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Abstract

Non-vertical genomic events, which include horizontal gene transfer (HGT) and hybridization,
are widely studied evolutionary processes in certain groups. HGT is particularly well known for
prokaryotic organisms, while studies on hybridization started centuries ago for plants and animals.
However, these phenomena are often overlooked when studying the evolution of other eukaryotic
groups. Fungi, in particular, offer a privileged framework to study these kind of events, since the
tractability of their genomes have made them target of hundreds of sequencing projects. This
thesis reviews current knowledge on fungal diversity and evolutionary processes, with emphasis
on the role of HGT and hybridization. We present an study on HGT of D-amino acid metabolic
enzymes across eukaryotes, a novel computational framework for the study of hybrid genomes and
other genomic anomalies, and a series of phylogenomic studies aimed to pinpoint possible ancient
polyploidy events in fungi. Our findings expand current knowledge on non-vertical fungal evolution
at different evolutionary and genomic scales, providing a multi-disciplinary perspective.






Resumen

Los eventos genémicos no verticales, que incluyen transferencia horizontal de genes (THG) e hib-
ridacién, han sido estudiados ampliamente en determinados grupos. THG es particularmente bien
conocida para organismos prokariotas, mientras que los estudios sobre hibridacién comenzaron en
plantas y animales hace ya siglos. Sin embargo, estos fenémenos han sido a menudo ignorados a
la hora de estudiar la evolucién de otros grupos de eukariotas. Los hongos, en particular, ofrecen
un sistema privilegiado en el que estudiar este tipo de eventos, puesto que la tractabilidad de sus
genomas les ha llevado a ser objeto de cientos de proyectos de secuenciacién. La presente tesis
incluye una revisiéon del conocimiento actual acerca de la diversidad y procesos evolutivos, con
énfasis en el papel de la THG y la hibridacién. Presentamos un estudio acerca de THG de enzimas
del metabolismo de D-amino acidos en eukariotas, una nueva herramienta computacional para el
estudio de genomas hibridos y otras anomalias gendmicas, y una serie de estudios filogenémicos con
la intencion de identificar posibles eventos de paleopoliploidizaciéon en hongos. Nuestros resultados
exapanden el conocimiento actual acerca de la evolucién no vertical en hongos a diferentes escalas
evolutivas y gendémicas, proporcionando una perspectiva mulidisciplinar.
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Preface

Miguel Angel Naranjo-Ortiz, Toni Gabaldén

The present thesis deals with processes of non-vertical evolution in fungi, and how we can use
genomic and phylogenomic methodologies to study them. While the number of examples of all of
these phenomena keep stacking, current views state that these are collections of anecdotes, rather
than proofs of widespread trends. Only a handful of studies have tried to infer global trends
across fungi regarding their patterns of horizontal gene transfer (HGT), while none so far has
tried to do the same for fungal hybrids and polyploidy. Because of this, my work has not been
restricted to a specific fungal species, metabolic pathway, or specific biological process, but rather
I have explored the growing diversity of fungal genomic sequences to identify particular cases that
showcase the relevance of non-vertical evolution processes, hint at global evolutionary trends in the
group, and showcase the applicability of the proposed methodologies. The evolutionary processes
that T have focused on include horizontal gene transfer (HGT), hybridization, and polyploidization.
All these processes have in common the breakage of traditional vertical inheritance rules, and
thus can be detected based on the disruption they cause on gene phylogenies compared with
the evolutionary history of the organism as a whole. HGT is the acquisition of genetic material
from extraneous sources, a phenomenon that is accepted as ubiquitous in prokaryotes, but whose
relevance in eukaryotic organisms is still under debate. Hybridization is the combination of two
distant lineages by sexual or sexual-like means, producing a new lineage that presents mixed
ancestry. Polyploidization is the presence of an abnormally high number of chromosomes in a
given nucleus. Polyploidization is tightly linked to hybridization, as the later is one of the main
causes of the former. Both hybridization and polyploidization have been thoroughly studied in
plants and metazoans, but genetic peculiarities, technical limitations and historical disinterest
have left the field severely lagging behind regarding the Fungi. For the detection and analysis
of these evolutionary processes I have developed and used computational pipelines that comprise
assembly and analysis of genomes and raw sequencing data, as well as large-scale phylogenetic
analyses. Throughout my work I have extensively reviewed the literature of the field of fungal
biology. This thesis includes a synthesis of the state of the art in the field, which focuses on the
many impacts of comparative genomics and phylogenomics, together with some original theoretical
ideas that we have developed in the process. Below I present a brief outline of the different chapters
included in the thesis.

The Fungal kingdom is a highly diverse eukaryotic clade that includes mushrooms, toadstools,
moulds, yeasts, lichens, rusts. smuts, and many other organisms that are less known by the general
public (Richards et all , 2017). Most fungi live as filamentous microbes, encased in a chitinous
cell wall and feeding by absorbing the resulting metabolites (osmotrophy). Most fungi have lost
their ancestral opisthokont flagellum, and virtually all of them are unable to perform phagocytosis.
Yeasts are unicellular forms derived from filamentous growth and lichens form associations with
photosynthetic Chlorophyta and Cyanobacteria. Farly diverging Fungi are zoosporic and many
live as parasites and parasitoids of planktonic algae. The kingdom is phylogenetically related to a
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group of amoeboid protists (Nucleariida and Fonticulida), forming one of the two main branches
within the Opisthokonta. The phylogeny and, consequentially, taxonomy of the clade has suffered
radical changes that started with the first available gene sequences in the early 90s (Bowman et al.
, 1992; Bruns et al{ , 1992). Almost three decades later, the field has very efficiently exploited
genomic technologies. Yet, numerous questions remain open, and the phylogenetic backbone of
fungi is still not fixed. A robust phylogeny is essential for the analyses of HGT and comparative
genomics Chapter 1 of this thesis provides an up to date revision of the phylogeny and taxonomy
of the kingdom Fungi.

The evolution of Fungi as a group is a greatly controversial topic, mostly due to the absence
of a reliable fossil record. The oldest fungal fossils are approximately 400Mya, and represent
either contemporary lineages or taxa whose affiliation cannot be easily assigned to any known
clade (Berbee et al| , 2017). Compared with plants and animals, Fungi present several inherent
cytological, genetic and evolutionary peculiarities that deserve their own dissertation. While fungal
biology is an obscure subject for the general public, fungi are key components of virtually all
ecosystems of our planet. Specially on land, Fungi act as decomposers, parasites, predators,
symbiotic partners, and even primary producers, shaping ecosystems as we know them. As parasites
of animals, Fungi are responsible of tremendous health burden in humans and cattle (Brown et al.
, 2012). Disease causing fungi, in both plants and animals, have caused epidemic episodes that
have inflicted severe losses to biodiversity (Fisher et all , 2016). The role of Fungi in aquatic
environments is less clear, although growing evidence suggests that fungi are much more diverse
and play much more important roles in this ecosystem than previously thought (Richards et all |
2012). Chapter 2 of this thesis will review the main cytological and ecological transitions within
fungi, with special emphasis on comparative genomics.

Fungi are an attractive clade for genomic studies in an era in which sequencing projects are afford-
able for even relatively small laboratories. As a consequence, the field of mycology has bloomed in
the last three decades. However, these organisms have been shown to present a considerable ge-
nomic plasticity, including polyploidies, aneuploidies, chromosomal rearrangements, heterokaryosis
and hybridization. The study of these processes is of great interest to understand the evolutionary
mechanisms of the Fungi, but unfortunately add new layers of genomic complexity that are diffi-
cult to handle by non-specialized common computational approaches. The biochemical diversity
of fungi is second only to that in bacteria, being able to exploit a wide array of substrates and
produce a myriad of secondary metabolites. A good portion of this diversity owes to the acquisi-
tion of genes from other organisms via HGT (Marcet-Houben & Gabaldén, 2010; Richards et al.
, 2011a; Wisecaver & Rokas, 2015). The mechanisms behind HGT are not fully understood and
the relevance to the evolution of the group is still highly debated. In this regard, the very first
limitation is the detection of the events. Phylogenetic approaches can be plagued by tree recon-
struction artifacts, incomplete lineage sorting, gene gain and loses, defective gene annotation and
architectural changes (Dupont & Cox, 2017, Wisecaver & Hackett, 2014). Even more, putative
events must prove they are genes contained within the real genome of the organism, rather than
contaminating sequences. Chapter 3 of this thesis reviews the evolutionary and methodological
implications of these phenomena in Fungi. Chapter 4 will present a phylogenetic study on HGT
of enzymes related to D-amino acid metabolism across all eukaryotes.

Chapter 5 presents Karyon, a novel computational tool developed to diagnose problematic de
novo assemblies, an approach we believe will be useful for many genomic studies in microbial
eukaryotes. Chapter 6 will present the results of our phylogenomic analyses within the context
of 1000 Fungal Genomes Project, in which we have used phylogenomic approaches to solve the
phylogenetic relationship among groups within Taphrinomycotina and the phylogenetic placement
of Wallemiomycetes within Basidiomycota. We have also analyzed patterns of gene duplication
across the fungal tree of life in order to pinpoint putative recent and ancestral polyploidization
events. Finally, Chapter 7 presents the genome sequence and analyses of Monilinia laxa, a fungal
pathogen of diverse species of orchard trees in the Rosaceae.
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Chapter 1

Diversity, taxonomy and
phylogeny of the Fungi

Miguel Angel Naranjo-Ortiz, Toni Gabaldén

Abstract

The fungal kingdom comprises a hyperdiverse clade of heterotrophic eukaryotes characterized by
the presence of a chitinous cell wall, the loss of phagotrophic capabilities and cell organizations
that range from completely unicellular monopolar organisms to highly complex syncitial filaments
that may form macroscopic structures. Fungi emerged as a "Third Kingdom”, embracing organ-
isms that were outside the classical dichotomy of animals versus vegetals. The taxonomy of this
group has a turbulent history that is only now starting to be settled with the advent of genomics
and phylogenomics. We here review the current status of the phylogeny and taxonomy of fungi,
providing an overview of the main defined groups. Based on current knowledge, nine phylum-level
clades can be defined : Opisthosporidia, Chytridiomycota, Neocallimastigomycota, Blastocladiomy-
cota, Zoopagomycota, Mucoromycota, Glomeromycota, Basidiomycota and Ascomycota. For each
group, we discuss their main traits and their diversity, focusing on the evolutionary relationships
among the main fungal clades. We also explore the diversity and phylogeny of several groups of
uncertain affinities and the main phylogenetic and taxonomical controversies and hypotheses in
the field.

Naranjo-Ortiz MA, Gabaldon T. Fungal evolution: diversity, taxonomy and
phylogeny of the Fungi. Biol Rev. 2019 Dec 29;94(6):2101-37. DOIL:
10.1111/brv.12550
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Chapter 2

Ecology and evolution of Fungi

Miguel A. Naranjo-Ortiz, Toni Gabaldén

Abstract

Fungi are a highly diverse group of heterotrophic eukaryotes characterized by the absence of
phagotrophy and presence of chitinous cell wall. While unicelular fungi are far from rare, part
of the evolutionary success of the group resides in their ability to grow indefinitely as a cylindrical
multinucleated cell (hypha). Armed with these morphological traits and with a extremely high
metabolical diversity, fungi have conquered numerous ecological niches and have shaped a whole
world of interactions with other living beings. In this review we will survey the main evolutionary
and ecological processes that have guided fungal diversity. In this regard, we will first review the
ecology and evolution of the zoosporic lineages and the process of terrestrialization, as one of the
major evolutionary transitions in this kingdom. Several plausible scenarios have been proposed for
fungal terrestralization and we here propose a new one, which considers icy environments as a tran-
sitory niche between water and emerged lands. We will then focus on exploring the main ecological
relationships of Fungi with other organisms (Other fungi, protozoans, animals and plants), as well
as the origin of adaptations to certain specialized ecological niches within the group (lichens, black
fungi and yeasts). Throughout the review we will use an evolutionary and comparative genomics
perspective to understand fungal ecological diversity.

Naranjo-Ortiz MA, Gabaldon T. Fungal evolution: major ecological
adaptations and evolutionary transitions. Biol Rev. 2019 Apr
25;94(4):brv.12510. DOI: 10.1111/brv.12510

51


https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12510

Chapter 3

Non vertical genomics in Fungi

Miguel A. Naranjo-Ortiz, Toni Gabaldén

Abstract

The present chapter will review the concepts of non-vertical genetics and how they affect fungi.
Non-vertical or reticulated evolution includes instances in which genetic material of a given lin-
eage merges with another lineage, and includes mainly the phenomena of horizontal gene transfer
(HGT) and hybridization. Additionally, in order to properly discuss these phenomena we must
discuss current knowledge on genome architecture evolution in fungi, which includes chromosomal
rearrangements and heterokaryosis.

Horizontal gene transfer (HGT) is a common phenomenon in fungi, related to many evolutionary
transitions. The exact scope of this form of gene flow is poorly explored, though. Most studies
focus on HGT across large evolutionary distances, which provide the most spectacular examples.
However, transference of genes among closely related strains must be highly common. Detection
of such events is plagued by methodological limitations, ranging from the lack of phylogenetic
signal, genome assembly artifacts of transposon-rich regions that tend to contain these genes and
limitations in genome annotation algorithms. This implies that fungi must be understood under
a pangenome-based approach that has been so prevalent for prokaryotes in the last decades. The
study of fungal pangenomes is in its earliest infancy, but the topic is experimenting a meteoric
rise. Here we review the current state of horizontal gene transfer in Fungi as well as the recent
bibliography regarding fungal pangenomes

Compared to other eukaryotes, the Fungi present a very compact and plastic genomic organization
that grants them a huge adaptability. In this section we review how fungi use drastic chromo-
somic rearrangements, mainly aneuploidies and polyploidies, to accelerate the adaptation to novel
environmental conditions and the evolutionary trade-offs they must face when doing so. Like in
plants, one important source of genome instability in fungi is the emergence of hybrid lineages.
However, our knowledge in the subject lags one century behind of plants, having only been able to
start study it with the advent of sequencing technologies. We discuss known examples of fungal
hybrids, the peculiarities of hybridization in this group and the methodological approaches to the
study of fungal hybridization. Finally, many fungi live as syncytial entities. The existence of
multiple non-identical nuclei within a single cytoplasm adds another layer of genome plasticity and
opens up the possibility of intra-cytoplasmic ecological interactions. Intra-cytoplasmic ecology is a
classic problem in biology that we consider was forgotten by the community before the emergence
of the tools to properly study it. Thus, we will try to contextualize heterokaryotic conflict under
the light of the genomic era.

103



104 CHAPTER 3. NON VERTICAL GENOMICS IN FUNGI

3.1 New tricks for old dogs: Horizontal gene transfer in
Fungi

After the publication of the first human genome drafts, the field of horizontal gene transfer (HGT)
in eukaryotes entered its “Dark Age”. The human genome paper included the claim of more than
two hundred genes putatively acquired from bacteria via HGT (ILander et all , 001). This find-
ing was later discarded as being an artifact resulting from insufficient sampling (Ealzberé, ;
Btanhope et al] , l200]]). This led to a decade in which HGT detection in eukaryotic genomes was
faced with severe skepticism, with most genome studies not even exploring that possibility. Yet,
evidence started to accumulate that HGT was not an uncommon event in some eukaryotic lineages,
including fungi. The detection of HGT events usually requires finding incongruences between a

ene phylogeny and the known species tree (Galtier & Daubid, 008; k}rant & Katz], &f‘; Katz,

015; Leigh et all . 201]]; aranjo-Ortiz et all , 2016; Nguyen et al| , 2015b; Soucy et al. , R015;
16si et al. , 2015). This requirement has been traditionally difficult to meet for most eukary-
otic lineages, since genomic studies have long been focused on just a few economically important
species, limiting the taxonomic coverage. However, fungi were an early exception to this. With
a taxonomically robust backbone of sequenced genomes and DNA coming from axenic cultures,
HGT claims in Fungi are usually quite robust. Once it was possible to search for HGT in a wide
taxonomical range of Fungi. it was revealed that this evolutionary phenomena affects Pezizomy-
cotina preferentially (bluck—Thaler et all | h015; |Marcet—Houben & Gabaldéﬂ, l201 ; |Wisecaveli
,), at least when compared with Saccharomycotina and Basidiomycota. Furthermore,
in some cases HGT have been shown to have been key in the acquisitions of important adaptations,
as shown in Neocallimastigomycotina and its outstanding carbohydrate degrading enzimatic pool
(barcia—\/allvé et al) , %ﬁ; Rosewich & Kistleli, ZOOd).

Despite the increasing anecdotal evidence for HGT in Fungi, a capital question remains unsolved.
The exact mechanism that allows transference of genetic material into the genome of a fungus
is not understood (|Andersso , l2005,ﬂ; ichards et a,lj , bOOd,EI; Soanes & Richardsl, l2014|). Since
fungal cells are surrounded by a thick cell wall and do not have phagotrophic capabilities, ingested
microbes cannot be a source of HGT, as posited by the “you are what you eat” hypothesis(?).
Reports of in vitro recombination between bacteria and yeasts have been published (Heinemann
& Sprague |1989LH; Inomata et all , h994|; |Moriguchi et al] , l2013|; ISawasaki et all , 1996; Euzukl
et all , ) On the other hand, Agrobacterium-like bacteria can be used to transform filamentous
fungi in laboratory, suggesting these soil microbes might be to blame (biang et al] , bOli{; Lacroixl
|& Citovskyl, bOld; lLacroix et alf | lZOOd). While the mechanisms are not fully understood, the
content of HGT events is better known. Horizontally transmitted genes obey the “complexity
hypothesis” (|Jain et al) , 99&1)7 that describes the gene content of an organism in terms of network
connectivity. A new element added to such network must be able to function in a relatively
isolated way. In practice, this implies that simple transporters, simple enzymatic pathways or
genes in the secondary metabolism are more likely to be transferred. Some types of enzymes, such
as amino acid racemases seem particularly prone to HGT in fungi and other microbial eukaryotes
although their physiological role in the receiving organisms remains to be clarified Marcet—Houbeg
L& Gabaldéd ( 201d); |Naranjo—OrtiZ et al (l2016). At the other extreme, genes related to information
processing, such as translation or transcription, are among the most recalcitrant genes for HGT.

Comparative genomic studies support the paradigm of complexity hypothesis Marcet-Houben &J
Eabaldén (IZ_OE), |Wisecaver & Rokasi (m)), Wisecaver et al (R014).

There are good arguments suggesting that a fair portion of the HGT events are simply not detected.
In general, it is far easier to detect an event if the resulting phylogenetic incongruity is large, such
as that caused by inter-domain transfers Galtier & Daubi eman et all (2014); i:eiga
et al (M), |Marcet—Houben & Gabaldén (2010); Naranjo-Ortiz et all (2016). However, HGT
among fungi has been proved. In the hypothetical scenario of HGT between relatively close species
(for instance, members of the same family), alternative hypotheses of differential gene loses or
incomplete lineage sorting cannot be ruled out. Ancient HGT events might have an untraceable

phylogenetic signal, something to be expected considering these genes must necessarily be under
natural selection or that databases might lack adequate representation of the donor group. HGT
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might occur several times independently for the same gene, either through sequential transfers or by
independent transfers from a phylogenetically close donor. This, in turn, would produce complex
phylogenetic patterns that can prove difficult to interpret. On top of that, certain protein families
evolve in ways that make molecular phylogenies intricate and difficult to resolve. For instance, non-
ribosomal peptide synthases (NRPS) are modular multidomain enzymes that can evolve by losing,
duplicating or shuffling functional domains, rather than by point mutations (Hur et all , IZOIQI;
Qiarahiei, 009; Weber & Marahiel, 2001). Many protein families display extremely low sequence
conservation, which difficult the reconstruction of accurate molecular phylogenies, even for small
evolutionary distances ( Ponting. 2017). This is true, for instance, for secreted peptidases in Fungi
(IKrishnan et all, l2018|; Poppe et all , 015|). Both NRPS and peptidases are well known virulence
factors in many fungi or have relevant roles for certain niches, are compatible with the complexity

hypothesis, and have a huge diversity in filamentous fungi, making them prime candidates for HGT
events.

HGT can play an important role in adaptation of species to novel niches or lifestyles, and has been
proven to be involved in short term evolutionary transitions. For instance, the acquisition of a
toxin-encoding gene by Pyrenophora tritici-repentis from Stagonospora nodorum turned a fungus
causing occasional spots in wheat leaves into a devastating pest in a matter of decades (Eriesen et al)
, OOd; liver & Solomor, 0054). HGT between plant pathogens seems to be fairly widespread and
in certain cases, patterns of repeated HGT between the same groups have been reported ( érmiéos—
Jaramillo et l] . ' Bettini et al] , m; bluck—Thaler et alJ , l2015|; IKhaldi et alJ , 2008; Qiu
et al] , 2016; [Yin et al) , 2016). This mounting evidence suggests that HGT is an important factor
promoting the rise of novel plant pathogens. Another example of recent acquisition of novel genes
with functional implications implies fungi involved in beverage and food production environments.
Wine strains of Saccharomyces cerevisiae contain genes that are not present in beer strains and
are probably related to adaptation to their particular industrial environment (Borneman et al| ,
}20_1]T; |Galeote et all , }2010; Novo et alJ , 2009). Analogously, several Penicillium species growing
on cheese have been shown to contain recently acquired genes that are adaptive to such particular
environment (IRopars & Corradﬂ, t2015|). These examples highlight the power of HGT in enabling
microbial adaptation to novel niches, including those involved in domestication.

