result of BFB cycles
as already observed in the genome of Z. tritici
(Croll et al. 2013) (Fig. 2.1b). Similarly, the right
arms of the core chromosomes 1 and 2 in F.
oxysporum f. sp. lycopersici share sequence
characteristics with the lineage-specific chro-
mosomes, and hence these chromosomal
regions are also considered to be lineage-
specific (Ma et al. 2010). In addition, the core
chromosome of F. poae contains large blocks
(>200 kb) of sequences that were recently
translocated from the accessory genome (Van-
heule et al. 2016). Hence, sequence exchange
between accessory and core chromosomes
occurs, but the extent of this exchange and the
functional and evolutionary consequences
remain to be elucidated.

V. Accessory Chromosomes Are
Mitotically Instable

Accessory chromosomes often show distinct
patterns of mitotic transmission compared to
the core chromosomes. These transmission dif-
ferences can also affect their meiotic transmis-
sion if cells of the germline are affected (e.g.,
non-disjunction during first pollen mitosis of
rye B chromosomes) (Houben 2017). Further
examples of non-equal transmission during
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mitosis in plants and animals were described for
Aegilops speltoides and grasshoppers in which
the number of accessory chromosome differs
between organs of the organism (Mendelson
and Zohary 1972; Remis and Vilardi 2004).

In fungi, the differentiation between
somatic cells and germline cannot be defined.
Therefore, any differences in transmission of
accessory chromosomes affect their overall
propagation. Indeed, asexual fungi rely solely
on mitotic transmission. Accessory chromo-
somes in several fungi can be lost during
mitotic transmission. In Fusarium oxysporum
f. sp. lycopersici, the two smallest lineage-
specific chromosomes (chr. 1, chr. 14) are lost
at a frequency of 1 in 35,000 spores. Interest-
ingly, the core chromosome 12 could also be
lost but at a much lower frequency than the
accessory chromosomes (Vlaardingerbroek
et al. 2016a). Similarly, in Alternaria alternata
loss of the conditionally dispensable chromo-
some occurred spontaneously in vitro (Johnson
et al. 2001) and rendered the strain non-
pathogenic. In Zymoseptoria tritici and its
closely related sister species Zymoseptoria ard-
abiliae, spontaneous loss of accessory chromo-
somes was observed at a very high frequency of
up to 1 in 50 spores (Möller et al. 2018). Sur-
prisingly, temperature had a dramatic effect on
the loss rate of accessory chromosomes in Z.
tritici. A rise in temperature from 18 �C to 28 �C
increased the losses of accessory chromosomes
to 1 in 2 spores (Möller et al. 2018). Impor-
tantly, during mitotic growth in planta, which
results in the production of asexual pycnidios-
pores, losses of accessory chromosomes were
also observed at a similar rate to those in vitro
at 18 �C (Möller et al. 2018). This demonstrates
that accessory chromosome losses occur
throughout the asexual part of the life cycle of
Z. tritici. Interestingly, accessory chromosome
18, which was frequently lost during in planta
experiments, is also often absent in field iso-
lates of Z. tritici (Croll et al. 2013; McDonald
et al. 2016). Hence, the presence/absence poly-
morphism for the accessory chromosomes
appears to be—at least partially—generated
by frequent losses during mitotic divisions.
Interestingly, in addition to frequent chromo-
some losses, the same study reported frequent

chromosome fusions, chromosome breakages,
and accessory chromosome duplications at ele-
vated temperatures (Möller et al. 2018). Chro-
mosomal fusions involved core as well as
accessory chromosomes. This further high-
lights the putative plasticity of the Z. tritici
genome and the potential for bidirectional
sequence exchange between core and accessory
chromosomes.

Why do the accessory chromosomes show a
different transmission during mitosis? Interest-
ingly, the accessory chromosomes in Z. tritici,
F. oxysporum, Fusarium asiaticum, and Gibber-
ella fujikuroi are enriched in the histone mod-
ification H3K27me3 (Galazka and Freitag 2014;
Schotanus et al. 2015; Fokkens et al. 2018). On
core chromosomes this modification is
restricted to subtelomeric regions and involved
in the localization of these subtelomeric regions
to the nuclear envelope (Erlendson et al. 2017;
Harr et al. 2015, 2016). Therefore, entire acces-
sory chromosomes might be localized at the
nuclear envelope. This different localization
would also be supported by the fact that in Z.
tritici centromeres do not co-localize in one
focus, as observed in many fungi, plants, and
animals (Dong and Jiang 1998; Ross et al. 2013;
Smith et al. 2012) but to several distinct foci in
the nucleus (Schotanus et al. 2015). We hypoth-
esize that the different epigenetic marks on the
accessory chromosomes affect their location in
the nucleus and thereby influencing their DNA
replication and transmission. Recently, we
could show that removal of the H3K27me3 his-
tone modification leads to an increased trans-
mission fidelity of the accessory chromosomes,
supporting the pivotal role for histone modifi-
cations in distinguishing core and accessory
chromosomes (Möller et al. 2019) (Habig
et al., in preparation).

VI. Accessory Chromosomes Are
Frequently Transmitted in a Non-
Mendelian Way During Meiosis

By definition, accessory chromosomes are pres-
ent in some but not all members of a popula-
tion. During sexual mating this presence/
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absence polymorphism can result in unpaired
(i.e., univalent) accessory chromosomes during
meiosis if the two parental strains have differ-
ent chromosome complements (Fig. 2.2). How
are univalent accessory chromosomes trans-

mitted during meiotic divisions? In animals
and plants, the widespread occurrence of acces-
sory chromosomes is generally attributed to
their selfish mode of transmission (Houben
2017; Jones 2012), which increases their fre-

Fig. 2.2 Potential drive mechanisms for accessory chro-
mosomes in plants and fungi. (a) Suggested mechanism
for a post-meiotic drive affecting the B chromosome
(chr.) in rye. The centromeres of the B chromosome are
not separating during the first pollen mitosis. Due to the
non-symmetric cell division the B chromosome sister-
chromatids are more likely to become part of the gen-
erative nucleus of which the two sperm cells are gener-
ated in the second pollen mitosis. This mechanism leads
to an increase in the B chromosome frequency in the
progeny without additional DNA replication. (b & c)
Two possible mechanisms for a meiotic chromosome
drive in Z. tritici involving additional replication of
accessory chromosomes by the example of a paired
(i.e., homologs in both parental strains) accessory chro-

mosome 14 and an unpaired chromosome 19. (b)
Unpaired accessory chromosomes undergo an addi-
tional round of DNA replication initiated after the pair-
ing of homologs within the zygote suggesting an
additional feedback mechanism between pairing of
homologs and DNA replication. (c) Alternatively, addi-
tional DNA replication of unpaired chromosomes takes
place prior to meiosis affecting all accessory chromo-
somes. Since no additional copies of the paired acces-
sory chromosomes are found, these must be lost during
the zygote stage where pairing occurs. Please note that
for the sake of clarity, the subsequent mitotic cell divi-
sion resulting in eight ascospores is not displayed, and
recombination events were omitted. b & c adapted from
(Habig et al. 2018)
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quency by preferential segregation during cell
divisions including meiosis. However, little is
known about the meiotic transmission of fun-
gal accessory chromosomes. For several fungal
accessory chromosomes, a non-Mendelian
mode of inheritance has been reported, which
appears to be similar to the mode in plants and
animals. We will therefore first describe some
of the well-understood examples of B chromo-
some transmission in plants and animals,
which may direct our research of accessory
chromosome inheritance in fungi.

B chromosome accumulation mechanisms, also termed
chromosome drive, involve non-Mendelian modes of
transmission and have been described in approxi-
mately 60% of the plant species that carry B chromo-
somes (Jones 2012). Chromosome drive can either
occur at the pre- or post-meiotic stages or during mei-
osis (Akera et al. 2017; Gregory 2011; Houben 2017;
Mroczek et al. 2006). The B chromosome of rye is a
well-characterized example for a chromosome drive
mechanism acting post-meiotically (Banaei-
Moghaddam et al. 2012; Endo et al. 2008; Hasegawa
1934; Houben 2017). Following meiosis the pollen
development involves two mitotic divisions resulting
in tri-cellular pollen. One pollen consists of two sperm
cells and a vegetative nucleus, which does not provide
genetic material to the offspring (Twell 2011). During
the first pollen mitosis, the two sister-chromatids of B
chromosomes show non-disjunction (Hasegawa 1934)
and will in most cases become part of the generative
nucleus. Thereby the resulting sperm cells will contain
two B chromosomes instead of the expected one
(Fig. 2.2a) (Hasegawa 1934; Houben 2017). What are
the underlying mechanisms that lead to the exploitation
of asymmetric cell divisions by B chromosomes? The
different segregation of A versus B chromosomes dur-
ing mitotic or meiotic cell divisions predicts functional
differences between their centromeres (or the loci that
mediate attachment of the chromosomes to the spin-
dle). Indeed, the centromeres of A and B chromosomes
in rye differ in their repeat composition, with the B
chromosome centromeres including additional classes
of repeats (Banaei-Moghaddam et al. 2012). Here, a
non-disjunction control region (NCR) acting in trans
controls chromosome segregation of the B chromo-
some, possibly by long noncoding RNAs which affect
centromere organization (Carchilan et al. 2007; Endo
et al. 2008; Houben 2017).

In general, centromeric sequences and the
centromere-associated histone CenH3 were
shown to evolve rapidly (reviewed in (Rosin
and Mellone 2017)), inspiring the centromere
drive hypothesis (Henikoff and Malik 2002;

Kursel and Malik 2018). Accordingly, centro-
meric DNAs act as selfish genetic elements pro-
moting their own transmission. Originally, this
hypothesis considered this preferential trans-
mission to only occur in asymmetrical female
meiosis. However, every asymmetrical cell divi-
sion that eventually results in germline cells
should be susceptible to a non-random segre-
gation of chromosomes as seen in the example
of the rye B chromosome. B chromosomes are
often considered selfish genetic elements. Other
selfish genetic elements have also been shown
to increase their relative frequency by killing or
disabling gametes or embryos that lack the self-
ish element (Hurst and Werren 2001). To date,
no example of such a killing mechanism has
been described for an accessory chromosome.
Yet, it is worth noting that drive of entire chro-
mosomes has been described for the sex chro-
mosomes in several species within the order
Rodentia and Diptera. Here these drives are
indeed caused either by asymmetrical segrega-
tion during mitotic or meiotic cell divisions or
by the selective killing of gametes that do not
carry the sex chromosomes (reviewed in (Hel-
leu et al. 2014; Hurst and Werren 2001; Jaenike
2008)).

In fungi, little is known about the meiotic
transmission of accessory chromosomes. Those
few cases for which the inheritance of the acces-
sory chromosomes was analyzed have shown
(i) loss of accessory chromosomes during mei-
otic and mitotic cell divisions and (ii) non-
Mendelian segregation with an increase of
chromosome frequencies (Balesdent et al.
2013; Camacho et al. 2011; Chuma et al. 2003;
Coleman et al. 2009; Fouché et al. 2018; Good-
win et al. 2011; Miao et al. 1991; Orbach et al.
1996; Tzeng et al. 1992; Wittenberg et al. 2009).
Loss of accessory chromosomes during meiosis
was observed for many fungal accessory chro-
mosomes and may, in part, explain the
observed presence/absence polymorphism.
Examples are the accessory mini-chromosome
of Magnaporthe oryzae that fails to segregate
during crosses (Orbach et al. 1996) and the
dispensable chromosome of Leptosphaeria
maculans, which is lost in approximately 5%
of the progeny following meiosis (Balesdent
et al. 2013; Leclair et al. 1996). In these cases,

2 Origin, Function, and Transmission of Accessory Chromosomes 37



the frequent losses and disomies found in pro-
genies indicate non-disjunction during the mei-
otic divisions I or II (Fig. 2.3). In Zymoseptoria
tritici, accessory chromosomes are missing in
up to 20% of the progeny of meiotic crosses in
which both parental strains contain the respec-
tive accessory chromosome (Fouché et al. 2018;
Wittenberg et al. 2009). Importantly, meiotic
progeny disomic of accessory chromosomes
are frequent, which also indicates non-
disjunction during one of the meiotic divisions
(Fouché et al. 2018). While non-disjunction
does not change the absolute frequency of the
accessory chromosomes but leads to a re-
distribution of the copies among the progeny,
losses will cause a reduction in the frequency.
Currently, the relative importance of these two

processes is unknown. However, by using tet-
rad analysis, we could recently show that both
losses and non-disjunction of accessory chro-
mosomes do occur in Z. tritici (Habig et al.
2018).

If chromosome losses reduce the number
of accessory chromosomes, a counteracting
mechanism must be in place, which increases
the frequency of the accessory chromosomes to
avoid their complete loss. Maintenance of chro-
mosomes could occur if natural selection would
favor individuals carrying a particular acces-
sory chromosome under specific conditions.
As described above, many fungal accessory
chromosomes confer a fitness advantage on
certain hosts. However, a few examples demon-
strate that chromosome maintenance also can

Fig. 2.3 Modes of accessory chromosome transmission
during the cell divisions of meiosis. None of these
mechanism leads to a change in the absolute frequency
of the accessory chromosome within the progeny.
Three accessory chromosomes are illustrated, two of
which are homologs to each other (orange/blue) and
one accessory chromosome (green) lacking a homolog.
Recombination events were omitted to increase clarity.
(a) During Mendelian segregation, the homologous
chromosomes are segregating during meiosis I and
sister-chromatids during meiosis II. (b) Non-

disjunction of a paired chromosome during meiosis I
leads to two disomic meiotic progeny and the loss of
the paired accessory chromosome in the remaining two
meiotic products. (c) Non-disjunction of sister-
chromatids of an unpaired chromosome during meio-
sis II leads to one meiotic product disomic for the
unpaired chromosome. (d) Premature centromere divi-
sion of an unpaired chromosome during meiosis I
generates single chromatid chromosomes that are
segregated during meiosis II

38 M. Habig and E. H. Stukenbrock



be conferred by a meiotic transmission advan-
tage (Balesdent et al. 2013; Fouché et al. 2018;
Goodwin et al. 2011; Tzeng et al. 1992; Witten-
berg et al. 2009). In Cochliobolus heterostrophus
two-thirds of randomly selected ascospores
contained the accessory chromosome 16,
although only one of the parental strains car-
ried the chromosome (Tzeng et al. 1992). Simi-
larly, in L. maculans 83% of the progeny
received an accessory chromosome that was
unpaired during meiosis (Balesdent et al.
2013). However, the mechanistic basis for
these transmission advantages has not been
described. Transmission rates higher than
50% for unpaired accessory chromosomes
have also been determined for Z. tritici with
frequent observation of meiotically produced
ascospores containing disomic accessory chro-
mosomes (Fouché et al. 2018; Goodwin et al.
2011; Wittenberg et al. 2009). Tetrad analysis,
in which all meiotic products of a single meiosis
were isolated and analyzed, revealed that the Z.
tritici accessory chromosomes are subject to a
meiotic drive mechanism (Habig et al. 2018).
Interestingly, the meiotic drive appears to be
restricted to those chromosomes that are inher-
ited from the female parent (considered to be
the parent that also provides the mitochondria
to the offspring). Inheritance of the accessory
chromosome from the male parent does not
lead to a chromosome drive. Moreover, the
meiotic drive only affected those accessory
chromosomes without a homolog resulting in
transmission of the unpaired chromosomes to
all meiotic products when inherited from the
female. If the chromosomes were inherited
from the male or had a homolog, they showed
Mendelian inheritance. This unique transmis-
sion pattern of unpaired accessory chromo-
somes might be explained by a feedback
mechanism during meiosis that initiates an
additional round of DNA replication for
unpaired accessory chromosomes inherited
from the female parent (Fig. 2.2b). Alterna-
tively, a pre-meiotic DNA replication is fol-
lowed by a regulated loss of the redundant
copies of paired accessory chromosomes
(Fig. 2.2c). The centromeres of the accessory
and the core chromosomes of Z. tritici do not
show significant differences in size, location,

and sequence characteristics (Schotanus et al.
2015). Therefore, it appears that, in contrast to
the rye B chromosome, the centromeres are not
involved in the chromosome drive in Z. tritici.

Although other mechanisms could be
involved, this particular transmission pattern
may explain some of the observed characteris-
tics of the accessory chromosomes in Z. tritici.
The meiotic drive may cause the observed
lower recombination rate on the accessory
chromosomes (Croll et al. 2015; Stukenbrock
and Dutheil 2017). The lower recombination
rate would in turn account for the accumula-
tion of transposable elements on these chromo-
somes (Goodwin et al. 2011) and the observed
lower efficacy of selection in removing non-
adaptive mutations from the coding sequences
on the accessory chromosomes (Stukenbrock
et al. 2010). Most importantly, their additional
amplification could explain the maintenance of
accessory chromosomes in this fungus despite
their fitness costs (Habig et al. 2017). Z. tritici
therefore represents the first example for fungal
accessory chromosomes that show meiotic
chromosome drive similar to the transmission
pattern of B chromosomes in plants and ani-
mals.

Tetrad analyses to decipher the meiotic transmission of
accessory chromosomes have also been performed in
Nectria haematococca MP VI carrying the accessory
chromosome PDA1-CDC (Miao et al. 1991). In contrast
to the meiotic drive observed in Z. tritici, tetrad analysis
of N. haematococca MP VI showed Mendelian segrega-
tion of unpaired and paired PDA1-CDC. Interestingly,
when both parental strains contained one PDA1-CDC,
losses were frequent (10–19% of the progeny), but also
progenies disomic for PDA1-CDC were highly abun-
dant (Garmaroodi and Taga 2015). Moreover, when a
strain with four copies of the accessory chromosome
was crossed with a strain lacking PDA1-CDC, only
about 50% of the progeny inherited the accessory chro-
mosome (Garmaroodi and Taga 2015). Therefore, even
when several copies of an accessory chromosome are
present in the zygote, their transmission varies between
cases where all copies are inherited from one parent
and cases where each parent contributed one copy of
the accessory chromosome.

In conclusion, meiotic instability and non-
Mendelian inheritance appear to be common
among accessory chromosomes in fungi. Losses
and disomies are frequent, and for Z. tritici
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there is evidence for a chromosome drive
resembling the scenarios in plants and animals.
Frequently observed aneuploidy of accessory
chromosomes in fungi and the particular mei-
otic inheritance of these chromosomes could
represent interesting starting points to further
dissect the mechanism of meiotic transmission
of fungal accessory chromosomes. In general,
the non-essential fungal accessory chromo-
somes represent interesting models for studies
of meiotic mechanisms. The presence/absence
polymorphism allows for the comparative anal-
ysis of transmission studying the same chromo-
somes when paired or unpaired. Hence pairing
of homologous chromosomes—which is cen-
tral in meiosis and other closely related
mechanisms like recombination and DNA-
repair—can be addressed using fungal acces-
sory chromosomes as model systems.

VII. Concluding Remarks

Accessory chromosomes are a diverse set of
genomic entities that are widespread in plants,
animals, and fungi. There is neither a single
sequence characteristic that is shared among
all accessory chromosomes between these king-
doms nor a unifying sequence characteristic
that has been identified among the accessory
chromosomes in fungi. However, fungal cells
appear to be able to differentiate between core
and accessory chromosomes. Many fungal
accessory chromosomes show differences in
their mitotic and meiotic transmission com-
pared to core chromosomes. However, the
transmission of accessory chromosomes during
meiosis and its effect on the maintenance of
these chromosomes are not well understood.
The meiotic drive identified for the accessory
chromosomes of Zymoseptoria tritici appears
to be responsible for the maintenance of these
chromosomes despite conferring a fitness costs
during host interaction. This may be indicative
for similar mechanisms in other fungal systems
where accessory chromosomes confer fitness
costs, like the accessory chromosomes of Lepto-
sphaeria maculans and Magnaporthe oryzae,
which contain avirulence genes. Interestingly,

in both organisms the accessory chromosomes
also show a non-Mendelian transmission dur-
ing meiosis (Balesdent et al. 2013; Chuma et al.
2003; Orbach et al. 1996; Rouxel et al. 2011;
Rouxel and Balesdent 2017). Thus, a more
detailed analysis of their meiotic transmission
pattern could be highly relevant.

The underlying mechanisms responsible
for the distinctly different meiotic and mitotic
transmission of accessory chromosomes are
unknown. How does the fungal cell distinguish
between accessory and core chromosomes? In
the absence of common sequence characteris-
tics of fungal accessory chromosomes, epige-
netic marks could be promising targets of
future research. The involvement of the histone
mark H3K27me3 in the transmission fidelity of
the accessory chromosomes of Z. tritici could
be indicative of a mechanism that connects the
transmission pattern to the localization of the
accessory chromosomes in the nucleus. To
date, the epigenetic landscapes for a very lim-
ited number of accessory chromosomes have
been determined. In those cases the histone
mark H3K27me3 has been identified as being
enriched on the accessory chromosomes com-
pared to the core chromosome (Galazka and
Freitag 2014; Schotanus et al. 2015; Fokkens
et al. 2018; Soyer et al. 2018). However, the
functional effect of this H3K27me3 enrichment
on the meiotic and mitotic transmission of the
accessory chromosomes is unknown for most
species.

In conclusion, we propose that fungal
accessory chromosomes provide an intriguing
opportunity to dissect novel chromosome drive
mechanisms and may serve as models to
improve our understanding of the underlying
mechanisms of meiotic and mitotic transmis-
sion of accessory as well as core chromosomes.
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H, Wicker T, Šimková H, Novák P, Neumann P,
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Möller M, Schotanus K, Soyer JL, Haueisen J, Happ K,
Stralucke M, Happel P, Smith KM, Connolly LR,
Freitag M, Stukenbrock EH, Madhani HD (2019)
Destabilization of chromosome structure by his-
tone H3 lysine 27 methylation. PLoS Genet 15:
e1008093. https://doi.org/10.1371/journal.
pgen.1008093

44 M. Habig and E. H. Stukenbrock

http://dx.doi.org/10.1002/ps.1564
http://dx.doi.org/10.1146/annurev-arplant-043014-114623
http://dx.doi.org/10.1146/annurev-arplant-043014-114623
http://dx.doi.org/10.1111/nph.14110
http://dx.doi.org/10.1111/nph.14110
http://dx.doi.org/10.1038/nature08850
http://dx.doi.org/10.1038/nature08850
http://dx.doi.org/10.1073/pnas.1204237109
http://dx.doi.org/10.1094/MPMI-9-0339
http://dx.doi.org/10.1007/BF00282786
http://dx.doi.org/10.1007/BF00282786
http://dx.doi.org/10.1105/tpc.110.082537
http://dx.doi.org/10.1105/tpc.110.082537
http://dx.doi.org/10.1534/g3.115.025197
http://dx.doi.org/10.1111/j.1574-6976.2010.00263.x
http://dx.doi.org/10.1111/j.1574-6976.2010.00263.x
http://dx.doi.org/10.1146/annurev-phyto-080615-095928
http://dx.doi.org/10.1146/annurev-phyto-080615-095928
http://dx.doi.org/10.1126/science.1763326
http://dx.doi.org/10.1126/science.1763326
http://dx.doi.org/10.1016/j.fgb.2012.08.007
http://dx.doi.org/10.1534/genetics.118.301050
http://dx.doi.org/10.1534/genetics.118.301050
http://dx.doi.org/10.1371/journal.pgen.1008093
http://dx.doi.org/10.1371/journal.pgen.1008093
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I. Introduction

Fungi inhabit almost all ecological niches on
earth and exhibit a wide variety of different
lifestyles, requiring efficient strategies to adapt
the intracellular signaling pathways to the
extracellular environment. Secretion of pro-
teinaceous molecules including cell wall com-
ponents and enzymes for nutrient mobilization
and/or for interaction with other organisms is
dependent on their correct folding, processing,
and transfer within the secretory pathway. The

unfolded protein response (UPR) is a con-
served pathway in eukaryotic organisms. It
functions as a central regulatory instance
required for homeostasis of the endoplasmic
reticulum (ER) by adapting the ER folding
capacity to increased folding demands,
reflected by the accumulation of un- or mis-
folded protein aggregates in the ER. After its
initial discovery in the 1990s, it has become
evident that the UPR features a unique mecha-
nism for signal transduction, referred to as
unconventional cytoplasmic splicing, to rapidly
adapt the transcriptional program and initiate a
comprehensive restructuring of the secretory
pathway. The UPR is of central importance for
saprotrophic growth of filamentous fungi and
for disease development in human and plant
pathogenic fungi, as well as in the optimization
of protein production within industrial settings
of fungal biotechnology. Comprehensive cellu-
lar and transcriptomic studies uncovered intri-
cate connections between the UPR and other
conserved signaling pathways including autop-
hagy, the cell wall integrity (CWI) pathway,
hypoxia adaptation, and even the control of
fungal development. Focusing on the UPR in
various model organisms, the basic principles,
physiological roles, but also specific functions,
interactions, and applications of the UPR will
be discussed.

II. General Concept of the UPR

A. Common Principles of UPR Signaling

The unfolded protein response represents a
safeguarding mechanism that protects the cell
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from imbalances between demand and capacity
on the protein folding machinery in the endo-
plasmic reticulum (ER). A consequence of such
imbalances that may arise from different intra-
cellular and extracellular influences on ER-
localized or secreted proteins is the accumula-
tion of unfolded or misfolded proteins in the
ER lumen. Detection of these potentially toxic
or harmful proteins (preproteins/protein inter-
mediates) occurs by the ER membrane-
localized sensor proteins PERK (Protein kinase
R (PKR)-like Endoplasmic Reticulum Kinase),
ATF6 (Activating Transcription Factor 6), and
Ire1 (Inositol requiring enzyme 1), of which
only the latter is conserved from fungi to mam-
mals and best studied in the baker’s yeast Sac-
charomyces cerevisiae. Ire1 is composed of an
ER luminal sensor-domain that is connected by
an ER membrane-spanning transmembrane
domain to the cytoplasmic part harboring
kinase and RNase functions (Fig. 3.1), both of
which are required for the induction of ER
stress-responsive genes (Kohno et al. 1993;
Kozutsumi et al. 1988; Mori et al. 1993; Rose
et al. 1989).

In S. cerevisiae, sensing of unfolded or mis-
folded proteins in the ER lumen can occur by
(1) direct binding of misfolded proteins to the
ER luminal sensor domain or indirectly by (2)
unfolded protein-dependent depletion of the
major ER chaperone Kar2/Bip1 (Karyogamy/
Binding immunoglobulin protein) that under
unstressed conditions binds to the Ire1 sensor
domain and prevents formation of oligomeric
and active Ire1 complexes (Zhou et al. 2006). In
higher eukaryotes, activation of ATF6 and
PERK is similarly triggered by the reduced
interaction between Bip1 and ATF6 or PERK.
In case of ATF6 this leads to relocalization of
ATF6 to the Golgi and subsequent S2P (Site
2 Protease)-mediated cleavage to liberate the
transcriptionally active ATF6 bZIP protein
(Ron and Walter 2007). In case of PERK, acti-
vation of its kinase domain promotes phos-
phorylation of eIF2a (eukaryotic Initiation
Factor 2a) to globally inhibit protein biosyn-
thesis via attenuated translation initiation. This
mode of action is analogous to GCN2 (General
Control Nonderepressible 2)-dependent phos-
phorylation of eIF2a under amino acid starva-

tion conditions (Hinnebusch 1994).
Interestingly, all three pathways share common
principles in their mode of activation and indi-
vidually activate expression of specific bZIP
transcription factors that mediate the tran-
scriptional response towards ER stress.

B. Ire1 and Hac1: Key Players of the UPR

1. Activation of Ire1

In S. cerevisiae, detection of unfolded proteins
in the ER lumen triggers Ire1 oligomerisation,
trans-autophosphorylation, ADP binding, and
activation of the RNAse domain (Gardner et al.
2013) that resides on the cytoplasmic portion of
the Ire1 protein. Activity of Ire1 is induced in
response to a wide variety of different stimuli.
These affect either protein folding in the ER,
such as increased demands for protein secre-
tion, or treatment with protein folding inhibi-
tors (dithiothreitol, DTT; tunicamycin, TM)
and heat stress. In addition, Ire1 is also acti-
vated by ER membrane aberrancies associated
with or connected to cell wall stress, inositol
depletion (Gardner et al. 2013; Gardner and
Walter 2011; Korennykh et al. 2011; Rubio
et al. 2011), and iron depletion (Cohen et al.
2017). A multitude of different compounds has
been identified that either directly or indirectly
activate Ire1 and induce the UPR, for most of
which the mode of action has not been fully
resolved. Interestingly, quercetin, a plant-
derived flavanone, directly binds to an uncon-
ventional ligand binding pocket and promotes
increased Ire1 activity in vitro (Wiseman et al.
2010). In Aspergillus nidulans and Candida
albicans, the isoprenoid alcohol farnesol and
the monoterpene carvacrol trigger UPR activ-
ity, respectively (Chaillot et al. 2015; Colabar-
dini et al. 2010). The activity of Ire1 is moreover
modulated by various factors. For example, in
S. cerevisiae, the phosphatase Ptc2 (Phospha-
tase Two C 2) mediates Ire1 dephosphorylation
and thus contributes to inactivation of the UPR
(Welihinda et al. 1998). Interestingly, Ire1
mutants lacking the trans-autophosphorylation
activity do not show loss of UPR activity, but
prolonged UPR activation, suggesting that
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phosphorylation is required for de-
oligomerisation during recovery from ER stress
(Chawla et al. 2011; Rubio et al. 2011).

2. Ire1-Mediated Unconventional Splicing

The overall domain structure and the func-
tional requirement of Ire1 for ER stress resis-
tance is conserved among eukaryotes. In most
fungi, and in contrast to higher eukaryotes (see

also B. 3), the sole and specific target of Ire1-
dependent endonucleolytic cleavage is the
HAC1 mRNA (Kimata et al. 2007; Korennykh
et al. 2009; Li et al. 2010; Oikawa et al. 2007;
Sidrauski and Walter 1997). The HAC1 mRNA
is constitutively expressed and exhibits a con-
served secondary structure in which two hair-
pin stem-loops are recognized and cleaved by
the RNAse domain of Ire1 (Fig. 3.2). This mech-
anism is referred to as unconventional cyto-

Fig. 3.1 Overview on the general mechanism, key fac-
tors, and their interactions within the fungal UPR.
Sensing of unfolded or misfolded proteins by the ER
membrane-localized Ire1 kinase/RNase results in Ire1
oligomerisation, trans-autophosphorylation, and acti-
vation of the RNase activity required for unconven-
tional cleavage of the native HAC1u mRNA. The
processed HAC1i mRNA is translationally derepressed,
promoting Hac1 expression, which in turn activates
UPR target genes by binding to unfolded protein
response elements (UPREs). Conserved target genes

encode the ER chaperones Bip1 and Lhs1 which also
contribute to protein translocation into the ER as well
as the foldases Pdi1 and Mpd1 and the Pdi1 interacting
ER oxidoreductase Ero1. The lectin chaperone calnexin
facilitates quality control of N-glycosylated proteins in
conjunction with Pdi1 and in regulatory crosstalk with
Mpd1. Terminally misfolded and potentially toxic pro-
teins and protein aggregates are targeted for retro-
translocation into the cytoplasm and ubiquitylation
by ER membrane-localized ERAD complexes for
subsequent degradation by the 26S proteasome
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plasmic splicing and represents the singular
example of extranuclear mRNA splicing in
eukaryotes. Ligation of the two exons is
mediated by the tRNA ligase Rlg1/Trl1 (tRNA
Ligase 1) that is also important to promote the
subsequent translation of the spliced HAC1
mRNA (Mori et al. 2010; Sidrauski et al. 1996)
and to produce the central transcriptional reg-
ulator of the UPR termed Hac1 in S. cerevisiae
(Homologous to ATF/CREB 1) and XBP1 (X-
box Binding Protein 1) in humans.

In contrast to the conserved Ire1 function,
the size of the unconventionally cleaved intron

shows increased variation in different fungi.
Experimentally validated unconventionally
spliced introns range in their size from 20 to
23 nucleotides (nt) in filamentous ascomycetes
(Hooks and Griffiths-Jones 2011) and from 56
to 65 nt in the basidiomycetes Cryptococcus
neoformans and Ustilago maydis. In S. cerevi-
siae the unconventional intron encompassing
252 nt mediates translation repression of the
unspliced HAC1 mRNA via base pairing with
the 50 untranslated region (UTR) of the mRNA.
Recent studies in Candida parapsilosis identi-
fied a 626 nt unconventional intron, the puta-

Fig. 3.2 Unconventional splicing by Ire1. Activation of
Ire1 is mediated by direct binding of misfolded pro-
teins to the ER luminal domain of Ire1 and by seques-
tration of Ire1-interacting Bip1 to misfolded proteins,
both of which promote Ire1 oligomerisation and trans-
autophosphorylation. Activated Ire1 oligomers recog-
nize the conserved twin stem-loop structures compris-
ing the CNG’CNGN consensus sequence in the loop

regions of mRNAs encoding Hac1-like proteins. An
overview of experimentally validated intron sequences
in selected fungi is provided below. Sc Saccharomyces
cerevisiae, Tr Trichoderma reesei, Af Aspergillus fumi-
gatus, Anig Aspergillus niger, Mo Magnaporthe oryzae,
Cn Cryptococcus neoformans, Nc Neurospora crassa,
Um Ustilago maydis, Cp Candida parapsilosis, Ca Can-
dida albicans
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tive function of which has not been resolved,
yet (Iracane et al. 2018). Interestingly, although
heterogeneous in size, the secondary structure
of unconventional introns and the consensus
cleavage site (CNG’CNGN) (Fig. 3.2) are con-
served among eukaryotes, although endoge-
nous Ire1 and foreign Hac1-encoding mRNAs
display limited interspecies compatibility
(Zhang et al. 2016b). In filamentous fungi,
translation of the unspliced Hac1 mRNA is
controlled by an extended 5’ UTR (untranslated
region) of the mRNA, which is shortened under
ER stress conditions and translationally dere-
pressed (Joubert et al. 2011; Mulder et al. 2004;
Saloheimo et al. 2003).

3. Ire1 Functions Independent of Hac1 mRNA
Splicing

While in most fungi the Hac1 mRNA represents
the sole Ire1 target, in higher eukaryotes, Ire1
activity is as well connected to the degradation
of various ER-bound mRNAs, a process
referred to as regulated Ire1-dependent decay
(RIDD) (Hollien et al. 2009). Splicing of Hac1/
XBP1 mRNA and RIDD are mediated by dis-
tinct enzymatic activities (Li et al. 2018; Tam
et al. 2014). Interestingly and in contrast to
most other fungi, the ER stress response path-
way in Schizosaccharomyces pombe and Can-
dida glabrata is mediated independent of
HAC1 mRNA splicing suggesting that RIDD is
not exclusively found in higher eukaryotes but
an evolutionary ancient trait (Kimmig et al.
2012; Miyazaki et al. 2013). In S. pombe, the
induction of ER stress results in cleavage and
subsequent degradation of ER-associated
mRNAs. Cleavage of bip1 mRNA results in the
loss of its polyA tail but also in increased sta-
bility and translation (Kimmig et al. 2012). S.
pombe lacks a potential Hac1 homolog, and
Hac1 is not involved in ER stress resistance in
C. glabrata. Remarkably, expression of C. glab-
rata Hac1 in S. cerevisiae DHAC1 strains
restores ER stress resistance (Miyazaki et al.
2013). The observation that in most fungi,
Dire1 and Dhac1 strains display distinct pheno-
types suggests additional roles for Ire1, inde-

pendent of unconventional splicing of HAC1
mRNA (Heimel 2015).

4. Hac1-Like Transcription Factors in Fungi

Hac1 represents the central transcriptional reg-
ulator that orchestrates the UPR by adapting
gene expression to the demands imposed on the
ER. Hac1 is a bZIP transcription factor that
binds as a homodimer to UPREs (unfolded
protein response elements), in the promoters
of regulated genes (Fig. 3.1), inducing or elevat-
ing their transcription. Cellular responses to ER
stress are manifested by an increase of the ER
folding capacity, restructuring of ER-associated
transport processes, enlargement of the ER, and
the targeted degradation of terminally mis-
folded proteins by the ERAD pathway (ER-
associated degradation) (Amara et al. 1989;
Chen et al. 1988; Ng et al. 2000; Travers et al.
2000). Genome-wide expression studies in dif-
ferent fungi identified a core set of UPR-
regulated genes encoding ER chaperones and
foldases, proteins involved in the synthesis of
fatty acids and phospholipids, protein glycosyl-
ation, protein translocation, and protein degra-
dation (Guillemette et al. 2007; Travers et al.
2000; Feng et al. 2011; Pinter et al. 2019). While
several genes encoding the ER chaperones Bip1,
Lhs1 (Lumenal Hsp Seventy 1), and the foldases
and associated proteins Pdi1 (Protein Disulfide
Isomerase 1), Mpd1 (Multicopy suppressor of
PDI1 Deletion 1), Ero1 (ER Oxidation 1), and
Cne1 (Calnexin 1) are universal UPR markers, a
substantial amount of UPR regulated genes
appears to be unique for certain fungal species.

In contrast to Ire1, Hac1-like proteins are
only conserved in their bZIP domains
(Fig. 3.3a) and display wide variations with
respect to protein size. While HAC1 in S. cere-
visiae encodes a protein of 238 amino acids
(aa), the molecular mass of Hac1-like proteins
in filamentous fungi is increased and in U.
maydis more than doubled (574 aa). The
increased size of Hac1-like proteins provides
platforms for interaction with other proteins
and thus the incorporation and connection of
other signaling pathway to the UPR. Experi-
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mentally validated binding to the promoter
regions of UPR-regulated genes identified simi-
lar UPREs in S. cerevisiae (Fordyce et al. 2012;

Kohno et al. 1993; Mori et al. 1992), Aspergillus
niger (Mulder et al. 2006), and U. maydis (Pin-
ter et al. 2019) (Fig. 3.3b), the latter of which is

Fig. 3.3 Conservation of Hac1 and UPREs in fungi. (a)
Alignment of bZIP domains of Hac1-like proteins in
various fungi. Cg Colletotrichum graminicola, Tr Tri-
choderma reesei, Nc Neurospora crassa, Fo Fusarium
oxysporum, Mo Magnaporthe oryzae, Af Aspergillus
fumigatus, Ao Aspergillus oryzae, Anig Aspergillus
niger, An Aspergillus nidulans, Bc Botrytis cinerea, Ab
Alternaria brassicicola, Sc Saccharomyces cerevisiae, Yl
Yarrowia lipolytica, Ca Candida albicans, Um Ustilago
maydis, Lb Laccaria bicolor, Cc Coprinopsis cinerea, Cn
Cryptococcus neoformans, Hs Homo sapiens. (b) Exper-
imentally verified UPRE motifs bound by Hac1-like
proteins in indicated fungi. (c) Phylogenetic relation-

ship between Hac1-like proteins. The phylogenetic tree
is based on multiple alignments of the bZIP domains in
Hac1-like proteins from indicated species using Clus-
talW. Cg Colletotrichum graminicola, Vd Verticillium
dahliae, Tr Trichoderma reesei, Nc Neurospora crassa,
Fo Fusarium oxysporum, Mo Magnaporthe oryzae, Af
Aspergillus fumigatus, Ao Aspergillus oryzae, Anig
Aspergillus niger, An Aspergillus nidulans, Bc Botrytis
cinerea, Ab Alternaria brassicicola, Sc Saccharomyces
cerevisiae, Yl Yarrowia lipolytica, Ca Candida albicans,
Um Ustilago maydis, Lb Laccaria bicolor, Cc Coprinop-
sis cinerea, Cn Cryptococcus neoformans, Hs Homo
sapiens
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highly similar to the XBP1 binding site in
humans (Yamamoto et al. 2004). Importantly,
the Hac1 homolog Cib1 (Clp1 interacting bZIP
1) in U. maydis can functionally replace Hac1 in
S. cerevisiae (Heimel et al. 2013), and the C-
terminal extension of Cib1 mediates the inter-
action with the developmental regulator Clp1
(Clampless 1), by which the developmental pro-
gram and a modulated UPR interact to control
fungal pathogenesis (Heimel et al. 2013, 2010a,
b; Pinter et al. 2019).

In higher eukaryotes, XBP1 forms homodi-
mers but also heterodimeric complexes with
ATF6 (Byrd and Brewer 2012). Gcn4 (General
Control Nonderepressible 4), the major regula-
tor of the amino acid starvation responses
(Cross-Pathway Control), is required for
expression of the majority of Hac1-regulated
UPR targets in S. cerevisiae, and both pathways
are connected by bidirectional functional inter-
actions (Herzog et al. 2013; Patil et al. 2004).
Moreover, both proteins are regulated in their
stability by Srb10 (Suppressor of RNA polymer-
ase B 10)-mediated phosphorylation and Cdc4
(Cell Division Cycle 4)-mediated ubiquitylation
(Pal et al. 2007; Chi et al. 2001). Similarly, the
interaction between U. maydis Cib1 and Clp1
proteins reduces Cib1 phosphorylation but
promotes increased stability of both proteins
(Pinter et al. 2019). In contrast to the formation
of the stable Cib1/Clp1 complex, a direct pro-
tein interaction between Gcn4 and Hac1 has not
been observed.

III. The UPR in Fungal Pathogens

Human, animal, and plant hosts react to infec-
tious threats by upregulating their defense
mechanisms, including an increase of the
body temperature, the focused generation of
reactive oxygen species (ROS), as well as the
induction of programmed cell death to prevent
colonization by fungal pathogens. The ability of
adapting intracellular pathways to the constant
changes fungal pathogens are exposed to dur-
ing interactions with challenging host environ-
ments is therefore a key determinant of fungal
virulence. The UPR has been studied in differ-

ent human and plant pathogenic fungi and is of
central importance to infect and colonize the
host organism and cause disease. A high capac-
ity for protein secretion is pivotal for shaping
the host environment in support of fungal
infection including mobilization of nutrient
sources and suppression of the plant immune
system by secreted effector proteins. The
underlying mechanism and functions of the
UPR in fungal virulence appear to be common
with respect to ER stress resistance, but also
involve specific adaptations and functions that
are connected to lifestyle and host organisms.
Here, an overview on the distinct requirements
for the UPR in disease development of human
and plant pathogenic fungi will be provided.

A. The UPR in Human Pathogenic Fungi

Fungal pathogens infecting humans and ani-
mals rely on the ability to adapt their growth
to the host environment like the body tempera-
ture, reduced oxygen supply, or altered nutrient
availability and on mechanisms providing
effective shielding from the host immune sys-
tem. Functionality of the UPR is associated with
various virulence-related traits including ther-
motolerance, stress resistance, antifungal drug
resistance, and secretory activity in major
human fungal pathogens such as Aspergillus
fumigatus, Candida albicans, Candida glab-
rata, and the Cryptococcus species complex
(Krishnan and Askew 2014, Richie et al.
2011b, a, Cheon et al. 2014, Glazier and Pane-
pinto 2014, Miyazaki and Kohno 2014, Raj et al.
2015). In addition, the UPR is induced and
important during morphological responses
that are connected to disease development
(Wimalasena et al. 2008; Jung et al. 2016; Mon-
teiro et al. 2009).

1. Aspergillus fumigatus

Aspergillus fumigatus is an ascomycetous
saprotrophic filamentous fungus commonly
found in the soil and in compost heaps, grow-
ing on decaying organic matter and thus pro-
moting flux of the carbon and nitrogen cycle
(Fang and Latge 2018). Conidiospores, regu-
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larly inhaled by humans, are protected by sur-
face hydrophobins from recognition by the
human immune system (Aimanianda et al.
2009) and expelled or efficiently eliminated in
immunocompetent individuals by neutrophil-
induced programmed cell death (Shlezinger
et al. 2017). By contrast, immunosuppressed
individuals are at risk of developing invasive
aspergillosis, which initially starts as a lung
infection that can eventually disseminate
through the blood stream and cause severe
and potentially lethal cerebral infections. Inves-
tigations focusing on the role of the central
UPR regulatory proteins IreA (Ire1) and HacA
(Hac1) revealed important contributions of the
UPR to fungal virulence. In infection models
using immunosuppressed (triamcinolone acet-
onide) mice, deletion of hacA results in reduced
virulence, and ireA deletion mutants were
found to be completely avirulent (Feng et al.
2011; Richie et al. 2009). These observations
were connected to reduced ER and cell wall
stress resistance and decreased thermotoler-
ance of both mutant strains. Differences
between ireA and hacA mutants with respect
to the ER stress response were investigated by
genome-wide expression analysis, revealing 391
and 1157 differentially expressed genes in hacA
and ireA deletion mutants (in comparison to
the WT), respectively, of which 243 genes are
shared between both mutant strains (Feng et al.
2011; Richie et al. 2011b). In higher eukaryotes,
ER stress results in the global reduction of
translation initiation by phosphorylation of
eIF2a by PERK (PKR-like endoplasmic reticu-
lum kinase) (Ron and Walter 2007). A similar
mechanism contributing to phosphorylation of
eIF2a under amino acid imbalance is mediated
by Gcn2/CpcC and important for virulence in
A. fumigatus (Krappmann et al. 2004). ER stress
has not been reported to reduce translation
initiation frequency in fungi. Conversely, anal-
ysis of the A. fumigatus translatome by poly-
some profiling under ER stress-inducing
conditions and growth at increased tempera-
tures revealed a predominantly increased ribo-
some association of mRNAs. Responses to the
ER stress-inducing drugs DTT and tunicamycin
are rapid and distinct with limited overlap
between both treatments (DTT, total 717

mRNAs; TM total, 876 mRNAs; overlap, 233
mRNAs). The response to a temperature shift
from 25 � C to 37 � C is associated with the
increased translation of 372 mRNAs, overlap-
ping with DTT and TM treatment in case of 44
mRNAs (Krishnan et al. 2014).

Degradation of terminally misfolded pro-
teins is realized by the ER-associated degrada-
tion (ERAD) pathway, promoting the export of
substrate proteins into the cytoplasm for ubi-
quitylation and subsequent degradation by the
26S proteasome. Deletion of derA, encoding a
predicted Derlin ortholog, an ER membrane
protein involved in retro-translocation during
ERAD, or hrdA (HMG-coA Reductase Degrada-
tion), encoding the ER membrane-localized E3
ubiquitin ligase, did not affect ER stress resis-
tance or virulence (Krishnan et al. 2013; Richie
et al. 2011b). The parallel deletion of both genes
leads to reduced resistance against cell wall and
ER stress but does not affect virulence (Grahl
et al. 2012; Krishnan et al. 2013). derA deletion
mutants showed increased UPR activity, and
the double deletion mutant of derA and hacA
is severely affected in hyphal growth, antifungal
drug resistance, and protease secretion and dis-
played strongly reduced virulence in triamcin-
olone acetonide immunosuppressed mice
(Krishnan et al. 2013, Richie et al. 2011b). Simi-
larly, UPR activity is increased upon condi-
tional repression of the Saccharomyces
cerevisiae stt3 ortholog, encoding the catalytic
subunit of the OST (Oligosaccharyl Transfer-
ase) complex, mediating N-glycosylation in
the ER (Li et al. 2011). Activity of the UPR
during host colonization is apparently
connected to growth at mammalian body tem-
perature, nutrient deprivation and hypoxia
(Krishnan and Askew 2014). The adaptation to
hypoxic conditions is mediated by the SREBP
(sterol regulatory element-binding protein)
transcription factor SreA (Chung et al. 2014),
which is activated by signal peptide peptidase-
mediated cleavage of its ER transmembrane
domain and required for full virulence of A.
fumigatus (Bat-Ochir et al. 2016). The clinical
relevance of the UPR is further corroborated
via its role in antifungal drug resistance. hacA
mutants showed increased sensitivity towards
caspofungin, itraconazole, fluconazole, and
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amphotericin B (Richie et al. 2009), and resis-
tance towards voriconazole was further
reduced by the parallel deletion of derA (Richie
et al. 2011a). Interestingly, hrdA deletion
mutants show reduced voriconazole sensitivity
(Krishnan et al. 2013). Deletion of ormA,
encoding a protein involved in sphingolipid
synthesis, results in increased susceptibility to
azoles, whereas overexpression reduced azole
sensitivity. Expression of ormA is induced by
TM in a hacA-dependent manner, further cor-
roborating the requirement of an intact ER
stress response for antifungal drug resistance
(Zhai et al. 2019).

2. Cryptococcus neoformans

Cryptococcus neoformans is a basidiomycetous
yeast and an opportunistic pathogen of immu-
nosuppressed patients. Basidiospores serve as
predominant infectious propagules. After initi-
ally colonizing lung tissue C. neoformans can
subsequently spread and cause cryptococcal
meningitis, often as a secondary infection of
HIV-positive individuals. In C. neoformans,
the UPR has been studied with respect to
virulence-associated traits, such as stress resis-
tance and thermotolerance, but also concerning
antifungal drug resistance and sexual mating.

While the ortholog of Ire1 in C. neoformans
was identified by straightforward BLAST
search, the identification of the first Hac1
ortholog in basidiomycetes required experi-
mental validation (Cheon et al. 2011). Monitor-
ing of potential unconventional splicing events
of five candidate genes encoding bZIP tran-
scription factors with significant homology of
their bZIP domains to Hac1 identified Hxl1
(Hac1and XBP1-like gene 1) as the key UPR
regulator in C. neoformans. Splicing of the
unprocessed HXL1 mRNA results in the Ire1-
dependent removal of a 56 nt intron and
expression of Hxl1. Expression of the intronless
HXL1 cDNA fully restores ER stress resistance
of IRE1 deletion mutants, confirming Hxl1 as
the functional Hac1 ortholog. Interestingly,
expression of Hxl1 in S. cerevisiae DHAC1
mutants does not restore ER stress resistance,
indicating divergent transcriptional machi-

neries involved in Hac1- and Hxl1-dependent
ER stress responses in either organism as causal
for the functional incompatibility. Besides their
requirement for ER stress resistance, IRE1 and
HXL1 deletion mutants are strongly suppressed
in thermotolerance and fail to grow at mamma-
lian body temperature, resulting in avirulence
in mice infection experiments (Cheon et al.
2011). Resolution of ER stress during growth
at host temperature involves the major mRNA
deadenylase Ccr4 (Carbon Catabolite Repres-
sion 4), which is a central component of
CCR4-NOT complex mediating mRNA decay
(Havel et al. 2011). In addition, the mRNA
binding protein Puf4 (Pumilio homology
domain Family 4) destabilizes HXL1 mRNA
and therefore contributes to UPR dynamics
and ER stress resistance. Deletion of PUF4 alle-
viates growth at host temperature but does not
affect virulence (Glazier et al. 2015). Overex-
pression of the central ER chaperone Kar2/
Bip1 partly rescues ER stress resistance and
thermotolerance of HXL1 and IRE1 deletion
mutants (Jung et al. 2013). Ire1 and Hxl1 play
conserved roles in ER stress resistance in Cryp-
tococcus species. Interestingly, antifungal drug
resistance towards azole derivatives and flu-
dioxonil is in general decreased but differen-
tially affected in DIRE1 and DHXL1 mutants,
with divergent effects in the C. neoformans
(H99), C. deneoformans (JEC21), and C. deutro-
gattii (R265) (Jung et al. 2018) backgrounds. In
addition, IRE1 but not HXL1 deletion mutants
are unable to undergo sexual mating, as
reflected by reduced cell fusion and conjuga-
tion tube formation. This defect is connected to
increased expression of the pheromone precur-
sor gene MFa1 and an aberrant localization of
the Ste6 pheromone transporter and in part
suppressed by Kar2 overexpression in the
DIRE1 mutant background (Jung et al. 2016).

3. Candida albicans

The ascomycetous yeast Candida albicans is a
commensal of the human mucosa and oppor-
tunistic pathogen in immunosuppressed indi-
viduals. The ability to colonize the host is
connected to a yeast-to-hypha dimorphic tran-
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sition. Although virulence has not been directly
assayed, HAC1 deletion mutants fail to induce
hyphal growth, suggesting an important func-
tion of the UPR in C. albicans virulence (Wima-
lasena et al. 2008). Homozygous HAC1mutants
are not impaired in vegetative growth but show
reduced resistance towards drugs inducing ER
or cell wall stress. Analysis of Hac1-dependent
gene expression in response to DTT or TM
treatment revealed only few genes regulated in
common by Hac1 in C. albicans and S. cerevi-
siae (Travers et al. 2000). Differentially
expressed and Hac1-dependent genes
include several encoding for adhesins, such
as ALS4, ALS5, ALS12, and ALS10 (Agglutinin-
Like Sequence) (Hoyer 2001), as well as
PMT1, PMT2, and PMT4–6 (Protein O-Man-
nosylTransferase), encoding O-
mannosyltransferases important for adhesin
function (Timpel et al. 1998; Timpel et al. 2000).
Expression of UPR target genes upon ER stress
is supported by the calcineurin effector Rta2
(Resistance To Aminocholesterol 2). Rta2 func-
tions as plasma membrane-localized flippase
involved in sphingolipid long-chain base
release (Jia et al. 2009) and is transcriptionally
induced upon TM treatment (Thomas et al.
2015). Rta2 does not influence abundance of
the spliced HAC1i mRNA and likely supports
UPR target gene expression in a Hac1-
independent manner. Consistently, the high
susceptibility of HAC1 and RTA2 deletion
mutants to TM is further increased upon paral-
lel deletion of both genes (Thomas et al. 2015).
The signaling mucin Msb2 (Multicopy Suppres-
sion of a Budding defect 2) is a plasma
membrane-localized surface receptor involved
in sensing of and adaptation to hyperosmotic
and cell wall stress (Roman et al. 2009) and
required for antifungal drug resistance, ER
stress resistance, and growth at elevated tem-
peratures (Saraswat et al. 2016). It is moreover
essential for activation of the CEK1 (C. albicans
ERK-like Kinase 1) MAPK (Mitogen-Activated
Protein Kinase) pathway (Roman et al. 2009)
and for transcriptional induction of IRE1,
HAC1, and KAR2 (BIP1) during growth at ele-
vated temperatures (Saraswat et al. 2016). Inter-
estingly, in S. cerevisiae, Ire1 supports cleavage

of Msb2 by regulating the transcriptional
induction of the Msb2 processing protease
Yps1 (YaPSin 1) (Adhikari et al. 2015).

4. Candida glabrata

Similar to C. albicans, Candida glabrata is a
commensal of human mucosal tissue that is
prevalent in immunosuppressed patients and,
based on the high resistance against antifungal
azoles, represents a major threat in clinical set-
tings (Fidel Jr. et al. 1999). In contrast to most
other fungi, the UPR in C. glabrata is mediated
in an Ire1-dependent but Hac1-independent
manner (Miyazaki et al. 2013). Under ER
stress-inducing conditions, no unconventional
splicing of HAC1 mRNA is observed, and
although IRE1 is required for ER stress resis-
tance, the transcriptional response to treatment
with ER stress-inducing drugs is independent
of Ire1, but largely depends on calcineurin sig-
naling and to a smaller extent on the Slt2 (Sup-
pressor of the Lytic phenotype 2) MAPK
signaling pathway (Cell Wall Integrity, CWI).
Interestingly, expression of CgIRE1 in an S.
cerevisiae DIRE1 mutant did not restore ER
stress resistance, whereas expression of
CgHAC1 fully recovered ER stress resistance
of S. cerevisiae DIRE1 and DHAC1 mutants
(Miyazaki et al. 2013). The connection between
ER stress resistance and functionality of the
calcineurin- and Slt2-dependent MAPK signal-
ing pathway is well established in S. cerevisiae
(Bonilla and Cunningham 2003; Bonilla et al.
2002; Chen et al. 2005; Dudgeon et al. 2008). In
C. glabrata Ire1, calcineurin and Slt2 are coor-
dinately required for the ER stress response and
display additive effects on ER stress susceptibil-
ity when individual mutations are combined.
While calcineurin and Slt2 are important for
the transcriptional response to ER stress (Miya-
zaki et al. 2013), Ire1 primarily regulates mRNA
abundance via degradation of ER-associated
mRNAs by RIDD (Hollien et al. 2009) to reduce
ER protein synthesis and decrease the demands
for protein folding in the ER (Miyazaki et al.
2013). IRE1 is critical for virulence of C. glab-
rata, but in contrast to calcineurin not involved

58 R. Harting and K. Heimel



in resistance towards azole drugs (Miyazaki
et al. 2013). Whereas individual mutants do
not show increased sensitivity towards osmotic
stress-inducing or cell wall-damaging drugs,
calcineurin/IRE1 double mutants display
decreased resistance (Miyazaki et al. 2013;
Tanaka et al. 2018).

B. The UPR in Plant Pathogenic Fungi

Plant pathogenic fungi use different strategies
to enable the effective colonization of their host
plants. While necrotrophic fungi induce plant
cell death via secretion of proteinaceous effec-
tors, plant cell wall-degrading enzymes or tox-
ins, biotrophic fungi secrete effectors
to establish compatible host-pathogen interac-
tions. Effector molecules subvert the plant
immune system and redirect metabolic fluxes
for interfering with plant cell death-inducing
pathways and keeping their host alive. Hemi-
biotrophic fungi typically establish an initial
biotrophic interaction that with increasing
time and disease progression is transformed
to a necrotrophic interaction. UPR signaling
in plant pathogens is connected to the ability
of efficient protein secretion, regulation of
effector genes, generation of reactive oxygen
species (ROS), and resistance to plant defense
compounds. Importantly, studies in the bio-
trophic corn smut fungus Ustilago maydis
revealed an unexpected connection to regu-
latory pathways controlling pathogenic devel-
opment and highlight the adaptation of
conserved cellular pathways for lifestyle-
specific functions in fungal pathogens.

1. Alternaria brassicicola

Alternaria brassicicola is a filamentous ascomy-
cete and necrotrophic pathogen causing black
spot disease in a wide range of plant species
belonging to the Brassicaceae (Cho 2015;
Guillemette et al. 2014). UPR signaling in A.
brassicicola is controlled by the Hac1-like tran-
scription factor AbHacA, which is crucial for
ER stress resistance and important for growth
and conidiation on complex carbon sources
(potato dextrose medium). This phenotype is

further accompanied by defects in cell wall
construction, formation of aberrant enlarged
and swollen hyphae, and hypersensitivity
towards cell wall disturbing compounds.
AbhacA is crucial for virulence in infection
assays on Arabidopsis thaliana and Brassica
oleracea, and deletion mutants are highly sus-
ceptible towards the indolic phytoalexin cama-
lexin, a major plant defense compound of A.
thaliana (Glawischnig 2007) and potent activa-
tor of the UPR in A. brassicicola. By contrast,
AbhacA-mediated UPR activity is not required
for conidia germination and efficient appres-
soria formation. Hence, the increased suscepti-
bility towards plant defense compounds, the
reduced vegetative growth, aberrant cell wall,
and the reduced ability for protein secretion
might be causal for the virulence defects in A.
brassicicola.

2. Botrytis cinerea

The filamentous ascomycete Botrytis cinerea is
the causal agent of grey mold disease and one of
the most widespread plant pathogens, infecting
more than 200 host species. The fungal-derived
generation of ROS by the Nox (NADPH Oxi-
dase) complex is important for cellular differ-
entiation, plant penetration, and sclerotia
formation in B. cinerea (Roca et al. 2012; Seg-
muller et al. 2008; Siegmund et al. 2013). The
protein disulfide isomerase BcPdi1, which med-
iates oxidative protein folding in the ER, was
identified as an interactor of the NoxA com-
plex. BcPdi1 deletion mutants are reduced in
virulence on Phaseolus vulgaris and display
largely overlapping phenotypes with mutants
of the NoxA signaling pathway, including
reduced resistance to osmotic and redox stress
and abolished formation of conidial anastomo-
sis tubes (CAT) (Marschall and Tudzynski
2017). Phosphorylation of Ire1, as a key deter-
minant of UPR activity, has been found specifi-
cally induced under host mimicking growth
conditions (deproteinized tomato cell wall
medium, TCW), suggesting that the UPR is
activated during the infection process of B.
cinerea (Escobar-Nino et al. 2019). The ER
chaperone Bag1 (Bcl-2 associated athanogene
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1) is an important regulator of UPR signaling in
B. cinerea. Bag1 negatively regulates the central
UPR components Ire1, Hac1, and Bip1, suggest-
ing a protective and important function in pro-
moting ER homeostasis. Absence of Bag1
results in increased sensitivity towards cell
wall or ER stress-inducing compounds, and
functionality of Bag1 is furthermore important
for normal vegetative growth, formation of con-
idia, sclerotia, and full virulence in tomato
infection assays (Zhang et al. 2019).

3. Magnaporthe oryzae (Pyricularia oryzae)

The filamentous ascomycete Magnaporthe ory-
zae is the causal agent of rice blast. M. oryzae
exhibits a hemibiotrophic life cycle, starting
with an initial biotrophic phase, in which
plant penetration and initial colonization
occurs that is followed by the necrotrophic
stage featuring massive proliferation and host
colonization culminating in the formation of
conidia for further dissemination (Dean et al.
2012; Yan and Talbot 2016; Zhang et al. 2016a).
The function of the UPR in virulence of M.
oryzae has been investigated with respect to
the individual contributions of the S. cerevisiae
homologs of Hac1, Lhs1, Err1 (ER retention
receptor 1), and the MAPK Mps1. Deletion
mutants of individual genes encoding these
proteins show strongly reduced virulence, illus-
trating the central role of UPR in virulence of
M. oryzae. Besides Kar2/Bip1, Lhs1 represents
the major ER chaperone, being crucial for ER
protein folding and ER protein homeostasis.
Absence of Lhs1 results in increased UPR activ-
ity and reduced vegetative growth and conidia-
tion. Defects in protein translocation across the
ER membrane support a function of Lhs1 for
efficient protein secretion, including effector
proteins such as AVR-Pita. During pathogenic
development Dlhs1 mutants are defective in
plant penetration and biotrophic invasion of
susceptible host plants. Interestingly, all defects
of the Dlhs1 mutant are rescued by overexpres-
sion of Sil1, which functions as a nucleotide
exchange factor for Kar2/Bip1 in S. cerevisiae
(Steel et al. 2004). In genome-wide studies
focusing on the role of bZIP transcription fac-
tors in M. oryzae, the homolog of Hac1 was

identified (Kong et al. 2015; Tang et al. 2015).
MoHac1 mutants display strongly reduced vir-
ulence in leaf infection assays, which is
connected to reduced vegetative growth, ER
stress resistance, and the almost complete
absence of conidiation. Expression of Mohac1
is reported to be significantly reduced during
invasive growth (72 hours post inoculation) in
rice or barley leaves (Mathioni et al. 2011),
suggesting that basal UPR activity is crucial
for disease development. ER-resident proteins
depend on their constant reimport into the ER
after accidental transition into the Golgi, for
proper subcellular localization and accumula-
tion in the ER (Hardwick et al. 1990). C-
terminal ER retention motifs (HDEL/KDEL
and derivatives thereof) are bound by
membrane-localized receptors preventing the
transit of HDEL/KDEL-containing proteins
through the secretory pathway. Mutants of the
M. oryzae HDEL receptor Err1 show severe
defects in vegetative growth and formation of
aberrant conidia, which fail to adhere to the
plant surface but produce functional appres-
soria and cause disease (Goh et al. 2017). The
cell wall integrity (CWI) MAPK Mps1 is
required for full UPR activity and thus repre-
sents a modulatory factor of the UPR in M.
oryzae. CWI and UPR pathways show cross-
regulation since phosphorylation of Mps1 is
increased in response to cell wall stress and by
endogenous and exogenous ER stress (Yin
et al. 2016).

4. Ustilago maydis

Ustilago maydis is a facultatively biotrophic
basidiomycete and the causal agent of corn
smut disease, inducing tumor (gall) formation
of its host plant maize (Zea mays) (Brefort et al.
2009). The analysis of UPR signaling in U. may-
dis revealed distinct adaptations of the ER
stress response to the biotrophic lifestyle and
fungal/plant interaction. U. maydis displays a
dimorphic life cycle in which the pathogenic
stage is induced after mating of saprotrophi-
cally growing and noninfectious haploid spor-
idia, to form the infectious biotrophic filament.
The heterodikaryotic filament elongates by tip
growth, as the cell cycle is arrested in the G2
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phase until plant penetration has occurred and
proliferation of the dikaryon is initiated (Flor-
Parra et al. 2007; Heimel et al. 2010a; Perez-
Martin and Castillo-Lluva 2008; Scherer et al.
2006). Concomitant with the massive fungal
proliferation, plant tumors are formed in
which fungal hyphae differentiate into diploid,
melanized teliospores. Pathogenic development
is controlled by the bE/bW heterodimer,
encoded by the b mating-type locus. While
activity of the b-heterodimer is sufficient for
the activation of the pathogenic program
including filament formation and appressoria-
mediated plant penetration, proliferation of the
dikaryon in the host plant is dependent on the
functional modulation of the b-heterodimer by
the Clp1 protein. Clp1 physically interacts with
bW and with the master regulator downstream
of the b-heterodimer, Rbf1, ultimately reducing
activity of the mating-type signaling pathway to
overcome the G2 cell cycle arrest and to induce
mitotic growth of the dikaryon in planta (Hei-
mel et al. 2010a; Scherer et al. 2006). The timing
of cell cycle release is mediated by Clp1 accu-
mulation, which is stabilized via the interaction
with the Hac1 homolog Cib1. Cib1 is specifi-
cally expressed after successful plant penetra-
tion (Heimel et al. 2013; Heimel et al. 2010a),
and the UPR is continuously active during the
fungal/plant interaction. UPR activity is pre-
sumably connected to the strongly increased
expression of large numbers of effector genes
at this stage of the life cycle (Lanver et al. 2018)
and required for efficient secretion and proces-
sing of effector proteins including the well-
characterized Pit2, Tin2, Cmu1, and Pep1 effec-
tors (Hampel et al. 2016; Lo Presti et al. 2016;
Pinter et al. 2019). The stage-specific depletion
of Cib1 during biotrophic development
revealed that a functional UPR is not only
important for the establishment of a compatible
biotrophic interaction after plant penetration
but is continuously required for suppressing
the plant defense and maintenance of fungal
biotrophy (Schmitz et al. 2019a). Interestingly,
expression of pit2 and tin1-1 effector genes is
controlled directly by Cib1 binding to their
promoter regions, and abolishment of this reg-
ulation by targeted deletion of the Cib1 binding
site in the pit1/2 promoter leads to significantly

reduced virulence of U. maydis (Hampel et al.
2016). The interaction between Clp1 and Cib1
affects phosphorylation and stability of Cib1
and confers strongly increased ER stress resis-
tance by modulated UPR gene expression.
Genome-wide analysis of Clp1-dependent
effects on UPR genes revealed a set of 65 UPR
core genes, which are induced by Cib1 and
differentially modulated in their expression by
Clp1. ChIP-seq (Chromatin Immunoprecipita-
tion followed by massive parallel sequencing)
analysis identified a consensus UPRE motif
bound by Cib1 (TGACGTGG) (Hampel et al.
2016; Pinter et al. 2019), resembling the mam-
malian XBP1 binding motif (GATGACGTGG)
(Yamamoto et al. 2004) (see also Fig. 3.3). Sys-
tematic deletion of UPR core genes identified
the J-domain containing ER co-chaperone Dnj1
(DnaJ-like protein 1) as an important factor for
fungal virulence, ER stress resistance, and effec-
tor secretion (Lo Presti et al. 2016). Signal pep-
tide peptidases (SPP) are aspartic proteases
catalyzing the intramembrane cleavage of type
II oriented transmembrane (TM) domains in
the ER membrane (Friedmann et al. 2004; Wei-
hofen et al. 2002), including remnants of signal
peptides (after initial cleavage by the signal
peptidase), ER-TM containing transcription
factors, and high-affinity nutrient transporters
(Avci et al. 2014; Bat-Ochir et al. 2016). The
signal peptide peptidase Spp1 is a UPR core
gene in U. maydis and critical for fungal viru-
lence. Spp1 is specifically required for plant
defense suppression, as evidenced by massive
accumulation of ROS in plant tissue infected by
Dspp1 mutants and strongly induced expres-
sion of salicylic acid marker genes. The absence
of Spp1 neither affects resistance to ER, cell
wall, or oxidative stress nor pathogenic devel-
opment prior plant infection, and the
virulence-specific function of Spp1 is not
connected to previously reported physiological
roles of the conserved SPP protein family. Cat-
alytic activity of Spp1 is essential for plant
defense suppression but not required for secre-
tion or processing of effectors (Pinter et al.
2019), pointing towards a central role of Spp1-
dependently produced cleavage products that
are directly or indirectly involved in manipulat-
ing the plant immune system. Although the

3 Genetics of the Unfolded Protein Response in Fungi 61



UPR is required for proliferation in planta,
UPR activity inhibits pathogenic growth before
plant infection by reducing phosphorylation of
the pheromone MAPK Kpp2 (Heimel et al.
2013; Schmitz et al. 2019b). This effect is
mediated by the dual-specificity phosphatase
Rok1 (Regulator of Kpp2 1). Activity of Rok1
is inversely correlated with virulence of U. may-
dis as the absence of Rok1 activity results in
hypervirulence and failure to sustain fungal
biotrophy, whereas increased activity results
in reduced virulence (Di Stasio et al. 2009).
Since activity of Rok1 is regulated by the UPR,
ER stress levels appear to be connected to the
control of fungal biotrophy including negative
feedback control of mating-type regulated
effector gene expression (for overview see
Fig. 3.4).

IV. Connections and Interplay
Between the UPR and Other
Signaling Pathways

The response to ER stress is functionally
connected to a plethora of different pathways
that altogether foster resistance to environmen-
tal changes and thereby contribute to fitness
and resilience of fungi. The interaction between
the UPR and autophagy, the cell wall integrity
(CWI) pathway, ER-associated degradation
pathway (ERAD), hypoxia response, and
MAPK signaling pathways is realized on differ-
ent levels, including transcriptional control,
posttranslational modifications, or protein-
protein interactions. The constantly expanding
data on these interactions suggest the existence
of widely conserved crosstalk but also specific
connections shared only between fungi with
similar lifestyles or ecological niches. In the
following we summarize the current knowledge
on the interconnections of the different path-
ways and UPR.

A. UPR and ERAD

The ER-associated degradation (ERAD) path-
way is an integral part of the ER quality control

machinery, constantly removing terminally
misfolded and potentially toxic proteins from
the ER for proteasomal degradation in the cyto-
plasm. Several interrelated ERAD pathways
exist in eukaryotes. The ERAD-L pathway spe-
cifically contributes to the degradation of sub-
strates with luminal lesions, the ERAD-C
pathway for degradation of substrates with
cytosolic lesions, and the ERAD-M pathway
mediates degradation of substrates with lesions
in transmembrane domains (Thibault and Ng
2012). ERAD complexes are targeted to the ER
membrane and consist of core E3 ubiquitin
ligases (see also Fig. 3.1) (Doa10 in ERAD-C
and Hrd1 in ERAD-L and M) and associated
proteins. Doa10 (Degradation Of Alpha 10)
forms two distinct complexes with Cue1 (Cou-
pling of Ubiquitin conjugation to ER degrada-
tion 1) and Ubc7 (Ubiquitin-Conjugating
enzyme 7) or with Cdc48 (Cell Division Cycle
48), Npl4 (Nuclear Protein Localization 4),
Ufd1 (Ubiquitin Fusion Degradation protein
1), and Ubx2 (Ubiquitin regulatory X 2). Hrd1
associates with Hrd3, Der1, Yos9 (Yeast OS-9
homolog), and Usa1 (U1-Snp1 Associating 1)
(Carvalho et al. 2006). Several ER and cytosolic
chaperones are associated with ERAD function
including Kar2/Bip1, Scj1 (S. Cerevisiae DnaJ
1), Jem1 (DnaJ-like protein of the ER Mem-
brane 1), and Pdi1 in the ER lumen (Gillece
et al. 1999; Grubb et al. 2012; Nishikawa et al.
2001; Silberstein et al. 1998; Thibault et al. 2011)
and Ydj1 (Yeast DnaJ 1), Hlj1 (Homologous to
E. coli dnaJ protein 1), and Hsp70 in the cytosol
(Huyer et al. 2004, Park et al. 2007, Vembar
et al. 2009). Recognition of terminally mis-
folded protein for degradation via ERAD is
mediated by a glycan timer cascade. If folding
and glycosylation of substrate proteins is repet-
itively erroneous, mannosidase activity of the
Htm1-Pdi1 complex generates a substrate rec-
ognition site for Yos9, which in turn delivers
the substrate for Hrd1-dependent ubiquityla-
tion and retro-translocation into the cytosol
(Bhamidipati et al. 2005; Buschhorn et al.
2004; Gauss et al. 2011; Izawa et al. 2012).
ERAD and UPR pathway components display
compensatory interactions, and abrogation of
both pathways leads to drastically increased
stress sensitivity (Thibault et al. 2011). Several
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ERAD components are transcriptionally regu-
lated by the UPR, whereas others are constitu-
tively expressed (Feng et al. 2011; Pinter et al.

2019; Travers et al. 2000). Deletion of derA
(DER1) in A. niger increased the yield of
secreted glucoamylase-glucuronidase (Car-

Fig. 3.4 UPR-mediated control of pathogenic develop-
ment and mating-type signaling in U. maydis. Interac-
tion between mating-type signaling and the UPR is
realized on different levels. (a) UPR activity is specifi-
cally induced after penetration of the plant surface and
facilitates fungal proliferation in planta via Clp1/Cib1
complex formation. UPR activity prior to plant pene-
tration inhibits filamentous growth by Rok1-dependent

dephosphorylation of the MAPK Kpp2. (b) Crosstalk
between UPR and mating-type pathways via the Clp1/
Cib1 interaction and by UPR-controlled Rok1 activity
regulates the virulence potential and biotrophic devel-
opment by balancing of mating-type signaling and UPR
activity. This figure is adapted from published data
(Schmitz et al. 2019b) (CC-BY 4.0)
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valho et al. 2011b). In A. fumigatus deletion of
either hrdA (HRD1) or derA resulted in
decreased virulence only upon parallel deletion
of both genes or in combination with the hacA
deletion (Krishnan et al. 2013; Richie et al.
2011b). By contrast, elimination of central
ERAD components in single, double, or triple
combinations did affect neither ER resistance
nor virulence of U. maydis (Pinter et al. 2019).
Interestingly, resistance against the novel anti-
fungal compound sr7575 requires a functional
ERAD pathway in both S. cerevisiae and A.
fumigatus, suggesting a conserved role of
ERAD in antifungal drug resistance in yeasts
and filamentous fungi (Raj et al. 2015).

B. UPR and Autophagy

The response to ER stress results in restructur-
ing of the secretory pathway and the enlarge-
ment of the ER to provide sufficient resources
for accommodation of the upregulated ER pro-
tein folding machinery. Autophagy (“self-
eating”) is an essential intracellular pathway
required for the recycling of damaged or super-
fluous intracellular macromolecules ranging
from whole organelles to individual proteins
(Pollack et al. 2009; Reggiori and Klionsky
2013). 42 atg (Autophagy-related) genes were
identified in S. cerevisiae, most of which are
likely conserved but not fully characterized in
filamentous fungi (Voigt and Pöggeler 2013).
Functionality of autophagy is crucial for viru-
lence in many pathogenic fungi (Khalid et al.
2019; Nadal and Gold 2010; Palmer et al. 2008;
Tam et al. 2016; Yin et al. 2019) and for cellular
differentiation of filamentous ascomycetes
(Voigt and Pöggeler 2013). The process of
macroautophagy mediates recycling of bulk
cellular components, whereas selective autop-
hagy accounts for the degradation and recy-
cling of specific cellular components,
including organelles. Autophagy-mediated deg-
radation of the ER, referred to as ER-phagy,
promotes cellular homeostasis by balancing
ER synthesis and degradation. Both macroau-
tophagy and selective autophagy contribute to
ER-phagy and require the core autophagic
machinery, including Atg8 proteins (Bernales

et al. 2006; Lipatova and Segev 2015; Mochida
et al. 2015). Selective ER-phagy is also reported
to, at least in part, function independent of key
atg genes (Schuck et al. 2014). In S. cerevisiae,
expression of ATG8 is induced by ER stress and
the function of Atg8 and other Atg proteins is
required for ER stress resistance (Bernales et al.
2006). By contrast, in C. albicans and A. niger,
the absence of Atg8 does not impact ER resis-
tance (Burggraaf and Ram 2016). Functional
homologs of the S. cerevisiae ER-phagy recep-
tors Atg39 and Atg40, recruiting Atg8 for selec-
tive ER-phagy (Mochida et al. 2015), have not
been identified in filamentous fungi. Hence,
connections between autophagy and the UPR
appear to be conserved in fungi, whereas the
extent of crosstalk and interactions between
both pathways likely differs between individual
fungal species.

C. UPR and the Cell Wall Integrity Pathway

Maintenance of cell wall integrity (CWI) is an
active and essential process guiding fungal
morphology and development, but also resis-
tance to antifungal drugs, metabolites, or
organic acids. The CWI is regulated by signal
transduction cascades involving the most
upstream mechanosensory proteins, termed
Wsc1 (cell Wall integrity and Stress response
Component), Wsc2, Wsc3, and Mtl1 (Mid-Two
Like 1) in S. cerevisiae, which are functionally
conserved in filamentous fungi in detecting cell
wall stress (Beauvais et al. 2001; Dichtl et al.
2012; Lesage and Bussey 2006; Levin 2011;
Samantaray et al. 2013). Transmission of the
signal occurs via the Rho1 GTPase, which is
activated by GTP exchange factors (GEFs) and
in turn binds to and activates Pkc1 (Protein
Kinase C). Pkc1 activity promotes MAPK-
mediated phosphotransfer and activation of
the terminal MAPK, termed Slt2 in S. cerevisiae
and MpkA in aspergilli. MpkA activates the
Rlm1/RlmA (Resistance to Lethality of
MKK1P386 overexpression) transcription fac-
tor to alter expression of genes involved in cell
wall synthesis and remodeling (Futagami et al.
2011; Jung and Levin 1999). Crosstalk between
the UPR and CWI pathways has been observed
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in yeasts (Bonilla and Cunningham 2003; Chen
et al. 2005; Scrimale et al. 2009) and filamentous
fungi (Colabardini et al. 2010; Malavazi et al.
2014; Yin et al. 2016). Deletion mutants of the
genes encoding homologs of Hac1 and Ire1
show increased susceptibility towards cell wall
stress-inducing agents in A. brassicicola, M.
oryzae, and A. fumigatus and C. neoformans
(Cheon et al. 2011; Joubert et al. 2011; Kong
et al. 2015; Tang et al. 2015), suggesting widely
conserved interactions between UPR and CWI
pathways. Conversely, key players involved in
CWI signaling, including Slt2, are consistently
required for ER stress resistance in C. albicans
(Chen et al. 2005), C. glabrata (Miyazaki et al.
2013), and S. cerevisiae (Chen et al. 2005). Since
UPR signaling affects vegetative growth and
proper hyphal development and controls
expression of genes important for cell wall syn-
thesis (Joubert et al. 2011; Travers et al. 2000),
the bidirectional activation of either pathway
might establish a compensatory mechanism to
generate distinct responses to various stress-
inducing conditions.

D. UPR and MAPK Signaling

MAPK signaling pathways are key players in a
wide variety of cellular adaptation processes
and mediate the response to altered osmolality
and light, cell wall integrity, nutrient depriva-
tion, oxidative stress, and the presence of mat-
ing partners or compatible cells for fusion by
anastomosis (Bahn and Jung 2013; Fleissner
and Herzog 2016; Garrido-Bazan et al. 2018;
Gonzalez-Rubio et al. 2019; Yu et al. 2016).
Besides the previously elaborated crosstalk
between UPR and CWI pathways (see Sect. IV.
C.), additional regulatory interactions between
the UPR and MAPK-controlled signaling path-
ways have been described. In C. neoformans,
increased UPR activity is observed under
osmotic stress, and the high-osmolarity glyc-
erol (HOG) pathway is important for ER stress
resistance upon exposure of increased TM con-
centrations (Cheon et al. 2011). In addition,
deletion of IRE1 results in defects in sexual
mating and a compensatory response of the
pheromone MAPK cascade, leading to strongly

increased expression of the pheromone precur-
sor gene MFa1 (Jung et al. 2016). Since the
mating defect is connected to erroneous locali-
zation of the pheromone transporter Ste6, the
connection between Ire1 and the pheromone
MAPK pathway is likely indirect (Jung et al.
2016). In U. maydis, expression of the intron-
less cib1s mRNA leads to constitutive activation
of the UPR and reduced expression of the b
mating-type locus genes bE and bW and the
major regulator downstream of the b-
heterodimer Rbf1. This inhibitory effect of the
UPR is reflected by reduced formation of infec-
tious filaments and, as a consequence, fungal
virulence (Heimel et al. 2013). Systematic anal-
ysis of crosstalk between the UPR and the pher-
omone MAPK pathway revealed strongly
reduced phosphorylation of the MAPK Kpp2
in strains with constitutively active UPR, result-
ing in the UPR-dependent inhibition of the
morphological and transcriptional response to
pheromone (Schmitz et al. 2019b). The dual-
specificity phosphatase Rok1 regulates activity
of the mating-type signaling pathway by depho-
sphorylating Kpp2 and the partially redundant
MAPK Kpp6. Deletion of rok1 leads to hyper-
virulence of U. maydis, whereas overexpression
reduces virulence (Di Stasio et al. 2009). The
UPR promotes increased Rok1 activity, and
deletion of rok1 fully restores Kpp2 phosphor-
ylation, formation of infectious filaments, and
virulence, suggesting that the feedback regula-
tion between the UPR and MAPK affects the
virulence potential of U. maydis and ensures
fungal biotrophy (Schmitz et al. 2019b)
(Fig. 3.4).

E. UPR and Hypoxia

Hypoxic conditions suppress oxidation of
membrane lipids and induce the activation of
a compensatory response regulated by the ste-
rol regulatory element-binding protein
(SREBP) (Shimano and Sato 2017). Membrane
aberrancies induced by inositol depletion acti-
vate the ER stress sensor Ire1 by a mechanism
that is distinct from canonical activation via
unfolded proteins (Promlek et al. 2011). The
ability to grow under hypoxic conditions is
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critical for virulence in human pathogenic
fungi such as A. fumigatus, C. neoformans,
and Paracoccidioides spp. (Bien and Espen-
shade 2010; Chun et al. 2007; Chung et al.
2014; Grahl et al. 2012; Lima Pde et al. 2015).
In N. crassa, the SREBP pathway is highly
induced under lignocellulolytic conditions and
negatively regulates expression of oxygen-
consuming enzymes and protein secretion
(Reilly et al. 2015; Qin et al. 2017). SREBP med-
iates suppression of the central ER stress
response genes bip-1 and pdi-1 in a hac-1 and
ire-1 independent manner. Importantly, the
inability for efficient cellulase secretion in hac-
1 deletion strains is compensated by the con-
current deletion of the gene encoding the
SREBP homolog SAH-2 (Short Aerial Hyphae
2). In mammalian cells, the interplay between
UPR and the SREBP-mediated hypoxia
response is of high medical relevance. The
Hac1 homolog XBP1 is required for tumor
growth under hypoxic conditions and pro-
motes tumor progression in triple-negative
breast cancer cell lines by forming a transcrip-
tional complex with HIF1 (Hypoxia-Induced
Factor 1) that regulates expression of HIF1 tar-
get genes (Chen et al. 2014).

V. The UPR in Biotechnology of
Filamentous Fungi

The application of the UPR in white biotech-
nology is of long-standing interest as UPR
activity provides strongly increased capacities
for protein production and secretion (Heimel
2015). Comprehensive studies on the UPR in
biotechnologically relevant filamentous fungi
such as A. niger, Trichoderma reesei, and,
more recently, Neurospora crassa substantially
contributed to our current understanding of
the UPR. Various approaches for harnessing
the positive effects of the UPR have been
described, aiming to increase yields of heterol-
ogous and endogenous secreted proteins.
Genomic approaches detailing on the cellular
and transcriptional responses to ER stress
within the process of biotechnological protein

production revealed distinct requirements for
optimizing the production of different proteins
of interest. So far, generally applicable strate-
gies that fully exploit the potential of the UPR
for high-level protein production and secretion
remain to be established. In the following, UPR-
related approaches for engineering the secre-
tory capacity in important filamentous model
fungi will be described.

A. Aspergillus niger

Aspergillus niger is used for more than
100 years in white biotechnology for the pro-
duction of metabolites, proteins, and enzymes
including citric acid, gluconic acid, glucoamy-
lase, and heterologous proteins (Cairns et al.
2018). Several genes encoding central compo-
nents of the ER folding machinery, such as the
ER chaperone BipA, the foldases PdiA and
CypB (Cyclophilin B), and the lectin chaperone
calnexin ClxA, were identified as being induced
under various stress conditions, including
secretion stress (Derkx and Madrid 2001;
Jeenes et al. 1997; Ngiam et al. 2000; van Geme-
ren et al. 1997). Transcriptional activation of
these genes is mediated by the Hac1 homolog
HacA (Mulder et al. 2004), recognizing the con-
sensus sequence CAN(G/A)NTGT/GCCT
(Mulder et al. 2006). Genome-wide expression
studies identified a core set of 40 genes presum-
ably required for high-level expression of A.
niger glucoamylase (Kwon et al. 2012). In con-
trast to most yeasts and dimorphic fungi, dele-
tion of hacA or expression of the intronless
hacAmRNA (leading to constitutive UPR activ-
ity) reduces vegetative growth and induces for-
mation of aberrant hyphae, complicating the
functional characterization and application of
HacA in biotechnological protein production
(Heimel 2015; Mulder and Nikolaev 2009;
Mulder et al. 2006; Mulder et al. 2004). Conse-
quently, attempts for increasing the production
of glucoamylase, manganese peroxidase, thau-
matin, preprochymosin, or tissue plasminogen
activator focused on the overexpression of
genes encoding ER chaperones and foldases,
including bipA, pdiA, and clxA, or the deletion
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of ERAD components hrdC and derA (Conesa
et al. 2002; Lombrana et al. 2004; Ngiam et al.
2000), (Carvalho et al. 2011; Punt et al. 1998).
Only in few cases, the yields of produced pro-
teins were significantly increased. Overexpres-
sion of calnexin (clxA) resulted in a fivefold
increased yield of manganese peroxidase and
deletion of hrdA in a sixfold increased yield of
glucoamylase-glucuronidase (Carvalho et al.
2011; Conesa et al. 2002). Interestingly, several
genes encoding secretory proteins are
repressed under secretion stress (RESS) (Al-
Sheikh et al. 2004). A cis-acting element, located
in the promoter of the secreted glucoamylase
encoding gene glaA, is critical for RESS of glaA.
A potential negative effect of the UPR on glaA
expression might be indirect and connected to
the repression of the AmyR transcription fac-
tor, a known regulator of glaA and other secre-
tory proteins (Carvalho et al. 2012). An
additional compensatory response to ER stress
is deduced from the observation of reduced
ribosome occupancy of mRNAs encoding
secreted proteins under DTT-induced ER stress
conditions (Guillemette et al. 2007), contrasting
the results of a similar approach in A. fumigatus
revealing an overall increase of ribosome asso-
ciation of mRNAs (Krishnan and Askew 2014).

B. Trichoderma reesei

The filamentous ascomycete Trichoderma ree-
sei has an enormous intrinsic capacity for cel-
lulose degradation and was identified as the
causal organism degrading the cotton tents of
GI stationed in Southeast Asia during the Sec-
ond World War (Merivuori et al. 1985; Monte-
necourt et al. 1981). Similar to A. niger, the
protein disulfide isomerase encoding gene
pdi1 and the ER chaperone encoding gene
bip1 were identified as ER stress induced (Sal-
oheimo et al. 1999; Pakula et al. 2003). Genome-
wide comparison of ER stress-mediated gene
expression in T. reesei and S. cerevisiae revealed
a set of commonly regulated UPR genes, but
also identified the specific upregulation of cpc1,
encoding the homolog of yeast Gcn4, the key
regulator of the response to amino acid imbal-

ance (cross-pathway control) and of the histone
gene H4 (Arvas et al. 2006). High-level secre-
tion of cellulases is connected to increased UPR
activity, and overexpression of the UPR regula-
tor Hac1 or the ER chaperone Bip1 supports
increased cellulase production (Gao et al. 2018).
Inhibition of protein transport through the
secretory pathway by brefeldin A or DTT treat-
ment results in Hac1-mediated induction of
general UPR components but strongly
decreased expression of genes encoding xyla-
nases and cellulases by RESS (Pakula et al.
2003). Attempts to harness strains overexpres-
sing the ER stress sensor Ire1 for increased
production of Phlebia radiata laccase were
unsuccessful, as expression of the UPR genes
pdi1 and bip1 was only modestly increased. By
contrast, deletion mutants of the Ire1 repres-
sing phosphatase Ptc2 displayed strongly
increased induction of the UPR. The resulting
effects on the production of secreted proteins
were not determined (Valkonen et al. 2004).
The lectin chaperone calnexin, as an integral
part of the ER quality control machinery, is
required for efficient secretion of CBH1 (Cello-
biohydrolase I). Targeted mutation of N-
glycosylated aa residues in the catalytic domain
reduces thermostability of CBH1 and activates
UPR signaling (Qi et al. 2014).

C. Neurospora crassa

Neurospora crassa has a long-standing tradition
as model organism for the investigation of
fundamental genetic and cellular processes
(“one gene-one enzyme” hypothesis, quelling
and RNAi, mechanism of the circadian clock,
and principles of epigenetic gene control) (Ara-
mayo and Selker 2013; Roche et al. 2014). More
recently, N. crassa has become of considerable
interest with respect to fungal biotechnology,
such as the production of biofuels. The produc-
tion of biofuels requires the efficient degrada-
tion of plant biomass by carbohydrate active
enzymes (CAZymes). System-wide analysis of
the response to various complex polysacchar-
ides found in plant cell walls identified the hac-
1 gene as being specifically induced during cul-
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tivation on medium with cellulose as sole car-
bon source, consistent with the induction of
key UPR target genes, such as bip-1, pdi-1,
and calnexin (Benz et al. 2014). Deletion of the
hac-1 gene results in the inability to efficiently
degrade cellulose and suppression of growth on
medium containing Avicel (microcrystalline
cellulose) as carbon source (Montenegro-
Montero et al. 2015). In contrast to A. niger,
the absence of hac-1 did affect neither vegeta-
tive growth nor resistance to cell wall stress-
inducing drugs (Montenegro-Montero et al.
2015). Using a set of more 527 mutant strains,
carrying individual deletions of genes impli-
cated in the ER stress response, identified 249
genes important for ER stress resistance, of
which 100 were so far uncharacterized, includ-
ing several potential regulators important for
lignocellulase secretion. Deletion of hac-1 or
ire-1 does not affect expression of lignocellulase
genes in response to sensing of cellulose, but
severely affects the secretion of enzymatically
active proteins (Fan et al. 2015). Hence, activa-
tion of the UPR provides the intracellular infra-
structure important for efficient secretion of
lignocellulolytic enzymes and utilization of cel-
lulose as carbon source. Further profiling of
single-gene deletion strains identified the sterol
regulatory element-binding protein (SREBP)
pathway as an important regulator of protein
secretion under cellulolytic conditions. The
SREBP pathway regulates ergosterol synthesis
in response to hypoxic conditions (Bien and
Espenshade 2010; Robichon and Dugail 2007).
Deletion of the SREBP pathway components
tul-1 and dsc-1, the predicted homologs of S.
pombe dsc1 and dsc2 (Defective in SREBP
Cleavage) that mediate cleavage and activation
of Sre1 in response to hypoxia, results in
strongly increased protein secretion in
response to cellulose but not sucrose or xylan
(Reilly et al. 2015). Deletion of further SREBP
pathway components consistently derepressed
genes involved in the ER stress response and
increased secretion of cellulolytic enzymes.
Inactivation of the SREBP pathway suppressed
the reduced cellulase production of hac-1
mutant strains, revealing a regulatory interplay
between both pathways in adapting the secre-

tory pathway during cellulolytic growth (Qin
et al. 2017).

VI. Conclusion and Outlook

The UPR is a central pathway in eukaryotes
that counteracts ER stress but also compensates
and interacts with a plethora of other stress-
associated signaling pathways providing
increased cellular robustness (Thibault et al.
2011). While the main theme of UPR function
is widely conserved, we are at the beginning of
understanding how the divergent lifestyles of
fungi ranging from saprotrophically growing
filamentous fungi over to biotrophic plant
pathogens require specific adaptations of the
UPR. The emerging picture of how signal inte-
gration and crosstalk between different cellular
pathways such as the UPR, ERAD, autophagy,
but also developmental control and mating-
type signaling is achieved provides important
means to uncover the detailed contribution of
the UPR in fungal pathogenesis and to develop
innovative strategies for unfolding the full
potential of the UPR in biotechnological back-
grounds.
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I. Introduction: Neurospora crassa is
an Important Model Organism for
Research in Circadian Rhythms

Many organisms have evolved an anticipatory
mechanism called the circadian clock to predict
the consistent and dramatic daily changes in the
levels of light, temperature, and UV radiation
imposed by the Earth’s rotation. Importantly,
there is a strong correlation between the mainte-
nance of a molecular clock that generates circa-
dian (around 24 h) oscillations in a variety of
behavioral and molecular processes and the
biological fitness of an organism. For example,
when different cyanobacteria strains are grown
together, the strain whose circadian period is
most closely aligned to an artificially generated
light-dark cycle will outcompete the other
strains to become the predominant organism in
the environment (Ouyang et al. 1998). In addi-
tion, squirrels and chipmunks with functioning
clocks have a higher survival rate against preda-
tors as compared to those with a dysfunctional
circadian clock (DeCoursey et al. 1997, 2000;
DeCoursey 2014). Proper circadian timing
also increases the virulence of some fungi during
plant infection (Hevia et al. 2015). Indeed, we
know that innumerable biological functions are
timed by the clock to occur at their optimal
phase of the day (e.g., Hurley et al. 2014, 2018;
Panda et al. 2002), and the benefits of these
circadian rhythms have led them to be conserved
in almost all branches of life (Dunlap 1999).
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In identifying the behaviors that are regu-
lated by the circadian clock, researchers have
set four main criteria for an oscillation to be
defined as truly circadian (Johnson et al. 2004).
First, the period of the rhythm must be at or
near 24 h, thereby coinciding with the external
24 h day/night cycle on Earth. Second, the
rhythm must be entrainable, meaning that it is
responsive to external cues, such as light, which
can reset its phase relative to the current envi-
ronment. For example, when traveling to a dif-
ferent time zone, a person will gradually begin
to wake up at the local dawn time as a result of
their internal clock adjusting to local lighting
cues, rather than continue to wake up during
the dawn phase of their previous time zone.
Third, the rhythm must be able to persist with-
out external cues. This characteristic demon-
strates that the rhythm is an endogenous,
anticipatory process and not simply a response
to changes in the environment. Finally, the
rhythm must be able to maintain a consistent
period under different environmental condi-
tions, a property called compensation. Since

biochemical reactions speed up at higher tem-
peratures, if the circadian clock were not buff-
ered, then it would yield a shorter period and
would not be a good pacemaker. While there
are numerous biological oscillations in organ-
isms, only those rhythms that meet these four
criteria are considered circadian (Johnson et al.
2004).

As circadian clocks appear to have evolved
independently in only a few cases, there is a
high degree of similarity between the mechan-
isms that time the clocks of fungi and other
higher eukaryotes, e.g., mammals and the fruit
fly Drosophila, making N. crassa an excellent
model system in which to study these clock
mechanisms (Crosthwaite et al. 1997; Dunlap
1999; Bell-Pedersen et al. 2005; Dunlap and
Loros 2017). Much of the foundational research
into the molecular mechanism underlying cir-
cadian clocks in higher eukaryotes occurred in
the filamentous fungus N. crassa (Dunlap 2008;
Dunlap and Loros 2017; Loros 2019). A mutant
inN. crassa,which displayed a “banding” devel-
opmental growth pattern on race tubes was

Fig. 4.1 Race tubes and the bd mutation enable period
and phase analysis in Neurospora crassa. A race tube is
a tool used to measure the overt phenotypic rhythm of
banding strains of N. crassa. A hollow glass tube is bent
upward at both ends and filled with molten agar growth
media, as shown at top. Once the media has cooled and
solidified, an N. crassa strain with a band (bd) back-
ground is inoculated at one end and then grows later-
ally down the tube. As the bd strain grows, it will
periodically (in time with the circadian cycle) form

aerial hyphae and conidia, shown here as the orange
clumps. The race tube is marked once every 24 h at the
growth front. The periodicity of the aerial hyphal for-
mations is directly tied to the period of the clock. Race
tubes can be scanned and densitometric analysis of
these race tube images can be used to measure the
time between successive bands to predict the period
of the strain, as shown at bottom. Image courtesy of
Joshua Thomas
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among the earliest observable evidence that
organisms have an internal circadian clock
(Fig. 4.1) (Brandt 1953; Pittendrigh et al.
1959). This band (bd) strain is characterized
by zones of hyphal growth alternating with
daily “bands” or clumps of conidia during con-
stant dark conditions. We now know that this
banding phenotype is related to an increase in
the expression of some genes (e.g., the conidial
regulation protein fluffy) in response to an
increase in reactive oxygen species (ROS), due
to a mutation in the gene ras-1 (Fig. 4.1) (Bel-
den et al. 2007a).

A rapidly growing and non-pathogenic
fungus that is easy to genetically manipulate,
N. crassa has been a strong genetic model sys-
tem since the work of George W. Beadle and
Edward Tatum on metabolic mutants (Beadle
and Tatum 1941). N. crassa can reproduce both
sexually and asexually, depending on environ-
mental cues such as light and nutrient availabil-
ity, allowing for its efficient use in genetic
research (Tan et al. 2004; Filippovich et al.
2015). With its strength as a genetic system, as
well as the bd mutant phenotype allowing for
easy detection of rhythms, N. crassa has served
as an important model organism in the clocks
field for over half a century (Dunlap et al. 2007;
Dunlap and Loros 2017). In more recent years,
technological advancements have yielded a
fully sequenced genome and the development
of further molecular tools will ensure that N.
crassa remains an important model organism
in the clocks field for years to come (Galagan
et al. 2003; McCluskey et al. 2010).

The conserved circadian timekeeping appa-
ratus in higher eukaryotes, uncovered in large
part due to research inN. crassa, appears to be a
transcriptional-translational negative feedback
loop (TTFL) that forms a molecular oscillator
or core clock (Dunlap and Loros 2018; Hurley
et al. 2016a). At subjective dawn, the transcrip-
tional apparatus of the TTFL, the positive arm
protein complex (in N. crassa White Collar-1
(WC-1) and White Collar-2 (WC-2)), binds to
the promoter region of one of the genes
involved in the repressive part of the TTFL,
the negative arm protein complex (in N. crassa
Frequency (FRQ) and Frequency-interacting

RNA helicase (FRH)), and activates its tran-
scription (Fig. 4.2). The positive arm also acti-
vates a host of other gene promoters that are
not involved in the regulation of the TTFL,
generating oscillations in 10–40% or more of
transcripts to effect the coordination of many
cellular processes (Hurley et al. 2014, 2018;
Sancar et al. 2015; Mure et al. 2018). Once
translated, the negative arm enters the nucleus
and interacts with the positive arm proteins to
repress their transcriptional activity. As the day
progresses, the negative arm proteins are phos-
phorylated by many different kinases (e.g.,
Casein Kinase-1a (CK-1a) and Casein Kinase-
2 (CK-2)), which leads to their inactivation and
degradation, allowing the positive arm proteins
to resume transcriptional activity, starting the
cycle anew. The clock is also able to incorporate
environmental inputs (such as light, tempera-
ture, and nutrients) into the core oscillator to
optimally time the circadian cycle, with the ear-
liest examples of this integration in higher
eukaryotes first demonstrated inN. crassa (Gar-
ceau et al. 1997; Crosthwaite et al. 1997; Liu
et al. 1998; Sancar et al. 2012; Loros 2019).

In this review, we summarize the key inves-
tigations that use the genetic model organism
N. crassa to create an understanding of the
molecular underpinnings of circadian regula-
tion. As the research in the clocks’ field from
N. crassa is substantial, and our space short, we
focus our review into five broad contributions
to clock research. The first three sections will
describe what is known about N. crassa circa-
dian timekeeping at the three basic levels of a
molecular clock, the input, the core oscillator,
and the output, and how these discoveries
have informed an understanding of clocks in
higher eukaryotes. The fourth section covers
how circadian oscillations are measured in N.
crassa, and the final section will address N.
crassa as a model organism for clocks in other
fungi. Where important research has
occurred beyond the scope of these contribu-
tions, or at a depth our mandate did not
allow for, we point the reader to previously
published reviews focusing on that topic
specifically.
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II. Input: Various Inputs to the Core
Clock Allow Phase Entrainment to
the External Environment

One of the tenets of circadian rhythms is that
their period is buffered against different con-
stant conditions but is still able to incorporate
signals from the environment, allowing the
clock phase to align, or “entrain,” to changes
in the external environment. The most obvious
of these signals is the light from the sun, a cue
to which circadian rhythms were adapted (Hut
and Beersma 2011). However, in recent years,
the circadian field has discovered that the clock
is responsive to many other environmental
cues, such as temperature and glucose (Garceau
et al. 1997; Liu et al. 1998; Sancar et al. 2012).
For this review, we have grouped these signals,
and the pathways that respond to them, into
three basic categories: light, temperature, and
nutrients.

A. Neurospora crassa, the Circadian Clock, and
Photoreception

While fungi are not photosynthetic organisms,
the ability to sense different colors and inten-
sities of light still contributes to their overall
fitness (Idnurm et al. 2010). N. crassa has con-
served proteins that are essential for the detec-
tion of red light, green light, and blue light,

though not all of these proteins are functional
photoreceptors (for more complete reviews, see
Fuller et al. 2015; Yu and Fischer 2019). The
primary external timing cue for the clock in N.
crassa is blue light, which is sensed through the
positive arm protein WC-1 (Fig. 4.2a). WC-1 is
a transcription factor that utilizes Per-Arnt-
Sim (PAS) domains for transcriptional activa-
tion. The PAS domain located toward the pro-
tein’s N-terminal end is of a special class called
a “light oxygen voltage” (LOV) domain (Bal-
lario and Macino 1997; Ballario et al. 1998). The
LOV domain is able to form a transient cystei-
nyl adduct with a blue light-absorbing chromo-
phore flavin adenine dinucleotide (FAD) when
exposed to blue light (Ballario et al. 1998; Lin-
den et al. 1997). Along with its partner protein,
WC-2, WC-1 hetero-dimerizes to form the
white collar complex (WCC) (Cheng et al.
2002). When the WCC is exposed to blue light,
a conformational change occurs which creates a
transcriptionally active WCC (Froehlich et al.
2002; He et al. 2002; Zoltowski et al. 2007; Mal-
zahn et al. 2010). The WCC transcriptionally
activates genes that have a light-responsive ele-
ment (LRE) in their promoters, with hundreds
of genes affected, either directly or indirectly,
by WCC binding (Chen et al. 2009; Collett et al.
2002; Froehlich et al. 2003; Hurley et al. 2014;
Smith et al. 2010; Wu et al. 2014). As the WCC
contains both a light-sensitive element and
forms the positive arm of the circadian clock
(see Sect. III.A), research in N. crassa was foun-

⁄�

Fig. 4.2 (continued) numerous genes, including frequency (frq). In order to do this, the promoter regions of these
genes must be accessible and numerous chromatin remodeling factors (dark blue) work with the WCC to effect
remodeling at these promoters. The transcriptional activation of frq leads to the transcription and translation of
FRQ (light orange), which then dimerizes and associates with Frequency-interacting RNA helicase (FRH, dark
orange), forming the FFC. FRQ is then phosphorylated (cyan stars) by numerous kinases (light blue) until the FFC
can interact with the WCC, repressing WCC activation. The WCC is phosphorylated by several kinases, decreasing
transcription at the frq locus and other loci regulated by the WCC, and then potentially removed from the nucleus.
FRQ undergoes further phosphorylation until it can no longer interact with theWCC and it is recognized by FWD-
1 (pink) for degradation. Without the FFC, the WCC is dephosphorylated by phosphatases (blue) and returns to
the nucleus to restart the cycle. The genes under the influence of the WCC that do not play a role in the core clock
are called clock-controlled genes (ccgs, red) and are the drivers of circadian behavior. Some of these ccgs can act
back on the core circadian loop. In addition, inputs from the environment (yellow) are able to entrain the clock,
such as light, temperature, and nutrients (e.g., glucose). (b) Negative arm turnover via phosphorylation triggered
degradation was previously believed to relieve positive arm (WCC, green) repression. However, new evidence
suggests that the negative arm (FFC, orange) undergoes two types of phosphorylation, a clock-specific phosphor-
ylation, which alters the ability of the FFC to suppress WCC activity, and degradation-specific phosphorylation,
which targets the negative arm proteins for degradation. This degradation occurs only after the FFC has lost its
ability to repress the WCC, and this highly phosphorylated FFC does not impact the clock
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dational in demonstrating that the positive arm
serves the crucial function of integrating light
cues into the clock.

While the WCC is the point protein for
clock entrainment to light cues, the activity of
another protein,Vivid (VVD), is also crucial for
proper clock phase timing based on light in the
environment (Fig. 4.2a). A small protein, only
containing an N-terminal cap and a LOV
domain, VVD plays an important role in light
integration into the clock by altering the activ-
ity of the WCC (Zoltowski et al. 2007; Hunt
et al. 2010; Chen et al. 2010). The WCC induces
vvd expression in response to light, after which
VVD interacts with WC-1’s LOV domain and
blocks the transcriptional capabilities of WC-1
(Zoltowski et al. 2007; Hunt et al. 2010; Malzahn
et al. 2010; Chen et al. 2010; Dasgupta et al.
2015). The action of VVD on the WCC is an
important example of photoadaptation, ensur-
ing that light-induced genes are only transiently
upregulated (Hunt et al. 2010; Chen et al. 2010).
VVD’s photoadaptive activities are not only
important for keeping the clock from resetting
inappropriately, such as during nights with
bright moonlight, but also in supporting the
optimal timing of light responses by the WCC
(Heintzen et al. 2001; Malzahn et al. 2010).

B. The Effect of Temperature on the Negative
Arm of the Clock

Though it is logical to think of light as the
primary environmental input for the clock, sur-
prisingly many other factors, such as tempera-
ture, can strongly impact the circadian
mechanism. For example, temperature changes
can reset the phase of the clock, such as an
increase from a low to a high temperature.
While light input is chiefly transduced via the
positive arm (see Sects. II.A and III.A), evi-
dence from N. crassa shows that temperature
input is primarily conveyed by changes in the
molecular dynamics of the negative arm of the
clock (Liu et al. 1997; Pregueiro et al. 2005,
2006; Diernfellner et al. 2005), particularly the
dynamics of the levels of the core negative arm
protein frequency (FRQ) (see Sect. III.B.1 and
Fig. 4.2a). The current understanding of the

response to temperature shifts is that while
the level of frq mRNA remains stable at differ-
ent temperatures, FRQ protein levels oscillate
around a higher midline at higher tempera-
tures, with the peak and trough of FRQ levels
falling above the peak level of FRQ in a strain
grown at a low enough temperature (Liu et al.
1997). Due to the difference in FRQ levels at
different temperatures, the comparatively low
levels of FRQ at a lower temperature will create
an artificial “trough” from which FRQ levels
rise when the organism is shifted to a higher
temperature, thereby resetting the phase of the
clock (Liu et al. 1998). A decrease in tempera-
ture can have the same resetting effect, as FRQ
levels decrease from an artificial “peak” time in
higher temperatures to start oscillating around
a lower midline of protein levels (Liu et al.
1998). Extreme temperature changes (�10 �C)
have a strong effect on setting the phase of the
clock, so much so that it supersedes the effects
of light, re-entraining the molecular clock even
in a conflicting light-dark regime (Liu et al.
1998). This research paved the way for similar
discoveries in higher eukaryotes. Temperature
has subsequently been shown to be an impor-
tant phase resetting cue in mammal peripheral
tissues, such that daily temperature changes
within physiological ranges (36–37.5 �C) can
entrain mouse peripheral tissues (Buhr et al.
2010). Moreover, within Drosophila, the muta-
tion of all detected phosphorylation sites to
alanine on the positive arm clock protein
dCLOCK led to compromised temperature
resetting, but unaffected light resetting, sug-
gesting that temperature is more important
than light as a timing cue for Drosophila tissues
as well (Lee et al. 2014).

Though temperature changes can shift the
phase of the clock, one of the key tenets of a
circadian rhythm is that its period is compen-
sated and regulated at different growing tem-
peratures. However, the underlying mechanism
for temperature regulation in the clock is
poorly understood. What is known is that tem-
perature impacts the choice of FRQ start
codons during translation (Colot et al. 2005;
Diernfellner et al. 2007; Liu et al. 1997). A
temperature-sensitive alternate splicing mech-
anism occurs in frq mRNA, leading to different
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ratios of the two isoforms of FRQ: long FRQ (L-
FRQ; 1–989 aa) and short FRQ (S-FRQ; 100–989
aa). At higher temperatures, L-FRQ levels
increase relative to S-FRQ (Liu et al. 1997;
Colot et al. 2005; Diernfellner et al. 2007).
L-FRQ-only strains have a shorter clock period
than S-FRQ-only strains (Liu et al. 1997; Diern-
fellner et al. 2007). Therefore, the temperature-
based ratio of L- to S-FRQ levels is believed to
contribute to the robustness of the clock and
the fine-tuning of the clock period at different
ambient temperatures (Liu et al. 1997; Diern-
fellner et al. 2005, 2007). Evidence also suggests
that post-translational mechanisms are
involved in temperature compensation, e.g.,
the phosphorylation of FRQ. The mutation of
phosphorylation sites that exist only on L-FRQ
yield a strain with a longer period, similar to the
period of a S-FRQ-only strain (Diernfellner
et al. 2007; Baker et al. 2009). In addition, muta-
tions in kinases that phosphorylate FRQ (i.e.,
CK2) have been shown to impact temperature
compensation (Mehra et al. 2009b). While dif-
ferent FRQ isoform ratios and changes in FRQ
phosphorylation contribute to temperature reg-
ulation, further work is necessary to uncover
the underlying mechanisms that provide tem-
perature compensation to the clock.

C. The Impact of Nutrient Sensing on the
Circadian Clock

Though a great deal of research has gone into
the understanding of how light and tempera-
ture align the molecular clock, recent data from
N. crassa has shown that levels of nutrients,
such as glucose and lipids, can also affect the
clock and must be compensated for, termed
metabolic or nutritional compensation (Hurley
et al. 2016b; Sancar et al. 2012; Starkey et al.
2013). The best studied type of nutritional com-
pensation is glucose compensation, which
includes a known circadian-auxiliary loop that
utilizes Conidial Separation Protein 1 (CSP-1)
(Fig. 4.2a). When glucose levels are high, the
core clock proteins and many of their down-
stream targets, including CSP-1, are translated
at an increased rate (Sancar et al. 2012). To
compensate for the increased clock protein

levels, the resulting higher levels of CSP-1 inter-
act with additional clock-regulated proteins,
Regulation of Conidiation 1 (RCO-1) and Reg-
ulation of Conidiation and Morphology-1
(RCM-1), to repress wc-1 expression and com-
plete a negative feedback loop that provides
glucose compensation (Sancar et al. 2012;
Dovzhenok et al. 2015; Olivares-Yañez et al.
2016). Other proteins are also recognized for
their impact on glucose compensation, includ-
ing Period-1 (PRD-1/DBP-2) and Ras-like-
2 (RAS-2). PRD-1 is an ATP-dependent
DEAD-box RNA helicase, and the clock in
prd-1 mutants is not compensated against glu-
cose changes, leading to longer periods when
glucose is not limited (Starkey et al. 2013;
Emerson et al. 2015; Adhvaryu et al. 2016).
Like prd-1 mutants, the clock in a Dras2 strain
displays longer periods and is not glucose-
compensated (Gyöngyösi et al. 2017). Further
work is needed to fully understand how glucose
compensation is imparted, either by multiple
feedback loops including CSP-1, RCO-1, RCM-
1, PRD-1, and RAS-2, or through an underlying
mechanism yet to be discovered. Nutrient com-
pensation has long been shown to be an impor-
tant element of the mammalian circadian clock
and the research into the mechanisms that reg-
ulate nutrient compensation in N. crassa has
enabled an appreciation of how these might
work in higher eukaryotes (Peek et al. 2012).

Beyond glucose compensation, there is evi-
dence that the clock can be affected by lipid
levels. Longevity assurance gene (LAG-1) is
thought to be part of a ceramide synthase com-
plex and likely plays a role in metabolic clock
regulation through stress responses involving
sphingolipid metabolism (Case et al. 2014). In a
lag-1 mutant, the clock period lengthens to
41 h, suggesting that changes in sphingolipid
levels can affect clock period. Further evidence
that the clock is sensitive and responsive to
lipid levels includes the relationship between
high levels of DAG (sn-1,2-diacylglycerol) and
longer clock periods (Ramsdale and Lakin-
Thomas 2000; Case et al. 2014). With the extent
of reported metabolic effects on the clock
through glucose and lipid levels, it is likely
that other cell components that play a role in
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clock nutritional compensation are still to be
determined.

III. Core Oscillator: The N. crassa Core
Circadian Timekeeping
Mechanism

The circadian inputs described above feed into
the architecturally-conserved circadian tran-
scriptional-translational negative feedback
loop (TTFL) (Hurley et al. 2016a; Dunlap and
Loros 2017). In addition to the conservation of
the underlying architecture of the TTFL across
higher eukaryotes, there is sequence homology
between WC-1 and WC-2, the positive arm
transcription factors in N. crassa, and tran-
scription factors in other fungal and mamma-
lian systems (Dunlap and Loros 2017).
Furthermore, conformational heterogeneity
and post-translational regulation of the clock
proteins by phosphorylation, especially of neg-
ative arm proteins such as FRQ, are also con-
served (Lee et al. 2009; Chiu et al. 2011; Hurley
et al. 2016a; Pelham et al. 2018). Finally,
phosphorylation-dependent ubiquitination
and degradation of the negative components
supports the functioning of most eukaryotic
clocks (Grima et al. 2002; Ko et al. 2002; He
et al. 2003; Eide et al. 2005). All of these con-
served features of the clock were, at least in
part, discovered in N. crassa. In this section,
we review the abovementioned key elements
of the N. crassa core clock mechanism, which
have contributed greatly to the understanding
of the TTFL in other fungi and higher eukar-
yotes.

A. The Transcriptionally Active Positive Arm
of the Clock

In N. crassa, the circadian cycle is initiated by
the positive arm of the clock, a heterodimeric
GATA-like transcription factor complex
termed the White Collar Complex (WCC) com-
prising two proteins, WC-1 and WC-2 (Belden
et al. 2007b; Hurley et al. 2014). WCC transcrip-
tional activity peaks around subjective dawn,

commencing the circadian cycle (Belden et al.
2007b; Hurley et al. 2014). WC-1 is a 1167
amino acid (aa) long protein that contains a
circadian transactivation domain, three Per-
Arnt-Sim (PAS) domains (including the light-
responsive LOV domain and a “defective in
binding” (DBD) region involved in DNA bind-
ing and mediating interactions with the nega-
tive arm), and a single zinc finger domain
involved in DNA binding (Ballario et al. 1996;
Lee et al. 2000; Cheng et al. 2002; Wang et al.
2014, 2016). As mentioned previously in Sect.
II.A, WC-1 is the primary blue-light photore-
ceptor in N. crassa and is responsible for the
integration of light signaling into the circadian
clock.

WC-2 is a 530 aa-long protein that contains
a single zinc finger domain, a single PAS
domain and, unlike WC-1, is unable to sense
light (Linden and Macino 1997; Collett et al.
2002). WC-1 and WC-2 exhibit strong oscilla-
tions at the transcriptional level, but neither
show strong oscillations at the protein level
(Hurley et al. 2018). Interestingly, the negative
arm protein, FRQ, is needed for proper levels of
WC-1 to accumulate (Schafmeier et al. 2006).
WC-1 and WC-2 interact with each other
through their PAS domains to form the
White-Collar Complex (WCC), which promotes
the expression of genes in the negative arm as
well as other genes not involved in maintaining
the core clock, termed clock-controlled genes
(ccgs) (Fig. 4.2a) (Linden and Macino 1997;
Crosthwaite et al. 1997; Cheng et al. 2002; Hur-
ley et al. 2014; Wu et al. 2014).

The WCC exists in two conformations, a
light-activated conformation and a dark con-
formation, which serve to control the DNA
binding of the WCC. The light-activated com-
plex is composed of two WC-1s and one WC-2,
binding to a subset of genes that are considered
to be light-responsive (Froehlich et al. 2002;
Cheng et al. 2003). In contrast, the dark confor-
mation comprises a single WC-1 and WC-2 and
is essential for the expression of frq and other
ccgs under “free-running” or constant dark
conditions (Froehlich et al. 2002; Cheng et al.
2003). The zinc fingers of both WC-1 and WC-
2 are essential for binding DNA in the dark,
aided by the DBD motif on WC-1 (Wang et al.
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2016). The ability of the WCC to bind DNA is
also dependent on its phosphorylation state, as
has been shown for Drosophila and mouse pos-
itive arm CLOCK protein, with daily rhythms in
phosphorylation occurring (He et al. 2005;
Baker et al. 2009; Yoshitane et al. 2009; Lee
et al. 2014; Wang et al. 2019). There are 80
phosphorylation sites on WC-1, with phos-
phorylations near its zinc-finger domain play-
ing an important role in closing the negative
feedback loop (He et al. 2005; Baker et al. 2009;
Sancar et al. 2009; Wang et al. 2019). WC-
2 phosphorylation peaks around late subjective
day, with 15 phosphorylation sites detected in
2 different clusters, with 1 cluster near its zinc
finger domain, as in WC-1 (Schafmeier et al.
2005; Wang et al. 2019). While earlier work
suggested that the mutation of 5 phosphoryla-
tion sites in WC-1 leads to arrhythmicity, it is
now evident that phosphorylations on bothWC-
1 and WC-2 are needed to close the clock’s
negative feedback loop and support circadian
rhythmicity (He et al. 2005; Wang et al. 2019).
Plainly, both the light-dependent change in
WCC structure and the overall phosphorylation
state of the WCC play an important role in deli-
neating theWCC’s function in the light response
pathway from its role in the positive arm of the
circadian clock (Wang et al. 2016, 2019).

While the WCC is the primary transcrip-
tional activator of the negative arm gene frq,
there are other proteins that influence frq tran-
scription through modifications of the chroma-
tin structure at the frq locus. The frq promoter
has two unique elements, the proximal LRE
(pLRE) and the Clock Box (c-box) (Froehlich
et al. 2003). The heterotrimeric, light-activated
WCC binds to the pLRE in response to light,
but the heterodimeric, dark-active WCC binds
to the c-box to regulate the rhythmic expres-
sion of frq that is necessary for proper clock
function in continual darkness (Froehlich et al.
2003; Gooch et al. 2014). This binding is facili-
tated by chromatin remodelers, including the
positive regulators Clock ATPase (CATP),
SWItch/SucroseNonFermentable (SWI-SNF),
Chromodomain helicase DNA-binding (CHD-
1), and Defective in methylation (DIM-2), and
the negative regulators Clockswitch (CSW-1)
and Su(var)3–9-enhancer-of-zeste-trithorax-1

and 2 (SET-1 and SET-2) (Fig. 4.2a). CATP
positively regulates frq expression via its pro-
motion of the removal of histones at the frq
locus, allowing for WCC binding (Cha et al.
2013). Once the WCC binds to the c-box, it
recruits the SWI-SNF complex, which removes
a nucleosome that partially covers the c-box
and likely loops the DNA, bringing the WCC
closer to the transcription start site (Zhang
et al. 2006; Wang et al. 2014). CHD-1 also con-
tributes to necessary changes in frq chromatin
structure to aid transcription, and DIM-2-
catalyzes the removal of transient DNA meth-
ylation that helps set clock phase timing
(Belden et al. 2011). The protein CSW-1 is
involved in the final stages of closing the clock’s
feedback loop, compacting the chromatin
structure at the c-box to down-regulate frq
expression (Belden et al. 2007b). SET-1 and
SET-2 further this process by methylating his-
tones H3K4 and H3K36, respectively, making
the chromatin less accessible (Raduwan et al.
2013; Sun et al. 2016). Only when these support-
ing proteins properly maintain the chromatin
architecture of the frq locus can the WCC com-
plete its positive activation of frq transcription
to maintain rhythmicity. Circadian rhythms in
histone modifications have also been detected
in mammal systems, and chromatin-modifying
proteins are important for the repression of
positive arm clock proteins (Koike et al. 2012;
Takahashi 2017).

