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Summary

Despite the enormous amount of DNA that needs to fit in the eukaryotic nucleus, genomes
are typically highly organized. First, genes and other genetic elements, such as transposable
elements, are arranged in an organized manner on the linear DNA strand. Furthermore,
histone proteins fold the DNA into chromatin that is organized into regions that are more
compacted or more relaxed, thereby affecting accessibility of the DNA. Finally, chromatin
is arranged in the three-dimensional (3D) space within the nucleus, with some chromatin
regions (co)localizing in nuclear sub-regions. Thus, one can say that genomes are organized
in three dimensions: linear DNA, chromatin, and 3D organization. The three dimensions and
the interactions between them compose the epigenome. The work described in this thesis
combines complementary analyses across these three dimensions to try and understand
genome evolution of Verticillium dahliae, a pathogenic fungus that infects hundreds of plant
species.

In Chapter 1, l introduce the interactions between plants and fungal plant pathogens
that engage in co-evolutionary ‘arms races’. Plants have evolved immune systems to detect
pathogen intrusions and to mount defense responses, while fungal pathogens evolved
complex molecular tool kits to disarm plants’ defenses and support host colonization. To
enable these cycles of adaptation and counter-adaptation, pathogen populations require
sufficient genetic variation, which occurs in specific dynamic genomic compartments in
many plant pathogens. In V. dahliae, these dynamic genomic compartments are embedded
within the eight chromosomes that are typically observed in this species, and are enriched in
genomicrearrangements, transposable elements, presence/absence polymorphisms, unique
chromatin characteristics, and in in planta-induced genes that encode proteins mediating
virulence during host infection. In V. dahliae, these dynamic genomic compartments are
known as adaptive genomic regions (AGRs). | argue that the intimate relationship between
DNA, gene expression, chromatin, the spatial organization of the genome, and therefore,
the epigenome, contributes to V. dahliae genome evolution.

The ‘two-speed’ genome model has often been used to describe genome
organizations of plant pathogens. This model describes the compartmentalization of
genomes characterized by the presence of dynamic regions that evolve more rapidly when
compared with conserved regions that compose the core genome. In Chapter 2, we critically
review the two-speed model by discussing recent work on epigenetics, transposable
element dynamics, and population genetics in filamentous plant pathogens. Numerous
examples from different filamentous plant pathogens have suggested that effector genes,
genes encoding secreted molecules that are involved in host colonization, localize in rapidly
evolving genome compartments. However, recent evidence suggests that the two-speed
genome is unlikely to have evolved to specifically benefit plant pathogenic lifestyles, but
instead dynamic genomic regions occur in many branches across the tree of life. Thus,
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we propose that fundamental drivers of eukaryotic genome evolution have shaped both
pathogen and non-pathogen genomes alike.

The epigenome is composed of the earlier mentioned three genomic dimensions
and their interactions. The first dimension of the epigenome considers the linear nucleotide
sequence. In Chapter 3, we explore the contribution of transposable element (TE) dynamics
to genomic variation as well as gene expression variation in V. dahliae. We use whole-
genome sequencing data of 42 V. dahliae strains to identify polymorphic TEs. Polymorphic
TEs are evolutionary younger and more active when compared with non-polymorphic
TEs. Importantly, polymorphic TEs are restricted to AGRs and are associated with the
occurrence of genomic structural variation. Additionally, polymorphic TEs are enriched near
highly expressed pathogenicity-related genes. Collectively, our analyses demonstrate that
TE dynamics in V. dahliae contributes to genomic variation, correlates with expression of
pathogenicity-related genes, and potentially impacts the evolution of AGRs.

The second dimension of the epigenome focusses on the organization of the linear
DNA into chromatin. In Chapter 4, we address the contribution of chromatin to intraspecific
genomic variation and differential gene expression. Using two V. dahliae strains that belong
to divergent genetic lineages, we show that gene expression differs for one third of the
genes, and these differences are likely not caused by changes in the organization and
sequence of cis-regulatory regions. We summarize different combinations of seven histone
modifications in distinct chromatin states and a subset of those states can be linked to gene
expression changes between strains. In eukaryotes, the histone modification H3K27me3
(tri-methylation of lysine 27 on histone 3) is associated with repressed gene expression,
and we have previously demonstrated that H3K27me3 is enriched in V. dahliae AGRs.
Intriguingly, H3K27me3 also occurs in chromatin states together with histone modifications
typically associated with active gene expression such as H3K9ac, H3K4me3, or H3K36me3
(acetylation of lysine 9, tri-methylation of lysine 4, or tri-methylation of lysine 36 on histone
3, respectively). These chromatin states are associated with differential gene expression
in planta and differential gene expression between V. dahliae strains. Particularly, genes
with H3K27me3-associated chromatin states are enriched for pathogenicity-related
gene functions that mostly reside in AGRs. Thus, H3K27me3-associated chromatin states
contribute to the genome organization and the evolution of gene expression in V. dahliae.

The third dimension of the epigenome describes the spatial organization of
chromatin within the nucleus. In Chapter 5, we utilize Hi-C data to uncover the 3D genome
organization of V. dahliae. Locally, we reveal the presence of topologically associating
domains (TADs) with gene-rich and repeat-poor boundaries that show reduced levels of
gene expression and of genomic variation. Remarkably, we find that TADs in the AGRs of V.
dahliae are less well insulated than TADs in the core genome, indicating that TADs in AGRs
are not as well established as those in the core. Intriguingly, we show that the physical
interaction of the AGRs follow the pattern of segmental duplications in V. dahliae and we
confirm a similar physical association across different Verticillium species, suggesting that
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the 3D organization is conserved within the Verticillium genus. Collectively, our analysis links
the 3D organization to genome function and evolution throughout the Verticillium genus.

In Chapter 6, we discuss the current knowledge on fungal genome organization
in the 3D space within the nucleus. On a local scale, fungal genomes are regionally
organized into TADs. However, the insulation of TADs is diverse, and the detailed molecular
mechanisms behind TAD formation, organization, and function remain to be uncovered.
We also discuss how chromatin organization impacts DNA-templated processes across the
fungal genome. On a global scale, fungal genomes are organized within the nucleus in a so-
called Rabl configuration, which is characterized by clustering of centromeres on one side
of the nuclear envelope and chromosomal arms extending towards the opposing nuclear
periphery where (sub)telomeres associate. Proteins known to be involved in formation of
the Rabl configuration are widely present across the fungal kingdom, suggesting that the
Rabl conformation is a common feature in fungi. Nevertheless, we argue that our current
picture of fungal genome organizations is limited to only a few fungal taxa given the paucity
of fungal Hi-C experiments. Thus, we advocate for exploring genome organization across
diverse fungal lineages to understand the impact of the nuclear organization on fungal
genome function and evolution.

Finally, in Chapter 7, | address the contribution of the three dimensions of the
epigenome to discuss their implications in the genome evolution of V. dahliae. | provide an
evolutionary hypothesis to explain the genome organization and the potential role in the
evolution of dynamic genomic compartments, such as the AGRs in the plant pathogen V.
dahliae. Since dynamic genomic regions do not only occur in plant pathogens, but have been
similarly observed in non-pathogenic organisms (Chapter 2), | conclude that a holistic view
of all the interactions of the three dimensions of the epigenome is needed to understand
the origin and function of the dynamic genomic compartments through the evolution of the
eukaryotic genomes.
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Plant diseases challenge humankind

The domestication of plants played a crucial role in the rise, establishment, and development
of human civilizations through a continuous supply of fibers, food and energy (Zeder 2015).
The enormous growth in human population and the current climate change make securing
crops as a resource, one of the crucial goals of our current and future generations (Uphoff
2012; OECD and FAO 2022). This challenge concerns from commodity crops such as wheat,
or cotton (Lyson and Guptill 2004), to crops deeply rooted in our cultural identities as olives,
chili peppers, or bananas (Wilson 2007).

Diseases that can effect crops have had catastrophic effects causing huge economic
losses, starvation, reconfiguration of societal dynamics, and may lead to environmental
changes (Cheatham et al. 2009; Zadoks 2017; Ristaino et al. 2021; Rizzo et al. 2021). The
emergence of diseases, particularly those that have suddenly increased in incidence,
severity, geographical or host range, imposes a huge challenge for humankind to overcome
(Fisher et al. 2012; Rizzo et al. 2021). A notorious example is the emergence of the Panama
disease of banana during the mid-1890’s in Central America. This disease was caused by the
fungus Fusarium oxysporum f.sp. cubense and led to immense economic losses (Ploetz 2015,
2000; Viljoen et al. 2020). The disease caused a reconfiguration of the banana industry,
which led to worsened labor conditions for thousands of workers in plantations (Marquardt
2001; Ploetz 2015), which led to a major reshaping of the landscape in countries such as
Costa Rica, Honduras, and Panama due to the dramatic deforestation of tropical rainforests
by farmers in search of new productive land (Marquardt 2001). As a consequence, this plant
disease epidemic caused not only huge economic losses, but changed the landscape in
Central America, and the lives of thousands.

Plant diseases are the outcome of unbalances in the complex interactions
between the plant host, the pathogen, and the environment (Scholthof 2007). For instance,
the homogeneity of plant genotypes in monocultures has facilitated the proliferation of
pathogens (Stukenbrock and McDonald 2008; McDonald and Stukenbrock 2016). Climate
change can foster the emergence of plant pathogens in new geographical locations (Fisher
et al. 2012). Historically, plant pathogens have been widely controlled by the application
of agrochemicals (Agrios 2005). However, agrochemicals exert a high pressure on plant
pathogen populations to overcome by developing resistance (Lamberth et al. 2021; Steinberg
and Gurr 2020). Collectively, the unbalances between host, environment and pathogens
have made plant diseases a challenge for securing crop resources for human societies.

Plant pathogenic organisms are diverse. The ability of pathogens to infect plant
species has evolved independently several times across the tree of life, including diverse
groups as bacteria, stramenopiles, nematodes, and by far the most important microbial
plant disease agents: fungi (Fisher et al. 2012, 2020).
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Fungal lifestyles and the plethora of plant-fungal interactions

Fungi are considered to be one of the most versatile eukaryotic kingdoms on earth, as they
can thrive in conditions that involve extreme pressure, temperature, salinity, desiccation,
pH, and pollution (Naranjo-Ortiz and Gabaldén 2019a, 2019b). Under such diverse
environmental conditions, fungi can exploit diverse nutrient sources and establish complex
symbiotic associations with other organisms. Some fungi can exploit the available nutrients
from dead sources as saprotrophs (Rousk and Baath 2011; Boddy and Hiscox 2016).
Furthermore, some fungi can engage in symbiotic relationships that range in a continuum
from mutualistic to parasitic (Bonfante and Anca 2009; Lo Presti et al. 2015; Selosse et al.
2018).

Parasitic plant-fungal interactions typically form a convoluted continuum that can
be defined from necrotrophic to obligate biotrophic interactions (Jones and Dangl 2006;
Zeilinger et al. 2016; Zanne et al. 2020; Thomma et al. 2011). On the one extreme end of
the continuum, necrotrophic fungi interact with the host and induce cell death to retrieve
nutrients from their hosts. Important pathogens such as Botrytis cinerea and Sclerotinia
sclerotiorum are considered typical examples of necrotrophic fungi (van Kan et al. 2014; Kim
et al. 2008). On the other extreme end, obligate biotrophic fungi interact with the host and
do not cause cell death, but establish a long-lasting interaction to retrieve nutrients from the
plant. Rust and powdery mildew fungi are among the economically most important groups
of obligate biotrophic pathogens (Helfer 2014; Lorrain et al. 2019; Garnica et al. 2014). In
between those two extremes, hemibiotrophic fungi display early a biotrophic and later a
necrotrophic lifestyle during their life cycle. One of the most important hemibiotrophic
fungi is Magnaporthe oryzae (Wilson and Talbot 2009; Cruz-Mireles et al. 2021). However,
plant-fungal interactions have shown not to be static, and as such, intimately associated
with fungal plant pathogen speciation (Stukenbrock 2013).

The everlasting co-evolution of plant-fungal interactions

The long-lasting interaction between plants and fungal pathogens exerts strong selection
pressure on pathogens as well as on their hosts (Jones and Dangl 2006). Plants have evolved
immune systems to detect pathogen intrusions and to mount defense responses, while
fungal pathogens evolved complex molecular tool kits to support host colonization (Rovenich
et al. 2014; Cook et al. 2015). The everlasting co-evolutionary ‘arms race’ is characterized by
repeated cycles of adaptation and counter-adaptation of pathogens and their hosts (Strotz
et al. 2018; McDonald and Stukenbrock 2016) (Fig. 1). A key component of the arms race are
so-called effectors, which have been typically defined as proteins that are secreted by the
pathogen to support host colonization (Lo Presti et al. 2015; Rovenich et al. 2014; Snelders
et al. 2018). Also secondary metabolites, and small RNAs can act as effectors (Collemare
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et al. 2019). Interestingly, genes encoding effectors or other proteins with roles in fungal-
adaptation often co-localize in discrete gene-sparse regions in plant pathogen genomes,
which contrasts with the conserved housekeeping genes often being depleted from those
regions and instead localized in gene-rich regions (Haas et al. 2009; Raffaele et al. 2010).
This observation gave rise to the ‘two-speed’ genome hypothesis (Raffaele et al. 2010;
Raffaele and Kamoun 2012) (Fig. 1) that posits that genes localized in gene-sparse regions
evolve faster, while genes located in gene-rich regions evolve at a slower pace (Raffaele and
Kamoun 2012; Dong et al. 2015).

The ‘two-speed’ genome hypothesis conceptually states the presence of two
distinctive genomic compartments, namely a ‘core’ compartment enriched for genes
evolving at a low speed, and a ‘dynamic’ compartment enriched for genes evolving at a
higher speed (Fig. 1). Following this thought, the dynamic compartment is often enriched
for structural variations, copy-number variations, presence-absence variations, sequence
polymorphisms, genomic rearrangements, and transposable element polymorphisms
(Faino et al. 2016; Frantzeskakis et al. 2018; Raffaele et al. 2010; Torres et al. 2021; Thon et
al. 2006; Plissonneau et al. 2018). In contrast, the core compartment is usually depleted in
such genomic variations. Collectively, these observations have fueled the initial hypothesis
that genes embedded in the dynamic compartments show a higher evolutionary speed due
to the abundance of genomic variation.

The two-speed genome model has been very useful to explain the association of
specific adaptive genes to discrete repeat-rich genomic regions in many plant pathogens
(Fouché et al. 2018; Moller and Stukenbrock 2017; Frantzeskakis et al. 2019). For example,
effector genes are associated to AT-rich isochores in Lepthosphaeria maculans (Rouxel et
al. 2011) and Epichlée festucae (Hassing et al. 2019). Similarly, the sub-telomeric regions
of Fusarium fujikuroi (Chiara et al. 2015) and some species of Colletotrichum (Gan et al.
2021) as well as the accessory chromosomes of Magnaporthe oryzae and Fusarium
oxysporium are enriched for effector genes and other environmentally-response genes
(van Dam et al. 2017; Fokkens et al. 2018; Peng et al. 2019). These observations, as well as
similar observations for other plant pathogenic fungi, collectively revealed the widespread
occurrence of genomic compartmentalization, even though there are also clear exceptions
that lack this organization such as the genomes of Blumeria graminis (Frantzeskakis et al.
2018) and Ramularia collo-cygni (Stam et al. 2018).
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Figure 1. The ‘two-speed genome’ model and its role in plant-pathogen co-evolution.

(A) Co-evolution model between a plant and a fungal pathogen. The fungus secretes effectors that happen to be
not recognized by the plant immune system, and consequently colonization progresses. The plant evolves immune
receptors that are able to recognize effectors and establishes immunity. Consequently, other effectors could be
unrecognized by the plant. This cycle of adaptation and counteradaptation repeats over and over in the everlasting
plant-pathogen co-evolutionary arms races. (B) The genome according to the ‘two-speed’ model. The genome is
compartmentalized into a ‘core genome’ and a ‘dynamic genome’. The dynamic genome is enriched in transposable
elements (TEs), genomic rearrangements, polymorphisms, nucleotide variations, and in planta expressed fungal
genes. Possibly, plant genomes obey to a two-speed model as well, with immune receptor genes in the dynamic
genome compartments.

Chromatin, the complex of DNA and its associated proteins, determines the
organization of the genome within the nucleus (Olins and Olins 2003; Maeshima et al.
2021). Nowadays, chromatin characteristics are increasingly used to further detail the
function, evolution, and relevance of the genomic compartments of the two-speed model
(Seidl et al. 2016). For instance, in Z tritici, M. oryzae, and Fusarium spp., the accessory
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chromosomes have been associated with a specific chromatin profile, particularly enriched
for the tri-methylation of the lysine 27 in the histone 3 (H3K27me3) (Schotanus et al. 2015;
Fokkens et al. 2018; Moller and Stukenbrock 2017). The presence of H3K27me3 has been
associated with silencing of gene expression (Zhang et al. 2021b), chromosome stability
(Moller et al. 2019) and nucleotide variation (Feurtey et al. 2020; Tralamazza et al. 2022;
Habig et al. 2021). These observations suggest an intimate relationship between DNA, gene
expression, chromatin organization, and genome evolution of plant pathogens.

Genome evolution in three dimensions

One of the fundamental distinctions in biology is between the DNA, with the genes as
carriers of information, and the proteins which generate the phenotype (Szathmary and
Smith 1995). The term ‘epigenetics’ was originally coined by Conrad Waddington in the ‘40s
of the 20th century to explain the connection between genes and phenotype (Waddington
1942). He described it as ‘the interactions of genes with their environment, which bring the
phenotype into being’ (Waddington 1942). Nowadays, a modern definition of epigenetics
could be considered as ‘the sum of all genetic and non-genetic factors acting upon cells to
selectively control the gene expression needed in development and evolution’ (Hallgrimsson
and Hall 2011). Thus, the cooperativity, dynamics and organization of the genetic and non-
genetic factors could be summarized in at least the following three dimensions, not only in
fungi, but potentially in all eukaryotes.

The first dimension: on the linear thread
The first dimension considers the linear nucleotide sequence in the control and evolution of
gene expression (Fig. 2). The organization of genes on the linear DNA and the gene sequence
itself determine, at least partially, gene expression. Gene expression can be altered by
changes in the gene sequence due to single nucleotide mutations (Shastry 2009), genomic
rearrangements (Escaramis et al. 2015; Ho et al. 2020). These mutations may change
amino acids or introduce stop codons (nonsynonymous mutations), or do not alter protein
sequences (synonymous mutations) (Ohta and Ina 1995; Nei and Kumar 2000). Typically,
nonsynonymous mutations are under strong negative selection because of their potential
changes in phenotype (Ohta and Ina 1995; Nei and Kumar 2000; Conrad and Hurles 2007;
Feulner and De-Kayne 2017). Conversely, synonymous mutations are considered mostly
neutral (Ohta and Ina 1995; Kimura 1968; Nei and Kumar 2000), or at least, nearly neutral as
they potentially could have slight effects on the phenotype (Lynch and Conery 2003; Lynch
and Walsh 2007; Chamary et al. 2006; Ohno 2013; Bergthorsson et al. 2007).

The linear nucleotide genome sequence is composed of more than just protein-
coding genes. Genes are flanked by regulatory sequences that modulate their expression
timing and transcript levels (Wray et al. 2003; Wittkopp and Kalay 2011). Many types of
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regulatory sequences have been described, including for example promoters, and enhancers
(Wray et al. 2003; Gasch et al. 2004; Schoenfelder and Fraser 2019; Andersson and Sandelin
2020; Brazda et al. 2021). Promoters are regulatory sequences located in upstream proximity
of a transcription start site (TSS), whereas enhancers are not necessarily located near a TSS
and can activate multiple genes (Gagniuc and lonescu-Tirgoviste 2012; Pennacchio et al.
2013). Regulatory sequences allow the binding of transcription factors (TFs) and promote
the recruitment of the transcriptional machinery responsible to ensure timely and spatially
organized gene expression. Regulatory sequences could be more prone to tolerate point
mutations, deletions, or structural variants that can modify the binding affinity of TFs, and
consequently modify gene expression (Schmidt et al. 2010; Schoenfelder and Fraser 2019;
Villar et al. 2015; Berthelot et al. 2018, 2015; Young et al. 2015). Therefore, the plasticity of
regulatory sequences is relevant for the evolution of gene expression.

The size of the linear eukaryotic genome does not necessarily correlate with the
number of genes and regulatory sequences (Lynch 2006; Lynch and Conery 2003; Wells
and Feschotte 2020). This is a consequence of the proliferation of non-coding DNA such
as transposable elements (TEs). TEs are repetitive DNA sequences that are capable of
transposing to diverse locations within the host genome, and thus are considered ‘mobile
genetic elements’ (McClintock 1950; Wicker et al. 2007; Wells and Feschotte 2020;
Feschotte 2008). TEs can impact genome organization, gene expression, and gene function
by disrupting protein-coding regions, modifying gene regulatory sequences, or causing
large-scale chromosomal rearrangements (Chuong et al. 2017; Wells and Feschotte 2020;
Bourque et al. 2018; Muszewska et al. 2019). TEs can insert in regulatory sequences and
induce changes in gene expression (Chuong et al. 2017; Kitano et al. 2018), or insert in
coding regions and change the abundance of transcripts (Van’t Hof et al. 2016). Therefore,
host genomes deploy different defense mechanisms to suppress TE mobilization and
decrease the detrimental effect of such mobilizations. This represents a delicate trade-off
for the host genomes, as TEs have also been recognized to play important roles in adaptive
evolution (Lynch et al. 2011b; Bourque et al. 2018; Wells and Feschotte 2020). For example,
TEs have shown to play a role in the immune system of animals, some domestication traits in
plants, or the environmental response of fungi (Sakamoto et al. 2004; Kawakatsu et al. 2016;
Seidl et al. 2016; van Wersch and Li 2019). Therefore in the linear space of the DNA, the
organization of genes, regulatory sequences, repeats and transposable elements is crucial
to understand gene expression, and evolution.

The second dimension: on the knitted thread

The second dimension goes beyond the linear DNA sequences and considers the organization
of the genomic DNA into chromatin (Fig. 2). Chromatin is defined as the sum of the eukaryotic
DNA and all the protein complexes that allow the organization and regulation of the linear
nucleotide strand inside the nucleus (Olins and Olins 2003; Maeshima et al. 2021). The linear
DNA strand could be chemically modified by direct DNA modifications, mostly in the form
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of methylations (Meng et al. 2015; Luo et al. 2015; Boulias and Greer 2022; Zhong 2016; Nai
et al. 2020; He et al. 2020; Kumar et al. 2018). Additionally, in eukaryotes, DNA is wrapped
around proteins to form a DNA-protein complex called a nucleosome (Luger et al. 1997),
which is the basic unit of chromatin. Nucleosomes are composed of an octamer formed
by two copies of each of the histone proteins H2A, H2B, H3, and H4 that wrap together
around 150 bp of DNA. Each histone have chain of unstructured amino acid residues that
can be post-translationally modified through methylation, acetylation, and phosphorylation
(zhao and Garcia 2015; Bannister and Kouzarides 2011; Zentner and Henikoff 2013). To date,
hundreds of post-translational modifications have associated with nucleosome structures
and with roles in transcriptional regulation (Bannister and Kouzarides 2011; Zentner and
Henikoff 2013). In addition, each nucleosome can be modified by chaperones that change
the nucleosome structure by interchanging histone variants (Talbert and Henikoff 2010,
2017), or by changing the nucleosome position in relation to the associated DNA (Saha et al.
2006; Nocetti and Whitehouse 2016).

Histone post-translational and DNA modifications establish a chromatin landscape
that can be broadly divided into transcriptionally active euchromatin and repressive
heterochromatin. Euchromatin is mostly characterized by high chromatin accessibility,
depletion of DNA methylation, and enrichment of specific histone modifications such
as H3K36me3 (tri-methylation of lysine 36 on the tail of histone 3) or H3K27ac (mono-
acetylation of lysine 27 on histone 3) (Zentner and Henikoff 2013; Huang and Zhu 2018).
Typically, euchromatic regions are associated with strong negative selection, and therefore
genomic variation is depleted (Makova and Hardison 2015; Monroe et al. 2022b; Hazarika et
al. 2022; Quiroz et al. 2022). In contrast, heterochromatic regions are typically characterized
by poor accessibility, enrichment in DNA methylation, and enrichment of specific histone
modifications such as H3K9me3 or H3K27me3 (Zentner and Henikoff 2013; Bannister and
Kouzarides 2011; Grewal and Jia 2007; Sasaki et al. 2014; Schuster-Bockler and Lehner 2012;
Sun et al. 2016). Heterochromatic regions are associated with relaxed selection and prone
to accumulate TEs, SVs, and nucleotide variations (Lewis et al. 2009; Makova and Hardison
2015; Janssen et al. 2018; de la Pefia et al. 2023; Habig et al. 2021; Yasuhara et al. 2005; Liu et
al. 2020a). Thus, it has been hypothesized that in contrast to euchromatin, heterochromatin
can serve as a cradle for genomic variability (Liu et al. 2020a; Yasuhara et al. 2005). Taken
together, in the second dimension of the genome, the chromatin organization is important
not only for gene expression regulation, but also for the evolution of eukaryotic organisms.
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Figure 2. The genome in three dimensions.

The genome is organized in at least three dimensions. The interactions between these three dimensions compose
the epigenome. The first dimension covers the architecture and dynamics of the linear DNA sequence. The genome
is composed of coding, regulatory, and repetitive sequences. Regulatory sequences allow binding of transcription
factors (TFs) to recruit the transcription machinery, thereby enabling the ‘reading’ of coding regions (i.e., genes).
Changes in regulatory sequences due to transposable element (TE) insertions or mutations (green arrows) can
lead to gene silencing or expression variation. The second dimension covers the organization of the DNA into
chromatin. DNA is wrapped around histone proteins to form nucleosomes. Histone proteins can be modified on
their tails (purple, orange balls = acetylations), and these modifications can modulate the DNA accesibility to TFs,
thereby promoting transcriptional activation. Other histone modifications (green balls = methylation) can promote
chromatin condensation, thereby suppressing transcription or the accumulation of mutations (green arrows). The
third dimension depicts the spatial and physical organization of the chromatin within the nucleus. The chromatin
strand can form loops to enable regulatory sequences (dark purple boxes) to get physically closer to target genes.
Loops can form topologically associating domains (TADs). The acumulation of TADs can enable the formation of
active or repressive chromatin compartments (purple and green chromatin strands). Compartments form the
typical structure of chromosome domains, like centromeres (yellow) or chromosome arms.
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The third dimension: on the folded knitted thread

The third dimension recognizes that chromatin is organized into three-dimensional (3D)
structures that play a role in the control and evolution of gene expression within the
eukaryotic nucleus (Fig. 2). The 3D folded chromatin strand allows the spatial association
of genomic elements separated on the linear DNA strand (Lieberman-Aiden et al. 2009).
The spatial organization ranges from small-scale chromatin loops of a few kilobases that
could contribute to transcriptional regulation based on DNA-DNA contacts, to large-scale
subdomains composed of hundreds of kilobases that arrange large chromosomal regions
into active or silent chromatin regions in ‘A’ and ‘B’ subdomains, respectively (Rao et al.
2014; Holwerda and De Laat 2012; Rowley and Corces 2018; Eagen et al. 2017; Jerkovic and
Cavalli 2021). Chromatin loops can form through the action of proteins that progressively
extrude chromatin from a boundary element, till they encounter the next boundary element
(Brackley et al. 2018; Banigan and Mirny 2020; Davidson and Peters 2021). These boundary
elements are diverse in three of life. For example, in vertebrates, boundaries are enriched
in CTCF (CCCTC binding factor) dimers (de Wit et al. 2015; Sanborn et al. 2015). However,
different boundary elements than CTCF dimers have been observed in plants (Wang et al.
2015b; Dong et al. 2017; Xie et al. 2019; Li et al. 2019), D. melanogaster (Ramirez et al.
2018; Arzate-Mejia et al. 2020), C. elegans (Anderson et al. 2019), S. pombe (Mizuguchi et al.
2014), S. cerevisiae (Schalbetter et al. 2019), and N. crassa (Galazka et al. 2016; Rodriguez et
al. 2022). The accumulation of loops shapes the chromosome structure into discrete regions
called topologically associating domains (TADs) in mammals and plants, or ‘globules’ in fungi
(Dong et al. 2017; Mizuguchi et al. 2014; Dixon et al. 2012). While named differently, these
in principle refer to homologous topological structures. Although the function of TADs is
controversial and still under debate (Ghavi-Helm et al. 2019; Kaushal et al. 2021; Cavalheiro
et al. 2021; Arzate-Mejia et al. 2020), many studies have associated the biological function
of TADs to transcriptional regulation (Dixon et al. 2012; Rao et al. 2014; Cavalheiro et al.
2021) and genome replication (Eser et al. 2017; Yang et al. 2019).

Chromatin loops, TADs and large scale domains are usually characterized by the
presence of distinct chromatin patterns within the nucleus. For example, heterochromatic
domains are usually tethered in the nuclear envelope in the form of lamina-associated
domains (Guelen et al. 2008; Rao et al. 2014), in centromere-specific domains (Mekhail
and Moazed 2010), or by the interaction of heterochromatic marks with specific nuclear
envelope proteins (Buchwalter et al. 2019; Briand and Collas 2020; Mekhail and Moazed
2010). Changes in the organization of these wide-scale domains have been associated with
multiple effects on the phenotype, including diseases in humans (Szabo et al. 2019; Niu et al.
2021). Therefore, studies into various groups of related organisms suggest an evolutionary
conservation of specific 3D genome structures (Harmston et al. 2017; Fudenberg and
Pollard 2019; Golicz et al. 2020; Krefting et al. 2018; Liu et al. 2017; McArthur and Capra
2021; Rowley et al. 2017; Rao et al. 2014; Yang et al. 2019; Huynh and Hormozdiari 2019). As
such, the 3D genome organization has been associated with the evolution of specific traits in
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vertebrates and plants (Lonfat and Duboule 2015; Deschamps 2016; Yang et al. 2019; Golicz
et al. 2020; Corbo et al. 2022; Hoencamp et al. 2021). Collectively, the conservation of the
3D organization of the genome suggests an association of the regulation of gene expression
with chromatin organization, which plays a significant role in evolution of eukaryotes.

In summary, the three dimensions are tightly linked to a modern definition of
epigenetics. The three dimensions are part of a single epigenetic unit that is subject to
evolutionary forces: the ‘epigenome’. The ‘epigenome’ could be considered as a unit
composed of all the genetic and non-genetic factors that collectively determines the
phenotype. Thus, theoretically, the epigenome cover the three dimensions and the
interactions between that directly or indirectly regulate gene expression and organization
under the lens of evolution.

Verticillium dahliae genome in three dimensions

The ascomycete fungus Verticillium dahliae is a plant pathogen that causes Verticillium wilt,
a devastating vascular disease (Fradin and Thomma 2006). The species V. dahliae causes
wilting disease in hundreds of plant species, including economically important ones such as
tomato and cotton (Fradin and Thomma 2006; Klosterman et al. 2009). Verticillium dahliae
infects host plants through the roots, and colonizes the xylem vessels where it produces
conidiospores. Upon colonization, the fungus proliferates in the vascular tissue resulting
in wilting of the plants (Reusche et al. 2014; Buhtz et al. 2017; Vallad and Subbarao 2008).
Furthermore, V. dahliae forms melanized resting structures called microsclerotia that
maintain dormant for several years in the soil, making that soil unsuitable for the growing
of many agricultural important plant species. Therefore, V. dahliae is difficult to control
utilizing crop rotation and fungicides (Fradin and Thomma 2006; Klosterman et al. 2009).
Only a few genetic resistance sources to Verticillium wilt have been identified thus far in few
plant species only, making the control of Verticillium wilt in most crops a challenge (Song et
al. 2020; Shaban et al. 2018; Usami et al. 2017; Chen et al. 2021a).

The Lineage-Specific Regions: the first dimension

During the infection process, V. dahliae makes use of different effectors to successfully
colonize the host (Inderbitzin and Subbarao 2014). To date, the activity of several effectors
secreted by V. dahliae has been experimentally verified (de Jonge et al. 2012; Kombrink et
al. 2017; Chavarro-Carrero et al. 2021; Snelders et al. 2023, 2020). For instance, functional
analysis revealed that Avel (Avirulence on Vel tomato) acts as a major virulence factor on
tomato plants lacking the Vel immune receptor (de Jonge et al. 2012). The secreted small
cysteine-rich protein Avel displays antimicrobial activity and facilitates colonization through
the manipulation of the plant microbiome by suppressing antagonistic bacteria (Snelders
et al. 2020). Interestingly, the gene coding for Avel is located in highly dynamic genomic
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regions (de Jonge et al. 2012). Genomic comparisons between V. dahliae strains revealed
that their genomes evolved through extensive large-scale chromosomal rearrangements
(de Jonge et al. 2013; Faino et al. 2016). These rearrangements are associated with lineage-
specific (LS) regions that are highly variable between V. dahliae strains (Klosterman et al.
2011; de Jonge et al. 2012, 2013; Faino et al. 2016; Depotter et al. 2019). These regions
are enriched in relatively young and transcriptionally active TEs (Faino et al. 2016; Cook
et al. 2020). Therefore, the presence of active TEs is associated with the formation and
maintenance of these dynamic regions (Amyotte et al. 2012; Faino et al. 2016; Cook et al.
2020; Seidl et al. 2020). Thus, dynamics of the linear DNA strand has shown to be associated
with the genome evolution of V. dahliae.

The Adaptive Genomic Regions: the second and third dimensions

Recent work on the chromatin landscape has revealed that the V. dahliae LS regions display
a unique chromatin profile when compared with the core genome (Cook et al. 2020). The
chromatin profile of LS regions is characterized by high chromatin accessibility, low DNA
methylation, and enrichment of the histone modification H3K27me3 (Cook et al. 2020;
Kramer et al. 2021, 2022). Notably, a substantial number of additional genomic regions
share chromatin characteristics with the LS regions and, accordingly, the amount of LS DNA
has been underestimated (Cook et al. 2020). The originally identified LS regions, together
with the additional genomic regions that share the similar chromatin profile, are now
collectively referred to as adaptive genomic regions (AGRs) (Cook et al. 2020). These AGRs
are enriched not only in in planta-induced genes but also in genes that are differentially
expressed between in vitro growth conditions (Klosterman et al. 2011; de Jonge et al. 2012,
2013; Kombrink et al. 2017; Cook et al. 2020; Chavarro-Carrero et al. 2021; Kramer et al.
2021, 2022; Gibriel et al. 2019). Additionally, the presence of a hallmark TE associated with
unique H3K9me3 heterochromatin domains in centromeres correlates with the karyotype
evolution of Verticillium spp. (Seidl et al. 2020). Thus, chromatin dynamics showed that the
second dimension of the genome is important for gene expression regulation and genome
evolution of V. dahliae. Further work is needed to understand not only the interplay of the
observations in the first and second dimensions of the genome, but to integrate the third
dimension of the genome that has not been explored thus far.
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Research question and thesis outline

The multidimensional epigenome fuels the genomic variation needed for the evolution of
filamentous fungal plant pathogens, such as V. dahliae. The epigenome is the collaborative
dynamics of multiple dimensions. Previous analyses have shown the interplay of the linear
DNA dimension and the chromatin dimension in V. dahliae. | aimed to investigate the role of
the epigenome dynamics between strains of V. dahliae, and by comparing V. dahliae to all
species of the Verticillium genus. Therefore, the main objective of my doctoral research is to
explore the epigenome dynamics to understand its implications in the genome evolution of
the soil-borne fungal plant pathogen V. dahliae.

In Chapter 2, we critically analyze the ‘two-speed’ model by examining recent
studies on epigenetics, transposable element dynamics, and population genetics in
filamentous plant pathogens. Emerging evidence suggests that the ‘two-speed’ genome
model is not exclusive to plant pathogens, but rather dynamic regions are present across
diverse organisms. Consequently, we propose that fundamental factors influencing
eukaryotic genome evolution have shaped both pathogen and non-pathogen genomes
alike.