While ancient events are difficult to detect, there is clear evidence that some fungal groups have
been affected by HGT over long evolutionary scales. Many yeasts in the Saccharomycotina present
an horizontally transferred cytoplasmic dihydroorotate dehydrogenase that allows for the biosyn-
thesis of pyrimidines in anoxic conditions (Gojkovic et al| , 2004). HGT of high affinity nitrate
transporters from Qomycota has been proposed to be an important feature for the land hege-
mony of Dikarya (Elot & Hibbeta7 }20_0% A large fraction of the polyketide synthase genes in
Lecanoromycetes seem to arise from Actinobacteria, followed by gene expansions (ISchmitt & Lumb4
, 2009). Some of these genes are involved in the synthesis of ecologically relevant secondary
metabolites such as mycotoxins or antibiotics. However, some studies suggest that these are e—

tional findings, and that, overall, HGT events in eukaryotes are evolutionarily short-lived (‘7

3.2 Fungal pangenomes

The concept of pangenome emerges from the realization that the gene content differs among strains
or isolates within a defined taxonomic unit, usually a species (, ) Similar to HGT, the
concept has been widely studied in Bacteria. The pangenome refers to the complete gene pool of
a single species, including copy number variations, horizontally acquired genes and mobile genetic
elements, such as plasmids. For instance the different strains of Escherichia coli have genomes
typically containing 3500-4000 protein coding genes, but with more than 2000 sequenced strains,
the known pangenome of the species contains over 18000 genes (Jang et all , 2017). The concept
can be applied to eukaryotes as well, including plants (|G01icz et all , t2016a|,|1|; Springer et all |
) and fungi. The pangenome can be divided into two distinct subsets. The core genome refers
to the set of genes that are universally present in all analyzed genomes of a given species, while
the variable (also known as accessory or flexible) genome comprises the rest of genes which can be




106 CHAPTER 3. NON VERTICAL GENOMICS IN FUNGI

absent or present, depending on the analyzed strain. Obviously, the composition of the pangenome
and the core and accessory subsets depend on the number of analyzed strains

Pangenome studies require the sequence and comparison of multiple strains of the same species,
and no other fungus has been studied in more detail than Saccharomyces cerevisiae (Engel &
Cherry}, 2013; Gallone et al) , 2016; Strope et al) , 20154). Compared with other Fungi, specially
with moulds, the secretome and secondary metabolism of yeast is very limited. Even then, a
significant number of genes are not fixed in the global yeast population. Comparative analyses
of 100 strains characterized the patterns of presence/absence variation of several genes associated
to highly variable phenotypic traits, such as resistance to copper, sulfite or cycloheximide (Strope
et all , 2015a). Some of these genes seem to have been acquired by introgression from other
Saccharomyces species, mainly S. paradozus; and quite often present copy number variation across
isolates. A recent study over more than 1000 S. cerevisiae strains coming from diverse environments
have provided a reliable pangenome estimation of almost 7800 genes; from which approximately
4940 are core and 2860 are accessory (Peter et all , 201§). Accessory genes tend to concentrate in
subtelomeric regions, and are enriched in cell-cell interactions, secondary metabolism and stress
responses. Also, these genes have a higher tendency to appear in copy number variation and
hemizygosity. Wine yeasts present high tendency to form hybrids, and some HGT associated to
adaptation to this niche have been described (Borneman et al) , 2011; Galeote et al| , 2010; Marsit
et all , 2015). The same can be said about the sake strain K7. This strain is highly similar to
the reference S288c except for the presence of certain subtelomeric regions that include up to 49
ORFs that are absent in the reference, as well as 49 genes that are absent in K7 (Akao et al] ,
2011)). On the other hand, sequencing of the laboratory strain CEN.PK113-7D revealed absence
of 83 genes that are present in the S288c, and a small number of genes that appeared only in
CEN.PK113-7D (Nijkamp et al} , 2012). Among these last batch there was the surprising finding
of a functional biotin biosynthetic pathway (Nijkamp et al| , 2012). All these studies showcase
that S. cerevisiae has a relatively small pangenome that, nonetheless, has a very profound effect in
shaping the phenotypic diversity of the species. It should be noted that most of these studies treat
yeast hybridization as an anomaly, when we should consider the scope of yeast hybrid diversity
as part of the total genetic pool of the species. S. cerevisiae has some peculiarities compared
to other yeast species, specially regarding the frequency of sexual mating (Dujon & Louid, 2017;
Hittingen, 2013; Ni et al) , 2011; Zeyl, 2009), which probably makes it a poor model for the whole
Saccharomycotina in regards of pangenome dynamics.

Pangenomes have been studied for a handful of filamentous Ascomycota. Beauveria bassiana is an
entomopathogenic member of the Hypocreales (Sordariomycetes) that presents a wide host range.
Valero-Jiménez et al, compared five isolates with varying virulence phenotypes against mosquitoes
(Valero-Jiménez et all , 2016). For B. bassiana, the core genome contained around 7300 genes,
while the pangenome size was estimated at around 13000 genes. In the case of the most virulent
strain, 163 genes were strain specific, mostly containing secondary metabolic clusters located near
telomeric regions. It is noteworthy that some of these strain exclusive genes have homology to
other entomopathogenic Hypocreales or bacteria, suggesting an origin by horizontal gene transfer.
Aspergillus and Penicillium are two widely studied genera of Eurotiales (Eurotiomycetes). These
genera produce a great diversity of secondary metabolites, which can be traced to the wide range of
genome and proteome sizes across both genera (de Vries et all , 2017; Nielsen et al| , 2017). There
are already several comparative genomic studies that focus on strains with different biosynthetic
capabilities, although most of them use re-sequencing approaches that greatly limit the ability to
find strain-specific genes. The few that take specific methods to address this question show that
each strain carries a significant number of specific genes (Gilbert et all , 201§; Ropars et al ,
2015). Pangenomic studies are of great relevance to understand the emergence of virulent traits
in plant pathogens. In this regard, accessory chromosomes in Fusarium spp. and Zymoseptoria
tritici, are a well known form of pangenome. Fusarium in particular has been shown to present a
mitochondrial pangenome (Brankovics et al] , 201§), with evidence of mitochondrial recombination
between strains. Comparison of subtelomeric regions among 6 strains of Fusarium fujikuroi reveal
the presence of lineage-specific secondary metabolic pathways, some of which have emerged from
HGT events (Chiara et all , 2015). Analysis of 60 F. graminearum isolates form North America
identified a pangenome close to 1700 genes that seem to concentrate in AT-rich regions, probably
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centromeres or telomeres (Kelly & Ward, 2018). Similar results have been obtained for F. fujikuroi
(Chiara et al) , 2015; Niehaus et alf , 2017), and F. oxysporum (Armitage et al) , 2017a). All in all,
these studies have focused either on geographically delimited isolates or in comparison of a handful
of isolates. The pangenome of the wheat pathogen Z. tritici has recently been extensively studied
(Plissonneau et al) , 2016,1) and it is probably the only filamentous fungus species for which
a reasonably complete pangenome has been described so far. Z. tritici contains a pangenome
comprising more than 17,400 protein coding genes. All analyzed isolates possessed around 12,000
genes, while the core genome for all analyzed strains lies around 9,100 genes. This fungus presents
large effective population sizes and frequent genetic exchange between populations (Zhan et al,
, 2003). As mentioned in the case of Aspergillus and Penicillium, the development of a proper
pangenomic paradigm on fungal genomics have been severely limited by the use of re sequencing
technologies in eukaryotes, where a single reference genome is used to map sequencing libraries
coming from the rest. Applying de novo sequencing techniques to all strains in a given study is
much more expensive, but should still be realistic for many laboratories. However, this approach
can be very limited by the fact that accessory genes tend to concentrate in AT-rich regions such as
telomeres, centromeres, genomic islands and transposable element rich regions, which in turn tend
to be very difficult to assemble. As an alternative, RNAseq might be used to identify low coverage
genes that are probably absent in the strain, as well as novel transcript without homology in the
reference. These genes tend to evolve at a faster rate than the rest of the genome (Dong et all |
2015), which of course further limits homology based annotation approaches. In any case, as more
fungal genomes accumulate, the concept of pangenome is starting to become more widely adopted,
and the field is going to experiment a substantial growth in the following years. The exposed
examples show that pangenomes greatly vary in size and functional relevance across different
fungal lineages. The existence of an extensive pangenome requires efficient mechanisms for genetic
exchange, which may or may not be of sexual nature. Our current knowledge in this area is severely
lacking. Sex is only indirectly inferred from genomic data for many groups and mechanisms of HGT
in Fungi are still unknown. Regarding the later, pangenomes forces to reevaluate the hypothesis
that HGT drives gene clustering in Fungi, as HGT among closely related Fungi might be much more
prevalent than previously thought. In this regard, it is important to point the possible relation
between mesosynteny and pangenomes (Hane et all , 2011). Mesosynteny seems to be particularly
prominent among Dothideomycetes (Hane et alf , 2011), the group to which Z. tritici belongs.

The pan-genome of the model arbuscular mycorrhizic fungi Rhizophagus irreqularis has been stud-
ied only recently, but the results of these works are revolutionary (Mathieu et all , 2018). After
comparing just six laboratory strains, the results are that only 50% of the genes are shared among
all of them, and the remaining, accessory fraction contains over 150,000 genes (Chen et al|, 2018a).
It remains to be seen how these results can be interpreted in the context of the heterokaryotic
nature of these fungi. First of all, the existence of such huge pan-genome can only be explained
in the light of rampant gene flow, either by sexual or sexual-like interchange among strains or,
alternatively, by large ratios of HGT. Second, if these fungi are heterozygous, what are the impli-
cations for their intracytoplasmic pangenomes? How are these accessory genes distributed across
the nuclear population within a certain mycelium? If distinct nuclei present accessory genes that
are not present in all the cytoplasmic population, this would greatly affect genome assembly and
annotation, as the sequencing depth would be highly variable in these regions and reads spanning
these regions would be incongruent. The size of this pan-genome might as well be in the root of the
fact that arbuscular mycorrhizic fungi present an species diversity and endemicity that is orders of
magnitude lower than that of land plants, their obligate hosts. R. irregularis is basically the only
member of Glomeromycota that can be cultured in laboratory. Assuming that the findings in this
species can be extrapolated to the rest of the phylum, the genetic pool accessible to these fungi
may be truly enormous (Mathieu et al) , R018).

3.3 Chromosome poker: Aneuploidy and polyploidy in Fungi

Plants and animal require to finely tune their gene dosage and the relative expression level of the
different components of their signaling pathways (Oromendia et al] , 2012; Otto, 2007; Schoenfelder



|108 CHAPTER 3. NON VERTICAL GENOMICS IN F UNGj

I& Foxl, l2015|; Boltis et al] , bOld). Deviations from the optimal ploidy conditions are commonly
associated with grave inborn defects. Plants and some animals seem to, at least tolerate polyploidy,
since it keeps the stoichiometry of the gene products; although it might still cause reproductive
defects. However, many exceptions exist to this rule when looking at particular cell types, such as
Drosophila salivary glands, human hepatocytes or extraembryonary tissues in plants; all of which
resent aneuploidies or polyploidies under physiological conditions (Otta, 2007; Schoenfelder &]

l2015| h“orres et al] lZOOd Tumoral cells, which are undoubtedly “fitter” than their healthy
counterparts, tend to present numerous chromosome aberrations. Thus, the grave phenotypical
defects caused by chromosomal aberrations seems not to be such for cells themselves, and the
paradigm should rather be interpreted in the context of organogenesis. Freed from this preconceived
ideas, we must face the next obvious question. What is the case in organisms that, just like fungi,
live without organs?

Aneuploidy is the presence of different ploidy levels within the same genome, usually affecting entire
chromosomes or large chromosomic regions. Aneuploidies emerge spontaneously within populations
(rforres et alJ , IZOOS) and tend to have drastic effects on the fitness due to imbalance in gene dosage
and formation of multipolar meiotic and mitotic divisions (Bonney et al| , 2015; tDodgson et alI ,
hOld; lKumaran et alj , fZOl ; bromendia et alj , hOlﬂ; orres et al) , 2008). However, under certain
conditions aneuploidies might provide selective advantages (Bennett et al) , 2014; Berman, 2016;

erstein et all , 2015; Kravets et al] , l2014|; h‘odd et al) , lZOl?I). For instance, if a fungus is trying
to grow in a medium containing a toxic compound or a rare nutrient source, aneuploid cells that
increase gene dosage for genes related to detoxification of such toxin or exploitation of such nutrient
would probably tolerate higher concentrations and would be fitter than their euploid counterparts.
This dynamic is observed in fungal pathogens acquiring resistance to antifungal drugs ( Andersoa
m . 2017; [F‘ar er et alj , 201&; Harrison et all , Eq(ﬂ; |Morrow & Fraser, lZOl blOHOV et al] l201d
Sun et alf , l2014). While the same phenotypic effect would be possible by tandem duplications of
the genes, the frequency of these mutations is much lower. Aneuploidies can easily revert to an
euploid state if the stressful condition is transitory. If no reversion occurs, additional mutations
that reduce the negative effects of the altered ploidy state while keeping the selected phenotype
will be selected. Thus, aneuploidies serve as transitory intermediate states during the process of
adaptation to novel conditions (Anderson et al m Berma lZOld tBerman et all lZOld lFarrerl
et al 013| IHarrlson et al 014; Morrow & Fraser, 2013). Finally, aneuploidies themselves
mlght serve as compensatory mutatlons for polyploidies. In this regard. the best studied example
is the parasexual cycle of Candida albicans (Saccharomycotina) (Brown et all tZ014l lForcheJ Olﬂ;
Eorche et al] 008; IHickman et all 015| |Whelan et all |1985| This process is a bit different
to the mating in filamentous fungi that lead to the formation of a heterokaryon, also known as
parasexual cycle (Daskalov et al l2017| lPontecorVd |195d) In C. albicans fusion of two diploid
cells by non meiotic mating results in an effective tetraploid state. The tetraploid is genomically
unstable, and suffers concerted chromosome loss that recovers stability. Thus, parasexual cycle
promotes aneuploidies and helps this_pathogenic yeast to adapt to the host immune system, as
well as pharmacological treatments (lBennett et all , 014]; berstein & Bermar|, 2015; ﬁarrison
et al) , 2014). Parasexual cycle in C. albicans has apparently evolved through loss of part of the
meiotic recombinatory machinery, but aneuploidy might still be an important genome stabilizer
in instances in which meiotic recombination is impaired, such as hybridization events (see below).
Aneuploid populations are well known_also for other Saccharomycotina isolated from industrial
environments, such as Saccharomyces (Borneman et al, , ' :

016) or Brettanomyces (Avramova et al| , R018; Borneman et al
as well as the frog killing chytrid Batrachochytrium dendrobatidis (
, 2013d).

osenblu

Just like plants, fungi are able to undergo autopolyploidization, in which all the chromosomes have
the same genotype at the moment of the duphcatlon or allopolyploidization, in which the chromo-
somes are genetically distinct (|Albert1n & Marull lZOlQI Bl‘my 007; ITodd et alj , l2017|). At mid
evolutionary term, these events provide plenty opportumtles for innovation through extensive gene
duplication followed by subfunctionalization and neofunctionalization (Albertin & Marullo, IZOIQI;
bonant & Wolfel lZOOd Qiagadum et al] , M) However, autopolyploidization does not provide
genotypic innovation at the short term, a necessity for fixing this mutation within a population.
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Despite the lack of genotypic novelty, autopolyploidy might still provide some advantages. This
process usually reduces surface-volume ratio, producing larger cells (Ottd, 2007; bchoenfelder &
, ) This change has great implications for membrane transport, which in turn affects gen-
eral metabolism. An increased size might be selectively advantageous against certain pressures,
such as phagocytic predation. This seems to be the case for titan cells in Cryptococcus, which are
polyploid vegetative cells resistant to the attack of the immune system and from which infectious
diploid and aneuploid cells emerge (berstein et alJ , l2015; bkagaki & Nielsenl, l2012). Finally, a
putative tetraploid state has been described for a widespread strain of the microsporidian Nosema
ceranae (Pelin et all , l20151).
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Figure 1: Schematic representation of the different deviations from standard genome
structure in fungi.

A) Many fungi harbor symbiotic associations with bacteria or other eukaryotes whose DNA will be se-
quenced alongside the fungal DNA. B) Filamentous fungi might present populations of nuclei that present
sequence differences among them, a phenomenon known as heterokaryosis. C) Sequence differences be-
tween recombining chromosomes are possible, known as heterozygosis. D) Most eukaryotes present a
number of chromosome copies equal to either one (haploid) or two. Numbers above 2 are known as
polyploidies. E) Chromosome number might vary between chromosomes. These deviations are known as
aneuploidies. All these phenomena carry important biological consequences and might occur at the same
time, difficulting genome assembly and analyses.
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3.4 Hybridization in Fungi

Allopolyploidy emerges after two genetically separated lineages mate and form a hybrid that du-
plicates its genome. Hybrid genomes tend to be unstable, since the chromosomic structure of both
parentals might not be equivalent, preventing recombination ([Bennett et alJ , 0141; Kumaran et al]
m; ietall, l2012|; lPryszcz et all , bOld). By doubling the chromosomes, the genome becomes
stable again, since each chromosome will be able to recombine with its own copy. The hybrid
usually presents intermediate phenotypes compared to the parentals, although novel phenotypes
might arise, a phenomenon commonly known as “hybrid vigor” (Bennett et alJ , l2014|; m, %ﬁ;
Echoenfelder & Foﬂ7 015). Hybridization has been historically an important subject of interest
for botanist, since plants can be crossed easily and present plenty of visually recognizable traits.
If plants, limited as they are by their complex nature, are able to interbreed with such freedom,
it is reasonable to expect that fungi should potentially have fewer limits in their ability to form
hybrids. In practice though, the lack of distinctive morphological characteristics prevent mycolo-
gists to recognize hybrids by traditional means. Only recently, with the advent of genomics, the
widespread existence of fungal hybrids has started to be noted. It is important to note that hybrid
research has traditionally focused on diploid organisms, while many fungi are haploid. This does
not impede allopolyploidization. In fact, mating between two highly divergent genomes could pro-
duce a hybrid that would have problems to perform meiotic reduction. By skipping this process,
just like a regular allotetraploid, you would obtain an “allodiploid” that would have two complete
sets of sub-genomes that would not suffer recombination (bampbell et al] , fZOld). Additionally,
fungal hybrids very rarely keep a balanced genetic contribution form their parental strains, further
challenging detection of these phenomena. A mixture of selection and genomic instability tend to
make hybrid genomes a sort of a “collage” (éennett et al] , m; éorneman et al] , m; ;;iéller Q
Etukenbrocg,iﬁ; lPryszcz et alj , lZOl ). The overall hybrid genome tends to be very heterozygous
since includes homologous regions from two distant parentals. Some regions, commonly referred as
loss of heterozygosity, present very low polymorphism density and tend to present higher identity
with one of the parentals (lBermad, l2016|; IGa et alJ , l2013|; lPryszcz et all , 2015|). These regions
might affect just a few thousands of bases or comprise entire chromosomes. The first case is caused
by true meiotic recombination and is a powerful tool to identify positively selected genes that might
correlate with ecological adaptations. The second case is usually caused by aneuploidies and other
drastic rearrangements, for instance by loss of one of the parental chromosomes and subsequent
duplication of the remaining one, or vice versa.

The success of Saccharomyces cerevisiae as a research model in genetics and biochemistry led to the
identification of its sexual cycle and of metabolic traits that could be used as makers for different
lineages and their progeny. This allowed the discovery that several Saccharomyces strains, classified
as independent species, were in fact hybrids (h3orneman et alJ . bOl ; IDuionI lZOld; IH'tt'nger, l2013|;
lKumaran et alJ , }2013|; lLeducq et al) , l2016|; orales & Dujoﬂ, lZOl?I; |Walther et al 014). The
advent of genome sequencing was a revolution for yeast research, and showed that Saccharomyces
ability to hybridize was not exceptional within Saccharomycotina. Hybrid yeasts seem to be
common in industrial environments and some of them are particularly relevant as main fermenters
in food and beverage industry (Borneman et all , }2014]; lHellborg & PiskuIL bood; bames et al] ,
tZO()5|; |Morales & Dujon, 2012; Walther et all, 2014). Hybrid yeasts can also be found within clinical
isolates (Gabaldén et al|, 2016; Mixdo & Gabaldén, 2018). In this regard, the Candida parapsilosis
species complex is a particularly interesting example, with numerous described hybrid isolates that
apparently present higher pathogenic capabilities than their non hybrid relatives (
, 2016; Mixao & Gabaldén, 20_15, lPryszcz et al] , 2014],@). Also, the inability to find the parental
strains in some hybrids might be caused by the same hybrid overtaken the ecological niche of the
parental and causing its demise (IDepotter et all , IZOld; IPryszcz et all , l2015|). All these cases
suggest that hybridization is a powerful driver for adaptation to novel environments, including
new hosts. However, it is important to note that we still know very little about the physiology
of yeasts in natural environments, and while this hypothesis is indeed attractive, it is currently
very difficult to demonstrate. We also have evidence of an ancient polyploidization event that
occurred 100Mya in the Saccharomycetaceae (Saccharomycotina), affecting the common ancestor
of the genera Saccharomyces, Nakaseomyces, Kazachstania and Naumovozyma (, ;
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|Marcet—h0uben & Gabaldénl, bOld; |W01fe & Shieldsl, |1997|).