B. The Negative Arm of the Clock

1. Oscillations in FRQ Protein and
Phosphorylation Levels Determine Clock
Period

Frequency’s role in determining clock period
was originally discovered through the isolation
of “banding” (bd) mutants with different period
lengths (Aronson et al. 1994; Feldman and
Hoyle 1973; Gardner and Feldman 1980; Loros
et al. 1986). In constant conditions (25 �C and
constant darkness), the bd strain displays a
conidial band once every 21.6 (� 0.5)
h (Fig. 4.1). However, mutants in the bd strain
were discovered to have periods ranging from
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16.5–19.0 h (short-period mutants) to 24.0–
29.0 h (long-period mutants) or to be
completely arrhythmic (Feldman and Hoyle
1973; Gardner and Feldman 1980; Aronson
et al. 1994). Many of the mutations in these
short- and long-period strains mapped to a
single locus, which was dubbed frequency (frq)
(Feldman and Hoyle 1973; Gardner and Feld-
man 1980, 1981; Loros et al. 1986).

Full-length FRQ is a largely disordered 989
aa long protein containing several smaller
potentially well-ordered domains that are
involved in the formation of the negative arm
protein complex. Due to the low proportion of
in silico predicted structure, FRQ was believed
to be an intrinsically disordered protein (IDP),
a protein that lacks a fixed or ordered three-
dimensional structure instead sampling a
hetergenous ensemble of conformations. This
prediction of disorder was demonstrated bio-
chemically as FRQ remained soluble after heat
treatment and was more quickly digested by
proteases (Hurley et al. 2013). While FRQ does
not have sequence homologs amongst all higher
eukaryotes, intrinsic disorder does appear to be
conserved among negative arm proteins, sug-
gesting that disorder is a key feature of negative
arm proteins (Hurley et al. 2013).

There are two isoforms of FRQ that are the products of
alternate translation start sites, Long-FRQ (989 aa) and
Short-FRQ (889 aa, missing the first 100 amino acids),
which are thought to contribute to temperature com-
pensation of the clock (Garceau et al. 1997), as previ-
ously discussed in Sect. II.B. Both FRQ isoforms
encompass several key protein-protein interaction
domains, including the coiled-coil interaction domain
that allows for the dimerization of FRQ (necessary for
rhythmicity; Cheng et al. 2001a), the nuclear localiza-
tion region (Luo et al. 1998), and the FRQ-CK1 inter-
acting domains FCD1 and FCD2 (Querfurth et al. 2011).
In addition, both isoforms contain two predicted pro-
line, glutamic acid, serine, threonine (PEST) domains
that may be important for protein turnover, PEST-1
and PEST-2 (Merrow and Dunlap 1994). Thus far, the
only in vivo evidence that these domains act in protein
turnover is that the PEST-1 region is phosphorylated
before FRQ is degraded (Liu et al. 2000; Görl et al. 2001;
Baker et al. 2009). Finally, the isoforms include an FRQ-
FRH interacting domain called the FFD (Guo et al.
2010). These interaction domains contribute to the
formation of the larger negative arm complex, the
Frequency-FRH Complex (FFC) (Baker et al. 2009;

Guo et al. 2010; Querfurth et al. 2011; Hurley et al.
2013).

FRQ transcript and protein levels oscillate
on a daily basis as a result of the activity of the
WCC. At the beginning of the circadian cycle,
WCC activates frq expression, and approxi-
mately 4 h later there is a peak in translated
FRQ levels (Garceau et al. 1997; Merrow et al.
1997). Shortly after translation, FRQ dimerizes
with itself and binds to FRQ-interacting RNA
Helicase (FRH) to form the FRQ/FRH complex
(FFC); all FRQ is found in complex with FRH in
a two to one ratio (Cheng et al. 2001a, 2005;
Baker et al. 2009). This interaction helps to
stabilize FRQ and is discussed further in Sect.
III.B.2 (Cheng et al. 2005; Hurley et al. 2013).
Many kinases act to phosphorylate FRQ (see
Sect. III.D for more details) and this phosphor-
ylation allows the FFC to enter the nucleus early
on in the cycle to repress WCC activation of frq
transcription, closing the negative feedback
loop (Fig. 4.2) (Cheng et al. 2005; Hong et al.
2008; Baker et al. 2009; Cha et al. 2011). Phos-
phorylation eventually leads to FRQ degrada-
tion via the ubiquitin-proteasome pathway
(Fig. 4.2), and a new wave of FRQ protein is
translated as the circadian cycle continues (He
and Liu 2005a; Larrondo et al. 2015).

In addition to direct WCC regulation, fur-
ther transcriptional regulation supports robust
oscillations in frq mRNA levels. The WCC acti-
vates transcription of frq’s long non-coding
antisense transcript, qrf (frq spelled back-
wards) in response to light by utilizing a pro-
moter in the 30 UTR of frq, and this aids in light
resetting of the clock (Kramer et al. 2003). In
constant darkness, qrf expression is also regu-
lated by another unknown mechanism (Xue
et al. 2014). Data suggests that qrf silences frq
expression to tune the timing and period of the
clock, yielding more robust oscillations of frq
by counteracting any “leaky” frq expression
that would lead to dampening of the central
oscillator. However, two competing models
suggest two distinct mechanisms as to how
this occurs. These include either the stalling/
collision of the RNA polymerases transcribing
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frq and qrf (Xue et al. 2014) or transcriptional
permissiveness at the frq locus (Li et al. 2015).
As the mammalian clock also contains an anti-
sense RNA to the negative arm proteins, the
answer to this debate has implications for
clock regulation in higher eukaryotes (Li et al.
2015; Xue et al. 2014).

In addition to the transcriptional regulation
of frq, there is also regulation that occurs at the
level of translation. One mechanism arises from
the presence of non-optimal codons within
frq’s open reading frame. Among the codons
used to code for the same amino acid, some
codons occur less often than others genome-
wide and these are termed non-optimal codons.
Non-optimal codons correlate to low copy
numbers of a given tRNA and therefore are
thought to result in slower translation elonga-
tion rates (Zhou et al. 2013). The sequence of
frq is biased toward more non-optimal codons
and evidence suggests that this codon bias is
important for the stability of the resulting FRQ
protein. When more frequently occurring
codons were substituted into the N-terminus
of the frq open reading frame, the clock no
longer functioned (Zhou et al. 2013). As more
optimal codons are thought to lead to faster
rates of translation elongation, the loss of
rhythmicity was attributed to the improper
folding of FRQ, similar to results obtained
from the codon optimization of the negative
arm protein PER in Drosophila (Zhou et al.
2013; Fu et al. 2016). Alternatively, and to
include the more recent data showing that
FRQ is an IDP, if FRQ is translated too quickly,
it may not have a chance to bind with its stabi-
lizing “Nanny” FRH (see also Sect. III.B.2),
which could lead to rapid degradation (Hurley
et al. 2013). Regardless of the mechanism, the
conservation of non-optimal codons within frq
appears to be essential for circadian regulation
inN. crassa and other organisms (Xu et al. 2013;
Fu et al. 2016).

A second mechanism of FRQ translational
regulation lies in the many upstream Open
Reading Frames (uORFs) of frq. The frq tran-
script contains an approximate 1.5 kb untrans-
lated region at its 50 end (50 UTR) that includes
six uORFs (Garceau et al. 1997; Liu et al. 1997).

When most of the 50 UTR was deleted, FRQ
levels increased, suggesting that ribosome scan-
ning through uORFs could decrease levels of
FRQ under some conditions (Liu et al. 1997).
However, unpublished experiments suggest
that the deletion of those six uORFs had no
effect on the clock’s overall rhythmicity and
did not shorten the 4 h lag between peak frq
mRNA and peak FRQ protein levels (Garceau
et al. 1997). Interestingly, uORFs are also con-
served in multiple clock proteins as a regu-
latory mechanism in mammals (Janich et al.
2015).

2. FRQ-Interacting RNA Helicase (FRH)
Supports FRQ as a “Nanny” Protein

While all FRQ is associated with FRH, only
~40% of FRH within the cell is bound to FRQ,
with the other ~60% presumably carrying out
other functions within the cell (Cheng et al.
2005). These functions are likely related to
RNA surveillance, as FRH is a DEAD-box-type
RNA Helicase protein and is homologous to
Mtr4p in Saccharomyces cerevisiae, which
assists in RNA metabolism via its interaction
with the exosome (Lykke-Andersen et al. 2011).
FRH interacts with exosome proteins in N.
crassa (e.g., RRP44), has been found to bind
frq mRNA and influence its stability, and is
also a functional RNA helicase (Guo et al.
2009; Morales et al. 2018).

FRH has many homologs among fungal and animal
species, including some involved in the clock complex
(Cheng et al. 2005; Padmanabhan et al. 2012), and has a
well-characterized and conserved overall structure
(Conrad et al. 2016; Morales et al. 2018). Four domains
form a ring-like structure (two canonical RecA-like
domains, a small winged helix domain, and a helical
DSHCT domain) and a fifth domain forms an arch
domain or “arm” that spans across one side of the
ring and ends in a KOW or “fist” module (Conrad
et al. 2016; Morales et al. 2018). A known binding
region for FRQ is found in an additional domain (aa
100–150) within the largely unstructured N-terminus,
and the KOW/fist domain includes a binding site for
WCC interaction that can be further modulated by an
interaction with VVD (Hunt et al. 2010; Shi et al. 2010;
Hurley et al. 2013; Conrad et al. 2016; Morales et al.
2018).
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Given the clear homology in structure with
other RNA helicases and the demonstrated
ATPase RNA Helicase function, it was
surprising when a strain with a point mutation
(R806H) in the KOW domain of FRH had
healthy growth but an arrhythmic clock
(Shi et al. 2010). This suggested that FRH’s
ATPase function did not explain its role in
the core clock. Further support for FRH play-
ing dual roles within the cell came from an
additional mutant strain where FRH lost its
ATPase function yet still supported a func-
tional clock (Hurley et al. 2013). Moreover,
the downregulation of FRH caused an ~80%
reduction in FRQ protein levels (Cheng et al.
2005). In total, this suggested that FRH plays a
structural function to support or act as a
“Nanny” protein for the intrinsically disor-
dered protein FRQ and protect it from prema-
ture turnover (Hurley et al. 2013). Without the
stabilizing influence of FRH, FRQ phosphory-
lation profiles are impacted and FRQ becomes
more prevalent in the nucleus rather than the
cytoplasm, highlighting the importance of
FRH’s Nanny role for FRQ to function in the
clock (Cheng et al. 2005; Guo et al. 2010;
Cha et al. 2011; Hurley et al. 2013).

C. The Negative Arm Represses the Positive
Arm to Close the TTFL

While a great deal is known about the activa-
tion that drives the transcriptional portion of
the TTFL, the mechanistic underpinnings of
WCC repression, the “closing of the loop,” is
not as well understood. What is known is that
the FFC represses WCC transcriptional activity
at the frq locus via a direct interaction which
involves at least three key regions of FRQ
(Aronson et al. 1994; Cheng et al. 2005; He
and Liu 2005a; He et al. 2006; Guo et al. 2010).
Within the clock complex, WC-2 can interact
independently with WC-1 and FRQ and is
thought to be required for the interaction
between WC-1 and FRQ (Denault et al. 2001).
In addition, recent evidence shows that in the
dark, the “DBD” motif in WC-1 is also neces-
sary for the interaction with the FFC (Wang
et al. 2016). Finally, FRH has also been shown

to interact independently with the WCC (Hunt
et al. 2010), highlighting the complexity of the
interactions within and between the core clock
complexes.

However, direct interactions do not
explain the functional mechanism of repres-
sion, and until recently there were two com-
peting theories of how repression occurs. The
first potential mechanism involves the deacti-
vation of the WCC via phosphorylation by
FRQ-associated kinases, which is thought to
lead to the repression of WCC transcriptional
activation of frq (Cheng et al. 2001b; Froehlich
et al. 2003; Schafmeier et al. 2005; He et al.
2006; Wang et al. 2019). It is known that
hyper-phosphorylated WCC has a weaker
affinity for DNA and that the WCC is not
phosphorylated unless it interacts with FRQ
(Schafmeier et al. 2005; He et al. 2006; Wang
et al. 2019). Recently, the specific clusters of
phosphorylation sites that are important for
decreased DNA binding have been identified,
with phosphorylations near the zinc-finger
binding domains of both WC-1 and WC-
2 being important for repression of WCC
activity (Wang et al. 2019). Additionally,
there is some support for a second, “clear-
ance-based” model of repression. Research
has shown that oscillations in WCC phosphor-
ylation and de-phosphorylation may also be
important for the localization of the WCC
complex (Schafmeier et al. 2008; Wang et al.
2016). There is evidence that FFC binding to
the WCC in the nucleus leads to the export of
the WCC to the cytoplasm (Hong et al. 2008).
This would suggest that repression could
occur via degradation or nuclear exclusion of
the WCC due to the physical interaction
between the WCC and the FFC (Hong et al.
2008). In the end, neither mechanism is mutu-
ally exclusive, and a two-step process has been
suggested where the WCC is removed from the
DNA (by phosphorylation) and then exported
to the cytoplasm and thereby sequestered
(Fig. 4.2) (Cha et al. 2008). Whether closure
of the clock’s negative feedback loop is
restricted to WCC phosphorylation, or also
includes nuclear export, the study of these
repression mechanisms in N. crassa has, and
will continue, to inform the understanding of
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similar mechanisms in higher eukaryotic clock
systems (Yoshitane et al. 2009; Mahesh et al.
2014).

D. Post-translational Modifications in Clock
Regulation

1. Kinases Play an Essential Role in Circadian
Timing

Post-translational modifications, such as phos-
phorylation, are central to the functioning of the
positive and negative arm of the core clock inN.
crassa and other clock systems (for more com-
plete reviews of the role of post-translational
modifications in higher eukaryotic systems, see
Mehra et al. 2009a; Weber et al. 2011; Hirano
et al. 2016). The addition of phosphate groups
by numerous kinases has been shown to affect
circadian timing by altering the stability of the
protein and its ability to form protein-protein
interactions. In N. crassa, these modifications
are carried out by the kinases CAMK1, CHK2
(PRD-4), CK1a, CK1b, CK2, GSK, and PKA,
which act on the core proteins of the negative
and positive arms of the clock (Fig. 4.2a).

As mentioned previously, FRQ is progres-
sively phosphorylated in a circadian manner
with over 85 different residues phosphorylated,
making FRQ one of the most highly phosphory-
lated proteins ever documented (Baker et al.
2009; Tang et al. 2009). CK1a has been sug-
gested to carry out much of this phosphoryla-
tion, as CK1a is found in complex with FRQ
and FRH throughout a large proportion of the
circadian day (Baker et al. 2009). Moreover,
when FRQ is not able to interact with CK1a,
FRQ is in a hypo-phosphorylated state and
shows increased stability (He et al. 2006; Quer-
furth et al. 2011). In addition, other kinases
such as CK2, PKA, CHK2 (PRD-4), CK1b, and
CAMK-1 interact more transiently with FRQ
and likely play a smaller role in its phosphory-
lation and circadian regulation (Yang et al.
2001, 2002; Pregueiro et al. 2006; He et al.
2006; Huang et al. 2007).

Throughout the daily cycle, different
regions of FRQ are phosphorylated in a clus-

tered manner by interacting kinases, and the
phosphorylation of these different FRQ seg-
ments can variously stabilize or de-stabilize
this protein (Baker et al. 2009). The kinase
PKA increases FRQ stability, while CK1a, CK2,
and CHK2 decrease FRQ stability over a circa-
dian cycle (Pregueiro et al. 2006; Huang et al.
2007). Phosphorylation also regulates FRQ’s
ability to interact with other proteins. The
extensive phosphorylation of FRQ affects its
half-life through increased affinity with ubiqui-
tin ligases, such as FWD-1 (He et al. 2003; also
see Sect. III.D). In addition, FRQ’s phosphory-
lation by CK2 decreases its ability to interact
with theWCC, necessary for the start of another
round of transcription in the circadian loop
(Cheng et al. 2001b; Yang et al. 2002). Besides
targeting FRQ for eventual degradation via the
ubiquitin-proteasome pathway (Fig. 4.2a),
these phosphorylations may affect FRQ’s IDP
conformation to regulate the time-specific
binding of its different interaction partners to
complete the negative feedback loop that deter-
mines clock period (He et al. 2006; Baker et al.
2009; Querfurth et al. 2011; Hurley et al. 2013;
Pelham et al. 2018).

There is also evidence that phosphorylation
regulates the positive arm of the clock, influen-
cing the activity, interactions, and degradation
of the WCC. The WCC is able to bind to the frq
c-box promoter when hypo-phosphorylated,
but its transcriptional activity is reduced when
the WCC is phosphorylated first by PKA, which
acts as a priming kinase, followed by CK1a and
CK2 in a FRQ-dependent manner (He et al.
2006; Huang et al. 2007; Wang et al. 2019).
Beyond the canonical circadian kinases, Glyco-
gen synthase kinase (GSK) phosphorylates both
WC-1 and WC-2, presumably promoting WCC
degradation via phosphorylation, and the resul-
tant decrease in WCC levels lengthens the cir-
cadian period (Tataroğlu et al. 2012). Like WC-
1, WC-2 shows a circadian oscillation in phos-
phorylation (Schafmeier et al. 2005), with
increasing WC-2 phosphorylation leading to a
decrease in overall WCC activity.
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2. Phosphatases Support the Proper Timing of
Circadian Period and Phase

Phosphatases are a group of widely conserved
post-transcriptional modifiers that remove
phosphate groups and have demonstrated
importance for proper clock function. Three
protein phosphatases, PP1, PP2A, and PP4, all
play a role in supporting the core clock (Cha
et al. 2008; Yang et al. 2004). PP1 and PP4
support FRQ stability and therefore proper
phase timing and period length, and PP2A is
important for maintaining the proper frq
mRNA level (Yang et al. 2004; Cha et al. 2008).
However, the most detailed study of FRQ phos-
phorylation showed only progressive phos-
phorylation. Without in vivo evidence for de-
phosphorylation, the effects of phosphatases on
FRQ may thus be indirect (Baker et al. 2009).
Indeed, some of these phosphatases also act on
the WCC and thereby may affect frq levels and
FRQ protein via the core feedback loop. For
example, PP2A and PP4 de-phosphorylate the
WCC, while it is in the cytosol. This is impor-
tant as this de-phosphorylation potentially
impacts the ability of the WCC to re-enter the
nucleus and start a new round of transcription,
suggesting that the major impact of phospha-
tases on FRQ is via the positive arm (Fig. 4.2a)
(Cha et al. 2008; Schafmeier et al. 2005, 2008).
Phosphatases also play an important role in the
circadian clocks of Drosophila and mammals,
modulating the phosphorylation state of clock
proteins such that an approximately 24 h
period is maintained (Reischl and Kramer
2011).

E. Ubiquitination and Degradation Contribute
to a Robust Circadian Clock

While not all phosphorylation leads to degra-
dation, the overall progressive phosphorylation
of FRQ is associated with its regulated turnover
by the ubiquitin-proteasome pathway (Gar-
ceau et al. 1997; Liu et al. 2000; Baker et al.
2009; Guo et al. 2010). Following the phosphor-
ylation of FRQ, particularly in the PEST-1

region, FRQ is ubiquitinated by the F-box/
WD40 repeat-containing protein FWD-1,
which promotes FRQ’s degradation via the pro-
teasome (Fig. 4.2a) (He et al. 2003). FWD-1 is
part of an SKP/Cullin/F-box (SCF)-type E3 ubi-
quitin ligase complex that can bind phosphory-
lated FRQ motifs, with more FRQ
phosphorylation presenting more potential
FWD-1 binding sites (He et al. 2003; He and
Liu 2005a). When fwd-1 is knocked out, the
resulting strain is overtly arrhythmic; hyper-
phosphorylated FRQ accumulates to high levels
and conidial banding is lost (He et al. 2003; He
and Liu 2005a). However, recent work using a
luciferase reporter system has shown that FRQ
degradation is not strictly required for the com-
pletion of the circadian feedback loop and the
maintenance of period length (Fig. 4.2b) (Lar-
rondo et al. 2015). By measuring in vivo lumi-
nescence from a strain expressing luciferase
under the control of a segment from the pro-
moter of frq that contains the c-box, circadian
rhythms in frq transcriptional activation were
found even when fwd-1 was knocked out (Lar-
rondo et al. 2015). This suggests that negative
arm protein degradation is not required for the
core circadian oscillator and is not actually a
determinant of clock period, and has since been
confirmed in a mammalian system (Larrondo
et al. 2015; Ode et al. 2017).

Even though FRQ degradation may not be
required for clock functionality, premature
FRQ degradation still leads to arrhythmic
strains (Guo et al. 2010; Hurley et al. 2013). As
an intrinsically disordered protein (IDP), with-
out its stabilizing FRH “Nanny,” FRQ is rapidly
degraded within 3 h through a passive “degra-
dation by default” pathway that does not
involve ubiquitination (Tsvetkov et al. 2009;
Guo et al. 2010; Hurley et al. 2013). Only when
protected by FRH can FRQ have a chance to
mature and carry out its circadian functions
before undergoing ubiquitination and targeted
degradation. This degradation by default path-
way also has implications for mammal clock
systems, since the negative arm PER proteins
are also predicted to be IDPs (Hurley et al.
2013).
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IV. Output: Clock Output Regulates
Cellular Physiology at the
Transcriptional and Post-
transcriptional Levels

The core circadian oscillator affects many pro-
cesses within the cell via transcriptional and
post-transcriptional regulation, termed the
clock’s “output” (Vitalini et al. 2006; Hurley
et al. 2014, 2018; Sancar et al. 2015). Regulation
occurs at multiple levels, including the regula-
tion of transcriptional cascades by the positive
arm of the clock and the more recent evidence
of post-transcriptional regulation of protein
levels (Smith et al. 2010; Hurley et al. 2014,
2018). For the purposes of this review, we will
discuss output in two sections: transcriptional
output and post-transcriptional output.

A. Transcriptional Regulation of Cellular
Output via the Circadian Clock

1. Circadian Transcriptional Activation of
Clock-Controlled Genes (ccgs)

The positive arm of the TTFL in animal and
fungal clocks acts as a “pioneer-like” transcrip-
tion factor to remodel chromatin and activate
the transcription of the negative arm as well as a
host of other genes, including other transcrip-
tion factors (Hurley et al. 2014; Menet et al.
2014; Smith et al. 2010). Chromatin-
immunoprecipitation (ChIP) sequencing iden-
tified that the WCC directly targets ~300 genes
near circadian dawn (Smith et al. 2010; Hurley
et al. 2014). Included in these WCC targets are
additional transcription factors that regulate
further groups of genes, creating a circadian
transcription factor cascade. Among the
detected WCC targets, a total of 28 transcrip-
tion factors were found, including ccg-9, sah-1,
nit-2, hsf-2, adv-1, bek-1, sub-1, sah-2, sre, mip-
1, and vad-2 (Smith et al. 2010). The binding
motif for the WCC is “GATCGA,” a sequence
that is also found in the c-box and LRE of the
frq promoter (Froehlich et al. 2002; Pavesi et al.
2004; He and Liu 2005b; Carlson et al. 2007;
Smith et al. 2010).

Deep sequencing has shown that the tran-
scriptional regulation stemming from the posi-
tive arm leads to up to 40% of genes within N.
crassa undergoing rhythmic changes in tran-
script levels under constant conditions; these
genes are termed clock-controlled genes or ccgs
(Fig. 4.2a) (Hurley et al. 2014; Loros et al. 1989;
Sancar et al. 2015). When the promoter
sequences of all detected ccgs were analyzed,
four motifs were found to be significantly
enriched at certain times of day: STACASTA,
GCRCTAAC, GRCGGGA, and GVCAGCCA,
with each motif associated with essential cellu-
lar processes (Hurley et al. 2014). It is impor-
tant to note that the set of ccgs varies to some
extent depending on what growth media is
used, showing that the clock can adjust its out-
put to current metabolic conditions (Hurley
et al. 2014). The extent and diversity of ccgs
highlights the broad effect of circadian regula-
tion in the cell and how the clock can fine-tune
cellular output based on its metabolic environ-
ment. The diversity of output is also seen in
higher eukaryotes, where as much as 80% of
genes fell under circadian regulation when a
wide variety of tissues were analyzed (Mure
et al. 2018).

2. Circadian Transcriptional Repression of ccgs
Is Vital to Clock Output

While the positive arm is generally considered a
transcriptional activator, some of its direct or
indirect targets are known transcriptional
repressors. We have already reviewed some of
these transcriptional repressors in the context
of input signals to the clock (see Sect. II for
discussions of VVD, CSP-1, RCO-1, and RCM-
1). In addition to being a clock nutrient sensor
and WC-1 transcriptional repressor, CSP-1 is
also a direct target of the WCC and is expressed
in a rhythmic fashion (Lambreghts et al. 2009;
Smith et al. 2010). Forming a complex with
RCO-1 and RCM-1, it modulates the expression
of ~800, mostly evening-specific, genes in N.
crassa that are predominantly involved in the
metabolism of lipids and glucose (Sancar et al.
2011; see Sect. II). It is predicted that CSP-1
regulates evening-specific gene expression by
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morning-specific repression of CSP-1 target
genes (Sancar et al. 2011).

Carbon catabolite regulation-1 (CRE-1) is
also a WCC-regulated repressor that interacts
with RCO-1 and RCM-1 to inhibit the transcrip-
tion of genes related to the use of alternative
carbon sources when glucose is present, other-
wise known as carbon catabolite repression
(Bailey and Arst 1975; Hurley et al. 2014; Cuper-
tino et al. 2015; Adnan et al. 2017). Among
other things, CRE-1 is an inhibitor of glycogen
synthesis and represses glycogenic genes, such
as gsn, gbn, and gnn (Cupertino et al. 2015).
Interestingly, the WCC and other WCC-target
transcription factors, such as Viability Of
Spores-1 (VOS-1) and CSP-1, also target these
glycogenic genes, highlighting the complexity
of clock regulation of ccgs (Smith et al. 2010;
Baek et al. 2019). An additional example, the
NOT1-CCR4 (negative on TATA 1-carbon
catabolite repression 4) complex regulates
WCC stability and is important for circadian
phase determination (Fig. 4.2a) (Huang et al.
2013). NOT1 acts directly on the WCC and its
mRNA displays circadian oscillations in a simi-
lar phase to frq (Huang et al. 2013). When
NOT1 or CCR4 levels are reduced, the clock’s
phase is delayed by 3–4 h (Huang et al. 2013).
These examples show that not all clock output
involves transcriptional activation but that
transcriptional repressors are also important
for the clock, including some clock-regulated
repressors that feedback onto the core clock
itself.

B. Post-transcriptional Regulation via the
Circadian Clock

While transcriptional regulation has long been
considered the primary output of the circadian
clock, recent research suggests that clock out-
put is also regulated post-transcriptionally. The
initial evidence for this post-transcriptional
regulation is the mismatch between promoter
activation and steady state mRNA levels for a
given gene (Fig. 4.3a). There are many genes
whose promoters are rhythmically activated

but whose steady-state mRNA levels remain
constant and vice versa (Hurley et al. 2014).
This post-transcriptional regulation occurs at
the protein level as well, as approximately one
quarter of reliably detected proteins oscillate
with a circadian period but 40% of these arise
from transcripts that are not oscillating
(Fig. 4.3a) (Hurley et al. 2018). Moreover,
post-transcriptional regulation appears to be
circadianly directed. For example, differential
peak phase timing of enzymes that are rhyth-
mic only at the protein level within central
metabolic pathways yields a coordination of
peak timing within pathways such as glycolysis
and the TCA cycle that peak anti-phase to the
alternate pentose-phosphate pathway (Hurley
et al. 2018). Many similar studies in higher
eukaryotes demonstrate that circadian post-
transcriptional regulation is conserved (Beck-
with and Yanovsky 2014; Koike et al. 2012;
Kojima et al. 2011).

There are several circadianly regulated
mechanisms that impart circadian post-
transcriptional output, including mRNA degra-
dation, translation rates, and protein degrada-
tion. The FFC interacts with components of the
exosome, which facilitate a circadian influence
over mRNA degradation (Guo et al. 2009). The
clock also regulates MAPK pathways that
impact the phosphorylation state of translation
factors, such as translation elongation factor
eEF-2 (Lamb et al. 2011, 2012; Bennett et al.
2013; Caster et al. 2016). eEF-2 has lower phos-
phorylation levels and therefore higher activity
near subjective dusk, a time when there seems
to be more energy available for translation, as
well as more translation initiation factors and
ribosomes (Fig. 4.3b) (Caster et al. 2016; Hurley
et al. 2018; Kafri et al. 2016). Finally, circadian
regulation of E3 ubiquitin ligases could yield
rhythms in protein degradation (Lück et al.
2014; Hurley et al. 2018). As clock regulation
affects numerous additional cell regulatory sys-
tems, there may be many other avenues
through which the clock can direct post-
transcriptional regulation (Hurley et al. 2014,
2018; Sancar et al. 2015).
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C. Circadian Output Interfaces with Many
Cellular Systems

The output generated from the circadian oscil-
lator regulates many vital processes within the
cell, the foremost of which is cellular metabo-
lism. There are connections between the clock
and metabolism that result in changes in clock
output depending on the type of growth media,
as discussed in Sect. IV.A.1, as well as some ion
cycles that may in fact be circadianly-regulated
(Hurley et al. 2014, 2016b; Feeney et al. 2016;
Dunlap and Loros 2016). Overall, gene ontolo-
gies related to metabolic functions are highly

enriched for ccgs at both the transcript and
protein levels (Hurley et al. 2014, 2018; Sancar
et al. 2015). These include, at the transcrip-
tional level, the division between anabolic and
catabolic pathways between subjective night
and subjective day, while at the protein level,
there is an overall peak in enzymes in many
energy pathways near circadian dusk (Hurley
et al. 2014, 2018; Sancar et al. 2015). Other
studies have looked at oscillations within the
cell that may occur outside the circadian feed-
back loop involving the WCC and the FFC,
though many of these oscillations are not in
fact compensated and so cannot be considered

Fig. 4.3 Circadian output is highly impacted by post-
transcriptional regulation. (a) Circadianly regulated/
rhythmic promoter activity or steady-state mRNA
levels do not necessarily lead to oscillations at the
level of the mRNA or protein. Similarly, oscillations at
the level of mRNA or protein can happen despite con-
stitutive promoter activity or steady-state mRNA levels.
This suggests there is a significant amount of post-
transcriptional regulation on circadian output. (b)
There are some proposed mechanisms that may under-

lie circadian post-transcriptional regulation. First,
excess amounts of high energy compounds, active ribo-
somes, and eukaryotic initiation factors (eIF) are avail-
able in the subjective circadian evening in Neurospora
crassa, when rhythmic proteins reach peak levels. Sec-
ond, the N. crassa translation factor eukaryotic elonga-
tion factor 2 (eEF-2) is less phosphorylated (cyan stars)
in the circadian evening, which increases the transla-
tion elongation rate, likely yielding more proteins
reaching peak levels at this time
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truly circadian (see Dunlap and Loros 2017 for
a recent review). While there is much more to
learn about these cellular oscillations, it is
interesting that studies continue to find previ-
ously unknown links between these oscillations
and the circadian clock, such as a widely con-
served daily oscillation in Mg2+, which can now
be explained by clock regulation of genes
involved in both active ion transport (via
pumps) and passive ion channels (Feeney
et al. 2016; Dunlap and Loros 2016).

In addition, the clock plays a role in the
regulation of the cell cycle. Hong et al. (2014)
found that there was an overall circadian
rhythm in mitosis, with most cells dividing in
the evening, while morning is the peak time for
cells to be in interphase. The circadian clock
rhythmically regulates the kinase STK-29 and
the G1 and G2 cyclins, CLN-1 and CLB-1, which
in turn regulate entry into mitosis (Hong et al.
2014). The clock and cell cycle are also
interconnected by Chk2 (PRD-4 in N. crassa),
a key kinase in both processes, and it is through
this kinase that the cell cycle can impact the
clock (Pregueiro et al. 2006). Chk2 binds to
FRQ and phosphorylates it in a DNA damage-
dependent manner, triggering destabilization
and leading to FRQ degradation, shifting the
phase of the clock and enabling circadian
responsiveness to DNA damage (Gamsby et al.
2009; Pregueiro et al. 2006). This research in N.
crassa demonstrates that the cross-talk between
the circadian clock and cellular systems contri-
butes to the optimal timing of cellular growth
and development, important relationships that
are conserved and are now being elucidated in
higher eukaryotes (e.g., Gaucher et al. 2018;
Reinke and Asher 2019).

V. Methods for Detecting Circadian
Rhythms

As noted earlier (see Sect. I), for something to
be defined as a circadian rhythm, the period
must be free running and at or near 24 h. There-
fore, to identify circadian rhythms in Neuros-
pora crassa, it is standard procedure to collect a
time series of regularly recorded observations

under constant conditions, after a strong reset-
ting cue is given. From this time series, the
period, amplitude, and phase can be calculated,
as it can be for any oscillatory wave. To look at
rhythms in vivo in N. crassa, two common
methods are utilized: the “band” or bd mutant
strain background and a luciferase reporter
system. To track the period of the clock using
the bd mutant background, the strain of inter-
est with a bd background is grown in constant
conditions on a race-tube, a long glass tube
with agar media in the bottom (Fig. 4.1).
Bands of conidia and aerial hyphae form at
regular intervals as the strain grows and the
periodicity of this banding is linked to the cir-
cadian clock (Brandt 1953; Pittendrigh et al.
1959). This banding is used as a proxy for the
clock but in reality is a measure of the period-
icity of the clock’s output.

To look more directly at the core clock, a
luciferase reporter system was developed using
an N. crassa codon-optimized luciferase gene
from fireflies fused to a promoter region or
gene of interest. When fused to the core clock
gene frq or its promoter, this system allows for
the tracking of changes in steady-state protein
levels or transcriptional activity, respectively,
over the course of multiple days (Gooch et al.
2008; Larrondo et al. 2012; Morgan et al. 2003).
With the advent of RNA microarrays, RNA-
sequencing and mass spectrometry, ex vivo
methods of tracking rhythms in mRNA or pro-
tein levels have allowed further investigation of
circadian regulation within the cell. Samples are
extracted from tissue grown under constant
conditions, which has been shown to preserve
the oscillations in clock genes and proteins in
N. crassa (Loros et al. 1989). From the extracted
samples, a variety of assays and computational
approaches can be performed to measure
rhythms in the core clock and identify clock
output, including Western blots, qPCR, RNA-
seq, and proteomics (e.g., Hurley et al. 2014,
2018). Novel techniques and technologies are
developed in N. crassa on a regular basis to
allow circadian biologists to learn more about
the core clock and its regulation of cellular
output (e.g., De los Santos et al. 2017; Pelham
et al. 2018).
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VI. Clock Conservation in Fungi

Neurospora crassa is not only a model for
clocks in higher eukaryotes but is a model for
clocks in other fungi. An analysis of 64 fungal
genomes based on the N. crassa circadian genes
frq, wc-1, wc-2, frh, and fwd-1 (Salichos and
Rokas 2010) showed that FRH and FWD-1
were the earliest conserved clock proteins, not
surprising based on their other essential func-
tions in the organism (Jonkers and Rep 2009;
Putnam and Jankowsky 2013). WC-1 and WC-
2 are further along the evolutionary tree and
FRQ is the most recently evolved protein, with
sequential homologs appearing in only three
classes within the Ascomycetes: Sordariomy-
cetes, Leotiomycetes, and Dothideomycetes
(Salichos and Rokas 2010). However, as FRQ
is a known IDP, and it has been documented
that there is little conservation of sequence
among IDPs, it is likely that the functional
homologs of FRQ may not have sequence
homology and that other negative arm proteins
exist in the wider fungal families (Hurley et al.
2013). Though many species contain homologs
of clock proteins, and some even display oscil-
latory phenotypes (e.g., Podospora anserina),
so far only a few fungi that display measurable
phenotypic or molecular rhythms have been
shown to be truly circadian, such as the
rhythms in Ascomycetes Sordaria fimicola, Pyr-
onema confluens, Botrytis cinerea, Aspergillus
flavus, and Cercospora kikuchii and the Basid-
iomycete Neonothopanus gardneri (Brandt
1953; Austin 1968; Lysek and Esser 1970;
Greene et al. 2003; Bluhm et al. 2010; Hevia
et al. 2015, 2016; Traeger and Nowrousian
2015).

B. cinerea has the best molecular and phe-
notypic evidence for a fungal circadian clock
outside ofN. crassa (Montenegro-Montero et al.
2015). It has orthologues of frq, wc-1, and wc-
2 (bcfrq1, bcwcl1, and bcwcl2, respectively), and
the clock has been shown to maximize viru-
lence through the control of its sexual and
asexual cycle (Schumacher and Tudzynski
2012; Canessa et al. 2013; Hevia et al. 2015). In
contrast, while the Aspergillus family does not
contain a recognized frq homolog, they do have
wc-1 and wc-2 homologs and evidence of circa-

dian regulation. The level of the gpdA gene may
oscillate under free running conditions in A.
nidulans, and A. flavus has rhythms in sclerotia
formation (Greene et al. 2003). Cercospora
kikuchii, of the Dothideomycetes subclass, dis-
plays phenotypic rhythms through concentric
hyphal rings which persist on Petri dishes
under free-running conditions for several days
that are both temperature-compensated and
dependent on a white collar-like gene (Bluhm
et al. 2010). Through these examples it can be
seen that the clock of N. crassa can be used to
gain further insights into the clocks of other
fungi.

VII. Summary

Neurospora crassa is a key model organism for
research into the molecular mechanism of the
circadian clock. All of the above discussed ele-
ments of clock function were, at least in part,
discovered through the use of molecular and
genetic techniques in N. crassa. The more that
is understood about the clock in N. crassa,
including the similarity of its basic architecture
and circadian output to the clocks in higher
eukaryotes, the more we understand what this
organism has to contribute as a model system
to studies of clocks in other eukaryotes. It is
therefore likely that N. crassa will continue to
contribute as a model for circadian and fungal
research for years to come.
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I. Introduction

Fungi are one of the oldest groups of organisms
on the Earth, where they play pivotal roles in
maintaining life by participating in nutrient
recycling and symbiosis with plants. Despite
their benefits to the planet, they also put in
risk the survival of other species, including
humans, when they are genuine or opportunis-
tic pathogens. Besides, we use several fungi for
our own benefit in different aspects from food
to the treatment of diseases. Thereby, under-
standing the biology of fungi at different levels
ranging from ecology to molecular details is
essential, although this kingdom received little
attention in the past apart from some classical

models such as yeasts, Neurospora crassa, and
Aspergillus nidulans. Fortunately, the study of
fungi is living now an exciting period with
spectacular advances in our knowledge about
the molecular mechanisms underlying the
fascinating responses of these organisms to
their faced environmental challenges. Several
examples are showing how fungi can adapt
rapidly to stressful situations that can put
their lives at risk, such as the presence of anti-
fungal drugs and high temperature (Calo et al.
2014; Chang et al. 2019; Kronholm et al. 2016;
Noble et al. 2016; Slepecky and Starmer 2009).
In this context, non-coding small RNAs
(sRNAs) play essential roles in genome integ-
rity preservation, gene expression, phenotypic
plasticity, and the ability to interact with other
organisms via the conserved eukaryotic RNA
interference (RNAi) pathway, known also as
the RNA-mediated gene silencing mechanism,
which mainly represses the expression of
target genes at the transcriptional or post-
transcriptional level (Torres-Martı́nez and
Ruiz-Vázquez 2017).

The phenomenon of RNAi was initially dis-
covered in plants when the introduction of the
chalcone synthase gene in petunia suppressed
the expression of both the transgene and the
endogenous gene, a phenomenon called co-
suppression (Napoli et al. 1990). Several RNAi
pathways have been described in fungi (Chang
et al. 2012; Torres-Martı́nez and Ruiz-Vázquez
2017; Villalobos-Escobedo et al. 2016) and
other species, but the basic conserved machin-
ery (Fig. 5.1) comprises an RNase III protein,
called Dicer, which produces the sRNA mole-
cules from a double-stranded RNA (dsRNA)
precursor. These sRNAs, which receive differ-
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ent names depending on their function and
features (Table 5.1), are bound to an Argonaute
(Ago) protein that uses one strand of these
sRNAs to guide selective destruction, transla-
tional repression, or transcriptional suppres-
sion of target RNAs. Fungi, as plants and
nematodes, present an additional RNA-
dependent RNA polymerase (RdRP) protein
that generates dsRNA from single-strand RNA
(ssRNA) acting as inducers or amplifiers of
sRNA signals (Torres-Martı́nez and Ruiz-Váz-
quez 2017). Genes coding for the key RNAi

components are present in the genomes of
most fungi, except for some relevant examples,
such as Cryptococcus deuterogattii (Feretzaki
et al. 2016), some species of the phylum Micro-
sporidia and subphylum Ustilaginomycotina,
and those of the subphylum Saccharomycotina
and the class Wallemiomycetes (Choi et al.
2014; Nakayashiki et al. 2006; Laurie et al.
2008). Besides the core RNAi components, sev-
eral accessories proteins with secondary func-
tions have been described (Table 5.2). The high
number of fungi that may have a functional

Fig. 5.1 A simplified model for RNAi pathways in
fungi. Core components of the RNAi pathways are
depicted (Table 5.2). Fungi show a wide diversity of
specific RNAi-related pathways that carry out particu-

lar functions, which have been previously outlined in
great detail (Calo et al. 2017; Chang et al. 2012; Torres-
Martı́nez and Ruiz-Vázquez 2017; Villalobos-Escobedo
et al. 2016)
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RNAi mechanism suggests that it plays an
essential role in their biology, although in
some particular cases its absence might provide
some advantage (Drinnenberg et al. 2011; Nico-
lás et al. 2013; Wang et al. 2010). Despite the
original function of RNAi was to protect the
genome from deleterious movements of trans-
posable elements (TEs) and viruses, the basic
machinery has evolved in all groups of eukar-
yotes to generate specific pathways with endog-
enous regulatory functions. These pathways
produce particular types of sRNAs that are
involved in the regulation of gene expression
(Table 5.1) (Cerutti and Casas-Mollano 2006).
The most representative example of these regu-
latory sRNAs is the animal and plant micro-
RNA (miRNA) (Ghildiyal and Zamore 2009).
In fungi, various endogenous regulatory RNAi

pathways have also been described (Calo et al.
2017; Lee et al. 2010; Nicolas et al. 2010; Yu et al.
2018). These pathways interact with each other
at several levels, competing for and sharing
substrates, components, and cross-regulating
each other (Fig. 5.1) (Calo et al. 2017).

Several excellent reviews have examined the
RNAi-related pathways, types of sRNAs and
their associated functions in fungi (Chang
et al. 2012; Torres-Martı́nez and Ruiz-Vázquez
2017; Villalobos-Escobedo et al. 2016). In this
Chapter of The Mycota, we have updated the
most recent discoveries and contributions to
the field with particular emphasis on functional
aspects. Readers interested in mechanistic
details specific for each RNAi-related pathway
are advised to go through the indicated reviews
or the references in this Chapter.

Table 5.2 RNAi proteins in fungi

Core silencing proteins

Protein family Protein name Function

Argonaute AgoAGLQDE-2 (N. crassa)SMS2
(specific for MSUD in N. crassa)

They use one strand of sRNAs as a guide to bind
target RNAs. They have endonuclease activity

RNase III protein DicerDCRDCL Riboendonuclease that produce sRNA from a
dsRNA

RNA-dependent RNA
polymerase

RdRPQDE-1 (N. crassa)SAD-1
(specific for MSUD in N. crassa)

They generate dsRNA from ssRNA. A DNA-
dependent RNA polymerase activity has
described for some of them

Accessory silencing proteins
Protein family Protein name Function
RecQ DNA helicase QDE-3 (N. crassa) They promote aRNA production
RNA/DNA helicase SAD-3 (specific for MSUD in N.

crassa)Hrr1 (specific for
heterochromatin formation in S.
pombe)RnhA (M. circinelloides)

They act in unwinding nucleic-acid strands

SNF2 helicase-related
proteins

SAD-6 (specific for MSUD in N.
crassa)

Unpaired DNA detection during MSUD

Atypical RNase III
protein

R3B2 (M. circinelloides) Ribonuclease involved in the non-canonical RNAi
pathway

Protein with RNase III
domain

MRPL3 (N. crassa) Dicer-independent biogenesis of some milRNAs

Exonuclease QIP They remove the passenger strand from the double-
stranded siRNAs bound by ago proteins

Exoribonuclease Dhp (S. pombe) Dicer-independent biogenesis of sRNAs
Exonuclease ERI-1 (N. crassa) Biogenesis of disiRNAs
SAD-2 SAD-2 (specific for MSUD in N.

crassa)
Constitutes a scaffold protein in MSUD

SAD-4 SAD-4 (specific for MSUD in N.
crassa)

Production of masiRNAs

SAD-5 SAD-5 (specific for MSUD in N.
crassa)

Production of masiRNAs
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II. Protective Small RNAs

Soon after the discovery of co-suppression in
plants (Napoli et al. 1990), a similar RNAi phe-
nomenon in response to transgenes, named
quelling, was described in Neurospora crassa.
In this mechanism, the expression of genes
harbored in the genome was suppressed when
copies of the same gene were introduced
(Romano and Macino 1992). Similar responses
to transgenes were observed in other fungi
(Nicolás et al. 2003; Wang et al. 2010). The
RNAi mechanism was well-characterized in N.
crassa (Chang et al. 2012), which belongs to the
Ascomycota phylum, and subsequently this
characterization was extended to other signifi-
cant fungal phyla such as Mucoromycota and
Basidiomycota, represented by Mucor circinel-
loides (Torres-Martı́nez and Ruiz-Vázquez
2017) and Cryptococcus neoformans (Feretzaki
et al. 2016; Janbon et al. 2010; Wang et al. 2012),
respectively. These analyses and others
described below revealed that RNAi pathways
have a critical role in the maintenance of the
genome integrity in response to TEs and other
invading nucleic acids. Moreover, the RNAi
mechanism as a guard of the genome soon
acquired a secondary role in the function and
evolution of centromeres, probably due to the
high abundance of TEs in these specialized
regions of the chromosomes (Friedman and
Freitag 2017; Yadav et al. 2018).

A. Small RNAs in Genome Defense

RNAi-meditated protection mechanisms that
participate in the maintenance of genome
integrity have been identified in different stages
of fungal life cycles, reflecting their importance.

1. Defense Responses During Vegetative
Growth

The RNAi mechanism that acts in the defense
against exogenous nucleic acids during vegeta-
tive growth received different names such as
quelling in N. crassa (Romano and Macino
1992), mitotic-induced silencing (MIS) in C.

neoformans (Wang et al. 2012) or gene silencing
in M. circinelloides (Nicolás et al. 2003). How-
ever, they constitute basically the same mecha-
nism with particular details in each fungus that
affect the accessory RNAi proteins (Table 5.2)
and sRNAs features (Table 5.1) (Chang et al.
2012; Torres-Martı́nez and Ruiz-Vázquez
2017). In these pathways, the long dsRNA is
cleaved into double-stranded small-interfering
RNAs (siRNAs) of 21–25 nucleotides, which
bind to an Ago protein in the RNA-induced
silencing complex (RISC) (Fig. 5.1). In most
studied fungal models so far, the silencing is
associated with a dramatic decrease of mature
mRNA levels from target genes, whereas those
of primary transcripts are not affected, indicat-
ing that it is mainly a post-transcriptional gene
silencing (PTGS) phenomenon (Nicolás et al.
2003; Pickford and Cogoni 2003).

Full understanding of the function of the
silencing mechanism in genome defense
requires the identification of the triggering sig-
nal. Quelling and MIS are initiated when multi-
ple transgene copies are integrated in tandem
repeats in the genome (Cogoni et al. 1996;
Romano and Macino 1992; Wang et al. 2010).
This may also occur in M. circinelloides
although transgenes are maintained in self-
replicative plasmids, since in Mucorales these
plasmids are prone to form concatemers and
rearrange (Meussen et al. 2012; Michielse et al.
2004; Papp et al. 2013), which might favor the
formation of tandem repeats. How the siRNA
production is initiated in fungi is best charac-
terized for quelling in N. crassa. Tandem
repeats alone are not sufficient to induce
siRNA production since it also requires
double-stranded breaks and homologous
recombination (HR) (Yang et al. 2015). Repeti-
tive sequences are regions of genome instability
due to hyperrecombination events caused by
replication stress (Bzymek and Lovett 2001;
Vader et al. 2011). Thus, the proposed model
suggests that recombination intermediates pro-
duced during HR can be recognized by QDE-3,
a putative RecQ DNA helicase involved in
RNAi. This helicase might resolve the recombi-
nation intermediates into single-stranded DNA
(ssDNA), after recruiting the ssDNA-binding
complex (RPA) and the dual RdRP enzyme
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QDE-1 with RNA/DNA-dependent RNA poly-
merase activities, which produces an aberrant
single-stranded RNA (aRNA) and subsequently
the dsRNA that activates the RNAi pathway
(Fig. 5.1) (Liu et al. 2010).

In addition to transgenes, fungal genomes
naturally contain two main types of tandem
repetitive sequences, TE arrays, and ribosomal
genes (rDNA), which are known to be a major
source of genome instability (Butler 1992; Bzy-
mek and Lovett 2001; Vader et al. 2011). In fact,
several studies have revealed large amounts of
sRNAs derived from both types of loci in dif-
ferent fungi (Dumesic et al. 2013; Janbon et al.
2010; Nicolas et al. 2010), including qiRNA
(QDE-2-interacting small RNAs) and rasiRNAs
(repeat-associated small-interfering RNA) ori-
ginated from rDNA in N. crassa (Lee et al. 2009)
and transposons in the basidiomycete Pleuro-
tus ostreatus (Borgognone et al. 2018), respec-
tively. Even though qiRNA and the transgenes-
induced siRNAs have different origins, they
require the same RNAi components and are
the result of DNA damage (Chang et al. 2012;
Zhang et al. 2013). In addition, the RNAi path-
way suppresses transposon proliferation in sev-
eral fungi (Borgognone et al. 2018; Janbon et al.
2010; Nolan et al. 2005; Wang et al. 2010), and it
is required to maintain transgene tandem
repeats (Yang et al. 2015) and retrotransposon
arrays found in centromeres (Yadav et al.
2018).

An alternative mechanism to control TEs
during vegetative growth has been described
in C. neoformans. This mechanism identifies
transposon transcripts due to the presence of
suboptimal introns, which provokes that they
stall on spliceosomes. A spliceosome-coupled
and nuclear RNAi (SCANR) complex is able to
recognize these transposons transcripts stuck
on spliceosomes promoting siRNA production
that leads to control of transposons (Dumesic
et al. 2013).

Together, these observations suggest that
the principal function of the siRNA produced
from repeat regions is to maintain genome
stability, which is supported by the identifica-
tion of DNA damage-induced sRNAs and the
involvement of Dicer enzymes in the mainte-
nance of genome stability in plants and animals

(Bonath et al. 2018; Francia et al. 2013; Lu et al.
2018; Michalik et al. 2012; Wei et al. 2012).

2. Defense Responses in the Sexual Cycle

In addition to the RNAi mechanisms that oper-
ate in the vegetative growth to protect the
genome integrity, other RNAi pathways carry
out this function during sexual reproduction.
One of such RNAi mechanisms, called sex-
induced silencing (SIS), was described in C.
neoformans. This is a PTGS mechanism that is
triggered by tandem integration of a transgene
array both in opposite-sex mating and unisex-
ual reproduction. It shares the basic RNAi
machinery required for MIS, including Ago,
Dicer, and RdRP proteins (Wang et al. 2010,
2013). Beyond silencing exogenous transgenes,
SIS plays a critical role in transposon control
because RNAi mutants show an increase in
transposition/mutation rate and elevated levels
of siRNAs derived from repetitive TEs (Wang
et al. 2010, 2013). Interestingly, the higher
robustness of SIS compared to MIS might be
related to the fact that transposons in C. neofor-
mans are more active during mating than dur-
ing vegetative growth (Wang et al. 2010, 2013).

An additional RNAi mechanism involved in
defense of the genome during the sexual cycle
has been described in species of the Ascomy-
cota phylum, such as N. crassa, Neurospora
tetrasperma, and Gibberella zeae (anamorph
Fusarium graminearum) (Ramakrishnan et al.
2011; Shiu et al. 2001; Son et al. 2011), suggest-
ing that it has evolved recently (Hammond
2017). This RNAi mechanism protects genome
integrity through silencing of all those DNA
sequences that remain unpaired during the
meiotic prophase I. Consequently, it was
named Meiotic Silencing by Unpaired DNA
(MSUD) (Shiu et al. 2001). This mechanism
seems to be mechanistically distinct from the
SIS of C. neoformans because SIS is not trig-
gered by unpaired DNA structures (Wang et al.
2010). The molecular mechanism of MSUD has
been studied in detail in N. crassa, where it can
be divided into a detection stage of unpaired
DNA between homologous chromosomes and a
silencing stage of unpaired DNA and any
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related sequences found at other locations in
the genome, regardless of their pairing state.
Nine proteins are involved in MSUD, three of
which correspond to the core components of
the canonical RNAi pathway and the rest per-
form specific functions of this mechanism
(Hammond 2017). In the latter group are
included SAD-5 and SAD-6, which are the
only proteins known to participate in the iden-
tification of unpaired sequences (Samarajeewa
et al. 2014). Despite the poor characterization of
the mechanism of unpaired DNA detection, this
process is thought to trigger the production of
an aRNA, which is recognized in the perinuc-
lear region by the proteins involved in the
silencing stage. Thus, a MSUD-specific RdRP
SAD-1 and the helicase SAD-3 (Hammond
et al. 2011, 2013a; Shiu and Metzenberg 2002;
Shiu et al. 2001) generate a dsRNA molecule
that is processed by Dicer DCL-1 into MSUD-
associated small-interfering RNAs (masiRNAs)
(Alexander et al. 2008). These are then bound
by AGO SMS-2, and the passenger is removed
by the exonuclease QIP (Lee et al. 2003; Xiao
et al. 2010). The identification of masiRNAs
derived from an unpaired transposon in a sex-
ual cross suggests that MSUD protects the
genome from transposons (Wang et al. 2015),
although another hypothesis points to the pro-
tection of the genome from meiotic drive ele-
ments, called spore killers, which rearrange
large genomic segments as part of the driving
mechanism (Hammond 2017).

Spore killers, described in Ascomycota phylum, are
single genes or complexes of genes that favor their
own propagation through meiosis and/or gametogen-
esis by killing the meiotic products not containing
them. The best characterized spore killer is sk-2 of N.
crassa (Turner and Perkins 1979). The sk-2 drive
mechanism requires that at least two distantly
located genes, a resistance gene called rsk and a killer
gene called rfk, inherit together during meiosis
(Campbell and Turner 1987). Tight linkage between
these two genes appears to be derived from chromo-
some rearrangements within the sk-2 element (Har-
vey et al. 2014). The sk-2, and also sk-3, suppresses
MSUD (Raju et al. 2007), suggesting that this block-
age allows the evolution of chromosome rearrange-
ments, which would be MSUD targets (Hammond
2017).

3. Antiviral Small-Interfering RNAs

The use of the RNAi pathway as an innate
immune system against viruses was one of the
first roles associated with this mechanism. Trig-
gering of siRNA production by dsRNA or
ssRNA viruses has been found in plants, flies,
worms, mammals, and fungi (Harvey et al.
2011; Jeang 2012; Segers et al. 2007; Wilkins
et al. 2005; Zambon et al. 2006). Among fungi,
this response has been intensively studied in
the ascomycete Cryphonectria parasitica, a fila-
mentous fungus that is the causal agent of
chestnut blight (Segers et al. 2007), and also
described in Colletotrichum higginsianum
(Campo et al. 2016), Aspergillus nidulans
(Hammond et al. 2008), Fusarium grami-
nearum (Yu et al. 2018), and Sclerotinia scler-
otiorum (Mochama et al. 2018). C. parasitica
produces an RNAi-mediated antiviral response
by the production of virus-derived siRNAs
(vsRNAs) (Table 5.1) that target and destroy
viral sequences. Although this fungus has two
dicer-like genes, four ago-like genes, and four
rdrp-like genes, only genes dcl2 and agl2 are
involved in the RNAi-mediated antiviral
response. Thus, single deletion mutants in any
of these two genes were defective in the produc-
tion of vsRNAs and highly susceptible to
mycovirus infections, resulting in a severely
debilitated growth (Segers et al. 2007; Sun
et al. 2009). Interestingly, the C. parasitica
RNAi mechanism also promotes recombina-
tion of viral genomic RNA, a central compo-
nent of virus evolution that contributes to the
emergence of new viruses (Sun et al. 2009;
Zhang and Nuss 2008).

The importance of the RNAi-mediated anti-
viral defense is reinforced by the fact that some
viruses present mechanisms of RNAi suppres-
sion. Thus, the hypovirus Cryphonectria hypo-
virus 1 (CHV1-EP173), a mycovirus that infects
C. parasitica, expresses the protein p29, a
papain-like protease, that inhibits the RNAi
pathway by repressing the transcriptional
induction of agl2 in response to virus infections
(Sun et al. 2009). Likewise, the existence of a
viral suppressor has also been demonstrated in
A. nidulans (Hammond et al. 2008).
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B. Small-Interfering RNAs in Chromosome
Function

In previous sections, we have described several
mechanisms that use siRNAs to protect the
genome from TEs. These protective mechan-
isms seem to be adopted by eukaryotic cells
during evolution to play other relevant func-
tions in the cells. This might be the case for the
formation of heterochromatin in different
regions of the chromosomes, particularly in
regional centromeres, where siRNAs play an
essential role (Pidoux and Allshire 2005; Volpe
and Martienssen 2011). Regional centromeres,
contrary to point centromeres, are long ranging
from few kilobases to megabases and made of
repetitive DNA that consists of either arrays of
satellite DNA or TEs or both (Roy and Sanyal
2011). TEs are proposed to play a more signifi-
cant role in the evolution of this type of cen-
tromeres, and their domestication may have
given rise to the dh/dg and a-satellite repeats
present in the centromeres of fission yeast
(Schizosaccharomyces pombe) and humans,
respectively (Gao et al. 2015; Wong and Choo
2004).

In fission yeast, RNAi plays a critical role in
heterochromatin formation, which it is
required for normal centromere function lead-
ing to chromosome segregation (Pidoux and
Allshire 2005). Dicer-independent sRNAs,
named primal RNAs or priRNAs (Table 5.1),
are the main effectors in the initiation of het-
erochromatin formation (Halic and Moazed
2010). The priRNAs are generated from ssRNAs
to later form a complex with Ago1 that targets
long non-coding centromeric transcripts. This
complex recruits the RdRP to synthesize
dsRNA, which is subsequently processed by
Dicer into secondary siRNAs. These secondary
siRNAs are loaded onto the RNA-induced tran-
scriptional silencing complex (RITS), which
includes Ago1. The binding of siRNA-
containing RITS to the nascent transcripts in
the centromeric regions recruits the Clr4
methyltransferase complex, which deposits the
H3K9me mark and HP1 family proteins leading
to heterochromatin formation (Martienssen
and Moazed 2015; Ugolini and Halic 2018).

In addition to the establishment of hetero-
chromatin formation in the centromeres, RNAi
also seems to play an essential function in cen-
tromere evolution in species belonging to the
phylum Basidiomycota. Here, RNAi and cyto-
sine methylation are proposed to maintain
repetitive transposon-rich centromeres, since
RNAi-deficient species or mutants from RNAi-
proficient species have shorter centromeres
(Yadav et al. 2018). This agrees with the fact
that fungi with RNAi systems have more total
DNA corresponding to TEs than RNAi-
deficient species, although fewer elements are
functional, reflecting stringent control over
transposition (Muszewska et al. 2017).

III. Small RNAs in the Regulation of
Gene Expression

Soon after the discovery of RNAi, the focus on
its defensive role gave way to a whole new
research field based on the endogenous regu-
latory functions of sRNAs. It was initiated when
miRNAs, previously identified and studied in
Caenorhabditis elegans (Lee et al. 1993), were
found to be conserved in most plants and ani-
mals. These discoveries opened an extensive
period in which the regulatory roles of RNAi
and endogenous sRNAs (esRNAs) were the hot
topic in molecular biology for several years.
Hundreds of miRNAs were found creating a
regulatory network that might involve more
than 60% of total genes in humans (Friedman
et al. 2009) and regulate most of the complex
biological processes in living cells such as
development, differentiation, maintenance,
cell death, and diseases associated with the mis-
regulation of these molecules (Esteller 2011;
López-Camarillo and Marchat 2013; Stefani
and Slack 2008). During this time, miRNAs
and other regulatory esRNAs were considered
to be absent in fungi, until molecules similar to
miRNAs and regulatory esRNAs were discov-
ered in Neurospora crassa and Mucor circinel-
loides, respectively (Lee et al. 2010; Nicolas et al.
2010). However, the regulatory role of esRNAs
has been scarcely studied in fungi because few
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RNAi-deficient mutants show altered pheno-
types in development or physiology. The most
remarkable exceptions to this general rule are
M. circinelloides and Trichoderma atroviride,
since mutants in core components of the
RNAi pathway show clear phenotypes asso-
ciated with deregulation of large numbers of
genes (Carreras-Villaseñor et al. 2013; Cer-
vantes et al. 2013; de Haro et al. 2009; Nicolás
et al. 2007, 2015; Trieu et al. 2015).

A. MicroRNA-Like Small RNAs

miRNAs are the most important small regu-
latory RNAs found in animals and plants as
they negatively regulate the expression of
hundreds of genes by either inducing degrada-
tion or repressing translation of the target
mRNAs (Carthew and Sontheimer 2009; Ghil-
diyal and Zamore 2009). In fungi, an in-depth
sequencing study of sRNAs interacting with
Ago proteins in N. crassa revealed a complex
system containing four different types of
sRNAs that shared several similarities with
miRNA, thereby named as miRNA-like small
RNAs (milRNA) (Lee et al. 2010). These four
classes of milRNAs were defined according to
the RNAi components that were required for
their biogenesis.

The synthesis of milRNAs type 1 (milR-1) depends on
the activity of Dicer, QDE-2, QIP, and MRPL3
(Table 5.2), whereas the synthesis of milRNAs type
2 (milR-2) only relies on the catalytic activity of QDE-
2, being totally independent of Dicer enzymes. \It is a
conserved protein harboring a predicted RNase III
domain similar to the well-known domains found in
Dicer enzymes. The role of MRPL3 in other organisms
is unknown, although it might be related to the fate of
mRNAs during the synthesis of proteins, considering
its association to the large subunit of the mitochondrial
ribosomes (Smits et al. 2007). Biogenesis of milRNAs
belonging to the type 3(milR-3) is quite similar to a
pathway found in plants that only depends on the
activity of Dicer enzymes (Carthew and Sontheimer
2009). The fourth type of milRNAs (milR-4) is the
most unusual class as it requires MRPL3 and is partially
dependent on Dicer enzymes (Lee et al. 2010).

Regardless of specific differences in the bio-
genesis of each type of milRNAs, all of them
share three main features with the synthesis of

miRNAs. First, they are produced from RNA
precursors of a single strand that forms a typi-
cal hairpin structure. Second, the dsRNA region
of the typical hairpin structure is processed to
generate two complementary sRNAs, although
only one of them is predominantly preserved
while the other is degraded. Finally, a strong
bias for uracil bases at the 50 termini of the
milRNA is commonly found in these sRNAs
and shared with canonical miRNAs (Lee et al.
2010). Despite these similarities, the processing
and the final features of milRNAs in N. crassa
also present several fundamental differences
compared with miRNAs in animals and plants.
Thus, milRNA genes of N. crassa are not highly
conserved in other species of fungi, indicating
an early evolution of milRNAs independent of
canonical miRNAs, which usually are highly
conserved and share sequence, function and
even tissue-specific expression in several spe-
cies (Bartel 2004; Carthew and Sontheimer
2009). Additional divergences between milR-
NAs andmiRNAs can be found at the beginning
of their biogenesis. Thus, cleavage of the
milRNA precursors (pri-milRNAs or pre-
milRNAs) might be processed by the putative
ribonuclease MRPL3, a conserved protein har-
boring a predicted RNase III domain similar to
the well-known domains found in Dicer
enzymes that has not been involved in miRNA
biogenesis in plant and animals (Bartel 2004;
Carthew and Sontheimer 2009). Also, pri-
milRNAs are transcribed by RNA polymerase
III, representing an additional significant dif-
ference compared to the well-established role of
RNA polymerase II in the transcription of pri-
miRNAs in plants and animals (Yang et al.
2013).

The function of milRNAs has been linked
to the regulation of the expression of target
mRNAs similarly to miRNAs (Lee et al. 2010).
The first result supporting the functionality of
milRNAs was the overexpression of target
mRNAs in Dicer mutants of N. crassa, suggest-
ing that target mRNAs are repressed by milR-
NAs (Lee et al. 2010). Correspondingly,
mutants devoid in the Ago protein QDE2
(Table 5.2) also displayed increased levels of
predicted target mRNAs and QDE2 co-
precipitates with these target mRNAs. More
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direct evidence showed that mutants lacking
specific milRNA genes exhibited elevated levels
of the mRNAs harboring predicted target
sequences, indicating that these target
sequences are regulated by milRNAs (Lee
et al. 2010).

The discovery of milRNAs in N. crassa, a
fungus of the Ascomycota phylum, proved that
regulatory sRNAs are also produced in the
lower branches of the Eukarya domain. Subse-
quently, other studies revealed the presence of
similar regulatory sRNAs in fungi belonging to
both the Ascomycota (Fusarium oxysporum
(Chen et al. 2014), Penicillium chrysogenum
(Dahlmann and Kück 2015), and Trichoderma
reesei (Kang et al. 2013)) and Basidiomycota
(Coprinopsis cinerea (Lau et al. 2013) and
Antrodia cinnamomea (Lin et al. 2015)) phyla,
suggesting that milRNAs have functional roles
in these fungal groups. However, the thor-
oughly accomplished studies in N. crassa and
other fungi could not identify phenotypes or
specific functions associated with mutants
enable to produce all milRNAs, such as deletion
mutants lacking dicer or ago genes, or particu-
lar milRNA. Despite the absence of phenotypes,
these studies uncovered several cases of expres-
sion profiles associated with specific develop-
mental stages and groups of milRNAs targeting
predicted mRNAs involved in the same func-
tional roles (Jiang et al. 2017; Lau et al. 2013,
2018; Lin et al. 2015). Other studies have also
identified milRNAs that could control the pro-
duction of compounds with industrial applica-
tions, such as hydrolases and antibiotics
(Dahlmann and Kück 2015; Kang et al. 2013).

The diversity of milRNAs across fungi,
including sequence, number, expression pat-
tern, and especially the lack of particular phe-
notypes associated with mutations in these
regulators, represents a major obstacle that is
preventing the unveiling of the different roles of
milRNAs in fungal physiology. Nevertheless, all
the studies describing fungal milRNAs have
contributed to enlighten a heterogeneous
world of endogenous regulatory sRNAs in
Ascomycota and Basidiomycota phyla. The
only common feature among all these fungi is
the lack of a unique or universal pathway for
the production of milRNAs, showing a scenario

where the diversification of regulatory silencing
mechanisms is the chosen strategy rather than
the conserved pathways found in animals and
plants (Bartel 2004; Carthew and Sontheimer
2009).

B. Exon-Derived Regulatory Endogenous
Small RNAs

M. circinelloides accumulates several types of
regulatory esRNAs generated by both Dicer-
dependent and Dicer-independent RNAi path-
ways (Cervantes et al. 2013; Nicolas et al. 2010;
Trieu et al. 2015). The Dicer-dependent esR-
NAs, named ex-siRNAs, are derived from
exons of protein-coding genes and regulate
the expression of the producing genes by deg-
radation of the corresponding mRNAs (Nicolas
et al. 2010). In addition to Dicer, the rest of
components of the RNAi pathway involved in
siRNA-mediated genome defense are also
implicated in the biogenesis of ex-siRNAs,
although they are combined to originate four
different classes of ex-siRNAs (Nicolas et al.
2010). The four ex-siRNA classes not only differ
in the biogenesis pathway but also in their
binding to the main Ago proteins (Ago1) and
structural characteristics, such as length, strand
bias and 50 nucleotide (Cervantes et al. 2013;
Nicolas et al. 2010). The ex-siRNA-mediated
regulation extends beyond the genes that pro-
duce them since hundreds of likely second tar-
gets genes are differentially expressed in
deletion mutants for genes coding for RNAi
proteins involved in ex-siRNA biogenesis
(Nicolás et al. 2015). The massive alteration in
gene expression in these mutants should affect
genes that participate in the developmental and
physiological processes affected in these
mutants, which include vegetative growth,
response to nutrient starvation and oxidative
stress, asexual sporulation, mating, and devel-
opment (Cervantes et al. 2013; de Haro et al.
2009; Nicolás et al. 2007, 2015; Trieu et al. 2015).

Analysis of esRNA accumulating in Dicer
mutants in M. circinelloides revealed the exis-
tence of a new type of esRNAs, named rdRNAs
(rdrp-dependent degraded RNAs). This led to
the discovery of a non-canonical RNAi mecha-
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nism in which participate the three RdRP
enzymes of M. circinelloides and the Sad-3-
like helicase rnhA (Calo et al. 2017; Trieu et al.
2015). The Dicer function is carried out by an
atypical RNase III-like enzyme, named R3B2
(Table 5.2), which has been found only in
Mucorales. The rdRNAs have characteristics
of degradation products (Table 5.1), suggesting
that this mechanism is likely a degradation
pathway that controls the levels of specific
mRNAs (Trieu et al. 2015). This pathway reg-
ulates the expression of hundreds of highly
expressed genes involved in metabolism, regu-
lar cellular processes, and signaling; conse-
quently, the deletion mutant lacking the key
gene r3b2 shows resistance to oxidative stress
and defects in asexual sporulation, response to
nutrient, and mating (Trieu et al. 2017). These
kinds of Dicer-independent mechanisms are
not restricted to M. circinelloides, but have
been described in other fungi. In Schizosacchar-
omyces pombe, Dhp exoribonuclease drives a
novel RNAi and exosome-independent pathway
of epigenetic silencing and also plays a role in
PTGS (Tucker et al. 2016). Similarly, R3B2 ofM.
circinelloides plays a relevant role in the canon-
ical silencing mechanism in parallel to its func-
tion in the Dicer-independent degradation
pathway (Trieu et al. 2015). Besides, Dicer-
independent small non-coding RNAs (disiR-
NAs), described in N. crassa, are also produced
by a Dicer-independent RNAi pathway from
loci that generate overlapping sense and anti-
sense transcripts as a result of convergent tran-
scription (Lee et al. 2010). Although these
sRNAs show structural characteristics
corresponding to siRNAs, none of the compo-
nents of the RNAi machinery is involved in
their biogenesis (Lee et al. 2010).

The presence of esRNAs derived from
protein-coding genes has also been detected
in several fungi belonging to Ascomycota phy-
lum, but only RNAi mutants of some species
show a phenotype that suggests the involve-
ment of esRNAs in regulation. Different com-
ponents of the RNAi machinery are involved in
light-dependent asexual reproduction and
light-independent hyphal growth in Tricho-
derma atroviride (Carreras-Villaseñor et al.
2013), in vegetative growth in Magnaporthe

oryzae (Kadotani et al. 2004), and formation
of sexual spores after sexual interaction in
Fusarium graminearum (Son et al. 2017).
Despite these remarkable examples, the num-
ber of phenotypes observed in M. circinelloides
and their strengths suggest that the RNAi path-
way plays a more relevant role in early-diver-
gent fungi than in more evolved fungi
(Ascomycota and Basidiomycota), where milR-
NAs and other regulatory sRNAs may fine-tune
gene expression (Villalobos-Escobedo et al.
2016).

C. Phenotypic Plasticity

In the previous sections, we described general
RNAi-mediated regulatory mechanisms that
affect the expression of hundreds of genes, but
a specific regulatory RNAi mechanism has been
revealed in M. circinelloides that target the
mRNA of a particular gene. This mechanism
was initially discovered in the screening for
spontaneous resistants to the antifungal drug
FK506 (tacrolimus). In addition to mutants in
the gene fkbA, which encodes the FK506 target
protein FKBP12, epimutant strains were
isolated that transiently silenced the expression
of fkbA (Calo et al. 2014). Interestingly, M.
circinelloides isolated from humans or other
animal hosts are able to produce a high number
of FK506-resistant epimutants (Calo et al. 2014,
2017), suggesting that this mechanism may
enable this opportunistic pathogen to readily
adapt to different environments. Silencing of
fkbA was accompanied by elevated levels of
sRNAs and required the core components of
the RNAi machinery (Calo et al. 2014, 2017).
The analysis of RNAi proteins involved in this
regulatory mechanism revealed the existence of
an epimutational RNAi pathway in M. circinel-
loides, which is very similar to the ex-siRNA-
producing pathways (Calo et al. 2017), but the
set of RNAi proteins and their relevancy is
different, suggesting that a distinct sRNA class
is involved in this pathway (Calo et al. 2014,
2017). The generation of sRNAs depends on the
production of a dsRNA generated by the action
of one of the RdRPs (RdRP2) present in M.
circinelloides, and not from antisense transcrip-
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tion in fkbA locus (Calo et al. 2014). An unan-
swered question is why the accumulation of
sRNAs from the fkbA locus is induced in
response to the drug. One possible explanation
is based on the high level of expression of fkbA
that might lead to the formation of aRNA, trig-
gering the silencing as it has been observed in
plants (Gazzani et al. 2008).

The isolation of M. circinelloides epimu-
tants exhibiting resistance to 5-fluoroorotic
acid (5-FOA) has revealed that RNAi-depen-
dent epimutation plays a broad role enabling
rapid and reversible responses of this fungus
(Chang et al. 2019). The distribution of RNAi-
related mechanisms involved in the phenotypic
plasticity in other fungi is unknown and
requires further studies, but it is very
promising that one of such mechanism could
operate in response to multiple environments
in N. crassa (Kronholm et al. 2016).

D. Small RNAs Associated with Antisense
Transcripts

Noncoding RNAs that overlap with protein-
coding regions as a consequence of convergent
transcription, named natural antisense tran-
scripts (NATs), have been identified in a high
number in animals and plants (Faghihi and
Wahlestedt 2009) and in a lesser extent in phy-
logenetically diverse fungi (Donaldson and
Saville 2012). These NATs use different
mechanisms to control gene expression, includ-
ing transcriptional interference, chromatin
remodeling, and dsRNA formation. The
dsRNA can be a substrate of the RNAi machin-
ery to produce nat-siRNAs, which has been
observed only in S. pombe within the fungal
kingdom (Donaldson and Saville 2012). In sev-
eral fungi, the presence of NATs is not asso-
ciated with the formation of nat-siRNAs,
although NATs regulates gene expression and
cellular processes (Nevers et al. 2018; Shao et al.
2017), including pathogenesis (Donaldson and
Saville 2013).

The biogenesis of disiRNAs in N. crassa is
related to nat-siRNAs because they derive from
genes in which convergent transcription causes
stalling of RNA polymerase II (Dang et al.

2016). The slow progression of polymerase II
allows binding of the exonuclease ERI-1
(Table 5.2) to nascent mRNA provoking the
generation of disiRNAs, although the precise
role ERI-1 in disiRNA biogenesis is unknown
(Dang et al. 2016). Like siRNAs, disiRNAs map
to both strands of the genome and are bound to
Argonaute protein QDE-2 (Lee et al. 2010).
Interestingly, disiRNA loci are associated with
DNA methylation and K3K9me3 (Dang et al.
2013), which are dependent on ERI-1 binding
on mRNA and antisense transcription, whereas
disiRNAs only contribute to these epigenetic
modifications (Dang et al. 2016). The role of
disiRNA in QDE-2-mediated DNA methylation
is not clear, although a mechanism similar to
siRNA-mediated heterochromatin formation in
S. pombe by recognizing the nascent RNA and
recruiting histone-modifying enzymes has been
suggested (Dang et al. 2016).

E. Cross-Kingdom Regulation

Recent pieces of evidence have shown that
sRNAs can move between interacting organ-
isms to silence the gene expression in trans in
the non-related species, a phenomenon called
cross-kingdom or trans-kingdom RNAi (Kuan
et al. 2016; Weiberg and Jin 2015; Weiberg et al.
2015). In fungi, it was observed for the first time
in the aggressive plant pathogen Botrytis
cinerea, which can transfer siRNAs during the
infection to the plant host that hijack compo-
nents of the plant RNAi pathway, suppressing
the expression of host immunity genes (Wei-
berg et al. 2013). These sRNAs are derived from
long-terminal repeat (LTR) retrotransposons
and require the two Dicer-like enzymes of B.
cinerea for their production. Consequently,
deletion of both dicer genes leads to reduced
virulence in plants (Weiberg et al. 2013). B.
cinerea sRNAs are translocated by an unknown
mechanism to the plant cell where they bind to
one of the plant Ago proteins (AGO1 in Arabi-
dopsis thaliana) to silence genes involved in
plant immunity (Weiberg et al. 2013). Interest-
ingly, the A. thaliana mutant in AGO1 is also
resistant to another plant fungal pathogen, Ver-
ticillium dahlia (Ellendorff et al. 2009), and V.
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dahlia sRNAs with predicted plant targets have
been associated with plant AGO1, suggesting
that this fungus also employs sRNAs and
cross-kingdom RNAi for successful infection
(Wang et al. 2016). Moreover, sRNAs have
been found in extracellular vesicles secreted
by Malassezia sympodialis, Saccharomyces cer-
evisiae, Candida albicans, Paracoccidioides bra-
siliensis, and Cryptococcus neoformans (Peres
da Silva et al. 2015; Rayner et al. 2017). These
proofs suggest that an unknown cell-to-cell
transport mechanism must exist to translocate
sRNAs to the plant that could be used by other
pathogens to suppress host immune systems
(Weiberg et al. 2015).

In addition to sRNA translocation from
fungal pathogens into plants, plants can also
transfer sRNAs into fungi. This was initially
revealed when dsRNA targeting virulence
genes of fungal pathogens produced by engi-
neered plants were able to trigger silencing in
the fungi and confer resistance to the infection
(Koch et al. 2013; Nowara et al. 2010; Panwar
et al. 2013; Tinoco et al. 2010). The use of this
strategy, name host-induced gene silencing
(HIGS), to control invading fungi has the
potential to become an important disease-
protection method (Cai et al. 2018a; Nunes
and Dean 2012). Interestingly, the delivery of
own plant sRNAs was later confirmed by the
identification of specific plant sRNAs and miR-
NAs in fungal cells infecting plants (Cai et al.
2018b; Zhang et al. 2016). The delivery mecha-
nism of sRNAs by the plant and taking up by
fungi is basically unknown, but exosome-like
vesicles have proven to play a critical role in the
secretion of sRNAs by A. thaliana infected with
B. cinerea. The fungus takes up these vesicles
resulting in the silencing of fungal virulence-
related genes, including genes involved in
vesicle-trafficking (Cai et al. 2018b). Together
these results suggest that cross-kingdom RNAi
might play an essential role in the arms race
between pathogens and host with bidirectional
translocation of sRNAs. Moreover, the ability of
the fungi to incorporate extracellular RNAs has
been devised as a strategy to control pathogens
by direct application of dsRNAs or sRNAs onto
host plants or post-harvest products to silence
target fungal genes and confers efficient disease
control (Cai et al. 2018a).

IV. Conclusions

The study of RNAi in the fungal kingdom has
revealed that it is a conserved mechanism pres-
ent in most fungi with a primary function of
genome protection against foreign invaders
and TEs during vegetative and sexual cycles.
More impressively, recent studies have addi-
tionally unveiled a whole regulatory layer com-
posed of different classes of regulatory esRNAs
that can control several target genes and
biological processes. In some fungi, illustrated
by Mucor circinelloides, the relevancy of the
RNAi-related regulation is huge controlling
physiological and developmental processes. In
contrast, milRNAs seems to fine-tune gene
expression, and more in-depth studies are
required to validate their functional roles in
particular biological processes experimentally.
The regulation of these processes by RNAi-
related mechanisms is transient and reversible,
conferring substantial phenotypic plasticity for
rapid adaptation, as it has been demonstrated
for antifungal drug response. In addition to the
regulation of endogenous processes, plant fun-
gal pathogens produce sRNAs to regulate the
expression of plant genes involved in plant
immunity. On the whole, all the different stud-
ies describing esRNAs in fungi have contribu-
ted to enlighten a heterogeneous world of new
regulatory mechanisms in Ascomycota, Basi-
diomycota, and Mucoromycota. The only com-
mon feature among all these fungi is the lack of
a unique or universal pathway for the produc-
tion of esRNAs, showing a scenario where the
diversification of regulatory silencing mechan-
isms is the chosen strategy rather than the con-
served pathways found in animals and plants.
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I. Introduction

All organisms rely on innate immunity to cope
appropriately with challenges imposed by a
variety of biotic interactions. In particular
both plants and animals employ different
types of germ-line-encoded pattern recognition
receptors (PRR) to mount a scaled response to
various forms of microbial infection. In addi-
tion, some of these receptors also appear to play
a role in establishing beneficial relationships
making it increasingly clear that biotic interac-

tions align along a continuum ranging from
pathogenicity to symbiosis (Lipinski and
Rosenstiel 2013; Sellge and Kufer 2015).
Among these PRRs, the cytoplasmic NLR
receptors represent a large and highly diversi-
fied family (NLR for Nod-like receptors or NBS-
LRR, nucleotide binding site and leucine-rich
repeats) (Duxbury et al. 2016; Jones et al. 2016;
Meunier and Broz 2017; Zhang et al. 2017).
Plant and animal NLRs share a similar domain
architecture and function. This similarity in
domain organization is currently proposed to
result from convergent evolution in plants and
animals (Urbach and Ausubel 2017). These
intracellular receptors have a typical tripartite
domain architecture with a central nucleotide-
binding and oligomerization domain (NOD)
(Leipe et al. 2004) (most often of the NB-ARC
type in plants and NACHT type in animals)
flanked C-terminally by a LRR domain and N-
terminally by an effector or signaling domain,
thought to be responsible for mediating the
downstream host responses including pro-
grammed cell death. In plant systems, one dis-
tinguishes PAMP-triggered immunity (PTI)
where the immune response relies on the detec-
tion of pathogen-associated molecular patterns
(PAMPs), from effector-triggered immunity
(ETI), where the cell response is dependent on
detection of modifications of the host state by
pathogen-secreted effectors (Jones and Dangl
2006; Jones et al. 2016). The “guard model”
was proposed as a frame for this form of
immune response. The receptors (“guards”)
monitor the integrity of host proteins (“guar-
dees”) which are the target of pathogen effec-
tors that either degrade or modify these targets
as part of their host invasion scheme. As further
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2 Institut Européen de Chimie et Biologie (IECB), Pessac,

France
3 Politechnika Wrocławska, Wydział Podstawowych Proble-
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refinement of this defense strategy, the plant
immune system includes decoys representing
mimics of effector targets that serve solely to
detect pathogen intrusion. Although in many
cases the mechanistic details of NLR function
are still unknown (in particular in the case of
plant NLRs), the general working paradigm
for these receptors corresponds to a ligand-
induced oligomerization model. The receptors
are thought to recognize PAMPs or DAMPs
(damage-associated molecular patterns) via
the C-terminal LRR domain. Ligand binding
then leads to receptor oligomerization
mediated by the central nucleotide-binding
domain. The oligomerization step into
discrete-sized or open-ended oligomers then
leads to activation of the N-terminal effector
or signaling domain. This general scheme prob-
ably shows many variations and exceptions, for
instance, elicitor binding was shown to involve
the NOD domain rather than the C-terminal
LRR domain in certain mouse NLRs (Tenthorey
et al. 2014). The effector or signaling domains
occurring at the N-terminus of NLRs differ in
plant and animal lineages. Two main types are
found in plants, the CC (for coiled coil) and TIR
domains, while in animal lineages one finds
predominantly death-fold domains (such as
CARD, PYD, and DD), which engage into
higher-order homotypic interactions (Jones
et al. 2016; Vajjhala et al. 2017).

While this family of proteins is intensively
studied in plant and animal lineages, less is
known about fungal NLR homologs. A signifi-
cant fraction of the work devoted to the char-
acterization of NLR in fungi was developed in
connection with the mechanistic dissection of a
self/non-self recognition process known as het-
erokaryon incompatibility (Chevanne et al.
2009, 2010; Choi et al. 2012; Daskalov et al.
2015b; Heller et al. 2018; Paoletti et al. 2007;
Saupe et al. 1995a; Zhang et al. 2014). Incom-
patibility occurs both in ascomycetes and basi-
diomycetes fungi when strains of unlike
genotype undergo anastomosis (somatic cell
fusion). The phenomenon was first described
in the plant pathogen Diaporthe perniciosa in
1923 by Dorothy M. Cayley (a British mycolo-
gist coworker of W. Bateson in the “ladies lab”
at the John Innes Center) and termed “mutual
aversion” (Cayley 1923). Incompatibility is

genetically controlled by so-called hetero-
karyon incompatibility loci (Aanen et al. 2010;
Daskalov et al. 2017; Paoletti 2016; Saupe 2000).
Incompatibility systems can either be allelic
(incompatible alleles of the same locus) or
non-allelic (incompatibility is caused by gene
interactions at unlinked loci) (Pinan-Lucarre
et al. 2007). Karl Esser, the historical editor of
this compendium, was a pioneer in the bio-
chemical and genetic dissection of incompati-
bility in Podospora (Esser 1965). Over the years
it has become clear that in several species,
incompatibility genes encode proteins display-
ing an NLR-like domain architecture. Although
direct functional evidence for an immune func-
tion of NLRs in fungi is currently still lacking, a
role for this class of proteins in non-self recog-
nition processes and the control of pro-
grammed cell death is established in different
species (Choi et al. 2012; Daskalov et al. 2015b;
Heller et al. 2018; Saupe et al. 1995a). Further
indirect evidence supports the hypothesis that
fungal NLR-type proteins could play a similar
role as in animals and plants (Paoletti and
Saupe 2009; Uehling et al. 2017), raising the
question of the evolutionary scenario explain-
ing the possible common use for host defense of
this type of receptor in these three lineages.

The aim of this brief chapter is to review the
role of NLRs in fungal incompatibility and to
propose a general description of NLR reper-
toires in fungal genomes. Similarities and dif-
ferences of this protein family in fungal as
compared to plant and animal lineages will be
discussed. We will also review a specific mech-
anism of NLR-mediated signal transduction
common in fungi and involving prion propaga-
tion of an amyloid fold. We discuss the impor-
tance of taking into account the proposed
immune role of fungal NLRs to interpret
the evolutionary trajectory of this protein
architecture in plants, animals, and fungi
(and bacteria).

II. NLRs in Fungal Incompatibility

Heterokaryon incompatibility manifests itself
as a programmed cell death reaction occurring
rapidly after cell fusion between genetically
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unlike strains differing at one or more het
loci (Saupe 2000). Although incompatibility
appears to be ubiquitous in filamentous fungi,
the species Neurospora crassa, Cryphonectria
parasitica, and Podospora anserina stand out
so far as the only species in which heterokaryon
incompatibility genes have been characterized
at the molecular level. In each of these species,
at least one of the known het systems involves
an NLR protein. het-d, het-e, het-r, and nwd2 in
Podospora (Chevanne et al. 2009; Daskalov et al.
2015b; Espagne et al. 2002; Saupe et al. 1995a),
plp-1 in Neurospora (Heller et al. 2018), and

vic2 and vic4 in Cryphonectria (Choi et al.
2012; Zhang et al. 2014) all correspond to
genes encoding proteins with an NLR architec-
ture (Fig. 6.1a).

In P. anserina, het-e and het-c form a non-
allelic incompatibility system. The het-e gene
encodes an NLR with a NACHT domain (in
fact HET-e is one of the proteins used to initi-
ally define the NACHT domain; the H in the
acronym stands for HET-e) (Koonin and Ara-
vind 2000; Saupe et al. 1995a). The N-terminal
domain of HET-e corresponds to a HET
domain, a protein domain present in many

Fig. 6.1 Fungal heterokaryon incompatibility systems
involving NLRs. (a) For each of the species, the incom-
patibility systems involving a NLR protein are repre-
sented with the corresponding gene designation and
the protein domain annotation, Pat for patatin-like
phospholipase, a/b for a/b-hydrolase, FruK for fructo-
samine kinase, GLTP for glycolipid transfer protein, HL

for HeLo. (b) Categories of genetic interaction occur-
ring in fungal incompatibility systems involving NLRs.
The interacting genes are represented as boxes, the
“guardee” genes as simple boxes, and the NLR
“guard” gene as multiple boxes, the dashed part repre-
senting the repeat domain involved in recognition
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proteins involved in heterokaryon incompati-
bility (Smith et al. 2000; Zhao et al. 2015) and
found to show a remote homology to plant and
mammalian TIR domains (Dyrka et al. 2014).
The C-terminal domain of HET-e is a WD-
repeat domain. het-e and het-c both exist as
numerous alleles, and incompatibility is trig-
gered when a specific allele of het-e interacts
with a specific allele of het-c (Bastiaans et al.
2014; Saupe et al. 1995b). het-c encodes a glyco-
lipid transfer protein that is conserved in plants
and mammals and involved in transfer of gly-
colipids between cellular compartments. Rec-
ognition of proteins encoded by het-c alleles
is mediated by the C-terminal WD-repeat
domain. het-e presents many paralogs in
Podospora, two of which are also het-genes.
het-d defines a second incompatibility system
in interaction with the het-c locus (Espagne
et al. 2002), and Het-r defines an incompatibil-
ity system with a second gene termed het-v
which has not been molecularly characterized
at present (Chevanne et al. 2009). Two types of
het-r alleles have been described: het-R alleles
active in incompatibility and het-r alleles which
are inactive. het-R and het-r alleles differ by the
number of WD-repeats in their C-terminal
domain. Inactivity of het-r alleles results from
loss of repeats in the WD-repeat domain (Che-
vanne et al. 2009, 2010). NLRs are also involved,
although indirectly, in allelic incompatibility
systems in Podospora. The allelic het-s/het-S
prion-dependent incompatibility system
derives from an NLR-based signaling pathway
controlled by a protein termed NWD2, which is
encoded by a gene belonging to the same gene
family as het-d, het-e, and het-r.NWD2 displays
a NACHT domain and WD-repeats, but unlike
the above described examples of incompatibil-
ity systems, this NLR is not required for the
incompatibility reaction per se as will be devel-
oped in a later section (Daskalov et al. 2015b).

N. crassa is a major model system for the
study of incompatibility, and incompatibility
loci have been genetically identified in that spe-
cies, and several of the corresponding genes
have been cloned and functionally character-
ized (Daskalov et al. 2017; Garnjobst and Wil-
son 1956). In addition, in that species, a
programmed cell death reaction has been

found to occur after fusion of germ tubes
from germinating conidia of unlike genotype
(Heller et al. 2018). This programmed germling
death is conceptually analogous to hetero-
karyon incompatibility although it was not
identified using the classical assays employed
to characterize het genes, namely, confronta-
tion tests (barrage tests) or forced heterokar-
yons. Germling death is regulated by a two
linked highly polymorphic loci with four hap-
lotypes in N. crassa population samples (Heller
et al. 2018). More specifically, death is mediated
by non-allelic interactions between two linked
genes, plp-1 and sec-9. Plp-1 encodes an NLR
with a NB-ARC NOD domain, C-terminal TPR-
repeats, and an N-terminal patatin-like phos-
pholipase domain. sec-9 codes for a SNARE
protein involved in the membrane fusion pro-
cess during exocytosis. Germling death is trig-
gered by the physical interaction of PLP-1 and
SEC-9 and involves PLP-1 oligomerization.
Death is dependent on the predicted phospho-
lipase activity of PLP-1 since a catalytic mutant
of PLP-1 fails to induce cell death but retains
the ability to recognize SEC-9. Remarkably, the
orthologs of these genes in Cryphonectria para-
sitica correspond to the vic2a and vic2b incom-
patibility genes and to the het-z incompatibility
locus of P. anserina, which also encodes plp-1
and sec-9 orthologs (Choi et al. 2012; Heller
et al. 2018). This gene pair thus functions in
non-self recognition and programmed cell
death control in three distinct species. Further-
more, functional studies in P. anserina suggest
that cell death induced by het-z during the
incompatibility reaction shares many mecha-
nistic similarities with germling-regulated
death controlled by plp-1 in Neurospora. Nota-
bly, in both cases, recognition specificity is
mediated by the TPR domain, relies on a func-
tional patatin-like domain, and is suppressed
by a mutation of the P-loop motif of the NOD
domain (Heller et al. 2018). The occurrence of
an allorecognition system involving the same
pair of genetic partners in these three species
could either be explained by a scenario of long-
term conservation of the allorecognition func-
tion or by convergent evolution and re-
occurring recruitment of these genes as allore-
cognition genes. Phylogenetic studies support a
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scenario of convergent evolution, implying that
this locus has been repeatedly co-opted as a
non-self recognition locus (Heller et al. 2018).

In C. parasitica, the vic4 locus displays two
incompatible alleles, vic4-1 and vic4-2 (Fig. 6.1a).
vic4-2 encodes a NLR with an NACHT NOD
domain and WD-repeats and a N-terminal sig-
naling/effector domain with an a-/b-hydrolase
fold, while vic4-1 encodes a predicted small mol-
ecule kinase of the fructosamine kinase family
(Pfam PF03881) (Zhang et al. 2014). Further
functional studies will be required to determine
whether this system shares mechanistic simila-
rities with the other incompatibility systems
involving NLRs, that is, whether the WD-repeats
are involved in the interaction with the putative
kinase and whether the predicted hydrolase
represents a cell death effector domain.

Although not all incompatibility systems
involve NLRs (Paoletti 2016), these studies (in
three different and distantly related fungal spe-
cies) reveal a frequent occurrence of members
of this protein family among the products of het
genes and related genes. All these systems
involve a protein partner that appears to be
surveyed by the NLR. Still, the genetic architec-
ture of these systems is variable (Fig. 6.1b). In
the het-e/het-c system, unlinked genes encode
the NLR and the putative “guardee,” leading to
a classical non-allelic incompatibility system.
In the case of het-z (PaPlp1/PaSec9), interac-
tions between the NLR and the “guardee” are
non-allelic, but since the gene pair is encoded at
the same locus as a haplotype, classical genetics
identified this system as allelic. Finally at C.
parasitica vic4 locus, interactions appear allelic,
but the NLR and the “guardee” are encoded by
idiomorphs (sequences encoded at the same
locus but totally unrelated, a situation already
described for mating-type incompatibility in N.
crassa), (Glass et al. 1988).

III. In Silico Survey of Fungal NLR
Repertoires

The functional studies reported above show
that in several fungal species, proteins with a
tripartite domain architecture (effector or sig-

naling domain/NOD/superstructure-forming
repeats) resembling plant and animal NLRs
operate in allorecognition and the control of
programmed cell death. These observations
support the hypothesis that NLR function is
conserved from fungi to animals and plants,
prompting the description of the general occur-
rence of NLR-like proteins in fungal genomes.
A survey of NLR occurrence, domain architec-
ture, and variability was reported in 2014
(Dyrka et al. 2014). Here, we have repeated
this survey with a similar methodology but
with a larger dataset of complete fungal gen-
omes now available (identified by a NCBI Bio-
Project ID) (882 strains of 561 species versus
198 strains in 2014) (Fig. 6.2). Fungal genomes
harbor a variable number of NLR-encoding
genes. Considering only species with at least
one hit (487 strains out of 882), the median
number of NLRs per genome is 41 in all fungi
(with 42 in Ascomycota and 49 in Basidiomy-
cota). The mean number is 57 (52 in Ascomy-
cota and 83 in Basidiomycota). As described for
NLRs in plants, the number of NLRs varies
greatly between species, reaching 602 in Fibu-
larhizoctonia (the so-called cuckoo fungus pro-
ducing sclerotia mimicking termite eggs)
(Matsuura et al. 2009). Table 6.1 provides a list
of the species with the highest NLR repertoire
content, and Fig. 6.2b shows the abundance of
NLR hits by phylogenetic class. The top-ranked
groups are Basidiomycota, but NLR count can
also be very high in Ascomycota in particular in
species displaying symbiotic interactions with
plants such as endophytic species like Phialoce-
phala subalpina or forming ectomycorrhizal
associations like Cenococcum geophilum. The
NLR repertoires in fungi are generally a bit
smaller than in plants and possibly larger than
in most metazoan lineages (although large var-
iations in repertoire size between and within
lineages are also common) (Jones et al. 2016).
NLRs were found in a large majority of the
Pezizomycotina and Agaricomycetes genomes
but were absent from Ascomycota and Basidio-
mycota yeast genomes (Saccharomycetes, Schi-
zosaccharomycetes, and Tremellomycetes,
which were dominated in the dataset by Cryp-
tococcaceae) suggesting that presence of NLRs
is associated with multicellularity (Fig. 6.2b).
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The large majority of NOD domains of fun-
gal NLRs are either of the NACHT or NB-ARC
type, with NACHT being more frequent than
NB-ARC (in a ~ 3:1 ratio) (Fig. 6.2a, middle
chart) (Dyrka et al. 2014). Superstructure-
forming repeats (SSFRs) are not LRRs as
found in most plant and animal NLRs but of

the ANK, TPR, and WD type in about equal
prevalence (Dyrka et al. 2014) (Fig. 6.2a, right
chart). ANK-repeats are more abundant in
Ascomycota and WD-repeats in Basidiomy-
cota. There is a preferential association of NB-
ARC with TPR-repeats and of NACHT with
ANK or WD-repeats. A variety of effector

Fig. 6.2 Domain annotation of NLRs from fungal gen-
omes. (a) Each of the pie charts shows the proportions
of the indicated domain annotations in a total of 36,141
NLR proteins identified in fungal genomes. Propor-
tions are given as a fraction of the domain that has
received a given annotation over the total number of
annotated domains in the N-terminal (left chart), NBD
(middle chart), and C-terminal domain (right chart).
(b) For each phylogenetic group, the total number of
analyzed genomes (#projects) and the number of gen-
omes with at least one NLR (#prj w/nlr) are given, as
well as a semi-quantitative representation of the NLR
abundance and specific N-terminal domain annotation
in each phylogenetic group. GBL, Goodbye-like (over-
laps with Pfam Goodbye (PF17109) and NACHT_N
(PF17100)); HLL, HeLo-like (overlaps with Pfam

STAND_N clan (CL0587) including HeLo_like_N
(PF17111), SesA (PF17107)); SBL, sesb-like (overlaps
with Pfam AB_hydrolase clan (CL0028)) (Dyrka et al.
2014); PNP, PNP_UDP_1 (PF01048); HET (PF06985);
PAT, Pfam Patatin clan (CL0323); HEL, HeLo
(PF14479); PFD, prion-forming domain like (overlaps
with Pfam HET-S (PF17108), NACHT_sigma
(PF17106), and ses_B (PF17046)) (Dyrka et al. 2014);
C2 (PF00168); REL, RelA_SpoT (PF04607); CHAT
(PF12770); PS8, Peptidase_S8 (PF00082); PKN, Pfam
Pkinase clan (CL0016); and TIR, TIR_2 (PF01582,
PF13676). The open circle denotes a fraction of gen-
omes with NLR/domain annotation ¼ 0, the first quad-
rant a fraction >0 and < 0.25, half-filled symbol a
fraction �0.25 and < 0.75, third quadrant a fraction
�0.75 and < 1, and the filled symbol a fraction ¼ 1
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domains can occupy the N-terminal position,
the majority of which have no functional anno-
tation (in particular in Basidiomycota) (Dyrka
et al. 2014). Figure 6.2a (left chart) presents the
14 most frequent effector/signaling domains
found in the fungal NLR set. The annotated
domains fall into several broad categories. Sev-
eral domains display enzymatic activities as
lipases (sesB-like, patatin), proteases (pepti-
dase S8, CHAT), or purine nucleoside phos-
phorylases (PNP-UDP). A second category
corresponds to HeLo-related membrane-
targeting cell death-inducing domains (HeLo-
like and HeLo). Different types of amyloid sig-
naling motifs (PFD-like as in prion-forming
domain) were identified that function by amy-
loid templating and activation of downstream
effectors as will be developed below. Finally, the
HET domain, which shows a remote homology
with the TIR domain prevalent in plant NLRs
and animal immune receptors, is likely to func-
tion (as described for TIR domains) as a signal-
ing domain engaging in homotypic interaction
with downstream effectors also bearing a HET
domain (Dyrka et al. 2014; Nimma et al. 2017).
In comparison with the 2014 survey, two new-
comers to the list of common N-terminal

domains are the TIR and CHAT domains. TIR
domains were found in a group of NLRs from
the flagellated Chytridiomycota, Rhizoclosma-
tium globosum. The CHAT domain is a prote-
ase domain evolutionarily related to caspases
(Aravind and Koonin 2002).

Considering these different annotation classes, one
might propose that these N-terminal domains could
either be termed signaling domains when their putative
function is as adaptors that transmit the receptor acti-
vation signal to further downstream effector proteins
(typically HET/TIR domains or prion amyloid signaling
motifs), or alternatively as effector domains, where it is
presumed or shown that the domain functions as a
terminal execution module (as is, for instance, the
case for the HeLo cell death-inducing domain which
directly targets membrane integrity). Of course, due to
the scarcity of functional studies, this distinction can-
not be clearly made at present.

The functional annotation of the fungal
NLR repertoires revealed a greater diversity of
the N-terminal domain but also point to some
similarities with plant and animal NLRs and
also NLR-related proteins from bacteria. The
HET and HeLo-like domains have been shown
to exhibit a remote homology with the TIR
domain (as already mentioned) and the RPW8

Table 6.1 Fungal species with the highest NLR gene content

Species and strain Number of NLRs Phylum Lifestyle

Fibularhizoctonia sp. CBS 109695 602 Basidiomycota Termite-associated
Serendipita vermifera MAFF 305830 401 Basidiomycota Orchid mycorrhizal
Amanita muscaria Koide BX008 390 Basidiomycota Ectomycorrhizal
Gymnopus luxurians FD-317 M1 336 Basidiomycota Saprotroph
Galerina marginata CBS 339.88 334 Basidiomycota Saprotroph
Sphaerobolus stellatus SS14 333 Basidiomycota Saprotroph
Laccaria amethystina LaAM-08-1 320 Basidiomycota Ectomycorrhizal
Serendipita vermifera ‘subsp. bescii’ NFPB0129 306 Basidiomycota Mycorrhizal
Phialocephala subalpina UAMH11012 302 Ascomycota Endophytic
Serendipita indica DSM 11827 272 Basidiomycota Mycorrhizal, endophytic
Cenococcum geophilum 1.58 262 Ascomycota Ectomycorrhizal
Rhizoctonia solani AG2-2IIIB 242 Basidiomycota Plant pathogenic
Piloderma croceum F 1598 242 Basidiomycota Ectomycorrhizal
Meliniomyces bicolor E 234 Ascomycota Ericoid-ectomycorrhizal
Cadophora sp. DSE1049 205 Ascomycota Endophytic
Leucoagaricus sp. SymC.cos 203 Basidiomycota Ectomycorrhizal
Meliniomyces variabilis F 186 Ascomycota Ericoid, endophytic
Oidiodendron maius Zn 178 Ascomycota Ericoid
Pezoloma ericae strain:UAMH 7357 176 Ascomycota Ericoid, mycorrhizal
Trichoderma virens Gv29-8 169 Ascomycota Mycoparasitic
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subclass of CC-type domains found in plant
NLRs (Daskalov et al. 2016; Dyrka et al. 2014).
Some fungal NLRs thus show domain architec-
tures analogous to their plant counterparts
(except that WD/ANK/TPR-repeats are found
in place of the LRR). Similarly, nucleoside
phosphorylase domains frequent in fungal
NLRs have also been described as N-terminal
domain of NLRs in the coral Acropora digitifera
(Hamada et al. 2013), and Pkinase and a hydro-
lase domains (DUF676, which overlaps with our
sesB-like annotation) were found as N-terminal
domain of NLRs (with LRR-repeats) in the
mosses Physcomitrella patens and Sphagnum
fallax, respectively (Gao et al. 2018). Addition-
ally, a number of NACHT or NB-ARC domain
STAND proteins from multicellular bacteria
(Cyanobacteria and Actinobacteria) display
domain architectures similar to fungal NLRs
(Dunin-Horkawicz et al. 2014; Koonin and Ara-
vind 2002; Leipe et al. 2004; Urbach and Ausu-
bel 2017) raising those question about the
evolutionary history of the protein family as
will be detailed in a following section.

IV. Evolution and Variability of NLR
Repertoires in Fungi

Work on the nwd gene family of P. anserina
which includes the het-d, het-e, and het-r
incompatibility loci and nwd2 has shown that
theWD-repeat units undergo concerted evolu-
tion within and between genes of the family
(Chevanne et al. 2010; Daskalov et al. 2015b;
Paoletti et al. 2007). Genes of the nwd family
show repeat number polymorphism and
undergo frequent rearrangements, repeat loss,
gain, and shuffling. This concerted evolution
process is both a cause and consequence of
the very high internal conservation of the
repeats (homology between repeat unit ranges
from 85 to 95%). At the same time, specific
positions of the WD-repeat units are hypervar-
iable and under positive diversifying selection
(Paoletti et al. 2007). These positions are pre-
dicted by homology modeling to correspond to
residues forming the interaction surface of the
b-propeller structure formed cooperatively by

the WD-repeats. It was suggested that this
mechanism of concerted evolution allows for
hypervariability of the WD-repeat recognition
domain in the NWD proteins in relation with
their non-self recognition function. NLRs from
P. anserina with ANK- and TPR-repeats with
high internal conservation were also analyzed
for repeat number polymorphism and as
observed for the nwd family, and high internal
repeat conservation was correlated with fre-
quent repeat number polymorphism in natural
isolates (Dyrka et al. 2014; Marold et al. 2015).
Again, as in the case of the WD-repeats, specific
positions of the ANK- and TPR-repeats were
hypervariable, under diversifying selection
and mapped to residues forming the interaction
surface of the ANK or TPR superstructures in
homology modeling approaches. Bioinformatic
analysis of the repeat domains in a collection of
fungal NLRs revealed that high internal repeat
conservation is also found in many other spe-
cies suggesting that the proposed mechanism of
recognition domain diversification might also
be operating in a wide range of Basidiomycota
and Ascomycota species (Dyrka et al. 2014).
WD- and TPR-repeats with high internal con-
servation are also abundant in NACHT and NB-
ARC proteins from Actinobacteria and Cyano-
bacteria (Table 6.2). In fact, WD-repeats with
high internal conservation are almost exclu-
sively found in fungi and bacteria (Cyanobac-
teria and Actinobacteria in particular) (Hu et al.
2017). It is likely that, akin to the situation
described in P. anserina, concerted evolution
in WD- and TPR-repeats provides adaptive
hypervariability to other NLR-type proteins
not only in fungi but also in Actinobacteria
and Cyanobacteria. High internal conservation
of WD-repeats is also observed in an NLR-type
gene family from the red algae Chondrus crispus
where 27 out of 50 members of the gene family
display highly conserved repeats.

Of note here is the description of a highly expanded
gene family encoding NACHT-ANK proteins in Tuber
melanosporum. This gene family characterized by the
presence of a variable number of introns (from 17 to up
to 91 per gene) gives rise to codon-sized microexons
(Iotti et al. 2012). Through alternative splicing, intron
skipping, and retention, a variety of transcripts are
generated that differ in sequence at the end of the
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ANK coding region at the 30 end of the coding sequence.
Together these observations suggest that there is an
evolutionary necessity associated with the generation
of variability in these fungal NLR-encoding genes.
In the brown algae Ectocarpus siliculosus, NB-ARC
TPR-encoding genes were also found to display an
unusual gene organization with exons encoding one
single TPR-repeat and exon shuffling taking place
(Zambounis et al. 2012). Apparently, different evolu-
tionary mechanisms ensure high functional variations
in superstructure-forming repeat domains in NLR-type
proteins.

Quite in line with what is known from the
evolution of NLR repertoires in plant models,
genes encoding proteins of this family in fungi
apparently undergo death-and-birth evolution
with common, lineage-, species-, or even strain-
specific expansions (Dyrka et al. 2014; Fedor-
ova et al. 2008; Iotti et al. 2012; Kubicek et al.
2011; Martin et al. 2008; Van der Nest et al.
2014; Zuccaro et al. 2011). For example, this
phenomenon is apparent when the NLR reper-
toires are compared in species for which geno-
mics data for several strains are available. A
significant fraction of the NLRs are restricted
to one strain, and NLR genes are more variable
than the rest of the genome (Dyrka et al. 2014).
Importantly, this gene family appears plastic in
the sense that phylogenetic analyses suggest
that domain architecture re-inventions fre-
quently occur. Different effector/signaling
domains are re-shuffled with distinct NOD
and repeat domains. NLR domain modularity
is illustrated by the fact that of the 60 possible
domain architectures that can theoretically be
achieved by free combinatorial association of
the 10 most common N-terminal domain types
with 2 classes of NBDs and 3 classes of repeat
domains, 39 are actually found in our current
dataset.

Considering the specific mechanisms of
repeat domain diversification, the death-and-
birth evolution with lineage-specific expansion,
and the common domain architecture re-
invention events, the NLR family in fungi
stands out as highly dynamic and variable. A
variety of comparative genomic approaches
have pointed to the fact that NLR-encoding
genes show expansions in specific lineages.
Significant NLR gene expansion was reported
in mycoparasitic, lichen-forming, mycorrhizal,T
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and endophytic species (Kubicek et al. 2011;
Martino et al. 2018; Peter et al. 2016; Wang
et al. 2014). This observation is mirrored in
Table 6.1 where many species with very high
numbers of NLR genes show complex symbi-
otic/parasitic lifestyles. It is tempting to pro-
pose, as was suggested in the case of the coral
A. digitifera (Hamada et al. 2013), that at least a
part of the extensive NLR sets in these fungi has
a role in the establishment and maintenance of
a symbiotic lifestyle.

V. Prion-Forming Domains in NLR
Signaling

A subset of N-terminal signaling domains of the
fungal NLRs forms b-sheet-rich amyloid struc-
tures, whose inherent prion properties play a
crucial role in the signaling process (Daskalov
et al. 2012, 2015a, b, 2016; Loquet and Saupe
2017). Prion amyloids are strictly cooperative
protein aggregates (fibers) exposing a superse-
condary cross-b conformation, in which the b-
sheets are perpendicular to the axis of the amy-
loid fiber. The high cooperativity and repeti-
tiveness of the amyloid fold bring forth a
remarkable feature of “self-propagation” (the
prion aspect), where the amyloid serves as a
molecular template for the unstructured pri-
mary sequence of a protein able to adopt a
similar amyloid fold (Riek and Eisenberg
2016). The amyloid signal transduction is
based on the controlled emergence and trans-
mission (as templating) of structural informa-
tion from the activated NLR receptor to a
downstream executioner protein. In the current
model, the oligomerization of an activated NLR
protein brings the N-terminal unstructured
amyloid motifs of the monomeric NLR mole-
cules in close proximity (Daskalov et al. 2015b).
The spatial clustering of these motifs induces
the cooperative folding of an amyloid struc-
ture, which then templates the amyloid folding
of an unstructured amyloid domain situated on
the executioner protein. The NLR and its down-
stream effector protein represent a functional
unit and are frequently encoded by adjacent

genes in the genomes of various filamentous
ascomycetes (Daskalov et al. 2012, 2015a).

The first NLR protein identified to carry an accessory
amyloid domain was NWD2 (NACHT-WD) from P.
anserina (Daskalov et al. 2015b). The nwd2 gene is
located adjacent to the het-S gene, which encodes the
downstream effector of the NLR (Fig. 6.3a). HET-S is a
289 amino acids pore-forming protein consisting of a
cytotoxic N-terminal HeLo domain and C-terminal
prion forming domain (PFD) (Seuring et al. 2012). The
PFD, or HET-S (218–289), transitions from an unstruc-
tured state in the inactive monomer to a left-handed b-
helix (or b-solenoid) in the activated cytotoxic state. The
adoption of the amyloid fold by the PFD triggers a
conformational change in the HeLo domain resulting
in the release of an N-terminal transmembrane a-helix,
which induces plasma membrane damage and causes
cell death. The HET-S PFD is used as a model to study
the fundamental properties of amyloids and a solid-state
NMR structure of the b-solenoid fold has been obtained
more than a decade ago (Wasmer et al. 2008). The PFD
consists of two 21 amino acid pseudo-repeats (termed
R1 and R2) connected by a flexible 15 amino acid long
loop (Fig. 6.3b, c). The repeats are alternately stacked
along the axis of the b-solenoid, each contributing with
four b-strands per ring (Fig. 6.3c). The resulting b-
sheets delimit a highly hydrophobic triangular b-sole-
noid core. The core is tightly packed with predomi-
nantly hydrophobic residues while polar and charged
residues are found on the exterior, solvent-facing side of
the amyloid (Fig. 6.3d). Three salt bridges and two
asparagine ladders are part of the b-solenoid and impact
its stability and prion properties.While the PFD of HET-
S contains two pseudo-repeats, NWD2 contains only
one repeat, termed R0 (Fig. 6.3b). This R0 motif
(NWD2(3-24)) is essential for the NLR signaling pro-
cess, shows sequence homology to the R1 and R2
pseudo-repeats and adopts a related amyloid fold (Das-
kalov et al. 2015b) (Fig. 6.3b, d). It is proposed, based on
the accumulated experimental evidence, that the oligo-
merization of NWD2 brings the R0 motifs of different
NWD2 molecules in proximity so that these motifs
cooperatively adopt a HET-S-like amyloid fold and sub-
sequently template the PFD of HET-S to trigger the
cytotoxic activity of the HeLo domain (Fig. 6.3a).

NLR-mediated amyloid signaling appears
to be widespread in the fungal kingdom, and
several other putative signal-transducing amy-
loid domains have been identified (Daskalov
et al. 2012, 2015a, 2016). Noteworthy, some of
these signal-transducing amyloids are evolu-
tionarily related to the PFD of HET-S/s and
are named HRAMs (HET-s-related amyloid
motifs). The HRAMs have diversified into
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discrete phylogenetic subtypes which include
the R0 motifs of the corresponding NLR-like
proteins, suggesting that a signal-transducing
specificity exists for each subtype. Five different
HRAM subtypes have been described, which
share a pattern of alternating hydrophobic/
polar (charged) residues (Daskalov et al.
2015a). The common primary sequence pattern
and conservation of functionally important

residues for the b-solenoid fold of HET-S sug-
gest that the HRAMs adopt an overall similar
amyloid fold. The discovery of the HRAMs
establishes a superfamily of signal-transducing
amyloids, which has prompted comparisons
with the death domains superfamily (CARD,
PYD, DD, and DED), involved in the control
of apoptosis and inflammatory cell death in
metazoans (Park et al. 2007). The death-fold

Fig. 6.3 Amyloid signaling cascade involving the
NWD2 NLR and HET-S in Podospora anserina. (a) A
schematic representation of the nwd2/het-S gene archi-
tecture in het-S (left) and het-s strains (right) in Podos-
pora anserina as well as the domain organization of the
corresponding proteins. The mode of activation of the
HeLo domain of HET-S by amyloid templating of the C-
terminal PFD domain by the N-terminal region of
NWD2 is represented. In the current model, NWD2
undergoes ligand-induced oligomerization upon bind-
ing of a specific ligand (red shape) in the WD-repeat
domain. Oligomerization is proposed to induce coop-
erative amyloid folding of the N-terminal region. The
amyloid fold then serves as a template for conversion of
the PFD region of HET-S. Amyloid folding of the PFD
region in turn induces transconformation of the HeLo
domain which exposes a N-terminal hydrophobic a-
helix responsible for membrane-targeting and pore-
forming activity. In het-s strains, nwd2 is a pseudogene,
and the gene is inactivated through integration of a
transposable element (depicted by a black arrowhead).
The HeLo domain of HET-s in altered in the N-terminal

region and lacks pore-forming activity (in contrast to
HET-S), HET-s can thus switch to the prion state with-
out inducing cell death. (b) Alignment of the R1 and R2
repeat region of HET-s and the R0 region of NWD2.
The color code highlights specific residues depicted in
panel D. (c) Structure of HET-s(218-289) in the prion
conformation. Each of the three monomers in the
structural model is presented in a different shading
(pdb:2kj3). (d) The predicted amyloid structure of the
NWD2 RO region modeled after HET-s(218-289) is
given together with the structure of the stacked R1
and R2 repeats of HET-s(218-289) (R1 layer in dark
gray, R2 layer in light gray). The color code is as
follows: the asparagine forming the two asparagine
ladder (226/262 and 243/279) are given in green, the
hydrophobic residues in the core in orange, the con-
served glycine in the kink in yellow, and charged resi-
dues forming the three salt bridges in HET-s(218-289)
in red and blue, respectively, for positively and nega-
tively charged residues. Sequences in panel B use the
same coloring code
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domains form structurally similar a-helical
bundles yet have distinct signaling specificities
dependent also on homotypic interactions. In
line with this conceptual analogy, it was
demonstrated that the PFD of HET-S and the
R0 NWD2 amyloid motif can replace the PYD
domains of NLRP3 and ASC, underlying that
prion-like polymerization is equally a feature of
the death domains superfamily, although not
based on controlled amyloid folding or amyloid
propagation (Cai et al. 2014).

Besides the HRAMs, at least two other
signal-transducing amyloids have been identi-
fied and named PP (pseudo-palindromic) and
s (sigma). The s putative signaling amyloid
was identified on the N-terminus of an NLR
protein encoded by the gene het-eN in the
genome of Nectria haematococca (Daskalov
et al. 2012; Graziani et al. 2004). Adjacent to
het-eN two other genes are found, sesA and
sesB, encoding proteins carrying at their C-
termini the s putative amyloid domain. The
length of the s-motif is about 25 amino acid
residues. The amino acid composition of the
motif is biased toward predominantly G, N/Q,
and aromatic residues. Unlike the HRAMs and
their associated NLRs, the s-motif found on the
HET-eN NLR and its downstream effectors
(SESA and SESB) are of equivalent length.
Nonetheless, a common point with the
HRAMs is the identification of sub-motifs com-
posing the various s-motifs. These sub-motifs,
called A and B, are usually composed of eight or
nine amino acids and arranged in three differ-
ent patterns (AAA, ABA, ABB). There is cur-
rently no direct evidence for the amyloidogenic
prion properties of the s-motif; however the
gene cluster (het-eN/sesA/sesB) has been previ-
ously associated in N. haematococca with an
infectious phenomenon termed “secteur”
caused by the s infectious element (Graziani
et al. 2004). The hypothesis that this s infec-
tious cytoplasmic element corresponds to a
prion form of SESA and SESB is a plausible one.

More direct experimental evidence sup-
ports the amyloid prion properties of the PP
signaling domain (Daskalov et al. 2016). In one
reported case, the PP domains of an NLR and
its effector protein have been shown to form
prion amyloids. The NLR protein is PNT1 (PP-

NACHT-TPR), and the effector protein is
HELLP (HeLo-like PP), both encoded by a
gene cluster in the genome of Chaetomium glo-
bosum, a species in the same taxonomic order
as P. anserina. Like the nwd2/het-S cluster, the
pnt1/hellp and het-eN/sesA/sesB gene clusters
are present in the genomes of a variety of
other ascomycete species. The distinct prion
specificity of the PP amyloids, revealed in the
lack of detected heterospecific interactions
(cross-seeding) with the PFD of HET-S, offers
experimental evidence that supports the exis-
tence of different signaling specificity for each
amyloid domain. The pseudo-palindromic con-
sensus sequence NxGfQfGxN, centered on the
Q residue, is the most highly conserved central
part of the 17/18 amino acids PP-motif.
Remarkably, the PP-motif shows strong
sequence similarity to RHIM (RIP homotypic
interaction motif)—an amyloid controlling a
pro-inflammatory programmed cell death reac-
tion in metazoans termed necroptosis, which
plays a role in innate immunity (Li et al.
2012). A solid-state NMR structure of a RHIM
hetero-amyloid has been recently reported,
where the RHIM motifs from two different pro-
teins (RIPK1 and RIPK3) alternate to form two
fronting b-sheets with a unique serpentine fold
and a common hydrophobic core (Mompean
et al. 2018). The amyloid core is structured
around the association of the two central
GfQfG motifs in which the similarity to the
PP-motif lies, making it likely that fungal PP
amyloids adopt a similar fold, which in turn
would strengthen a model of long-term evolu-
tionary conservation of programmed cell
death-related amyloid signaling from fungi to
animals.