In Chapter 3, we explore the contribution of transposable element (TE) dynamics to
the genomic and gene expression variation in V. dahliae. We use whole-genome sequencing
data of 42 V. dahliae strains to identify polymorphic TEs associated with genomic variation.
Polymorphic TEs are evolutionary younger and more active, compared to the non-
polymorphic TEs. Additionally, polymorphic TEs occur mostly in adaptive genomic regions
(AGRs) in nearby association with highly expressed pathogenicity-related genes.

In Chapter 4, we investigate how chromatin influences genomic variation and
differential gene expression. Comparison of two strains from different genetic lineages
shows that one-third of the genes are differentially expressed between both strains. These
differences are likely not associated with changes in the cis-regulatory regions. Instead, by
analyzing different combinations of seven histone modifications, we identified chromatin
states associated with differential gene expression. H3K27me3-rich chromatin states are
associated with differential gene expression of pathogenicity-related genes in planta and
differential gene expression between V. dahliae strains.

In Chapter 5, we further use proximity ligation to uncover the three-dimensional
(3D) genome organization of V. dahliae. We reveal the presence of topologically associating
domains (TADs). We find that TADs in AGRs are not as well established as those in the core
genome. Additionally, we show that the physical interaction of AGRs follows the pattern of
segmental duplications in V. dahliae and we confirmed a similar physical association across
different Verticillium species, suggesting that the 3D organization is conserved within the
Verticillium genus.

In Chapter 6, we analyze the current knowledge on fungal genome organization
in the 3D space within the nucleus. We discuss how chromatin organization impacts DNA-
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templated processes across the fungal genome. We cover the fungal genome organization
from the local scale, in the regionally organized TADs, to the global scale, in the so-called
Rabl configuration. We further show that proteins known to be involved in the genome
organization in the 3D space within the nucleus are widely present across the fungal
kingdom.

In Chapter 7, | address the contribution of the epigenome to discuss their
implications in the genome evolution of V. dahliae. Furthermore, | discuss an evolutionary
hypothesis for the potential role of the epigenome in the genome evolution of the plant
pathogen V. dahliae, and potentially for the evolution of similar eukaryotic genomes.
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Abstract

The interaction of pathogens with their hosts creates strong reciprocal selection pressures.
Pathogens often deploy an arsenal of small proteins called effectors that manipulate the
plant immune system and promote disease. In the post-genomics era, a major interest has
been to understand what shapes the localization of effector genes in pathogen genomes.
The two-speed genome model originated with the discovery of repeat-rich and gene-sparse
genome compartments with an over-representation of effector-like genes in a subset of plant
pathogens. These highly polymorphic genome compartments are thought to create unique
niches for effector genes and facilitate rapid adaptation. Research over the past decade
has revealed a number of twists to the two-speed genome model and raised questions
about the universality among plant pathogens. Here, we critically review the foundations
of the two-speed model by presenting recent work on epigenetics, transposable element
dynamics, and population genetics. Numerous examples have demonstrated that the
location of effector genes in rapidly evolving compartments has created key adaptations.
However, recent evidence suggests that the two-speed genome has unlikely evolved to
benefit specifically the plant pathogen lifestyle. We propose that fundamental drivers of
eukaryotic genome evolution have shaped both pathogen and non-pathogen genomes
alike. An evolutionary genomics perspective on the two-speed genome model will open up
fruitful new research avenues.




Introduction

Eukaryotic microorganisms are crucial components of worldwide ecosystems. Many
eukaryotic microorganisms engage in symbiotic relationships that can range from mutualistic
to pathogenic. Within this continuum, tight interactions between pathogens and their hosts
exert strong selection pressures (Papkou et al. 2019). Hosts evolved immune systems to
detect pathogen intrusions and to mount defense responses while pathogens evolved
molecular tools to support host colonization (Cook et al. 2015), and these everlasting co-
evolutionary ‘arms-races’ are thus characterized by repeated cycles of adaptation and
counteradaptation (Strotz et al. 2018; Papkou et al. 2019).

The genomic era has provided unprecedented insights into the genomic signatures
of adaptation for many eukaryotic microorganisms that form symbiotic relationships
with plants or animals. One of the key observations was that effectors, genes or genomic
loci encoding secreted proteins as well as non-proteinaceous effector molecules such
as secondary metabolites or small RNAs that can collectively support ecological niche
colonization (Snelders et al. 2018; Rovenich et al. 2014; Lo Presti et al. 2015; Collemare
et al. 2019), and other genes with roles in adaptation often co-localize within the genome
(Seidl and Thomma 2014, 2017; Sdnchez-Vallet et al. 2018; Dong et al. 2015; Raffaele and
Kamoun 2012). Genes localized in repeat-rich and gene-sparse regions tend to evolve faster,
in contrast to slow-evolving housekeeping genes localized in repeat-poor and gene-rich
regions (Haas et al. 2009; Dong et al. 2015; Raffaele et al. 2010; Raffaele and Kamoun 2012).
The observation of this particular genome organization gave rise to the popular ‘two-speed’
genome model that is commonly used to describe genome organization and evolution
in plant-pathogenic fungi and oomycetes (Dong et al. 2015; Raffaele and Kamoun 2012;
Frantzeskakis et al. 2019). Here we discuss some of the key assumptions underlying the
two-speed hypothesis, highlight recent work shedding light on the evolution of this peculiar
genome organization, and provide some critical re-evaluation in the post-genomics era.

Evolution at two speeds, a misleading concept?

A key assumption of the two-speed hypothesis underscores the presence of two discrete
types of genomic regions that supposedly evolve at different speeds (Dong et al. 2015).
Fast-evolving regions in compartmentalized genomes are typically defined to be rich in
repeats such as transposable elements (TEs) and to contain effector genes as has been
observed in AT-isochores, sub-telomeric regions, and repeat islands embedded within
chromosomes or accessory chromosomes (Fig. 1) (Thon et al. 2006; Rouxel et al. 2011; de
Jonge et al. 2012; Wang et al. 2017; Dutheil et al. 2016; Faino et al. 2016; de Jonge et al.
2013; Plissonneau et al. 2018; Croll and McDonald 2012; Goodwin et al. 2011; Akagi et al.
2009; Plissonneau et al. 2016; Ma et al. 2010; van Dam et al. 2017; Fokkens et al. 2018).
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However, recent genomics analyses of diverse plant pathogens have revealed that effectors
do not always cluster, that effectors and TEs do not necessarily co-localize (Frantzeskakis et
al. 2018; Schwessinger et al. 2018, 2020; Dutheil et al. 2016; Wyka et al. 2020; Stam et al.
2018), and that more than two discrete types of genomic regions can occur (Fokkens et al.
2018). These observations blur the binary notion of the original two-speed hypothesis that
had been initially founded on observations in just few plant pathogens (Frantzeskakis et al.
2019; Raffaele et al. 2010; Raffaele and Kamoun 2012), and highlight that a clear two-speed
genome compartmentalization is not rule for all plant pathogens. It is conceivable that the
plethora of different genome organizations reflects the tremendous genomic diversity in
filamentous microbes, and is not per se tied to the speed assumption underling the two-
speed genome hypothesis (Frantzeskakis et al. 2019).

A second key assumption of the ‘two-speed’ hypothesis is that genes embedded
in repeat-rich regions are assumed to evolve faster compared with genes residing in the
core genome. However, what speed implies is often glossed over. Does speed imply a higher
mutation rate per generation? Or does speed imply stronger positive selection? Repeat-rich
genomic regions in plant pathogens are often enriched for structural variations, copy-number
variations, or sequence polymorphisms (Raffaele et al. 2010; Faino et al. 2016; Plissonneau
et al. 2018; Frantzeskakis et al. 2018; Thon et al. 2006; Schirawski et al. 2010). Furthermore,
fast-evolving genes such as effectors are often identified by genome-wide scans for positive
selection (Aguileta et al. 2009; Sanchez-Vallet et al. 2018). Nevertheless, not all effectors
evolve under positive selection or even show signs of increased sequence polymorphisms.
For example, in planta expressed effector genes in the vascular wilt pathogen Verticillium
dahliae display few sequence polymorphisms and are not evolving under positive selection
but spur frequent gene presence/absence polymorphisms between different V. dahliae
strains (de Jonge et al. 2013, 2012; Kombrink et al. 2017; Faino et al. 2016; Depotter et
al. 2019). The common observation of genes under positive selection and high degree of
polymorphisms in repeat-rich genomic regions are the result of selection and thus are not
per se an indication for speed. To our knowledge, genomic mutation rates have not yet
been rigorously assessed in plant pathogens. Such experiments would require carefully
controlled conditions and well-designed sequencing strategies to avoid false positives.
Furthermore, mutation rates cannot easily be estimated from population sequencing data.
Consequently, we know little about whether mutation rates truly differ between genome
compartments, and how they differ to genomes lacking clear genome compartmentalization.
Most observed differences in polymorphisms in repeat-rich regions can be explained by
mutation accumulation due to relaxed selection. In line with Frantzeskakis and colleagues
(Frantzeskakis et al. 2019), we therefore propose to refer to these regions as ‘dynamic
compartments’ rather than ‘fast-evolving’ regions.

Apart from plant pathogens, compartmentalized genomes have been found in
many bacteria and eukaryotes where co-expressed genes, genes that operate in the same
biological process, or genes involved in adaptation cluster together (Gokcumen et al.
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2011; Lynch and Conery 2003; Hurst et al. 2004; Batada and Hurst 2007; Yeaman 2013)
(Fig. 1). In plants and animals, for example, genes with roles in immunity often cluster and
are located in dynamic regions (Roach et al. 2005; Seidl and Thomma 2017; Kawakatsu
et al. 2016; Mascher et al. 2017; Leister 2004; Gokcumen et al. 2011; Laun et al. 2006).
Notably, irrespective in which species genome compartmentalization has been observed,
this phenomenon has nearly always been linked to the occurrence of repetitive genomic
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Figure 1. Dynamic genomic compartments occur in many branches of the tree of life.

Illustration of the phylogenetic tree depicting the relationship between bacteria, archaea, and eukaryotes highlights
few (a-d) major non-fungal taxa (bacteria, Stramenopiles, animals, plants) and members of the fungal taxa (e)
Chytridiomycetes, (f) Basidiomycetes, and (g-j) Ascomycetes. These diverse taxonomic groups contain species that
have adapted to different ecological niches and lifestyles. The species differ in their precise genome organizations,
but dynamic compartments are enriched to be encode genes will roles in virulence (a-b) (Heermann and Fuchs
2008; Waterfield et al. 2002; Duchaud et al. 2003; Haas et al. 2009; Raffaele et al. 2010), immunity (c) (Kawakatsu
et al. 2016; van Wersch and Li 2019), or environmental responses (d) (Schrader et al. 2017). A spectrum of diverse
dynamic genomic compartments have been reported in diverse fungi (e-j) ranging from genomes without clear
genomic compartments (e-f) (van de Vossenberg et al. 2019a, 2019b; Schwessinger et al. 2018; Xia et al. 2018) to
clearly defined genome compartments (g-j) (Peter et al. 2018; Yue et al. 2017; Brown et al. 2010; Fleetwood et al.
2011; Kema et al. 2018; Plissonneau et al. 2018; Zhong et al. 2017; de Jonge et al. 2012, 2013; Faino et al. 2016;
Winter et al. 2018). Importantly, irrespective of the details of the genome compartmentalization, effector genes
and other genes with roles in adaptation in fungal plant pathogens and also other species typically co-localize with
transposable elements (b-j).
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Do transposable element insertion dynamics create
compartmentalized genomes?

Repetitive sequences such as TEs are ubiquitous in eukaryotes (Wicker et al. 2007), although
TE content and distribution can remarkably differ between species. For example, the
TE content in fungi can differ between very streamlined genomes as found in the yeast
Saccharomyces cerevisiae (~3.3%) (Carr et al. 2012) and genomes with a TE content above
80% such as the ectomycorrhiza Cenococcum geophilum (Peter et al. 2016) or the wheat
powdery mildew Blumeria graminis (Muller et al. 2019b). Genomes are colonized by actively
transposing TEs, but these evolutionary young TEs are not evenly distributed in fungal
genomes (Faino et al. 2016; Muszewska et al. 2019; Cook et al. 2020). Disruptive impacts of
new TE insertions trigger purifying selection, while insertions into non-coding regions should
have a less dramatic impact on host fitness (Lynch 2007). Thus, TE insertions are likely under
relaxed selection in gene-poor and repeat-rich regions. The number of TE insertions in gene-
poor regions may slowly increase, while deleterious TE insertions into genes or regulatory
regions will be purged very rapidly from the population (Fig. 2). Furthermore, random
processes can act on the population frequency of inserted TEs. If a pathogen population
undergoes a bottleneck or colonizes a new habitat, chance events can drastically increase or
decrease the frequency of a TE at a specific locus within the population.

TE insertions tend to accumulate in accessory chromosomes or accessory
compartments in core chromosomes (Croll and McDonald 2012; Sanchez-Vallet et al. 2018).
In the fungal pathogens Fusarium oxysporum, Leptosphaeria maculans, and Zymoseptoria
tritici, accessory chromosomes or accessory compartments are generally characterized
by low gene density, low gene expression, facultative heterochromatin, and enrichment
of species-specific genes (Fokkens et al. 2018; Soyer et al. 2014; Feurtey et al. 2019;
Plissonneau et al. 2018). Relaxed purifying selection on accessory genes could have allowed
TEs to accumulate. Frantzeskakis and colleagues (2019) argued purifying selection should
remain strong on housekeeping genes regardless of their localization (Frantzeskakis et al.
2019) and accessory genes should universally experience more relaxed selection. However,
how did effectors end up or emerge in close proximity to TEs? Is it a consequence of relaxed
selection against TE insertions or selection favoring the localization of effectors in dynamic
regions? The challenge will be to disentangle these two fundamentally linked phenomena
in the future.
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Dynamic chromatin for dynamic compartments

Active TEs have a strong mutagenic potential, and consequently TE-rich regions are often
highly condensed into heterochromatin to suppress TE activity (Grewal and Jia 2007). The TE-
rich dynamic compartmentsin filamentous microbes are typically associated with condensed
heterochromatin (Connolly et al. 2013; Schotanus et al. 2015; Moller et al. 2019; Janevska et
al.2018; Wangetal.2017; Cook et al. 2020). However, facultative heterochromatin can rapidly
switch to an open euchromatic state depending on developmental stage or environmental
cues, and therefore act as an important modulator of effector gene expression (Soyer et al.
2014, 2019), secondary metabolite gene clusters (Chujo and Scott 2014; Chujo et al. 2019;
Pfannenstiel and Keller 2019; Collemare and Seidl 2019), or genes encoding proteins with
various roles in carbohydrate metabolism (Fokkens et al. 2018).

Nextto playinganimportantrolein modulating gene expression, chromatin has been
hypothesized to influence genome evolution (Seidl et al. 2016). Typically, heterochromatin
is thought to suppress recombination (Grewal and Jia 2007). However, this observation is
inconsistent with data from pathogen genomes where heterochromatic regions are often
unstable or enriched in copy number variations (Hastings et al. 2009; Schotanus et al. 2015;
Seidl et al. 2016; Plissonneau et al. 2018; Moller et al. 2019). Heterochromatic regions are
considered to be more prone to DNA breakages (Sasaki et al. 2014) and heterochromatic
regions often co-localize within the nucleus (Galazka et al. 2016), and it is conceivable
that chromatin structure can also impact genetic variation. Furthermore, heterochromatic
regions are often associated with higher densities of single nucleotide polymorphisms
compared with euchromatic regions (Fokkens et al. 2018; Makova and Hardison 2015;
Wang et al. 2017; Schuster-Bockler and Lehner 2012), which is likely due to altered
accessibility for DNA repair machineries (Sun et al. 2016). Thus, it has been hypothesized
that heterochromatin serves as cradle for genomic variability (Yasuhara et al. 2005; Liu et al.
2020a; Seidl et al. 2016). However, the roles of chromatin in the formation and evolution of
dynamic compartments is still elusive. Is the association between dynamic compartments
and heterochromatin a consequence of heterochromatin formation to suppress and silence
recent TE insertions (Stuart et al. 2016; Rebollo et al. 2011; Sentmanat and Elgin 2012)?
Alternatively, heterochromatin and higher degrees of polymorphism could directly drive the
formation of the dynamic regions (Fig. 2), for instance by the spread of heterochromatic
regions (Wang et al. 2015a, 2014; Dixon et al. 2012) or by co-opting heterochromatic genomic
regions such as sub-telomeres (Hocher and Taddei 2020; Juarez-Reyes and Castano 2019).
These hypotheses are not mutually exclusive, yet it remains challenging to experimentally
elucidate how chromatin states affect genome compartmentalization dynamics and the
embedded genes.
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The chicken and egg problem: dynamic compartments and
genes underlying rapid adaptation

Effector genes and other genes with roles in rapid adaptation are often located in dynamic
compartments (Dong et al. 2015; Raffaele and Kamoun 2012) (Fig. 1). In line with the two-
speed genome hypothesis, the presence of adaptive genes in TE-rich dynamic compartments
is considered beneficial (Seidl and Thomma 2017). However, the evolutionary transitions
towards a compartmentalized genome architecture each have to be advantageous and
favored by selection over less compartmentalized genome architectures. At what stage
did a pathogen species harbor different variants of a genome architecture and selection
could favor one over the other? Did a compartmentalized genome architecture emerge
through random events (e.g. massive TE proliferation) in some ancestral pathogen
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species and selection favored the pathogen species carrying two-speed genomes? Is this
compartmentalization reversible? Resolving such questions will clarify our understanding of
why a compartmentalized genome is thought to be beneficial. Understanding mechanisms
driving genome evolution can be fruitful to answer these major questions. TEs could
influence effectors through leaky TE defense mechanisms such as repeat-induced point
mutation (Galagan and Selker 2004; Fudal et al. 2009), by altering the expression of the
effector (Chuong et al. 2016; Omrane et al. 2017), through disturbance through ectopic
recombination (Devos et al. 2002), by leaking of silencing (Hollister and Gaut 2009), or
even by creating effector genes de novo (Nottensteiner et al. 2018; Sabelleck and Panstruga
2018). Deletion of a TE-rich region carrying recognized effectors enables plant pathogens
such as Z. tritici or V. dahliae to increase virulence on specific host genotype (de Jonge et
al. 2012; Hartmann et al. 2017). Conceivably, these processes could potentially also reduce
fitness, e.g. by deleting, mutating, or silencing effector genes. Thus, what are the selective
advantages of the association between effector genes or other genes with adaptive roles
and TE-rich dynamic compartments, and how did dynamic compartments emerge in the
first place?

TE-rich compartmentalized genomes are commonly observed in nature (Lynch and
Conery 2003; Lynch 2007) and their maintenance (e.g. replication and transcription) could
be evolutionary costly (Oliver and Greene 2009; Schrader and Schmitz 2019; Bennetzen
and Wang 2014), and thus it is conceivable that TE-rich compartments directly or indirectly
contribute to higher pathogen fitness. It has been proposed that over evolutionary time,
compartmentalized genomes can evolve from a random genome through TE-mediated
rearrangements, which increases the probability of rapid adaptation to novel environments
(Crombach and Hogeweg 2007). Thus, over evolutionary timescales these TE-rich dynamic
compartments can emerge and are maintained as they positively contribute to evolvability
(Kidwell and Lisch 2001; Slotkin and Martienssen 2007; Fouche et al. 2020; Cuypers and
Hogeweg 2012; Fablet and Vieira 2011). Due their increased evolvability, these regions can
serve as cradles for adaptive genome evolution.

Conclusions

Plant pathogenic fungi provide some of the most fascinating examples of how genome
evolution is linked to phenotypic trait evolution. Effector genes encoded in fast evolving
genome compartments can undergo rapid rearrangements, silencing, and activations
due to the unique genomic environment. However, recent genome analyses across plant
pathogenic fungi suggest that no unifying rules exist how effector genes are localized in the
genome. We suggest that the evolutionary history, mode of reproduction, and population
structure have strongly influenced characteristics of the pathogen genome. Such features
include chromatin landscape along chromosomes, the dynamics of TE insertions, how
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selection can act on beneficial mutations, and how random processes such as founder effects
structure polymorphism within a species. A major unanswered question is how associations
of effector genes and fast evolving genome compartments have evolved in some lineages
but not others. A crucial missing link is convincing evidence for the stepwise re-localization
of effector genes to fast-evolving genome compartments or for the emergence (i.e. birth)
of effector genes in fast evolving genome compartments. Suitable pathogen systems with
multiple closely related species and high-quality genome and population resources will be
critical to address these questions in the future.
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Abstract

Transposable elements (TEs) are a major source of genetic and regulatory variation in their
host genome and are consequently thought to play important roles in evolution. Many
fungal and oomycete plant pathogens have evolved dynamic and TE-rich genomic regions
containing genes that are implicated in host colonization and adaptation. TEs embedded
in these regions have typically been thought to accelerate the evolution of these genomic
compartments, but little is known about their dynamics in strains that harbor them. Here, we
used whole-genome sequencing data of 42 strains of the fungal plant pathogen Verticillium
dahliae to systematically identify polymorphic TEs that may be implicated in genomic as well
as in gene expression variation. We identified 2,523 TE polymorphisms and characterize a
subset of 8% of the TEs as dynamic elements that are evolutionary younger, less methylated,
and more highly expressed when compared with the remaining 92% of the TE complement.
As expected, the polyrmorphic TEs are enriched in the adaptive genomic regions. Besides,
we observed an association of dynamic TEs with pathogenicity-related genes that localize
nearby and that display high expression levels. Collectively, our analyses demonstrate that
TE dynamics in V. dahliae contributes to genomic variation, correlates with expression of
pathogenicity-related genes, and potentially impacts the evolution of adaptive genomic
regions.
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Introduction

Repetitive sequences such as transposable elements (TEs) are ubiquitous components
of prokaryote and eukaryote genomes (Bowen and Jordan 2002; Wicker et al. 2007). In
eukaryotes, the repeat content can differ between species and range from only ~5.6%
in the fish Tetraodon nigroviridis (Jaillon et al. 2004) to up to 85% in the maize genome
(Schnable et al. 2009; Jiao et al. 2017). TEs can transpose to different locations within the
host genome, and thus are often considered ‘mobile genetic elements’ (McClintock 1950).
TEs have been traditionally classified into two classes based on their mode of transposition:
class | retrotransposons transpose via a copy-and-paste mechanism, while class 1l DNA
transposons mainly mobilize via a cut-and-paste system (Wicker et al. 2007; Piégu et al. 2015).
TEs can impact host genome organization and gene function by disrupting protein-coding
regions, modifying gene expression, or causing large-scale chromosomal rearrangements
(Feschotte 2008; Eichler and Sankoff 2003; Le et al. 2015; Mita and Boeke 2016; Bennetzen
and Wang 2014). Consequently, TEs and their activities have been considered to generally
decrease fitness, and TEs and TE-induced mutations are typically rapidly purged from a
population. Furthermore, TE activities are generally suppressed by host defense processes.
These processes include DNA methylation (Selker et al. 2003; Zemach et al. 2010), histone
modifications associated with highly condensed heterochromatin (Slotkin and Martienssen
2007; Hocher et al. 2018; Hocher and Taddei 2020), targeted processes such as RNA-silencing
(Lippman and Martienssen 2004; Nicolas et al. 2013; Yadav et al. 2018b), or repeat-induced
point (RIP) mutation, a fungal specific process in in which duplicated or repetitive sequences
are targeted by C to T mutations (Cambareri et al. 1989; Galagan and Selker 2004; Wang et
al. 2020b; Fudal et al. 2009).

Over the last decades, besides their detrimental effects, TEs have been increasingly
recognized to play important roles in adaptive genome evolution (Venner et al. 2009; Lynch
etal. 2011a; Bourque et al. 2018; Hua-Van et al. 2011). For example, TEs can be co-opted as a
source of cis-regulatory elements (Chuong et al. 2016; Kitano et al. 2018) and mediate swift
changes in the transcriptional landscape under biotic and abiotic stresses (Muszewska et al.
2019; Sinzelle et al. 2009; Bourque et al. 2018). A classic example is the dark pigmentation of
the peppered moth in response to industrialization that was caused by a single TE insertion
into the first intron of a cell-cycle regulator gene, changing the transcript abundance of this
gene and allowing the insect to camouflage on polluted surfaces (Cook and Saccheri 2013;
Van’t Hof et al. 2016). Changes in mutation rates in genes in proximity TEs can be caused
by leakage of TE silencing mechanisms (e.g., RIP) or DNA repair following TE insertion
(Rouxel et al. 2011; Yoshida et al. 2016; Wang et al. 2020b; Fudal et al. 2009). Furthermore,
abundant TEs and other repetitive elements can act as an ectopic substrate for double-
strand break repair pathways, thereby fostering chromosomal rearrangements (structural
variants; SVs), such as chromosomal translocations and inversions as well as large-scale
duplications and deletions (Chan and Kolodner 2011; Bourque et al. 2018; Faino et al. 2016).
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For example, TE expansions in crops such as tomato, rice, wheat and soybean, have been
shown to foster an increased accumulation of SVs associated with important traits during
domestication (Fuentes et al. 2019; Alonge et al. 2020; Liu et al. 2020b; Walkowiak et al.
2020). Interestingly, as TEs and SVs co-localize, they tend to form clusters in discrete regions
in many eukaryotic organisms (Hastings et al. 2009; Lin and Gokcumen 2019; Marand et al.
2019). This co-localization, and its consequences for genome variation and organization, are
important to understand the genome evolution of eukaryotic organisms (Kidwell and Lisch
2001; Wright and Finnegan 2001; Lynch and Conery 2003; Lynch 2007; Hurst et al. 2004).
Remarkably, these TE-rich regions are often enriched in environmentally responsive genes,
for example in genes associated with roles in immunity or in secondary metabolism in plants
(Kawakatsu et al. 2016; van Wersch and Li 2019; Sakamoto et al. 2004; Seidl et al. 2016).
Therefore, TE-rich compartments are considered relevant for contribution to adaptation to
various abiotic and biotic stresses (Crombach and Hogeweg 2007; Knibbe et al. 2007).

TE-rich compartments play important roles in the co-evolutionary ‘arms-race’
between pathogens and their hosts. Pathogens secrete molecules known as effectors to
establish a successful parasitic relationship on their hosts (Rovenich et al. 2014; Sanchez-
Vallet et al. 2018). In turn, hosts evolve receptors to activate immunity and halt pathogen
colonization (Cook et al. 2015; Han 2019). Thus, in order to overcome recognition by
host immune systems, pathogens have to purge or diversify effector genes once their
gene products become recognized (Fouche et al. 2018; Badet and Croll 2020; Moller and
Stukenbrock 2017). In many filamentous pathogens, effector genes are enriched in TE-
rich and gene-sparse compartments, while they are typically underrepresented in TE-
poor and gene-dense genomic regions that typically harbor housekeeping genes (Dong
et al. 2015; Seidl and Thomma 2014; Frantzeskakis et al. 2020). TE-rich compartments are
often characterized by increased substitution rates and increased occurrence of SVs and
presence/absence polymorphisms (Raffaele et al. 2010; Croll and McDonald 2012; de Jonge
et al. 2013, 2012; Dutheil et al. 2016; Fokkens et al. 2018; Plissonneau et al. 2018; Wang
et al. 2017; Gan et al. 2020; Grandaubert et al. 2019; Hartmann and Croll 2017; Hartmann
et al. 2017; Wyka et al. 2020). Notably, a similar association of TEs with genes involved in
immune responses has also been observed in plant hosts (Kawakatsu et al. 2016; Seidl and
Thomma 2017; Leister 2004; Mascher et al. 2017). Therefore, TE-rich compartments have
been suggested to facilitate the generation of variation that is necessary to fuel the ‘arms
races’ between pathogens and their hosts (Frantzeskakis et al. 2020, 2019; Schrader and
Schmitz 2019; Torres et al. 2020; Seidl and Thomma 2017).

Verticillium dahliae is an asexual soil-borne fungal plant pathogen that colonizes
the xylem of hundreds of susceptible host plants (Klosterman et al. 2009, 2011; Fradin and
Thomma 2006; Inderbitzin and Subbarao 2014). Genomic comparisons between V. dahliae
strains revealed that their genomes evolved by extensive chromosomal rearrangements
(Faino et al. 2016; de Jonge et al. 2013). These rearrangements include chromosomal
translocations, inversions, large-scale deletions, and duplications that collectively contributed
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to the formation of adaptive genomic compartments that originally have been referred to
as lineage-specific (LS) regions, as these are variable between V. dahliae strains (Faino et
al. 2016; de Jonge et al. 2013, 2012; Depotter et al. 2019; Klosterman et al. 2011). Initially,
LS regions were solely defined by presence/absence polymorphisms among sequenced
strains (de Jonge et al. 2013; Faino et al. 2016). However, subsequent work on the chromatin
landscape in V. dahliae has revealed that these LS regions display a unique chromatin profile
(Cook et al. 2020). Moreover, it was shown that a substantial number of additional genomic
regions share chromatin characteristics with LS regions and, accordingly, that the amount
of LS DNA has been underestimated (Cook et al. 2020). The originally identified LS regions,
together with the additional genomic regions that share a similar chromatin profile, are
now referred to as adaptive genomic regions (Cook et al. 2020). Importantly, these adaptive
genomic regions are enriched for in planta induced effector genes that contribute to host
colonization (de Jonge et al. 2013, 2012; Klosterman et al. 2011; Kombrink et al. 2017; Gibriel
et al. 2019; Chavarro-Carrero et al. 2021; Cook et al. 2020). Furthermore, these regions are
enriched in relatively young and transcriptionally active TEs (Faino et al. 2016; Cook et al.
2020). While a key role of TEs to drive formation and maintenance of adaptive genomic
regions has been revealed (Amyotte et al. 2012; Cook et al. 2020; Faino et al. 2015, 2016;
Shi-Kunne et al. 2018; Depotter et al. 2019; Seidl et al. 2020), it remains unclear what the
impact of TE variation is on the biology of individual strains of V. dahliae. Changes in the TE
landscape between V. dahliae strains, involving novel insertions as well as deletions, can
cause structural as well as gene expression variation. Here, we exploited a collection of V.
dahliae strains to analyze their TE landscape and systematically identify TE polymorphisms.
Furthermore, we analyzed the polymorphic TEs in detail to study their impact on genome
function and organization. Our analysis extends previous hypotheses on the relevance of
TE dynamics in adaptive genomic regions (Faino et al. 2016; Cook et al. 2020), and further
characterizes a TE subset implicated in genomic variation and gene expression in V. dahliae.

Results

Structural variants are common in V. dahliae

Previous genomic comparisons among a narrow selection of V. dahliae strains have revealed
extensive chromosomal rearrangements, which were proposed to have contributed to the
establishment of adaptive genomic regions (Faino et al. 2016; de Jonge et al. 2013). To
systematically assess their prevalence and abundance in a considerably larger collection of
V. dahliae strains, we used paired-end sequencing reads for de novo prediction of SVs in 42
V. dahliae strains (Chavarro-Carrero et al. 2021; Cook et al. 2020) together with the gapless
genome assembly of strain JR2 as a reference (Faino et al. 2015). With a combination of four
commonly used SV-callers (Supplementary Fig.1), 919 high-confidence SVs were identified
in total, comprising 410 deletions, 49 inversions, 24 duplications, and 436 translocations
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(Fig. 1A, Supplementary Fig.1). Importantly, we successfully recalled all 19 chromosomal
rearrangements that were previously manually identified between V. dahliae strains JR2 and
VdLs17 (Faino et al. 2016). To investigate the occurrence of the 919 SVs across the V. dahliae
strains, we calculated the frequency of each SV over all the strains included in the analysis.
We observed that 87% (n=803) of the SVs is shared by <20% of the strains, i.e., they occur
in less than eight strains (Fig. 1B). Among the SVs, deletions occur at the highest frequency
(Figure 1A, B; p<2x107¢, Kruskal-Wallis test). Interestingly, the number of SVs per strain does
not correspond with the phylogenetic relationship among the V. dahliae strains (Fig. 1C, D).
Collectively, our data confirm that SVs occur commonly in V. dahliae, but that individual SVs
are typically only shared by a small subset of strains.

Previously, we have demonstrated that SVs cluster at adaptive genomic regions in V.
dahliae (de Jonge et al. 2013; Faino et al. 2016). Here, we similarly observed distinct genomic
regions comprising multiple non-randomly distributed SVs (p<2x10*¢, Kolmogorov-Smirnov
test, Supplementary Fig. 2), enriched in 17 regions (Pignatelli et al. 2009) (hypergeometric
test; p<0.05 after Benjamini-Hochberg correction; Supplementary Table 2), and co-localized
with the previously identified adaptive genomic regions (one-sided Fisher’s exact test, p =
0.00049; Supplementary Fig. 3). Interestingly, SVs occur largely independently of nucleotide
mutations in adaptive genomic regions (Supplementary Table 3). We observed that only
0.06% of the nucleotides in adaptive genomic regions are affected by single nucleotide
variations while 14.8% are affected by SVs. Thus, we conclude that SVs are a more likely
phenomenon to increase variation in adaptive genomic regions than nucleotide mutations,
especially when considering the previously reported high levels of sequence conservation
in adaptive genomic regions (de Jonge et al. 2013; Depotter et al. 2019; Faino et al. 2016;
Shi-Kunne et al. 2018).
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Figure 1. Structural variants (SVs) in a collection of 42 Verticillium dahliae strains.

(A) The number of SVs is depicted per type for each V. dahliae strain included in the analysis; the color-code for
each variant type as indicated in panel (B); (B) Frequency distribution of the 919 SVs in the collection of V. dahliae
strains; (C) Unrooted neighbor-joining tree based on the presence-absence of 919 high confident SVs relative to
the reference genome assembly of V. dahliae strain JR2 (red), color code depicts different groups; (D) Unrooted
neighbor-joining tree of the collection of V. dahliae strains based on 287,251 high-confident SNVs relative to the
reference genome assembly of V. dahliae strain JR2 (red); the color of the strain names corresponds to the colors
represented in (C); (E) Circular plot displaying the genomic distribution of the 919 SVs along the eight chromosomes
of the V. dahliae strain JR2 reference genome assembly. The tracks are shown in the following order from outside
to inside: centromeric regions (Seidl et al. 2020), gene density in 10 kb windows, TE distribution, adaptive genomic
regions distribution (Cook et al. 2020), 410 deletions (light blue), 49 inversions (yellow), 24 duplications (red),
and 436 translocations (blue lines). The color intensity of the lines for an individual translocation is based on its
frequency in the V. dahliae collection; (F) Number of TEs around SV breakpoints is displayed in 10 kb windows; (G)
The distribution of 10,000 random permutations of distances between SVs and TEs in adaptive genomic regions.
The vertical dashed line represents the mean number of random occurrences, the yellow line indicates the average
distance at 4,681.85 bp, significance p= 9.99x107, z-score=-2.32.
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A subset of transposable elements in V. dahliae is polymorphic

TEs and other repetitive elements are often considered to drive the formation of SVs (Bourque
et al. 2018). In V. dahliae, TEs have been proposed to mediate genomic rearrangements
(Faino et al. 2016), and TEs and repetitive elements encompass 12.3% of the V. dahliae strain
JR2 genome (Faino et al. 2015). Class | LTR retroelements are the most abundant, while
Class Il DNA is less abundant (Supplementary Table 4). In line with previous observations
(Faino et al. 2015, 2016; de Jonge et al. 2013; Klosterman et al. 2011; Cook et al. 2020),
TEs are significantly enriched (3.5-fold) in adaptive genomic regions when compared with
the core genome and co-localize with SVs (Fig. 1F-G; Supplementary Fig. 4). As TE dynamics
may promote the formation of SVs, insertions, and deletions of TEs (i.e., polymorphic TEs)
may directly impact host genome organization. We identified TE insertion and deletion
polymorphisms using TEPID (Stuart et al. 2016) by querying paired-end sequencing data
for 42 V. dahliae strains relative to the V. dahliae strain JR2 reference genome; deletions are
defined as TEs that are present in the reference genome but absent in other strains, while
insertions are those present in at least one other strain and absent from the syntenic region
inthe reference genome. Our approach uses a single V. dahliae strain as a reference, and thus
we will be limited by the reference TEs annotation when describing TE polymorphisms. For
example, two DNA/Tc1-Mariner elements annotated in V. dahliae strain VdLs17 (Amyotte, et
al. 2012) are absent in the reference strain JR2 (Faino, et al. 2015), and consequently these
two elements would have not been considered in our analysis. In total, we identified 135
and 30 unique loci that underwent TE deletions and insertions, respectively; these loci are
responsible for a total of 2,387 deletions and 136 insertions we identified across the 42 V.
dahliae strains (Fig. 2B). In the case of insertions, we decided to keep only elements that
belong to designated TE superfamilies, removing twelve ‘unspecified’ elements that do not
show association to a specific TE superfamily or the reference sequence length isincomplete.
Only around 8% of all TEs are polymorphic, i.e., they show insertion or deletion events in
different V. dahliae strains compared with the reference strain JR2 (Fig. 2A). We observed
that polymorphic TEs are significatively larger than non-polymorphic TEs (Supplementary
Figure 6). To further analyze the polymorphic TEs, we first calculated their frequency in
the V. dahliae strains relative to the reference strain JR2. This revealed that TE deletions
occurred more frequently than insertions (p = 0.0349, one-sided Fisher’s exact test; Fig. 2C);
a similar frequency distribution was also observed for SV deletions (Fig. 1C). Only five TEs
display both deletions and insertions, of which one belongs to the LTR/Gypsy and four to
the LTR/Copia superfamily. We observed that 33 polymorphic TEs (37% of which belong to
the LTR/Copia superfamily) overlap protein-coding genes, 22 of which overlap introns and
11 exons. Thus, only a limited subset of TEs in the V. dahliae genome is polymorphic, while
the vast majority is shared by all strains analyzed.
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Figure 2. Transposable element polymorphisms in a collection of 42 Verticillium dahliae strains.