Hybridization outside Saccharomycotina has been described, although sampling in other groups is
certainly not as extensive. The Cryptococcus neoformans species complex contains several hybrids
between distantly related strains of (Bminnejad et al] , 2012; bogliati et all , IZOIQI; lLi et all , bOlj).
In the case of the so called AD serotypes, one of the parental species seems to be geographically
restricted to certain areas in Africa, the hybrid has spread all over the world, again suggestin
that hybridization might have provided the pathogen with some advantage (E iogliati et ali , }20_15
Li et al| , 2012). Mating between C. neoformans and C. gatti is possible in laboratory conditions
producing a viable offspring that nonetheless possesses a highly unstable genome (Eminnejad et al]
). The hybrid rapidly loses and rearranges chromosomes in a manner similar to the para-
sexual cycle of Candida albicans, suggesting that hybridization could provide rapid adaptation b
generating highly volatile genomic configurations (hminnejad et alJ , 2012; [Eorcha, 012; ;iorro;xy:l
& Frase;ﬁﬁ%). Population analysis in Coccidioides (Eurotiomycetes), another genus comprising
human pathogens, detected recent hybridization (Neafsey et all , }ZOld). Hybridization is common
in the grass endophyte Epichlie/ Neotyphodium (Sordariomycetes) (Hamilton et all IZOOQI; ISaari &J
lFaethl, 2012‘; bhoji et al] , 2015|), and it has been shown that certain events enhance the ability to
colonize the grass under stressful conditions. Numerous examples of hybridization events, both in
vitro and in natural populations have been described for plant pathogens in the Basidiomycota and
the Ascomycota (lPark & Wellings, bOlj; ISriswasdi et all , %?6; Etukenbrocg, m; tukenbroc
, ) In this regard, introduction of crops in new territories, global trade and movement
of people around the globe provide routes for the contact between otherwise geographically iso-
lated populations and may potentially produce novel hybrid strains that might turn into emergent
pathogens (Gonthier et al] , m; Stukenbrocﬁ, }Z()_MJ: btukenbrock et alr, l201]J). Beyond the
already mentioned whole genome duplication event in the Saccharomycetaceae, the order Muco-
rales (Mucoromycotina) seems to have experienced at least two well characterized events of this
kind: An ancient event affecting the ancestor of Mucor and Phycomyces (Corrochano et al, , lZOld),
and a more recent one within the genus Rhizopus (|Ma et all , 2009). The apparent scarcity of
ancient polyploidization in fungi, as compared to animals or plants, is at odds with their expected
higher plasticity and is likely the result of a higher difficulty of detecting them ( ,
). Finally, an additional whole genome duplication event has been described for the hyper-
halotolerant black yeast Hortaea werneckii (ILenassi et alJ , }2013; binha et all , l2017|). This event
has contributed to the expansion on cationic transporters in Hortaea, an important arsenal to sur-
vive high salinity. We are confident that many ancient whole genome duplication events are yet to
be identified and will be discovered once sufficient genome sampling is available for enough fungal
clades. Very likely, at least some of these events will correlate with the emergence of important
traits and ecological transitions within the group, just like it has been observed for plants and
metazoans.

Unlike plants, for which many ancient polyploidization events have been identified, very few have
been identified for fungi (Campbell et al) , 2016). Fungi possess much faster evolutionary rates,
higher chromosome plasticity and higher pressure for keeping a reduced genome while having
usually less freedom in this regard due to a higher genome compaction. Cytogenetic studies in
fungi are much less prevalent than in plants and animals, too, requiring more costly approaches
such as pulse-field electrophoresis. All this factors reduce the detectability of signals that have
been used in plants (barretero—Paulet et alJ , 2015; Del Pozo & Ramirez—ParraI : Jiao et al

011; Leitch & Leitch, 2012: Soltis et al 015) and animals (Dehal & Boore, 2005;
et al| , 2016; Li et al| , 2018b; Schwager et al| , R017; |Van de Peet, 2004; Van de Peer et al
2003) to identify ancient polyploidies, such as synteny, chromosome numbers or widespread and
phylogenetically restricted gene duplication. In short evolutionary terms, chromosome aberrations
present some other emergent ecological properties. Even in highly homogeneous environments,
such as liquid laboratory cultures, small microniches that impose differential selective pressures
might emerge ([barra et al) , IZOOQI; lRosenzweig et alj , |199 ; |W0rtel et all , IZOld). If that is
the case, two or more reversible chromosomic states might coexist within a population, each one
employing a different strategy. Polyploidies might produce meiotic and mitotic impairments, and
imply higher nitrogen and phosphorus costs per cell division, which in turn slows growth under
optimal conditions (Otto, EIE; ISchoenfelder & Fox, m; cott et all , IZO_17) It is important
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to note that such conditions are usually met almost exclusively in laboratory settings. It is then
reasonable to assume that putative polyploid or aneuploid that have been growth in axenic cultures
for long enough could streamline their genome towards an ideal simple haploid or diploid state
that maximizes potential growth rate. Non-canonical chromosomic conformations in environmental
fungi might even prevent growth under laboratory conditions, thus contributing to the great plate
count anomaly. Even more, this could explain why culture-based diagnostic methods of fungal
infections are so prone to negative results (Ostrosky-zeichner, 2012). Genome sequencing projects
tend to focus on reference strains or on strains that a particular laboratory uses as a model. In
both cases, it is very likely that these strains have been grown for years in non-limiting conditions.
Even in those cases in which an isolate with any of these chromosome aberrations is sequenced,
these same genomic circumstances require specialized experimental and computational approaches
that are far from standard, which require expertise and increased costs. Polyploid strains, specially
allopolyploids, produce highly fragmented assemblies that often present an inflated genome size,
due to their high heterozygosity (Huang et al} , 2017; Kajitani et al| , 2014; Pryszcz & Gabaldén,
2016; Safonova et all , 2015). The same can be said for supernumerary chromosomes, which might
pass unnoticed as a collection of highly fragmented scaffolds within an otherwise typical assembly.
Because of this, many hybrids, polyploids and aneuploids might have been already sequenced
but still not described. Direct measurements of genome size by flow cytometry are a poor man’s
substitution and genome size comparisons among related species or strains provide a good initial
approach to the problem. This strategy is not reliable enough to identify aneuploidies, but at least
has the advantage to distinguish between allopolyploids and heterokaryons.

3.5 Evolutionary implications of the heterokaryon

The thallus of most fungal species forms a syncytium, a cell with several nuclei that share a cyto-
plasm. The amount of nuclei in a particular fungal colony can easily be in the order of thousands
(Roper et al] , 2012 1) and thus the assumption that all nuclei are genotypically identical is an
oversimplification. The coexistence of two or more genetically distinct nuclear populations within
a syncytium is called heterokaryosis. If the phenotypical response of these different populations
of nuclei are different, variations in the proportions of each nuclear population can translate to
phenotypical variation in the whole colony. This was proposed and demonstrated by Jinks on the
base of experiments using wild heterokaryotic Penicillium (Jinks, 1952; Strom & Bushley, 2016).
In nature, fungi might cover great surfaces without breaking cytoplasm continuity, with astound-
ing examples such as the genus Armillaria (Sipos et al| , 2018). Heterokaryosis would then affect
local responses to stimuli within different areas of the same mycelium (Jany & Pawlowska, 2010;
Roper et al| , 2012).
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Figure 2: Life cycle of a generic Pezizomycotina.

In most cases, vegetative thallus is formed by a homokaryotic mycelium. Sexual cycle: Homokaryotic
mycelium might transform into ascoid mycelium, where nuclei undergo meiosis and form ascospores in asci.
This change might occur after fusion with another compatible mycelium, producing recombination between
two strains (heterothallism); or occur in the nuclear population within the mycelium, without genetic ex-
change (homothallism). Asexual cycle: Vegetative mycelium can form conidia that produce conidiospores
by simple mitosis. Parasexual cycle: Two compatible vegetative mycelia might fuse through anastomo-
sis, interchanging nuclei and forming an haploid heterokaryon. At some point, the different nuclei might
fuse, forming a diploid homokaryon that undergoes concerted chromosome loss to regain a haploid state
in the absence of meiosis. This process returns the mycelium to a haploid homokaryon state.

At least theoretically, heterokaryons are expected to be unstable (IHallatschek & Nelson|, IZOOQ;
[Roper et al] , }2012‘, ). If nuclear populations spread based on their relative fitness and simple dif-
fusion, one of the populations should be out-competed by the other or disappear due to stochastic
effects; not unlike alleles within any genetic population. Furthermore, “nuclear death” in filamen-
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tous fungi has been described, as nuclei from senescent mycelia can enter apoptosis and recycle
their nutrients (|Maheshwarii, 2005|). This implies that nuclei with low fitness will not just dilute
within the population if is is big enough, but they will be systematically eliminated. Indeed, phe-
notypic heterogeneity in nuclei sharing a cytoplasm can be better understood under the light of
population dynamics. For example under the right conditions, such as growth in supplemented
media, mutant nuclei can out-compete the wild phenotype ( Maheshwari, bOOd; [Ryan & Lederbergj,
). On the other hand, nuclei carrying different mutations can also complement each other,
as proved for the carotenoid biosynthetic pathway in Phycomyces (De la Guardia et alJ , 1971;
ISanz et alj , lZOOQI; IStrom & BushleyL lZOld). Based on this, mixed nuclear populations with dis-
tinct genetic backgrounds might, in theory, become stable under so called “Black Queen” scenarios
(, @) That is, in a simple community of two members (A and B), if A loses the ability
to perform certain task that can be fulfilled sufficiently by B, then B will be “trapped” and unable
to lose that function, as this would mean the collapse of the community. If the same situation
happens for another function, but this time B is the one losing its gene, A and B would be “re-
ciprocal parasites”, needing each other for survival. This situation was artificially generated in
a classic experiment with Neurospora (lBeadle & Coonradd, 944]; lStrom & Bushleyl, }201 ). The
population nature of the heterokaryon adds a new layer of phenotypical complexity without devel-
oping complex regulatory mechanisms ( Kndersoq et al] , E(I;ﬂ; IDundon et alJ , }ZOld; Maheshwarﬂ,
005; tRoper et all , bOlQMﬂ,m; IStrom & Bushleyj, POld) or increasing effective genome size, since
each nucleus contains roughly the same genetic information. Experimental evidence in Neurospora
tetrasperma suggests that, at least in this species, nuclear populations are kept at controlled pro-
portions that vary depending on the life stage of the fungus (Johannesson & Samild, 2014; {ogeﬂ
, ,EI,EI). Despite the astounding growth speed of this mould (Ryan et al) , 1943) and
its asynchronous nuclear division, the heterokaryon is stable over long periods of time. It is im-
portant to note that nuclear division in Neurospora is not restricted to hyphal tips, and active
cytoplasmic currents provide the growing tip with fresh nuclei generated throughout the whole
colony (|Maheshwari|, l2005|; Roper et al] , fZOlﬂ,EI). Cytoplasmic currents are responsible for pre-
venting stochastic extinction by actively mixing the cytoplasm of the whole colony (
|§ Samilg, }ZOT}I; Roper et all . 201 EI) In Eremothecium, however, nuclear migration is mediated
by the cytoskeleton (|Anderson et al] , lZOlﬂ; tDundon et all , Old; bibeaux et al] , IZO_NI; Eladfeltezl,
). The ability to export nuclei from far regions if the network would provide a steady supply
of nuclei and help keeping directed growth even if comparatively slower nuclei are present, as is
the case for those carrying chromosome aberrations that, as mentioned before, probably populate
in some degree any population (Anderson et al] , m; |Nobre et all , 2014). Tt is important to
mention here that nuclei seem to control cytoplasmic territories with considerable autonomy from
the rest, also known as “cells within cells” (|Anders0n et alj , l2013|; air et all , IZOld; oberts

bladfelte , l2015|; [Roper et alJ , bOlj,El). Old protoplasm fusion experiments force this autonomy to
‘ avanag

the point of achieving that nuclei from even different fungal phyla share a cytoplasm (
I& Whittakel{, |199d; lPeberdy, |1979LE; Strom & Bushley, l‘ZOld).

Filamentous fungi can fuse their hyphae during their normal sexual cycle, and formation of dikary-
otic hyphae is a defining trait of Dikarya. If the parentals are too divergent these mixtures might
become trapped, unable to undergo meiosis. Even then, inter-species heterokaryon might arise
and be stable in nature. Using sequencing data present similar challenges in these cases as with
hybrid genomes, and if such approach is exclusively taken it might be difficult to distinguish both
scenarios. The existence of short haploidized regions in an apparent diploid genome is suggestive
of the existence of two non-recombining sub-genomes and compatible with heterokaryosis. Also,
significant deviations in the expected even proportions on reference versus variation SNPs might
be used to identify heterokaryotic genomes in some cases. Successive formation of heterokaryons
might allow the fungus to “update” its genome on the fly, fusing its cytoplasm with new individuals
as conditions change (lBeadle & Coonradtl, 944; Etrom & Bushle;i, }2_(%) However this carries
the risk of being overtaken by a faster dividing nuclear population, as well as spread of viruses and
other infectious elements (Aanen et al | %é ohannesson & Samilsi, l2014|; aupd, OOd; IStrord
Lﬁz Bushleyl, lZOld). For these reasons, fungi present genetic mechanisms to prevent inter-specie
fusion, although these barriers are not impenetrable ([Daskalov et al) tZOl?I; lIshikawa et al] , l2012;
baupd, 200d; an der Nest et alJ , }2014]). Even if temporary, exotic unions might have long lasting
effects by promoting genome rearrangements and transference of genetic material (m ,

o2
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fZOOd; lKinseyI, |199d; boanes & Richards{, }2014]; |Van Der Does & Reﬂ, }2012]). Heterokaryosis might
emerge spontaneously without the need of mating or high heterozygosity, for instance through
ploidy changes (|Anderson et all , lZOld). This is the case of the filamentous Saccharomycotina
Eremothecium gossypii (syn. Ashbya gossypii). E. gossypii presents hyphae whose nuclei divide
independently (]Anderson et all , 2013; undon et alJ , ﬁ(-)%; |Gladfelte1|, IZOOd; |Nair et alJ , }ZOld)
and form populations with varying karyotype. The proportion of nuclei carrying abnormal chro-
mosome numbers varies under stressful conditions and mycelial age (lFisher et al] , lZOl ). Even
more, under environmental conditions that positively select chromosomic aberrations, the presence
of normal nuclei within the cytoplasm might help buffer deleterious consequences (
, 2015). While most of the experimental work has been carried out in filamentous Ascomycota, the
dikaryon phase in these organisms is usually short lived. In Basidiomycota, on the other hand, the
dikaryon forms most of the vegetative thallus. In most cases, the fungus tightly controls nuclear
division by forcing synchronization through clamp connections (Iwasa et al, | |1998|; |Maheshwari,

005} |Raudaskoski & Koths, lZOl ; bhepherd et alJ , M) Even then, nuclear competition and

opulation dynamics have been described and studied in Heterobasidion (Garbelotto & Gonthieri,
%ﬁ; arbelotto et al) , }2004]; k}iordano et al] , hOlé; l]ames et all , fZOOS,U) and Termitomyces
(Nobre et al. . 2014). Mycorrhizic fungi also seem to present high heterokaryosis in nature (

Ining & Callaghan, 2008; |Manning et alJ , |2007|; Wyss et all , 2016), forming nuclear populations
that are maintained over time through highly multinucleated spores (éever & Wang, Iiﬁ%; oon
|et all , l201 ; bhagnod, ZOT}L [iany & Pawlowsk;, M) However, there is considerable discrep-
ancy between studies and methods and the amount of estimated divergence (Kuo et al) , 2014;

|et al] , b01454; opars & Corradi], 015|). In these fungi, nuclear populations vary depending on the

nature on the fungal host, and might explain the apparent low specificity on mycorrhizae-plant
interactions (Angelard et all , l2014|; hagnod, l2014|).
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Chapter 5

Bioinformatic analyses of
unorthodox fungal genomes

Miguel A. Naranjo-Ortiz, Toni Gabaldén

Abstract

Recent developments in sequencing technologies and bioinformatics tools have made genome se-
quencing and assembly accessible to many groups. However, the process of genome assembly can
be challenging due to some intrinsic properties of the genome such as high heterozygosity, or the
presence of polyploidies, aneuploidies, or heterokaryosis. Due to lack of expertise or appropriate
tools, many such cases are likely to go unnoticed, potentially resulting in low quality assemblies
being nevertheless deposited in public databases. Here we present Karyon, a python based toolkit
that aims to help researches to understand the overall architecture of a de novo genome assem-
bly. Karyon generates a set of plots that can be used to understand the genomic structure of
a problematic organism, which in turn might provide an interesting glimpse into its biology and
guide researchers towards the use of more specialized approaches. We include an automatized
standard de novo genome assembly based on Redundans and a variant calling pipeline for its use
as a complement to Karyon. Based on this, we hypothesized that genome databases must contain
a non-negligible fraction of low quality assemblies that result from such type of intrinsic genomic
factors. To test this, and quantify the different types of naturally occurring non-canonical genomic
organizations, we used an automated genome diagnosis pipeline (Karyon) to assess 35 genome as-
semblies from 19 different Mucorales species deposited in Genebank NCBI database between 2005
and 2015. Our results show that 6 (17%) of the assemblies presented signs of unusual genomic
configurations, suggesting that these events are common in Fungi and that they should be taken
into consideration in genome assembly projects.

147



148 CHAPTER 5. BIOINFORMATIC ANALYSES OF UNORTHODOX FUNGAL GENOMES

5.1 Karyon: Toolkit for unorthodox de novo genome
assemblies

5.1.1 Introduction

Genomics have revolutionized biological research. A genome sequence offers a window to an or-
ganism’s biology and constitutes an invaluable resource for research. Recent developments in
sequencing technologies and software tools have made genome sequencing accessible to most re-
search groups worldwide, which results in an exponential increase of genome sequences from a
growing diversity of organisms, including unculturable ones. Despite recent developments and the
availability of a plethora of tools, genome assembly is often a complex task that requires exper-
tise. A successful genome assembly project also depends on the quality, design, and depth of the
sequencing libraries which are often compromised in projects with restricted budget. Moreover
intrinsic genome properties such as size, amount of repetitive sequences, or levels of heterozygos-
ity, can make the process of genome assembly a challenging task, as the properties of the genome
sequence deviate from default expectations of the assembly algorithms. For instance, the pres-
ence of high levels of heterozygosity have traditionally limited genomic projects, often requiring
out-of-the-box approaches to overcome it (Neale et al| , 2014; Session et all , 2016a). Yet, high
heterozygosity is common in many organisms, and reaches extreme levels in hybrids (Ottg, 2007;
Todd et all , 2017). The recognition of high levels of heterozygosity distributed unevenly along
the genome in some fungal genomes, which results from a process of hybridization followed by loss
of heterozygosity, led to the development of Redundans (Pryszcz & Gabaldén, 2016) an assembly
pipeline that includes a reduction step that eliminates uncollapsed contigs and allows the recon-
struction of a contiguous, yet chimeric, assembly. Analogously, abnormal ploidy characteristics
such as polyploidy and aneuploidy are common in many groups of eukaryotes (Schoenfelder &
Fox, 2015; Torres et al) , 2008). These chromosomal aberrations have profound consequences for
the biology of the organisms, ranging from fruit characteristics in crops (Benny-Bvfield & Wendel,
2014; Salman-Minkov et al| , 2016) to adaptation to drugs in pathogens (Anderson et al| , 2017).
Furthermore some organisms present poly-nucleated cells, with different nuclei perhaps presenting
a different genetic makeup (Strom & Bushley, 2016). Finally, most genome sequencing projects
undertake the sequencing of a bulk of cells, which can be highly heterogeneous and present con-
tamination, particularly in the case of symbiotic, commensal or parasitic associations that can
be inadvertedly present in the sample (Wijayawardena et al| , 2013). Knowing such properties
before the start of the assembly process is useful, as it can help choosing the appropriate tools
and parameters. However, nowadays, for most newly sequenced organisms, this information is
not available. For these cases the analysis of sequencing libraries and preliminary assemblies can
provide important hints into the genome complexity of an organisms.

Based on this principle we have developed Karyon, a python-based toolkit that aims to aid at
the diagnosis of low quality de novo genome assemblies. Here we provide an overview of the
functionalities of the program, as well as some recommendations for interpreting the results.
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Figure 1: Karyon pipeline flowchart

Black circles and white arrows represent input files; white squares and black arrows represent consecutive
computational steps.

5.1.2 Results

While Karyon can be used as a standalone program, it requires a previous variant calling protocol
and we recommend its use over an assembly that has been reduced using Redundans. Karyon
includes a wrapper that launches an assembly and variant calling pipeline on top of the standalone
report program. This pipeline includes a fully functional all-around genome assembly protocol,
and we encourage novice users to use the full pipeline. This assembly pipeline uses dipSPAdes as
assembly protocol, a program that has been designed with bacterial and fungal genomes in mind
and thus it might not be adequate for very large genomes. The pipeline also assumes the use
of at least one Illumina paired-end sequencing library, and due to this and the selected genome
assembler we recommend the use of other genome assemblers if other sequencing technologies are
to be used.