VI. Evolutionary Origin of NLRs:
Parallel Versus Convergent
Evolution

When it was shown that the NOD1 protein in
mammals detects bacterial lipopolysaccharides
and thus functions as an immune receptor, the
striking conclusion that plants and animals
employ analogous receptors in immune func-
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tions soon followed (Inohara et al. 2001). The
common NBS-LRR architecture of plant and
animal immune receptors could either be
explained by parallel evolution or result from
convergent evolution. Several authors have
attempted to resolve this issue by phylogenetic
analyses in particular by tracing the phyloge-
nies of NBS-SSFR proteins (proteins with
NACHT or NB-ARC nucleotide-binding
domains followed by superstructure-forming
repeats) in different phyla. A recent study sup-
ports the convergent evolution model for emer-
gence of the NBS-LRR architecture (Urbach
and Ausubel 2017). The conclusion is based
on the observation that proteins ancestral to
plant R-proteins and animal NLRs did not
have an NBS-LRR architecture. The NBS-LRR
architecture is in fact rare and occurs almost
exclusively in plants and metazoans. It is pro-
posed that the last common ancestor of R-
proteins and animal NLRs had a NBS-TPR
structure and that the path to the NBS-LRR
architecture probably involved intermediates
of a NBS-WD architecture (for R-proteins)
and non-repeat-associated NBS in the case of
animal NLRs. The authors conclude that “it
follows logically that the NBS-LRR architecture
of plant R-proteins and metazoans NLRs
evolved in independent events” (Urbach and
Ausubel 2017). However, when the authors ask
“what is so special about the NBS-LRR combi-
nation in the context of immune receptors” and
discuss “what makes LRR-repeats any more
suited to ligand-binding roles in immune
receptors relative to other repeat domains,”
we feel that their perspective does not take
into account the mounting and yet still partial
evidence that NBS-SSFR proteins might have an
immune-related function in fungi (and possibly
also in multicellular bacteria). The central point
here is that the existence of fungal proteins with
NBS-TPR and NBS-WD architectures which
induce programmed cell death in response to
non-self makes it reasonable to assume that
proposed more ancestral architectures (like
NBS-TPR or NBS-WD) already displayed
immune-related functions in a common ances-
tor. Urbach and Ausubel claim that NBS-TPR
and NBS-WD proteins in eukaryotes are poorly

characterized and that it is not known if they
have an immune function or play a role in
programmed cell death (Urbach and Ausubel
2017). We feel that the work on fungal NLRs
challenges this view: fungal NACHT and NB-
ARC STAND proteins controlling programmed
cell death and non-self recognition are found in
fungi. Similarly in the case of prokaryotic
STAND proteins, Koonin has noted that the
abundance of genes with NBS-TPR and NBS-
WD architecture specifically in bacterial
lineages with complex multicellular structures
(Actinobacteria, Cyanobacteria, and some Pro-
teobacteria) might be explained by the fact that
some of these proteins have roles in host
defense and programmed cell death (Koonin
and Aravind 2002). Likewise, NBS-TPR pro-
teins were proposed to act as immune receptors
in brown algae (Zambounis et al. 2012). Urbach
et al. show that acquisition of the NBS-LRR
architecture in plants and animals is a relatively
late event and occurred independently in plants
and animal lineages (Urbach and Ausubel
2017). However if proteins with the other, pos-
sibly more ancestral E-NBS-SSFR architectures
(effector/nucleotide-binding site/superstruc-
ture-forming repeats) function as immune
receptors in fungi, multicellular bacteria, basal
metazoans, basal plants, stramenopiles, and red
algae (Chondrus crispus), then we are more
likely dealing with parallel evolution of immune
receptors with E-NBS-SSFR architectures (even
though the late event of acquisition of LRR
occurred as a convergent event). The existence
of NBS-TPR and NBS-WD with immune-
related functions represents—we feel—a
strong argument in favor of a global parallel
evolutionary history for all E-NBS-SSFR archi-
tectures, characterized here and there by con-
vergent domain architecture re-inventions,
lineage-specific losses or expansions, and pos-
sibly horizontal gene transfer events. The per-
spective adopted on NLR evolution comes
down in some respect to a matter of semantics
and depends on how NLRs are defined. We
suggested, based on the functional studies in
fungi and the genomic information on NLR-
related proteins in different branches, that the
NLR designation can be safely extended to
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NACHT and NB-ARC domain proteins con-
taining other types of SSFRs (Dyrka et al.
2014), while other authors insist that the NLR
term should be reserved for proteins with the
NBS-LRR architecture (Yuen et al. 2014). If
NBS-SSFR proteins (with non-LRR-repeats)
indeed act as non-self receptors in a variety of
organisms, notably in fungi, then it appears
advisable to frame the receptors under a com-
mon term. This nomenclature would then
account for a possible long-term, parallel evolu-
tion of this protein family throughout the tree of
life. This proposed parallel evolution apparently
involved combinatorial recruitment and re-
assortment of effector, NBS and SSFR domains.
As previously mentioned the resemblance of
animal, fungal, plant, and bacterial NLR-related
genes extends to the N-terminal effector/signal-
ing domains. For instance, kinase domains and
the DUF676 domain are found as N-terminal
domains of NB-SSFR protein s in both fungi
and bryophytes, and PNP_UDP_1 in fungi and
corals, TIR domains are found in plants and
bacteria and the related HET domain in fungi,
and the HeLo-like domain is related to RPW8
domain. In this context, it has been proposed
that STAND proteins (the class to which NLRs
belong) have been acquired in eukaryotes
through horizontal transfer from prokaryotic
origin (Koonin and Aravind 2000, 2002). There-
fore, in addition to repeated domain architec-
ture re-invention events (as the ones identified
in fungi), evolution of NLRs might involve hor-
izontal transfer events.

The study by Urbach and Ausubel (2017) reveals the
existence of a limited number of NBS-LRR proteins in
non-plant and non-metazoan eukaryote lineages (6
proteins) and bacteria (12 proteins). Of those, one is
of particular interest and found in the Planctomycetes
Gemmata obscuriglobus. This predicted protein
(GenBank: WP_010049624.1) displays a NACHT NBD
domain and 13 C-terminal LRR-repeats with high inter-
nal repeat conservation and an N-terminal domain
showing remote homology to death-fold domains (as
detected by HHPred (Zimmermann et al. 2018)). The
bacterial protein thus displays the same domain archi-
tecture as typical metazoan NLRs. Thus, although the
NBS-LRR architecture is exceedingly rare outside of
plant and animal lineages (Urbach and Ausubel 2017),
it does exist, and the possibility that this architecture
has also a long evolutionary history cannot be totally
excluded.

VII. The Exaptation Model: How to
Craft an Allorecognition System

If NLRs have a general function as immune
receptors in fungi, then one needs to explain
why genes of this family have repeatedly been
identified in the context of fungal incompatibil-
ity. One plausible explanation for this trend is
that fungal NLRs and other molecular determi-
nants of fungal incompatibility have been evo-
lutionary co-opted to control heterokaryon
formation from other molecular pathways,
notably those controlling organismal defense.
This evolutionary co-optation, also termed
exaptation (Gould and Vrba 1982), would result
in some NLR genes being recruited to play a
role in two distinct biological processes (allo-
and hetero-recognition, understood as intra-
and interspecific recognition) and/or to switch
between these processes on the basis of the
evolutionary pressures exercised on the locus.
One tempting speculative model for the emer-
gence of NLR-based incompatibility would be,
in the context of the “guard” model, to co-
express a “guard”—say het-e in P. anserina—
with an independently diverged “guardee”
allele of het-c from a different Podospora strain.
Such “foreign” forms of het-c alleles would
occasionally mimic an active state of the “guar-
dee” for an independently evolved het-e and
lead to the activation of the NLR, resulting in
the emergence of an allorecognition system
(Bastiaans et al. 2014; Paoletti and Saupe
2009). Selective forces driving gene diversifica-
tion would accelerate the divergence between
an independently evolving “guard” and a
“guardee.” In support of this hypothesis, it has
been reported that molecular marks of positive
selection are found on het-c and the nwd genes
in Podospora, although it is currently not clear
if gene diversification is solely a consequence of
the adaptive value of the allorecognition pro-
cess itself (Bastiaans et al. 2014). The model of
independently evolving “guard-guardee” pairs
could be applied to the three NLR-encoding
genes—plp-1, het-z, and vic2—triggering het-
erokaryon incompatibility with different sec-9
homologs in Neurospora, Podospora, and Cry-
phonectria, respectively (Choi et al. 2012; Heller
et al. 2018).
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A parallel model linking NLRs and allore-
cognition would consist in bypassing the recog-
nition step for the activation of the NLR and
directly relying on the recruitment of its down-
stream executioner protein for the purposes of
conspecific discrimination. One such incom-
patibility system is the nwd2/het-S gene cluster.
In this example, mutations are proposed to
have occurred in the het-S gene, generating a
new allele termed het-s (small s) (Daskalov and
Saupe 2015). A critical mutation at position 33
in the HeLo domain, replacing a histidine resi-
due with a proline residue (H33P), renders the
pore-forming protein unable to induce cell
death. As a consequence, the het-s allele
encodes a protein (the HET-s protein) that is
nearly identical to HET-S but only with the
prion-forming domain (PFD) remaining func-
tional. This HET-s variant can exist as a soluble
monomer, in a state termed [Het-s*] (star
state), or as infectious aggregates (a prion
state), termed [Het-s]. The appearance of the
[Het-s] prion occurs sporadically at a low rate
and corresponds to a conformational transition
of the PFD of HET-s from unstructured—in the
monomeric form of the protein—to the specific
cross-b amyloid fold in the prion form. As the
HeLo domain of the protein is non-functional,
the prion state spreads in the colony, convert-
ing all HET-s monomers to adopt the amyloid
prion fold, so that strains of het-s genotype are
either prion-infected or prion-free. Only prion-
infected [Het-s] strains trigger incompatibility
with strains of the het-S genotype. The cell
death reaction occurs when the amyloid death
fold carried by the [Het-s] prion templates the
PFD of the HET-S allelic variant, with a func-
tional cytotoxic HeLo domain. Thus, the [Het-
s] prion plays an analogous role to an activated
NWD2, serving as a cell death trigger for HET-
S. The het-S gene has been co-opted in the het-
S/het-s incompatibility system, which likely
operates only in Podospora, while the nwd2/
het-S gene cluster is conserved in various
other ascomycetes.

One way to frame fungal incompatibility is
to consider it with an autoimmune reaction,
analogous to what has been described as hybrid

necrosis in plants (Bomblies et al. 2007; Bom-
blies and Weigel 2007). Hybrid incompatibil-
ities in plants are post-mating genetic
incompatibilities, characterized by dwarfism
and tissue necrosis of the F1 offspring between
genetically distinct parents. The phenomenon
has been consistently linked to innate immu-
nity genes in plants and notably R (resistance)
genes, encoding the repertoire of plant NLRs
(Chae et al. 2014). One striking example of
plant autoimmunity is a lesion-mimicking
mutant of Arabidopsis thaliana—acd11 (accel-
erated cell death 11). Autoimmunity is caused
by a mutation in the ACD11 gene, which is a
homolog of het-c, the allorecognition determi-
nant from P. anserina (Brodersen et al. 2002).
Remarkably, the autoimmune necrotic pheno-
type is dependent on an NLR receptor encoded
by the gene LAZ5 (Palma et al. 2010). While this
situation is reminiscent of the het-e/het-c and
het-d/het-c incompatibility systems in Podos-
pora, where inappropriate NLR activation may
be caused by disruption/perturbation of the
“guardian-guardee” pair, other autoimmune
reactions in plants seem to implicate different
mechanisms. This is true, for example, for the
hybrid necrosis triggered by co-expression of
DM1 (DANGEROUS MIX 1) and DM2d, two
distinct NLR proteins, an incompatibility
mechanism not yet encountered in fungi
(Tran et al. 2017).

Hybrid necrosis in plants and heterokaryon
incompatibility in fungi may thus represent
very similar phenomena, emerging from anom-
alous activation of genes evolving primarily to
mediate heterospecific non-self recognition and
detection of modified self. However, the adap-
tive value of the two phenomena is likely differ-
ent. Notably, the fungal specific lifestyle, where
colony establishment relies on anastomosis,
occasionally between genetically distinct indi-
viduals, would integrate some of the sporadi-
cally emerging allorecognition systems to
prevent conspecific parasitism and the spread
of deleterious elements like mycoviruses. In
that regard, one could argue that some of the
co-opted NLRs are (re)utilized as immune
receptors.
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VIII. Conclusions

In this chapter, we recapitulate the state of
knowledge on the large family of fungal NOD-
like receptors, identified and investigated as
allorecognition determinants in several fila-
mentous ascomycete species. Subsequent in
silico analyses revealed that NLR proteins are
widespread in the fungal kingdom, display
remarkable architectural variability, and carry
accessory signaling/executioner domains,
which appear in some cases homologous to
counterparts in metazoan and plant NLRs.
The accumulation of observational and experi-
mental data has led to the hypothesis that the
fungal NLRs are an integral part of a complex
and yet to be fully described fungal immune
system that may play roles both in host defense
and symbiotic interactions. Future approaches
will need to demonstrate the involvement of a
fungal NLR protein in direct mediation of het-
erospecific non-self recognition to establish a
broader functional equivalence between the
fungal NLR type and the NLR receptors that
have been shown to control innate immunity
in other major eukaryotic lineages. This
achievement would impact not only NLR biol-
ogy but also our general understanding of the
molecular evolution of non-self discrimination
in eukaryotes and possibly beyond, in some
prokaryotic species. The ascertainment that
these proteins belong to the same family, have
a shared evolutionary origin, and mediate het-
erospecific non-self discrimination in three of
the main branches in Eukaryota, would validate
these use of a common conceptual framework
for the investigation of commonalities and par-
ticularities in the molecular mechanics and
evolutionary strategies of diversification of the
NOD-like receptors in plants, metazoans, and
fungi (and perhaps also in multicellular prokar-
yotes). The likely prokaryotic origin of pro-
grammed cell death and innate immunity
machinery has been repeatedly stressed (Ara-
vind and Koonin 2002; Dunin-Horkawicz et al.
2014; Koonin and Aravind 2002). Some com-
monality appears in the genome content of
NLR-type gene architectures in fungi and bac-

teria. In both cases, the architecture is prevalent
in filamentous/multicellular species and rare or
absent in unicellular species. NB-ARC TPR and
NACHT WD architectures are abundant, and
SSFRs with high internal repeat conservation
occur frequently in both branches. It will be of
great interest in the future to gain some insight
into the evolutionary and functional basis of
this resemblance in the NLR-type gene content
in prokaryotic and eukaryotic multicellular
microbes.

Many aspects of fungal biology are cur-
rently contemplated in the context of inter-
organismal interactions (endophytic and
mycorrhizal lifestyles, lichen formation, patho-
genicity, mycoparasitism, fungal-bacterial
interactions, control of secondary metabolism).
If indeed the large and diversified repertoires of
NLRs in fungi have a general role in sensing
and responding to a variety of biotic cues, then
it can safely be predicted that this family of
proteins will turn out to be of some importance
for the future of our understanding of the myr-
iad of fungal lifestyle modalities.
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I. Introduction

Arbuscular mycorrhizas (AMs) are often
defined as the most widespread plant symbio-
sis: 72% of vascular plants (Brundrett and
Tedersoo 2018) interact at root level with a
group of early-diverging fungi, Glomeromyco-
tina, originating a symbiosis which is not
detectable at naked eye, but has deep conse-
quences on a global scale, from nutrient cycles
and soil structure to plant health, photosynthe-
sis, and productivity. In addition, several non-
vascular plants, including many bryophytes,
also host Glomeromycotina in the cells of
their haploid thalli. Being able to colonize
both sporophytes and gametophytes, AM

fungi are therefore central for land plant biol-
ogy, making AM symbiosis a major scientific
topic in diverse fields, from mycology to bot-
any, microbiology, ecology, agronomy, and
bioinformatics, also involving modeling and
economics studies. For this reason it is not
surprising to obtain millions of hits when
entering the keywords arbuscular mycorrhizas
in any search engine on the World Wide Web
(December 2018). However, adding the term
Genetics strongly reduces the number of hits,
and the scientific papers that have both Genet-
ics and AMs among their keywords are only a
few. This scenario mirrors the history of
mycorrhiza studies: while the so-called endo-
trophic mycorrhizas have been discovered and
then studied since the end of the nineteenth
century (Bonfante 2018), application of molec-
ular techniques to AMs required the advent of
PCR (Mullis 1990), almost exactly 100 years
later. The first papers reporting the application
of this powerful tool to mycorrhizal research
were focused on the development of molecular
probes based on RNA ribosomal genes and
aimed at the identification of fungal symbionts
in ectomycorrhizas (White et al. 1990; Gardes
and Bruns 1993). Only later, molecular tools as
well as -omics approaches were successfully
applied to AM fungi, originating in the two
main trajectories (Ferlian et al. 2018) that still
characterize mycorrhizal studies: on the one
hand, molecular approaches have provided a
wealth of information on the ecology, distribu-
tion, and diversity of AM fungi; on the other
hand, they have represented the starting point
to decipher the molecular mechanisms under-
lying plant-fungal interactions.
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Differently from model fungi (Neurospora,
Aspergillus) and plants (Arabidopsis), the
genetics of arbuscular mycorrhizas, intended
as the sum of interacting plants and fungi, is
therefore a very recent domain of science. Par-
niske (2004) was one of the first to use the term
genetics in his highly quoted review “Molecular
genetics of the arbuscular mycorrhizal symbio-
sis.”

In this context, the aim of this chapter is to
provide a review of the multiple interactions
that are included in the term “arbuscular
mycorrhizas” and present an updated view of
our knowledge on the molecular genetics of
AMs, covering the genomes of AM fungi, the
cellular and molecular responses of the host
plant, as well as the fungal and plant natural
variation that contributes to the outcome of
this fascinating interaction.

II. A New Look at the Interacting
Partners: From Two to Many

Arbuscular mycorrhizas (AMs) are tradition-
ally described as the symbiosis resulting from
the interaction between the roots of land plants
and soil fungi. Even if AM host plants can
survive if deprived of their fungal symbionts,
this condition is virtually unknown in natural
ecosystems, where AM fungi are associated as
helper microorganisms in most of the environ-
ments so far investigated (Davison et al. 2015,
2018). On the other hand, AM fungi are still
considered to be unculturable in the absence
of their host: being auxotrophic for lipids
(Jiang et al. 2017; Luginbuehl et al. 2017; Key-
mer et al. 2017), they strictly depend on their
green hosts for growth and reproduction, which
gives them the status of obligate biotrophs.
From an evolutionary point of view, the ecolog-
ical success of AM fungi demonstrates that the
advantages of such a strict association with
plants have overcome the risks arising from
the loss of saprotrophic capabilities (Bonfante
and Genre 2010). Recent findings have however
demonstrated that the interaction is more com-
plex than a one-to-one relationship, since roots
may simultaneously host many AM fungi and

also other microbes. In addition to the Glomer-
omycotina, some members of the related sub-
phylum of Mucoromycotina (Spatafora et al.
2016) have been demonstrated to colonize
early-diverging plants, i.e. liverworts and horn-
worts, and lycophytes (Bidartondo et al. 2011;
Desirò et al. 2013; Rimington et al. 2015). In
addition, a typology of AM fungi, usually iden-
tified as Glomus tenuis (the fine endophyte),
has been recently suggested to be related with
the Mucoromycotina (Orchard et al. 2017),
broadening therefore the taxonomic spectrum
of aseptate fungi which colonize land plants.

The colonization process of AM fungi
belonging to the Glomeromycotina has been
described in detail by using light and electron
microscopy (Bonfante 2018), while more recent
information is based on the use of in vivo con-
focal microscopy (McLean et al. 2017; Lan-
franco et al. 2018; Pimprikar and Gutjahr
2018). By contrast, the colonization processes
by Mucoromycotina are still to be defined:
these fungi may establish different interactions
with plants; some of them also establish ecto-
mycorrhizas (Fassi et al. 1969) and have been
detected mostly by using molecular tools, while
morphology suggests that they form character-
istic intracellular swellings (Bidartondo et al.
2011). In the light of the hypothesis that G.
tenuis is actually belonging to Mucoromyco-
tina, a few observations dating back to the
1980s described how the cellular features of
these fungi and their interaction with the plant
host are impressively similar to those of Glo-
meromycotina (Gianinazzi-Pearson et al. 1981).
Since many reports revealed that a single plant
may be simultaneously colonized by both
Mucoromycotina and Glomeromycotina
(Desirò et al. 2013), it will be crucial to develop
cellular tools to clearly distinguish between the
two fungal subphyla during their growth in
planta. Lastly, many AM fungi host obligate
endobacteria which live inside their cytoplasm
and have an impact on fungal biology (Bon-
fante and Desirò 2017; Salvioli et al. 2016).
The bacteria living in Glomeromycotina
appear to be common to many Mucoromycota,
since related microbes have been detected in
Rhizopus, Mortierella, as well as Endogone spe-
cies, suggesting that their presence predates the
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Mucoromycota divergence (Bonfante and
Desirò 2017).

On the basis of the current data, Glomero-
mycotina can therefore be defined as a stable
component of the plant microbiota, since they
are found in most of the environments so far
investigated (Davison et al. 2015, 2018), but on
the other hand, they also host their own micro-
biota, given by the intracellular endobacteria as
well as by the bacteria which are commonly
associated to the surface of their extraradical
hyphae (Turrini et al. 2018).

Interestingly, the molecular investigations,
including the exploitation of transcriptomics
data, have also allowed the description of viral
sequences hosted within AM fungi (Turina
et al. 2018). Mycoviruses can therefore be con-
sidered an additional component of the AM
microbiome with the potential to influence the
biology of AM fungi and their host plant (Ikeda
et al. 2012).

III. Lessons from the Genome
Sequencing of AM Fungi

Our knowledge of the AM symbiosis mainly
mirrors a plant-centric view. This is due to (1)
the obligate biotrophic status of Glomeromyco-
tina, which cannot be cultivated in the absence
of their host plants; (2) their multinuclear con-
dition, i.e., hundreds of nuclei coexist within
one continuous cytoplasm; and (3) the absence
of observable sexual reproduction and a unin-
ucleated life stage (Chen et al. 2018). All these
aspects hamper the use of the classical genetic
tools which have, by contrast, allowed to study
model fungi like Neurospora or Aspergillus, or
their host plants which offer genetically tracta-
ble systems. In addition, protocols to obtain a
stable genetic transformation of AM fungi are
not yet available.

In the first decade of the new century, the
development of -omics approaches and the first
sequencing of an AM fungal genome have
offered novel groundbreaking insights in their
biology. However, achieving the first
sequenced genome of a Glomeromycotina,
Rhizophagus irregularis, was not an easy task

and required many years (Martin et al. 2004;
Tisserant et al. 2013). The strain DAOM-197198
was selected for several reasons: it had been
hypothesized to possess a very small genome;
it easily grows in association with root organ
cultures, producing a large amount of non-
contaminated fungal material; and – as a last
key feature – it does not host endobacteria, thus
representing a potentially more amenable sce-
nario. The sequence of its 153-Mb haploid
genome showed a repertoire of about 30,000
genes and revealed a low level of polymorphism
offering for the first time a reply to the crucial
question: do the nuclei of AM fungi possess
multiple, highly diverged genomes? The data
strongly suggested the inconsistency of such a
hypothesis, which was also elegantly refuted by
the whole sequence of isolated single nuclei
(Lin et al. 2014). Mating (MAT)-related genes
were found to be expanded, suggesting the exis-
tence of cryptic sex-related processes and
opening the possibility that a non-observable
mating does not mean absence of sex. Genomic
analyses of several R. irregularis isolates clearly
proved that some strains are homokaryotic
(containing genetically identical nuclei with
one putative MAT locus) while other strains
are dikaryotic (harboring two distinct nuclear
genotypes each with a different MAT locus;
Ropars et al. 2016; Corradi and Brachmann
2017). Moreover, Chen et al. (2018), following
the single-nucleus sequencing approach
(Fig. 7.1), demonstrated that nuclei with dis-
tinct genotypes in their MAT alleles can
undergo recombination, originating genetic
diversity. Despite evidence of recombination,
however, clonality still appears to be the prev-
alent mode of reproduction (Chen et al. 2018).

A. The Biotrophism of AM Fungi

The expectations of the researchers involved in
genome sequencing of Rhizophagus irregularis
were first focused on another crucial question:
why are AM fungi unculturable? At a first
glance, their obligate biotrophy was not
explained by genome erosion or any related
loss of metabolic complexity in central metab-
olism. Only later it was clear that AM fungi do
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not possess fatty acid synthetases (FAS; Wewer
et al. 2014), resulting to be auxotroph for this
essential group of compounds which are totally
received from the host plant (Luginbuehl et al.
2017; Jiang et al. 2017; Keymer et al. 2017).
Interestingly, Tisserant et al. (2013) firstly
pointed to the almost total lack of genes encod-
ing plant cell wall-degrading enzymes as well
as of genes involved in toxin and thiamine
synthesis. The limited number of cell wall-
degrading enzymes is currently considered
one of the signatures of AM fungal genomes,
since this feature has been found in all other
genomes sequenced later: R. clarus (Kobayashi
et al. 2018), Rhizophagus cerebriforme, and Rhi-
zophagus diaphanum (Morin et al. 2018) all
belonging to the same Rhizophagus genus, as
well as members of the Diversisporales, Diver-
sispora epigea (Sun et al. 2018), Gigaspora rosea
(Morin et al. 2018), and Gigaspora margarita
(Venice et al. 2019). Taken in the whole, these
results highlight a still unsolved question: how

do AM fungi penetrate within their host tissue,
being for a large part of their life cycle intracel-
lular endophytes? How do they cross the plant
cell wall? On one hand, the limited number of
such hydrolytic enzymes well fits with the life
strategy of AM fungi: they do not activate plant
defenses, since they have to keep their host
alive and prone to accommodate the fungus,
but, on the other hand, they enter the root
cells probably thanks to a finely tuned regula-
tion of the plant metabolism. Among the bat-
tery of mycorrhiza-induced secreted proteins
which are mainly expressed in symbiotic tis-
sues (Tisserant et al. 2013; Sędzielewska Toro
and Brachmann 2016), some of them can act as
effectors which might manipulate plant regu-
latory pathways (see next paragraph). It can be
hypothesized that some effectors may induce
the weakening and swelling of plant cell walls,
which may compensate for the absence of
hydrolytic enzymes and is indeed observed by

Fig. 7.1 Schematic representation of the three genome
organizations found to date in the model AM fungus
Rhizophagus irregularis. Left: Most isolates analyzed
using genome analysis and PCR targeted to the MAT
locus have been found to carry nuclei with the same
MAT locus. In these isolates, genetic variability is lower
than dikaryotic relatives, and recombination is unde-
tectable. Middle: The R. irregularis isolates A4 and A5

carry nuclei with two distinct MAT loci. Evidence for
recombination is very rare, and two divergent geno-
types appear to coexist in the cytoplasm. Right: In some
cases, strains can harbor nuclei with two distinct MAT
loci that undergo frequent karyogamy. The frequency
of karyogamy increases nuclear diversity within the
mycelium. From Chen et al. (2018), licensed under CC
BY 2.0 (https://creativecommons.org/licenses/by/2.0/)
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morphological analyses (Balestrini and Bon-
fante 2014).

The repertoire of R. irregularis genes has
therefore provided an excellent basis for under-
standing not only the fungal biology but also
the genetics mechanisms underlying the AM
symbiosis. The genomes of AM fungi which
have been recently sequenced thanks to the
impressive advances in DNA sequencing tech-
nologies have provided the opportunity to
develop comparative genomics analyses
(Morin et al. 2018; Venice et al. 2019). The
genome size of AM fungi can be very diverse,
ranging from about 150 Mb of Rhizophagus
species (Chen et al. 2018) to 600 Mb of G.
rosea and 784 Mb of G. margarita. The genome
expansion seems to be strictly correlated with
the presence of transposable elements (TE)
which, in the case of G. margarita, represent
more than 80% of the whole genome. Interest-
ingly, also ectomycorrhizal fungi belonging to
the truffle groups and characterized by the pro-
duction of hypogeous fruitbodies have gen-
omes very large and rich in TE (Murat et al.
2018).

Differently from Glomeromycotina, the
ecological role of their sister group, Mucoro-
mycotina, is much more enigmatic. In the order
Endogonales, the family Endogonaceae con-
tains some ectomycorrhizal fungi producing
small hypogeous truffle-like fruitbodies (Fassi
et al. 1969; Yamamoto et al. 2017), while the
other family, Densosporaceae, groups fungi
that live associated to early-diverging plants
(Desirò et al. 2013; Rimington et al. 2015) as
well as the fine root endophytes (Orchard et al.
2017). Remarkably, the genome sequencing of
four Endogonaceae fungi (Chang et al. 2018)
has detected the symbiotic signatures already
identified in the other mycorrhizal fungi such
as large genome size, high repetitive DNA con-
tent, and low diversity of plant cell wall-
degrading enzymes but without elevated small
secreted proteins/secretome ratios. Notwith-
standing the absence of fungi belonging to the
Archeosporaceae, all the genomes of these
mycorrhizal Mucoromycota fungi share similar
features. AM fungi, however, have some further
specific traits which well explain their uncultur-
ability (lipid auxotrophism), their TE abun-

dance (TE burst), their high compatibility
with host plants (strong reduction of cell wall-
degrading CAZymes), and expansion of some
metabolic pathways (chitin synthesis and deg-
radation) allowing therefore a fine-tuning of the
molecular dialogue with their host (Venice et al.
2019).

The genomes of D. epigea (Sun et al. 2018),
G. margarita (Venice et al. 2019), and Endogo-
nales (Chen et al. 2018) also allowed to gain new
information on endobacteria living in their
cytoplasm. The genome sequence led to the
detection of Mollicutes-related endobacteria
(MREs) in D. epigea and in three of the four
sequenced Endogonaceae. Their genomes can
therefore be read as “metagenomes.” By con-
trast, G. margarita genome confirmed the pres-
ence of Candidatus Glomeribacter
gigasporarum, which was already sequenced
(Ghignone et al. 2012). The presence of such
endobacteria, which have also been discovered
in the phylogenetically related Mortierellomy-
cotina (Uehling et al. 2017), strongly suggests
that endobacteria may be an evolutionary
marker of Mucoromycota. The intimate contact
between bacteria and fungi may have favored
horizontal gene transfer (Torres-Cortés et al.
2015; Naito et al. 2015; Sun et al. 2018), poten-
tially leading to an impact on the fungal biology
(Salvioli et al. 2016).

B. From Structure to Function

The genome sequencing of AM fungi has so far
provided relevant information concerning their
genome structure and evolution, even if data
from some more distantly related members,
such as Archeospora, would be essential to bet-
ter define their ancient relationships. By con-
trast, functional genomics study of AM fungi is
still at its infancy. Many genes, and mostly
those expressed during the symbiotic phase,
are orphan genes (i.e., do not show similarities
with genes listed in databases), and the lack of
genetic transformation procedures further
hampers their characterization.

Following the studies on pathogenic inter-
actions, attention has been given to the secre-
tome, the pool of proteins characterized by the
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presence of a signal peptide that guides pro-
teins toward the endomembrane system for
secretion (Kloppholz et al. 2011; Tisserant
et al. 2013; Lin et al. 2014; Sędzielewska Toro
and Brachmann 2016; Kamel et al. 2017; Zeng
et al. 2018) since the secretome includes pro-
teins called effectors which are of crucial rele-
vance in host-microbe interactions. Effectors
are microbial molecules that, once delivered to
the host cells, can manipulate cellular mechan-
isms often leading to an attenuation of innate
immune response or a promotion of nutrient
exchange and thus favoring host colonization
(Lo Presti et al. 2015).

AM fungi possess a rather rich secretome
with hundreds of candidate secreted proteins
which, in the different publications, may vary
in number according to the criteria used to
define them. Comparative analyses of genomes
and transcriptomic data from AM fungi showed
that many secreted proteins are conserved in
phylogenetically related AM species; however,
in analogy to other fungal groups with different
lifestyles/nutritional strategies (Schirawski
et al. 2010; Heard et al. 2015; Pellegrin et al.
2015), there is a prevalence of lineage-specific
proteins, suggesting specific biological roles.
Indeed, AM effectors have also been hypothe-
sized to be important factors to control symbi-
otic efficiency and/or host preferences (Zeng
et al. 2018), two aspects of AM fungi biology
whose molecular mechanisms are still largely
unknown.

Interestingly, two studies have clearly
demonstrated that, while some secreted pro-
teins showed similar gene expression levels in
different host plants, suggesting that they fulfill
conserved roles, a subset of them were differ-
entially expressed depending on the host spe-
cies (Kamel et al. 2017; Zeng et al. 2018). Host-
specifically expressed secreted proteins, candi-
date effectors, also have been observed for the
endophyte Piriformospora indica (Lahrmann
et al. 2013). Evidence that these secreted pro-
teins can play a significant role in host specific-
ity also comes from plant pathogens where
their evolution seems to be under host-directed
selection (Zhong et al. 2016).

On the other hand, a small set of secreted
proteins, also shared by distantly related AM

fungi (Rhizophagus irregularis and Gigaspora
rosea), showed similar expression patterns in
different host plants (Kamel et al. 2017). These
genes, described as the AM symbiotic core
secretome, encode proteins with unknown
function or proteases. The proteolytic activity
may play a role in the production of oligopep-
tides and amino acids with nutritional roles, the
inactivation of plant defense proteins (Jashni
et al. 2015), or the generation or turnover of
fungal/plant signaling proteins.

Induced expression in planta is a com-
monly applied additional predictive criterion
to identify effectors among secreted proteins.
Gene expression profiles from laser microdis-
sected cells even allowed to identify a set of
genes most specifically expressed at the arbus-
cule stage (Zeng et al. 2018). Although the
majority of them are orphan genes, some
secreted proteins could be associated to lipid
signaling (which is of particular interest con-
sidering the finding of fatty acid auxotrophy of
AM fungi) or show homology, again, to endo-
peptidases (Zeng et al. 2018). But, so far, only
three AM effectors have been characterized in
detail. The first, called SP7, was shown to target
the host cell nucleus where it counteracts the
function of the pathogenesis-related transcrip-
tion factor MtERF19 (Kloppholz et al. 2011).
The putative secreted protein SIS1 from R. irre-
gularis was found among those genes upregu-
lated in strigolactones-treated germinating
spores (Tsuzuki et al. 2016) and strongly
expressed in the intraradical mycelium, includ-
ing arbuscules (Zeng et al. 2018), in line with its
predicted role in intraradical colonization
(Tsuzuki et al. 2016). Recently, a crinkler
(CRN) effector (RiCRN1) that belongs to a sub-
family of secreted CRN proteins from R. irregu-
laris was also characterized (Voß et al. 2018).
As CRNs were originally described in plant
pathogenic oomycetes (Schornack et al. 2009),
this finding extends the similarity between AM
fungi and plant pathogens also outside the fun-
gal kingdom. Although not yet defined, the
mechanism of action of RiCRN1 does not
involve cell death processes as often described
for CRNs from oomycetes.

In all these three abovementioned cases,
host-induced gene silencing (HIGS) has been
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used to specifically silence the fungal genes
during the symbiotic phase allowing the
description of an impaired colonization pat-
tern. These examples also highlight how, in
the absence of protocols for stable genetic
transformation for AM fungi, genetic manipu-
lation tools developed for the host plants can be
successfully applied to study the function of
AM fungal genes at least in the in planta phase.

The availability of genome and transcrip-
tomic data also allowed the large-scale analysis
of Cu, Fe, and Zn transporters: beside an expan-
sion of some gene families, it has been observed
that some genes were upregulated in the intrar-
adical phase suggesting that metals are impor-
tant for plant colonization (Tamayo et al. 2014),
in analogy to what has been observed for the
endophytic fungus Epichloë festucae (Johnson
et al. 2013).

Analogous investigations led to an inven-
tory of conserved proteins of the RNA interfer-
ence machinery (RNAi) in Rhizoglomus
irregulare with the discovery of putative
ancient events of horizontal gene transfer
involving two class I ribonuclease III protein-
coding genes possibly from cyanobacterial gen-
omes (Lee et al. 2018). From an evolutionary
perspective, this finding may reflect an ancient
symbiosis history of AM fungi with cyanobac-
teria. Remarkably, this type of interaction can
still be observed today between Geosiphon pyr-
iforme, an AM fungus assigned to the basal
order Archaeosporales and the cyanobacterium
Nostoc punctiforme (Gehrig et al. 1996). The
presence of a RNA silencing machinery sug-
gests that R. irregulare has the potential to
produce small RNAs and, hypothetically, to
use them also as effectors, in a process so called
cross-kingdom RNAi, as it has been shown in
the pathogenic interaction of Botrytis cinerea
and Arabidopsis (Wang et al. 2017). Some evi-
dences in this direction have been recently
obtained (Silvestri et al. 2019). Further investi-
gations are needed to verify whether also AM
fungi use RNA effectors to regulate plant pro-
cesses; on the other hand, the inverse phenom-
enon, that is, the delivery of small RNA with
gene silencing purposes from the plant to the
fungus, is also likely to occur as again it has
been demonstrated in the Botrytis cinerea-Ara-

bidopsis interaction (Cai et al. 2018). The suc-
cess of the HIGS approach as a tool to silence
fungal genes in the AM symbiosis (Helber et al.
2011; Tsuzuki et al. 2016) is a strong clue
toward the occurrence of such a process.

IV. Molecular Tools Reveal Plant
Responses to AM Fungi

A. Cellular and Molecular Changes in the Host
Plant

In analogy to most root-microbe interactions,
AM establishment depends on finely tuned rec-
ognition processes (Bonfante and Genre 2015)
through signal release and perception between
both partners before their physical contact
(Gianinazzi-Pearson 1996).

Root exudates (Fig. 7.2) contain several
bioactive, low molecular weight compounds.
Among them, strigolactones are a class of ter-
penic compounds deriving from the carotenoid
metabolism. They are biosynthesized in the
root and actively transported to the shoot or
released in the rhizosphere (Gomez-Roldan
et al. 2008). Strigolactones, whose release
increases under phosphate starvation, rapidly
undergo spontaneous hydrolysis in water solu-
tions, which limits their diffusion in the rhizo-
sphere and makes them reliable signals of root
vicinity for several root-interacting organisms.
Indeed, strigolactones were originally identified
in plant root exudates as germination stimu-
lants for parasitic plants of the family Oroban-
chaceae (Matusova et al. 2005). Later,
strigolactones have been reported to be indis-
pensable for the establishment of AM (Akiyama
et al. 2005, 2010; Besserer et al. 2006, 2008) and
more recently also to be involved in symbiotic
nitrogen fixation (Soto et al. 2009; Foo and
Davies 2011).

Strigolactone perception triggers a cascade
of molecular and cellular events in AM fungi,
such as nuclear multiplication, mitochondrial
growth, and a fast increase of cytotoxic NADH
and ATP content, indicating respiration as one
of the primary metabolic targets (Akiyama and
Hayashi 2006). Such cellular responses associ-
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ate with hyphal proliferation and repeated
branching close to the root, facilitating contact
with the host surface (Besserer et al. 2006,
2008).

The role of strigolactones as fungus-
directed signals in AM interactions has indi-
rectly been confirmed by the observation that
rice mutants defective in the SLs receptor D14
are not perturbed in AM colonization (Yoshida
et al. 2012; Gutjahr et al. 2015). The study of
strigolactone perception by the host plant has
anyway revealed intriguing crosstalk mechan-
isms with other signaling pathways. For strigo-
lactone perception, D14 forms a receptor

complex with the F-box protein MAX2/D3/
RMS4 (Hamiaux et al. 2012). In turn, MAX2
was shown to also be involved with KAI2/
D14LIKE in the receptor complex for karrikins,
the butenolide molecules found in smoke
extracts that promote seed germination of
many plant species (Flematti et al. 2004; Nelson
et al. 2010; Waters et al. 2012). Interestingly,
rice d3 and pea rms4mutants displayed impor-
tant defects in AM colonization and arbuscule
formation, respectively (Yoshida et al. 2012;
Foo et al. 2013; Gutjahr et al. 2015); further-
more, a d14l/kai2 rice mutant does not stimu-
late the formation of hyphopodia (Gutjahr et al.

SL

ERM

IRM

KARL? 

KARL? 

Myc factors
LCOs/COs

AMF effectors
D14L/KAI2
NOPE1
LysM RLKs

GlcNac-
derivative? 

Epidermis Cortex

Fig. 7.2 Molecules involved in the communication
between AM fungi and host plants. Plant roots release
strigolactones (SL) which stimulate fungal metabolism
and hyphal branching to promote colonization
(Akiyama et al. 2005; Besserer et al. 2006, 2008). A
rice mutant deficient for the D14L gene is characterized
by an absence of hyphopodia (Gutjahr et al. 2015). The
D14L/KAI2 protein localizes to the nucleus and cyto-
plasm. It is yet unclear whether the karrikin-like
(KARL) ligand of D14L/KAI2 relevant for AM symbio-
sis is of plant or fungal origin. The recent finding that a
plasma membrane-resident plant N-acetylglucosamine
(GlcNAc) transporter (NOPE1) is required for early
signaling in AM suggests the existence of GlcNAc-
based diffusible plant molecules, which may trigger
pre-symbiotic fungal reprogramming (Nadal et al.
2017). Also AM fungi use GlcNAc-based molecules,

which include lipo-chito-oligosaccharides (LCOs; Mail-
let et al. 2011) and short chitin tetra- and pentamers
(COs; Genre et al. 2013); these are perceived by plant
LysM-RLKs (Zipfel and Oldroyd 2017) and activate
plant symbiotic responses. AM fungal effector candi-
dates, thought to interfere with host cellular processes
to favor colonization at early and/or late stages of the
AM symbiosis, have been predicted from fungal gen-
omes and transcriptomes (Sędzielewska Toro and
Brachmann 2016; Kamel et al. 2017). SLs stimulate the
production of chitin oligomers (Genre et al. 2013) and
secreted proteins (Tsuzuki et al. 2016; Kamel et al.
2017) by AM fungi. Note that the tissue-specific expres-
sion of D14L/KAI2 and NOPE1 is currently unknown.
IRM, intraradical mycelium; ERM, extraradical myce-
lium. From Lanfranco et al. (2018) with permission
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2015) and does not respond transcriptionally to
AM germinating spore exudates. Together
these results suggest that the karrikin receptor
complex plays a role in symbiotic signaling
even if the involvement of karrikin-like mole-
cules of fungal or plant origin remains to be
investigated (Gutjahr et al. 2015; Waters et al.
2017).

The discovery of a rice and maize N-
acetylglucosamine transporter (NOPE1)
required for AM signaling and colonization
points to the role of additional diffusible plant
molecules in the activation of pre-symbiotic
fungal reprogramming (Nadal et al. 2017). Elu-
cidating the exact molecular function of NOPE1
and its substrate will shed light on long pre-
dicted new molecular actors in AM signaling
(Bonfante and Requena 2011).

Even if fungal receptors for strigolactones
remain unknown (Waters et al. 2017), recent
data suggest the activation of a calcium-
mediated pathway (Moscatiello et al. 2014)
and – intriguingly – the release of pre-
symbiotic fungal signals (Genre et al. 2013).

In fact, AM fungi release water-soluble
molecules collectively known as Myc factors
(mycorrhizal factors) (Bonfante and Genre
2015). Myc factor perception triggers plant
symbiotic responses (Bonfante and Requena
2011) through a Ca2+-mediated signal trans-
duction pathway. Responses include transcrip-
tional regulation, starch accumulation in roots,
and lateral root formation (Kosuta et al. 2003,
2008; Oláh et al. 2005; Kuhn et al. 2010; Cha-
baud et al. 2011; Mukherjee and Ané 2011;
Maillet et al. 2011; Genre et al. 2013), overall
preparing the plant to a successful symbiotic
association.

The first evidence of diffusible Myc factors
was found in the exudates of germinated spores
(GSE), which triggered a transient increase in
cytosolic calcium concentration of soybean
cultured cells (Navazio et al. 2007). The GSE
was later shown to contain different chitin-
related oligomers that are responsible for such
plant responses: these include lipo-chito-oligo-
saccharides (Myc-LCOs; Maillet et al. 2011) and
tetra- and penta-chito-oligosaccharides (Myc-
COs; Genre et al. 2013).

Myc-LCOs were purified from sterile exu-
dates of mycorrhizal carrot roots and identified

as putative Myc factors by their induction of the
early symbiotic gene MtENOD11 in Medicago
plants. Furthermore, such LCOs stimulate root
hair branching (a typical Nod factor-related
response) in Vicia sativa (Maillet et al. 2011).
In fact, LCOs have a striking structural similar-
ity to rhizobial Nod factors (Dénarié et al.
1996).

Myc-COs have been isolated from distantly
related AM fungi, Rhizophagus irregularis and
Gigaspora rosea (Genre et al. 2013). They are
the most effective elicitors of nuclear Ca2+ spik-
ing patterns that resemble the irregular spiking
triggered by GSE. Myc-COs are active in both
legumes and non-legumes at very low concen-
tration, down to 10�8 M (Genre et al. 2013; Sun
et al. 2015), and can be considered as universal
AM-specific elicitors.

1. The Common Symbiotic Signaling Pathway

The study of Myc factor signaling mechanisms
in legumes such as Medicago truncatula and
Lotus japonicus has mostly come as a follow-
up of analogous research on symbiotic nitro-
gen fixation (SNF; Dénarié and Cullimore 1993;
Maillet et al. 2011). Since the latter evolved
almost 400 million years later than the oldest
known AM-related interactions, it is currently
acknowledged that legumes and rhizobia have
adapted the pre-existing AM signaling pathway
to control the new interaction. Indeed, several
legume mutants that cannot transduce Nod fac-
tor signals are equally impaired in the early
development of SNF and AM (Sagan et al.
1995; Catoira et al. 2000; Oldroyd and Downie
2006; Kosuta et al. 2008; Parniske 2008). Once
characterized, the corresponding genes have
been associated in the so-called common sym-
biotic signaling pathway (CSSP), a signal trans-
duction pathway that mediates AM and – in
legumes – SNF establishment (Oldroyd 2013;
Gobbato 2015). Phylogenetic studies have
demonstrated that key CSSP genes are present
throughout eudicots, monocots, basal land
plants, and charophytes (Banba et al. 2008;
Gutjahr et al. 2008; Chen et al. 2009; Wang
et al. 2010; Delaux et al. 2013, 2015).

The CSSP mediates fungal and bacterial
signal transduction from plasma membrane-
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bound receptors into the nucleus, where gene
expression is modulated. The LRR receptor-like
kinase LjSYMRK is believed to interact with so
far unidentified Myc factor receptor(s) (Gob-
bato 2015). In its cytoplasmic domain, the M.
truncatula homolog of LjSYMRK, MtDMI2,
interacts with a 3-hydroxy-3-methylglutaryl-
CoA reductase (HMGR1) involved in mevalo-
nate synthesis (Kevei et al. 2007). Mevalonate is
therefore believed to be produced in the vicin-
ity of the cytoplasmic face of the plasma mem-
brane (Venkateshwaran et al. 2015) and acts as
an intermediate messenger. The following
group of known CSSP proteins are localized
on the nuclear envelope. They include three
nucleoporins (NUP85, NUP133, and NENA;
Kanamori et al. 2006; Saito et al. 2007; Groth
et al. 2010), the ATP-powered Ca2+ pump
(MtMCA8; Capoen et al. 2011), a cyclic
nucleotide-gated channel (MtCNGC15s; Char-
pentier et al. 2016), and the cationic channels
LjCASTOR (MtDMI1) and LjPOLLUX (Ané
et al. 2004; Charpentier et al. 2008). Nucleopor-
ins were proposed to be involved in the target-
ing of CSSP channels and pumps to the inner
nuclear membrane (Kanamori et al. 2006; Saito
et al. 2007; Groth et al. 2010), whereas the
latter are directly involved in generating
nuclear Ca2+ spiking: a series of repeated oscil-
lations in Ca2+ concentration (Ané et al. 2004;
Imaizumi-Anraku et al. 2005; Capoen et al.
2011; Venkateshwaran et al. 2012). In more
detail, CNGC15 channels are predicted to
release Ca2+ from the nuclear envelope lumen,
a release compensated by the opposite flow of
K+ ions through CASTOR (Parniske 2008; Ven-
kateshwaran et al. 2012). MCA8 activity contri-
butes to the restoration of Ca2+ concentration
at the end of each peak.

The last group of CSSP proteins resides in
the nucleoplasm: Ca2+ spiking is supposed to
activate a Ca2+- and calmodulin-dependent
protein kinase (LjCCaMK; Miller et al. 2013),
which in turn phosphorylates its interacting
partner, CYCLOPS (Yano et al. 2008). Activated
CYCLOPS regulates gene expression either
directly or through the action of other tran-
scription factors like NSP1, NSP2, and RAM1
(Oldroyd 2013). Importantly, the identified
CSSP actors only constitute subsets of the

whole transduction pathway, leaving gaps that
still hamper the definition of a complete picture
of the signaling process (Genre and Russo
2016).

Beside canonical CSSP members, recent
evidence showed a role for additional players:
the Nod factor receptor MtLYK3 (LjNFR1) –
but not MtNFP (LjNFR5) – is required for
AM-specific activation of the CSSP and
subsequent colonization (Miyata et al. 2014;
Zhang et al. 2015). Furthermore, Myc-LCO-
induced responses were shown to be NFP-
dependent, indicating the involvement of this
receptor in both Nod- andMyc-LCO perception
(Op den Camp et al. 2011). Although nfp
mutants exhibit normal Ca2+ spiking and AM
colonization (Maillet et al. 2011; Genre et al.
2013; Zhang et al. 2015), such mutants do not
display nuclear Ca2+ spiking in response to
Myc-LCOs (Sun et al. 2015). Taken together,
these findings point to possible partial overlaps
and crosstalks between Nod and Myc signaling
in legumes.

By contrast, studies in non-legumes are
opening new perspectives in the characteriza-
tion of AM-specific CSSP activation. A dual role
has been demonstrated for the rice receptor-
like kinase CERK1. This gene is required for
both chitin-triggered immunity and AM colo-
nization (Miya et al. 2007; Shimizu et al. 2010).
In defense-related chitin perception, OsCERK1
acts with its LysM co-receptor OsCEBiP (Kaku
et al. 2006; Shimizu et al. 2010), but OsCEBiP is
not required for AM symbiosis (Miyata et al.
2014), suggesting the involvement of additional
players in Myc factor perception. In short,
legumes and non-legumes appear to differ in
their perception of Myc-LCO and Myc-CO sig-
nals, outlining a more complex scenario, where
different plant species respond to different
components in the mix of signals produced by
AM fungi (Sun et al. 2015).

Since CSSP activation is required for the
transcription of genes involved in both AM
and SNF, it is not fully clear how this pathway
can discriminate between the two signals and
induce different developmental programs. Evi-
dence points to a differential regulation of
CCaMK by Ca2+ and calmodulin. In fact, the
CaM-binding domain is redundant for AM but

152 L. Lanfranco et al.



essential for SNF establishment (Shimoda et al.
2012). Moreover, different calcium signatures
have been proposed to act in the two sym-
bioses, with specific spiking patterns and dif-
ferential responding cell types (Russo et al.
2013).

2. Symbiosis Establishment, Functioning, and
Senescence

IPD3/CYCLOPS targets a number of genes
through a cis-element called AM-CYC box
(Favre et al. 2014; Pimprikar et al. 2016). Inter-
estingly, CYCLOPS also interacts with the gib-
berellin signaling repressor DELLA (Pimprikar
et al. 2016), and Medicago truncatula della
mutants are impaired in AM and SNF coloniza-
tion (Floss et al. 2013; Jin et al. 2016). DELLA
proteins are repressors of gibberellic acid (GA)
signaling (Alvey and Harberd 2005), and GA
was shown to accumulate in Lotus japonicus
roots during mycorrhization (Takeda et al.
2015). Furthermore, DELLA proteins also con-
trol key developmental processes such as the
cell cycle (Gallego-Bartolome et al. 2012;
Daviere and Achard 2013). In M. truncatula,
DELLA1 and DELLA2 act redundantly to pro-
mote arbuscule development (Floss et al. 2013;
Foo et al. 2013; Yu et al. 2014). In short, the
CCaMK-CYCLOPS-DELLA pathway may act in
the adjustment of AM establishment based on
plant developmental and environmental stimuli
(Carbonnel and Gutjahr 2014; Breuillin-
Sessoms et al. 2015; Nagata et al. 2015; Konva-
linkova and Jansa 2016).

Among the CCaMK/CYCLOPS-regulated
transcription factors, the GRAS-domain pro-
teins NSP1 (Nodulation Signalling Pathway 1)
and NSP2 play an essential role in Nod factor
signaling (Catoira et al. 2000; Kaló et al. 2005;
Smit et al. 2005). Evidence suggests direct roles
of NSP1 and NSP2 also in Myc factor signaling:
with NSP2 being involved in NS-LCO-induced
lateral root growth (Maillet et al. 2011) and
NSP1 being required for the induction of three
mycorrhizal genes in response to NS-LCO
(Delaux et al. 2013). NSP1 and NSP2 interaction
is required for the induction of nodulation-
specific promoters (Hirsch et al. 2009; Jin

et al. 2016) but not crucial for AM symbiosis,
suggesting that different GRAS transcription
factor complexes regulate distinct groups of
genes (Pimprikar and Gutjahr 2018).

RAM1 is an AM-specific transcription fac-
tor regulated by the CYCLOPS/DELLA complex
(Gobbato et al. 2012). RAM1 expression
restores arbuscule formation in cyclopsmutants
(Pimprikar et al. 2016), and both RAM1 expres-
sion and arbuscule formation are rescued in
cyclops mutants by either overexpression of
DELLA1 (Floss et al. 2013; Park et al. 2015) or
GA treatment (Pimprikar et al. 2016). RAM1
forms a complex with NSP2 that was proposed
to regulate the expression of AM-specific genes,
similarly to the NSP1/NSP2 complex in SNF
(Gobbato et al. 2012).

Additional GRAS proteins were shown to
have a role in fungal colonization and arbuscule
development, such as RAD1 (Required for
Arbuscule Development 1), an interactor of
RAM1 and NSP2 (Xue et al. 2015), or DIP1
(Della Interacting Protein 1), a rice GRAS fam-
ily interactor of the DELLA protein SLR1 (Yu
et al. 2014). Furthermore, two CAAT-box tran-
scription factors, MtCbf3 and MtCbf4, were
involved in the pre-symbiotic stage (Hogekamp
et al. 2011; Czaja et al. 2012; Hogekamp and
Kuster 2013).

Lastly, recent studies revealed that the CSSP
also activates several other effectors, including
miRNA and small interfering RNA (siRNA)
with a critical role in transcriptional regulation
(Lelandais-Briére et al. 2016; Bazin et al. 2017),
mRNA splicing, RNA-directed DNA methyla-
tion, and epigenetic functions (Ariel et al.
2015; Chekanova 2015).

Following this chemical courtship, the pre-
symbiotic phase of AM development culmi-
nates in physical contact between symbionts,
with a hyphal tip touching the root surface
(Bonfante and Genre 2010). This crucial step
in AM symbiosis consists in the formation of
a large, swollen, and often branched hyphopo-
dium, attached to the root epidermal surface.
Epidermal cell wall was proposed to stimulate
hyphopodium differentiation (Nagahashi and
Douds 1997) through specific physicochemical
signals. This idea arose from observations in
rice – where hyphopodia form on large lateral
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roots but never on fine lateral roots (Gutjahr
et al. 2009) – and seminal studies of Giovannetti
et al. (1993) and Nagahashi and Douds (1997)
pointing at the presence of wall-associated
hyphopodium-stimulating signals. More
recently, one such signal has been identified in
monomeric cutin. This deduction came from
the observation of mutants in ram2 (Gobbato
et al. 2012), a glycerol-3-phosphate acyltrans-
ferase that is highly induced by RAM1 during
AM symbiosis (Harrison 2012) and is involved
in the biosynthesis of cutin precursors (Wang
et al. 2012; Vijayakumar et al. 2015). In fact,
root-bound cuticle monomers (Wang et al.
2012) that have also been reported to stimulate
AM hyphal branching (Nagahashi and Douds
2011) are less abundant in ram2 mutants.

Hyphopodium development is followed by
hyphal penetration in the sub-hyphopodial epi-
dermal cell (Genre et al. 2005; Bonfante and
Genre 2010). Intracellular fungal accommoda-
tion is the central feature of AM symbiosis, and
plant cells have to change their architecture and
molecular composition in a process referred to
as host cell reprogramming (Dörmann et al.
2014). Epidermal cells reorganize to accommo-
date the fungal symbiont with precise nuclear
movements, cytoplasm aggregation, and cyto-
skeleton remodeling. This cellular reorganiza-
tion allows the assembling of a subcellular
column-shaped structure, the so-called prepe-
netration apparatus (PPA), that the plant cell
forms in anticipation of fungal infection (Genre
et al. 2005). PPA assembly may require 4–6 h
and starts with the movement of the epidermal
cell nucleus toward the hyphopodium. The
nucleus then moves away from the contact site
and traverses the plant cell vacuole inside a
broad cytoplasmic bridge. The resulting colum-
nar cytoplasmic aggregation includes numer-
ous Golgi stacks, extensive trans-Golgi
network, endoplasmic reticulum, cytoskeleton,
and secretory vesicles (Genre et al. 2005, 2008,
2012). Only at this stage a hyphopodium-
derived hypha starts penetrating the epidermal
cell.

Endoplasmic reticulum and Golgi mem-
branes that surround the penetrating hypha
are ideally positioned for the synthesis of the
perifungal membrane, which is believed to be

the main function of the PPA. In fact, intense
exocytic activity and the accumulation of
SNARE and exocyst proteins have been
observed around the penetrating hyphal tip
(Genre et al. 2008, 2012; Ivanov et al. 2012),
alongside the upregulation of the corresponding
genes (Ivanov et al. 2012; Zhang et al. 2015).

PPA formation was shown to be CSSP-
dependent (Genre et al. 2005; Gutjahr and Par-
niske 2013), and several GRAS and CAAT-box
transcription factors are active during this stage
(Hogekamp et al. 2011; Hogekamp and Kuster
2013), regulating a large number of genes
(Diédhiou and Diouf 2018). MtENOD11 is an
atypical cell wall-associated protein presumed
to limit cross-linking between other wall com-
ponents (Journet et al. 2001). As such, MtE-
NOD11 expression during AM colonization
may contribute to cell wall plasticity, especially
considering the lack of cell wall-degrading
enzymes in glomeromycotan genomes (Tisser-
ant et al. 2012, 2013). Additional cell wall remo-
deling enzymes are expressed in roots during
AM colonization: a xyloglucan endotransglyco-
sidase (van Buuren et al. 1999) and cellulose
synthase-like and expansin-like proteins
(Balestrini and Bonfante 2005; Siciliano et al.
2007). Vapyrin, a VAMP-associated protein, is
also expressed during early AM and SNF estab-
lishment (Pumplin et al. 2010; Murray et al.
2011).

Penetrating hyphae cross the epidermal cell
lumen strictly following the route traced by the
PPA and reach the root cortex. Overall, prepe-
netration responses in outer cortical cells
resemble those observed in epidermal cells
(Genre et al. 2008). By contrast, as AM hyphae
reach the inner cortex, a substantial change is
observed in both fungal growth pattern and
host cell responses: the fungus switches from
radial to longitudinal growth, and inner corti-
cal cells develop broad PPA-like structures in
preparation of arbuscule accommodation
(Genre et al. 2008).

Arbuscule accommodation in cortical cells
involves the biogenesis of an extensive apoplas-
tic compartment, the symbiotic interface (Bon-
fante 2001; Balestrini and Bonfante 2014),
which consists of the periarbuscular space, con-
taining plant cell wall material and directly out-
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lining the fungal cell wall (Balestrini and Bon-
fante 2014), and periarbuscular membrane
(PAM; Harrison 2012), continuous with the
host cell plasmalemma.

The process of arbuscule accommodation
in cortical cells is the most striking feature of
AM development and requires a broad reorga-
nization of the host cells in strict coordination
with fungal development: hyphal penetration
associates with nuclear movement at the center
of the cell (Bonfante 2001), engulfed by a broad
PPA (Genre et al. 2008). This anticipates the
formation of the arbuscule trunk and the PAM
trunk domain (Pumplin and Harrison 2009),
characterized by a set of proteins that is analo-
gous to that of the plasma membrane. Later on,
smaller PPA-like aggregates organize in the
areas where the arbuscule branches and their
associated PAM branch domain develop (Genre
et al. 2008), harboring a specific set of proteins
devoted to nutrient exchange (Pumplin and
Harrison 2009), whose genes are only expressed
during this phase of arbuscule development
(McLean et al. 2017).

The extensive, repeated branching of
arbuscule hyphae requires a very intense mem-
brane synthesis (Pumplin and Harrison 2009)
and a polarized exocytic process that dwarfs
the analogous mechanisms described in outer
cell layers and positions AM-specific mem-
brane proteins in the PAM. An important tran-
scriptional response drives such cellular
changes, and the roles of individual genes are
gradually being revealed (McLean et al. 2017;
Hogekamp et al. 2011; Gaude et al. 2012; Hoge-
kamp and Kuster 2013).

In response to CSSP activation, several
transcription factors are expressed during
either early or later stages of arbuscule forma-
tion (Bucher et al. 2014; Luginbuehl and Old-
royd 2017; Diédhiou and Diouf 2018; Pimprikar
and Gutjahr 2018), in turn regulating the
expression of genes involved in nutrient trans-
fer, primary and specialized metabolism, mem-
brane and cell wall modifications, secretion,
and signal transduction (Hohnjec et al. 2005;
Gaude et al. 2012; Hogekamp and Kuster 2013;
Handa et al. 2015). The BLUE COPPER-
BINDING PROTEIN 1 localizes to the periph-
eral plasma membrane and PAM trunk domain

(Pumplin and Harrison 2009; Pumplin et al.
2012; Ivanov and Harrison 2014). By contrast,
the GRAS-domain transcription factor, RAM1,
is regulated by DELLA proteins and required
for arbuscule branch development (Gobbato
et al. 2013; Park et al. 2015; Rich et al. 2015;
Pimprikar et al. 2016). RAM1 regulates the
expression of exocytic markers such as the
EXO70I subunit of the exocyst complex
(Zhang et al. 2015b). Indeed, several proteins
involved in membrane dynamics are expressed
during the PAM branch domain development,
such as the symbiosis-specific t-SNARE
SYP132A (Huisman et al. 2016; Pan et al.
2016), VAPYRIN, involved in membrane fusion
processes (Feddermann et al. 2010; Pumplin
et al. 2010; Murray et al. 2011), and two
symbiosis-specific v-SNARES of the VAMP721
group (Ivanov et al. 2012).

Other GRAS-domain proteins, such as
RAD1 (Xue et al. 2015) and DIP1 (Yu et al.
2014), play a role in arbuscule development by
interacting with RAM1 and DELLAs, suggesting
the existence of a large transcription factor
complex (Floss et al. 2016). Furthermore,
another GRAS protein, MIG1 (MYCORRHIZA-
INDUCED GRAS 1), was proposed to control
radial expansion of cortical cells during arbus-
cule formation and interact with DELLA1 to
regulate AM root development (Heck et al.
2016; Luginbuehl and Oldroyd 2017). AM-
upregulated transcription factors also include
AP2 (APETALA2)-EREBP, an ethylene-
responsive element binding protein with a role
in arbuscule development (Devers et al. 2013),
and MtERF1, specifically expressed in arbuscu-
lated cells and required for arbuscule matura-
tion (Devers et al. 2013).

AM fungi provide the host plant with a
more efficient access to soil mineral nutrients,
in particular phosphate and ammonium. After
absorption, phosphorus (P) and nitrogen (N)
are translocated along the extraradical and
intraradical mycelium in the form of polypho-
sphate and arginine. From arbuscules, they are
released into the periarbuscular space as phos-
phate (Javot et al. 2007) and ammonium
(Tanaka and Yano 2005), respectively.

AM fungal exporters for nutrients bound to
the periarbuscular space have not yet been
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identified. By contrast, symbiosis-specific
phosphate importers – PT4 in Medicago trun-
catula and PT11 in rice (Javot et al. 2007; Pum-
plin and Harrison 2009; Kobae et al. 2010) –
have been localized to the PAM. M. truncatula
pt4 deletion induces a premature arbuscule col-
lapse and symbiosis abortion (Javot et al. 2007),
suggesting that host cells monitor phosphate
delivery from arbuscules and induce arbuscule
degeneration if it is not sufficient. Similarly,
nitrogen has also proven to act as a signal
supporting arbuscule survival (Javot et al.
2011). Ammonium transporters are transcrip-
tionally induced in mycorrhized roots and
localize in the periarbuscular membrane
(Kobae et al. 2010; Koegel et al. 2013). In fact,
an ammonium transporter 2 family protein
AMT2-3 has been identified in M. truncatula,
whose mutation induces premature arbuscule
degeneration (Yang et al. 2012; Breuillin-
Sessoms et al. 2015). In the same context,
PAM-associated H+-ATPases of the MtHA1
family (Krajinski et al. 2014; Hogekamp et al.
2011; Gaude et al. 2012) are believed to generate
the proton gradient required for the import of
different nutrients from the periarbuscular
space.

A few studies have analyzed the molecular
bases of carbon transfer from the host plant to
the AM fungus. The sugar transporter MtST1
was found to be expressed in Medicago trunca-
tula root tissues colonized by AM fungi (Harri-
son 1996). Radiolabelling studies suggest that
glucose can be absorbed by intraradical but not
extraradical hyphae (Bago et al. 2000; Douds
et al. 2000). Glucose transfer requires the
expression of invertases and sucrose synthases
in mycorrhizal roots, suggesting sucrose as a
possible source of the hexoses delivered to the
fungus. In parallel, a high-affinity monosaccha-
ride transporter (MST2) has been identified in
arbuscules and intraradical hyphae of Rhizo-
phagus irregularis (Helber et al. 2011). Once
the assimilated sugars reach the fungal cyto-
plasm, they are converted into glycogen and
trehalose and exported to the extraradical
mycelium (Pfeffer et al. 1999).

Even if the main form of carbon storage in
AM fungi is represented by triacylglycerols
(TAGs), extraradical hyphae and fungal spores

are not capable of de novo fatty acid synthesis
(Pfeffer et al. 1999; Gobbato et al. 2013). Indeed,
studies revealed that host plants also provide
fatty acids to AM fungi, likely in the form of
palmitic acid (Wewer et al. 2014). This scenario
is supported by the upregulation of several
genes involved in lipid biosynthesis and secre-
tion in arbusculated cells. They include the
acyl-ACP (acyl carrier protein) thioesterase
FatM and the glycerol-3-phosphate acyltrans-
ferase RAM2, both required for the establish-
ment of a functional AM symbiosis (Gobbato
et al. 2013; Luginbuehl et al. 2017). FatM has
been suggested to produce palmitic acid from
palmitoyl-ACP in the chloroplast (Bravo et al.
2017), whereas RAM2 has been shown to pref-
erentially use palmitoyl-coenzyme A as a sub-
strate to produce 2-monopalmitin (Luginbuehl
et al. 2017). Interestingly, RAM1-dependent
expression has been reported for the ABCG
lipid exporters STR and STR2, which localize
to the branch domain of the PAM (Gutjahr et al.
2012; Bravo et al. 2017; Luginbuehl et al. 2017).

The functional lifetime of arbuscules has
been estimated a few days (Kobae and Hata
2010) after which senescence processes are
initiated. Coupled with their non-synchronous
formation, this relatively short time of activity
leads to the coexistence of symbiotic structures
at different stages within the same area of the
root. Arbuscule collapse and degeneration
involves the rapid shrinkage of arbuscule
branches and PAM, including the dismantling
of its associated proteins (Kobae and Hata
2010). Abundant vesicles and endoplasmic
reticulum cisternae persist around the collaps-
ing PAM, alongside peroxisomes, possibly
assisting lipid breakdown or protecting the
host cell from oxidative damage (Pumplin and
Harrison 2009). As senescence proceeds, pro-
gressively larger branches and the arbuscule
trunk become septate and collapse, eventually
leading to the disappearance of the arbuscule
from its host cell (Luginbuehl and Oldroyd
2017). The MYB1 transcription factor is
required for the expression of several M. trun-
catula genes associated with arbuscule collapse.
MYB1 was shown to interact with DELLAs and
NSP1 to form a transcription factor complex

156 L. Lanfranco et al.



that is believed to trigger arbuscule degenera-
tion by inducing hydrolase genes (Floss et al.
2017). In fact, arbuscule senescence is a regu-
lated process where the host cell remains active
during and after arbuscule collapse and main-
tains the ability to be colonized again by a new
arbuscule.

B. Mycorrhizal Omics: From Local to Systemic
Responses

The AM symbiosis develops in roots where
extensive cellular reorganizations and specific
metabolic changes occur, which are mirrored
by local changes in the transcript profiles as it
has been demonstrated by transcriptomic ana-
lyses carried out on several plant species. The
root metabolome is also reprogrammed upon
mycorrhization. Laparre et al. (2014) detected
71 compounds exclusively present or more
abundant in M. truncatula roots colonized by
R. irregularis, including propionyl- and
butyryl-carnitines. Remarkably, the accumula-
tion of carnitine, which is known to be involved
in lipid metabolism, could reflect changes in the
fungal metabolism and can be linked to the
described fatty acid auxotrophy of AM fungi.

An untargeted metabolomic analysis was
also recently performed on tomato mycorrhizal
roots with the aim to identify key metabolites
involved in the mycorrhiza-induced protection
against osmotic stresses (Rivero et al. 2018).
AM-colonized roots accumulated some amino
acids, lignans, oxylipins, and carotenoids,
among which some compounds are known to
be involved in plant stress adaptation (Havaux
2014). Interestingly, the protective effect of the
mycorrhizal symbiosis was higher than that
observed upon exogenous application of puri-
fied compounds highlighting that the AM sym-
biosis could be considered a more versatile
strategy for plant protection.

Even if AM colonization is physically con-
fined to root tissues, epigeous portions of the
plants also experience physiological and meta-
bolic changes. Indeed, transcriptomic analyses
revealed significant gene modulation in shoots
(Liu et al. 2007; Fiorilli et al. 2009; Cervantes-
Gámez et al. 2016) and even fruits (Zouari

et al. 2014) of mycorrhizal plants, indicating
the occurrence of a long-distance systemic
response. Reorganization of the metabolic pro-
files was also observed in leaves of mycorrhizal
plants. A comparative multi-species metabolo-
mic approach carried out on plants inoculated
with the same AM fungus revealed that,
although a core metabolome could be identi-
fied, leaves metabolic responses to arbuscular
mycorrhiza showed strong species specificity
(Schweiger et al. 2014).

It has been envisaged that these AM-
induced changes at systemic level may have
an impact on the outcome of biotic and abiotic
interactions. Martinez-Medina et al. (2016)
have described how mycorrhizal fungi as bene-
ficial microbes induce a priming status (i.e., the
induction of a physiological state in which a
plant is conditioned for the activation of
defenses against environmental challenges).
Interestingly, such priming status is raised
also by native microbiota which are associated
to tomato, including also AM fungi (Chialva
et al. 2018). As a consequence, mycorrhizal
plants acquire the so-called mycorrhiza-
induced resistance (MIR; Jung et al. 2012;
Cameron et al. 2013), thanks to which they
have been shown to alleviate the damage caused
by pathogen attacks. The dissection of the tri-
partite interaction among wheat, the AM fun-
gus Funneliformis mosseae, and the bacterial
pathogen Xanthomonas translucens by using a
combined transcriptomic-proteomic-metabo-
lomic approach revealed that AM symbiosis
does exert a positive effect on wheat growth
and productivity but also does provide protec-
tion against X. translucens (Fiorilli et al. 2018).
Indeed, induction of genes involved in a general
defense line (e.g., coding for pathogenesis-
related proteins, or leading to ROS formation)
was the result of the AM fungus presence at
local and systemic level, while specific defense
genes (encoding, e.g., a cytochrome P450
enzyme, involved in iron binding and with oxi-
doreductase activity) were detected exclusively
after the pathogen attack (Fiorilli et al. 2018).

It is worth to mention that studies on leaf
metabolome have also been instrumental for
the identification of blumenol-derived com-
pounds which were detected in leaves of several
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dicot and monocotyledonous plants so that
they have been proposed as foliar markers of
the AM association (Wang et al. 2018). Blume-
nols therefore represent an extremely powerful
tool for high-throughput screening for a func-
tional AM symbiosis and can be used instead of
laborious measurements of AM-induced tran-
scripts or microscopic analyses.

Small RNA (sRNA) molecules are also
attractive candidates for long-distance signal-
ing and have been targeted by -omics analyses
in arbuscular mycorrhizas. So far investigations
focused on roots revealed a large-scale repro-
graming of microRNAs (miRNAs) upon AM
colonization (Devers et al. 2011; Wu et al.
2016; Pandey et al. 2018). In a recent work, the
analysis of putative targets of selected miRNAs
revealed an involvement in P starvation, phyto-
hormone signaling, and defense (Pandey et al.
2018).

In conclusion, all these studies convinc-
ingly demonstrate that AM fungi have a local
and systemic influence on their host plant,
since they lead to a deep reorganization of the
plant biology acting on multiple transcrip-
tomic, regulatory, and metabolomic pathways.

V. The AM Symbiosis in the Light of
Natural Variation

Despite the low morphological variation and
their large host range, AM fungal species and
isolates show different efficiency in promoting
plant performance; on the other hand, the plant
genotype has an important role in determining
the extent of plant responsiveness to the AM
symbiosis (Smith et al. 2004). AM fungi can
present high functional diversity: even isolates
belonging to the same species can exert on a
specific host plant different growth effects,
which can vary in amplitude and direction
(promotion or inhibition) (Hart and Reader
2002; Munkvold et al. 2004; Feddermann et al.
2008; Antunes et al. 2011; Hong et al. 2012). An
extensive comparative study, considering
56 AM isolates belonging to 6 different families
and 17 genera inoculated on 3 different host
plants, revealed that the plant growth response

could not be predicted from AM species iden-
tity or morphological traits, such as extra- and
intraradical fungal volumes (Koch et al. 2017).
It can be hypothesized that the functional varia-
bility of the fungal symbionts may rely on other
factors such as qualitative and/or quantitative
differences in the production of signaling mole-
cules, such as chitin oligomers, and/or effec-
tors, which are crucial for triggering the
symbiotic program and dampening the plant
immune response, and in the expression and
functioning of transporters and/or metabolic
enzymes which control nutrient exchanges
and may guarantee, in the end, a highly com-
patible and efficient mutualistic symbiosis.
Since the mycorrhizal growth effect is also
dependent on the host plant, it is likely that
the host plant contributes, to some extent, to
the regulation of these fungal genetic determi-
nants. The differential expression of some
secreted proteins, candidate effectors, on differ-
ent host plants (Kamel et al. 2017; Zeng et al.
2018) already provides a support to this
hypothesis (Fig. 7.3).

Mateus et al. (2019) analyzed transcrip-
tomes from five genetically different cultivars
of another important crop worldwide, cassava
(Manihot esculenta), each inoculated with two
different R. irregularis isolates to explore how
plant and fungal gene expression profiles are
affected by the intra-specific variability of the
partner organism. Interestingly, expression of
most plant genes responded in a different direc-
tion or magnitude depending on the plant
genotype. The abundance of several fungal
transcripts was also strongly influenced by the
genotype of the plant.

Comparative genomics and functional
genomics studies on several AM strains and
species will be instrumental to determine the
genetic, and possibly epigenetic, polymorph-
isms controlling the impact of specific AM
inocula on host plant performance. Hopefully,
evaluation of plant performance should not be
limited to the growth effect but also to other
traits provided by AM fungi, such as enhanced
tolerance to abiotic and abiotic stresses to cover
all the potential benefits of the symbiosis.

Exploring the genomic variations of AM
fungi is already giving important insights on
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the nature of their genome organization: the
discovery of homokaryotic and dikaryotic
strains of R. irregularis (Ropars et al. 2016;
Corradi and Brachmann 2017) and the finding
that distinct nuclear genotypes can undergo
recombination events (possibly through a mei-
otic process) in dikaryotic mycelia (Chen et al.
2018b) highlight the potential of AM fungi for
sexual reproduction and offer perspectives for
genetic strain improvement. Together with
functional analyses, this knowledge will be fun-
damental to allow a selection of AM fungi with
specific impact on plant performance.

On the plant side, susceptibility to AM
fungi, evaluated by the measurement of colo-
nized root length, depends on several environ-
mental factors, among which soil nutrient
availability, in particular that of P, is a crucial
parameter, with high fertilization having gener-
ally a negative effect (Sawers et al. 2010; Chu

et al. 2013). In addition, not only susceptibility
to AM fungi but also the mycorrhizal growth
response depends on the plant genotype. It is
worth to note that current literature data, how-
ever, could not highlight a clear correlation
between the amount of colonization and plant
performance (Koch et al. 2017; Sawers et al.
2017; Lekberg and Koide 2005).

There is increasing interest in exploring the
variations in AM susceptibility and responsive-
ness in cultivated accessions and, through
genome-wide association analyses, in identify-
ing the genetic determinants associated to those
traits. One of the first large-scale studies con-
sidering genetic variation in AM fungi suscep-
tibility was carried out on 94 wheat (Triticum
aestivum) genotypes inoculated by a mixed
inoculum of 3 AM species (Lehnert et al.
2017). Interestingly, six quantitative trait loci
(QTLs) associated with colonization level
could be identified: they contained genes
related to cell wall metabolism and defense,
suggesting that they may be involved in
controlling root colonization.

A recent work analyzed a large collection of
wild, domesticated, and cultivated lines of Tri-
ticum turgidum ssp. durum colonized by two
AM fungi (Funneliformis mosseae and Rhizo-
glomus irregulare). Seven QTLs were linked to
mycorrhizal susceptibility, and candidate pro-
teins with roles in host-parasite interactions,
degradation of cellular proteins, homeostasis
regulation, plant growth, and disease/defense
were identified (De Vita et al. 2018).

Concerning the responsiveness to AM
fungi, Sawers et al. (2017) analyzed the growth
response of 30 maize lines upon colonization by
F. mosseae; variations in shoot dry weight and
shoot Pi content were observed, and, interest-
ingly, these correlated with the amount of
extraradical mycelium, suggesting a plant-
fungus reciprocal effect on growth perfor-
mances. The molecular bases for this effect are
completely unknown and may rely on differen-
tial regulation of genes involved in nutrient
transport in both partners. In addition, the
concentration of 19 elements was also deter-
mined in roots and leaves of the same maize
lines (Ramirez-Flores et al. 2017): a number of

AMF-specific effectors

AMF and host plant-specific effectors

Conserved effectors

Species A Species B Species A Species B

Fig. 7.3 Scheme of the variety of symbiotic effectors
produced by AM fungi during the interaction with host
plants. For a single fungal species, some effectors are
expressed in association with all plant species, whereas
others are expressed in a host plant-specific manner.
Some effectors are conserved among AM fungi and may
play core symbiotic functions. From Lanfranco et al.
(2018) with permission
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other elements, besides P, responded signifi-
cantly to inoculation, and the impact of AM
symbiosis on the concentration of these ions
was genotype specific, indicating again the rel-
evance of plant genetics.

In the attempt to map the genetic bases of
AM symbiotic variations, also wild relatives
and old varieties are often analyzed since they
represent important genetic resources for
breeding (Singh et al. 2012; Lehmann et al.
2012). It has been hypothesized that the selec-
tion of modern varieties, which was likely car-
ried out under highly fertilized conditions, may
have decreased the susceptibility/responsive-
ness to the AM symbiosis (Zhu et al. 2001;
Lehmann et al. 2012). Depending on the crop
species diverse mycorrhizal response patterns
were observed (Kapulnik & Kushnir 1991; Kol-
tai & Kapulnik 2010; Steinkellner et al. 2012;
Xing et al. 2012; Turrini et al. 2016). A recent
work, through a comparative investigation on
27 crop species and their wild progenitors,
showed that the growth benefits exerted by
the AM symbiosis were dependent on P avail-
ability; while wild progenitors positively
responded to the AM symbiosis irrespective of
P availability, in domesticated plants the
growth effect observed at low P became negligi-
ble when P availability increased (Martı́n-
Robles et al. 2018). In addition, domesticated
plants reduced AM fungal colonization more
strongly than did wild progenitors in response
to increased P availability.

On the whole these studies indicate a strong
fungal genotype X plant genotype interaction
in the mycorrhizal symbiosis. This variation
may have profound impact in natural popula-
tions and has to be considered in agricultural
practices where AM fungi are exploited to
improve plant health and productivity.

VI. Conclusions

Genetics and genomics have recently provided
crucial novel information on the biology of
arbuscular mycorrhizas. The genome sequenc-
ing of a number of AM fungal species is allow-
ing to identify common features such as the

fatty acid auxotrophy but also dispensable
species-specific components. The detailed char-
acterization of several isolates of R. irregularis
at the level of single nuclei has even opened a
window on the potentials to genetically manip-
ulate AM fungi (Chen et al. 2018).

On the plant perspective, phylogenomics
analyses based on genomes from host and
non-host species are emerging as powerful
tools to identify conserved genes required for
the AM symbiosis (Bravo et al. 2016) and to
trace the evolution of the underlying genetic
network from basal plants to angiosperms
(Delaux et al. 2015). We can also envisage that
the CRISPR/Cas-based genome editing tech-
nique will offer an efficient strategy for produc-
ing plant genotypes with mutations in genes of
interest. These genes could be selected among
those responsible of the molecular dialogue
between partners (also considering the pre-
symbiotic steps) and among those which regu-
late AM functionality. In the frame of a more
friendly agriculture, these plant genes could be
the targets for the development of new crop
varieties more susceptible and responsive to
the beneficial AM fungi.
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Sanjuán J, Olivares J (2009) Mutualism versus

7 Genetics and Genomics Decipher Partner Biology in Arbuscular Mycorrhizas 169

http://dx.doi.org/10.1186/s12864-016-2422-y


pathogenesis: the give-and- take in plant-bacteria
interactions. Cell Microbiol 11(3):381–388

Spatafora JW, Chang Y, Benny GL, Lazarus K, Smith
ME, Berbee ML, Bonito G, Corradi N, Grigoriev I,
Gryganskyi A, James TY, O’Donnell K, Roberson
RW, Taylor TN, Uehling J, Vilgalys R, White MM,
Stajich JE (2016) A phylum-level phylogenetic
classification of zygomycete fungi based on
genome-scale data. Mycologia 108:1028–1046

Steinkellner S, Hage-Ahmed K, Garcia-Garrido JM, Ill-
ana A, Ocampo JA, Vierheilig H (2012) A compar-
ison of wild-type, old and modern tomato cultivars
in the interaction with the arbuscular mycorrhizal
fungus Glomus mosseae and the tomato pathogen
Fusarium oxysporum f. sp. lycopersici. Mycorrhiza
22:189–194

Sun J, Miller JB, Granqvist E, Wiley-Kalil A, Gobbato E,
Maillet F, Cottaz S, Samain E, Venkateshwaran M,
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H, Ané JM (2012) The recent evolution of a symbi-
otic ion channel in the legume family altered ion

170 L. Lanfranco et al.

http://dx.doi.org/10.1111/NPH.15472
http://dx.doi.org/10.1111/NPH.15472
http://dx.doi.org/10.1111/1462-2920.14060


conductance and improved functionality in cal-
cium signaling. Plant Cell 24:2528–2545

Venkateshwaran M, Jayaraman D, Chabaud M, Genre
A, Balloon AJ, Maeda J, Forshey K, den Os D,
Kwiecien NW, Coon JJ, Barker DG, Ané J-M
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I. Introduction

Fungi are ubiquitous lifeforms that can grow in
a wide range of diverse environments. Based on
current phylogenetic analyses, the fungal king-
dom is divided into 8 phyla with 12 subphyla
and 46 classes (Spatafora et al. 2017). The two
monophyletic groups of Ascomycota and Basi-
diomycota form together the subkingdom of
Dikarya. Many fungi have a saprophytic life-
style. They live on decaying organic matter as
principal decomposers of our ecosystem. Fungi
play important roles in our food industry to
make cheese, ferment soybeans, or brew beer
and in the pharma industry to produce drugs
(Gerke and Braus 2014). But their appearance
can also be harmful to us. Fungal spores are
dispersed through the air and can be inhaled
into our lungs where most of them are inacti-
vated as long as the immune system is not
compromised (Shlezinger et al. 2017). Fungi
are responsible for many diseases in humans
and animals, ranging from allergies to life-
threatening intoxications and mycoses. The
infection of plants and contamination of har-
vest products by fungi lead to high economic
losses and are a threat for food supply and
safety (Meyer et al. 2016). In fungi, differentia-
tion processes, including the formation of
infection structures, are closely linked to the
production of specific chemicals. These
interconnected processes and their regulations
are the main focus of this chapter.
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A. Fungal Differentiation

Filamentous fungi of the Dikarya germinate
from single spores and initially grow in long,
tubular vegetative hyphae by tip extension
(Riquelme et al. 2018). The Spitzenkörper,
which is located at the hyphal tip, acts as a
dynamic center for the organization and supply
of the vesicles required for material transport.
Hyphae fuse through anastomosis tubes at the
tips and form branched two dimensional net-
works, called mycelia. When a certain state
of developmental competence is reached, the
fungus can respond to external signals to pro-
liferate through either asexual or sexual differ-
entiation (Fig. 8.1a). In asexual reproduction,
the fungus produces spore-forming structures
called conidiophores, which carry the uninu-
clear, mitotic-derived asexual spores called
conidia (Adams et al. 1998). These airborne
spores are distributed by the wind. In sexual
reproduction, ascomycetes produce sexual
spores called ascospores in a sac-shaped
ascus.1 In most species, each ascus carries
eight spores which are formed by meiosis and
subsequent mitotic division. The asci usually
form within the protecting fruiting bodies,
which can be closed and spherical (cleistothe-
cia), closed and flask-like (perithecia), or open
and cup-shaped (apothecia) and which serve as
overwintering structures in the soil (Pöggeler
et al. 2018). Whether asexual or sexual struc-
tures are formed depends strongly on the envi-
ronmental conditions, such as nutrients, light,
temperature, or oxygen availability. Fungi
change their lifestyle also during the infection
process. Whereas some fungi can gain entry
into the host without forming specialized struc-
tures, there are many plant pathogenic fungi
that produce adhesion and penetration struc-
tures, such as appressoria and hyphopodia.
These penetration organs form tiny infection
hooks and penetrate the host using turgor pres-
sure and/or by secreting large amounts of plant
cell wall-degrading enzymes (Lo Presti et al.
2015).

B. Fungal Secondary Metabolism

Whether a fungus initiates a differential pro-
gram depends not only on environmental con-
ditions but also on endogenous factors such as
the formation of primary or secondary metabo-
lites including pheromones. Metabolic pro-
grams are tightly connected with morphogenic
differentiation through sophisticated signal
sensing and transduction mechanisms as well
as transcriptional networks. Whereas primary
metabolites (also called central metabolites) are
essential for the growth of an organism, sec-
ondary metabolites (also called specialized
metabolites or natural products) are dispens-
able but offer advantages in the natural habitat
of their producer. Usually, primary metabolites
are the precursors for the biosynthesis of sec-
ondary metabolites, and the biosynthesis
occurs during developmental or aging pro-
cesses (Bayram et al. 2016). Several secondary
metabolites directly related to development are
known and show the close connection between
these two processes in fungi (Fig. 8.1a). These
secondary metabolites are involved, for exam-
ple, in the initiation and regulation of develop-
ment and in protection and survival. They are
also required for communication, competition,
and defense against other microorganisms as
well as for virulence in plant and animal infec-
tions (Macheleidt et al. 2016; Künzler 2018).

Although the biological benefit of most sec-
ondary metabolites has not yet been under-
stood, their biological activities have been
used for a very long time. Already our ancestors
used the healing extracts of fungi and plants as
medicine and nowadays many fungal com-
pounds serve as lead structures for the synthe-
sis of new drugs (Newman and Cragg 2012).
Examples of secondary metabolites with phar-
maceutical relevance from ascomycetes are the
antibiotic penicillin, the anticancer drug taxol,
the cholesterol-lowering drug lovastatin, or the
immunosuppressant ciclosporin. However, the
biological activities of secondary metabolites
can also be harmful for us. Fungi synthesize
strong carcinogens and mycotoxins such as
aflatoxins produced by Aspergillus and tri-
chothecenes produced by Fusarium (Gerke
and Braus 2014).1 Ascus ¼ skin bag.
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Fig. 8.1 Functions of fungal secondary metabolites
during life of an ascomycetous filamentous fungus liv-
ing in the soil. (a) Examples of secondary metabolites
contributing to growth, differentiation, communica-

tion, competition, protection, and survival of Aspergil-
lus nidulans. (b) Classification of fungal secondary
metabolites into the most common classes
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1. Secondary Metabolite Categories

Fungal secondary metabolites are categorized
according to their biosynthesis in the four
major groups polyketides, non-ribosomal pep-
tides, terpenes, and indole alkaloids but com-
prise also mixed forms or smaller groups
(Fig. 8.1b; Keller et al. 2005).

Polyketides are the most abundant second-
ary metabolites in fungi and are synthesized by
type I polyketide synthases (PKS). Type I PKS
are multi-domain enzymes similar to eukary-
otic fatty acid synthases, consisting of the
essential ketoacyl CoA synthase (KS), acyl-
transferase (AT), acyl carrier protein
(ACP) domains, and a termination domain
(Keller et al. 2005). Additionally, they can har-
bor variable domains like dehydratase, ketore-
ductase, enoylreductase, or methyltransferase
domains. The domains are arranged in a mod-
ule. Whereas bacterial PKS usually have multi-
ple modules, the fungal PKS typically carries
only one module, which can be used iteratively.
The precursors for the biosynthesis of polyke-
tides are usually acetyl coenzyme A (acetyl-
CoA) and malonyl-CoA, but also propionyl-
CoA or methylmalonyl-CoA are used. During
the starting stage of polyketide synthesis, the
precursors are loaded onto the starter domains
KS and ACP, catalyzed by the AT domain. In
the elongation stage, these loaded precursors
are condensed by decarboxylative condensa-
tion similar to the fatty acid synthesis, resulting
in a polyketide chain. By loading of another
starter unit, the next cycle starts, and the poly-
ketide chain is elongated by the new starter unit
similarly. The control of how many cycles are
performed is not yet understood. Finally, the
polyketide chain is released from the enzyme
by the termination domain (Keller et al. 2005).

Among the class of polyketides are several
products that demonstrate the tight link
between developmental processes and second-
ary metabolism by fulfilling survival or longev-
ity tasks, inducing sexual development as
hormones or conferring virulence. Typical
examples are melanins, zearalenone, and T-
toxin. Melanins are pigments that can be
incorporated into the fungal cell wall or
secreted to the environment. They strengthen

the cell wall, protect the fungal spores from UV
light, or can inhibit hydrolytic enzymes pro-
duced by other microorganisms (Toledo et al.
2017). Zearalenone, an estrogenic polyketide
produced exclusively by different Fusarium
species, is a sex hormone. Whereas loss of zear-
alenone prevents sexual reproduction, its addi-
tion can positively or negatively affect sexual
development, depending on the applied con-
centrations (Wolf and Mirocha 1977). T-toxin
is a polyketide produced by Cochliobolus het-
erostrophus, a necrotrophic fungal plant patho-
gen that causes southern corn leaf blight in
maize. It is connected with high virulence2

in maize cultivars carrying the “Texas male
sterile cytoplasm”, but it is not required for
pathogenicity3 itself. It contributes to virulence
by disrupting the mitochondrial activity (Ster-
giopoulos et al. 2013).

Non-ribosomal peptides are peptides that
are produced from proteinogenic and non-
proteinogenic amino acids by enzymes called
non-ribosomal peptide synthetases (NRPS)
without the use of ribosomes. NRPS are multi-
domain and multi-modular enzymes. Each
module contains an adenylation domain for
the recognition of the amino acid, a peptidyl
carrier domain for the activation and covalent
binding of the amino acid to the phosphopan-
tetheine transferase cofactor (PPTase) and a
condensation domain for peptide formation.
The final peptide is usually released by a thioes-
terase domain at the C-terminus of the enzyme.
The diversity of non-ribosomal peptides
derives from cyclization or branching of pep-
tides. Among them are, for instance, the antibi-
otic penicillin, siderophores, and gliotoxin.
Siderophores are iron-chelating compounds
produced for the uptake and storage of iron
ions. Usually they contain hydroxamate groups
that form strong iron(III) binding bidentates.
Most filamentous fungi and some yeasts, except
for the model organisms S. cerevisiae or C.
albicans, produce siderophores. A fine-tuned
system between iron uptake and storage is nec-
essary to prevent the fungus from iron starva-

2Virulence ¼ severity of a disease caused by a pathogen.
3 Pathogenicity ¼ ability of a pathogen to cause a disease.
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tion or toxicity (Haas 2014). Gliotoxin is
another prominent example of non-ribosomal
peptides. It is a mycotoxin produced by human
pathogens such as Aspergillus fumigatus, Tri-
choderma spp., and Penicillium spp. It inhibits
the proteasome and prevents NF-kB activation
(see Sect. V.A) as presumed virulence factor of
A. fumigatus by targeting primarily the activity
of neutrophils or other phagocytes of the host
immune system (Scharf et al. 2016).

Terpenes are built up from isoprene units
by terpene synthases (terpene cyclases). The
subgroup of oxygenated forms of terpenes is
called terpenoids. Most of known terpenes
derive from plants, for example, the major con-
stituents of essential oils. In terpene synthesiz-
ing fungi, they are produced by the mevalonate
pathway. Prominent examples are the caroten-
oid pigments, the gibberellin phytohormones
or the trichothecene mycotoxins (Schmidt-
Dannert 2014).

Indole alkaloids are nitrogen-containing
secondary metabolites incorporating one or
more indole or indoline moieties (Xu et al.
2014). Mostly, the indole precursors are trypto-
phan or related indole-3-glycerol-phosphate.
Tryptophan is prenylated with dimethylallyl
pyrophosphate by dimethylallyl tryptophan
synthases (DMATS). Ergotamine from Clavi-
ceps purpurea represents a prominent example
for an indole alkaloid. It works as vasoconstric-
tor with structural similarity to several neuro-
transmitters and is medicinally used against
acute migraine attacks (Schardl et al. 2006).

Besides the four main groups, there are
additional classes of fungal secondary metabo-
lites (Fig. 8.1b). Metabolites consisting of com-
binations of peptides and polyketides (peptide-
polyketide hybrids), such as emericellamides
or aspyridone, are formed by PKS-NRPS
hybrids that contain all typical domains of the
single PKS and NRPS (Du et al. 2001). Mero-
terpenoids are products with a partial terpe-
noid structure plus a polyketide or a peptide
moiety (Matsuda and Abe 2016). An example
for a meroterpenoid with a polyketide moiety is
dehydroaustinol produced by A. nidulans. The
addition of dehydroaustinol together with the
polyketide diorcinol restores spore formation
of A. nidulansmutants defective in sporulation,

suggesting that these two compounds or deri-
vatives serve as developmental signal for asex-
ual sporulation (Rodrı́guez-Urra et al. 2012;
Fig. 8.1a). Oxylipins (collectively termed psi-
factor (precocious sexual inducer)) are oxyge-
nated polyunsaturated fatty acids produced by
oxygenases (Brodhun and Feussner 2011). In
Aspergillus nidulans, three psi factor producing
oxygenases PpoA, PpoB, and PpoC have been
characterized producing mainly hydroxylated
oleic (18:1) and linoleic (18:2) acid. A careful
regulated system of oxylipins is necessary for a
proper balance between asexual and sexual
development (Tsitsigiannis et al. 2004). Besides
these non-volatile oxylipins, also volatile oxyli-
pins exist. They share an eight-carbon scaffold
and are suggested to be involved in fungus-
invertebrate interactions (Holighaus and Rohlfs
2018). Isocyanides, which function as chalko-
phores, contain nitrile groups and are synthe-
sized by isocyanide synthases that can also
occur as hybrids with NRPS. The first charac-
terized isocyanide was xanthocillin, which is
produced, e.g., by Penicillium notatum and by
A. fumigatus (Lim et al. 2018).

2. Secondary Metabolite Clusters Are Often
Silenced and Have to Be Activated for
Analysis in the Laboratory

The large diversity of secondary metabolites is
due to modifications that are performed after
the initial step of building the skeleton. These
include oxidations, cyclizations, methylations,
dehydrations, or reductions. Fungal genes that
are necessary for the biosynthesis of the final
secondary metabolites as well as genes encod-
ing proteins necessary for regulation of the
synthesis or transport of the final metabolite
product are usually, and similarly to genes for
specialized or accessory primary metabolism,
clustered together on one chromosomal locus
(Rokas et al. 2018). The gene clusters enable an
economical production of secondary metabo-
lites due to transcriptional co-regulation. Most
secondary metabolite biosynthetic gene clus-
ters are silenced and are only expressed under
very specific conditions. Especially under labo-
ratory conditions, where the fungus does not
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naturally meet environmental triggers such as
stressors or nutrient limitations, the analysis of
secondary metabolism is difficult. The rapidly
growing number of genome studies has shown
that there are many more secondary metabolite
clusters in the genome of fungi than metabo-
lites have been identified so far (Andersen et al.
2013; Inglis et al. 2013; van der Lee andMedema
2016). In order to eliminate this discrepancy
and exploit the full potential of fungal metabo-
lite production, strategies have been developed
to activate silenced gene clusters and thus
enable their analysis in the laboratory (Gerke
and Braus 2014; Ren et al. 2017).

The easiest way to induce secondary metab-
olite production is to change the growth para-
meters as described by the OSMAC (one strain
many compounds) approach (Bode et al. 2002).
Parameters such as temperature, media compo-
nents, pH, air supply, and light can be varied to
force the fungus to adapt its secondary metab-
olite repertoire. Since secondary metabolites
are often used in nature for communication,
competition, and defense, their production
can also be stimulated by co-cultivation with
other microorganisms (Netzker et al. 2015).
Additionally, genes involved in the metabolite
biosynthesis can be heterologously introduced
and expressed in suitable hosts. Heterologous
expression systems for fungal biosynthetic
genes have been designed, e.g., for A. niger
(Gressler et al. 2015), A. nidulans (Chiang
et al. 2013), or A. oryzae (Sakai et al. 2012).
Silenced biosynthetic gene clusters can also be
awakened by manipulating the transcriptional
machinery, the epigenetic status, or the degra-
dation machinery of the cell.

In this chapter we focus on the molecular
regulatory links of the coordinated and specific
formation of secondary metabolites in different
phases of fungal developmental programs, with
a particular focus on the mold Aspergillus nidu-
lans. This includes the control and interaction
of different genetic networks, which can be
organized chronologically and hierarchically
and can contain several feedback functions.
Genetic transcriptional control is linked to
post-translational histone modifications as epi-
genetic control and specific signal transduction
pathways. Several additional post-translational

control mechanisms, such as the attachment
and removal of ubiquitin, link fungal differen-
tiation to the corresponding secondary metab-
olism by altering protein function and cellular
localization and by controlling protein stability
through the ubiquitin 26S proteasome as well as
autophagy degradation pathways.

II. Transcriptional Networks Linked
to Signal Transduction Pathways
Control Development and
Secondary Metabolism

Fungal growth and differentiation and the con-
comitant secondary metabolism occur in
response to internal and external signals that
are sensed through receptors and transported
by highly controlled signal transduction path-
ways. This leads to a choreography of changes
in transcription, translation, post-translational
histone modifications and protein stability fol-
lowed by proteomic changes. Several examples
of well-studied signal transduction pathways
and responding transcriptional regulatory cir-
cuits are summarized in the following section.

A. Transcriptional Networks Interact in
Fungal Morphogenic Transitions

Transcriptional reprogramming plays a crucial
role in the morphological transition from vege-
tative fungal growth to developmental pro-
grams. Besides chromatin modifications (see
Sect. III), changes in transcriptomes are
mediated by approximately 80 families of cur-
rently classified fungal DNA binding transcrip-
tion factors including a few examples of dual
factors with two distinct DNA binding
domains. Ascomycetous transcription factors
of the largest group carry a Zn2Cys6 zinc cluster
domain. This domain is generally found in all
fungi but also in a few additional non-fungal
organisms. In contrast, four types of transcrip-
tion factors carrying an APSES-type DNA bind-
ing domain (named after fungal developmental
transcription factors Asm1, Phd1, Sok2, Efg1,
and StuA), mating-type MAT a1, copper fist
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DNA-binding, or velvet domains are fungal
specific. Notably, the mating-type protein is
exclusively present in ascomycetes (Ahmed
et al. 2013; Shelest 2017). The velvet domain is
structurally similar to the immunoglobulin-like
Rel homology domain of the mammalian tran-
scription factor NF-kB p50 (Ahmed et al. 2013).
The four velvet domain proteins of Aspergilli
steer large hierarchical networks and intercon-
nect developmental programs with secondary
metabolism triggered by chemical, oxidative,
light, or temperature sensing and subsequent
signal transduction pathways (Bayram et al.
2008b; Bayram and Braus 2012; Lind et al.
2016).

1. Chemical Sensing and Oxidative Stress as
Developmental Signal: How Fungi Smell
Their Environment

Chemical sensing is accomplished by G
protein-coupled receptors (GPCRs) with a com-
mon seven transmembrane domain architec-
ture that initiate signal transduction through
binding to the heterotrimeric Ga, Gb, and Gg
protein complex. In Aspergilli, three different
Ga, one Gb, and one Gg protein exist (de Vries
et al. 2017; Brown et al. 2018). GPRCs are the
largest fungal group of surface receptors
important for sensing of pheromones, nutri-
ents, and host cells in pathogenic interactions.
For instance, the binding of a pheromone to the
receptor initiates GDP-GTP exchange on the Ga
protein that then dissociates from the bg dimer
and typically activates a three-step mitogen-
activated protein (MAP) kinase cascade, which
finally changes transcription. The result of this
well conserved cascade in fungi is a cell cycle
arrest and the cellular fusion of both mating
partners (Bahn et al. 2007). Further, similar
sensing systems through G protein-coupled
receptors with different transcriptional out-
comes exist for different macro- and micronu-
trients including glucose as main carbon energy
source. Glucose is sensed through the sugar
receptor Gpr1 (G protein-coupled receptor 1)
that stimulates Gpa2 resulting in increased
cyclic adenosinemonophosphate (cAMP) levels
through activation of adenylyl cyclase and pro-

tein kinase A (PKA). Active PKA inhibits the
Atg1 (autophagy-specific gene 1) initiation
kinase of autophagy degradation pathways
(see Sect. V.B). Specialized sugar transporters
such as yeast Snf3 (sucrose nonfermenting 3)
and Rgt2 (restores glucose transport 2) act as
sensors inducing signal transduction and
changed transcription (Bahn et al. 2007).

The regulation of the mycotoxin sterigma-
tocystin in A. nidulans works through a Ga-
PKA pathway. The Ga protein FadA (fluffy
autolytic dominant A) activates PkaA (protein
kinase A A), which in turn is a repressor of the
specific transcription factor of the sterigmato-
cystin biosynthesis cluster, AflR (aflatoxin reg-
ulator). The activation of the Ga protein FadA
is inhibited by the fluffy low brlA protein FlbA
(Shimizu et al. 2003; Fig. 8.2).

Reactive oxygen species (ROS) function as
signalling molecules in light perception and
redox biology and thereby induce fungal devel-
opment (Gessler et al. 2007). Therefore, an
impact on ROS homeostasis is often linked to
distorted development in filamentous fungi
(Nahlik et al. 2010; Kolog Gulko et al. 2018).
Fungi respond to oxidative stress induced by
ROS through activation of a MAP kinase path-
way (Yu and Fischer 2019). The MAP kinase
Hog1 (high osmolarity glycerol response 1) of S.
cerevisiae or its homologue SakA (stress acti-
vated kinase A) in A. nidulans are activated by
ROS and in turn induce transcription factors
needed for the induction of the oxidative stress
response, such as the A. nidulans AtfA (activat-
ing transcription factor A). These transcription
factors regulate different antioxidants, such as
superoxide dismutases, catalases, peroxidases,
glutathione peroxidases, peroxiredoxins, and
antioxidative secondary metabolites. The
stress-activated kinase SakA is not only
induced by ROS but also by light, mediated
through the red light photoreceptor FphA (fun-
gal phytochrome A), which represses fruiting
body formation in A. nidulans (Yu and Fischer
2019). SakA additionally mediates repression of
the A. nidulans NADPH oxidase gene noxA,
which is essential for different steps during
sexual fruiting body formation (Lara-Ortı́z
et al. 2003).
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2. Light Response: The Fungal Vision

Almost all fungi are able to perceive changes in
light or temperature conditions. Light is per-
ceived as a signal and also as a stressor and

induces a wide range of responses by inducing
different genetic networks resulting in changes
in development (photomorphogenesis), sec-
ondary metabolism, circadian clock, phototro-
pism, or DNA repair (Bayram et al. 2016; Cetz-

Fig. 8.2 Interconnection of genetic networks and sub-
networks for light and developmental control of A.
nidulans. Simplified model depicting examples of
major molecular control lines to support sexual or
asexual development and the appropriate secondary
metabolism. The velvet domain protein dimer VeA-
VelB supports sexual development in dark and VeA is
connected to blue (LreA, B) and red (FphA) light recep-
tors. VeA is controlled by epigenetic signal transduc-

tion (VapA, VipC-VapB) and bridges DNA binding
with epigenetic control of secondary metabolism
(LaeA: loss of aflR expression A). Velvet proteins
(VelB-VosA, VosA-VosA) as well as NsdD and different
signal transduction pathways (e.g., the cAMP PkaA
pathway) inhibit the expression of brlA as part of the
central conidiation pathway (with AbaA and WetA),
whereas different Flb factors, SclB, and the epigenetic
VapB-VipC support asexual development
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Chel et al. 2016; Fischer et al. 2016). The devel-
opmental light responses vary considerably
between different fungi. Blue or red light can
promote asexual spore formation in A. nidu-
lans (Fig. 8.1a) but inhibit sporulation in Botry-
tis cinerea (Tan 1974). Similarly, A. nidulans
sexual fruiting bodies are preferentially formed
in darkness, but Trichoderma reesei forms its
corresponding sexual structures in light (Pög-
geler et al. 2018).

Typical fungal photosensory systems
include light sensors specific for different wave-
lengths from 350 to 650 nm distributed into
four types of light receptor proteins. The
white collar proteins perceive blue light, phyto-
chromes sense red light, opsins are specific for
green light, and cryptochromes react to blue
and ultraviolet (UV) light. The light perception
occurs through binding of the photoreceptor to
a chromophore, which are flavin for blue and
UV light, linear tetrapyrrole for red light and
retinal for green light.

White collar (WC) proteins are blue-light
regulated transcription factors with a GATA-
type zinc finger DNA binding domain and
three PAS (Per, Arnt, Sim) domains directly
controlling gene expression. One of the PAS
domains is a LOV (light oxygen voltage)
domain, which is able to bind the chromophore
flavin. In Neurospora crassa, two WC proteins
are present, WC-1 and WC-2 (Wu et al. 2014).
They form a heterodimeric complex through
the PAS domains, which binds to light response
elements in the dark and activates light-
induced transcription after phosphorylation
and dissociation of WC-1. The complex regu-
lates approximately 20% of the N. crassa genes
encoding transcription factors as large hierar-
chical network responding to light and acting
downstream of the WC complex in light and
circadian clock control (Wu et al. 2014).
Besides the typical WC proteins, blue light
photoreceptors with only one LOV domain
(vivid, VVD) exist that act in fine-tuning the
light response (Malzahn et al. 2010).

N. crassa biosynthesis of carotenoid sec-
ondary metabolites and asexual spore forma-
tion are dependent on light and controlled by
the circadian clock (Rodriguez-Romero et al.
2010). WC-1 comprises a flavin mononucleo-

tide binding LOV domain for environmental
sensing of light, oxygen, and voltage. The WC-
1 and WC-2 zinc fingers dimerize to form the
white collar complex transcription factor for
DNA binding. WC-1 and WC-2 complexes are
conserved in numerous fungi with sometimes
several orthologs. WC-1 homologs of patho-
genic species are connected to virulence, prob-
ably through secondary metabolite production
(Idnurm et al. 2010; Fischer et al. 2016). The
white collar complex of Aspergilli, LreA/LreB
(light response), activates the expression of
the brlA (bristle A) gene encoding the central
transcription factor of the conidiation pathway
in response to light (Ruger-Herreros et al. 2011,
Fig. 8.2). The brlA promoter is repressed by
binding factors such as NsdD (never in sexual
development D) or the velvet domain protein
VosA (viability of spores A) (Ni and Yu 2007).
brlA must be activated through a complex cas-
cade of early genes for proteins which produce
small signal molecules (fluG: fluffy G) or act as
transcription factors (flbB-E: fluffy low brlA B-
E; sclB: sclerotia-like B). Activation of brlA by
light then activates the downstream pathway
with the genes abaA (abacus) and wetA (wet-
white; Fig. 8.2; Thieme et al. 2018).

Phytochromes are multi-domain photore-
ceptors that bind linear tetrapyrrole as chromo-
phore at their N-terminal photosensory domain
and have red/far-red light absorbance proper-
ties. The tetrapyrrole undergoes a conforma-
tional change upon red light induction and
thereby changes its spectroscopic properties
by shifting the absorption maximum toward
far-red light. The photosensory domain con-
sists of a PAS, a GAF (vertebrate cGMP-specific
phosphodiesterases, cyanobacterial adenylate
cyclases, transcription activator FhlA) and a
PHY (phytochrome-specific PAS-related)
domain. The further domains are a histidine
kinase domain and a response regulator
domain. Phytochromes seem to be absent
fromMucoromycotina fungi but might be pres-
ent in some Chytridiomycetes and have been
extensively studied in Aspergilli (Fischer et al.
2016). The A. nidulans phytochrome FphA
interacts with the white collar orthologs LreA
and LreB, corresponding to WC-1 and WC-2,
and the velvet transcription factor VeA (see
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Sect. II.B.2) that coordinates development and
secondary metabolism (Purschwitz et al. 2008;
Bayram et al. 2008b; Fig. 8.2). LreA binds to its
target sequences in the dark in dependency of
FphA while being released after illumination
with blue or red light (Blumenstein et al. 2005;
Hedtke et al. 2015). LreA modulates gene
expression together with FphA through modifi-
cation of histone H3 by interacting with the
acetyltransferase GcnE (general control non-
derepressible E) and the histone deacetylase
HdaA (Grimaldi et al. 2006; Hedtke et al.
2015). FphA of A. nidulans is a phytochrome
with light-driven histidine kinase activity and
presumably transmits the white collar and phy-
tochrome light signal directly to the velvet pro-
tein VeA by phosphorylation (Rauscher et al.
2016). This results in an enhancement of asex-
ual development in light and a delay in dark,
where sexual development is favored. After
30 min of illumination as minimum time
required to initiate conidiation, 19% of the
transcriptome of competent A. nidulans myce-
lia reacts to light (Bayram et al. 2010, 2016;
Hedtke et al. 2015; Macheleidt et al. 2016). Aus-
tinol and dehydroaustinol (see Sect. I.B.1) are
secondary metabolites connected to conidios-
pore production that are only produced in light
but not in dark (Rodrı́guez-Urra et al. 2012).

Cryptochromes are blue and UV light
receptors with similarities to blue light-
dependent DNA repairing photolyases, carry-
ing a photolyase domain (Idnurm et al. 2010;
Fischer et al. 2016). They bind non-covalently
to flavin adenine dinucleotide (FAD) as well as
other chromophores such as pterin or deaza-
flavin. The cryptochromes CryA of A. nidulans
and Cry1 of T. reesei are so far the only known
dual-function cryptochrome/photolyase pro-
teins. A. nidulans CryA inhibits sexual develop-
ment in UV light and has a DNA repair function
(Bayram et al. 2008a), whereas T. reesei Cry1 is
needed for light-induced transcription besides
its DNA repair function in conidia (Garcı́a-
Esquivel et al. 2016). In N. crassa, Cry1 acts as
transcriptional repressor of the white collar
blue light complex without photolyase activity
(Nsa et al. 2015).

Opsins, the green light receptors, are
membrane-bound proteins associated with a

retinal chromophore. They are related to bacte-
rial and archaeal rhodopsins that, in their acti-
vated form, channel ions across the membrane
(Yu and Fischer 2019). In filamentous fungi,
opsins are poorly characterized. In F. fujikuroi,
the opsin CarO (carotenoid O) was described as
green light-driven proton pump that is
involved in spore germination (Garcı́a-Martı́-
nez et al. 2015). In contrast, the N. crassa
NOP-1 (Neurospora opsin-1) lacks proton
pump activity but is involved in the regulation
of the switch between asexual and sexual devel-
opment in response to light and ROS levels
(Wang et al. 2018).

B. Gene Expression for Secondary Metabolite
Production Is Interconnected with
Morphological Differentiation

Environmental stimuli such as light, oxygen,
pH, and nutrients affect fungal morphological
programs as well as the tightly interconnected
specific secondary metabolite production.
Accordingly, defects in light control affect sec-
ondary metabolism. One example is Fusarium
fujikuroi, which is impaired in secondary
metabolite production when the white collar
blue light sensor WC-1 is defective, and which
uses its cryptochrome CryD to repress the pro-
duction of the antibiotic bikaverin during
growth in light (Estrada and Avalos 2008; Cas-
trillo et al. 2013).

1. Expression of Silenced Secondary Metabolite
Clusters by Specific and Global Regulators

Filamentous fungi are a vast reservoir of yet
undescribed secondary metabolites, carrying
dozens of usually clustered but only specifically
expressed biosynthetic gene clusters. Many of
these clusters are controlled by cluster-specific,
poorly conserved transcription factors (Alberti
et al. 2017; Keller 2018). In addition, there are
several master regulators of secondary metabo-
lism such as the originally in A. nidulans
described methyltransferase LaeA or the
multi-cluster regulator A (McrA). LaeA is
encoded by a conserved regulatory gene with
homologues in filamentous fungi such as Fusar-
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ium, Penicillium, Trichoderma, and Aspergillus
(Bok and Keller 2016). Absence of laeA or over-
expression ofmcrA results in silencing, whereas
laeA overexpression or mcrA deletion leads to
increased production of several secondary
metabolites (Bok and Keller 2016; Oakley et al.
2016). The fact that only some global regulators
are conserved, whereas the targets of individual
regulators differ considerably, correlates with
the finding that secondary metabolite genes
are more variable and significantly less con-
served than genes of the primary metabolism
(Lind et al. 2015).

2. The Fungal Velvet Complex Physically
Connects Transcriptional and
Heterochromatin Control to Coordinate
Secondary Metabolism and Development

Velvet proteins with their characteristic velvet
domain, such as VeA (velvet A), VelB (velvet-
like B) VelC (velvet-like C), and VosA in A.
nidulans, form complex regulatory networks
by direct DNA binding to thousands of target
gene promoters in numerous fungi (Ahmed
et al. 2013; Becker et al. 2016; Fig. 8.2). The
master regulator of secondary metabolism
LaeA is physically linked to the heterodimer
VeA-VelB to coordinate secondary metabolite
biosynthesis with developmental programs. It
was originally shown in A. nidulans that this
VelB-VeA-LaeA complex is required for the
appropriate formation of fruiting bodies and
concomitant production of the aflatoxin family
metabolite sterigmatocystin (Bayram et al.
2008b). LaeA is a methyltransferase and acts
as epigenetic control element by counteracting
the silencing heterochromatic lysine 9 methyla-
tion marks at histone H3 in secondary metabo-
lite clusters (Strauss and Reyes-Dominguez
2011; see Sect. III.A). VeA, which provides the
interphase of the trimeric complex, therefore
physically links transcription to post-
translational epigenetic control of histone mod-
ifications (Sarikaya-Bayram et al. 2015). Velvet
proteins and LaeA contribute to the virulence
of several fungi, possibly through mycotoxin
production (Wiemann et al. 2010; Kumar et al.
2016; López-Dı́az et al. 2018). The trimeric vel-

vet complex is conserved in the fungal kingdom
and can physically interact through VeA with
the phytochrome FphA as part of the light and
presumably temperature control machinery
(Lind et al. 2016; Yu and Fischer 2019). The
light reception through VeA-FphA-LreA-LreB
is presumably less stable and rather transient
in comparison to the velvet complex VelB-VeA-
LaeA (Bayram et al. 2010).

3. Velvet Domain Transcription Factors
Expand Their Transcriptional Networks
Through Formation of Sub-networks

Velvet domain proteins control several genetic
networks either acting as homo- or heterodi-
mers (Fig. 8.2). VelB does not only support as
VelB-VeA heterodimer sexual development
linked to its specific secondary metabolism
but also represses asexual development in com-
bination with the velvet protein VosA as VelB-
VosA together with VosA-VosA (Park and Yu
2012). Additionally, VelB-VosA is a positive
regulator for spore viability (Park and Yu
2012). How the formation of the different
VosA complexes is regulated is still unknown.
Velvet proteins bind to promoters of hundreds
of genes, including genes for additional tran-
scription factors, which in turn control their
own genetic network (Ahmed et al. 2013).

VosA directly represses the central asexual
regulator gene brlA and the gene for the
Zn2Cys6 zinc cluster domain transcriptional
activator SclB. The SclB network induces early
developmental genes including brlA to promote
asexual sporulation and to support spore via-
bility. SclB links asexual spore formation to its
specific secondary metabolism, including the
putative signal molecule dehydroaustinol, and
to the fungal oxidative stress response (Thieme
et al. 2018). This illustrates a convoluted sur-
veillance apparatus, including sub-networks
with feedback mechanisms and overlapping as
well as antagonistic functions, to perform fun-
gal development and its accurate linkage to the
appropriate secondary metabolism (Fig. 8.2).
Developmental functions of velvet domain pro-
teins are rewired in different fungi. Whereas
veA is dispensable for conidiation in A. nidu-
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lans, the veA homolog of N. crassa ve-1 regu-
lates asexual sporulation (Bayram et al. 2008c).
Rewiring of transcriptional regulation is pre-
sumably, together with gene mutations and
gene transfer, an important driving force to
evolve fungal divergences and to adapt to dif-
ferent lifestyles (Nocedal et al. 2017).

III. Epigenetics and Fungal Secondary
Metabolism and Development

Secondary metabolite gene clusters evolved
either from gene relocations with sometimes
prior gene duplication or, in rarer cases, by
horizontal gene cluster transfer from bacteria
to fungal ancestors (Rokas et al. 2018). Cluster-
ing offers the economic advantage that these

genes can be transcriptionally co-regulated by
changes in the chromatin structure through
covalent chromatin modifications (Fig. 8.3).
These chromatin regulations can be inherited
to the next generation of spores and are there-
fore epigenetic (epi-: “over, outside of”), which
describes heritable phenotypic changes that are
not caused by a change in the DNA sequence. In
chromatin, the DNA is wrapped twice around
eight histones (two H2A, two H2B, two H3, and
two H4) to form the nucleosome. With the help
of non-histone proteins, the nucleosomes are
tightly packed up to the chromatin fiber and
then condensed further yielding the chromo-
some structure. Two different types of chroma-
tin exist which can be distinguished by their
condensation state. Euchromatin is the less
condensed active form, which allows gene tran-
scription. Heterochromatin is the highly

Fig. 8.3 Epigenetic control of chromatin dynamics for
the coordination of fungal development and secondary
metabolism. Secondary metabolite gene clusters are
mostly silenced during vegetative growth by negative
histone tags (red) resulting in heterochromatin and
have to be activated by positive tags (green) to allow
transition to euchromatin. Methyltransferases (MT),
histone acetyltransferases (HAT), and histone deacety-
lases complexes (HDAC) add (writer) or remove

(eraser) these tags. Histone H3K4Me3 represents a
positive (euchromatin) and H3K9Me3 a negative (het-
erochromatin) example for a hallmark chromatin tag.
Fungal gene expression can be induced by methylation
of H3K4 (COMPASS), demethylation of H3K9 (VapB,
LaeA), methylation of H4R3 (RmtA), and acetylation of
H3K9 (SAGA/ADA) resulting in increased transcrip-
tion supporting fungal growth, development, and the
corresponding secondary metabolism
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condensed and transcriptionally inactive form
that can either be constitutive and serve as
structural element of the chromosomal centro-
and telomeres or be facultative and switch to
transcriptionally active euchromatin. Covalent
modifications of DNA or histones determine
whether hetero- or euchromatin is formed.
DNA can be reversibly modified by methyla-
tion, whereas lysine residues of histones can
be methylated, acetylated, ubiquitinated, or
sumoylated, and serine residues can be phos-
phorylated (Kouzarides 2007). Writers and era-
sers, which attach and remove modifications,
modify chromatin in different possible combi-
nations. This results in a histone code in a
certain genomic region, which is recognized
by readers. Readers induce the restructuring
of chromatin into the open euchromatin or
the closed heterochromatin form and by this
regulate fungal development and secondary
metabolism (Pfannenstiel et al. 2018; Keller
2018). In the following paragraphs, we will dis-
cuss some writers and erasers in more detail
with the focus on consequences of histone or
DNA modification on secondary metabolism
and development.