(A) The percentage of polymorphic (shades of blue) and non-polymorphic (grey) TEs in V. dahliae strain JR2 is
depicted as a pie chart. The percentages of polymorphic TEs separated by superfamily relative to the TE annotation
of the V. dahliae strain JR2 is shown in blue, and the percentage of polymorphic TEs within each superfamily is
shown in red; (B) The proportion of identified TE polymorphisms is shown for every V. dahliae strain, depicting
deletions (blue) and insertions (red) per superfamily; (C) Frequency distribution of 165 polymorphic TEs in the V.
dahliae strain collection, depicted by TE variant type.

Polymorphic TEs are dynamic in V. dahliae

Fungievolvedarange of mechanismstosuppress TEactivityandavoid TEexpansions(Castanera
et al. 2016). However, we previously observed that a fraction of TEs is transcriptionally active
in V. dahliae, suggesting it comprises TEs that are potentially able to multiply and accumulate
in the V. dahliae genome (Faino et al. 2016; Cook et al. 2020). Therefore, we hypothesized
that polymorphic TEs are not suppressed and still able to multiply. To assess if polymorphic
TEs lack typical signatures of suppression when compared with non-polymorphic TEs in V.
dahliae strain JR2, we assessed DNA methylation levels (in the three methylation contexts;
mCG, mCHG, and mCHH), RIP signature (Composite Repeat-Induced-Mutations Index; CRI),
Kimura distance (divergence from the TE consensus sequence), GC content, and expression
levels in vitro (counts per million; CPM) by quantifying the abundance of TE-derived reads
across all different TE copies in the genome using TEtranscripts (Jin and Hammell 2018;
Jin et al. 2015). Dimensional reduction by principal component analysis (PCA) revealed
that polymorphic TEs cluster and are largely separated from the non-polymorphic TEs (Fig.
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3A). On the first dimension of the PCA, explaining 31.6% of the variation, polymorphic
and non-polymorphic TEs are separated based on CRI, DNA methylation, and GC content
(Supplementary Fig. 5). This observation can be explained by the association of TEs with
strictly heterochromatic regions, in which TEs are characterized by high CRI and DNA
methylation levels as well as by low GC content (Cook et al. 2020). The second dimension
of the PCA, explaining 14.5% of the variation, revealed a more distinct separation between
polymorphic and non-polymorphic TEs mainly based on Kimura distance, DNA methylation,
and transcriptional activity in vitro (Supplementary Table 5). Specifically, we observed that
the sequence of polymorphic TEs is more similar to the consensus sequence of the TE family
(Kimura distance) and is characterized by a higher GC content when compared with non-
polymorphic TEs, indicating that polymorphic TEs are evolutionary younger when compared
with non-polymorphic TEs (Fig. 3B). Notably, the CRI of polymorphic TEs is lower than
non-polymorphic TEs and resembles that of genomic regions located in the core genome
(Supplementary Fig. 6). Together with lower CG methylation levels in polymorphic TEs, our
data suggest that polymorphic TEs are not silenced and are likely more active, as proxied by
an increased transcriptional activity when compared with other TEs (Fig. 3B). As expected,
polymorphic TEs are expressed at higher levels in vitro and in planta when compared with
non-polymorphic TEs (Fig. 3B; Supplementary Fig. 6). Collectively, our analyses identified a
subset of TEs as polymorphic among strains, and these tend to be evolutionary younger, less
suppressed by RIP and methylation, as well as more highly expressed in V. dahliae.

Adaptive genomic regions in V. dahliae have been previously shown to be enriched
for transcriptionally active TEs (Supplementary Fig. 4) (Faino et al. 2016; Cook et al. 2020).
We hypothesized adaptive genomic regions are enriched for polymorphic TEs. Therefore, we
analyzed the distribution of polymorphic TEs in V. dahliae strain JR2 (Fig. 3D), leading to the
identification of clusters of polymorphic TEs that co-localize with adaptive genomic regions
(p =0.00024, one-sided Fisher’s exact test; Supplementary Table 6; Fig. 3C). Interestingly,
polymorphic TEs do not localize closer to SVs than non-polymorphic TEs, suggesting that
both types of TEs can contribute to the formation of SVs. While deleted TEs were enriched
in adaptive genomic regions, we could not observe a similar enrichment for TE insertions in
the JR2 strain (Supplementary Fig. 7). Polymorphic TEs belonging to LTR/Copia superfamilies
or unspecified repetitive elements are highly enriched in adaptive regions (p =8.24x107°
and p =1.36x10" respectively, one-sided Fisher’s exact test), and for instance, LTR/Copia
represents 51.1% of all polymorphic TEs in adaptive regions (Supplementary Table 7).
Therefore, our results suggest that the LTR superfamily is an important component of the
dynamic TE landscape.
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Figure 3. The TE landscape across the V.
dahliae genome is dynamic.

(A) Principal Component Analysis of
TEs in V. dahliae strain JR2 based on
methylation (mCG, mCHG, mCHH), GC
proportion, Kimura distance, Composite
Repeat Induced Point Mutation index
(CRI), frequency, and in vitro expression.
Each point represents a single TE and
colored ellipses represent the confidence
interval for the polymorphic and non-
polymorphic TEs; (B) Polymorphic (n=165)
and non-polymorphic TEs (n=1,956) were
compared based on GC proportion, the
Kimura distance to the TE family consensus
sequence, CRI, cytosine methylation, and in
vitro expression (CPM; Counts per Million).
Statistical significance was assessed using
one-sided Wilcoxon rank-sum test; (C) The
association between polymorphic TEs and
adaptive genomic regions was tested using
a permutation test. The vertical dashed line
shows the mean number of polymorphic
TEs overlaps expected at 10,000 random
permutations and the blue line indicates
the empirical number of overlaps,
significance p = 9.99x10°, z-score=3.2927;
(D) Circular plot displays the genomic
distribution of 165 polymorphic TEs along
the eight chromosomes of V. dahliae strain
JR2. The tracks display the centromeric
regions, gene density (in 10 kb windows),
TE annotation, adaptive genomic regions,
TE deletions, and TE insertions (with arrows
indicating the insertion direction) from
outside to inside.
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Polymorphic TEs impact the functional genome of V. dahliae

Next to their association with SVs, TE presence and activity have been suggested to directly
or indirectly impact the functional genome, for example by modifying the expression
of genes in their vicinity or by inducing changes in gene structure (Bourque et al. 2018;
Schrader and Schmitz 2019). To establish to which extent TEs may affect gene expression
in V. dahliae strain JR2, we first summarized the occurrence of TEs up to 5 kb upstream and
downstream of all protein-coding genes (Supplementary Fig. 8). The majority of annotated
TEs are located within 5 kb range of a gene (67% of total TEs, n=1,418; p =0.0094, one-
sided Fisher’s exact test), with an overrepresentation of polymorphic TEs belonging to the
LTR/Copia, LINE/I, and DNA/Tc-1-Mariner superfamilies (Fig. 4A; Supplementary Fig. 8).
By assessing the expression of TEs nearby genes (n=1,418) as a proxy for their activity, we
observed that many TE families are expressed in vitro and typically at higher levels during
infection (p<0.05, Fig. 4B; Supplementary Fig. 9). As expected, these families are abundant
in polymorphic TEs (Fig. 4B), suggesting that environmental changes induce the expression
of TEs.

>>
Figure 4. The presence of polymorphic transposable elements is correlated with expression of genes that localize
nearby.
(A) Ridgeline shows the density distribution of polymorphic TEs, classified by TE superfamily, upstream and
downstream of genes; (B) Unsupervised clustering of TE expression per TE family and superfamily, color-coded
based on the mean-per-family expression value (log2(CPM+1)). The column depicts the abundance of polymorphic
TEs within each group (yellow coded). Statistical significance for comparisons between in vitro (growth in MS
media) and in planta (colonization of Arabidopsis thaliana at 28 days post inoculation) was assessed using a one-
sided Wilcoxon rank-sum test * p<=0.05, ** p<=0.01, *** p<=0.001, **** p<=0.0001; (C) Relationship of gene
expression ranks in vitro (blue) and in planta (red) and the number of TEs. Low rank = low expression and high rank
= high expression. The plots display linear regression (dark line) and confidence interval (light grey) as well as the
R and P values after linear regression. The histograms on top of the graph show the number of polymorphic TEs
per expression rank and the dot-size reflects the proportion of polymorphic TEs relative to the total number of TEs
per expression rank; (D) Relationship of gene expression rank and mean distance to TEs (bp) with annotations as
for (C); (E) Gene expression in relation to the TE context (TEs within 5 kb); no TE in proximity = Distal (n=8,742),
or TEs flanked upstream (n=1,098), downstream (n=1,051), or in between (n=546; blue). Significant differences
were assessed using one-sided Wilcoxon rank-sum test; (F) TE distance to genes in 5 kb windows; TEs in upstream
(n=1,609), downstream (n=1,511) or in between (n=1,582). Statistical differences were assessed using one-sided
Wilcoxon rank-sum test.
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To further assess the correlation between the proximity of TEs and the expression
of nearby genes, we compared the expression of genes located within 5 kb windows from
TEs under in vitro and in planta conditions. We observed that 23% of all annotated genes
reside within 5 kb of a TE (n=2,696). Genes in proximity to TEs are transcribed at significantly
lower levels when compared with genes that do not reside in close proximity to TEs (p<
2x10*®, in vitro, p =1.9x107 in planta; Kruskal-Wallis test; Fig. 4E, Supplementary Fig.10).
Therefore, we hypothesized that the presence of polymorphic TEs correlates with expression
in V. dahliae. To further investigate this, we aggregated genes and TEs within 5 kb by their
expression rank and obtained the number of TEs in each rank. We observed only a moderate
negative correlation between the number of polymorphic TEs and gene expression ranks
in vitro (Fig. 4C; R = —-0.21, p = 0.034 linear regression). Conversely, the distance between
genes and polymorphic TEs is moderately positively correlated with higher expression ranks
(Fig. 4D; R = 0.16, p = 0.013 linear regression). These results suggest that polymorphic TEs
are associated, albeit weakly, with genes expressed at low levels under in vitro conditions.
However, we observed a different pattern when considering host colonization, as gene
expression ranks in planta did not correlate with TE density (Fig. 4C; R = 0.025, p = 0.8
linear regression) whereas, similar to in vitro conditions, TE distance and expression are
moderately positively correlated (Fig. 4D; R = 0.19, p = 0.06 linear regression). Collectively,
our data suggest the polymorphic TE density nearby protein-coding genes correlates only
weakly with gene expression in different conditions.

To further assess the relationship between TEs and gene expression, we
categorized genes into four categories based on the relative position of TEs; genes with
no TEs in proximity (n=8,742), genes with TEs localized upstream (n=1,098), downstream
(n=1,051), or genes flanked by TEs on both sides (n=546). The distance between TEs and
genes is significantly shorter when genes are flanked by TEs, when compared with genes
having TEs only upstream or downstream (Fig. 4F). Importantly, genes flanked by TEs show
reduced expression in vitro when compared with genes in the proximity of TEs located either
upstream or downstream (Fig. 4E), a pattern we similarly observed during host colonization.
We similarly observed this pattern when only considering the subset of polymorphic TEs
(Supplementary Fig. 10, 11). Interestingly, during host colonization genes in proximity to
polymorphic TEs do not show a significant decrease in expression (Supplementary Fig. 10).
Thus, genes in proximity to non-polymorphic TEs showed lower expression levels when
compared with genes in proximity to polymorphic TEs.
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Pathogenicity-related genes co-localize with polymorphic TEs

To understand which types of genes are enriched in proximity to TEs, we performed
functional annotation of the V. dahliae strain JR2 gene catalog using a Cluster for Orthologs
Groups (COG) approach and subsequently tested for enrichment of genes with specific
COG categories. No significant enrichment of genes in proximity to TEs could be observed
for most of the categories belonging to ‘cellular processes’ or to ‘information processing’.
In contrast, genes annotated as ‘metabolism’ and ‘poorly characterized’ are significantly
enriched (Fig. 5A). Especially, genes belonging to the sub-categories ‘defense mechanisms’
or ‘carbohydrate metabolism’ are highly enriched (Fig. 5A). A total of 39% of genes that
reside in proximity to TEs fall in the category ‘function unknown’ (n=579) or ‘not categorized’
(n=482), which refers to orthologs present in other organisms but without known function.
Furthermore, we could not find orthologs for 14.9% of the genes that reside in proximity
to TEs (n=402), described in this work in the ‘not recognized orthologs’ category, which
can probably be explained as gene content specific to the V. dahliae lineage (Fig. 5A;
Supplementary Table 8). Interestingly, most of these gene categories are associated with
TEs (Fig. 5A) and overlap with various SVs (Fig. 5B). Subsequently, we annotated all protein-
coding genes for functions that have previously been associated with pathogenicity, such as
genes encoding secreted proteins (n=672), carbohydrate-active enzymes (CAZymes, n=498),
secondary metabolites (n=25), or effector candidates (n=193). These genes can be broadly
classified as ‘pathogenicity-related’ and are enriched in the ‘poorly characterized’ functional
category, especially secreted proteins and effector candidates (p =3.49x10*° and n=390, p
=2.85x10°and n=127, respectively, one-sided Fisher’s exact test; Supplementary Table 9).
Genome-wide, we observed that 40.72% (n=401) of predicted pathogenicity-related genes
have a TE localized within 5 kb (Fig. 5E). Polymorphic TEs are enriched in proximity (5 kb) to
effector candidates (Z-score=3.4838, p =0.0001; 5,000 random permutations), even though
we did not observe that these genes and other pathogenicity-related genes are significantly
closer to polymorphic TEs (Fig. 5G). Thus, commonly considered pathogenicity-associated
genes reside in proximity to TEs, yet only some genes are in proximity to polymorphic TEs.
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Figure 5. Polymorphic transposable elements correlate with expression of a subset of genes.

(A) Enrichment of TEs in proximity (within 5 kb range) to genes in different functional categories. Functional
annotation was based on Clustering for Orthologous Groups (COGs) categories. The y-axis shows the different
functional categories and the x-axis the z-score after 5,000 random permutations; the grey shadow represents
values with a negative z-score indicating depletion rather than enrichment, and the -log10(p-value) after Benjamini-
Hochberg correction for false-discovery rate is color-coded. The size is relative to the number of genes associated
with TEs in each category; (B) The number of genes overlapping deletions (blue) and duplications (red), and
inversions (yellow) ; (C) The relative proportions of genes localized in the adaptive genomic regions (blue) and core
(grey) genomic regions; (D) Gene expression distribution in two conditions (in vitro and in planta; log2(CPM+1)) and
separated by core and adaptive genomic regions; (E) Predicted pathogenicity-related genes (n=1,388) overlapping
with COG categories and depicting the proportion of genes with TEs in proximity (5 kb); (F) Gene expression of
pathogenicity-related genes in two conditions (in vitro and in planta; log2(CPM+1)) and separated by core and
adaptive genomic regions; (G) Distance between genes and TEs separated by polymorphic and non-polymorphic
TEs. Statistical significance was assessed using Wilcoxon rank-sum test; (H) The composition of pathogenicity-
related gene categories separated in adaptive (blue) and core (grey) genomic regions; Pathogenicity-related gene
expression in vitro (1) and in planta (J) separated by polymorphic and non- polymorphic TEs. Statistical significance
was assessed by a Kruskall-Wallis rank-sum test; **** p<=0.0001.
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When compared with the core genome, adaptive genomic regions in V. dahliae are
relatively gene-poor (Fig. 5C) and SV-rich (Supplementary Fig. 3), as well as enriched for in
planta-expressed genes (de Jonge et al. 2013, 2012; Kombrink et al. 2017; Chavarro-Carrero
et al. 2021; Cook et al. 2020) (Fig. 5D). While a broad range of functional categories can
be observed in adaptive genomic regions (Fig. 5C), these are enriched for genes encoding
secreted proteins and candidate effector genes (Fig. 5H; p =0.032 and p=0.014, respectively;
one-sided Fisher’s exact test) (Cook et al. 2020). Since we have shown that gene expression
levels correlate with the presence of both polymorphic as well as non-polymorphic TEs
(Fig. 4), we queried to which extent polymorphic TEs in proximity of pathogenicity-related
genes correlate with gene expression patterns in the adaptive genomic regions. We
observed a significant enrichment of polymorphic TEs co-localizing with highly expressed
genes in vitro and in planta (p = 0.0116 and p = 0.0010 for 50% and 75% upper quartiles for
expression, respectively, after one-sided Fisher’s exact test; Supplementary Table 10). Under
in vitro conditions, pathogenicity-related genes located in the core genome are expressed
significantly higher than genes located in adaptive genomic regions (Fig. 5F). As expected,
we observed the opposite trend in planta (Figure 5F), where pathogenicity-related genes
that are localized in adaptive genomic regions are highly expressed during host colonization
(de Jonge et al. 2013, 2012). Furthermore, we observed an enrichment of polymorphic
TEs located within 5 kb of pathogenicity-related genes in adaptive genomic regions (p =
0.0062 after one-sided Fisher’s exact test). As expected, a higher proportion of these highly
expressed genes are effector candidates (Fig. 51, J). These results suggest that polymorphic
TEs occur more likely in close proximity to highly expressed pathogenicity-related genes in
adaptive genomic regions.

Discussion

Transposable elements (TEs) can contribute to genomic and transcriptomic variation
(Bourque et al., 2018) and, consequently, TEs have been often considered to play crucial roles
in genome evolution and function (Feschotte 2008). Here, we analyzed the TE landscape in
the plant pathogen V. dahliae. We show that the presence of TEs is associated with abundant
SVs that emerged independently in individual V. dahliae strains. The SVs form discrete
clusters and co-localize within adaptive genomic regions. Importantly, we demonstrate
that these SVs co-locate with TEs, many of them polymorphic, and typically evolutionary
younger, less silenced, and higher expressed. Furthermore, we show that the presence of
polymorphic TEs is associated with gene expression of genes that can be assigned to diverse
functional categories, particularly with host-pathogen interaction genes. Collectively, our
results provide evidence for the hypothesis that polymorphic TEs contribute to increased
genomic diversity, correlate with the expression of pathogenicity-related genes, and play
important roles in the evolution of adaptive genomic regions.
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TEs occur commonly in eukaryote genomes, yet there is an enormous variation
in the TE content and diversity between different organisms (Wicker et al. 2007; Huang et
al. 2012; Dietrich et al. 2013). Typically, TE expansions are suppressed by various genome
defense mechanisms, but some TE copies can escape suppression and remain active and
mobile. Polymorphic TEs have been associated with recent transposition activity (Huang
et al. 2012), and in V. dahliae, a subset of TEs shares these characteristics. Only a subset of
all predicted TEs is young and dynamic, which is in contrast to some other fungi in which
there is a considerable amount of young TEs associated with recent TE expansions, such
as in Zymoseptoria tritici (Badet et al. 2020; Oggenfuss et al. 2020; Lorrain et al. 2020),
Leptosphaeria maculans (Grandaubert et al. 2014), Blumeria graminis (Frantzeskakis et al.
2018) and Magnaporthe oryzae (Kang et al. 2016). In many plants and fungi, TE expansions
are mainly driven by Long Terminal Repeat (LTR) retrotransposons (Vitte and Bennetzen
2006; Muszewska et al. 2011; Huang et al. 2012; Lorrain et al. 2020; Galindo-Gonzalez et
al. 2017; Tsukahara et al. 2009; Donnart et al. 2017; Amselem et al. 2015). We observed
an enrichment of LTRs in facultative heterochromatic regions and at the centromeres in
V. dahliae (Cook et al. 2020; Seidl et al. 2020). Similarly, LTRs are an important fraction of
the polymorphic TEs in V. dahliae that are localized in the adaptive genomic regions. TE
expansions have occurred at least twice during the evolution of V. dahliae, once during
Verticillium diversification, and then right after V. dahliae speciation (Faino et al. 2016). The
active polymorphic TEs we identified are likely the product of the most recent TE expansion
in V. dahliae, and likely contributed to the formation of the adaptive genomic compartments.

Polymorphic TEs are a small fraction of the total TE repertoire, which suggests that
most TEs are suppressed. Three main processes have been associated with TE suppression in
fungi: repeat-induced point mutation (RIP), DNA methylation, and RNA-mediated silencing.
RIP is usually associated with sexual fungal organisms (Galagan and Selker 2004), yet RIP
mutations have been also observed in V. dahliae that is considered asexual (Clutterbuck
2011; Amyotte et al. 2012; Klosterman et al. 2011; Cook et al. 2020). RIP mutations have been
associated with meiosis, but alternative mechanisms during vegetative propagation could
lead to RIP-like mutations (Clutterbuck 2011). This has been recently observed in Z. tritici
and N. crassa in which propagation through mitotic divisions generate RIP-like mutations
(Moller et al. 2020; Wang et al. 2020b). Intriguingly, polymorphic TEs are depleted in RIP
mutations. Consequently, we consider different RIP scenarios, such as that RIP activity was
lost during an evolutionary transition to asexuality in V. dahliae. In such a scenario, the
mutations we observed in most TEs are remains of ancestral RIP activity. A second scenario
is that V. dahliae is not strictly asexual, but rare sexual activity occurs in the population. In
this scenario, the RIP machinery may be active during the occasional meiosis. Thirdly, a RIP-
like mechanism could act outside the typical meiotic cycles and might be active in V. dahliae.
These hypotheses are not mutually exclusive, and it remains challenging to elucidate the
mechanistic origin of RIP mutations in V. dahliae.
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Next to RIP, DNA methylation targets repetitive elements in many fungi (Nakayashiki
etal. 1999; Montanini et al. 2014; Zemach et al. 2010; Bewick et al. 2019). We have previously
demonstrated that the majority of TEs in V. dahliae is methylated (Cook et al. 2020; Seidl et
al. 2020). We now show that polymorphic TEs are typically less methylated and not affected
by RIP, collectively indicating that these elements are not suppressed. In the model plant
Arabidopsis and the fruit-fly Drosophila, polymorphic and active TEs occur in discrete regions
where novel insertions are not efficiently suppressed, while TE insertions outside of these
regions are mostly suppressed by methylation (Stuart et al. 2016; Lee and Karpen 2017;
Hollister and Gaut 2009; Tsukahara et al. 2009). We observed that TEs in adaptive genomic
regions display low methylation levels (Cook et al. 2020). Whereas effective TE suppression
outside adaptive regions might be an important mechanism to restrict TE expansions in the
core genome, the activity TEs in adaptive regions suggests that that these regions are prone
to TE-mediated variation.

Environmental changes can alter suppression mechanisms and drive a de-repression
of TEs (Bouvet et al. 2008; Carr et al. 2010; Fouche et al. 2020). We observed TE expression
upon changes in environmental conditions, i.e., different in vitro growth media as well as in
planta growth. In addition, TE expression has been observed previously in different abiotic
conditionsin V. dahliae (Amyotte et al. 2012; Faino et al. 2016; Cook et al. 2020). For example,
some Tcl/Mariner and Mutator elements are induced upon heat stress (Amyotte et al.
2012), while we observed that some LTR/Copia and LTR/Gypsy families highly expressed in
planta. However, the function of TE de-repression under changing environmental conditions
remains unknown (Slotkin and Martienssen 2007; Galhardo et al. 2007; Koonin and Wolf
2009). Modifications in suppression patterns induced by changes in the environment could
imply a trade-off between the functional TE de-repression and increased probability of TE
expansions and TE mobilization on nearby genes, or even changes in the genome structure
(Seidl et al. 2016). In Schizosaccharomyces pombe, for instance, changes in temperature and
nutrient availability induce TE insertions in promoters of stress-dependent genes, and these
insertions have been associated with higher expression of the targeted genes (Maxwell
2020; Feng et al. 2012). In the plant-pathogen Z. tritici, changes in nutrient composition led
to increased TE expression, and a TE insertion in proximity of an effector gene contribute to
reduced expression and virulence (Fouche et al. 2020). Although the mechanisms in which
the environment and TE de-repression influence genome function and structure remain
unclear, the expression of polymorphic TEs induced by changes in the environment could be
similarly an important driver of the genome dynamics in V. dahliae.

Changes in the TE landscape have often been associated with gene expression
changes (Goubert et al. 2020). Insertion of TEs within or near genes usually reduce gene
expression, for example by spreading of silencing marks, such as DNA methylation orinducing
changes in chromatin conformation (Castanera et al. 2016; Winter et al. 2018). TE insertions
are associated with gene silencing and mostly have negative effects, yet also examples for
an adaptive advantage exist. For example, in Z. tritici the insertion of a TE in the promoter
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of a melanin biosynthesis gene causes reduced melanin synthesis and quicker growth,
which would be beneficial for colonization (Krishnan et al. 2018). We observed that genes in
proximity to TEs were typically less expressed during in vitro and in planta conditions, which
was particularly clear for genes flanked by TEs. However, we observed that genes located in
TE-rich regions are highly expressed in planta, raising a conundrum to link these opposing
observations. Studies in adaptive genomic regions in V. dahliae and analogous regions in
other fungi revealed that chromatin represents an additional layer of genomic regulation
that creates a chromatin state allowing for accessibility to the transcriptional machinery
(Schotanus et al. 2015; Soyer et al. 2019; Fokkens et al. 2018; Cook et al. 2020). We observed
an enrichment of polymorphic TEs in close proximity of these highly expressed genes in
adaptive regions. This observation raises the possibility that polymorphic TEs form part of
the regulation of genes in the vicinity as cis-regulatory sequences or as a consequence of
changes in the chromatin conformation (Le Rouzic et al. 2007; Hollister and Gaut 2009;
Huang et al. 2012; Szitenberg et al. 2016; Choi and Lee 2020). For instance, TEs and TE-
derived sequences can be co-opted in promoter sequences and contribute to the control
of gene expression (Cosby et al. 2021; Sundaram and Wysocka 2020), as for example Tf1
retrotransposon insertions in S. pombe occur in promoters and induce consistently higher
expression of neighboring genes (Maxwell 2020; Guo and Levin 2010; Leem et al. 2008).
Furthermore, this could explain the maintenance of polymorphic TEs in V. dahliae, as the TE
suppression of these elements could negatively affect the expression levels of neighboring
genes, favoring their co-localization.

Genome structure can differ significantly between species and even between strains
of the same species (Lynch 2007). Here, we demonstrated that even closely related V. dahliae
strains are characterized by their unique SV repertoire and co-localization of polymorphic
TEs and SVs in adaptive regions. As previously reported, we similarly observed high levels
of sequence conservation in adaptive regions (Faino et al. 2016; de Jonge et al. 2013; Shi-
Kunne et al. 2018; Depotter et al. 2019). Recently, adaptive regions were characterized by
an intermediate chromatin state between heterochromatin and euchromatin (Cook et al.
2020), which could indicate that this unique chromatin organization can allow for lower
mutation rates in these adaptive regions (Prendergast et al. 2007). We observed that SVs
emerge rapidly due to their association with polymorphic TEs, and they represent a relevant
mechanism to generate variation, rather than single-nucleotide changes in adaptive
regions. The co-localization of TEs and SVs in distinct regions has been reported previously
associated with genome compartmentalization in diverse fungi (Plissonneau et al. 2018,
2016; Schotanus et al. 2015; Faino et al. 2016; Shi-Kunne et al. 2018; Ola et al. 2020; Torres
et al. 2020). Relaxed selection has been proposed to explain the association of variation and
TEs in genomic compartments for example, the TE-rich accessory chromosomes in Z. tritici
(Croll and McDonald 2012; Grandaubert et al. 2019; Hartmann et al. 2017). Conversely,
adaptive regions in V. dahliage do not show signs of relaxed or strong positive selection
(Depotter et al. 2019). Since V. dahliae is an asexual fungus and consequently has a low
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effective population size, genetic drift could represent an important evolutionary force that
maintains SVs in population (Kelkar and Ochman 2012; Cvijovic et al. 2015), and these can
therefore contribute to genome dynamics.

Compartmentalized genomes have been observed in diverse organisms (Torres
et al. 2020). In filamentous plant pathogens, this genome organization is described in the
‘two-speed’ genome model (Raffaele et al. 2010) in which dynamic genome compartments
serve as cradles of variation (Croll and McDonald 2012; Frantzeskakis et al. 2019; Torres et
al. 2020). Additionally, changes in chromatin organization have been shown to be relevant
for compartmentalized genomes to further increase or facilitate genomic variation (Moller
et al. 2019; Schotanus et al. 2015; Cook et al. 2020). Thus, further insights into chromatin
organization and TE dynamics are necessary to further disentangle the impact of chromatin
modifications on the emergence of genetic variation and unravel how these facilitate the
evolution of virulence in plant pathogens.

Material and Methods

Verticillium dahliae JR2 genome, repetitive element, and functional gene
annotation

Repetitive element annotation of the chromosome-level genome assembly of V. dahliae
strain JR2 (Faino et al. 2015) was based on available annotation (Faino et al. 2015; Cook et al.
2020; Seidl et al. 2020). Briefly, repetitive elements were annotated by using a combination
of LTRharvest (Ellinghaus et al. 2008), LTRdigest (Steinbiss et al. 2009), and RepeatModeler.
The repeat predictions were further curated and classified (Wicker et al. 2007) by a
combination of PASTEC (Hoede et al. 2014) and sequence similarity to known transposable
elements. The genome-wide occurrence of repeats was determined with RepeatMasker v
4.0.9, and the output was further processed using ‘one code to find them all’ (Bailly-Bechet
et al. 2014). Simple repeats and low-complexity regions were excluded (Cook et al. 2020;
Seidl et al. 2020). GC-content, Kimura distance from a consensus TE family, and weighted
DNA methylation data were previously summarized (Cook et al. 2020; Seidl et al. 2020).
The composite RIP index (CRI) per transposable element was calculated by obtaining the
RIP substrate and the RIP product index as defined by nucleotide frequencies: RIP product
index = TpA/ApT and the RIP substrate index= (CpA + TpG)/(ApC+GpT). We also calculated
the genome-wide RIP index (CRI) using RIPper (van Wyk et al. 2019) using sliding windows
(1 kb, 500 bp slide).

Functional gene annotation was based on the available V. dahliae JR2 gene
annotation (Fainoetal.,2015)and was performed usingeggNOG 5.0 (Huerta-Cepasetal. 2019)
based on an hierarchical non-supervised orthology search, restricted to a fungal database
with e-values >=0.001 and query coverage >=50%. To define the V. dahliae secretome, we
predicted N-terminal signal peptides using SignalP v.4.1 (Nielsen 2017a). Subsequently, we
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predicted putative effectors with EffectorP v.2.0 (Sperschneider et al. 2018), using default
parameters. Secondary metabolite biosynthetic genes were previously predicted using
antiSMASH fungal version 4.0.2 (Weber et al. 2015; Shi-Kunne et al. 2018). Similarly, we used
previously predicted CAZymes that cover signatures of glycoside hydrolases, polysaccharide
lyases, carbohydrate esterases, glycosyltransferases, and carbohydrate-binding molecules
(Shi-Kunne et al. 2018; Seidl et al. 2015). For further analysis, we considered the groups
of ‘secreted proteins’ as the secreted proteomes excluding candidate effectors, secondary
metabolite genes, and CAZymes.

Gene and transposable element RNA-sequencing analysis

Transcriptional activity of genes and repetitive elements in V. dahlige strain JR2 was
assessed using previously generated transcriptome data (Cook et al. 2020) of three in vitro
conditions, (Potato Dextrose Broth, Murashige-Skoog and Czapeck-Dox media) and of in
planta colonization (Arabidopsis thaliana; 28 dpi). For further analysis, we considered only
MS media for in vitro and in planta comparisons. Single-end sequencing reads of three
biological replicates per condition were mapped to V. dahliae strain JR2 genome assembly
(Faino et al. 2015) using STAR v.2.4.2.a, allowing multiple mapped reads with the following
settings: --outFilterMultimapNmax 100 --winAnchorMultimapNmax 200 --outSAMtype BAM
Unsorted --outFilterMismatchNmax 3 (Jin and Hammell 2018; Jin et al. 2015; Fouche et al.
2020). The bam files were sorted by read name with samtools v.1.2 and the transcriptional
activity level was quantified using TEcount from the TEtrancripts package 2.2.1 (Jin et al.
2015), with the following parameters: --stranded no --mode multi, --iteration 1000. TEcount
considers multiple-mapped reads aligned to genes and TE regions to determine transcript
abundance per condition/replicate. Furthermore, TEcount only considers reads that map in
its entirety to TEs and reads mapping to only a fraction were discarded (Jin and Hammell
2018; Jin et al. 2015).

Sequencing reads summarized over TEs and genes were normalized between three
replicates in the different conditions using R/Bioconductor package EdgeR v.3.8 (Robinson et
al. 2010; Robinson and Oshlack 2010). For normalization, we only considered genes and TEs
>=1readsin all samples (Anders et al. 2013). TEs with read count 0 were assumed to have no
transcriptional activity. Libraries were normalized with TMM method (Robinson and Oshlack
2010), and converted to counts per million (CPM) mapped reads using R/Bioconductor
package EdgeR v.3.8 (Robinson et al. 2010). Comparisons between transcriptional levels
were computed in R 3.6.3 (Team, R 2019)

Single nucleotide variant detection and analysis

Single nucleotide variants were detected using paired-end sequencing reads of each 42
previously sequenced V. dahliae strains (Supplementary Table 1). Each strain was mapped
independently to the reference genome V. dahliae JR2 using BWA -MEM v.0.7 with default
options (Li and Durbin 2010). Library artifacts were marked and removed using Picard tools
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v.2.18 with -MarkDuplicates followed by -SortSam to sort the reads (http://broadinstitute.
github.io/picard/). Single nucleotide variants were identified using the -HaplotypeCaller
of the Genome Analysis Toolkit (GATK) v.4.0 (Poplin et al. 2018). Variations were detected
individually per strain, using -ploidy 1 and -emitRefConfidence GVCF. Then, all strains were
joined by -Jointgenotyping with -maxAltAlleles 2, and all non-SNVs were removed using
SelectVariants -selectType SNP. To obtain high-quality SNVs, we applied the following cut-off
filters: QUAL<250, MQ<40, QD<20, FS>60, SOR>3.0, ReadPosRankSum<-5.0, MQRankSum
between -2 and 2. Finally, we excluded variants with missing genotype calls in 10% of
the strains. To explore the similarity between strains, an unrooted phylogenetic tree was
constructed using a Neighbor-Joining approach based on the final single nucleotide variance
set, using distance function in R 3.6.3 (Team, R 2019).