Our pipeline evaluates library quality using FastQC and we filtered them using Trimmomatic (Bol;
ser et al) , 2014). After filtering, we selected the library with deepest sequencing coverage and
use it for the genome assembly using DipSPAdes (Safonova et all , 2015), with default settings
plus the tags “--expect_ rearrangements” and “--expect-gaps” turned on. The resulting assembly is
then used as input for Redundans (Pryszcz & Gabaldén, 2016) to generate and artificially reduced
assembly, using default settings and all the paired sequencing libraries available. Redundans as-
sembly was then used as a reference for mapping the deepest library using BWA ([Li & Durbin,
2009). After this, it calls SNP using GATK (McKenna et alf , 2010). Finally, it generates the
mpileup file using SAMtools (Li et al| , 20094)).
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Figure 2. Karyon report example

A) K-mer distribution analysis performed with KAT (I[\/Iapleson et all \ bOld). Black area corresponds
mostly with collapsed regions during the assembly using Redundans (Pryszcz & Gabaldén, 2016). B)
Scatter plot of scaffold length (x axis) versus average coverage in said scaffold (y axis). C) Alternative
allele frequency plot. Each blue line represents one scaffold, red line represents a simulated scaffold that
follows a theoretical ideal diploid proportion. In this case, most scaffolds seem to behave similar to the
theoretical diploid, but some tend to adjust to a theoretical triploid (thick dashed line). D) Variation
versus coverage plot. Each dot represents a 1Kbp window of the genome whose coordinates correspond to
the number of SNPs (x axis) and its average coverage (y axis). In the example we can observe a bimodal
distribution of the dots, corresponding to a region with low coverage and low heterozygosity; and a region
with high coverage and high heterozygosity. D) Local ploidy estimation using nQuire (Weiﬁ et al] , 2017).
The plot covers the length of a whole scaffold. The first three subplots represent the estimated probability
of diploid, triploid and tetraploid model normalized by the corresponding free model per window of 1Kbp.
The last subplot represents, per analyzed analyzed window, the coverage of each SNP site present in said
window. Karyon generates automatically this plot for each scaffold.
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Karyon will then construct the following plots:

Scaffold size distribution: Karyon plots sorted scaffolds versus their length in base pairs. Since
The program uses a user defined window size for many analyses, this value appears as a dotted
line in the plot, showcasing the fraction of scaffolds that would be affected by the selected size.
Karyon produces two plots of this kind, one that uses linear representation of scaffolds length and
a second that uses a logarithmic scale.

KAT k-mer analysis: Karyon uses KAT (Mapleson et al) , 2016) to provide a k-mer spectrum
analysis as part of the whole report. This type of plots consist of a frequency histogram representing
coverage in the horizontal axis and k-mer numbers in the vertical axis. In a haploid genome, for
k-mers of enough size, most k-mers will appear either one or zero times. Those k-mers that appear
once will have an average coverage roughly equal to the average depth of coverage. In the case of
a non-homozygous diploid, most k-mers will be represented zero times, once or twice across the
genome, and thus the k-mer plot should reflect two peaks.

Scaffold length versus coverage: Another plot that Karyon produces is a simple scatter plot
showing the size of a contig versus the average sequencing depth of that contig. For most genomes,
average scaffold coverage should be fairly uniform and dependent on the ploidy level. Aneuploidies
should be observable as sub-populations of scaffolds with a fairly stable coverage that is nonetheless
different from the overall coverage; or in case of well-resolved assemblies, as very long scaffolds with
a drastic difference in coverage from the overall trend.

Alternative allele frequency plots: Karyon produces a frequency histogram of the number of
reads mapped to an alternative SNP divided by coverage on the reference SNP in the same site.
This is done for the genome as a whole and for a determined set of scaffolds independently, as
two separated plots. In the second case, the program will sort scaffolds by length and represent
the longest. For comparison, a simulated histogram of a perfect theoretical diploid is shown. This
simulation is generated assuming the same number of sites with the same coverage of the sample,
but assigning each read to reference or alternative randomly (fair coin), and should present a clear
peak at 0.5. In the case of a diploid, the real data should adjust to the shape of the simulated
histogram. In the case of a triploid, the histogram should present two asymmetrical peaks at 0.33
and 0.66. Peaks at very low values might be indicative of repetitive elements or of contaminating
sequences, as these types of sequences should not follow the same apparent ploidy as the overall
genome. Since the plot is also done for independent scaffolds, it can be used to identify aneuploidies.

Variation versus coverage: Karyon produces a scatter plot where each dot represents a region
of the genome of a set window size. For each genomic window the plot represents the number
of SNPs and the average sequencing coverage. A haploid genome will present most of its dots
within a narrow cloud around zero SNP density and an average coverage roughly equal to the
average genome coverage. A diploid genome will probably behave the same, but with a dot cloud
shifted to the right in proportion to its heterozygosity. In this regard, certain highly heterozygous
genomes present a secondary cloud with a normal average coverage but very low heterozygosity,
which corresponds to loss of heterozygosity areas. Aneuploidies and haplome specific copy number
variation would appear as dot clouds that move up or down the main trend.

Coverage plot: Karyon produces a box diagram showcasing the average coverage per window of
user determined size for the 100 longest scaffolds. Since the scaffolds are ordered by size, it allows
to identify if observed dual behavior correspond to poorly assembled scaffolds. Analogously, weird
behaviors might be caused by many independent regions within a chromosome

Local ploidy estimation: Karyon uses nQuire (Wei8 et all , 2017) to estimate likelihood of
diploid, triploid and tetraploid ploidy across windows of user defined size on each scaffold. The
output is a plot per scaffold showcasing the distribution of SNPs across the sequence, as well as
normalized likelihood of each ploidy. Normalized values are obtained by dividing the score of each
ploidy level by the score of the free model. Since nQuire requires heterozygous data, low heterozy-
gosity regions cannot obtain these scores and appear as blank areas in the plot. Nonetheless, this
plot can complement the others and help to identify aneuploid scaffolds, duplicated regions and
other other genomic abnormalities.
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Availability

Karyon is written in Python 2.7 and freely available to download in:

https://github.com/Gabaldonlab/projects/tree/master /mnaranjo/karyon_ pipeline

5.2 Non-canonical architectures in published Mucorales
genomes

5.2.1 Introduction

Recent developments in high-throughput sequencing and computational pipelines for genome as-
sembly an annotation have made the sequencing of a new organism, particularly microorganisms,
a routine task for many laboratories. The sequencing of the full genome of an organism provides
an invaluable resource to understand its biology at many different levels, from the molecular path-
ways that govern gene expression to the population structure of the species. Pioneering projects
focused on model organisms and a few chosen species with great medical and economical relevance
(Weissenbach, 2016). It soon became obvious that the difficulty of these projects was highly vari-
able, and thus the type of data we were gathering was highly biased toward highly reduced and
easy to sequence organisms. This greatly biases our comprehension of the natural world and, even
worse, deliberately ignores a myriad of biological traits that are highly relevant for the physiology,
ecology and evolution of many organisms. In recent years, the application of genomics approaches
have expanded to virtually all types of organisms, including unculturable ones.

The success of a genome assembly project is limited by technical aspects as well as by intrinsic
properties of the sequenced genome (Gabaldén & Aliotd, 2016). Naturally, if the methodology
used to sequence the sample is insufficient, the results would be poor. On the other hand, intrinsic
factors are properties of the genome itself that interfere with genome assembly algorithms, thus
resulting in low quality outputs. If the presence of challenging intrinsic factors is anticipated,
specific approaches can be used in some cases. However, this generally increases the overall costs
of a project and requires expertise that is not universally available. Often, such challenging factors
are unanticipated and the possible causes for a low quality assembly are not investigated. As
a result it is expected that many low quality assemblies exist that originated from undiscovered
intrinsic features of the genome. A fraction of these assemblies might have been deposited, making
it possible to use computational approaches on available genomes to diagnose underlying non-
canonical genomic features.

The main intrinsic factors that compromise the success of a genome project are the genome size,
the heterozygosity, the presence of low complexity regions, the changes in ploidy, and the pres-
ence of genomic contamination. Genome size greatly affects computational costs, as many of the
algorithms used in these projects scale non-linearly (Simpson & Pop, 2015; Wajid & Serpedin,
2012; Wajid et al|, 2016). Heterozygosity is the presence of allelic differences within an individual,
which can be single nucleotide polymorphisms, insertion-deletion differences or even gross genomic
rearrangements. For regions in which heterozygous sites are abundant, it might be difficult to dif-
ferentiate between a heterozygous region. or two independent albeit highly similar regions (Hirsch
& Robin Buell, 2013; Pryszcz & Gabaldén, 2016). This in turn results in fragmented assemblies
with an inflated total size, as many of these regions appear duplicated and poorly assembled.
Many lineages contain genomes in which repetitive regions are abundant. Since sequencing reads
are typically very short, if the repetitive region is longer that the read it can be virtually impossible
to determine its length. The presence of several similar regions adds an additional layer of un-
certainty, as it generally produces fragmented assemblies and greatly increases the computational
costs (Hirsch & Robin Buell, 2013; Wajid et all , 2016). Similarly, ploidy deviations play a very
important role in genome assembly. The first possible deviation is polyploidy, which is the presence
of a number of chromosome sets higher than two. Polyploidy is generally associated to genome
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heterozygosity, as it increases the amount of possible states per site (Aguiar & Istrail, 2013; Boniz-
zoni et al| , 2016). Polyploid genomes risk suffering inappropriate recombinations during meiosis
and mitosis, and thus tend to recover a diploid or diploid-like state (Otta, 2007; Schoenfelder &
Fox, 2015). Highly divergent sub-genomes might stabilize by duplicating themselves, increasing
the ploidy (allopolyploidy) and forming recombinant pairs with their own copies. In such cases,
the parental sub-genomes act independently from each other, effectively behaving as a diploid with
an increased set of chromosomes. Another possibility is to produce genomic rearrangements that
stabilize chromosomes, occasionally causing regions of one of the sub genomes to be lost and be
substituted by a copy of the other (gene conversion or loss of heterozygosity). This second option
is more common in organisms that can reproduce asexually, since mitosis is much more tolerant
toward chromosomic impairments than meiosis. Polyploidy can be inferred either experimentally
or by analyzing sequencing libraries prior to genome assembly (Audano & Vannberg, 2014; Mamun
et al|, 2016; Mapleson et al} , 2016; Marcais & Kingsford, 2012), although other related phenomena
might complicate this task. The second deviation from the traditional eukaryotic karyotypic orga-
nization is aneuploidy, the presence of abnormal numbers of individual chromosomes (Gerstein &
Bermar|, 2015; [Torres et al) , 2008). Aneuploidy tends to cause the same problems as polyploidy,
albeit with the effect being limited only to a portion of the genome, corresponding with the aneu-
ploid chromosomes. Genomic contamination can normally be prevented by methodological means.
However, in certain occasions the contaminating sequence is intrinsic for the organism, such as
the case of endosymbiotic organisms. Finally, in syncytial organisms, such as filamentous fungi or
slime moulds, there is the possibility of the coexistence within a cytoplasm of genetically different
populations, a condition known as heterokaryosis (James et al] , 2008; Maheshwari, 2005; Strom
& Bushley, 2016).

Since all of these scenarios affect genome assembly, it is easy to conclude that our genomic data
is particularly biased against organisms with any of these conditions. On the other hand, the
existence of some of these singularities in sequenced organisms might have been passed unnoticed
to many researchers, as their detection is far from simple. It is so far unknown how common
such non-canonical genome organizations are, and whether they can be recognized among the set
of already sequenced genomes. Fungi are in a particularly privileged position to start addressing
these questions. Fungal organisms usually have small and compact genomes and many of them can
be cultured easily in axenic culture. Fungal genes tend to have a low intronic density, which eases
the application of de novo annotation strategies. Because all of this, the amount of fungal genomes
is now in the order of thousands, including several strains for many species, and the number
keeps increasing. Many fungal species are sequenced due to their clinical, agricultural, ecological,
or industrial importance, but comprehensive efforts to obtain a balanced coverage of the existing
fungal diversity are ongoing such as the 1000 fungal genomes, and the 1000 veast genomes initiative
(Peter et alf , R018; Strope et al , 20154; Wilkening et al| , 2013; Zhu et al) , 2016). Thus, fungi
provide an excellent system to study the incidence of different genomic accidents in evolution
(Berman et alf , 2016; Gerstein & Berman|, 2015; Todd et al| , 2017). However, the quality of
fungal genomes is often sub-optimal, and databases are riffed with highly fragmented assemblies.
Many fungi present really thick cell walls, and synthesize protective pigments and other secondary
metabolites that interfere with the processes of DNA extraction or even DNA library preparation
(Kim et al} , 2010; Sreenivasaprasad, 2000). These mishaps can probably affect the cost efficiency
of a sequencing project and have an incidence on the final results. Beyond biochemical limitations,
genomic factors such as those discussed above may complicate genome assembly. Many small
laboratories embark in the task of sequencing a fungal genome due to the relative low cost, but
quite often they operate under budget limitations or employ personnel with limited bioinformatics
training that might lack the expertise needed to identify and deal with unexpected situations.
The existence of non-canonical genomic organizations as those described above are clearly a factor
that increases the chances of obtaining unsatisfactory assemblies. Considering this, we hypothesize
that genome databases must contain a fraction of low quality assemblies from fungal organisms
that are caused by intrinsic genomic factors. If that is true, reanalysis of the raw data from low
quality assemblies should lead us to describe novel genomic accidents. Here we test this idea on
34 deposited genomes from the fungal order Mucorales. Our results suggest that non-canonical
genomic organizations are not rare, and that future studies on other fungal groups are likely to
uncover many new cases.
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5.2.2 Material and methods

Sequencing data: For all groups considered, we downloaded raw data from libraries deposited
at Short Read Archive (SRA) (National Centre for Biotechnology Informati0n|, l2015|) of those
species presenting an highly fragmented assembly (>1000 scaffolds), which presented at least one
paired-end Illumina library larger than 1Gb (after quality filtering), to ensure a minimal coverage.

Data analyses: For each species, we evaluated libr arg quality using FastQC (, ) and

we filtered them using Trimmomatic (éolger et all , 2014) After filtering, we selected the library
with deepest sequencing coverage and use it for the genome assembly using DipSPAdes (
, )7 with default settings plus the tags “--expect_ rearrangements” and “--expect-gaps”
turned on. The resulting assembly was then used as input for Redundans to generate an artificially
reduced assembly, using default settings and all the paired sequencing libraries available. The
redundans assembly was then used as a reference for mapping the deepest library using BWA
(ILi & Durbin|, 0091). After this, we called SNP using GATK (IMcKenna et all , l201 ). This
step is important to identify internal variability of the sample, such as differences in coverage or
heterozygosity.

Contamination detection: For each of the suspicious genomes, we used the assembly to perform
an Agustus (Brudno et all . 2003) gene prediction. Then, we used Blast (|Altschu17 Stephen F and
k}ish, Warren and Miller, Webb & Lipmari, M) to align the whole proteome against Uniref100
(Consortium, 2014). Since the genomes come from public databases, their own proteins should
appear as hits and thus we selected the 10 best hits. We have used this hits to assign a taxonomic
profile. Additionally, we have used the predicted Augustus CDS to map sequencing reads with
GATK. With both the taxonomic profile and the variant calling file, we have run Blobtools (
, ) in order to identify the pressence of widespread contamination in the sequencing
libraries.
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Table 1: Analyzed genomes in the Mucorales

Species NCBI genome NCBI number of
size (Mbp) scaffolds
Rhizopus microsporus ATCC62417 49.6 1386
Rhizopus microsporus CBS344.29 49.2 1554
Rhizopus microsporus B9738 75.13 5266
Rhizopus microsporus var. rhizopodiformus 48.7 4658
B7455
Rhizopus delemar Type I NRRL 21789 42 3921
Rhizopus delemar Type II NRRL 21446 38.9 1156
Rhizopus delemar Type II NRRL 21447 38.7 1177
Rhizopus delemar Type II NRRL 21477 40.8 1808
Rhizopus oryzae 99-892 39.1 1168
Rhizopus oryzae HUMCO02 40.3 2313
Rhizopus oryzae B7407 43.3 4683
Rhizopus oryzae type I NRRL 13440 43.4 5022
Rhizopus oryzae type I NRRL 18148 47.5 14653
Rhizopus oryzae type I NRRL 21396 42.8 4445
Rhizopus oryzae 99-133 41.5 4317
Rhizopus oryzae 97-1192 42.9 4566
Rhizopus stolonifer B9770 38 5567
Mucor circinelloides B8987 36.7 2210
Mucor indicus B7402 39.8 3117
Mucor racemosus B9645 65.5 6360
Mucor velutinosus B5328 35.9 2411
Lichtheimia corymbifera 008-049 36.6 1629
Lichtheimia corymbifera B2541 36.6 1176
Lichtheimia ramosa B5399 45.6 3968
Saksenaea oblongispora B3353 40.8 1702
Saksenaea vasiformis B4078 42.5 2417
Cokeromyces recurvatus B5483 29.3 2637
Syncephalastrum monosporum B8922 29.6 1284
Syncephalastrum racemosum B6101 29.6 1035
Cunninghamella elegans B9769 31.7 1380
Apophysomyces elegans B7760 38.5 1528
Apophysomyces trapeziformis B9324 35.8 1400
Thermomucor indicae-seudaticae HACC243 29.55 1958
Parasitella parasitica CBS 412.66 isolate 44.9 15637
NGI315 ade- mutant

5.2.3 Results

We selected the order Mucorales because this group comprises several described examples of whole
genome duplication, both at ancient and recent levels (Corrochano et al| , 2016; Ma et al| , 2009).
Many sequenced members of the clade come from clinical samples, an environment that is known
to promote the emergence of different genomic accidents (Schoenfelder & Fox, 2015; [Todd et al, ,
2017). Additionally, several represented species present two or more sequenced isolates, allowing to
get a glimpse at their intra-specific diversity. We obtained 35 genome assemblies from 19 different
Mucorales species deposited in Genebank between January 1st 2005 and December 31th 2015 (Table
1). We re-assembled these genomes with Redundans (Pryszcz & Gabaldén, 2016), and used the
Karyon pipeline to diagnose potential non-canonical genome organizations. Most of the analyzed
genomes (27, 79.4%) presented very low levels of heterozygosity and a relatively homogeneous
coverage across the genome, suggesting that those strains are haploid or, if presenting higher
ploidy, extremely homozygous. However, our pipeline uncovered cases that produced anomalous



156 CHAPTER 5. BIOINFORMATIC ANALYSES OF UNORTHODOX FUNGAL GENOMES

results in the different karyon tests. Below we describe these cases and propose a plausible scenario
to explain each of the obtained results.
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Figure 3. Analysis of Rhizopus microsporus ATCC62417

A) Variation versus coverage plot reveals the existence of a highly variable portion of the genome that
presents very variable heterozygosity levels. B) Blobtools analyses suggest that the genome presents a
considerable portion of contaminating sequences. Coverage of the sequences assigned to bacteria is very low
when the analyses are performed with other libraries (Data not shown), which proves that the conflicting
signal has its origin in a contaminated sequencing library. Results for R. microsporus and CBS344.5 and
var. rhizopodiformus B7455 are very similar (data not shown).
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At the moment of this study, eight Rhizopus microsporus strains were deposited in the NCBI
database. Interestingly, three of them presented a genome size estimated around 25Mbp; four of
them had a genome size close to 50Mbp; and one presented a genome size of 75Mbp. The three
strains with a genome size of 25Mbp had sufficiently good assemblies with a scaffold number below
1000, and thus were not selected for further analyses. Additionally, the raw libraries for one of the
strains (Rhizopus microsporus var. chinensis CCTCC M201021) were not publicly available and
thus could not be part of the survey. For three of the analyzed strains (ATCC62417, CBS344.5 and
var rhizopodiformus B7455) our de novo assembly pipeline recovered a genome size of approximately
40Mb, which is smaller than the assemblies deposited in NCBI. The heterozygosity distribution in
these assemblies shows that most of the genome presented a relatively uniform behavior with low
heterozygosity. In all three cases, though, a considerable proportion of the genome appears with a
highly variable coverage and increased heterozygosity (Figure 3). These regions seem, in all three
cases, to present a higher coverage than the main fraction of the genome. The remaining strain
B9738 was a big surprise. This strain, that has a genome size of 75Mbp in NCBI and 71Mbp in our
assembly; presents an extremely low level heterozygosity and a very homogeneous coverage. K-mer
spectrum also shows just one very clear peak. All in all, all this suggests that B9738 is haploid,
despite presenting a 3-fold increase in genome size compared to other strains of the same species
(Figure 4). Gene prediction with Augustus, using Rhizopus oryzae as trained model, returned a
total of 21,300 gene models, which is very high for a fungus. Contamination analyses does not
suggest the presence of widespread contamination that could explain such over-inflated genome
(Figure 4). We suggest that B9738 might be a misidentified strain and that additional analyses
should be performed to clarify this situation.

Kmer comparison plot

5000000

®)

3000

RS

"
=4
2
2

2000000

Span (kb)

1000
3000000

Number of distinct k-mers

2000000

1000000 107

o
o 10 20

30
k-mer multiplicity

B)

=

Coverage

10°

Coverage
5
g

T T T T v T 10
] 20 40 60 80 100 00 0.2 0.4 06 (X3 100

SNP/Kbp GC proportion

000z
000k
0003

Figure 4. Analysis of Rhizopus microsporus B9738

A) KAT k-mer plot shows very low genome compaction (black area), suggestive of a haploid genome
B) Variation versus coverage plot reveals a single main behavior for the genome with regards of its SNP
density and coverage C) Blobtools analyses shows no sign of widespread contamination that might be
inflating the genome.