A. DNA and Histone Methylation and
Demethylation

Methylation of chromatin can occur at DNA
and histones. Cytosine modification of DNA is
conserved between plants, mammals, and the
fungus N. crassa, but has not been found in all
fungi. Histone methylations and demethyla-
tions at lysine and arginine residues are present
in plants, mammals, and fungi and important
for fungal development and the associated sec-
ondary metabolism (Liu et al. 2010a; Greer and
Shi 2012; Nie et al. 2018; Fig. 8.3). Arginines can
be mono- or dimethylated (symmetric or asym-
metric) and are less well studied than lysine
modifications, which include mono-, di-, or
trimethylations. Protein arginine (R) methyl-
transferases (PRMTs) are divided into four
major classes according to the methylation pat-
tern they provide (Bachand 2007; Stopa et al.
2015). Three of nine human PRMTs (PRMT1,
PRMT3, PRMT5) are conserved in yeast or fila-

mentous fungi (Bachand 2007). The
corresponding A. nidulans proteins RmtA and
RmtC possess H4R34 specificity, whereas RmtB
can methylate the histones H4, H3, and H2A
in vitro and all three methylate additional non-
histone substrates that affect transcriptional
regulation (Lee and Stallcup 2009; Bauer et al.
2010). RmtA and RmtC can affect mycelial
growth, oxidative stress response, develop-
ment, or secondary metabolism in different
Aspergilli, whereas the role and the non-histone
substrates of RmtB still remain unclear (Bauer
et al. 2010; Satterlee et al. 2016).

Lysine methylation usually occurs at his-
tones 3 and 4. The methyltransferase Set1 (SET
domain-containing 1) is part of the eight sub-
unit COMPASS (COMPlex ASsociated with
Set1) complex involved as writer in mono-, di-
, and trimethylation of histone H3K4 euchro-
matin marks in fungi and in humans. Whereas
dysfunction in humans has been linked to sev-
eral types of human cancer (Meeks and Shilati-
fard 2017), the degree of H3K4 methylation in
fungi has important implications on develop-
ment and secondary metabolism. Defects in
COMPASS subunits, which significantly reduce
H3K4Me35 euchromatin marks, change signifi-
cantly the secondary metabolite production
profile in Aspergillus and Fusarium, and the
development of Aspergillus (Palmer et al.
2013a; Studt et al. 2017). COMPASS-dependent
methylation of H3K4 is connected to the meth-
ylation of H3K79 by the non-Set domain-
containing enzyme Dot1 (disruptor of telo-
meric silencing 1) and dependent on histone
H2B ubiquitination (Shilatifard 2012). Dot1 is
to date the only non-SET domain-containing
enzyme for histone H3K79 methylation and
controls, e.g., production of aflatoxin, conidia-
tion, sclerotia formation, and pathogenicity of
A. flavus (Liang et al. 2017).

Another epigenetic mark commonly asso-
ciated with “active” chromatin is the trimethyla-
tion of H3K36 performed by the
methyltransferase Set2, which is able to mono-,

4H3R4 ¼ histone H4 modified at arginine residue 3 (R3).
5 H3K4Me3¼ histone H3 trimethylated (Me3) at lysine residue

4 (K4).
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di-, and trimethylate this residue (Wagner and
Carpenter 2012). Methylation of H3K36 controls
N. crassa development as well as vegetative
growth, fungal virulence, and secondary metab-
olism of F. verticillioides (Adhvaryu et al. 2005;
Gu et al. 2017). Ash1 (asymmetric synthesis of
HO 1) represents a second histone methyltrans-
ferase for H3K36 in N. crassa or F. fujikuroi. N.
crassa methyl tags deposited by Set2 mark
actively transcribed genes, whereas the H3K36
methylation by Ash1 occurs in inactive genes. F.
fujikuroi Ash1 is involved in developmental pro-
cesses and secondary metabolism (Janevska
et al. 2018; Bicocca et al. 2018).

Repressive marks associated with gene
silencing and heterochromatic regions include
the trimethylation of H3K9 or H3K27, which
are enriched in silenced fungal secondary
metabolite gene clusters. The H3K27 mark is
not used in A. nidulans, but in F. graminearum,
where the methyltransferase Kmt6 is responsi-
ble for the establishment of the H3K27Me3 and
regulates production of many secondary meta-
bolites as well as development (Connolly et al.
2013).

Lysine demethylation is performed by his-
tone demethylases, such as KdmA (lysine (K)-
demethylase A) and KdmB of A. nidulans. Both
are erasers that remove methyl marks from
histone H3. KdmA demethylates H3K36Me3
and has a dual role in transcriptional regulation
as co-repressor of primary metabolism genes
and activator of secondary metabolite genes.
KdmB demethylates H3K4Me3 and promotes
transcriptional downregulation as prerequisite
for accurate induction of A. nidulans secondary
metabolism (Gacek-Matthews et al. 2015, 2016).

One of the first described Aspergillus pro-
teins with a methyltransferase domain is LaeA,
a master regulator of secondary metabolism.
LaeA, which is part of the velvet complex
(see Sect. II.A.2), possesses automethylation
activity (Patananan et al. 2013). Additionally,
it counteracts H3K9Me3 marks in repressive
heterochromatin, activating many secondary
metabolite biosynthetic gene clusters (Reyes-
Dominguez et al. 2010, Fig. 8.3). However, the

exact molecular mechanism of LaeA function is
yet unknown. There are nine additional A.
nidulans LaeA-like methyltransferases (LlmA-
LlmG, LlmI, LlmJ) that share sequence similar-
ity with LaeA. LlmF interacts with VeA in the
cytoplasm and reduces its nuclear import,
resulting in altered development and secondary
metabolism, whereas the interaction of VeA
with LaeA takes place in the nucleus (Palmer
et al. 2013b, Fig. 8.2). VeA interacts with at least
two additional methyltransferases in both cel-
lular compartments, the VeA interacting pro-
tein C (VipC) and the VipC-associated protein
B (VapB). The nuclear heterodimeric methyl-
transferases VipC-VapB are, together with the
membrane tethering zinc finger domain protein
VapA (VipC associated protein A), part of a
novel type of epigenetic signal transduction
pathway (Sarikaya-Bayram et al. 2014,
Fig. 8.2). VapA can exclude VipC-VapB from
the nucleus by forming the membrane-bound
trimeric VapA-VipC-VapB complex. Release of
the VipC-VapB heterodimer from VapA is
induced by a yet elusive molecular trigger and
leads to its transport from the membrane to the
nucleus. VipC-VapB interaction with VeA in
the cytoplasm inhibits its nuclear accumula-
tion, resulting in decreased sexual development
and corresponding secondary metabolism.
Without VeA interaction, VipC-VapB enters
the nucleus and activates the light-promoted
brlA master regulatory gene of conidiation
and thereby the asexual differentiation pro-
gram, for instance, by decreasing heterochro-
matin through VapB, which was shown to
reduce H3K9Me3 marks (Sarikaya-Bayram
et al. 2014; Figs. 8.2 and 8.3).

B. Histone Acetylation and Deacetylation

Histone hyperacetylation at amino groups
of lysine residues is, in most cases, associated
with euchromatin, whereas deacetylation results
in heterochromatin formation (Fig. 8.3). Pro-
moter spreading of histone H3 or H4 acetylation
results in higher transcription and production of
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secondary metabolites of the aflatoxin family in
Aspergilli (Roze et al. 2007; Reyes-Dominguez
et al. 2010).

Histone acetylation is performed by type A
or type B histone acetyltransferases (HATs) as
writers. Cytoplasmic type B HATs acetylate
newly synthesized histones prior to their
assembly into nucleosomes, whereas nuclear
type A HATs acetylate nucleosomal histones.

A well-studied group of type A HATs are
the Gcn5-related N-acetyltransferases (GNAT).
They catalyze the transfer of acetyl groups to
lysine residues on the histones H2B, H3, or H4
from acetyl-CoA donors. Founding member of
the family is the yeast Gcn5 (general control
non-derepressed 5), a transcriptional cofactor
associating as HAT with several complexes (e.g.
SAGA: Spt-Ada-Gcn5-Acetyltransferase). The
A. nidulans SAGA complex acetylates the his-
tone sites H3K9 and H3K14 and regulates the
biosynthesis of penicillin, sterigmatocystin, ter-
requinone, and orsellinic acid (Nützmann et al.
2011). Gcn5 is important for the control of the
mycotoxin deoxynivalenol biosynthesis in
Fusarium graminearum (Kong et al. 2018).
Numerous homologs of S. cerevisiae Gcn5 in
filamentous fungi are involved in growth,
development, regulation of secondary metabo-
lite production, and pathogenicity.

The MYST (MOZ, Ybf2, Sas2, and Tip60)
family represents another type A HAT group
with a characteristic zinc finger in the highly
conserved MYST domain, which acetylates
H2A, H3, and H4 lysine residues. EsaA (essen-
tial SAS2-related acetyltransferase A), a MYST
HAT of A. nidulans, is an activator of second-
ary metabolism by acetylating H4K12 in the
sterigmatocystin, penicillin, terrequinone, and
orsellinic acid gene clusters (Soukup et al.
2012). MYST3 of A. parasiticus is required for
aflatoxin production (Roze et al. 2011b).

Histone deacetylation in fungi is per-
formed by erasers such as the classical histone
deacetylases (HDACs) of class I (Rpd3/Hos2-
type) or class II (HDA1-type), with a zinc ion in
their catalytic site, or by non-conventional class
III SIR2-type sirtuin HDACs, which require
NAD+ as cofactor (Brosch et al. 2008).

Yeast Rpd3 (reduced potassium depen-
dency factor 3) as name-giving class I HDAC

regulates transcription by RNA polymerases I
and II through chromatin silencing and con-
trols mitosis, meiosis, aging, or macroauto-
phagy (see Sect. V.B). The corresponding A.
nidulans RpdA deacetylates H3 and H4 and is
essential for growth and conidiation (Tribus
et al. 2010). Trichostatin A, an inhibitor of
classical HDACs such as RpdA, is a promising
anticancer drug (Bauer et al. 2016) and inhibits
appressorium formation and decreases patho-
genicity of the rice blast fungus Magnaporthe
oryzae (Izawa et al. 2009). A. nidulans HosA
(corresponding to yeast Hos2 (Hda One similar
2)) is another class I HDAC, which deacetylates
H4 and represses orsellinic acid production but
has inducing effects on other secondary meta-
bolites by overriding the regulatory effects of
other HDACs (Pidroni et al. 2018). The
corresponding A. oryzae protein (HdaD/Hos2)
is involved in the regulation of growth, asexual
development, stress response, and the biosyn-
thesis of the industrially important chelator
agent kojic acid (Kawauchi and Iwashita 2014).

The class II Hda1-type HDACs include
HdaA of A. nidulans, which represses sterigma-
tocystin and penicillin gene clusters as well as
additional clusters located close to telomeres.
HdaA, which can be overridden by class I
HDAC HosA, is therefore an antagonist of the
positive secondary metabolite gene cluster reg-
ulator LaeA (see Sects. II.B.2 and III.A). Analy-
sis of the corresponding proteins of Alternaria
alternata or Penicillium expansum further sup-
port HDAC-mediated repression of secondary
metabolism as conserved function in fungi. One
exception is the A. fumigatus gliotoxin cluster,
which is activated by HdaA. The protein is
additionally required for growth and germina-
tion but not for virulence in this fungus (Shwab
et al. 2007; Lee et al. 2009).

Class III SIR2-type sirtuins HDACs include
SirA, which deacetylates H4K16 in the promo-
tor regions of the sterigmatocystin and penicil-
lin gene clusters and controls together with the
sirtuin HstA (homolog of SIR Two A) the for-
mation of these metabolites. Some secondary
metabolite genes are repressed, whereas others
are activated, which reflects the complex con-
trol of histone modifications (Shwab et al. 2007;
Shimizu et al. 2012; Itoh et al. 2017). This is
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further illustrated by the Aspergillus oryzae sir-
tuin HstD, which controls the expression of the
velvet complex member LaeA and thus the kojic
acid production and conidiation (Kawauchi
et al. 2013).

C. Histone Phosphorylation, Ubiquitination,
and Sumoylation

In addition to methylation and acetylation, fur-
ther post-translational histone modifications
comprise phosphorylation, ubiquitination, or
sumoylation. These modifications were rather
analyzed in yeast than in filamentous fungi.
Histone phosphorylations by kinases that
transfer the phosphate group from ATP to the
hydroxyl group of the modified amino acid take
place at serines, threonines, or tyrosines and
are reversed by phosphatases. Phosphorylation
of H3S10 is crucial for yeast chromosome con-
densation and cell cycle progression during
mitosis and meiosis (Nowak and Corces 2004).

Ubiquitination of histones by ubiquitin
ligases is the covalent attachment of the small
modifier ubiquitin to lysine residues and is
reversed by deubiquitinating enzymes (DUBs,
see Sect. IV.B). Methylation of H3K4 is
mediated by the ubiquitination of H2BK123 in
yeast (Sun and Allis 2002). These concerted
histone modifications on distinct histone tails
are referred to as trans-tail regulation (Zheng
et al. 2010). Similar to ubiquitination, sumoyla-
tion is the covalent attachment of the small
ubiquitin-like modifier (SUMO) to lysines of
proteins through the activity of an E1-E2-E3
enzyme cascade. Sumoylation has been found
for all four histones and is associated with tran-
scriptional repression. SUMO, which is
required for multicellular fungal development
in A. nidulans, most likely blocks the histone
modification sites to prevent acetylation or ubi-
quitination (Nathan et al. 2006; Harting et al.
2013). Co-purification experiments identified
SUMO-associated proteins connected to the
ubiquitin network involved in A. nidulans his-
tone modification. They include one subunit of
the COMPASS complex required for histone
methylation as well as subunits of the SAGA
complex for histone acetylation (Harting et al.

2013). Like other post-translational modifica-
tions, ubiquitin and ubiquitin-like modifica-
tions do not only modify histones but also
other proteins and thereby can influence their
activity, function, localization, or stability and
affect fungal secondary metabolism and devel-
opment (see Sects. III and IV).

D. Epigenetic Tools to Activate Silenced Gene
Clusters

The crucial role of histone modifications such
as methylation or acetylation in the regulation
of secondary metabolism can be utilized in the
laboratory for the identification of new second-
ary metabolites. Epigenetically silenced clusters
can be reactivated by changes in chromatin
modifications. Deletion of the genes encoding
HDACs, which are generally associated with
transcriptional repression, can lead to dere-
pression of secondary metabolite gene clusters.
Accordingly, penicillin and sterigmatocystin
gene clusters of A. nidulans are activated
when the HDAC gene hdaA had been deleted
(Shwab et al. 2007). These types of experiments
have resulted in chemical epigenetics as an
emerging new research field (Okada and Seyed-
sayamdost 2017). The addition of HDAC or
methyltransferase inhibitors to fungal cultures
alters the epigenetic status of the cells to acti-
vate, identify, and study new secondary metab-
olite gene clusters and their products. The
advantage of this method is that the fungus
does not have to be genetically modified, and
it can therefore be applied to any organism.
Examples for such inhibiting chemicals are the
HDAC inhibitors valproic acid, trichostatin A
(see Sect. III.B) and its synthetic derivative sub-
eroylanilide hydroxamic acid (SAHA), or the
DNA methyltransferase inhibitor 5-azacytidine
(5-AZA). Successful chemical epigenetics
approaches were applied in many different
fungi, such as A. alternata and P. expansum
(Shwab et al. 2007), Cladosporium cladospor-
ioides and Diatrype disciformis (Williams et al.
2008), A. niger (Fisch et al. 2009; Henrikson
et al. 2009), and A. fumigatus (Magotra et al.
2017).
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IV. The Role of Ubiquitination and
Deubiquitination in Fungal
Development and Secondary
Metabolism

The importance of post-translational modifica-
tions for coordinated fungal development and
secondary metabolism is not restricted to his-
tone modifications such as the epigenetic con-
trol in connection with transcriptional
networks. Target protein modifications by
phosphate, ubiquitin, or ubiquitin-like proteins
are also essential for the accurate adjustment of
the fungal proteome. They alter the physical
and chemical properties of a protein in
response to external or internal stimuli in
order to regulate and control its activity, half-
life, transport, and subsequent cellular localiza-
tion. These processes, which include the highly
conserved ubiquitin-26S proteasome pathway
(UPP) for protein stability control, are prere-
quisites for accurate fungal differentiation and
physiology.

A. The Ubiquitin Attachment Machinery
Influences Fungal Development and
Secondary Metabolism on Several Layers

Ubiquitin is the most prominent modifier of the
family of ubiquitin-like proteins (UBL), which
includes SUMO, the cullin modifier neural pre-
cursor cell expressed, developmentally down-
regulated 8 (Nedd8) or autophagy-related
modifiers (Atg8, Atg12; see Sect. V). Ubiquitin
consists of 76 amino acids and is encoded as
fusion to ribosomal proteins or as head-to-tail
fusions of many ubiquitin moieties encompass-
ing two ubiquitin genes in filamentous fungi
such as A. nidulans or four in S. cerevisiae
(Noventa-Jordão et al. 2000; Lee et al. 2017).
These ubiquitin fusion proteins have to be
cleaved by deubiquitinating enzymes (DUBs)
to create a pool of ubiquitin monomers that
can be used for the actual ubiquitination reac-
tion (Grou et al. 2015). Ubiquitin is essential for
fungal growth, although single deletion strains
can grow but have strong defects in fungal
growth, stress response, and development
(Leach et al. 2011; Oh et al. 2012).

About 20% of all A. nidulans proteins are
ubiquitinated during hyphal growth and are
located in the nucleus, whereas in S. cerevisiae
the biggest portion is contained in the trans-
membrane protein fraction (Peng et al. 2003;
Chu et al. 2016). Ubiquitin itself contains seven
conserved lysine residues (K6, K11, K27, K29,
K33, K48, K63), which can be used for ubiquitin
chain formation. The attachment of ubiquitin
chains linked through a certain lysine residue
can alter activity, localization, or stability of the
substrate. The K48-linked polyubiquitin chains
are the most abundant in yeast and usually
mark the modified protein for degradation by
the 26S proteasome (Spasser and Brik 2012;
Zuin et al. 2014).

The attachment of ubiquitin as well as other
ubiquitin-like proteins involves an enzyme cas-
cade consisting of E1 activating, E2 conjugat-
ing, and E3 ligase enzymes (Fig. 8.4). An E1
enzyme activates ubiquitin in an ATP-
dependent reaction by formation of a thioester
bond. The corresponding E1 encoding UBA1
(ubiquitin activating 1) gene of S. cerevisiae is
essential for spore formation and vegetative
growth (McGrath et al. 1991). The activated
ubiquitin molecule is transferred to E2, which
can physically interact with E3 ubiquitin
ligases. Several yeast genes encoding E2
enzymes as well as the polyubiquitin encoding
locus are induced during heat stress or starva-
tion conditions (McGrath et al. 1991; Hiraishi
et al. 2006). E3 ubiquitin ligases are classified
into the cullin-RING ligase (CRLs) and the
HECT (homologous to E6AP carboxyl termi-
nus) ubiquitin ligase families.

Fungi such as A. nidulans express three
cullin proteins (CulA, CulC and CulD) and
humans even eight (Marı́n 2009; von Zeska
Kress et al. 2012). CulA, corresponding to
human cullin-1, is part of the largest group of
CRLs, the SCF (SkpA, CullinA, Fbox) com-
plexes. They are activated by the attachment
of Nedd8 to CulA, a process called neddylation.
Nedd8 and proteins of the neddylation cascade
and the SCF complex are essential for A. nidu-
lans, whereas SUMO-deficient mutants can
grow but are impaired in multicellular develop-
ment and secondary metabolite production
(von Zeska Kress et al. 2012; Harting et al.
2013). In S. cerevisiae, it is the other way
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Fig. 8.4 Protein degradation pathways and their
involvement in growth, development, pathogenicity,
and secondary metabolite production. Free ubiquitin
is generated from ubiquitin precursors and used to
post-translationally label substrates by the concerted
action of E1 activating, E2 conjugating, and E3 SCF
(SkpA-CulA-Fbox) ligase enzymes. E3 SCF is activated
by neddylation and disassembled by deneddylation.
Deneddylation is primarily catalyzed by the COP9 sig-
nalosome or in addition by DenA. Exchange of the
adaptor/receptor complex (SkpA/Fbox) requires bind-
ing of the CandA receptor exchange factor. E3 SCF

activity results primarily in K48 polyubiquitinated sub-
strates, which are tagged for degradation by the 26S
proteasome. Damaged proteasomes, organelles, or
aggregated cellular material of misfolded proteins are
enclosed by autophagosomes for vacuolar degradation.
Fungal proteins that are damaged, misfolded, or only
required for a certain timespan are targets for degrada-
tion by the 26S proteasome in the nucleus or cytosol.
Misfolded ER proteins are recognized by the unfolded
protein response (UPR) and the ER-associated degra-
dation (ERAD) pathway and exported to the cytoplasm
for proteasomal degradation. Signal transduction path-
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round, SUMO is essential but not Nedd8 (Lia-
kopoulos et al. 1998).

The active SCF complex requires at one
side of the post-translational neddylated cullin
scaffold a small RING protein RbxA, which
binds to E2-ubiquitin, and at the other side
the target substrate, which is connected to the
cullin by the general SkpA (suppressor of kinet-
ochore protein mutant A) adaptor. SkpA binds
the specific substrate receptors, the Fbox pro-
teins, which differ considerably to interact with
different substrates, but share a characteristic
N-terminal 40–50 amino acids F-box motif as
SkpA interaction domain. The genome of A.
nidulans encompasses approximately 70 differ-
ent Fbox proteins and the recruited target pro-
teins are often primed by phosphorylation
prior to ubiquitination (Draht et al. 2007). Fun-
gal adaptation to changing environmental con-
ditions requires the rapid exchange of Fbox
proteins at the SCF complexes in order to
label and degrade different substrates, what
requires the removal of Nedd8 from CulA
(Flick and Kaiser 2013). Several Fbox proteins
are involved in fungal development. Fbox pro-
tein GrrA (glucose repression-resistant A) is
needed for the induction of meiosis and thus
for the development of mature ascospores in A.
nidulans (Krappmann et al. 2006). The
corresponding orthologs of the fungal patho-
gens Cryptococcus neoformans F-box protein 1
(Fbp1) and Gibberella zeae FBP1 are also
involved in sexual reproduction and virulence
(Han et al. 2007; Liu et al. 2011). A. nidulans
Fbx15 is required for asexual and sexual and
Fbx23 for light-dependent development (von
Zeska Kress et al. 2012). The homologous
Fbx15 of the human pathogen A. fumigatus

represses the formation of the secondary
metabolite gliotoxin and provides a general
stress response and virulence to the fungus
(Jöhnk et al. 2016).

The disruption of the UPP leads to an
imbalanced protein degradation of, e.g., sec-
ondary metabolite cluster-specific or global
transcription factors. This can be used for the
identification of novel interesting secondary
metabolites (Gerke et al. 2012; Zheng et al.
2017). For instance, the deletion of csnE
(COP9 signalosome E), encoding the catalyti-
cally active subunit of the COP9 signalosome,
interferes with the deneddylation of cullins,
which mediate the ubiquitination of proteins
(Beckmann et al. 2015; see Sect. IV.B). In A.
nidulans, this deneddylation defect leads to
the accumulation of 100 metabolites and
resulted in the identification of the antimicro-
bial 2,4-dihydroxy-3-methyl-6-(2-oxopropyl)
benzaldehyde (DHMBA) (Nahlik et al. 2010;
Gerke et al. 2012).

B. Controlled Removal of Ubiquitin Family
Proteins from Substrates Is Important for
Fungal Growth and Development

The attachment of ubiquitin and UBLs such as
Nedd8 or SUMO to proteins is a reversible
process. Two desumoylating enzymes UlpA
and UlpB were characterized in A. nidulans,
which are required for asexual conidiospore
production and the formation of mature sexual
fruiting bodies (Harting et al. 2013).

The removal of Nedd8 (deneddylation)
from SCF complexes leads to a conformational
change of the cullin protein (Duda et al. 2008)

⁄�⁄�

Fig. 8.4 (continued) ways (e.g., the target of rapamycin
Tor kinase) inhibit the formation of the fungal Atg1
autophagy initiation complex for phagophore assembly
site (PAS) in the presence of nutrients. Atg1 is activated
by starvation or during development or interaction
with other organisms and results in coupling of the
ubiquitin-like Atg8 to the lipid phosphatidylethanol-
amine (PE). Atg8-PE is recruited to PAS, which pro-
motes nucleation and elongation of the phagophore.
The phagophore engulfes proteins, protein aggregates
or organelles like mitochondria or ribosomes resulting
in the double membraned autophagosome. Autophago-

somes fuse with the vacuole. The membrane of the
resulting autophagic body is degraded by Atg15 lipase
and the contents by vacuolar hydrolases. Permeases
such as Atg22 can release degraded material back to
the cytoplasm for recycling. The budding of vesicles
from mitochondria is called mitophagy and the bud-
ding from peroxisomes is called pexophagy. Aflatoxin
producing secondary metabolite enzymes and their
substrates can be transported by cytoplasm-to-vacuole
transport (Cvt) vesicles and exported from the vacuole
out of the fungal cell by aflatoxisomes
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and is performed by deneddylases such as the
COP9 signalosome (constitutive photomorpho-
genesis 9, CSN) (Beckmann et al. 2015). In most
fungi, plants or in humans, it is a highly con-
served complex consisting of eight CSN subu-
nits including an intrinsic JAMM motif with
Nedd8 isopeptidase activity in one subunit.
Neurospora crassa and S. pombe possess
seven- and six-subunit CSNs, respectively, and
in S. cerevisiae there is only the conserved
deneddylase subunit as part of an alternative
CSN complex. Dysfunction of CSN results in
lethality in plants or mammals but not in
fungi, which makes them an attractive model
organism to study CSN complex assembly and
the function of the different subunits (Braus
et al. 2010). CSN recognizes substrate free
CRLs (Lingaraju et al. 2014) and physically
interacts within the nucleus with a second
deneddylase Den1/A. This interaction is found
in A. nidulans as well as in human cells (Christ-
mann et al. 2013; Schinke et al. 2016). Fungal
CSN is composed of an inactive seven-subunit
pre-complex, which incorporates the deneddy-
lase subunit in a final step, resulting in a cata-
lytically active complex (Beckmann et al. 2015).
In N. crassa, CSN mutant strains result in stabi-
lization of the circadian clock regulator FRQ,
defects in light control (see Sect. II.A.2), and
impaired asexual development (Wang et al.
2010). Loss of any of the eight CSN subunits
of A. nidulans leads to impaired light control, a
block in sexual development and a brownish
colony with more than a hundred accumulated
secondary metabolites including orsellinic acid
derivatives (Busch et al. 2003, 2007; Nahlik et al.
2010).

COP9-mediated deneddylation of CulA
deactivates E3 SCF ubiquitin ligases and results
in disassembly. Cand1 (cullin associated Nedd8
dissociated 1) acts as Fbox receptor exchange
factor by blocking the neddylation site of CulA.
Multiple cycles of disassembly and assembly
ensure the appropriate exchange of different
Fbox proteins to degrade different target pro-
teins in different environments or during devel-
opment (Choo et al. 2011; Wu et al. 2013).
Cand1/A is encoded as single protein in higher
eukaryotes and fungi like N. crassa, Verticillium
dahliae, or the opportunistic pathogen C. albi-

cans, whereas the A. nidulans gene has been
split into two separate genes, which encoded
proteins are interacting (Helmstaedt et al.
2011; Sela et al. 2012). Deletion of one or both
cand genes in A. nidulans leads to impaired
conidiospore and fruiting body formation and
to a similarly altered secondary metabolism
with a brownish colony color as for the defec-
tive CSN (Helmstaedt et al. 2011; Nahlik et al.
2010). The deneddylation of cullins, the disso-
ciation of the SkpA adaptor/Fbox receptor
complex, the binding of the Cand protein, and
the following reactivation of the SCF complex
are highly dynamic processes that require tight
regulation (Liu et al. 2018).

Deubiquitinases (DUBs) are required for
the processing of ubiquitin precursors and for
the removal of ubiquitin molecules from target
proteins in order to generate the free ubiquitin
pool for E1 ubiquitin-activating enzymes
(Fig. 8.4). DUBs are classified into seven differ-
ent families (Komander et al. 2009; Rehman
et al. 2016). (1) The JAMM domain metallopro-
tease DUBs, such as the Rpn11 (regulatory par-
ticle non-ATPase 11) of the proteasomal lid,6

contain anMPN+ domain and are similar to the
deneddylase subunit of CSN (Meister et al.
2016). All other DUBs are cysteine proteases:
(2) ubiquitin C-terminal hydrolases (UCH); (3)
Machado-Joseph domain (Josephin-domain)
containing proteases (MJD), which are missing
in some yeasts (Hutchins et al. 2013); (4) ovar-
ian tumor proteases (OTU); (5) ubiquitin-
specific proteases (USP); (6) the motif interact-
ing with Ub-containing novel DUB family
(MINDY) (Rehman et al. 2016); and (7) the
zinc finger with UFM1-specific peptidase
domain protein/C6orf113/ZUP1 (ZUFSP) fam-
ily (Haahr et al. 2018).

The DUB distribution to the different
families is quite conserved between fungi and
humans with most members in the ubiquitin-
specific proteases family with 17 USPs in S.
cerevisiae and more than 50 in humans (Hutch-
ins et al. 2013). Any single deletion of the genes
for the 17 USP DUBs of S. cerevisiae is viable

6 lid ¼ removable or hinged cover of a container, here: the

cover of the proteasome core.
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with only partially moderate growth defects
(Amerik et al. 2000). The ubiquitin-specific
protease Doa4 (degradation of Alpha 4) is asso-
ciated to the 26S proteasome and recycles ubi-
quitin chains from proteins that were targeted
for degradation to the 26S proteasome or from
membrane proteins that are targeted to the
vacuole (Swaminathan et al. 1999). The ubiqui-
tin-specific protease Ubp14 hydrolyzes rather
free polyubiquitin chains, which are not
degraded by the 26S proteasome as its unfold-
ing would require too much energy (Amerik
et al. 2000). The C. neoformans ubiquitin-
specific protease Ubp5 is required for virulence
and controls melanin and capsule formation
(Fang et al. 2012).

V. Protein Degradation Pathways

Clearance of misfolded, damaged, or no longer
needed proteins and organelles directs time con-
trolled developmental transitions, multicellular
development, pathogenicity, and secondary
metabolism in filamentous fungi and leads to
recycling of building bricks for the synthesis of
new proteins and organelles. Protein degrada-
tion is mediated through different pathways
(Fig. 8.4) including the nuclear and cytoplasmic
ubiquitin-26S proteasome pathway (UPP) and
autophagy pathways, which target defective cel-
lular compartments and 26S proteasomes for
degradation in the fungal vacuole. Misfolded
proteins of the endoplasmic reticulum (ER) acti-
vate the unfolded protein response and the ER
associated degradation (ERAD) pathway, which
finally results in degradation of these proteins in
26S proteasomes of the cytoplasm. The plant
pathogenic fungus Ustilago maydis requires the
unfolded protein response of the ER for patho-
genicity (Heimel et al. 2013; Hampel et al. 2016).

A. Protein Degradation by the 26S Proteasome

The conserved 2.5 MDa 26S proteasome is one
of the major degradation machineries in eukar-
yotes and has approximately half the size of a
ribosome. This multi-protease complex con-
sists of the 20S barrel-like core particle and on

one or both sides associated 19S regulatory par-
ticles consisting of lid and base subcomplexes
(Tomko and Hochstrasser 2013). The lid
receives ubiquitinated substrates and the base,
containing six subunits with ATPase activity,
unfolds substrates by ATP hydrolysis, and trans-
locates them into the barrel of the core particle,
while the JAMM domain metalloprotease DUB
Rpn11 cleaves the ubiquitin chains (Lander et al.
2012; de la Peña et al. 2018). The core particle
contains four rings. Each ring is built of seven
subunits providing gate and catalytic activity
with different trypsin-, chymotrypsin-, or
caspase-like peptidases. These degrade sub-
strates processively, resulting in recyclable
amino acids (Budenholzer et al. 2017).

26S proteasomal-mediated degradation is
initiated by the recognition of K48-
polyubiquitinated substrates by Rpn1, Rpn10,
or Rpn13, which possess ubiquitin-binding
domains (Finley 2009). After capturing these
substrates, ubiquitin tags are released by the
intrinsic lid Rpn11 deubiquitinase, which is
embedded in a similar protein subunit archi-
tecture as the intrinsic deneddylase of the COP9
signalosome (Meister et al. 2016; see Sect. IV.
A). The eight CSN subunits correspond to eight
Rpn (Rpn3, 5–9, 11, 12) subunits of the lid of
the regulatory particle. The lid contains as
ninth additional subunit the versatile small
multifunctional and intrinsically disordered
Sem1/Dss1 (suppressor of exocyst mutations 1;
deletion of split hand/split foot 1), and a ninth
COP9 signalosome subunit (CSN acidic pro-
tein) is also present in metazoa and some plants
and fungi (Barth et al. 2016).

Sem1 stabilizes the assembly of 26S protea-
somes by recruiting the receptors Rpn13 and
Rpn10 as well as the tethering factor Ecm29
(extracellular mutant 29) to support complex
formation. The A. nidulans sem1 deletion strain
is delayed in conidiophore development, has
less conidiospores, and produces immature
fruiting bodies without ascospores. Sem1 of A.
nidulans links fungal stress response to devel-
opment and controls secondary metabolism
similar to CSN or CandA (Kolog Gulko et al.
2018; see Sect. IV.A).

A link between the 26S proteasome of fila-
mentous fungi and development and control of
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secondary metabolism is further corroborated
by the application of proteasome inhibitors
such as bortezomib. Proteasome inhibitors
delay germination, appressoria formation, and
host infection processes of the rice blast fungus
M. oryzae (Wang et al. 2011; Oh et al. 2012).
Inhibition of the proteasome resulted in the
identification of several new compounds in
Pleosporales or in the plant pathogen Pestalo-
tiopsis sydowiana (VanderMolen et al. 2014; Xia
et al. 2016). Although the targets of the 26S
proteasome, which coordinate fungal develop-
ment and secondary metabolism in these spe-
cific cases, are still unknown, it seems likely
that they include regulatory proteins with a
limited half-life that interconnect different cel-
lular pathways.

B. Degradation by Autophagy

High protein turnover results in damaged fun-
gal proteasomes, which are degraded in yeasts
and presumably also in filamentous fungi by
self-eating autophagy (Waite et al. 2016; Hoel-
ler and Dikic 2016). This is, besides the protea-
somal degradation, the second major
eukaryotic degradation system. It is a highly
organized membrane-trafficking pathway,
specialized for long-lived proteins as well as
quality control for large and heterogeneous cel-
lular material including protein aggregates or
organelles. Malfunction of this conserved pro-
cess is, e.g., associated to neurodegenerative
diseases in humans as well as impairment of
accurate fungal secondary metabolism and dif-
ferentiation. Autophagy provides nutrients
during stress conditions, starvation, or transi-
tion phases of developmental programs (Voigt
and Pöggeler 2013; Popova et al. 2018, Fig. 8.4).
Fungi produce secondary metabolites, which
directly affect autophagy such as the beneficial
rasfonin from Talaromyces, which reduces dif-
ferent cancer cells by inducing autophagy (Xiao
et al. 2014; Sun et al. 2016).

The targeted engulfment of cellular mate-
rial by membrane invaginations of the vacuole
is termed microautophagy. Macroautophagy
corresponds to the sequestration of bulk cellu-
lar material such as damaged organelles or pro-

tein aggregates by de novo formed phagophore,
e.g., during yeast starvation (Li et al. 2012;
Reggiori et al. 2012). Cargo proteins are
engulfed during this process by the double
membrane phagophore, which closes to form
the autophagosome. This compartment fuses
with the fungal vacuole at its outer membrane,
while the inner autophagic body is digested by
the hydrolytic vacuolar milieu. Autophagy can
be either non-selective or selective. Selective
autophagy for the degradation of different cel-
lular organelles, e.g., the pexophagy for defec-
tive peroxisomes in Sordaria macrospora,
requires specific cargo receptors (Werner et al.
2019).

Instead of degradation, selective autophagy
pathways can also be used for hydrolytic
enzyme transportation to the vacuole as the
yeast cytoplasm-to-vacuole transport (Cvt)
pathway (Lynch-Day and Klionsky 2010). Fun-
gal secondary metabolism takes place in differ-
ent cellular compartments such as the
cytoplasm, the peroxisomes, vesicles, or
vacuoles. The transport of enzymes and meta-
bolic compounds or precursors is therefore
often mediated through autophagic pathways.
For instance, aflatoxin production requires a
complex interplay of different autophagic pro-
cesses. Vesicles bud from mitochondria and
peroxisomes, which deliver precursors and
enzymes to Cvt vesicles containing other
enzymes of the biosynthetic pathway to form
the aflatoxisomes. Aflatoxisomes mediate the
biosynthesis by the transport of active enzymes
as well as compartmentalization by storing dif-
ferent aflatoxin intermediates and the aflatoxin
export to the cell exterior (Chanda et al. 2009;
Roze et al. 2011a).

Autophagy-associated atg genes were first
identified in the unicellular fungus S. cerevisiae.
Until 2016, 42 yeast atg genes were identified
including 18 core genes for autophagosome
formation, which are mostly conserved in fila-
mentous fungi (Wen and Klionsky 2016; Par-
zych et al. 2018).

In the initiation phase, starvation-induced
autophagy requires an active Atg1 Ser/Thr
kinase complex, which is inhibited under non-
starvation conditions by the active Tor (target
of rapamycin) kinase complex, sensing nitro-

194 J. Gerke et al.



gen sources, and the cAMP-dependent protein
kinase A complex, sensing glucose (Budovs-
kaya et al. 2004; González and Hall 2017). In
the following nucleation phase, Atg1 complex
kinase activity results in the assembly of several
other Atg proteins and the phosphatidylinositol
kinase Vps34, which action recruits transmem-
brane protein Atg9-containing vesicles for the
transport to the phagophore assembly site (He
et al. 2008; Stjepanovic et al. 2017). Phagophore
expansion as the third phase includes two
ubiquitin-like conjugation systems (Atg8,
Atg12), which cooperate to transfer Atg8 to
the lipid phosphatidylethanolamine (PE). Con-
jugation of Atg8 to Atg8-PE requires a similar
mechanism of E1 activating, E2 conjugating,
and E3 ligase cascade as previously described
for other ubiquitin-like proteins (Liu et al.
2010b; see Sect. IV.A). After the fusion of the
outer phagosomal membrane with the vacuolar
membrane, vacuolar lipases such as Atg15
degrade the membrane of the released autopha-
gic body. The permease Atg22 exports the deg-
radation products into the cytoplasm for
recycling (Sugimoto et al. 2011; Ramya and
Rajasekharan 2016; Fig. 8.4).

Numerous fungal atg genes are essential for
growth or are required for development, path-
ogenicity, or the formation of secondary meta-
bolites. An A. fumigatus atg1 deletion strain is
impaired in vegetative growth in the presence
of different nitrogen sources and produces less
asexual spores, but is not affected in pathoge-
nicity (Richie et al. 2007; Richie and Askew
2008). A Penicillium chrysogenum atg1 mutant
strain shows increased penicillin production
due to an increased number of peroxisomes as
a result of impaired pexophagy (Bartoszewska
et al. 2011). Penicillin production takes place in
the cytosol and in peroxisomes (Meijer et al.
2010). The relocation of AcvA, the first enzyme
of the penicillin biosynthesis (d-(L-a-aminoadi-
pyl)-L-cysteinyl-D-valine synthetase), from the
cytosol to the peroxisomes significantly
increased the penicillin production of A. nidu-
lans by more than three-fold (Herr and Fischer
2014).

The genes for the ubiquitin-like Atg12 from
different yeasts are required for ascosporogen-
esis under nitrogen starvation, and the
corresponding gene of N. crassa supports effi-
cient fruiting body formation (Mukaiyama
et al. 2010; Chinnici et al. 2014). In contrast, a
M. oryzae atg12-deficient strain can undergo
sexual development but is impaired in host
infection. Whereas the atg genes participating
in selective autophagy are dispensable, 22 non-
selective M. oryzae atg genes are required for
pathogenicity (Kershaw and Talbot 2009). This
includes non-selective autophagy mutants,
which are unable to transport the cellular con-
tent from the conidiospore into the appres-
soria, impairing leaf penetration.

Defects in the UBL encoding gene atg8 as
well as in several other atg genes result in
impaired vegetative growth and a block in sex-
ual development in S. macrospora (Nolting et al.
2009; Voigt and Pöggeler 2013). Both autop-
hagy UBLs are involved in aging of hyphae,
which change in their thickness from young
thin to old thick hyphae. Deletion of atg8 for
the UBL or of atg10 encoding the E2 conjugat-
ing enzyme for the Atg12 UBL shortened this
aging process in A. niger (Nitsche et al. 2013).
Aging of hyphae by autophagy might be due to
degradation of organelles in older hyphae,
which provides nutrients and building bricks
for tip growth (Shoji et al. 2010). The degrada-
tion by mitophagy of damaged mitochondria
increases presumably also fungal life span,
because it prevents the accumulation of ROS
or proapoptotic factors (Tyler and Johnson
2018).

Autophagy ensures survival during starva-
tion, mediates nutrient supply for ascospore
formation, and transports hydrolytic enzymes
into the vacuoles in yeast. Autophagy protects
cells against toxic metabolites or macromole-
cules and damaged organelles by their degrada-
tion and export. In ascomycetes, autophagy is
required for development under starvation and
nutrient-rich conditions. Furthermore, patho-
genicity and secondary metabolism rely on
autophagy.
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VI. Conclusion

The burden of infectious diseases caused by
bacteria and fungi, which are resistant to the
usual antibiotics or antimycotics such as azoles,
is growing (Cassini et al. 2019; Lestrade et al.
2019). Filamentous fungi form a vast reservoir
of yet unknown beneficial or toxic secondary
metabolites, which are only produced as
responses to environmental biotic or abiotic
stimuli. A more comprehensive picture of the
complex and subtle control of transcriptional
networks, which are nested within each other,
are more and more emerging. They intercon-
nect distinct fungal developmental programs
with the production of specific secondary meta-
bolites. This includes the genetic networks of
the fungal velvet domain proteins and their
sub-networks, which link transcriptional to
epigenetic control of gene expression, but also
protein degradation machineries like the 26S
proteasome and the autophagy membrane traf-
ficking pathway. They control maintenance or
changes of fungal proteomes as well as cellular
localization and transport of proteins as addi-
tional levels of coordinating secondary metab-
olite production in response to environmental
parameters or during development, aging, or
pathogenesis. Manipulation of gene expression
including chemical epigenetics as well as
genetic or chemical reprogramming of fungal
protein degradation are promising approaches
to find new biologically active secondary meta-
bolites acting as antibiotics or as antifungal
drugs.
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Crystal structure of the human COP9 signalosome.
Nature 512:161–165

Liu C, Lu F, Cui X, Cao X (2010a) Histone methylation
in higher plants. Annu Rev Plant Biol 61:395–420

Liu T-B, Liu X-H, Lu J-P, Zhang L, Min H, Lin F-C
(2010b) The cysteine protease MoAtg4 interacts
with MoAtg8 and is required for differentiation
and pathogenesis in Magnaporthe oryzae. Autop-
hagy 6:74–85

Liu T, Wang Y, Stukes S, Chen Q, Casadevall A, Xue C
(2011) The F-Box protein Fbp1 regulates sexual
reproduction and virulence in Cryptococcus neo-
formans. Eukaryot Cell 10:791–802

Liu X, Reitsma JM, Mamrosh JL, Zhang Y, Straube R,
Deshaies RJ (2018) Cand1-mediated adaptive

200 J. Gerke et al.



exchange mechanism enables variation in F-box
protein expression. Mol Cell 69:773–786.e6

Lo Presti L, Lanver D, Schweizer G, Tanaka S, Liang L,
Tollot M, Zuccaro A, Reissmann S, Kahmann R
(2015) Fungal effectors and plant susceptibility.
Annu Rev Plant Biol 66:513–545
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I. Introduction

In the past two decades, genomics has devel-
oped into a formidable tool to study various
aspects of fungi. In the year 1996, Saccharomy-
ces cerevisiae was the first fungal genome to be
sequenced (Goffeau et al. 1996), and since then
the number of publicly available genome
sequences has increased to 2128 in GenBank
and 1398 in MycoCosm (at the time of writing
in September 2019) (Grigoriev et al. 2014; Clark
et al. 2016). Fungal genomics as a research field
was kick-started by the sequencing efforts of
institutes and consortia, including the Fungal
Genome Initiative of the BROAD Institute of
MIT and Harvard (Cuomo and Birren 2010)
and the Fungal Program of the US DOE Joint

Genome Institute (Grigoriev et al. 2011). In
recent years, sequencing costs have decreased
considerably, placing genome sequencing and
analysis well within the reach of smaller labs.

After the first fungal genome of S. cerevisiae
(Goffeau et al. 1996) was published, genome
sequencing efforts initially focused on other
previously established model systems. Exam-
ples include Neurospora crassa (Galagan et al.
2003), various species of Aspergillus (Galagan
et al. 2005), the human pathogen Cryptococcus
neoformans (Loftus et al. 2005), the plant path-
ogen Fusarium graminearum (Cuomo et al.
2007), and Trichoderma reesei (Martinez et al.
2008). These genome sequences are still an
indispensable tool for studying these important
model systems. Among many other things, they
facilitate high-throughput experiments such as
RNA-Seq to study genome-wide gene expres-
sion or ChIP-Seq to study various aspects of
epigenetic regulation. In combination, these
approaches aim to assign functions to regions
of the genome and are called Functional Geno-
mics.

Moreover, the increasing number of avail-
able genome sequences (including those of
non-model organisms) allowed for a compara-
tive genomics approach. By comparing gen-
omes of related species, new insights can be
gained into genome evolution, gene evolution,
gene association with a particular lifestyle, as
well as phylogeny (examples of this are
described below).

In general, a genome sequencing project
starts with sequencing the genomic DNA
using next-generation sequencing technologies.
This is followed by genome assembly, which
aims to computationally reconstruct the
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genome from the (relatively short) sequence
reads. Next, the genome assembly is annotated.
This entails the identification of repetitive
sequences, genes, and other functional ele-
ments in the genome. The predicted genes are
subsequently annotated by assigning a putative
function, usually based on homology to known
genes and domains.

This chapter will describe advances in tech-
nologies underlying fungal genome sequencing,
annotation, and analysis. Furthermore, the
impact of fungal genome sequencing is illu-
strated using examples from several fields of
biotechnology.

II. Advances in Genome Sequencing
Technologies

In the past decade, sequencing technologies
have improved dramatically, radically changing
the landscape of fungal genome sequencing.
Sanger sequencing was the first sequencing
technique that was used for genome sequencing
(Sanger et al. 1977b). It was used to sequence
landmark genomes such as the first bacterio-
phage jX174 (Sanger et al. 1977a), the first
bacterium Haemophilus influenza (Fleisch-
mann et al. 1995), the first eukaryote (and first
fungus) Saccharomyces cerevisiae (Goffeau
et al. 1996), the first plant Arabidopsis thaliana
(Arabidopsis Genome Initiative 2000), the first
animal Caenorhabditis elegans (The C. elegans
Sequencing Consortium 1998), as well as the
human genome (International Human Genome
Sequencing Consortium 2001). The sequencing
of these genomes was generally a multi-year
undertaking and was performed by large con-
sortia of collaborating labs. Sequencing reads
that were obtained with Sanger technology were
relatively long (up to approximately 1500 bp)
and were relatively straightforward to assemble
using assembly software such as Jazz (Aparicio
et al. 2002) or Arachne (Batzoglou et al. 2002).

More recently, since the mid-2000s, several
new sequencing platforms were developed that
are collectively known as “next-generation
sequencing” (NGS). Initially, these techniques
included the now mostly defunct technologies

Roche 454 (Margulies et al. 2005), IonTorrent
(Life Technologies) and SOLiD (Applied Bio-
systems). Currently the most prominent short
read sequencing technology, however, is Illu-
mina (Bennett 2004). Although the sequences
generated by Illumina technology were initially
too short for efficient genome sequencing (up
to 25 bp), this has increased to currently
2 � 300 bp on an Illumina MiSeq machine.
New assembly approaches and software were
developed for these short reads, such as Velvet
(Zerbino and Birney 2008), ABySS (Simpson
et al. 2009), SOAPdenovo (Luo et al. 2012),
and SPAdes (Bankevich et al. 2012).

Rather paradoxically, the assemblies gener-
ated from early NGS techniques were not nearly
as good as the ones generated from Sanger
reads, with respect to assembly fragmentation.
Especially repetitive genomic regions (e.g., ori-
ginating from transposable elements) were
challenging to assembly using short reads.
However, crucial advantages of NGS technolo-
gies are that they are considerably faster and
cheaper than Sanger sequencing (Ghurye and
Pop 2019). This meant that genome sequencing
became affordable to core facilities and even
individual researchers, as opposed to the large
sequencing consortia that were required for
Sanger-based genome sequencing. This is illu-
strated by the following back-of-the-envelope
calculation: sequencing a typical fungal genome
of 30 Mbp with 100-fold coverage (each bp
sequenced on average 100 times) currently
costs less than 250 euro per genome on an
Illumina NextSeq500 machine (if 35 genomes
are pooled onto one lane). This is a stark differ-
ence with the multi-million euro Sanger
sequencing efforts of the past (Goffeau et al.
1996).

Since the early 2010s, new technologies
have become commercially available that pro-
duce considerably longer reads than Illumina.
Pacific Biosciences (PacBio) is based on single-
molecule sequencing and can produce reads of
on average 5 kbp and a maximum of 20 kbp
(Eid et al. 2009). Oxford Nanopore further
revolutionized sequencing by vastly reducing
the size of the machine to a mere USB flash
drive (Jain et al. 2016). This MinION machine
produces reads of over 100 kbp. However, both
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PacBio and Oxford Nanopore reads have a con-
siderably higher error rate (up to 15% errors)
than Illumina technology (Mardis 2017).
Although this error rate will likely improve as
new protocols become available, it is problem-
atic for accurate genome sequencing and
assembly. Approaches for assembly using
these long reads are either high coverage
sequencing (Chin et al. 2013) or a hybrid
approach that uses Illumina reads to correct
sequencing and assembly errors (Walker et al.
2014). As these long-read NGS technologies
mature further, it is likely that obtaining
genome assemblies with telomere-to-telomere
chromosomes will become trivial and afford-
able within a few years.

III. Genome Annotation

Sequencing a genome is only the first step, and
the even more important next step is to anno-
tate the genome. This process generally
includes the identification of regions of repeti-
tive DNA, the prediction of genes, and a func-
tion prediction for these genes and domains.
These individual steps can be strung together
into a pipeline. Several pipelines exist for
eukaryotic genome annotation, and two exam-
ples of frequently used pipelines for fungal
genome annotation are MAKER (Cantarel
et al. 2008) and the pipeline used by the US
DOE Joint Genome Institute (Haridas et al.
2018). This section describes the steps of
genome annotation in more detail.

A. Repeats

The term “repeat” may refer to various types of
sequences: “low-complexity regions” (some-
times called “simple repeats”) such as a homo-
polymeric run of nucleotides, as well as
transposable (mobile) elements (transposons)
(Kapitonov and Jurka 2008). These transposa-
ble elements can essentially copy themselves
and thus spread throughout the genome. They
can be subdivided into two classes, depending
on their mode of proliferation (Wicker et al.
2007). Class I elements use an RNA-

intermediate (reminiscent of a retrovirus) and
move via a “copy-paste” mechanism. They
include long interspersed nuclear elements
(LINEs), short interspersed nuclear elements
(SINEs), and long terminal repeats (LTRs).
Class II elements move via a DNA intermediate
and include helitrons and terminal inverted
repeats (Kapitonov and Jurka 2001, 2008).

Since repetitive regions are markedly dif-
ferent from gene-coding regions, it is common
practice to “mask” the repetitive regions before
commencing gene prediction. Masking ensures
that any spurious open reading frames that may
be present in the repeats will not confound (the
training of) the gene predictor. Repeats can be
identified in a newly sequenced genome using
either homology-based or de novo tools.
Homology-based tools rely on a database of
known repetitive elements such as Repbase
(Jurka et al. 2005) and a search algorithm such
as RepeatMasker (Smit et al. 2015). Novel or
genome-specific repeats can be identified using
de novo tools such as Repeatscout (Price et al.
2005), which looks for sequences that occur
repeatedly throughout the genome. Since trans-
posable elements tend to be relatively AT-rich,
their proliferation can result in large AT-rich
regions. Those regions can be distinguished
from gene-coding GC-rich regions by tools
such as OcculterCut (Testa et al. 2016).

The repetitive content of the genome varies
widely between fungi. For example, the very
compact 13.6 Mbp genome of the fern pathogen
Mixia osmundae has a repetitive content of
<1% (Toome et al. 2014), whereas the
177.6 Mbp genome of the mycorrhizal ascomy-
cete Cenococcum geophilum consist for 81% of
repetitive sequences (Peter et al. 2016). Repeti-
tive sequences are usually predominantly found
in centromeric and sub-telomeric regions but
may be spread throughout the assembly. Gen-
erally, self-replicating repeats are considered
deleterious since their spread may interrupt
genes. Fungi have evolved a defense mechanism
that recognizes repeats and inactivates these by
causing point mutations (repeat-induced point
mutations, or RIP) (Clutterbuck 2011; Casta-
nera et al. 2016). Intriguingly, genome sequenc-
ing of several plant pathogens has revealed that
pathogenesis-related genes frequently co-
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localize with repetitive sequences in these spe-
cies. A potential evolutionary benefit of this co-
localization is a higher rate of mutation due to
RIP, which in turn may lead to a higher rate of
evolution. This may allow these pathogens to
adapt more quickly to the host plant’s defenses
(Rouxel et al. 2011; Ohm et al. 2012).

B. Gene Prediction

Genes are (arguably) the most important func-
tional elements in a fungal genome. However,
their accurate identification is non-trivial. The
presence of introns in fungal genes precludes
simple scanning for open reading frames
(ORFs), which is a common initial approach
in gene prediction in prokaryotes. The struc-
ture of protein-coding genes varies widely
between eukaryotes (Yandell and Ence 2012)
and even between fungi. Differences include
GC content of the coding regions, splicing
acceptor and donor sites, intron length, num-
ber of introns per gene, gene length, etc. For
example, the ascomycete yeast S. cerevisiae has
6576 predicted genes with a median gene length
of 1071 bp, of which 4.2% contain an intron
(Goffeau et al. 1996). In contrast, the basidio-
mycete mushroom-forming fungus Schizophyl-
lum commune has 16204 predicted genes with a
median gene length of 1517 bp, of which 86.3%
contain an intron (Ohm et al. 2010). Therefore,
the gene-finding approach needs to be tailored
to each organism individually.

Gene prediction algorithms can be divided
into two categories: evidence-driven and ab
initio approaches. Evidence-driven predictors
take external evidence to identify the locations
of protein-coding genes. This evidence usually
takes the form of sequenced cDNA (Haas et al.
2003) or homology with known proteins of
related species (Birney et al. 2004). Sequenced
cDNA (in this context usually referred to as
Expressed Sequence Tags or ESTs) are aligned
to the assembly, and exons and intron splice
sites are inferred. This approach has the advan-
tage that it uses evidence specific to the organ-
ism but has the disadvantage that unexpressed
genes are less likely to be identified correctly.
Homology-based gene predictors rely on the

alignment of known proteins from related
organisms to identify exons. Advantages of
this approach are that it is cheap (since no
cDNA sequencing is required) but has the dis-
advantage that organism-specific genes are less
likely to be identified correctly. An ab initio
approach uses a mathematical model of the
gene structure to predict genes. These algo-
rithms require training, which means that they
need to learn what a gene looks like (e.g., typi-
cal gene length, intron length, GC content of
coding regions, etc.) from a subset of known
genes. This poses a problem, since for most
fungal genomes there is no prior knowledge
available. Modern approaches use a hybrid
strategy in which RNA-Seq data is used as evi-
dence to train an ab initio gene predictor. The
algorithm BRAKER, for example, only requires
aligned RNA-Seq reads and a genome assembly
and no other prior knowledge (Hoff et al. 2016).
It uses these data to train the ab initio predic-
tors GeneMark (Lomsadze et al. 2014) and
Augustus (Stanke and Waack 2003) and subse-
quently generates a high-quality gene predic-
tion.

Various gene prediction algorithms may
predict different genes at the same locus.
Although these sometimes represent alternative
splicing variants (especially when the gene pre-
dictor uses expression data as evidence), it is
more likely that only one variant is correct.
Various methods have been published that
aim to select the correct gene prediction at
each locus; examples include MAKER (Cantarel
et al. 2008), the US DOE Joint Genome Institute
pipeline (Haridas et al. 2018), and FunGAP
(Min et al. 2017).

The quality and completeness of the set of
predicted genes can be assessed by determining
the percentage of highly conserved eukaryotic
genes that are found in the predicted gene set.
Since these highly conserved genes (histones,
DNA polymerase, etc.) are expected to be pres-
ent among the genes of the newly sequenced
fungus, their absence can be indicative of an
incompleteness of the genome assembly or the
gene prediction. CEGMA (Core Eukaryotic
Genes Mapping Approach) was initially a pop-
ular tool to determine completeness (Parra
et al. 2007). However, a key issue with CEGMA
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was that the conserved genes were identified
from only six eukaryotic species. BUSCO takes
a clade-specific approach that is based on more
eukaryotic genomes, and fungi-specific con-
served gene sets are available (Simão et al.
2015). More recently, FGMP (Fungal Genome
Mapping Project) was developed that provides
a computational framework and sequence
resource specifically designed to assess the
completeness of fungal genomes (Cissé and
Stajich 2019). It is based on 246 fungal genomes
and can be used to assess assembly and anno-
tation completeness as well as suggest assembly
improvements.

C. Functional Annotation of the Predicted
Genes

Once a reliable set of genes has been predicted,
the next step is to determine the putative role of
the encoded proteins. This is referred to as
functional annotation of the predicted proteins.
It is important to note, however, that auto-
mated function predictions should be inter-
preted with care. Lab experiments may be
required to definitively confirm the function
of individual genes (e.g., an enzyme activity
assay to confirm the predicted activity of a
putative enzyme).

Functional annotation usually starts with
homology searches in a database of known
proteins, for example, using Blast (Altschul
et al. 1990) to search for homologs in GenBank
(Clark et al. 2016) or UniProt/Swiss-Prot (Bate-
man et al. 2017). Moreover, conserved protein
domains can be identified using InterPro
(Hunter et al. 2009), which comprises a collec-
tion of domain databases that includes PFAM
(Finn et al. 2016). Cellular localization of the
proteins can be predicted using SignalP (Peter-
sen et al. 2011), TMHMM (Krogh et al. 2001),
and WoLF PSORT (Horton et al. 2007). Pro-
teases/peptidases can be identified by homol-
ogy to known enzymes in the MEROPS
database (Rawlings et al. 2014). More generally,
Gene Ontology (GO) aims to provide a hierar-
chical functional annotation of the predicted
proteins, based on their molecular function,
cellular localization, and the biological process

they are involved in Ashburner et al. (2000).
Similarly, KEGG (Kyoto Encyclopedia of
Genes and Genomes) provides a classification
system into metabolic pathways, including pre-
dicted enzyme activities based on the Enzyme
Commission (EC) system (Kanehisa and Goto
2000).

Several functional annotation approaches
have been developed that aim to identify
genes that are involved in the lifestyle of fungi.
The CAZy (carbohydrate-active enzymes) data-
base focuses on enzymes that assemble, modify,
or break down polysaccharides (Lombard et al.
2014). CAZymes are especially important in the
context of plant biomass breakdown, for exam-
ple, in lignocellulose degradation and plant dis-
ease (further discussed below). Fungi are
known to produce a wide variety of secondary
metabolites and other natural products (further
discussed below). The genes involved in this
process are frequently clustered in the genome,
and these biosynthetic gene clusters can be
identified by tools like AntiSMASH (Blin et al.
2017) or SMURF (Khaldi et al. 2010).

D. Data Visualization, Analysis, and Manual
Curation

Large amounts of data are generated by genome
sequencing and annotation. These can be chal-
lenging to interpret unless they are visualized.
Genome sequencing consortia and/or institutes
generally make the data accessible to the public
by means of a centrally hosted web database,
which allows users to analyze the genome
sequence, gene predictions, and functional
annotations. Examples include the genus-
specific websites Saccharomyces Genome Data-
base (SGD) and the Aspergillus Genome Data-
base (AspGD) (Cherry et al. 2012; Cerqueira
et al. 2014). MycoCosm hosts all fungal genome
portals of the US DOE Joint Genome Institute
(Grigoriev et al. 2014). FungiDB hosts numer-
ous published fungi (Basenko et al. 2018). Upon
publication of a genome, the data is generally
submitted to NCBI GenBank, which has there-
fore amassed a large collection of fungal
genome data (Clark et al. 2016).
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Typically, a genome portal contains tools to
visualize and analyze the genome data. These
tools include Blast to search for homology
(Altschul et al. 1990), a search function for
functional annotations and a genome browser.
Since the generated data will likely contain
errors in gene prediction, it is important that
these predictions can be fixed manually, based
on external evidence. Genome browsers can
facilitate this in an intuitive way. Data of vari-
ous origins can be displayed, evaluated, and (if
needed) manually corrected. This process is
referred to as manual curation. Data that can
be visualized include gene predictions, expres-
sion data, regions of homology (e.g., blast hits),
genome synteny, etc.

An early example of a web-based genome
browser was the UCSC (University of Califor-
nia, Santa Cruz) Genome Browser, which was
originally developed to visualize the human
genome (Kent et al. 2002) and is also used in
MycoCosm. Later, GBrowse was developed
(Stein 2013), which was designed to integrate
well with the Generic Model Organism Data-
base suite (www.gmod.org). Its successor
JBrowse (Buels et al. 2016) offers an intuitive
and flexible genome browser that can be easily
installed and used in small-scale genome
sequencing initiatives. Web Apollo (later
renamed to Apollo) (Lee et al. 2013) is a plugin
for JBrowse that facilitates the manual curation
(correction) of gene predictions as well as other
genomic features, making it a valuable tool for
genome visualization, analysis, and curation.
All corrections are stored in a centralized data-
base, allowing collaborators from all over the
world to simultaneously work on the same
genome.

IV. Genomics and Biotechnology

Fungi play important roles in a wide range of
fields that are interesting from a biotechnologi-
cal perspective. Genome sequencing and anno-
tation has greatly facilitated the development of
these fields by revealing the genes involved in
these processes. Examples of biotechnologically
relevant topics include secondary metabolites,

carbohydrate-active enzymes, mushroom
development, and plant interactions. Obvi-
ously, this is by no means an exhaustive list of
biotechnological topics. This section will dis-
cuss the roles genome sequencing and analysis
have played in these important fields of study.

A. Secondary Metabolites or Natural Products

Fungi can produce a wide range of secondary
metabolites, which are relatively small mole-
cules that are not directly encoded by genes.
In the context of biotechnology, they are fre-
quently referred to as natural products. These
metabolites can play an important role in pro-
cesses such as pathogenesis, defense, interac-
tions, pigmentation, etc. Often, they play an
ecological role and help the fungi to colonize a
niche. From a biotechnology perspective, they
are interesting for their antibacterial, antifun-
gal, and antitumor activities. Some well-known
examples of natural products are the antibiotic
penicillin, which is produced by species of Pen-
icillium (Bennett and Chung 2001), and the
cholesterol-lowering drug lovastatin (Downs
et al. 1998).

Secondary metabolites are not directly
encoded by genes, but instead they are generally
produced by a set of enzymes that synthesize
the metabolite in a conveyor belt-like fashion.
These enzymes include polyketide synthases
(PKS), non-ribosomal peptide synthetases
(NRPS), terpene cyclases (TC), dimethyl-allyl-
tryptophan synthetases (DMATS), and a range
of accessory enzymes including methyltrans-
ferases (Keller et al. 2005; Keller 2019). Intrigu-
ingly, the genes encoding these enzymes are
frequently clustered in the genome, which
makes them relatively easy to identify (Nütz-
mann et al. 2018). These gene clusters are
known as biosynthetic gene clusters. Anti-
SMASH is a commonly used tool to identify
these clusters (Blin et al. 2017). It first identifies
core genes (PKS, NRPS, TC, and DMATS) and
then looks for putative accessory genes involved
in the production of the secondary metabolite.
Moreover, the identified putative clusters can be
compared to known clusters in other organ-
isms. This homology and the gene families in
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the cluster are used to predict the type of sec-
ondary metabolite that may be produced,
although this is currently still rather inaccurate.

The wide diversity among members of the
fungal kingdom is also reflected in the wide
range of natural products they produce, making
fungi an interesting source for novel drugs.
Genome sequencing has resulted in a large cat-
alog of biosynthetic gene clusters (Keller 2019).
Unfortunately, most natural products are not
produced under lab conditions, complicating
their identification in high-throughput screens
(Keller et al. 2005). Several companies (e.g.,
Hexagon Bio, USA) are currently using high-
throughput genome sequencing to identify
novel natural products, purely based on their
gene content. Interesting candidate gene clus-
ters are then heterologously expressed in pro-
duction species using a synthetic biology
approach, thus circumventing the problem of
low production of the natural products in their
natural host. S. cerevisiae and Aspergillus nidu-
lans are examples of production species (Bill-
ingsley et al. 2016; Clevenger et al. 2017; Harvey
et al. 2018). This approach illustrates the power
of large-scale genome sequencing and analysis.

B. Carbohydrate-Active Enzymes

Fungi are heterotrophs: they feed on organic
matter. A large source of organic matter is
plant biomass, or, more specifically, polysac-
charides in lignocellulose (including cellulose,
hemicellulose, and pectin). Fungi have evolved
a wide range of extracellular enzymes to break
down these recalcitrant polysaccharides into
smaller compounds (monosaccharides and oli-
gosaccharides) that can be transported over the
cell membrane. Collectively, these enzymes are
known as carbohydrate-active enzymes
(CAZymes) and are organized in a special data-
base, the CAZy database. CAZy describes the
families of structurally related catalytic and
carbohydrate-binding modules (or functional
domains) of enzymes that degrade, modify, or
create glycosidic bonds (Lombard et al. 2014).
More generally, CAZymes are enzymes
involved in the breakdown, biosynthesis, and
modification of carbohydrates.

Based on their domain structure CAZymes
are classified into glycoside hydrolases (GH),
glycosyl transferases (GT), polysaccharide
lyases (PL), carbohydrate esterases (CE), and
enzymes with auxiliary activities (AA). Each of
these categories is subdivided into numerous
families with predicted enzyme activities (Lom-
bard et al. 2014). Although their identification
is based on sequence homology (and therefore
relatively straightforward), it is important to
note that even within families there can be a
range of predicted enzyme activities. It may
therefore be necessary to confirm the enzyme
activity of the predicted CAZyme with lab
experiments.

From a biotechnology perspective,
CAZymes are interesting due to their ability to
break down (unfermentable) polysaccharides
into oligosaccharides and monosaccharides
that can be fermented into ethanol by S. cerevi-
siae. As such, CAZymes play an important role
in converting plant biomass into biofuel. More-
over, fungal pathogens of plants use CAZymes
as an important weapon in their arsenal to
attack their host. In the case of pathogens of
important agricultural crops, the CAZyme con-
tent of fungal genome can lead to important
insights (discussed below).

Initial genome sequencing efforts focused
on established model systems used to study
CAZymes. Examples include Aspergillus niger
(Pel et al. 2007) andNeurospora crassa (Galagan
et al. 2003). This resulted in a wide range of
well-characterized enzymes (Coutinho et al.
2009). Furthermore, several key regulators
involved in the regulation of CAZyme gene
expression were identified (Benocci et al.
2017). Later, large-scale sequencing efforts
focused on fungi that break down plant poly-
saccharides. An important sequencing effort is
the 1000 Fungal Genomes Project by the Joint
Genome Institute (Grigoriev et al. 2014), result-
ing in a large number of genomes from across
the fungal kingdom, including many plant bio-
mass degrading fungi. More targeted sequenc-
ing efforts have focused on groups of fungi,
such as the genus Aspergillus (Vesth et al.
2018) or the class Agaricomycetes (Floudas
et al. 2012; Ohm et al. 2014), which includes
potent degraders of lignocellulose.
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The combined genome sequencing efforts
have resulted in a large catalog of putative
CAZymes, maintained in the CAZy database
(Lombard et al. 2014). Similar to how it was
described above for secondary metabolism,
this catalog can be screened using a high-
throughput synthetic biology approach. Puta-
tively interesting CAZymes can be expressed in
a production host, and the enzyme activity can
be assayed. This approach precludes the need
to grow the original host fungus.

C. Mushroom Development

Mushrooms are the sexual reproductive struc-
tures of fungi (predominantly) of the phylum
Basidiomycota or, more specifically, the class
Agaricomycetes (Kües and Liu 2000; Kües and
Navarro-González 2015). Mushrooms are a
nutritious and sustainable food source for a
growing world population. They can be
cultivated on low-quality agricultural waste
streams (e.g., manure, saw dust or straw),
which they convert into high quality food. As
such, they contribute to a circular economy
(Grimm and Wösten 2018) and are interesting
from a biotechnology perspective. Examples of
edible mushrooms include the white button
mushroom (Agaricus bisporus), the oyster
mushroom (Pleurotus ostreatus), and shiitake
mushroom (Lentinula edodes).

Few mushroom-forming fungi are geneti-
cally accessible, but notable exceptions are Schi-
zophyllum commune and Coprinopsis cinerea,
both of which have been used as model systems
for decades (Kües and Navarro-González 2015).
This has resulted in the identification of struc-
tural proteins involved in mushroom develop-
ment, such as hydrophobins (Wösten 2001),
as well as multiple developmental regulators
(Terashima et al. 2005; Ohm et al. 2011, 2013).

The number of available genomes of
mushroom-forming fungi has dramatically
increased in recent years, although it should
be noted that most mushroom-forming fungi
were sequenced due to their capacity to degrade
lignocellulose (Ohm et al. 2014). Comparative
genomics studies have given important new
insights into the phylogeny of mushroom-

forming fungi (Varga et al. 2019), showing
that morphological diversification occurred
especially in the Cretaceous and Paleocene.
Moreover, numerous novel gene families have
been identified that may be involved in mush-
room development (Sipos et al. 2017; Krizsán
et al. 2019; Almási et al. 2019), based on their
conservation in mushroom-forming species as
well as their gene expression profile during
mushroom development. These genes are cur-
rently studied in more detail, which is facili-
tated by the recent development of CRISPR/
Cas9 genome editing tools (Sugano et al. 2017;
Vonk et al. 2019).

D. Plant Interactions

Many fungi interact with plants in one way or
another. This can be beneficial for the host
plant, for example, in the case of mycorrhizal
fungi that form a symbiosis with plant roots. In
contrast, fungal pathogens can be detrimental
to plant health. Both these fungal lifestyles are
important from a biotechnology perspective,
since they can strongly impact the yield of agri-
cultural crops.

Although plant pathogens are found across
the fungal kingdom, many destructive patho-
gens belong to the phylum Ascomycota. Exam-
ples include various species of Fusarium and
Verticillium, which were early targets of
genome sequencing (Cuomo et al. 2007; Ma
et al. 2010; Klosterman et al. 2011). Compara-
tive genome analysis allowed the reconstruc-
tion of gene evolution of pathogenesis-related
genes, which are generally called effector genes.
More recently all Verticillium species were
sequenced, and the subsequent analysis
revealed frequent chromosomal rearrange-
ments as well as gene family losses. Moreover,
in these species only about 200–600 species-
specific genes occurred, which are markedly
different from the conserved genes and are
likely candidates for host specificity (Shi-
Kunne et al. 2018). The class Dothideomycetes
harbors many pathogens, including the wheat
pathogen Zymoseptoria tritici (formerly known
as Mycosphaerella graminicola), tomato patho-
gen Passalora fulva (formerly known as Clados-
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porium fulvum), pine pathogen Dothistroma
septosporum, and maize pathogen Bipolaris
maydis (formerly known as Cochliobolus het-
erostrophus) (Goodwin et al. 2011; de Wit et al.
2012; Condon et al. 2013). P. fulva and D. sep-
tosporum are closely related but have very dif-
ferent host plants (tomato and pine,
respectively) and lifestyles (hemibiotroph and
necrotroph, respectively). Genome sequencing
revealed the evolution of a gene cluster
involved in the production of dothistromin
toxin by D. septosporum, as well as effector
genes specific to P. fulva. Comparing the two
genomes suggests that these pathogens had a
common ancestral host but have since diverged
into different hosts and lifestyles by a differen-
tiation in gene content, pseudogenization, as
well as gene regulation (de Wit et al. 2012).
More generally, a comparative analysis of mem-
bers of the class Dothideomycetes showed that
genome evolution follows a pattern of frequent
short intra-chromosomal inversions and few
inter-chromosomal rearrangements (Hane
et al. 2011; Ohm et al. 2012).

In contrast to plant pathogens, mycorrhizal
fungi form a symbiosis that is beneficial to the
plant host. Generally, during this symbiosis the
fungus provides micronutrients to the plant,
while the plant provides carbohydrates (sugars
produced by photosynthesis) to the fungus.
This mycorrhizal lifestyle evolved indepen-
dently several times across the fungal kingdom,
in species as diverse as the mushroom-forming
Basidiomycete Laccaria bicolor, the Dothideo-
mycete Cenococcum geophilum, and the Péri-
gord black truffle Tuber melanosporum
(Martin et al. 2008, 2010; Peter et al. 2016).
Although there are many differences between
these mycorrhizal fungi, a general pattern is
that (compared to their non-mycorrhizal rela-
tives) the number of plant cell wall degrading
CAZymes decreased, while the number of
lineage-specific genes increased (especially
genes that were differentially expressed during
symbiosis). Nevertheless, mycorrhizal fungi
have retained a unique set of CAZymes, which
suggests that they are still capable of degrading
lignocellulose and therefore are not fully reliant
on their plant host (Kohler et al. 2015; Martino
et al. 2018).

The genus Trichoderma contains several
mycoparasitic species that promote plant
growth. To some extent this can be explained
by the fact that they parasitise on deleterious
plant pathogens. However, several strains also
induce root branching and increase shoot bio-
mass (Kubicek et al. 2011; Druzhinina et al.
2011; Contreras-Cornejo et al. 2016).

V. Conclusions

This chapter described recent improvements in
sequencing technologies that are used to
sequence fungal genomes. As these sequencing
technologies mature further, it will soon be
trivial and affordable to obtain a high-quality
telomere-to-telomere assembly. Accurate gene
prediction and data analysis is still a challenge,
although algorithms and pipelines continue to
improve. Currently fungal genome sequencing
is already affordable to small labs and individ-
ual researchers. For those who are interested in
starting with fungal genome sequencing, the
following pipeline has proven to work very
well in my lab (as an example): we routinely
sequence fungal genomes using Illumina (occa-
sionally supplemented with long read from
Oxford Nanopore) and genome assembly is
done with SPAdes (Bankevich et al. 2012).
Gene prediction is preferably done with
BRAKER in combination with RNA-Seq
expression data (Hoff et al. 2016). Basic func-
tional annotation is done with InterProScan
(Hunter et al. 2009) and supplemented with
other algorithms, depending on the scientific
questions.

Important next steps include a functional
genomics approach, which relies heavily on an
accurate genome sequence. In functional geno-
mics, high-throughput (sequencing-based)
techniques are used in an effort to assign func-
tion to elements of the genome (usually genes).
These techniques may include RNA-Seq (to
study gene expression), ChIP-Seq (to study var-
ious aspects of epigenetics), as well as high-
throughput gene inactivations. Gene inactiva-
tions and other genome editing approaches
have been greatly facilitated by the develop-
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ment of CRISPR/Cas9 across the fungal king-
dom (Shi et al. 2017). I expect that in the com-
ing years, large improvements will be made in
techniques related to functional genomics, fur-
ther accelerating discoveries across the fungal
kingdom.

Fungal genome sequencing, comparative
genomics and functional genomics are Big
Data sciences and require a specific skill set:
most bioinformatics tools run in a Linux envi-
ronment and programming skills (e.g. in
Python and R) are essential for advanced ana-
lyses. Most universities now include these
aspects in their curriculum, ensuring that the
next generation of researchers will be skilled in
both experimental lab work and computational
biology.
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HAB (2010) Genome sequence of the model mush-
room Schizophyllum commune. Nat Biotechnol
28:957–963

Ohm RA, de Jong JF, de Bekker C, Wösten HAB,
Lugones LG (2011) Transcription factor genes of
Schizophyllum commune involved in regulation of
mushroom formation. Mol Microbiol 81:1433–
1445. https://doi.org/10.1111/j.1365-
2958.2011.07776.x

Ohm RA, Feau N, Henrissat B, Schoch CL, Horwitz BA,
Barry KW, Condon BJ, Copeland AC, Dhillon B,
Glaser F, Hesse CN, Kosti I, LaButti K, Lindquist
EA, Lucas S, Salamov AA, Bradshaw RE, Ciuffetti
L, Hamelin RC, Kema GHJ, Lawrence C, Scott JA,
Spatafora JW, Turgeon BG, de Wit PJGM, Zhong S,
Goodwin SB, Grigoriev IV (2012) Diverse lifestyles
and strategies of plant pathogenesis encoded in the
genomes of eighteen Dothideomycetes fungi. PLoS
Pathog 8:e1003037. https://doi.org/10.1371/jour-
nal.ppat.1003037
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I. Introduction

Fungi are well-established producers of foods,
food additives, industrial enzymes, and phar-
maceutical drugs and contribute significantly
to human health and economy. Production of
industrial enzymes alone had an annual worth

of 3.5 billion in 2015, which is a mere fraction of
the general white biotechnology products esti-
mated to reach 450 billion in 2020 (Meyer et al.
2016). The vast majority of fungal processes are
performed with species that have not been
genetically engineered. Hence, the fungi have
either been domesticated through millennials
of human use, or their performance and yields
have been improved via classical genetic meth-
ods like mutagenesis. The importance of fungi
has sparked several multi-species genome
sequencing projects where one aim is to
uncover novel fungal genes involved in enzyme
secretion and secondary metabolite (SM) for-
mation. The global fungal diversity currently
encompasses 144,000 classified species and
estimates reaching 3.8–6.0 million species (Tay-
lor et al. 2014; Willis 2018), of which ~1500
species have been genome sequenced (de
Vries et al. 2018; Grigoriev et al. 2014). As
such, it is becoming increasingly clear that
fungi represent a vast reservoir of potentially
useful enzymes and secondary metabolites yet
to be discovered. As part of the sequencing
project of genus Aspergillus, Vesth et al. ana-
lyzed the genomes of 36 species of Aspergillus
section Nigri, predicting 40,424 unique genes,
including 17,903 carbohydrate-active enzymes
and an average of 70 putative secondary metab-
olite gene clusters per species (near 2700 total),
comprising 450 distinct compound classes
(Vesth et al. 2018). With the increasing number
of fungal genome sequences, many new genes
and potentially interesting products will be
uncovered in this post-genomic era.

However, many of these new products are
likely made by natural fungal producers that
are challenging to incorporate into industrial
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processes, either because they are problematic
to propagate efficiently in bioreactors, difficult
to engineer, or opportunistic human patho-
gens. Based on the logical assumption that
fungi by evolution likely are the best producers
of fungal products, we therefore envision that
there will be an increasing demand of transfer-
ring relevant genes and pathways from novel,
exotic fungi to well-characterized fungal cell
factories.

Filamentous fungi have been widely used
for heterologous production of industrial
enzymes, taking advantage of their large pro-
tein secretory capacity. The most commonly
used fungal species for this purpose are Tricho-
derma reesei and members of the genus Asper-
gillus, e.g., Aspergillus niger and Aspergillus
oryzae, and thus, most studies have been per-
formed with these species. More recently, fila-
mentous fungi have also been employed for
heterologous production of SMs, typically as a
part of an SM pathway elucidation strategy. For
these studies, classical model fungi like Asper-
gillus nidulans and Neurospora crassa have
been added to the repertoire of cell factories.
The usefulness of fungal industrial workhorses
and general model systems is also reflected by
the development of substantial genetic tool-

boxes and methodologies for heterologous
gene expression for these species.

The current trend for heterologous gene
expression is to implement a synthetic biology
approach. Hence, a host strain is transformed
with a gene-expression cassette, generated from
libraries of bio-blocks (see Sect. III), which are
individually functional molecular units that can
be combined by simple and seamless DNA
fusion strategies (Fig. 10.1). According to this
concept, we will first describe strategies to set
up synthetic biology-based expression systems
followed by an overview of popular bio-blocks
that can be used for construction of expression
cassettes. Next, we will provide two sections
with examples where these concepts have been
partly or entirely used to produce either
enzymes or secondary metabolites in a heterol-
ogous fungal host.

II. Expression Systems

Heterologous expression is achieved by trans-
forming the new fungal host with a suitable
gene-expression cassette, which is integrated
into a chromosome or an extrachromosomal
vector and thereby maintained during growth.

PCR amplification

Assembly

MarkerTerminatorGOIPromoter

Promoter GOI Terminator Marker

Promoter GOI Terminator Marker

Fig. 10.1 Assembly of a basic gene-expression cassette.
Bio-blocks are PCR amplified using primers (arrows)
with tails containing sequences that are complementary
to the tails of the adjacent bio-block (indicated by
color); see main text for details. This allows matching

overhangs (small boxes) to be formed ensuring that the
bio-blocks are fused in the correct order. Tails for
inserting the gene-expression cassette into a vector
are not shown
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Below, we review strategies for assembling
gene-expression cassettes for heterologous
enzyme or pathway expression, along with
methods for introducing these into the fungal
host and the benefits of these methods. The
functional bio-blocks for fungal heterologous
gene expression are presented in Sect. III.

A. Construction of Simple Gene-Expression
Cassettes

In the simplest setups, heterologous production
depends on the expression of a single gene of
interest (GOI). In these cases, gene-expression
cassettes (GEC) can be constructed by fusing
the GOI bio-block to relevant components of a
basic set of bio-blocks that includes promoters,
terminators, and selectable markers (Fig. 10.1).
If necessary, this set can be expanded with
additional bio-blocks for specialized purposes
such as sequences encoding secretion signals,
epitope- and purification tags, fluorescent pro-
teins etc., or bio-blocks that are designed to
target the expression cassette for integration
at a specific site in the genome by homologous
recombination. Since many individual bio-
blocks need to be combined in a single cloning
step, it is important that they can be joined with
high efficiency. Several reliable systems are
available for this task, e.g., In-Fusion assembly
(Zhu et al. 2007), Gibson assembly (Gibson
et al. 2009), USER fusion (Bitinaite et al.

2007), and Golden Gate cloning (Engler and
Marillonnet 2014). Often these systems are
directly compatible with accompanying vectors
dedicated to gene transfer into a desirable host
and the construction work commonly facili-
tated by ligation and propagation in Escherichia
coli. Alternatively, bio-blocks can be assembled
by in vivo homologous recombination using,
e.g., the yeast Saccharomyces cerevisiae as a
host (Finnigan and Thorner 2015).

B. Introducing Gene-Expression Cassettes into
Fungal Hosts

The gene-expression cassettes can be intro-
duced into the fungal host according to differ-
ent principles. Below, we briefly review how
gene-expression cassettes can be maintained
by being inserted into an extrachromosomal
vector or by being integrated into a random or
defined position on a chromosome (Fig. 10.2).

1. Plasmid-Based Expression Systems

Plasmid-based expression systems utilize self-
replicating plasmids carrying autonomous rep-
lication sequences (Fig. 10.2a). In many fila-
mentous fungi, this can be achieved via the
AMA1 (autonomous maintenance in Aspergil-
lus) element. AMA1 was originally discovered
in a lab strain of A. nidulans (Gems et al. 1991)
in a search for genetic elements enhancing

b

NHEJ

Random integration

GEC

+

c
Targeted integration

HR

a

Ligation/HR

AMA1 plasmid

AMA1Marker ORI/BAC

GEC

GEC

+
AMA1Marker ORI/BAC

GEC GEC1ST 2ST

GEC TS2TS1

1ST 2ST

Fig. 10.2 Strategies for introducing gene-expression
cassettes into fungi. The GEC can be (a) inserted into
a self-replicating AMA1 plasmid via ligation or by

in vivo HR or (b) integrated into the host genome by
random or (c) targeted integration through NHEJ or
HR, respectively
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transformation in A. nidulans (Johnstone et al.
1985). In subsequent studies, it has been shown
that AMA1-based vectors increase fungal trans-
formation efficiency in A. nidulans up to 2000
times in comparison to earlier developed ectop-
ically integrating vectors (Aleksenko and Clut-
terbuck 1997). Moreover, AMA1 plasmids
propagate in other Aspergillus species as well
as in species belonging to other fungal genera,
including Penicillium (Fierro et al. 1996),
Talaromyces (Nielsen et al. 2017), Trichoderma
(Kubodera et al. 2002), and Rosellinia (Shimizu
et al. 2012).

Gene-expression cassettes can easily be
incorporated into extrachromosomal AMA1-
based shuttle vectors, using the cloning sys-
tems highlighted above. As an extreme case,
fungal AMA1 plasmids have been combined
with a bacterial artificial chromosome (Zhu
et al. 1997) to form fungal artificial chromo-
somes (FACs). These vectors have been instru-
mental in the search for new secondary
metabolite gene clusters as they allow up to
300 kbp of fungal DNA to be cloned into the
FAC in E. coli and subsequently transferred into
a new fungal host for product discovery (Bok
et al. 2015; Clevenger et al. 2017). Importantly,
AMA1-based plasmids are not very stable and
their maintenance requires selection, thereby
limiting their use to small-scale exploratory
heterologous production experiments. How-
ever, we note that for some purposes, such as
cas9 expression in CRISPR experiments, plas-
mid instability is desirable as plasmid loss
allows for transient gene expression, diminish-
ing potential Cas9 off-target effects (Zhang et al.
2015).

2. Chromosome-Based Expression Systems

Integration of the expression cassette into the
host genome provides a more stable expression,
as compared to AMA1-based expression, and
attenuates the need to maintain selection pres-
sure. Chromosomal integration of foreign DNA
occurs via one of the two DNA repair mechan-
isms (Krappmann 2007), either non-homolo-
gous end joining (NHEJ), where the DNA
integrates into a random locus (Fig. 10.2b), or

homologous recombination (HR), where the
DNA integrates into a defined locus
(Fig. 10.2c). Although both pathways are active
in all fungi, foreign DNA typically integrates
more efficiently via the NHEJ pathway in most
filamentous fungal species (Meyer et al. 2007;
Nødvig et al. 2015).

a) Random Chromosomal Integration of Gene-
Expression Cassettes

Since NHEJ is the dominant pathway for chro-
mosomal integration of DNA in most filamen-
tous fungi, random chromosomal integration
of gene-expression cassettes via NHEJ is there-
fore straightforward and can be efficiently per-
formed in essentially all transformable fungal
species. A drawback of the method is that the
chromatin structures of the insertion sites are
unpredictable and expression levels may there-
fore vary substantially between different trans-
formants (Lubertozzi and Keasling 2006). On
the other hand, if several gene-expression cas-
settes enter a nucleus, they may undergo
recombination prior to genomic integration.
As a result, transformants may contain multiple
copies of the GOI inserted into a single locus. In
these cases, the transformants will often be bet-
ter producers of the product due to the many
gene copies. However, since the cassettes will be
organized as direct and/or inverted repeats,
expression levels of such strains may be unsta-
ble as gene copies may be lost due to direct
repeat recombination or formation of hairpin
structures (Leach 1994; Petes 1988). Lastly, it is
important to note that when gene-expression
cassettes integrate randomly into the genome,
they may disrupt important genes, or alter the
expression levels of neighboring genes, causing
undesired phenotypes. In summary, with this
integration method, it is advisable to screen for
transformants that produce high yields over
many generations and at the same time do not
display undesirable fitness defects.

b) Defined Chromosomal Integration of Gene-
Expression Cassettes

The use of defined and well-characterized loci
as integration sites for GECs allows for gene
expression that is much less prone to clonal
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differences. Hence, insertion of gene-
expression cassettes into defined loci enables
comparative screening of expression levels or
enzyme activities based on different genetic
elements employed in the cassette, such as pro-
moter, secretion signal, and terminator
sequences. Similarly, the effects achieved by
changing the GOI sequence can be directly
compared. In this way it is possible to address
whether changes in the GOI codon composition
increase yields or whether mutations infer
changes in the heterologous protein that influ-
ences its activity, specificity, folding, and/or
stability (Hansen et al. 2011b; Holm 2013).

Gene-expression cassettes can be inserted
into integration sites in the genome by HR. To
ensure high expression levels, it may be useful to
position integration sites in intergenic regions
located in transcriptionally highly active sec-
tions of a chromosome. With this method, the
gene-expression cassettes must be flanked by
up- and downstream targeting sequences match-
ing the genomic expression site. Since fungi
rarely prefer to integrate foreign DNA into its
genome by the HR pathway, extensive screening
for the desired transformant may be necessary.
The screening workload can be reduced by using
bipartite gene-targeting substrates that select
for HR proficient protoplasts (Nielsen et al.
2006) or avoided by using NHEJ-deficient
strains (Meyer et al. 2007). Alternatively, meth-
ods based on restriction enzymes or CRISPR
technology can be employed (Ouedraogo et al.
2016; Zheng et al. 2017). Importantly with the
latter technology, GOIs can be inserted in a
marker-free manner and multiplexing is possi-
ble (Liu et al. 2015; Nødvig et al. 2018; Zhang
et al. 2016a). In fact, CRISPR mediates very
efficient gene targeting even in NHEJ-proficient
strains (Nødvig et al. 2018), eliminating the risks
of working with strains with a defective DNA
repair pathway. We therefore envision that
CRISPR-based methods will deliver the pre-
ferred tools for introducing gene-expression cas-
settes into defined chromosomal expression
platforms.

C. Bio-Block-Based Multi-GOI Expression
Strategies

In many cases, two or more genes are required
for the synthesis of a desired product. For
example, for heterologous production of SMs,
several genes are commonly required to synthe-
size the product. Above, we described that it is
possible to transfer large chromosomal frag-
ments containing entire gene clusters from
one fungus to another (Sect. II.B.1). However,
in many cases the activation mechanism for
the genes in the cluster is not known and
may depend on unknown or even host-specific
transcription factors (TF) (Keller 2019); see
Chap. 11. Moreover, not all genes contributing
to the biosynthetic pathway of interest may be
situated in the cluster (Schäpe et al. 2019). It
may therefore be desirable to reconstruct the
genes involved in formation of the heterologous
compound using a setup that allows necessary
GOIs to be equipped with known and well-
characterized promoter and terminator
sequences. Here we present three strategies
that allow for bio-block-based multi-GOI
expression (Fig. 10.3). Although multi-GOI
expression cassettes can be assembled on
AMA1-based vectors, we recommend using
defined chromosomal expression sites for GOI
insertion to gain genetic stability and to reduce
dependency on selectable markers.

In the first strategy (Fig. 10.3a), individual
expression cassettes for different GOIs are
inserted into a number of unique integration
sites. This strategy is advisable if all of the
individual gene-expression cassettes contain
an identical bio-block, such as a specific pro-
moter or terminator. In this way, copy loss due
to direct repeat recombination between the
identical bio-blocks is avoided. With conven-
tional gene-targeting methods, insertion of
gene-expression cassettes into individual sites
requires a number of selectable markers that
matches the number of gene-expression cas-
settes required for establishing the biosynthetic
pathway. Alternatively, the genes can be
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inserted by iterative gene targeting using a
recyclable marker (see Sect. III.B.5). Strain con-
struction with these methods is cumbersome
and restricts the method to biosynthetic path-
ways composed of a small number of genes.
However, these limitations can be dramatically
reduced by constructing the strains via
CRISPR-based multiplexed marker-free gene
insertions.

In the second strategy (Fig. 10.3b), all genes
required to support a biosynthetic pathway are
inserted into the same expression site. Arran-
ging the GOIs as a synthetic gene cluster may
be preferred if only few selectable markers are
available. Note that if two markers are available,
then an infinite number of consecutive gene-
targeting events into the same locus can be
performed. Hence, even very large synthetic
gene clusters can be constructed at a defined
expression site via multiple integration steps.
In this case, the selectable marker used in a
given integration step replaces the marker
used in the previous integration step (see Sect.
III.B.5). In addition, if the heterologous host
has a sexual cycle, strains that contain a syn-

thetic gene cluster in a single defined locus can
be crossed to other strains without risking that
the individual genes of the cluster segregates
during meiosis. This feature can be used to
combine the heterologous pathway with other
beneficial traits harbored by other strains.

In the third strategy (Fig. 10.3c), the GOIs
are arranged as a polycistronic unit where each
open reading frame (ORF) is separated by a
bio-block, encoding the 2A peptide from the
Picornaviridae virus family; see Table 10.3
(Schuetze and Meyer 2017). This strategy is
based on the facts that; firstly, the ribosome
fails to link glycine and proline residues during
translation of the 2A spacer, thereby resulting
in a break in the polypeptide chain. Secondly,
this error does not result in release of the ribo-
some from the mRNA, thereby allowing for
continued translation. Hence, in a simple man-
ner, several proteins can be encoded from a
single transcript generated from a single
expression cassette. One drawback of this
method may be that the final size of the poly-
cistronic gene-expression cassette makes con-
struction work difficult. Additionally,

c

a

b

Site 1

TnGOInP1 GOI1 T1 M1P2 GOI2 T2 Pn

Site 1

T1GOInP1 GOI1 M1GOI2 A2pA2p

Site nSite 2

Pn GOIn Tn MnP2 GOI2 T2 M2

Site 1

P1 GOI1 T1 M1

Fig. 10.3 Strategies for multi-GOI expression cassette
assembly. Individual GECs composed of a promoter
(Px), a gene of interest (GOIx), a terminator (Tx), and
a selection marker (Mx). Individual GECs can be (a)
integrated in different loci, or (b) assembled into a

combined multi-GOI cassette for single locus integra-
tion, or (c) assembled as a single polycistronic GOI
where coding sequences of individual polypeptides
are separated by the sequence encoding the picornavi-
rus 2A peptide (A2p)—see main text for details
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“cleavage” at the 2A spacer results in a partial
2A peptide sequence remaining at the C-
terminus of the protein, which may interfere
with protein function and therefore needs to
be removed, e.g., by combinatory usage with
other proteolytic sites (Hoefgen et al. 2018).
Moreover, as “cleavage” at the 2A spacer is
not 100%, the relative efficiency of protein pro-
duction often depends on the position of the
proteins ORF in the transcript (Schuetze and
Meyer 2017).

Lastly, we note that for all strategies, two
genes can be inserted simultaneously as a single
cassette if bidirectional promoters (Wiemann
et al. 2018; Rendsvig et al. 2019) are used to
control gene expression of the heterologous
gene pairs. This feature can be used to speed
up strain construction.

III. Bio-Blocks

A bio-block is a DNA sequence that encom-
passes a molecularly functional unit. This
includes nucleotide sequences, e.g., promoters
and terminators, or sequences encoding a pro-
tein, e.g., the GOI and selection marker, or
shorter protein sequences such as secretion
signals and purification tags. Generation of the
basic gene-expression cassette for production
of a heterologous protein requires several bio-
blocks, including the GOI, promoter, and ter-
minator. Selection markers may also be
included in the construct, offering versatile
applications in different scenarios. In recent
years, the use of -omics data has driven the
discovery of natural promoters, which are
active during the desired cultivation conditions
for production. While the majority of strain
engineering has been based on natural genetic
elements for controlling gene expression, sig-
nificant headway has been made in the devel-
opment of synthetic promoters and
terminators. In extension, even full synthetic
gene-expression systems have been estab-
lished, in which several individual genetic ele-
ments (natural or modified) are combined, to
facilitate controlled gene expression and
enhance productivity. Moreover, to enable

secretion of the protein, a transport signal
must be included as an additional bio-block
(Sect. IV.A.1). For specialized purposes like
protein visualization or purification, protein
tags fulfilling such tasks are also included in
the construct, thereby increasing the pool of
bio-blocks.

A. Gene of Interest

Since the goal of heterologous expression is to
produce products derived from one or more
genes of interest, this element can also be con-
sidered the most important bio-block. As the
GOIs coding potential in most cases should not
be changed, it therefore constitutes the least
flexible bio-block; however, its design requires
several considerations. The GOI sequence may
be derived from different sources. In the sim-
plest scheme, if the donor strain is related to the
new host, genomic DNA can typically serve as a
template to make a functional PCR-derived GOI
bio-block. However, if the donor strain is more
distantly related, intron splicing and codon
bias may compromise gene expression and
translation, and we will briefly review the two
latter issues below.

1. Introns

The presence of introns in a heterologous gene
may result in reduced mRNA production due to
mis- and incomplete splicing (He and Cox
2016; Zhao et al. 2013). In principle, the prob-
lem can be solved by employing cDNA as a PCR
template for making the GOI bio-block or alter-
natively fuse PCR-derived exons by another
round of PCR or by a one-step cloning method
that allows for seamless assembly of multiple
fragments (An et al. 2007). Alternatively, an
entirely synthetic gene may be acquired from
a commercial source. However, transcription,
splicing, polyadenylation, and mRNA export
are a coordinated process (Bentley 2014) and
as a result the presence of introns may affect
gene expression.

10 Filamentous Fungi as Hosts for Heterologous Production of Proteins and Secondary. . . 233



Indeed, sequential elimination of three introns in a
gene encoding a protease from the thermophilic fungus
Malbranchea cinnamomea cumulatively reduced pro-
duction levels in T. reesei (Paloheimo et al. 2016).
Interestingly, the largest reduction was observed
when the intron closest to the transcriptional start
site was removed. Similar results were obtained when
a gene encoding an antifungal protein from Aspergillus
giganteus was expressed in Trichoderma viride (Xu and
Gong 2003). Moreover, the inclusion of an artificial
intron was required for the heterologous production
of GFP and mRFP in the basidiomycete Armillaria
mellea (Ford et al. 2016).

Since it is not straightforward to predict the
impact of retaining introns in a foreign gene on
the final yield of mRNA, it may be useful to try
different gene variants containing no, a few
selected, or all introns, to optimize expression
levels from the GOI.

2. Codon Optimization

Codon usage may vary dramatically between
species (Iriarte et al. 2012) and, consequently,
influence how well a heterologous mRNA is
translated into a protein, reviewed in (Hanson
and Coller 2018; Tanaka et al. 2014). For exam-
ple, codon composition may change the chro-
matin structure of the GOI affecting gene
transcription efficiency (Zhou et al. 2016),
whereas rare codons in the beginning of the
transcript may determine the efficiency of
translation initiation (Pop et al. 2014). More-
over, if the mRNA contains abnormally high
levels of rare codons, this may result in prema-
ture transcription termination and production
of reduced length mRNA for the ORF (Zhou
et al. 2018). Conversely, rare codons may be
used in the native host as translation pause
sites required for proper and timely folding of
subdomains of the protein structure. If such
codons are replaced by frequently used codons,
overall folding may be compromised (Yu et al.
2015; Zhou et al. 2015).

Different algorithms exist in order to
address the different challenges concerning
optimal codon choices for heterologous protein
production (Gould et al. 2014). Construction of
a codon-optimized gene usually requires de
novo synthesis of the entire gene, which can

be done by fusing a set of overlapping oligonu-
cleotides (Sect. III.E) (Hoover and Lubkowski
2002) or simply be acquired from a commercial
source. Codon optimization may benefit heter-
ologous protein production significantly, espe-
cially if the source of the foreign gene and the
new host are distantly related species. How-
ever, it is important to stress that predicting
the optimal codon composition for heterolo-
gous gene expression is a discipline still in its
infancy. It is therefore often an advantage to
test more than one gene variant during cell
factory construction. This can be exemplified
by the extracellular yield from T. reesei expres-
sing a codon-optimized mammalian monoclo-
nal immunoglobulin (IgG) antibody, which
showed a 40-fold difference, dependent on
which of two companies had performed the
codon optimization (Lin et al. 2006).

B. Selection Markers

Selection markers are mainly used to facilitate
identification of transformants containing the
gene-expression cassette (Dave et al. 2015).
Since targeted integration of the gene-
expression cassette can be conducted in a
marker-free manner via CRISPR technology,
the presence of this bio-block in the cassette is
no longer essential. Nevertheless, selective mar-
kers will likely remain a common feature in a
gene-expression cassette since strain identifica-
tion is simplified and more efficient with a
marker and since the marker may also serve
useful post-transformation roles. For example,
a selectable marker can be used to quickly
identify strains, or to promote breeding via
sexual and parasexual cycles, or to maintain
AMA1 plasmid-based expression. Moreover,
to achieve high expression levels, it may be
desirable to obtain a fungus with many copies
of the expression cassette. Such strains can be
selected by employing cassettes containing a
weak selection marker as the strains with a
high copy number will gain a fitness advantage
at heavy selection pressure (Wernars et al.
1985). In some cases, it is necessary to eliminate
the marker after transformation, for example, if
a marker-free strain is desirable or if a marker
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needs to be recycled during iterative genetic
engineering.

The many uses of selectable markers in
strain development are reflected in the fact
that several different types of markers have
been developed, which can be divided into
four main categories: resistance, visual, auxo-
trophic/nutritional, and counter-selectable
markers. Importantly, the choice of selectable
marker depends on the strain that needs to be
engineered and on the purpose of the experi-
ment. Below, we will briefly review the different
categories of selectable markers and discuss in
which situations a given marker can be advan-
tageous.

1. Resistance Markers

Resistance markers encode proteins that neu-
tralize the toxic effect of antimicrobials and
thereby convey resistance as a dominant trait.
Since the functionality of these markers (like
some visual markers, see below) typically do
not require any modifications of the host
genome, they can be used with wild-type
model fungi or with fungi where no or few
genetic tools are available. Several
antimicrobial/resistance-marker systems have
been introduced for fungal genetic engineering
(Table 10.1).

The mechanism of these antimicrobials
typically involves interfering with protein
translation, inhibition of metabolism, or induc-
tion of lethal DNA double-stranded breaks
(DSBs). The resistance to the antimicrobials is
achieved through protein-based mechanisms
including 1:1 drug binding, drug turnover by

chemical modification, and drug-resistant tar-
get enzymes; see Table 10.1.

The presence of an array of different
marker systems is highly useful because it
potentially supports that several cycles of
genetic engineering steps can be performed.
Perhaps more importantly, it also expands the
number of species that can be engineered due
to the fact that many fungal species possess an
inherent resistance to certain antimicrobials
due to cell wall impermeability, native efflux
pumps, or catalytic activities (Garneau-
Tsodikova and Labby 2016). Sometimes, sus-
ceptibility depends on the media composition
(Roller and Covill 1999) exemplified by Asper-
gillus species, which show resistance toward
hygromycin B and bleomycin at pH-values
below five and in complex or hypertonic
media (Punt and van den Hondel 1992).
Hence, before using resistance markers, it is
necessary to conduct susceptibility assays of
the fungus to determine appropriate selective
antimicrobials and have consistent properties
of selective media batches. It should be noted
that the use of antimicrobials may be undesir-
able, especially for large-scale cultivations, due
to the risk of developing drug resistant strains,
the price of the antimicrobial, and that some of
the compounds are toxic to humans.

2. Visual Markers

Visual markers provide a phenotypic trait that
can be easily visualized by conferring, e.g., a
color change due to disruption of a host gene,
or by heterologous expression of a color, fluo-
rescent, or bioluminescent marker. Like with

Table 10.1 Commonly used fungal antimicrobials and their corresponding resistance genes

Antimicrobial Gene Source organism Mechanism of action Referencesa

Hygromycins hph Escherichia coli Translation inhibition Cullen et al. (1987)
Bleomycins ble Klebsiella pneumoniae DSB induction Austin et al. (1990)
Kanamycins neo Klebsiella pneumoniae Miscoding of RNA Collis and Hall (1985)
Oligomycins oliC3 Aspergillus niger ATP synthase inhibition Ward et al. (1988)
Pyrithiamine ptrA Aspergillus oryzae Thiamine antagonist Kubodera et al. (2002)
Phosphinothricin bar Streptomyces hygroscopicus Glutamine synthetase inhibition Avalos et al. (1989)
Nourseothricin nat1 Streptomyces noursei Miscoding of RNA Krügel et al. (1993)

aReferences of resistance gene
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antimicrobial markers, visual markers can be
used for selection in wild-type strains, but with-
out posing any risks in relation to compound
toxicity or transference of resistance genes to
other organisms.

Three types of heterologous visual mar-
kers are frequently used, all of which may be
applied for spectrophotometric assays. Firstly,
b-galactosidase LacZ (lacZ) (Lubertozzi and
Keasling 2006) and b-glucuronidase GusA
(uidA) of E. coli (Tada et al. 1991), respectively,
convert the synthetic substrates X-gal and X-
gluc to 5-bromo-4-chloro-3-hydroxyindole that
undergoes dimerization forming a blue pig-
ment. Secondly, luciferases convert substrates
into bioluminescent products. Thirdly, fluores-
cent proteins derived from jellyfish Aequorea
victoria GFP, which was adapted for fungal use
by codon optimization and by eliminating a
non-conventional/cryptic intron splice site
(Lorang et al. 2001), or from RFP.

Visual markers do not offer any fitness
advantage, and, if the goal is to detect transfor-
mants containing the expression cassette, selec-
tion requires visual screening. Selection by
solely visual inspection can be achieved by
inserting the cassette into conidial pigmenta-
tion genes (e.g., homologs of A. nidulans wA
and yA genes), resulting in a distinct change in
conidial pigmentation from the native black or
green spores of Aspergillus species to white or
yellow (Jørgensen et al. 2011; Nielsen et al.
2006). Similarly, the expression cassette can be
inserted into adeA or adeB as this will produce
easy detectable red colonies due to polymeriza-
tion and oxidation of 4-amino-imidazole ribo-
tide, the intermediate resulting from the
disrupted purine biosynthetic pathway (Jin
et al. 2004). Alternatively, the gene-expression
cassette can be equipped with a heterologous
marker that produces color, fluorescence, or
bioluminescence to allow for visual selection.
This is useful if the goal is to insert the cassette
into an intergenic section of the genome by HR,
thereby avoiding host gene disruption. In cases
where correct transformants are rare, fluores-
cent markers set the stage for high-throughput
detection schemes via FACS analysis, which
can be employed if the fungus produces dis-
crete entities like conidia (Bleichrodt and Read

2019; Vlaardingerbroek et al. 2015). Color, fluo-
rescent, or bioluminescent markers can also be
advantageously used if the goal is to insert the
gene-expression cassette in multiple copies,
e.g., via integration events catalyzed by the
NHEJ pathway, as transformants with a high
copy number can be selected for by the strength
of the marker signal (Throndset et al. 2010).

When heterologous enzymes and fluores-
cent proteins are used as selective markers, it
should be noted that some fungi produce
enzymes that may catalyze the same reactions
as those provided by the marker enzyme, or the
fungi may display auto-fluorescence. It is there-
fore always necessary to test whether significant
native background signals exist.

3. Nutritional Markers

Usage of nutritional markers relay on auxotro-
phies in the host organism, which thereby
requires supplementation with specific meta-
bolites to sustain growth. Introducing a func-
tional copy of the given nutritional marker into
the host complements the defective native gene
function, allowing for growth without supple-
mentation. In this way, nutritional markers
offer selective pressure without the negative
effects of antibiotics. On the other hand, prior
to cell factory construction, the host needs to be
mutagenized or genetically engineered to create
the relevant auxotrophic mutations. If the
starting point is a wild-type strain, this may
require the use of mutagens, traditional genetic
engineering using antimicrobial or visual mar-
kers, or CRISPR technology. Complementing
homologous or heterologous genes can be
used as markers, but often a heterologous
marker is preferred as the sequence differences
reduce the risk of generating false positives due
to homologous recombination between the
marker and the corresponding mutated locus.

Some commonly used nutritional markers
include argB (Buxton et al. 1985), trpC (Goosen
et al. 1989), adeA and adeB (Jin et al. 2004),
pyroA (Osmani et al. 1999), and pyrG (Goosen
et al. 1987), which are required for synthesis of
arginine, tryptophan, adenine, pyridoxine, and
uracil/uridine, respectively. Other frequently
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used markers are niaD required for nitrate
assimilation (Unkles et al. 1989) and the amdS
gene from A. nidulans allowing growth on acet-
amide as the sole nitrogen source (Kelly and
Hynes 1985).

Like visual markers, the design of the nutri-
tional marker can be used to select for strains
containing multiple expression cassettes. For
example, the complementary marker gene can
be equipped with a poor promoter to ensure
that only strains with many copies produce
sufficient amounts of the missing enzyme.

Often several auxotrophies are introduced
in the host to allow for several rounds of genetic
engineering using a set of complementing
nutritional markers. It is important to note
that nutritional markers may change the
metabolism of the host cell despite that the
defects are compensated by addition of the
missing metabolites to the growth medium.
For physiological characterizations of the engi-
neered strains, this may lead to undesired arte-
facts; and for cell factories, it may lead to
suboptimal growth, or growth, which is
restricted to specific media. It is therefore
advisable to restore the functionality of those
nutritional markers after genetic engineering.
To facilitate this process, it has been recently
shown that it is possible to functionally revert
several mutated genes by multiplexing CRISPR
technology (Nødvig et al. 2018).

4. Counter-Selectable Markers

Some nutritional markers can be counter-
selected by using analogs of their natural sub-
strates that are converted into antimetabolites.
The two most frequently used counter-
selectable wild-type markers are pyrG and
amdS, which are lethal in the presence of 5-
fluoroorotic acid (5-FOA) and 50-fluoroaceta-
mide (FAA), respectively. For both pyrG, and
to lesser extent amdS, a gene copy is naturally
present in wild-type fungi. Hence, the endoge-
nous gene needs to be disrupted before the
marker can be applied in selection/counter-
selection experiments. In pyrG+ strains, 5-FOA
is converted by the orotidine-50-phosphate
decarboxylase (PyrG) into 5-fluorouracil,

which is further metabolized into toxic sub-
stances that interfere with RNA and DNA syn-
thesis (Boeke et al. 1984; Longley et al. 2003).
Similarly, in amdS+ strains, FAA is converted
by the acetamidase (AmdS) into the toxic com-
pound fluoroacetate (Hynes and Pateman
1970), which forms a stable complex with Coen-
zyme A (fluoroacetyl-CoA), hence hindering
normal functionality of the tricarboxylic acid
cycle. Other counter-selectable markers include
genes in the tryptophan pathway, most often
trpA (Foureau et al. 2012), and genes in the
lysine pathway, most often lysB (Alberti et al.
2003), which can be counter-selected in the
presence of 5-fluoroanthranilic acid, 5-FAA,
and a-aminoadipate, respectively. Similarly,
expression of genes encoding herpes simplex
virus 1 thymidine kinase can be counter-
selected as the viral thymidine kinase, unlike
the thymidine kinases of the hosts, activates
nucleoside analogs like 5-fluoro-20-deoxyuri-
dine for toxic incorporation into nucleic acids
(Lupton et al. 1991). Counter-selectable mar-
kers are highly useful as they facilitate marker
recycling and iterative genetic engineering.

5. Marker Recycling for Iterative Engineering

In most fungi, the number of available markers
is a limiting factor for multi-step genetic engi-
neering strategies. If, e.g., an entire biosynthetic
pathway needs to be implemented into a new
host, marker recycling is therefore often a
necessity. Specifically, if two markers are avail-
able for transformation of a host strain, an
endless number of genes can in principle be
inserted into the same site in the host genome
by iterative marker-swapping. In this method,
the marker gene, which was used for gene inte-
gration in the previous transformation step, is
replaced by a new gene targeting construct that
contains new GOIs and another marker (Niel-
sen et al. 2013).

A marker gene can also be eliminated from
the genome by spontaneous direct-repeat
recombination if the marker is flanked by
sufficiently long direct repeats, typically
500–1000 bp (Nielsen et al. 2006). This method
may be preferred if it is desirable to leave a
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genetically neutral DNA sequence (i.e. the
direct repeat) as the only scar after genetic
engineering, or if it is desirable to integrate
several genes or sets of genes into several dif-
ferent loci in the genome. As spontaneous
direct recombination events are rare, this
method requires that marker loss is selectable,
e.g., by using a counter-selectable marker; see
above (Sect. III.B.4). Alternatively, marker loss
can be achieved by induced recombination
involving either site-specific recombinases like
Cre and a marker, which is flanked by its target
sequences, or gene deletion catalyzed by site-
specific nucleases like I-SceI or a CRISPR
nuclease (Ouedraogo et al. 2016; Zhang et al.
2013).

C. Promoters

Among the different bio-blocks, promoters
have drawn most attention since they control
gene transcription initiation. Promoters are
typically divided in two groups: those that are
constitutively active, i.e., promoters that are
active under all/most circumstances, and those
that are inducible/repressible. Often constitu-
tive promoters are preferred for large-scale het-
erologous production as they are active
throughout the fermentation process in inex-
pensive media. In cases where the product is
toxic or unstable, it may be necessary to restrict
production to a specific growth phase to maxi-
mize yields; and in these cases, it is necessary to
use an inducible/repressible promoter. How-
ever, as addition of inducing or repressing
agents comes with an additional cost, use of
this type of promoters may be restricted to
small scale production or exploratory studies.

The vast majority of heterologous gene-
expression studies are based on natural promo-
ters of which we have listed sets of frequently
used promoters derived from different fungal
genera (Table 10.2). Interestingly, many pro-
moters involved in basic metabolism do not
seem to be species specific. Hence, promoter
versatility allows the same genetic element to
be used in many different species, even species
belonging to different genera. However, to our
knowledge, no comparative studies have sys-

tematically analyzed how active a given pro-
moter is in different species. Based on the fair
assumption that a promoter is most active in
the species from which it originates, and less
active when applied in other fungi, it is advis-
able to equip the GOI with a promoter derived
from the intended production host. Impor-
tantly, the efficiency of promoters, even consti-
tutive promoters, often depends on the growth
environment and growth phase of the host. This
has motivated establishment of synthetic pro-
moters that offer orthogonal setups that work
independently of the host metabolism. Below
we present examples of natural and synthetic
promoters.

1. Natural Promoters

A wide selection of natural fungal promoters
for species belonging to Aspergillus, Penicil-
lium, and Trichoderma genera as well as others
(Table 10.2) have been experimentally charac-
terized as constitutive or inducible, along with
their mode of induction and repression, as
reviewed in Fitz et al. (2018), Fleissner and
Dersch (2010), and Kluge et al. (2018). Typical
constitutive promoters for heterologous
expression in fungal cell factories are derived
from genes involved in major metabolic path-
ways or cell functions that require high steady
protein levels. Examples are the gpdA promoter
(PgpdA) and the stronger tef1 promoter (Ptef1),
which control production of glyceraldehyde-3-
phosphate dehydrogenase acting in glycolysis
and translation elongation factor 1a assisting in
protein synthesis, respectively. Promoters cata-
lyzing basic reactions in the cell are often func-
tional if transferred to other species. In line
with this view, PgpdA and Ptef1 from A. nidu-
lans have been shown to work in other species
of Aspergilli (Nødvig et al. 2015), in Talaro-
myces atroroseus (Nielsen et al. 2017), and the
PgpdA of A. nidulans was even applied in the
fungusMetarhizium anisopliae (Nakazato et al.
2006). Inducible/repressible promoters are
also recruited from basic metabolic genes.
This includes the commonly used alcohol and
threonine inducible alcA promoter, which con-
trols expression of alcohol dehydrogenase I
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Table 10.2 Commonly used constitutive and inducible/repressible fungal promoters

Origin Gene Gene product Inducer/repressora References

Aspergillus sp. gpdA Glyceraldehyde-3-phosphate
dehydrogenase

�/� Archer et al. (1990)

tef1 Transcription elongation factor 1a �/� Kitamoto et al. (1998)
pki1 Pyruvate kinase �/� de Graaff and Visser

(1988)
sodM Manganese superoxide-dismutase �/� Ishida et al. (2004)
glaA Glucoamylase A Starch, glucose/xylose Boel et al. (1984)
amyA/

amyB
a-amylase Starch, maltose/

glucose
Gomi et al. (2000)

alcA Alcohol dehydrogenase I Ethanol/glucose Waring et al. (1989)
niiA Nitrite reductase Nitrate/ammonium Muller et al. (2002)
thiA Thiamine thiazole synthase –/thiamine Shoji et al. (2005)
sorA/sorB Sugar transporter/sorbitol

dehydrogenase
Sorbitol/- Oda et al. (2016)

Trichoderma
reesei

gpdA Glyceraldehyde-3-phosphate
dehydrogenase

�/� Li et al. (2012)

tef1 Transcription elongation factor 1a �/� Nakari-Setälä and Penttilä
(1995)

pki1 Pyruvate kinase �/� Kurzatkowski et al. (1996)
eno1 Enolase �/� Li et al. (2012)
cDNA1 Hypothetical protein

(Trire2:110879)
�/� Nakari-Setälä and Penttilä

(1995)
hex1 Woronin body protein �/� Bergquist et al. (2004)
cel6a Cellobiohydrolase, CBH II Cellulose, lactose/

glucose
Zeilinger et al. (1998)

cel7a Cellobiohydrolase, CBH I Cellulose, lactose/
glucose

Ilmén et al. (1998)

cel5a Endoglucanase, EG2 Cellulose, lactose/
glucose

Miyauchi et al. (2013)

cel12a Endoglucanase, EG3 Cellulose, lactose/
glucose

Rahman et al. (2009)

xyn1 Xylanase I Xylan/glucose Zeilinger et al. (1996)
Penicillium sp. pgkA 3-phosphoglycerate kinase �/� Hoskins and Roberts

(1994)
gdhA NADP-dependent glutamate

dehydrogenase
�/� Dı́ez et al. (1999)

paf Antifungal protein �/� Marx et al. (1995)
xylP Endoxylanase Xylose/glucose Zadra et al. (2000)
phoA Acid phosphatase –/phosphate Haas et al. (1992)
pbcC Isopenicillin N synthase Lactose, alkaline

pH/n.d.
Barredo et al. (1989)

gla1 Glucoamylase Glucose/xylose Bulakhov et al. (2017)
Neurospora

crassa
tub Beta-tubulin �/� Nakano et al. (1993)
bli-3 Blue light-inducible gene Blue light/darkness Eberle and Russo (1994)
qa-2 Catabolic 3-dehydroquinase High/low quinic acid Giles et al. (1985)
tcu-1 Copper transporter Copper depletion/

availability
Lamb et al. (2013)

vvd Blue light receptor Light/darkness Hurley et al. (2012)
ccg-1 Clock-controlled gene 1 Light/glucose McNally and Free (1988)
gla1 Glucoamylase Starch, maltose/

glucose
Stone et al. (1993)

aConstitutive promoters are labelled (�/�). For regulated promoters, the inducing/repressing compounds or conditions are
indicated
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involved in alcohol catabolism, and the thia-
mine repressible thiA promoter, controlling
expression of thiamine thiazole synthase
involved in thiamine synthesis. This type of
promoters can typically also be expected to
function in other species, such as the PthiA of
A. oryzae shown to also be functional in A.
nidulans (Shoji et al. 2005) and the A. nidulans
PalcA applied in A. fumigatus (Romero et al.
2003). Some very strong inducible promoters
depend on degradation of the feedstock, e.g.,
the starch-inducible promoter of A. niger glaA,
controlling expression of a secreted glucoamy-
lase/1,4-alpha-glucosidase for starch hydroly-
sis. Similarly, a favorite promoter from T.
reesei is the cel7a promoter controlling expres-
sion of secreted cellobiohydrolase I, which is
induced on media containing cellulose or lac-
tose. For promoters that normally drive expres-
sion of secreted biomass-degrading enzymes,
the conditions inducing the gene expression
typically involve co-induction of other endoge-
nous genes of secreted biomass-degrading
enzymes. Thereby, this may lead to production
of these enzymes as undesired side-products.
The activation mechanisms of such promoters
are more specialized than for genes of the cen-
tral metabolism and may not be directly trans-
ferrable from species to species. For example,
activation of T. reesei Pcel7a involves recruit-
ment of a general transcription factor of
cellulase-encoding genes, Xyr1 (Castro et al.
2016), in complex with a non-coding RNA,
HAX1 (Till et al. 2018; Table 10.2).

a) Approaches for Identification of Natural
Promoters

Classical promoters may often be chosen due to
their availability and history rather than due to
considerations on whether their expression
profile and strength fit the heterologous pro-
duction process. Hence, in many cases the
default choice is to employ the strongest pro-
moter available as a basis for heterologous pro-
duction. However, in some cases, maximum
transcription levels are not desirable. For exam-
ple, if the goal is to produce a complex second-
ary metabolite, the set of genes required to

synthesize this compound may need to be
expressed at different levels to achieve a bal-
anced biosynthetic pathway. Expanding the
library of fungal promoters to include mem-
bers displaying a wide range of different
expression strengths and other properties is
therefore desirable. Fortunately, their discovery
is accelerated by the availability of fully or par-
tially sequenced fungal genomes. For example,
by analyzing genome-wide transcription pro-
files obtained at different growth stages on dif-
ferent relevant growth media, it is possible to
identify promoters with properties that are tai-
lored to fit a given process. In the simplest
scheme, one may apply small-scale targeted
transcriptomic approaches, like RT-qPCR to
determine the promoter strength under certain
conditions (Li et al. 2012). Alternatively, large
publically available datasets can be applied,
such as the A. niger transcriptome microarrays
covering several different growth conditions
(Andersen et al. 2008; Breakspear and Momany
2007). Currently, transcriptomic microarray
datasets covering 155 different cultivation con-
ditions are available for A. niger (Schäpe et al.
2019). Using this approach to their advantage,
Blumhoff and co-workers identified six novel
constitutive A. niger promoters with varying
expression strength (Blumhoff et al. 2013).
The library contains promoters that are stron-
ger and weaker than A. niger PgpdA displaying
ten-fold differences in expression levels of
native genes, and when applied to produce the
b-glucuronidase (uidA) from E. coli, 1000-fold
in specific activity yields were obtained. A sim-
ilar set of T. reesei promoters displaying vary-
ing expression strengths has been derived from
its glycolytic genes (Li et al. 2012), and in Peni-
cillium chrysogenum both homologous and het-
erologous promoters have been evaluated for
expression efficiency (Polli et al. 2016). It is
important to note that although genome-wide
transcription profiles provide mRNA levels for
specific genes, they do not define the exact
promoter sequences that control these genes.
To this end, a global map of transcription ini-
tiation sites in A. nidulans was generated based
on full-scale RNA-sequencing of gene tran-
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scripts obtained at six different growth condi-
tions (Sibthorp et al. 2013), and this will facili-
tate extraction of new A. nidulans promoters as
the map simplifies promoter sequence identifi-
cation.