To further assess the sequence diversity between V. dahliae strains, we calculated
the nucleotide diversity (1) based on (Nei and Jin 1989) using a sliding window of 1 kb
(500 bp sliding) as implemented in the PopGenome package (Pfeifer et al. 2014) in R. Single
nucleotide variants were annotated using SNPeff v.3.2 (Cingolani et al. 2012) using the
refined annotation of V. dahliae JR2 strain. Based on the SNPeff prediction, we calculated
the number of synonymous and non-synonymous mutations.

Structural variant calling and analysis
To predict structural variants (SVs), we used the ‘sv-callers’ workflow with few modifications
that enabled parallel execution of multiple SV callers (Kuzniar et al. 2020), an approach that is
considered optimal as it exploits often complementary information to predict SVs (Goerner-
Potvin and Bourque 2018; Cameron et al. 2019). Briefly, the workflow takes every strain and
maps the genomic reads to the reference genome V. dahliae JR2 using BWA-MEM v.0.7 with
default options (Li and Durbin 2010). Then, library artifacts were marked and removed using
Picard tools v.2.18 with -MarkDuplicates followed by -SortSam to sort the reads (http://
broadinstitute.github.io/picard/). We used four different callers: DELLY v.0.8.1 (Rausch et
al. 2012), LUMPY v.2.13 (Layer et al. 2014), Manta v.1.6.0 (Chen et al. 2016), and Wham
v.1.0 (Kronenberg et al. 2015) in single-sample mode, using each 42 previously sequenced V.
dahliae strains independently (Supplementary Table 1). These callers incorporate a diverse
range of information for SV detection such as split reads (DELLY, LUMPY, Wham), discordant
read pairs (DELLY, LUMPY, Wham), read depth signal (LUMPY, Wham), short-read assembly
(Manta, Wham), and soft-clipping detection (Wham). The four SV callers were used with
default parameters, except for DELLY in which we used >1 as minimum quality for further
processing. All outputs were first filtered using bcftools -filter v.1.3.2 with default settings
used in the ‘sv-callers’ workflow (Li 2011), except for Manta since the score model for post-
processing assumes a diploid genome (Chen et al. 2016). Therefore, we used the unscored
Manta predictions for further processing.

For final filtering, the ‘sv-callers’ workflow post-processes the vcfs. Briefly, the
results of the four different callers per strain were merged using SURVIVOR v.1.0.6 (Jeffares
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etal. 2017), keeping SVs predicted by at least three callers, allowing 1000 bp as the maximum
distance from breakpoints predicted by the different tools and considering only same SV
types. Subsequently, only SVs with minimum size >50 bp and maximum size 1 Mb as well
as localization outside of a low-quality region, defined as MQ=0 and read support <10 for
every strain, were kept. Finally, the 42 independent datasets we combined into a single vcf
file using SURVIVOR by merging SVs up to 1000 bp apart of the same SV type.

Transposable element polymorphism prediction and analysis

Transposable element presence/absence polymorphisms were analyzed using TEPID v.2.0
(Stuart et al. 2016), using paired-end short reads of 42 previously sequenced V. dahliae
strains (Supplementary Table 1). TEPID integrates split and discordant read mapping,
mapping quality, sequencing breakpoints, and local variations in coverage to identify
variants with respect to a reference TE annotation (Stuart et al. 2016). We mapped each of
the 42 V. dahliae strains individually to V. dahliae JR2 reference genome, using tepid-map
(average insert size -s 500), which uses Bowtie2 v.2.2.5 (Langmead and Salzberg 2012). TE
variant discovery was computed using tepid-discover, considering insertion and deletion
prediction and a conservative discovery through —strict option. We subsequently refined
the discovered variants using tepid-refine to reduce false-negative calls within the group of
42 strains.

Statistical analysis and visualization

The distribution of SVs over the V. dahliae strain JR2 genome was determined considering
the breakpoints (+1 bp) overlapping in 10 kb non-overlapping windows. We predicted an
expected probability distribution assuming a Poisson distribution, using A=0.77 (mean
number of SVs breakpoints per 10 kb windows). To investigate if SVs co-localize, we
performed a clustering analysis using CROC (Pignatelli et al. 2009) based on a hypergeometric
distribution test and posterior multiple-testing correction using Benjamini-Hochberg; CROC
scans every chromosome with a sliding window (SV-breakpoints per window=10, slide=1,
>3 SV-breakpoints as a minimum). We computed the same test for TE clustering using
TEs per window=10, slide=1, >3 polymorphic TEs as a minimum. Permutation tests were
computed using R/Bioconductor regionR v.1.18.1 package (Gel et al. 2016) and performed
10,000 iterations, using the mean distance to evaluate the closest relationship (bp distance)
between SV-breakpoints and TE elements, and circular randomization to maintain the order
and distance of the regions in the chromosomes. We assumed the same parameters to
evaluate the association of TEs and adaptive regions but considering the number of overlaps
instead of distance. Finally, we computed enrichment association tests using bedtools -fisher
v.2.25.0 based on a one-sided Fisher’s test (Quinlan and Hall 2010) and random association
permutation tests using R/Bioconductor region v.1.18.1 (Gel et al. 2016), performing 5,000
iterations with a resampling randomization.
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Principle component analyses were performed in R v.3.6.3, using packages
FactoMineRv.1.42 and factoextrav.1.0.5 (Lé et al. 2008). The used variables for each TE were
methylation (mCG, mCHG, mCHH), GC content, Kimura distance, CRI, Frequency, and in vitro
(MS media) expression. To further investigate the relationship of TEs with gene expression,
we summarized TEs in 5kb windows upstream and downstream genes, using bedtools
-window (Quinlan and Hall 2010). We classified genes in ‘upstream’ or ‘downstream’ if >=1
TE is located in the position in relation to the gene. We considered genes to be located in
‘between’ TEs if these had >=1 TEs in both positions (upstream and downstream), and we
excluded them from the other categories. We ranked each gene near TE based on their
expression profile and counted the number of TEs associated with each independent rank.
These rank counts were then binned to obtain the distribution of ranks and fit a linear model
for the data and calculated the R? and p value for the fit of the model in R v.3.6.3 (Team,
R 2019). All statistical analyses and comparison tests were performed in R v.3.6.3 (Team,
R 2019), and visualization with R packages ggplot2 and circlize (Wickham 2016; Gu et al.
2014).
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Supplementary Figure 1. Structural variant (SV) calling methods used in this study.

(A) The total number of SV predictions from the four different SV callers and their overlap is shown as a Venn
diagram; (B) Overview of the 3,530 SVs identified in the 42 V. dahliae isolates after combining the results with
SURVIVOR. For the ‘final set’, we only considered SVs predicted by at least three different callers (see Methods) and
removed SVs due to mapping in low-quality regions (MQ=0) and to size (>1 Mb) (see Methods). The ‘final set” was
considered for all further analyses; (C) Length distribution of the final set of 505 SVs, here excluding translocations,

used for all further analysis.

l’ 061 . Empirical D Expected

©

c

g

C 04+

©

c

i)

£ 0.2-

o

o

e

o

0.0-

00 25 50 75 100 125
Number of SV breakpoints

Supplementary Figure 2. Distribution of structural
variant breakpoints in the Verticillium dahliae
genome.

Density plot overlapping the empirical and expected
probability distribution in 10 kb non-overlapping
windows across the genome of V. dahliae strain JR2.
The empirical distribution considers the breakpoints
of all 941 SVs. The expected probability distribution
was estimated assuming a Poisson distribution.
Statistical difference between the two distributions
was assessed using a Kolmogorov-Smirnov test
(p<2.2e-16).
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Supplementary Figure 3. Adaptive genomic regions in Verticillium dahliae are enriched in structural variants (SVs).
(A) Enrichment of different classes of SVs in core and adaptive genomic regions. The heatmap displays the posterior
false-discovery rate corrected p-value derived from a Fisher’s exact test; (B) Length (log10) distributions of SVs
overlapping the core and adaptive genomic regions. The statistical significance was assessed using a one-sided
Wilcoxon rank-sum test.
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Supplementary Figure 4. Transposable elements are close to SVs.

(A) Permutation test to assess the distance between the full set of TEs and SV breakpoints. The vertical dashed line
represents the mean distance of overlaps expected at 10,000 random permutations, the yellow line indicates the
mean distance observed at a closer distance (11,284 bp), significance p = 9.9e-5, z-score=-5.43. TEs showed to be
more closed to SV breakpoints than expected by chance; (B) The distribution of TE density (TE counts) summarized
in 10 kb non-overlapping windows is shown. TEs at centromeric regions were removed. The statistical significance
was assessed using a Wilcoxon rank sum test.
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Supplementary Figure 5. Principle
component analysis of TEs in V.
Frequency dahliae.

Decomposition of the principal
component analysis for eight
variables summarized for each TE,
excluding centromeric regions. Each
vector represents one variable, with
the length indicating the importance
of the variable for this dimension,
for angles <909, the two variables
are correlated, while >902 indicates
that the variables are negatively
correlated. The coordinates and
contribution for each variable are
. . . . further detailed in Supplementary
-2.5 0.0 2.5 5.0 Table 4.
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Supplementary Figure 6. Polymorphic transposable elements in V. dahliae strain JR2.

(A) Length distribution of polymorphic TEs and non-polymorphic TEs; the statistical differences were assessed
by one-sided Wilcoxon rank-sum tests; (B) Composite RIP (repeat-induced point mutations) index comparison
(window size 1 kb, 500 bp slide) in two genomic compartments separated by polymorphic and non-polymorphic
TEs; statistical differences were assessed by one-sided Wilcoxon rank-sum test; (C) Transcript levels of V. dahliae
strain JR2 TEs in two in vitro conditions. TE expression is displayed for two in vitro conditions, PD (Potato Dextrose
broth) and CZ (Czapek-Dox) growth media. Expression values are log2(CPM+1) transformed. p-value after one-
sided Wilcoxon rank-sum test.
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Supplementary Figure 7. Transposable element insertions are not enriched in adaptive genomic regions in V.
dahliae strain JR2.

(A) Left, permutation test of overlaps between new TE insertions and adaptive genomic regions. The vertical
dashed line represents the mean number of overlaps expected at 10,000 random permutations and the red line
indicates the number of overlaps observed (7), significance p = 0.451, z-score=-0.534; (B) Right, permutation test
of overlaps between original coordinates in JR2 of TE insertions and adaptive genomic regions. The vertical dashed
line highlights the mean number of overlaps expected at 10,000 random permutations and the red line indicates
the number of overlaps observed (18), significance p = 0.294, z-score=0.7862.
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Supplementary Figure 9. Transposable element expression in different conditions.

Unsupervised clustering of TE expression monitored under different in vitro conditions (Czapek-Dox, CZ; potato
dextrose broth, PD; Murashige-Skoog, MS) and in planta condition (Arabidopsis thaliana 28 dpi; AR). The mean
transcript abundance (counts per million; log2(CPM+1) transformed) is depicted in the heatmap. The blue-coded
left column details the superfamily, and the yellow-coded column summarizes the abundance of polymorphic TEs
in each of the TE family.
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Supplementary Figure 10. Gene expression correlates with transposable elements occurrence

(A) In planta (Arabidopsis thaliana 28 dpi) gene expression of genes located upstream (n=1,098), downstream
(n=1,051), between (n=546) TEs (5 kb proximity), or genes without TEs in proximity = Not close (5 kb; n=8,742)
are shown; (B) In vitro and (C) in planta gene expression of genes upstream (n=153), downstream (n=134), and
between (n=118) dynamic TEs; (D) Comparison of distances between polymorphic TEs to genes (within 5 kb
windows); in all cases, p-value depicts one-sided Wilcoxon rank-sum test.
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Supplementary Figure 11. Polymorphic
transposable elements correlate with
gene expression depending on their
position on the genome.

Relationship between gene expression
ranks (percentile windows, from low
(blue) to high (red) expression; in vitro
and in planta) and TE density, depending
on relative TE positions (within 5 kb).
The linear regression (dark line) and
confidence interval (light grey) are shown
as well as the R and p-value after linear
regression. The upper panels depict the
polymorphic TEs and the lower panels
the non-polymorphic TEs.
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Supplementary Table 2. Clustering test for SVs breakpoints in Verticillium dahliae JR2

Chromosome Start End Cluster size (bp) p-value
Chrl 60001 330000 269,999 0.0456345
Chrl 4250001 4470000 219,999 0.00705146
Chrl 7090001 7180000 89,999 0.0456345
Chr3 210001 260000 49,999 0.0456345
Chr3 2370001 2430000 59,999 0.0456345
Chr3 2750001 2860000 109,999 0.0456345
Chr4 840001 890000 49,999 0.0456345
Chra 1170001 1260000 89,999 0.00705146
Chra 2990001 3360000 369,999 0.00705146
Chr5 1300001 1570000 269,999 0.0456345
Chr5 1890001 2030000 139,999 0.00061621
Chrs 3460001 3630000 169,999 0.00061621
Chré 2210001 2330000 119,999 0.00705146
Chré 3170001 3230000 59,999 0.0456345
Chr7 1980001 2050000 69,999 0.00705146
Chrs 1060001 1140000 79,999 0.00705146
Chr8 1430001 1560000 129,999 0.00705146

Significance is indicated based on a hypergeometric distribution test, multiple-testing was addressed by Benjamini-
Hochberg correction; clusters overlapping centromeres are highlighted in bold.
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Supplementary Table 3. Comparison between SNVs and SVs in core or adaptive regions in 42 Verticillium dahliae

strains
Variable Core Adaptive Significance
SNVs 14.2 121 p<2x107e
n 0.0025 0.00015 p<2x1071°
Non-synonymous 0.0176 0.0127 p<1.3x10°
Synonymous 0.0264 0.0144 p<2x107e
Size (bp) 32,813,998 3,328,633
Total of nucleotide changes (SNVs bp)* 263,975 23,276
% genome*** 0.73% 0.06%
Total of nucleotide changes (SVs bp)** 13,527,461 5,235,157
Deletions 3,654,762 1,977,686
Duplications 3,999,565 570,326
Inversions 5,872,396 2,687,011
Translocations 738 134
Polyrmorphic TEs 318,041 111,289
% genome™*** 37.43% 14.48%

Median values are reported (1 kb windows) and statistical significance was assessed with a one-sided Wilcoxon

rank sum test

*Sum of SNVs per genomic compartment
**Sum of SV length overlaps (deletions, duplications, inversions, translocations) per genomic compartment, do not

include polymorphic TEs; considering >= 50% total length overlap

*** percentage with respect to the total number of bases per genomic compartment

Supplementary Table 4. Repetitive elements in Verticillium dahliae JR2

Class Superfamily Families Elements Mean Size
DNA-TIR hAT 1 13 394
DNA-TIR Mite 4 116 290
DNA-TIR Mutator 2 9 940
DNA-TIR Tcl-Mariner 2 53 1567
LINE | 1 57 1888
LINE R1 1 3 859
LTR Copia 5 545 2348
LTR Gypsy 5 500 4101
Unspecified Unspecified 22 817 559

Total number of annotated repetitive elements used for the TE polymorphism analysis
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Supplementary Table 5. Principal Component Analysis of transposable elements

Coordinates of variables as correlations

Contribution of variables

Variable Dim.1 Dim.2 Dim.3 Dim.4 Dim.5 | Dim.1 Dim.2 Dim.3 Dim.4 Dim.5
Methylation CG 0.84 -013 0.07 000 0.15 |2756 138 042 0.00 2097

Methylation CHG 067 -035 018 -0.04 -009 |1775 1031 316 0.18 1.00

Methylation CHH 049 -043 041 -008 -039 | 943 1571 1563 0.70 19.88
GC content -080 -0.18 019 000 -0.24 | 25.06 2.80 339 000 7.62

Kimura distance 011 042 073 033 037 | 049 1503 4944 1152 1751
CRI* 061 018 -049 -005 0.17 | 1471 267 2228 026 377

Frequency 008 048 023 -0.83 -0.09 | 0.24 2026 506 7292 1.00

in vitro expression MS

media -035 -061 0.08 -0.37 059 | 477 3183 0.62 1442 46.25

Coordinates for each variable as proxy for correlations and the contributions of each variable (%) for the first five

dimensions

*Composite Repeat Index
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Supplementary Table 6. Clustering of polymorphic transposable elements in Verticillium dahliae JR2

Chromosome Start End Cluster size (bp) p-value
Chrl 53070 75768 22698 0.00640506
Chrl 2902101 2919752 17651 0.0472553
Chrl 3728458 3751806 23348 0.0297937
Chrl 7726623 7731761 5138 0.0156587
Chr2 3306675 3312299 5624 0.0156587
Chr3 1730692 1738069 7377 0.0112741
Chra 581484 605820 24336 0.0297937
Chra 877261 878231 970 0.0156587
Chra 3383031 3389191 6160 0.0472553
Chr5 22170 55414 33244 2.13E-06
Chr5 560562 561866 1304 0.0112741
Chr5 1932698 1972808 40110 0.00432344
Chr5 2136723 2145914 9191 0.000860712
Chr5 2360598 2390674 30076 0.0112741
Chr5 3620143 3629611 9468 0.0472553
Chré 344418 359784 15366 0.00548821
Chré 2796059 2817652 21593 0.000402971
Chr6 3179711 3185903 6192 0.00548821
Chré 3212527 3229593 17066 0.000402971
Chr8 27028 32235 5207 0.0156587
Chr8 470207 478533 8326 0.00548821
Chr8 985415 1006393 20978 0.0297937
Chr8 2753583 2775625 22042 0.0297937

Clustered regions of polymorphic TEs after hypergeometric distribution test, p-values after Benjamini-Hochberg

correction
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Supplementary Table 8. Functional gene annotation and association with TEs

Genes Genes not Genes
oG close TE close to TE total Z-score p-value

Cell cycle control, cell division, chromosome

portioning 25 140 165 -3.453  0.00057766
Cell wall/membrane/envelop biogenesis 20 67 87 -0.399  0.41699993
Cell motility 2 1 3 1.624  0.16665556
Post-translational modification, protein turnover,

chaperone functions 107 436 543 -1.673  0.13343998
Signal transduction mechanisms 71 218 289 0.102  0.60079184
Intracellular trafficing and secretion 76 319 395 -1.921  0.13343998
Defense mechanisms 18 29 47 1.790 0.07718456
Extracellular structures 0 3 3 -1.099  0.39173035
Nuclear structure 1 3 4 -0.188  0.65406919
Cytoskeleton 11 80 91 -2.877  0.00057766
RNA processing and modification 40 253 293 -3.993  0.00057766
Chromatin structure and dynamics 21 115 136 -2.909 0.00057766
Translation, ribosomal structure and biogenesis 57 308 365 -3.970 0.00057766
Transcription 62 256 318 -2.293  0.07718456
Replication, recombination and repair 50 176 226 -0.861  0.24981004
Energy production and conversion 72 253 325 -0.799  0.21042107
Aminoacid transport and metabolism 101 365 466 -1.079  0.16665556
Nucleotide transport and metabolism 14 83 97 -2.962  0.00057766
Carbohydrate transport and metabolism 200 482 682 2.770  0.00057766
Coenzyme transport and metabolism 40 183 223 -2.542  0.00057766
Lipid transport and metabolism 85 219 304 1.426  0.16665556
Inorganic ion transport and metabolism 61 200 261 -0.315  0.38100951
Secondary metabolites biosynthesis, transport and

catabolism 99 254 353 1.924  0.07718456
Function unknown 579 1902 2481 -0.392  0.39173035
General function prediction 482 1245 1727 4.657  0.00057766
No recognized orthologs 402 1152 1554 2.201  0.07718456

Genes in orthologs groups close to TEs (within 5 kb window) or not close (>5 kb). p-value after 5,000 random
permutations and Benjamini-Hochberg correction; Z-score with respect to permutation test
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Supplementary Table 9. Pathogenicity-related genes relative to COG categories

COG category Pathogenicity-related Genes Total % Category %
Cellular Processes & Signaling CAZ 74 0.64% 4.54%
Cellular Processes & Signaling Effector 17 0.15% 1.04%
Cellular Processes & Signaling No pathogenicity 1407 12.26% 86.32%
Cellular Processes & Signaling Secreted 132 1.15% 8.10%
Information Storage & Processing CAZ 2 0.02% 0.15%
Information Storage & Processing Effector 3 0.03% 0.22%
Information Storage & Processing No pathogenicity 1327 11.57% 99.18%
Information Storage & Processing Secreted 6 0.05% 0.45%
Metabolism CAZ 354 3.09% 12.91%
Metabolism Effector 46 0.40% 1.68%
Metabolism No pathogenicity 2176 18.96% 79.33%
Metabolism Secondary 23 0.20% 0.84%
Metabolism Secreted 144 1.26% 5.25%
Poorly characterized CAZ 68 0.59% 1.18%
Poorly characterized Effector 127 1.11% 2.20%
Poorly characterized No pathogenicity 5176 45.11% 89.81%
Poorly characterized Secondary 2 0.02% 0.03%
Poorly characterized Secreted 390 3.40% 6.77%
Number of pathogenicity genes per COG category used for enrichment analysis
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Supplementary Table 10. Polymorphic TEs associated with highly expressed genes

Pathogenesis related  TE type Rank Region Number Genes Number TEs
Secreted Polymorphic TE Q1 Core 4 4
Secreted Polymorphic TE Q1 Adaptive 1 1
Secreted Polymorphic TE Q2 Core 4 4
Secreted Polymorphic TE Q2 Adaptive 6 14
Secreted Polymorphic TE Qa3 Core 6 8
Secreted Polymorphic TE Q3 Adaptive 2 2
Secreted Polymorphic TE Q4 Core 4 6
Secreted Polymorphic TE Q4 Adaptive 1 1
Secreted TE Q1 Core 40 0
Secreted TE Ql Adaptive 12 0
Secreted TE Q2 Core 53 0
Secreted TE Q2 Adaptive 30 0
Secreted TE Q3 Core 57 6
Secreted TE Q3 Adaptive 7 2
Secreted TE Q4 Core 52 4
Secreted TE Q4 Adaptive 13 2
CAZ Polymorphic TE Ql Core 6 6
CAZ Polymorphic TE Ql Adaptive 2 4
CAZ Polymorphic TE Q2 Core 6 8
CAZ Polymorphic TE Q2 Adaptive 2 2
CAZ Polymorphic TE Q3 Core 8 16
CAZ Polymorphic TE Q4 Core 3 3
CAZ TE Ql Core 39 10
CAZ TE Q1 Adaptive 14 0
CAZ TE Q2 Core 43 4
CAZ TE Q2 Adaptive 13 2
CAZ TE Q3 Core 60 3
CAZ TE Q3 Adaptive 5 0
CAZ TE Q4 Core 74 8
CAZ TE Q4 Adaptive 5 0
Effector Polymorphic TE Ql Core 5 5
Effector Polymorphic TE Ql Adaptive 4 6
Effector Polymorphic TE Q2 Core 5 9
Effector Polymorphic TE Q2 Adaptive 3 3
Effector Polymorphic TE Q3 Core 2 2
Effector Polymorphic TE Q4 Adaptive 4 4
80 CHAPTER 3



Effector TE Q1 Core 32 12
Effector TE Ql Adaptive 16 5
Effector TE Q2 Core 12 0
Effector TE Q2 Adaptive 10 4
Effector TE Q3 Core 20 0
Effector TE Q3 Adaptive 3 0
Effector TE Q4 Core 18 0
Effector TE Q4 Adaptive 15 15
Secondary Polymorphic TE Q2 Adaptive 2 2
Secondary TE Ql Core 8 0
Secondary TE Ql Adaptive 1 0
Secondary TE Q2 Core 4 0
Secondary TE Q2 Adaptive 15 15
Secondary TE Q3 Core 17 0
Secondary TE Q3 Adaptive 9 0
Secondary TE Q4 Core 5 0
Secondary TE Q4 Adaptive 2 0
Total 784 202
Core 587 118
Adaptive 197 84

Quartile ranks based on expression data in vitro, Q1=25%, Q2=50%, Q3=75%, Q4=100%
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Abstract

Gene expression is crucial to determine the phenotype of an organism. Variation in gene
expression at the same genomic locus enables species to express different phenotypic
traits facilitating adaptation, which is particularly relevant for pathogens that engage in
host-pathogen ‘arms races’. However, the relationship between genomic variation and
gene expression differences in plant pathogens remains unclear. Here, we studied gene
expression variation in Verticillium dahliae, a fungal plant pathogen known to have adaptive
genomic regions (AGRs) that are enriched in genome rearrangements, genes with dynamic
expression between conditions, accessible DNA, and the presence of the facultative
heterochromatic H3 Lys-27 methylated histones (H3K27me3). Using two V. dahliae strains
that belong to divergent genetic lineages, we show that gene expression differs for one-third
of the genes, and these differences are likely not caused by changes in the organization and
sequence of cis-regulatory regions. We summarize different combinations of seven histone
modifications into distinct chromatin states and a subset of those states can be linked to gene
expression changes between strains at AGRs. Intriguingly, H3K27me3 occurs in chromatin
states together with histone modifications typically associated with active gene expression
such as H3K9ac, H3K4me3, or H3K36me3. The H3K27me3-associated chromatin states
correlate with reduced sequence conservation, differential gene expression in planta, and
differential gene expression between V. dahliae strains. Particularly, genes with H3K27me3-
associated chromatin states are enriched for pathogenicity-related gene functions. Thus,
our analyses show that H3K27me3-associated chromatin states correlate with the evolution
of gene expression and genome organization in V. dahliae.



Introduction

Gene expression determines the phenotype of an organism (Lewontin 2008; Nachtomy et
al. 2007). Gene expression levels are typically conserved between organisms throughout
evolution and are associated with nucleotide conservation (Martin and Fraser 2018;
Bedford and Hartl 2009; Josephs et al. 2015). Gene expression is tightly regulated and allows
organisms to respond dynamically to different stimuli (Hill et al. 2021), and consequently
the regulation of gene expression is critical to determine the phenotype (Price et al. 2022;
Ba et al. 2022). Despite gene expression conservation, a species can diverge multiple
phenotypic traits by varying the expression of the same underlying loci (Mank 2017; Parsch
and Ellegren 2013). Gene expression can vary through changes in the DNA, due to silent
mutations in the coding sequence, through genomic rearrangements, or through mutations
in regulatory sequences (Wittkopp and Kalay 2011; Zhou et al. 2016). Regulatory sequences
upstream or as part of genes can modulate gene expression timing and levels (Wray et al.
2003; Wittkopp and Kalay 2011). Regions directly upstream of the coding sequences that
typically contain transcription factor (TF) binding sites and regulate gene expression in cis
are called Cis-regulatory REgions (CREs) (Wittkopp and Kalay 2011; Rodriguez-Trelles et al.
2003; Stern and Frankel 2013).

The DNA in the nucleus is wrapped around an octamer formed by two copies of
the histone proteins H2A, H2B, H3, and H4 to form nucleosomes (Luger et al. 1997). Post-
translational chemical modifications of histone proteins are associated with expression
regulation (Dai et al. 2020; Villasefior and Baubec 2021), and to date more than 300 histone
modifications have been described (Zhao and Garcia 2015; Bannister and Kouzarides 2011;
Zentner and Henikoff 2013). Additionally, DNA methylation and non-coding RNAs have
been associated with expression regulation (Mattick and Makunin 2006; Yao et al. 2019;
Zemach et al. 2010; Zemach and Zilberman 2010). Post-translational histone modifications
and DNA methylation establish a chromatin landscape that can be broadly divided into
transcriptionally active euchromatin and transcriptionally repressive heterochromatin. Thus,
the chromatin landscape collectively plays an important role in gene expression regulation.

Euchromatin is characterized by high chromatin accessibility, depletion of DNA
methylation, and enrichment in specific histone modifications such as tri-methylation of the
lysine 4 or acetylation of the lysine 9 on H3 (H3K4me3 and H3K9ac, respectively) (Zentner
and Henikoff 2013; Huang and Zhu 2018). Euchromatin is typically associated with strong
negative selection, and therefore genomic variation is depleted (Makova and Hardison 2015;
Quiroz et al. 2022; Monroe et al. 2022b; Hazarika et al. 2022). In contrast, heterochromatic
regions are typically poorly accessible, enriched for DNA methylation, and for specific
histone modifications such as tri-methylation of the lysine 9 or 27 on H3 (H3K9me3 and
H3K27me3, respectively) (Zentner and Henikoff 2013; Bannister and Kouzarides 2011;
Grewal and Jia 2007; Sasaki et al. 2014; Schuster-Bockler and Lehner 2012; Sun et al. 2016).
Furthermore, heterochromatic regions are associated with relaxed selection, and as such
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they are prone to accumulate transposable elements (TEs), structural variations (SVs), and
nucleotide variations (Lewis et al. 2009; Makova and Hardison 2015; Janssen et al. 2018;
de la Pefia et al. 2023; Habig et al. 2021; Yasuhara et al. 2005; Liu et al. 2020a). Therefore,
together with the gene sequences and CREs, the chromatin landscape has been implicated
in expression variation within and between species and plays important roles in adaptation.

Plants and fungal pathogens are thought to engage in co-evolutionary ‘arms races’
(Koch et al. 2014; Upson et al. 2018; Frantzeskakis et al. 2019), where plants have evolved
immune systems to detect pathogen intrusions and mount defense responses, while fungal
pathogens evolved a complex molecular tool kit to support host colonization (Rovenich et
al. 2014; Cook et al. 2015). Such co-evolutionary ‘arms races’ are characterized by repeated
cycles of adaptation and counter-adaptation of pathogens and their hosts (Strotz et al.
2018; McDonald and Stukenbrock 2016). To enable these cycles of adaptation and counter-
adaptation, genetic variation in pathogens is needed, which in many cases is restricted to
specific genomic compartments (Dong et al. 2015; Moéller and Stukenbrock 2017; Upson
et al. 2018; Torres et al. 2020; Seidl and Thomma 2017). DNA methylation and histone
modifications play a significant role in the formation and maintenance of these genomic
compartments (Erlendson et al. 2017; Seidl et al. 2016), such as the accessory chromosomes
of Zymoseptoria tritici (Schotanus et al. 2015; Habig et al. 2021; Feurtey et al. 2020), or the
adaptive genomic regions (AGRs) in Verticillium dahliae (Cook et al. 2020; Torres et al. 2021;
Kramer et al. 2022). Similarly, the expression of in planta-induced and other conditionally
responsive genes that are thought to contribute to environmental adaptation has been
associated with changes in histone modifications in many plant pathogens (Sanchez-Vallet
et al. 2018; Seidl et al. 2016; Torres et al. 2020). Moreover, for Phytophthora sojae it was
demonstrated that gene expression variation, mediated by changes in the chromatin
landscape, can contribute to avoiding recognition by the plant immune system (Wang et
al. 2020a; Pais et al. 2018). It is therefore conceivable that gene expression variation, like
genetic variation, enables co-evolutionary arms-races between the host and the pathogen.

Verticillium dahliae is an asexual soil-borne fungal plant pathogen that infects
hundreds of plant species (Fradin and Thomma 2006; Klosterman et al. 2011, 2009;
Inderbitzin and Subbarao 2014). In V. dahliae, AGRs are embedded in the eight chromosomes
that are typically observed in this species and are enriched in large-scale chromosomal
rearrangements such as translocations, segmental duplications, and gene losses, as well
as in active TEs (de Jonge et al. 2012, 2013; Faino et al. 2016; Torres et al. 2021; Cook
et al. 2020). Moreover, AGRs show an unique chromatin profile that is characterized by
enrichment of H3K27me3, depletion of DNA methylation, and the occurrence of accessible
chromatin and genes with dynamic transcription between different conditions (Torres et
al. 2021; Cook et al. 2020; Kramer et al. 2022, 2021). Previous observations revealed that
V. dahliae strains can be divided into at least three genetically distinct lineages (de Jonge
et al. 2013; Chavarro-Carrero et al. 2021; Torres et al. 2021). However, it presently remains
unclear whether genomic variation correlates with gene expression differences between
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strains of V. dahliae. Here, we use in vitro and in planta transcriptomic data to analyze
gene expression variation between two V. dahliae strains. Furthermore, we use chromatin
immunoprecipitation followed by sequencing (ChIP-seq) of seven activating or repressing
histone modifications to understand the association of the chromatin landscape with gene
expression variation in V. dahliae.

Results

Differential gene expression correlates with variable sequence
conservation in Verticillium dahliae

Based on the genomic variation in V. dahliae (de Jonge et al. 2013; Faino et al. 2016; Torres
et al. 2021), we hypothesized that gene expression levels vary between strains. We here
focused on V. dahliae strains JR2 and CQ2, as these strains occur in two divergent lineages
(Fig. 1A, Supplementary Table 1), and high-quality genome assemblies are available (Faino
et al. 2015; Depotter et al. 2019). In line with previous observations (Depotter et al. 2019),
whole-genome alignments show that 89.10% of the genome is syntenic between JR2
and CQ2 (aligned >=10 kb blocks; Fig. 1B; Supplementary Fig. 1A-C). Nevertheless, 97%
(n=11,067) of genes occur in both JR2 and CQ2, while only 362 JR2-specific and 347 CQ2-
specific genes are identified that mostly locate in AGRs (Fig. 1B; z-score=2.27, p=0.00019
JR2; z-score=6.69, p=0.00019 CQ2).

To assess whether genes that occur in both V. dahliae strains are differentially
expressed between these strains, we generated RNA sequencing data for conidiospores
harvested from V. dahliae grown on potato dextrose agar (PDA). We observe that homologous
genes are similarly expressed in conidiospores of the two strains (Fig. 1C; p<2.2x10%, one-
sided Wilcoxon-rank sum test). Homologous genes vary in their sequence conservation
across the Verticillium genus (Fig. 1D). While we observe a positive correlation between
gene expression levels of homologs and their sequence conservation across the Verticillium
genus (Fig. 1D; Supplementary Fig. 1F,G), reduced levels of sequence conservation positively
correlate with increased differences in gene expression levels between both V. dahliae
strains (R=0.87, p=3.1x107; Fig. 2A; Supplementary Fig. 2).
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Figure 1. Gene expression correlates with sequence conservation in two divergent Verticillium dahliae strains.
(A) Unrooted phylogenetic tree, based on genome comparisons and 58,364 single nucleotide variants (SNVs),
shows the known relationships between the ten species of the Verticillium genus, and display three Verticillium
dahliae lineages (blue, green, and purple). (B) Genome comparison between V. dahliae strains CQ2 and JR2
uncovers genetic variation; from outer to inner track: centromere locations, gene density (10 kb windows), repeat
density (10 kb windows), adaptive genomic regions (AGRs; (Cook et al. 2020)), JR2- or CQ2-specific genes, and
non-syntenic regions. The ribbons depict syntenic regions (10 kb windows). (C) In vitro gene expression levels
in conidiospores harvested from V. dahliae strains JR2 and CQ2 grown on potato dextrose agar (PDA) are highly
correlated. Pearson’s correlation (R) and associated p-values are shown. Density plots along the axes show gene
expression levels (log2(counts per million; CPM)) for homologous gene pairs (JR2 and CQ2) and JR2- or CQ2-specific
genes. (D) Gene expression levels in conidiospores of PDA-grown V. dahliae correlate with sequence conservation.
Color gradient as well as density plots at the axes depict the PhastCons scores for homologous gene pairs and for
JR2- or CQ2-specific genes.
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Next, we classified genes into those with conserved or differential expression
patterns between the two V. dahliae strains based on the spread of gene expression values by
using the coefficient of interquartile variation (CQV) between both strains as a quantitative
measure for gene expression variation (Bonett 2006). Gene expression in conidiospores of
JR2 and CQ2 is conserved for two thirds of the genes (n=7,581), while one third of the
genes is differentially expressed (n=2,101) (Fig. 2B; Supplementary Fig. 2B-D). Genes with
conserved expression have 1.42 times higher sequence conservation than differentially
expressed genes (Supplementary Fig. 2D) and are enriched in GO terms associated with
cell cycle regulation (Supplementary Fig. 2E, p<0.05). Conversely, differentially expressed
genes are enriched in GO terms associated with conditionally responsive functions, such
as metabolism (carbohydrates, lipids, or carboxylic acid metabolism), development
(filamentous growth, cell development, or regulation), and cellular sensing (symbiotic
interaction, response to external stimulus, cation transport, or oxo-reduction processes)
(Fig. 2C, p<0.05). Differentially expressed genes between conditions are enriched in AGRs
(Kramer et al. 2022), and similarly, differentially expressed genes between strains mostly
localize in AGRs (Permutation test: z-score=5.35, p=0.00019).