Our analyses on Mucor racemosus B9645 depict a genome with a dual behavior. Distribution of
heterozygosity and coverage show two peaks with very low heterozygosity but different coverage
(Figure 5). This is further confirmed with the k-mer spectrum analysis, which reveals two clear
peaks. The genome available in NCBI is 65.5Mbp-long, quite larger than the 45.9Mbp we recovered
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in our analyses. The reduction step of Redundans cannot explain this difference, as the assembly
size prior to this step is already 46.8Mbp, very close to the final result. Our analyses suggest
that contaminating sequences are very minor and do not explain the observed pattern (Figure
5). We hypothesize that Mucor racemosus B9645 is a hemidiploid, which presents a portion of
its genome in haploid state, and other portion in a highly homozygous diploid state. Due to the
low heterozygosity exhibited by this strain, the observed genome architecture might have arisen
by either autopolyploidization followed by chromosome loss; or by chromosomal duplications.
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Figure 5. Analysis of Mucor racemosus B9645

A) KAT k-mer plot shows two peaks with considerable genome compation (black area), suggestive of a
diploid genome B) Variation versus coverage plot reveals a bimodal behaviour for the genome with regards
of its coverage, but both peaks appear with very low SNP density C) Blobtools analyses shows no sign of
widespread contamination that might be inflating the genome.

The NCBI assembly of Lichtheimia ramosa B5399 is 45.6 Mpb long, much larger than the 26.6Mbp
we have recovered. Unlike other genomes, our assembly presents a considerable improved quality,
going from 3,968 scaffolds and N50 of 33,650 in the NCBI assembly to 861 scaffolds and N50 of
133635 in our own assembly. The relative reduction arises from the use of dipSPAdes, a program
made for diploid genome assembly. SPAdes, which is launched during dipSPAdes pipeline, produces
an inflated assembly of 67.8Mb. L. ramosa presents a heterozygosity level around 3% (Figure 6).
All considered, we propose that L. ramosa B5399 is a heterozygous diploid, likely resulting from
mating between two distantly related strains, and the NCBI assembly is inflated as a consequence
of this situation.
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Figure 6. Analysis of Lichtheimia ramosa B5399.

A) KAT k-mer plot shows one peak with considerable genome compaction (black area) suggestive of
a diploid genome B) Variation versus coverage plot reveals a unimodal behaviour for the genome with
regards of its coverage, presenting a widespread heterozygosity of approximately 3% (maximum density
around 30 SNP/Kbp) C) Alternative allele frequency shows that all scaffolds in the present a behaviour
very similar to the ideal diploid. D) Scaffold length plot shows that, with the exception of a group of very
low coverage scafflods, all the genome presents a uniform coverage.

5.2.4 Discussion

While the majority of assemblies show no sign of any of the considered biological conditions, we
were able to effectively find underlying non-canonical genomic architectures that gone unnoticed
in these assemblies. These results suggest that many authors do not take into consideration these
kind of genomic accidents, which in turn greatly hampers the results that might be obtained from
them. Our results so far are restricted to a relatively narrow clade of Fungi, and these kind of
genomic anomalies might be much more common in other groups.

Additionally, there are two strong arguments that suggest that our dataset might not be truly
representative of the reality of fungal genomes, even within the taxonomic range we have selected.
The first one is the fact that fungal biomass destined to DNA extraction and subsequent sequencing
comes from cultures. This implies an important ecological step in which the fungus is forced to
grow at optimal speed and in the absence of most stressors. Since aneuploidies, polyploidies and
other similar genomic rearrangements are common in the presence of stressors (
, lZOTG‘ ermai} bOld lBerman et al] 2016; Todd et lJ , }201 ), but seem to be out-competed
by euploid cells in optimal conditions (IKumaran et alf | l2013; Bcott et alJ , }2017|; lZérgé’) et all
,, the act of growing fungi in culture actively selects against chromosomal aberrations.
Analogously, many of these chromosomic aberration might exist in nature but are unable to grow
on optimal medium, as a component of the fungal “Great Plate Count Anomaly”. The advance
of environmental sequencing might cast some light in this matter in coming years. The second
factor to consider is purely human, as the analyzed datasets have been uploaded by researchers
who considered the assemblies were good enough to be uploaded. It is to be expected that many
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more low quality assemblies are never deposited and remain in hard drives in laboratories over the
world, if not discarded completely.

Even if we consider these biases as non-important, our results recover a significant fraction of
publicly available genomes with unorthodox genomic configurations. These have been correlated
in many fungal groups with adaptation to novel environments (Kravets et al] \ }2014]; enassi
et all , 2013; Sinha et al] , l201"), resistance to antifungals Anderson_et al] . 2017: Harrison
et_all . 2014), pathogenic capabilities toward both animals (Gerstein et all , 2015: Li et al
2012; Morrow & Fraser, lZOld; tPryszch l201 ) and plants (Depotter et all 016; Garbelotto et al

004) and even domestication o industrial strains (Avramova et all ., 2018 Borneman et al)
014; James et al] , IZOOd; ILouis et al) , fZOlQ]; lPeter et all , 2018; Walther et al! , 2014). Beyond
that, contamination in sequencing libraries is a problem that can affect any project, and might
cause great problems if left unchecked. Validation of published results goes far beyond the interest
of discovering overlooked findings. Comparative genomic studies are limited in their scope and
reliability by the quality of assembly and annotation of the genomes, factors that can be greatly
compromised by the aforementioned chromosomic phenomena. Comparative studies commonly
require the use of flagship genomes that represent a given taxon, often generating a chronology of
comparisons with the reference that shapes the perspective on the group. This implies that errors
in strategic genomes, such as reference strains or strains in groups with few species, might carry a
domino affect over many future works. Long-read sequencing technologies, which are already being
widely used for genome assembly projects, hold the promise of providing much more information
that could be used to resolve many of these unorthodox genomic architectures. However, these
approaches require novel computational approaches to fully employ their potential. Even more,
these new technologies still present an extremely high error rate, a highly problematic trait when
studying genome heterozygosity.
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Abstract

The 1KFG (1000 Fungal Genomes) project is an international project that aims to sequence rep-
resentative species from all branches of the fungal tree of life. As part of this consortium, we
have performed a diverse array of phylogenomic analyses that aim to resolve the phylogeny of
two conflicting lineages, the Taphrinomycetes and the Wallemiomycetes; as well as to map gene
duplication frequencies across the fungal tree of life.
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6.1 Introduction

As reviewed in chapter 3, ancient polyploidy events are, so far, anecdotal in Fungi. This situation
greatly contrasts with that of plants and animals, for which many events have been identified. It
has been suggested that of this difference may be due to the difficulty of recognizing such events
in fungi (Campbell et al} , 2016). In order to investigate the existence of previously undescribed
paleopolyploidization events in Fungi we have constructed a collection of 32 new phylomes -i.e.
genome-wide collections of gene evolutionary histories- that collectively include 350 species across
the fungal tree of life. We have analyzed this dataset in order to find nodes within the fungal tree of
life with high (>0.25) gene duplication frequencies (i.e. average number of duplications per gene in
a given lineage). Our results suggest the existence of several potential paleopolyploidization events
across Fungi. Duplication peaks are extremely frequent in Fungi, although the distribution of
such events is extremely uneven. Additionally, we have used this data to construct a phylogenomic
dataset to address the phylogenetic position of three controversial fungal clades: Wallemiomycetes,
Archaeorhizomycetes and the relative positions of Blastocladiomycota and Chytridiomycota.

6.2 Material and methods

Phylome reconstruction: For each phylome, a set of species is selected that covers a given
taxonomic range. In our case numerous phylomes were reconstructed so that jointly they cover
all of the species included so far in the 1KFG (table 1). Phylomes are mostly centered around
a single taxonomic class though usually a few members of other classes are included to serve as
outgroups. Once the species set is determined, a seed species is chosen, this species serves as the
starting point for the homology search analysis. The choice of seed also implies that 100% of the
genes of this species will be included in the phylome as long as they have homologs in the rest of
the species set. For the additional species only those genes that have homologs in the seed species
will be covered. Multiple phylomes can be built using the same species set but using different
seed species. Once the set of species is chosen the phylome is reconstructed using an established
pipeline which has been earlier explained in detail (Huerta-Cepas et al] , 2011)). Briefly, for each
gene encoded in the seed genome a homology search is performed against the chosen species set
using blast (|Altschul, Stephen F and Gish, Warren and Miller, Webb & Lipman, 1990). Results
are filtered so that only hits with an e-value below 1e-05 and an overlap of at least 50% over
the query sequence are chosen. The 150 top hits are chosen for the tree reconstruction step. A
multiple sequence alignment is build using the following method: first six multiple alignments are
reconstructed, three in forward and three in reverse (Landan & Graur, 2007) using three different
programs (Muscle v3.8 (Edgai, 2004), MAFFT v6.861 (Katoh et al| , 2005) and Kalign v2.04
(Lassmann & Sonnhammer, 2005). A consensus alignment is then obtained using M-coffee version
10.00.r1607 (Wallace et all , 2006). This alignment is trimmed using a consistency score and a
gap threshold using trimAl v1.4 (Capella-Gutiérrez et al| , 2009). This cleaned alignment is then
used to reconstruct maximum likelihood phylogenetic trees. First the best evolutionary model for
each protein is chosen by calculating the likelihood of each of the seven possible models using a
neighbor joining tree as calculated by bioNJ (Gascuel, 1997). The best model according to the
AIC criterion is then chosen to build a maximum likelihood tree using PhyML v3.0 (Le & Gascuel,
2008). Branch support is calculated using the aLRT algorithm.

Species tree reconstruction: For each phylome a species tree is reconstructed. This tree is
automatically reconstructed using a gene tree parsimony approach that minimizes the number of
inferred duplications as implemented in duptree v1.48 (Wehe et all , R008), and using the entire
phylome. When the species tree does not match the expected species tree, coherent with known
phylogenetic relationships, then an alternative topology is used for the analyses. For some specific
analyses a concatenated species tree was reconstructed as follows: Species specific duplications
were deleted from the phylome trees and one sequence at random was kept. Then trees that did
not contain any duplication were selected. Those that had homologs in a given number of species
were chosen to perform the species tree reconstruction. Alignments of the chosen trees were filtered
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to remove species specific duplications if necessary and were then concatenated. RaxML (v8.2.4)
(Stamatakis, 2014) was used to reconstruct the species trees using the PROTGAMMALG model.

Phylome analysis and duplication rates: Each phylome was analyzed using ETE v3.1 (Huerta-
Cepas et al] , 2016). Orthology and paralogy relationships were established between the seed
protein and its homologs according to a species overlap algorithm (Gabaldén, 2008). This algorithm
assumes a duplication is present at a given node of a gene tree when an overlap exists between
the species at the two sides of the node. Each duplication is then mapped onto the species tree
assuming that it occurred at the common ancestor of all the species included in the node (Huerta-
Cepas & Gabaldon, 2011). Only duplications found in the lineage leading from the root to the
seed protein are considered. Duplications for which the node support is below 0.95 are excluded.
The number of duplications that map to a given node is then divided by the number of gene trees
that include that node. The result of this calculation is the duplication ratio (DR) which can serve
as indicator to the presence of a polyploidization event.

Topology testing: ETE v3.1 was used to search phylomes for specific topologies. First the alter-
native topologies were established and then the trees were scanned to search for those topologies.
For each tree only the clade containing the seed protein was considered. For a node to be used
for topology testing it and its parent node have to be highly supported (aLRT >= 0.95). For the
Blastocladiomycota / Chytridiomycota question different thresholds were used to analyze trees.
1.- We search for the first group that does not belong to the same group as the seed and see
which species are found there. 2.- Same as 1 but we first remove species specific duplications and
then we only use trees without duplications. 3.- We only use trees where the groups considered,
except for outgroups, are monophyletic: Blastocladiomycota, Chytridiomycota, other fungi. In the
large phylome there was no tree fulfilling this last scenario and we applied it only on the smaller
phylomes. This last analysis, while drastically reducing the dataset, is likely the most reliable.

CONSEL: Alternative phylogenetic trees were reconstructed using ETE v3.1. Likelihoods per
site were calculated using phyml for each alternative topology using the concatenated species tree
used to reconstruct the initial tree. Then CONSEL was used to test whether any of the topologies
reconstructed could be discarded.

Explorer: We implemented a sub-sampling based algorithm that calculates duplication ratios for
a large set of species. Given the complete set of species, 1000 random proteins are selected for each
species. Then, phylogenetic trees are reconstructed using a fast method. First a homology search
is performed against the complete species set. Homologs are chosen using the same parameters as
before. Alignments are then build using MAFFT v6.861 (Katoh & Standley], 2013) and Fasttree
2.1.8 SSE3 (Price et al} , 2010) is used to reconstruct a phylogenetic tree using the WAG model.
Once all trees are reconstructed, duplication rates are calculated as explained above. We have
also calculated an additional duplication measure (DR2) that omits counting multiple duplications
at the same node for one protein. This measure will point to the number of trees that have a
duplication at a certain node without being affected by multiple duplications.
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Figure 1. Phylogeny of Wallemiomycetes

Phylogenetic placement of the Wallemiomycetes, based of phylogenomic reconstruction using the phylome
of Wallemia sebi. Nodes with a bootstrap support below 1 are indicated by a red dot and its bootstrap
support value shown. Tree visualization has been performed using the interactive Tree of Life server (iTOL)
(Letunic & Bork], |201 ).




6.3. RESULTS 171

6.3 Results

6.3.1 Phylogenetic placement of Wallemiomycetes

Wallemiomycetes is a class with three genera of highly extremotolerant fungi of uncertain phylo-
genetic position within the Basidiomycota. The class includes the genera Wallemia, Basidioascus
and Gemingbasidium, for which genomic information is currently available for only the first two.
The phylogenetic position of Wallemiomycetes is controverted, with some phylogenetic studies
recovering the group as sister to bona fide Agaricomycotina, often including it as a class within
the subphylum (Mishra et al) , 2018; Nguyen et al| , 2015a; Padamsee et al) , 2012; Zajc et al.
, 2013); while others recover the group in other positions within the Basidiomycota and propose
the elevation to Subphylum Wallemiomycetes (Bauer et all , 2015; Matheny et al) , 2006; Q.-M.
Wang et al) , 2014). The conflicting positioning seems to stem from the long branches presented on
Wallemia, and thus should be possible to solve it with the incorporation of data from Basidioascus
or Geminibasidium.

We selected 259 genes that had one-to-one orthologs in the 30 species included in the Wallemia sebi
phylome (760) and concatenated their trimmed alignments. The final alignment containing 165,059
amino acid positions was used to reconstruct a maximum likelihood species tree with PhyML v3.0
(Guindon et al) , 2010) using LG as a model, and estimating four rate categories and the fraction of
invariant sites from the alignments. Supports for the topology were computed using 100 bootstrap
alignment replicates. The final tree (Fig. 1) recovers with high support Wallemiomycotina, here
represented by Wallemia sebi, Wallemia ichthyophaga and Basidioascus undulatus; as sister group
to Agaricomycotina.

6.3.2 Phylogenetic placement of Archaeorhizomycetes

Archaeorhizomycetes is a recently described class of root endophytes that was first identified
through environmental sequences. Phylogenetic analyses place the clade within Taphrinomycotina.
However, all lineages in the group present very small genomes and several (I.e Schizosacharomyces,
Pneumocystis, Saitoella) (Kuramae et al) , 2006; Liu et al) , R00&; Schoch et all , 20094; Sugiyama
et al| , 2006) also seem to have suffered accelerated evolution. As a result, the phylogenetic rela-
tionships between the main classes of Taphrinomycotina are controversial, specially with regards
of the placement of Saitoella complicata.
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Figure 2. Phylogeny of Taphrinomycotina

Phylogenetic relationships among the different lineages of Taphrinomycotina, based of phylogenomic re-
construction using the phylome of Schizosaccharomyces pombe. Nodes with a bootstrap support below 1
are indicated by a red dot and its bootstrap support value shown. Tree visualization has been performed
using the interactive Tree of Life server (iTOL) dLetunic & Borkl7 hOld).

We selected 186 genes that had one-to-one orthologs in at least 19 of the 20 species included in
Schizosaccharomyces pombe phylome 767 and concatenated their trimmed alignments, as recon-
structed in the phylome. The final alignment containing 116,939 amino acid positions was used
to reconstruct the maximum likelihood species tree as described above. Supports for the topology
were computed using 100 bootstrap alignment replicates. The final tree (Fig. 2) recovers a highly-
supported clade containing Saitoella complicata, Neolecta irreqularis and Archaeorhizomyces, thus
indicating that the later is a bona fide member of the Taphrinomycotina. Taphrinomycotina ap-
pears as a monophyletic clade with high support, and is placed as the earliest diverging group within
Ascomycota. Saitoella appears as sister to Archaeorhizomyces + Neolecta (Bootstrap=0.951),
forming the first split in the Taphrinomycotina. Sisterhood of Archaeorhizomyces and Neolecta
is in agreement with previous studies (Menkis et al) , 014). The second split we recover for the
Taphrinomycotina contains Taphrina deformans as sister to a clade including the different species
of Pneumocystis and Schizosaccharomyces (Bootstrap=0.931). Sisterhood of Schizosaccharomyces
and Pneumocstis has been recovered by other authors ([Liu et all , 2008; lMenkis et all , 2014; Bchocﬂ
, ) Our results indicate that the class Taphrinomycetes is currently paraphyletic, and
thus the taxonomy of Saitoella should be reviewed accordingly. However, the relationships between
the different classes within Taphrinomycotina have not be solved confidently.
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6.3.3 Phylogenetic inconsistency between Blastocladiomycota and
Chytridiomycota

Two of the most ancestral fungal groups are Blastocladiomycota and Chytridiomycota. Their rel-
ative positions in the fungal tree of life based mainly on gene markers is not yet resolved (James
et al] , 2014). We used phylomes in order to address this question by comparing support to three
different hypotheses. Given a fungal tree of life where the first species that diverged were the
Microsporidia and the Cryptomycota, the two following groups are the Blastocladiomycota and
the Chytridiomycota. The three possible topologies are the following: either Blastocladiomycota
(topology A) or Chytridiomycota (topology B) diverged first or they have a common ancestor and
form a monophyletic group (topology C). We reconstructed two initial phylomes that contained
30 species and in which each has a seed species belonging to one of the two groups (phylomes 416
— Catenaria anguillulae (Blastocladiomycota) and 417 — Batrachochytrium dendrobatidis (Chytrid-
iomycota)). Then, for each phylome, we performed a topological analysis to assess how many trees
supported each of the three alternative topologies. The results of this analysis were inconclusive.
Topology A was slightly better supported but the difference was very small. We applied stricter
filters (see methods) but no better pattern emerged. In order to obtain a clearer picture, we recon-
structed two smaller phylomes that included less additional species and used the same seed species
(see phylome 418 and 419). The patterns here are clearer when the strictest filters are applied
(support >= 0.95 of the nodes of interest, monophyly of the different taxonomic groups), with
roughly 50% of the tree supporting topology A while the two alternative topologies are equally
supported. This pattern is typical in cases of incomplete lineage sorting. We performed the same
analysis dividing the trees in three bins according to their alignment length. We noticed that,
the longer the alignment, the more support there is for topology A though the differences are not
very big. Still, using such strict parameters greatly reduces our dataset and we are only analyzing
about 500 trees of the two phylomes. We reconstructed a phylogenetic species tree based on 284
genes that were single copy in at least 27 of the 30 species included in the first set of phylomes
(see methods). The resultant topology was congruent with the previous analysis and showed a
basal position of Blastocladiomycota. We then used ETE v3.1 to obtain two derived trees that
presented the alternative topologies described above. Then we used CONSEL to see whether we
could discard any of the three hypotheses. According to the AU test implemented in CONSEL we
can discard the hypothesis that Blastocladiomycota and Chytridiomycota group together (topol-
ogy C), but we cannot discard topology B. So, while the topology testing above for the smaller
phylomes seems to point to a basal position of Blastocladiomycota, additional species diminish the
signal and makes us unable to distinguish which is the correct topology. This could be partially
due to the low number of species in these groups or because of the complicated evolutionary history
found in early diverging fungi.