2. Synthetic Promoters and Gene-Expression
Systems

Natural promoters are often influenced by the
state of metabolism of the host, and this may be
undesirable for heterologous production. Syn-
thetic biology-based approaches are therefore
adopted to generate artificial/synthetic gene-
expression systems that ideally act indepen-
dent of the host metabolism.

For example, Gressler et al. developed an expression
system based on a fusion of the maltose-inducible
amyB promoter from A. oryzae with the ORF encoding
the transcriptional activator TerR from the Aspergillus
terreus terrein gene cluster (Gressler et al. 2015). In
addition, the system contains an expression cassette
with a bidirectional promoter that binds TerR. Subse-
quently, the system was used to heterologously express
two GOIs in A. niger by addition of maltose.

Another synthetic expression system was developed in
T. reesei to facilitate cellulose degradation. Cre1 and
Ace1; two general glucose stimulated repressors of
genes involved in production of cellulolytic enzymes
were fused to the activation domain of herpes simplex
virus protein 16 (VP16), hence turning glucose repres-
sion into gene activation (Zhang et al. 2018).

More advanced orthogonal systems based
on synthetic transcriptional regulators and
matching synthetic promoter sequences have
made gene expression much more controllable.
For example, synthetic biology based methods
have elegantly been applied to develop a con-
stitutive expression system, which is almost
equally functional in distantly related fungi
including A. niger, T. reesei, and several yeasts
(Rantasalo et al. 2018). Such synthetic tools
bypass the organism specificity of conven-
tional promoters and may become a valuable
bio-block for multi-species studies. This system
consists of a synthetic transcription factor
(sTF) composed of the LexA repressor from E.
coli fused to the activation domain from VP16.
Expression of sTF is controlled by promoters

with different arrays of LexA binding sites posi-
tioned upstream of a fungal core promoter,
which was selected for functionality in several
species. Low constitutive expression of the gene
encoding the synthetic transcription factor is
ensured via another universally active fungal
core promoter. Importantly, promoter strength
can be regulated by varying the number of LexA
binding sites in the synthetic promoter. The
system was recently combined with CRISPR-
Cas9 multiplexing technology enabling triple
targeted integration of the GOI cassette in
three different loci in T. reesei (Rantasalo et al.
2019).

Orthogonal inducible expression platforms
based on the Tet-on and Tet-off systems have
been implemented in fungi (Fig. 10.4) (Meyer
et al. 2011; Wanka et al. 2016). The Tet-off
system is based on the synthetic transcription
factor (tTA) a fusion of the E. coli repressor
TetR with the activation domain of VP16 from
herpes simplex virus, which binds to tetO oper-
ator elements in the absence of the tetracycline
derivative doxycycline, Dox (Gossen and
Bujard 1992). In contrast, the Tet-on system is
based on rtTA-M2 (or other variants of rtTA)
(Gossen et al. 1995; Urlinger et al. 2000), which
are mutated versions of tTA that binds to tetO
operator elements in the presence of Dox. A
Dox responding synthetic promoter is made
by positioning tetO elements upstream of a
core promoter, which provides low or undetect-
able basal expression level in the absence of the
synthetic transcription factors tTA and rtTA-
M2 (Wanka et al. 2016). In the Tet-on system,
which constitutively produces rtTA-M2, the
promoter is activated by addition of Dox,
whereas in the Tet-off system, which constitu-
tively produces tTA, the promoter is activated
in the absence of Dox. Note that the Tet-on
system is often preferred over Tet-off due to
its faster response time (Wanka et al. 2016).

D. Terminators

Terminators coordinate transcription termina-
tion and the extent of polyadenylation at the
30-end of the new transcript, which in turn is
important for its nuclear export and stability
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(Bentley 2014). In fungi, gene-expression cas-
settes have typically employed terminators
derived from tef1 and trpC from Aspergilli,
and it appears that terminators can be func-
tionally transferred from one fungal species
or genera to another. For example, A. nidulans
tef1 and trpC terminators have successfully
been used in various Aspergilli (Nødvig et al.
2015) and T. atroroseus (Nielsen et al. 2017),
while the terminators of T. reesei cbhII and pdc
were applied in A. niger (Blumhoff et al. 2013)
and the basidiomycete Ganoderma lucidum
(Qin et al. 2017), respectively. Since functional-
ity is often conserved during heterologous
application of terminators, an alternative
approach for gene expression uses the GOI
and its natural terminator directly as a func-
tional unit for assembly of the gene-expression
cassette (Gressler et al. 2015; Li et al. 2018).

We note that no thorough comparative
analyses of the impact of terminators on the
overall protein production have been per-
formed for filamentous fungi despite the prom-

inent roles of terminators in the RNA life-cycle.
However, in other expression systems, e.g., in
yeasts, the choice of terminator has been
demonstrated to significantly influence pro-
duction yields (Curran et al. 2013; Morse et al.
2017), and it may therefore be useful to assem-
ble expression cassettes with terminator var-
iants if production yields are suboptimal. To
this end, we also note that small functional
synthetic terminator bio-blocks have been
developed for S. cerevisiae to facilitate gene-
expression cassette assembly and control of
production yields (Curran et al. 2015).

E. Protein Tags and Linkers

In many cases, it is desirable to expand the
sequence of a protein with additional
sequences encoding domains that provide new
properties to the protein to facilitate its secre-
tion, purification, or visibility (Table 10.3).
These new domains often need to be attached
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P1 tTA2s T1

tTA2s
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rtTA2s-M2

rtTA2s-M2 T1
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No expression

tetO7 Pcore T2GOI
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Fig. 10.4 Graphic representations of the Tet-on and
Tet-off expression systems. (a) Tet-on system. (b)
Tet-off system. In the Tet-on system, the Dox ligands
acts as an activator of the synthetic TF rtTA2s-M2

allowing it to bind to the tetO7 sites of the promoter.
In the Tet-off system, the Dox ligands repress binding
of the synthetic TF tTA2s to the tetO7 sites of the
promoter; see main text for details
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to the main protein via linker sequences, which
may act solely as spacers (Chen et al. 2013), or
contain a proteolytic site that allows for
removal of the attached domain (in vivo or
in vitro) when its function is no longer
required. This adds to the complexity of the
gene-expression cassette structure as additional
bio-blocks need to be designed and
incorporated into the cassette at the appropri-
ate positions.

The design of these bio-blocks depends on
the size of the new functional unit and strategies
for their assembly are presented in Fig. 10.5.
Firstly, bio-blocks encoding large size adden-
dums (>30 amino acid residues) like fluorescent
proteins can bemade as individual bio-blocks by
PCR. Similar to the assembly of the basic gene-
expression cassette (in Fig. 10.1), proper incor-
poration of the new bio-block is ensured by
sequences in the tails of the primers used to
generate the individual bio-blocks, which can
be enzymatically cut to provide overhangs that
direct the correct fusion order of all components.
Secondly, for medium size bio-blocks encoding
sequences of 10–30 amino acid residues (e.g.
secretion signals), the information can be
incorporated into each of two oligonucleotides

that are annealed in vitro to form the complete
bio-block. Note that small sequence extensions
may be added to the oligonucleotides to produce
bio-blocks, which are directly equipped with
short ssDNA overhangs for bio-block assembly.
Thirdly, for shorter sequences (<10 amino acid
residues), e.g. purification tags or proteolytic
sites, the information may be incorporated into
the primer tails of neighboring bio-blocks. For
example, if the C-terminus of a protein needs to
be extended with a poly-histidine tag for purifi-
cation, the primer tail used to link the GOI to the
next bio-block could be elongated with the
sequence encoding the tag. The combinations
in which these basic strategies can be employed
to construct GECs are numerous, and as the
prices decrease, it is likely that even large size
protein tags will be synthesized de novo rather
than by PCR amplification.

IV. Heterologous Protein Production
in Filamentous Fungi

Filamentous fungi serve as favorite hosts for
production of industrial enzymes due to their

Table 10.3 Protein-tag and functional-linker sequences

Purpose Tag Origin Sequencea References

Secretion signal glaA-preprosequence A. niger 24 AA –
cbhI-presequence T. reesei 17 AA –
amyB-presequence A. oryzae 21 AA –

Affinity and
purification

Poly-histidine Synthetic HHHHHH Chaga et al. (1999)

FLAG Synthetic DYKDDDDK Hopp et al. (1988)
c-myc Homo sapiens EQKLISEEDL Kipriyanov et al. (1996)
HA Hemagglutinin

antigen
YPYDVPDYA Jackson et al. (1986)

Hydrophobin I T. reesei 97 AA Linder et al. (2004)
Proteolytic site Kex2 linker and cleavage

site
A. niger glaA

pro-seq
NVISKR* Jalving et al. (2000)

TEV cleavage site Tobacco etch virus ENLYFQ*S Carrington and Dougherty
(1988)

Thrombin cleavage site Homo sapiens LVPR*GS Sticha et al. (1997)
A2 peptide Picornavirus 20 AA Ryan et al. (1991)

Visualization Green fluorescent
protein

Aequorea victoria 238 AA Prasher et al. (1992)

Fluorescent proteins Various variants – Czymmek et al. (2005)
Nuclear localization SV40-NLS Simian virus 40 PKKKRKV Ishii et al. (1996)

aPeptide motifs or sequence lengths of the tags are listed. For proteolytic sites, the protease recognition sequence is italics and the

cleavage site is indicated by an asterisk
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superior protein secretory potential. This
potential has been further improved by classi-
cal mutagenesis yielding strains with superior
protein secretion properties. This includes A.
niger CBS 513.88 and T. reesei RUT-C30, which
can reach titers of 30 and 100 g/L of endoge-
nous cellulolytic enzymes by optimized culti-
vations, respectively (Cairns et al. 2018; Cherry
and Fidantsef 2003). Detailed mechanistic
insights into the secretory pathway combined
with fully sequenced genomes and a diverse
range of omics data set the stage for rational
strain engineering. In this section, we will pres-
ent examples of genetically modified strains,
which serve as platforms for heterologous pro-
tein production. This includes strains with
improved production and secretion physiology
obtained by introducing defined mutations
influencing processes ranging from the delivery
of amino acid building blocks for protein syn-
thesis to processes involved in exocytosis.

Specifically, we will treat two major topics:
firstly, engineering the secretory pathway
focusing on transport signals, the associated
processes of protein glycosylation and folding,
and vesicular trafficking and secondly, expres-

sion in protease-deficient strains as a method
for reducing degradation of the heterologous
protein.

A. Engineering the Secretory Pathway

The protein secretion pathway is complex and
provides several processes that can be engi-
neered to enhance production yields. Generally,
protein secretion processes can be grouped into
three major themes. Firstly, secretion signals
that mediate translocation into the endoplas-
mic reticulum (ER). Secondly, folding and gly-
cosylation of secretory proteins. Thirdly, the
complex machinery, which transports proteins
through the secretory pathway and leads to
secretion by exocytosis. Below, we provide
examples showing how each of these steps can
be optimized by rational genetic engineering.

1. Transport Signals

A significant obstacle in optimizing secretion of
a heterologous protein is choosing the right
pre- and pro-sequence, as protein secretion is

Secretion signal
(SS)

SS GOI

a b

Bio-blocks GOI

Ordered 

assembly 

GFPGOI

GFP tag
(GFP)

Bio-block 
examples

H6GOI

PCR 
fragment

Double-
stranded

oligo

Primer 
tail

Poly-histidine
(H6)

Fig. 10.5 Assembly strategies for employing protein
tags. (a) Bio-blocks can be generated by three general
strategies depending on their size: PCR amplification,
annealing of two oligonucleotides, or incorporation

into the tail of a primer used to PCR amplify another
bio-block. (b) The resulting bio-blocks can be fused in
a directed manner as illustrated in Fig. 10.1
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inefficient when suboptimal signals are applied.
Pre-sequences encode secretion signals that
mediate protein translocation into the ER,
while pro-sequences may facilitate the folding
process and maintain proteins as inactive
forms until its removal. One of the three general
approaches is typically used to ensure secretion
of a heterologous protein. In the first approach,
secretion of the recombinant protein simply
relies on the secretion signals of the native
protein. In the second approach, the N-
terminus of the recombinant protein is
extended with either a pre- or pre-pro-
sequence from a highly secreted protein of the
production host (or from a closely related spe-
cies) or thirdly N-terminal extension with a
secreted carrier protein.

The first, and most simple, approach
employs the native secretion signal of the het-
erologous protein. However, the fact that the
sorting signal are from a different organism
raises questions concerning their ability to sup-
port efficient secretion in the host. The obser-
vation that heterologous proteins originating
from species closely related to the host often
sort quite efficiently suggests that their secre-
tion signals are functional.

For example, glucoamylase (glaA) from A. niger and
rhamnogalacturonate lyase A (rglA) from Aspergillus
sojae have been efficiently produced via their own
secretion signals in A. nidulans (Schalén et al. 2016)
and in A. oryzae (Yoshino-Yasuda et al. 2012), respec-
tively.

Secretion signals may also be functional
between more distantly related fungi, as
observed with two basidiomycete laccases,
Lcc1 of Pycnoporus coccineus and Lcc of Pycno-
porus sanguineus, successfully secreted by the
hosts A. oryzae and A. nidulans using the pro-
teins native secretion signals, albeit with low
yields (Hoshida et al. 2005; Li et al. 2018).
More efficient secretion may be achieved by
using host endogenous signals as they are
expected to be more proficiently recognized
and processed by the host. The second
approach therefore employs the pre- or pre-
pro-sequence of a highly secreted protein ori-
ginating from the host, or a closely related

species, to enhance secretion of the heterolo-
gous protein.

A successful example of this approach is production of
basidiomycete laccase, Lac1, from Pycnoporus cinna-
barinus in A. niger (Record et al. 2002). In this study,
an 80-fold increase in extracellular activity was
achieved by replacing the natural pre-sequence of
Lac1 with the pre-pro-sequence of A. niger glaA.

In the final approach, a carrier protein is
fused to the heterologous protein to improve
production by alleviating post-translational
bottlenecks and, in some cases, by increasing
mRNA levels (Gouka et al. 1997). Comparative
DNA microarrays of A. oryzae strains expres-
sing heterologous bovine chymosin, with and
without a carrier protein (AmyB), showed that
inclusion of the carrier protein promoted
induction of the UPR (see Sect. IV.A.2.b) and
increased expression of genes encoding secre-
tory chaperones and proteins involved in intra-
cellular trafficking, thereby facilitating folding
and secretion (Ohno et al. 2011). Examples of
proteins that have been used as carriers are
GlaA, AmyB, and CbhI from A. niger, A. oryzae,
and T. reesei, respectively. To liberate the het-
erologous protein from the carrier protein
in vivo, the two proteins are fused via a linker
containing a Kex2 cleavage site (KR/RR) to
enable proteolytic separation in the late-Golgi
(Jin et al. 2007; Landowski et al. 2016).

Employing this approach, Gouka et al. used A. niger
GlaA as carrier protein for heterologous production of
human interleukin-6 in Aspergillus awamori, thereby
improving the extracellular protein yield 100-fold
(Gouka et al. 1997).

In an interesting variant of this approach,
Jin et al. produced human lysozyme in A. ory-
zae using a gene cassette containing the amyB
gene fused to tandem gene copies of HLY
encoding lysosome, which were separated by
sequences encoding Kex2 cleavage sites (Jin
et al. 2007). However, releasing the heterolo-
gous protein from the carrier protein may be a
bottleneck. For example, during production of
human interferon (IFNa-2b) in T. reesei using
Cbh1 as a carrier protein, 44% of the fusion
protein was not cleaved by Kex2 (Landowski
et al. 2016). More efficient Kex2 cleavage has
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been achieved by overexpressing kex2 (Land-
owski et al. 2016) or by optimizing Kex2 cleav-
age sites (Lin et al. 2006; Nakajima et al. 2006;
Yang et al. 2013), e.g., by using the entire pro-
sequence of GlaA, NVISKR, as a Kex2 cleavage
site (Landowski et al. 2016).

It is important to stress that the choice of
optimal signal sequences is not straightfor-
ward. For example, Rantasalo et al. optimized
secretion of lipase B from Candida antarctica
(CalB) in T. reesei (Rantasalo et al. 2019) by
using natural secretion signals of the host pro-
teins CbhI and CbhII and secretion signals from
heterologous AmyA and GlaA from A. awamori
and A. niger, respectively, and by using CbhI as
a carrier protein. When the lipase yields
obtained with the different strains were com-
pared, the strain employing the secretion signal
of AmyA performed best. On the other hand,
studies on heterologous production of Cbh1 in
A. awamori using different secretion signals
showed no differences illustrating that gains
may be dependent on the heterologous protein
and/or the host (Adney et al. 2003; Chou et al.
2004).

2. Glycosylation and Folding

Glycosylation of the heterologous protein is
important for the subsequent folding, and with-
out validity of these properties, the protein
activity may be impaired or abolished. In the
heterologous production host, these processes
may be executed in alternate fashion compared
to the native producer, leading to reduced
yields or non-functional proteins. Therefore,
substantial efforts have been conducted to
improve both processes by increasing or reduc-
ing expression of genes encoding proteins
involved in the glycosylation and folding
machinery of the production host to enhance
protein production.

a) Glycosylation
Protein glycosylation has multifaceted impact
on heterologous protein production. Firstly, it
affects protein folding and secretion efficien-
cies; secondly, it influences the final properties

of the enzyme including its stability, solubility,
and catalytic parameters; and finally, it acts to
protect the enzymes from proteases (Gupta and
Shukla 2018; Li and d’Anjou 2009). In agree-
ment with this view, mutation of the four N-
glycosylation sites of A. terreus b-glucosidase
resulted in reduced thermal stability and 15–
35% decreased specific activity and catalytic
rate as compared to the wild-type variant
when heterologously produced by T. reesei
(Wei et al. 2013). Hence, proper glycosylation
is often required to achieve high production
yields. For example, analysis of bovine chymo-
sin produced by A. niger showed that an N-
glycosylation site was poorly glycosylated by
this host. Importantly, the extracellular activity
yields could be increased by up to 100% in A.
niger by optimizing the glycosylation effi-
ciency of this site by site-directed mutagenesis
(van den Brink et al. 2006). Similarly, produc-
tion yields and quality may also be increased by
engineering entirely new glycosylation sites
into proteins. Using this approach, heterolo-
gous production activity yields of cellobiohy-
drolase Cel7A from Penicillium funiculosum in
A. awamori were increased by 70% by engi-
neering a novel N-glycosylation motif into the
protein at position N194 (Adney et al. 2009). On
the other hand, production yields and quality
may be decreased if non-native glycosylation
sites are unintentionally or aberrantly glycosy-
lated by the glycosylation machinery of the
heterologous host. Hence, a 70% increase of T.
reesei Cel7A activity yields were achieved by
removing a glycosylation site (N384), which
contained a larger glycan structure when using
A. awamori as production host, than in the
native organism T. reesei (Adney et al. 2009).
Fungi may also potentially be used as hosts for
production of therapeutic proteins. The fact
that different species add different sugar struc-
tures to proteins poses an additional produc-
tion challenge, as therapeutic proteins
containing aberrant sugar moieties may cause
immune responses in patients. In yeasts, this
challenge has been successfully addressed by
humanizing the glycosylation pathway by
genetic engineering (Gupta and Shukla 2018)
indicating that production of therapeutic pro-
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teins may also be possible in filamentous fungi
after dedicated strain engineering (Anyaogu
and Mortensen 2015).

b) Chaperones and ER Stress
Overexpression of secretory proteins may
result in accumulation of misfolded proteins
in the ER, and this problem poses a severe
bottleneck toward high yields of secreted pro-
teins. Cells respond to misfolded proteins in the
ER by triggering the unfolded protein response
(UPR), which is sensed by the ER transmem-
brane protein Ire1. Normally, Ire1 forms an
inactive complex with the chaperone BipA,
but as BipA is increasingly recruited to assist
in folding, Ire1 forms a nucleolytically active
dimer that catalyzes splicing of the non-
conventional intron in the hac1 mRNA (Krish-
nan and Askew 2014). The processed hac1
mRNA encodes mature Hac1 transcription fac-
tor, which in turn triggers transcription of UPR
genes. This includes genes encoding ER-
resident molecular chaperones like BipA, the
heat-shock protein family of chaperones
(Hsp104, Hsp70, Hsp90) and the protein
disulfide-isomerase PdiA, thus satisfying the
increased demand for folding capacity
(Zubieta et al. 2018). Persistently misfolded
proteins are deleterious to the cell and are
degraded through the ERAD (ER-associated
degradation) pathway that includes transport
to the cytoplasm and ubiquitin-mediated deg-
radation by the proteasome (Carvalho et al.
2011).

Several strategies have been pursued to
optimize folding. These include defensive
methods, like lowering the growth temperature
or applying weaker promoters, but also poten-
tially more awarding methods based on stimu-
lating the folding potential via genetic
engineering of the host organism folding
machinery.

To promote heterologous protein production in A.
awamori, the UPR pathway has been constitutively
activated by overexpressing an intron-free variant of
the hac1 gene. Using this strain, production of Tra-
metes versicolor laccase (Lcc1) was increased sevenfold
and bovine chymosin 2.8-fold (Valkonen et al. 2003).
Similarly, heterologous production of A. niger glucose
oxidase (Gox) in a T. reesei strain overexpressing
intron-free hac1 increased production 1.8-fold (Wu

et al. 2017). In comparison, overexpression of the
bipA chaperone alone in T. reesei increased production
of Gox by 1.5-fold.

Folding of proteins containing multiple
disulfide bonds may be particularly challenging
and may benefit from increased levels of the
protein disulfide isomerase PdiA. In agreement
with this, production of thaumatin, a sweet-
tasting plant protein containing eight disulfide
bonds, was increased twofold by using an A.
awamori strain overexpressing pdiA (Moralejo
et al. 2001). Since heterologous protein produc-
tion appears to benefit from increased levels of
host chaperones, it is tempting to speculate that
more process-specific folding assistance could
be achieved by co-expressing genes encoding
one or more chaperones from the natural
source of the protein of interest.

3. Vesicular Trafficking and Polarized Growth

Filamentous fungi propagate as hyphae and the
general view is that most protein secretion
occurs at the hyphal tip (Cairns et al. 2019).
Secreted proteins are packed into vesicles,
either by cargo-receptors or as the result of
bulk flow, thereby mediating transport from
the ER to the Golgi and from the Golgi to the
plasma membrane (Barlowe and Miller 2013).
Most vesicles accumulate at the Spitzenkörper
at the apex of the hyphae before fusing to the
membrane in a process that depends on the
exocyst octamer (Ahmed et al. 2018; Riquelme
and Sánchez-León 2014). Since proteins are
synthesized throughout the hyphae, vesicles
are transported by an elaborate transport sys-
tem based on actin filaments and microtubules
to ensure efficient transport to the hyphal apex
(Steinberg et al. 2017). Many of the individual
steps in the secretory pathway are understood
in molecular detail, and a popular strategy aim-
ing at enhancing secretory transport is to over-
express genes encoding proteins that are
directly involved in transport. For example,
loading of cargo proteins into vesicles and tar-
geting vesicles to a destination membrane have
been engineered to increase secretion as exem-
plified below.
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To stimulate secretion of a heterologous protein, the
vesicular transport was enhanced by overexpressing
rabD, encoding a Rab GTPase involved in transport
of exocytic post-Golgi vesicles (Pantazopoulou et al.
2014), the deletion of which reduces protein secretion
(Punt et al. 2001). Specifically, a fusion of carrier glu-
coamylase to mRFP via a Kex2 cleavable linker (Kex2cl)
increased production of mRFP in A. nidulans by 40%
(Schalén et al. 2016) in the rabD overexpression back-
ground. Hoang and co-workers showed that Vip36, a
putative lectin-type cargo receptor inferred to be
involved in vesicular cargo loading of glycoproteins
between ER and Golgi, facilitates secretion of the
recombinant fusion proteins AmyB-Kex2cl-GFP and
AmyB-Kex2cl-chymosin in A. oryzae, presumably by
reducing protein retention in the ER (Hoang et al.
2015). Importantly, overexpression of vip36 in strains
producing the recombinant GFP fusion protein led to
sevenfold increase in the levels of extracellular GFP
(Hoang et al. 2015). Finally, docking of vesicles to a
target membrane was stimulated by overexpressing
snc1 encoding a vSNARE, and this feature increased
secretion of A. niger glucose oxidase in T. reesei by
2.2-fold (Wu et al. 2017).

Similarly, specific genes involved in the
secretory pathway can be deleted to positively
influence heterologous protein production. For
example, the vacuolar protein sorting receptor
Vps10 mediates transport of proteins from the
Golgi to the vacuoles; and it has been observed
that heterologous proteins designated for secre-
tion partially accumulate in the vacuoles (Masai
et al. 2003). This principle has been exploited in
A. oryzae where a deletion of vps10 improved
production of recombinant human lysosome
and bovine chymosin 2.2- and 3-fold, respec-
tively (Yoon et al. 2010). Even the micromor-
phology of the mycelium can be manipulated to
enhance protein secretion. In an elegant study,
Fiedler et al. produced a hyperbranching A.
niger strain by deleting the gene encoding the
Rho G-protein RacA, a key protein in maintain-
ing polarized growth (Kwon et al. 2011); and
this feature increased glucoamylase production
four-fold (Fiedler et al. 2018).

C. Building Blocks for Protein Synthesis

Many filamentous fungi secrete large amounts
of enzymes and production of these proteins
consume building blocks that could be used
for the desired heterologous protein. Hence,

additional building blocks for heterologous
protein production can be obtained by deleting
genes encoding the most abundant secreted
proteins. This strategy has the further advan-
tages that it reduces pressure on the secretory
pathway machinery and that subsequent prod-
uct purification is simplified. In its simplest
scheme, this approach can be utilized by delet-
ing genes encoding major secreted products,
such as a-amylase A and B of A. oryzae, thereby
providing a strain with no detectable a-amylase
activity (Kitamoto et al. 2015). Toward the same
goal, genes encoding transcriptional activators
of major cellulolytic enzymes have been deleted
in both A. niger and T. reesei.

In A. niger, deletion of amyR reduced the total amount
of secreted protein 16.4-fold (Zhang et al. 2016b). Like-
wise, deletion of xyr1 in T. reesei abolished expression
of the genes cbhI and cbhII encoding the major cello-
biohydrolases CBHI and CBHII, which may constitute
up to 80% of the total amount of secreted protein
(Bergquist et al. 2004; Stricker et al. 2006).

While these approaches diminished expres-
sion of endogenous enzymes, it may also be
advantageous to modify the GOI expression
cassette. To this end, for driving secretion of a
heterologously produced protein, Rantasalo
et al. exchanged usage of a carrier protein for
a smaller secretion signal, thereby reducing the
total secreted protein twofold and inferring a
substantial increase in recombinant enzyme
purity (Rantasalo et al. 2019).

Comparative transcriptomics approaches
have been used to uncover engineering targets
that enhance heterologous protein production.
For example, processes related to biosynthesis
of amino acids and tRNAs are upregulated in
strains of A. nidulans overexpressing heterolo-
gous enzymes (Zubieta et al. 2018) and in A.
niger CBS 513.88, a classic enzyme production
strain (Andersen et al. 2011). Hence, building
block availability may be a limiting factor that
could be improved by genetic engineering, e.g.,
by increasing expression of genes encoding
specific transporters or genes required for
making aminoacryl-tRNAs.
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D. Protease-Deficient Strains

The saprophytic lifestyle of filamentous fungi
is key to their high secretion capacity. In addi-
tion to facilitating heterologous protein pro-
duction, a consequence of this lifestyle is
secretion of large amounts of proteases,
which the fungi use for extracellular biomass
degradation. For example, proteomic analysis
of the T. reesei QM6a secretome under
submerged cultivation showed pH-dependent
secretion of 39 peptidases and proteinases,
with more than 20 secreted simultaneously
(Adav et al. 2011). Since these proteases need
to digest a broad spectrum of substrates,
chances are that the heterologous protein is
also degraded leading to decreasing activity of
the recombinant protein over time (Kamarud-
din et al. 2018). In addition, intracellular pro-
teases in the secretory pathway, such as Kex2,
may also degrade recombinant proteins, which
can be resolved by mutagenizing the cleavage
site (Lin et al. 2006). The fact that addition of
protease inhibitors, such as trypsin and aspar-
tic protease inhibitor (Landowski et al. 2015),
or use of strains with different protease pro-
files (Sun et al. 2016) can lead to significantly
higher protein yields suggests that a strategy
aiming at producing protease-deficient
strains could be advantageous. However,
whereas elimination of some proteases does
not impact fitness, some may be involved in
cell wall maintenance, and their absence often
causes an altered undesired morphology.
Hence, a gain in product yield may be lost in
growth rate or overall productivity, and the
relevant strain modifications vary from prod-
uct to product even with the same host (Land-
owski et al. 2015).

In a simple case, Li et al. applied A. nidulans as host for
heterologous production of a P. sanguineus laccase
(Pslcc) and demonstrated that deletion of two genes
encoding major proteolytic activities, proteases
dipeptidyl-peptidase DppV and aspartic protease
PepA, increased laccase production 13-fold (Li et al.
2018).

In a more elaborate study, Kitamoto et al. generated an
A. oryzae strain with five protease gene deletions (alp1,
npI, npII, pepA, pepE) thereby reducing extracellular
protease activity to 1% (Kitamoto et al. 2015) and

providing a production strain with minimal proteoly-
sis.

In the post-genomic era, it is possible to
make a rational gene deletion strategy based
on proteomics where abundant proteases can
be identified and linked to their genes. Using
this strategy in T. reesei, nine target genes
(pep1, tsp1, slp1, gap1, gap2, pep4, pep3, pep5,
amp2) were identified and deleted to produce a
strain where the majority of proteolytic product
degradation is abolished (Landowski et al.
2015, 2016). The authors employed this strain
for production of human interferon alpha-2b
(IFNa-2b) and obtained 2.4 g/L of correctly
processed IFNa-2b.

In contrast to deleting individual protease
genes, similar effects may be achieved by RNAi
silencing of individual genes (Kitamoto et al.
2015; Qin et al. 2012). In another approach,
reduction of a set of proteases was achieved
by deleting a general transcription factor
gene, namely, prtT in A. niger, which reduced
the levels of several secreted proteases, includ-
ing PepA, PepB, and PepF. After producing
Glomerella cingulata cutinase in this A. niger
strain a 25-fold increase of residual activity was
observed in culture filtrates after 2 weeks
(Kamaruddin et al. 2018).

V. Heterologous Production of
Secondary Metabolites in
Filamentous Fungi

The genome sequencing projects have uncov-
ered a vast repertoire of fungal SMs, which
serves as an underexploited source of new
food additives and drug candidates. This pro-
cess has been facilitated by the fact that all
genes required for production of a specific SM
are typically organized in a biosynthetic gene
cluster (BGC) (Keller 2019; Keller et al. 2005;
Rokas et al. 2018). However, it is difficult to
exploit the fungal SM potential for several rea-
sons. Firstly, the vast majority of the fungal SM
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BGCs are silent; secondly, many producer spe-
cies are difficult to propagate in bioreactors;
thirdly, many compounds are produced in
tiny amounts; fourthly, no genetic toolbox
exists for new natural production hosts; and
finally, the “generally recognized as safe”
(GRAS) production status may be more diffi-
cult to achieve with a new species.

Heterologous expression of fungal BCGs
using synthetic biology based approaches in
well-characterized fungal cell factories provides
avenues to speed up SM discovery, characteri-
zation, and production. On the other hand,
heterologous SM production is challenged by
several features including toxicity of some SMs,
poor gene annotations, intron splicing differ-
ences, compartmentalization of pathways, and
the requirement for simultaneous expression
of many SM genes. Unlike heterologous pro-
duction of industrial enzymes, heterologous
production of SMs is still in its infancy, and
most studies are aiming at product discovery
and pathway elucidation rather than large-scale
production. In this section, we will present
examples on how heterologous SM-gene
expression has contributed to expand our
insights into SM biosynthesis, as well as chal-
lenges toward their production.

A. Challenges in Heterologous Secondary
Metabolite Production

1. Product Toxicity

Many SMs are antimicrobials, and they may
therefore impair the growth of, or even kill,
the new heterologous producer strain. In case
the task is to produce large amounts of a known
SM, the first experiment should therefore be to
test whether the host can tolerate the desired
SM. If SM toxicity is a problem, it may be
necessary to develop a resistant strain. If the
resistance mechanism is known in the native
producer species, it may be possible to transfer
the resistance mechanism from the native host
to the new producer strain.

For example, mycophenolic acid (MPA) from Penicil-
lium brevicompactum kills A. nidulans by inhibiting its
inosine-50-monophosphate dehydrogenase (IMPDH).
However, A. nidulans can be engineered to tolerate
mycophenolic acid by inserting mpaF of the P. brevi-
compactum mpa BCG, which encodes an MPA-
insensitive IMPDH, into its genome (Hansen et al.
2011a).

Toxicity can also be avoided or reduced by
introducing a pump that exports the new com-
pound. For example, the gliotoxin sensitivity of
a sirodesmin transporter-deficient strain of
Leptosphaeria maculans can be rescued by
introduction of the transporter gene gliA from
A. fumigatus (Gardiner et al. 2005). Similarly, S.
cerevisiae expressing the mlcE efflux pump
gene from the compactin BGC is protected
against statins (Ley et al. 2015). A different
mode of detoxification is based on glycosyla-
tion of the SM, a principle which is commonly
used in plants (Sandermann Jr. 1992), but
which has also been observed in fungi. For
example, during yanuthone production by A.
niger, a toxic intermediate is glycosylated
(Holm et al. 2014), or during co-culturing, Tri-
choderma species uses glycosylation as a
defense against deoxynivalenol, a toxin pro-
duced by Fusarium graminearum (Tian et al.
2016). For cell factory construction, this strat-
egy has been applied for vanillin production in
S. cerevisiae by expressing a gene encoding a
glycosyltransferase from Arabidopsis thaliana
(Brochado et al. 2010).

If the task of heterologous production is
product discovery, rather than large-scale pro-
duction, toxicity issues may be less important
as only small amounts are sufficient for product
identification. However, if weak growth of the
new cell factory is observed, it may be advanta-
geous to use inducible promoters to control
expression of key genes in the pathway. For
example, the inducible alcA promoter was
fused to genes in the asperfuranone BGC to
avoid toxicity issues during pathway elucida-
tion (Chiang et al. 2013).
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2. Genome Annotation and Intron Splicing

Heterologous production requires that the
genes in the native producers are correctly
annotated and for many sequenced genes, this
may not be the case. In cases of doubt, it may be
necessary to determine the correct 50-end of the
transcript by the rapid amplification of cDNA
ends (RACE) technique (Frohman et al. 1988).
Subsequently, introns and the correct stop
codon can be identified by generating a com-
plete cDNA of the gene by RT-PCR exploiting
that the 30-end of the transcript is polyadeny-
lated. However, in cases where the GOI is silent,
this strategy is not possible, and it may there-
fore be advisable to produce a set of gene con-
structs covering different combinations of start
and stop codon possibilities.

Intron recognition and splicing differs
between species, especially for phylogenetically
distant organisms (Kupfer et al. 2004), and
flawed splicing may reduce or even prevent
formation of the desired protein as described
in Sect. III.A.1. For example, introns are more
abundant in basidiomycetes than in ascomy-
cetes (Stajich et al. 2007). Moreover, introns
from basidiomycetes may not be recognized
properly in ascomycetes.

In agreement with this, a recent study using A. oryzae
as a cell factory demonstrated that only half of the
mRNA species produced by 30 terpene synthase genes
from two basidiomycetes, Clitopilus pseudo-pinsitus
and Stereum hirsutum, exhibited correct splicing pat-
terns (Nagamine et al. 2019).

Even among species that are more closely
related, e.g., within ascomycetes, transfer of
genes between species may cause splicing
errors. For example, heterologous expression
of the 3-methylorcinaldehyde synthase gene
from Acremonium strictum (Fisch et al. 2010),
the avirulence gene ACE1 from Magnaporthe
oryzae (Song et al. 2015), and the citrinin
synthase gene from Monascus ruber (He and
Cox 2016) in A. oryzae resulted in incorrect
processing of introns.

Moreover, some mRNAs of filamentous
fungi are regulated by alternative splicing

(Kempken 2013; Zhao et al. 2013). Hence,
populations of different splice variants were
detected in the transcriptome (Wang et al.
2010) with consequences for protein levels
(Chang et al. 2010). Indeed, new splice variants
may be inactive or the correct variant may be
produced only in small amounts (He and Cox
2016; Kempken andWindhofer 2004). Mapping
mRNA splicing in the native producer, if possi-
ble, is therefore advisable; and if it is different
in the new host, it may be necessary to produce
different synthetic gene variants covering dif-
ferent splice variants to achieve heterologous
production.

3. Compartmentalization of Secondary
Metabolite Biosynthetic Pathways

Fungal secondary metabolite biosynthetic path-
ways are often compartmentalized into differ-
ent subcellular locations, such as ER, vesicles,
peroxisomes, cytoplasm, or vacuoles (Kistler
and Broz 2015; Roze et al. 2011). The reason
for this is either to channel the pathway into
the compartment with relevant precursors to
increase biosynthesis efficiency as in the case
of penicillin in A. nidulans (Herr and Fischer
2014) or to sequester the toxic product or
intermediates from the rest of the cell as in the
case of aflatoxin synthesis in Aspergillus para-
siticus (Chanda et al. 2009). Little is known
about how SM biosynthetic pathways are com-
partmentalized in fungi, and it is unclear how
often this occurs. However, in cases where com-
partmentalization is important for product for-
mation or to avoid toxicity effects, it is likely
essential that the pathway is organized in a
similar manner in a new host. Otherwise, it
may result in lack of production or even cell
death. In the future, we expect that pathway
compartmentalization will achieve significant
attention in SM cell factory construction. As a
standard control experiment, we advise to
determine whether individual enzymes in the
pathway localize to the same compartments in
the natural producer and in the new host, e.g.,
by GFP tagging. In cases where the host sorts an
enzyme incorrectly, it may be possible to
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ensure proper localization of the relevant
enzyme by fusing it to transport signals or a
carrier protein that is sorted to the correct
compartment.

B. Secondary Metabolite Discovery via
Different Gene-Expression Systems

Multiple gene-expression strategies and differ-
ent fungal hosts have been used for SMs discov-
ery and pathway elucidation by heterologous
gene expression. A. oryzae, unlike most other
common fungal cell factories, produces few
SMs. A. oryzae is therefore often chosen as a
host as the subsequent detection of the new SM
in the metabolite profile is relatively simple.
However, with A. oryzae genetic engineering is
complicated by the fact that its asexual spores
contain several nuclei (Maruyama et al. 2001),
which makes purification of transformed
strains more laborious. In contrast, A. nidulans
produces asexual spores that contain only a
single nucleus (Yuill 1950), and transformants
are therefore relatively easy to purify. Hence, if
pathway elucidation requires more elaborate
genetic engineering, species like A. nidulans
may be a better choice of host. Moreover, in
some cases, the more complex host-chemistry
can advantageously contribute to formation of
novel synthetic and potentially useful com-
pounds. Alternatively, it may facilitate con-
struction of a new synthetic pathway by
delivering a missing activity in the desired
pathway. Below we will provide successful
examples of heterologous SM production
using different hosts and expression systems,
which may serve as an inspiration for construc-
tion of new fungal SM cell factories.

1. Heterologous Expression of Secondary
Metabolite Synthase Genes

To investigate whether a new SM can be pro-
duced in a given cell factory, it may often be
advantageous to establish the first step of a
multi-enzyme pathway, which produces the
scaffold of the final compound. Indeed, the
first demonstration of a heterologously pro-
duced SM was 6-methylsalicylic acid (6-MSA)

(Fujii et al. 1996), which serves as a precursor of
several SMs including patulin and yanuthones
(Beck et al. 1990; Holm et al. 2014; Petersen
et al. 2015; Read and Vining 1968). Hence, it is
of interest to develop efficient systems for sin-
gle gene transfer. In A. oryzae, a plasmid was
constructed to allow a gene to be inserted
ectopically into the genome in multiple copies
(Fujii et al. 1995).

This plasmid has been widely applied for heterologous
gene expression, and it has been used to deliver basic
SM scaffolds including production of the naphthopyr-
one YWA1 (Watanabe et al. 1998, 1999), alternapyrone
(Fujii et al. 2005), ferrirhodin (Munawar et al. 2013),
and astellifadiene (Matsuda et al. 2016).

In A. nidulans, where genetic engineering is
easier, genes have often been inserted into a
defined locus to facilitate strain characteriza-
tion and to obtain better gene-expression con-
trol. To ensure high expression levels, it may be
useful to position integration sites in intergenic
regions located in transcriptionally highly
active sections of a chromosome.

Using this approach, it has been demonstrated that
MpaC from P. brevicompactum produces 5-
methylorsellinic acid (5-MOA) as the first intermediate
toward production of the immunosuppressant drug
mycophenolic acid by expressing mpaC in A. nidulans
(Hansen et al. 2011b).

The same setup was used to make a cell
factory yielding 1.8 g/l of 6-MSA by expressing
yanA from A. niger in A. nidulans (Knudsen
2015), which is sixfold higher as compared to
ectopic integration in A. oryzae reported by
Fujii et al. (1996). Using the A. nidulans 6-
MSA cell factory, it was possible to produce
13C-labelled 6-MSA, which was subsequently
used to clarify the biosynthetic pathway for
yanuthone D production in A. niger (Holm
et al. 2014). The wA locus of A. nidulans has
also been used as a gene-expression site. In this
case, correct transformants can easily be iden-
tified as they produce white conidia. Using this
approach, Chiang and co-workers discovered
several new compounds by expressing A. ter-
reus polyketide synthase genes in A. nidulans
(Chiang et al. 2013).
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Finally, we note that synthesis of some scaf-
folds requires the action of additional enzymes,
such as a trans-enoyl reductase, a trans-acyl-
transferase, a trans-thioesterase, or another
synthase. For example, tenellin synthetase
from Beauveria bassiana requires trans-acting
enoyl reductase for correct polyketide scaffold
assembly (Halo et al. 2008); during lovastatin
synthesis, both acyltransferase and thioesterase
are necessary in order to release the polyketide
products from the synthases LovF (Xie et al.
2009) and LovB (Xu et al. 2013), respectively,
whereas for the synthesis of the first intermedi-
ate toward asperfuranone, two polyketide
synthases are needed (Chiang et al. 2009). In
these cases, a multi-gene insertion strategy is
required; see Sect. II.C.

2. Reconstitution of Secondary Metabolite
Pathways in a Heterologous Host

Establishing entire pathways is more challeng-
ing as several genes need to be functionally
expressed. In the following section, we will
describe various strategies that have been used
to ensure expression of some or all genes from a
BGC.

In an early study by Sakai et al., a 20 kb
fragment of DNA containing the citrinin BGC
from Monascus purpureus was inserted into an
E. coli-Aspergillus shuttle cosmid and ectopi-
cally integrated into the genome of A. oryzae
to produce 4 mg/L of citrinin (Sakai et al. 2008).
This yield was increased approximately 400-
fold to 1.48 mg/L when the cluster-specific
transcriptional regulator encoding gene
(ctnA) was constitutively expressed under con-
trol of the A. nidulans trpC promoter. Pathways
may also be transferred using a vector set devel-
oped by Pahirulzaman et al., which allows up to
12 different genes to be ectopically integrated
into the genome via three vectors containing
different selectable markers (Pahirulzaman
et al. 2012). Hence, pathways may be partly or
entirely established in a fungus to produce key
intermediates for pathway elucidation as well as
to identify the final product. Using this system
and A. oryzae as a host, He and Cox produced a
detailed model of the citrinin pathway and gen-

erated a cell factory producing citrinin to final
titers of 19.1 mg/L (He and Cox 2016).

Defined integration of entire BGCs into
fungal chromosomal expression sites has also
been used to establish functional SM pathways.
One advantage of this method is that reverse
genetics can be applied to dissect the pathway
once the pathway has been functionally estab-
lished in a new host. This principle has been
exploited to successfully transfer all 12 biosyn-
thetic genes required for geodin production
from A. terreus to A. nidulans. Additionally, to
activate the biosynthetic genes, the TF gene of
the cluster (gedR) was equipped with a consti-
tutive A. nidulans promoter prior to genomic
integration. Subsequently, the efficient gene
deletion toolbox of A. nidulans was used to
identify gedL as the gene encoding the halogen-
ase necessary for geodin production (Nielsen
et al. 2013).

A recent screening-friendly method for
linking BGC to metabolites uses FACs as vec-
tors for gene transfer (see Sect. II.B.1) as they
can accommodate DNA fragments containing
even large BGCs. FAC-based BGC libraries from
A. terreus, Aspergillus wentii, and Aspergillus
aculeatus have been transferred and analyzed
in A. nidulans resulting in the assignment of 17
compounds to BGCs (Bok et al. 2015; Clevenger
et al. 2017).

3. Synthetic Pathway Setups for Secondary
Metabolite Production

For some compounds of interest, it is not pos-
sible to establish a cell factory based on the
natural pathway. This is the case if the biosyn-
thetic pathway is unknown or it has only been
partly elucidated or if enzymes are compart-
mentalized in the native producer in a manner
that cannot be implemented in the new host. In
these cases, it may be possible to make a cell
factory based on a semi-synthetic or synthetic
pathway with enzymes of known (or predicted)
activities from various species. In this way, it
may be possible to synthesize the desired com-
pound, but in a manner, which is different
from the pathway in the native host. For exam-
ple, production of the pharmacologically rele-
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vant meroterpenoid daurichromenic acid
(DCA) from the plant Rhododendron dauricum
in A. oryzae represents a successful case of a
functional semi-synthetic pathway (Okada et al.
2017). Using fungal expression vectors for
ectopic genome integration, the production of
DCA was achieved by expressing two fungal
genes from Stachybotrys bisbyi encoding a
polyketide synthase (StbA) and a prenyltrans-
ferase (StbC), as well as a plant gene from the
native producer encoding the DCA synthase.
Similarly, production of carminic acid, an
important food colorant produced by the scale
insect Dactylopius coccus, has been achieved in
A. nidulans via a semi-synthetic pathway
(Frandsen et al. 2018). In this case, the five-
step pathway was based on a single gene from
the natural producer encoding a C-glucosyl-
transferase, a plant gene from Aloe arborescens
encoding a type III octaketide synthase, two
bacterial genes from Streptomyces sp. R1128
encoding a cyclase (ZhuI) and a aromatase
(ZhuJ), and finally an unknown fungal gene
from A. nidulans, which putatively encodes a
monooxygenase. Importantly, unlike the DCA
cell factory, all non-fungal genes were inserted
into fungal expression cassettes and integrated
into defined expression sites. These examples
highlight the potential of puzzling together
pathways by combining genes from different
organisms. Similar strategies may likely gain
an increasing role in future development fungal
cell factories for production of known and
novel small molecules.

VI. Concluding Remarks and
Perspectives

This review demonstrates that heterologous
production in fungi is already well established
and that synthetic biology-based methods are
increasingly used to create new cell factories,
typically via bio-block-based strategies. In the
future, we envision that this trend will gather
momentum and that libraries of bio-blocks
containing mutated genes, scrambled homolo-
gous genes, or synthetic genes encoding new
combinations of functional domains will serve

as common resources for developing cell fac-
tories that produce, e.g., industrial enzymes
with new or improved properties or SMs that
may target new diseases. In addition, increas-
ingly efficient high-throughput CRISPR-based
methods will allow for the generation of
genome-wide mutant-strain libraries. Hence,
rather than using a single strain for construc-
tion of a heterologous cell factory, mutant
libraries may serve as the preferred starting
point toward developing new cell factories. In
combination, these strategies will create an
enormous number of potential cell factories;
and screening for the successful candidates
will very likely constitute a bottleneck. The
expanding synthetic biology toolbox may also
contribute to address this challenge. For exam-
ple, it may offer biosensors that can be used to
screen for high-yielding strains. In agreement
with this view, membrane-bound RFP was
recently used as a biosensor in allowing for
high-throughput FACS-based screening of T.
reeseimutants to identify strains with improved
enzyme secretion potential (Gao et al. 2018).
Interestingly, biosensors that monitor the
levels of specific intracellular metabolites are
already available for E. coli and S. cerevisiae
(Adeniran et al. 2015; Morris 2010; Rogers
et al. 2016; Zhang and Keasling 2011), and it is
likely that this type biosensors will be used in
the future to identify superior fungal cell fac-
tories for production of specific SMs.

Novel methods for controlling gene func-
tion during fermentation are highly desirable.
To this end, we envision that new improved
orthogonal TFs with programmable specifici-
ties, e.g., by using catalytically dead Cas9 var-
iants as TFs (Qi et al. 2013), will be developed.
Such TFs have already been shown in other
organisms to facilitate the activation of silent
genes (Cheng et al. 2013; Perez-Pinera et al.
2013), to regulate metabolism of a heterologous
cell factories for increased production yields
(Deaner and Alper 2017; Jensen et al. 2017;
Vanegas et al. 2017), to study genetic interac-
tions (Du et al. 2017; Peters et al. 2016), or even
to induce directed evolution (Hess et al. 2016;
Ma et al. 2016). We also envision that synthetic
biology tools will change the fungal production
platforms dramatically. Specifically, highly effi-
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cient genetic engineering tools will allow for the
development of cell factories withminimal gen-
omes, where all undesirable cell functions that
do not significantly impact fitness during fer-
mentation have been eliminated. For this pur-
pose, multiplex gene editing has already been
implemented in fungi (Foster et al. 2018; Liu
et al. 2015; Nødvig et al. 2018; Pohl et al. 2016;
Shi et al. 2019). Deletion of a number of BGCs
in A. nidulans with the aim of increasing
the pool of available SM precursors and to
simplify metabolite analysis (Chiang et al.
2013, 2016) already serve as a small scale exam-
ple of this strategy. More ambitiously, one may
envision that entirely synthetic filamentous
fungi, inspired by the synthetic yeast 2.0 project
(Pretorius and Boeke 2018), may be developed.
Altogether, we conclude that the rapidly
expanding synthetic biology toolbox in combi-
nation with the large number of fully sequenced
genomes will set the stage for a very exciting
future of fungal heterologous product produc-
tion.
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(1998) Functional analysis of the cellobiohydrolase
I promoter of the filamentous fungus Trichoderma
reesei. Mol Gen Genet 253:303–314

Iriarte A, Sanguinetti M, Fernández-Calero T, Naya H,
Ramón A, Musto H (2012) Translational selection
on codon usage in the genus Aspergillus. Gene
506:98–105

Ishida H, Hata Y, Kawato A, Abe Y, Kashiwagi Y (2004)
Isolation of a novel promoter for efficient protein

production in Aspergillus oryzae. Biosci Biotech-
nol Biochem 68:1849–1857

Ishii N, Minami N, Chen EY, Medina AL, Chico MM,
Kasamatsu H (1996) Analysis of a nuclear locali-
zation signal of simian virus 40 major capsid pro-
tein Vp1. J Virol 70:1317–1322

Jackson DC, Tang XL, Brown LE, Murray JM, White
DO, Tregear GW (1986) Antigenic determinants of
influenza virus hemagglutinin XII. Virology
155:625–632

Jalving R, Van De Vondervoort PJI, Visser J, Schaap PJ
(2000) Characterization of the kexin-like maturase
of Aspergillus niger. Appl Environ Microbiol
66:363–368

Jensen ED, Ferreira R, Jakočiunas T, Arsovska D, Zhang
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I. Introduction

Fungi are a valuable source of medically impor-
tant natural products (NPs), mostly secondary
metabolites (SMs), low- to medium-molecular-
mass organic compounds that are not directly
involved in growth, development, or reproduc-
tion of the producing organism. Among them,
the antibiotic penicillin, the antifungal griseo-
fulvin, the anti-hypercholesterolemic agent lov-
astatin, the immunosuppressant cyclosporin,
and the antitumor compound asperlin are
prominent examples (Brakhage 2013).

Classical techniques to discover bioactive
SMs often begin with microbial culture extracts,
followed by iterative rounds of fractionation
and bioassays for activity measurement (Brakh-
age and Schroeckh 2011). This strategy was
highly successful, yielding a number of “key
access antibiotics” on the WHO Model List of
Essential Medicines (WHO 2017). On the other
hand, metabolites, which are produced in a suf-
ficient amount, facilitating isolation, were pref-
erentially detected. Despite several thousand
SMs having been isolated in this way, with a
growing number of identified compounds
(Hautbergue et al. 2018), re-identification of
known molecules has become a bottleneck of
NP discovery, hindering the discovery of novel
ones (Bérdy 2005). The lack of new antibiotics
introduced into the market, combined with the
rise of antibiotic-resistant bacterial and fungal
strains, forms the basis of a phenomenon called
the “antibiotic innovation gap” (Payne et al.
2007). Due to this problematic development,
new strategies to discover novel, unexploited
antibiotics are urgently needed.
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Fortunately, however, the biosynthetic
potential of these organisms is still greatly
unexplored, even underestimated. Mining the
increasing number of published fungal gen-
omes revealed that the vast majority of fungal
SMs still await discovery. Most fungal genomes
contain more biosynthetic gene clusters
(BGCs) than the number of NPs known to be
produced by the respective fungus (e.g., de
Vries et al. 2017; Rutledge and Challis 2015;
Sanchez et al. 2012; Bergmann et al. 2007).
Two main reasons hinder a comprehensive
mining of BGCs: (1) the overwhelming majority
of microorganisms, including fungi, cannot be
cultivated independently as axenic cultures in
the laboratory, and (2) most SM gene clusters
are silent under standard laboratory growth
conditions. In the previous decade, a number
of strategies have been developed to overcome
these drawbacks (reviewed extensively in
(Brakhage and Schroeckh 2011; Brakhage

2013). Strategies to stimulate expression of
silent fungal BGCs include media and growth
condition variation (one strain many com-
pounds, OSMAC), manipulation of regulatory
elements of BGCs (e.g., replacement of promo-
ters) and of factors that affect SM production
more generally (laeA, mcrA), use of chromatin
modifiers (SAHA), heterologous expression of
whole BGCs, and bioinformatic approaches uti-
lizing genome, transcriptome, proteome, and
metabolome datasets (Brakhage 2013; Mattern
et al. 2015b; Hautbergue et al. 2018) (Fig. 11.1).
A relatively new approach is the discovery of
antimicrobials inspired by ecological interac-
tions. Prominent successful examples are co-
cultivations of fungi with other microorgan-
isms, e.g., actinobacteria or the well-studied
and astonishingly stable communities of leaf
cutter ants associated with mutualistic bacteria
and the food forage fungi, both discussed here
(Haeder et al. 2009; Schroeckh et al. 2009).

Fig. 11.1 Novel avenues toward the discovery of SMs in
fungi. (a) Molecular methods and tools used in activa-
tion of biosynthetic gene clusters (BGCs) in fungi, dis-
cussed in Sect. II. (b) omics-based methods and various

degrees of their integration in experimental approaches
have proved effective in the search for new fungal-
derived chemistries. Section IV provides an overview
of these methodologies
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Simulation of complex natural environmental
conditions has been shown to allow growth of
“unculturable” organisms [e.g., iChip device
(Nichols et al. 2010)] and to mine and isolate
their BGCs.

II. Molecular Biology Methods for
Fungal Natural Product Discovery

A. Manipulation of Regulatory Elements

1. Global Regulators of Fungal Secondary
Metabolism

Secondary metabolism in filamentous fungi, as
well as in actinobacteria, is often associated
with developmental maturity and a transition
to a generative (sporulating) growth mode
(Calvo et al. 2002; Wang 2003). It is therefore
unsurprising that the master regulators that
have a profound impact on the SM in filamen-
tous fungi act pleiotropically and often have an
effect on fungal development and/or stress
response mechanisms (Garcı́a-Estrada et al.
2018).

It is important to note that while the term ‘global’ is
conventionally used to describe elements with a regu-
latory effect that is not limited to a single cluster, no
regulator has been described so far that controls all,
rather than a fraction, of SM pathways in a given
organism.

Beginning with the observation that veA, a
gene previously known for its role in the con-
trol of the light-dependent morphological
switch between sexual and asexual develop-
ment in Aspergillus nidulans, has an impact
on the biosynthesis of sterigmatocystin and
penicillin (Kato et al. 2003), researchers in the
field have established a direct link between
morphology, primary metabolism, and the
regulatory response in secondary metabolism.

The velvet domain-containing family of
proteins is conserved within the fungal king-
dom (Bayram and Braus 2012). The members of
this family, namely, veA and velB, interact with
a methyltransferase domain-containing nuclear
protein laeA, which was initially found to be
essential for the production of sterigmatocystin

(carcinogen), and penicillin (antibiotic) (Bok
and Keller 2004). Since the discovery of laeA,
this regulatory element has been characterized
in other fungi, where its deletion led to the loss
of production of SMs, such as gliotoxin in
Aspergillus fumigatus (Keller et al. 2006), the
antihypercholesterolemic lovastatin in Asper-
gillus terreus, as well as aflatoxin and aflatrem
in Aspergillus flavus (Bok et al. 2006a). The laeA
regulome investigation helped correctly iden-
tify the biosynthetic gene cluster of the antitu-
mor compound terrequinone A, previously
undescribed in A. nidulans (Bok et al. 2006b;
Bouhired et al. 2007). Similarly, Hong and cow-
orkers identified Aspergillus fumisynnematus
to be a producer of cyclopiazonic acid upon
overexpression of laeA (Hong et al. 2015),
underlining the potential of manipulation of
this global regulator for the purpose of discov-
ery of novel metabolites even in strains with no
readily available genome sequence. For a fur-
ther overview of research focused on the laeA
regulation of SM, the reader is directed to Yin
and Keller (2011).

Another interesting discovery was that of a
transcriptional regulator designated mcrA
(multicluster regulator) in Aspergillus nidulans
(Oakley et al. 2017). The authors used a muta-
genic approach to find genes that trans-acti-
vated the backbone enzymes of biosynthetic
gene clusters, which led to the discovery of a
transcription factor with a global repressive
effect on secondary metabolism. When deleted,
the mutant strain not only shows a different
profile of known SMs from the parental strain
but also produces two new cichorine deriva-
tives, along with trace amounts of felinone A,
an antibiotic compound recently discovered in
Beauveria felina (Du et al. 2014). It has also
been shown that mcrA works independently of
laeA, as its deletion stimulates SM biosynthesis
regardless of the presence of laeA; furthermore,
new masses were observed when laeA was over-
expressed in a mcrA deletion background.
Expectedly, the deletion of mcrA orthologues
in other fungal strains, namely, A. terreus and
Penicillium canescens, also led to altered meta-
bolic profiles in the nascent mutants (Oakley
et al. 2017). Given the high level of conservation
ofmcrA among ascomycetes, it is likely that the
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manipulation in other filamentous fungi will
reveal many more compounds with bioactivity
potential.

A recent resurrection of forward genetic
screening approach has managed to identify
mutations in three novel secondary
metabolism-regulating elements in A. nidulans
and A. flavus. Genomes of chemically mutagen-
ized A. nidulans strains suffering from dysre-
gulation of sterigmatocystin synthesis were
sequenced to reveal laeB, sntB, and hamI, pre-
sumably acting alongside laeA as regulatory
proteins required for the production of sterig-
matocystin. This hypothesis is further sup-
ported by their conserved presence in the
genomes of other aflatoxigenic fungi, as well as
a radical decrease in sterigmatocystin produc-
tion in the A. flavus DlaeB strain (Pfannenstiel
et al. 2017). The deletion of laeB in A. nidulans
led to the discovery of two novel phthalide
compounds (3- and 7-methoxyporriolide) and
two dibenzo[1,4]dioxins (gibellulin C and D)
(Lin et al. 2018), indicating that the deletion of
the new regulatory proteins in other fungi may
yet prove to be a fruitful approach to novel
metabolite discovery.

The response of fungi to stress triggers an
arsenal of regulatory machineries, often with a
profound influence on the secondary metabo-
lome of the fungus (reviewed by Brakhage
2013). This happens through signaling path-
ways, which often converge at master regulator
nodes. The cell wall integrity (CWI) pathway is
one such responsive signal cascade, formally
ending with a terminal MAP kinase. The dele-
tion of this enzyme often leads to an impaired
growth phenotype, and the inhibition of this
pathway has been shown to lead to decreased
titers or complete abolition of SM production,
e.g., penicillin in A. nidulans or gliotoxin in
A. fumigatus (Valiante 2017 and references
therein).

Other MAPK-regulated SMs include fumonisin B1 in
Fusarium verticillioides, or ACT toxin in Alternaria
alternata (Valiante 2017 and references therein).

Similarly, signals sensed by G-protein-cou-
pled receptors embedded in the fungal cell

membrane activate the cAMP/protein kinase A
pathway, which relays developmental signals
and has been shown to activate a silent SM
cluster in A. fumigatus, revealing a novel com-
pound, fumipyrrole (Macheleidt et al. 2015).
Taken together, these findings suggest that the
genetic manipulation of signaling proteins and
regulators may provide insight not only into
general biology but also cryptic secondary
metabolism in fungi.

Stress signals inducing secondary metabo-
lism are not required to be externally provided.
Activation of the amino acid starvation path-
way, particularly the Myb-like transcription
factor BasR, in A. nidulans induced the expres-
sion of orsellinic acid gene cluster. Interest-
ingly, activation of BasR also appears to
constitute the fungal response to a biotic chal-
lenge presented in co-culture with Streptomyces
rapamycinicus (Fischer et al. 2018).

2. Engineering Native Regulatory Elements in
Fungal Biosynthetic Clusters

The plentiful amount of fungal genomic data
produced and made available in the past decade
has enabled mining for, and prediction of, bio-
synthetic clusters, often containing a cognate
transcriptional regulatory protein. A seminal
study of Brakhage and coworkers proved that
a silent SM cluster could be awakened by
controlling the expression of its native tran-
scription factor using a promoter induced by
the presence of ethanol (Bergmann et al. 2007).
The A. nidulans aspyridone cluster was thus
activated using the alcA promoter. The use of
different regulatory elements, such as promoter
exchange and transcription factor overexpres-
sion, with the purpose of discovery and pro-
duction of natural products in filamentous
fungi has since become a popular research
strategy (Brakhage and Schroeckh 2011).

Unsurprisingly, genetic engineering of such
basic regulatory elements has led to the discov-
ery of a multitude of secondary metabolites
across various species. A biosynthetic cluster’s
regulatory elements, namely, core enzyme pro-
moter (PeqxS) and transcription factor (eqxR)

270 M. Flak et al.



are assumed to be responsible for the high
native production of equisetin in Fusarium het-
erosporum. As strong transcriptional activators,
these elements were exploited to resurrect an
“extinct” pathway (i.e., a pathway from a pro-
ducing organism that is no longer available)
responsible for the production of pyrrolocin
and its two derivatives, all with an antitubercu-
losis activity (Kakule et al. 2015). In a similar
approach, the A. terreus terrein cluster tran-
scription factor terR combined with the tran-
scriptional control of the native promoters,
served as a basis for the development of a
strong constitutive heterologous expression
system (Gressler et al. 2015).

Further example of genetic manipulation of
regulatory genes involves the overexpression of
two pathways in A. fumigatus. (König et al.
2013) generated a strain overproducing fumi-
cyclines, originally a product induced in a bac-
terial co-cultivation, by putting the cluster’s
associated transcription factor under the con-
trol of the inducible icl promoter. Similarly,
fumipyrrole was found as the product of a pro-
tein kinase A/cAMP-signaling pathway-
activated NRPS cluster (Macheleidt et al.
2015). The Tet-On promoter-facilitated overex-
pression of the cluster-specific transcription
factor activated the biosynthesis of fumipyrrole
even in absence of an active cAMP signaling
cascade.

A. nidulans, similarly, produced asperfuranones as a
result of replacement of the native promoter of one of
the cluster’s own transcription factors by the alcohol
dehydrogenase promoter (Chiang et al. 2009).

Relying on the activating properties of
many transcription factors in fungi, other stud-
ies opted for constitutive, rather than inducible,
expression of transcription factors in order to
awaken the entire cluster. A novel diterpene
gene cluster was characterized after gpdA-
induced expression of a newly discovered tran-
scription factor pbcR in A. nidulans. While its
overexpression generally attenuated secondary
metabolite production, the seven genes adja-
cent to the cluster were shown to produce ent-
pimara-8,14(15)-diene (Bromann et al. 2012).

Similarly, when the gpdA promoter was exchanged for
the native promoter of berA, a transcription factor of a
paraherquonin-like cluster encoded in Neosartorya gla-
bra (Zhang et al. 2018), the pathway activation led to
the discovery of four berkeleyacetal derivatives.

It needs to be noted that while the selected
published examples suggest that the induction
of regulatory proteins is sufficient for the acti-
vation of a silent secondary metabolite cluster,
this is not always the case. Ahuja et al. (2012)
systematically replaced the promoters of tran-
scription factors of 18 non-reducing PKS gene
clusters in A. nidulans with an inducible alcA
promoter. Surprisingly, this approach only
worked in three instances and yielded no or
very low increases in the production of the
remaining 15 respective SMs. Thus, additional
considerations and genetic engineering meth-
ods are necessary and have indeed proved vital
in the process of activating silent gene clusters
in fungi. This necessity is elegantly illustrated
by Grau et al. (2018). In their work, they
exchanged the DNA-binding domain of a
highly active TF associated with the asperfura-
none gene cluster for the DNA-binding domain
of a silent cluster-specific TF. This hybrid syn-
thetic regulator was able to activate the aln
cluster, producing the anti-inflammatory, anti-
tumor polyketide asperlin, as well as a photo-
protective carboxylic acid intermediate,
potentially useful in cosmetics.

B. Heterologous Expression of Fungal
Biosynthetic Gene Clusters

Expression of both, bacterial and fungal natural
product biosynthetic pathways in heterologous
hosts, has been established as a powerful tech-
nique for discovery, as well as production of
secondary metabolites (Alberti et al. 2017).
With the explosion of genomic data availability
and remarkable advances in synthetic biology
tools, heterologous expression has become a
viable alternative to total synthesis in many
cases. Numerous advantages of this approach,
including state-of-the-art molecular tools for
SM production enhancement, as well as the
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potential to refactor the natural pathways to
synthesize novel product analogs, render this
practice attractive in the field of fungal research
(Billingsley et al. 2016). Heterologous expres-
sion is also considered to be the optimal tactic
in the attempts to elucidate biosynthetic path-
ways in organisms exhibiting slow growth
under laboratory conditions, which are not yet
culturable, or in those that are not genetically
amenable at present (Schmidt-Dannert 2015).

Multiple criteria must be considered and
addressed in order to achieve a successful
expression of a given pathway in a non-native
host. Careful appraisal of potentially problem-
atic sequence elements such as introns, along
with codon optimization and the choice of a
suitable host, may prove crucial (Billingsley
et al. 2016). Generally, selecting a related organ-
ism naturally possessing the ability to produce
secondary metabolites improves the chances of
success in expression of an exogenous pathway
(Mattern et al. 2015b). It is, however, important
to acknowledge that even microorganisms
devoid of secondary metabolism can be engi-
neered for production of a wide array of bioac-
tive secondary metabolites. This was the case
with Saccharomyces cerevisiae, a biotechnology
workhorse, producing the fungal polyketide
lovastatin (Ley et al. 2015), or even the plant-
derived antimalarial terpenoid artemisinin
(Arsenault et al. 2008) or alkaloid hydrocodone
(Galanie et al. 2015).

A recent work by Hillenmeyer and cowor-
kers established a large-scale heterologous SM
expression platform (HEx) in yeast (Harvey
et al. 2018). The authors scanned all available
fungal genomes to date to identify 3512 biosyn-
thetic gene clusters from which 41 previously
uncharacterized clusters were selected (from
both ascomycetes and basidiomycetes), harbor-
ing unique PKS and UbiA-like terpene cyclase
(UTC) core genes. The constituent genes from
these clusters, placed under the control of the
yeast PADH2 promoter, were cloned into highly
optimized S. cerevisiae strains using plasmid
vectors. Twenty-two heterologous expression
strains were reported to synthesize compounds
absent in the control strains, 11 of these

appeared to be completely novel. The structure
of these new compounds was elucidated; how-
ever, none were tested for bioactive properties.
Nevertheless, this effort underlines the power of
heterologous expression of secondary metabo-
lite gene clusters.

Among filamentous fungi, Aspergilli have
proved to be particularly rewarding hosts for
heterologous expression of biosynthetic gene
clusters. Aspergillus oryzae has been used to
heterologously synthesize high yields of antibac-
terial citrinin from Monascus purpureus (Sakai
et al. 2008), an inhibitor of potassium pump
with antibacterial effect paxilline from Penicil-
lium paxilli (Tagami et al. 2014), or pleuromu-
tilin, an antimicrobial compound from
Clitopilus passeckerianus (Bailey et al. 2016).

A similar approach has been used for the discovery of a
multitude of novel compounds, examples ranging from
prenylated cyclic dipeptides produced in A. nidulans
(Wunsch et al. 2015), to two novel ergot alkaloids being
produced in A. fumigatus (Robinson and Panaccione
2014). Other examples of heterologous expression in
filamentous fungi have been extensively reviewed in the
past (Schümann and Hertweck 2006; Lubertozzi and
Keasling 2009; Anyaogu and Mortensen 2015).

Of special note is the report of a modifica-
tion of the product of known pathways by
the heterologous host, raising the question
whether compounds discovered using this
approach with other, uncharacterized clusters,
truly represent their bona fide products. The
expression of the cytochalasin synthetase of A.
clavatus, surprisingly, led to the production of a
modified intermediate, niduclavine, in A. nidu-
lans (Nielsen et al. 2016).

From a prognostic point of view, it is rea-
sonable to assume that filamentous fungi (as
well as their relatives from other clades) will
play a consequential role in basic and applied
research, as well as industrial production of
pharmaceuticals and agrochemicals, be it in
the role of heterologous expression hosts,
ample sources for new compounds discovery,
or as platforms for directed synthetic biology
aimed at novel compound analogs with desired
properties.
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C. Molecular Engineering of Biosynthetic
Clusters and Combinatorial Synthetic
Biology

1. Manipulation of Promoter Systems

The vast economic relevance of fungi in the
biotech industry, as well as complex basic and
applied research endeavors over several dec-
ades have prompted a need for tunable gene
expression systems. The ever-improving mech-
anistic understanding of gene regulation has
enabled the development of promoter struc-
tures that facilitate the initiation of transcrip-
tion of a gene of interest in a constitutive or
inducible manner.

Features typical for inducible promoters
include tight and controllable regulation, cost-
optimal induction possibility, and a high
expression of the gene downstream of the pro-
moter (Kluge et al. 2018). Such systems devel-
oped over years have mostly been dependent on
the metabolic activity of the induced organism
and the carbon source present in the medium,
e.g., the xylP promoter induced by xylose and
repressed by glucose (Zadra et al. 2000) or the
alcA promoter induced by ethanol and
repressed by glucose (Waring et al. 1989). The
latter was used in a pioneering attempt to acti-
vate a silent SM cluster in A. nidulans by put-
ting the cognate cluster regulator, apdR under
the control of the alcA promoter. This strategy
led to the discovery of two novel compounds,
aspyridones A and B (Bergmann et al. 2007).

Recently, the cbhI promoter, induced by various plant
saccharides, was cloned to control the heterologous
expression of two feruloyl esterase genes in Tricho-
derma reesei in order to liberate ferulate from wheat
bran.

Inducible promoters that do not depend on
the carbon source circumvent the obvious
obstacles of manipulating growth conditions.
Among these, the tetracycline-inducible pro-
moter, originally based on the bacterial tetracy-
cline resistance operon, was optimized for
eukaryotes and has been in use for decades
now (reviewed by Kluge et al. 2018). Tet-On
and Tet-Off (active in presence and absence of

a tetracycline core structure, respectively) pro-
moters have been optimized for a number of
filamentous fungi (Vogt et al. 2005; Meyer et al.
2011; Wanka et al. 2016; Janevska et al. 2017),
ensuring the possibility of a fine-tuned expres-
sion regulation. Sun et al. (2016) conducted an
elegant study in which the Tet-On promoter
was used to overexpress the last uncharacter-
ized PKS-NRPS hybrid gene in A. terreus. This
approach, further validated by heterologous
expression in A. nidulans, suggests that pgnA
is the only gene necessary for the production of
the metabolite.

Other particular examples of the use of the tetracycline-
inducible promoter system are discussed throughout
the present work.

Recently, a novel nitrate-inducible pro-
moter system tailored for secondary metabolite
expression, designated “CoIN” was developed
in A. nidulans (Wiemann et al. 2018). Utilizing
the bidirectional niiA/niaD promoter and sup-
plementing the growth medium with nitrate,
the authors were capable of expressing the b-
carotene pathway from Fusarium fujikuroi in
A. nidulans.

2. Combinatorial Hybrid Biosynthetic Cluster
Engineering

A particularly interesting attitude to the discov-
ery of novel fungal natural products is the ratio-
nal genetic engineering of novel enzymes
comprising the domains of biosynthetic genes
from distinct clusters. These chimeric enzymes
are then transferred into a tractable heterolo-
gous host for expression. Inspired by the
combinatorial biosynthesis approaches long
used in the research of actinobacteria (Weiss-
man 2016), domain exchanges and module
swapping have helped create novel “unnatural”
products since as early as 1985, when meder-
rhodins, hybrid antibiotics from Streptomyces
sp. were reported (Omura et al. 1986).

Another hybrid PKS product of mutational biosynthe-
sis is doramectin, an antiparasitic molecule widely used
in veterinary medicine today (Goudie et al. 1993).
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The PKS and NRPS biosynthetic genes in
fungi share a similar modularity to those in
bacteria, facilitating their genetic shuffling and
combination as building blocks into novel pro-
tein chimeras with desired catalytic properties
(Nielsen et al. 2016). With the advancing struc-
tural information on fungal SM genes, it has
become possible to predict the enzyme pro-
gramming and product synthesis (Hertweck
2015).

An inviting type of biosynthetic enzymes
presents itself in the fungal PKS-NRPS hybrids:
multimodular enzymes, usually consisting of a
type I iterative highly reducing PKS and a single
NRPS module. These naturally hybrid enzymes
are known to produce highly bioactive com-
pounds, including cyclopiazonic acid (Seidler
et al. 1989), pseurotin (Wiemann et al. 2013a),
or fusarin C (Sondergaard et al. 2011). Given
their inherently dual character, researchers
have successfully attempted to combine the
PKS and NRPS modules from different species,
or even the same organism. Bassianin, an
extinct metabolite (i.e., a previously reported
metabolite whose producing strain is unavail-
able) from Beauveria bassiana, was brought
back by domain and module swapping between
two genes from the fungus, tenS and dmbS,
responsible for tenellin and desmethylbassianin
production, respectively (Heneghan et al. 2010;
Fisch et al. 2011).

A hybrid compound incorporating a tryptophan resi-
due into the aspyridone polyketide backbone was gen-
erated by an ApdA (aspyridone synthase) and CpaS
(cyclopiazonate synthetase) chimeric enzyme (Xu
et al. 2010).

A more comprehensive approach was
employed, where PKS-NRPS compatibility was
studied by constructing 34 distinct module
swaps between five genes from four different
organisms. Many expected chimeric com-
pounds were detected and the approach yielded
six novel metabolites (Kakule et al. 2014). A
rather interesting set of results was provided
by Nielsen et al. (2016), who used the cytocha-
lasin PKS-NRPS hybrid, ccsA, along with a
trans-acting enoyl reductase ccsC, to create chi-
meras by module swapping with syn2, an
uncharacterized PKS-NRPS from Magnaporthe

oryzae, leading to identification of novel pro-
ducts in A. nidulans as the heterologous host.

By reciprocally combining the PKS and NRPS modules
of the respective genes, they created heterologous host
mutants expressing functional fusion proteins produc-
ing niduchimaeralin A (chimeric ccsA-syn2 PKS-
NRPS), and a structurally similar niduchimaeralin B
(chimeric syn2-ccsA PKS-NRPS). The authors speculate
that the success of this study depended on the struc-
tural similarity of the intermediates, rather than protein
compatibility, based on the ability of non-native con-
densation domain to recognize the polyketide.

This strategy to generate novel fungal che-
mistries is therefore potentially valuable but
inherently limited by the structural affinities
and substrate preferences of the nascent hybrid
biosynthetic enzymes.

Engineering fungal SM enzymes is by no
means limited to PKS-NRPS hybrid pathways.
Previously, bacterial NRPSs have been manipu-
lated to generate functional recombinant
enzymes (e.g., Owen et al. 2016; Fischbach
et al. 2007), while their fungal counterparts
remained understudied. Three NRPS-like
genes from A. terreus responsible for the pro-
duction of aspulvinone E, butyrolactone IIa,
and phenguignardic acid were engineered by
Wang and coworkers, swapping individual ade-
nylation (A), thiolation (T), and thioesterase
(TE) domains (van Dijk et al. 2016). This
approach resulted in the finding that NRPS-
like genes can be engineered to yield functional
hybrid enzymes that synthesize a novel metab-
olite.

Specifically, exchanging the A and T domain in butyr-
olactone IIa synthetase for phenguignardate A or A-T
domain fragment results in the production of a non-
hydroxylated metabolite phenylbutyrolactone, suggest-
ing that the function of the TE domain is independent
of the A domain.

D. Novel Techniques for Natural Product
Discovery

1. CRISPR-Cas9 in Filamentous Fungi

The innovation in the field of molecular biology
has overcome the restrictions imposed by the
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traditional molecular toolkit used in filamen-
tous fungi: gene deletion, overexpression, or
mutagenesis. The advent of CRISPR-Cas9 gene
editing technology (Jinek et al. 2012), based on
the bacterial adaptive immunity derived from
Streptococcus pyogenes, and suitable for multi-
ple concurrent gene-editing events, was
promptly appropriated and installed in fungal
hosts (Krappmann 2017; Weber et al. 2017).

The system was established in the model species Neu-
rospora crassa (Matsu-ura et al. 2015), A. nidulans
(Nødvig et al. 2015), the industrial workhorse, Tricho-
derma reesei (Liu et al. 2015), phytopathogenic Ustilago
maydis (Schuster et al. 2016), and the human pathogens
Candida albicans (Vyas et al. 2015) and A. fumigatus
(Fuller et al. 2015).

This technology promises to accelerate
genetic engineering by offering highly targeted,
markerless editing of DNA. Deng et al. (2017)
provides a comprehensive overview of the state
of the art of CRISPR-Cas9 technology in fila-
mentous fungi.

In A. fumigatus in particular, the CRISPS-
Cas9 gene editing coupled with a split marker
system has been used to reconstitute the func-
tionality of a mutated trypacidin biosynthetic
gene cluster (Weber et al. 2017). In this study,
the authors utilized the CRISPR capability to
edit single bases within the genome and “cor-
rected” a point mutation that resulted in a pre-
mature stop codon in the PKS-coding tynC
gene. To advance the efficiency of the method
and prevent further alterations to the locus of
interest, a spatially separated split marker was
introduced that contained a gRNA recognition
site and PAM identical to that of the tynC target
site on each fragment. Thus, the selection
marker was only active after cleavage by Cas9
endonuclease, which concurrently also intro-
duced a double-strand break in tynC, allowing
for a recombination event with provided donor
DNA, effectively reconstituting the gene’s func-
tionality in a formerly non-producing strain.
Trypacidin has been shown to be present in
fungal spores, and it is hypothesized to have a
protective effect against phagocytosis due to its
amoebicidal activity (Mattern et al. 2015a).

CRISPR-Cas9 technology was also used to
genetically engineer and explore the secondary
metabolism of Talaromyces atroroseus, a
fungus previously recalcitrant to genetic
manipulation. Using the CRISPR-Cas9-enabled
efficient gene targeting, the authors were able to
delete the gene encoding a hybrid PKS-NRPS,
identified as an orthologue of those producing
nitrogen-containing tetramic acid derivatives
in other filamentous fungi (Nielsen et al.
2017). This hybrid gene is responsible for the
production of talaroconvolutin A and its medi-
cally relevant stereoisomer ZG-1494a.

The latter is an inhibitor of platelet-activating factor
acetyltransferase (West et al. 1996), while talaroconvo-
lutins have been evaluated for their antifungal activity
(Suzuki et al. 2000).

2. Polycistronic Expression of Biosynthetic
Pathways

Pioneered by the recent publication of the
introduction of a construct containing the
penicillin biosynthetic pathway genes encoded
in a single polycistronic mRNA in a non-
producing strain of A. nidulans (Unkles et al.
2014), the technique has sparked interest
among fungal molecular biologists. This novel
synthetic biology approach assembles multiple
genes in a single mRNA and utilizes viral
2A peptide sequences to facilitate a co-
translational cleavage of the nascent peptide
chain by the ribosomes. That opens the possi-
bility of introducing entire biosynthetic gene
pathways in convenient heterologous hosts, cir-
cumventing promoter exchange limitations, the
need for individual gene overexpression, or
selection marker recycling.

This approach has since been validated and
optimized for A. niger. Enniatin production
native to Fusarium oxysporum was installed in
the biotechnology workhorse by introducing
ketoisovalerate reductase and enniatin synthe-
tase genes, required for the SM synthesis,
linked with 2A peptide sequences (Schuetze
and Meyer 2017). Geib and Brock (2017) used
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an approach combining a double promoter
exchange and polycistronic heterologous
expression to optimize the expression levels of
a reporter gene, subsequently verifying the
capacity of the system using the aspulvinone E
synthetase gene from A. terreus. The result was
a finely tunable, strong gene expression plat-
form.

Crossing the borders of secondary metabolism
research, the 2A peptide-based system was also used
to assemble a bicistronic construct of a Penicillium
funiculosum cellobiohydrolase enzyme and a GFP,
which was introduced into T. reesei, allowing the
authors to monitor the expression of the enzyme (Sub-
ramanian et al. 2017).

Recently, Hoefgen et al. (2018) introduced
an advanced method of polycistronic expres-
sion, introducing a split fluorescent marker,
active only upon successful assembly and
allowing for simple selection of positive trans-
formants using fluorescence microscopy, along
with a TEV protease to reduce the remaining C-
terminus tag of the 2A peptides. This improved
method was used to heterologously produce
exceptionally high yields of the psychotropic
alkaloid psilocybin in A. nidulans. The halluci-
nogenic compound has recently regained inter-
est, showing a pharmaceutical potential as an
anxiolytic in terminal-stage cancer patients and
antidepressant (Griffiths et al. 2016).

It is worthwhile to note that this research is
recent, and while no new fungal metabolites
have been discovered yet, it is conceivable that
the polycistronic expression of whole fungal
pathways will, in the future, yield novel second-
ary metabolites with interesting bioactive
potential.

3. Fungal Artificial Chromosomes

An elegant, albeit isolated technique
incorporated the idea of bacterial and yeast
artificial chromosomes and translated it to fila-
mentous fungi, giving rise to so-called fungal
artificial chromosomes (FACs). Constructed on
a bacterial plasmid backbone harboring the
fungal autonomously replicating fragment
AMA1, these genetic elements are capable of

replicating in both E. coli and A. nidulans. Ran-
domly sheared segments of A. terreus genomic
DNA were cloned into the backbone, creating
the FACs. All 56 annotated biosynthetic gene
clusters from A. terreus were introduced into
FACs in this fashion and successfully shuttled
into A. nidulans as a heterologous host (Bok
et al. 2015). To validate the system, the authors
analyzed a host mutant carrying the A. terreus
astechrome cluster and discovered terrezine D,
a precursor molecule in astechrome biosynthe-
sis machinery.

The utilization of unbiased, randomly
sheared gDNA is specifically of note. This ren-
ders the FACs methodology particularly appli-
cable in the case of unsequenced microbes and
complex microbial metagenomes and high-
lights its enabling potential to identify SM
gene clusters and their corresponding pro-
ducts.

III. Fungal Interactions as a Source of
New Compounds

A. Induction of Natural Product Formation by
Co-cultivation

At the beginning of natural product research,
isolates of fungi and other microorganisms
were taken from distinct habitats, such as soil,
grown in monoculture, and fermented to find
metabolites showing desirable activity. This
approach was highly successful and yielded an
abundance of potent pharmaceuticals, which
are still being used to date. It is widely accepted
that fungi, as well as all other microorganisms,
do not live in isolation in their natural habitat
(Fig. 11.2). Therefore, organismal interactions
are highly likely to occur and secondary meta-
bolites are mainly thought to serve as arsenal in
the defense of an ecological niche (Netzker et al.
2018). An abundance of co-cultivation experi-
ments has been carried out in order to obtain
novel antibiotics to refill the antibiotic pipeline,
as well as to gain insight into the biology of
organismal interactions. In the next sections
we aim to give an overview of examples in
which natural product formation was induced
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by fungal co-cultivation with bacteria and other
fungi.

1. Induction of Silent Natural Product Gene
Clusters by Co-cultivation of Fungi with
Bacteria

As aforementioned, fungi do not live in isola-
tion, but encounter various neighboring micro-
organisms, to whose presence they have to
react. It is conceivable that upon co-cultivation
of fungi with other microorganisms in the lab-
oratory, each interaction partner might pro-
duce compounds to communicate or defend
itself.

Early co-cultivation approaches proved
that fungi could display specific reactions to
co-cultivated bacteria. Following the assump-
tion that fungi coexist with actinobacteria in
the soil, these organisms were among the first

to be used in controlled co-cultivation experi-
ments. The filamentous ascomycete Aspergillus
nidulans reacts to the close physical contact
with the soil bacterium Streptomyces rapamyci-
nicus by producing orsellinic acid, lecanoric
acid, and the cathepsin K inhibitors F-9775A
and B (Schroeckh et al. 2009). Interestingly, the
same bacterium induces the fumicycline bio-
synthetic gene cluster in the human pathogenic
A. fumigatus, leading to the production of
fumicyclines A and B (König et al. 2013). How-
ever, S. rapamycinicus is not the only bacte-
rium, which elicits a specific reaction in A.
fumigatus.

In co-culture with Streptomyces peucetius, the fungus
produces two formyl xanthocillin analogues, fumifor-
mamide and N,N0-((1Z,3Z)-1,4-bis(4-methoxyphenyl)
buta-1,3-diene-2,3-diyl)diformamide, the latter
showing significant cytotoxic activity against tumor
cells (Zuck et al. 2011).

Fig. 11.2 Secondary metabolites fulfill a diverse array
of functions in the natural habitat of the producing
organisms. As discussed in Sect. III, fungal secondary
metabolites are instrumental in mediating the commu-

nication between various fungal species, their bacterial
symbionts, as well as the ecological interactions
between fungi and various invertebrates and plants
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There are also quite recent examples of
novel fungal natural products discovered by
studying fungal-bacterial interactions. A
marine isolate of A. fumigatus produced the
undiscovered luteoride D, along with pseurotin
G, 11-O-methylpseurotin, and terezine D, when
co-cultured with two desert-derived strains of
Streptomyces leeuwenhoekii (Wakefield et al.
2017).

Expectedly, the effect of activation of silent
metabolic clusters in fungi is not limited
to streptomycetes. Abdelwahab et al. (2018)
described the production of aspvanicin A and
its epimer aspvanicin B in co-culture of Asper-
gillus versicolor with Bacillus subtilis.

Aspvanicin B shows anti-proliferative activity towards
mouse lymphoma cell lines.

Similarly, Aspergillus is not the only fungal
genus useful for co-cultivation approaches.
In the co-culture of an endophytic fungus Tri-
choderma sp. with Acinetobacter johnsonii,
two previously undescribed sesquiterpenes,
namely, microsphaeropsisin B and C, and two
new de-O-methyllasiodiplodins were detected
(Zhang et al. 2017).

In addition to the novel compounds, these co-
cultivations yielded 12 known products.

Basidiomycetes are also capable of adjust-
ing their secondary metabolism in interaction
with bacteria. The brown rot fungus Serpula
lacrymans shows production of pigmented
non-ribosomal peptides when in contact with
one of at least 13 different bacteria, but not in
monoculture. Among these colored com-
pounds, variegatic acid and xerocomic acid
decreased swarming and biofilm formation of
B. subtilis by a potentially novel, nontoxic mode
of action (Tauber et al. 2016, 2018). Streptomy-
ces AcH 505 induced the formation of a 5-
formylsalicylic acid (5-FSA) in the plant patho-
genic basidiomyceteHeterobasidion abietinum.

The addition of this compound to H. abietinum infect-
ing Norway spruce seedlings led to increased detrimen-
tal effects to the plant and an elevation of fungal
biomass. However, 5-FSA alone added to the plant did

not inhibit plant growth (Keilhofer et al. 2018). This
leads to the assumption that the streptomycete helps
the fungus to infect the host plant by production of a
natural product.

Taken together, bacterial-fungal co-
cultivation has been highly successful in dis-
covery of novel natural products and might
also be used to shed light on their role in the
natural habitats of the producing organisms.

2. Induction of Silent Secondary Metabolite
Gene Clusters by Co-cultivation of Fungi
with Other Fungi

In accordance with the idea that co-cultivation
of fungi with bacteria might result in the induc-
tion of otherwise silent natural product biosyn-
thetic gene clusters, there are successful
approaches of co-cultivation of one fungal spe-
cies with another that yield novel secondary
metabolites with antifungal properties. Three
novel lipoaminopeptides, the acremostatins A,
B, and C, were discovered when the endophytic
ascomycete Acremonium sp. and the mycopar-
asite Mycogone rosea were cultivated together
(Degenkolb et al. 2002).

These SMs bear structural resemblance to leucinosta-
tins, which show activity against the major potato path-
ogen Phytophtora infestans (Wang et al. 2016a).

Antifungal natural products are also
formed when isolates of Phomopsis sp. and
Alternaria sp. are co-cultured. Li et al. (2014)
reported the production of a new cyclic tetra-
peptide in mixed fermentation. Interestingly,
the newly discovered natural product shows
promising activity against several plant patho-
genic fungi (Li et al. 2014). The co-cultivation of
the two mollusk-derived fungi, Chaunopycnis
sp. and Trichoderma hamatum, is an interest-
ing showcase for multi-level fungal interac-
tions. Chaunopycnis sp. was shown to not only
produce the novel natural product chauno-
pyran A but also biotransform pyridoxatin pro-
duced by Trichoderma hamatum to methyl-
pyridoxatin, deactivating the molecule’s anti-
fungal properties (Shang et al. 2017).
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Novel SMs from fungal-fungal interaction
are not limited to antifungal activity: there are
also reports about production of antibacterial
compounds. The citrifelins A and B, citrinine
derivatives with a unique tetracyclic backbone,
were isolated from the culture broth of a co-
culture of marine-derived isolates of Penicil-
lium citrinum and Beauveria feline (Meng
et al. 2015). Another example for metabolites
identified in co-cultures involving fungi of the
genus Penicillium are the berkeleylactones.

P. fuscum co-cultured with P. camembertii/clavigerum
yielded eight berkeleylactone derivatives.

Interestingly, these show a very high anti-
microbial activity against Gram-positive bacte-
ria such as MRSA, as well as the opportunistic
fungal pathogen Candida albicans. However,
unlike other macrolide antibiotics resembling
berkeleylactones, they do not interfere with
protein biosynthesis, indicating a novel mode
of action (Stierle et al. 2017).

Furthermore, the antibacterial alkaloid aspergicin was
produced, when two epiphytic Aspergillus sp. strains
were co-cultured (Zhu et al. 2011, 2017).

Another interesting instance of fungal co-
cultivation is that of two developmental stages
of Aspergillus alliaceuswith one another. In this
fungus, the vegetative, asexual anamorph can
be separated from the sclerotia-forming morph
that induced sexual development. Both mor-
photypes produce distinct natural products
when grown in monoculture. Ochratoxin, a
potent mycotoxin, is being produced mainly
by the sexual teleomorph, while nalgiovensin,
an anthraquinone pigment, was produced by
the asexual stage. However, the natural product
pattern changed remarkably, when the asexual
and the sexual morph were co-cultivated. The
chlorinated nalgiovensin derivative, nalgio-
laxin, increased in abundance, and weakly cyto-
toxic allianthrones A, B and C, novel natural
products, were produced (Mandelare et al.
2018). This example illustrates that not only
different species of fungi, but different develop-
mental stages of the same strain, can interact

with each other and lead to different natural
product formation.

3. Induction of Fungal Volatile Compounds and
Their Role in Co-cultivation

Volatile organic compounds (VOCs) are gener-
ally considered to be small (�20 C atoms),
possessing low molecular mass, high vapor
pressure, and a low boiling point. These char-
acteristics enable easy transfer of VOCs in soil
and aboveground, which suggests that these
compounds serve as long-distance messengers
(Schmidt and Podmore 2015). Extensive
research was conducted investigating the role
of VOCs in communication of microorganisms
with their surroundings (Piechulla & Degen-
hardt 2014). As described below, there is now
growing evidence that VOCs also play an
important role in communication, signaling,
and growth inhibition of fungi, impacting
their physiological state, as well as secondary
metabolism. Evans et al. (2008) investigated the
production and influence of VOCs when vari-
ous fungi where challenged with each other.
The VOC profiles were species-specific and
showed variation over time. Notably, the VOC
pattern generally changed when the fungi
were in contact with other fungi. Among a
number of other VOCs, a potentially antifungal
quinolinium-like compound was formed when
Hypholoma fasciculare was either self-paired or
co-cultivated with Trametes versicolor.

A similar approach was pursued when the gas phase of
the plant pathogens Eutypa lata and Botryosphaeria
obtusa were connected. The produced VOCs were
species-specific, variable over time, and subject to
change when fungal partners were in contact. One of
the detected VOCs, antifungal 2-nonanone, gradually
increased in abundance during co-cultivation. How-
ever, both fungi, i.e. including the producer strain,
were susceptible to the antifungal activity of 2-
nonanone (Azzollini et al. 2018).

There is also a specific volatome response
between two peanut pathogens Aspergillus fla-
vus and Ralstonia solanacearum. A. flavus
VOCs reduced the production of exopolysac-
charides, R. solanacearum’s major virulence
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factor. In contrast, A. flavus decreased spore
production but increased aflatoxin production
when exposed to R. solanacearum VOCs (Spra-
ker et al. 2014). This highlights not only the
diverse patterns of VOCs but also the very spe-
cific “scent” fungi and their interactions seem
to have.

Even though no novel fungal SMs have been
identified thus far through methods involving
VOCs, it is conceivable that this approach will
become a valid strategy for silent SM gene clus-
ter induction in the future.

4. Induction of Silent Natural Product Gene
Clusters by Co-cultivation of Fungi with
Non-microorganisms

Co-cultivation approaches need not be limited
to confrontations of microorganisms. This has
been elegantly demonstrated in a co-cultivation
experiment of Trichoderma harzianum and cal-
lus of the Madagascar periwinkle, Catharanthus
roseus, leading to the discovery of a novel fun-
gal metabolite, trichosetin. This previously
undescribed tetramic acid exhibits remarkable
anti-Gram-positive activity also against MRSA
strains (Marfori et al. 2002).

B. Discovery of Fungal Natural Products
Inspired by Ecological Interactions

1. Natural Products from Fungi in Association
with Marine Organisms

Finding novel metabolites from fungi can be
achieved by exploring previously underinvesti-
gated habitats and ecosystems. The sea is one
of these ecosystems, gaining increasing atten-
tion in screening for potential pharmaceutically
relevant compounds; indeed, a number of anti-
bacterial natural products have been discov-
ered this way [recently reviewed in (Blunt
et al. 2018)]. An early report describes the pro-
duction of the chlorinated benzophenone anti-
biotic pestalone with potent anti-Gram-positive
activity by a fungus of the genus Pestalotia.
This fungus was originally isolated from the
surface of the marine alga Rosenvingea sp. and

only produced pestalone when co-cultured with
an unidentified unicellular marine bacterium
(Cueto et al. 2001).

Similarly, three novel chlorinated benzophenones, as
well as four novel natural products, pestaloisocoumar-
ins A and B, isopolisin B and pestalotiol A were isolated
from the sponge-derived fungus Pestalotiopsis hetero-
cornis. The chlorinated benzophenones as well as pes-
taloisocoumarins A and B exhibited potent anti-Gram-
positive activity (Lei et al. 2017).

GKK1032B and secalonic acid A were
isolated from the marine sponge-associated
fungus Penicillium erubescens and showed
activity against Gram-positive bacteria and in
the case of secalonic acid A also against MRSA
(Kumla et al. 2018). A marine A. fumigatus
strain, found in association with a sponge, was
able to produce seven novel antibacterial hel-
volic acid derivatives with potent activity
against the human and fish pathogenic bacte-
rium Streptococcus agalactiae (Kong et al.
2018). Not only antibacterial natural products
were discovered by sampling fungi frommarine
backgrounds. An A. fumigatus isolate from the
gastrointestinal tract of the marine fish Pseudo-
labrus japonicus produced seven cytotoxic
compounds, the fumiquinazolines A-G, when
cultured in artificial sea water for 3 weeks
(Takahashi et al. 1995). Liu et al. (2018) discov-
ered three cyclic peptides from the sponge-
derived Aspergillus violaceofuscus.

Among these compounds, a cyclic tetrapeptide, as
well as a diketopiperazine dimer exhibited anti-
inflammatory activity against interleukin-10 expression
of lipopolysaccharide-induced THP-1 cells.

Another isolate from a marine sponge is the
ascomycete Truncatella angustata, which pro-
duced 22 isoprenylated cyclohexanols on solid
medium. The novel derivative truncateol O
inhibited HIV-1 and H1N1 viruses, while trun-
cateol P exhibited activity against HIV-1 (Zhao
et al. 2018). Marine habitats and fungi in asso-
ciation with marine organisms like algae and
sponges can be regarded as a valuable source of
novel natural products with various pharma-
ceutically relevant features.
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2. Natural Products from Fungi in Association
with Arthropods

Leaf cutter ants in association with mutualistic
bacteria and their forage fungi are well studied
and remarkably stable communities. For 50–60
million years, these communities have devel-
oped to a commensal relationship with the
ultimate goal of defense of the community
against attacking pathogens. In this multipart-
ner system, the basidiomycete Leucoagaricus
gongylophorus serves as a food source to the
attine ants Acromyrmex octospinosus. The ants
culture the food fungus by feeding it gathered
plant material, as well as by grooming and
weeding the fungal garden (Currie 2001; Haeder
et al. 2009). Pathogenic fungi of the genus
Escovopsis disturb the delicate symbiosis by
overgrowing the food fungus, leading to a col-
ony collapse. Ant colony-associated Streptomy-
ces sp. Ao10, in turn, produces candicidin,
which can inhibit the pathogenic fungus, while
showing no effect on L. gongylophorus (Haeder
et al. 2009). There is evidence that the patho-
genic fungus also features a distinct natural
product arsenal, suggested to serve as virulence
factors to promote the infection of the ant col-
ony. Escovopsis weberi has been found to pro-
duce cycloarthropsone and emodin,
polyketides that inhibit the growth of L. gongy-
lophorus and, in the case of emodin, also the
associated streptomycete symbionts.

Furthermore, the pathogen also produced a novel
shearinine derivative, shearinine L, which shows repel-
lent activity towards the ant (Dhodary et al. 2018).
MALDI-MS imaging revealed that in interaction assays
of the ant-associated bacteria Streptomyces CBR38 and
Streptomyces CBR59 with Escovopsis TZ49, similar
compounds are involved. Escovopsis TZ49 produced
the shearinines D, F, and J, while the bacteria produced
a number of natural products, including antifungal
compounds (Boya et al. 2017).

This network was further expanded by the
identification of two more natural products
playing a role in the interaction of leaf cutter
ants, bacteria and fungi. E. weberi produced
melinacidin IV, which inhibits ant-mutualistic
Pseudonocardia bacteria (Heine et al. 2018). In
addition, it produces shearinine D, which not

only inhibits mutualistic bacteria but also accu-
mulates in ant workers and alters their behav-
ior, causing them to fail to remove infected
material from the ant colony. This portrays a
complex, multilayered system of natural war-
fare between closely associated fungi, bacteria,
and higher eukaryotes, in which secondary
metabolites play a leading strategic role.

IV. Natural Product Discovery in
Fungi in the Age of Omics

To combat the shortcomings associated with
the classical approaches toward discovery of
novel microbe-derived bioactive compounds
based on targeted purification, the postgenomic
era offers its own set of valuable tools. The use
of omics-based techniques aimed at secondary
metabolism in fungi provides a route toward
identification of the involved genetic elements,
direct detection of natural products, as well as
insights into their role and regulation in native
environments.

A vast spectrum of omics strategies has
been developed to advance the endeavors of
secondary metabolism research: genome-
based methods and bioinformatic algorithms
to identify the metabolic potential, high-
throughput metabolome studies used to com-
plement and verify the in silico predictions,
along with transcriptomic and proteomic tools
that form a link between the genomes and the
nascent metabolomes (Fig. 11.1b). As reviewed
in the following passage, the application and
integration of these strategies in fungal research
have proved fruitful in discovery of natural
products.

A. Genomics

Computational methods are routinely used to
identify biosynthetic gene clusters in the wealth
of genomic data made available in public repo-
sitories thanks to the advancements in high-
throughput sequencing. Systematic analysis of
sequencing data has consistently revealed that
most fungal genomes contain more BGCs than
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there are known NPs produced by the respec-
tive organisms (e.g., Macheleidt et al. 2016;
Rutledge and Challis 2015; Sanchez et al.
2012), representing an underexploited reservoir
of novel chemistries. As such, the genomic
approaches used in natural product discovery
are a valuable toolkit for capturing the general
biosynthetic potential of fungi.

Targeted genome mining approaches rou-
tinely used to identify BGCs are based primarily
on domain-dependent protocols, which iden-
tify conserved elements within the constituent
genes of a cluster. The antiSMASH framework
(Medema et al. 2011), with its latest version,
antiSMASH 4.0 (Blin et al. 2017), represents
one of the most comprehensive algorithms,
capable of recognizing 44 different classes of
biosynthetic enzymes. Others, like SMURF
(Khaldi et al. 2010), ClustScan (Starcevic et al.
2008), or PRISM (Skinnider et al. 2015), recog-
nize core enzymes typical for fungal secondary
metabolite clusters, including PKSs, NRPSs,
DMATSs, and/or hybrid PKS-NRPS entities.

For a recent overview of software tools and databases
for analysis of biosynthetic gene clusters in genomic
data, the reader is directed to a review by Weber (2014)
and references therein.

In contrast to the motif-dependent tools,
protocols have been designed to identify clus-
ters lacking a core enzyme. MIPS-CG, an algo-
rithm developed by Takeda et al. (2014), utilizes
comparative genomics of two species, recogniz-
ing gene order within a nonsyntenic genomic
background, rather than conserved motifs.
Similarly, comparative phylogenomics uses
the distribution and evolution of gene clusters
to predict the roles of genes, potentially linking
genetic elements and SMs (Brown and Proctor
2016), identifying novel clusters from phyloge-
netic alignment outliers (Kang 2017), or reveal-
ing an evolutionary plasticity in SM profiles
(Mattern et al. 2017). Comparative genomics
approaches are also highly suited to the identi-
fication of BGCs in a scenario where the prod-
uct is known, but the encoding cluster remains
to be discovered. Using the product structure,
information can be gained about the types of

enzymes involved in its production. This strat-
egy led to the identification of the gene cluster
of griseofulvin, an antifungal polyketide
produced by several Penicillium species. Com-
paring the genome of the producing P. aethio-
picum with that of P. chrysogenum, a non-
producer, facilitated the elimination of ortho-
logous clusters. From the remaining ones, only
one contained methyltransferases and a halo-
genase necessary for the formation of griseoful-
vin. The deletion of the PKS confirmed the
prediction (Chooi et al. 2010).

The SM cluster producing echinocandin B1, a novel
antifungal from Emericella rugulosa, was identified in
a similar fashion (Cacho et al. 2012).

While mining of genome data using bioin-
formatic tools is valuable due to its speed of
processing and high throughput potential
(e.g., Cacho et al. 2015), it should be noted
that this approach is invariably predictive and
the derived hypothesis needs to be validated
experimentally. That links the computational
prediction with wet lab techniques, based
either on the OSMAC strategy and a relatively
inefficient screening of modified physicochem-
ical cultivation conditions [e.g., isolation of
new antibiotics from Aspergillus parasiticus
(Bracarense and Takahashi 2014)], or one of
the molecular techniques discussed in the pres-
ent work.

Traditionally, an SM cluster identified by
genomic approaches is validated by gene
knockout or overexpression to establish a link
between the genetic prediction and SM produc-
tion. Deletion of two genes in A. nidulans led to
the identification of the four emericellamides
C-F evident from the comparison between the
metabolic profiles of the wild type and deletion
strains (Chiang et al. 2009). Six azaphilones,
azanigerones A-F, were also discovered in the
same manner in A. niger and further validated
by overexpression and gene deletion mutants
(Zabala et al. 2012). Alternatively, a cluster can
be heterologously expressed, as was the case of
didymellamide B, whose cluster was identified
in A. solani and transferred to A. oryzae for
expression (Ugai et al. 2016).
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1. Metagenomics

The sequencing and analysis of DNA is not
limited to organisms culturable in laboratory
conditions. In the context of metagenomics,
DNA from environmental samples can be pur-
ified and even enriched to select for a particular
group of organisms, e.g., eukaryotes or fungi
(Chávez et al. 2015). The subsequent treatment
branches out and may involve the complex,
labor-intensive process of sequencing, assem-
bly, annotation, and bioinformatic search for
biosynthetic clusters. Alternatively, a metage-
nomic library construction may follow to pro-
duce vectors carrying the isolated DNA. This
approach is well established in bacteria [e.g.,
Iqbal et al. (2016)] and has led to the discovery
of numerous bioactive compounds, including
the recent malacidins (Hover et al. 2018). In
fungi, this has been elegantly demonstrated in
the construction of fungal artificial chromo-
somes (Bok et al. 2015), as discussed above.
Following suit, Robey et al. (2018) used the
same technology to identify a novel biosyn-
thetic mechanism from an Aspergillus aculeatus
NRPS. Metagenomic mining is a prospective
tool for the identification of potentially valuable
natural products from microbes that are uncul-
turable under laboratory conditions (Milshteyn
et al. 2014). Chávez et al. (2015) underline the
importance of extremophilic ascomycetes as an
untapped source. Similarly, symbiotic and
endophytic fungi are garnering attention as a
poorly characterized biological system with
biosynthetic capacity (Borges et al. 2009).

B. Transcriptomics

The utility of transcriptomics in the identifica-
tion of active BGCs, as an intermediate
approach between genomics and metabolo-
mics, is evident. The comparative analysis of
expression profiles between samples (e.g., trea-
ted/untreated, induced/uninduced, wild type/
mutant) yields information about pathway
expression, thus supporting other omics
approaches, and helping to identify (co-) regu-
lation patterns.

In an aforementioned example, Schroeckh
et al. (2009) used a microarray-based transcrip-
tomics approach to analyze the changes
induced in A. nidulans upon co-cultivation
with S. rapamycinicus. Within the large set of
differentially expressed genes, genes from sev-
eral SM clusters were found whose expression
was induced by contact with the bacterium.
One of these was the previously unidentified
cluster encoding orsellinic acid biosynthetic
genes.

Similarly, an uncharacterized NRPS cluster with an
unidentified product was linked to virulence and late
stage of infection in Fusarium graminearum (Zhang
et al. 2012) using microarray transcriptional profiling.

Transcriptional regulation at a global scale
can be revealed via transcriptome analyses. The
comparison of expression profiles between
samples was used to identify regulators linked
to SM silencing in bacteria (Amos et al. 2017); it
is conceivable that a similar approach may be
used in identifying regulatory elements in
fungi. Furthermore, an apparent co-regulation
of genes uncharacteristically scattered over
multiple chromosomes (rendering them
unidentifiable by conventional genomic predic-
tions) revealed a regulatory crosstalk between
gene clusters. In A. nidulans, an activator gene
from a putative NRPS cluster on chromosome
II induced the expression of a silent PKS cluster
on chromosome VIII, leading to the identifica-
tion of the polyketide asperfuranone (Berg-
mann et al. 2010).

The production of nidulanin A, discovered in the same
organism more recently, also requires two biosynthetic
genes, an NRPS and a prenyltransferase, physically
distant in their genomic context (Andersen et al. 2013).

MIDDAS-M, a bioinformatics tool designed
to detect BGCs, including those lacking a
canonical backbone enzyme, incorporates an
algorithm that can be used to analyze co-
regulatory phenomena in transcriptome data
by generating virtual clusters and scoring
expression differences. This method was
applied to identify the gene cluster responsible
for ustiloxin B in A. flavus (Takeda et al. 2014).
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While ustiloxin B is a nonribosomal peptide-
like compound, no predicted NRPS genes could
be linked to its biosynthesis. The MIDDAS-M
analysis of the transcriptome data from A. fla-
vus grown under different conditions showed
three differentially expressed clusters. Finally,
the ustiloxin B cluster was identified and ver-
ified by gene deletion.

C. Proteomics

To complement the genomic and metabolomic
strategies, proteomic studies offer a snapshot of
an organism’s secondary metabolism from the
perspective of active biosynthetic enzymes.
This approach is, naturally, based on an
assumption that the changes in enzyme types
and quantities are projected in modifications of
the metabolome. Indeed, the expression levels
of biosynthetic proteins are often directly corre-
lated to the levels of NP produced (Vödisch
et al. 2011; Gubbens et al. 2014).

Furthermore, the comprehensive nature of
a proteome study allows for the detection of
posttranslational modifications that may
occur to identify active enzymes. Du and van
Wezel (2018) provide an in-depth review of
activity-based protein profiling (ABPP), a
cost-efficient set of methods providing a snap-
shot of active biosynthetic potential in a com-
plex biological sample. Combining ABPP with
probes for conserved features of biosynthetic
enzymes, such as carrier protein (CP) and
thioesterase domains, and coupling to mass
spectrometry was used to explore and quantify
PKS and NRPS enzymes [the OASIS (Orthogo-
nal Active Site Identification System) by Meier
et al. (2009)]. It is important to note that these
methods are limited in their range by the avail-
ability of target domains in the sample, poten-
tiating bias in the final results. Thus, future
developments of novel probes for modular
enzymes could enable a wide implementation
of probe-based methods in secondary metabo-
lism research in fungi, as well as other phyla
(Meier and Burkart 2011).

Beyond discovery of biosynthetic enzymes,
proteomics is also useful for characterizing
peptidic NPs and determining the mode of

action of bioactive NPs. Comparing the whole
proteome of an NP-treated organism to an
untreated control provides a global overview
of changed pathways. Alternatively, a metabo-
lite can be immobilized and used as bait to
identify proteins with a sufficient binding affin-
ity, thus identifying potential target proteins
that can be further characterized by proteomics
(Du and van Wezel 2018).

The effects of gliotoxin on A. fumigatus were elucidated
in this manner: the toxin was found to trigger oxidative
stress by induction of a superoxide dismutase (Car-
berry et al. 2012), but also attenuated the effects of
H2O2-induced stress on the fungus (Owens et al. 2014).

Even a modified version of genome mining
is possible from a proteomics starting point:
the platform PrISM [Proteomic Investiga-
tion of Secondary Metabolites (Bumpus
et al. 2009)] allows for targeted detection of
NRPS- and PKS-derived peptides as well as
the corresponding BGC in unsequenced gen-
omes. The method makes use of the labile
phosphodiester linkage of the phosphopan-
tetheinyl cofactor to the thiolation domain of
NRPS and PKS enzymes.

This bond easily breaks during mass spectrometry,
releasing a cofactor fragment, thus creating a charac-
teristic mass difference that allows the identification of
peptides from the thiolation domain.

Peptide sequences can then be used as tem-
plates to create primers and amplify the
corresponding gene from the genome without
any previous sequence information. Sequenc-
ing of the gene, domain predictions, and align-
ment to known genes can then be used to
postulate a hypothesis regarding the enzyme
product, leading to its targeted detection.

The complementation of proteomic meth-
ods with other approaches, e.g., proteoge-
nomics (an integrated methodology combining
genomics, transcriptomics, and proteomics)
(Albright et al. 2014), along with the advancing
possibilities of exploitingmetaproteomics from
microbial communities (Wang et al. 2016b),
promises deep insight into, and large expansion
of our knowledge of fungal biosynthetic path-
ways.
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D. Metabolomics

In line with the other omics methods, metabo-
lomics provides a temporally limited snapshot
of an organism’s chemical potential, pooling
all metabolites available in the sample, or
enriching for secondary metabolome finger-
print, using an adequate extraction method.
Experiments aiming at the discovery of novel
NPs thus usually involve an untargeted screen-
ing of organic extracts of whole cultures, fol-
lowed by a chromatographic separation and
mass spectrometry for compound analysis.
Lately, a shift has been observed toward in
situ analysis strategies, including mass spec-
trometry imaging (MSI), circumventing the
need for sample preparation. As the analytical
methods are beyond the scope of the present
work, the reader is directed to the excellent
reviews by Cox et al. (2014), Wolfender et al.
(2015), and Netzker et al. (2018).

Dereplication (the process of identification
of known compounds in a mixture) of experi-
mental data represents a key step in metabolo-
mics—indeed, rediscovery of SMs has
hampered research in this field for years (see
above).

For illustration, an OSMAC-coupled de-replication
approach was used to identify three new penitremone
derivatives from a marine-derived strain of Penicillium
canescens amidst a large number of already known
compounds (Vansteelandt et al. 2012).

Multiple public data repositories are avail-
able, including METLIN (Zhu et al. 2013),
GNPS (Wang et al. 2016c), or MassBank
(Horai et al. 2010), where researchers are
encouraged to deposit their spectrometric data
to aid dereplication efforts and acceleration of
the process of novel compound discovery. The
software tools used in database interrogation
usually also provide the option of performing
multivariate statistical analysis, e.g., principal
component analysis and partial least squares
(Cox et al. 2014; Covington et al. 2017), as well
as hierarchical clustering and pathway enrich-
ment analysis for further exploration of the
data [for an overview of software, see Liu and
Locasale (2017)].

Molecular networking based on metabolo-
mic data, i.e., creating clusters of molecule
families according to correlations between frag-
ment ions was used to identify new analogs of
fungisporin and nidulanin A in A. nidulans
(Klitgaard et al. 2015). Metabolomics research
targeting secondary metabolites has often seen
appropriation of methods originally designed
for different research purposes [e.g., MS imag-
ing, discussed in Netzker et al. (2018)]. This
also holds true for computational strategies
assisting with the analysis of complex data. A
commonly used tool for mapping of com-
pounds into metabolic pathways and networks
is Cytoscape, with the metabolism plugin Mets-
cape, originally devised for human metabolome
experiments (Gao et al. 2010). Other platforms
include the KEGG Atlas (Okuda et al. 2008) or
MetaMapR (Grapov et al. 2015), a software
which can use information from KEGG and
PubChem databases to find associations
between metabolites which have been detected
in a metabolomics approach, but whose bio-
chemistry and structure are not yet known,
and integrate this information with genomic
or proteomic data into metabolic networks.

E. Integration of Omics Data

Due to inherent limitations and properties of
each of the omics methods, it is possible to
introduce bias and/or obtain an imperfect, par-
tial understanding of a biological system at
hand (Yeger-Lotem et al. 2009). Following the
trend evident in other areas, fungal SM research
has also started moving toward the adoption of
an integrative approach to novel compound
discovery, as well as mechanistic characteriza-
tion of biosynthetic processes and the roles of
SMs (Macheleidt et al. 2016; Hautbergue et al.
2018).

An excellent example of the power of a
multi-omics strategy is the study of the rice
pathogen Fusarium fujikuroi, which amalga-
mated genome mining, transcriptome and pro-
teome studies, chromatin immunoprecipitation,
and metabolic profiling to reveal the complex-
ities in the regulation of the secondary metabo-
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lism in the fungus and identify two novel com-
pounds (Wiemann et al. 2013b). Similarly, a
large-scale genomic comparative functional
analysis of the biosynthetic potential of Penicil-
lia, coupled with phylogenetic analysis and a
metabolomics approach, led to the identifica-
tion of novel antimicrobial yanuthone deriva-
tives and underlines the importance and
potential of this fungal clade as a bioactive com-
pound source (Nielsen et al. 2017). Acharya
et al. (2019) selected a combined omics
approach for an in-depth characterization of
the interaction between a Rhodococcus sp. strain
and a strain ofMicromonospora sp. producing a
novel glycosylated anthracycline, keyicin, with
antimicrobial properties.

Using genomics, transcriptomics, and proteomics tech-
nologies, the authors were able to elucidate regulatory
pathways that affect keycin production and correlate
changes appearing in the protein and transcript profiles
with changes consistent with quorum sensing signaling.