Evolution of cis-regulatory regions is not associated with expression
variation

Changes in CRE sequences can lead to gene expression variation (Wray 2007; Stone and
Wray 2001). We here define CREs to be between ten and 450 bp upstream of coding regions,
and we consider the coding sequence to comprise the sequence between the transcription
start and end site (Supplementary Fig. 3A,B). One third (36%) of CREs is located between
two coding regions in opposite direction within a single strain (n=3,983 and n=3,917 for
CQ2 and JR2, respectively; Fig. 3A), and these bi-directional CREs are associated with 40%
of genes for which the gene expression is conserved between strains (Fig. 3A,B). In contrast,
most of the differentially expressed genes are associated with uni-directional CREs (Fig. 3A),
yet differentially expressed genes with high expression levels also have bi-directional CREs
(Fig. 3B). Similarly, 35% of the highly expressed JR2- and 24% of the highly expressed CQ2-
specific genes have bi-directional CREs (n=122 and n=82, respectively; Fig. 3A,B).
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Changes in CRE organization by rearranging bi- or uni-directional CREs might lead
to gene expression changes. However, genome comparisons between V. dahliae strain JR2
and CQ2 show that both bi-directional and uni-directional CREs are largely conserved (Fig.
3C). Genes with rearranged CREs can show expression changes between strains (Fig. 3D), yet
we also observe that homologs with rearranged CREs show gene expression conservation.
Moreover, genes with syntenic CREs do not always show similar expression (Fig. 3D), and
thus, while CRE reorganization can lead to differences in gene expression between strains,
most expression changes occur despite conserved CRE organization.

We observe reduced sequence conservation in CREs when compared with coding
regions (Fig. 2E; Supplementary Fig. 3C). Thus, we tested if nucleotide changes in coding
sequence or CREs might lead to differential gene expression between V. dahliae strains. We
performed hierarchical clustering of genes, based on the sequence conservation of coding
sequences and CREs together with gene expression conservation, and recover six clusters
that capture different combinations of these features (Fig. 3F, Supplementary Fig. 3D). We
observe that 85.5% (n=6,205) of the genes with conserved expression also has high levels of
sequence conservation of their coding sequences and CREs (Fig. 3F). Interestingly, reduced
sequence conservation of coding sequences and CREs is not observed at all differentially
expressed genes, as for example 30.8% of the differentially expressed genes between V.
dahliae strains (n=617) and most JR2- and CQ2-specific genes (n=190 and n=197, JR2 and
CQ2 respectively) also display increased sequence conservation (Fig. 3F). Conversely, 14.5%
(n=1,050) of genes with conserved expression also display reduced sequence conservation,
and thus we conclude that sequence conservation of CREs and changes in their organization
cannot fully account for the observed variation in gene expression between V. dahliae
strains.
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Figure 3. Changes in gene expression are not associated with changes of cis-regulatory regions.

(A) Bi-directional or uni-directional Cis-regulatory REgions (CREs) are associated with expression conservation in V.
dahliae strains JR2 (purple) and CQ2 (blue). Pie plots depict the total number of genes with a bi-directional (dark
colored) or uni-directional (light colored) CREs. Bar plots depict the percentage of bi-directional (dark colored)
or uni-directional (light colored) CREs, separated based on the expression conservation of the associated gene
(see Fig. 2). (B) Conidial gene expression is higher in genes associated with bi-directional CREs; p-value, one-sided
Wilcoxon rank sum test. (C) The organization of most genes with bi-directional or uni-directional CREs is conserved
between V. dahliae strains JR2 and CQ2. Overlapping areas indicate the number of JR2 CREs that can be identified
in the CQ2 genome (upper Venn diagram) or CQ2 CREs in the JR2 genome (bottom Venn diagram). Non-overlapping
areas depict genes with non-syntenic CREs. (D) A syntenic locus in V. dahliae strains JR2 and CQ2. Changes in CRE
organization can lead to changes in gene expression (top). Conserved CRE organization can also show changes
in gene expression (bottom). Ribbons link homologous genes between the two V. dahliae strains. From top to
bottom: RNA in vitro (in conidiospores harvested from V. dahliae strains JR2 and CQ2 grown on PDA), sequence
conservation (PhastCons score), gene models, CREs (light blue). (E) Sequence conservation (PhastCons score)
differs between bi-directional or uni-directional CREs based on the expression category of the associated genes. (F)
Genes are clustered by their expression conservation (CQV) as well as sequence conservation of the coding region
and CRE. Diagram representation of the six clusters on the right. Pie plots depict the proportion of uni-directional
or bi-directional CREs in V. dahliae strain JR2 per cluster (dark and light purple).

Histone modifications correlate with gene expression variation

Next to the sequence and organization of CREs, chemical modifications of the DNA and
histones are associated with transcriptional regulation (Smolle and Workman 2013;
Lawrence et al. 2016). To determine if specific histone modifications are associated with gene
expression in V. dahliae, we performed in vitro chromatin immunoprecipitation followed by
sequencing (ChIP-seq) for V. dahliae strains CQ2 and JR2 in two biological replicates that were
significantly correlated (Supplementary Fig. 4). We targeted six modifications on histone H3
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(H3K4me3, H3K4ac, H3K9ac, H3K9me3, H3K36me3, and H3K27me3) and one modification
on histone H4 (H4K16ac) (Fig. 4A). H3K4me3, H3K4ac, H3K9ac, H3K36me3, and H4K16ac are
associated with gene-rich regions (Fig. 4A; Supplementary Fig. 5,6) and, conversely, regions
enriched in H3K9me3 are depleted in genes and associated with repetitive elements such as
the regional centromeres of V. dahliae (Fig. 4A; Supplementary Fig. 5,6) (Seidl et al. 2020). As
we have demonstrated previously (Cook et al. 2020), the facultative heterochromatic mark
H3K27me3 is enriched in AGRs (Fig. 4A; z-score=1.86, p=0.0386 and z-score=2.77, p=0.0002
based on permutation test for V. dahliae strains JR2 and CQ2, respectively). Together with
H3K27me3, we observe that also H3K36me3 is enriched in AGRs (Fig. 4A; z-score=2.16,
p=0.00019 and z-score=5.099, p=0.0002 based on permutation test for V. dahliae strains
JR2 and CQ2, respectively). Principle component analyses based on the genome-wide
distribution of histone modifications in V. dahliae strains JR2 and CQ2 show that the same
histone modifications cluster irrespective of the strain (Fig. 4B; Supplementary Fig. 6A,C),
confirming the expectation that the genome-wide histone landscape defined by these seven
histone modifications in V. dahliae is largely conserved between lineages.

To determine how the seven histone modifications associate with gene expressionin
V. dahliae, we summarized their coverage over coding sequences as well as their surrounding
upstream and downstream regions, and further separated genes based on their expression
levels (Fig. 4C). We observe that highly expressed genes are enriched in H3K4me3, H3K9ac,
and H3K4ac close to the transcription start site (TSS) and at the 5’flanking regions, which
contain CREs, while H3K36me3 is enriched at coding sequences (Fig. 4C; Supplementary Fig.
7A,B). Highly expressed genes are also enriched in H4K16ac at the TSS and transcription end
site (TES) (Fig. 4C; Supplementary Fig. 7A,B). In contrast, lowly expressed genes are enriched
in H3K27me3 or H3K9me3 (Fig. 4C), which is in line with our previous observations (Cook et
al. 2020; Kramer et al. 2022). Interestingly, the presence of H3K36me3 positively correlates
with the occurrence of H3K27me3, yet both highly and lowly expressed genes are enriched
in H3K36me3 (Fig. 4C,D).

Next, we determined if changes in histone modifications between V. dahliae strains
are associated with differential gene expression. More than 75% of coding sequences do
not display marked differences in histone modification levels when compared between
V. dahliae strains JR2 and CQ2 (Fig. 4F). While CREs display larger differences in histone
modifications (Fig. 4F), we do not observe that genes with associated CREs or coding
sequences that differ in histone modifications levels also show differentially expression
between strains (Supplementary Table 2). Still a small fraction of coding sequences and CREs
shows difference in histone modification levels between both strains. As expected, only
H3K27me3 is significantly enriched at differentially expressed, CQ2- or JR2-specific genes, as
well as at non-expressed genes, while depleted from genes with conserved expression (Fig.
4E). Thus, our results suggest that H3K27me-associated genes, which mainly reside in AGRs,
are enriched for genes that show differential expression not only in planta (Cook et al. 2020)
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and between growth conditions (Kramer et al. 2022), but that these are also differentially
expressed between V. dahliae strains.

To quantify the contributions of the seven histone modifications to gene
expression levels and gene expression variation, we built sparse multiple regression models
(Koenker and Ng 2003) for each of the two strains (Fig. 4G; Supplementary Table 3). Sparse
multiple regression accounts for the inherent sparse enrichment of histone modifications
and the large number of coding sequences or CREs to describe the relationships between
histone modifications, expression levels, and expression variation. Considering only coding
sequences, a model that combines all histone modifications account for 60.4% and 32.0%
of the variation in gene expression levels and gene expression variation, respectively (Fig.
4G). Importantly, H3K27me3 alone can account for at most 15% and 12% of the variation in
gene expression levels and gene expression variation, respectively (Fig. 4G; Supplementary
Table 3), while combining H3K27me3 with the other six histone modifications describes
more variation in gene expression levels and gene expression variation, a trend we similarly
observed when only considering CREs (Fig. 4G; Supplementary Table 3). Thus, as previously
shown, H3K27me3 cannot account for in vitro gene expression levels (Kramer et al. 2022),
and we here also demonstrated that H3K27me3 alone cannot account for the differential
expression between two V. dahliae strains.

>>

Figure 4. Histone modifications in Verticillium dahliae are associated with distinctive gene expression patterns.
(A) Overview of the distribution of seven histone modifications over a large syntenic region in V. dahliae strains
JR2 (left) and CQ2 (right). In vitro histone modifications in conidiospores harvested from V. dahliae strains JR2 and
CQ2 grown on potato dextrose agar (PDA) are shown; histone modifications were normalized using a micrococcal
nuclease digestion control. Syntenic (bottom grey) and non-syntenic blocks in V. dahliae strains JR2 (purple) and
CQ2 (blue), as well as AGRs (purple and blue boxes) are shown. (B) Histone modification distribution is conserved
between V. dahliae strains JR2 and CQ2. Principal component analysis of homologous regions in V. dahliae
strains JR2 (purple) and CQ2 (blue) based on 10 kb windows that summarize the seven histone modifications
and gene expression levels. (C) The occurrence of specific histone modifications at and around genes correlates
with differences in gene expression levels. The relative coverage of histone modifications is calculated over
coding regions and +500 bp flanking sequence of the transcription start site (TSS) and transcription end site (TES),
respectively. Genes are grouped into low expression (1% quartile), mid-expression (2" and 3 quartile), and high
expression (4" quartile) based on gene expression levels when grown on PDA. Grey color indicates low expression,
fade color mid-expression, and bright color high expression. (D) Spearman’s correlation for histone modifications
at coding sequences (top) and CREs (bottom) in V. dahliae strain JR2; color code and circle size depict the direction
and the absolute strength of the correlation, respectively. (E) Relative enrichment of histone modifications in V.
dahliae strain JR2 over coding sequences (left) and CREs (right) and grouped based on their expression conservation
(see Fig. 2B). (F) Differential enrichment of histone modifications over coding sequences and CREs in V. dahliae
strains JR2 and CQ2; the dashed line depicts a 2.0-fold enrichment. (G) Percentage of described variance by seven
histone modifications for expression levels and expression variation using a sparse multiple regression model.
Bar plots depict the variance described by a single histone modification, the sequence conservation, the gene
expression levels and gene expression conservation between V. dahliae strains JR2 and CQ2 along the x-axis. The
line plots depict the cumulative variance described by each histone modification indicated on the x-axis from left
to right. Heatmaps at the bottom depict the R? value indicating a positive or negative correlation of each histone
modification in the full multiple regression model.
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Seven histone modifications define distinct chromatin states in
Verticillium dahliae

Given that histone modifications often co-occur genome-wide (Fig. 4E,D) and single histone
modifications can only partially explain gene expression levels and conservation (Fig. 4G),
we reasoned that discrete combinations of histone modifications might be relevant for gene
expression. To define combinations of the seven histone modifications, we used a multivariate
Hidden Markov Model (Ernst and Kellis 2012, 2017), which yielded 20 combinations of
histone modifications in each V. dahliae strain, referred to as chromatin states (Baker 2011)
(Fig. 5A; Supplementary Fig. 8,9). We subsequently annotated these states based on their
association with transcription (Fig. 4; Fig. 5C, e.g. ‘Promoter activating’, ‘Transcription’,
and ‘Repressive’) or by their shared histone modification (e.g. ‘H4K16ac’, or ‘H3K27me3’).
Fifteen chromatin states are found in both strains and are here referred to as ‘shared’ states
(Fig. 5A; Supplementary Fig. 9), while we also observe five unique chromatin states in V.
dahliae strain JR2 and CQ2, referred to as ‘strain-specific’ states (Fig. 5A; Supplementary
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Fig. 9). These strain-specific states collectively cover 17.23% and 19.17% of the JR2 and CQ2
genome, respectively (Fig. 5B). Interestingly, the fifteen shared chromatin states are also
similar in V. dahliae strain JR2 and CQ2 (Fig. 5A) as they are enriched in the same genomic
compartments and occur at homologous genes in both strains (Fig. 5B; Supplementary
Fig. 9). For example, the shared chromatin states annotated as ‘Promoter activating’,
‘Transcription’, or ‘H4K16ac’ are enriched in core regions, whereas the ‘Repressive’ state is
associated with centromeres and TEs (Fig. 5B). Five of the fifteen shared chromatin states
contain H3K27me3 in combination with H3K9ac, H3K4me3, H3K36me3, or H4K16ac (Fig.
5B). As to be expected, H3K27me3-associated shared and strain-specific chromatin states
are enriched in AGRs (Fig. 5B) (Cook et al. 2020; Kramer et al. 2022), and our results thus
indicate that discrete combinations of histone modifications are associated with genome
compartmentalization in V. dahliae.
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Figure 5. Distinct chromatin states are associated with genome compartmentalization in Verticillium dahliae.
(A) The combinations of 15 shared chromatin states of V. dahliae strains JR2 and CQ2 and five CQ2- or JR2-specific
chromatin states. The heatmap shows the probability of each histone modification to belong to a named chromatin
state (emission probability). On the right, the heatmap depicts the Jaccard’s similarity (red) based on the emission
probabilities of each shared chromatin state and the presence at homologous genes. (B) Specific chromatin states
are associated with genome compartmentalization into core regions, centromeres, and AGRs in two V. dahliae
strains. (C) Chromatin states associated with gene expression in conidiospores harvested from PDA-grown V.
dahliae are differentially enriched at intergenic regions, CREs, and coding sequences in two V. dahliae strains. The
dotted line depicts the genome-wide gene expression average as a reference.
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Chromatin states link gene expression and sequence variation

Specific chromatin states are associated with increased or decreased expression levels in
conidiospores (Fig. 5C). For example, state 13 (H3K27me3-alone) is associated with low
gene expression levels, while state 10 (H3K27me3-H3K4me3) occurs at genes that are
expressed to higher levels. We therefore reasoned that specific chromatin states might
also be linked to sequence and expression variation (Fig. 1). High gene expression and
sequence conservation is associated with chromatin states without H3K27me3, but with
activating histone modifications such as H3K4me3, H3K9ac, or H3K36me3 (Fig. 6A,B).
Conversely, gene expression and sequence conservation are reduced for states associated
with H3K27me3 (Fig. 6A,B). Similarly, CQ2- and JR2-specific genes are almost exclusively
associated with H3K27me3 states (Supplementary Fig. 10A), as expected, since these genes
typically occur in AGRs that are enriched in H3K27me3 (Cook et al. 2020). Notably, not
only genes associated with state 13 (H3K27me3-alone), but also chromatin states in which
H3K27me3 occurs in combination with other histone modifications, such as chromatin
states 9 (H3K9ac-H3K27me3), 10 (H3K4me3-H3K27me3), and 11 (H3K36me3-H3K27me3),
show reduced gene expression and sequence conservation in both strains (Supplementary
Fig. 10B,C). Importantly, genes enriched in the H3K27me3-associated states 9, 10 and 11
in vitro are also differentially upregulated during Arabidopsis thaliana infection in both
strains (Fig. 6C,D; Supplementary Fig. 10F; Supplementary Table 4; p<0.05), thus indicating
that H3K27me3-associated chromatin states correlate with reduced gene expression and
sequence conservation, as well as differential gene expression upon plant colonization in
both V. dahliae strains.

As AGRs are enriched in SVs and large-scale genomic rearrangements (de Jonge
et al. 2013; Faino et al. 2016; Torres et al. 2021), we expected that H3K27me3-associated
chromatin states would also be enriched in genomic variation, while other states would be
depleted of variation, possibly due to differences in selection (Fudenberg and Pollard 2019).
To this end, we used the previously generated data for a set of 42 V. dahliae strains (Torres
et al. 2021), to query the distribution of single nucleotide variants (SNVs) and structural
variations (SVs) over the chromatin states of V. dahliae JR2 (Supplementary Table 5). As
expected, we observe that chromatin states associated with active transcription (Fig. 5D)
are depleted in SNVs and SVs, whereas H3K27me3- and H3K9me3-associated states are
enriched for SVs and SNVs (Fig. 6E,F; Supplementary Fig. 10D,E). Even though we observe
small differences between H3K27me3-associated chromatin states, our results indicate that
all H3K27me3-associated states show high genomic variation in V. dahliae.
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Figure 6. Chromatin states link expression and sequence conservation in Verticillium dahliae.

(A) Gene expression conservation (coefficient of interquartile variation) and sequence conservation (PhastCons
score) is shown for genes grouped by their associated chromatin state. Genes with H3K27me3-associated chromatin
states have lower gene expression conservation and sequence conservation. The individual points summarize
the mean values for conservation and expression conservation, the point size depicts the total number of genes
associated with the chromatin state, and the line indicates the minimum and maximum value. (B) Similar as (A) for
chromatin states at CREs. (C) Differential gene expression in planta (Arabidopsis thaliana, 21 dpi) compared with
in vitro and sequence conservation (PhastCons score) in V. dahliae strain JR2 is shown for genes grouped by their
associated chromatin state. Similar results for V. dahliae strain CQ2 are shown in Fig. S9. Gene associated with
H3K27me3-states have a higher, positive log, fold-change (i.e., induced gene expression in planta compared with
in vitro; p<0.05) and lower sequence conservation. The individual points summarize the mean values for sequence
conservation and log, fold-change, while the point size depicts the total number of associated genes with the
chromatin state, and the line indicates the minimum and maximum value. (D) Similar as (C), for chromatin states
at CREs. (E) Single nucleotide variants (SNVs) are depleted in chromatin states associated with active transcription.
The dotted line shows the genome-wide average number of SNVs. (F) Structural variants (SVs) are depleted in
chromatin states associated with gene expression. Only deletions, duplications, and polymorphic TEs (polTEs) are
shown, the full set of SVs is depicted in Supplementary Fig. 9.

Chromatin states are associated with expression and sequence
conservation of conditionally responsive genes

The histone modification H3K27me3 is associated with conditionally responsive genes in V.
dahliae (Kramer et al. 2022; Cook et al. 2020). It is thought that some of those conditionally
responsive genes contribute to host colonization and environmental adaptation (Kramer
et al. 2021, 2022; de Jonge et al. 2013; Torres et al. 2021; Cook et al. 2020; Faino et al.
2016). We therefore investigated if differentially expressed genes between V. dahliae strains
JR2 and CQ2 are enriched in typical pathogenicity-related gene functions (Cook et al. 2020;
Kramer et al. 2022). We defined pathogenicity-related gene functions to include predicted
effectors (n=320 and 354; JR2 and CQ2, respectively), secreted carbohydrate active enzymes
(CAZy) (n=229 and 210; JR2 and CQ2, respectively), and other secreted proteins (n=364
and 335; JR2 and CQ2, respectively) (Supplementary Fig. 11A). The AGRs are enriched for
effectors (z-score=4.71, p=0.0001 and z-score=1.62, p=0.0385 based on permutation test for
JR2 and CQ2, respectively), CAZy (z-score=0.61, p=0.0482 and z-score=0.96, p=0.0346 based
on permutation test for JR2 and CQ2), and other secreted proteins (z-score=2.67, p=0.0001
and z-score=4.02, p=0.0001 based on permutation test for JR2 and CQ2, respectively). As
expected, when compared with other genes, most pathogenicity-related genes have higher
sequence and expression variation, especially for effectors and other secreted proteins (Fig.
7A; Supplementary Fig. 11B). Consequently, differentially expressed genes between strains
are enriched in pathogenicity-related gene functions (Supplementary Fig. 11B,C).
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Figure 7. H3K27me3-associated chromatin states correlate with gene expression variation and sequence
variation of pathogenicity-related genes.

(A) Predicted pathogenicity-related genes are associated with high gene expression variation (coefficient of
interquartile variation) and low sequence conservation (PhastCons score). The individual points summarize the
average values for sequence conservation and gene expression variation, the point size depicts the total number
of genes, and the line indicates the minimum and maximum value. Genes coding for: CAZy = carbohydrate active
enzymes, effectors, and other secreted proteins. ‘Other genes’ encode non-pathogenicity-related functions. (B) A
syntenic locus in V. dahliae strains JR2 and CQ2, as in Fig. 3D. Changes in chromatin states can lead to changes in
gene expression. Ribbons link homologous genes between the two strains. From top to bottom: RNA in vitro (from
conidiospores harvested from V. dahliae strains JR2 and CQ2 grown on PDA) sequence conservation (PhastCons
score), gene models, and CREs (light blue). The color code for the chromatin state is shown at the bottom. (C)
Changes in chromatin states between V. dahliae strains JR2 and CQ2 are associated with differentially expressed
and non-expressed genes (only homologous genes are considered). Homologous genes in JR2 and CQ2 with
more than one similar chromatin state are considered to be ‘conserved’. Genes with chromatin states 16-20 are
considered in the ‘other’ category. The two bottom plots show homologous effectors and other secreted protein
coding genes overlapping with conserved and different chromatin states V. dahliae strains JR2 and CQ2. (D) In
planta expressed effectors are enriched in H3K27me3-associated chromatin states. From top to bottom: RNA in
planta track depicts V. dahliae strain JR2 (Arabidopsis thaliana, 21 dpi) and CQ2 (Arabidopsis thaliana, 15 dpi), left
and right, respectively; RNA in vitro depicts V. dahliae JR2 and CQ2 (in conidiospores harvested from V. dahliae
grown on PDA); sequence conservation (PhastCons score); chromatin states distribution is color coded; gene
models (grey), CREs (light blue), and TEs (red). (E) Differential expression in vitro between strains in pathogenicity-
related genes is associated with H3K27me3-rich chromatin states. Differential enrichment of 20 chromatin states
for differentially expressed genes versus genes with conserved expression in each category for V. dahliae strains
JR2 (purple) and CQ2 (blue). Black dots show significant enrichment of a given state at the pathogenicity-related
differentially expressed genes. Statistical significance was assessed by Chi-square test, and p-value adjusted for
false discovery rate <0.05.(F) Differential in planta expression of pathogenicity-related genes is associated with
H3K27me3-rich chromatin states. Heatmap depicts the log, fold-change (in planta compared with in vitro) for V.
dahliae strains JR2 (Arabidopsis thaliana, 21 dpi) and CQ2 (Arabidopsis thaliana, 15 dpi).

Next, we reasoned that differential expression between V. dahliae strains might
be associated with changes in the chromatin states between strains (Fig. 7B). Interestingly,
while 69.39% of homologous genes (n=7677) shows conserved chromatin states in both
strains (Fig. 7C), we observe that genes with differential gene expression also tend to differ
in chromatin states (Fig. 7C; X?=8.4; p=0.0037; Supplementary Table 6). We observe that only
27.34% (n=700) and 54.51% (n=538) of differentially and non-expressed genes, respectively,
are associated with the same chromatin states in both strains (Supplementary Table 6).
Interestingly, such conserved chromatin states are chromatin state 10 (H3K27me3-H3K4me3)
for effector coding genes (X>=13.5; p=0.00020), and state 11 (H3K27me3-H3K36me3) for
genes encoding secreted proteins (X?=5.8; p=0.0158), besides the expected presence of
chromatin state 13 (H3K27me3-only) (Fig. 7C; X?=5.56; p=0.018, X?=5.09; p=0.024, effector
and secreted proteins, respectively; Supplementary Table 7). Taken together, our results
show that specific H3K27me3-associated chromatin states are conserved in pathogenicity-
related genes in V. dahliae.

H3K27me3 is associated with in planta-induced genes in V. dahliae (Cook et
al. 2020; Kramer et al. 2022). For example, the in planta highly expressed effector gene
Avel from V. dahliae strain JR2 (de Jonge et al. 2012; Snelders et al. 2020) or a putative
effector of V. dahliae CQ2 are only lowly expressed in conidiospores harvested in vitro and
are linked with the H3K27me3-associated chromatin states 10 (H3K27me3-H3K4me3) and
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11 (H3K27me3-H3K36me3) in vitro, respectively (Fig. 7D). We observe that H3K27me3-
associated chromatin states 9, 10, 11 and 12, but not 13 (H3K27me3-alone) are enriched
for pathogenicity-related genes that are differentially expressed between the two V. dahliae
strains in vitro (Fig. 7E; Supplementary Table 8), and genes differentially expressed in planta
compared with in vitro (Fig. 7F). Even though we cannot observe strong differences between
H3K27me3-associated chromatin states, these results suggest that a subset of genes with
specific functions are differentially expressed in planta and associated with only a subset of
H3K27me3-associated chromatin states in both V. dahliae strains.

Discussion

Gene expression variation plays an important role in adaptation (Bedford and Hartl 2009;
Hill et al. 2021). Here, we studied gene expression variation in two genetically divergent
strains of the fungal plant pathogen V. dahliae. We show that gene expression differs
for one-third of the genes, and these differences are likely not caused by changes in the
organization and sequence of CREs. We summarize different combinations of seven histone
modifications in distinct chromatin states and a subset of those states can be linked to gene
expression changes between strains. Intriguingly, H3K27me3 occurs in chromatin states
together with histone modifications typically associated with active gene expression such
as H3K9ac, H3K4me3, or H3K36me3. These chromatin states are associated with reduced
sequence conservation, differential gene expression in planta, and differential gene
expression between V. dahliae strains. Genes with H3K27me3-associated chromatin states
are enriched for pathogenicity-related gene functions that mostly reside in AGRs. Thus,
H3K27me3-associated chromatin states correlate with the evolution of gene expression and
genome organization in V. dahliae.

To identify the combinations of histone modifications, so-called chromatin states,
we use a diverse set of seven histone modifications determined in conidiospores. We
define 20 combinations of these seven histone modifications in each strain of V. dahliae.
We recover similar combinations in fifteen shared chromatin states, a similar genome-wide
coverage of those states, and many homologous genes with conserved chromatin states in
two V. dahliae strains. Next to the conservation of fifteen chromatin states, we also observe
five CQ2- or JR2-specific states. Unique chromatin states have been widely associated with
differential gene expression between individuals, sexes, and cell types in animals and plants
(Kasowski et al. 2013; Pellacani et al. 2016; Roadmap Epigenomics et al. 2015; Brown and
Bachtrog 2014; Vu and Ernst 2022; Fu et al. 2022; Zhao et al. 2020; Liu et al. 2018). Thus,
possibly, the CQ2- or JR2-specific chromatins states could be explained by the genetic
variation between both strains. In a similar fashion, intraspecific comparisons in Aspergillus
fumigatus, Saccharomyces cerevisiae, and the oomycete P. sojae showed differences in the
presence of histone modifications between strains (Filleton et al. 2015; Colabardini et al.

102 CHAPTER 4



2022; Wang et al. 2020a). However, we presently cannot determine if the strain-specific
states in V. dahliae represent biologically meaningful chromatin states, as we observe little
differences in the levels of histone modifications associated with differential gene expression
between strains. Alternatively, variability within the population of conidiospores, hence cell
heterogeneity, may be the source of those strain-specific chromatin states. In this respect it
is interesting to note that in Aspergillus conidiospores show high expression variation with
conidial age or slight changes in the environment (Wang et al. 2021a; Takahashi-Nakaguchi
et al. 2018). However, in our study V. dahliae strains were cultivated simultaneously and
under the same controlled conditions, thus suggesting a minimal effect on strain-specific
states due to cell heterogeneity. While it is important to mention that our biological
replicates and our conservative approach that consider only peaks present in both replicates
to determine the chromatin states yielded similar results, further experiments should be
performed to validate the presence of the strain-specific chromatin states. We here analyze
two genetically divergent strains, thus, further analyses of strains that belong to the same
genetic lineage could confirm similar CQ2- and JR2-specific chromatins states. Additionally,
given the strain-specific histone modification combinations, a further confirmation could
be possible by measuring the abundance and correlation of such histone modifications at
specific loci by ChIP-gRT-PCR (Mukhopadhyay et al. 2008; Kim and Dekker 2018), or by a
sequential ChIP of those histone modifications (Furlan-Magaril et al. 2009; Kinkley et al.
2016). Taken together, our analyses could recover fifteen chromatin states shared in two
genetically divergent strains, but further analyses are needed to confirm the presence of
CQ2- and JR2-specific chromatin states.

We previously demonstrated that H3K4me2, H3K27ac, H3K27me3, and H3K9me3
correlate with gene expression levels and genome organization in the mycelium of V. dahliae
(Cook et al. 2020; Kramer et al. 2022; Torres et al. 2023). In V. dahliae and other fungi, the
histone modification H3K27me3 plays a role in gene expression regulation (Weiner et al.
2015; Brosch et al. 2008; Lai et al. 2022; Freitag 2017). For example, removal of H3K27me3
by deletion of the gene encoding the Polycomb subunit Set7, which is responsible for the
tri-methylation of H3K27, led to the expression of normally repressed genes that are, in
wild-type, enriched in H3K27me3 (Connolly et al. 2013; Studt et al. 2017; Mdller et al.
2019; Zhang et al. 2021b; Kramer et al. 2022; Jamieson et al. 2013; Lin et al. 2022; Chujo
and Scott 2014). However, we previously demonstrated that H3K27me3 does not act as a
global regulator of differential gene expression between growth conditions in V. dahliae
(Kramer et al. 2022). Our results here indicate that H3K27me3 alone and in combination
with other histone modifications in H3K27me3-associated chromatin states correlate with
the observed differential gene expression between V. dahliae strains.

Histone modifications associated with activation or repression of gene expression
are typically antagonisticin the same nucleosome (Bannister and Kouzarides 2011). However,
some histone modifications can reside in different tails at the same nucleosome and thus
coexist at the same locus (Macrae et al. 2023; Villasefor et al. 2020; Bryan et al. 2021; Voigt
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et al. 2012). The presence of chromatin states with typically repressive and active histone
modifications is thought to regulate gene expression to allow for swiftly changes for future
activation or repression depending on the cell’s life stage (Macrae et al. 2023; Zhang et
al. 202128; Zhao et al. 2020; Zhu et al. 2023; Zhao et al. 2021; Zeng et al. 2019; Blanco et
al. 2020). While we currently cannot differentiate if modifications co-occur at tails at the
same histone protein or at the same locus due to cell heterogeneity, our results show the
presence of chromatin states defined by histone marks that are typically associated with
either activation or repression of gene expression. Interestingly, we observe that H3K27me3
occurs not only alone, but also in combination with activating histone modifications such
as H3K9ac, H3K4me3, or H3K36me3. We observe that genes associated with H3K27me3-
associated chromatin states are lowly expressed in vitro and differentially expressed in planta,
suggesting that the presence of H3K27me3-associated chromatin states could correlate with
dynamic expression. Many in planta-induced as well as other conditionally responsive genes
in diverse filamentous fungi reside in H3K27me3-rich regions (Kramer et al. 2022; Zhang et
al. 2021b; Lukito et al. 2021; Connolly et al. 2013; Meile et al. 2020; Meng et al. 2021; Zhou et
al. 2021; Xie et al. 2023; Chujo and Scott 2014). Additionally, observations in Leptosphaeria
maculans, Magnaporthe oryzae, Podospora anserina, Fusarium graminearum, F. fujikuroi,
and Z. tritici, also point towards the occurrence of H3K27me3 in combinations with H3K4me3
or H3K36me3, which is associated with low gene expression in vitro (Tralamazza et al. 2022;
Zhang et al. 2021b; Connolly et al. 2013; Soyer et al. 2021; Janevska et al. 2018; Carlier et al.
2021; Studt et al. 2017; Méller et al. 2023). Moreover, the co-occurrence of H3K27me3 with
other histone modifications has been associated with differential expression of secondary
metabolites and other environmentally responsive genes (Janevska et al. 2018; Connolly
et al. 2013; Zhang et al. 2021b; Moller et al. 2023). Thus, H3K27me3-associated chromatin
states with combinations of H3K9ac, H3K4me3, or H3K36me3 might be relevant for the
dynamic expression of conditionally responsive genes.

As expected, AGRs are enriched in H3K27me3-associated chromatin states in
both V. dahliage strains. Interestingly, in plants and animals, the presence of H3K27me3 in
combination with activating histone modifications (e.g. H3K4me3) is associated with the
absence of DNA methylation, high chromatin accessibility, and physical co-localization
into different nuclear compartments than just euchromatic or H3K27me3-only chromatin
states (Fu et al. 2022; Roadmap Epigenomics et al. 2015; Macrae et al. 2023; Yuan et al.
2022; Li et al. 2019; Zhu et al. 2023; Ikeda et al. 2017). Thus, the presence of H3K27me3-
associated chromatin states could correspond to the poor DNA methylation, high chromatin
accessibility and physical co-localization observed in the AGRs (Torres et al. 2023; Seidl et
al. 2020; Cook et al. 2020; Kramer et al. 2022, 2021). Such unique chromatin characteristics,
together with segmental duplications, reciprocal gene losses, and active transposable
elements define AGRs in V. dahliae (de Jonge et al. 2013; Faino et al. 2016; Cook et al.
2020; Kramer et al. 2022; Torres et al. 2021, 2023). Thus, H3K27me3-associated chromatin
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states in combination with activating histone modifications could be involved in the genome
organization beyond differential gene expression.

The histone modification H3K36me3 is associated with euchromatin in many
eukaryotes (Weiner et al. 2015; Kolasinska-Zwierz et al. 2009). However, H3K36me3
establishes facultative heterochromatin at sub-telomeres in some filamentous fungi (Moller
et al. 2023; Janevska et al. 2018; Bicocca et al. 2018; Connolly et al. 2013). In Neurospora
crassa, F. fujikuroi, and Z. tritici, lowly-expressed genes that are enriched in H3K27me3 are
also enriched for Ash1-specific H3K36me2/3 (Bicocca et al. 2018; Janevska et al. 2018; Méller
etal. 2023). Similarly, we here observe that lowly-expressed genes are enriched in H3K36me3
and H3K27me3 in the facultative heterochromatic AGRs, and that H3K36me3 is also present
at highly expressed genes in the core genome. Interestingly, the presence of H3K36me3 has
been associated with the repair of DNA double-strand breaks in facultative heterochromatic
regions (Sun et al. 2020; Sims and Reinberg 2009; Li et al. 2013; Musselman et al. 2012).
We previously hypothesized that the physical colocalization of homologous sequences in
AGRs may lead to decreased DNA separation efficiency during mitosis and increased DNA
double-strand breaks that might explain the abundant genomic rearrangements in AGRs
(Huang and Cook 2022; de Jonge et al. 2013; Seidl and Thomma 2017; Cook et al. 2020;
Faino et al. 2016; Torres et al. 2021, 2023). Here, we similarly observe an enrichment of
structural variations in H3K27me3-associated chromatin states, and thus we speculate that
specifically H3K27me3-H3K36me3 chromatin states might be relevant for the formation and
maintenance of AGRs in V. dahliae.