6.3.4 Duplication frequency across the fungal tree of life

Global trends To assess how gene duplications are distributed over the fungal tree of life we
reconstructed 291,885 fast trees (See methodology) from random subsets of 1,000 genes from each
of the 352 representative species comprising the 1KFG pilot phase, as well as 32 complete phylomes
comprising 198,374 accurate trees and covering 350 of the species in the set (see Materials and
Methods). Using a species-overlap coupled to a relative dating strategy (Huerta-Cepas & Gabaldén,
2011)), we detected and dated gene duplications to the different nodes of the IKFG species tree. We
set an arbitrary threshold of 0.25 duplications per gene to define 99 (14.32%) nodes as duplication
peaks (i.e. nodes with a high duplication ratio). Our results (Figure 1) show an intriguing pattern
in the distribution of duplication ratios (DR) peaks throughout the fungal tree of life. As seen in
figure 1, duplication peaks seem to be common in all fungal lineages with the glaring exception
of the Pezizomycotina. Ustilaginomycotina and Taphrinomycotina also show very few of these
peaks although the number of species represented in these clades is limited (11 and 12 species,
respectively). The same cannot be said about Pezizomycotina, which with 153 species is the
largest and best represented group in our dataset. In the following sections we describe relevant
findings in the different fungal clades.
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Early diverging lineages Duplication peaks appear to be very common among Non-Dikarya
fungi (Figure 4), even though the representation of these groups in our dataset is rather poor.
Despite the extreme genomic reduction in Microsporidia, we observe a considerable DR (0.384)
in the lineage leading to Enterocytozoon bieneusi, the only considerable large-scale duplication
event found in the Opisthosporidia (9 species). Gonapodya prolifera presents the only detected
large duplication event in Chytridiomycota (4 species), with a DR of 0.353. The base of Neo-
callimastigomycota presents the highest identified peak in the whole dataset, with a DR of 2.26.
The group has been described to present a high expansions of certain enzyme families, such as
the Carbohydrate Active Enzymes (CAZys), but the values obtained in this study cannot be ex-
plained by metabolic expansions alone. Even more, one of the two species represented in the
group, Pecoramyces ruminatus presents a lineage-specific duplication peak (DR=0.572). However,
a deeper look into the evolutionary history of this group is currently not possible due to the limited
number of genomes from zoosporic fungi that are available. The two species represented in the
Blastocladiomycota also present a duplication peak each, with a DR value of 1.057 for Allomyces
macroginus, a well established polyploid; and 0.411 for Catenaria anguillulae. The Zoopagomycota
also presents duplication peaks for Basidiobolus meristosporus (DR=0.828) and Conidiobolus coro-
natus (DR=0.314) in the Entomophthoromycotina (3 species); the base of Kickxellales (DR=0.337)
and Ramicandelaber brevisporus (DR=0.403) for the Kickxellomycotina (4 species). Another peak
appears in the only representative of Glomeromycota, Rhizophagus irreqularis (DR=0.462). Mu-
coromycota, is the best represented non-Dikarya fungal clade, with 13 species. The group presents
at least two well described WGD events (Corrochano et al) , 2016; Ma et all , 2009) and both of
them are recovered in our analysis. One of the events appears at the base of the order Mucorales
(DR=0.484), while the other includes Rhizopus delemar (DR=0.271). On top of that, we find a
peak in the branch subtending the two species of Mortierella (DR=0.727) included in our dataset;
another at the very base of Mucoromycotina (DR=0.389); one more including both strains of Rhi-
zopus microsporus (DR=0.505) and a last one in Rhizopus microsporus var. chinensis CCTCC
M201021 (DR=0.304).
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Figure 4. Duplication rates across non-Dikarya Fungi

Phylogenetic tree covering all represented Basidiomycota in the collection of phylomes. For the sake
of simplicity, only the genus of each leaf is represented. Nodes with a duplication rate (DR) above
0.25 according to explorer calculations are marked with a symbol whose diameter is proportional
to the value. Nodes with an corrected duplication rate (DR2) below 0.25 are marked with a
triangle, otherwise they are marked with a circle. Tree visualization has been performed using the
interactive Tree of Life server (iTOL) (ILetunic & Borkl, lZOld)(Letunic & Bor1;|, lZOld).

Basidiomycota The duplication frequencies in this clade are shown in detail in figure 5. Du-
plication peaks seem to be absent in the Ustilaginomycotina. The group is known from having
well conserved synteny and reduced genomes, due to their mostly plant biotrophic parasite or
yeast-like lifestyles. The group is represented in our dataset by just eleven species, and thus we
cannot discard that duplication peaks might arise in a larger dataset. In contrast, the situation in
Pucciniomycotina, here represented by sixteen species is rather different. We find lineage-specific
peaks in Classicula fluitans (DR=0.325) and Atractiella rhizophila (DR=0.651), each being the
only representative of its respective classes. However, the main result is the extremely dynamic
nature of the gene pool of Pucciniomycetes. This group, which presents three species in our dataset,
has duplication peaks in each of the four included nodes. The result is not entirely unexpected, as
these organisms, in contrast to the rest of the group, present extremely large genomes and gene
numbers, and have very complex life cycles. The largest DR is present at the base of the genus
Puccinia (DR=1.153). However, once corrected for gene expansions, the DR2 is just 0.367; the
largest discrepancy in all our dataset. This indicates that rampant gene expansion, rather than
WGD, is the most likely explanation for the detected duplication peaks and the high dynamism of
genomes in the Pucciniomycetes dTavareS et alJ , lZOl ).
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Figure 5. Duplication rates across Basidiomycota

Phylogenetic tree covering all represented non-Dikarya in the collection of phylomes. For the sake of
simplicity, only the genus of each leaf is represented. Nodes with a duplication rate (DR) above 0.25
according to explorer calculations are marked with a symbol whose diameter is proportional to the value.
Nodes with an corrected duplication rate (DR2) below 0.25 are marked with a triangle, otherwise they
are marked with a circle. Tree visualization has been performed using the interactive Tree of Life server
(iTOL) (ILetunic & Borkl, iZOld).
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The last group of Basidiomycota that we will discuss is the Agaricomycotina. For the sake of
simplicity we will include the Wallemiomycetes, for which no duplication peaks are detected, as
members of the Agaricomycotina, in concordance with our own phylogenetic results. In total,
our dataset includes 84 species in the Agaricomycotina. From these, 51 species (60.71%) present
duplication peaks with a DR above 0.25 at terminal nodes. Beyond these, there are several notable
internal nodes, some of which we are highlighting. The base of Dacrymycetes presents a DR of
0.505, although this is a very ancient lineage represented by just 2 species. The Auriculariales
(3 species) seem to have suffered a convoluted evolutionary history, with all individual species
having lineage-specific duplications peaks and with an additional peak at the base of the order
(DR=0.657). The Polyporaceae (5 species) is another clade that presents an ancestral duplication
peak at its base (DR=0.370). The same applies to the Suillinae (4 species), a clade within Boletales
represented here by the genera Suillus and Rhizopogon (DR=0.520), plus an additional peak at the
base of the two species of Suillus (DR=0.832). Finally, there is another peak in the clade including
the two species of the genus Lacccaria (DR=0.794).

More interesting, though, is an internal node that comprises all Agaricomycetes with a DR, of
0.255. However, there is discrepancy with the results of phylome analyses. Phylomes 753 (Agaricus
bisporus), 754 and 761 (Fibroporia radiculosa), 762 (Auricularia subglabra), 763 (Ramaria acris),
764 (Hypholoma sublateritium), 765 (Pazillus involutus) and 766 (Ganoderma sp.) identify a
notable peak (DR of 0.322, 0.189, 0.356, 0.237, 0.497, 0.532 and 0.475; respectively) at the base of
Agaricomycetes excluding Cantharellales and Sebacinales. This node is notable because it marks a
clear delimitation on metabolic capabilities and fruiting body structure. The members of the clade
affected by this ancient duplication peak comprise all homobasidiomycetes, that is, true complex
fruiting-body forming fungi. The exception to these rules are the Auriculariales, which usually form
simpler fruiting bodies; as well as Clavulina and Botryobasidium (Cantharellales), which produce
complex fruiting bodies but are not included in the delimited clade. The clade also corresponds
with the acquisition peak of lignin degrading enzymes at the end of the Carboniferous which has
been previously described (Floudas et all , 2012).

The phylome of Auricularia subglabra (phylome 762) reveals an extremely high duplication rate in
Auriculariales. The branch including both Auricularia species (A. subglabra and A. delicata) has
a duplication rate of 1.440. The node including both Auricularia species, Fxidia glandulosa and
Elmeria caryae has a duplication rate of 1.282. Both values are barely affected by the removal
of expansions (1.435 and 1.279 respectively). However, the specific duplication rate of Auricu-
laria subglabra is very low (0.062). Regarding the GO terms enriched in both highly duplicated
nodes we find some commonalities: oxidoreductase activity, heme and iron binding, RNA-directed
DNA polymerase activity, serine endopeptidase activity and structural components of the ribo-
some. While the enrichment on oxidative metabolism might reflect acquisition of lignin degrading
capabilities in Agaricomycotina prior to the divergence of Auriculariales and perhaps independent
evolution of the trait; the rest of the enriched term cannot easily be assigned to any phenotypic
particularity of the order.

Ascomycota Duplication peaks in Ascomycota fungi are rare. Under the defined parameters, we
only find seven of such peaks among 193 species. Within the Taphrinomycotina (12 species) there
is only one peak, at the node including the two described members of the genus Archaeorhizomyces.
Again, this is a very ancient lineage represented by only a handful of species. Saccharomycotina is
an extremely well studied clade that includes 28 species in our dataset. Within it we find duplication
peaks for Millerozyma farinosa (syn. Pichia sorbitophila) (DR=0.644), Metschnikowia fructicola
(DR=0.344); and Pichia kudriavzevii (syn. Candida krusei) (DR=0.269). Both M. farinosa and
Met. fructicola have been described as hybrid species, which could explain the high DR values.
Such claim has not been made for P. kudriavzevii, though. Consistent with previous results, the
node corresponding with the well described hybridization event in Saccharomycetaceae presents
a DR of just 0.119 (Marcet-houben & Gabaldén, 2015). As mentioned above, duplication peaks
are extremely rare within Pezizomycotina, with only three peaks detected in a dataset containing
153 species. The first and most obvious presents a DR of 0.925 and includes Hortaea werneckit,
an extremely halotolerant black fungus that presents a well described WGD event involved in the
expansion of its osmoprotective genetic repertoire (Lenassi et al| , 2013; Sinha et al| , 2017). The
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second is a very small peak (DR=0.251) at the base of Orbiliomycetes, which includes two species
in our dataset. The last peak, with a value of 0.785, correlates with the base of Leotiomyceta, the
group including all Pezizomycotina excluding Orbiliomycetes and Pezizomycetes. However, DR
values are not completely consistent across different phylomes, which we attribute to the different
species sets and how deep the node is. This node deserves further exploration as it might be
responsible for the largest diversification in the whole kingdom.

Discussion

Duplication peaks are a problematic way to look for WGD events for several reasons. Gene expan-
sions might mislead estimations of DR. Accounting for those cases, we have developed corrective
metrics that take into account this possibility. Even then, gene expansions are an important evo-
lutionary phenomenon and it is still an important part of our results. DR estimates are based on
phylome and thus for any given node it depends on its representativity in our phylome connection
and the species distribution for each phylome. As such, while we have tried to make our best
effort to cover the totality of the fungal tree of life, estimations for certain nodes in the tree might
be based on a comparatively smaller dataset. Lastly, ancient lineages are difficult to interpret,
as the duplications might have occurred either as an steady accumulation over time or through
dramatic events such as WGD. Analogously, the event might have occurred in very recent times or
hundreds of millions of years ago. This is particularly relevant for the non-Dikarya fungi, that are
ancient lineages with a few species each. Even if such is the case, the results are consistent with
known evidence in Mucorales, the only of these groups for which genomic representation could be
argued to be adequate. Extrapolating these results towards an hypothetical adequate representa-
tion should give us a scenario not very different from what we have found in Agaricomycetes. The
most surprising result is the extremely low frequency of duplication peaks in the Ascomycota, par-
ticularly in the Pezizomycotina. Curiously, this group presents the highest frequency of horizontal
gene transfer of all Fungi. This phenomenon plays a much more central role in the acquisition
of genetic novelties, too, perhaps indirectly reducing the necessity of gene duplication. Typically
yeast-like clades seem to present few duplication peaks as well, with just a few examples in non
yeast Pucciniomycotina and in well known hybrid lineages in Saccharomycotina. This last group
presents a WGD event whose DR falls far below our thresholds. This might suggest that yeast-like
lineages present strong evolutionary pressures favoring genome compaction that might reduce the
signal of hypothetical events. If this is the case of Pezizomycotina, why is this not happening in
Mucorales, that present very similar genome sizes? Another genomic peculiarity of Pezizomycotina
is the existence of mesosynteny, which is the presence of genes that tend to appear in physical
proximity across long evolutionary distances, but whose gene order is not conserved. Whether this
might be correlated with our observed results needs to be investigated.
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Table 1: List of phylomes and represented species

Seed species
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Catenaria

Included species

PylomelD

anguillulae PL171

Batrachochytrium

Puccinia gramints, Ustilago maydis, Coprinopsis cinerea, Yarrowia
lypolytica, Arthrobotrys oligospora, Schizosaccharomyces pombe, Linderina
pennispora, Coemansia reversa, Ramicandelaber brevisporus, Conidiobolus

thromboides, Conidiobolus coronatus, Basidiobolus meristosporus,

Batrachochytrium dendrobatidis, Spizellomyces punctatus, Gonapodya
prolifera, Piromyces sp., Rhizophagus trregularis, Mortierella verticillata,
Umbelopsis ramanniana, Catenaria anguillulae, Allomyces macrogynus,
Rozella allomycis, Amphimedon queenslandica, Nematostella vectensis,

Capsaspora owczarzaki, Monosiga brevicollis, Pythium ultimum

416

dendrobatidis
JAMS1

Batrachochytrium

Puccinia gramints, Ustilago maydis, Coprinopsis cinerea, Yarrowia
lypolytica, Arthrobotrys oligospora, Schizosaccharomyces pombe, Linderina
pennispora, Coemansia reversa, Ramicandelaber brevisporus, Conidiobolus

thromboides, Conidiobolus coronatus, Basidiobolus meristosporus,

Batrachochytrium dendrobatidis, Spizellomyces punctatus, Gonapodya
prolifera, Piromyces sp., Rhizophagus trregularis, Mortierella verticillata,
Umbelopsis ramanniana, Catenaria anguillulae, Allomyces macrogynus,
Rozella allomycis, Amphimedon queenslandica, Nematostella vectensis,

Capsaspora owczarzaki, Monosiga brevicollis, Pythium ultimum

417

dendrobatidis
JAMS1

Coemansia reversa

Orpinomyces sp, Gonapodya prolifera, Homoloaphlyctis polyrhiza,
Amphimedon queenslandica, Puccinia graminis, Monosiga brevicollis,
Nematostella vectensis, Allomyces macrogynus, Capsaspora owczarzaki,
Spizellomyces punctatus, Piromyces sp. , Rhizophagus irregularis,
Arthrobotrys oligospora, Catenaria anguillulae, Conidiobolus coronatus,

Rozella allomycis

419

Choiromyces

Mortierella verticillata, Orpinomyces sp., Basidiobolus meristosporus,
Conidiobolus thromboides, Gonapodya prolifera, Homoloaphlyctis polyrrhiza,
Coprinopsis cinerea, Schizosaccharomyces pombe, Ramicandelaber
brevisporus, Amphimedon queenslandica, Umbelopsis ramanniana, Puccinia
graminis, Pythium ultimum, Monosiga brevicollis, Nematostella vectenstis,
Yarrowia lypolytica, Ustilago maydis, Allomyces macrogynus, Capsaspora
owczarzaki, Linderina pennispora, Spizellomyces punctatus,
Batrachochytrium dendrobatidis, Piromyces sp, Rhizophagus irregularis,
Arthrobotrys oligospora, Coemansia reversa, Catenaria anguillulae,

Conidiobolus coronatus, Rozella allomycis, Piptocephalis cylindrospora

420

venosus 120613-1

Pyronema omphalotes, Ascobolus immersus, Dactylellina haptotyla,
Wilcoxina mikolae, Choiromyces venosus, Morchella conica, Aspergillus
fumigatus, Botrytis cinerea, Ascodesmis nigricans, Mucor circinelloides,
Mycosphaerella fijiensis, Saccharomyces cerevisiae, Sarcoscypha coccinea,

Neurospora crassa, Agaricus bisporus, Saitoella complicata, Tuber

melanosporum, Arthrobotrys oligospora, Terfezia boudieri

665

Cadophora sp.
DSE1049

Ascocoryne sarcoides, Marssonina brunnea, Meliniomyces bicolor, Glarea
lozoyensis, Meliniomyces varaibilis, Loramyces juncicola, Chalara longipes,
Cadophora sp., Pseudographis elatina, Aspergillus fumigatus, Spathularia
flavida, Botrytis cinerea, Mucor circinelloides, Mycosphaerella fijiensis,
Thelebolus stercoreus, Saccharomyces cerevisiae, Neurospora crassa,
Agaricus bisporus, Blumeria graminis, Saitoella complicata, Tuber

melanosporum, Pseudogymnoascus destructans, Sclerotinia sclerotiorum,

Hymenoscyphus fraxineus, Amorphotheca resinae, Oidiodendron maius

666
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Table 1: List of phylomes and represented species (Cont.)

181

Seed species

Included species

PylomelD

Thozetella sp.
PMI_ 491

europaea, Microascus trigonosporus, Chaetosphaeria innumera, Anthostoma

Tolypocladium inflatum, Claviceps purpurea, Arthrinium arundis,
Melanconium sp., Passalora fulva, Verticilium dahliae, Ophiostoma picea,

Fusarium fujikuroi, Phaeoacremonium minimum, Futypa lata, Ilionectria

avocetta, Thozetella sp., Coniochaeta ligniaria, Magnaporthe oryzae,
Niesslia exilis, Daldinia eschscholtzii, Clonostachys rosea, Chaetomium
globosum, Calosphaeria pulchella, Aspergillus fumigatus, Botrytis cinerea,
Epichloe festucae, Mucor circinelloides, Ophiostoma piliferum,
Mycosphaerella fijiensis, Acremonium alcalophilum, Trichoderma virens,
Trichoderma atroviride, Corollospora maritima, Colletotrichum
gloeosporioides, Saccharomyces cerevisiae, Neurospora crassa, Podospora
anserina, Agaricus bisporus, Gibberella zeae, Saitoella complicata,
Thermothelomyces thermophila, Thielavia terrestris, Glomerella
graminicola, Beauveria bassiana, Metarhizium anisopliae, Grosmannia
clavigera, Tuber melanosporum, Nectria haematococca, Cryphonectria
parasitica, Colletotrichum higginsianum, Sordaria macrospora, Cordyceps

militaris

667

Ilyonectria
europaea PMI-82

Tolypocladium inflatum, Claviceps purpurea, Arthrinium arundis,
Melanconium sp., Passalora fulva, Verticillium dahliae, Ophiostoma
piceae, Fusarium fujikuroi, Phaeoacremonium minimum, Eutypa lata,
Ilyonectria europaea, Microascus trigonosporus, Chaetosphaeria innumera,
Anthostoma avocetta, Thozetella sp., Coniochaeta ligniaria, Magnaporthe

oryzae, Niesslia exilis, Daldinia eschscholtzii, Clonostachys rosea,

Chaetomium globosum, Calosphaeria pulchella, Aspergillus fumigatus,

Botrytis cinerea, Epichloe festucae, Mucor circinelloides, Ophiostoma
piliferum, Mycosphaerella fijiensis, Acremonium alcalophilum, Trichoderma

virens, Trichoderma atroviride, Corollospora maritima, Colletotrichum
gloeosporioides, Saccharomyces cerevisiae, Neurospora crassa, Podospora
anserina, Agaricus bisporus, Gibberella zeae, Saitoella complicata,
Thermothelomyces thermophila, Thielavia terrestris, Glomerella
graminicola, Beauveria bassiana, Metarhizium anisopliae, Grosmannia
clavigera, Tuber melanosporum, Nectria haematococca, Cryphonectria
parasitica, Colletotrichum higginsianum, Sordaria macrospora, Cordyceps

malitaris

668

Graphis scripta

Xanthoria parietina, Thermoascus aurantiacus, Gymnascella citrina,
Monascus purpureus, Monascus ruber, Thermomyces lanuginosus,
Capronia coronata, Trinosporium guianense, Cyphellophora europaea,
Acarospora strigata, Xylona heveae, Cladonia grayi, Aspergillus fumigatus,
Botrytis cinerea, Uncinocarpus reesii, Mucor circinelloides, Caliciopsis
orientalis, Aspergillus niger, Mycosphaerella fijiensis, Ascosphaera apis,
Endocarpon pallidulum, Talaromyces stipitatus, Penicillium marneffei,
Saccharomyces cerevisiae, Penicillium rubens, Paracoccidioides brasiliensis,
Ajellomyces capsulata, Neurospora crassa, Agaricus bisporus, Coccidioides
immitis, Trichophyton rubrum, Saitoella complicata, Arthroderma
benhamiae, Tuber melanosporum, Graphis scripta, Gymnascella aurantiaca,

Dibaeis baeomyces, Exophiala dermatitidis, Symbiotaphrina kochii

669

Gymnascella

citrina NRRL 5970

Xanthoria parietina, Thermoascus aurantiacus, Gymnascella citrina,
Monascus purpureus, Monascus ruber, Thermomyces lanuginosus,
Capronia coronata, Trinosporium guianense, Cyphellophora europaea,
Acarospora strigata, Xylona heveae, Cladonia grayi, Aspergillus fumigatus,
Botrytis cinerea, Uncinocarpus reesii, Mucor circinelloides, Caliciopsis
orientalis, Aspergillus niger, Mycosphaerella fijiensis, Ascosphaera apis,
Endocarpon pallidulum, Talaromyces stipitatus, Penicillium marneffei,
Saccharomyces cerevisiae, Penicillium rubens, Paracoccidioides brasiliensis,
Ajellomyces capsulata, Neurospora crassa, Agaricus bisporus, Coccidioides
immitis, Trichophyton rubrum, Saitoella complicata, Arthroderma

benhamiae, Tuber melanosporum, Graphis scripta, Gymnascella aurantiaca,

670

Dibaeis baeomyces, Exophiala dermatitidis, Symbiotaphrina kochii
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Table 1: List of phylomes and represented species (Cont.2)