The intrinsic complementarity of individ-
ual omics datasets has been recognized, and
various tools have been developed to aid the
integration that will eventually improve effi-
ciency and reduce complexity of sample analy-
sis, as well as accelerate the discovery of
novel compounds in fungi. XCMS Online is a
data-processing platform originally developed
for metabolomics studies, which has been
expanded to integrate genomic, proteomic and
transcriptomic data. It provides metabolic
pathway analysis and cross-referencing with
other types of omics data for a comprehensive
characterization of the sample (Forsberg et al.
2018).

Andersen et al. (2013) developed a method for identifi-
cation of new BGCs that combines transcriptomic and
metabolomic data with genomic analysis. Clusters were
predicted from genome data using the SMURF algo-
rithm and scored based on similarity of the expression
profiles. These predictions correlated well with pub-
lished data and the algorithm could be extended to
include biosynthetic superclusters spread over several
chromosomes; the aforementioned nidulanin A was
discovered using this integrative strategy (see above).

It is, however, worthwhile to note that the
integration of omics methods produces big data

volumes, compelling further development of
bioinformatics tools for processing, as well as
a consolidated effort among researchers to
ensure standardization and improve accessibil-
ity and comparability of individual datasets in
fungal research.

As has been illustrated, each type of omics
data provides unique information about a
biological system. In fungi, the inclusion of
several complementary techniques may signifi-
cantly increase the NP discovery power of the
approach. Thus, omics-based methods repre-
sent a promising strategy for the identification
of new leads for drug discovery and develop-
ment.

V. Conclusion

The latest report on fungal diversity estimates
that there are 2.2 to 3.8 million species in this
ancient clade, of which 120,000 (i.e. ca. 8%)
have been described (Hawksworth and Lücking
2017). Considering the majority of fungi yet to
be identified in underexplored environments
(e.g., lichens, tropical diversity hotspots,
extreme environments), as well as the wealth
of NPs discovered to date, it is justifiable to
predict that a vast number of fungal SMs will
be described in future. The emergence of novel
techniques, as well as advancements in estab-
lished protocols, in the post-omics era pro-
mises a bright future for NP research.

Still, there persists a fundamental discon-
nect between the ample natural products being
discovered at present and the ever-growing call
for novel antimicrobial compounds used as
drugs in a pharmaceutical context. The contrast
is evident when considering the drying out
antibiotics pipeline (Cooper and Shlaes 2011)
and the overwhelming number of claims
regarding the unexplored potential of microbes
as a largely untapped source of natural pro-
ducts, many of them drug-like. As evidenced
by this review, fungi are not exempt. Moreover,
naturally derived SMs are intrinsically biologi-
cally relevant, thus occupying a much larger
drug-like chemical space than synthetic com-
pounds (Harvey et al. 2015). Logically, NPs,
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including those from fungi, should hold the
key to tackling the problem of missing anti-
infective drugs and increasing antimicrobial
resistance.

Despite the apparent simplicity of such
claims, the issue is fundamentally complex
and multilayered. Initially, a considerable effort
is needed to subject a newly isolated compound
to relevant bioactivity testing—a task to which
many research groups are ill-equipped. Subse-
quently, there is a long (and financially
demanding) way to go between the detection
of a biological activity of a compound and its
potential introduction to the market as a drug.
This difficult endeavor is further hindered by
the reluctance of large pharmaceutical compa-
nies to engage and invest considerable capital
in antimicrobial products, which have a short
life span and a low, if not negative, net value
(Cooper and Shlaes 2011).

Integrative approaches inside the lab, as
well as in collaborative efforts between aca-
demic researchers, the industry, and regulatory
bodies, will be crucial in overcoming the threat
of antimicrobial resistance and the introduc-
tion of novel antibiotics into clinical practice.
With their predicted ecological diversity and
secondary metabolic capacity, fungi will
undoubtedly prove to be an influential source
of lead molecules.
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Bayram Ö, Braus GH (2012) Coordination of secondary
metabolism and development in fungi: the
velvet family of regulatory proteins. FEMS Micro-
biol Rev 36:1–24. https://doi.org/10.1111/j.1574-
6976.2011.00285.x
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(2018) Dissimilar pigment regulation in Serpula
lacrymans and Paxillus involutus during inter-
kingdom interactions. Microbiology 164:65–77.
https://doi.org/10.1099/mic.0.000582

Ugai T, Minami A, Gomi K, Oikawa H (2016) Genome
mining approach for harnessing the cryptic gene
cluster in Alternaria solani: production of PKS–
NRPS hybrid metabolite, didymellamide B. Tetra-
hedron Lett 57:2793–2796. https://doi.org/10.1016/
j.tetlet.2016.05.043

Unkles SE, Valiante V, Mattern DJ, Brakhage AA (2014)
Synthetic biology tools for bioprospecting of nat-
ural products in eukaryotes. Chem Biol 21:502–
508. https://doi.org/10.1016/j.chem-
biol.2014.02.010

Valiante V (2017) The cell wall integrity signaling path-
way and its involvement in secondary metabolite
production. J Fungi 3:68. https://doi.org/10.3390/
jof3040068

van Dijk JWA, Guo CJ, Wang CCC (2016) Engineering
fungal nonribosomal peptide synthetase-like
enzymes by heterologous expression and domain
swapping. Org Lett 18:6236–6239. https://doi.org/
10.1021/acs.orglett.6b02821

Vansteelandt M, Kerzaon I, Blanchet E et al (2012)
Patulin and secondary metabolite production by
marine-derived Penicillium strains. Fungal Biol
116:954–961. https://doi.org/10.1016/j.fun-
bio.2012.06.005
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I. Introduction

Living organisms are constantly exposed to
environmental perturbations, which vary in
time and space and lead to changes at the cellu-
lar level. In that context, light is a powerful
environmental stimulus that drives, and also
shapes, development, morphogenesis, and
physiology in a wide range of organisms includ-
ing plants, fungi, and bacteria. In these organ-
isms, light can be perceived by several light-

sensitive proteins that are known as photore-
ceptors, which are well spread in the tree of life,
being involved in a variety of biological
responses, such as phototropism in fungi and
bacteria, flowering in plants and behavior in
animals (Banerjee and Batschauer 2004; Navara
and Nelson 2007; Briggs 2014). Although
photoreceptors differ in their biochemical
properties, in most cases it is possible to recog-
nize specific domains that coordinate a chro-
mophore as a cofactor. These molecules absorb
photons of a specific wavelength, translating
such difference in energy as a conformational
change in the surrounding polypeptide, affect-
ing the structure of the protein (Shcherbakova
et al. 2015). Thereby, the activated state of the
photoreceptor is reached, triggering a molecu-
lar signal which then modulates a light-
regulated biological process (Lorrain et al.
2006).

In recent years, key questions in biology are
being addressed by a discipline known as syn-
thetic biology. This new field has promoted a
revolution in the way that biological processes
are studied. Via the rational generation of novel
genetic circuits and artificial devices, it is pos-
sible to obtain biological systems more or less
complex than natural ones, permitting the anal-
ysis of relevant cellular processes, while repro-
gramming their function in a predictable and
robust manner (Benner and Sismour 2005;
Andrianantoandro et al. 2006; Purnick and
Weiss 2009; Bashor et al. 2010). One desirable
characteristic in synthetic systems is the ability
to turn off and on genetic programs at will.
While this could be done using a classic chemi-
cal inducer, the latter presents several problems
such as once added it may be hard to remove or
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it can be metabolized, etc. On the other hand,
light presents itself as a prominent tool to
assess complex and dynamic biological phe-
nomena, and thus, different synthetic
approaches have used proteins containing
light-sensitive domains as genetically encoded
building blocks to manipulate cellular pro-
cesses by luminous stimuli (Möglich and Mof-
fat 2010; Schmidt and Cho 2015). Indeed, light
is an ideal modulator of specific biological phe-
nomena because it possesses various advan-
tages compared to traditional induction
strategies based on chemical inducers. First,
light can be easily controlled by manageable
sources, allowing a remarkably tunable induc-
tion. In this way, light induction constitutes an
interesting alternative to increase resolution at
the temporal level, as well as at the spatial scale
(Fig. 12.1) (Drepper et al. 2011). Furthermore,
light can be readily delivered to cultures, over-
coming the problems associated with the addi-
tion of chemical inducers (i.e., uptake time or
diffusion of the molecules). In addition, the
capacity to turn on/off lights by an external
tunable switch allows reversible induction,
reducing potential phototoxicity that may be
caused by prolonged illumination (Robertson
et al. 2013; Canessa et al. 2013). Moreover, and
importantly, light acts as an orthogonal input

when used to interrogate biological processes
in a blind organism, where the endogenous
signaling pathways are minimally affected
(Gautier et al. 2014). Finally, the significant
advances in optic technologies are allowing
the implementation of fully automated illumi-
nation systems, where essential variables such
as duration, intensity, and location of light sti-
muli can be adjusted with exquisite accuracy
(Gerhardt et al. 2016; Brenker et al. 2016; Rullan
et al. 2018).

Historically, the development of synthetic
systems based on light induction gave rise to an
exciting area that is defined as “Optogenetics”
(Deisseroth 2011). In the last decades, particu-
larly in the past 5 years, an increasing number
of light-controlled genetic devices and toolkits
have been reported, in which photoreceptors
responding to different wavelengths have been
successfully implemented in distinct biological
platforms (Gautier et al. 2014; Mühlhäuser et al.
2017; Salinas et al. 2017; Liu and Tucker 2017;
An-adirekkun et al. 2019). In this review, we
summarize the current light-sensitive tools and
their applications, focusing our attention on
systems with photoresponsive modules coming
from fungi, and discussing how such parts, or
bio-blocks, can expand the existing optogenetic
toolbox.

Light Treatment BL

DD
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Spatial localization

Time

Fig. 12.1 Spatio-temporal and dynamic resolution of
optogenetic systems. The diagram depicts light input
and response properties in optogenetic systems, high-
lighting that variation in the length of the light pulses
changes the intensity of the responses. Moreover, the

latter can be localized spatially by giving an input in a
certain area, which can quickly revert in the area of
interest as the light stimulus is turned off. BL blue light,
DD constant darkness
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II. Overview of Optogenetic Systems
and Their Applications

As mentioned above, optogenetics provides a
great way to probe complex biological phenom-
ena. Specifically, the implementation of light-
responsive proteins has the potential to allow
deciphering the dynamics of cellular processes
with great detail as a result of its striking spa-
tiotemporal resolution (Fig. 12.1) and minimal
invasiveness. In that context, different optoge-
netic systems have been reported to control
gene expression, DNA recombination, subcel-
lular protein localization, protein activity, cell
morphology, cell signaling, and protein degra-
dation (Zhang and Cui 2015; Shcherbakova
et al. 2015).

A. The Early Days of Optogenetics

A clear example of a modular system in the
early days of optogenetics can be tracked
down to 2005 when the light-sensitive micro-
bial protein Channelrhodopsin-2 (ChR2) was
used to modulate mammalian neuronal activity
(Boyden et al. 2005). ChR2 is a cation channel
from the green algae Chlamydomonas rein-
hardtii, containing seven a-helix transmem-
brane domains and passing to an open state
by isomerization with the retinal chromophore
in response to blue light (~460 nm) (Nagel et al.
2003). Using a lentiviral transfection system,
ChR2 was expressed in neurons achieving the
control of synaptic transmission with an out-
standing temporal resolution in the order of
milliseconds (Boyden et al. 2005). After this
successful optogenetic application, more light-
sensitive ion channels (type-I opsins) were dis-
covered and tested to excite/inhibit the genera-
tion of action potentials. For instance, archaeal
halorhodopsin has been utilized to repress neu-
ronal firing by yellow light-induced transport of
chloride anions (Han and Boyden 2007). The
use of photoactivated ion channels in the neu-
roscience field led to great knowledge advances
in neuronal connectivity, being also employed
in the study of cell signaling processes in other
relevant mammalian tissues. In this sense,

ChR2 has been used to control Ca2+ fluxes in
muscular cells, where this ion is one of the most
important secondary messengers in signal
transduction processes (Carafoli and Krebs
2016; Sebille et al. 2017; Mao et al. 2019). Simi-
larly, the light-induced opening of ChR2 per-
mitted to study the maturation and contraction
capacity of muscle cell lines, overcoming the
problems of traditional electric stimulation
(Bruegmann et al. 2010; Beiert et al. 2014). On
the other hand, type II opsins have been used to
manipulate cell signaling at the plasma mem-
brane level, since they are G-protein-coupled
receptors (Mühlhäuser et al. 2017). Depending
on the nature of the G protein, the receptor is
associated with different signaling pathways,
being able to activate or inhibit signal propaga-
tion. In that context, blue light has been used to
increase the concentration of inositol triphos-
phate (IP3), by activation of phospholipase C
(PLC) in HeLa cells expressing melanopsin
(Melyan et al. 2005).

However, the beginnings of optogenetics as
the direct means of control of any biological
process by light dates back to 2002. In that
year, a plant photoreceptor was inadvertently
used to implement a light-inducible expression
system in the budding yeast Saccharomyces
cerevisiae. Indeed, such experiments were not
intended to create an optogenetic device, but
instead to explore the interaction of two partic-
ular plant components. In Arabidopsis thali-
ana, phytochrome B (PhyB) senses red light
(~ 660 nm) through its chromophore phyto-
chromobilin, passing to the active state and
binding the Protein Interacting Factor (PIF3
or PIF6) (Fig. 12.2a), which in turn activates
the expression of multiple genes (Fairchild
and Quail 1998; Quail 2010). Importantly, phy-
tochrome B returns to its basal inactive state by
far-red illumination (~740 nm), configuring a
system with on and off states, and generating
the first description of a light-controlled gene
expression system (Shimizu-Sato et al. 2002).
In this seminal work, the light-inducible
system was based on the architecture of a
yeast two-hybrid assay, where GAL4 DNA-
binding domain (DBD) and GAL4 transactiva-
tion domain (AD) were fused to PhyB and PIF3,
respectively (Shimizu-Sato et al. 2002). Thus, a

12 Exploiting Fungal Photobiology as a Source of Novel Bio-blocks for Optogenetic Systems 299



Ph
yB

-P
IF

3 
(P

IF
6)

Ph
yA

-P
IF

3 

VV
D

-V
VD

 (L
ig

ht
O

n)
 

W
C

1-
VV

D
 (F

U
N

-L
O

V)
C

R
Y2

-C
IB

1

Ph
yA

-F
H

Y1
 

Bp
hP

1-
Pp

sR
2

U
VR

8-
C

O
P1

FK
F1

-G
I

EL
22

2-
EL

22
2

Ph
ot

or
ec

ep
to

r (
Ph

R
) -

In
te

ra
ct

in
g 

Pr
ot

ie
n 

(IP
)

D
iff

er
en

t P
hR

-P
hR

 o
r

Ph
R

 d
im

er
iz

at
io

n
N

o 
in

te
ra

ct
io

n

D
BD

AD

D
BD

D
BD

AD

AD
AD

Ph
R

Ph
R

Ph
R

IP
Ph

R
Ph

R
IP

iog
iog

iog

Li
gh

t

D
ar

k

B
A

C

go
i

IP

dC
as

9

AD

Ph
R

go
i

IP

dC
as

9

AD

Ph
R

In
te

ra
ct

io
n

Li
gh

t

D
ar

k

As
LO

V2
 o

r A
tL

O
V2

D

Ph
R

po
i

IP

Li
gh

t

D
ar

k
po

i
IP

PM
PM

Ph
R

PM

Ph
R

po
i

Ph
R

PhR

or or

poi

Li
gh

t

D
ar

k

As
LO

V2
 o

r A
tL

O
V2

J
-h

el
ix

E

F
ig
.
12
.2

O
ve
rv
ie
w
o
f
d
if
fe
re
n
t
o
p
to
ge
n
et
ic
sy
st
em

s.
(a
)
Su

m
m
ar
y
o
f
d
if
fe
re
n
t

o
p
to
ge
n
et
ic

sy
st
em

s
d
es
cr
ib
ed

so
fa
r
ca
p
ab
le

o
f
re
sp
o
n
d
in
g

to
p
ar
ti
cu
la
r

w
av
el
en
gt
h
s.

D
efi
n
ed

p
h
o
to
re
ce
p
to
rs

an
d

th
ei
r

in
te
ra
ct
in
g

p
ro
te
in
s

ar
e

sh
o
w
n
,c
o
n
si
d
er
in
g
al
so

th
e
sy
st
em

s
b
as
ed

o
n
p
h
o
to
re
ce
p
to
r
se
lf
-d
im

er
iz
at
io
n
.

T
h
e
o
p
to
ge
n
et
ic

sw
it
ch
es

co
n
ta
in
in
g
fu
n
ga
l
p
h
o
to
re
ce
p
to
rs

ar
e
h
ig
h
li
gh

te
d
in

b
o
ld

(‘
L
ig
h
tO

n
’
an

d
‘F
U
N
-L
O
V
’)
.
(b
)
G
en
er
al

ar
ch
it
ec
tu
re

o
f
o
p
to
ge
n
et
ic

sy
s-

te
m
s
u
se
d

fo
r
li
gh

t-
co
n
tr
o
ll
ed

ge
n
e
ex
p
re
ss
io
n
.
T
h
e
D
N
A
-b
in
d
in
g
d
o
m
ai
n

(D
B
D
)
is

li
n
k
ed

to
th
e
p
h
o
to
re
ce
p
to
r
(P
h
R
)
an

d
th
e
In
te
ra
ct
in
g
P
ro
te
in

(I
P
)

is
ti
ed

to
th
e
tr
an

sa
ct
iv
at
io
n
d
o
m
ai
n
(A

D
).
U
p
o
n
li
gh

t
st
im

u
la
ti
o
n
,t
h
e
in
te
ra
c-

ti
o
n
b
et
w
ee
n
P
h
R
-I
P
o
r
P
h
R
-P
h
R
(P
h
R
d
im

er
iz
at
io
n
),
re
co
n
st
it
u
te
s
a
ch
im

er
ic

tr
an

sc
ri
p
ti
o
n
fa
ct
o
r
th
at

ac
ti
va
te
s
ex
p
re
ss
io
n
o
f
th
e
ge
n
e
o
f
in
te
re
st

(g
oi
).
(c
)

O
p
to
ge
n
et
ic

co
n
tr
o
l
o
f
su
b
ce
ll
u
la
r
p
ro
te
in

lo
ca
li
za
ti
o
n
.
T
h
e
P
h
R
is

li
n
k
ed

to
p
la
sm

a
m
em

b
ra
n
e
(P
M
)
an

d
th
e
IP

o
r
P
h
R
ar
e
ti
ed

to
th
e
p
ro
te
in

o
f
in
te
re
st

(p
o
i)
.
U
p
o
n
li
gh

t
st
im

u
la
ti
o
n
,
th
e
in
te
ra
ct
io
n
b
et
w
ee
n
P
h
R
-I
P
o
r
P
h
R
-P
h
R

se
q
u
es
tr
at
es

th
e
p
o
i
at

th
e
p
la
sm

a
m
em

b
ra
n
e.
(d
)
O
p
to
ge
n
et
ic

sy
st
em

s
b
as
ed

o
n
C
R
IS
P
R
-C
as
9
te
ch
n
o
lo
gy

fo
r
li
gh

t-
co
n
tr
o
ll
ed

ge
n
e
ex
p
re
ss
io
n
.
T
h
e
d
C
as
9

p
ro
te
in

is
li
n
k
ed

to
th
e
IP

p
ro
te
in

an
d
th
e
P
h
R
is
ti
ed

to
th
e
A
D
,a
ct
iv
at
in
g
ge
n
e

ex
p
re
ss
io
n
u
p
o
n
li
gh

t
st
im

u
la
ti
o
n
.(
e)

L
ig
h
t
in
d
u
ce
d
co
n
fo
rm

at
io
n
al
ch
an

ge
in

th
e
A
sL
O
V
2
o
r
A
tL
O
V
2
d
o
m
ai
n
s.
T
h
e
li
gh

t
ac
ti
va
te
d
d
is
p
la
ce
m
en
t
o
f
th
e
Ja
-

h
el
ix

is
sh
o
w
n

300 V. Rojas et al.



chimeric functional transcription factor is
reconstituted by the red light-dependent
PhyB/PIF3 interaction (Fig. 12.2a, b), inducing
the expression of a lacZ reporter gene under the
gal1 promoter control (Shimizu-Sato et al.
2002). Similarly, optogenetic systems based on
PhyB/PIF6 interaction have been implemented
in different cell hosts such as yeast (Pathak et al.
2014), cell lines (Müller et al. 2013a, b) and
plants (Müller et al. 2014). On the other hand,
there are more phytochrome isoforms in A.
thaliana which are potentially useful for build-
ing novel optogenetic switches. For instance,
the interaction between phytochrome A
(PhyA) and PIF3 was evaluated in response to
red light (Fig. 12.2a, b), observing high and
comparable levels of lacZ gene expression as
in the PhyB/PIF3 system (Shimizu-Sato et al.
2002). Similarly, PhyA interacts with the far-red
elongated hypocotyl 1 (FHY1) protein in
response to red light (Fig. 12.2a), an interaction
that has been also exploited for implementing
an optogenetic system in yeast (Sorokina et al.
2009). The rest of A. thaliana phytochromes
(PhyC, PhyD, and PhyE) have not been utilized
to generate synthetic light-inducible devices
yet. The red light-responsive phytochromes
can also be found in cyanobacteria, where
the cofactor chromophore corresponds to
phycocyanobilin (PCB). Interestingly, the latter
can replace phytochromobilin in optogenetic
approaches that use plant phytochromes
(Müller et al. 2013a, b). However, both chromo-
phores must be supplemented in mammals
because they are absent in these eukaryotic
organisms (Müller et al. 2013a, b). Similarly,
an alternative option to implement synthetic
optogenetic systems is the use of bacterial
phytochrome-like photoreceptors. For instance,
CPH1 from Synechocystis sp. is capable of sens-
ing red light, but unlike plant phytochromes, it
forms homodimers in response to the stimulus
(Hughes et al. 1997).

B. Blue Light Photosensitive Modules in
Optogenetic Devices

Besides ChR2, there is a battery of natural fla-
voproteins that can perceive blue light and use

flavin derivatives as a chromophore. In that
context, the blue light photoreceptor crypto-
chrome 2 (CRY2) from A. thaliana provides a
versatile optogenetic tool that has been used/
cited in circa 160 articles to date according to
OptoBase, an online database for molecular
optogenetics (Kolar et al. 2018). The CRY2 pro-
tein senses blue light by its Photolyase Homol-
ogy Region (PHR), which specifically binds
flavin adenine dinucleotide (FAD) as a cofactor
(Essen 2006). Upon illumination, CRY2 is capa-
ble of interacting with the amino-terminus of
the cryptochrome-interacting basic-helix-loop-
helix 1 (CIB1) protein (Fig. 12.2a, b) (Liu et al.
2008). Several groups have developed optoge-
netic approaches based on CRY2/CIB1 interac-
tion to control diverse cellular processes. For
instance, an optogenetic system of this type was
implemented in mammalian cell lines to
manipulate gene expression, subcellular pro-
tein localization, and DNA recombination
(Kennedy et al. 2010). First, the authors based
their approach on light-induced reconstitution
of a chimeric GAL4 transcription factor by
genetic fusions, using the lacZ reporter gene
controlled by the gal1 promoter to measure
expression levels in response to blue light.
Additionally, truncated versions of both pro-
teins (CRY2-PHR domain and CIB1 N-
terminus) were evaluated, observing higher
expression levels than those using the full-
length proteins. Then, the recruitment of a fluo-
rescent protein to the plasma membrane was
tested by this photoactivated interaction
(Fig. 12.2c). In order to do this, a chimeric
CIB1-GFP was attached to this specific cell loca-
tion using a CAAX motif. Conversely, a CRY2-
mCherry fusion was uniformly found in the
cytoplasm before illumination, but upon a
blue light treatment, mcherry fluorescence was
observed at the plasma membrane level in a
dose-dependent manner (Kennedy et al. 2010).
Moreover, the optogenetic heterodimerization
CYR2/CIB1 system successfully reconstituted
the functionality of a split protein such as the
Cre recombinase (Kennedy et al. 2010). The
Cre/loxP recombination system, derived from
bacteriophage P1, can perform diverse changes
at the genome level (i.e., deletion, inversion and
transplacement between strands) depending on
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the orientation of loxP sequences (McLellan
et al. 2017). As proof of principle, Cre recombi-
nase was divided into two parts that were fused
to CRY2 and CIB1, and an egfp reporter was
used to inform the recombination level in
response to blue light. A 15-min treatment
was enough to observe detectable levels of
fluorescence, which increased with longer
exposures to light (Kennedy et al. 2010). In
yeast, the light-dependent heterodimerization
between CRY2 and CIB1 has been also used to
control gene expression (Hughes et al. 2012).
Similarly, a chimeric transcription factor using
non-yeast domains such as LexA-DBD and
VP16-AD was designed (Fig. 12.2b), displaying
high levels of reporter gene expression in
response to blue light (Hughes et al. 2012).
Furthermore, CRY2/CIB1 photoactivated inter-
action was used to control sic1 gene expression,
which encodes for a regulator of the yeast
cell cycle whose degradation allows transition
between G1 and S phases (Verma et al. 1997;
Yang et al. 2013). Thus, yeast cells grew nor-
mally in darkness, but the optogenetic expres-
sion of a hyperstable Sic1p mutant led to the
accumulation of this protein and cell cycle
arrest, observing dramatic cell morphology
changes in response to 4 h of blue light (Hughes
et al. 2012). Recently, a similar approach was
developed in yeast using the CRY2/CIB1 inter-
action. In order to avoid the interference that
can exist by using endogenous building blocks,
the DBD of the Zif268 mammalian transcrip-
tion factor was fused to the PHR domain of
CRY2 (An-Adirekkun et al. 2019). Furthermore,
a synthetic promoter was generated by placing
the 9-bp specific binding element of Zif68 in a
gal1 minimum promoter that lacks the GAL4-
binding upstream activating sequence (UAS),
which was previously demonstrated to work
orthogonally in yeast (McIsaac et al. 2013).
Characterization of the system included a vari-
ation of the number of Zif68-binding UAS ele-
ment repetitions in the promoter as well as
different orientations, changes in light inten-
sity, and several illumination treatments. Vari-
ous reporter genes and expression levels of the
components were also tested, obtaining a wide
range of responses that even surpassed the
expression levels reached by native yeast pro-

moters (An-Adirekkun et al. 2019). On the
other hand, a two-component optogenetic
expression system based on CRISPR/Cas9 tech-
nology was developed and implemented in
mammalian cells (Fig. 12.2d). To this end, a
catalytically inactive “dead” mutant of Cas9
(dCas9) was fused to CIB1 and different trans-
activation domains were fused to the CRY2-
PHR domain. In response to blue light, a tran-
scription system was thus reconstituted activat-
ing gene expression depending on the guide
RNA (gRNA) targeting a specific promoter
(Fig. 12.2d) (Nihongaki et al. 2015a, b). Using
a luciferase reporter and three different gRNAs
that recognize a gal1 promoter, this system
showed high levels of bioluminescence in
response to illumination. This photoactivable
transcription system also allowed the spatial
expression of an mCherry fluorescent protein
(Nihongaki et al. 2015a, b). Importantly, syn-
thetic expression systems based on CRISPR/
Cas9 allow easier activation of endogenous
genes because it is not necessary to modify the
promoters of the genes of interest. For this
reason, the authors probed their system to
induce transcription of several genes in mam-
malian cells, observing high transcript levels of
ascl1, myod1, nanog, and il1rn in response to
light using multiple gRNAs, showing the feasi-
bility of simultaneously controlling the tran-
scription of multiple genes (Nihongaki et al.
2015a, b). Considering the molecular size of
the Cas9 protein, the CRISPR/Cas9 photoactiva-
table transcription system was optimized. For
this, CIB1 was fused to the amino- and
carboxyl-terminus of the dCas9 protein, devel-
oping a new system called Light-Activated
CRISPR/Cas9 Effector (“LACE”). This approach
increased the expression of endogenous genes
in mammalian cell lines, with a precise spatio-
temporal resolution (Polstein and Gersbach
2015). Besides its light-dependent heterodimer-
ization with CIB1, CRY2 can oligomerize upon
illumination (Bugaj et al. 2013). Thereby, sev-
eral protein clustering approaches have been
developed using this property, such as the
“CLICR” system which fused CRY2 to an adap-
tor that can bind specific proteins (Bugaj et al.
2015). In darkness, CRY2 monomers bind their
targets with low affinity; however, light-induced
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CRY2 oligomerization achieved high-affinity
clustering of these proteins (Bugaj et al. 2015).
In the same context, “CYR2olig” is a point
mutant protein (E490G) that shows increased
levels of light-mediated clustering (Taslimi
et al. 2014). Using a similar logic, the “LARIAT”
system was developed to inactivate proteins by
its clustering upon CRY2/CIB1 interaction.
Thus, the fusion of CIB1 to a multimeric protein
and CRY2 to the protein of interest permitted
the sequestration of this protein in response to
light (Lee et al. 2014).

An alternative set of blue light photorecep-
tors are the ones containing light-oxygen-volt-
age (LOV) domains (Pudasaini et al. 2015).
These domains belong to the Per-Arnt-Sim
(PAS) protein family, which are found in organ-
isms across different kingdoms (Glantz et al.
2016). In general, LOV-containing proteins
bind flavin derivatives (FMN or FAD) as the
chromophore. In response to blue light, a thiol
photo-adduct between the flavin chromophore
and a conserved cysteine (Cys) residue in the
LOV domain is formed, generating a conforma-
tional change in the protein (Pudasaini et al.
2015; Glantz et al. 2016). This cysteinyl-flavin
interaction is spontaneously hydrolyzed in
darkness, however, the time for photo-adduct
reversion to basal inactive state depending on
the photoreceptors being analyzed (Pudasaini
et al. 2015; Glantz et al. 2016). For instance,
Flavin-binding kelch domain F-box protein
(FKF1) from A. thaliana is a LOV-containing
protein that binds its natural partner GIGAN-
TEA (GI) in response to blue light (Fig. 12.2a,
b). This light-induced association occurs in a
few minutes and is stable for several hours
(Sawa et al. 2007). In this way, optogenetic
systems based on FKF1/GI interaction have
been developed for light-controlled gene
expression and subcellular protein localization
(Fig. 12.2b, c) (Yazawa et al. 2009), but its slow
photocycle limits temporal resolution. The blue
light photoreceptor AsLOV2 from the plant
Avena sativa overcomes the photocycle limits,
showing fast kinetics between inactive and
active states (Swartz et al. 2001). The LOV2
domain of this photoreceptor is flanked by
two helixes (A’a and Ja) that are unfolded by
blue light stimulation and return to the basal
condition in a few seconds each (Fig. 12.2e)

(Harper et al. 2003). In this way, AsLOV2
light-dependent unfolding allows implement-
ing one-component optogenetic systems by
caging. Caging approaches allow the temporal
hindrance of binding/active sites of a specific
protein, depending on how this protein is fused
to AsLOV2. Thus, the caging interaction can be
modified by blue light, exposing the functional
domain of a protein and providing fine control
at the post-translational level. The AsLOV2
domain was also used to implement an exciting
approach aimed to diminish the variability of
gene expression levels. By fusing this LOV
domain to different components of the Tet sys-
tem, gene circuits based on negative feedback
allowed the reduction of transcriptional noise
in human cell lines (Guinn and Balázsi 2019). In
addition, the AsLOV2 domain has been adapted
to implement two-component systems
mediated by light-dependent interaction. For
instance, the “TULIP” system exploits the cag-
ing mechanism in a fusion protein between
AsLOV2 and a specific peptide where, in
response to blue light, this epitope is exposed
and interacts with a synthetic PSD95-Dlg1-zo1
(PDZ) domain (Strickland et al. 2012). Simi-
larly, the phototropin 1 (PHOT1) from A. thali-
ana has a LOV domain (AtLOV2) that shares
the basic mechanism of photoperception with
AsLOV2 (Christie et al. 1999). In that context,
Renicke et al. (2013) utilized a degradation
sequence sterically blocked by the Ja-helix of
the AtLOV2, which in turn was linked to a
specific protein of interest. Thus, upon blue
light stimulation, the displacement of Ja-helix
exposed the degradation signal, changing the
stability of relevant proteins in the yeast cell
cycle (Renicke et al. 2013). On the other hand,
LOV-containing photoreceptors can also be
found in bacteria. For instance, the transcrip-
tion factor EL222 from Erythrobacter litoralis
has been also used to implement synthetic
light-inducible systems (Fig. 12.2a, b). Besides
a helix-turn-helix (HTH) DBD, this protein
contains a LOV module that allows transcrip-
tional activation upon blue light stimulation
(Zoltowski et al. 2013). In the dark, both
domains interact and a critical dimerization
sequence is blocked, avoiding the binding of
EL222 to specific promoter regions of the
genome. Under blue light conditions, the for-
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mation of a photo-adduct disrupts the interac-
tion between LOV and HTH, leading to the
protein homodimerization and light-dependent
gene expression (Zoltowski et al. 2013). Consid-
ering these EL222 features, a one-component
gene expression system was developed and
tested in different mammalian cell lines,
obtaining a wide range of luciferase expression
levels in response to blue light stimulation.
Moreover, the system showed fast kinetics of
activation/deactivation and low basal activity in
the dark (Motta-Mena et al. 2014). Notably, this
approach was recently implemented in S. cere-
visiae. In this work, the EL222 optogenetic sys-
tem was used to directly control the expression
of a gfp reporter gene under the synthetic C120
promoter. The circuit, named OptoEXP, was
evaluated upon different light treatments, dis-
playing fluorescence levels that are similar to
those obtained with an adh1 constitutive pro-
moter (Zhao et al. 2018). On the other hand, the
OptoINVRT circuit allows light-dependent
gene repression. In this case, a constitutively
activated GAL4 transcription factor allowed
the constant expression of the fluorescent
reporter controlled by gal1 promoter in dark-
ness by, while the transcription levels were
switched off by the light-dependent production
of the GAL80 repressor (Zhao et al. 2018).
Thereby, depending on the gene controlled by
the synthetic EL222 system, it was possible to
activate or repress different genes in response
to light using OptoEXP or OptoINVRT circuits,
respectively. In this way, the biosynthesis of a
metabolite of interest could be inhibited during
the growth phase, whereas it could be produced
(at will) when enough cell biomass has been
accumulated in a yeast fermentation process.
Using these optogenetic metabolic valves, it
was possible to obtain high yields of isobutanol
and 2-methyl-1-butanol production after a
light/dark transition by controlling an essential
mitochondrial pathway (Fig. 12.3a). This work
is a remarkable case of control of multiple
genes and represents one of the first examples
of successful applications of optogenetics to
metabolic engineering of molecules of interest
in yeast (Zhao et al. 2018). Other blue light
sensing domains will be covered in the upcom-
ing section.

C. Beyond Red and Blue Light

The so far mentioned optogenetic systems
respond to wavelengths that are part of classic
white light (~400–700 nm). However, the sun-
light also includes ultraviolet light (UV, ~100–
400 nm) and near-infrared light (NIR,>700 nm).
Since UV causes DNA damage and generation of
reactive oxygen species (ROS), sessile organisms
such as plants had to develop tolerance and
acclimation mechanisms (Yin and Ulm 2017;
Jenkins 2017). In A. thaliana, the photoreceptor
UV-B resistance 8 (UVR8) forms inactive homo-
dimers in darkness conditions by an interaction
between charged amino acids. In response to
UV-B light (~280–315 nm), a conformational
change breaks these intermolecular interactions
and UVR8 behaves as a monomer (Christie et al.
2012). In this state, the photoreceptor can inter-
act with the constitutive photomorphogenic 1
(COP1) protein (Fig. 12.2a), triggering the UV-
protection signaling pathways (Oravecz et al.
2006; Favory et al. 2009). Interestingly, UVR8
does not require a chromophore, and its photo-
perception is based on the intrinsic amino acids
of the protein, where tryptophan (Trp233 and
Trp285) residues are responsible for UV-B light
sensing (Rizzini et al. 2011). Although optoge-
netic systems based on UVR8/COP1 interaction
have been implemented, they have been less
exploited due to the cellular damages caused by
high-energy UV radiation. On the other hand, it
has been reported that certain bacterial species
have the capacity to respond to NIR. For
instance, the BphP1 protein from Rhodopseudo-
monas palustris can perceive NIR, and upon light
stimulation interacts with the PpsR2 protein
(Fig. 12.2a, b) (Kojadinovic et al. 2008). In com-
parison with shorter wavelengths, NIR causes
less phototoxicity at constant exposures and is
more effective to penetrate into mammalian tis-
sues (Weissleder and Ntziachristos 2003). More-
over, this interaction does not require a
chromophore of bilin nature, such as PCB, utiliz-
ing instead biliverdin as cofactor. In that context,
an optoinducible system based on BphP1/PpsR2
interaction was implemented in mammalian cell
lines, allowing the control of cell signaling, gene
expression and subcellular protein localization
(Kaberniuk et al. 2016).
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Obviously, the abovementioned examples
do not encompass all optogenetic systems
described to date. However, they constitute rep-
resentative illustrations of synthetic devices
responding to light of different wavelengths.
Altogether, these diverse optogenetic systems
have the capacity to control gene expression,
subcellular protein localization, protein activ-
ity, cell morphology, cell signaling, and protein
degradation in multiple biological platforms.
However, a major challenge still to be
addressed is the combination of multiple opto-
genetic systems for the control of several

processes by simultaneously responding to
different wavelengths (i.e., spectral multiplex-
ing) (Fig. 12.3b). The latter is particularly inter-
esting to manipulate pivotal nodes in a
metabolic pathway, allowing to direct carbon
flux and other important substrates depending
on the light types used to stimulate the cell
cultures (Fig. 12.3b). In this way, it might be
possible to avoid metabolic burden in the pro-
duction of high-value compounds. Moreover,
an exciting advantage implies having a multi-
chromatic system to achieve a simultaneous
activation of various light-regulated tasks
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Fig. 12.3 Potential applications of optogenetic systems.
(a) The OptoEXP and OptoINVRT circuits are optoge-
netic switches based on EL222 photoreceptor, which
were assembled as molecular valves in a metabolic
pathway (Zhao et al. 2018). Thus, ethanol production
is triggered by blue light (BL) and isobutanol produc-
tion is activated by the absence of light (darkness con-
dition, DD). (b) A potential multichromatic control of a
yeast metabolic pathway would generate different out-
put metabolites: under blue light (BL) glycerol could be
produced, whereas a combination of far-red (FR) and

UV light (UV) could lead to ethanol, or instead acetate
by the combination of far-red (FR) and red light. (c) In
the ‘FUN-LOV’ optogenetic switch (Salinas et al. 2018),
depending of the target gene, the phenotypic outcome
(flocculation) is triggered by blue-light or, when the
switch is wired in a different way, in the absence of
light (flocculation in darkness). In the latter case the
light-activated tup1 expression represses the flo1 gene,
generating flocculation in the dark. In the bright-field
microscopy images, the scale bar represents 100 mM
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using white light, which covers a wide spectrum
of wavelengths. Furthermore, a second chal-
lenge in optogenetics is to expand the reper-
tory of available photoreceptors, describing
novel bio-blocks for these synthetic systems,
and where fungal photobiology may play an
important role as a source of new opto-mod-
ules.

III. Exploiting Fungal Photobiology as
a Source of Novel Bio-blocks for
Optogenetic Systems

In the former section, we have focused our
attention on optogenetic systems that use
light-responsive domains belonging to bacteria,
archaea, plants, and animals. However, what
about the fungal kingdom? As mentioned
earlier, light is a strong signal that provides
important environmental information affect-
ing several cellular processes. In fungi, these
processes include developmental decisions, uti-
lization of complex substrates, pigmentation,
phototropism, and virulence (Schumacher
2017; Fuller et al. 2018; Schmoll 2018; Corro-
chano 2019). Specifically, the majority of the
studies involving light responses in fungi have
been performed in filamentous species, with
some of them having a plethora of photorecep-
tors that contain light-sensing modules, includ-
ing opsins, phytochromes, cryptochromes,
and LOV-proteins (Corrochano 2007, 2019;
Idnurm et al. 2010). Interestingly, however,
genome analyses indicate a complete lack of
photoreceptor-encoding genes in the unicellu-
lar yeast S. cerevisiae, which has therefore
already been used as a platform to test multiple
optogenetic systems, since light can be consid-
ered an orthogonal stimulus in this organism
(Goffeau et al. 1996).

A. Utilizing Light-Responsive Domains from
Fungal Species

There are only few examples of light-inducible
genetic devices using fungal photoreceptors,
which could be due, in part, to the fact that

most of them have not been fully characterized
yet. In that context, studies carried out in the
filamentous fungus Neurospora crassa have
established clear examples of light-controlled
mechanisms in fungi. This has led to the trans-
lation of information about N. crassa photobi-
ology into applied optogenetic systems. For
instance, Wang et al. (2012) reported an opto-
genetic system using the VIVID protein (VVD)
from N. crassa. This protein possesses only 186
amino acids, being the smallest LOV-domain
containing photoreceptor (Schwerdtfeger and
Linden 2003). The authors took advantage of
VVD homodimerization in response to blue
light to develop a synthetic gene expression
system in mammalian cells (Fig. 12.2a). They
fused VVD to the p65-AD and the GAL4 DBD,
the latter without its dimerization sequence,
generating a chimeric transcription factor
called GAVP. Thus, the blue light-dependent
interaction VVD/VVD by their LOV domains
was the unique possibility to form the func-
tional dimer with the ability to turn on the
reporter gene expression (Wang et al. 2012).
To probe this synthetic design, the authors
transfected GAVP into mammalian cell lines
containing the luciferase reporter gene (luc)
under the control of the gal1 promoter.
Although luc expression was high in blue light
conditions, the background activity in darkness
had to be reduced by point mutations in VVD.
This optimized version was named GAVPO,
and it was used to implement the one-
component “LightOn” optogenetic system
(Wang et al. 2012). The latter showed fast
dose-dependent responses depending on the
number of light pulses, length of the pulse,
and light irradiance. Furthermore, the spatial
resolution of the “LightOn” system was vali-
dated in mice, where liver and kidney were
specifically irradiated by blue light and expres-
sion of mcherry and lacZ reporters confirmed
the feasibility to control biological processes
with accuracy in a complex free-moving animal
(Wang et al. 2012). Importantly, decreased
blood glucose levels are observed in diabetic
mice by light-induced production of insulin
(Wang et al. 2012). Subsequently, various para-
meters of the “LightOn” system were modified
to optimize the light/dark fold-induction. Over-
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all, the expression levels were increased and the
background activity reduced by optimizing the
promoter region including changes of the num-
ber of UAS, the length of the spacer between
these sequences, and the core promoter. In
addition, the concentration ratio between the
GAVPO transcription factor and the luciferase
reporter was also optimized (Ma et al. 2013).

Based on VVD blue light-dependent homo-
dimerization, an optimized system was devel-
oped receiving the name “Magnets.” This is an
optogenetic system where two Neurospora
VVD molecules are fused to complementary
protein domains, avoiding the generation of
non-functional homodimers. To achieve this,
point mutations were introduced in the inter-
face of the VVD LOV domain that is exposed to
the solvent. Specifically, neutral residues such
as isoleucine 52 (Ile52) and methionine 55
(Met55) were exchanged by charged amino
acids, generating a positive component
(pMag) and a negative component (nMag).
Thus, the formation of functional heterodimers
is optimized in response to blue light, minimiz-
ing homodimers by electrostatic repulsion.
“Magnets” were evaluated by light-induced
reconstitution of a split luciferase protein,
showing high bioluminescence levels with the
pMag/nMag pair (Kawano et al. 2015). After-
ward, the same group reported the use of the
“Magnets” approach to Cre recombinase recon-
stitution by blue light treatment in mammalian
cells (Kawano et al. 2016). Using a luc reporter
as outcome of the Cre-mediated recombina-
tion, the photoactivatable Cre was extensively
verified using different loxP variants, cell lines,
light intensities, and light exposures (Kawano
et al. 2016). Interestingly, this optogenetic sys-
tem showed better induction levels than a simi-
lar system based on CRY2/CIB1 interaction
(Kawano et al. 2016). Overall, high levels of
DNA recombination were obtained by this sys-
tem, even showing activation in mice livers
(Kawano et al. 2016). In the same context,
“Magnets” dimerization domains were used to
control the reconstitution of a split Cas9 pro-
tein in mammalian cells (Nihongaki et al.
2015a, b). In this way, a specific editing of
genetic material was light-induced by activa-
tion of endogenous repair pathways. The activ-

ity of this optogenetic CRISPR/Cas9 system is
rapidly turned off in darkness and showed spa-
tial activation defined by certain illumination
patterns (Nihongaki et al. 2015a, b). Likewise,
the “Magnets” approach was also utilized to
develop a light-inducible transcription system
through the reassembly of an orthogonal RNA
polymerase (RNAP) in E. coli. To this end, the
RNAP from the T7 virus was divided and each
part fused to pMag and nMag, generating dif-
ferent variants of this optogenetic system and
showing high induction of a mCherry reporter
(Baumschlager et al. 2017).

Interestingly, VVD photocycle mutants
could be also applied in optogenetics. By
mutating specific VVD residues, different var-
iants of the protein that display altered photo-
cycle lengths have been generated (Dasgupta
et al. 2015). For instance, the mutagenesis of
Ile74 and Ile85 by valine (Val) residues led to a
version with faster reversion between activated
and inactivated states, impairing the biological
function of VVD as shown by the incapacity of
the strain to attenuate gene expression and to
respond to increasing light intensities (Das-
gupta et al. 2015). On the other hand, VVD
was also modified (Met135Ile/Met165Ile) to
generate a protein in which the stability of the
photo-adduct was 10 times longer (Dasgupta
et al. 2015). In that context, one of the main
advantages of optogenetic tools is the high tem-
poral resolution that can be reached, permitting
the assessment of transient biological phenom-
ena. For this reason, the light-inducible systems
reported so far have preferred photoreceptors
with fast-cycling kinetics, discarding the mas-
sive use of proteins such as FKF1. Nevertheless,
the development of slow-cycling versions could
be useful to induce cellular processes that are
needed to be permanent overtime with only a
brief illumination input.

Despite its capacity of light-induced homo-
dimerization, VVD can also heterodimerize
with the transcription factor White Collar 1
(WC-1). In N. crassa, WC-1 interacts with the
WC-2 transcription factor by direct protein-
protein interaction via a different type of PAS
domain, forming the White-Collar Complex
(WCC) that commands circadian gene expres-
sion (Linden and Macino 1997). Additionally,
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WC-1 is a blue light photoreceptor containing a
LOV domain (He et al. 2002; Froehlich et al.
2002), which under blue light illumination
passes to an active form allowing interaction
with another WC-1 protein through a LOV-
LOV interaction, affecting the WCC stoichiom-
etry (Cheng et al. 2003). Thus, the sequence
specificity of WCC changes and a photoacti-
vated multimer binds to specific elements
found in promoters of several light-activated
genes (He and Liu 2005; Chen et al. 2009). One
of these genes is vvd, and, therefore, after pro-
longed illumination, VVD is accumulated and
becomes light-activated, breaking the WCC-
WCC interactions by competitive LOV-LOV
binding between VVD and WC-1. This latter
interaction leads to the attenuation of light-
inducible transcription in N. crassa in a process
known as photoadaptation (Chen et al. 2010;
Malzahn et al. 2010; Hunt et al. 2010; Gin et al.
2013). Thereby, the natural WC-1/VVD interac-
tion is an interesting combination of fungal
photoreceptors to generate a novel light-
inducible approach. Recently, our group used
this feature from N. crassa photobiology to
implement an optogenetic system in yeast
that we termed “FUN-LOV” (Fig. 12.2a). We
showed that “FUN-LOV” allows high expres-
sion of luc upon constant light illumination,
showing almost null residual activity in the
dark (Salinas et al. 2018). Thus, “FUN-LOV”
yielded high levels of the reporter under con-
stant white or blue lights, achieving superior
results over those obtained with the classical
galactose induction strategy. Importantly, we
achieved induction levels of ~1300-fold when
comparing light versus dark conditions, and
even over 2500-fold when analyzing luciferase
levels from extracts of cells grown in the light
versus dark. Moreover, the “FUN-LOV” system
showed a very dynamic on/off gene expression
pattern in response to light/dark cycles, reach-
ing strong induction during lights on and quick
decrease of the signal as lights were turned off.
We also tested if longer exposure to light pulses
would increase expression of the reporter gene,
observing a rise in the signal as the duration of
exposure increases. On the other hand, despite
that a doubling in light intensity (from 20 to
40 mmol m�2 s�1) did not produce an increase

in luciferase levels (Salinas et al. 2018), we have
observed a slower induction kinetic and dimin-
ished maximal levels in low light intensity
such as 1 mmol m�2 s�1 (Delgado, unpublished
results). These results confirm that “FUN-LOV”
not only allows reaching high levels of expres-
sion and displaying low background signals but
that it is also tunable by modifying the intensity
and the duration of the light stimulus. We also
assessed the feasibility of the “FUN-LOV” sys-
tem to control the expression of a heterologous
protein such as limonene synthase from Canna-
bis sativa, observing a strong production of the
enzyme in constant light conditions by western
blot assays (Salinas et al. 2018). Importantly, as
proof of principle, we evaluated the perfor-
mance of this synthetic optogenetic switch to
induce a biotechnologically relevant phenotype
such as flocculation (Fig. 12.3c). Depending on
the genetic target of “FUN-LOV,” we controlled
the formation of yeast cell aggregates by light or
darkness, demonstrating the versatility of our
system (Salinas et al. 2018).

B. Optogenetic Approaches Directly
Implemented in Filamentous Fungi

In past years, different groups have attempted
to harness the power of light to control gene
expression directly in filamentous fungi, which
are already capable of sensing light. An example
of this was utilizing the promoter of the vvd
gene from N. crassa, to control the expression
of autologous and heterologous proteins in this
organism. The expression of vvd is quite high,
reaching augmented expression within minutes
of turning on the lights, while levels are
extremely low in constant darkness (Cesbron
et al. 2013). Thus, the vvd promoter was set to
control gfp reporter gene expression and trans-
formed ectopically both in wild-type (WT) and
Dvvd backgrounds, the latter to eliminate
photoadaptation (for continuous high expres-
sion in constant light). As expected, the system
revealed tight control as GFP levels were almost
undetectable when the fungus was kept in con-
stant darkness, whereas within 1 h of light
exposure, GFP was high and its levels increased
linearly for almost 2 days in constant light.
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Regarding gfp transcript levels, they were ~50-
fold induced after 1 h of light, staying as high as
80-fold throughout the 48 h of the time course
(Hurley et al. 2012). Importantly, rapid and
strong increase in vvd expression has been
reported by the use of destabilized luc as gene
reporter (Cesbron et al. 2013). Thus, we have
observed that 1 s of intense light can create a
strong wave of induction that is detectable
within a couple of minutes, that can last for
over 1 h after the light input disappears
(Fig. 12.4). In addition, the vvd promoter is
quite sensitive to different amounts of light,
allowing to cover a wide range of transcrip-
tional strengths in response to light of different
intensities (Cesbron et al. 2013). Interestingly,
the vvd promoter can respond to successive
stimuli, while other light responsive promoters,
such as frequency (frq), are unresponsive
(refractory) to new stimuli for a given amount

of time (Cesbron et al. 2013). In an attempt to
provide an example of the applicability of this
endogenous optogenetic system in N. crassa,
the autologous gene encoding the GH5–1 cellu-
lase was expressed under the control of the vvd
promoter, showing that high levels of expres-
sion can be achieved. This served as a proof of
concept that biotechnologically relevant genes
can be subjected to optogenetic control by the
native light sensitive machinery (Hurley et al.
2012; Fuller et al. 2018). Importantly, N. crassa
contains hundreds of genes that react to blue
light as a direct response to light-activated
WCC, displaying a great variety of dynamics
and strengths (Chen et al. 2009). Therefore,
different promoters could be utilized, to opto-
genetically control a gene of interest, providing
broad expression dynamics upon the same light
regime. In principle, similar strategies could be
adopted in other fungi where genome-wide
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Fig. 12.4 Dynamics of vvd expression in response to a
discrete light pulse. A N. crassa strain containing a
destabilized luciferase reporter under the control of
vvd promoter was grown under constant darkness for
24 h and then a 1 s light pulse, delivered with a blue

laser (blue arrow), was applied and luciferase activity
was quantified for 300 min (first 10 min in inset). As it
can be observed, the response is strong and prompt,
lasting for over 120 min (results obtained at the Lar-
rondo Lab)
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responses to light have been described and,
therefore, a list of promoters can be drawn
from genes with strong induction and kinetic
responses. A recent review summarizes such
studies, highlighting the top 10 most light-
induced candidates in several fungi (Fuller
et al. 2018): while in many organisms vvd
homologs are part of the list, other genes such
as con-6 or grg-1 appear as interesting candi-
dates that could drive strong expression upon
light in a WCC-dependent manner.

The industrial workhorse Trichoderma ree-
sei also has been used as a biological platform
to control the expression of genes of interest by
an artificial optogenetic system following the
logic of the previously mentioned “LightOn”
approach (Wang et al. 2014). The switch
allowed to control the expression of different
reporter genes such as dsred2 and gus, obtain-
ing positive signals after 36 h of light stimula-
tion. Subsequently, the system was improved
by using a light-switchable bidirectional pro-
moter version based on a “light-on” and
“light-off” divergent promoter (Zhang et al.
2016a, b). The optimization also included test-
ing different transactivation domains (selecting
VP16) as well as different flexible linkers
between VVD and the latter. The bidirectional
expression system evaluated the expression of
an alkaline cellulase encoding gene and rfp,
achieving 70-fold of expression comparing
light versus dark conditions. Both the duration
of light stimuli and light intensities were impor-
tant in dosing expression levels. Nevertheless,
at high irradiance (above 137 W) a negative
effect was observed, which could be related to
cellular stress and toxicity associated with an
excess of light. The authors also tried different
work cycles, providing light pulses of different
duration and frequency, concluding that con-
tinuous light is not necessary to get high levels
of expression. In order to obtain a light-off
promoter, a light-inducible promoter was used
along with a constitutive promoter with opera-
tors between the TATA-box and the gene of
interest, allowing the expression of two differ-
ent reporters in a light/dark dependent manner,
respectively (Zhang et al. 2016a, b). Another
approach developed by this group is a one-
step method that combines self-excisable

marker rescue and the control of the non-
homologous end joining (NHEJ) pathway in
such industrial eukaryotic microorganisms.
Using Agrobacterium tumefaciens-mediated
transformation and a Cre-LoxP system induced
by light, this team achieved simultaneous exci-
sion of a selectable marker gene and the cre
gene by Cre recombinase, in T. reesei, N. crassa
and Aspergillus niger (Zhang et al. 2016a, b).

In the context of harnessing potential appli-
cations of light in basidiomycetes, recent stud-
ies in Pleurotus ostreatus have shown that the
promoter of a lectin encoding gene could be
used in this organism to provide light-
controlled gene expression. Indeed, by putting
egfp under its control, the authors observed an
increase of fluorescence signal in the presence
of light compared to dark, a result that was also
supported by measurement of gfp mRNA levels
(Yin et al. 2019). Interestingly, such an effect
occurred only in the presence of white light, but
not blue light, a result that is difficult to inter-
pret based on the little information associated
with the promoter under study (Yin et al. 2019).

C. Expanding Optogenetic Toolbox by
Unexplored Fungal Photoreceptors

Curiously, only VVD/VVD and VVD/WC-1
interactions from N. crassa have been used to
implement fungal light-controlled systems so
far. In fact, WC-1 homodimerization via LOV
domains in response to blue light has not been
tested for optogenetic applications yet. This
only being an example, the kingdom mycota
could be considered an underexploited and
rather unexplored source of novel building
blocks for optogenetic systems. In fact, photo-
receptors of different nature have been identi-
fied in many fungal species, including other
ascomycetes as well as basidiomycetes, zygo-
mycetes, and chytrids (Herrera-Estrella and
Horwitz 2007; Corrochano 2007, 2019; Idnurm
et al. 2010; Fuller et al. 2016). Even in N. crassa
more is to be uncovered: for instance, this
fungus also expresses a cryptochrome (cry)
(Galagan et al. 2003) and an opsin (nop-1)
(Bieszke et al. 1999a, b), whose roles are still
rather obscure. Despite the fact that both pro-
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teins can bind their chromophores (FAD and
retinal, respectively) (Bieszke et al. 1999a, b),
light-dependent gene expression is not altered
in the knockout strains grown under vegetative
conditions (Chen et al. 2009; Froehlich et al.
2010). Moreover, N. crassa possesses two
genes (phy-1 and phy-2) with similarities to
red light-responsive phytochromes (Galagan
et al. 2003). Although further studies must be
performed to confirm PHY-1 and PHY-2-
proteins as bona fide active photoreceptors, it
has also been reported that the amplitude of
blue light induction for some genes such as
con-10 are affected in a phy-2 null mutant
(Olmedo et al. 2010), suggesting the existence
of a connection between blue and red light
photoreceptors in N. crassa.

An interplay between both wavelengths is
better understood by pioneering studies per-
formed in Aspergillus nidulans (Idnurm and
Heitman 2005). In this saprophytic fungus, sex-
ual/asexual development is tightly controlled
by light. Thus, red light is sensed by the phyto-
chrome FphA, inducing conidiation and inhi-
biting the formation of fruiting bodies
(Blumenstein et al. 2005). Despite FphA being
able to coordinate biliverdin in vitro, the
endogenous chromophore is still a mystery.
On the other hand, the WC-1 and WC-2 ortho-
logs LreA and LreB interact to form the WCC-
like complex involved in blue light perception,
which increases the generation of conidios-
pores but also activates the formation of repro-
ductive structures. In order to do this, FphA
binds to the LreA/LreB heterodimer in the
nucleus (Purschwitz et al. 2008), forming a
larger complex involved in balancing the action
of both wavelengths. Notably, the repressor role
of red light-activated FphA is mediated by its
target protein VeA, which also interacts with
several proteins that form the Velvet complex
(Bayram et al. 2010). The latter includes LaeA, a
protein with a major role in the production of
secondary metabolites. For this reason, VeA is
considered a bridge in the regulation of rele-
vant biological processes such as life cycle and
secondary metabolism by light (Bayram et al.
2010). Interestingly, the phenotype of a veA
knockout strain is partially restored by comple-
mentation with a N. crassa ortholog (Bayram
et al. 2008).

Light responses have also been studied in
the fungus Botrytis cinerea, which is a relevant
pathogen in the agroindustry due to its capacity
to infect many plant species (Dean et al. 2012).
In that context, a bioinformatic analysis
revealed that its genome encodes for 11 photo-
receptors (Schumacher 2017), but only few of
these have been studied in detail. As it could be
expected, photoreception in B. cinerea is based
on functional WC-1 and WC-2 proteins
(BcWCL1 and BcWCL2, respectively). Just as
in N. crassa, these orthologs interact in the
nuclei (Schumacher 2012) forming the B.
cinerea White Collar Complex (BcWCC). The
BcWCC is key in regulating the circadian clock
of this phytopathogen, providing daily rhythms
of its virulence on plant hosts (Hevia et al.
2015). Yet unexpectedly, while some genes
loose regulation by light in the absence of
BcWCL1, others appear to remain light-
responsive, which contrasts the essential role
that WC-1 plays in N. crassa (Canessa et al.
2013). Additionally, the photochemical proper-
ties of a B. cinerea VVD homolog (BcVVD1)
have been studied, being bcvvd1 one of the
genes regulated by light in a BcWCC-dependent
manner (Canessa et al. 2013). However, unlike
the N. crassa protein, BcVVD1 does not show
homodimerization in response to blue light
(Foley et al. 2018). Moreover, the existence of
a photoadaptation process mediated by
BcVVD1/BcWCL-1 interaction is not clear yet
in B. cinerea. Recently, another LOV-
containing photoreceptor with unique features
has been described in B. cinerea. The BcLOV4
protein contains a polybasic amphipathic helix
between the LOV domain and the carboxyl-
terminus of the protein, which is rapidly
recruited to the plasma membrane upon illumi-
nation and interacts with anionic phospholi-
pids in an unspecific way (Glantz et al. 2018).
Notably, this work presented the first natural
photoreceptor with the capacity to associate
with membrane components by light (Glantz
et al. 2018).

In contrast to B. cinerea, photoadaptation is
well-studied in T. reesei, in which it occurs in a
similar way to N. crassa. Several studies have
shown that light modifies the physiology of T.
reesei, including its striking ability to degrade
cellulose (Schmoll 2018). Specifically, the
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expression of a cellobiohydrolase encoding
gene (cbh-1) is a light-regulated process
(Gyalai-Korpos et al. 2010). In the same way,
as occurs in the fungi mentioned above, the
orthologs of WC-1 and WC-2 (BLR1 and
BLR2) are key to command the light responses
in T. reesei, by forming a WCC-like complex
(Castellanos et al. 2010). One of the genes regu-
lated by the light-dependent activity of the
BLR1/BLR2 complex is the vvd ortholog env1,
that encodes a protein involved in photoadap-
tation to constant illumination as well as other
signaling pathways such as growth, reproduc-
tion, nutrient metabolism, response to stresses,
and biosynthesis of specific molecules (Schmoll
et al. 2005; Seibel et al. 2012). Moreover, a
variety of photoreceptors have been identified
in the T. reesei genome, including a crypto-
chrome, a phytochrome, and an opsin (Marti-
nez et al. 2008).

Nonetheless, fungal photobiology is not
exclusive for ascomycete species. Bioinformatic
analyses of available basidiomycete, zygomy-
cete, and chytrid genomes have found several
orthologs of described fungal photoreceptors
(Idnurm et al. 2010). In fact, WCC-,
cryptochrome-, opsin-, and phytochrome-
encoding genes have been identified in basidio-
mycetes such as Coprinopsis cinerea, Crypto-
coccus neoformans, Ustilago maydis, and
Puccinia graminis (Salichos and Rokas 2010;
Corrochano 2019). Furthermore, cellular pro-
cesses, such as phototropism of fruiting bodies,
development of sexual structures, and activa-
tion of carotenogenesis have been related to
light regulation in the zygomycete fungi Phy-
comyces blakesleeanus, Mucor circinelloides,
and Rhizopus delemar (Corrochano and Garre
2010; Corrochano 2019). Notably, unlike asco-
mycete and basidiomycete species, each one of
these zygomycetes has multiple homolog genes
to the WC-1 photoreceptor and its partner WC-
2 (Corrochano and Garre 2010). Even the chy-
tridiomycete Spizellomyces punctatus pos-
sesses WCC components and a phytochrome
(Corrochano 2019).

As it has become clear throughout this
chapter, many of the reported optogenetic
experiences have been obtained in yeast, utiliz-
ing a wide range of optogenetic modules com-

ing from different organisms, with just few
experiences using fungal bio-blocks such as
VVD and WC-1 LOV domains from N. crassa
(Fig. 12.5). Although diverse (and even antago-
nistic) biological processes depending on WCC
proteins appear to be well-spread in fungi, a
conserved role of this complex in photorecep-
tion processes is nevertheless clear. In contrast,
the presence of VVD orthologs seems to be
infrequent, suggesting that it may not be a
vital element of the machinery involved in
light-responses across different fungal phyla.
This latter opens the exciting possibility of
using the LOV domain of Neurospora VVD as
well as a cognate promoter to control biological
processes by blue light in those fungi that do
not possess it naturally. On the other hand,
genes encoding cryptochromes, opsin, and
phytochromes also have been reported in sev-
eral fungal organisms. Therefore, a wide reper-
toire of fungal photoreceptors is available for
the implementation of new optogenetic tools,
expanding the current toolbox of this disci-
pline.

The study of light-controlled processes
requires, yet, the ability to properly control
experimental light conditions. Thus, whether
conducting studies aimed at further exploring
the photobiology of fungal species (i.e., N.
crassa, A. nidulans, T. reesei, B. cinerea, etc.),
or implementing optogenetic switches in yeast
or other fungi, it is important to have a proper
setup that allows tight control of full darkness
or defined light stimuli. Thus, a customized
darkroom is recommended, containing incuba-
tors that can set defined photocycles and light
intensities, equipped with safety-red lights
(when manipulating blue light optogenetic sys-
tems), and conditions securing manipulation of
samples in full darkness when needed
(Fig. 12.6).

IV. Concluding Remarks

In past years, synthetic biologists have begun to
interrogate different cell processes by a new set
of light-controlled tools. Light acts as an
orthogonal, non-toxic, and inexpensive modu-
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lator of biological phenomena that is easily
delivered by external illumination technologies.
In this way, light-controlled approaches
improve spatiotemporal resolution in relation
to traditional chemical inducers. However, light
has some issues that must be solved to establish
it as the main modulator of biological processes
in scientific investigation. For instance, photo-
toxicity can be a relevant point that depends on
light intensity and duration of its exposure. In
addition, the penetrance of light is crucial when
it is applied in high-density cell cultures or
opaque tissues.

Considering the great advantages and little
disadvantages of light as inducer, a broad num-
ber of optogenetic tools have been developed in
several biological chassis and responding to
different wavelengths. Based on natural and
engineered photoreceptors, it is now possible
to study and manipulate different cell processes
with great precision. To date, over 500 articles/

reviews related to optogenetics research have
been published, where 318 use mammalian
hosts, while only 56 cover fungi. In that context,
the number of articles mentioning LOV
domains reaches 128, in which there are just
28 publications related to VVD and/or WC-1
(https://www.optobase.org). Considering the
kingdom mycota comprises some 100,000
described species, with a diversity estimated at
0.8 million to 5.1 million species (Blackwell
2011), this poses an open invitation to the sci-
entific community to consider the rather unex-
plored photobiology of fungi in the
development of new optogenetic devices to
address pending biological questions. In that
context, we expect that advances in optics tech-
nology and discovery of light-sensitive domains
with novel biochemical properties can enrich
the optogenetic toolkit and the applications of
this field in basic and applied research.

VVD

WC-1

Fungal known

Characterized photoreceptors

Complete photoreceptor universe

photoreceptors

Commonly used
photoreceptors

Fig. 12.5 Photoreceptor universe compared to fungal
known and exploited photoreceptors. The diagram
shows that despite the vastly known photoreceptors
present in fungi, only a few ones are used, specifically
the LOV-containing VVD and WC-1 proteins from

Neurospora crassa, in the implementation of optoge-
netic switches. Thus, there is a great opportunity to
expand the existing optogenetic toolkit, developing
novel switches with interesting properties
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I. Introduction

Yeasts are unicellular fungi which have evolved
multiple times mainly in the phylum Ascomy-
cota and more rarely among Basidiomycota.
While most yeasts of both phyla reproduce
asexually by asymmetric cell division or bud-
ding, the yeasts of the ascomycete subphylum
Saccharomycotina are often referred to as the
budding yeasts (Shen et al. 2018). Among them,
Saccharomyces cerevisiae occupies an excep-
tional role as the species that is most intensely
used by humankind and best studied among all
yeasts. In literature it is often simply named
“yeast” or “budding yeast,” while the plural
form “yeasts” encompasses all yeast species.
To avoid confusion, we refer here to “yeasts”
when we mean any yeast species and to
“Baker’s yeast” or “S. cerevisiae” when this spe-
cies is addressed.

Yeasts have been employed for food pro-
cessing and production of alcoholic beverages
since millennia, marking an early inventive step
of biotechnology even long before the
biological nature behind was known. With the
industrialization of baking and brewing in the
nineteenth century, the prototypes of modern
biotechnological processes were developed,
among them the “Zulaufverfahren” for efficient
production of baker’s yeast (International
Yeast Co. Ltd. 1933). Termed “Fed-batch pro-
cess” today, this process type of substrate lim-
ited feed regime is used to avoid overflow
metabolism in most industrial bioprocesses. It
was found soon thereafter that yeast is able to
overproduce other metabolites besides ethanol,
such as glycerol (Klein et al. 2017). These early

1Department of Biotechnology, University of Natural

Resources and Life Sciences Vienna, Vienna, Austria; e-mail:
Bernhard.Schmelzer@boku.ac.at; Martin.Altvater@boku.ac.at;

Brigitte.Gasser@boku.ac.at; Michael.Sauer@boku.ac.at;

Diethard.Mattanovich@boku.ac.at
2 Austrian Centre of Industrial Biotechnology (ACIB GmbH),

Vienna, Austria
3 CD Laboratory for Growth-Decoupled Protein Production in

Yeast, University of Natural Resources and Life Sciences,
Vienna, Austria
4 CD Laboratory for Biotechnology of Glycerol, University of

Natural Resources and Life Sciences, Vienna, Austria

Genetics and Biotechnology, 3rd Edition
The Mycota II
J.P. Benz, K. Schipper (Eds.)
© Springer Nature Switzerland AG 2020

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-49924-2_13&domain=pdf
mailto:Bernhard.Schmelzer@boku.ac.at
mailto:Martin.Altvater@boku.ac.at</Email>; Brigitte.Gasser@boku.ac.at</Email>; Michael.Sauer@boku.ac.at</Email>; Diethard.Mattanovich@boku.ac.at</Email>
mailto:Brigitte.Gasser@boku.ac.at</Email>; Michael.Sauer@boku.ac.at</Email>; Diethard.Mattanovich@boku.ac.at</Email>
mailto:Michael.Sauer@boku.ac.at</Email>; Diethard.Mattanovich@boku.ac.at</Email>
mailto:Diethard.Mattanovich@boku.ac.at</Email>


developments of yeast biotechnology, using
Saccharomyces cerevisiae and its sibling spe-
cies, laid the basis for a broad development of
bioproductions based on a range of species,
mostly of ascomycete yeasts.

Besides its value for food industry, S. cere-
visiae is still the dominant yeast for biotech-
nology applications. This is partly due to its
outstanding ability to produce ethanol, applied
to manufacture biofuel from corn and sugar
cane, and partly based on its traditional use as
a platform for metabolic and cell engineering,
e.g., as a host for production of recombinant
proteins or secondary metabolites. However, an
increasing variety of ascomycete and basidio-
mycete yeasts are nowadays also employed for
biotechnological production, such as Yarrowia
lipolytica, Kluyveromyces lactis, Pichia pastoris
(syn Komagataella spp.), and Xanthophyllo-
myces dendrorhous, to name a few prominent

examples. Although yeasts are defined as uni-
cellular fungi, they vary significantly in their
size and morphology and may even attain pseu-
dohyphal structures (Fig. 13.1).

Among the ascomycete yeasts, budding
yeasts have evolved from a postulated common
ancestor about 400million years ago (mya), with
a large expansion of metabolic diversity from
approximately 150 mya onward. Evolutionary
sequence diversity of budding yeasts equals
that of plants and animals (Fig. 13.2, Shen et al.
2018). This huge diversity is reflected in a broad
variety of physiological traits, providing a
largely untapped resource of metabolic path-
ways and resistances to specific process condi-
tions, waiting to be utilized in biotechnology.

S. cerevisiae was the first eukaryotic organ-
ism having its genome sequenced (Goffeau
et al. 1996). This milestone enabled efficient
metabolic engineering of S. cerevisiae for pro-

Fig. 13.1 Differential interference contrast micro-
graphs of selected biotechnologically relevant yeasts.
Scale bar: 10 mm. Budding yeast species occur in differ-
ent sizes and shapes, and some species may even adopt

pseudohyphal morphology in certain conditions, as
shown for the case of Yarrowia lipolytica. Images by
Lina Heistinger (BOKU)
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duction of a plethora of metabolites, and it set
the ground for the development of synthetic
biology tools for baker’s yeast. While genome
sequencing of yet uncharacterized yeast species
is easy and rather cheap today, baker’s yeast
has a lead in the availability of tools over other
yeasts and is therefore (still) the preferred
eukaryotic platform for synthetic biology appli-
cations (Chen et al. 2018; Besada-Lombana
et al. 2018).

In the following, we describe the current
industrial use of yeasts for production of che-
micals and heterologous proteins, with a focus
on the major industrial products and current
developments that may change bioproduction

of building blocks for chemical industry in the
near future.

II. Yeasts for Production of Primary
Metabolites

Primary metabolites play an important role in
the central metabolism and are directly
involved in the growth and reproduction of a
living cell. Through the pathways of the central
carbon metabolism, organisms convert organic
nutrients into metabolites that contribute to
energy generation for biosynthesis or serve as

Fig. 13.2 Phylogenetic distance of the budding yeasts
compared to animals and plants. The distances, esti-
mated by genome sequence diversities of yeast species
discussed in this chapter together with some patho-

genic yeasts, are illustrated based on data of Shen
et al. (2018). The concept of this image follows illustra-
tions by Shen et al. (2018) and Bernard Dujon (unpub-
lished)
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building blocks for cellular components.
Important examples of primary metabolites
are amino acids for biosynthesis or ethanol
and lactic acid as products of fermentation
processes in many different cell types. In con-
trast to secondary metabolites (see Sect. III)
primary metabolites do not have direct phar-
macological effects in humans. Biotechnologi-
cally produced primary metabolites rather
play important roles in everyday human life,
serving as preservative or flavoring compo-
nents in food, beverages, cosmetics and phar-
maceuticals, as biofuels, cleaning agents,
precursor for biopolymers, dyes, etc. Due to
its robustness and well-established metabolic
engineering tools, yeast is often the preferred
production host for primary metabolites in
today’s industrial biotechnology. Below you
find several examples of industrially produced
primary metabolites in different kinds of yeast
species.

A. Ethanol

With over 80 million tons globally produced in
2017 (Renewable Fuels Association 2017), etha-
nol is one of the most important products in
industrial biotechnology. Bioethanol is used as
renewable fuel and widely applied as additive in
gasoline (e.g., E10: 10% ethanol + 90% gaso-
line). Currently, most of the industrial ethanol
is produced by fermenting substrates such as
hydrolyzed corn starch or cane sugar (“first
generation” biofuel). Due to its rapid substrate
consumption and ethanol fermentation ability,
and its robustness against harsh conditions,
Saccharomyces cerevisiae is ideal for industrial
ethanol production (Nielsen et al. 2013). Over
the last two decades, a lot of research effort was
aimed at using cheap and abundant forestry
and agricultural substrates (“second genera-
tion” biofuel) with the goal of reducing the
carbon footprint of ethanol production and
avoiding the ethical dilemma of using farmland
for biofuels and not for food (Rude and Schir-
mer 2009). Such non-food substrates primarily
include lignocellulosic plant biomass derived
from agricultural waste such as straw, fruit

pulp, leaves, unused parts of food crops, wood
chips, and others. Lignocellulose consists of
carbohydrate polymers (cellulose, hemicellu-
lose) bound to cross-linked phenolic polymers
called lignin. By a series of pre-treatment steps
including heat, acid, and enzymatic methods,
the sugar monomers trapped inside the ligno-
cellulose are extracted and used as substrate in
ethanol fermentations. Rational metabolic
engineering and adaptive laboratory evolution
strategies further improved the performance of
S. cerevisiae in bioethanol production (Jansen
et al. 2017).

B. Butanol

Butanol isomers (1-butanol, 2-butanol, isobu-
tanol, 2-methyl-2-propanol) are very attractive
biofuel alternatives with several advantages
over ethanol, which is currently the most
important biofuel. These advantages include
higher energy density, better blending ability,
lower moisture adsorption, and lower corro-
siveness (Dürre 2007). Furthermore, butanol is
an important chemical building block for
paints, coatings, plastic polymers, lubricants,
fragrances, etc. In the first half of the twentieth
century, butanol was mainly produced by the
acetone-butanol-ethanol (ABE) fermentation of
Clostridia species. However, high purification
and raw material costs, growth inhibition by
the products, low butanol recovery yield, and
the availability of cheap oil led the butanol
production away from the bioprocess to the
more economical petrochemical industry. In
the recent decades, modern metabolic engi-
neering and advanced fermentation technolo-
gies helped to revive the fermentation route.
High butanol production was achieved by met-
abolic engineering and fermentation of Escher-
ichia coli (Dellomonaco et al. 2011; Shen et al.
2011). Due to its butanol tolerance and well-
established genetic tools, S. cerevisiae shows
great potential as butanol production host. By
extensive metabolic engineering of S. cerevisiae,
butanol titers and yields could be improved
significantly (Generoso et al. 2015; Buijs et al.
2013). Further research and process optimiza-
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tion are on the way to make budding yeast the
ideal microbial cell factory for the production
of biobutanol.

C. Lactic Acid

Lactic acid is a versatile organic acid used in
food, cosmetic, pharmaceutical, and plastic
industries, in the latter serving as building
block for polylactic acid (PLA), a biodegrad-
able and biocompatible polymer. The increas-
ing global lactic acid market is projected to
reach 1.6 million tons in 2024 with a revenue
of US$3.7 billion (Global Industry Analysts,
Inc. 2017). Currently, lactic acid bacteria and
different yeast genera are most widely used
for the industrial production of lactic acid,
although, since the advent of modern metabolic
engineering tools, yeast-based production pro-
cesses became increasingly important (Sauer
et al. 2010). Besides Baker’s yeast, also other
yeast species are currently being developed as
host for lactic acid production. While many
bacteria require media supplementation with
peptides, amino acids, nucleotides, or vitamins,
most yeasts can grow on simple mineral
medium (maybe with the addition of few vita-
mins). Therefore, the nutrient and downstream
purification costs are significantly lower as
compared to processes using bacteria. More-
over, yeast cells are more tolerant to low pH
reducing the addition of neutralizing agents
during the fermentation process. In addition,
the low pH of the process greatly decreases the
risk of bacterial contaminations or bacterio-
phage infections. However, yeast cells do not
produce lactic acid naturally; thus, metabolic
engineering is required. Converting pyruvate
to lactic acid can be achieved by introduction
of a lactate dehydrogenase (e.g., from lactic acid
bacteria). To avoid any carbon loss, the com-
peting ethanol fermentation pathway must be
shut down, e.g., by deleting the genomic pyru-
vate decarboxylase genes. Furthermore, adap-
tive laboratory evolution, random mutagenesis,
and process engineering are applied in aca-
demic and industrial biotechnology to further

optimize lactic acid production in yeast (Miller
et al. 2011; Adachi et al. 1998; Baek et al. 2016;
Rajgarhia et al. 2007; Porro et al. 1999).

D. Citrate

Citric acid is one of the most important organic
acids in biotechnology with over 2 million tons
produced per year. Around 75% is used as
acidity regulator and flavor enhancer in bev-
erages and food products. Furthermore, due to
its broad range of applications, it is widely
applied in the chemical, cosmetic, pharmaceu-
tical, and agricultural industries (IHS Markit
2015). Naturally, citric acid is found in high
concentrations in a variety of fruits and vege-
tables. Moreover, it is an important metabolic
intermediate in the TCA cycle and thus present
in all aerobic organisms. Industrial production
of citric acid began at the end of the nineteenth
century by extraction from concentrated lemon
juice. In the early twentieth century, the fila-
mentous fungus Aspergillus niger was identified
as natural citric acid producer (Currie 1917;
Cavallo et al. 2017). From then on, fermentation
of A. niger was developed and optimized and is,
to date, the preferred production route of
numerous companies around the world (Ciri-
minna et al. 2017). To further lower the produc-
tion costs, research in the last two decades
focused on identifying and engineering other
citric acid producers, such as the yeast Yarro-
wia lipolytica. This yeast species has many
advantages over filamentous fungi: it can
metabolize a wide range of substrates and it is
resistant to high substrate concentrations and
contaminants such as metal ions (Cavallo et al.
2017). One low-cost substrate that can be uti-
lized by Y. lipolytica is glycerol, an inexpensive
by-product of the prospering biodiesel econ-
omy. Recent studies proved that optimizing
strain development, fermentation processes
and the utilization of waste products as sub-
strates can bring environmental and economi-
cal benefits in the near future (Hu et al. 2019;
Egermeier et al. 2017; Khanna et al. 2012;
Almeida et al. 2012).
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E. Succinic Acid

Succinic acid is another very important mole-
cule produced by yeast with a major role as
precursor of many valuable bio-based chemi-
cals. These include biodegradable polyesters,
surfactants, additives in food and agriculture,
pharmaceutical products, dyes, etc. Although
succinic acid is still produced by petrochemical
processes in large part, environmental reasons
and advancements in fermentation and meta-
bolic engineering technologies make bio-based
succinic acid production routes a competitive
and future-oriented alternative (Pinazo et al.
2015). As intermediate in the tricarboxylic
acid (TCA) cycle, succinic acid is synthesized
in almost all microbes, plants, and animals. The
ability of growing at low pH and the availability
of genetic information, metabolic engineering,
and -omics tools make yeast an important pro-
duction host. By using rational metabolic engi-
neering or systems biology approaches mainly
focused on the TCA cycle and the succinic acid
export, strains and fermentation processes were
generated proving competitiveness with the
current petrochemical production (Ito et al.
2014; Otero et al. 2013; Raab et al. 2010). As
an example for strain engineering, a part of the
metabolic engineering strategy of DSM/
Roquette (former Reverdia) using the succinic
acid-tolerant yeast S. cerevisiae is outlined in
Fig. 13.3.

III. Yeasts for Production of
Secondary Metabolites

Secondary metabolites are usually defined as
organic compounds that are not directly
connected to the growth of the organism. As
such this is a negative definition and so essen-
tially every metabolic product qualifies as sec-
ondary metabolite as long as it is not directly
associated to growth. However, usually only
those metabolites are referred to as secondary
metabolites, which are somehow connected to
specific functions like protection, competition,
or interactions with other living organisms.
Often their effect is very specific and their pro-

duction is restricted to a few species. Unlike
primary metabolites, the absence of secondary
metabolites does not result in the demise of the
organism. The specificity of these molecules in
various contexts makes them interesting for
many applications, in particular for pharma-
ceuticals or cosmetics but also as food or feed
additives, antibiotics, herbicides or fungicides,
and many more. When microbial cells are the
source of the desired metabolites, they are often
directly useful for mass production of the
desired compounds—for example, fungi for
penicillin production. However, often the meta-
bolites are plant derived, and large-scale pro-
duction is very expensive or even impossible. In
such cases metabolic engineering of microbial
cells offers a promising alternative. Since the
pathways often involve unusual enzymes and
complicated reactions, yeasts are the preferred
host cells for such metabolic engineering
endeavors.

A. Carotenoids

Carotenoids are among the few secondary
metabolites that are naturally produced by cer-
tain yeast species. They are pigments with anti-
oxidant properties and chemically part of the
terpenoid family of compounds, consisting
usually of eight isoprene units (C40). Carote-
noids are natural colorants with many pharma-
ceutical functions and nutraceutical
applications, which make them very valuable.
The most prominent producer of the caroten-
oid astaxanthin is the heterobasidiomycetous
yeast Xanthophyllomyces dendrorhous (teleo-
morph of Phaffia rhodozyma). This yeast has
been isolated in the late 1960s from tree exu-
dates in such distant points as Japan and Alaska
(Barredo et al. 2017). Another carotenoid natu-
rally produced by yeast is beta-carotene. The
most prominent genus accumulating beta-
carotene is Rhodotorula found in a wide variety
of habitats all over the world (Tang et al. 2019).

X. dendrorhous naturally accumulates
astaxanthin in high amounts. With distinct
strains grams per liter of astaxanthin can be
accumulated under appropriate culture condi-
tions. Since this yeast is a natural producer,

324 B. Schmelzer et al.



traditional methods like mutagenesis and
screening as well as bioprocess engineering
have been major approaches to increase pro-
ductivity. The question if accumulation of
astaxanthin is growth related or not was highly
debated in the literature and still seems not
really easy and straightforward to answer. It
turns out, however, that the optimal production
process is divided into two phases—a cell
growth phase with low carbon-to-nitrogen
ratio, allowing for rapid growth and moderate

astaxanthin production, followed by a matura-
tion phase with a high carbon-to-nitrogen ratio,
limiting growth, but leading to the accumula-
tion of high amounts of the desired compound
(Schmidt et al. 2011).

The enzymatic steps of the carotenoid bio-
synthetic pathway have been elucidated long
time ago. The products are commercially valu-
able and they are colorful—making engineer-
ing fun and success easy to recognize—so it is
no wonder that the carotenoid biosynthesis has

Fig. 13.3 Metabolic engineering for enhanced succinic
acid production in Saccharomyces cerevisiae. Succinic
acid formation can be achieved through three different
branches: The oxidative tricarboxylic acid (TCA) cycle,
the oxidative glyoxylate branch or the reductive path-
way of the TCA. To enhance the flux from phospho-
enolpyruvate or pyruvate through the energetically
unfavorable reductive branch to succinate, following
genes have been overexpressed in the production strain
of DSM/Roquette (former Reverdia, bold arrows):
Phosphoenolpyruvate carboxykinase pckA from Man-
nheimia succiniciproducens, pyruvate carboxylase

PYC2 and malate dehydrogenase MDH3 from S. cerevi-
siae, fumarase fumR from Rhizopus oryzae and fuma-
rate dehydrogenase FRDm1 from Trypanosoma brucei.
Transport of succinate across the cell membrane is
increased by overexpressing MAE1 from S. cerevisiae,
encoding a permease for malate and other C4 dicarbox-
ylic acids, such as succinate. Furthermore, to avoid
carbon loss to glycerol or ethanol formation pathways,
endogenous glycerol-3-phosphate dehydrogenase gpd1
and alcohol dehydrogenases adh1 and adh2 were
deleted (dashed arrows; Ahn et al. 2016; Van De Graaf
et al. 2015)
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long been a playground for the field of meta-
bolic engineering. The first reports about suc-
cessful engineering of baker’s yeast for beta-
carotene and lycopene production date back
to the beginning of the 1990s. Many studies
have since then been published transferring
the synthesis of various carotenoids into many
yeasts species, among them Saccharomyces cer-
evisiae, Pichia pastoris (syn Komagataella spp),
and Yarrowia lipolytica. While most of these
studies show a proof-of-principle, the titers
and productivities reached with natural produ-
cers have not been exceeded (Mata-Gómez et al.
2014). Very successful was a recent attempt to
reroute the pathway from astaxanthin to zea-
xanthin production in X. dendrorhous (Breiten-
bach et al. 2019).

B. Omega-3 Fatty Acids

The first example of a commercial product to be
produced by metabolically engineered yeasts
was the omega-3 long-chain polyunsaturated
fatty acid eicosapentaenoic acid (EPA; Xue
et al. 2013). EPA and docosahexaenoic acid
(DHA) are natural products of high commercial
value. They are essential for human health and
have therefore broad applications as nutri-
tional supplements, but they are also of great
importance as animal feed, particularly in
aquaculture. In nature EPA and DHA are
mainly produced by marine microorganisms
and a few plants. They then accumulate in
other organisms through the food chain. The
demand for EPA and DHA exceeds the natural
reserves, and increasing pollution of the sea
and concomitant accumulation of pollutants
with the desired acids in fish oil, for example,
led to the strong request for other sources. First
attempts to produce EPA in baker’s yeast were
not successful due to very low yields. The suc-
cessful approach started from Y. lipolytica,
which is an oleaginous yeast, naturally accu-
mulating high amounts of lipids under condi-
tions of carbon excess. Expression of the
enzymes required to modify the natural fatty
acids to EPA led to a moderately productive
strain. Interestingly, the final step to success

happened by chance: when the strain was con-
structed by random integration of the expres-
sion cassettes, the authors found one “jackpot”
clone with decisively increased EPA accumula-
tion. They then found out, that a pex gene had
been interrupted, which led to compromised
peroxisome morphology and abolished beta-
oxidation. Reconstruction of the same modifi-
cation in another background confirmed this
finding. The final strain produces up to 30%
of the cell dry weight as lipids, of which 56.6%
are EPA. This strain is used for two commercial
products—one nutritional supplement for
humans and one for the feeding of cultured
salmon (Xue et al. 2013). The first production
approach was a batch culture. In a two-stage
continuous fermentation, productivity could be
improved by 80% and EPA concentration in the
reactor by 40% without compromising the yield
or EPA concentration in the biomass (Xie et al.
2017).

Fatty acids and derivatives are generally an
important product of many yeast species. Fur-
ther examples and metabolic engineering
approaches to increase yield and modify the
accumulated products are highlighted in
Chap. 14 (by Baumann et al.).

C. Artemisinic Acid

Another success story for metabolic engineer-
ing of yeast is the market entrance of semi-
synthetic artemisinin in 2013. Artemisinin is a
plant-derived antimalarial drug, which has
been used by traditional Chinese medicine for
a long time. After a recommendation of this
drug by the World Health Organization, pro-
duction of the drug by isolation from plants in
the required amounts became difficult—so
other production routes had to be explored.

Extensive metabolic engineering of baker’s
yeast allowed for the production of artemisinic
acid, which can be chemically converted into
artemisinin. Three modules had to be opti-
mized for efficient production of the desired
acid: firstly, to provide the isoprenoid precur-
sors efficiently, the enzymes of the mevalonate
pathway needed to be overexpressed. Sec-
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ondly, expression of the plant-derived amor-
phadiene synthase had to be optimized, and,
finally, cytochromes and dehydrogenases
involved in the oxidation of amorphadiene to
artemisinic acid had to be optimized. With
these modifications 25 g/L of the desired com-
pound can be accumulated, which led to the
industrialization of the process (Kung et al.
2018). The time from initial inception of the
project to market entrance was about 14 years,
this included an increase of the amorphadiene
titer greater than ten million-fold from the first
proof-of-concept to industry-readiness (Hale
et al. 2007).

D. Opioids

Sixteen different opiate alkaloids are currently
approved by the US Food and Drug Adminis-
tration (USFDA) for medical use. Currently,
the sole commercial source of opiate alkaloids
is opium poppy cultivation, which leads to
fluctuations in supply and quality of the
pharmaceutically important substances. The
core structure of opioids is pentacyclic with
multiple chiral centers, which makes chemical
synthesis on commercial scale impossible. This
prompted efforts to reconstitute the opiate
alkaloid production in microbial systems.
Expression of 21 enzymes in baker’s yeast
allowed for the first time the production of
thebaine from sugar in 2015 (Galanie et al.
2015). Thebaine is an opioid structure, from
which various pharmaceutically important opi-
ates can be chemically or microbially synthe-
sized. This work was the result of a decade of
work and provided the proof-of-principle that
heterologous microbial opiate production is
possible. This work is not only important
from an industrial point of view, but it is a
prime example for how such an applied aim
helps to solve groundbreaking questions
about biology itself. Many crucial, hitherto
unknown enzymes have been identified. The
key enzyme of the pathway catalyzes the epi-
merization of S-reticuline to R-reticuline. It was
identified in the course of such projects from
three groups at the same time. Only its identifi-

cation allowed the proof-of-principle of opiate
production yeasts. However, the insights go
much deeper: the final step of thebaine synthe-
sis was long time thought to occur spontane-
ously in nature. Recently, this hypothesis could
be falsified and an enzyme for this reaction
has been identified. The initially produced
amounts of thebaine were in a scale of mg/L,
which differs about six orders of magnitude
from the commercially useful concentration of
5 g/L (Galanie et al. 2015). Expression of this
enzyme catalyzing the last step of thebaine syn-
thesis together with the remaining pathway
dramatically increases thebaine production to
about 700 mg/L (Chen et al. 2018).

The construction of the first proof-of-con-
cept strain is quite interesting also from a
synthetic biology point of view: the pathway
has been split into seven functional modules
(Höhne and Kabisch 2016). One module
ensures sufficient supply of the primary meta-
bolites, four modules comprise the main path-
way of the opiate production—split at
branching points in the biosynthetic pathway.
One module encodes the enzymes for tetrahy-
drobiopeterin production—a required enzy-
matic co-factor, which is naturally not present
in yeast, and finally, one module comprises
enzymes catalyzing rate-limiting steps, which
have been identified by metabolic flux analyses.
Starting from these modules other related alka-
loids are accessible. Li et al., for example, report
the successful production of noscapine—an
antitussive, with anticancer properties, in
baker’s yeast. Expression of 31 enzymes was
required to obtain this substance, of which 25
are heterologous from plants, mammals, and
bacteria (Li et al. 2018).

In the meantime many other alkaloids have
been successfully synthesized in yeasts. Inter-
estingly, there are only very few examples of
other production hosts than baker’s yeast. For
the assembly of very complicated heterologous
pathways, this traditional workhorse seems still
to be the preferred choice. It can be noted
also that most of the endeavors are at a proof-
of-principle level. It remains to be seen which of
the substances ever reach the markets as micro-
bial products.
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E. Aromatic Compounds

A wide variety of commercially relevant chemi-
cals can be produced starting from aromatic
amino acids. The choice of these chemicals
ranges from small building block molecules
to complicated plant secondary metabolites
such as flavonoids, stilbenes, or the abovemen-
tioned opioids (Suástegui and Shao 2016). Most
of these substances are produced in low con-
centrations in their natural sources, because
many are toxic and the metabolic pathways
generally complicated, often involving cyto-
chrome P450 enzymes. This makes microbial
production, where high concentrations of the
product are required for economic reasons,
challenging. Also in this case, most of the met-
abolic engineering endeavors have to be been
done so far with S. cerevisiae as cell factory. One
reason for this—apart of the advantageous
availability of many tools for this model organ-
ism—is that cytochrome P450 enzymes can be
functionally expressed quite well in baker’s
yeast. There is, however, an intrinsic disadvan-
tage of this microbial host. The shikimate path-
way—which is the point of origin for the
aromatic amino acid biosynthesis—combines
two precursor molecules from the primary
metabolism: erythrose-4-phosphate (E4P) and
phosphoenolpyruvate (PEP). PEP derives
directly from glycolysis, while E4P derives
from the pentose phosphate pathway (PPP). In
the Crabtree-positive yeast S. cerevisiae, glycol-
ysis is extremely active, while the carbon flux
via the PPP is at least one order of magnitude
lower. This means that the required precursors
are entirely unbalanced, which leads to very low
yields. Rewiring the entire central carbon
metabolism is therefore a prerequisite for effi-
cient aromatics production. Other yeasts, par-
ticularly Crabtree-negative yeasts, such as P.
pastoris (syn. Komagataella spp.) or Schefferso-
myces stipitis might be better candidates for
such endeavors. The next challenge is the
deregulation of the amino acid biosynthesis
itself. Aromatic amino acids are the most
“cost intensive” amino acids for the cellular
metabolism. Consequently, their biosynthesis
is strictly regulated on many levels—a hurdle
which needs to be overcome. When all of this is

achieved, the more or less complicated further
pathway has to be clicked in, and finally all
toxicity issues have to be addressed. This
explains why most of the endeavors so far did
not exceed the proof-of-principle level.

Among the few substances which can be
produced in comparatively high amounts is
resveratrol, a plant stilbene, which got a lot of
attention due to alleged health benefits. Follow-
ing the strategy outlined above, that is starting
with a complete rewiring of the central metab-
olism, about 800 mg/L of this compound has
been produced with baker’s yeast (Li et al.
2016).

IV. Yeasts for Production of
Recombinant Proteins

The market for recombinant proteins com-
prises of protein therapeutics, diagnostic pro-
teins, and industrial enzymes. The production
of recombinant protein therapeutics generated
sales of more than US$180 billion in 2017 with
predicted global annual growth rates of 6–8%
(Walsh 2018). In the period of 2014 to July
2018, 129 biopharmaceutically active agents
entered the marked and a total number of 316
distinct biopharmaceutical ingredients are
available in licensed products. In 2017, the
Top 10 biopharma products generated sales of
more than US$80 billion. In addition to that,
the market for industrial enzymes, such as
amylases, lipases, cellulases, proteases, carbo-
hydrases, etc., yielded revenues of US$4.5 bil-
lion worldwide in 2012 (Dewan 2014) and is
expected to grow to more than US$5.5 billion
by 2022 (Market Research Engine 2019).

Approximately 20–30% of biopharmaceuti-
cal products and industrial enzymes are pro-
duced in yeasts (Langer et al. 2018). In contrast
to primary and secondary metabolite produc-
tion, which is largely dominated by Saccharo-
myces cerevisiae, the range of yeast hosts used
for recombinant protein production is more
diverse (Gündüz Ergün et al. 2019; Baghban
et al. 2019; Vieira Gomes et al. 2018). Yeast
cell factories for protein production combine
the strengths of microbial and higher eukary-
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otic expression systems, providing a set of
advantages in comparison to bacterial and
mammalian production hosts. Among them
are the fast growth to high cell densities in
cheap media, fully sequenced and stable gen-
omes, the easy genetic manipulation with devel-
oped toolbox sets, the ability of post-
translational modifications and protein secre-
tion, as well as the microbiological safety
(GRAS status of some yeasts themselves and
their products, and the absence of pyrogens
and adventitious pathogens) (Roohvand et al.
2017). The lower specific productivity com-
pared to mammalian hosts is usually compen-
sated by high cell densities (up to 150 g/L dry
cell weight), which on the other side also
demands a higher fraction of energy and
resources directed into biomass formation
(Maccani et al. 2014).

Due to the dominance of monoclonal anti-
bodies (which represent 52% of new approvals
in the last 3 years), products derived from
mammalian expression systems have more
than 65% share in sales in the biopharmaceuti-
cal markets (Walsh 2018). However, if compar-
ing product amounts, of the 26.4 metric tons
pure active protein, 68% are produced in
microbial systems (Walsh 2014), and micro-
bially produced insulin is the most profitable
non-antibody-based product on the market.
Yeasts are primarily used for production of
secreted proteins which enables easy purifica-
tion of the product from the supernatant.
Among them mainly hormones, growth factors,
antibody fragments, and enzymes are currently
produced on an industrial scale. Additionally,
yeasts are excellent producers of vaccines such
as for Hepatitis B (containing recombinant
hepatitis B surface antigen) and Human papil-
loma virus (HPV) (Walsh 2018). While in the
early 2000s attempts to produce full length
monoclonal antibodies in yeast were initiating
extensive glycoengineering efforts, the recent
years saw the re-advent of yeast hosts for
novel (mostly non-glycosylated) targets such
as single chain variable antibody fragments
(scFv), camelid single domain antibodies
(vHH), and other binding scaffolds and anti-
body mimetics (Liu and Huang 2018; Spadiut
et al. 2014).

Glycosylation is an important topic, espe-
cially for biopharmaceutical products. Yeasts,
as eukaryotic organisms, are generally able to
perform these post-translational modifica-
tions, but their N-glycan structure is different
to the complex mammalian patterns. Yeasts
synthesize mannose-rich structures (depend-
ing on the species, these contain from 6 up to
200 mannose residues) that are lacking galac-
tose and sialic acid residues, which are present
in human glycans (Gemmill and Trimble 1999).
This might have two effects: first, the three
dimensional structure of the proteins can be
impaired, which can hamper or disable their
function. The second issue is immunogenicity:
the human immune system may recognize
these patterns as “unfamiliar” and elicited
immune reactions can lead to severe shocks.
Interestingly, the terminal glycosidic bonds
seem to evoke the immune reaction. While in
S. cerevisiae, the terminal mannose residues
have alpha-1,3 connections (Romero et al.
1999; Nakajima and Ballou 1975), other yeasts
such as Pichia pastoris and Hansenula poly-
morpha (syn. Ogataea polymorpha) lack the
enzymes for this reaction and produce termi-
nal alpha-1,2-glycosidic bonds instead, which
were shown to be less immunogenic to humans
(Song et al. 2007; Kim et al. 2004). During the
last decade, major cell engineering efforts were
directed toward glycoengineering of different
yeast species. After blocking the initial steps of
mannose chain elongation, N-glycans of the
GlcNAc2Man3 or GlcNacMan5 type could be
obtained in S. cerevisiae, P. pastoris, Yarrowia
lipolytica, and H. polymorpha thereby avoiding
high-mannose type N-glycans [reviewed by
Anyaogu and Mortensen (2015) and De Wach-
ter et al. (2018)]. For P. pastoris, more
advanced cell engineering was pursued involv-
ing 17 gene deletions or overexpressions
resulting in glycoengineered strains that do
not only prevent high-mannosylation but
even allowed mammalian-like N-glycans con-
taining terminal galactose and sialic acid
(Hamilton and Gerngross 2007). These made
the yeast-based production of highly glycosy-
lated human proteins such as full length IgGs
and erythropoietin (EPO) possible (Ye et al.
2011; Hamilton et al. 2006).
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Although the yeast quota of the recombi-
nant protein market is dominated by products
of the “conventional” yeast S. cerevisiae, there
are many other—so-called non-conventional—
yeast species that provide interesting features
for heterologous protein production (Meehl
and Stadheim 2014). In this chapter, we sum-
marize the characteristics and application of
different yeast species and their potential for
protein production with a focus on the indus-
trial and biopharmaceutical use.

A. Saccharomyces cerevisiae

Baker’s yeast S. cerevisiae is one of the most
prominent and important model organisms for
cell and molecular biology and consequently
also highly used for recombinant protein pro-
duction (Duina et al. 2014). Thus, most mar-
keted yeast-derived therapeutic proteins are
produced in S. cerevisiae, as the production
processes are well established and authorities-
approved. As a respiro-fermentative (so-called
Crabtree positive) yeast S. cerevisiae predomi-
nantely ferments a surplus of glucose to ethanol
even in the presence of oxygen. Therefore spe-
cial requirements are necessary for the cultiva-
tion in the bioprocess, namely, a glucose
limited feed, mostly as a fed batch cultivation.

Efficient production of insulin (see Sect. IV.
A.1) and related biopharmaceuticals has been a
major driving force in the last decades of the
previous century to improve S. cerevisiae as a
protein production host, including efficient
promoter and stable vector systems like the
promoter of alcohol dehydrogenase ADH2, the
galactose-inducible GAL promoter or the con-
stitutive heterologous TPI1-vector system (Ste-
pién et al. 1983; Hitzeman et al. 1981; Liu et al.
2012), improvement of secretion leaders (Kjeld-
sen et al. 1997; Kjeldsen 2000), and optimiza-
tion of bioreactor cultivation (Diers et al. 1991;
Mendoza-Vega et al. 1994; Vasavada 1995). Pio-
neering work in S. cerevisiae also elucidated the
function of genes in the secretory pathway
[reviewed by Feyder et al. (2015)] and led to
the identification of cellular bottlenecks during
protein secretion (Mori 2015) as well as strate-
gies to overcome them [reviewed by Hou et al.

(2012) and Zahrl et al. (2019)]. Other products
produced by S. cerevisiae include the hormones
glucagon, human growth hormone, interferon,
and subunit vaccines such as Hepatitis B sur-
face antigen and HPV vaccines (Wang et al.
2017). Nowadays strategies for improving pro-
tein production with S. cerevisiae are mainly
driven by the high demand of cellulosic and
lignocellulosic enzymes needed for the produc-
tion of second-generation biofuels (Tang et al.
2017; Xu et al. 2014; Kitagawa et al. 2011; Van
Zyl et al. 2016) aiming for high-level secretion
or surface display of these enzymes.

1. Insulin: The First Marketed Recombinant
Protein

Insulin was the first fully sequenced protein (by
Sanger in 1955) and also the first licensed drug
produced using recombinant DNA technology
in 1982. Today recombinant human insulin is
mainly produced either by Escherichia coli
(insoluble production as inclusion bodies and
refolding) or by the yeast S. cerevisiae [secre-
tion of soluble insulin precursor, Baeshen et al.
(2014)]. In insulin precursor (IP), the naturally
35 amino acids long C-peptide is exchanged for
a mini-C-peptide comprising of Ala-Ala-Lys,
which links the insulin B-chain (29 amino
acids) to the A-chain (21 amino acids). Secreted
and purified IP is then converted to human
insulin by tryptic transpeptidation (Kjeldsen
2000). The global insulin market (insulin and
insulin analogs) was US$22 billion in 2017
(Walsh 2018), with an annual sales increase of
more than 10% due to the increasing worldwide
prevalence of diabetes (Wirtz 2016). Yeast-
based production of insulin was first achieved
in 1986 and is now accounting for more than
half of market share. Novo Nordisk sells S.
cerevisiae derived insulin to more than 100
countries worldwide and has 44% value share
and 52% volume share. Additionally the Indian
biomanufacturers Biocon and Wockhardt pro-
duce insulin and insulin-derivatives such as
glargine in yeast hosts. While Novo Nordisk
started in 1991 to produce human insulin in
the S. cerevisiae expression system, Biocon
was the first company to produce human insu-
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lin in P. pastoris in 2003 (Meehl and Stadheim
2014). In 2018 the glargine biosimilar “Sem-
glee” produced in P. pastoris was approved by
the EU authorities.

B. Pichia pastoris

Among the section of methylotrophic yeasts,
one of the most prominent representatives
Pichia pastoris (Komagataella spp.) is a wide-
spread host for protein production. As these
yeasts can utilize methanol as the sole carbon
source, they were first used for single cell pro-
tein production for animal feed by Philips
Petroleum (later ConocoPhilips), since the
price for methanol derived from oil refining
was very cheap. After the rise of the feedstock
prices during the late 1970s, single cell protein
production was not profitable any longer and P.
pastoris was “set free” (Wegner 1990) to the
scientific community for research purposes
and further developed as a protein production
system in the 1980s. The most important reason
for its relevance in protein production is the
ability to utilize methanol as sole carbon
source. The genes that are responsible for this
metabolic pathway provide a set of strong
inducible and tightly regulated promoters
(alcohol oxidase AOX promoter system) that
are frequently utilized for overexpression of
recombinant proteins. Besides this, in the
recent years some alternatives to the AOX
inducible promoter systems (rhamnose-
inducible, glucose-limit induced PGTH1 etc.)
were developed to circumvent fire-hazard and
toxicity issues when using methanol in indus-
trial scale (Ahmad et al. 2014; Yang and Zhang
2018). Also the availability of commercial clon-
ing kits that provide beginners of this host a full
guide from cloning to protein production
helped to propagate the application of P. pas-
toris. A unique feature of P. pastoris is the
GlycoFi-technology owned by Merck & Co., a
cell engineering technology that enables manu-
facturers to produce human-like biantennary
N-glycosylated proteins, especially necessary
for antibody production. For bioprocess opti-
mization, P. pastoris has some important fea-
tures. It can grow to very high cell densities up

to 100 g/L and more (Shay et al. 1987), and it
secretes only a comparably small number of
host cell proteins (Huang et al. 2011) into the
culture supernatant. Therefore downstream
processing is facilitated.

The most important industrial biopharma-
ceutical produced in P. pastoris is Insulin glar-
gine (Basalog by Biocon Ltd.—India). Also
Hepatitis B vaccine and Interferon alpha 2b
are produced in this system (Shantha Biotech-
nics—India). In 2018, Semglee, a biosimilar to
insulin glargine Lantus, produced in P. pastoris
was approved by the EU authorities for the
treatment of Diabetes mellitus. Also Kalbitor
(INN: ecallantide), a plasma kallikrein inhibitor
for the treatment of hereditary angioedema, is
produced in this system. It was the first ever P.
pastoris-produced drug approved for human
treatment in 2009. A remarkable fact is that
despite the technical development by GlycoFi
which already enabled the production of glyco-
proteins with humanized N-glycosylation
structures, not a single P. pastoris-produced
antibody is on the biopharmaceutical market.
However, some exciting studies were published
in the last years, where nanobodies (single
domain antibodies lacking N-glycosylation)
were produced in high product titers [>10 g/
L, Schotte et al. (2016)]. There are also some P.
pastoris-derived products in the sector of
industrial enzymes that play an important
part: Quantum is an animal feed additive con-
taining recombinant phytase approved by the
FDA Center of Veterinary Medicine (CVM) in
2008. Furthermore, carboxypeptidase, lipase,
and phospholipase C are also produced in P.
pastoris.

C. Hansenula polymorpha

Another important cell factory system for the
production of recombinant proteins among the
group of methylotrophic yeasts is Hansenula
polymorpha (syn. Ogataea polymorpha). Apart
from its methylotrophy, it has some other spe-
cifically interesting characteristics. First it is
able to assimilate nitrate (Siverio 2002), which
makes it one of just a few yeast species with this
ability. Furthermore, it shows an extraordinary
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thermotolerance up to 50 �C (Wijeyaratne et al.
1986) which is quite unusual for yeasts. The
ability to induce methanol pathway promoters
such as PMOX in carbon source (e.g., glucose)
limit without the presence of methanol (in con-
trast to other methylotrophic yeasts) is a
unique feature of the H. polymorpha expression
system that makes it safe to use in industrial
bioprocesses. Recent advances regarding
genetic tools and bioprocess engineering of
the H. polymorpha platform are summarized
by Manfrão-Netto et al. (2019), while Yoo
et al. (2019) provides guidelines on vectors
and strains that are suitable for production of
secretory recombinant proteins.

The most prominent commercial product
made by H. polymorpha is HEPLISAV-B, a
recombinant hepatitis B vaccine launched by
Dynavax Technologies (USA) in 2017. Hexa-
cima, a multi-component vaccine containing
recombinant Hepatitis B antigens is also man-
ufactured in H. polymorpha. Wockhardt Ltd.
(India) launched Asia’s first human recombi-
nant insulin (Wosulin) in 2003, which is pro-
duced in H. polymorpha.

D. Yarrowia lipolytica

Yarrowia lipolytica is a yeast species with the
special ability to utilize higher hydrocarbons,
especially long-chain fatty acids. It also shows a
strong morphological dimorphism, as it can
grow from ovoid to hyphae form depending
on the present environmental conditions.
While the morphological status has a yet unre-
solved impact on the ability of Y. lipolytica to
produce metabolic products such as citric acid
and polyols (Timoumi et al. 2018), some
researchers hypothesized that the mechanisms
involved in dimorphic transition positively
influence the protein secretion behavior of
this yeast (Celińska and Nicaud 2019). On the
other hand, dimorphism poses a challenge for
establishing efficient bioprocesses for recombi-
nant secretory protein production (Vandermies
and Fickers 2019). Based on its natural habitats
(cheese, oil etc.), it secretes large amounts of
lipases and proteases for the retrieval of nutri-
ents for growth. Many Y. lipolytica-derived pro-

ducts (citric acid, erythritol, eicosapentaenoic
acid) received GRAS status in the last decade
(Groenewald et al. 2014). Therefore, it can
unhesitatingly be utilized in food and feed pro-
ducts. For expression of recombinant genes
either the constitutive TEF promoter or induc-
ible hybrid promoters are used (reviewed, e.g.,
by Madzak 2018). The most important recom-
binant products are mainly industrial enzymes
for applications in food and feed supplements,
cosmetics, detergents, textiles and paper indus-
tries, biofuels, and waste stream depollution
(Madzak 2015).

E. Kluyveromyces lactis

Kluyveromyces lactis, formerly classified as
Saccharomyces lactis, is known for its ability
to assimilate milk sugar (lactose). It can be
isolated from milk, butter, yoghurt, cheese,
and other fermented dairy products. Since K.
lactis is present in several dairy products, it is
generally recognized as safe (GRAS) by the FDA
authorities playing an important role for the
production of food and feed ingredients. Due
to the production of the pigment pulcherrimin,
the color of the colonies appears cream to pink.

For the expression of heterologous genes,
the availability of a strong and tightly regulated
promoter is of major importance. The major
promoter used in K. lactis is the promoter asso-
ciated with the beta-galactosidase LAC4 gene
that is well repressed by low concentrations of
glucose (Swinkels et al. 1993). An overview
about genetic tools for recombinant protein
production as well as bioprocessing strategies
was given by Spohner et al. (2016). In terms of
industrial applications, the ability to grow on
inexpensive substrates, such as cheese whey, is
a basis of economic competitiveness (Ornelas
et al. 2007). The naturally secreted beta-
galactosidase (lactase) is an important indus-
trial product of K. lactis cultivation, since it is
used for the production of lactose-free milk
products to a large extent. Furthermore, the
expression of heterologous chymosins plays a
major role for cheese production that nowadays
replaced the use of rennet from slaughtered
animals (van Ooyen et al. 2006).
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V. Conclusion and Outlook

Industrial application of yeasts has not only
shaped modern biotechnology in many ways
but is also contributing to our environment
and human health and well-being in many
ways. As outlined above yeast is employed to
produce bioethanol as a biogenic substitute to
transport fuels, natural colorants, and fra-
grances as well as biopharmaceutical proteins
and industrial enzymes. The detailed knowl-
edge on ethanol production has guided the
development of strains producing different
organic acids as well as higher alcohols which
are likely to become chemical building blocks
and energy carrier derived from biogenic
resources in the near future. Yeast derived sec-
ondary metabolites like artemisinin or opioids
are close to being available for patients, consti-
tuting a novel class of complex biochemicals
not naturally produced in yeast.

Two major developments are shaping the
future of yeast biotechnology:

1. Development of so-called non-
conventional yeasts (i.e., non-Saccharomy-
ces yeasts) into production platforms at par
with S. cerevisiae has gained enormous
momentum by modern genomics and sys-
tems biology, speeding up research on
physiology of these yeasts vastly.

2. Synthetic biology is accelerating develop-
ment of new production strains by
providing standardized methods and tools
to assemble genetic elements and engineer
genomes. The advent of a fully synthetic
yeast genome (Schindler et al. 2018) adds
a complementary perspective to this devel-
opment which may impact yeast biotech-
nology in many ways in future (Pretorius
and Boeke 2018).

The availability of fully synthetic yeast
chromosomes (and full genomes) will
likely shape yeast biotechnology in an
unprecedented way, once the newly devel-
oped technologies for genome design, syn-
thesis, and assembly have developed
toward routine, and can be fully combined
with synthetic biology standards and tools

toward the industrial application of yeasts
for production of medicines, consumer
goods and energy. By this, yeasts will likely
play a major role in a future bioeconomy
with the aim to master some of our world’s
great challenges.
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Çalık P (2019) Established and upcoming yeast
expression systems. Methods Mol Biol 1923:1–74

Hale V, Keasling JD, Renninger N, Diagana TT (2007)
Microbially derived artemisinin: a biotechnology
solution to the global problem of access to afford-
able antimalarial drugs. Am J Trop Med Hyg 77(6
Suppl):198–202

Hamilton SR, Gerngross TU (2007) Glycosylation engi-
neering in yeast: the advent of fully humanized
yeast. Curr Opin Biotechnol 18(5):387–392

Hamilton SR, Davidson RC, Sethuraman N, Nett JH,
Jiang Y, Rios S, Bobrowicz P, Stadheim TA, Li H,
Choi BK, Hopkins D, Wischnewski H, Roser J,
Mitchell T, Strawbridge RR, Hoopes J, Wildt S,
Gerngross TU (2006) Humanization of yeast to
produce complex terminally sialylated glycopro-
teins. Science 313(5792):1441–1443

Hitzeman RA, Hagie FE, Levine HL, Goeddel DV,
Ammerer G, Hall BD (1981) Expression of a
human gene for interferon in yeast. Nature 293
(5835):717–722
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I. Introduction

Fatty acids (FAs) and their derivatives, such as
fatty alcohols, dicarboxylic acids, FA esters,
alkanes, and alkenes, are frequently summar-
ized under the generic term “oleochemicals.”
The diversity of physicochemical properties of
oleochemicals is determined by their functional
groups and by the length of the aliphatic chains.
This is reflected by a variety of products con-
taining these classes of compounds, including
fuels, lubricants, surfactants, detergents, cos-
metics, food additives, and pharmaceuticals.
Consequently, the production volume of differ-
ent oleochemicals is measured in millions of
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tons per year (Rupilius and Ahma 2006), and
the demand is steadily increasing. They are
currently produced from petroleum (in which
case the term “petrochemicals” is also used) or
biomass-derived (mainly plant) fats. While the
concerns associated with the exploitation of
fossil resources have been known for a long
time, there is an increasing awareness of pro-
blems caused by mass cultivation of oily plants
(e.g., palms), for instance, excessive land use
and water consumption (Schmidt 2015). The
biorefinery concept, in which engineered
microbes are used to convert various biomass
feedstocks into desired products (Nielsen et al.
2013), offers a potentially more effective exploi-
tation of resources and thereby reduces the
environmental impact compared to extraction
from plants. Indeed, significant advances in
production of oleochemicals with different
chain lengths and functionalities have been
achieved in diverse microbial hosts (for review,
see Yu et al. 2014; d’Espaux et al. 2015; Pfleger
et al. 2015; Sarria et al. 2017; Marella et al. 2018;
Xue et al. 2018; Zhang et al. 2018). Since rapid
progress is made in the field, we feel that a
critical re-evaluation of the literature is justi-
fied. Here, we will focus on strategies developed
in S. cerevisiae, one of the best characterized
and most popular biotechnological host organ-
isms (see also Chap. 13 by Schmelzer et al.), in
which highest yields of microbially produced
FA have been recently reported (Yu et al.
2018). Different approaches for engineering
precursor and cofactor supply, chain length
control, elimination of by-product formation,
and overcoming product toxicity as well as the
development of biosensors for accelerating the
screening for best performing strains are sum-
marized and evaluated. Throughout the manu-
script, we consciously do not collect all data on
achieved titers and yields for different FA-
derived products, as another recent review has
provided a very detailed summary (Fernandez-
Moya and Da Silva 2017). Strategies that have
been developed in other host organisms (e.g.,
Escherichia coli) are occasionally discussed, if
they appear suitable to expand the pathways
already established in S. cerevisiae. Lastly, we
give an overview of the production of FA-
derived products in S. cerevisiae as well as
methods for optimizing fermentation condi-

tions, enabling the scale-up of current lab-
scale fermentation processes.

II. Providing Carbon, Redox Power,
and Energy for Fatty Acid
Synthesis: The Options for
Precursor Supply Routes

S. cerevisiae, an ethanologenic yeast, only
requires relatively small amounts of FA as
building blocks of membrane lipids. The FA
synthesis naturally occurs in the cytosol by
the FA synthase (FAS) that uses acetyl-CoA
(AcCoA) and its derivative malonyl-CoA (Mal-
CoA) as precursor molecules. AcCoA metabo-
lism in yeast is compartmentalized, whereby
the major part is synthesized inside mitochon-
dria via the pyruvate dehydrogenase (PDH)
complex (Krivoruchko et al. 2015) and the
mitochondrial AcCoA cannot be exported to
the cytosol (van Rossum et al. 2016a, c). The
native pathway for the synthesis of cytosolic
AcCoA in S. cerevisiae is referred to as pyruvate
dehydrogenase (PDH) bypass, and it diverts
only a minor part of the pyruvate produced
from glucose (Pronk et al. 1996). Following
decarboxylation of pyruvate by pyruvate dec-
arboxylases, acetaldehyde is oxidized to acetate
by acetaldehyde dehydrogenases (ALDs), and
acetate is subsequently ligated to CoA by the
acetyl-CoA synthetases (ACS). This reaction is
thermodynamically driven by hydrolysis of ATP
to AMP and inorganic pyrophosphate, which is
subsequently hydrolyzed by the inorganic pyro-
phosphatase. Thus, each AcCoA molecule is
synthesized at the expense of two ATP equiva-
lents by the PDH bypass. This reaction scheme
implies that the glycolytic ATP supply (net two
ATP moles per mol glucose) is insufficient,
because energy equivalents are also needed for
cell proliferation andmaintenance. Thus, a signif-
icant proportion of the available (sugar) substrate
must be diverted to the tricarboxylic acid (TCA)
cycle and respiration for the supply of energy
equivalents. This reduces the attainable product
yield (van Rossum et al. 2016b) and, considering
that most FA and derived products have a rela-
tively low commercial value, makes their produc-
tion through the PDH bypass uneconomical.
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AcCoA is not only a building block of FA
but also of many compound classes that are of
interest in biotechnology, such as isoprenoids
(e.g., artemisinic acid; Paddon et al. 2013),
polyesters (e.g., polyhydroxybutyric acid;
Kocharin et al. 2012), polyketides (e.g., 6-
methylsalicylic acid; Wattanachaisaereekul
et al. 2008), or flavonoids (e.g., naringenin;
Koopman et al. 2012). To avoid constraints
such as limited metabolic capacity of orga-
nelles, availability of cofactors, and transport
of products across organellar membranes, het-
erologous pathways for production of these
compounds are preferably expressed in the
cytosol. Therefore, significant effort has been
devoted to improving the cytosolic AcCoA sup-
ply in S. cerevisiae. An excellent review article
(van Rossum et al. 2016b) provided a system-
atic analysis of possible pathways to optimize
the supply of cytosolic AcCoA under consider-
ation of reaction stoichiometry, energy conser-
vation, and maximally attainable yields for four
model AcCoA-derived compounds including
FA. Here, we will revisit the current literature
that exploited some of those different possibi-
lities (summarized in Fig. 14.1) to produce FA
and other AcCoA-derived products. Since the
provision of reducing equivalents—either
NADH or NADPH—is equally important for
FA production and intrinsically dependent on
the choice of the AcCoA synthesis route, the
redox cofactor supply will be discussed
throughout this chapter. The synthesis of FA
can be engineered to occur either via FAS that
strictly requires NADPH or by reversing b-oxi-
dation, a FA degradation pathway, which allows
for more flexibility regarding the cofactor
dependence (see Sect. III.B). Therefore, the
choice of the appropriate AcCoA pathway also
depends on the synthesis mode of FA.