We show that H3K27me3-associated chromatin states correlate with sequence
variation across the Verticillium genus at genes and CREs. The increased variation of CREs
has been shown relevant for gene expression variation between species (Villar et al. 2015;
Berthelot et al. 2018; Marand et al. 2023; Gasch et al. 2004). Unexpectedly, the increase in
sequence variation of CREs cannot account for the total number of differentially expressed
genes between V. dahliae strains. Instead, the presence of H3K27me3-associated chromatin
states correlates with differential gene expression and sequence variation. Especially,
it is thought that the presence of H3K27me3 marks poorly conserved genes and CREs,
potentially as a mechanism of temporary gene silencing of ‘new’ genes and CREs that have
been only recently incorporated into the genome, e.g., by horizontal gene transfer (Connolly
et al. 2013; Jamieson et al. 2013; Cook et al. 2020; Habig et al. 2021; Tralamazza et al.
2022; Joubert and Krasileva 2023; Xie et al. 2023). Additionally, in N. crassa and Z. tritici,
the presence of H3K27me3 is associated with high mutation rates, compared to regions
depleted in H3K27me3 (de la Pefia et al. 2023; Moller et al. 2021; Habig et al. 2021). Thus,
it is tempting to speculate that H3K27me3 in combination with an euchromatic mark may
have a protective role to avoid a complete suppression of genes with increased sequence
variation. However, it remains unclear whether H3K27me3-associated chromatin states
result from sequence variation, or whether H3K27me3-associated states reflect lower
functional constraints at poorly conserved genes that increase sequence variation.

H3K27me3 IS ASSOCIATED WITH GENE EXPRESSION VARIATION 105



We observe a positive correlation between gene expression variation and low
sequence conservation, which has been also found in other species (Pal et al. 2001; Krylov
et al. 2003; Rocha and Danchin 2004; Drummond et al. 2005a, 2005b; Ingvarsson 2007;
Zhang and Yang 2015; Tralamazza et al. 2022). However, the evolutionary forces behind
this observation remain controversial. It has been suggested that stabilizing selection is
responsible for reducing gene expression divergence by removing mutations that drastically
decrease or increase gene expression (Berthelot et al. 2018; Chen et al. 2019; Romero et al.
2012; Josephs et al. 2015). However, under natural selection, the purge of mutations mainly
occurs through recombination and depends on large effective population sizes (Price et al.
2022; Vanhoenacker et al. 2018). Given that V. dahliae is an asexual fungus and consequently
is expected to have a low effective population size, we consider that stabilizing selection
likely plays only a minor role in gene expression conservation. Instead, gene expression
variation could be associated with an accumulation of ‘strain-specific’ variation due to
genetic drift (Fay and Wittkopp 2008; Groen et al. 2020; Price et al. 2022). We speculate that
such gene expression variation could be facilitated by the H3K27me3-associated chromatin
states. Increasing evidence suggests that variation mediated by the chromatin structure
is important for evolution (Hu and Barrett 2017; Minow and Colasanti 2020; Ashe et al.
2021; Stajic and Jansen 2021). However, further insights into the mechanisms of chromatin
formation are necessary to understand the role of chromatin states in the evolution of gene
expression and genome organization in V. dahliae.

Materials and Methods

Phylogenetic analyses of Verticillium strains and species

To determine phylogenetic relationships within the Verticillium genus, we compared the Hi-C
corrected genome assemblies of ten Verticillium species to a collection of 63 V. dahliae strains
that have previously been sequenced with short- and long-read sequencing technologies
(Seidl et al. 2020; Chavarro-Carrero et al. 2021; Torres et al. 2021). The phylogenetic tree
was generated with Realphy (version 1.12) (Bertels et al. 2014) using Bowtie2 (version 2.2.6)
(Langmead and Salzberg 2012) to map the genomic reads against the genome assembly
of V. dahliae strain JR2 (Faino et al., 2015). A maximum-likelihood phylogenetic tree was
inferred by using RaxML (version 8.2.8) (Stamatakis 2014); we used Sodiomyces alkalinus as
an outgroup species to root the tree

Sequence conservation analysis

Whole-genome alignments of chromosomes of the complete genome assemblies of V.
dahliae strains JR2 and CQ2 (Faino et al. 2015; Depotter et al. 2019) were performed using
nucmer (--maxmatch), which is part of the MUMmer package (version 3.23) (Kurtz et al.
2004). Next, following the same approach (Kurtz et al. 2004), we performed whole-genome
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alignments of V. dahliae strain CQ2 to itself to identify large-scale duplication events (>80%
identity; Fig. S1). Based on the genome alignments of the V. dahliae strains JR2 and CQ2, we
obtained the number of SNVs (single nucleotide variants) over homologous regions (Fig. S1).

Nucleotide conservation of V. dahliae was determined using the high-quality genome
assemblies of ten Verticillium species including V. dahliae strains JR2, CQ2, and VdLs17. We
performed pan-genome alignments of the genome assemblies using ProgressiveCactus
with default settings (Armstrong et al. 2020), an approach that reduces biases of a single
reference genome, which is highly relevant for abundant presence/absence variation. We
focused on V. dahliae strains JR2 and CQ2 and obtained MAF alignments by using the HAL
package (Hickey et al. 2013) to determine syntenic regions and to identify single nucleotide
variants (SNVs). To measure the nucleotide conservation in these two V. dahliae strains,
based on the sequence similarity to species in the Verticillium genus (Supplementary Fig.
1), we used the Hidden Markov Model approach implemented in PhastCons to estimate the
probability of each nucleotide to be conserved (Siepel et al. 2005). Briefly, for each of the
eight chromosomes in V. dahliae we assumed a neutral evolution model and a correction for
insertions/deletions, an approach similar to the one previously applied in Saccharomyces
cerevisiae (Siepel et al., 2015). We used the Viterbi algorithm implemented in PhastCons to
determine significantly conserved nucleotides. We calculated the PhastCons score by using
either V. dahliae JR2 or CQ2 as independent references, and both yielded highly correlated
results (R=0.98, p<2.2 x 10 Pearson’s correlation test; Supplementary Fig. 1).

Verticillium dahliae genome annotation
De novo protein-coding genes in V. dahliae strain CQ2 were annotated by combining
two approaches. First, repetitive elements were identified using RepeatModeler2 and
masked using RepeatMasker (Flynn et al. 2020). Then, gene prediction was performed
with the funannotate pipeline (Palmer and Stajich 2020) using a combination of ab initio
gene predictors and consensus predictions obtained using Evidencemodeler (v1.1.1).
Subsequently, gene prediction parameters were estimated using in vitro RNA-seq data, as
well with JR2 in vitro RNA-seq for robustness. The final gene predictions were subsequently
adjusted using information from the RNA-seq data and the previously estimated parameters.
Second, we used homology to previously generated gene annotation for V. dahliae strain
JR2 (Faino et al. 2015). This second annotation was performed exploiting the previously
generated ProgressiveCactus alignment, using the Comparative-Annotation-Toolkit (v2.2.1)
(default settings, except for ‘global-near-best’=1 and ‘augustus-species’=verticillium_
dahliael) to transfer the annotation between V. dahliae strains (Fiddes et al. 2018). Genes
predicted by the first approach yet without homology to V. dahliae strain JR2 genes were
considered lineage-specific in CQ2 (n=347). Similarly, genes in JR2 without homologous
genes in CQ2, were considered lineage-specific in JR2 (n=362).

Functional gene annotation was performed independently for V. dahliae JR2
and CQ2. First, gene ontology term (GO term) annotation was performed by the parallel
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execution of multiple GO terms annotation tools, an approach we considered optimal as it
exploits the complementary information provided by each tool. Briefly, we used Interproscan
(v.5.55_88.0 ; --goterms —iprlookup, default database) (Jones et al. 2014), Goanna (v.2.00;
default settings, Agbase-Uniprot database) (McCarthy et al. 2007), blastp (v. 2.12.0;
--max_target_seqs 1, uniprot fungi database) (Camacho et al. 2009), PANNZER2 (v. 0.3; --m
‘Pannzer’, default settings and database) (Medlar et al. 2018), ggnog (v.5.0; e-values®0.001,
query coverage 3 50%) (Huerta-Cepas et al. 2019) to retrieve the Goterms associated with
the gene annotation of JR2 and CQ2. Additionally, for lineage-specific genes we predicted
corresponding protein structures using Alphafold2 (v.2.2.0; -m ‘monomer’, -t 2020-01-01)
(Jumper et al. 2021), retained the structures with pLDDT>50, and then we used DeepFRI
(v. 1.2.0; default settings) (Gligorijevi¢ et al. 2021) to retrieve Goterms with scores 3 0.15
based on protein structure. The results of these annotation tools were merged and filtered
for spurious Goterms for further analysis. To define the V. dahliae secretome, we predicted
N-terminal signal peptides using SignalP v.4.1 (Nielsen 2017b). We removed predicted
proteins with transmembrane domains using DeepTMHMM (v.1.0.20; default settings)
(Hallgren et al. 2022). We predicted putative carbohydrate active enzymes (CAZy) using
dbCAN2 covering signatures of glycoside hydrolases, polysaccharide lyases, carbohydrate
esterases, glycosil transferases, and carbohydrate-binding molecules (default settings,
retained if predicted by >1 tool) (Zhang et al. 2018); and predicted the putative effectors
with EffectorP v.3.0 (Sperschneider and Dodds 2022). Furthermore, putative antimicrobial
proteins (AMPs) were predicted by the parallel execution of three AMPs prediction tools.
We used AMPEPpy (version 1.0; --seed 2012, default settings) (Lawrence et al. 2021),
AmpGram (v.1.1; default settings) (Burdukiewicz et al. 2020) and AMP Scanner (v.2.0; default
settings, model ‘Feb2020’) (Veltri et al. 2018) for AMP prediction, then retained AMPs with a
probability score >0.5 and <200 amino acids length (Gomez-Pérez et al. 2022). We used the
consensus of the three AMP prediction tools for further analyses. We considered the groups
of ‘other secreted proteins’ as the secreted proteomes excluding candidate effectors, AMPs
and CAZy; ‘effectors’ as the secreted proteomes including candidate AMPs and excluding
CAZy; and ‘CAZy’ as the secreted proteome excluding ‘effectors’ and ‘other secreted
proteins’ (Supplementary Fig. 11).

De novo repeat annotation was performed for V. dahliage strain JR2 and CQ2
for consistency. First, we identified and masked repeats using RepeatModeler2 and
RepeatMasker (Flynn et al. 2020; Tempel 2012). Then, we combined homology-based,
structural-based, and de novo approaches to annotate transposable elements (TEs) using
the Extensive de novo TE annotator (EDTA) pipeline (Ou et al. 2019). To increase robustness
and to be consistent with previous analysis of TEs in Verticillium dahliae, we used a manually
curated library of TEs in Verticillium dahliae as reference and to lift-over TE names (Amyotte
et al. 2012; Faino et al. 2016; Torres et al. 2021). We performed EDTA using ‘sensitive’,
‘anno’, ‘evaluate’ and ‘curatedlib’ options, together with the previously generated gene
annotation to maximize TE discovery, integrity, and to avoid false positives. Finally, genome-
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wide occurrences of the resulting repeat families were determined using RepeatMasker
(v4.0.9) (Tempel 2012), and the output was post-processed using ‘one code to find them all’
to annotate full-length LTRs (Bailly-Bechet et al. 2014).

RNA sequencing and analysis

Total RNA extraction was performed in vitro and in planta. For in vitro RNA extraction,
Verticillium dahliae strains JR2 and CQ2 were grown on potato dextrose agar for 14
days at 222C in the dark. Then, conidiospores were collected using sterile water. The
spore suspension was filtered over two layers of Miracloth into 50 mL tubes on ice, and
subsequently centrifuged at 3620xg for 15 min at 42C. The supernatant was removed and
pellet resuspended in 4-6 mL of water, then centrifuged at 3620xg for 15min at 42C. Then,
the supernatant was removed and the pellet was frozen in liquid nitrogen and stored at
-802C. Total RNA extraction was carried out in triplicate using TRIzol (Thermo Fisher
Scientific, Massachusets, USA) following the manufacturer’s guidelines. Following RNA
re-suspension, contaminating DNA was removed using the TURBO DNA-free kit (Ambion,
ThermoFisher Scientific, Massachusets, USA) and RNA integrity was estimated by separating
2 mL of each sample on a 2% agarose gel and quantified using Nanodrop (ThermoFisher
Scientific, California, USA). Sequencing library preparation and sequencing was carried out
at BGI (Beijing Genomics Institute, Hong Kong, China) where RNA-sequencing libraries were
constructed following end-repair and adapter ligation protocols and PCR amplification.
Purified RNA fragments were paired-end sequenced (100 bp) on the DNBseq platform.

For in planta gene expression analyses, we used previously generated Verticillium
dahliae JR2 data (Arabidopsis thaliana 28 dpi) (Cook et al. 2020). Additionally, we here
generated in planta transcriptome data for V. dahliae CQ2. For in planta inoculations, V.
dahliae CQ2 was plated on PDA and harvested after 10 days by pipetting 2 mL of sterile
water onto the plate and releasing conidiospores by gentle agitation with a spreader. After
washing twice, the spore concentration was determined using a Buerker-Tuerk counting
chamber and brought to a final concentration of 5x10° conidiospores/mL in sterile water.
The inoculation of 14-day-old A. thaliana Col-0 plants grown on potting soil was performed
via root dipping. Individual A. thaliana plants were up-rooted carefully and the soil was
removed from the roots as much as possible by gentle washing in water. Next, roots were
placed in a Petri dish with the appropriate conidiospore suspension, or water as a control,
while the upper plant parts remained outside the Petri dish. A total of six plants were used.
After 10 minutes, the plants were taken from the Petri dishes and transferred to individual
pots. After 15 days post inoculation, the above-ground parts of the plants were harvested
without the leaves and flash frozen in liquid nitrogen. Next, in order to gain sufficient
starting material, two plants were pooled, resulting in three replicates with two plants for
V. dahliae CQ2. The material was ground to a fine powder using mortar and pestle, before
performing RNA extractions with the Maxwell RSC Plant RNA Kit (Promega, Fitchburg, WI,
USA) according to manufacturer’s guidelines. RNA concentrations were measured with the
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Qubit RNA BR Assay-Kit (Thermo Fisher Scientific, Waltham, MA, USA). Sequencing library
preparation and sequencing was carried out at the Cologne Center for Genomics (Cologne,
Germany) where RNA-sequencing libraries were constructed following end-repair and
adapter ligation protocols and PCR amplification, and then sequenced on the NovaSeq 6000
platform.

Sequencing reads were mapped to the V. dahliae strain JR2 or CQ2 genome
assemblies (Faino et al. 2015; Depotter et al. 2019), respectively, using STAR v.2.6.0
(Dobin et al. 2013), with settings —sjdbGTFfeatureExon exon, --alignintronMax 400,
--outFilterMismatchNmax 100, --outFilterMismatchNmax 3, --winAnchorMultimapNmax
200, —outSAMtype BAM Unsorted (Jin et al. 2015; Jin and Hammell 2018). To visualize gene
expression, RNA-seq mapping data were transformed using deeptools bamCoverage, using
CPM, --exactScaling -centerReads, and window size of 50kb. Finally, for the V. dahliae JR2
and CQ2 gene sets, RNA counts were extracted using htseq-count (Putri et al. 2022) with
default settings, then counts were normalized within each strain using the R/Bioconductor
package EdgeR v.3.8 (Robinson et al. 2010). For normalization, we considered only genes
with >1 reads in all samples (Anders et al. 2013) and genes with read count =0 were assumed
to be transcriptional inactive. Libraries were normalized with the TMM method (Robinson
and Oshlack 2010), and converted to CPM-mapped reads using the R/Bioconductor package
EdgeR v.3.8 (Robinson et al. 2010).

To investigate gene expression conservation between the two V. dahliae strains,
we used the mean expression across both strains as a reference to mitigate possible
confounding effects on the expression values. Thus, we considered gene expression values
(CPM) for homologous gene pairs by using the median of ratio to the geometric means
between the biological triplicates of the two strains to further calculations. This approach
reduced the possible confounding effect due to differences in transcript level distributions
in each V. dahliae strain. Next, we calculated the coefficient of interquartile variation (CQV)
of each homolog gene as a measure of divergence by using the formula: CQv=(Q3-Q1)/(Q3+Q1)
(Bonett 2006), where Q1 and Q3 refers to the 1% quartile and 39 quartile of the CQV distribution,
respectively. Expressed homolog genes (>1 CPM) over 1-3¢ CQV quartile were considered
as genes with conserved expression patterns, whereas genes in the 4" CQV quartile were
considered to be differentially expressed between strains (Supplementary Fig. 2).

Chromatin immunoprecipitation, sequencing, and analysis

Chromatin immunoprecipitation was performed as described previously, but using
conidiospores harvested from PDA-grown Verticillium dahliae JR2 and CQ2 (Kramer et al.
2022; Cook et al. 2020). Approximately 200 mg of ground material was resuspended in 4 mL
ChIP Lysis buffer (50 mM HEPES-KOH pH7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1%
NaDOC) and grinded in a 10 cm3 glass tube with tight fitting pestle in a RZR50 homogenizer
(Heidolph, Schwabach, Germany), followed by five rounds of 20 seconds sonication on ice
with 40 seconds rest between rounds with a Soniprep 150 (MSE, London, UK). Samples were
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redistributed to 2 mL tubes and pelleted by centrifugation for 2 min at maximum speed. The
supernatants were combined, together with 5 uL 1M CaCl2 and 0.63 pL Mnase, and after 10
minutes of incubation in a 37°C water bath with regular manual shaking, 20 pL 0.5M EGTA
was added, and tubes were put on ice. Samples were pre-cleared by adding 20 uL Protein
A Magnetic Beads (New England Biolabs, MA, United States) and rotating at 4°C for 60
min, after which the beads were captured, 1 mL fractions of supernatant were transferred
to new 2 mL tubes containing 5 pL of H3K9ac, H3K4me3, H3K4ac, H3K36me3, H4K16ac,
H3K9me3 or H3K27me3 antibody (Abcam: ab10812 [H3K9ac], ab9050 [H3K36me3]; EMD
Millipore: #07-329 [H4K16ac], #07-539 [H3K4ac], #04-745 [H3K4me3]; ActiveMotif: #39765
[H3K9me3], #39155 [H3K27me3]) respectively and incubated overnight with continuous
rotation at 42C. One sample without antibody was kept as Mnase control. Subsequently, 20
pL protein-A magnetic beads were added and incubated for 3 hours at 49C, after which the
beads were captured on a magnetic stand and subsequently washed with 1 mL wash buffer
(50 mM Tris HCI pH 8, 1 mM EDTA, 1% Triton X-100, 100 mM NacCl), high-salt wash buffer
(50 mM Tris HCl pH 8, 1 mM EDTA, 1% Triton X-100, 350 mM Nacl), LiCl wash buffer (10 mM
Tris HCl pH8, 1 mM EDTA, 0.5% Triton X-100, 250 mM LiCl), TE buffer (10 mM Tris HCI pH 8,
1mM EDTA). Nucleosomes were eluted twice from beads by addition of 100uL pre-heated
TES buffer (100 mM Tris HCl pH 8, 1% SDS, 10 mM EDTA, 50 mM NaCl) and 10 minutes
incubation at 652C. 10 mg/mL 2uL Proteinase K (10 mg/mL) was added and incubated at
659C for 3 hours, followed by chloroform clean-up. DNA was precipitated by addition of 2
volumes 100% ethanol, 1/10" volume 3 M NaOAc pH 5.2 and 1/200%" volume 120 mg/mL
glycogen, and incubated overnight at -202C. Two ChlIP replicates were performed for each
antibody from independently grown samples. Sequencing libraries were prepared using the
TruSeq ChIP Library Preparation Kit (lllumina, City, Country) following the manufacturer’s
guidelines, but without gel purification and with use of the Velocity DNA Polymerase (BioLine,
Luckenwalde, Germany) for 25 cycles of amplification. Single-end (75 bp) sequencing was
performed on the lllumina NetSeq500 platform at the Utrecht Sequencing Facility (Utrecht,
the Netherlands).

Raw reads were trimmed using TrimGalore (v.0.6.9; default settings) (Krueger 2015)
and mapped to the V. dahliae either strain JR2 or CQ2 reference genome (Faino et al. 2015;
Depotteretal. 2019) using BWA -MEM v.0.7 with default options (Li and Durbin 2010). For the
JR2 genome, three regions of the genome were masked due to aberrant mapping, (chril:1-
45000, chr2:3466000-3475000, chr3:1-4200). Library artifacts were marked and removed
using Picard tools v.2.18 with -MarkDuplicates (http://broadinstitute.github.io/picard/).
Mapped reads were CPM-normalized using deepTools v.3.1.3 bamCompare (Ramirez et
al. 2014) with Mnase as input control, --scaleFactorsMethod ‘none’, --smoothLength 30,
--binSize 10 —pseudocount 25 —extendedreads 100 —operation ‘ratio’ for further processing
and —binSize 100 and —smoothLength 300 for visualization over the genome. Normalized
output was transformed to bedgraph using UCSC-bigWigToBedGraph. We used deepTools
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v.3.1.3 multiBigwigSummary (Ramirez et al. 2014) to determine the correlation and
clustering of replicate ChIP samples (Supplementary Fig. 4).

Chromatin states characterization

To define chromatin states or combinations of H3K9ac, H3K4me3, H3K4ac, H3K36me3,
H4K16ac, H3K27me3, an H3K9me3 that co-occur at discrete genomic locations in Verticillium
dahliae JR2 and CQ2, we defined enrichment peaks for each ChlIP replicate using HOMER
v.4.11 makeTagDirectory and findPeaks —size 500 —minDist 0 —style ‘histone’ (Heinz et al.
2010). Additionally, we obtained the consensus peaks for each histone modification per
strain by keeping peaks present in the two replicates. Next, we used a multivariate Hidden
Markov Model to predict the significant combinations of histone modifications (Ernst and
Kellis 2012, 2017). Replicates and consensus peaks of the seven histone modifications were
transformed into a binary matrix using chromHMM v.1.4 Binarizebed —center (Ernst and
Kellis 2012, 2017). Subsequently, we used chromHMM v.1.4 LearnModel (default settings)
(Ernst and Kellis 2012, 2017) for segmentation and predict up to 30 possible chromatin
states based on the seven histone modifications in the replicates and the consensus for each
strain. We obtained the emission probabilities (probability that a histone mark is present
in a named chromatin state) and the transition probabilities (probability that a named
chromatin state is similar to other chromatin states) for each of the 30 states. We further
compare and aimed to determine the accurate combination of chromatin states (Gorkin et
al. 2020). First, for each replicate and the consensus peaks we used the chromHMM v.1.4.
CompareModels (default settings) to calculate the Pearson’s correlation of the emission
probabilities of the 30% model to other 29 models. We obtained saturation at 20 chromatin
states in each replicate and the consensus peaks for both strains (Supplementary Fig. 8, 9).
To validate the optimal number of states we clustered the emission probabilities for the
two replicates in each strain. We performed k-means 2-30, and look at the separation for
each k, as the ratio of the between k sum squares and the total k sum of squares under
10,000 iterations (Supplementary Fig. 8, 9). To validate the reproducibility of the 20 states
in each strain, we clustered the emission probabilities in the 20 states of the two replicates
(distance=Euclidean, method=complete) (Supplementary Fig. 8, 9). As we observed similar
chromatin states in each replicate and consensus, we decided to continue with the consensus
dataset for further analyses (Supplementary Fig. 8, 9). To determine the presence of similar
chromatin states between Verticillium dahliae JR2 and CQ2, we followed the same approach
and clustered the emission probabilities in the 20 consensus chromatin states of strain JR2
and CQ2 (distance=Euclidean, method=complete) (Supplementary Fig. 9). Additionally, we
performed principal component analysis (PCA) using the emission probabilities in the 20
states (Supplementary Fig. 9) and calculated the Jaccard’s coefficient to determine similarity
for each state. Relative enrichment of different genomic features over the 20 chromatin
states was performed using chromHMM v.1.4 OverlapEnrichment (default settings).
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Genomic variation dataset

Genomic variation (duplications, deletions, inversions and translocations; collectively SVs),
single nucleotide variants (SNVs) and polymorphic TEs were previously identified using
paired-end sequencing data for 42 previously sequenced V. dahliae strains (Torres et al.
2021). Briefly, structural variants (SVs) were predicted using the ‘sv-callers’ workflow with
few modifications that enabled parallel execution of multiple SV callers, an approach that is
considered optimal as it exploits complementary information to predict (Kuzniar et al. 2020).
Single nucleotide variants were identified using the -HaplotypeCaller of the Genome Analysis
Toolkit (GATK) v.4.0 (McKenna et al. 2010). The nucleotide diversity (1) was performed using
a sliding window of 1 kb (500 bp sliding) as implemented in the PopGenome package (Pfeifer
et al. 2014) in R v.3.6.3 (Team 2013). Transposable element polymorphisms was analyzed
using TEPID v.2.0 (Stuart et al. 2016). To investigate if SVs and polymorphic TEs co-localize
at specific chromatin states, we summarized the overlap of each set of variants by their
breakpoint frequency (start or ends +1 bp of the feature) and coverage (number of bases
covered) across the genome of V. dahliae strain JR2 (Fudenberg and Pollard 2019). Similar
to Fudenberg and Pollard (2019), we calculated the logl0(observed/expected) of each
feature to estimate the deviation from a uniform distribution across the genome, therefore
accounting for the proportion of the genome covered by a specific genomic feature.

Statistical analysis and visualization

All statistical analyses and comparison tests were performed in R v.4.0.5 (Team 2013),
and data visualized using circlize 0.4.15, gggenomes 0.9.5.9, ggalluvial 0.12.4, and ggplot2
3.3.6 (Gu et al. 2014; Wickham 2011). Principle component analyses were performed
using FactoMineR v.1.42 and factoextra v.1.0.5 (Lé et al. 2008), and we used log2(H3K9ac),
log2(H3K4me3), log2(H3K4ac), log2(H3K36me3), log2(H4K16ac), log2(H3K27me3),
log2(H3K9me3) and in vitro (log2(CPM+1), PDA) expression over non-overlapping 10
kb windows as variables for V. dahliae strain CQ2 and JR2, respectively. Sparse multiple
regression models were performed using the SparseM v.1.81 package (Koenker and Ng
2003) for V. dahliae strain CQ2 and JR2 independently. We performed multiple regression
models with the variables in the following order: log2(H3K27me3+1), log2(H3K9me3+1),
log2(H3K4ac+1), log2(H3K4me3+1), log2(H4K16ac+1), log2(H3K36me3+1), log2(H3K9ac+1),
sequence conservation (PhastCons score), expression conservation (1-log2(CQV+1)) and/or
expression (log2(CPM+1)). For the sparse multiple regression R, R and Bonferroni corrected
p-value were reported (Supplementary Table 4). Heatmap and enrichment visualization of
histone modifications, PhastCons score, and SNVs, over genes or CREs were performed using
the R/EnrichedHeatmap v1.2 package (Gu et al. 2018). Permutation tests were computed
using R/Bioconductor regioneR v1.18.1 package (Gel et al. 2016) and performed with 10,000
iterations, using findOverlaps or meanDistance function and circular randomization to
maintain the order and distance of the regions in the chromosomes. Functional Goterms
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enrichment was performed using clusterProfiler v.3.18.1 (Yu et al. 2012), and then
summarized the redundant GO terms with REVIGO (default settings) (Supek et al. 2011).
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Supplementary Figure 1. Sequence and expression conservation in Verticillium dahliae.

(A) Segmental duplications co-localize with adaptive genomic regions (AGRs) in Verticillium dahliae strain CQ2. (B)
Genome comparisons between V. dahliae strains JR2 and CQ2 reveal homologous genes and strain-specific genes
(0% similarity, left). The bottom two panels highlight homologous genes and show that highly similar genes are
highly expressed. (C) Homologous genes are highly expressed and have a reduced number of single nucleotide
variants (SNVs, from CQ2-JR2 comparison). The black line in the bottom panel depicts the Spearman’s correlation
(R=-0.13, p-value <0.05). (D) Phylogeny of the ten species in the Verticillium genus, with Sodiomyces alkalinus
used to root the phylogeny. Flavexudans and Flavnonexudans clades are depicted in blue and green, respectively.
The phylogenetic tree was used to guide the calculation of sequence conservation with PhastCons. (E) Sequence
conservation (based on PhastCons) for V. dahliae strains CQ2 and JR2 is correlated. On the left, PhastCons scores
for all genes in JR2 and CQ2 reveal many genes with score of 0 (347 and 367 for CQ2 and JR2, respectively), which
represent JR2- or CQ2-specific genes. The color gradient shows the increased density around the mean sequence
conservation. (F) Exons have higher conservation scores. Statistical significance was assessed using a one-sided
Wilcoxon rank-sum test *p£0.05, **p£0.01, ***p£0.001, ****p£0.0001, when compared with ‘Gene’. (G) Sequence
conservation correlates with gene expression levels in V. dahliae strains CQ2 and JR2. R and p-value (<0.05) after
Spearman’s correlation.
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Supplementary Figure 2. Gene expression variation in Verticillium dahliae.

(A) The coefficient of interquartile variation is low (yellow) for similarly expressed homologous genes in V. dahliae
strains JR2 and CQ2. (B) The upper quartile (Q4) of the coefficient of interquartile variation depicts the highest gene
expression variation between V. dahliae strains JR2 and CQ2, i.e., these genes are differentially expressed between
the two strains. Color code as in (C). (C) The majority of genes from quartile 1-3 (Q1-Q3) are highly expressed. Non-
expressed genes (light orange) are defined as homologous genes with CPM<1. JR2- and CQ2-specific genes (yellow)
are excluded from the coefficient of interquartile variation calculation. (D) The upper quartile (Q4) of the coefficient
of interquartile variation shows less sequence conservation across the Verticillium genus (PhastCons score).
Statistical significance was assessed using a one-sided Wilcoxon rank-sum test *p£0.05, **p£0.01, ***p£0.001,
*¥***p£0.0001, when compared with the first quartile (Q1). (E) GO-term enrichment for genes with conserved
and differential expression patterns between the two V. dahliae strains (left and right, respectively). The ten most
significant GO-terms are shown. The color gradient depicts the p-value after Bonferroni correction and the dot size
indicates the number of genes for each GO-term.
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Supplementary Figure 3. Cis-regulatory regions in Verticillium dahliae.

(A) Distribution of intergenic length (black) when compared with the gene length in V. dahliae strain JR2 (purple)
and CQ2 (green). Most intergenic distances between two genes in both V. dahliae strains are shorter than 450 bp.
The lower panels depict the length distribution of the <450 bp and >10 bp ‘5 regions upstream of genes in CQ2
(n=10,958) and JR2 (n=10,941). (B) Regions of <450 bp and >10 bp ‘5 upstream of genes occur in >95% of genes
in V. dahliae JR2 (purple) and CQ2 (blue). ‘Unidentified’ regions are the remaining regions that are <10 bp in size.
(C) Cis-regulatory regions (CREs) are enriched in single nucleotide variants (SNVs). We used SNV data based on a
collection of 42 V. dahliae strains with V. dahliae JR2 as reference (Torres et al., 2021). (D) Hierarchical clustering of
genes based in their expression conservation (CQV) as well as sequence conservation (PhastCons score) in CREs and
coding sequences. Six clusters are observed in both strains (numbers on the left of blue box, CQ2 and purple box,
JR2, respectively). On the right of each heatmap (blue box, CQ2; purple box, JR2), the first pie plot column depicts
per cluster the proportion of genes grouped by expression classification (see Fig. 2; Fig. S2). The second pie plot
column depicts per cluster the proportion of genes grouped by the direction of the CREs.
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Mapped reads JR2 Mapped reads CQ2
JR2 cgz Sample Total  Mappe % Sample Total  Mapped %
@ @ Monosporic colonies (14 days) H4K16Ac_R2 10,162,465 9,782,199 | 96.3% HAK16Ac R2 | 9,009,861 | 8,659,455 | 96.1%
H4K16Ac_R1 10,189,904 9,867,224 96.8% H4K16Ac_R1 18,008,276 17,815,644 98.9%
Stab colonies, filter mycelia H3KOM3_R2 | 712,607 | 666,402 | 93.5% H3KOM3 R2 | 3,170,274 | 3,023,635 | 95.4%
Wash and centrifuge 2X HIKOM3_R1 | 8,881,632 | 8,006,836 90.2% H3K9M3 R1 | 8,725,830 | 8,029,984  92.0%
HIK9AC R2 | 9,570,565 9,344,179 97.6% H3K9AC R2 | 14,662,517 | 14,493,225 98.8%
2 H3K9Ac_R1 24,673,390 23,730,345 96.2% H3K9Ac_R1 80,063,764 78,711,944 98.3%
Collection of spores H3K4M3 R2 | 1,242,766 1,185,354 95.4% H3K4M3 R2 | 7,570,492 | 7,391,179 | 97.6%
_80°
Freeze -80°C H3KAM3 R1 | 7,653,246 6,698,200 87.5% HIKAM3 R1 | 2,426,905 | 2,301,729  94.8%
H3K4Ac R2 1,472,989 1,383,467 93.9% H3K4Ac_R2 13,178,505 13,005,308 98.7%
H3K4AC_R1 | 1912,008 1,630,677 85.3% H3K4AC_R1  |74,407,709| 70,096,177 94.2%
chiP ChiP H3K36M3_R2 (53,032,918 47,268,173 89.1% HIK36M3_R2 | 45,403,733 43,678,974 96.2%
1 1 H3K36M3_R1 18,102,912 17,601,891 97.2% H3K36M3_R1 123,993,856122,109,312 98.5%
Sequencing  Sequencing H3K27TM3_R2 10,373,527 9,982,868 96.2% H3K27M3_R2 | 14,786,203 14,201,775 96.0%
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Supplementary Figure 4. Histone modifications in Verticillium dahliae JR2 and CQ2.

(A) Experimental approach for conidiospore isolation. Conidiospores were collected after 14 days for fungus
grown on potato dextrose agar, washed, and frozen for ChIP-seq and RNA-seq analyses. (B) Most of the reads for
each replicate are successfully mapped to the reference genomes. (C) Principal component analysis of histone
modifications per replicate (raw read counts summarized in 10 kb windows ) shows the clustering of biological
replicates for each histone modification. (D) Heatmap display the Spearman’s correlation between biological
replicates of histone modifications (raw read counts summarized in 10 kb windows).
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Supplementary Figure 5. Distribution of seven histone modiﬁcations over the eight chromosomes of Verticillium

dahliae strain JR2

From left to right: histone modifications H3K9ac, H3K4me3, H3K4ac, H3K36me3, H4K16ac, H3K27me3, and
H3K9me3 normalized using a micrococcal nuclease digestion control, transcriptomic data from in vitro RNA-seq
on conidiospores harvested from V. dahliae strain JR2 grown on PDA, sequence conservation (PhastCons score),
gene and transposable element (TE) densities in 10 kb non-overlapping windows, centromeres (Seidl et al. 2020),
adaptive genomic regions (AGRs) (Cook et al. 2020), and syntenic regions between V. dahliae strains JR2 and CQ2.

Chromosome sizes are displayed on the left.
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Supplementary Figure 6. Distribution of seven histone modifications in Verticillium dahliae strain CQ2.

From left to right: histone modifications H3K9ac, H3K4me3, H3K4ac, H3K36me3, H4K16ac, H3K27me3, and
H3K9me3 normalized using a micrococcal nuclease digestion control, transcriptomic data from in vitro RNA-seq
on conidiospores harvested from V. dahliae strain CQ2 grown on PDA, sequence conservation (PhastCons score),
gene and transposable element (TE) densities in 10 kb non-overlapping windows, centromeres (Seidl et al. 2020),
syntenic regions between V. dahliae strains CQ2 and JR2, and adaptive genomic regions (AGRs) (Cook et al. 2020)

mapped to the CQ2 genome. Chromosome sizes are displayed on the left.
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Supplementary Figure 7. Histone modifications in the coding sequences and CREs of Verticillium dahliae.