Seed species

Included species

PylomelD

Pyrenophora
tritici-repentis

Aureobasidium pullulans, Mycosphaerella graminicola, Tothia fuscella,
Zasmidium cellare, Botryosphaeria dothidea, Hysterium pulicare, Didymella
exigua, Cladosporium sphaerospermum, Passalora fulva, Cucurbitaria
berberidis, Lentithecium fluviatile, Myriangium duriaei, Aplosporella
prunicola, Aulographum hederae, Polychaeton citri, Lepidopterella palustris,
Zopfia rhizophila, Piedraia hortae, Dissoconium aciculare, Saccharata
proteae, Lophiostoma macrostomum, Pleomassaria siparia, Melanomma
pulvis-pyrius, Patellaria atrata, Eremomyces bilateralis, Dothidotthia
symphoricarpi, Amniculicola lignicola, Karstenula rhodostoma, Lophium
mytilinum, Bimuria novae-zelandiae, Trematosphaeria pertusa,
Byssothecium circinans, Delitschia confertaspora, Phaeosphaeria nodorum,
Aspergillus fumigatus, Botrytis cinerea, Mucor circinelloides, Trypethelium
eluteriae, Rhytidhysteron rufulum, Mycosphaerella fijiensis, Pyrenophora
tritici-repentis, Baudoinia compniacensis, Saccharomyces cerevisiae,
Cochliobolus heterostrophus, Neurospora crassa, Agaricus bisporus,
Saitoella complicata, Glonium stellatum, Corynespora cassiicola, Tuber
melanosporum, Dothistroma septosporum, Polyplosphaeria fusca,
Sphaerulina musiva, Trichodelitschia bisporula, Clathrospora elynae,
Sporormia fimetaria, Acidomyces richmondensis, Cenococcum geophilum,
Hortaea werneckii, Periconia macrospinosa, Zymoseptoria pseudotritict,

Leptosphaeria maculans

671

Passalora fulva
CBS 131901

Aureobasidium pullulans, Mycosphaerella graminicola, Tothia fuscella,
Zasmidium cellare, Botryosphaeria dothidea, Hysterium pulicare, Didymella
exigua, Cladosporium sphaerospermum, Passalora fulva, Cucurbitaria
berberidis, Lentithecium fluviatile, Myriangium duriaei, Aplosporella
prunicola, Aulographum hederae, Polychaeton citri, Lepidopterella palustris,
Zopfia rhizophila, Piedraia hortae, Dissoconium aciculare, Saccharata
proteae, Lophiostoma macrostomum, Pleomassaria siparia, Melanomma
pulvis-pyrius, Patellaria atrata, Eremomyces bilateralis, Dothidotthia
symphoricarpi, Amniculicola lignicola, Karstenula rhodostoma, Lophium
mytilinum, Bimuria novae-zelandiae, Trematosphaeria pertusa,
Byssothecium circinans, Delitschia confertaspora, Phaeosphaeria nodorum,
Aspergillus fumigatus, Botrytis cinerea, Mucor circinelloides, Trypethelium
eluteriae, Rhytidhysteron rufulum, Mycosphaerella fijiensis, Pyrenophora
tritici-repentis, Baudoinia compniacensts, Saccharomyces cerevisiae,
Cochliobolus heterostrophus, Neurospora crassa, Agaricus bisporus,
Saitoella complicata, Glonium stellatum, Corynespora cassiicola, Tuber
melanosporum, Dothistroma septosporum, Polyplosphaeria fusca,
Sphaerulina musiva, Trichodelitschia bisporula, Clathrospora elynae,
Sporormia fimetaria, Acidomyces richmondensis, Cenococcum geophilum,
Hortaea werneckii, Periconia macrospinosa, Zymoseptoria pseudotritict,

Leptosphaeria maculans

672

Aspergillus
fumigatus

Aureobasidium pullulans, Tothia fuscella, Archaeorhizomyces finlayz,
Pyronema omphalodes, Dactylellina haptotyla, Eutypa lata, Xylona heveae,
Archaeorhizomyces borealis, Magnaporthe oryzae, Kluyveromyces lactis,
Kuraishia capsulata, Aspergillus fumigatus, Mucor circinelloides, Botrytis
fuckeliana, Blastobotrys adeninivorans, Saccharomyces cerevisiae, Yarrowia
lipolytica, Neurospora crassa, Agaricus bisporus, Candida albicans, Saitoella
complicata, Tuber melanosporum, Pseudogymnoascus destructans,

Melampsora laricis-populina, Arthrobotrys oligospora

750

N@’LL'I“OSpO’FCl crassa

Aureobasidium pullulans, Tothia fuscella, Archaeorhizomyces finlayz,
Pyronema omphalodes, Dactylellina haptotyla, Eutypa lata, Xylona heveae,
Archaeorhizomyces borealis, Magnaporthe oryzae, Kluyveromyces lactis,
Kuraishia capsulata, Aspergillus fumigatus, Mucor circinelloides, Botrytis
fuckeliana, Blastobotrys adeninivorans, Saccharomyces cerevisiae, Yarrowia
lipolytica, Neurospora crassa, Agaricus bisporus, Candida albicans, Saitoella

complicata, Tuber melanosporum, Pseudogymnoascus destructans,

Melampsora laricis-populina, Arthrobotrys oligospora

751
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Seed species

Included species

PylomelD

Arthrobotrys
oligospora ATCC
24927

Aureobasidium pullulans, Tothia fuscella, Archaeorhizomyces finlayi,
Pyronema omphalodes, Dactylellina haptotyla, Eutypa lata, Xylona heveae,
Archaeorhizomyces borealis, Magnaporthe oryzae, Kluyveromyces lactis,
Kuraishia capsulata, Aspergillus fumigatus, Mucor circinelloides, Botrytis
fuckeliana, Blastobotrys adeninivorans, Saccharomyces cerevisiae, Yarrowia
lipolytica, Neurospora crassa, Agaricus bisporus, Candida albicans, Saitoella
complicata, Tuber melanosporum, Pseudogymnoascus destructans,

Melampsora laricis-populina, Arthrobotrys oligospora

752

Agaricus bisporus

Fibroporia radiculosa, Piriformospora indica, Pleurotus ostreatus, Wallemia
ichthyophaga, Erobasidium vaccinii, Heterogastridium pycnidioideum,
Cryptococcus neoformans, Aspergillus fumigatus, Mucor circinelloides,

Puccinia graminis, Malassezia globosa, Neurospora crassa, Tremella
mesenterica, Ustilago maydis, Agaricus bisporus, Saitoella complicata,
Serpula lacrymans, Gloeophylum trabeum, Wallemia sebi, Melampsora

laricis-populina, Mizia osmundae, Rhizoctonia solani

753

Ustilago maydis

Tilletiaria anomala, Rhodotorula phylloplana, Moesziomyces antarcticus,
Meira miltonrushii, Exobasidium vaccinii, Jaminaea sp., Testicularia
cyperi, Meira geulakonigii, Aspergillus fumigatus, Mucor circinelloides,
Malassezia globosa, Saccharomyces cerevisiae, Cryptococcus neoformans,
Ustilago maydis, Agaricus bisporus, Saitoella complicata, Batrachochytrium
dendrobatidis, Melampsora laricis-populina, Mixia osmundae, Sporisorium

reilianum

755

FExobasidium
Vaccinit

Tilletiaria anomala, Rhodotorula phylloplana, Moesziomyces antarcticus,
Meira miltonrushii, Fxobasidium vaccinii, Jaminaea sp., Testicularia
cyperi, Meira geulakonigii, Aspergillus fumigatus, Mucor circinelloides,
Malassezia globosa, Saccharomyces cerevisiae, Cryptococcus neoformans,
Ustilago maydis, Agaricus bisporus, Saitoella complicata, Batrachochytrium
dendrobatidis, Melampsora laricis-populina, Mixia osmundae, Sporisorium

retlianum

756

Rhodotorula
qgraminis

Tritirachium sp., Atractiellales sp., Exobasidium vaccinii, Phyllozyma
linderae, Heterogastridium pycnidioideum, Classicula fluttans, Rhodotorula
graminis, Rhodotorula minuta, Aspergillus fumigatus, Mucor circinelloides,

Sporobolomyces roseus, Puccinia graminis, Sterigmatomyces hyphaenes,

Saccharomyces cerevisiae, Cryptococcus neoformans, Ustilago maydis,

Microbotryum violaceum, Rhodosporidium toruloides, Agaricus bisporus,

Chionosphaera apobasidialis, Saitoella complicata, Batrachochytrium

dendrobatidis, Melampsora laricis-populina, Mixia osmundae, Puccinia

striiformis

757

Melampsora
laricis-populina
98AG31

Tritirachium sp., Atractiellales sp., Exobasidium vaccinii, Phyllozyma
linderae, Heterogastridium pycnidioideum, Classicula fluttans, Rhodotorula
graminis, Rhodotorula minuta, Aspergillus fumigatus, Mucor circinelloides,

Sporobolomyces roseus, Puccinia graminis, Sterigmatomyces hyphaenes,

Saccharomyces cerevisiae, Cryptococcus neoformans, Ustilago maydis,

Microbotryum violaceum, Rhodosporidium toruloides, Agaricus bisporus,

Chionosphaera apobasidialis, Saitoella complicata, Batrachochytrium

dendrobatidis, Melampsora laricis-populina, Mixia osmundae, Puccinia

striiformis

758
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Seed species

Included species

PylomelD

Mixia osmundae
TAM 14324

Tritirachium sp. Atractiellales sp., Exobasidium vaccinii, Phyllozyma
linderae, Heterogastridium pycnidioideum, Classicula fluitans, Rhodotorula
graminis, Rhodotorula minuta, Aspergillus fumigatus, Mucor circinelloides,
Sporobolomyces roseus, Puccinia graminis, Sterigmatomyces hyphaenes,
Saccharomyces cerevisiae, Cryptococcus neoformans, Ustilago maydis,
Microbotryum violaceum, Rhodosporidium toruloides, Agaricus bisporus,
Chionosphaera apobasidialis, Saitoella complicata, Batrachochytrium
dendrobatidis, Melampsora laricis-populina, Mixia osmundae, Puccinia

striiformis

759

Wallemia sebi CBS
633.66

Mortierella verticillata, Fibroporia radiculosa, Wallemia ichthyophaga,
Rhodotorula graminis, Mucor circinelloides, Malassezia globosa,
Saccharomyces cerevisiae, Neurospora crassa, Cryptococcus neoformans,
Ustilago maydis, Agaricus bisporus, Gloeophylum trabeum, Wallemia sebi,
Rhizophagus irregularis, Melampsora laricis-populina, Mizia osmundae,

Rhizoctonia solani

760

Auricularia
subglabra
TFB-10046 SS5

Tulasnella calospora, Fibroporia radiculosa, Elmerina caryae, Trichosporon
asahii, Ramaria acris, Sistotremastrum suecicum, Ezidia glandulosa,
Auricularia delicata, Cryptococcus neoformans, Botryobasidium botryosum,
Schizopora paradozra, Mutinus elegans, Tremella mesenterica, Ustilago
maydis, Agaricus bisporus, Dacryopinaz sphenocarpa, Gloeophylum
trabeum, Fomitiporia mediterranea, Auricularia subglabra, Mizia osmundae,

Serendipita vermifera, Rhizoctonia solani, Sphaerobolus stellatus

762

Ramaria acris
UT-36052-T

Tulasnella calospora, Piriformospora indica, Elmerina caryae, Wallemia
ichthyophaga, Ramaria acris, Sistotremastrum suecicum, Ezidia glandulosa,
Boletus edulis, Calocera cornea, Clavulina sp., Auricularia delicata,
Coprinopsis cinerea, Botryobasidium botryosum, Schizopora paradoxa,
Mutinus elegans, Aspergillus fumigatus, Cryptococcus neoformans, Tremella
mesenterica, Ustilago maydis, Dacryopinax sphenocarpa, Gloeophylum
trabeum, Wallemia sebi, Fomitiporia mediterranea, Auricularia subglabra,
Mizia osmundae, Trichosporon asahii, Cutaneotrichosporon oleaginosus,
Serendipita vermifera, Rhizoctonia solani, Holtermanniella takashimae,

Sphaerobolus stellatus, Holtermanniella mycelialis

763

Hypholoma
sublateritium

Fibroporia radiculosa, Tricholoma matsutake, Laccaria amethystina,
Galerina marginata, Omphalotus olearius, Fistulina hepatica, Ramaria
rubella, Pleurotus ostreatus, Cortinarius glaucopus, Cylindrobasidium

torrendii, Dendrothele bispora, Armillaria mellea, Boletus edulis,

Macrolepiota fuliginosa, Gymmnopus luzurians, Coprinopsis cinerea,
Schizopora paradoza, Laccaria bicolor, Tremella mesenterica, Schizophylum
commune, Agaricus bisporus, Serpula lacrymans, Dacryopinaz sphenocarpa,

Gloeophylum trabeum, Wallemia sebi, Amanita thiersii, Volvariella
volvacea, Hypholoma sublateritium, Hebeloma cylindrosporum, Amanita

muscaria, Rhizoctonia solani

764

Paxillus involutus

Scleroderma citrinum, Fibroporia radiculosa, Ramaria rubella, Pleurotus
ostreatus, Rhizopogon vinicolor, Boletus edulis, Plicaturopsis crispa,
Gyrodon lividus, Schizopora paradoxa, Laccaria bicolor, Hydnomerulius
pinastri, Fibularhizoctonia sp., Suillus brevipes, Tremella mesenterica,
Serpula lacrymans, Dacryopinax sphenocarpa, Rhizopogon salebrosus,
Gloeophylum trabeum, Wallemia sebi, Paxillus involutus, Piloderma

croceum, Coniophora puteana, Leucogyrophana mollusca, Pisolithus

765

tinctorius, Suillus luteus, Rhizoctonia solani
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Seed species

Included species

PylomelD

Ganoderma sp.
10597 SS1

Fibroporia radiculosa, Ramaria rubella, Pleurotus ostreatus, Neolentinus
lepideus, Boletus edulis, Lentinus tigrinus, Phlebia brevispora, Jaapia
argillacea, Schizopora paradoza, Laccaria bicolor, Auriscalpium vulgare,
Artomyces pyzidatus, Tremella mesenterica, Trametes elegans, Phanerochaete
chrysosporium, Trametes versicolor, Bjerkandera adusta, Postia placenta,
Serpula lacrymans, Dacryopinax sphenocarpa, Gloeophylum trabeum, Wallemia
sebi, Stereum hirsutum, Dichomitus squalens, Punctularia strigosozonata,
Fomitopsis pinicola, Heterobasidion irregulare, Ganoderma sp., Wolfiporia

cocos, Phlebiopsis gigantea, Rhizoctonia solant

766

Schizosaccharomyces
pombe (strain
972/ATCC 24843)

Pneumocystis murina, Archaeorhizomyces finlayi, Taphrina deformans,
Batrachochytrium dendrobatidis, Pneumocystis jirovecii, Archaeorhizomyces
borealis, Schizosaccharomyces pombe, Aspergillus fumigatus, Mucor
circinelloides, Pneumocystis carinit, Neolecta irregularis, Schizosaccharomyces
japonicus, Schizosaccharomyces octosporus, Saccharomyces cerevisiae, Yarrowia
lipolytica, Neurospora crassa, Ustilago maydis, Agaricus bisporus, Saitoella

complicata, Schizosaccharomyces cryophilus

767

Metschnikowia
fructicola 277

Tetrapisispora phaffii, Kazachstania africana, Torulaspora delbrueckis,
Metschnikowia fructicola, Emericella nidulans, Ashbya gossypii,
Schizosaccharomyces pombe, Kluyveromyces lactis, Kuraishia capsulata, Mucor
circinelloides, Clavispora lusitaniae, Lodderomyces elongisporus, Blastobotrys
adeninivorans, Cephaloascus albidus, Pichia kudriavzevii, Millerozyma
farinosa, Pichia pastoris, Pichia stipitis, Pichia guilliermondii, Saccharomyces
cerevisiae, Yarrowia lipolytica, Zygosaccharomyces rouxii, Debaryomyces
hansenii, Dekkera bruzellensis, Neurospora crassa, Nakaseomyces delphensis,
Nakaseomyces bacillisporus, Starmera amethionina, Candida albicans,

Spathaspora passalidarum, Ogataea parapolymorpha, Cyberlindnera jadinii

768

Cephaloascus
albidus

Tetrapisispora phaffii, Kazachstania africana, Torulaspora delbrueckii,
Metschnikowia fructicola, Emericella nidulans, Ashbya gossypii,
Schizosaccharomyces pombe, Kluyveromyces lactis, Kuraishia capsulata, Mucor
circinelloides, Clavispora lusitaniae, Lodderomyces elongisporus, Blastobotrys
adeninivorans, Cephaloascus albidus, Pichia kudriavzevii, Millerozyma
farinosa, Pichia pastoris, Pichia stipitis, Pichia guilliermondii, Saccharomyces
cerevisiae, Yarrowia lipolytica, Zygosaccharomyces rouxii, Debaryomyces
hansenii, Dekkera bruzellensis, Neurospora crassa, Nakaseomyces delphensis,
Nakaseomyces bacillisporus, Starmera amethionina, Candida albicans,

Spathaspora passalidarum, Ogataea parapolymorpha, Cyberlindnera jadinii

769

Cyberlindnera
jadinii NRRL
Y-1542

Tetrapisispora phaffii, Kazachstania africana, Torulaspora delbrueckis,
Metschnikowia fructicola, Emericella nidulans, Ashbya gossypit,
Schizosaccharomyces pombe, Kluyveromyces lactis, Kuraishia capsulata, Mucor
ctreinellotdes, Clavispora lusitaniae, Lodderomyces elongisporus, Blastobotrys
adeninivorans, Cephaloascus albidus, Pichia kudriavzevii, Millerozyma
farinosa, Pichia pastoris, Pichia stipitis, Pichia guilliermondii, Saccharomyces
cerevisiae, Yarrowia lipolytica, Zygosaccharomyces rouxii, Debaryomyces
hansenii, Dekkera bruzellensis, Neurospora crassa, Nakaseomyces delphensis,
Nakaseomyces bacillisporus, Starmera amethionina, Candida albicans,

Spathaspora passalidarum, Ogataea parapolymorpha, Cyberlindnera jadinii

770
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Chapter 8

Summarizing discussion

A new hypothetical evolutionary scenario for fungal terres-
trialization

One of the main novelties in this work is the proposal of a novel evolutionary scenario that aims to
explain the process of fungal terrestrialization. The traditional paradigm regarding the biosphere
during the Criogenian is a pessimist one. For instance, the Wikipedia article of “Snowball Earth”
contains a section titled “Survival of life through frozen periods” in which the general assumption is
made that life should have not been able to survive a global glaciation event. Under this assumption
they start discussing that life could have survived if the glaciation were not absolute or through
small microniches. We consider that this point of view is erroneous in a microbial context (it
might be correct for mega-fauna and flora) and that frozen environments have the potential to
have actually promoted evolutionary radiations for microbial clades.

The traditional paradigm stems from the assumption that cold is stressful for life and we consider
that this is difficult to sustain in light of our knowledge of arctic, antarctic and high altitude
ecosystems. Polar oceans present high biomass and a considerable diversity of macroscopic life.
The taxonomic distribution of these organisms is not restrictive, which suggests that adaptation to
this kind of environments is an easy evolutionary step. On top of that, many macroscopic organisms
present life stages that are able to tolerate complete freezing of their tissues, including organisms
that are not generally found in cold places. When we move the discussion to the microbial world
we have to acknowledge that cold does indeed limit the speed of metabolic reactions. But slowing
life is not the same as stopping life. Our fridges are constant reminders that bacteria and fungi can
thrive in low temperatures. Most of the organisms that spoil food are airborne or present in the
original aliment, and quite often present quite high optimal growth temperature. This results are in
accordance to direct field observations and metagenomic studies. Snow, for instance, is commonly
colonized by algae or bacteria (Anesio et alf , 2017). Glaciers and polar ice sheets present micro-
environments where liquid water can be found, specially due to accumulation of dissolved salts
that are excluded during the formation of ice crystals; or due to higher pressures (I. e. liquid
layers at the bed of a glacier) and the microbiota of these microniches is extremely diverse and
abundant. In conclusion, the main limitation that ice imposes to life is water limitation, rather
than temperature, as solid water is not available for biological processes. At microscopic scale,
though, ice surfaces might present tiny, sometimes intermittent, layers of liquid water that can be
used by microbial life to proliferate. It is very important to note that ice allow for these and many
other microniches, while water columns tend to form simple gradients. In fact, open ocean is a
considerably boring environment, formed by a photic region that provides photosynthetic carbon
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to deeper areas by precipitation, with a gradient based on light, gas composition and temperature.
Continental marine environments are much more dynamic, but in most cases this is achieved by the
presence of complex organisms that populate the benthos and structure the communities. Since
most macroscopic community driver groups did not exist during the Cryogenian, one should not
underestimate the massive ecosystem diversification that would provide a glaciation event, even
though one does not need such events to have ice sheets in the planet. The diversity of microniches,
the highly unstable environments, intermittent nutrient and water limitation, and the existence of
a solid interface are properties that are common to both soils and ice environments. In the absence
of soil macro-organisms are able to disaggregate the bedrock during soil formation, ice does act as
a powerful erosive agent. Thus, ice might have been directly responsible for the formation of some
of the earliest edaphic systems. Compared to sediments, ice environments present a high oxygen
concentration both due to the direct exposition to the atmosphere and the incremented solubility
of the gases at low temperatures. This incremented oxygen availability is an overlooked factor
that should have promoted eukaryotic life in those environments, an important limiting factor in
aquatic environments. From the point of view of microbes Snowball Earth was certainly not a
catastrophe, but more likely a revolution.