A. Engineering the Pyruvate Dehydrogenase
Bypass

In most proof-of-concept studies, the produc-
tion of AcCoA-derived products in S. cerevisiae
relied on the native PDH bypass or engineered
variants of it, without introducing heterologous
AcCoA routes. Even when various alternative
AcCoA pathways were introduced, the native

PDH bypass was present in the background of
all engineered strains, with one exception (Mea-
dows et al. 2016) known to us (see Sect. II.C).

An increased flux through the PDH bypass
can be achieved by redirecting acetaldehyde
away from reduction to ethanol by alcohol
dehydrogenases (ADHs) toward oxidation to
acetate by ALDs. In a first study (aiming to
increase the production of the isoprenoid
amorphadiene), it could be shown that over-
expressing the acetaldehyde dehydrogenase
ALD6 alone substantially increased the accu-
mulation of acetate (Shiba et al. 2007). Since
Ald6 is NADP-specific, this step is also impor-
tant to provide NADPH required by FAS. Next,
the authors tested different ACS variants,
whereby only the expression of a heterologous
enzyme from Salmonella enterica, mutated to
prevent inactivation by acetylation
(SeACSL641P), led to a substantial increase in
amorphadiene production (Shiba et al. 2007).
In the same study, the overexpression of endog-
enous enzymes had no (for Acs2) or little (for
Acs1) effect on amorphadiene titers, which was
attributed to negative regulatory mechanisms
at the post-translational level, possibly acetyla-
tion. In subsequent studies, a positive effect of
combined Ald6/SeACSL641P overexpression on
production of several AcCoA-derived products,
including FA derivatives such as FA ethyl esters
(FAEEs) and hexadecanol, was confirmed by
different groups (Chen et al. 2013b; Krivor-
uchko et al. 2013; Jong et al. 2014; Lian et al.
2014; Feng et al. 2015).

As a strategy to utilize the major fermentation product
ethanol for AcCoA synthesis, the ADH isoform II
(Adh2), which is the main enzyme responsible for
oxidation of ethanol to acetaldehyde, was co-expressed
with Ald6/SeACSL641P in some variants (Chen et al.
2013b; Krivoruchko et al. 2013; Jong et al. 2014; Feng
et al. 2015). Unfortunately, the effect of Adh2 over-
expression alone remained unclear, since it was over-
expressed only in combination with other enzymes
(e.g., acetoacetyl-CoA thiolase Erg10) that affect the
product yield (Kocharin et al. 2012; Chen et al. 2013b;
Krivoruchko et al. 2013) or together with Ald6 and
SeACSL641P, without a direct comparison to a control
not overexpressing Adh2 (Jong et al. 2014; Feng et al.
2015). Considering that the interconversion of acetalde-
hyde and ethanol is rather driven by the chemical equi-
librium, it remains yet to be demonstrated that Adh2
overexpression indeed diverts the flux toward AcCoA in
engineered strains in the presence of glucose.
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A logical approach to boost the production
of cytosolic AcCoA via the PDH bypass is the
elimination of ethanol production by deleting
the ADH genes. Li et al. (2014) first demon-
strated that the deletion of ADH1 is beneficial

for FA production. Lian et al. (2014) went a step
further and deleted the isoforms ADH1 and
ADH4 with a concomitant deletion of glycerol-
3-phosphate dehydrogenases GPD1 and GPD2
to prevent accumulation of glycerol, a trait pre-

Fig. 14.1 A simplified scheme of precursor supply
pathways for production of acetyl-CoA (AcCoA) deri-
vatives in the cytosol of S. cerevisiae. Only the relevant
pathway intermediates are shown in gray boxes: glu-
cose-6-phosphate (G6P), xylulose 5-phosphate (X5P),
glyceraldehyde-3-phosphate (GAP), pyruvate (PYR),
acetaldehyde (AA), ethanol (EtOH), acetate (AC),
acetyl-phosphate (AcP), citrate (CIT), oxaloacetate
(OAA), and malate (MAL). Solid lines depict single-
step reactions, whereas dashed lines stand for multiple
enzymatic steps. Reversibility of reactions is indicated
by double-headed arrows only if relevant in the context
of AcCoA supply. For reactions that can be catalyzed by
enzymes with different specificities, the generic nota-
tion “NAD(P)H” is used; otherwise, the specific cofac-
tor is denoted. For clarity, only the reduced form of the

redox cofactors is shown. The reaction stoichiometries
are not considered, and energy equivalents are shown
only for the AcCoA supply reactions. Enzyme names
are abbreviated as follows: PK phosphoketolase, PTA
phosphotransacetylase, PDC pyruvate decarboxylase,
ALD aldehyde dehydrogenase, mPDH mitochondrial
pyruvate dehydrogenase, cPDH cytosolic pyruvate
dehydrogenase, CS citrate synthase, ACL ATP citrate
lyase,MDHmalate dehydrogenase,MAEmalic enzyme,
A-ALD acetylating aldehyde dehydrogenase, ACS
acetyl-CoA synthetase; heterologous enzymes are
marked with an asterisk * and endogenous enzymes
that are expressed in a different compartment with an
asterisk in brackets (*). Transporters are not shown.
Influx/efflux of (pyro)phosphate, carbon dioxide, and
coenzyme A (CoA) moieties is omitted for clarity
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viously observed in ADH-deficient strains
(Smidt et al. 2012). This elimination of compet-
ing products already increased the flux toward
AcCoA, measured as an increase in n-butanol
production through a simultaneously
expressed heterologous pathway (Lian et al.
2014). Schadeweg and Boles (2016b) could
later show that a deletion of ADH isoforms 1–
5, even without a GPD deletion, substantially
increases the production of n-butanol through
a similarly designed pathway. When Ald6/
SeACSL641P were overexpressed in an ADH-/
GPD-deficient strain, the production of n-
butanol unexpectedly decreased due to a strong
accumulation of acetate (Lian et al. 2014). Con-
versely, overexpression of SeACSL641P alone
improved the productivity in the same strain
background (Lian et al. 2014; Lian and Zhao
2015). Taken together, the analyses performed
in ADH positive (Shiba et al. 2007) and negative
(Lian et al. 2014; Lian and Zhao 2015) strains
suggest that the balance of ALD and ACS activ-
ity is a critical and context-dependent variable
in optimizing the flux through the cytosolic
PDH bypass due to the rate-limiting role of
ACS and the accumulation of toxic acetate
levels.

B. ATP-Independent Pyruvate-to-Acetyl-CoA
Routes

The high energy requirement makes the PDH
bypass a rather inefficient precursor supply
pathway for manufacturing AcCoA-derived
products. Therefore, several alternative ATP-
independent AcCoA yielding pathways were
tested in S. cerevisiae for different products.
One possibility to convert acetaldehyde to
AcCoA is via acetylating aldehyde dehydro-
genases (A-ALD). Their functionality in yeast
was demonstrated by the ability to complement
the growth defect of an ACS-deficient strain
(Kozak et al. 2014b) and to replace endogenous
acetaldehyde dehydrogenases (Kozak et al.
2016). Schadeweg and Boles (2016b) demon-
strated increased n-butanol production via
reverse b-oxidation when they overexpressed
A-ALD from E. coli, mutated to favor the (non-
physiological) reaction direction from acetalde-

hyde to AcCoA (adhEA267T/E568K; Membrillo-
Hernandez et al. 2000) in an ADH-deficient
strain. However, a positive effect of A-ALD
overexpression could only be seen when the
supply of coenzyme A (CoA) was concomi-
tantly increased by overexpression of a heterol-
ogous pantothenate kinase (coaA from E. coli)
and pantothenate feeding, demonstrating that
the availability of not only acetyl moieties but
also of the coenzyme is a factor limiting the
synthesis of AcCoA (Schadeweg and Boles
2016b).

This notion likely applies to all AcCoA pathways, as the
overexpression of the pantothenate kinase and panto-
thenate supplementation was also beneficial in combi-
nation with an engineered PDH bypass (Ald6/
SeACSL641P overexpression) in a strain constructed for
production of the flavonoid naringenin (Liu et al. 2017).
The endogenous pantothenate supply can be improved
by overexpressing the polyamine oxidase Fms1 (Scha-
deweg and Boles 2016a), which catalyzes the limiting
step of its biosynthesis.

A-ALD pathway is a very promising alter-
native to the PDH bypass to produce AcCoA
derivatives, owing to its lower energy require-
ment. However, the theoretically attainable
yield for FA produced by FAS is lower when
A-ALD is used compared to PDH bypass (van
Rossum et al. 2016b) due to cofactor incompat-
ibility (the A-ALD pathway yields NADH, while
FAS requires NADPH). Thus, only if the FAs are
produced via reverse b-oxidation, which can be
engineered to utilize exclusively NADH, the
implementation of the A-ALD pathway appears
feasible. The same is true for other alternative
pathways that convert pyruvate to AcCoA in an
ATP-independent manner and thereby yield
NADH, namely, (1) pyruvate formate lyase
(PFL) combined with formate dehydrogenase,
and (2) cytosolic pyruvate dehydrogenase
complex (cPDH) (van Rossum et al. 2016b).
Although the functionality of PFL in yeast cyto-
sol has been demonstrated (Waks and Silver
2009; Kozak et al. 2014b), it has not been used
for high-level production of FA or other AcCoA
derivatives so far, due to its complex biochemi-
cal properties, including strong oxygen sensi-
tivity (Knappe et al. 1969). In contrast, a
significant improvement of n-butanol produc-
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tion was reported when a bacterial PDH or the
native PDH components lacking the mitochon-
drial targeting sequence were overexpressed in
yeast cytosol (Lian et al. 2014).

It has to be noted, however, that the cytosolic PDH
activity was not directly demonstrated in this study.
In another study (Kozak et al. 2014a), it has been
shown that the activity of PDH in the yeast cytosol is
strictly dependent on supplementation of lipoic acid, a
cofactor that is normally synthesized inside mitochon-
dria and must be covalently linked to the E2 subunit of
PDH. Moreover, overexpression of enzymes involved in
lipoylation of E2 in the cytosol is crucial (Kozak et al.
2014a). Since Lian et al. (2014) did neither supplement
lipoic acid nor express the components of the lipoyla-
tion machinery, the mechanism by which cPDH led to
an improvement of n-butanol production in their work
remains enigmatic.

Of particular interest for FA synthesis via
the (NADPH-dependent) FAS would be an
implementation of NADPH-yielding cPDH var-
iants. Indeed, a mutated (NADP+-accepting)
PDH was developed (Bocanegra et al. 1993)
and implemented to produce the polyketide
triacetic acid lactone in yeast cytosol. Although
the cytosolic PDH activity was not directly
measured, this strategy led to a significantly
increased NADPH/NADP ratio and AcCoA
levels in whole cell extracts as well as to
improved product titers in fermentations (Car-
denas and Da Silva 2016). Since this approach
has the same cofactor yield (one NADH and one
NADPH per molecule AcCoA) but a better
energetic balance compared to the PDH bypass,
it could potentially improve the production of
FA. However, the study did not address the
abovementioned requirement for lipoylation,
and this aspect will therefore require further
investigation before this approach can be
employed for FA production.

C. Phosphoketolase Pathway

Among all individually considered alternative
AcCoA pathways, the phosphoketolase/transa-
cetylase variant was predicted to enable the
highest yield of FAS-derived FA (87% of the
theoretical maximum), when the carbon flux

is rerouted from glycolysis to the oxidative
pentose phosphate pathway (PPP) to increase
the NADPH pool (van Rossum et al. 2016b). In
this scheme, glucose-6-phosphate is converted
to xylulose 5-phosphate (X5P) through a
consecutive action of the endogenous enzymes
glucose-6-phosphate dehydrogenase, 6-
phosphogluconolactonase, 6-phosphoglu
conate dehydrogenase, and D-ribulose-5-phos-
phate 3-epimerase, whereby the first and the
third reaction yield one NADPH molecule
each (for a review of the PPP, see Stincone
et al. 2015). X5P is then converted to acetyl-
phosphate (AcP) and glyceraldehyde-3-phos-
phate (GAP) by a heterologous phosphoketo-
lase (PK). Subsequently, AcP is directly
converted to AcCoA by a heterologous phos-
photransacetylase (PTA). The PK/PTA path-
way was expressed in a strain engineered to
produce FAEE and indeed led to a significant
increase of product titers compared to the ref-
erence strain containing only the native PDH
bypass (Jong et al. 2014).

Another variant to convert PKA-derived AcP to AcCoA
involves the acetate kinase (ACK), which yields acetate
and ATP by transferring the phosphate residue from
AcP to ADP. Although ATP is produced in this reac-
tion, the production of AcCoA via this route is energet-
ically less favorable than via PTA since two ATP have to
be invested into the subsequent activation of acetate by
ACS (see above). The implementation of this strategy
led to a significant improvement of polyhydroxybuty-
rate (Kocharin et al. 2013) and, to a lower extent than
with the PK/PTA variant, FAEE production (Jong et al.
2014).

In one recent study (Meadows et al. 2016),
the PK/PTA pathway was combined with the A-
ALD to produce the isoprenoid farnesene, as
the combinatorial configuration was calculated
to lead to the highest possible product yields
(van Rossum et al. 2016b). Interestingly, the
authors found that AcP produced by PK is
partly dephosphorylated by endogenous (pro-
miscuous) glycerol-3-phosphate phosphatases
and their activity needs to be reduced to favor
the PTA reaction. This study stands out as the
only one in which the endogenous PDH bypass
was fully substituted (by ald6 acs1 acs2 dele-
tion) with heterologous AcCoA synthesis routes
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(A-ALD and PK/PTA). Indeed, this approach
led to the highest yields ever reported of an
isoprenoid produced in S. cerevisiae and
impressively demonstrated how an “ideal”
combination of precursor supply pathways
based on stoichiometric analyses can be
designed to produce AcCoA derivatives at an
industrially competitive level.

D. Citrate-Oxaloacetate Shuttle

The major breakthroughs regarding production
of oleochemicals in S. cerevisiae have been
recently achieved by implementing the citrate-
oxaloacetate shuttle. If NADPH supply is not
concomitantly engineered, this pathway, like
the ATP-independent pyruvate to AcCoA
routes, has the lowest expected yield for FA
produced via FAS (74% of the theoretical maxi-
mum; van Rossum et al. 2016b) due to the
imbalance of NADH production and NADPH
requirement of FAS. Nevertheless, many oleag-
inous yeasts, such as Yarrowia lipolytica, which
produce large amounts of lipids in the cytosol,
rely on this system to provide cytosolic AcCoA
(Vorapreeda et al. 2012). The term “shuttle”
refers to the fact that AcCoA is formed from
pyruvate inside mitochondria via the native
PDH complex. Subsequently, the acetate moiety
is transferred to oxaloacetate by citrate
synthase (CS). The resulting citrate either can
enter the TCA cycle inside the mitochondria or
be exported to the cytosol to serve as a shuttle
for acetyl moieties. A cytosolic ATP citrate
lyase (ACL), an enzyme that is not present in
S. cerevisiae, is required to form AcCoA and
oxaloacetate under the expense of one ATP
molecule. The cycle is closed by transporting
oxaloacetate back into the mitochondria
through a citrate-oxaloacetate antiporter. In a
first attempt, the overexpression of a murine
ACL in S. cerevisiae led to a slightly increased
titer of total FA (Tang et al. 2013). The effect
was mostly pronounced during the stationary
phase, probably reflecting the redirection of the
metabolism toward respiration of the accumu-
lated ethanol.

In the same study, isocitrate dehydrogenase genes IDH1
and IDH2 were deleted to promote the accumulation of
citrate; somewhat surprisingly, this intervention did
not affect the total content but only the saturation
profile of FA, suggesting that ACL activity and/or
other factors were rate limiting. Later studies, per-
formed in strains engineered for n-butanol (Lian et al.
2014), hexadecanol (Feng et al. 2015), or mevalonate
(Rodriguez et al. 2016) production, showed that the
choice of the heterologous enzyme has a certain impact
on the pathway efficiency.

In most recent studies that reported the
highest titers of FA or their derivatives (Zhou
et al. 2016b; Yu et al. 2018), the citrate-
oxaloacetate shuttle was further optimized and
combined with strategies that increase the
NADPH supply. The overexpression of ACL
alone in a strain that was already engineered
to block FA degradation led to a moderate
improvement (up to 50%) of free FA titers,
which is consistent with previous studies
(Tang et al. 2013; Lian et al. 2014). A further
improvement was achieved by introducing a
transhydrogenase-like reaction sequence to
increase NADPH supply, exemplifying the
importance of redox cofactors as a driving
force for FA production. In this scheme, a cyto-
solic malate dehydrogenase (MDH) reduces
oxaloacetate to malate (oxidizing NADH), and
a cytosolic malic enzyme (MAE) subsequently
transfers hydrogen to NADP, whereby malate is
converted to pyruvate, which then re-enters
mitochondria and undergoes a new cycle
(Fig. 14.1). Additional overexpression of the
endogenous citrate transporter Ctp1 appeared
to have no beneficial effect on the FA produc-
tion, suggesting that the export of citrate into
the cytosol may not have been a limiting factor
in this approach. In a follow-up study (Yu et al.
2018), several strategies to enhance the citrate-
oxaloacetate shuttle were tested. Overexpres-
sion of the endogenous (mitochondrial) PDH
components to enhance the mitochondrial syn-
thesis of AcCoA did not lead to an increase in
FA titers in this study. However, the overex-
pression of the mitochondrial pyruvate carrier
subunits Mpc1 and Mpc3 and introduction of a
heterologous CS in addition to the native one
appeared to increase the flux through the
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citrate-oxaloacetate shuttle, measured as an
increase in FA titers by about 20%.

An incremental improvement was achieved by introdu-
cing an additional ACL gene from Aspergillus nidulans
(a murine ACL was already present in the engineered
strain). Simultaneously the isocitrate dehydrogenase
Idp2 and the citrate-a-ketoglutarate antiporter Yhm2,
which also accepts oxaloacetate instead of a-ketogluta-
rate, were overexpressed. Idp2 was supposed to oxidize
citrate to a-ketoglutarate and thereby provide addi-
tional NADPH for FA synthesis. This, however, can
only occur at the expense of the cytosolic citrate and
therefore AcCoA pool. Yhm2 overexpression was
intended to increase the antiport of citrate with oxalo-
acetate. Unfortunately, since three genes were intro-
duced at once as compared to the reference strain,
their individual contribution to the improvement can-
not be disentangled.

A further substantial improvement of FA
synthesis in this strain background was
achieved by diverting the glucose flux from
glycolysis to the oxidative PPP to increase the
NADPH pool. To this end, the expression of the
phosphoglucose isomerase (PGI1) was down-
regulated, whereas the endogenous genes
encoding PPP enzymes glucose-6-phosphate
dehydrogenase (ZWF1), 6-phosphogluconate
dehydrogenase (GND1), transketolase (TKL1),
and transaldolase (TAL1) were concomitantly
overexpressed. A downregulation of the mito-
chondrial isocitrate dehydrogenase IDH2 to
prevent the degradation of citrate in the TCA
led to a further improvement but only in a
strain with the upregulated PPP. In its precur-
sor strain, lowering Idh2 activity had no bene-
ficial effect, and this notion is consistent with
previous results, obtained in a strain that
contained the citrate-oxaloacetate shuttle, but
was not engineered for an increased supply of
NADPH (Tang et al. 2013). Collectively, these
studies show that sufficient reducing power is
essential for efficient FA production.

E. Strategies to Manipulate NADPH Level
Independently of Precursor Supply Routes

Besides abovementioned possibilities of over-
expressing enzymes that yield NADPH (e.g.,
Ald6, Zwf1) or creating transhydrogenase

cycles (e.g., oxaloacetate-malate-pyruvate), the
level of this cofactor can be manipulated
through interventions into glycolysis or amino
acid metabolism. One possibility to increase the
pool of NADPH is bypassing the main source of
cellular NADH—the glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) reaction—by
a NADP-dependent enzyme. The expression of
a heterologous non-phosphorylating NADP-
dependent GAPDH in strains engineered for
polyhydroxybutyrate (Kocharin et al. 2013) or
FAEE (Shi et al. 2014a) production led to con-
siderable product yield improvements, but not
in a strain designed to produce fatty alcohols
(d’Espaux et al. 2017). It has to be noted that—
besides different product pathways—the
genetic interventions into the carbon metabo-
lism of these strains largely differed, suggesting
that the applicability of this strategy is context-
dependent. One important consideration is that
the activity of a non-phosphorylating GAPDH
will reduce the ATP yield of glycolysis, which,
as outlined above, ultimately will lead to a
reduction of the maximally attainable yield.
The implementation of a phosphorylating
NADP-dependent GAPDH does not suffer
from this downfall, but its utility for production
of oleochemicals in S. cerevisiae could not yet
be demonstrated (d’Espaux et al. 2017). A com-
plementary approach is reducing the NADPH
consumption through competing pathways.
Based on the observation that a large propor-
tion of NADPH is oxidized by NADP-depen-
dent glutamate dehydrogenase Gdh1, d’Espaux
et al. (2017) demonstrated that a deletion of the
GDH1 gene is beneficial for fatty alcohol pro-
duction.

F. Engineering Malonyl-CoA Supply

MalCoA, the extender unit for FA synthesis via
FAS, is synthesized by carboxylation of AcCoA
in an ATP-dependent manner by the endoge-
nous enzyme AcCoA carboxylase (Acc1). In
some studies, the native form of Acc1 was over-
expressed to boost the production of FA deri-
vatives, which indeed led to higher product
titers (Shin et al. 2012; Runguphan and Keasl-
ing 2014). As an alternative approach, Wang
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et al. (2014b) overexpressed a plant MalCoA
synthetase, which ligates malonic acid and
CoA to generate MalCoA directly. This
improved the productivity of strains engi-
neered for polyketide production and increased
the total FA amount. Since the native Acc1 is
known to be inactivated by phosphorylation by
the kinase Snf1 upon glucose depletion, differ-
ent strategies were developed to circumvent
this regulatory mechanism, including relocali-
zation of the mitochondrial ACC from S. cere-
visiae (Hfa1) into the cytosol (d’Espaux et al.
2017) and site-directedmutagenesis to prevent
phosphorylation (Choi and Da Silva 2014; Shi
et al. 2014b). All of them led to remarkable
improvements in yields of MalCoA-derived
products.

The specific activity of the phosphorylation-resistant
mutant Acc1S1157A was higher compared to wild-type
Acc1 even when measured in extract from glucose-
grown cells (Choi and Da Silva 2014), suggesting that
the protein might be partly phosphorylated also on this
carbon source (not only on ethanol). In another study,
a second (in silico predicted) phosphorylation site
(S659) was mutated to alanine in addition to S1157,
which led to an increase in specific activity and total
FA yields compared to a control harboring the S1157A
mutation alone (Shi et al. 2014b). Considering that Snf1
is activated by AMP (Sanz 2003), we hypothesize that
phosphorylation resistance may become even more
relevant on glucose-grown cells when the PDH bypass,
which produces AMP in the ACS reaction (Fig. 14.1), is
overexpressed.

Another important consideration for strain
design is the sensitivity of FA chain lengths to
the AcCoA/MalCoA ratio. Elevated concentra-
tion of MalCoA is known to favor the elonga-
tion of the FA carbon chains by FAS (Sumper
et al. 1969). Indeed, the expression of
Acc1S1157A (Choi and Da Silva 2014; Hofbauer
et al. 2014; Besada-Lombana et al. 2017) and
Acc1S1157A, S659A (Zhou et al. 2016b) led to a
higher proportion of longer FA chains. This
demonstrates that, especially if tight chain
length control is desired, the relative abun-
dance of the precursor molecules must be sub-
tly balanced. By affecting the lipid composition
of the membranes, the ACC hyperactivity not
only changes the product profiles but also

appears to negatively influence cell growth,
which was attributed to an imbalanced synthe-
sis of long-chain FA or depletion of intermedi-
ates (Shi et al. 2014b). On the other hand, the
expression of Acc1S1157A was shown to improve
the resistance of yeast to medium-chain FA (see
Sect. IV.B). All these observations demonstrate
that balancing the ACC activity is a non-trivial
task and several factors such as the AcCoA
abundance, product chain length, and toxicity
must be taken into account. The development
of product-specific biosensors (see Sect. IV.C)
will accelerate the screening of strains produc-
ing the desired chain length in a high-
throughput manner, which will greatly facilitate
the balancing of AcCoA and MalCoA supply.

To summarize, the endogenous supply of
cytosolic precursors (AcCoA and MalCoA),
redox cofactors (NADH or NADPH), and
energy equivalents (ATP) via the PDH bypass
is not sufficient for production of FA and deri-
vatives in S. cerevisiae beyond the proof-of-
concept level. Although there are no systematic
studies comparing the FA yields in dependence
on different precursor supply routes, stoichio-
metric analyses (van Rossum et al. 2016b) and
experimental data outlined above show that
there is no “one best” precursor supply path-
way valid for all AcCoA-derived products. Since
the choice of the FA elongation system (FAS vs.
reverse b-oxidation; see Sect. III) dictates the
redox cofactor requirement, the appropriate
precursor supply pathway must be chosen
accordingly. Moreover, to minimize the
amount of carbon that needs to be diverted
for energy supply, the native PDH bypass
must be fully replaced by a combinatorial pre-
cursor supply configuration, as predicted by
stoichiometric analyses for different model
compounds (van Rossum et al. 2016b) and
experimentally shown for the isoprenoid farne-
sene (Meadows et al. 2016). Considering that
very promising improvements in FA productiv-
ity, reaching total yields up to 30% of the theo-
retical maximum, have been recently achieved
(Yu et al. 2018), it is conceivable that similar
combinatorial approaches can lead to further
advances in the production of oleochemicals.

14 Engineering Saccharomyces cerevisiae for Production of Fatty Acids and Their Derivatives 347



III. Strategies for Chain Length
Control

The majority of microbially synthesized FAs
are 14–20 carbon atoms in length (referred to
as long-chain FA). Mainly saturated and mono-
unsaturated FA with 16 or 18 carbon atoms are
synthesized in S. cerevisiae (Cottrell et al. 1986).
Engineering microbes like E. coli, S. cerevisiae,
or oleaginous yeasts (e.g., Yarrowia lipolytica)
toward FA and FA derivatives with alternating
chain length is desired due to their compelling
properties as biofuels; for the cosmetic, health-
care, and pharmaceutical industries; or as plat-
form compounds (Lennen and Pfleger 2013).

In microorganisms however, biosynthesis
of short- (�C4), medium- (C6–C12), or very
long- (�C22) chain FA is rare and low in quan-
tity. For this reason strategies for chain length
control through a focus on the main anabolic
(FA biosynthesis) and catabolic (b-oxidation)
pathways have been developed.

A. Manipulation of the Natural Fatty Acid
Biosynthesis and Elongation Machinery

Fatty acid biosynthesis follows a conserved
chemistry among different types of FAS
enzymes which differ in their general organiza-
tion. Type I FAS systems (mainly eukaryotic)
carry all catalytic domains in one multifunc-
tional complex (Schweizer and Hofmann
2004). However, fungal type I FAS greatly differ
from animal type I FAS in their architecture
(Leibundgut et al. 2008).

In type I systems, FA biosynthesis is
initiated by the transfer of the starter unit
AcCoA to the acyl-carrier protein (ACP) by
the acetyltransferase (AT) domain of FAS. Sub-
sequently, the ACP domain delivers the acetyl
residue to the ketosynthase (KS) domain. Simi-
larly, the extension unit MalCoA is loaded onto
the free ACP by the malonyl-palmitoyl transfer-
ase (MPT) domain. Acetyl and malonyl moi-
eties are condensed by the KS domain to a b-
ketoacyl intermediate, which is then further
processed. The b-ketoacyl intermediate is
reduced by the ketoacyl reductase (KR) domain

to form 3-hydroxyacyl-ACP, which is dehy-
drated by the dehydratase (DH) domain and
eventually reduced by the enoyl reductase
(ER) domain to a saturated acyl chain contain-
ing two additional carbon atoms. The reductive
steps at the KR and ER domains are strictly
NADPH-dependent. After completion of one
cycle, the acyl chain is either condensed with
another malonyl moiety for further elongation
or released by the MPT domain as a CoA-bound
thioester in fungal FAS (Lomakin et al. 2007).
After release of acyl-CoA esters from the FAS
complex, thioesterases (TE) cleave the thioester
bond between the acyl chain and CoA to release
free FA.

As a strategy for enrichment of short- and
medium-chain FA, expression of short- and
medium-chain-specific TE for early termina-
tion of FA biosynthesis has been established
in multiple studies (Leber and Da Silva 2014;
Fernandez-Moya et al. 2015; Xu et al. 2016; Zhu
et al. 2017b). Combined with fungal FAS
enzymes, soluble TE only have limited or no
access to FAS-bound acyl-CoA or acyl-ACP
esters, and protein engineers have therefore
developed strategies to locate TE within the
FAS complex. For instance, some type I FAS
(e.g., from Rhodosporidium toruloides and
Aplanochytrium kerguelense) harbor two
redundant ACP domains, which are located
inside of the FAS scaffold. It is therefore possi-
ble to replace one of them by a short-chain TE
to enable a direct access to acyl intermediates
inside the reaction chamber. The implementa-
tion of this strategy proved to be more efficient
than the expression of free TE and increased
short- and medium-chain FA production by 3-
to 15-fold (Zhu et al. 2017b). In Y. lipolytica
FAS, replacement of the MPT domain by a
short- and medium-chain-specific TE resulted
in an increase of up to 29% of C12–C14 FA of
the total FA content (Xu et al. 2016).

As an alternative approach, the yeast FAS
has been replaced by non-fungal enzymes.
Human FAS (hFAS) carries its own TE domain,
which releases the acyl moieties directly from
the ACP (Leibundgut et al. 2008) and has a
more flexible structure than yeast FAS
(Brignole et al. 2009). Expression of hFAS, in
which its own TE domain was deleted, in com-
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bination with the short-chain-specific TE
CpFatB1 (Cuphea palustris) or TEII (Rattus
norvegicus) as free proteins enabled the pro-
duction of C6–C10 FA (Leber and Da Silva
2014). Substituting the TE domain of hFAS by
TEII in the same polypeptide chain substan-
tially increased the production of short- and
medium-chain FA.

In contrast to type I FAS, the catalytic
domains of the bacterial type II FAS system
are expressed as single enzymes. This allows a
simpler manipulation of the subunits, and acyl
intermediates are freely accessible for TE.
Expression of the E. coli system (acpS, acpP,
fabB, fabD, fabG, fabH, fabI, fabZ) in combina-
tion with the TE fatB from Ricinus communis in
a FAS-deficient S. cerevisiae strain significantly
increased the total FA titer and shifted the FA
profile toward C14 FA production (Fernandez-
Moya et al. 2015).

A minimally invasive strategy to rewrite the
chain length control relies on rational engi-
neering of yeast FAS by site-directed mutagen-
esis. For instance, an early release of shorter
acyl chains (C6–C10 or C14) was achieved by
introducing bulky residues like tryptophan into
the KS domain to shorten the acyl-ACP binding
channel in S. cerevisiae (Gajewski et al. 2017;
Zhu et al. 2017b) or Y. lipolytica (Rigouin et al.
2017) FAS. Furthermore, it was shown that
decreasing the affinity of the MPT domain for
malonyl moieties by introducing one point
mutation disfavors the chain elongation and
promotes the release of shorter-chain (C6–
C10) FA (Gajewski et al. 2017). One additional
mutation was introduced into the AT domain
for a more frequent priming with AcCoA, as
this was expected to shift the product profile
toward shorter chains; however, this modifica-
tion proved only effective in combination with
mutations in the MPT and/or KS domain. Sin-
gle or multiple mutations in the three domains
caused different ratios of C6–C10 FA, with
some of the mutants exhibiting a considerable
specificity, e.g., for C8 FA (Gajewski et al. 2017).
Thus, rational engineering of FAS holds a great
promise for narrowing down the product pro-
file to the desired chain length.

Very long-chain FAs (C22–C26) are present
in S. cerevisiae at low abundance (Welch and

Burlingame 1973) but are essential compounds,
e.g., for sphingolipids (Oh et al. 1997). After
their release from the FAS complex, FAs are
elongated at the ER membrane from (long-
chain) acyl-CoA precursors. Elongases with
different product specificities (Elo1, Elo2, and
Elo3) carry out the elongation of acyl-CoA
intermediates with MalCoA. Elo1 elongates
medium- and long-chain compounds (C14–
C16) to C18 FA, Elo2 elongates compounds up
to 22 C atoms, and Elo3 elongates compounds
up to 26 C atoms (Toke and Martin 1996; Oh
et al. 1997). Reminiscent of cytosolic FA bio-
synthesis, two reductions and one dehydration
step are necessary to complete very long-chain
FA synthesis. To selectively increase the pool of
C22, overexpression of ELO2 and deletion of
ELO3 are necessary (Yu et al. 2017), whereas
overexpression of only ELO3 is sufficient for
enrichment of C26 FA (Wenning et al. 2017).
Alternatively, FAS I from mycobacteria has
been shown to naturally generate FA with 22–
26 carbon atoms (Kaneda et al. 1995). Expres-
sion of FAS I fromMycobacterium vaccae in an
Elo2-/Elo3-deficient strain increased the C22
FA pool by fourfold (Yu et al. 2017).

B. Reversal of b-Oxidation as an Orthogonal
Pathway for Fatty Acid Biosynthesis

The b-oxidation cycle naturally is an FA degra-
dation pathway (for review see Hiltunen et al.
2003). In each turn of the cycle, FAs are
truncated by removing two carbon atoms
from the FA chain, thereby generating AcCoA.

Reversing all reactions of the b-oxidation
can consequently be used as an alternative syn-
thetic pathway for FA production. The single
reactions of the b-oxidation are equilibrium-
balanced, and the functionality of the enzymes
in the reverse direction has been demonstrated
(Dellomonaco et al. 2011; Clomburg et al. 2012).
The reverse b-oxidation pathway starts with the
condensation of two AcCoA to acetoacetyl-CoA
by a thiolase, followed by the reduction of the
b-ketogroup to 3-hydroxyacyl-CoA by a reduc-
tase/dehydrogenase, dehydration to trans-
enoyl-CoA by a hydratase/dehydratase, and a
final reduction by another reductase/dehydro-
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genase, yielding butyryl-CoA. In this cycle,
NADH or NADPH can serve as electron donors
for the reductive steps (depending on the
choice of heterologous enzymes). By iterating
this reaction sequence, the acyl chain can be
elongated by two carbon atoms per cycle.
Depending on the desired chain length and
functional groups of the products, the reverse
b-oxidation can be terminated through differ-
ent enzymes. For instance, TE can release free
FA from the CoA-bound form, and aldehyde/
alcohol dehydrogenases can reduce the acyl-
CoA esters to n-alcohols (see Sect. V).

Elongation beyond a length of four carbon
atoms requires multiple turns of reverse b-oxi-
dation, which is hampered by a competition
between the thiolase and the termination
enzymes. Thus, although the synthesis of
minor amounts of longer-chain FA via reverse
b-oxidation could be demonstrated at the
proof-of-concept level in E. coli, the product
yields gradually decreased with each iteration
of the cycle (Dellomonaco et al. 2011; Clomburg
et al. 2012). Follow-up studies therefore focused
on improving the selectivity of reverse b-oxida-
tion for longer-chain products. To this end, the
core pathway was expanded by thiolases that
accept acyl-CoA intermediates with various
chain lengths, such as the b-ketothiolase BktB,
which proved suitable to produce C6–C10 com-
pounds in multiple studies (Dekishima et al.
2011; Clomburg et al. 2015; Kim et al. 2015).
The chain length specificity of termination
enzymes (i.e., TE for free FA) was shown to be
the second key determinant for selective pro-
duction of longer acyl chains (Clomburg et al.
2015; Kim and Gonzalez 2018). To prevent a
premature termination of the cycle, the deletion
of endogenous TE genes was critical in E. coli
strains. These observations are likely transfer-
rable to S. cerevisiae. To provide sufficient car-
bon and reducing equivalents, heterologous
reverse b-oxidation pathways were expressed
in the yeast cytosol. As a proof of concept, n-
butanol production, for the synthesis of which
only one functional turn of the cycle is needed,
has been targeted. Using a variety of enzymes
from different organisms and in combination
with different precursor supply pathways (see

above), titers of up to 1 g L�1 could be reached
(Lian and Zhao 2015; Schadeweg and Boles
2016a, b). Less effort has been dedicated to the
production of medium-chain products in S.
cerevisiae so far, but the feasibility could be
demonstrated by combining reverse b-oxida-
tion with a medium-chain-specific TE,
CpFatB1, thereby enabling the production of
C6–C10 FA, albeit at a low yield (Lian and
Zhao 2015). It is certain that by transferring
the expanded enzyme toolbox developed in E.
coli (Kim and Gonzalez 2018) and fine-tuning
the expression of endogenous TE, many of
which were recently characterized (e.g., Kruis
et al. 2018), the production of short- and
medium-chain FA via reverse b-oxidation will
be further optimized in S. cerevisiae in the
future.

Directly compared, canonical FA biosyn-
thesis and reverse b-oxidation both bear certain
advantages and drawbacks. The most obvious
advantage of FA biosynthesis is a rather strict
chain length control that can be easily manipu-
lated by protein engineering of FAS, as outlined
above, whereas specific production of longer
carbon chains via reverse b-oxidation is still
very challenging. While the FAS functional
modules operate as a perfectly synchronized
machine within one macromolecular complex,
it is difficult to fine-tune the activity of individ-
ual reverse b-oxidation enzymes. At the current
stage of technology, reverse b-oxidation can
compete with FA biosynthesis in the product
range of up to ten carbon atoms. On the other
hand, FA biosynthesis is energetically more
expensive than reverse b-oxidation, since each
elongation cycle by FAS requires one MalCoA
that is synthesized at the expense of one ATP
molecule. In contrast, reverse b-oxidation has
the advantage of using only AcCoA for elonga-
tion steps, which also makes it insensitive to the
AcCoA/MalCoA ratio, a parameter that has a
significant influence on the chain length control
by FAS and overall cellular fitness. Whereas the
reverse b-oxidation can be designed to use the
easily available NADH, FAS is strictly depen-
dent on the less abundant NADPH. Thus, the
redox cofactor supply of reverse b-oxidation
requires far less interventions into the central
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carbon metabolism compared to the FA biosyn-
thesis route and offers a larger choice of poten-
tial precursor supply routes (see Sect. II,
Fig. 14.1).

IV. Chassis Engineering

To achieve high FA production levels in S. cer-
evisiae, several obstacles have to be addressed
within the chosen production pathway. Block-
ing the degradation of FA has been achieved
through the disruption of different enzymes
involved in b-oxidation. An issue that remains
to be tackled is the toxicity of some FA. We
will discuss different methods that have or
could be employed to engineer more robust
chassis. Furthermore, several biosensor sys-
tems have been developed, which can be used
in high-throughput screenings to further speed
up the search for best performing strains.

A. Elimination of By-product Formation and
Fatty Acid Degradation

To increase FA pools, it is important not only to
increase precursor pools (see Sect. II, Fig. 14.1)
but also to downregulate competing pathways
as well as to prevent degradation through spe-
cific gene deletions or overexpressions.

1. Prevention of b-Oxidation

The degradation, i.e., b-oxidation, of the
already synthesized free FA or their activated
forms, the acyl-CoAs, takes place in the peroxi-
somes (Hiltunen et al. 2003; van Roermund
et al. 2003). In S. cerevisiae, b-oxidation of
saturated FA is a cyclic mechanism mainly cat-
alyzed by the three enzymes Pox1, Fox2, and
Pot1 (Hiltunen et al. 2003). Pox1 is an acyl-CoA
oxidase catalyzing the first step of the degrada-
tion of an acyl-CoA molecule. The dehydroge-
nated intermediate is then modified by the
multifunctional enzyme Fox2, which acts as an
enoyl-CoA hydratase as well as a 3-hydroxya-
cyl-CoA dehydrogenase, followed by thiolytic
cleavage through Pot1, a 3-ketoacyl-CoA thio-
lase. These cyclic steps are repeated until the FA

molecule is completely degraded (Hiltunen
et al. 2003).

Prior to peroxisomal b-oxidation, free FAs
are activated to their acyl-CoA form. In S. cer-
evisiae, this reaction can be catalyzed by five
enzymes, Faa1, Faa2, Faa3, Faa4, and Fat1
(Black and DiRusso 2007). Long-chain FAs are
primarily activated by Faa1 and Faa4 in the
cytosol (Scharnewski et al. 2008) and trans-
ported into the peroxisomes by the heterodi-
meric ATP-binding cassette transporter Pxa1/
Pxa2 (Hettema et al. 1996). Fat1 is a multifunc-
tional enzyme, which imports long-chain FA
into the peroxisomes and also has an acyl-
CoA synthetase activity for very long-chain FA
(Zou et al. 2002). Medium-chain FAs, on the
other hand, are assumed to enter peroxisomes
by passive diffusion or spontaneous flipping
and are then activated by the peroxisomal
Faa2 (Knoll et al. 1994; Hettema et al. 1996;
Hettema and Tabak 2000). The role of Faa3 is
not entirely clear yet. It showed some activity
on very long-chain FA; however, its in vitro
activity on long-chain FA was much lower
than that of Faa1 and Faa2 (Johnson et al.
1994; Knoll et al. 1994).

The effects of disrupted FA activation, b-
oxidation, or both, on FA titers have been
studied extensively. In S. cerevisiae strains
engineered for increased FA production, a pos-
itive effect on free FA titers was detected when
deleting FAA1 and FAA4 separately, as well as
together; however, only minimal increases were
observed when deleting POX1 (Li et al. 2014;
Runguphan and Keasling 2014). Another group
found that the two triple deletion mutants
Dfaa2Dpxa1Dpox1 and Dfaa1Dfaa4Dfat1 pro-
duced more free FA than the original strain
(Leber et al. 2015). The combination of all six
knockouts in one strain showed the highest
titers with 1.3 g L�1 free FA, corresponding to
18% of the maximum theoretical yield (Leber
et al. 2015).

Apart from these rather general b-oxida-
tion disruptions, there have also been
approaches for a chain length-specific disrup-
tion of b-oxidation, involving FAA2, PEX11,
and ANT1 (Leber et al. 2016). Pex11 is thought
to transport short- and medium-chain FA into
the peroxisomes, where they are activated by
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Faa2 (Knoll et al. 1994; van Roermund et al.
2000). Ant1 is an adenine nucleotide trans-
porter, which exchanges AMP by ATP across
the peroxisomal membrane, thereby providing
the energy for the acyl-CoA activation of
the free FA (van Roermund et al. 2001). To
decrease b-oxidation of specifically short-
chain FA, a strain with three knockouts
(Dfaa2Dant1Dpex11) was generated, which dis-
played a much stronger increase in hexanoic
and octanoic acid levels compared to the
“full” b-oxidation-deficient Dfaa2Dpxa1Dpox1
mutant (Leber et al. 2016). This observation
was attributed to the disruption of the AcCoA
recycle mechanism in the latter strain (Leber
et al. 2016). Overall, the ideal combination of
fatty acyl-synthetase and b-oxidation gene
knockouts must be evaluated carefully, depend-
ing on the desired chain length of the final FA.
Nevertheless, most reported gene knockouts of
this pathway have turned out to be beneficial
for increasing FA titers (Buijs et al. 2015; Zhou
et al. 2016b).

2. Disruption of Triacylglycerol and Steryl Ester
Synthesis

A competing pathway that can decrease FA
levels is the incorporation into storage lipids,
primarily triacylglycerols (TAGs) or steryl
esters (SEs). In S. cerevisiae, TAGs are synthe-
sized from diacylglycerols and fatty acyl-CoAs
by the acyltransferases Dga1 and Lro1 (Oelkers
et al. 2000, 2002). Steryl ester synthesis of ster-
ols and fatty acyl-CoAs is catalyzed by the acyl-
CoA:sterol acyltransferases Are1 and Are2
(Yang et al. 1996). In engineered yeast strains,
the knockout of one or several of these four
TAG/SE genes has led to increased production
of FA derivatives such as 1-hexadecanol (Tang
and Chen 2015), fatty alcohols (d’Espaux et al.
2017; Tang et al. 2017), and FAEEs (Valle-
Rodrı́guez et al. 2014). In another strain opti-
mized for FA production (by disruption of b-
oxidation and acyl-CoA-activating enzymes),
TAG synthesis was increased by overexpressing
Dga1. This was combined with an overexpres-
sion of the lipid recycle via the triacylglycerol

lipase Tgl3, leading to 2.2 g L�1 extracellular
free FA (Leber et al. 2015).

B. Engineering Yeast Product Tolerance and
Excretion

Some FA as well as some of their derivatives are
toxic to S. cerevisiae. In general, yeast is a
robust cell factory that can sense stress and
adapt its metabolism accordingly. However, to
avoid loss of cell viability and ensure economi-
cally competitive yields, yeast strains are
needed, which are tolerant to high product con-
centrations even at low pH (Deparis et al. 2017).
Over the last years, much progress has been
made to understand the underlying principles
of the toxicity of these compounds, and random
as well as rational approaches have been
applied to improve yeast robustness and
thereby product yields.

1. Toxicity Mechanisms and Transport of Fatty
Acids and Derivatives

FAs that are toxic to S. cerevisiae include hex-
anoic, octanoic, and decanoic acids (Lafon-
Lafourcade et al. 1984; Viegas et al. 1989; Liu
et al. 2013). At acidic pH, which is the common
fermentation condition, the undissociated FA
can enter the cells by passive diffusion (Viegas
1997). In the neutral cytosol, they dissociate,
thereby causing a decrease of the intracellular
pH and an accumulation of the toxic anions
(Viegas et al. 1989, 1998; Viegas 1997). Further-
more, they disturb the plasma membrane
integrity, causing changes in membrane com-
position, permeability, and fluidity (Alexandre
et al. 1996; Legras et al. 2010; Liu et al. 2013). To
generate strains with higher tolerance, it is
important to ensure a rapid transport/secre-
tion of FA out of the cell, as well as to avoid
their re-entrance into the cells. A transcriptome
analysis of octanoic- and decanoic acid-
stressed cells, respectively, revealed a partly
overlapping response mechanism, which was
similar to an oxidative stress response, but it
also showed a compound-specific activation of
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genes encoding transcription factors and trans-
porters (Legras et al. 2010). The role of the
identified transporters Tpo1 and Pdr12 in octa-
noic and decanoic acid efflux was further ana-
lyzed in growth tests with knockout mutants
(Legras et al. 2010). An overexpression of such
efflux-involved transporters is one approach
that could increase product yields—in the
case, that secretion is a bottleneck. For exam-
ple, overexpression of Pdr12 was shown to
increase the secretion of short branched-chain
FA at early time points of production (Yu et al.
2016). However, transporter overexpression
can also have unwanted side effects, such as
slower growth, depleting ATP from other cellu-
lar processes or altering the plasma membrane
composition, as was hypothesized based on
other Pdr12 overexpression studies (Nygård
et al. 2014). Due to a lack of yeast efflux
pumps known to specifically transport FA and
their derivatives, another viable approach is the
screening of heterologous transporters. In a
recent study, 12 human or Arabidopsis thaliana
(putative) transporters were screened, and one
of them, human FATP1, improved overall cell
fitness and fatty alcohol (Hu et al. 2018) as well
as 1-alkene (Zhou et al. 2018) production and
secretion in S. cerevisiae. For alkane resistance
of S. cerevisiae, endogenous efflux pumps,
namely, Snq2 and Pdr5, as well as heterologous
transporters, namely, Y. lipolytica ABC2 and
ABC3, were shown to have a positive effect
(Chen et al. 2013a; Ling et al. 2013).

2. Methods for Increasing Yeast Robustness

To avoid the re-entrance of the products, the
robustness of the plasma membrane needs to
be improved. Octanoic acid, for instance, dis-
rupts the plasma membrane composition, lead-
ing to membrane leakage and cell death (Legras
et al. 2010; Liu et al. 2013). This effect was
reduced by rationally engineering plasma
membrane composition through increasing
the oleic acid content, either by external supply
(Liu et al. 2013) or by expression of a mutated
AcCoA carboxylase, Acc1S1157A (Besada-

Lombana et al. 2017). The increase in the aver-
age chain length of membrane FA, as well as
higher cis-monounsaturated FA levels, was
shown to provide higher tolerance to toxic FA
(Liu et al. 2013; Besada-Lombana et al. 2017).

As tolerance is usually a complex pheno-
type, which cannot solely be improved by ratio-
nal engineering of single genes, adaptive
laboratory evolution (ALE) is an interesting
alternative. In an ALE experiment, a strain is
grown over many generations, with increasing
concentrations of the toxic compound, for
selection of cells with an enhanced tolerance
phenotype. Causal mutations in the final strain
are identified by whole genome sequencing
(Dragosits and Mattanovich 2013; Mans et al.
2018). When performed with E. coli, an evolved
strain not only showed higher tolerance to octa-
noic acid but also produced higher titers, which
was attributed to changes in membrane compo-
sition and fluidity (Royce et al. 2015). A similar
approach would be possible for S. cerevisiae, for
which ALE has been performed successfully, for
example, for increased resistance to high tem-
peratures (Caspeta et al. 2014) and acetic acid
(González-Ramos et al. 2016) or alcohol toler-
ance (González-Ramos et al. 2013; Davis López
et al. 2018), but not for short- or medium-chain
FA tolerance.

A method that can lead to similar results as
ALE was termed global transcription machin-
ery engineering, gTME (Alper et al. 2006). It
can induce a remodeling of the transcriptome
and therefore target polygenic traits, such as
tolerance. gTME relies on the random muta-
genesis of a transcription factor that regulates
the transcription of several genes and was suc-
cessfully applied to enhance S. cerevisiae toler-
ance to ethanol (Alper et al. 2006), as well as to
adapt to growth on lignocellulosic hydrolysates
through improved xylose utilization (Liu et al.
2011). When using this method in combination
with an appropriate selection for mutants with
increased growth in the presence of the toxic
FA, it could be a valuable tool for future toler-
ance engineering but has so far not been
applied to S. cerevisiae for FA tolerance.
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C. Dynamic Pathway Control and Biosensors

The metabolic engineering of yeast to produce a
desired compound can result in an imbalanced
metabolism due to the disruption of a tightly
regulated, complex biological system, which
has evolved for growth and survival. However,
inherent control components of this system,
such as promoters, transcription factors, or
gene copy number, can be utilized for a
dynamic pathway control, thereby minimizing
metabolic imbalances and increasing product
titers (Michener et al. 2012; Schallmey et al.
2014; Shi et al. 2018).

1. Altering Gene Expression Level and Timing

The level and timing of pathway gene expres-
sion is crucial in metabolic engineering and can
be adjusted, for instance, by using constitutive
promoters of different strengths or promoters
that are inducible/repressible (Da Silva and
Srikrishnan 2012). This strategy was applied
successfully, for example, to increase 1-alkene
production and secretion in S. cerevisiae. By
replacing the strong eTDH3 promoter for
expression of the membrane-bound enzyme
PfUndB with the GAL7 promoter, which is acti-
vated upon glucose depletion, 1-alkene produc-
tion was decoupled from growth (Zhou et al.
2018). The same strategy, i.e., to separate
growth from production by expressing pathway
genes under the control of carbon source-
dependent promoters, was also effective in
increasing docosanol production (Yu et al.
2017). A similar approach was applied for S.
cerevisiae short- and medium-chain FA pro-
duction, again with a glucose-repressed pro-
moter. Here, FAS1 and FAS2 were expressed
on a low copy plasmid under control of the
alcohol dehydrogenase II promoter of S. cerevi-
siae, pADH2, leading to increased short- and
medium-chain FA titers (Gajewski et al. 2017).
In another approach, several promoters of dif-
ferent strengths were tested for downregulating
the expression of IDH2 (carbon flux redistribu-
tion into free FA) and PGI1 (increasing NADPH
supply), respectively, as the deletion of either

gene led to growth defects. The expression of
the genes was reduced by using weaker promo-
ters, leading to increased long-chain FA pro-
duction in S. cerevisiae (Yu et al. 2018). These
examples underpin the importance of an
appropriate control of gene expression and
have much potential to be further exploited
for increasing short- and medium-chain FA
production—especially as promoters and ter-
minators of different strengths have been
described in great detail in recent years (Alper
et al. 2005; Da Silva and Srikrishnan 2012; Cur-
ran et al. 2013; Lee et al. 2015).

2. Biosensors

Currently, the analysis of short- and medium-
chain FA titers is time-consuming and labori-
ous and is usually achieved through
chromatography-based methods. A more
rapid and convenient alternative are biosen-
sors. They detect the concentration of a mole-
cule—ideally over a wide range of
concentrations—and transform it into an easily
detectable, quantifiable output, such as growth
rate or fluorescence, eventually enabling high-
throughput screenings, as depicted in Fig. 14.2
(Michener et al. 2012; Schallmey et al. 2014; Shi
et al. 2018). One example of in vivo biosensors
is transcription factors, which, in nature, are
inevitable for the dynamic control of gene
expression. Once their inducing molecules and
target promoters are known, transcription fac-
tors can be used in metabolic engineering to
regulate production pathway expression or
even live-monitor titers. Several bacterial tran-
scription factor-based systems have been
adapted to yeast (Teo et al. 2013; Li et al. 2015;
Skjoedt et al. 2016; Wang et al. 2016), especially
dynamic sensor-regulator systems of the FA
intermediate MalCoA (Johnson et al. 2017).
The prokaryotic transcription factor-based
FapR-fapO system has been engineered in S.
cerevisiae and enabled the sensing of intracel-
lular MalCoA levels (Li et al. 2015; David et al.
2016). This system has been expanded to dyna-
mically control production by coupling the
expression of 3-hydroxypropionic acid path-
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way genes to the intracellular MalCoA level
(David et al. 2016). Another bacterial regulation
system is based on the transcriptional repressor
FadR, which is repressed in the presence of FA/
fatty acyl-CoAs and cannot bind to specific
operator sites (Zhang et al. 2012). This property
was exploited to monitor FA levels in S. cerevi-
siae by coupling it to synthetic yeast promoters
and GFP expression (Teo et al. 2013). While
these MalCoA sensor-regulator systems repre-
sent a promising method to fine-tune intracel-
lular precursor supply, systems that directly
sense the final, excreted FA, constitute another
valuable tool for metabolic engineering. How-
ever, reports about such biosensors are scarce
to date. The first short- and medium-chain FA
yeast biosensor was shown to respond to octa-
noic and decanoic acid via heterologous G-pro-
tein-coupled receptors that were linked to the

yeast mating pathway for signaling and GFP
expression as a concentration-dependent out-
put (Mukherjee et al. 2015). Besides the rather
low linear and dynamic ranges of this biosen-
sor, it was not proven to be functional in cul-
ture broth—an indispensable feature for an
applicable biosensor. Another biosensor,
which was developed for para-hydroxybenzoic
acid, was based on the weak acid-inducible
PDR12 promoter which is regulated by the
transcription factor War1 (Williams et al.
2017). Our group recently adapted this system
for the sensing of hexanoic, heptanoic, and
octanoic acid reaching high linear and dynamic
ranges (Baumann et al. 2018). This biosensor
can sense short- and medium-chain FA in S.
cerevisiae culture broth, which facilitates the
monitoring of end-product concentrations and
opens the path to high-throughput screenings

Fig. 14.2 Yeast biosensors developed for high-
throughput screenings of fatty acids or pathway inter-
mediates. (a) FapR and FadR are bacterial repressors
(OFF state) which have been adapted to yeast for bio-
sensing. Once they are bound byMalCoA (FapR) or FA/
fatty acyl-CoA (FadR), expression is enabled, e.g., of a
downstream-located fluorescent protein (ON state). (b)
The yeast endogenous PDR12 promoter (pPDR12) is
regulated by the transcription factor War1 that is
thought to constitutively bind to the promoter. War1p

changes to an active form upon C6, C7, or C8 FA
presence. (c) A G-protein-coupled receptor responsive
to C8 and C10 FA was coupled to the yeast mating
pathway for signaling and GFP expression as a quanti-
fiable output. For high-throughput screenings with bio-
sensors, high-throughput cultivation platforms and/or
screening methods, such as fluorescence-activated cell
sorting (FACS), are needed to select best performing
strains
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of producer strain libraries. High-throughput
screening, with the help of appropriate cultiva-
tion facilities, fluorescence-activated cell sort-
ing (FACS), or microfluidics, permits the rapid
screen of hundreds and thousands of strains to
identify best performing cells (Becker et al.
2004; Dietrich et al. 2010; Wang et al. 2014a).
High-throughput screening technologies have
the potential to substantially speed up meta-
bolic engineering efforts and strain selection
in the next years (Schallmey et al. 2014).

V. S. cerevisiae as a Production
Platform for Fatty Acid Derivatives

Several biosynthetic pathways have recently
been engineered to produce a broad spectrum

of FA derivatives in various microbes. In this
part, we will give a brief overview of some
recently reported biosynthetic pathways in S.
cerevisiae to produce FA esters, fatty alcohols,
fatty aldehydes, and alkanes/alkenes as well as
dicarboxylic acids. FA-derived compounds can
be synthesized on the one hand from fatty acyl-
CoA, the end product of the yeast FA biosyn-
thesis, and on the other hand from free FA,
which arise after the cleavage of CoA by endog-
enous yeast TE. In contrast to acyl-CoA—the
biosynthesis of which is tightly regulated by
feedback inhibition—free FA can be accumu-
lated to much higher levels in yeast (Foo et al.
2017; Teixeira et al. 2017). Both precursors can
be processed by several heterologous enzymes
as illustrated in Fig. 14.3. All downstream path-
ways have in common that the length of the acyl

Fig. 14.3 Enzymatic routes for the production of FA-
derived compounds in S. cerevisiae. FA-derived com-
pounds can be synthesized from the end product of FA
biosynthesis (FAB) or reverse b-oxidation (rbox), the
fatty acyl-CoA, and from free FA by several heterolo-
gous enzymes in yeast. FAs result from the cleavage of
CoA by endogenous thioesterases (TE). Heterologous
enzymes are marked with an asterisk. OleT H2O2-
dependent P450 FA decarboxylase, UndA medium-

chain FA-preferring nonheme iron oxidase, UndB
membrane-bound desaturase-like enzyme, P450 cyto-
chrome P450 CYP94C1, ATR1 cytochrome reductase
from A. thaliana, CAR carboxylic acid reductase from
M. marinum, aDOX a-dioxygenase from O. sativa
(rice), FAR fatty acyl-CoA reductase, ADO aldehyde
deformylating oxygenase, ADH alcohol dehydrogenase,
ALR aldehyde reductase, Ahr aldehyde reductase from
E. coli, WS wax ester synthase

356 L. Baumann et al.



chain in the end product is determined by the
acyl chain of the FA precursor and by the spec-
ificity of the downstream enzymes.

A. Alkenes

Free FA can be converted to terminal alkenes by
a one-step decarboxylation pathway, catalyzed
by an H2O2-dependent cytochrome P450
enzyme, OleT (Chen et al. 2015; Zhou et al.
2018); a medium-chain FA-preferring nonheme
iron oxidase, UndA (Zhu et al. 2017a; Zhou
et al. 2018); or a membrane-bound desaturase-
like enzyme, UndB (Zhou et al. 2018), together
with a reduction system. The major challenge
when applying these iron-dependent enzymes
is the inefficient electron transfer, resulting in
low titers in yeast due to inefficient cofactor or
reducing systems (Zhou et al. 2018).

B. Dicarboxylic Acids

Utilizing the v-oxidation pathway in S. cerevi-
siae enables the production of o-hydroxy- and
a, o-dicarboxylic acids (o meaning “last” C
atom when counted from the carboxyl group)
from free FA. Such a, o-dicarboxylic acids can
serve as raw material for commodities and
polymers (Han et al. 2017). Free FA can be
terminally hydroxylated by a cytochrome P450
enzyme, followed by an oxidation to a carboxyl
group by alcohol dehydrogenases and aldehyde
dehydrogenases. Feeding of medium-chain FA
to an S. cerevisiae strain expressing the cyto-
chrome P450 enzyme CYP94C1, together with a
cytochrome reductase, ATR1 from A. thaliana,
allowed the production of o-hydroxy- and a, o-
dicarboxylic acids with chain lengths ranging
from C10 to C16 (Han et al. 2017).

C. Fatty Aldehydes, Alkanes, and Alcohols

For the production of alkanes and alcohols, a
fatty aldehyde intermediate is used as a precur-
sor. There are several possible routes for the
synthesis of fatty aldehydes. For instance, FA
can be reduced through action of a carboxylic

acid reductase (CAR) from Mycobacterium
marinum (Zhou et al. 2016b; Tang et al. 2017;
Henritzi et al. 2018), or it can be oxidatively
decarboxylated by an a-dioxygenase (a-DOX)
from Oryza sativa (rice) (Jin et al. 2016; Foo
et al. 2017). To be active, CAR requires a phos-
phopantetheinylation by a phosphopantethei-
nyl transferase (Akhtar et al. 2013). A third
possibility is the reduction of CoA-bound FA
to the corresponding aldehyde by fatty acyl-
CoA reductases (AldFARs). Compared to
CAR, it was shown that AldFAR-type enzymes
are rather inefficient in yeast (Buijs et al. 2015;
Zhou et al. 2016b). Aldehydes can be converted
to odd-chain fatty alkanes (Cn�1) by cyanobac-
terial aldehyde deformylating oxygenases
(ADO) or to fatty alcohols by endogenous alco-
hol dehydrogenases (ADHs) and aldehyde
reductases (ALR) (Buijs et al. 2015; Zhou et al.
2016b; Kang et al. 2017; Zhu et al. 2017a). Zhou
et al. (2016b) showed that the expression of a
CAR together with its activating enzyme, phos-
phopantetheine transferase NpgA from A.
nidulans, and an ADO, led to the synthesis of
long-chain alkanes (Zhou et al. 2016b). To sup-
ply sufficient electrons, a reducing system was
expressed additionally (Buijs et al. 2015). As
previous studies showed that CAR also shows
high activity toward medium-chain FA, Zhou
et al. (2016a) produced medium-chain alkanes
by screening different ADO orthologs and engi-
neering their substrate binding sites (Zhu et al.
2017a). However, it is reported that ADO was
not able to compete with the alcohol-forming
enzymes (ADHs/ALRs) due to its low catalytic
efficiency (Buijs et al. 2015; Zhou et al. 2016b;
Foo et al. 2017; Kang et al. 2017; Zhu et al.
2017a). Another two-step pathway to produce
alkanes was demonstrated by Foo et al. (2017).
Expression of an a-DOX from rice led to the
production of long odd-chain fatty aldehyde
intermediates, which can subsequently be
deformylated to even-chain alkanes (Cn�2) by
ADO (Foo et al. 2017). The advantage of a
dioxygenase is that it uses dioxygen instead of
NADPH for the production of aldehydes (Foo
et al. 2017). Odd-chain fatty aldehydes pro-
duced by a-DOX can also be oxidized to odd-
chain fatty alcohols through endogenous yeast
ADHs/ALRs (Jin et al. 2016). Zhou et al. (2016b)
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explored ADHs/ALRs of yeasts and could show
that Adh5 plays an important role in the pro-
duction of long-chain alcohols, as overexpres-
sing ADH5 together with CAR increased the
amount of long-chain alcohols (Zhou et al.
2016b). So far, the expression of fatty alcohol
pathways resulted in the production of a pool of
long- or medium-chain fatty alcohols with dif-
ferent chain lengths. Recently, our group was
able to selectively produce the diesel-like alco-
hol 1-octanol in S. cerevisiae by combining a C8
FA-producing FAS with a two-step reduction
pathway composed of CAR together with the
phosphopantetheinyl transferase Sfp from
Bacillus subtilis and the aldehyde reductase
Ahr from E. coli (Henritzi et al. 2018). It has
been shown that Ahr accepts a broad range of
aliphatic aldehydes with chain lengths from C4
to C16 (Akhtar et al. 2013).

Another way to produce fatty alcohols is a
one-step reduction of the fatty acyl-CoA, cata-
lyzed by fatty acyl-CoA reductases (AlcFARs)
(Runguphan and Keasling 2014). Zhou et al.
(2016b) expressed the CAR/Adh5 pathway
together with a fatty acyl-CoA reductase to pro-
duce fatty alcohols simultaneously from free FA
and acyl-CoAs (Zhou et al. 2016b). Other labs
have also reported the functional expression of
several heterologous AlcFARs (Feng et al. 2015;
d’Espaux et al. 2017). The advantage of one-
step reactions, like the direct conversion from
fatty acyl-CoAs to alcohols by AlcFARs or the
FA decarboxylation pathway for alkene produc-
tion, is the reduced intermediate metabolite
loss and the circumvention of toxic intermedi-
ates (Chen et al. 2015). Besides medium-chain
and long-chain FA-derived chemicals, very
long-chain FA-derived products also play an
important role as ingredients for lubricants,
detergents, polymers, photographic film-
processing agents, coatings, cosmetics, and
pharmaceuticals (Yu et al. 2017). Yu et al.
(2017) were able to selectively produce docosa-
nol (C22) from very long-chain FA by rewiring
the native FA elongation system and overex-
pressing a heterologous mycobacteria FAS I
system, which provides high levels of C22 FA
as direct precursor, together with a specific
AlcFAR (Yu et al. 2017).

D. Wax Esters and Fatty Acid Ethyl Esters

Further compounds of interest include wax
esters, which are typically esters of long-chain
FA and long-chain alcohols and are used in
personal care products, lubricants, or coatings
(Wenning et al. 2017). They can be synthesized
by wax ester synthases (WS) from alcohols and
fatty acyl-CoA thioesters (Shi et al. 2012; Run-
guphan and Keasling 2014). Esters of ethanol
and FA with chain lengths ranging from C14 to
C20 (FAEE) represent suitable diesel fuels (Shi
et al. 2012). Shi et al. (2012) could functionally
express different WSs from different species
and characterize their substrate preference.
Unfortunately, some of the WSs from bacteria
are bifunctional enzymes, which function as
WS and acyl-CoA:diacylglycerol acyltransferase
(DGAT), resulting in TAG formation, leading to
a depletion of the acyl-CoA precursor pool (Shi
et al. 2012). Eriksen et al. (2015) investigated
the heterologous expression of a FAS I from
Brevibacterium ammoniagenes coupled with a
WS/DGAT to produce FAEEs. This strategy has
the advantage of providing additional FA for
growth supplementation and to supply the FA
needed for FAEE synthesis (Eriksen et al. 2015).
The microbial synthesis of wax esters by the
esterification of a (very) long-chain fatty acyl-
CoA with a primary, very long-chain fatty alco-
hol was reported by Wenning et al. (2017). The
group combined the expression of a heterolo-
gous FAR with the expression of a plant WS to
synthesize different jojoba-like wax esters. The
used FAR reduced long-chain fatty acyl-CoAs,
which resulted from de novo FA biosynthesis
and elongation, to a long-chain alcohol. The
plant-derived WS enabled the esterification of
this alcohol with a long-chain fatty acyl-CoA in
S. cerevisiae (Wenning et al. 2017).

Overall, there are still many obstacles that
have to be overcome when using these heterol-
ogous enzymes, such as the challenging expres-
sion in the heterologous yeast host, low
catalytic efficiency, inefficient electron transfer,
or loss of intermediates by competing path-
ways. These issues have to be tackled in order
to increase yields and titers of FA-derived com-
pounds. One promising strategy could be a
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compartmentalization into peroxisomes by a
peroxisomal targeting of pathway enzymes
(Sheng et al. 2016; Zhou et al. 2016a). Similarly,
blocking competing pathways through deletion
of specific genes is a common strategy. For
instance, the deletion of HFD1 was shown to
be a crucial step for alkane and alcohol biosyn-
thesis (Buijs et al. 2015; Zhou et al. 2016b).
HFD1 encodes an aldehyde dehydrogenase
involved in sphingolipid degradation and coen-
zyme Q biosynthesis and catalyzes the oxida-
tion of fatty aldehydes to FA (Zhu et al. 2017a).
Additionally, many engineering strategies for
increasing the supply of the precursor AcCoA
and free FA also led to an increase in the pro-
duction of FA-derived products (Zhou et al.
2016b; Teixeira et al. 2017).

VI. Optimization of Fermentation
Conditions

Yeast FA titers keep rising through a plethora of
metabolic engineering efforts; however, general
production process optimization is just as
important to unravel the full potential of pro-
ducer strains. In oleaginous yeasts, like Y. lipo-
lytica, lipid overproduction starts with the
exhaustion of a primary nutrient, i.e., when
entering stationary growth (Beopoulos et al.
2009). Consequently, nitrogen and/or glucose
limitation has been utilized to increase lipid
production in S. cerevisiae (Thompson and
Trinh 2014; Yu et al. 2018). Such limiting con-
ditions led to high lipid titers in a highly engi-
neered S. cerevisiae strain, producing 33.4 g L�1

free FA in a fed-batch fermentation—the high-
est reported free FA titer by microbial fermen-
tation to date (Yu et al. 2018). These results also
emphasize the importance of the transition
from flask cultivation to fed-batch cultivation
in a fermenter. The latter permits a tight control
of cultivation parameters, such as pH, aeration,
and nutrient supply, thereby enabling higher
titers of FA and derivatives (Thompson and
Trinh 2014; Zhou et al. 2016b; Yu et al. 2018).

In a very recent study, the effect of “forced”
FA synthesis on the metabolism and physiology
of an engineered S. cerevisiae strain was

analyzed (Gossing et al. 2018). Such a system-
atic characterization could help to determine
the crucial parameters for improving yeast
lipid production. Besides the expected increase
in b-oxidation and storage lipids, the analyzed
strain also showed higher levels of oxidative
stress and decreased amino acid levels (Gossing
et al. 2018). Therefore, a viable approach could
be an adjustment of media composition, e.g.,
by providing higher amounts of amino acids, or
overexpressing genes to improve the amino
acid uptake or synthesis.

Several previous studies have demonstrated a positive
effect of amino acid supplementation on lipid accumu-
lation. The addition of methionine led to increased
palmitoleic acid production (Kamisaka et al. 2015),
whereas high leucine levels led to increased lipid accu-
mulation in a Dsnf2 strain (Kamisaka et al. 2007). The
additional supplementation of several other amino
acids has been demonstrated to contribute to ethanol
tolerance in yeast (Hirasawa et al. 2007; Sekine et al.
2007; Pham and Wright 2008; Yoshikawa et al. 2009).
Nevertheless, it is also important to consider the
genetic background of the FA producing strain at
hand, as working with auxotrophic strains can decrease
growth (Baganz et al. 1997; Çakar et al. 1999; Basso et al.
2010). Additionally, for some strain series, such as the
BY strains, the importance of sufficient amino acid
supply for optimal growth has been emphasized
(Hanscho et al. 2012).

Vitamins, such as biotin and pantothenate,
also play pivotal roles for normal yeast growth
and are essential in FA synthesis (Suomalainen
and Keränen 1963; Tehlivets et al. 2007). The
addition of pantothenate, for example, was
used as a metabolic switch to regulate the syn-
thesis of b-farnesene, an AcCoA-derived ses-
quiterpene (Sandoval et al. 2014). This method
could possibly be transferred to FA production
processes, as they, similarly to b-farnesene,
depend on CoA intermediates.

The fermentation temperature has a major
influence not only on yeast growth but also on
FA tolerance and production (Piper 1995; Vie-
gas and Sá-Correia 1995; Viegas 1997). An engi-
neered S. cerevisiae produced more palmitoleic
acid at low temperatures (20–25 �C) (Kamisaka
et al. 2015), and the oleaginous yeast Metschni-
kowia pulcherrima was shown to produce
high lipid levels at low temperatures and pH
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(Santamauro et al. 2014). However, at lower
temperatures, octanoic and decanoic acid are
also more toxic (Viegas and Sá-Correia 1995;
Viegas 1997). Furthermore, low temperatures
might not be feasible in large-scale production,
in which high gravity can lead to elevated tem-
peratures, and cooling of big fermentation
plants is cost-intensive (Gibson et al. 2007).
Therefore, it might be more desirable to gener-
ate thermotolerant S. cerevisiae strains by
introducing traits of thermotolerant yeasts,
such as Kluyveromyces marxianus (Cernak
et al. 2018), or even thermotolerant oleaginous
yeasts, like R. toruloides (Wu et al. 2018).
Another important cultivation parameter for
FA production is the pH and media buffering.
Short- and medium-chain FAs are more toxic
to S. cerevisiae at lower pH values, causing
decreased viability and yields (Viegas et al.
1989). Therefore, it was shown that the addition
of potassium phosphate buffer to complex
medium elevated short- and medium-chain
FA production substantially (Gajewski et al.
2017).

A promising approach to avoid the re-
uptake of the products by the cells and simulta-
neously decrease the effects of product toxicity
is an in situ extraction. The addition of dode-
cane to the culture of a long-chain fatty alcohol-
producing S. cerevisiae was successfully applied
for the extraction of these compounds (Rungu-
phan and Keasling 2014; d’Espaux et al. 2017).
Upon addition of dodecane to a culture broth of
a 1-octanol producing S. cerevisiae strain, how-
ever, production was reduced—likely due to
the extraction of the precursor octanoic acid
by dodecane (Henritzi et al. 2018). Therefore,
when considering in situ extraction, an agent
needs to be found, which is highly specific for
each product, and does not remove important
pathway intermediates from the culture.

Current efforts for yeast FA production
were carried out in minimal (Zhou et al.
2016b; Yu et al. 2018) as well as complex
medium (Leber et al. 2015; Gajewski et al.
2017). To be truly more sustainable than
petroleum-based production, and to prevent a
competition with food supply, starting materi-
als, such as lignocellulosic biomass from agri-

cultural waste, need to be utilized. To extract
fermentable sugars from such biomass, it first
must undergo pretreatment, in the process of
which fermentation inhibitors arise. Therefore,
the ideal FA producing yeast needs to be resis-
tant to these inhibitors, as well as to be able to
utilize glucose and five-carbon sugars, such as
xylose, as carbon sources (Peralta-Yahya et al.
2012). D’Espaux et al. (2017) presented the
first—and, so far, only—report about FA/alco-
hol production with S. cerevisiae solely from
lignocellulosic feedstock. They fed the non-
food crops sorghum and switchgrass, which
were pretreated with ionic liquids, to an engi-
neered S. cerevisiae strain and obtained up to
0.7 g L�1 fatty alcohols (d’Espaux et al. 2017).
By combining the different engineering and
cultivation strategies mentioned above, a fur-
ther increase in FA titers produced from ligno-
cellulosic biomass can be foreseen.

VII. Conclusions

Much progress has been made in recent years in
the development of strategies for microbial
production of FA and their derivatives from
renewable feedstocks. The available literature
shows that extensive interventions into the cen-
tral carbon metabolism, relying on expression
of heterologous pathways and manipulation of
the activity of endogenous enzymes, are neces-
sary to enable a high yield of oleochemicals in
different chassis organisms. The highest yields
of microbially produced oleochemicals
reported to date were achieved in S. cerevisiae,
owing to the great body of knowledge regarding
the physiology of this yeast (0.1 g free FA/g
glucose, i.e., approximately 30% of the theoret-
ical yield). Moreover, FA production in S. cere-
visiae has become more chain length-specific,
and many FAs and a great variety of derivatives
have already been produced successfully in lab-
scale fermentations. The development of bio-
sensors and high-throughput screening meth-
ods has become increasingly important and will
considerably accelerate the development for
well-performing strains. Once such challenges
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as metabolic imbalances and product toxicity
have been tackled, yields, titers, and productiv-
ity could reach economically viable levels
before long.
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I. Introduction

Fungi that cause deterioration of wood are pri-
marily filamentous in form, and the body of the
fungus consists of fine (2–10 mM), hair-like,
elongated cells that branch and connect end to
end to form an interconnected network
(Schmidt 2006). Individual strands of the fun-
gus are known as hyphae, whereas when
hyphae grow together in layers on the surface
of wood, they are called mycelia or a mycelial
matt. Mycelia can also form unique structures
such as sporophores (fruiting bodies) in
sexually-capable fungi. These fruiting bodies
may take the form of cups or discs in some
Ascomycota species, while in the Basidiomy-
cota, mushrooms or bracket structures on the

side of wood substrates are common. Common/
colloquial names for the sporophores of Basi-
diomycota growing from wood include conks,
punks, shelf fungi, and others.

Mold fungi, stain fungi, soft rots, brown
rots, and white rots are the groupings typically
used for fungi that cause different types of
wood degradation. Mold fungi are generally
found in the Ascomycota. Traditionally many
of the mold fungi were classified as fungi
imperfecti or Deuteromycetes (not a formal
taxa), and as time has progressed with new
molecular techniques, many of these fungi
have been able to be classified as either Asco-
mycota or Basidiomycota. As will be discussed
later, mold fungi do not penetrate wood sur-
faces more than one or two cells, and they do
not metabolize structural wood components.
Because mold fungi do not degrade cellulose,
lignin, or hemicellulose to an appreciable
extent, they also do not cause appreciable
mass loss as mold infection advances.

Stain fungi are able to penetrate into the
sapwood of wood and sometimes living trees,
and they feed on the sugars and starches pri-
marily found in the parenchyma cells. They
often initiate on the surface of wood, and in
that regard in early staining stages, the bound-
aries between these two types of fungi are
blurred, and stain fungi can be confused with
mold fungi. Although not common, some fun-
gal species classified generally as stain fungi
have also been found to attack the structural
components of wood (Encinas and Daniel
1996). In general, however, stain fungi cause
only limited mass loss and cause only limited
structural damage to wood (Zabel and Morrell
2020).
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Decay and Depolymerization of Lignocellulose

Cell Walls
Wood decay fungi including brown rots, white
rots, and soft rot fungi generally have the
capacity to attack both holocellulose and lignin
components. The type of attack will vary as
outlined for the specific decay types below,
but as decay progresses, the fungi not only
depolymerize all or portions of the lignocellu-
lose, but they metabolize particularly the oligo-
saccharide and sugar fractions of the substrate
once adequate depolymerization has occurred
to allow depolymerized fractions to be small
enough to allow passage through the fungal
cell wall and membrane. As depolymerization
of holocellulose and lignin occurs, mechanical
property loss occurs in the wood (Highley
1988). In some cases, depolymerization is
paced to match metabolism by the fungus,
and in such cases, mass loss of the wood will
parallel mechanical property loss (Goodell
2014). More often however, as in the initial
stages of decay by brown rot fungi, rapid depo-
lymerization of the wood cell wall occurs with
little metabolism of the cell wall components, so

mechanical property loss can advance signifi-
cantly before large mass loss has occurred
(Highley and Illman 1991). Concurrent with
mass loss as decay progresses, shrinkage of
wood occurs. In some decay types, the wood
cell wall itself develops a porous structure so
that bulk shrinkage may be less noticeable as
mass loss increases. However, in brown rot of
softwoods, it has been noted that the wood cell
wall collapses upon itself (Daniel 2014) with
rearrangement of modified lignin (Goodell
et al. 2017). This ultimately results in the cubi-
cal, friable appearance of brown rotted wood as
this type of decay advances. Shrinkage is also
observed in other types of decay but is often
masked because of micro-porosity develop-
ment within the cell walls or when cells delami-
nate at the middle lamellae uniformly to allow a
more uniform appearance of the wood.

Hyphal Progression During Decay
Fungal hyphae are small enough to penetrate
into the cell lumen void space of wood cells
(Fig. 15.1). In the decay fungi and stain fungi,
the hyphae also travel through and penetrate

Fig. 15.1 SEM image of wood decay fungal hyphae
ramifying through the tracheid cell walls of a softwood
species. In early stages of wood degradation, decay

fungi will preferentially penetrate through the bordered
pits of wood (blue circles) to traverse from one wood
cell to another. Scale bar ¼ 10 mM
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pit membranes such as bordered pits and ray
parenchyma pits. In these fungi, bore holes are
also typically apparent as the fungal hyphae
have the capability of boring transversely into
the wood cell walls to pass from one fiber/tra-
cheid to another. The hyphae must ramify
across the surface of the wood in the case of
molds, or on the surface and throughout inte-
rior cells of wood in the case of stain and decay
fungi, in order to obtain nutrients, which are
required for fungal survival. Extracellular
enzymes, and low molecular weight (LMW)
fungal metabolites, are secreted by the fungal
hyphae to solubilize compounds ranging from
simple oligosaccharides to polymerized lignin.
The goal of most fungi is to obtain sugars or
short-chain oligosaccharides that can be
absorbed or actively transported into the fungal
thallus. Degraded and modified fragments of
lignin can also be metabolized by some fungi,
and the hyphae of these types of fungi again are
responsible for secretion of metabolites that
can depolymerize lignin. But lignin typically is
either segregated from cellulose via a biochem-
ical mechanism (brown rots) or is metabolized
(white rots) primarily as a means to access the
carbohydrate fractions of wood by the fungi.

Fungal Decay and Moisture Content
All fungi require moisture to grow in or on the
surface of wood. Generally, the moisture con-
tent (MC) required for decay fungi to grow into
wood and secrete metabolites into the wood cell
wall must be above the fiber saturation point
(Zabel and Morrell 2020). This is because
enzymes and other degradative components of
the fungal LMW metabolites involved in fungal
decay processes must be able to diffuse from
the fungus through an extracellular fungal
matrix (ECM) or biofilm layer which surrounds
all fungal hyphae. The ECM is the gateway
through which all extracellular metabolites
must pass to then further diffuse into the
wood cell wall. Liquid water must therefore be
present in the lumen of the wood cells for this
type of diffusion to occur at the surface of the
fungal hyphae. The wood cell wall must also be
at, or near, fiber saturation to allow LMW fun-
gal metabolites and ions to diffuse within the
wall as a prerequisite for some types of decay

initiation. Mold fungi only require moisture to
be present on the surface of wood and other
substrates, to grow. Many architectural man-
uals indicate that mold will grow on wood as
low as 20% MC. Technically, mold growth is
unlikely to occur at less than 30% MC (the fiber
saturation point) because, as with all degrada-
tive fungi, some amount of liquid water is
needed for extracellular enzyme secretion.
Practically speaking however, the 20% MC fig-
ure is useful because, particularly when the
wood MC is in equilibrium with moisture in
the air in an enclosed or poorly ventilated
space, then liquid water can condense out in
an enclosed or poorly ventilated area. Depend-
ing on temperature, the relative humidity (RH)
required to maintain 20% MC in wood is close
to 90% RH. Over a broad range of temperature
ranging from 3 to 32 �C a decrease in tempera-
ture of only ~ 2 �C will allow the dew point to be
reached, and condensation of liquid water at
the surface of wood under such conditions can
then occur. Although small amounts of surface
water on wood would not allow decay in any
form to advance, some molds and even surface
stains could establish growth, as staining and
mold can develop in a matter of a few days at
moderate temperatures above approximately
10 �C.

As a caveat to the discussion on MC limita-
tions for fungal growth, very wet wood (from
150 to 200+ %MC) will also limit or stop fungal
growth, and most decay fungi have a MC opti-
mum for decay in the range between 50 and
100% MC (Fig. 15.2) (Zabel and Morrell 2020).
MC optima exist for other fungal species as
well. For many soft rot fungi, MC optima for
decay have been reported to be much higher,
“near saturation”; however, aeration of wood
samples undergoing soft rot attack has also
been assessed to be critical for optimal soft rot
decay. This suggests that some soft rot fungi
may be able to survive and thrive under condi-
tions where they can pull dissolved oxygen
from water. Relative to MC optima for wood
decay fungi in different density wood species, it
has been observed that lower density woods will
continue to decay at high MC levels that stop
decay in high-density species. This is because
lower-density wood species have proportion-
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ally greater cell lumen volumes compared to
denser wood species. This is important
because, like most eukaryotes, wood decay
fungi require oxygen for growth. Prior research
has shown that some decay fungi are capable of
decaying wood with oxygen levels even lower
than 1% (Highley et al. 1983); however, optimal
levels were found at atmospheric oxygen levels
(21%) or higher (Kazemi et al. 2001).

II. Wood Decay Fungi: Basidiomycota
Decay and Ascomycota Soft Rot
Decay

A. Introduction to Decay Types

Basidiomycota fungal genera that decay wood
are generally classed informally as either white
rot or brown rot fungi although some genomes
of genera within these classifications are known
to be intermediate between classic model white
rot and brown rot species (Riley et al. 2014).
Soft rot fungi are also included in this section
because they also deconstruct and depolymer-
ize lignocellulose polymers. Wood decay fungi
initially seek sites within or on the surface of
wood where simple sugars and starches are

available, such as in the parenchyma of the
wood or other lignocellulosic materials. The
use of the simple substrates in initial coloniza-
tion of woody substrates allows these fungi to
develop greater biomass and move through the
substrate without the need for expenditure of
greater amounts of energy which is needed for
the more complex tasks of deconstructing lig-
nocellulose. With most species, when condi-
tions are right and particularly when the
simple sugars, starches, and fatty acids are
depleted, the cellular machinery for decon-
struction of wood cell walls is activated. As
depletion of simple compounds progresses,
surface pectins and hemicellulose are typically
the first polysaccharides to be attacked because
these are the most accessible structural compo-
nents of the wood cell wall and they are gener-
ally arranged in a more accessible amorphous
structure at the molecular level. As decay fur-
ther progresses, fungi use different mechan-
isms, depending on the type, for the
depolymerization of cellulose, lignin, and the
more tightly bound hemicellulose. The more
minor constituents of pectins and extractives
that are embedded in the cell wall also are
depolymerized and metabolized as cell wall
degradation continues. For deconstruction of
cellulose and/or lignin, inducible extracellular
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Fig. 15.2 Decay optima vary with moisture content
(MC) and also with the density of wood species. Many
other factors, including fungal species, are important in
determining rates of decay, but it is important to rec-
ognize that aggressiveness of decay can vary simply by

altering moisture content, particularly in higher density
wood species. Figure used with permission from Aca-
demic Press. Zabel and Morrell 1991 (Zabel and Morrell
2020)
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enzymes are secreted to depolymerize or
hydrolyze specific chemical linkages in sub-
strates. Glycosyl hydrolase (GH) enzymes, for
example, are enzymes that hydrolyze glycosidic
bonds in either cellulose or hemicellulose.
There are many different types of GHs and
many families of this types of enzyme are now
known (Williams 2017). Other enzymes that
may be present in some fungal species will
target specific linkages in lignin or hemicellu-
lose, such as fungal esterases, that have high
affinity for acetylated carbohydrates as found
in some hemicelluloses. Some fungal enzymes
are also specific for deconstruction of specific
types of pectin in the bordered pits or middle
lamella, while other enzymes in white rot fungi
have broad specificity in degrading aromatic
compounds.

White rot fungi primarily employ extracel-
lular degradative enzymatic systems in the deg-
radation of lignocellulose substrates, but in
some cases LMW mediators or metal radical
ions are known, or have been proposed, to
work in conjunction with white rot enzymes
to explain the types of degradation patterns
observed at the nanoscale. Brown rot fungi
decaying wood use a combination of a LMW
catalytic system, that can penetrate into the
wood cell wall in early stages of attack by the
fungus, together with a more limited suite of
cellulase enzymes. The pattern of attack by this
LMW catalytic system is consistent with attack
by hydroxyl radicals (lOH), and the most prom-
inent theory on the LMW degradation mecha-
nism involves a mechanism for hydroxyl
radical attack (Goodell et al. 2017; Suzuki et al.
2006), which is known as the chelator-mediated
Fenton (CMF) system (Kent et al. 2018; Goodell
et al. 2017; Arantes and Milagres 2006; Nurika
et al. 2019). Brown rot fungi discarded their
machinery for production of most peroxidases
(lignin degrading enzymes) and also many of
their carbohydrate active enzymes (CAZymes)
and oxidoreductases as they evolved the LMW
non-enzymatic system to biocatalytically
deconstruct cellulose and lignin. Although as
noted previously, there is intergradation
between brown rot and white rot fungi (Riley
et al. 2014), this chapter will maintain tradi-
tional definitions of the two for convenience,

to allow the reader to understand the differ-
ences at either end of the spectra.

Basidiomycota fungi evolved approxi-
mately 295 million years ago to produce Class
II—peroxidase enzymes (PODs); enzymes
which allowed these particular progenitors of
current day white rot fungi to deconstruct lig-
nin. Basidiomycota species prior to this pos-
sessed enzymes capable of depolymerizing and
metabolizing cellulose, and therefore they were
able to decompose grasses and sedges. How-
ever, as tracheophytes evolved as the first plants
to incorporate lignin into to their cell walls
about 375 million years ago, the fungal species
at that time were unable to deconstruct this new
lignified plant cellular material. Lignification
allowed plants to grow larger and taller.
Researchers have suggested that the gap of
approximately 90 million years between lignin
production in plants and the ability of fungi to
decay those plants is in-part responsible for the
buildup of vegetation which resulted in
current-day coal seams in many locations on
earth (Floudas et al. 2012; Eastwood 2014).

It is important to note the different roles of
enzymes and LMW catalytic systems in the
wood degradation process. Although extracel-
lular enzymes are often casually discussed in
the scientific literature as being capable of
penetrating lignified plant cell walls, there is a
large body of literature that demonstrates that,
although enzymes can erode the surfaces of
plant cell walls at the molecular level, they are
too large to penetrate the intact structure of
secondary plant cell walls for more than a nano-
meter at best (Tepfer and Taylor 1981; Flournoy
et al. 1991). In plants such as corn and Arabi-
dopsis, where secondary walls do not exist, and
in particular when delignification procedures
have been used (Ding et al. 2012), enzymatic
erosion and penetration of one to a few elemen-
tary microfibril layers have been observed.
However, in intact, heavily lignified, secondary
cell walls of wood, enzymes do not readily pen-
etrate. This has been demonstrated in white rot
fungi and brown rot fungi, via the use of many
different probes of sizes simulating those of
enzymes (Stone and Scallan 1967; Tepfer and
Taylor 1981; Kleman-Leyer et al. 1992; Arantes
et al. 2012). In the soft rot Ascomycota, it has
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been suggested that LMW mediator com-
pounds are involved with some enzymatic
attack, but this has not been well studied in
this type of decay. Brown rot fungi, and some
types of white rot fungi, employ LMW cata-
lytic systems that allow small metabolites to
penetrate relatively deep into cell walls, and
even into the middle lamella, to catalyze reac-
tions that depolymerize and solubilize cell wall
components and overcome the limitations
imposed by the bulkiness and size of enzymes
relative to the unmodified pore structure of
the wood secondary cell wall (Highley and
Illman 1991; Arantes et al. 2012). The impor-
tance of non-enzymatic radical-generating
mechanisms, and the lack of enzyme penetra-
tion into intact lignified cell walls, is some-
times ignored by pathologists and microbial
physiologists studying plant cell walls in the
scientific literature, leading to erroneous con-
clusions about how cell wall degradation and
even microbial pathogenesis involving cell
walls occurs.

B. Brown Rot Fungi

Brown rot fungi comprise only about 6% of all
known Basidiomycota species, yet they degrade
approximately 80% of wood, by mass, in the
northern hemisphere and other regions of the
world (Eastwood 2014). Although brown rot
fungi are present globally, in nature they tend
to attack softwoods preferentially or to be “gen-
eralists” (Krah et al. 2018), and therefore, they
have greater impact in the northern hemisphere
(primarily boreal forests) of the world and in
other regions where softwoods predominate.
Brown rot wood decay fungi are perhaps the
most destructive organisms of wood on earth,
and for this reason, considerable space in this
chapter will be devoted to their action.

Brown rot fungi are classified as such
because of the brown color of the wood residue
which remains after fungal degradation has
progressed to advanced stages. The wood in
this stage is also classically described as being
friable, crumbly, checked across the grain and
sometimes having a cross-hatched appearance
(Fig. 15.3). Early decay or incipient decay stages

of brown rot, defined as less than 10% mass
loss, often will appear visually unchanged
from undecayed wood other than appearing to
be wet in some areas. Because brown rot fungi
have a unique LMW catalytic mechanism for
initiating decay in wood, the LMW components
can diffuse through the wood cell wall rapidly
to depolymerize both lignin and holocellulose
components. It is this chelator-mediated Fen-
ton (CMF) depolymerization, particularly of
the crystalline cellulose backbone of the ele-
mentary fibrils of wood, that dramatically
reduces the mechanical properties of wood
undergoing brown rot attack. In early work,
Wilcox (1978) reviewed literature demonstrat-
ing that 70% of both modulus of elasticity and
modulus of rupture could be lost with degrada-
tion by brown rot fungi at a level of only 10%
mass loss. Wood at this stage would not appear
brown and crumbly, and this is the key reason
why early brown rot decay stages are consid-
ered dangerous from a structural perspective,
because it can be impossible visually to tell how
much strength remains in a wood sample and
the extent that the wood has been attacked by
brown rot fungi is unknown. For this reason, it
is critically important to keep untreated wood
protected from moisture when wood is used in
either interior or exterior structural applica-
tions.

As reviewed above, even in initial stages of
brown rot degradation of wood, both holocel-
lulose and lignin are depolymerized. The fact
that lignin is extensively depolymerized by
brown rot fungi has been recognized for some
time. In the 1990s, it was also recognized that
hydroxyl radicals would rapidly depolymerize
and then repolymerize lignin in modified form
(Barr and Aust 1994; Goodell et al. 1997).
Researchers also confirmed that lignin depo-
lymerization occurred by the action of hydroxyl
radicals in brown rot fungi (Yelle et al. 2011)
and postulated further that repolymerization of
the modified lignin occurred: “via radical cou-
pling of the phenolic units that become
enriched during attack on the aromatic rings
by lOH.” Because lignin is entangled with hemi-
cellulose and encrusts the cellulose elementary
fibrils in wood, depolymerization of lignin is an
essential byproduct of hydroxyl radical attack
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on lignocellulose (see below) in CMF brown rot
degradation. Modification of the chemistry of
the lignin phenolic units would also not be
possible without depolymerization. Further,
the modified lignin residue that is described in
older literature as “slightly modified lignin” is
actually quite extensively modified in that ali-
phatic side-chain cleavage and demethoxyla-
tion have occurred, and then the majority of
the modified aromatic subunits have repoly-
merized to produce the brown, crumbly poly-
merized mass that is observed in heavily
brown-rotted wood. These wood residues
should therefore be described as containing
extensively modified lignin, even though—
chemically—there are similarities between the
original lignin and brown-rotted lignin.

Genome sequencing of many brown rot
decay fungi has occurred only within the past
decade, and prior to that, brown rot fungi were

generally considered to be primitive species
which had not evolved a complete suite of
enzymes to deconstruct holocellulose or lignin.
The reason why brown rot fungi evolved
from the white rot progenitors, discarding
many of their extracellular enzyme systems in
the process and evolving the LMW catalytic
mechanism, is unknown. However, several
researchers have postulated that this shift
from reliance solely on extracellular enzymes
to reliance primarily on a system like the CMF
system is more favorable from the perspective
of obtaining energy from a recalcitrant sub-
strate like wood (Martinez et al. 2009; Eastwood
2014; Arantes and Goodell 2014). This more
recent evolution of brown rot genera is the
reason that these fungi currently represent
only a small percentage of all Basidiomycota
wood decay species compared to the predomi-
nant white rot species. However, despite evol-

Fig. 15.3 Brown rotted wood decay from the collection
of Holzforschung München, Technical University of
Munich. The interior wood is in an advanced stage of
brown rot degradation. At this stage, the wood is brown
in color and often has a cross-hatched or cubical

appearance. From visual appearance alone is not possi-
ble to determine if the exterior wood of this piece has
undergone early stages of brown rot degradation and
has lost any mechanical properties. (Image courtesy of
Ralf Rosin, Holzforschung München, TUM)
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ving later, the brown rot fungi have exploited
an environmental niche relative rapidly, and
the vast majority of softwoods in the world are
degraded by brown rots. This suggests that
shifting to a LMW degradative system, with a
smaller complement of CAZymes, provides an
evolutionary advantage to the brown rots. As
discussed by Eastwood (Eastwood 2014): “The
brown rot mechanism [. . .] has evolved from a
white rot ancestry at least 5 times. This suggests
that there is a strong selection pressure for abil-
ity to cast off the energetically expensive need to
depolymerize lignin in conifer-dominated habi-
tats.”

1. Non-enzymatic Mechanisms of Brown Rot
Fungal Wood Decay

As noted previously, brown rot fungi lack the
full complement of CAZymes and oxidoreduc-
tases necessary to deconstruct cellulose. Early
researchers studying fungal attack of wood
recognized the dilemma of having a class of
fungi that aggressively decomposed wood, but
did not have the biochemical machinery known
to be required at the time for this degradation.
In the 1960s, Cowling (Cowling 1964; Petters-
son et al. 1963; Cowling 1961) noted that “read-
ily diffusible enzyme systems” must be
responsible for the rapid depolymerization of
cellulose in brown rots, but 40 years later Cowl-
ing expressed regret for describing the active
component as a very small cellulase rather than
a LMW catalytic compound of a more general
type (personal communication). Highley, and
also Nicholas and their coworkers in the 1980s
and 1990s, noted that brown rot decay resem-
bled wood that was treated with Fenton reagent
(Fe2+ + H2O2 ! Fe3+ + lOH + OH�); however,
results using Fenton treatment of wood alone,
or Fenton treatment with cellulolytic enzymes,
were not able to fully mimic the action of brown
rot (Highley and Illman 1991; Schmidt et al.
1981; Jin et al. 1990a; Parra et al. 1998). The
excellent research of these early researchers
demonstrated that Fenton chemistry alone was
not responsible for brown rot degradation and
that the non-enzymatic mechanism in brown
rot was more complex. Some research on

brown rot has ignored this early research, with
non-enzymatic brown rot mechanisms being
described as simple “Fenton” chemistry,
which does not reflect the complexity of the
chelator-mediated mechanism.

Research in the 1990s explored the role of
cellobiose dehydrogenase, with the finding that
this enzyme may play a role in iron reduction
and subsequent generation of hydroxyl radi-
cals; however, this work has been discounted
because of the limited number (one) of brown
rot species found to produce cellobiose dehy-
drogenase. Instead, there are currently two via-
ble working theories that describe how a LMW
catalytic system functions in brown rot fungi to
solubilize wood cell wall components in
advance of fungal enzymatic action occurring
in the wood cell lumen:

(i) The laboratory of Tanaka and Enoki has
posited that pyridine coenzymes provide
electrons to LMW glycopeptides which
can then penetrate the wood cell wall to
generate hydroxyl radicals (Kido et al.
2015). It remains unclear whether the
reductants required for the glycopeptide
systems persist in extracellular environ-
ments, and it must also be explored
whether it is feasible for glycopeptides
to diffuse into the wood cell wall to
reduce iron and then diffuse back out to
the coenzyme surrounding the fungal
hyphae to complete the redox cycle.
Because enzymes are too large to pene-
trate intact secondary wood cell walls,
pyridine coenzymes and other enzymes
would also not be able to penetrate, at
least until advanced stages of decay
when cell wall porosity is increased. Fur-
ther, as noted by Hatakka and Hammell
(Hatakka and Hammel 2011) in discuss-
ing research with glycopeptides isolated
from a white rot fungus (Tanaka et al.
2007): “the inferred molecular masses of
the encoded peptides are around 14 kDa,
much larger than reported for the sub-
stances that were first isolated from colo-
nized wood.” Still, genomic analysis has
found comparatively high levels of genes
encoding for Fe3+-reducing glycopep-

376 B. Goodell



tides in some brown rot species (Riley
et al. 2014), and continued research on
this theory will be important to demon-
strate what role expressed glycopeptides
may play in brown rot degradation of
wood.

(ii) Work in the early 1990s through the pres-
ent by Jellison and Goodell, Hammel and
Houtman, and other groups has demon-
strated that brown rot fungi produce
LMW compounds that reduce iron in a
catalytic (repeated) manner, and these
compounds participate in oxidative reac-
tions that depolymerize both cellulose
and lignin. This hypothesis has been
increasingly supported by the fungal deg-
radation research community over the
last 25 years. Initial reports described
these compounds as siderophores
because they were isolated using proce-
dures adapted from those used to isolate
siderophores from bacteria (Jellison et al.
1991). Because siderophore receptor sites
were not identified on the fungal cell
membranes and the catalytic function of
siderophores that was observed in the
compounds isolated from brown rot
fungi has not been widely reported, the
terminology of LMW “chelators” has been
used rather than “siderophore.” The term
“chelator-mediated Fenton” (CMF) sys-
tem is now used to describe the system
(Goodell et al. 2017; Cragg et al. 2015;
Arantes et al. 2012; Kent et al. 2018) with
the seminal work on the CMF mechanism
in fundamental form described in the
mid-1990s (Goodell et al. 1997). Two
types of chelators, oxalate and a pheno-
late/hydroquinone, are involved with
some brown rot fungi including perhaps
the most widely studied brown rot fungus
Gloeophyllum trabeum. In this mecha-
nism, oxalate first sequesters oxidized
iron within the low pH environment of
the fungal extracellular matrix (ECM)
produced within the wood cell lumen.
The fungus regulates oxalate concentra-
tions carefully in the cell lumen, and it
has been proposed that oxalate-bound

iron diffuses into the wood cell wall at a
rate regulated by both intracellular and
extracellular fungal mechanisms. Oxalate
will release iron to phenolate/hydroqui-
none chelators in the environment of the
wood cell wall where pH is higher and
oxalate concentration is lower than in
the immediate environment surrounding
the fungal hyphae. Numerous groups
have demonstrated the production of
2,5-dimethoxyquinone (2,5-DMHQ) and
other chelators such as phenolate/hydro-
quinone-type chelators. These chelators,
including variegatic acid in some species
(Zhu et al. 2016), are produced by brown
rot fungi and are capable of multiple iron
reduction (MIR) similar to that described
which occurs with methoxylated phenolic
compounds derived from lignin (Tamaru
et al. 2019). These compounds are pro-
posed to diffuse from the fungal hyphae
into the wood cell wall where the higher
pH of the cell wall (5.5–6.0) has then been
shown to permit a transfer of iron from
oxalate to the redox-cycling chelators.
Iron reduction then spontaneously occurs
in the higher pH environment. Once this
chemistry is initiated, a sustained reduc-
tion reaction will occur to generate a
stream of hydroxyl radicals (Tamaru
et al. 2019). The production of hydrogen
peroxide occurs naturally in the presence
of ferrous iron (Barb et al. 1951; Varela
and Tien 2003). The generation of hydro-
gen peroxide (30 mM concentration)
directly from water in microdroplet form
has also been reported to occur (Lee et al.
2019), and similar reactions could also
potentially generate hydrogen peroxide
in the microvoids of the wood cell wall,
particularly when transition metals are
present. The presence of peroxide
assumes adequate oxygenation of the cell
wall although the later systems demon-
strates peroxide generation directly from
water microdroplets in oxygen-limited
environments. In any case, because oxy-
gen is a prerequisite for fungal growth, an
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oxygenated system would be present in
most active fungal environments.

Research suggests that early upregulation
of a large group of LMW compounds and
enzymes that may generate LMW catalysis
occurs prior to upregulation of glycoside
hydrolase enzymes (Zhang et al. 2016). The
upregulation of these metabolites is timed so
that subsequent upregulation of CAZymes fol-
lows in a staggered manner (Zhang et al. 2016).
These findings are consistent with both glyco-
peptide and CMF working theories, and the
staggered upregulation hypothesis also does
not preclude mechanisms that allow spatial dif-
fusion of LMW metabolites as has been
described for the CMF mechanism. Polyketide
synthases (PKS) have also been found to be
upregulated in the brown rot fungi (Riley et al.
2014), and this may be important due to the
role these synthases play in the production of
LMW metabolites ranging from siderophores
to fungal antibiotics. Some of these LMWmeta-
bolites derived from polyketide pathways are
structurally related to the LMW compounds
isolated from brown rot fungi that have been
proposed for redox chemistries involved in
non-enzymatic degradation schemes (Paszc-
zynski et al. 1999; Kerem et al. 1999; Goodell
et al. 1997).

The generation of hydroxyl radicals is a
consistent feature that is recognized in the
LMW catalytic system in brown rots and that
is also proposed to occur in the glycopeptide
hypothesis in these fungi. The hydroxyl radical
is the most potent oxidant known in biological
systems, and it is therefore important that it be
generated in a location where it cannot damage
fungal hyphae. Relative to the CMFmechanism,
hydroquinones, catecholates, and similar
redox-cycling compounds are greatly affected
by pH, and under low pH conditions with free
iron, they can be expected to reduce multiple
moles of iron which is then able to generate
hydroxyl radicals (Tamaru et al. 2019; Goodell
et al. 1997) as has been demonstrated in the
CMF mechanism. Further exploration which
advances our understanding of how hydroxyl
radicals are generated by CMF or other

mechanisms must take into account either
how the fungus is protected from hydroxyl rad-
ical action (Zhu et al. 2016) or how hydroxyl
radical generation is spatially controlled to
react within the wood cell wall (Goodell et al.
2017). More research is needed in this area to
explore non-enzymatic catalytic mechanisms in
the brown rot fungi and in microorganisms in
general. This type of mechanism for the non-
enzymatic generation of hydroxyl radicals at a
distance from the organism to solubilize a sub-
strate while also preventing oxidative damage
to the microorganism itself is so far unknown
outside of the brown rot fungi.

2. Enzymatic Degradation in the Brown Rot
Fungi

Riley et al. (Riley et al. 2014) published a
paradigm-shifting paper discussing a new
approach to the classification of brown rot
and white rot fungi. As might be expected for
fungi that do not metabolize lignin, lignin-
degrading peroxidase enzymes have been lost
in the brown rots, although the genomes of
some brown rot species have been shown to
encode for laccases. Brown rot fungi have a
reduced number of enzymes acting on crystal-
line cellulose, with cellobiohydrolase enzymes
absent or lacking a critical cellulose-binding
domain (Riley et al. 2014). Lytic polysaccharide
monooxygenase (LPMO) enzymes are generally
also reduced in the brown rot fungi compared
to white rot species. The Gloeophyllales and
Boletales families have one and two cellobiose
dehydrogenase enzymes, respectively, but other
brown rot families and genera analyzed have
lost these enzymes completely. Endoglucanases
are considered to be one of the most important
enzymes in brown rot fungi, yet they are
reduced in number compared to the white
rots. A clean division between the brown rots
and white rots cannot be drawn relative to the
number and types of hemicellulase and pecti-
nase enzymes that are produced by these spe-
cies (Riley et al. 2014). Additional research
must still confirm particular aspects of the
research demonstrating the interaction
between non-enzymatic and enzymatic brown

378 B. Goodell



rot mechanisms; however, with the reduction in
CAZyme complement including LPMO and
endoglucanases in brown rots, the non-
enzymatic systems clearly take on a priority
role in the brown rot fungi.

More study is needed to understand
whether interactions between enzymes and
metabolomic compounds are important in
brown rot degradation, for example, if some of
the LMW compounds produced by the fungi are
important as electron donors for some enzymes
like LPMOs. It has been reported that lignin
derivatives produced during brown rot degra-
dation are active in multiple iron reduction, and
it is proposed that these compounds also func-
tion as electron donors for enzymes such as
LPMOs (Tamaru et al. 2019; Westereng et al.
2015; Frommhagen et al. 2017). Understanding
whether temporal staging in expression of LMW
metabolites and extracellular enzymes is impor-
tant requires further study. Currently, it is
unclear if staging of non-enzymatic and enzy-
matic systems is required to protect extracellu-
lar enzymes from non-enzymatic radical
generating systems or if generation of the non-
enzymatic radicals within the wood cell wall
where enzymes have no accessibility allows ade-
quate protection of extracellular enzymes.
Brown rot fungi may have additional mechan-
isms that have yet to be discovered, but cer-
tainly, the use of dual mechanisms (both
spatial separation and temporal expression
staging) to protect critical enzymes is possible.

3. Dry Rot

“Dry rot” is a colloquial term that has been used
to describe a particular brown rot decay type
caused by the genus Serpula with some validity,
as this genus has the ability to channel water
from several meters away to the site of active
decay. Therefore, although the wood still
requires water to decay the wood, the require-
ment that the wood be wet before decay initia-
tion does not hold with this type of brown rot
fungus. Serpula lacrymans is common in Eur-
ope and Asia, whereas Serpula (Meruliporia)
incrassata is the most common of the dry rot

species in North America (Boddy 2016). Ser-
pula dry rots are true brown rot fungi, but
their unique ability to channel water from
sources at a distance from the wood being
infected is permitted by an elongated hyphal
mass known as a rhizomorph structure. Multi-
ple rhizomorphs are often present and have
been reported to extend as much as 10 m from
the site of decay to reach sources of water.
Interior decay of secondary wood structures
with fungal rhizomorphs extending to wet soil
sites exterior to the structure have been person-
ally observed by the author.

The term “dry rot” is also sometimes used by layper-
sons as a misnomer, particularly in North America, to
describe brown-rotted wood caused by genera other
than Serpula. In these cases, the wood has been decayed
by a brown rot fungus in a wetted state, and it has the
appearance of brown crumbly wood in the dry state.
The term may be incorrectly used in this way by lay-
persons observing wood that has been wetted at some
point in its history, and decay had initiated and pro-
gressed to an advanced state before water was removed
and the wood dried out, but it is not an accepted use by
professionals in the field. As discussed generally for
fungi that attack wood, the presence of an adequate
amount of water, in amounts greater than the fiber
saturation point (FSP) of the wood, is necessary for all
types of fungal degradation to occur. Brown rot decay
cannot proceed in the absence of water.

C. White Rot Fungi

Additional background information on white
rot degradation of wood and the properties of
white-rotted wood can also be found in Sect. IV
of this chapter on biotechnological applications
of wood degrading fungi. White rots are classi-
fied in different ways, but the most common is
to physically classify the fungus by the appear-
ance of the decayed wood. Two distinct types of
white rot from this macroscopic perspective are
(a) decayed wood that appears whitish or
bleached in a uniform manner and is variously
known as “spongy white rot,” “stringy white
rot,” or because it is the most common type,
just “white rot” (Fig. 15.4a) and (b) decayed
wood that is variously known as “pocket white
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rot” or “pecky white rot” where the wood
undergoes advanced decay in discrete locations
to produce isolated zones of severely degraded
and bleached wood, with these zones or pockets
typically filled with white mycelium or bleached
wood residue (Fig. 15.4b). White rot fungi can
also be categorized based on the chemistry of
components that have been removed and spe-
cifically whether holocellulose or lignin is pref-
erentially attacked within the wood cell wall. In
this type of classification, (a) where cellulose,
hemicellulose, and lignin wood components are
all oxidized and metabolized at approximately
the same rate, the decay is classified as “simul-
taneous white rot,” whereas in (b) “selective
white rot,” the literature has suggested different
scenarios, and it is likely that in different selec-
tive white rot species, slightly different rates in
substrate removal preference occur. Typically,
hemicellulose and lignin are attacked preferen-
tially to cellulose in selective white rot, allowing
the cellulose to remain relatively undegraded.
However, in some reports, cellulose is also
attacked, but it is removed at a slower rate
than in simultaneous white rot. As noted in
the introduction, in nature there is an intergra-
dation of different decay types (Riley et al.
2014), and the same fungal species can produce
different strains of both simultaneous and

selective white rot decays (Otjen and Blanchette

1986; Otjen et al. 1987).

1. White Rot Polysaccharide Degradation
Mechanisms

White rot fungi are characterized by their abil-
ity to produce a complete enzymatic system
capable of degrading hemicellulose and cellu-
lose and to directly or indirectly oxidize and
mineralize lignin (Aust 1995; Abdel-Hamid
et al. 2013; Cragg et al. 2015). Both endogluca-
nases and exoglucanases that can act
synergistically on crystalline cellulose are pro-
duced. Enzymatic systems for breakdown of
holocellulose include endo-1,4-b-glucanase,
b-glucosidases, cellobiohydrolases, cellobiose
dehydrogenases, and LPMO enzymes (Baldrian
and Valaskova 2008) as well as xylosidase, xyla-
nase, acetyl xylan esterase, glucuronidase, and
arabinofuranosidase, with these later enzymes
being necessary for complete depolymerization
and oxidation of hemicellulose (Rytioja et al.
2014).

The non-enzymatic processes known in
white rot fungi, particularly for hemicellulose
depolymerization and selective white rot attack,
are less well understood, but LMW compounds
moving into the wood cell wall in advance of

Fig. 15.4 (a) The classic stringy and bleached appear-
ance of white-rotted wood in a hardwood. This type of
decay is often colloquially referred to as “spongy white
rot” or “stringy white rot.” (b) Pocket white rot in a

hardwood on the slopes of Mount Kilimanjaro with the
author’s hand for scale. Note the presence of white-
rotted wood and fungal mycelium within the pockets
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enzyme action have been well documented by
Daniel’s laboratory (Kim et al. 2015; Daniel
2014) and are reviewed below for specific
enzymes: Relative to holocellulase-active
enzymes, white rot fungi have a complete com-
plement of CAZymes including the endo-acting
enzymes that also are possessed by brown rot
fungi. The white rot fungi also possess proces-
sive exo-acting cellulases, also known as cello-
biohydrolases (CBH). The cellulase enzymes in
white rot fungi are primarily in the glycoside
hydrolase (GH) families which attack cellulose
hydrolytically, but also include the LPMO
enzymes (auxiliary activities (AA) enzyme fam-
ily 9—formerly GH61) which oxidatively cleave
cellulose. White rot fungi have many more
enzymes that are active on crystalline cellulose,
in particular enzymes in the GH6 and GH7
(CBH enzyme) families. In addition, they have
many more cellulose-binding module (CBM1)
family enzymes. For most GH enzymes to be
optimally functional, inclusion of a CBM as part
of the enzyme is important. Seven known
families of hemicellulase enzymes and eleven
pectinase enzymes are encoded in the Basidio-
mycota, but as discussed in the section on
brown rot fungi, there are no notable differ-
ences between white rot and brown rot species
relative to the enzyme families for hemicellu-
lases and pectinases in the two types of decay
fungi (Riley et al. 2014).

2. White Rot Lignin Degradation Mechanisms

Because of the unique nature of the lignin-
degrading enzymes in white rot fungi, this sec-
tion provides greater detail on these systems.
Enzymes of importance include lignin peroxi-
dases, versatile peroxidases, manganese perox-
idases, dye-decolorizing peroxidases, and
laccase. Individual white rot fungal species
will possess one or more of these enzymes.

The degradation of lignin in the white rot
fungi is biochemically complex. Lignin-
degrading enzymes and the biochemical
mechanisms employed by these enzymes to
oxidize lignin with LMW compounds have
been well described in a number of reviews
(Tuor et al. 1995; Leonowicz et al. 1999). A

recent review of Trametes showed that the
genome encodes for nine putative lignin perox-
idases, seven putative short manganese perox-
idases, and two putative versatile peroxidases;
however only one manganese peroxidase and
one versatile peroxidase isozyme were consis-
tently expressed under different growth condi-
tions (Vasina et al. 2017). This suggests the
importance of these particular two isozymes
but also indicates that the fungus does not
rely on these enzymes alone, and it possesses
several “back-up strategies.” Some enzymes
have the capability of reacting directly with
lignin as a substrate, while others use mediators
or LMW compounds involved in electron trans-
fer. Some enzymes are also metal-dependent,
requiring chelated or a free transition metal to
be in close proximity to the enzyme and sub-
strate in ways not yet fully elucidated for all
enzymes. Non-enzymatic systems in white rot
fungi generally are unable to penetrate as
deeply into the wood cell wall compared to the
non-enzymatic extracellular metabolites asso-
ciated with brown rot fungi. Instead, the LMW
compounds in these systems appear to be more
intimately associated with the enzymes and
may be mediator radicals, oxygen radicals,
electron-transfer agents, or chelate-radicals
that are generated by action of the enzymes
and/or transition metal cofactors. These LMW
compounds penetrate the wood cell wall in
advance of the enzymes (Daniel 2003; Arantes
et al. 2011). In some selective white rot fungal
degradation, altered cell wall structure asso-
ciated with these LMW compounds has been
observed using transmission electron micro-
scopy (Fig. 15.5). The altered lignocellulose
structure suggests that these LMW compounds
penetrate completely through wood cell walls
including the middle lamella regions in advance
of enzymes (Messner et al. 2003; Daniel 2003,
2014). It has been reported as far back as the
1960s that the middle lamellae is often attacked
early in some types of white rot degradation of
wood, suggesting that some LMWmediators or
long-lived radicals promoted by the white rot
fungal attack are capable of penetrating deep
into cell walls in early white rot attack to pref-
erentially attack lignin-rich zones (Cowling
1961; Daniel 2014). However, despite these
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research findings on LMW compound penetra-
tion of wood cell walls in advance of cellulose-
and lignin-degrading enzymes in white rot
fungi, research on any deep-diffusing LMW
oxidizing compounds in the white rot fungi is
still quite limited, as reviewed below for specific
lignin-degrading enzymatic systems. A better
understanding of the nature of LMW com-
pounds, and which particular enzyme systems
they are associated with, would enhance under-
standing of fungal mechanisms and would also

aid future research on utilization of fungal sys-
tems in biorefineries and in other bioproces-
sing efforts.

Lignin Peroxidases Lignin peroxidase (LiP) is
able to oxidize both phenolic and non-phenolic
lignin groups, with the latter composing 70–
90% of the wood lignin fraction. Lignin peroxi-
dase will oxidize only the exposed components
of the wood cell wall at the lumen surface, and
therefore it is proposed to oxidize smaller inter-
mediates (mediators) such as veratryl alcohol.
Given the size of the veratryl alcohol radical, it
would have the capacity to penetrate into the
wood cell wall from the lumen surface and may
be involved in the gradual erosion of the wood
cell from the S3 layer outward. It follows that
the affinity of the radical for non-polar sub-
strates such as lignin could potentially provide
a role for such a radical (assuming it is capable
of diffusing away from the enzyme) for the
selective attack on lignin in selective white rot
degradation. Lignin peroxidase’s ability to oxi-
dize non-phenolic lignin has made it an attrac-
tive candidate for use in biopulping, dye
decolorization, and biorefinery applications,
but it has been more limited in these applica-
tions than desired. Several research groups
(Mäkelä et al. 2015; Pérez-Boada et al. 2005;
Fernandez-Fueyo et al. 2012) discussing the
use of LiP have proposed that veratryl alcohol
may function as a cation radical that can oxi-
dize lignin substrates indirectly, whereas versa-
tile peroxidase (below) is able to oxidize Mn2+

directly allowing direct enzymatic action on
substrates. Although these researchers have
speculated that the cation radical was closely
associated with the enzyme, it is possible that
lignin monomers functioning as cation radicals
could function as LMW agents diffusing ahead
of LiP.

Manganese Peroxidases Manganese peroxi-
dases (MnP) are Class II fungal peroxidases
capable of oxidizing Mn2+ to Mn3+. Low redox
potential phenolic compounds are able to be
oxidized directly through this action. However,
mediators such as unsaturated fatty acids or
glutathione are required for the degradation of
high redox potential non-phenolic compounds.

Fig. 15.5 Selective white rot degradation in wood struc-
ture showing S1 and S2 wood cell wall layers and the
penetration of fungal lignin peroxidase enzymes
(immunolabelled with gold and appearing as numerous
small black spheres in the image). Darker zones of the
wood cell wall indicate that cell wall modification is
occurring, and this modification (DZ arrows) appears
in advance of lignin peroxidase enzymatic penetration
into the cell wall. This indicates the action of fungal
LMW compounds in these zones. This type of low
molecular weight radical in the degradation of wood
is also associated with manganese peroxidase (MnP),
versatile peroxidase, and laccase enzymes (Fackler et al.
2007) in selective white rot degradation. (Image cour-
tesy of Dr. Geoffrey Daniel)
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It has been reported that carboxylic acids can
also function as a mediator in the degradation
of high redox potential substrates (Qin et al.
2017). Some aliphatic acids such as malonate,
lactate, and oxalate produced by white rot fungi
can function as metal-chelating agents and
increase the oxidation rate of Mn2+ to allow
substrate attack (Hofrichter 2002). The chelated
Mn3+ functions as a LMW diffusible redox
mediator that can attack phenolic lignin to pro-
duce unstable radical species. The chelated
Mn3+ is capable of diffusing into the wood cell
wall to oxidize phenolic lignin compounds, and
this is one of the potential LMW diffusible
species observed by Daniel as cited above (Dan-
iel 2014). MnP has a lower redox potential than
LiP and under physiological conditions can
only oxidize phenolic lignin structures.