(A) Correlations between seven histone modifications, gene expression, expression conservation (CQV), and
sequence conservation (PhastCons score). Histone modifications, gene expression (CPM+1), gene expression
variation (CQV), and conservation (PhastCons) are summarized over coding sequences or CREs. The purple and blue
gradient depict the direction of the correlation in V. dahliae strain JR2 and CQ2, respectively. The circle size shows
the absolute strength of the correlation. (B) Relative enrichment of histone modifications at intergenic (without
considering the CREs), cis-regulatory regions (CREs), and coding sequences in V. dahliae strains JR2 and CQ2. (C)
Histone modification levels correlate for homologous genes in V. dahliae strains JR2 and CQ2. R and p-value after

Spearman’s correlation test.
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Supplementary Figure 8. Based on seven histone modifications, twenty chromatin states are predicted in
Verticillium dahliae strains JR2 and CQ2.

(A) We defined different combinations of histone modifications, so called chromatin states, with the use of a
multivariate Hidden Markov Model. To define the optimal number of chromatin states, we varied the number of
states between 2 to 30 (maximum tested model). Cumulative Pearson’s correlation of the emission probabilities
(the probability of each histone modification to belong to a chromatin state) against the maximum tested model
with 30 states using the significant peaks of the histone modifications H3K9ac, H3K4me3, H3K4ac, H3K36me3,
H4K16ac, H3K27me3, H3K9me3, for each replicate, is shown. Significant peaks, i.e., regions with more sequencing
reads than expected by chance, were defined by Homer (Meers et al., 2019). The optimum number of states is
reached when the median correlation for a given state reaches a plateau (dashed line), which is at 20 chromatin
states. The heatmap depicts the raw correlation for each combination of states. Each analysis was performed for
replicate 1 (R1) and replicate 2 (R2), and for V. dahliae strain JR2 (purple, top) and CQ2 (blue, bottom), respectively.
(B) The optimal number of chromatin states is 20, based on the method of Gorkin et al., 2020. To validate the optimal
number of states, we clustered the emission probabilities (the probability of each histone modification to belong
to a named chromatin state) for the two replicates for each strain. Then, we performed k-means clustering with k
ranging from 2 to 30 and considered the separation for each k as the ratio of the between sum squares and the total
sum of squares based in 10,000 iterations. Perfectly separated clusters will have a ratio of 1. We considered the
optimal number of clusters as those that would be shown at least at >=99.0% of the maximum ratio (red line). The
dashed vertical line indicates 20 clusters as the optimal number of chromatin states. (C) The 20 chromatin states
and the associated histone modifications are shown for each biological replicate (R1, R2) for V. dahliae strain JR2.
The heatmap depicts the emission probabilities for each chromatin state and each histone modification. (D) Twenty
chromatin states in V. dahliae strain JR2 are consistently found in replicate R1 and R2. Hierarchical clustering of
the emission probabilities of the 20 chromatin states predicted for each replicate. Identical color boxes depict
chromatin states consistently found for both replicates. (E) Transition probabilities from each chromatin state to
each other of the 20 chromatin states in V. dahliae JR2 reveal high stability of chromatin states for each biological
replicate (R1, R2). Dark blue color indicates a maximum transition probability of 1. (F) Chromatin states that were
predicted in two biological replicates (R1, R2) of the V. dahliae strain CQ2. Similar as in (C). (G) Twenty chromatin
states in V. dahliae strain CQ2 are consistently found for R1 and R2. Similar as in (D). (H) Transition probabilities
of 20 chromatin states in V. dahliae strain CQ2 reveal high stability of chromatin states. Dar blue color indicates a
maximum transition probability of 1, similar as in (E).
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Supplementary Figure 9. Based on seven histone modifications, twenty chromatin states are predicted in
Verticillium dahliae strains JR2 and CQ2,

(A) Twenty chromatin states were predicted based on the consensus histone modification peaks, i.e., peaks present
in both replicates, for the histone modifications H3K9ac, H3K4me3, H3K4ac, H3K36me3, H4K16ac, H3K27me3, and
H3K9me3 in V. dahliae strains JR2 and CQ2 . Histone modification peaks found in only one replicate were discarded.
Similar to Figure S8, the optimal number of chromatin states is 20. Upper and lower panels as in Figure S8A.
These 20 chromatin states were used for further analyses. (B) Emission probabilities for each state (the probability
of each histone modification to belong to a named chromatin state) depict the combinations of seven histone
modifications present at each state for V. dahliae strain JR2 (upper) and CQ2 (lower), respectively. (C) Transition
probabilities for 20 chromatin states based on the consensus histone modification peaks. Dark black color indicates
a maximum transition probability of 1. Low transition probability between states suggest that the 20 chromatin
states are stable. (D) Hierarchical clustering of the chromatin states identified in V. dahliae strains CQ2 and JR2
based on the emission probabilities for each state. Clustering supports the presence of shared chromatin states
(edged without dots) and strain-specific chromatin states (edges with dots). (E) Principal component analysis of
chromatin states identified in V. dahliae strain JR2 and CQ2 based on the emission probabilities for each state.
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Supplementary Figure 10. Chromatin states correlate with gene expression and sequence conservation.

(A) Relative enrichment of 20 chromatin states at coding regions and their associated CREs classified based on
their expression and sequence variation for V. dahliae strains JR2 and CQ2. (B) Sequence conservation of coding
regions associated to each of the 20 chromatin states in V. dahliae strains JR2 (left) and CQ2 (right). The dashed
line depicts the global mean value of sequence conservation. (C) Expression conservation of genes associated with
the 20 chromatin states in V. dahliae strain JR2 (left) and CQ2 (right). The dashed line depicts the global mean
value of expression conservation. (D) Nucleotide diversity in the 20 chromatin states in V. dahliae strain JR2. The
nucleotide diversity was calculated based on a collection of 42 V. dahliae strains when compared with the genome
of V. dahliae strain JR2 (Torres et al., 2021). The dashed line depicts the global mean value for nucleotide diversity.
(E) H3K27me3-associated chromatin states are enriched in structural variants (SVs), as more SVs overlap (x-axis)
and SVs breakpoints (y-axis) are present than expected by chance; the calculation is based on the approach by
Fudenberg and Pollard (2019). (F) Differential gene expression comparing in planta and in vitro (potato dextrose
agar) conditions for V. dahliae strains JR2 (top; 21 dpi Arabidopsis thaliana) and CQ2 (bottom; 15 dpi Arabidopsis
thaliana). Differential gene expression in planta is higher in H3K27me3-associated chromatin states (states 9-13).
The twenty chromatin states (points) at coding sequences or cis-regulatory regions (CREs) are shown based on their
mean values for sequence conservation and gene expression change between in planta and in vitro conditions. The
point size depicts the total number of genes associated with the specific chromatin state, and the line indicates
the minimum and maximum values. Red and blue arrows highlight plots with genes that are differentially up- or
down-regulated, respectively. The color code is similar as for (B-E).
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Supplementary Figure 11. Chromatin states correlate with the expression and sequence conservation of
pathogenicity-related genes.

(A) We defined pathogenicity-related genes as effectors, CAZy (carbohydrate active enzymes), and other secreted
proteins. For further analyses, we considered the groups of ‘other secreted proteins’ as the secreted proteome
excluding putative effectors, AMPs, and CAZy; ‘effectors’ as the secreted proteome including putative AMPs and
excluding CAZy; and ‘CAZy’ as the secreted proteome excluding ‘effectors’ and ‘other secreted proteins’. The Venn
diagram shows the overlap of the different gene categories for V. dahliae strains JR2 (left) and CQ2 (right). (B)
Sequence conservation (left) and gene expression conservation (right) of genes that belong to pathogenicity-
related functional categories. The dashed line depicts the global mean value. Data for V. Dahliae strains JR2 and
CQ2 are shown in purple and blue, respectively. Statistical significance was assessed using a one-sided Wilcoxon
rank-sum test *p£0.05, **p£0.01, ***p£0.001, ****p£0.0001, when compared with ‘Other genes’. (C) Differentially
expressed genes between V. dahliae strains JR2 and CQ2 are enriched for pathogenicity-related genes. Significance
was assessed by a one-sided Fisher’s test with Bonferroni correction for the p-value. The circle size depicts the
fraction of genes in each category.
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Supplementary Table 1. Overview of the Verticillium collection used in this study

Species Isolate Reference bioProject
Verticillium dahliae 89 Chavarro-Carrero et al., 2021 PRINA639910
Verticillium dahliae 463 Li, 2018 PRINA576642
Verticillium dahliae 12008 Fanetal., 2018 PRINA344737
Verticillium dahliae 12158 Fanetal., 2018 PRJNA352681
Verticillium dahliae 12161 Fan et al., 2018 PRJNA352681
Verticillium dahliae 12251 Fanetal., 2018 PRJNA352681
Verticillium dahliae 12253 Fanetal., 2018 PRJNA352681
Verticillium dahliae VdLs17 Faino et al., 2015 PRINA276625
Verticillium dahliae 2009-605 Li, 2018 PRINA576642
Verticillium dahliae 85S Depotter et al., 2018 PRLJOO000000
Verticillium dahliae BP2 Zhang et al., 2012 PRINA693498
Verticillium dahliae CBS38166 de Jonge et al., 2012 PRINA169154
Verticillium dahliae CBS385.49 Chavarro-Carrero et al., 2021 PRINA639910
Verticillium dahliae CBS809,97 Chavarro-Carrero et al., 2021 PRINA639910
Verticillium dahliae cd3 Xu et al., 2012 PRINA693498
Verticillium dahliae CFA3 Chavarro-Carrero et al., 2021 PRINA639910
Verticillium dahliae cQ2 Depotter et al., 2018 PRLIOO000000
Verticillium dahliae DVD-S26 de Jonge et al., 2012 PRINA169154
Verticillium dahliae DVD-S29 de Jonge et al., 2012 PRINA169154
Verticillium dahliae DVD-S94 de Jonge et al., 2012 PRINA169154
Verticillium dahliae DVD161 de Jonge et al., 2012 PRINA169154
Verticillium dahliae DVD3 de Jonge et al., 2012 PRINA169154
Verticillium dahliae DVD31 de Jonge et al., 2012 PRINA169154
Verticillium dahliae EU35 Chavarro-Carrero et al., 2021 PRJNA639910
Verticillium dahliae EU7 Chavarro-Carrero et al., 2021 PRJNA639910
Verticillium dahliae GF1192 Chavarro-Carrero et al., 2021 PRINA639910
Verticillium dahliae GF1207 Chavarro-Carrero et al., 2021 PRINA639910
Verticillium dahliae GFCA2 Chavarro-Carrero et al., 2021 PRINA639910
Verticillium dahliae GFCB5 Chavarro-Carrero et al., 2021 PRINA639910
Verticillium dahliae HN Xu et al., 2012 PRINA693498
Verticillium dahliae HNA4 Chavarro-Carrero et al., 2021 PRINA639910
Verticillium dahliae HOMCF Chavarro-Carrero et al., 2021 PRINA639910
Verticillium dahliae 11V Chavarro-Carrero et al., 2021 PRINA639910
Verticillium dahliae JKG8 Kombrink et al., 2017 PRINA576642
Verticillium dahliae JR2 Faino et al., 2015 PRINA169154
Verticillium dahliae Sick1-1 Unpublished NA
Verticillium dahliae ST100 de Jonge et al., 2012 _PRINA169154
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Species Isolate Reference bioProject

Verticillium dahliae ST14.01 de Jonge et al., 2012 PRINA169154
Verticillium dahliae ST16.01 Li, 2018 PRINA576642
Verticillium dahliae T9 Keykhasaber, 2017 PRJNA693498
Verticillium dahliae T™6 Keykhasaber, 2017 PRJNA693498
Verticillium dahliae TO22 Chavarro-Carrero et al., 2021 PRINA639910
Verticillium dahliae uD141 Chavarro-Carrero et al., 2021 PRINA639910
Verticillium dahliae V08SY-2 Chavarro-Carrero et al., 2021 PRINA639910
Verticillium dahliae V1 Unpublished NA

Verticillium dahliae V117 Keykhasaber, 2017 PRINA693498
Verticillium dahliae V13 Unpublished NA

Verticillium dahliae v152 Kombrink et al., 2017 PRINA576642
Verticillium dahliae va Keykhasaber, 2017 PRJNA693498
Verticillium dahliae V574 Milgroom et al., 2014 PRIJNA693498
Verticillium dahliae V700 Milgroom et al., 2014 PRJNA693498
Verticillium dahliae V991 Zhang et al., 2012 PRJNA302216
Verticillium dahliae VanDijk Kombrink et al., 2017 PRINA576642
Verticillium dahliae Vd39 Li, 2018 PRINA576642
Verticillium dahliae vd52 Kombrink et al., 2017 PRINA576642
Verticillium dahliae vd57 Li, 2018 PRINA576642
Verticillium dahliae Vd653 Unpublished NA

Verticillium dahliae VdH5 Unpublished NA

Verticillium dahliae VdR1 Unpublished NA

Verticillium dahliae Vmx Unpublished NA

Verticillium dahliae VT2A Chavarro-Carrero et al., 2021 PRINA639910
Verticillium dahliae WFA3 Chavarro-Carrero et al., 2021 PRINA639910
Verticillium dahliae XJ-12 Chavarro-Carrero et al., 2021 PRINA639910
Verticillium dahliae XJ-14 Chavarro-Carrero et al., 2021 PRJNA639910
Verticillium albo-atrum PD747 Seidl et al., 2020 PRINA641329
Verticillium alfalfae PD683 Seidl et al., 2020 PRINA641329
Verticillium isaacii PD618 Seidl et al., 2020 PRINA641329
Verticillium klebhanii PD401 Seidl et al., 2020 PRINA641329
Verticillium longisporum PD589 Seidl et al., 2020 PRINA641329
Verticillium longisporum VLB2 Seidl et al., 2020 PRINA641329
Verticillium nonalfalfae T2 Seidl et al., 2020 PRINA641329
Verticillium nubilum 397 Seidl et al., 2020 PRINA641329
Verticillium tricorpus PD593 Seidl et al., 2020 PRINA641329
Verticillium zaregamsianum PD739 Seidl et al., 2020 PRINA641329
Sodiomyces alkalinus F11 Grum-Grzhimaylo et al. 2018 PRINA196044
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Supplementary Table 6. Genes with conserved chromatin states in each expression category

Strain  Gene category Expression Classification* Genes % Total genes
JR2 Other genes Not expressed Conserved 587 5.58%
JR2 Other genes Variable Conserved 1253 11.90%
JR2 Other genes Stable Conserved 5259 49.97%
JR2 Other genes Not expressed Not Conserved 477 4.53%
JR2 Other genes Variable Not Conserved 530 5.04%
JR2 Other genes Stable Not Conserved 1795 17.05%
JR2 Other genes Not expressed NA 93 0.88%
JR2 Other genes Variable NA 52 0.49%
JR2 Other genes Stable NA 139 1.32%
JR2 Effectors Not expressed Conserved 51 15.94%
JR2 Effectors Variable Conserved 55 17.19%
JR2 Effectors Stable Conserved 64 20.00%
JR2 Effectors Not expressed Not Conserved 47 14.69%
JR2 Effectors Variable Not Conserved 37 11.56%
JR2 Effectors Stable Not Conserved 37 11.56%
JR2 Effectors Not expressed NA 10 3.13%
JR2 Effectors Variable NA 5 1.56%
JR2 Effectors Stable NA 4 1.25%
JR2 CAZy Not expressed Conserved 42 18.34%
JR2 CAZy Variable Conserved 43 18.78%
JR2 CAZy Stable Conserved 75 32.75%
JR2 CAZy Not expressed Not Conserved 22 9.61%
JR2 CAZy Variable Not Conserved 11 4.80%
JR2 CAZy Stable Not Conserved 29 12.66%
JR2 CAZy Not expressed NA 2 0.87%
JR2 CAZy Variable NA 0 0.00%
JR2 CAZy Stable NA 3 1.31%
JR2 Other secreted Not expressed Conserved 38 10.44%
JR2 Other secreted Variable Conserved 80 21.98%
JR2 Other secreted Stable Conserved 126 34.62%
JR2 Other secreted Not expressed Not Conserved 24 6.59%
JR2 Other secreted Variable Not Conserved 30 8.24%
JR2 Other secreted Stable Not Conserved 48 13.19%
JR2 Other secreted Not expressed NA 1 0.27%
JR2 Other secreted Variable NA 5 1.37%
JR2 Other secreted Stable NA 2 0.55%
cQ2 Other genes Not expressed Conserved 638 6.06%
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Strain  Gene category Expression Classification* Genes % Total genes
cQ2 Other genes Variable Conserved 1293 12.29%
cQ2 Other genes Stable Conserved 5194 49.35%
cQ2 Other genes Not expressed Not Conserved 521 4.95%
cQ2 Other genes Variable Not Conserved 545 5.18%
cQ2 Other genes Stable Not Conserved 1763 16.75%
cQ2 Other genes Not expressed NA 94 0.89%
cQ2 Other genes Variable NA 55 0.52%
cQ2 Other genes Stable NA 134 1.27%
cQ2 Effectors Not expressed Conserved 33 9.32%
cQ2 Effectors Variable Conserved 55 15.54%
cQ2 Effectors Stable Conserved 140 39.55%
cQ2 Effectors Not expressed Not Conserved 20 5.65%
cQ2 Effectors Variable Not Conserved 28 7.91%
cQ2 Effectors Stable Not Conserved 51 14.41%
cQ2 Effectors Not expressed NA 5 1.41%
cQ2 Effectors Variable NA 4 1.13%
cQ2 Effectors Stable NA 5 1.41%
cQ2 CAZy Not expressed Conserved 20 9.52%
cQ2 CAZy Variable Conserved 30 14.29%
cQ2 CAZy Stable Conserved 82 39.05%
cQ2 CAZy Not expressed Not Conserved 9 4.29%
cQ2 CAZy Variable Not Conserved 16 7.62%
cQ2 CAZy Stable Not Conserved 37 17.62%
cQ2 CAZy Not expressed NA 4 1.90%
cQ2 CAZy Variable NA 1 0.48%
cQ2 CAZy Stable NA 4 1.90%
cQ2 Other secreted Not expressed Conserved 27 8.06%
cQ2 Other secreted Variable Conserved 53 15.82%
cQ2 Other secreted Stable Conserved 138 41.19%
cQ2 Other secreted Not expressed Not Conserved 20 5.97%
cQ2 Other secreted Variable Not Conserved 19 5.67%
cQ2 Other secreted Stable Not Conserved 58 17.31%
cQ2 Other secreted Not expressed NA 3 0.90%
cQ2 Other secreted Variable NA 2 0.60%
cQ2 Other secreted Stable NA 5 1.49%

*NA depicts number of genes with chromatin states 16-20. Classification based on the CQV (Figure 2).
**Genes with conserved chromatin states are defined as =>1 chromatin state conserved between homologous
genes in JR2-CQ2
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Abstract

The spatial organization of the eukaryotic nuclear genome is intimately linked to its biological
functions. Beyond the linear organization of genetic elements in the DNA, chromatin
folding and organization play an important role in the regulation of gene expression and
genome evolution. In fungi, the three-dimensional (3D) organization of the genome is still
under-investigated. Therefore, the role of the 3D organization in transcriptional regulation,
genome organization, and evolution remains unclear. The 3D genome organization could be
relevant in the genomes of fung’l plant pathogens that typically display a two-tier genome
organization. The genome of the plant pathogen Verticillium dahliae contains designated
plastic regions, known as adaptive genomic regions (AGRs), that are enriched in transposable
elements and in in planta-induced genes that mediate virulence during host infection. Here,
we utilize chromatin conformation capture (Hi-C) to uncover the 3D organization of the
plant pathogenic fungus Verticillium dahliae and its influence on transcription and genome
evolution. Our analysis reveals the presence of topologically associating domains (TADs) in
V. dahliae. Interestingly, we observe that TAD boundaries are gene-rich, display lower gene
expression and are depleted in genomic variation when compared with the genome-wide
average. We observe that TAD boundaries in AGRs are weaker than in the core genome,
which is associated with the enrichment of facultative heterochromatin. Interestingly,
for most of the Verticillium species, we observe that TADs in AGRs physically associate.
Moreover, we show that the physical interaction of AGRs is associated with abundant
segmental duplications in V. dahliae and we confirmed the same physical association in
some other Verticillium species. Thus, our analysis demonstrates that the 3D organization is
conserved within the Verticillium genus, and indicates that an increased genomic variation
over TAD boundaries and the colocalization of segmental duplications potentially contribute
to the evolution of AGRs.



Introduction

The spatial organization of the eukaryotic nuclear genome is directly linked to its
biological functions (Lieberman-Aiden et al. 2009; Hoencamp et al. 2021). Besides the
organization of genetic elements on the linear DNA strands, the association of DNA and
nuclear proteins, such as histones, leads to an organized nucleoprotein complex known as
chromatin (Campos and Reinberg 2009). Chromatin states can be broadly divided in the
relatively weakly compacted euchromatin, in which genetic features can be transcriptionally
active, and the strongly compacted heterochromatin that is generally inaccessible to
the DNA-binding components that act in the transcriptional machinery, and therefore
transcriptionally repressive (Bannister and Kouzarides 2011). The difference in chromatin
organization is mainly mediated by chemical modifications to nucleosomes, the building
blocks of chromatin that consist of an octamer of four histone proteins, wrapped by 146
bp of DNA, with unstructured tails sticking out of the complex (Luger et al. 1997). Typically,
tri-methylation of lysines 9 and 27 on the tails of histone 3 (H3K9me3 and H3K27me3) are
hallmarks of heterochromatin, whereas di-methylation of lysine 4 on the tails of histone 3
(H3K4me2) is a hallmark of euchromatin (Xhemalce et al. 2012; Bannister and Kouzarides
2011). Besides these histone modifications, many more have been described, yet their role
in genome organization often remains unclear (Zhao and Garcia 2015).

On a global scale, the genome displays a spatial three-dimensional (3D) structure
that brings in close proximity genomic sites that are physically separated on the linear
DNA strand, or lie on different chromosomes, and conversely, separates proximal genomic
sites through specific folding barriers (Lieberman-Aiden et al. 2009; Jerkovic and Cavalli
2021). Such 3D chromosome structure has revealed multiple levels of organization across
genomic scales. These levels of organization range from small-scale chromatin loops of a few
kilobases that could contribute to transcriptional regulation based on DNA-DNA contacts, to
large-scale subdomains composed of hundreds of kilobases that arrange large chromosomal
regions into active or silent chromatin regions in ‘A’ and ‘B’ subdomains, respectively (Rao et
al. 2014; Holwerda and De Laat 2012; Rowley and Corces 2018; Eagen et al. 2017).

Local 3D chromosome interactions shape chromosome structure into discrete
genomic regions, commonly known as topologically associating domains (TADs). TADs are
physically self-interacting genomic regions that are delineated by TAD boundaries that
display less interaction to adjacent genomic regions (Dixon et al. 2012; Szabo et al. 2019).
Although the function of TADs is controversial and still under debate (Ghavi-Helm et al.
2019; Kaushal et al. 2021; Cavalheiro et al. 2021; Arzate-Mejia et al. 2020), several studies
have associated the organization of TADs with transcriptional regulation by limiting the
interaction of regulatory sequences with their gene targets (Dixon et al. 2012; Rao et al.
2014; Cavalheiro et al. 2021). Other studies implicate TADs in genome replication by keeping
origins of replication synchronized and active within TADs (Eser et al. 2017; Yang et al. 2019).
Studies into various groups of related organisms uncovered evolutionary conservation of TAD
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organization (Harmston et al. 2017; Fudenberg and Pollard 2019; Golicz et al. 2020; Krefting
et al. 2018; Liu et al. 2017; McArthur and Capra 2021; Rowley et al. 2017; Rao et al. 2014;
Yang et al. 2019; Huynh and Hormozdiari 2019). In metazoans, genes and TADs co-localize
by their evolutionary age, suggesting a high degree of conservation of TAD organization
(James et al., 2021). Moreover, conserved TADs between different species display similar
transcription patterns of genes residing within TADs (Yang et al. 2019; Krefting et al. 2018;
Rao et al. 2014; Liao et al. 20212; Torosin et al. 2020). Furthermore, the genomic regions
comprising particular TADs appear to have reshuffled integrally during metazoan evolution
(Liao et al. 20213; Krefting et al. 2018; Yang et al. 2019; Szabo et al. 2019). Unexpected
changes in TAD organization potentially lead to variations in gene expression patterns,
and therefore to important phenotypic modifications (Szabo et al. 2019; Niu et al. 2021).
For example, changes in TAD organization are associated with developmental alterations
and particular human diseases (Anania and Lupidfiez 2020; Lupiafiez et al. 2016). Recently
transient modifications of TAD organization were also associated with quick transcriptional
changes upon environmental cues, suggesting an active role of TADs in transcriptional
regulation (Li et al. 2015; Liang et al. 2021; Kainth et al. 2021). Thus, it seems clear that
changes in 3D genome organization are potentially relevant for phenotypic variations and
quick transcriptional responses in changing environments.

In the fungal model organisms Saccharomyces cerevisiae, Schizosaccharomyces
pombe, and Neurospora crassa, the 3D chromosomal organization is linked to
heterochromatin distribution (Mizuguchi et al. 2014; Schalbetter et al. 2019; Muller
et al. 2018; Rodriguez et al. 2022; Galazka et al. 2016; Klocko et al. 2016). Structurally,
heterochromatic regions in TAD boundaries are associated with permissive cohesin
and condensin | binding (Mizuguchi et al. 2014; Eser et al. 2017; Schalbetter et al. 2019;
Hoencamp et al. 2021). Cohesin and condensin | are architectural DNA-binding proteins
widely known to cooperate in chromosome folding, and assist in chromosome organization
during meiosis and mitosis (Hirano 2016; Kalitsis et al. 2017). Additionally, heterochromatin
is typically associated with repeat-rich regions (Lippman et al. 2004). In the endophytic
fungus Epichlée festucae, repeat-rich regions often colocalize with TAD boundaries and are
therefore associated with genome folding (Winter et al. 2018). Moreover, genes that are
highly expressed in planta are enriched near those repeat-regions (Winter et al. 2018). In
several other fungi it has been observed that heterochromatic regions are associated with
the regulation of environmentally responsive genes, such as in planta induced genes or
genes expressed upon heat-shock (Kainth et al. 2021; Meile et al. 2020; Kramer et al. 2022;
Zhang et al. 2021b; Connolly et al. 2013). Collectively, these findings suggest a structural
correlation between the 3D chromosome organization, heterochromatin, and repeat-rich
regions, putatively linked with transcriptional regulation in response to environmental
challenges in fungal organisms.

The genomes of many plant pathogenic fungi display a two-tier organization in which
particular gene-poor and transposable element (TE)-rich genomic regions are evolutionary
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more dynamic than the relatively stable core genome (Raffaele and Kamoun 2012; Dong et
al. 2015; Torres et al. 2020). Such dynamic regions often contain environmentally responsive
genes, including genes that encode in planta secreted proteins, and display increased
frequencies of nucleotide substitutions, genomic rearrangements, presence/absence
polymorphism and are typically associated with facultative heterochromatin (Rouxel et al.
2011; Raffaele and Kamoun 2012; de Jonge et al. 2013; Dong et al. 2015; Dutheil et al. 2016;
Peng et al. 2019; Tsushima et al. 2019; Cook et al. 2020; Frantzeskakis et al. 2019; Kramer et
al. 2022; Goodwin et al. 2011; Ma et al. 2010). Conversely, TE-poor regions are gene-dense,
harbor primary metabolic genes, and are often associated with euchromatin (Seidl and
Thomma 2014; Dong et al. 2015; Frantzeskakis et al. 2019; Cook et al. 2020; Schotanus et al.
2015; Kramer et al. 2022). Collectively, this two-tier organization is typically referred to as a
‘two-speed genome’ (Raffaele and Kamoun 2012; Raffaele et al. 2010; Dong et al. 2015). TE-
rich genomic compartments play important roles in the coevolutionary ‘arms-race’ between
pathogens and their hosts, as the increased frequency of genomic variation can more rapidly
delete or diversify genes encoding proteins recognized by plants, or it could generate genes
encoding proteins with novel functions in pathogenicity (Seidl and Thomma 2017; Croll and
McDonald 2012; Frantzeskakis et al. 2019; Torres et al. 2020). Presently, it remains unclear
what role the 3D genome organization plays in this genomic compartmentalization.

The asexual soil-borne fungal plant pathogen Verticillium dahliae is a notorious
vascular wilt pathogen that can infect hundreds of plant species (Fradin and Thomma 2006).
Comparative genomics among V. dahliae strains has revealed the presence of extensive
large-scale genomic rearrangements associated with discrete TE-rich regions (de Jonge et al.
2013; Faino et al. 2015, 2016; Torres et al. 2021). These rearrangements are associated with
the occurrence of extensive segmental duplications that underwent substantial reciprocal
gene losses leading to a high degree of presence/absence polymorphism that, collectively,
contributed to the formation of the genomic compartments formerly known as lineage-
specific regions (de Jonge et al. 2013; Faino et al. 2015, 2016; Klosterman et al. 2011). Recent
work on the chromatin landscape in V. dahliae revealed that these regions display unique
chromatin characteristics that are shared by additional regions in the genome that were not
previously recognized as lineage-specific based on comparative genomics alone (Cook et al.
2020). Collectively, these regions are now referred to as adaptive genomic regions (AGRs)
(Cook et al. 2020). Importantly, AGRs are enriched in in planta-induced genes including those
that encode effector proteins, but also for genes that are differentially expressed between
in vitro growth media, suggesting that these regions contain conditionally responsive genes
that contribute to host colonization and environmental adaptation (de Jonge et al. 2013;
Cook et al. 2020; Torres et al. 2021; Kramer et al. 2022). While a key role of TEs in driving
the formation and maintenance of centromeres and AGRs in V. dahliae has been revealed
(Faino et al. 2016; Cook et al. 2020; Seidl et al. 2020; Torres et al. 2021), it presently remains
unclear how chromosome folding affects the organization and evolution of the core genome
and AGRs. Here, we explore the chromatin conformation of V. dahliae with DNA proximity
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ligation followed by sequencing (Hi-C) to uncover the spatial organization of the core
genome and the AGRs in detail. In our analysis, we include the whole Verticillium genus. Our
analysis reveals a unique chromatin conformation of AGRs, and further unveils ancestral
conservation of chromosome organization in the core genome in the Verticillium genus.

Results

The Verticillium dahliae genome is locally organized in topologically
associating domains (TADs)
We sought to determine if the differential association of particular histone marks to the core
genome and to AGRs in V. dahliae (Cook et al. 2020) may be correlated with a differential
spatial organization of DNA in the nucleus (Rowley et al. 2017; Depotter et al. 2019). To
investigate the chromatin organization in V. dahliae, we performed chromatin conformation
capture sequencing (Hi-C) in two biological replicates of V. dahliae strain JR2 cultivated for
6 days in potato dextrose broth (PDB). As the Hi-C data between the replicates displayed
a high correlation (Supplementary Fig.1A-D), we combined these in a single interaction
matrix. As expected, we observed a negative correlation between interaction strength
and genomic distance (Fig. 1A) that arises from genomic regions interacting strongly with
neighboring genomic regions (Dekker et al. 2013). To further investigate the occurrence of
discrete clusters of strong DNA interactions, we predicted TAD organization based on the
insulation score method (Ramirez et al. 2018). Building on the notion that a TAD is a self-
interacting genomic region with sequences that physically interact more with each other
than with sequences outside the TAD, we calculated the insulation score of each bin on the
Hi-C interaction matrix (average bin size ~4 kb) by determining the interaction strength with
the adjacent bins. Bins that display a low insulation score weakly interact with neighboring
bins and consequently were assigned as a TAD boundary region. The bins between two TAD
boundaries were therefore assigned to a single TAD. Using this approach, we identified in
total 353 TADs (mean size 102,394 bp) separated by 347 TAD boundaries (mean size 4,747
bp) that are distributed along the eight chromosomes of V. dahliae strain JR2 (Fig. 1B,C,E,
Supplementary Fig.1E,F). Taken together, the high reproducibility between two independent
samples and the identification of clear TAD boundaries in the combined interaction matrix,
suggests a confident prediction of TADs as units of chromosomal organization in V. dahliae.
In various eukaryotes, chromatin loops and TAD boundary regions are enriched
in sequence motifs for DNA-binding insulator proteins, such as the zinc-finger CTCF and
the cohesin ringed complexes in vertebrates, or condensin | in yeasts (de Wit et al. 2015;
Dong et al. 2017; Ramirez et al. 2018; Anderson et al. 2019; Hoencamp et al. 2021). To
investigate the presence of similar protein-binding motifs in the boundaries of V. dahliae
TADs, we queried the 347 boundary sequences for potential motifs de novo using MEME
(Bailey et al. 2015). This analysis revealed two significantly enriched motifs; an 11 bp GAAG
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motif that is present in 68.6% of the TAD boundaries (p=6.5x107% Supplementary Fig.1G),
and a 24 bp TATA motif in 18.2% of the boundaries (p =1.2x10°; Supplementary Fig.1G). To
further analyze these two motifs, we queried these in the JASPAR 2018 and YEASTRACT 2018
databases using TomTom (Fornes et al. 2020; Monteiro et al. 2020; Bailey et al. 2015). The
GAAG motif showed a significant match to the Azflp transcription factor of S. cerevisiae (p
=8.74x10), a Zinc-finger protein known to regulate the expression of genes under different
carbon sources (Mirzaei et al. 2013; Newcomb et al. 2002; Slattery et al. 2006). Similarly, we
found a significant match for the TATA motif (p =2.9x10%) to an HMG (High Mobility Group)
nucleosome remodeler, know to slide and eject nucleosomes to regulate gene transcription
(Schlichter et al. 2020; Hepp and Gutierrez 2014; Ragab and Travers 2003). Presence of the
motifs coincides with a decline in chromatin accessibility, as determined by the assay for
transposase-accessible chromatin (ATAC; Supplementary Fig.1G,H), suggesting DNA-protein
interactions at these sites. Even though we find clear enrichment of these motifs in TAD
boundaries, the putative function of their protein binding partners does not appear to
be that of the DNA-binding insulator proteins CTCF, cohesin and condensin. Although we
cannot rule out that these motifs in V. dahliae are recognized by proteins that function in
TAD separation, it Is more likely that they function in other boundary-associated processes.

We reasoned that the previously reported genome compartmentalization of V.
dahliae into core genome and AGRs could be associated with a differential TAD organization
between these two compartments. Therefore, we investigated the TADs and TAD boundaries
within the context of both genomic compartments. Globally, of the 353 TADs and 347 TAD
boundaries that we identified in the V. dahliae genome, 277 TADs (78.47%) and 308 TAD
boundaries (88.76%) could be assigned to the core genome, and 76 TADs (21.53%) and 39
TAD boundaries (11.24%) to an AGR. Interestingly, we observed that AGRs are enriched for
relative weakly insulated TAD boundaries (Fig. 1D), indicating that the insulation of TADs in
AGRs is ‘weaker’ than in the core genome. Moreover, we observed a correlation of weak
boundaries with smaller TADs in AGRs (Supplementary Fig.1l), suggesting a correlation
between insulation and length of TADs.
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Figure 1. The Verticillium dahliae genome is organized in topological associating domains (TADs).