Related to this, there is just another assumption that is inexplicably common, and that is the
premise that fossil record is anything other that a tiny distorted window to life in ancient times.
This premise taints the interpretation of the early evolution of not only fungi, but also metazoans
and plants. Fossil evidence is powerful, but limited. In combination with indirect lines of evidence
(molecular phylogenies, paleobiogeochemistry) and our knowledge of taphological processes, we
should be able to pinpoint gaps in our knowledge and try to fill them by extrapolation. The transi-
tion to land environment in particular has been extremely distorted by the refusal to acknowledge
well known limitations of fossilization processes. Not only that, we should start acknowledging
limitation of direct observation of contemporary environments. These limitations are particularly
egregious when considering microbial life. Not only microbes are extremely difficult to fossilize,
but in many cases it is incredibly difficult to classify a microscopic fossil structure to a known
clade. Organisms might exist in the environment as important components of the trophic chains
without presenting a high enough population density to justify that “if they exist they must be
represented in our data”. Zoosporic fungi, for instance, are commonly parasitic in nature, and as
such one would expect that their population density is high only as a response of dramatic popu-
lation increases of their hosts, such as algal blooms. Failing in acknowledging these limitations of
the fossil record has, in our opinion, generated extremely unrealistic paradigms to understand eco-
logical transitions, specially the conquest of land by different groups of organisms. As an example,
let us discuss for a moment the process of arthropod terrestrialization. The overall paradigm is
somehow based on crabs and other semi-aquatic macroscopic arthropods. In the case of Arachnida
and Miriapoda, the existence of fossils of bona fide, albeit chronologically late macroscopic fossils
of these groups in aquatic environments has been traditionally interpreted as evidence of a clear
semi-aquatic transitional stage. However, it is very naive to assume that all prehistorical arthro-
pods were relatively large. Indeed, a great portion of current arthropods are micro-invertebrates
that live in the intersticia of soils and sediments. Terrestrialization in metazoans is not exclusive of
macroscopic members of the Arthropoda, Craniata, Mollusca, Annelida, Onychophora and Platy-
helminthes, as terrestrial members of the Tardigrada, Nematoda and Rotifera have also colonized
soil environments. On top of that any of these three phyla is ancient enough as to have played
key early roles in shaping terrestrial life. The same logic applies to protozoans, which are common
inhabitants of soils. Taken together, and coming back to the subject of fungal terrestrialization,
we think it should not be surprising that Zoopagomycota, the first splitting lineage of purely ter-
restrial fungi are associated to soil micro-invertebrates and protozoans. From the physicochemical
point of view, switching from sediment to soil allow a much smoother transition from water to
land that the ever popular “crawling fish”. While it varies wildly, in most cases air within soil
is very humid, allowing free gas exchange without much danger of dehydration. On top of that,
radiation is highly mitigated by solid particles, allowing life without much photoprotection buried
at mere centimeters deep in the dirt. The same can be said from snow and ice, and we considered
cold desert, tundra and high elevation edaphic communities have the potential to revolutionize our
understanding about terrestrialization processes.
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The biggest concern for this particular hypothesis is that, so far, we cannot think in a single way
to support it with direct evidence. Cold environment transitions are considerably smooth ones,
and thus the genomic imprint that might have left is probably undetectable. The taxonomic com-
position of fungi in ice environments might reflect a phylogenetic pattern that could support the
hypothesis, and in fact some of these environments such as peri-glacier soils and arctic waters
present a very high biodiversity of zoosporic fungi. However, these fungi could have arrived during
more recent colonizations, with the original lineages having become extinct. No study has reported
the diversity of Zoopagomycota in these kind of environments, but a good support for the hypoth-
esis would be the finding basal lineages within this phylum inhabit ice environments. Hypothetical
fossil evidence of early filamentous fungi associated to glacier activity in the Cryogenian would be
a good support for the hypothesis. This evidence might never be available, due to the limitations
of the fossil record. All these shortcuts, however, are not unique to our proposed hypothesis. The
only hypothesis that present some level of direct evidence is the “green scenario”, as enzymes re-
lated to metabolism of plant cell wall compounds seem to be very ancient within the fungi (Liicking
et al] , 2009). However, the presence of these enzymes is not direct indication of terrestrialization
through direct association with Streptophyta. Fungi might have evolved from relatively specialized
parasites of unicellular algae or might have been adapted to exploitation of Streptophyta derived
necromass. Even more, the study does not take into account possible horizontal gene transfer
across fungi. Last, there is a fourth possible scenario that we have omitted due to the early stage
of the research on some of their premises. There is a growing evidence of the existence of large
microbial communities in lithospheric habitats, possibly up to several kilometers deep ([varsson
et al| , 2016). Fungi seem to be components of such environments. Most studies so far appear to
have identified fungi from well known distal lineages, although the sheer size of this habitat still
holds the possibility of finding novel lineages that might revolutionize our views in the fungal tree
of life. Even if not, lithosphere might have served as intermediate stages between aquatic and dry
land, from oceanic crust to continental crust, and from there to superficial land. So far, this idea
falls in the terrain of scientific speculation, although the recent claims of fungal-like organisms in
2.4 Gya basalt (Bengtson et al| , 2017) might soon ignite the debate of the role of deep biosphere
in the evolution of fungi in particular and eukaryotes in general.

Horizontal gene transfer of D-amino acid metabolic genes

We believe the implications of our study in HGT of racemases are deeper that what was discussed
within the paper and that it deserves further analysis. As far as we know, our study shows several
examples of serial HGT in fungi for the first time. This kind of events, in which a fungus acquires
a gene from an external source, mostly by bacteria; and later acts as a donor to other fungi,
have deep implications for the evolution of the metabolic capabilities of fungi, specially within the
Pezizomycotina. The fact that some of these genes have been reacquired from fungi, instead of
independently acquired from bacteria several times implies that the barriers for horizontal gene
transfer between fungi are lower than the barriers from bacteria to fungi. In turn, this result might
invalid most estimations of HGT across the fungi. A previous analysis by our group reported that
approximately 1.5% of the proteome of members of the Pezizomycotina was acquired by HGT from
prokaryotes, while the rates were much lower in other clades of the tree of life. HGT from other
eukaryotes, and specially from other fungi might considerably expand this threshold. The decision
to explore only prokaryotic genes obeys a methodological reasoning, as these genes generate a
phylogenetic discordance that is much easier to identify. Fungi to fungi HGT is very difficult to
distinguish from incomplete lineage sorting or differential gene loss, and thus its study is extremely
difficult. For bacteria, the existence of regions with considerable composition differences has been
used to pinpoint HGT, but there is evidence suggesting that this approach is invalid in eukaryotes
due to the speed at which compositional signals are erased from the genome (Strese et al| , 2014).
Thus, phylogenomic approaches are needed for the identification of such events, which in turn
requires extensive taxon sampling, extensive computational resources and a considerable amount
of manual labor. Population studies are able to detect genetic exchange between populations, and
should be able to trace certain events under the right conditions. Unfortunately, the event would
be missing if it occurred before the divergence of all the analyzed populations, thus restricting
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this approach to very short evolutionary distances. Phylogeny based methods must face another
problem that the field has been trying to avoid for decades: Phylogenetic assumptions are not
universally valid. The phylogenetic signal for many protein families is highly volatile and might
be lost even at very short evolutionary distances. Even worse, certain protein families evolve
by architectural shifts, rather than point mutations. This last case even opens the possibility of
“horizontal domain transfer”, a phenomenon that might be much more important that previously
thought in the evolution of the biosynthetic pathways of certain families of secondary compounds
that are widespread in fungi, such as non ribosomal peptides and polyketides.

The ecological and physiological implications of HGT are extensive. In theory these processes, rare
as they might be, hold the potential for any particular fungus to access a nearly infinite pool of
metabolisms from environmental prokaryotes. In this regard it is highly plausible that HGT are far
from a rarity and that the observed rates are the result of environmental selective forces purging
the genes rather than of a low flow of genes between species. The exploration of fungal pangenomes
hold the potential of solving these questions, but it is noteworthy that the results in Saccharomyces
cerevisiae, one of the few species for which true pangenomes are available (Peter et al) , 201§),
support this data. In this yeast, adaptation to the unusual niche of wine fermenting has been
related not only with the formation of novel hybrid lineages, but also with the acquisition of new
genes by HGT. While HGT from prokaryotes opens up a high diversity of metabolic pathways
for fungi, gene flow from other fungi might provide much more interesting functionalities. For
instance, transfer of effector genes is involved in host switch in several plant pathogenic fungi and
it might be a much more widespread phenomenon once considered other poorly explored fungal
niches, such as endophytic fungi, entomopathogens or mycoparasites. The limited interest in this
last fungal niche is a great tragedy, as we are sure that these fungi are hiding many secrets that
would greatly contribute to agronomy, medicine and ecology. Regarding our discussion, the role
of mycoparasitism in the propagation of HGT acquired genes has barely been explored, limited
to a few studies with Parasitella parasitica (Kellner et al| , 1993). However, the ubiquity of these
interactions and the disruption of the sturdy cell wall caused by these pathogens holds the potential
for facilitating HGT, both by direct transference from the invader hyphae and by weakening the
barriers for transference from environmental microbes.

The experimental treatment of these events has an old albeit minimal history behind. The for-
mation of heterokaryons by induction of parasexual mating in filamentous Ascomycota is far from
new, and it was a powerful tool during the golden ages of fungal genetics (Strom & Bushley, 2016).
The same can be said from the reports of direct conjugation between yeasts and bacteria and the
formation of extremely divergent heterokaryons by protoplast fusion. All of these approaches faded
into obscurity first with the development of more efficient transformation tools, and later with the
rise of genomics. However, the mechanisms of HGT in fungi are still unknown, and experimental
approaches are necessary to elucidate this phenomenon. Transformation by Agrobacterium and
similar bacteria is possible in fungi, and might be happening in natural conditions in a regular
basis (Lacroix & Citovsky, 016; Suzuki et all , 2015). However, as we show with our results, fungi
to fungi transfer is considerably common, and thus this cannot be the only mechanism involved.
It is very reasonable to assume that, under highly stressful circumstances, reproductive barriers
to mating would be lowered. We could, for instance, design an experimental system in which
two filamentous fungi are transformed with two different resistance markers and forced to grow
through a medium containing both antifungals. If the fungi are able to grow through the selective
medium, that would imply that they have either transferred the resistance genes or that they have
hybridized, with the second scenario being more surprising the larger the evolutionary distance
between the two is. Similar scenarios are possible in nature, specially if two antifungal producing
fungi are fighting each other over a certain territory. If such scenario reaches a draw, the only
logical path forward is HGT or hybridization. Once the selective pressures that hold together such
improbable hybrids or that keep functioning horizontally acquired genes are removed from the
environment, the fungi would probably tend to regain the original state. Analogously, old reports
of conjugation between yeasts and bacteria (Heinemann & Sprague, 1989,9) should be expanded
to cover a wider taxonomic range of both, as this could be a common phenomenon in natural
populations.

Validation is yet another problematic aspect of HGT detection. Biological samples are often con-
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taminated with different sources of DNA, including microbes from the environment and associated
to the sample itself, as well as human-caused contamination during handling. These extraneous
sequences are sometimes difficult to distinguish from bona fide HGT events. The opposite holds
true, and it is likely than many true HGT events have been filtered out by automatic pipelines de-
signed to get rid of contamination. Contamination is rather easy to identify if the problem genome
is well assembled, as a true HGT event should be surrounded by genes whose phylogenetic signal
matches the organism’s natural history. In this regard, PacBio and Oxford Nanopore technolo-
gies should enhance our confidence in HGT claims by allowing higher quality genome assembly.
Transcriptomic evidence is another excellent approach to validate HGT events, although certain
circumstances such as microbes associated with the sample might confound the results. The pres-
ence of the putative HGT acquired genes in several phylogenetically related organisms might be
a good indication that the event is genuine, as one would expect that contamination would be an
accidental event rather than a systematic error.

Karyon:

As the field of genomics ventures farther and farther away, we are expecting to find new exotic
genomic architectures that would defy our imagination and methodological approaches. Karyon
was developed with this paradigm in mind. We have extensively reviewed the kind of unortho-
dox genomes we have expected and we have theorized that many others might exist in nature.
However, we consider that the applicability of our approach goes far beyond of fungi and that the
protistology and zoology community are likely to benefit from Karyon or similar methods that are
yet to arrive. Hybrids are well known for animals, and basically any clade of eukaryotes with a
sexual cycle is expected to present hybrids or, at least, highly heterogeneous genomes. Oomycetes
share mycelial growth with fungi, and as such they might be susceptible to develop heterokary-
otic mycelia. A similar situation could be encountered in social amoebae, many of which form
plasmodia by accretion of many independent single-celled stages. In the presence of mixed en-
vironmental populations, plasmodia might as well ended up formed by genetically heterogeneous
nuclei. This type of systems were very popular for theoretical biologists during the second half of
the XXth century and we would be very excited for the return of this “retro fashion”, now that we
have genomic technologies to complement it. Aneuploidies are also very common in protozoans,
at least for parasitic lineages such as Giardia or the trypanosomids (Berman, 2016). For these
groups it has been described the existence of meta-stable mosaic aneuploid populations, in which
aneuploid appear in a constant proportion of the population. The exact proportions and particular
chromosomes affected are dependent on the conditions, and these populations emerge again and
again independently, regardless of the characteristics of the initial population. Polyploidy is also
relatively common in certain lineages, and some spectacular cases have already been described.
Several species of the plant parasitic nematode genus Meloidogyne are asexual and seem to present
their genome in several copies. In some cases, the chromosomes of these nematodes seem to have
suffered extensive recombination to the point that most of them are unable to recombine as a
whole with any other chromosome (Blanc-Mathieu et all , 2017). This situation implies that any
particular region is present in a certain, more or less narrow range of copies; but that the co-linear
sequences to that particular region vary from copy to copy. With the exception of ciliates, we
are confident that these nematodes present the “craziest” genome architecture we have ever heard
about.

Due to the necessity of an accurate variant calling process, Karyon does require high quality reads
coming from Illumina technologies. These technologies have crushed any competence for many
years due to the raw output volume, low prize and high per base quality; and as such we are
confident that Karyon should be applicable to most past and current projects. The undisputed
reign of Illumina is expected to end some day in a not so distant future, with novel sequencing
platforms such as PacBio or Oxford Nanopore promising an alternative with many interesting
properties for genome assembly. The reads produced by these novel technologies are extremely
long and should help to solve many limitations of current approaches. This includes the resolution
of highly repetitive regions or the identification of certain chromosomic rearrangements. The
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limitation, however, stems from the high error rate that both of these methods present, which hold
the potential of introducing many mistakes during variant calling protocols. The community is
still developing novel assembly software that are able to fully employ the promising potential of
these technologies. In this regard, we consider that it is important to start breaking old paradigms
on genomics that are based on extrapolations from a handful of model organisms. For instance,
heterozygosity is a common feature of most genomes, but we have traditionally cherry-picked those
genomes in which this value is very low. Heterozygosity does in act contain intrinsic information
and some novel tools, such as BWISE (https://github.com/Malfoy/BWISE), aim to use it as an
advantage rather than a limitation.

1KFG phylogenomic analyses

Duplication rate analyses While the analyzed dataset for this project is truly massive, the rep-
resentation of different taxa is fairly irregular. Representation is rather poor for the zoosporic
lineages, as well as for Zoopagomycota, Glomeromycota and Mucoromycota. Nothing can be said
about he zoosporic lineages, as the sampling remains too sparse and no WGD event has ever
been described in any of these lineages. Regarding Zoopagomycota, our data shows a rather small
peak within Kickxellomycotina, as well as another the genus Basidiobolus. The robustness of
these claims is compounded by the lack of representation in the clade. A similar situation occurs
for Mortierella (Mortierellomycotina), Rhizopus microsporus (Mucoromycota, with an already de-
scribed WGD event (Corrochano et al) , 2016; Ma et all , 2009)), the two represented species
of Neocallimastigomycotina and Allomyces (Blastocladiomycota), where our analyses detect high
duplication frequency. In addition to that, data from a collaborative work shows a probable hy-
bridization event in Condidiobolus. Mucoromycota is poorly represented in our particular dataset,
but not so much in general databases. As a consequence, Mucorales have several described WGD
events that involve Mucor and Rhizopus, the two best sampled genera. In addition to that, another
collaborative work, as well as our survey reveals the existence of WGD in the genus Lichtheimia, as
well as another probable event in Mucor racemosus, previously undescribed. If we add our results
in Basidiomycota and the well known cases of hybridization and WGD within the Saccharomy-
cotina, we obtain a pretty clear picture. Hybridization and WGD is common in fungi, as events
keep popping by different methodologies as soon as the genomic coverage of a given taxa reaches
a certain minimum. WGD reports are not very common in Pucciniomycotina and Ustilaginomy-
cotina, although in these cases it might be due to reiterative biases toward certain well known
groups, combined with an still limited genomic representation. Taphrinomycotina, on the other
hand, presents highly reduced genomes and a very reduced number of described lineages. However,
the main out-layer in this trend is, by far, Pezizomycotina.

Pezizomycotina represents the most diverse lineage of fungi, and the representation in databases,
albeit biased in favor of certain groups, is truly impressive. Yet, duplication rates remain consis-
tently low for all sampled lineages so far, with only the extremotolerant Hortaea werneckii showing
signs of WGD (Lenassi et al| , 2013). Surprisingly, the proteome size of filamentous Pezizomy-
cotina can be highly variable even between species of the same genera. Part of this dissonance
might be due to HGT. Transferred genes with a very distant donor would probably appear as or-
phan genes, while at smaller phylogenetic distances the phenomenon has the possibility of greatly
disrupting automated tree topology analysis algorithms. Beyond hypothetical artefactual analytic
results, higher HGT rate might imply that gene duplication is relatively unimportant for these
fungi as a source of genetic and metabolic innovation. There might exist ecological constrains to
genome size that are preventing the survival of superfluous duplicated genes at long evolutionary
distances. However, such constrains seem to exist in some plant lineages, and this has not prevented
the detection of high duplication rates interpreted as paleopolyploidization in the highly reduced
genomes of Arabidopsis and Utricularia (Jiao et al| , 2011; Soltis et al) , 2015). Pezizomycotina,
unlike Basidiomycota, do not usually present controlled nuclear divisions, which allow for all the
implications exposed in chapter 3. A priori, it is an stretch to relate this possibility to all the
peculiarities of Pezizomycotina, such as low duplication rates, mesosynteny, high HGT rates and
so on; but we consider that the topic deserves further exploration. If, for other species, duplication
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of genes obey relatively punctual circumstances that are afterwards fixed in the genome of popu-
lations, the ability to form functional heterokaryons with the properties previously exposed could
help to explain the numbers. The association of genes in clusters, mesosynteny included, have
been proposed to be caused by HGT (Wisecaver & Rokas, 2015). For the sake of the transference,
the order of the genes is less important than the completion of the biochemical pathway, and thus
physical linkage of the genes would help HGT. Phylogenetic evidence offer little support for long
range HGT affecting cluster formation. However, the formation of heterokaryons could potentially
allow repeated transference of such clusters among closely related strains by mean of translocations
and similar chromosomal rearrangements between pairs in parasexual processes. As this exchange
would mostly occur at the level of populations or relatively closely related species, phylogenomic
approaches would lack resolution to explore this kind of processes.
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Conclusions

1. We propose a new hypothetical evolutionary scenario for fungal terrestrialization, the “white
scenario”. Under this scenario aquatic zoosporic fungi would have acquired adaptations
required for life on dry land through adaptation to frozen environments. We review evidence
supporting this hypothesis.

2. We propose an ecological definition of the term “yeast” that can be summarized roughly
as a non-territorial or prokaryote-like fungus. We fungal lineages that share a series of
ecological, biochemical and genomic characteristics that suggest convergent evolution towards
this lifestyle. We provide arguments to move away from the current use of the term “yeast”,
which we consider highly confusing and based on arbitrary phenotypical characterization:

3. We provide compelling evidence of the existence of serialized horizontal gene transfer events
in fungi. We interpret this finding as evidence that fungal species have access to a wide
environmental gene pool mostly through the exchange of genes with other fungi, not unlike
many studied prokaryotes.

4. Genes related to D-amino acid metabolism take part on horizontal gene transfer events at
high frequency. Throughout the eukaryotic tree of life, we have described a total of 48 novel
HGT events involving these genes, which accounts for approximately 7.0% of the genes of
this kind in eukaryotes. These events seem to be particularly common in plant pathogenic
fungi, for which we propose a role in nitrogen acquisition when growing in plant tissues.

5. We present Karyon, an automated pipeline for the assembly and genome architecture analysis
of problematic genomes. We have applied said pipeline to a collection of 32 poorly assembled
genomes from public databases in the Mucorales, from which five appear to present some kind
of genomic anomaly. This suggests non-canonical genomic architectures might be common
in fungi.

6. We obtained high phylogenetic support for a clade formed by Wallemiomycetes and Agari-
comycotina, within Basidiomycota,

7. Our re-evaluation of the phylogenetic relationships between the different groups of Taphri-
nomycetes recover sisterhood of Archaeorhizomycetes with Neolectomycetes; as well as sis-
terhood of Pneumocystidomycetes with Schizosaccharomycetes. Taphrinomycetes, however,
appears paraphyletic in our analyses, which raising doubts about the placement of Saitoella.

8. Phylogenomic analyses show that large-scale gene duplication events are extremely common
across all fungal groups except Ascomycota. Most of the duplication peaks appear in terminal
nodes, but in at least one case an internal duplication peak can be related to the acquisition
of lignin degrading capabilities and the diversification of body plan in Agaricomycetes.

9. The present thesis reviews current knowledge regarding the role of non-vertical genomic
events in the evolution of the Fungi. We have developed novel methodologies for the study
of these phenomena and applied it to diverse clades of Fungi at different evolutionary scales.
We conclude that non-vertical genomic phenomena are very common in Fungi and act as
powerful evolutionary drivers across virtually all scales and clades within the fungal tree of
life.
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