Versatile Peroxidases Versatile peroxidases
(VP) are considered to be hybrids between
LiP and MnP (Knop et al. 2016), and they are
enzymes with broad substrate activity. VP can
directly oxidize non-phenolic substrates such
as veratryl alcohol as well as phenolic sub-
strates (Fernandez-Fueyo et al. 2012; Mäkelä
et al. 2015). VPs are more widely produced in
white rot fungi than originally considered
when they were first cloned and sequenced in
the year 2000 (Giardina et al. 2000). They are
now known to be produced in many fungi,
such as Phanerochaete chrysosporium, Ceripor-
iopsis subvermispora, Pleurotus ostreatus, P.
eryngii, and Bjerkandera sp. (Floudas et al.
2012). VPs have been reported to oxidize phe-
nolic and non-phenolic substrates directly
without the aid of a mediator, and they have
the capacity to oxidize aromatic substrates
directly.

Dye-Decolorizing Peroxidases The dye-decolor-
izing peroxidases (DyP) were first reported in
1995 in a Geotrichum (Ascomycota) species but
have recently become more widely reported in
white rot fungi. The DyP-type peroxidases have
no homology to other known peroxidases. They
are unable to oxidize Mn2+, and they are unique
enough that they are classified in their own

superfamily of heme peroxidases (EC
1.11.1.19). They are similar to VPs in that they
can oxidize Reactive Black 5, phenols, and ver-
atryl alcohol, but unlike VPs they also have the
ability to oxidize recalcitrant anthraquinone
dyes (ExPASy 2018; Lauber et al. 2017).

Laccase Unlike the peroxidases, the laccase
enzyme employs a mechanism involving a
four-electron reduction of oxygen to degrade
lignin. Laccase is produced by many microbial
organisms, both degradative and non-
degradative, and may play multiple metabolic
roles. Laccase alone is not capable of oxidizing
non-phenolic lignin compounds but can oxi-
dize “mediator” compounds to their radical
forms, and in close proximity to laccase, these
compounds then catalyze the oxidation of non-
phenolic lignin. Natural mediators have been
reported, including ortho-diphenols, para-
diphenols, methoxysubstituted phenols, dia-
mines, and benzenethiols. Since laccase is a
robust enzyme, its potential for industrial use
is high, and many uses have been studied rang-
ing from the grafting of polymers to lignin to
the production of fiberboard products (Mate
Diana and Alcalde 2017). Several lignin-derived
compounds (Camarero et al. 2005), and also
hydroxamate siderophores from fungi, have
been reported as useful in mediating laccase-
aided delignification processes (Niku-Paavola
et al. 2003). Fungi are generally reported to
produce hydroxamic acid siderophores in the
broader literature; however, research on wood-
degrading fungi has isolated many catecholate
compounds that are “siderophore-like” in their
structure. Given that the structure of lignin has
more catecholate properties, it would be useful
also to assess the catecholate/phenolate com-
pounds similar to siderophores that are
produced by wood-decaying Basidiomycota
species as laccase mediator compounds. Several
LMW lignin-derivative compounds have now
been reported to have metal reduction capabil-
ities and have been postulated to also function
in electron-transfer capacity for extracellular
enzymes (Tamaru et al. 2019). Laccase-derived
lignin fragments have also been found to
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promote the activity of lytic polysaccharide
monooxygenases (LPMOs) for potential
enhancement of biorefinery activities (Brenelli
et al. 2018).

D. Soft Rot/Ascomycota Fungi

Soft rot fungal degradation is traditionally con-
sidered to be a type of decay where the outer
few millimeters of wood surface wood are
attacked in relatively wet environments by
Ascomycota genera. In some cases, the fungal
species causing soft rot attack of wood may still
informally be classified as fungi imperfecti,
when these fungi have not yet been examined
using molecular systematics. The surface attack
by soft rot often occurs when the wood is in a
waterlogged or partially submerged condition
such as in driftwood or industrial cooling tower
slats, resulting in a loss of surface density
(hardness). The traditional perspective (since
the 1950s) of how soft rot fungi attack wood is
changing however, as it is now known that soft
rot fungal attack can occur in both wet and dry
environments. Further, it has also been
observed that these fungi can penetrate several
centimeters deep into the wood, particularly
when the wood has been buried, as observed
in field tests and in-service poles (Greaves
1977).

Researchers have pointed out that in wet
environments, the exclusion of oxygen deep in
wood probably prevents growth of soft rot
fungi other than at the surface of wood (Worrall
et al. 1991). Soft rot fungi seem to have a more
selective requirement for oxygen than Basidio-
mycota species and some bacteria, and there-
fore decay fungi or bacteria that attack wood
would outcompete soft rot fungi in many envir-
onments.

All wood undergoing decay ultimately has
reduced density, so to some degree the term
soft rot is misnomer. Further, previous reports
(Daniel and Nilsson 1998) have also noted that
soft rotted wood, particularly in chromated
copper arsenate (CCA wood preservative)-trea-
ted poles, is quite hard at the surface. Upon

drying, soft rotted wood also becomes brown
and develops surface checks across the grain as
the wood shrinks. Although the decay may be
superficial, the surface appearance may be sim-
ilar to brown rot decay. The wood may assume
a weathered appearance, similar to unpainted
“barn board” (Zabel et al. 1985). Several com-
mon genera of soft rot include Chaetomium,
Humicola, and Lecythophora. Soft rot in North
America is less commonly reported as a struc-
turally degrading microorganism compared to
brown rot, and it is more widely reported in
other environments, ranging from tropical
to temperate and even polar environments
(Blanchette et al. 2004).

Two different types of attack on the wood
cell wall can be produced by soft rot fungi. Type
I soft rot is characterized by cavity formation,
which typically occurs in the S2 layer of the
wood cell wall (the thickest layer of the second-
ary cell wall of lignified woody tracheids or
fibers—Fig. 15.6). These cavities may also be
formed in some cases in the adjacent S1 layers,
often in the same cell. Type II soft rot is a
general erosion of the wood cell wall layers
similar to that seen in white rot, and similarly,
starting from the S3-lumen interface and work-
ing outward. Often, particularly in hardwoods,
both Type I and Type II attack can be produced
by the same fungus in the same sample. Soft rot
fungi are sensitive to high levels of lignin and
preferentially grow in low-lignin hardwoods
such as Populus or Betula. Lignin levels in the
wood also impact the pattern of attack which
can occur within the wood cell wall (Daniel and
Nilsson 1998).

Type I Soft Rot:
Soft rot fungi typically initiate Type I attack using

fine microhyphae, to penetrate from the lumen and
bore perpendicularly into the wood cell wall (Unligil
and Chafe 1974; Daniel 2014; Hale and Eaton 1985). The
fungal microhyphae reorient and realign in the direc-
tion of the S2 cellulose microfibrils when they reach the
S2 layer. T-branching of the hyphae also occurs once
the hyphae are within the S2 layer, with the two hyphal
tips of the branches then growing in opposite direc-
tions, spiraling in the long direction of the fiber. At the
start of cavity formation, the microhyphae extend lon-
gitudinally into the S2 cell wall via development of what
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is known as a proboscis hypha. The process of enzy-
matic secretion and cavity formation then is used to
produce a series of longitudinally oriented diamond-
shaped or elongated conical cavities in what is known
as Type I attack (Fig. 15.6). Multiple hyphae often
invade a wood cell wall and can completely riddle the
wall in advanced stages of degradation. The conically
pointed ends of the cavities are formed presumable
because of the way that the extracellularly secreted
enzymes interact with the crystalline structure of cellu-
lose in the cell wall.

Soft rot fungi are capable of producing a complete
complement of CAZymes, including exo-1,4-b-gluca-
nase, endo-1,4-b-glucanase, and 1,4-b-glucosidase
(Tanaka et al. 1992; Goodell et al. 2008). Research
using a variety of agar tests shows a number of cellu-
lase, hemicellulase, pectinases, and laccase enzymes to
be produced in many of 27 freshwater soft rot ascomy-
cetes tested (Simonis et al. 2008), with several of these
species not having been commonly reported in the soft
rot literature previously. Earlier work also indicated
that laccase was produced by certain soft rot fungi,
suggesting that there is at least a limited ability to
enzymatically (Tanaka et al. 2000) degrade wood cell
wall lignin. Other research indicates that laccase is the
only lignin-degrading enzyme produced by at least one

soft rot species (Liers et al. 2011). Researchers (Daniel
and Nilsson 1998) have hypothesized that a radical-
generating system may also function in conjunction
with a system for enzymatically oxidizing lignin,
which would suggest laccase mediator involvement.
They have also reported that cavity formation may be
“flattened” on one side where the fungus encounters
more heavily-lignified wood and that lignin-rich wood
is not as readily degraded as wood that is cellulose-rich.
However, Type I soft rot fungi have been observed to
lose cavity-formation capability when moving into
delignified wood cell walls. This suggests that the ori-
entation of cellulose elementary fibrils, and also the
surrounding encapsulating lignin matrix, may play a
role in cavity formation.

Type II Soft Rot:
Type II soft rot attack is less common, with only a

few species reportedly capable of performing this type
of soft rot alone. Type II soft rot appears similar to
white rot at the microscale, as the wood cell wall is
thinned from the lumen surface (S3), outward, until
only the middle lamella remains (Daniel and Nilsson
1998). This type of soft rot decay rarely occurs in soft-
woods, with hardwoods being attacked preferentially—
with those species that possess a combination of syr-
ingyl- and guaiacyl-type lignins and generally having

Fig. 15.6 Transmission electron micrograph of south-
ern pine wood (xs) that was used as a cooling tower slat
which was then decayed by Type I soft rot. Cavity
formation shows the fungal hyphae growing within

the S2 layer of the wood cell walls and producing cav-
ities which surround individual hyphae. The cavities
often coalesce in this heavily degraded sample
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lesser amounts of total lignin in the cell walls, more
readily attacked. Most species of soft rot fungi isolated
from softwood poles are capable of producing both
Type I and Type II soft rot attack with one, Phialophora
fastigiata, producing Type II attack followed sporadi-
cally by Type I attack with longer exposure in labora-
tory testing (Morrell and Zabel 1985).

III. Staining and Mold Fungal
Degradation of Wood

This section reviews fungi that inhabit the sur-
face of wood or that penetrate primarily into
the parenchyma of sapwood and cause only
limited amounts of degradation to the non-
structural wood components. It is important
to recognize that other causes of discoloration
and surface coloration of wood and wood pro-
ducts occur, and casual observation by layper-
sons is often not enough to distinguish fungal
stain and mold from these other causes.

A. Mold Fungi

Mold fungi typically are classified in the Asco-
mycota, but where sequencing has not been
done and the sexual stage of the mold fungus
is unknown, many are still classified as fungi
imperfecti. Mold fungi inhabit the surface of
wood and feed on simple surface sugars and
starches. Typically, the mycelial growth is hya-
line (translucent), and the spores are pigmen-
ted, which discolors the surface of wood
resulting in a degraded appearance in finished
lumber or other appearance-graded wood pro-
ducts. Most mold fungi grow on a variety of
surfaces, and they require only surface mois-
ture and a nutrient source for growth. The same
species can often grow on inert objects like
glass or plastic when those materials are coated
or spotted with a thin layer of plant or animal
residues that contain enough nutrient to sup-
port growth of the mold. Mold fungi such as
Trichoderma/Hypocrea are commonly used in
bioprocessing and have been engineered to

produce special enzymes for biorefinery and
other industrial applications.

When growing on the surface of wood,
sugars from parenchyma will substitute for the
sugar residues from other plant or animal resi-
dues to enable fungal mold growth. The pres-
ence of mold on structural lumber does not
cause any structural damage, and in many
areas of the world, structural lumber with mold
growth is marketed and classified with no defect;
the same as un-molded wood. However, for
esthetic reasons and also because of growing
concern about mold spores from a human and
animal health perspective (World-Health-
Organization 2009), it may be desirable to
prevent mold from occurring on wood or
remediating any mold growth. As reviewed
earlier in the introduction of this chapter,
some architectural manuals indicate that
fungi—including mold—will grow on wood
at only 20% MC. Technically, this is incorrect
as the mold fungi require liquid moisture to
survive and sporulate; however, at 20% MC
with the cycling of temperature, water can
condense on the surface of wood to permit
mold growth. In these localized zones of the
wood surface, liquid water in the surface capil-
laries would occur, permitting mold growth.

B. Staining of Wood by Fungi

As noted in the section on soft rot fungi, some
stain fungi can intergrade with, and cause, soft
rot under certain conditions. Stain fungi can
also intergrade with mold fungi, and in early
stages of stain fungal growth, when these fungi
may grow just on the surface of wood and
produce spores, they may be considered to be
mold fungi. However, true stain fungi have the
ability to penetrate into wood to seek out
sugars, starches, but also wood resins and
waxes (Mäkelä et al. 2015) in the parenchyma
cells. Some stain fungi also have the ability to
remove the more amorphous polysaccharide
components such as pectins and hemicellulose.
Staining fungi typically produce fine bore holes
in wood (Fig. 15.7a) although these are smaller
diameter bore holes than seen with wood decay
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Basidiomycota fungi, as the hyphae become
constricted in size as they penetrate the wood
cell wall. The penetration of the hyphae may be

in part via mechanical action as opposed to
enzymatic/catalytic degradation of the wall to
produce the bore hole. The formation of

Fig. 15.7 (a) Fine bore holes produced by blue stain
fungi in pine sapwood tracheids. The bore holes (circled
in yellow) with size-constricted hyphae are typically
much smaller compared to those produced by Basidio-
mycota decay fungi. (b) Blue stain in early stages of
development on pine wood. Coloration of the hyphae

is developing in the sapwood, but not the heartwood.
Similarly, perithecial fruiting body development also is
present on the surface of the sapwood and the hyaline/
clear spore mass droplets are being exuded at the tip of
the perithecia. At the right, the spore droplets have
coalesced to form a larger pool of spore exudate
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appressoria to initiate the bore hole production
is evident in blue staining hyphae. Daniel
points out that wood species or types that are
less lignified, such as tension wood in hard-
woods, can be more readily attacked by stain
fungi, and hemicellulose is more readily
removed by stain fungi in this type of wood
(Encinas and Daniel 1995; Daniel 2016).

Fungal stain genera commonly include Cer-
atocystiopsis, Ophiostoma, and Grosmannia,
with genomic information increasingly separat-
ing and reclassifying some stain fungi into new
genera (De Beer et al. 2013a, b). In species that
produce a sexual stage, these fungi produce
dark colored, flask-shaped, spore-bearing
structures known as perithecia that are pro-
duced on the surface of wood. Spore-containing
asci are produced in the base of the perithecia,
and as the perithecia matures, the asci and
spores are exuded through the neck of the peri-
thecia for dissemination. Typically, the spore
mass is discharged in a moist viscous fluid
droplet which rests at the top of the opening
in the perithecia neck (Fig. 15.7b). Although
spores can be dispersed by wind and rain
water, many species of fungal stain that pro-
duce perithecia have adapted to be
disseminated by beetles. The height of the peri-
thecia neck for particular fungal species has
evolved to match the height and anatomy of
particular beetles or other insects and ara-
chnids (particularly mites). The viscous fluid
mass of spores is often described as a sticky
slime, which adheres to the body or legs of the
insects/arachnids as they feed upon the fungal
mycelium and spores. The spores are then
disseminated as the vector travels to other
sites. An excellent review of wood staining by
fungi and other agents (Uzunovic et al. 2008)
also reports that log harvesting equipment can
be a major factor in fungal stain dissemination.
Spores will germinate on suitable wood sur-
faces, but the wood must be at or above the
fiber saturation point, at least in localized sur-
face areas, for stain fungi to grow and pene-
trate.

Because these fungi must first gain a foot-
hold in wood by accessing simple monomeric
or oligosaccharide substrates in the sapwood,
they typically do not penetrate deeply into

heartwood, as simple sugars and starches have
been depleted in the heartwood, and fungistatic
or fungitoxic phenolic extractives are present
instead. For this reason, these fungi are also
sometimes known as “sapstain” fungi. As the
fungal hyphae mature in wood, they produce
melanin in their cell walls, which is thought to
be useful in the protection of fungal hyphae
from sunlight UV exposure and resulting oxy-
gen radical damage. This melanization also
occurs in some sporophores and is presumed
also to protect against sunlight. These fungi
may cause the wood to take on the appearance
of different colors, and in some cases the wood
can appear blue, green, yellow, red, or other
shades of the spectrum. Blue staining is perhaps
most noticeable, and it is caused when fungal
hyphae grow in the parenchyma, especially the
ray parenchyma, just under the surface of the
wood. As the fungal hyphae melanize, they take
on a dark brown or black coloration. This pig-
mentation is reflected through the crystalline
layers of cellulose, and as the light is scattered
by the crystalline cellulose, different colors may
be apparent. Most often a blue or gray color is
apparent to the eye, and for this reason this
type of wood is often described as “blue-
stained.” The appearance of different colors is
an optical illusion, much in the way that dark
soot particles in smoke can appear blue, or
other colors, as they scatter and reflect light.

Stain discoloration can occur under favorable condi-
tions in as little as 3 days in lumber. Some softwood
genera with wide sapwood bands and large resin canals
such as pines (Pinus) will stain more readily than wood
species that have more heartwood and smaller/absent
resin canals such as spruce (Picea) or fir (Abies). Stain-
ing typically occurs at temperatures above 15 �C, and
moving wood to a cold environment to arrest stain
development is a potential remediation method in
some cases. However staining at lower temperatures
has been reported in some areas where the fungi have
apparently adapted to colder climates (Miller and
Goodell 1981). Prevention of stain development can
be achieved by keeping logs wet to exclude oxygen
needed by the fungi for growth. In mill yards, water
sprinklers above log decks are sometimes used for this
purpose. Biocidal treatments to protect against wood
staining can also be used, although rapid processing to
get logs sawn and the lumber then dried to 19% MC or
less is preferred from both an environmental and
expense standpoint whenever possible.
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Fungal staining in structural lumber and
wood products is allowed in many countries as
no change in modulus of rupture or modulus
of elasticity occurs in this wood. However,
some wood products specifically exclude fun-
gal stained wood. Also, international ship-
ments of wood with fungal stain (and mold)
have been limited in some cases (NeLMA 2016;
FAO 2016). High-temperature kiln drying of
wood can kill the fungi, and for some
countries, this is a permissible solution if
international shipment of wood with fungal
stain is a concern. Fungal stain is also a con-
cern in certain wood products that may
undergo shock loading as is the case in ladder
stock where a misplaced foot, when ascending
or descending, may result in a rapid loading of
the step below. The removal of hemicellulose
in heavily stained wood causes loss of tough-
ness or shock resistance by as much as 15–30%
(Forest-Products-Laboratory 2010) and hence,
this wood is not allowed by code in structural
applications that may experience shock load-
ing or that require toughness.

IV. Biotechnological Applications of
Decay Fungi

A. White Rot Fungi

As noted earlier in this chapter, the term “white
rot fungi” refers to a group of organisms which
attack all of the major wood constituents, pri-
marily via enzymatic action. Often white-rotted
wood, especially in late stages of decay, is char-
acterized by residual wood material which
appears bleached. In some common types of
white rot decay, the wood will become soft
and develop a “stringy” character where the
softened wood fibers can be easily separated
allowing the wood to be peeled apart. In other
types of white rot, pockets of softened, deterio-
rated zones of wood may appear. Like all wood-
degrading fungi, white rot fungi require oxy-
gen, water, and a suitable wood substrate for
growth. In general, the preferred substrates for
white rot fungi are hardwood species or bam-
boo. Compared to brown rot attack, enhanced

growth with corresponding greater mass loss
will typically occur when hardwoods are inocu-
lated with white rot fungi because these fungi
have the ability to metabolize lignin rather than
just depolymerizing and modifying lignin as
occurs in the brown rots.

White-rotted wood has historically been
used for a variety of applications, ranging
from insulated paneling in Russian refrigerator
trucks/vehicles to cattle feed. In the later appli-
cation, the selective white rot fungi free the
cellulose from the lignin fraction of the wood
or fiber, improving the digestibility in ruminant
animals. White-rotted wood that has been nat-
urally decayed by Ganoderma spp. in southern
Chile has been used as food by indigenous
peoples and as cattle feed for centuries (Dill
and Kraepelin 1986). Biotechnological and
biorefinery applications of white rot fungi
have been explored for more than 30 years
(Blanchette et al. 1988; Wolfaardt et al. 2004;
Eriksson and Kirk 1985) with the initial focus
being to free cellulose from lignin to enhance
“biopulping” prospects. Composite wood pro-
ducts have also been bonded together by using
lignin, and the lignin on the surface of wood
fibers, after activation by white rot fungal
enzymes including laccase and peroxidase
enzymes (Widsten and Kandelbauer 2008),
with laccase enhancement through the use of
mediators. White rot fungi also have a long
history of testing for use in applications in the
remediation of pollutants and xenobiotics (Barr
and Aust 1994; Magan et al. 2010), at least in
aerobic environments with adequate moisture
for fungal growth.

More recently, interest in biorefineries and
the production of cellulose-derived sugars for
fermentation and direct conversion to biofuels
and platform chemicals has been a targeted use
for white rot fungi. Proposed uses for selective
white rot fungi include using their potential for
selective delignification of biomass in biotech-
nological applications including biorefineries
(Dashtban et al. 2010; Baba et al. 2011). In this
regard, white rot species including Ceriporiop-
sis subvermispora, Phlebia subserialis, Dichomi-
tus squalens, Pycnoporus cinnabarinus, and
many others now have been tested for potential
use in biorefinery applications (Capolupo and
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Faraco 2016). Pretreatment by these organisms
has been shown to reduce the energy required
in refining wood chips in mechanical pulp pro-
duction and to improve certain strength and
brightness properties of paper. White rot
fungi such as Phanerochaete chrysosporium,
Phanerochaete crassa, and Pleurotus pulmonar-
ius have been studied as potential bio-bleaching
agents for both Kraft pulp and sulfite pulp. The
CAZymes and lignin-degrading enzymes from
these fungi, and others discussed earlier in this
chapter, have been studied and cloned into
yeast and bacterial vectors for use in biorefin-
ery applications. Further advances in this area
with the application of enzyme suites, including
the use of lytic polysaccharide monooxygenase
(LPMO) enzymes from decay fungi to enhance
sugar and phenolic yield from biomass is
expected in the future (Bissaro et al. 2018).

Given the need for sustainable production
of a wide range of products beyond pulp and
paper however, interest in the past 5 years has
also been on the conversion of biomass, includ-
ing lignin, to produce platform chemicals for
biopolymers. The use of lignin as an “economic
pull-through” product to provide additional
high-value products over and above the holo-
cellulose-derived products is of increasing
interest in the field. This has opened up poten-
tial for the use of white rot fungi, as well as
brown rot fungi, in these applications.

B. Brown Rot Fungi

Less information is available relative to the use
of brown rot fungi in biotechnological applica-
tions. In part this is because the removal of
lignin from wood pulp was the primary focus
of microbial/enzymatic conversion of lignocel-
lulose in the 1970s and 1980s, and white rot
fungi with peroxidases and laccases were the
most appropriate biotechnological tools for
this task. It was thought that brown rot fungi
had no enzymes useful in this regard; however,
more recent studies on delignification have
showed that some types of LMPOs may interact
with lignin degrading enzymes to promote the
degradation and release of lignin (Li et al.
2019), suggesting that cellulase enzymes from

either white rot or brown rot fungi may have a
broader role in lignin deconstruction than was
previously thought. Because of historical
carry-over, white rot fungi have continued to
be better studied, and their use as the primary
agents in biotechnology processing has
continued even as the field has shifted to the
use of lignocellulose biomass in the production
of platform chemicals (from both holocellulose
and lignin) to produce downstream bio-based
chemicals.

Brown rot fungal activity was previously
demonstrated to be effective for use in activat-
ing lignin for production of laminated wood
(Jin et al. 1991) and composite panels (Jin
et al. 1990b). Additional research also demon-
strated the feasibility of using brown rotted
lignin as a high-quality, formaldehyde-free
adhesive (Li and Geng 2005). The chelator-
mediated Fenton (CMF) mechanism, derived
from the brown rot fungi, has been considered
for application in the activation of lignin on
fiber surfaces to provide enhanced bonding of
fiber-based products and has been patented for
use in those applications (Qian et al. 2002, 2004;
Goodell and Jellison 2008; Yelle et al. 2004).

Relative to pollutant and xenobiotic reme-
diation, Serpula spp. brown rot was found to be
effective in the removal of copper from preser-
vative-treated wood as a remediation treatment
(Kartal et al. 2015). Similarly CMF chemistry
was demonstrated to be significantly more
effective than Fenton chemistry alone in the
degradation of complex pollutants like penta-
chlorophenol (Goodell et al. 1997) and DDT
(Purnomo et al. 2008) and also in the decolori-
zation of recalcitrant dyes (Goodell et al. 2002,
2004).

Brown rot CAZymes have been little
explored for biorefinery applications, but a
powerful LMPO has been isolated from the
brown rot Gloeophyllum spp. and cloned into
yeast for expression (Kojima et al. 2016). The
combination of brown rot enzymatic and non-
enzymatic mechanisms may lead to future bior-
efinery applications, particularly where non-
fiber products are of primary interest, and
downstream platform chemicals produced
from oligosaccharides and modified lignin can
be produced (Goodell et al. 2017).
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In addition to using isolated enzymes or
chemistries derived from brown rots, the
brown rot fungi alone or in consortia have
been used successfully to colonize biomass to
pretreat lignocellulose biomass (bagasse and
wood) to promote the release of sugars from
these materials in downstream processing (Ray
et al. 2010). The Mycologix LTD company
(CompaniesHouse.Gov.UK 2013) was techni-
cally successful in the pretreatment of biomass
in a commercial application, but rapid geopo-
litical changes resulting in decreases in the
price of fossil hydrocarbons caused the com-
pany to declare insolvency after 4 years of oper-
ation. Given the success of this process
however, as the economics for bioconversion
changes in the future, similar processes using
brown rot fungi may be developed for use in
bio-based platform chemical production.
Although the need for liquid fuels may lessen
as other forms of energy to power vehicles
increases in popularity, the need for bioconver-
sion processes in the production of high-energy
density liquid fuels from lignocellulose in cer-
tain types of transit (long-range aerospace and
oceanic transport) will continue, and as the use
of fossil fuels inevitably dwindles, required pre-
treatments for biomass to produce this type of
commercial biofuel will likely increase. The use
of brown rot systems for this type of biomass
preparation in biorefineries may therefore find
application in the future.

V. Conclusions

This chapter has focused on fungi and fungal
systems that decay and degrade lignocellulose
materials. These fungi include the predominant
aerobic microorganisms on earth involved in
the depolymerization of cellulose and lignin.
Fungi reviewed include those that cause
brown rot, white rot, soft rot, stain and mold
of wood, and woody biomass. Most wood-
degrading fungi possess extracellular enzy-
matic systems for the degradation of lignocel-
lulose, but some of the more aggressive

degraders of lignocellulose, the brown rot
fungi, use a non-enzymatic CMF mechanism,
and perhaps other non-enzymatic mechanisms,
to depolymerize the components of the woody
cell walls. A more limited suite of CAZymes is
then subsequently secreted by the brown rot
fungi to permit further wood cell wall decon-
struction. The white rot fungi deconstruct lig-
nin primary via the use of lignin-degrading
enzymes, which in some cases require LMW
mediator compounds. Soft rot fungi are unique
in the manner in which they are capable of
tunneling into the wood cell wall and, in Type
I attack, produce a unique string of diamond-
shaped cavities that follows the microfibril
angle of the dominant wood cell wall layer.

Staining fungi have the ability to penetrate,
primarily into sapwood tissue, where they col-
onize parenchyma cells containing starches and
other readily digested substrates. The hyphae of
wood-staining fungi have the ability to pig-
ment, resulting in the coloration of woody sub-
strates.

Mold fungi generally do not penetrate into
wood cells deeply, and these fungi remain on
the surface of wood where they metabolize sur-
face residues that may be deposited from exter-
nal sources (wind and water deposits) or that
have diffused from deeper in the wood. Mold
fungi generally do not have colored hyphae, but
the mold spores can be darkly pigmented.

All the fungi discussed in this chapter have
the capacity to be used in biotechnological
applications. Only the Basidiomycota white rot
and brown rot biotechnology applications and
future potential are overviewed in this chapter,
as the Ascomycota applications are addressed
in other chapters of this book. Historical appli-
cations including the use of lignin-oxidizing
enzymes from white rot fungi, and their use in
biorefining and bio-pulping applications are
briefly reviewed. The potential of both classes
of fungi as well as their enzymes and the non-
enzymatic CMF mechanism in brown rots is
discussed for biotech applications, including
their use in biorefineries, and pollutant/xenobi-
otic remediation.
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D, Wojtaś-Wasilewska M, Cho N-S, Hofrichter M,
Rogalski J (1999) Biodegradation of lignin by
white rot fungi. Fungal Genet Biol 27(2–3):175–
185. https://doi.org/10.1006/fgbi.1999.1150

Li K, Geng X (2005) Formaldehyde-free wood adhesives
from decayed wood. Macromol Rapid Commun 26
(7):529–532. https://doi.org/10.1002/
marc.200400594

Li F, Ma F, Zhao H, Zhang S, Wang L, Zhang X, Yu H
(2019) A lytic polysaccharide monooxygenase
from a white-rot fungus drives the degradation of
lignin by a versatile peroxidase. Appl Environ
Microbiol 85(9):e02803–e02818. https://doi.org/
10.1128/aem.02803-18

Liers C, Arnstadt T, Ullrich R, Hofrichter M (2011)
Patterns of lignin degradation and oxidative
enzyme secretion by different wood- and litter-
colonizing basidiomycetes and ascomycetes
grown on beech-wood. FEMS Microbiol Ecol 78
(1):91–102. https://doi.org/10.1111/j.1574-
6941.2011.01144.x

Magan N, Fragoeiro S, Bastos C (2010) Environmental
factors and bioremediation of xenobiotics using
white rot fungi. Mycobiology 38(4):238–248.
https://doi.org/10.4489/MYCO.2010.38.4.238
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I. Introduction

The diversity in the fungal tree of live and their
manifold ecological functionalities are not yet
reflected in the applied variety of taxonomic
groups and the diversity of products on the
market. Recently, new ecological niches and
habitats including the oceans came into focus
to increase the diversity of fungi available for
biotechnology (Manohar and Raghukumar
2013). Marine fungi have been neglected for a

long time and therefore the knowledge of them
is still quite rare. But early screening campaigns
revealed that marine fungi are an excellent
source for new natural products, indicating
their potential for biotechnological applica-
tion. Especially fungi from unique and extreme
marine environments, such as the deep sea, are
potentially a promising source for rare and
unusual compounds (Fenical and Jensen 1993;
Vignesh et al. 2011).

The latest large review on marine fungi and
their biotechnological potential was published
in 2015 (Bonugli-Santos et al. 2015), reflecting
on the findings from basic research. This
knowledge is rarely transferred into the scien-
tific and bioengineering community working
with terrestrial fungi and their biotechnological
application.

Here, we aim to illustrate the marine fungal
diversity and its potential for biotechnology,
describe the current stage of technological real-
ization, and highlight special challenges in
working with marine fungi. We hope to provide
access to this amazing source to the fungal
biotech and scientific community.

II. Marine Fungi: A Disputed Group
with High Diversity

A. Taxonomic and Phylogenetic
Considerations

Within the marine microorganisms, fungi are
still a poorly investigated group. For many
years, the presence of fungi in marine habitats
was negated, mainly as a consequence of their
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cell biology and feeding strategies and partly
because of the bias of research (Richards et al.
2012). However, the number of isolated fungal
strains from the marine environment illustrates
the presence of marine fungi. They have been
found in association with algae (Raghukumar
2006), sponges (Wiese et al. 2011), and corals
(Golubic et al. 2005), as well as in deep-sea mud
(Takami et al. 1997, Nagahama 2003) and sedi-
ments (Damare et al. 2006), even in anoxic
(Stoeck et al. 2003) and methane hydrate-
bearing deep-sea sediments (Lai et al. 2007).
Living fungi were isolated from marine sedi-
ments with an estimated age from 0.18 to 0.43
million years (Gupta 2002, Raghukumar et al.
2004b). In 1979, Kohlmeyer and Kohlmeyer
distinguished between two groups of marine
fungi, i.e., the obligate and the facultative
marine fungi (Kohlmeyer and Kohlmeyer
1979). Due to the fact that many taxa isolated
from marine habitats are already known from
terrestrial habitats, Hyde et al. stated marine
fungi to be rather a physiological and ecologi-
cal group, but certainly not a systematical and
taxonomical one (Hyde et al. 2000).

Recent molecular studies on marine mycol-
ogy revealed the formation of environmental
clusters within the major fungal phyla and
showed that marine fungi occupy a central
position in a large number of marine habitats
(Manohar and Raghukumar 2013). The rising
acceptance of the significance of marine fungi is
reflected by the increasing number of publica-
tions over the last 60 years. To enhance the
currently incomplete understanding of fungal
evolutionary diversity (Hawksworth 2001;
Jones 2011; Jones et al. 2011), the investigation
of the fungal evolution in marine habitats, espe-
cially in the deep sea, is essential. These habi-
tats are considered to be hot spots of early
evolution (Manohar and Raghukumar 2013).

In the past, the identification of novel
strains from marine habitats was impeded by
fungal taxonomy based on the morphological
description of cultivable strains from terrestrial
origin (Richards et al. 2012). Nowadays, the use
of additional molecular identification techni-
ques has led to a renewal within the fungal
tree of life. Holomorphic relationships were

disclosed, as for the genus Aspergillus and
eight related teleomorph genera (Pitt and Sam-
son 2007), illustrating the obscurity of the
nomenclature of fungi.

In 2011, the eighteenth International Botan-
ical Congress in Melbourne, Australia, released
the International Code of Nomenclature for
algae, fungi and plants, the so-called Melbourne
Code (Hawksworth 2011). The code favors the
one-fungus-one-name-rule, with respect to the
teleomorph forms. Besides the deficient
nomenclature within the group of fungi, the
reconstruction of the tree of life refuted the
formerly assumed close relationship of fungi
and plants. Fungi are an independent group
equal to plants and animals, to the latter of
which they are more closely related (Hedges
et al. 2004) as both groups belonging to the
Opisthokonta (Adl et al. 2012). The last com-
mon ancestor was a unicellular organism living
in the ocean, equipped with a flagellum (Buck-
ley 2008). Molecular data revealed that fungi
colonized the land up to 1 billion years ago
(Parfrey et al. 2011).

Metagenomics approaches identified a
diverse collection of marine fungi, including
sequences branching close to chytrids (flagel-
lated protozoa related to fungi), filamentous
hypha-forming fungi, and multicellular fungi.
The majority of the sequences branched with
ascomycete and basidiomycete yeasts
(Richards et al. 2012).

With respect to the cultivated diversity, the
availability of novel marine genera is still lim-
ited. From a total of approximately 30 studies
on secondary metabolites from fungi of the
deep sea, one-third of the production strains
were identified as belonging to Penicillium
and one-third to Aspergillus, and the remainder
was distributed to different other genera (Wang
et al. 2015). The high proportion of members of
the genera Penicillium and Aspergillus may
reflect the high abundance of representatives
of these two genera in the samples. Alterna-
tively, the commonly used isolation media
favor the growth of these fast-growing groups,
reducing the probability to isolate fungi present
in low abundance and with other nutrient
requirements.
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B. Fungal Role in the Marine Environment

Fungi are widely distributed in marine environ-
ments from the deep sea to polar ice covers.
They occur in sediments and are found in all
kinds of living and dead organic matter (Hyde
et al. 2000; Jones 2011). Their numbers in the
water column of the oceans are low compared
to bacteria, and most of the studies on marine
fungi have been made with those associated
with marine sediments, specific substrates like
driftwood or with living macroorganisms such
as algae, corals, and sponges (Imhoff 2016).

Cultivation-based data and molecular func-
tional studies demonstrated that fungi in the
ocean cover a variety of ecological roles. As
known for the terrestrial habitats, many marine
fungi act as saprophytes, especially degrading
macromolecular material as the starter for the
microbial food chain (Scheu 2002). Fungi,
besides directly serving as nutrient source,
also help in removing hardly digestible com-
pounds present in plant parts (Raghukumar
et al. 2004b). The fibrous lignocellulose tissues
may be softened by the lignocellulose-
degrading enzymes of the saprophytic fungi.
Fungi might also supply essential nutrients to
detritivores. Thereby, fungi play a crucial role
in the chemical cycling of carbon and nitrogen
in the sea sediments (Karthikeyan et al. 2014).
Especially deep-sea fungi were postulated to
significantly contribute to aggregate formation
and carbon contribution (Raghukumar et al.
2004b).

Despite the rise of metagenome studies
especially focusing on the marine environment,
metagenome data specifically targeting fungi
are missing. The use of NGS techniques opened
a new era for marine fungal biodiversity
research, tapping an unexpected fungal diver-
sity and richness in the marine realm (e.g.,
Amend et al. 2012; Redou et al. 2014; Richards
et al. 2012; Hassett and Gradinger 2016; Rämä
et al. 2014). Generally, the fungal abundance in
marine systems can vary greatly. The available
studies suggest fungi to be represented in sedi-
ments and associated to macroorganisms with
up to 30% of the obtained sequences but also
show high abundances in the open water col-

umn. The fungal sequences found do illustrate
the gap between molecular and cultural
approaches; especially the deep lineages of
fungi are not well represented in the cultural
collections, and the overlap of the described
diversity is still limited. However, the molecular
studies underline the untapped potential of
fungal diversity in the oceans.

Marine fungi can be repeatedly isolated
from living organisms. Both plants and animals
harbor a number of fungi, often with represen-
tatives of Acremonium, Aspergillus, Fusarium,
Penicillium, Phoma, and Trichoderma (Wang
2006). Due to their accumulation within the
animal or plant, usually a large number of fun-
gal species can be isolated, which increases the
probability to find representatives of less com-
mon taxa. For example, fungi belonging to the
less common genera Beauveria, Botryo-
sphaeria, Epicoccum, Tritirachium, and Para-
phaeosphaeria have been obtained from
marine sponges (Zhang et al. 2009). The fungi
do occur on surfaces but also in specialized
parts of macroorganisms. For instance, it was
shown that the sponge Tethia aurantia harbors
different fungal communities in its different
tissue layers (Wiese et al. 2011; Thiel et al.
2007).

It is assumed that associations to macroor-
ganisms are based on different ecological roles
including mutual or even symbiotic beneficial
interaction, saprophytic activity on injured
parts of the host and pathogenicity (Richards
et al. 2012; Yarden 2014). Aspergillosis in
marine animals is a well-studied example of
fungal pathogenicity. Aspergillus sydowii is a
pathogen, e.g., of the Caribbean sea fan (Gorgo-
nia spp.) as well as other gorgonian corals. The
impact of disease ranges from local mass
impact to partial tissue loss and eventual recov-
ery. A. sydowii is known as a common terres-
trial soil fungus but was shown to prosper in
both terrestrial and marine environments.
Although A. sydowii is common and cosmopol-
itan, it had not previously been recognized
causing disease in terrestrial plants or animals.
It was concluded that isolates taken from dis-
eased corals have acquired specific pathogenic
potential not seen in isolates from other

16 Biotechnology of Marine Fungi: New Workhorses and Applications 401



sources, because non-marine strains of A. sydo-
wii did not cause disease in sea fans (Kim and
Rypien 2015).

A wide number of fungi were described in
association with marine plants, including man-
groves. On the one hand, endophytic lifestyle
seems to be quite common (Rashmi et al. 2019).
On the other hand, pathogenic, e.g., oomycetes
and chytrids frequently occurred and induced
prevalence of disease in algal aquacultures.
These infections can destroy the populations
of host plants to a great extent (Li et al. 2010),
mainly known from Asian countries cultivating
a number of algal species since long time. Fre-
quent re-isolation of fungi and specific occur-
rence of fungal species in association with
specific macroorganisms point toward a num-
ber of host-microbe interactions beyond path-
ogenicity and opportunistic commensalism.
Cultured fungi isolated from sessile marine ani-
mals and algae have been demonstrated to be
capable of producing novel chemicals, which
have the potential to affect the marine hosts
and their microbiome (as reviewed in Imhoff
et al. 2011; Rateb and Ebel 2011; Raghukumar
2008). Also, the determination of abundant bio-
active compounds of fungal origin in the holo-
biont indicates their roles in host-fungal and
fungal-microbe interactions.

In any case, a thorough understanding of
the roles marine fungi do have in the ecosystem
will help to prospect for novel genes and pro-
ducts and facilitate realization of biotechnolog-
ical application of marine fungi, their enzymes,
and metabolites.

III. Biotechnology of Marine Fungi:
Challenges and Opportunities

A. Cultivation of Marine Fungi: Same But
Different?

Any biotechnological production depends on
the fungal physiology, as well as on culture
medium composition. Carbon and nitrogen
sources play an important role in biotechnolog-
ical production. This is well established for
numerous fungi from terrestrial environments

and was confirmed for marine fungi. Complex
substrates, such as starch, casein, pectin, malt
extract, wheat bran, olive oil, xylan, and sugar-
cane bagasse, were used for the cultivation of
marine fungi from a variety of marine sources.
The optimum temperature and pH of most of
these fungi (and subsequently their enzymes)
ranges from 20 to 70 �C and from 3 to 9, respec-
tively (Kjer et al. 2010; Golubic et al. 2005; Imh-
off 2016).

Marine fungal strains of genera also
described from terrestrial habitats have
approximately the same optimum conditions
for growth and use the same primary pathways
for energy and biomass production. However,
the demand of salt during cultivation can be
crucial as a consequence of adaptation to ocean
salinity (e.g., D’Souza-Ticlo et al. 2009; Chen
et al. 2011 for enzymes from marine fungi).
Salt demand means not only presence of
sodium chloride in the appropriate concentra-
tion. Sulfate, one of the major constituents of
sea water but also minor elements including
heavy metals, is equally important for proper
growth media composition of many, especially
the obligate marine fungi. Accordingly, many
researchers use “artificial sea water” for culti-
vation of these strains (Kjer et al. 2010; Jones
and Jennings 1964).

The diversity of marine fungi is not ade-
quately represented in the cultured diversity.
Many studies have focused on just a few genera,
mainly Penicillium, Aspergillus, Fusarium, and
Cladosporium. This might be due to the rela-
tively easiness of isolation of these groups,
which also dominate isolation campaigns from
terrestrial habitats. But still, even when com-
paring marine strains of these groups to terres-
trial relatives, different secondary metabolite
biosynthesis pathways can be found (Imhoff
2016). The high diversity seen at the genus
level extends further to the subgenus level. For
example, representatives of Penicillium are
among the most studied fungi and represent
important drug producers. Nevertheless, many
new secondary metabolites are continuously
found within strains of marine origin of this
genus as shown in reviews by Rateb and Ebel
(2011) and Blunt et al. (2015). However, many
of the novel and unknown environmental fun-
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gal taxa identified in molecular studies are
likely to be difficult to propagate in culture,
either because they are outcompeted by spores
of (terrestrial) fungi also contained in the envi-
ronmental samples, or alternatively their life
cycle is dependent on a symbiotic interaction
(Del Campo et al. 2014).

B. Availability of Strain Collections

For the optimal and sustainable use of the
marine fungal sources, it is essential to store
the microbial cultures. Culture collections keep
strains available for further investigations and
production processes. Conservation of living
cells while reducing metabolism, e.g., by cryo-
conservation, is crucial in order to prevent
genetic and phenotypic changes induced by
repeated passaging of the cultures. Culture col-
lections thus play a vital role in the conserva-
tion and sustainable use of microbial resources
including fungi (Daniel and Prasad 2010). They
also provide the authentic biological material
needed for research in the form of reference
strains (Fig. 16.1). Until now, only a limited
number of marine fungi are deposited in cul-
ture collections with public access. As a conse-
quence, only a few voucher sequences are
available although they are a prerequisite for
an accurate sequence-based identification of

marine fungi. Bearing in mind the huge number
of so far undescribed taxa and strains, there is a
strong need for further extension of culture
collections with marine fungal specimen and
adopted software to store the different kinds
of data related to a cultured taxon (Pena and
Malm 2012). Nevertheless, some small specific
collections of marine fungi exist (Table 16.1).

C. Genetic Background as a Prerequisite for
Biotechnological Application

The overall potential of marine fungi for bio-
technological application can only be esti-
mated. A better description of the
phylogenetic diversity of marine fungi, the bio-
synthetic potential of strains, and the phylog-
eny of natural products biosynthesis are
needed. Therefore, much emphasis has to be
given to determine the phylogenetic position
of the fungal strains in order to enable correla-
tion of the phylogenetic relationship to the
desired product or, alternatively, to the genetic
potential. Accordingly, an increasing number
of genome sequences of fungi are currently
completed demonstrating an overall tremen-
dous biosynthetic capacity of fungi. High num-
bers of biosynthetic gene clusters are coding for
secondary metabolites in a single genome (e.g.,
Kumar et al. 2018). For the majority of these

Fig. 16.1 Examples of unclassified strains from a marine fungal strain collection at Flensburg University of
Applied Sciences, Flensburg, Germany, illustrating the morphological diversity of marine fungi
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gene clusters, the corresponding natural pro-
ducts remain to be identified, but the ever-
improving analytical tools will certainly help
to elucidate new compounds. Combination of
molecular methods and genomic approaches
will also contribute to solve the problems
related to taxonomy and species identification
of marine fungi (Reich and Labes 2017; Kramer
et al. 2016).

IV. Biotechnological Products and
Processes: From Potential to
Application

A. Bioactive Natural Products: Secondary
Metabolites

Communication with the host and within asso-
ciated microbial communities was demon-

Table 16.1 Strain collections comprising a significant number of marine fungal strains

Collection Focus organisms Web contacta Description

American type culture
collection (ATCC)

Filamentous fungi and
yeasts, representing
over 7600 fungal
species

www.lgcstandards-atcc.org/en/
Products/
Cells_and_Microorganisms/
Fungi_and_Yeast.aspx

Offers storage and
management of
biomaterials

Biological Resource
Center, NITE
(NBRC)

Filamentous fungi and
yeasts

www.nite.go.jp/en/nbrc/ General deposit possible

Canadian Collection
of Fungal Cultures
(CCFC)

Over 350,000 fungal and
fungal plant disease
specimens

https://www5.agr.gc.ca/eng/
scientific-collaboration-and-
research-in-agriculture/
agriculture-and-agri-food-
research-centres-and-
collections/canadian-
collection-of-fungal-cultures-
daomc/?id¼1503505359059

Small subset of national
culture collection
comprises marine isolates

mFSC Flensburg strain
collection of
marine fungi

Unclassified marine
fungal isolates

https://hs-flensburg.de/
forschung/fue/
forschungsinstitute/zait

Collection from different
marine habitats, in
preparation for storage
in public collection

Kiel collection of
marine microbes

Marine fungi www.geomar.de Collection of marine fungi
at Helmholtz Centre for
Ocean Research,
GEOMAR, not public

Marbank Marine organisms from
Norwegian waters

https://en.uit.no/forskning/
forskningsgrupper/gruppe?
p_document_id¼405720

Offers storage of samples,
marine products and
customized sampling

National Center for
Genetic
Engineering and
Biotechnology
(BIOTEC)

2486 fungal speciesb www.thai2bio.net Small subset of marine
isolates

United Kingdom
National Culture
Collection

Central access point for a
variety of collections:
fungi, yeast,
pathogenic fungi

www.ukncc.co.uk Small subset of national
culture collection
comprising also marine
isolates

Westerdijk Fungal
Biodiversity
Institute

More than 50,000 fungal
strains

www.westerdijkinstitute.nl/ Small subset of national
culture collection
comprising also marine
isolates

Adapted from Reich and Labes (2017)
aAccessed 12th February 2020
bNumber obtained 12th February 2020
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https://www5.agr.gc.ca/eng/scientific-collaboration-and-research-in-agriculture/agriculture-and-agri-food-research-centres-and-collections/canadian-collection-of-fungal-cultures-daomc/?id=1503505359059
https://hs-flensburg.de/forschung/fue/forschungsinstitute/zait
https://hs-flensburg.de/forschung/fue/forschungsinstitute/zait
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https://en.uit.no/forskning/forskningsgrupper/gruppe?p_document_id=405720
https://en.uit.no/forskning/forskningsgrupper/gruppe?p_document_id=405720
https://en.uit.no/forskning/forskningsgrupper/gruppe?p_document_id=405720
http://www.thai2bio.net
https://www.google.de/url?sa=t&rct=j&q=&esrc=s&source=web&cd=4&cad=rja&uact=8&ved=0ahUKEwj0womFmLPSAhUEXRQKHQu6A0oQFghBMAM&url=http%3A%2F%2Fwww.ukncc.co.uk%2F&usg=AFQjCNEe-vng8zYEEH0K3RU5IM_hP2fgsw&bvm=bv.148073327,d.d24
https://www.google.de/url?sa=t&rct=j&q=&esrc=s&source=web&cd=4&cad=rja&uact=8&ved=0ahUKEwj0womFmLPSAhUEXRQKHQu6A0oQFghBMAM&url=http%3A%2F%2Fwww.ukncc.co.uk%2F&usg=AFQjCNEe-vng8zYEEH0K3RU5IM_hP2fgsw&bvm=bv.148073327,d.d24
https://www.google.de/url?sa=t&rct=j&q=&esrc=s&source=web&cd=4&cad=rja&uact=8&ved=0ahUKEwj0womFmLPSAhUEXRQKHQu6A0oQFghBMAM&url=http%3A%2F%2Fwww.ukncc.co.uk%2F&usg=AFQjCNEe-vng8zYEEH0K3RU5IM_hP2fgsw&bvm=bv.148073327,d.d24
http://www.ukncc.co.uk
http://www.westerdijkinstitute.nl/


strated to be mediated by secondary metabo-
lites. Therefore, associations of fungi and
macroorganisms are of special interest with
respect to the discovery of bioactive natural
products (Rashmi et al. 2019). Accordingly,
many screening campaigns led to the discovery
and subsequent identification of new com-
pounds with interesting bioactivities, including
antibiotic, antiviral, antitumoral, etc. Marine
fungi produce structurally unique bioactive
natural products that are not found in terres-
trial counterparts. Kong et al. showed that large
portions of marine scaffolds are novel (Kong
et al. 2010). Auranomides A and B, quinazolin-
4-ones substituted with a pyrrolidin-2-iminium
moiety from the marine-derived fungus Peni-
cillium aurantiogriseum, or aspergillols A and
B with a C–C fusion of an anthraquinone and
orcinol unit from a deep-sea Aspergillus versi-
color represent new scaffolds frommarine habi-
tats (Song et al. 2012; Wu et al. 2016). Probably,
these compounds constitute only a small por-
tion of the possible repertoire, as drug discov-
ery efforts often involve a specific focus, either
on disease target, taxonomic groups or on habi-
tats, but do not aim to describe the full genetic
biosynthetic potential.

Today, only a few compounds made their
way to the pharmaceutical market. Marine fun-
gal compounds do face the same challenges in
drug discovery and drug development as any
other fungal compounds. However, in the
1950s, cephalosporin C, a b-lactam type natu-
ral antibiotic, was discovered from a Cephalos-
porium (later reclassified as Acremonium)
strain obtained at the Sardinian coast (Newton
and Abraham 1955; Abraham et al. 1953). Glio-
toxin was identified as a new type of the antibi-
otic diketopiperazine produced by a marine
deep-sea sediment Aspergillus sp. strain (Oku-
tani 1977).

Marine fungi did also prove to be effective
producers of natural products with antitumoral
activity (Pejin and Karaman 2017). However,
halamid, an anticancer compound of marine
fungal origin (trade name plinabulin) is the
only one already being in clinical testing
phase 2 and 3 for different indications (for
review see Pereira et al. 2019). Nevertheless,
the current chemotherapeutic clinical pipeline

will be fed with marine-derived fungal agents,
which are in preclinical stage at the moment.

A steadily increasing number of new, active
fungal natural products have been identified
from the marine environment, proving them
to be a prolific source for bioactive compounds:
Blunt et al. listed over 200 natural products
from marine-sourced fungi (excluding those
from mangroves) in the year 2013 (Blunt et al.
2015). Cosmetic and cosmeceutical applica-
tions might also be taken into account for
marine fungal secondary metabolites (Agrawal
et al. 2018). Here, biotechnological approaches
can help to close the developmental gap
between discovery and production in order to
solve compound availability issues in drug
development (as reviewed for antibiotics in Sil-
ber et al. 2016).

B. Enzymes

Marine fungi can be used for the biotechnologi-
cal production of salt- and osmostable enzyme
variants but do also provide new enzymatic
activities. Fungi foster, e.g., the detrital pro-
cesses by production of extracellular degrada-
tive enzymes (Sikes et al. 2009). These fungal
enzymes from marine origin can be used in
biotechnological applications. Extracellular deg-
radative enzymes such as cellulases, xylanases,
and ligninases of several terrestrial fungi already
have found biotechnological applications in
paper and pulp industries, food production,
and clothing industry. Fungi isolated from living
and decaying marine plant material are capable
of degrading “classical” plant macromolecules,
like cellulose, cellobiose, lipids, pectin, starch,
xylan, and tannic acid (Gessner 1980). In addi-
tion, marine fungi can degrade the special car-
bohydrates found in marine plants, such as
alginates, sulfated polysaccharides, laminarin,
fucoidan, etc. (as early described as in Schau-
mann and Weide 1990). These enzymes can be
applied in transforming these sugars for ener-
getic use of algal remaining’s (e.g., for biogas
production) especially from aquacultures. Also,
fungal polygalacturonases are useful enzymes
for clarification of fruit juices in the food indus-
try (Sandri et al. 2011).
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The removal of color residues is a major
challenge in paper and textile industries. Efflu-
ents from such plants can possess alkaline pH
and high salt content. Marine fungi may be
ideally suited for the bioremediation of such
effluents (Verma et al. 2010): White-rot fungi
containing laccase and other enzymes capable
of decolorization were isolated from man-
groves. Laccase production was shown in sev-
eral marine fungi in the presence of sea water
(D’Souza-Ticlo et al. 2009). However, salt-
tolerant lignin-degrading enzymes have not
been sufficiently explored for their biotechno-
logical applications.

Marine fungi have also been discussed as
source for enzymes or for whole cell application
in the degradation of polycyclic aromatic
hydrocarbons (PAHs). PAHs are widely
distributed in the environment and may persist
for extended periods of time with toxic, muta-
genic, and carcinogenic effects (for review see
Bonugli-Santos et al. 2015). The ligninolytic
and the monooxygenase system of cytochrome
P-450 may be involved in PAH degradation by
filamentous fungi (Haritash and Kaushik 2009).
The use of marine-derived fungi for the biore-
mediation of polluted saline environments will
be facilitated by their tolerance to saline condi-
tions.

Additionally, deep-sea fungi growing under
extreme conditions are a good source for indus-
trially useful enzymes with novel properties
(Synnes 2007). Proteases constitute one group
of the several extracellular enzymes being pro-
duced by these fungi; elevated pressure resis-
tance, high pH stability and activity in the
presence of several commercial detergents and
high salt content were shown for fungal pro-
teases from deep-sea sediments. These features
are desirable for commercial application, e.g.,
as detergents additive for cold wash (Raghuku-
mar 2008).

C. Compatible Solutes

All organisms in marine environments have to
adapt to the high salinity of seawater causing
significant osmotic pressure. Seawater organ-
isms therefore need to maintain water poten-

tials lower than that of their environment in
their cells to enable water uptake. Cells devel-
oped a number of strategies to deal with salts:
effective efflux machineries, antiporter pro-
teins, and the production of compatible solutes
(Forsyth et al. 1971; Ahmadi et al. 2016). The
latter strategy is frequently observed in marine
fungi. They accumulate osmolytes such as glyc-
erol, mannitol, polyol, and trehalose (Blom-
berg and Adler 1992). These compounds are
of technological interest due to their stabilizing
effects, stress-protective and therapeutic activ-
ities in cosmeceuticals and pharmaceuticals but
also as cryoprotectants (Jadhav et al. 2018).

D. “Detox” Activities

Deep-sea hot vent systems are often character-
ized by high heavy metal concentration. Fungi
thriving in these habitats need to cope with
these conditions by producing detoxification
compounds, often extracellular sugars such as
chitosan-like molecules. These can be applied
in cosmetic industry (Brown et al. 2016). Also,
enzymes from these fungi show high resistance
against heavy-metal intoxication. For instance,
deep sea Cryptococcus strain was tolerant to
CuSO4 up to a concentration of 50 mM and
showed high activity of superoxide dismutase,
an enzyme responsible for scavenging superox-
ide radicals (Miura et al. 2002).

V. How to Design Biotechnological
Processes for True Marine Fungi

Bonugli-Santos et al. (2015) reviewed the bio-
technological production of marine enzymes
including bioprocess strategies adopted for the
cultivation of marine organisms for enzyme
production. Large-scale production (e.g., in
bioreactors) of glucoamylase, superoxide dis-
mutase, lignin peroxidase, chitinase, protease,
and glutaminase by marine fungal strains
including, e.g., Aureobasidium pullulans, Peni-
cillium janthinellum, and others, has been
reported in the literature (Sarkar et al. 2010).
These enzymes are produced in bioreactors
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largely through submerged-state fermentation,
and the conditions related to bioreactor pro-
duction are quite comparable to processes
using terrestrial strains. Specific studies for
establishing strategies of marine enzyme purifi-
cation are scarce; the same holds true for pro-
cesses of secondary metabolite production.

The approach to bring marine fungi into
biotechnological application is similar to other
microbial processes: After the optimum culture
conditions are defined on a small scale (in gen-
eral, Erlenmeyer flasks in shaking conditions
are used), the cultivation has to be transferred
to bioreactor-based systems and subsequent
scale-up must be performed. Substrate con-
sumption, product formation, and cellular bio-
mass are important factors, which should be
considered, and quantified, for appropriate
scale-up studies. Special attention in fungal
production processes has to be given to pellet
formation (Krull et al. 2013).

Generally, the unique features of marine
environment do have relevance to marine fun-
gal biotechnology. A consideration of the
unique properties of the marine environment
is important for marine biotechnology: Bio-
technological production processes are influ-
enced by the special adaptations of organisms
to their environment. The physical factors rele-
vant for cultivation that influence the growth of
marine fungi most are salinity (including low
water potential, high concentrations of sodium
ions and high osmotic pressure), slightly alka-
line pH, partly oligotrophic nutrient condi-
tions (especially in the water column), and
high hydrostatic pressure in combination
with low temperature, especially in the deep-
sea environments (Richards et al. 2012;
Bonugli-Santos et al. 2015). Sea water in aver-
age has a salinity of 33–35 ppt. Freshwater in
comparison contains less than 0.5 ppt salts. Sea
waters in estuaries and brackish areas, like in
the Baltic Sea or in river deltas, can show wide
salinity gradients, requiring special adaptation
of the inhabiting organisms. Also, hypersaline
waters occur, e.g., in the Dead Sea with sali-
nities of 50–100 ppt. The presence of high levels
of salt in seawater are challenging with respect
to classical performance of biotechnological
processes in stainless steel vessels, as corrosion

becomes a severe issue. Even more, early
experiments demonstrated that salinity optima
for growth in some marine fungi show upward
shifts with increasing incubation temperature
(Damare and Raghukumar 2008). This interac-
tion of salinity and temperature is termed
Phoma pattern since it was first described in
the marine species of Phoma (Lorenz and Moli-
toris 1990). Interestingly, only few reports have
investigated the impact of varying salt concen-
trations on production of marine fungal meta-
bolites. Initial findings show that some marine
fungal species exhibit increased growth with
increasing seawater concentration in the
medium (Masuma et al. 2001). In addition to
the osmotic effects on the cell, secondary
metabolite production might be sensitive to
the seawater composition, i.e., concentration
of specific salts, which could have implications
for tank reactor cultivation of marine fungi.

In contrast to terrestrial fungi, which gen-
erally grow best at pH 4.5–6.0, marine fungi
were demonstrated to grow and produce vari-
ous extracellular enzymes at pH 7–8 (Damare
et al. 2006; Raghukumar et al. 2004a). Accord-
ingly, the pH-control in biotechnological pro-
cesses will need adaptations, when marine
strains of a well-known terrestrial species are
cultivated. Pressurized conditions are of impor-
tance for the cultivation of deep-sea fungi. Low
temperature optima in combination with high
pressures are of interest, as the catalytic proper-
ties of enzymes may be altered (Eisenmenger
and Reyes-De-Corcuera 2009).

Bioprocess engineering in marine biotech-
nology follows the path from discovery to com-
mercialization with a variety of possible
starting points, but a full value chain remains
mainly theoretical, as quantitative biotechno-
logical engineering studies on marine fungi
are virtually non-existing in the literature. Sil-
ber et al. (2016) reviewed the biotechnological
realization of marine fungal antibiotics and
demonstrated that biotechnology has a vast
potential for sustainable production of antibio-
tics. Biotechnology, as studied and developed
with terrestrial representatives, may help to
expand and understand the chemical space in
a targeted manner, provide classical full fer-
mentative and semi-synthetic processes, and
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may include metabolic engineering manipulat-
ing the genetic background as a basis for gen-
eration of “biological” derivatives (Silber et al.
2016). For terrestrial fungi, the technical and
economic feasibility of large-scale processes
has been proven many times. Successful trans-
fer into stirred-tank-reactor-system for antibi-
otic production from marine fungi has been
demonstrated, e.g., for the biosynthesis of the
tetramic acid compounds ascosetin and lindgo-
mycin by an Arctic marine fungus of the Lind-
gomycetaceae family (Wu et al. 2015)
exhibiting a novel chemical composition.

Sarkar et al. (2010) provided bioprocess
data for fermentations of marine fungi for
enzyme production. Based on their analysis,
there is a demand for further adaptations of
scale and inclusion of knowledge on the biology
of the fungi into the design of the production
processes (e.g., salinity adaptations or pressure
for deep-sea organisms). Development of full
fermentative processes is required (Sarkar et al.
2010). The increasing knowledge gained on all
regulatory levels by means of “omics” techni-
ques will provide the necessary insights.
Knowledge on the regulatory genes can be
applied in genetic approaches to activate natu-
ral product production. Due to the lack of
model organisms upon marine fungi, genetic
tools for heterologous expression and for
homologous manipulation of marine fungi are
still in their infancy. The recently successful
overexpression of genes leading to synthesis of
enniatins, cyclodepsipeptides originally
isolated from Halosarpheia sp., in Aspergillus
niger demonstrated reprogramming and trans-
planting of biosynthetic pathways into estab-
lished models as a further tool for such
approaches (Zobel et al. 2016).

Inclusion of new methods into process
development will significantly contribute to
further improvements. The use of immobilized
cells in a repeated batch tower reactor led to a
significant increase of yield in the production of
cephalosporin (Ozcengiz and Demain 2013).
Niche-mimic bioreactors might be one oppor-
tunity to enhance productivity as well as the
development of specialized reactors in indus-
trial scale.

VI. Conclusions

A majority of culture-dependent and culture-
independent fungi recovered from marine
resources show homology to terrestrial species,
which obfuscated the ecological role of marine
fungi. The presence of novel fungal sequences
with less than 97% similarity to previously
identified fungal sequences in public databases
and culture studies demonstrating obligate
marine culture conditions has proven the mul-
tiphyletic ecological group of marine fungi.

These fungi show unique cultivation prop-
erties and features. In nature, they fulfill a num-
ber of ecological functions, comparable to
terrestrial fungi. Their unique features may be
applied in biotechnology for new products but
also for redesign of existing biotechnological
processes with more robust culture conditions,
as marine fungi did adapt to harsh conditions
including high pressure, high osmolarity, cold,
toxic heavy metal concentrations, etc.

Only few examples of industrial processes
using marine fungi as production organisms
are available, but the number of studies high-
lighting the potential is impressive for enzymes,
secondary metabolites, and other possible pro-
ducts. Industrial-scale biotechnological pro-
cesses should be feasible from scientific,
technical, and economic perspectives. This via-
bility needs to be demonstrated through the
development of process concepts based on fer-
mentation including metabolic engineering,
purification, molecular design, and synthesis
data. Some obstacles remain, which need to be
solved. Especially, the reduction of the salinity
in culture media is a technological challenge.

To realize the potential, we suggest to:

1. Apply products of marine fungi but also
establish new and robust workhorses in
biotechnology. The biodiversity of filamen-
tous fungi from marine sources is mostly
untapped for these applications.

2. Bring together the different scientific com-
munities working on marine and terrestrial
fungi and learn from existing processes.
Interdisciplinarity between technologists,
ecologists, and marine scientist will help
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to close gaps in the knowledge of marine
fungi relevant for biotechnological produc-
tions.

In summary, marine fungal biotechnology
can deliver new production strains, enzymes,
and products for a sustainable use of marine
resources and deeper insights into technologi-
cal and ecological questions.
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I. Introduction

Anaerobic gut fungi belong to the early diverg-
ing phylum Neocallimastigomycota and are
commonly found in the digestive tract of rumi-
nants and hindgut fermenters. Animal hosts
include a wide range of important livestock
and wild animals such as cattle, sheep, horses,
and elephants (Liggenstoffer et al. 2010).
Instead of producing biomass-degrading
enzymes of their own, these large herbivores
rely on the synergistic action of an intestinal
microbial community, composed of fungi, cel-
lulolytic bacteria, protozoa, and archaea (Peng
et al. 2016). The Neocallimastigomycota fungi
are key members of these microbial commu-
nities, as they function as initial colonizers of
the ingested plant fibers (lignocellulose) and
contribute to the biomass breakdown process
both physically and enzymatically (Podolsky
et al. 2019). Digestion of such recalcitrant mix-
tures requires the synergistic action of a large
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number of diverse enzymes, and anaerobic
fungi meet this challenge via the secretion of a
vast array of intricately organized and environ-
mentally regulated enzymes (Haitjema et al.
2017; Solomon et al. 2016a, 2018; Youssef et al.
2013).

In this chapter, we briefly describe the phy-
logeny, unusual life style, isolation procedures,
and growth requirements of these uniquely
anaerobic fungi. We further discuss how
“omics” technologies facilitate the identifica-
tion of useful proteins and metabolic pathways
and give examples of successful efforts to trans-
fer gut fungal proteins to model microbes. Fur-
ther, we provide an overview of current and
future biotechnological uses of anaerobic
fungi, including a survey of their intellectual
property landscape. We conclude that the
understudied Neocallimastigomycota are a
rich and largely untapped source of bioactiv-
ities that can be harnessed for diverse biotech-
nological applications, from animal nutrition to
bioprocessing technologies that seek to convert
renewable biomass into valuable fuels and che-
micals.

A. Background and Taxonomy

The Neocallimastigomycota were first proposed
as fungi following Orpin’s seminal work in the
1970s analyzing the morphology of rumen “fla-
gellates” that proliferated on fiber-rich diets in
the guts of ruminant animals (Orpin 1975).
Subsequent studies conclusively demonstrated
that these were true fungi with a chitinous cell
wall, which challenged the previously held
dogma that all fungi required oxygen to grow
(Orpin 1977). It is estimated that the anaerobic
fungi from the phylum Neocallimastigomycota
diverged from other fungi in the late Cretaceous
period (66 � 10 million years ago), around the
time when grasses and mammalian grazers
emerged (Emerling et al. 2018; Prasad et al.
2005; Wang et al. 2019). Similar to their rela-
tives in the basal fungal phyla Chytridiomycota
and Blastocladiomycota, Neocallimastigomy-
cota alternate between motile zoospores and
vegetative thalli (James et al. 2006) as part of

their life cycle (Fig. 17.1). In the animal gut,
fungal zoospores (Fig. 17.1a) are released from
mature sporangia and swim toward and attach
to ingested plant material, likely attracted by
soluble sugars and phenolic acids (Wubah and
Kim 1996). Following attachment, the zoos-
pores encyst and germinate, penetrating the
plant surface and developing either to rhizoidal
or bulbous thalli (Fig. 17.1d). Anaerobic fungi
thrive in herbivores via enzymatic degradation
of plant carbohydrates, and they directly utilize
sugar-rich breakdown products from degrada-
tion—this leads to expansion of fungal rhi-
zoids/holdfasts, and zoosporangia develop and
enlarge. Finally a new generation of zoospores
is produced and matured in the zoosporangium
(Fig. 17.1f), with the timing of zoospore release
likely triggered by ingestion of fresh forage,
though the mechanistic underpinnings remain
unclear (Orpin 1977). The full life cycle is
reported to take 8–32 h (Mountfort and Orpin
1994; Theodorou et al. 1996a).

Anaerobic fungal taxa have historically
been grouped according to thallus morphology
and the number of flagella per zoospore, as
exemplified in Fig. 17.2 (Wang et al. 2017).
For example, fungi with monocentric thalli
have one center of growth, while polycentric
fungi have multiple centers of growth—they
are readily distinguishable via light micros-
copy. Based on these morphological features,
six genera were originally identified: Neocalli-
mastix (rhizoidal, monocentric, polyflagellate),
Piromyces (rhizoidal, monocentric, monoflagel-
late), Anaeromyces (rhizoidal, polycentric,
monoflagellate), Orpinomyces (rhizoidal, poly-
centric, polyflagellate), Caecomyces (bulbous,
monocentric, monoflagellate), and Cyllamyces
(bulbous, polycentric, monoflagellate) (Griffith
et al. 2010).

Recently multiple additional genera have
been isolated and described: Buwchfawromyces
(Callaghan et al. 2015), Feramyces (Hanafy et al.
2018), Liebetanzomyces (Joshi et al. 2018),
Oontomyces (Dagar et al. 2015), Pecoramyces
(Hanafy et al. 2017), Agriosomyces, Aklioshbo-
myces, Capellomyces, Ghazallomyces, Joblino-
myces, Khoyollomyces and Tahromyces
(Hanafy et al. 2020). All are monocentric and,
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with the exception of Feramyces and Ghazallo-
myces, form monoflagellate zoospores.
Culture-independent diversity surveys based
on the DNA of the internal transcribed spacer
region (ITS) did suggest that additional clades
were present, and the first DNA metabarcoding
study of anaerobic fungi (Liggenstoffer et al.
2010) identified the existence of several novel
clades, some of which have subsequently been
isolated into pure cultures (Fig. 17.3). Due to
the high level of intragenomic variability in the
ITS region, the adjacent large ribosomal sub-
unit (LSU; D1/D2 variable regions; Fig. 17.3) is

now currently favored for accurate phyloge-
netic reconstructions (Dagar et al. 2011).

Although the niche of anaerobic fungi is the
digestive tract of large mammalian herbivores,
most laboratory isolates have been obtained
from herbivore feces. Moreover, fungi in feces
and post-rumen digesta remain viable when
dried in air at ambient temperature (Davies
et al. 1993) and even in sun-baked feces
(Milne et al. 1989). Although populations tend
to decline slowly after drying, the size of the
anaerobic fungal community in fresh feces,
quantified as thallus forming units, was esti-

Fig. 17.1 Anaerobic fungal life cycle, as illustrated via
the growth and maturation of Pecoramyces sp. (isolate
C1A) grown in liquid medium enriched with corn sto-
ver or wheat straw (e1, f1) and liquid medium with
cellobiose and xylan as soluble carbon sources (e2,
f2). Light microscopy after staining with lactophenol

cotton blue using an Olympus BX51 microscope, scale
bar 20 mm (a, b, c and d). Scanning electron microscopy
pictures examined using FEI Quanta 600 scanning elec-
tron microscope, scale bar 50 mm (e1, e2, g). Light
microscopy without staining using a Leica DM 2000
LED, scale bar 50 mm (f1, f2)
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mated to be equivalent to that in the rumen
(Davies et al. 1993; Theodorou et al. 1990).
However, despite many repeated attempts, it
has not been possible to isolate anaerobic
fungi from dried rumen digesta nor were they

found in the dried residues from laboratory
cultures. To account for these findings, Davies
et al. (1993) amended the generally accepted
life-cycle of the gut fungi to include an addi-
tional aero-tolerant survival cycle. In the pro-
posed scheme, the survival cycle is activated
when conditions for vegetative growth become
less favorable. There have been several inde-
pendent observations of a resistant structure
that may be involved in aerobic survival (Joblin
1981; Nielsen et al. 1995; Wubah et al. 1991).
These studies provide the most convincing evi-
dence that zoosporangia in feces (rather than
zoospores) are aero-tolerant and responsible
for seeding the viable fungal cultures in the
laboratory. The fact that viable cultures of
anaerobic fungi cannot be isolated from dried
rumen contents, whereas they are readily
obtained from dried feces, suggests that these
structures in both environments, although sim-
ilar in appearance, are physiologically different.

B. Culture Methodology

Traditional culture collections commonly do
not house anaerobic fungi, and most labora-
tories that work with them isolate their own
strains directly from source material (Haitjema
et al. 2014). Anaerobic fungi have been success-
fully enriched and isolated from herbivore feces
or gut content samples using lignocellulosic
substrates (Fig. 17.4a) or plant sugars

Fig. 17.2 Morphological criteria for classification of anaerobic fungi; Grey dots represent nuclei

Fig. 17.3 Phylogenetic tree of phylum Neocallimastigo-
mycota based on the large (28S) ribosomal subunit,
with only the currently named genera included. Genera
with published genome and/or transcriptome data are
indicated by asterisk
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(Fig. 17.4b; such as cellobiose, xylan) as a car-
bon source. A step-by-step description of the
procedure can be found in Peng et al. (2018).

In brief, the fecal sample is mixed to a slurry (ca. 10%
w/v) in liquid medium that contains antibiotics to pre-
vent growth of prokaryotes. Commonly used antibio-
tics include a mix of penicillin G (or Kanamycin),
ampicillin,and streptomycin C (effective against bacte-
ria), and/or chloramphenicol for suppressing both bac-
teria and methanogens. The slurry is serially diluted
(1:10, 1:100, and 1:1000), and 1 ml aliquots are used to
inoculate 9 ml of liquid culture medium containing
plant fiber. Fungal growth is monitored daily and is
identified by the occurrence of floating mats of fiber,
which occur due to gas production (Fig. 17.4a). For
bulbous species that are less effective in producing
floating mats, positive growth is detected using a
microscope. Anaerobic fungal enrichments are further
purified by several passages through agar containing
roll-tubes (Fig. 17.4c) from which single colonies are
picked (Fig. 17.4d) to inoculate fresh liquid culture
medium (Haitjema et al. 2014).

Subsequent routine sub-culturing is performed in
either complex liquid medium containing up to 15% of
rumen fluid or chemically defined medium (Caldwell

and Bryant 1966; Davies et al. 1993; Lowe et al. 1985).
Cultivation is typically done in small (50–100 mL) gas-
tight serum bottles or Hungate tubes (10–20 mL), under
100% CO2 or a N2/CO2 (70%/30%) atmosphere and in
the dark at 39�C (Haitjema et al. 2014; Lowe et al. 1985).

The most common substrates that are used
to cultivate anaerobic fungi in laboratory con-
ditions vary highly in their lignin, cellulose, and
hemicellulose contents (Table 17.1). Nonethe-

Fig. 17.4 Cultivation of anaerobic fungi (a) growing on
wheat straw forming a floating mat; (b) aggregation of
rhizoid in medium without fibers; (c) agar roll-tube

with fungal colonies; (d) picking a single colony from
a roll-tube for purification

Table 17.1 Composition of lignocellulosic substrates
used for anaerobic fungal growth

Substrate
Cellulose
(% DM)

Hemicellulose
(%DM)

Lignin
(%DM)

Corn stover 44 29 22
Corncob 36–45 35–41 14–15
Grass silage 25–40 26–50 9–30
Maize silage 24 19 3
Rice straw 32–47 18–28 5.5–24
Ryegrass 43 28 7
Wheat straw 33–45 20–32 8–22

Filya (2004); Hassan et al. (2018); Jin et al. (2011)
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less, anaerobic fungi are able to degrade many
of these materials with comparable efficiency,
even when composed of high levels of phenolic
compounds inhibitory to other fungi (Hooker
et al. 2018; Skyba et al. 2013). To date, milled
wheat straw has been the preferred substrate to
grow anaerobic fungi in laboratory conditions,
but other types of agricultural waste (such as,
maize silage, grass silage, grasses, rice straw,
hay, reed canary grass, ryegrass at earing
stage, maize stems, soybean hulls, and palm
press fiber) also promote anaerobic fungal
growth (Griffith et al. 2009; Mountfort and
Orpin 1994; Trinci et al. 1994; Zhu et al. 1996).
Young forages, rich in leaf and poor in stems
(such as, ryegrass at the leafy stage) that con-
tain low amounts of crude fibers and high
amounts of pectin and starch, were found to
be unfavorable for anaerobic fungal growth
(Mountfort and Orpin 1994).

Long-term viability of gut fungal cultures
requires routine sub-culturing every 3–14 days
(dependent on the species) (Haitjema et al.
2014; Peng et al. 2018). For long-term storage
and to avoid genetic drift by repeated sub-
culturing, anaerobic fungi can be cryo-
preserved (Solomon et al. 2016b). However,
the cryo-preservation methodology has not
been standardized and is not always successful
(Callaghan et al. 2015; Haitjema et al. 2014;
Peng et al. 2018; Solomon et al. 2016b). The
culture methodology may be improved by
establishing techniques that allow continuous
cultivation that better resembles the conditions
in the rumen ecosystem. Semi-continuous cul-
tivation of anaerobic fungi has been performed
in continuous-flow cultures containing up to
8% (w/v) fibrous substrate (Zhu et al. 1996;
Zhu et al. 1997). Teunissen et al. (1992) also
used a semi-continuous culture for harvesting
anaerobic fungal enzymes. In these systems,
effluent is usually removed discretely or contin-
uously from the culture vessel and replaced by
an equivalent amount of fresh culture medium.
Anaerobic fungi showed higher enzyme pro-
duction and increased degradation of plant-
fibers in continuous cultivation systems, possi-
bly due to the removal of inhibitory fermenta-
tion end products (see Sect. II.A) in culture
effluents (Zhu et al. 1996).

C. Physiology and Metabolism

Anaerobic fungi have evolved strategies to
thrive in oxygen-free habitats where they
degrade a wide range of substrates: (1) They
possess a large arsenal of lignocellulolytic
enzymes that are secreted either freely or
organized in multi-protein complexes called
fungal cellulosomes. (2) Energy production
occurs in hydrogenosomes instead of mito-
chondria. Anaerobic fungi rely on substrate-
level phosphorylation (mixed-acid fermenta-
tion), rather than oxidative phosphorylation
(respiration) (Mountfort and Orpin 1994). (3)
Their cell membranes contain tetrahymanol
rather than sterols (ergosterol in most fungi),
since synthesis of these requires oxygen in the
oxidation of the squalene precursor.

Tetrahymanol, a pentacyclic sterol-like compound, is
formed directly by the cyclisation of squalene via squa-
lene hydro-lyase, a process similar to the synthesis of
the pentacyclic hopanoids in bacteria (Youssef et al.
2013).

1. Some Biomass-Degrading Enzymes Are
Organized in Cellulosomes

The hydrolytic strategy of anaerobic fungi is
based on the extensive production of carbohy-
drate-active enzymes (CAZymes) that they
secrete to the surrounding environment.
CAZymes include all enzymes involved in car-
bohydrate assembly (glycosyltransferases) and
breakdown (glycoside hydrolases, polysaccha-
ride lyases, carbohydrate esterases) (Lombard
et al. 2014). Each carbohydrate polymer
requires a certain set of CAZymes (Fig. 17.5).
Whether anaerobic fungi have evolved strate-
gies to enzymatically depolymerize and/or
catabolize lignin remains unclear but their
ability to solubilize linkages in the lignin-
polysaccharide complex has been reported
(Joblin and Naylor 1989), rendering cellulose
and hemicellulose accessible for degradation.
For information on the individual enzymatic
reactions, see Theodorou et al. (1996b).

Notably, whereas aerobic fungi typically
secrete enzymes into the environment, anaero-
bic fungi are unique among the fungal kingdom
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as they organize up to 2/3 of their secreted
enzymes in fungal cellulosomes (Haitjema
et al. 2017; Henske et al. 2017). Cellulosomes
(Fig. 17.5) are multi-protein superstructures in
which a large variety of CAZymes are bound
together, allowing substrate channeling and
concerted, efficient enzyme activities, even
with reduced enzyme loads (Bayer et al. 2004).
Such complexes were first described in hydro-
lytic bacteria from the genus Clostridium
(Lamed et al. 1983) and evidence for cellulo-
somes in anaerobic fungi (Neocallimastix fron-
talis) was reported as early as 1992 (Wilson and
Wood 1992). More recently, the intricate inter-
actions of the fungal cellulosomal components
were uncovered through multi-“omics” ana-
lyses, which showed that fungal cellulosomes
are highly divergent from their bacterial coun-
terparts—both in sequence/structure and in
enzymatic function (Haitjema et al. 2017). In
cellulosomes, the enzymes are stitched together
by a “plug-and-socket” mechanism: a subset of
the secreted CAZymes and carbohydrate bind-
ing modules (CBMs) contain so called dockerin
domains interacting with cohesin domains that
are part of a very large non-catalytic scaffoldin
protein (Fig. 17.5; Gilmore et al. 2015). The
dockerin-tagged CBMs are believed to bring
the entire cellulosome into close proximity to
the substrate, adding to the advantage of orga-

nizing the enzymes into these synergistic struc-
tures (Gilmore et al. 2015; Seppälä et al. 2017).
While in bacteria the dockerin and cohesin
domains are specific to each bacterial species,
fungi appear to leverage conserved dockerins,
cohesins, and scaffoldins across the anaerobic
fungi (Haitjema et al. 2017). Most cellulosome-
associated fungal proteins feature one or more
N- or C-terminal dockerin domain, often
organized in tandem repeats whose function
remains unknown (Haitjema et al. 2017).

Anaerobic fungal cellulosomes are evolu-
tionarily chimeric as it appears that fungi have
adopted useful strategies from their bacterial
counterparts through horizontal gene transfer
of the enzymatic components (Haitjema et al.
2017). In this way, the anaerobic fungal enzy-
matic machinery shows several advantages
compared to their aerobic fungal and bacterial
counterparts. Anaerobic fungal enzymes
exhibit high catalytic activity and substrate affi-
nities (Ljungdahl 2008; Morrison et al. 2016a;
Wang et al. 2011), and many of the enzymes are
multi-functional and have dual endoglucanase-
cellobiohydrolase (Liu et al. 1997), endogluca-
nase- lichenase (Chen et al. 1998; Eberhardt
et al. 2000; Qiu et al. 2000; Ye et al. 2001),
cellulase-xylanase (Liu et al. 1997; Morrison
et al. 2016b), or b-glucosidase-b-xylosidase
activities (Morrison et al. 2016a). Overall,

Fig. 17.5 Anaerobic fungi produce both freely diffusive
and cellulosome-complexed CAZymes to depolymerize
plant biomass. Fungal cellulosomes are assembled onto
non-catalytic scaffoldin domains and dockerin-fused

enzymes are tethered to the scaffold through interac-
tions with complementary cohesin domains. CBM
carbohydrate-binding modules
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anaerobic fungi harbor a multitude of unique
enzymes and degradation strategies, which can
be harnessed to readily degrade specific feed-
stocks or for biotechnological purposes, as fur-
ther discussed in Sect. II.

2. Anaerobic Fungi Have Hydrogenosomes and
Live in Close Relationship with Methanogens

Physiological and genomic investigations sug-
gest that energy generation in anaerobic fungi
is mediated by fungal hydrogenosomes,
although this hypothesis is yet to be confirmed
by molecular studies. Hydrogenosomes are
ATP-producing organelles found across a
range of unrelated anaerobic eukaryotes that
use protons rather than oxygen as the terminal
electron acceptor. They are believed to have
evolved from degenerate mitochondria
(Boxma et al. 2004; Hackstein et al. 2019; Müller
et al. 2012), and recent genomic studies have
confirmed the fungal mitochondrial origin of
some hydrogenosomal import proteins
(Haitjema et al. 2017; Youssef et al. 2013).
Hydrogenosomes perform three major meta-
bolic tasks:

(i) Pyruvate metabolism: pyruvate (from
cytosolic plant sugar metabolism) is con-
verted to formate and acetyl-CoA using
pyruvate/formate lyase (PFL) (Boxma
et al. 2004). Marvin-Sikkema et al. (1993)
demonstrated the presence of a hydroge-
nosome membrane-associated pyruvate/
ferredoxin oxidoreductase (PFO), similar
to that found in hydrogenosomes of Trich-
omonas spp., and suggested that acetyl-
CoA from cytosolic PFL activity was trans-
ported to the hydrogenosome.

(ii) ATP production: Acetyl-CoA is converted
to acetate via succinyl-CoA synthetase,
initiating ATP production exclusively via
substrate level phosphorylation.

(iii) Regeneration of reduced electron car-
riers: NAD(P)H is re-oxidized by an
NAD(P)H dehydrogenase, which trans-
fers electrons to an iron-only hydrogenase
producing hydrogen (Haitjema et al. 2017;
Kameshwar and Qin 2018; Youssef et al.
2013).

Thus, the main fermentation products of
anaerobic fungi are acetate, formate, and
hydrogen which are produced in hydrogeno-
somes and lactate, formate, ethanol, and succi-
nate which are produced in the cytosol.

A syntrophic partnership with archaeal
methanogens allows fungi to thrive by siphon-
ing hydrogen to methane (Conrad 1999; Peng
et al. 2016; Ushida et al. 1997), alleviating end-
product inhibition caused by accumulation
of hydrogen. It is well-known that there is a
close relationship between anaerobic fungi
and methanogens, with interspecies hydrogen
transfer resulting in methane production
and more efficient re-generation of oxidized
nucleotides (NAD+, NADP+) (Bauchop and
Mountfort 1981; Cheng et al. 2009). Acetate
and formate are also substrates for methano-
genesis, and Li et al. (2019) have recently shown
that, when Methanobrevibacter thaueri and
Pecoramyces sp. F1 are grown together in
batch culture, the majority of formate produced
by the fungus is used for methanogenesis. More
details on such microbial interactions and their
biotechnological potential are reported in Sect.
III.C.

II. Identification of Useful Enzymes

Anaerobic fungi offer a wealth of novel pro-
teins and enzymes for diverse biotechnology
applications. Chief among these are poten-
tially superior lignocellulose-degrading
enzymes, which offer opportunities to over-
come a significant bottleneck during the pro-
duction of second generation biofuels and
chemicals (Seppälä et al. 2017). Anaerobic fun-
gal genomes acquired by next-generation
sequencing techniques continue to refine our
understanding of the biosynthetic potential of
anaerobic fungi and suggest new enzymes for
platform biochemical production pathways
such as isoprenoid and secondary metabolism,
and fatty acid production (Grigoriev et al.
2011; Grigoriev et al. 2014; Hillman et al.
2017). Here, we briefly discuss recent progress
on the adoption of emerging “omics” technol-
ogies to characterize the enzyme systems of
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anaerobic fungi, translation of these enzymes
to heterologous production, and progress
towards direct genetic manipulation of the
fungi.

A. “Omics” Analyses Identify Enzymes and
Their Regulation Patterns

While extensive work has shown that anaerobic
fungi possess significant hydrolytic potential,
the detailed function and regulation of many
of the individual genes at the transcriptional
level has only recently been understood.
Advances in next-generation sequencing
(Wilken et al. 2019) enabled the first genomes
and transcriptomes for a small collection of
isolated anaerobic fungi. The first draft
genome of the Neocallimastigomycota was pub-
lished in 2013. The genome of Orpinomyces sp.
C1A (later re-classified as Pecaromyces sp. C1A)
revealed a large abundance of CAZymes (>350
glycoside hydrolase enzymes, >90 carbohy-
drate esterases and an array of dockerin
domain-containing proteins associated with
cellulosome assembly) (Youssef et al. 2013).
Later, high-resolution genomes of Anaero-
myces robustus, Neocallimastix californiae,
and Piromyces finnis revealed that these organ-
isms have the largest array and diversity of
biomass-degrading enzymes in the fungal king-
dom (Haitjema et al. 2017; Solomon et al.
2016a). Indeed, horizontal gene transfer has
recently been shown to play a crucial role in
expanding the substrate utilization capabilities
and electron disposal pathways in the Neocalli-
mastigomycota (Murphy et al. 2019). Anaerobic
fungi readily adapt gene expression in response
to substrate complexity and may provide a
source of enzymes tailored to degrade feed-
stocks based upon their composition (Couger
et al. 2015; Henske et al. 2018a; Solomon et al.
2016a; Youssef et al. 2013). Carbon catabolite
repression (Montenecourt and Eveleigh 1977;
Strauss et al. 1995) is responsible for regulation
of diverse CAZymes in anaerobic fungi (Henske
et al. 2018a; Solomon et al. 2016a). Low concen-
trations (0.5 mg/ml) of various sugars (sucrose,
galactose, xylose, fructose and arabinose) were
sufficient to hinder enzyme production

(Henske et al. 2018a). It has however also been
shown that several of the secreted enzymes are
highly transcribed even when cultured on glu-
cose or other soluble sugars (Couger et al. 2015;
Wang et al. 2011). The presence of complemen-
tary natural antisense transcripts for several
CAZymes even in the presence of glucose sug-
gests that some enzymes are also post-
transcriptionally regulated (Solomon et al.
2018). Moreover, epigenetic regulation may
also play a role as adenine methylation appears
especially prevalent near transcriptional start
sites in anaerobic fungi. However, no clear
link between DNA methylation and gene
expression has been identified (Mondo et al.
2017). Nonetheless, determining and manipu-
lating many of the regulatory strategies of
anaerobic fungi will be essential to develop
these organisms to overexpress CAZymes for
bioenergy purposes.

B. Systems for Heterologous Enzyme
Expression

In spite of the small number of sequenced
anaerobic fungal genomes, numerous
CAZymes, and proteins have been successfully
cloned and produced in other organisms,
including Escherichia coli, Saccharomyces cere-
visiae, and Pichia pastoris (Table 17.2). Due to
the limited number of physical isolates, only
five genera in the Neocallimastigomycota have
been sourced for enzymes: Anaeromyces, Neo-
callimastix, Orpinomyces, Piromyces, and
Pecoramyces. The majority of these studies
relied on functional screening of cDNA
libraries to source enzymes from anaerobic
fungi but the recent availability of anaerobic
fungal genomes and transcriptomes has
enabled “omics”-guided approaches for the
identification of highly expressed key enzymes.

The identified genes sometimes undergo codon optimi-
zation prior to being cloned into an appropriate vector
(Morrison et al. 2016b; Wang et al. 2011). Protein pro-
ducts are examined for validation of predicted activities
(Liu et al. 1997), and their biochemical and kinetic
properties are characterized (Morrison et al. 2016a;
Morrison et al. 2016b; Tsai et al. 2003). Determining
these properties is important for efficient consolidated
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bioprocessing in industrial organisms (such as Saccha-
romyces cerevisiae) as these hosts grow under condi-
tions that are different from those where the enzymes
evolved (den Haan et al. 2015; la Grange et al. 2010).

Apart from gut fungal CAZymes, other pro-
teins have been successfully cloned. Xylose
isomerase from Piromyces sp. E2 was success-
fully produced in Saccharomyces cerevisiae,
allowing it to grow on C5 as well as C6 sugars
(Kuyper et al. 2003). Swollenin from Pecora-

myces ruminantium strain C1A was produced
in Escherichia coli and its addition to a ligno-
cellulolytic enzyme cocktail enhanced overall
glucan and xylan hydrolysis yields from ligno-
cellulosic biomass (Morrison et al. 2016b).
Finally, Haitjema (2017) produced fragments
of cellulosomal protein (ScaA) in Escherichia
coli and used ELISA assays to demonstrate its
strong binding activity to dockerin domains,
firmly suggesting that ScaA acts as a scaffolding
in these multi-enzyme complexes.

Table 17.2 Production of selected anaerobic fungal proteins in heterologous hosts

Activity Species/strain Expression host References

Endoglucanase (endo-
1,4-b-glucanase)

Neocallimastix
patriciarum

Clostridium beijerinckii
NCIMB 8052

López-Contreras et al.
(2001)

Cellobiohydrolase Orpinomyces sp.Y102 Escherichia coli Chen et al. (2014)
b-D-glucosidase Orpinomyces sp. PC-2 Saccharomyces cerevisiae Li et al. (2004)

Piromyces sp. strain E2 Pichia pastoris Harhangi et al. (2002)
Saccharomyces cerevisiae O’Malley et al. (2012)

Xylanases (endo-b 1 ,4-
xylanase)

Neocallimastix frontalis Kluyveromyces lactis and
Penicillium roqueforti

Durand et al. (1999)

Orpinomyces sp. PC-2 Hypocrea jecorina Li et al. (2007)
B-xylosidase Pecoramyces

ruminantium
strain C1A

Escherichia coli Morrison et al. (2016a)

Xylose isomerase Piromyces sp. strain E2 Saccharomyces cerevisiae Kuyper et al. (2003);
O’Malley et al. (2012)

Xylulokinase Piromyces sp. strain E2 Saccharomyces cerevisiae O’Malley et al. (2012)
Glycosyl hydrolase 48 Piromyces sp. strain E2 Saccharomyces cerevisiae O’Malley et al. (2012)
Fungal Scaffoldin (ScaA) Piromyces finnis

Anaeromyces
robustus

Neocallimastix
californiae

Escherichia coli Haitjema et al. (2017)

Acetyl xylan esterase Neocallimastix
patriciarum

Escherichia coli Dalrymple et al. (1997)

Orpinomyces sp. PC-2 Escherichia coli Blum et al. (1999)
Feruloyl esterase Anaeromyces

mucronatus
Escherichia coli Gruninger et al. (2016)

Piromyces equi Trichoderma reesei Poidevin et al. (2009)
Mannanase Piromyces sp. Escherichia coli Ali et al. (1995)
Galacto-(a-1,2)-

arabinosidase
Neocallimastix frontalis Escherichia coli Jones et al. (2017)

b-1,2-arabinobiosidase Neocallimastix frontalis Escherichia coli Jones et al. (2017)
Lichenase Orpinomyces sp. PC-2 Escherichia coli Chen et al. (1997)
Swollenin Pecoramyces

ruminantium
strain C1A

Escherichia coli (Morrison et al. 2016b)

Celpin Piromyces sp. strain E2 Saccharomyces cerevisiae O’Malley et al. (2012)
Cylophillin Orpinomyces sp. PC-2 Escherichia coli Chen et al. (1995); Chen

et al. (2006)
CBM29 Piromyces equia Nicotiana tabacum Obembe et al. (2007)

aProper taxonomic description is missing for this isolate
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C. Progress Toward Direct Genetic
Manipulation of Anaerobic Fungi

As many anaerobic fungal enzymes are post-
translationally modified (Haitjema et al. 2017),
biotechnology would benefit from enhanced
native production enabled by a robust genome
engineering toolkit (Podolsky et al. 2019). Such
a toolkit should include robust transformation
methods for genetic DNA manipulation,
including the introduction of foreign DNA
and plasmids with appropriate promoters, ter-
minators, and other biological parts needed for
controlled gene expression. However, genetic
engineering of anaerobic gut fungi is still in its
infancy—very few genetic regulatory elements
have been identified, versatile selection mar-
kers, and reporter genes are lacking, and chro-
mosomal integration methods are nonexistent.
An early transformation attempt in Neocalli-
mastix frontalis used biolistic bombardment
of mature fungal biomass, which transiently
expressed the bacterial beta-glucuronidase
gene from an Escherichia coli plasmid modified
with the putative Neocallimastix frontalis eno-
lase promoter (Durand et al. 1997). Recently, a
method for the collection of viable, competent,
and developmentally synchronized anaerobic
fungal zoospores under strict anaerobic condi-
tions was developed (Calkins et al. 2016). The
collected spores were shown to be naturally
competent for exogenous nucleic acids sup-
plied to the culture medium. Subsequently, an
RNAi approach leveraged this natural compe-
tency. Chemically synthesized siRNAs targeting
D-lactate dehydrogenase (ldhD) gene were
added to germinating spores of Pecoramyces
ruminantium strain C1A, resulting in marked
gene silencing and indicating the possibility of
gene knockdown approaches in anaerobic fungi
(Calkins et al. 2018).

Finally, advances in gene editing technolo-
gies promise new opportunities to manipulate
the extremely AT-rich genomes of anaerobic
fungi (Zetsche et al. 2015). While many fungal
species incorporate exogenous DNA with high
efficiency through non-homologous end-
joining pathways, site-specific knockout or
gene-integration powered by nucleases will be
necessary to avoid pleiotropic effects. The effi-

ciency and accuracy of these gene-editing
events is enhanced in multiple fungi by remov-
ing endogeneous non-homologous end-joining
pathways (Catalano et al. 2011). Coupled with
emerging gut fungal transformation methods,
these techniques are poised to revolutionize
stable engineering of anaerobic fungi for a
range of biotechnological applications.

III. Anaerobic Fungi and Their
Applications in Agriculture and
Biotechnology

Anaerobic fungal activities may also be directly
leveraged for biotechnology to improve the
economic viability of farming operations.
Anaerobic fungi are integral to the digestion
of fiber-rich animal feed in important livestock
species including cattle, goats, and sheep (Gru-
ninger et al. 2014). Thus, anaerobic fungi may
be manipulated in the animal gut to enhance
nutrition of forage (Gordon and Phillips 1998).
Similarly, bioprocesses may be designed to
exploit the ability of anaerobic fungi to ferment
ethanol from agricultural residues and improve
methane (biogas) formation via hydrogen syn-
trophy with methanogens. Below we discuss
deployment of anaerobic fungi and their
enzymes into animal feed, bioenergy produc-
tion from agricultural wastes by bioethanol
production, and anaerobic digestion.

A. Anaerobic Fungi for Animal Nutrition

Beyond bio-based chemical production, anaer-
obic fungal CAZymes have the potential to
improve the utilization of lignocellulosic feed-
stocks in herbivores. Two conceivable strate-
gies have been proposed: using fungal strains
to pretreat feedstock and including fungal
strains in animal feed as a probiotic supple-
ment. The aim of the pretreatment process is
to promote colonization of anaerobic fungi on
the feed and thus enhance its availability to the
rumen microbial flora. Such pretreatment
could theoretically improve feedstock quality
not just for cattle, but for other animals that
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may not possess anaerobic fungi such as swine
and poultry (Gruninger et al. 2014). To use the
treated substrate, pressing, drying, and sterili-
zation procedures would be necessary. Palat-
ability and energy/cost studies would be
needed to determine if such an approach is
practically feasible.

The application of anaerobic fungi as pro-
biotics for ruminants has been studied in buf-
falo (Paul et al. 2004; Saxena et al. 2010), buffalo
calves (Paul et al. 2011; Tripathi et al. 2007), and
Holstein-Friesian calves (Dey et al. 2004). In the
latter study, the control group was not fed with
fungus-free medium or inactivated fungal cul-
ture; thus the results of this study are inconclu-
sive. In all other studies, adequate control diets
were applied. Diets directly supplemented with
anaerobic fungal cultures improved the rumen
fermentation characteristics (pH, volatile fatty
acids, and nitrogen content) and enhanced the
ruminal microbial population and CAZyme
activities. As a consequence, increased animal
growth rate, digestibility of nutrients, and
nitrogen retention was observed. In lactating
buffalos, administration of anaerobic fungi
also increased milk fat by up to 6% (Saxena
et al. 2010).

The effect of administration of anaerobic
fungal cultures (Orpinomyces sp.) and enzymes
on ruminal digestion was studied also in sheep
(Lee et al. 2000). Fungal enzymes (hydrolases
produced by Orpinomyces sp.) did not influ-
ence fermentation parameters. In contrast, a
significant positive response was obtained
with administration of a live fungal culture.
Collectively, these studies indicate that anaero-
bic fungi can be used as a probiotic to enhance
diet digestibility leading to higher production.
Nevertheless, this approach must take account
of economic considerations and the need to
repeatedly administrate oral-dosages of anaer-
obic fungi to maintain the desired response
(Ribeiro et al. 2017).

B. Bioethanol Production with Anaerobic
Fungi

Bioethanol production has increased dramati-
cally over the last two decades (Balat and Balat

2009), and there is a critical need to transition
from “first-generation” bioethanol derived
from sugar cane and maize to “second-genera-
tion” fuels derived from lignocellulosic resi-
dues (Mood et al. 2013). The bioethanol
process consists of four stages: pretreatment,
enzymatic hydrolysis, fermentation, and distil-
lation (Aditiya et al. 2016). Most bioethanol is
commercially produced by fermentations
involving adapted or genetically modified
strains of Saccharomyces cerevisiae, Zymomo-
nas mobilis, and Escherichia coli (Yang et al.
2007) that cannot natively degrade lignocellu-
lose. The limiting factor in the production of
bioethanol from second generation crops is the
initial release of fermentable sugars from the
recalcitrant lignocellulosic biomass (Dashtban
et al. 2009). This is commonly overcome by the
application of costly mechanical and/or chemi-
cal pretreatments such as milling, alkaline or
acid hydrolysis, ionic liquid pretreatment or
steam explosion (Sharma et al. 2017). The
unique ability of anaerobic fungi to infiltrate
and enzymatically degrade untreated lignocel-
lulosic substrates makes them attractive candi-
dates for alternative microbial conversion of
plant biomass prior to bioethanol production.
For example, Anaeromyces robustus and Neo-
callimastix californiae have been employed in a
batch fermentation to drive growth of Saccha-
romyces cerevisiae by the release of sugars gen-
erated by fungal hydrolysis of lignocellulose
(Henske et al. 2018b). Additionally, Pecora-
myces ruminantium has been used in a
saccharification-fermentation approach for
hydrolysis of different alkaline pretreated lig-
nocellulosic substrates prior to ethanol produc-
tion by Escherichia coli (Ranganathan et al.
2017). Yields of ethanol were (approximately
one third) lower than that achieved after using
commercial enzyme cocktails but the authors
conclude that their approach is potentially
more cost-effective than enzyme technology,
and yields are potentially optimizable through
the use of selected/modified strains and
enhanced process design (Ranganathan et al.
2017).

Another limitation to the production of
bioethanol from lignocellulosic biomass is the
inability of many ethanol-producing yeasts to
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ferment 5-carbon sugars such as xylose and
arabinose, which are abundant in hemicellu-
lose. Acquisition of the ability to ferment pen-
tose sugars by yeasts is a major priority for
bioethanol production from second generation
energy crops (Yang et al. 2007). It has long been
known that anaerobic fungi deconstruct hemi-
cellulose and ferment both pentose and hexose
sugars (Theodorou et al. 1996b). In an attempt
to overcome the inability of yeast to ferment
pentose sugars, the xylose isomerase gene from
Piromyces sp. E2 was successfully expressed in
Saccharomyces cerevisiae (Yang et al. 2007).
However, ethanol production was still ham-
pered due to the clear preferences of the
isomerization equilibrium towards xylose for-
mation. Kuyper et al. (2005) overcame this lim-
itation by supplementing genes for all of the
enzymes involved in the conversion of xylulose
to glycolytic intermediates. In order to mini-
mize xylitol production, the endogenous gene
encoding aldose reductase was deleted. Under
anaerobic conditions, the engineered yeast
strain entirely consumed mixtures of glucose
and xylose sequentially, with glucose as the
preferred substrate.

C. Biogas Production with Anaerobic Fungi

Biogas and digestate production by anaerobic
digestion (AD) of plant biomass is a commer-
cially viable strategy to generate sustainable
renewable energy and fertilizer/soil improver
(Strzalka et al. 2017), but common strategies
omit anaerobic fungi. During AD a mixed
microbial consortium, comprising of bacteria
(such as hydrolytic and syntrophic acetate oxi-
dizing Clostridia) and methanogenic archaea
converts substrates such as lignocellulosic resi-
dues, animal manure/slurry, and food proces-
sing waste to biogas (Schnürer 2018). Biogas,
the main energy product from AD, is a mixture
of methane (50–75%) and carbon dioxide (25–
50%) with traces of other gases including
hydrogen, hydrogen sulfide, and ammonia.
Biogas can be upgraded to bio-methane, for
injection to the gas network for electricity pro-
duction and use in domestic, commercial, and
industrial heating or use as a fuel for road
transport (Schnürer 2016).

To achieve an adequate amount and quality
of biogas, and more importantly a high meth-
ane yield, the process conditions in biogas reac-
tors should try to resemble those found in the
natural model for biogas plants, the rumen. In
the rumen the conditions are constant tempera-
tures (such as 39�C), low redox potential
(–0.4 V), nearly neutral pH values, an anoxic
environment and constant influx of fresh or
undigested feed (Weimer et al. 2009). All these
parameters are very similar to those that occur
in mesophilic anaerobic digesters (Weimer
et al. 2009). However, it should be noted that
longer hydraulic retention times are necessary
in biogas reactors to achieve sufficient diges-
tion of feedstocks. Compared to the rumen
anaerobic fungi are usually missing in the bio-
gas producing microbial consortium. While
anaerobic fungi do not produce bio-methane
as a fermentation end product, they do produce
biochemical substrates which can be used by
methanogenic archaea (Cheng et al. 2009; see
below).

Therefore, bioaugmentation of biogas reac-
tors with anaerobic fungi or microbial consor-
tia derived from rumen fluid (Nagler et al. 2019)
could help to enhance and accelerate the con-
version of lignocellulose to biogas. To date,
most bioaugmentation research has involved
the addition of anaerobic fungi to laboratory-
scale AD bioreactors. These bioaugmentation
trials are summarized in Table 17.3.

While the results in Table 17.2 appear
encouraging, many studies are inconclusive
due to the inclusion of spent culture medium
alongside anaerobic fungal cultures in aug-
mented reactors. This confounded bias was
avoided in recent studies employing the semi-
continuous fermentation of maize silage and
anaerobic sludge treated with a 1:1 mixture of
Anaeromyces KF8 and Piromyces KF9 (Pro-
cházka et al. 2012) and the two-stage batch
fermentation of hay with two individual Neo-
callimastix frontalis isolates (Dollhofer et al.
2018). In both experiments, a control reaction
with the respective heat-inactivated culture was
performed. In these augmented trials, increased
biogas production (Procházka et al. 2012) or
accelerated biomass degradation and higher
initial biogas yields (Dollhofer et al. 2018)
were achieved.
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Another important concern regarding the
utilization of anaerobic fungi for biogas pro-
duction is their short survival time in digesters
compared to rapidly growing prokaryotic com-
petitors. Several studies (Table 17.3) have mon-
itored the survival of anaerobic fungi in
augmented reactors by molecular means (Doll-
hofer et al. 2018; Procházka et al. 2012; Yildirim
et al. 2017). Signals for the presence of anaero-
bic fungi were found to decrease in augmented
anaerobic sludge and were not detectable after
7–10 days. Molecular screening has also been
used to verify the presence of anaerobic fungi
via transcriptional activity in full-scale agricul-
tural biogas plants operated with at least ~30%
cattle-manure and/or cattle-slurry (Dollhofer
et al. 2017; Young et al. 2018). In these commer-
cial biogas plants, anaerobic fungal DNA
belonging to the genera Anaeromyces, Neocalli-
mastix, Orpinomyces, Caecomyces, Cyllamyces,
and Piromyces was detected along with four
unclassified anaerobic fungal clades. Further-
more, limited transcription of anaerobic fungal
GH5 endoglucanases was determined on an
mRNA level. These results indicate that poten-
tially active anaerobic fungi are introduced into
the reactor via ruminant-feces, but that the

fungi were not likely able to survive given the
conditions in the biogas plants.

An alternative to the bioaugmentation
strategy reviewed above is to utilize stable co-
cultures of anaerobic fungi and methanogenic
archaea for biogas production. In these co-
cultures, methanogens have been found
attached to the surface of fungal rhizoids and
sporangia (Bauchop and Mountfort 1981; Jin
et al. 2011; Leis et al. 2014), which is likely to
improve interspecies hydrogen transfer from
fungal hydrogenosomes to methanogens and
preserve fungal viability. Co-cultures ofMetha-
nobrevibacter and Methanobacterium com-
bined with representatives of the genera
Piromyces, Neocallimastix, Orpinomyces, Cae-
comyces, and Anaeromyces have been reported
(Jin et al. 2011; Swift et al. 2019). Co-cultures
produce more hydrogen, formate, acetate,
methane, and often bolster enzyme activity
compared to fungal monoculture (Bauchop
and Mountfort 1981; Jin et al. 2011; Li et al.
2016). Thus, co-cultured methanogens may
alter the metabolism and lignocellulose degrad-
ing activity of the anaerobic fungus. The fiber-
degrading and methane-producing ability of
the co-cultures are consistently stable and can

Table 17.3 Summary of bioaugmentation publications with anaerobic fungi

Inocula used Reactor setup Substrate Result Reference

Orpinomyces sp.
Anaeromyces sp.
Piromyces sp.

Batch, fed-batch;
semicontinuous
fermentation

Microcrystalline
cellulose,
maize silage,
grass silage

Biogas production Procházka
et al. (2012)

Two individual
Neocallimastix
frontalis strains

Two-phase batch
fermentation

Hay LCB degradation,
VFA and initial
biogas production

Dollhofer
et al. (2018)

Mix of N. frontalis,
Orpinomyces sp.,
Piromyces sp.
Anaeromyces sp.

Batch reactors Cow manure,
granular
sludge

CH4 production and
substrate
degradation

Yildirim
et al. (2017)

Batch reactors Microalgae
biomass

Aydin et al. (2017)

Mix of Neocallimastix sp.,
Orpinomyces sp., and
mixed bacterial culture
(F210)

Single-phase, two-
phase batch
fermentation

Wheat straw,
mushroom
spent straw

CH4 production Ferraro et al.
(2018)

Piromyces rhizinflata
YM600

Two-phase system Corn silage, cattail LCB degradation, VFA
and H2 production,
enhanced initial CH4

production

Nkemka et al.
(2015)

LCB lignocellulosic biomass feedstocks; VFA volatile fatty acids
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last for several years in in vitro transfers (Bau-
chop and Mountfort 1981; Li et al. 2016).

Microbial consortia dominated by species
of Clostridia in syntrophic relationship with
methanogenic archaea are relatively ineffective
at degrading recalcitrant lignocellulosic sub-
strates (Bauchop and Mountfort 1981; Irvine
and Stewart 1991; Joblin et al. 1989). In con-
trast, stable co-cultures of anaerobic fungi and
methanogens may offer faster rates of biogas
production and reduced hydraulic retention
times; both significant advantages for commer-
cial biogas production. However, our under-
standing of the role and survival of anaerobic
fungi in conventional biogas processes is lim-
ited, and scale-up techniques have not yet been
realized. Nonetheless, fungus-methanogen co-
culture offers the possibility of consolidated
bioprocessing, using a single platform for the
complete deconstruction of lignocellulose and
its conversion to biogas. Hence this area of
research is likely to receive increasing attention
in the future.

IV. Current and Future Opportunities
for Exploitation

Beyond basic science research, the anaerobic
fungi have been attracting attention for their
translational potential to a wealth of industries
from bio-based processing to animal health and
welfare and beyond. Novel technologies based
on engineered anaerobic fungal strains and/or
processing strategies have seen a number of
intellectual property filings worldwide, as dis-
cussed below. We further provide a brief over-
view for exploitation of unknown secondary
metabolites and membrane proteins sourced
from anaerobic fungi, which are useful to bio-
based chemical production and strain engi-
neering.

A. Potential Source of Commodity via
Secondary Metabolites

Anaerobic fungi perform mixed acid fermenta-
tion for energy generation and thus produce

formate, acetate, lactate, ethanol, CO2, and
hydrogen during the conversion of plant bio-
mass (Mountfort and Orpin 1994). They are
able to effectively degrade lignocellulosic bio-
mass (Seppälä et al. 2017) and thus could help
to exploit such abundant and cheap substrates
for organic acid production. Several studies
indicate the potential of anaerobic fungi to pro-
duce organic acids (Dollhofer et al. 2018;
Nkemka et al. 2015), but the yield, the concen-
tration, and the productivity need to be deter-
mined to decide if their utilization could be an
economical approach to produce platform
chemicals (Sauer et al. 2008). Furthermore,
anaerobic fungi survive in a highly complex
ecosystem alongside numerous bacteria,
methanogenic archaea, and protozoa. To thrive
in this competitive environment, it is likely
that they produce secondary metabolites to
boost their chances for survival. Progress in
integrated-omics (Hillman et al. 2017) com-
bined with the screening of a diverse set of
anaerobic fungal isolates could thus potentially
deliver a plethora of novel natural products for
biotechnological use.

B. Characterization andMetabolic Engineering
with Membrane Proteins

Current biotechnology uses easily engineered
microorganisms, such as Saccharomyces cerevi-
siae, to convert lignocellulosic biomass into a
wide range of fuels and chemicals. A major
limitation is the poor ability of yeast to effi-
ciently co-utilize glucose and xylose, the second
most abundant sugar in plant biomass (Yang
et al. 2007). As discussed in Sect. II.B, exoge-
nous enzymes and pathways have been engi-
neered into yeast that permit the conversion of
xylose into ethanol, but poor xylose uptake into
the cells remains a severe bottleneck (Young
et al. 2011). Therefore, membrane proteins
such as transporters for underutilized sugars
that can be used to bolster transport in yeast
are highly sought after (recently reviewed in
Hara et al. (2017)). Primary sequence analyses
of a dataset comprising >60,000 transcripts
sourced from three strains of anaerobic
fungi suggest that besides biomass-degrading
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enzymes, anaerobic fungi harbor a wide variety
of membrane-embedded receptors and trans-
porters that the fungi likely use to sense and
sequester carbohydrates from the environment
(Seppälä et al. 2016). For example, the study
found that anaerobic fungi appear to have G-
protein coupled receptors with putative
carbohydrate-binding domains. Furthermore,
the study found that all major eukaryotic car-
bohydrate transporter classes are represented
in anaerobic fungi: Major Facilitator Superfam-
ily (MFS), the Sodium Solute Symporter family,
and the Sugars Will Eventually be Exported
Transporter family (SWEET). The occurrence
of SWEETs is frequent in plant and bacterial
systems but is rare in fungi and so far exclusive
to lower lineages, such as Chytridiomycota.
Unexpectedly, the vast majority of identified
transporter components were found to be
homologous to substrate-binding proteins
(SBPs) that are typically associated with pro-
karyotic ATP-binding cassette (ABC) transpor-
ters (Ter Beek et al. 2014). In prokaryotes, the
extracellular SBPs deliver small molecules to
ATP-driven uptake systems, and whereas it is
likely that the fungi acquired these proteins by
horizontal gene transfer, their function in the
eukaryotic host remains unknown (Haitjema
et al. 2017). Further experimental characteriza-
tion is necessary, as very few membrane pro-
teins from anaerobic fungi have been
heterologously produced to date (Haferkamp
et al. 2002; van der Giezen et al. 1998). Recently,
it was shown that fluoride transporters from
anaerobic fungi bolster solvent tolerance of
yeast (Seppälä et al. 2019). In conclusion,
anaerobic fungi are a promising source of
receptors and transporters to expand metabo-
lite uptake modulate tolerance in model
microbes, and these proteins should be
assessed for their use in bioprocessing applica-
tions.

C. Opportunities Identified from Published
Patents

The Espacenet tool from the European Patent Office
was used to search the worldwide collection of pub-
lished applications for (a) the number of anaerobic
fungal patents filed, (b) their date of publication, (c)

the location of the inventors, and (d) the exploitation
area of the published patent. The search terms used
were directed at patent titles and abstract only. All
meaningful combinations of the following search
terms were used to search the database: anaerobic,
gut, fungi, fungus, rumen, and all named fungal genera.
With these search terms, 384 published patents were
identified. On removal of duplicates and erroneously
listed applications, 51 patents were found that directly
involved the anaerobic fungi or where anaerobic fungi
were used as a “catch all” term alongside other micro-
bial groupings. To place this number of patents into
context, replacing the search terms with Trichoderma
or Aspergillus resulted in patent lists of 3968 and >
10,000, respectively. The majority of anaerobic fungal
patents were filed by China (28%), the USA (23%),
Taiwan (14%), the UK (9%), Australia (7%), Canada
(5%), the Netherlands (4%), and Turkey (4%). Japan,
South Africa, South Korea, and Russia accounted for
the remaining patents. Chinese and Taiwanese inven-
tors were responsible for the majority of recent (2001–
2018) patents.

The first peer review article on the anaerobic fungi
was published in 1975 (Orpin 1975). The first patent to
mention anaerobic fungi appeared 14 years later in
1989 (JPH01289488 (A)). In this patent, a Japanese
inventor listed anaerobic fungi alongside other fungi
in a “catch-all” application for water cleanup. The UK
inventors Hazelwood and Gilbert (1993) published the
first patent directly attributable to the anaerobic fungi
(WO9325693 (A1)). This patent was concerned with the
expression of truncated recombinant xylanases from
Neocallimastix patriciarum and their potential use in
the pulp and paper industries.

Approximately 70% of patents are
concerned withmolecular biology-based appli-
cations, broadly focused on gene identification,
gene characterization, cloning, and expression
of recombinant enzymes and their derivatives
in heterologous hosts. Xylanase, esterase, and
cellulase genes from Neocallimastix and Piro-
myces are described in many patents alongside
the enhancement of transformed enzyme activ-
ities, for example, to produce xylanases with
improved thermal stability and pH tolerance.
Expression hosts are mostly Escherichia coli,
Saccharomyces cerevisiae, and Pichia pastoris.
The latter species is the methylotrophic yeast
widely employed for protein/enzyme produc-
tion using recombinant DNA techniques. In
one patent (US5948667 (A)), plant cells of
Canola were transformed with a xylanase gene
from Neocallimastix patriciarum with the
intention of improving the digestion of crop
residues by ruminant livestock. Another patent
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(AU2016366227 (A1)) is concerned with conso-
lidated bioprocessing, using a single platform
for the complete deconstruction of lignocellu-
lose. Where mentioned, the agricultural and
industrial outlets for these enzymes included
enhancing the nutritional value of livestock
feeds and the need for enzymes as alternatives
to caustic chemicals in the paper and pulping
industry.

The remaining 30% of patents do not use
molecular methodologies and are concerned
with water cleanup or supplements and addi-
tives to enhance anaerobic fungal activity in the
rumen or improve the nutritional value of live-
stock feeds. Six of the more recent patents from
China describe the use of anaerobic fungal cul-
tures with or without co-cultured methanogens
in green chemistry applications for sustainable
chemical production, the production of acetic
acid, formic acid, methane, ethanol, and
enzymes. The two bioaugmentation patents
from Turkey are concerned with the addition
of anaerobic fungi for enhanced methane pro-
duction in laboratory-scale bioreactors.

It is not possible to judge the extent of
exploitation of anaerobic fungi in industrial
processes from a listing of their published
patents. However, for the 30% of patents
concerned with non-molecular inventions, due
to limitations in large-scale anaerobic fungal
culture technology, exploitation of these inven-
tions appears remote at the present time. For
the 70% majority of inventions, those
concerned with gene characterization and the
transformation and activity of novel processes
in heterologous hosts, some exploitation is
already apparent, and progress will be depen-
dent upon improvements over what is achiev-
able in conventional systems.

V. Conclusions

During the last 50 years, substantial progress in
anaerobic gut fungal research has been
achieved. This work has improved our under-
standing of their life cycle, evolutionary history,
and ecological roles. Anaerobic gut fungi pos-
sess multiple unique properties that render

them exceptional for biotechnological applica-
tions involving plant biomass deconstruction,
which also bridge to direct applications in agri-
culture, biofuel, and bio-based chemical pro-
duction. Insights into high-resolution
genomes of anaerobic fungi provided by the
recent application of “omics” techniques offer
new opportunities to identify biomass-
degrading enzymes, metabolic pathways, and
other biotech-relevant proteins and small mole-
cules sourced from the Neocallimastigomycota.
Nevertheless, anaerobic fungi have not yet been
widely employed in large-scale industrial pro-
cesses owing to their relatively slow and strict
growth requirements, along with difficulties in
their genomic manipulation. Future adoption
of anaerobic fungi (and their proteins and path-
ways) in biotechnology relies on continued
investment in their understanding at all
levels—from the need to isolate and character-
ize additional strains, to the development of
universal genomic editing strategies for strain
engineering. Closing the existing gaps of
knowledge on anaerobic gut fungal ecology,
physiology, and genomics will remove current
obstacles hampering their utilization and allow
their biotechnological application in the future.
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