(A) Distance-dependent interaction frequency (Hi-C contacts) in JR2 shows that most physical interactions occur
between regions in close proximity on the linear space. (B) Hi-C contact matrix showing local interaction frequency,
aggregated over all TADs (black bars) with 50 kb up- and down-stream sequence. The drop in intensity at boundaries
at either side of the TADs indicates stronger interaction within TADs than with neighboring genomic regions. (C)
Heatmap showing insulation scores centered over boundaries with 50 kb up- and down-stream sequence as rows,
ordered on insulation score with weakest insulated boundaries (i.e. having the highest insulation score) on top.
The top plot displays the average insulation score as shown in the heatmap below. (D) TADs in AGRs are less well
insulated when compared with TADs in the core genome. The X-axis indicates quintiles of boundaries, separated
based on insulation scores. The Y-axis indicates Z-score and the -log10(p-value) color-scale after a permutation
test (10,000 iterations). The plot displays a linear regression (blue line) and confidence interval (light blue) as
well as the R and p-value after linear regression. (E) TAD distribution in V. dahliae strain JR2, with a section of
chromosome 5 as an example. From top to bottom: Hi-C contact matrix depicting TADs as black triangles, open
chromatin regions as determined with ATAC-seq, H3K4me2, H3K27ac, H3K27me3, and H3K9me3 normalized over
a micrococcal nuclease digestion control, GC methylation, as well as gene and transposable element (TE) densities
in 10 kb windows. Adaptive genomic regions (AGRs) (Cook et al. 2020) and the centromeric region (Seidl et al.
2020) are indicated in blue and black, respectively. (F) Chromatin characteristics are differentially associated with
TAD boundaries in the core genome and in AGRs. On top, distribution of each chromatin feature in (E) centered for
boundaries with 50 kb up- and down-stream sequence, for the core genome (dark color) and AGRs (light color). On
the bottom the corresponding heatmaps are shown for the core genome and AGRs.

Chromosome organization is typically associated with chromatin characteristics, such as DNA
methylation and histone modifications (Rowley and Corces 2018). Therefore, we analyzed the
distribution of a set of histone marks, and of DNA methylation, over the TADs and boundaries.
In line with previous results (Cook et al. 2020; Kramer et al. 2021, 2022; Seidl et al. 2020;
Torres et al. 2021), we observed that the gene-rich core genome is enriched in H3K27ac
and H3K4me2, while the centromeres and TE-rich core regions are enriched in H3K9me3
and DNA methylation, and AGRs are enriched in H3K27me3 (Fig. 1E,F, Supplementary
Fig.2). We observed that such broad chromatin associations are maintained similarly on
TADs and boundaries, suggesting that chromatin characteristics associate with the overall
separation into core genome and AGRs, rather than with TAD organization (Supplementary
Fig.3). Interestingly, for the core genome, our analysis revealed that boundary regions show
higher chromatin accessibility, and reduced presence of heterochromatin-associated marks
(H3K9me3, DNA methylation) than TADs (Fig. 1F, Supplementary Fig.3). In contrast, we did
not observe major differences in chromatin accessibility at TADs and boundaries in AGRs.
However, boundary regions in AGRs are depleted in H3K9me3 and in activation marks
(H3K4me2, H3K27ac), but enriched in H3K27me3 and DNA methylation when compared
with TADs in AGRs (Fig. 1F, Supplementary Fig.3). These differences in chromatin state
between TADs and boundaries for both the core genome and AGRs suggests that TADs and
TAD boundaries may differ in functionality, not only between each other, but also between
the two genomic compartments.
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Local TAD organization impacts transcriptional regulation

Considering the differential enrichment of particular chromatin marks between TADs and
boundaries in AGRs, and the enrichment of AGRs in conditionally responsive genes that
contribute to host colonization and environmental adaptation (de Jonge et al. 2013; Cook et
al. 2020; Kramer et al. 2022), we hypothesized that genes located in the core genome and
in AGRs differ in their transcriptional profile between TADs and boundaries. To investigate
this, we first determined the occurrence of genes over TADs and boundaries for both
genomic compartments. Previous studies uncovered that the core genome contains more
genes and fewer TEs compared with AGRs (de Jonge et al. 2013; Faino et al. 2016; Torres
et al. 2021). Interestingly, within the core genome we observed a significant enrichment
of genes, and a corresponding depletion of TEs, in the TAD boundaries when compared
with TADs (Fig. 2A). However, within AGRs we do not observe enrichment or depletion of
genes and TEs in boundaries (Fig. 2A). Genes localized at TAD-like boundaries are enriched
in functions associated with carbohydrate metabolism, RNA processes, and translation and
mostly depleted in functions associated with pathogenicity (Fig. 2B). The genetic differences
between TADs and boundaries in the core genome, and the epigenetic differences between
TADs and boundaries in AGRs, suggests that TAD organization may impact transcriptional
regulation.
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Figure 2. Topological associating domain (TAD) organization affects transcription in Verticillium dahliae.

(A) Average density of genes and transposable elements (TEs) per 1 kb window centered over boundaries with 50
kb up- and down-stream sequence in the core genome and in adaptive genomic regions (AGRs) of V. dahliae strain
JR2. The core genome (dark color) and in AGRs (light color). (B) Cluster for orthologs (COGs) gene enrichment in
TAD-like boundaries. The y-axis depicts the COG categories and the x-axis the z-score after a permutation test
(10,000 iterations); negative z-score indicates depletion, while positive z-score shows enrichment. The significance
is shown as —logl0(FDR adjusted p-value) and is color-coded; circle size is relative to the number of genes
overlapping in boundaries per each category. The bar charts on the right indicates the proportion of genes in
boundaries that occur in the core genome and AGRs. (C) Genes in lowly insulated boundaries are lower expressed
than those in more highly insulated boundaries. Association between TAD boundary quintiles, separated on
insulation score, and transcription of genes located in TAD boundaries. The Y-axis depicts the Z-score, colour of the
datapoints indicates the -log10(p-value) after a permutation test (10,000 iterations) and size of datapoints indicates
mean transcription value (TPM) of represented genes. A linear regression (blue line), with 95% confidence interval
(light blue), between boundary quintiles is displayed. (D) Transcription values for V. dahliae cultivated for 6 days
in potato dextrose broth (PDB) and (E) absolute log2-fold change in expression between cultivation in PDB or
in Czapec-Dox medium (CZA), for all genes grouped based on their distance to the closest boundary in the core
genome (grey) or in AGRs (blue). Statistically significant differences in average transcription level for the distance
groups was compared to the group of genes located in boundaries (distance 0) and determined by the Wilcoxon
Rank-Sum test (* p< 0.05). (F) Linear regression effect size of each TAD on differential gene expression between
cultivation for 6 days in PDB or in CZA. Mean effect size of each TAD is shown as a point, with 95% confidence
interval, and TADs with a significant effect (95% confidence interval is significantly different from 0) are shown in
color and labelled by corresponding chromosome and TAD number, for TADs in the core genome (black labels) and
in AGRs (blue labels).

THREE-DIMENSIONAL CHROMATIN ORGANIZATION DETERMINES EVOLUTION 167



To further study the impact of TAD organization on gene expression, we queried
previously generated expression data of V. dahliae cultivated for 6 days in PDB (Kramer et
al. 2022), which is the same cultivation condition as used for our Hi-C data. To this end, we
performed a Uniform Manifold Approximation and Projection for Dimensional Reduction
(UMAP) on all V. dahliae genes, based on DNA methylation, CRI (Composite Repeat Index),
H3K27ac, H3K27me3, H3K4me2, and H3K9me3. In line with previous observations, genes
are mainly separated in clusters representing the core genome and AGRs (Supplementary
Fig.4) (Cook et al. 2020). Additionally, when considering only boundary genes, we observe
that the UMAP cluster containing AGR genes is enriched for H3K27me3, while the cluster
containing core genes is enriched for H3K27ac. Furthermore, we observe a clear separation
based on transcriptional activity, with genes in boundaries of the core genome generally
displaying higher transcription levels, associated with increased H3K4me?2 levels, than genes
in AGR boundaries (Supplementary Fig.4). As we reported above that AGRs are enriched
for weak boundaries (Fig. 1D), we sought to investigate a potential relationship between
gene expression and insulation strength of boundaries. Interestingly, we observed a positive
correlation between boundary insulation and expression level (Fig. 2C, Supplementary
Fig.4), indicating that genes in weakly insulated TAD boundaries are generally lower
expressed than genes in strongly insulated boundaries. To investigate if transcriptional
activation is dependent on distance to boundaries, we grouped V. dahliae genes based
on their distance to the closest boundary and quantified their expression. We observed
that genes located within TAD boundaries in the core genome and in the AGRs, are lower
expressed than those located further in the TADs (Fig. 2D). However, the expression of
genes within TAD boundaries in the core genome is notably higher than the expression of
genes within boundaries in AGRs, whereas genes further away from boundaries in the core
genome and AGRs are similarly expressed (Fig. 2D). Taken together, these findings indicate
that genes localized in proximity to weak AGR boundaries are strongly silenced in vitro, yet
strong boundaries in the core genome are equally transcriptionally active as the adjacent
TADs.

As TADs are thought to function as regulatory units for differential gene expression
(Cavalheiro et al. 2021; Gonzalez-Sandoval and Gasser 2016), we hypothesized that
differentially expressed genes (DEGs) are enriched within TADs, and thus are depleted
in boundaries. To test this hypothesis, we first examined the occurrence of differentially
expressed genes (DEGs) between cultivation in potato dextrose broth (PDB) and in Czapec-
Dox medium (CZA) in vitro. Previously, we have shown that DEGs are enriched in AGRs as
well as in H3K27me3 domains in the core genome (Cook et al. 2020; de Jonge et al. 2013;
Kramer et al. 2022), indicating that TADs in both the core genome and in AGRs may function
as regulatory units for differential gene expression. We identified a total of 1,844 DEGs
(1,005 higher expressed in PDB and 839 higher expressed in CZA), yet we did not observe
differences in DEG presence between TADs and boundaries in the core genome nor in AGRs
(Fig. 2E). Additionally, when inspecting the absolute log2 fold-change for the expression of
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genes in relation to their distance to the closest boundary, we observed that only genes at
a distance of 5-15 kb and >25 kb from TAD boundaries in AGRs are significantly stronger
differentially expressed than genes located in AGR boundaries (Fig. 2E), suggesting that
differential gene expression in vitro does not depend on the local physical TAD organization,
and thus rather is a general feature of genes In AGRs.

To investigate whether genes localizing within the same TAD in V. dahliae display
transcriptional co-regulation, we fitted a linear model in which differential expression
between cultivation in PDB and CZA of each gene is predicted by TAD association. Co-
expressed genes in TADs will result in a positive or negative score for that TAD, depending
on the prevalent direction of differential gene expression, while opposite direction of
differential gene expression within a TAD results in a mean effect of zero. We identified 19
TADs with confidence intervals that are not zero, and therefore have a significant effect on
transcription (Fig. 2F). Of these TADs, 17 are associated with AGRs and two with the core
genome (Fig. 2F), suggesting that transcriptional co-regulation of expression mainly occurs
in AGRs. To corroborate these findings, we checked whether TADs in the core genome
and those in AGRs contain genes that display a common transcriptional pattern of higher
expression in PDB than in CZA, or vice versa. First, we selected only TADs with more than
five DEGs, as we did not consider TADs with fewer DEGs to be co-regulated. In total, 68 out
of 258 (26.4%) in the core genome, and 64 out of 96 (6.7%) TADs in AGRs, contain more
than five DEGs (Supplementary Fig.4B). Of these TADs, 13 out of 68 (19.1%) and 19 out 64
(29.7%) in the core genome and AGRs, respectively, contain more than twice the number of
genes that are higher expressed in one of the growth media than in the other one, and thus
display co-regulation of differential transcription (Supplementary Fig.4B). Taken together,
our results suggest that TAD organization affects transcription in vitro, and that although
some TADs display transcriptional co-regulation of gene expression, this occurs only for a
subset of TADs that predominantly locate in AGRs.

TAD boundaries are depleted of genomic variation

TADs are often considered to be conserved between closely related organisms (Spielmann
et al. 2018; McArthur and Capra 2021). To study whether TADs are conserved between
strains of V. dahliae, we performed chromatin conformation capture sequencing (Hi-C)
in two biological replicates of V. dahliae strain VdLs17 that is 98% syntenic to strain JR2
(Fig. 3A) (Klosterman et al. 2011; de Jonge et al. 2013; Faino et al. 2015). Following the
same methodology as for strain JR2, we combined the biological replicates (between
replicate correlation >0.89; Supplementary Fig.5A,B) in a single interaction matrix and
predicted 365 TADs (mean length=98,558 bp) and 357 boundaries (mean length=4,506
bp) (Supplementary Fig.5C). Remarkably, the TAD organization in VdLs17 displays similar
patterns of insulation scores, gene-enrichment, TE-depletion, and DNA motif enrichment
in boundaries as in strain JR2, suggesting that these TAD characteristics are conserved in
V. dahliae (Supplementary Fig.5C-H). To investigate if also TAD localizations are conserved
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between the two strains, we normalized the boundary distribution over syntenic regions and
tested their overlap between VdLs17 and JR2 (n=342 and n=330 TADs in syntenic portion,
respectively). Interestingly, we observed a significant overlap between the boundaries of the
two strains (n=225, p=9.6x10-4, one-way Fisher exact test; Fig. 3A), and an overall overlap
in TAD positions (Fig. 3B; Supplementary Fig.5G). Originally, AGRs in strain JR2 were defined
based on absence of synteny with genomic regions in other V. dahliae strains (de Jonge et
al. 2013; Klosterman et al. 2011; Faino et al. 2016), whereas more recently AGRs have been
defined based on their epigenetic profile (Cook et al. 2020). As we do not presently have
the required complex epigenetic data to determine AGRs in strain VdLs17, we divide the
genome of VdLs17 into syntenic and non-syntenic compartments based on the genomic
comparison to JR2. Non-syntenic compartments of the VdLs17 genome are enriched for
weak TAD boundaries (z-score=2.3858, p=0.00001, permutation test after 10,000 iterations;
Supplementary Fig.5H), which is similar to what we observed for AGRs in the JR2 strain.
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Figure 3. TAD organization is conserved between two Verticillium dahliae strains.

(A) Top: V. dahliae strains JR2 and VdLs17 are highly similar as 97.84% and 98.30% of their respective genomes are
syntenic (Faino et al. 2016). Bottom: Most of the TAD boundaries overlap significantly between JR2 and VdLs17. (B)
Syntenic block between JR2 chromosome and VdLs17 chromosome 5 shows conserved distribution of TADs and
boundaries. Heatmaps represent contact matrixes of JR2 (top) and VdLs17 (bottom) with TADs (white triangles).
TADs are also displayed as grey bars between heatmaps. Genes and transposable elements (TEs) are displayed
above. (C) Boundaries are not enriched for genomic variation in a set of 42 V. dahliae strains. presence/absence
variation (PAVs) (Cook et al. 2020). Right: single nucleotide variants (SNVs) (Torres et al. 2021). (D) Cumulative
frequency plot of structural variant (SV) breakpoints over distance from boundaries in the core genome (dashed
line) and in AGRs (solid line), overlaps with boundaries (distance = 0) are included. SVs are separated in deletions
(DEL, orange), duplications (DUP, yellow), inversions (INV, green) and translocations (TRA, blue) (Torres et al. 2021).
(E) TAD boundaries in AGRs contain more SVs than expected by chance, whereas TAD boundaries in the core
genome contain fewer SVs than expected by chance. Color code of SVs is similar as in (D) for SVs in boundaries in
the core genome (open circles) and in AGRs (open triangles), as well as for boundaries in syntenic (solid circles)
and non-syntenic (solid triangles) genomic regions and for polymorphic TEs (grey circles (Torres et al. 2021)). (F)
Synteny breaks caused by the insertion of transposable elements may give rise to new TAD boundaries in V. dahliae
strain JR2. Heatmaps represent contact matrixes of JR2 (top) and VdLs17 (bottom) with TADs (white triangles),
and TADs, genes and TEs are displayed in between. Synteny between JR2 and VdLs17 indicated as grey blocks. A
VdLTRE1 insertion in strain JR2 is indicated in yellow.

As genomic rearrangements directly impact genome organization, while we
observe that TAD boundaries are conserved between V. dahliae strains JR2 and VdLs17, we
hypothesized that TAD boundaries may be depleted of such genomic variation. Previously,
genomic comparisons between V. dahliae strains have revealed extensive genomic
rearrangements and structural variations (SVs) (de Jonge et al. 2013; Faino et al. 2015; Torres
et al. 2021; Depotter et al. 2019; Shi-Kunne et al. 2018). To study the association between
SVs and TAD boundaries, we used previously generated data for a set of 42 V. dahliae strains
(Cook et al. 2020; Torres et al. 2021) to query the distribution of single nucleotide variants
(SNVs) and presence/absence polymorphisms (PAVs) over TAD boundaries in V. dahliae strain
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JR2. The PAV data was generated by summarizing genomic segments of V. dahliae strain JR2
that were absent in the other strains and therefore concerns absence counts relative to
the genome of strain JR2 (Cook et al. 2020). Interestingly, we observed a depletion of SNVs
and of PAVs in TAD boundaries in the core genome (Fig. 3C,D). However, TAD boundaries in
AGRs showed more PAVs (Supplementary Fig.6C), together with a lower nucleotide diversity
(Supplementary Fig.6A,B), indicating that TAD boundaries in the core genome are strongly
depleted in genomic variation, while boundaries in AGRs are evolutionary less stable. As
boundaries in the core genome and in AGRs differ with respect to genomic variation, we
next questioned if presence of genomic variation in boundaries correlated with insulation.
However, we observed no significant correlation between insulation on the one hand
and either SNVs (R = -0.56, p = 0.16, Supplementary Fig.6B) or PAVs (R = -0.76, p = 0.068,
Supplementary Fig.6C) on the other hand.

To continue our investigations into genomic variation in relation to TAD
organization, we next studied different categories of SVs. We observed that deletions,
duplications, inversions, and translocations occur more commonly in TADs than in
boundaries, indicating depletion of genomic variation from TAD boundaries (Fig. 3D). To
assess whether this depletion may be due to purifying selection, we calculated the expected
amount of SV breakpoints and SV coverage occurring in boundaries, based on their genome
wide occurrences, and compared this to the measured number of breakpoints and their
coverage. SV categories displaying fewer breakpoints and lower coverage than expected
in boundaries are considered to be under purifying selection, as SVs displaying negative
selection are expected to display lower frequency of occurrence as well as lower total
coverage (Fudenberg and Pollard 2019). As expected, the different SV categories appear
to be under purifying selection in boundaries in syntenic regions (Fig. 3E). Conversely, SVs
occur more commonly over TAD boundaries in non-syntenic regions and in AGRs, which
is in line with previous observations that suggested that SVs in non-syntenic regions are
tolerated (Fig. 3E) (Torres et al. 2021). Thus, our results show that SVs in boundaries in the
syntenic core genome undergo purifying selection, suggesting that genomic stability at TAD
boundaries is important for species adaptation.

Prior studies have indicated that SVs in V. dahliae often colocalize with polymorphic
TEs that display PAV between strains and are characterized as evolutionary young, scarcely
methylated and highly expressed (Torres et al. 2021). As TE activity may have been involved
in the generation of SVs (Faino et al. 2016; Torres et al. 2021), we investigated whether
polymorphic TEs occur more frequently in TADs than in boundaries. We identified 36
polymorphic TEs (21.8% of the total) that display PAV between V. dahliae strains JR2 and
VdLs17, mainly concerning TEs present in V. dahliae strain JR2 that are absent from VdLs17.
However, we observed no overrepresentation nor depletion of polymorphic TEs in boundary
regions (Fig. 3E). Nevertheless, interestingly, some TE insertions in V. dahliae strain JR2 occur
at a ‘new’ TAD boundary or at a site of boundary rearrangement (Fig. 3F, Supplementary
Fig.6D,E), suggesting that polymorphic TEs may drive changes in the TAD organization.
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TAD organization in the core genome is evolutionary conserved in the
Verticillium genus

Genomic regions that are syntenic between species, often also display conservation
of TAD organization (Dixon et al. 2012; Yang et al. 2019). As we observed that TADs and
boundaries are conserved between strains of V. dahliae (Fig. 3A,B), we hypothesized that
TAD organization is similarly conserved in other within the Verticillium species. Therefore,
we aligned the genomes of all ten Verticillium species and retained the genomic regions
that aligned to V. dahliae strain JR2 (Supplementary Fig.6F). As expected, relatively distantly
related species such as V. albo-atrum shared less syntenic content (78.30%) with V. dahliae
JR2 than closely related species such as V. alfalfae (94.56%). The allodiploid species
V. longisporum, which is composed by three lineages that each arose from a different
hybridization event (strain VLB2=A1/D1, PDB589=A1/D3) between two V. dahliae strains
or between V. dahliae and an unknown species (Depotter et al. 2021), shared 50.57% and
44.70% for the strain VLB2 and PD589, respectively (Supplementary Fig.6F). To investigate
conservation of TAD boundaries between the Verticillium species, we used the generated
alignments to calculate conservation score (Siepel et al. 2005). As expected, we observed
a higher conservation score in the core genome than in AGRs (Fig. 4A). Interestingly, we
observed a higher conservation score in TAD boundaries in the core but not in the AGRs (Fig.
4A), which is similar to our comparison between V. dahliage strains JR2 and VdLs17 (Fig. 3C-E;
Supplementary Fig.6G), indicating that TAD organization is conserved within the Verticillium
genus as well.

To further assess the conservation of TAD organization in the Verticillium genus,
we used previously generated Hi-C data (Seidl et al. 2020; Depotter et al. 2021). Using the
same approach as for V. dahliae strains JR2 and VdLs17, we performed matrix normalization,
correction, and insulation score calculation for each species. As TAD boundaries of V.
dahliae strain JR2 display increased sequence conservation when compared with TADs,
we hypothesize that conserved TADs can be recovered as lowly insulated regions in the
Hi-C data of other Verticillium species. As we did not generate replicates of Hi-C data for
these species, we were unable to identify their TAD organization as reliably as for V. dahliae
strains JR2 and VdLs17 using the insulation method. Therefore, we conceived a sequence-
based method to predict boundaries in the other Verticillium species (Supplementary Fig.7).
To this end, we compared the sequence of all TAD boundaries in V. dahliae strain JR2 to
the genome sequences of the other Verticillium species. We first removed the boundaries
containing TE insertions, as TEs often occur abundantly in the genome, which may lead to
improper identification of TAD boundaries. Additionally, as we do not expect TAD sizes to
differ fundamentally among Verticillium spp., we removed putative boundaries that were
separated from contiguous boundaries by a distance shorter than the smallest TAD in V.
dahliae strain JR2 (Supplementary Fig.7A). Finally, we used the Hi-C data of each species to
assess whether the insulation score of the predicted boundaries is lower than for adjacent
genomic regions (Supplementary Fig.7A). To verify the validity of our sequence-based
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method for boundary identification, we first used it on the genome of V. dahliae VdlLs17,
of which the boundaries were also annotated using the insulation method (Fig. 3). Using
this method, we recovered 269 boundaries in VdLs17 (Supplementary Fig.7B-D) that display
significant positional overlap with the boundaries as determined by the insulation method
(z-score=27.1264, p=9.99x10-5; Fig. 4B).

As our sequence-based method for boundary identification proved reliable for V.
dahliae strain VdLs17, we next used this method to predict boundaries in the other Verticillium
spp. As expected, we observed that boundaries of V. dahliae strain JR2 are more likely to
be shared with phylogenetically close species (Fig. 4C). For instance, only 80 boundaries
were recovered in the more distantly related V. albo-atrum, whereas 254 boundaries were
predicted in V. alfalfae and 283 boundaries in V. longisporum strain PD589, that are both
relatively closely related to V. dahliae (Fig. 4C). In general, the predicted boundaries in
the Verticillium genus depict a drop in insulation score with the adjacent genomic regions
(Supplementary Fig.7E), indicating that we confidently assign TAD boundaries. Additionally,
we could recover full length TAD structures in the syntenic regions of the other species when
compared with JR2, possibly indicating a high conservation of TADs in the core genome
(Fig. 4D). Collectively, our results suggest that boundary sequences display a high degree
of conservation between species, especially those that are phylogenetically close, and that
not only the sequence, but also the depletion of physical interactions in the boundaries is
conserved.
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Figure 4. TAD boundaries
show signs of conservation in
the Verticillium genus.

(A) TAD boundaries are more
conserved than TADs. Boxplots
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genome and in AGRs. P-values
shown represent the result
of a one-way Wilcoxon rank
sum test. (B) Overlap in TAD
prediction for strain VdLs17
using the insulation method
(purple triangles) and the
JR2-sequence-based method
(green triangles), with partial
chromosome 1 of the strain
VdLs17 (755,315-1167941
bp) as example. Tracks depict
in grey and purple, TADs and
boundaries by the insulation
method respectively; in light
green and green, TADs and
boundaries by the sequence-
based method respectively;
Genes in blue and TEs in green.
(C) TAD boundaries predicted
in the ten Verticillium species
ordered according to JR2-
sequence-based method,
on the bottom-right the
total number of boundaries
predicted in each species. On
the bottom, a combination
matrix depicting combinations
of species (in green) in which
boundaries are shared. On
the top, the total amount of
boundaries shared for each
species combination. (D) (D)
TADs are conserved in syntenic
regions in the Verticillium
genus. One syntenic TAD
is shown in four species of
the Verticillium genus. Black
tringle indicates the TAD. Grey
and green tracks depict TADs
and boundaries respectively.
Genes in blue and TEs in green.
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Verticillium dahliae adaptive genomic regions colocalize within the
nucleus

Next to investigating local genome architecture, we sought to study the overall organization
of the DNA in the nucleus by assessing physical associations between regions that are
distant in the linear genome, here defined as >20 kb apart on the same chromosome or
those which are located on separate chromosomes (Lieberman-Aiden et al. 2009). We have
previously demonstrated that Verticillium centromeres colocalize within the nucleus (Seidl
et al. 2020). Thus, making use of these interactions as references, we identified additional
genomic regions that consistently colocalize based on a measurement of expected-observed
interaction counts. This measure considers contact frequencies and the relative distance
between regions by identifying those that interact at a higher frequency than the expected
average centromere to centromere interaction rate. For V. dahliae strain JR2, this resulted
in 1,842 long-range colocalization events, among which are 953 centromeric interactions
(Fig 5A, Supplementary Table 1). Interestingly, 475 of the 889 remaining non-centromeric
interactions (53.4%) involve AGRs (Fig 5A,B, Supplementary Table 1), which is a strong
overrepresentation (chi-squared test; p<0.05, Supplementary Table 2) given that ARGs
represent only 3.33 Mb (9.6%) of the 36.15 Mb total genome size of V. dahliae strain JR2
(Cook et al. 2020). Moreover, colocalization events that associate AGR regions with other
AGR regions comprise nearly one-third of the non-centromericinteractions (28.1%), whereas
AGR-core and core-core co-localization events make up 25.3% and 46.6%, respectively.
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Figure 5. Adaptive genomic regions
physically colocalize within the nucleus of
Verticillium dahliae strain JR2. All circular
plots display in the outer track the eight
chromosomes of V. dahliae strain JR2
with centromeres highlighted in yellow,
adaptive genomic regions (AGRs) in blue,
and core regions in white. (A) Long-range
interactions that exceed the average
interaction strength of centromeres are
shown as edges. Edges for centromeric
interactions are shown in yellow, AGR
interactions in blue, and core interactions
in grey. (B) Non-centromeric long range
interactions are shown as edges, with
inner tracks depicting histone modification
densities. From outside to inside: gene
density (10kb; black), H3K27ac, green;
H3K27me3, vyellow; H3K4me2, purple;
and H3K9m3, blue. (C) Edges represent
segmental duplications as identified
previously in Faino et al. (2016).
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Intriguingly, whereas all centromeres interact with each other (Fig. 5A) (Seidl et al.
2020), AGRs interactions concern bipartite colocalization events (Fig 5B). For example, AGR
regions from chromosome 2 (located at 2,719,271-3,070,641 bp and 3,232,606-3,474,600
bp) colocalize with AGR regions on chromosome 5 (3,672,718-3,699,257 bp), whereas
other AGR regions on chromosome 5 (556,510-987,441 bp) colocalize with AGR regions on
chromosome 4 (1,361,005-1,401,989 bp). The function and colocalization of centromeres in
V. dahliae strain JR2 correlates to the presence of CENH3 nucleosomes, presence of the AT-
rich transposable element VALTREY, and the heterochromatin-associated H3K9me3 (Seidl et
al. 2020). To identify epigenetic drivers of long-range interactions, we assessed the presence
of the histone marks H3K9me3, H3K27me3, H3K4me2, and H3K27ac as well as chromatin
accessibility (Cook et al. 2020; Seidl et al. 2020; Kramer et al. 2021, 2022) with the identified
long-range interactions. Importantly, we found no correlation between colocalizing AGR
regions and any of the assessed histone modifications (Fig 5B). In contrast, colocalizing
regions in the core genome displayed a significant increase of H3K9me3 (t-test, adjusted p
= 6.68x107"?7), and a decrease of H3K27me3 (p = 0.007), H3K4me2 (p = 4.39x10¢), H3K27ac
(p = 0.001), and chromatin accessibility (p = 1.07x10%), but given the low number of core-
core interactions, this pattern is strongly determined by the two colocalizing regions on
chromosome 1 (Seidl et al. 2020). Collectively, our results suggest that different mechanisms
govern the colocalization events of centromeric regions and of AGRs in V. dahliae.

The evolution of V. dahliae involved large-scale genomic rearrangements including
segmental duplications and reciprocal gene loss (Faino et al. 2016; Torres et al. 2021; Shi-
Kunne et al. 2018). Given that segmental duplications involving distal regions likely require
proximity of these regions, colocalization of AGR regions may be a driver for such events
(Ebert et al. 2014). Therefore, we hypothesize that the colocalization of AGR regions may
be associated with duplication events. Intriguingly, we observed that colocalizing AGR
regions are associated with duplication events (Fig, 5C); of the 475 colocalization events
that involve AGR regions, 260 involve segmental duplications (Fig. 5C, Supplementary
Fig.8A, Supplementary Table 3), which is a significant enrichment not only genome-wide
(z-test, p<0.05), but even within AGRs (z-test, p<0.05). Moreover, whereas genome-wide
264 interactions were recorded that involve segmental duplications, 260 (98.5%) concern
AGRs.

To assess whether similar colocalization of AGRs occurs in other strains than JR2 in
the V. dahliae population, we analyzed the HiC data of the strain VdLs17. Following the same
methods as in JR2, we identified 1,978 colocalization events, indicating that all centromeres
interact as expected in VdLs17 (Fig. 6A) (Seidl et al. 2020). Remarkably, similar as in JR2,
the VdLs17 non-centromeric colocalization events are enriched for AGR interactions that
involve 452 out of 1,451 (31.2%) non-centromeric colocalization events (chi-squared test; p
=8.5x10°%). Moreover, we also observed that AGRs that interact are strongly associated with
genomic duplications (Fig. 6B, Supplementary Fig.8B, Supplementary Table 1), indicating
that long-range AGR organization within the nucleus is conserved among V. dahliae strains.
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Figure 6. Adaptive genomic regions
physical interaction is conserved in
the Verticillium dahliae strain VdLs17.
All circular plots display in the outer
track the eight chromosomes of V.
dahliae strain VdLs17 with centromeres
highlighted in yellow, adaptive
genomic regions (AGRs) in blue, and
core regions in white. (A) Long-range
interactions that exceed the average
interaction strength of centromeres
are shown as edges similar colored as
in Figure 5. Centromeric interactions
are shown in yellow, AGR interactions
in blue and core interactions in grey.
(B) Non-centromeric long range
interactions are shown as edges. The
inner track depicts coding region
density (black). (C) Edges represent
segmental duplications as in Faino et
al., 2016
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The colocalization of adaptive genomic regions is evolutionary conserved
in the Verticillium genus

To assess whether the long-range colocalization patterns observed in V. dahliae similarly
occur in other Verticillium species (Fig 7, Supplementary Table 3,4), we also assessed the
Hi-C for other species. To consistently define AGRs throughout the Verticillium genus, we
queried the genome assembly of each species for the JR2-AGRs, and in addition included
the non-syntenic regions. We observed a similar overrepresentation of AGRs in long-range
interactions as observed for V. dahliae for several other Verticillium species (Supplementary
Table 5), namely V. albo-atrum, V. klebahnii, V. nubilum, and V. nonalfalfae. Interestingly, also
in these species, we found that AGR interactions are dominated by interactions between
segmental duplications. Moreover, although we were not able to demonstrate enrichment for
interactions between AGRs in V. tricorpus, V. alfalfae, V. isaacii, and V. longisporum, long-range
interactions also occur predominantly among segmental duplications in all of these except
for V. alfalfae (Supplementary Fig.9). This implies that the colocalization of AGRs and the
association with segmental duplications could contribution to the formation of AGRs (Faino
et al. 2016; Depotter et al. 2019), and thus our results indicate that the local and long-range
3D organization of the genome impact the evolution of V. dahliae and the Verticillium genus.
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Figure 7. Adaptive genomic regions physically colocalize within the nucleus across the Verticillium genus.

(A) Simplified Verticillium phylogeny showing the relationships between Verticillium species. Non-centromeric
interactions occur preferentially between adaptive genomic regions (AGRs) in different Verticillium species. For
all circos plot, outer track depicts centromeres in yellow, AGR regions in blue, and core regions in white. For every
genome, non-centromeric interactions exceeding the average interaction strength of centromeres are showed.
On the left: simplified Verticillium species phylogeny, Flavexudans and Flavhonexudans clades in blue and green,
respectively. Purple dot depicts V. dahliae position as reference (Supplementary Fig.6F). On the right: segmental
duplications within each genome for every species.
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Discussion

In eukaryotes, the DNA within the nucleus typically is subject to three-dimensional (3D)
folding, resulting in the local organization of chromosomes into so-called topologically
associating domains (TADs), and in the global organization of chromosomes, as for example
in the bundle of heterochromatic and euchromatic regions within the nucleus. Here, we
used chromatin conformation capture and high-throughput sequencing (Hi-C) to identify
the local and global 3D genome organization in the fungal plant pathogen Verticillium
dahliae. Our analyses reveal the presence of TADs in V. dahliae. Remarkably, we find that
TADs in the evolutionary dynamic AGRs of V. dahliae are less well insulated than TADs in the
core genome, indicating that TADs in AGRs are not as well established as those in the core
genome. Moreover, TADs in AGRs display significantly more co-regulation of gene expression
than TADs in the core genome. Furthermore, genes located in TAD boundaries are generally
lower expressed in AGRs in vitro, while stronger differentially expressed between in vitro
conditions, than genes located in TADs in AGRs. We find that TAD boundaries are depleted
for structural variation between Verticillium species, and that TADs are generally conserved
in the Verticillium genus. Interestingly, we show that the physical interaction of AGRs is
associated with abundant segmental duplications in V. dahliae, as we similarly confirmed
the same physical association in other Verticillium species. Collectively, our results provide
evidence for the local organization of the genome in TAD units and show that 3D organization
of AGRs is potentially associated with the genome evolution of the Verticillium genus.

The existence of TADs has been demonstrated in numerous eukaryotes (Wang et
al. 2018; Dixon et al. 2012; Liao et al. 2021a; Dong et al. 2017), and in fungi, similar TAD
structures have been observed (Mizuguchi et al. 2014; Eser et al. 2017; Tsochatzidou et al.
2017; Schalbetter et al. 2019; Rodriguez et al. 2022; Winter et al. 2018; Galazka et al. 2016).
Based on local interactions, we identified genomic regions with an average size of 100 kb that
display stronger interactions within these regions than with neighboring genomic regions,
reminiscent of metazoans TADs. The size of the regions is smaller than typical mammalian
TADs (200 kb - 2.5 Mb) (Dixon et al. 2012), yet similar to TADs in Drosophila, and reminiscent
TAD structures in the filamentous fungi N. crassa and E. festucae, and the yeast S. cerevisiae
(100 - 150 kb) (Eser et al. 2017; Liao et al. 2021a; Sexton et al. 2012; Winter et al. 2018;
Galazka et al. 2016). Our TAD prediction was performed for two strains of V. dahliae, and for
each of the strains we used independent biological replicates. Importantly, among strains as
well as among replicates we obtained a high degree of reproducibility, suggesting that we
have confidently predicted TADs as units of chromosomal organization in V. dahliae.

As TADs are genomic regions that interact more strongly within the region than
with neighboring regions, they separate genomes into discrete units (Szabo et al. 2018;
Chang et al. 2020). In this manner, TADs function in physically separating clusters of
replicating DNA (Pope et al. 2014). Replication generally occurs with coordinated timing
within genomic domains, called replication domains, and in several animal species as well
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as in S. cerevisiae, these domains largely correlate with a TAD structure (Eser et al. 2017;
Kolesnikova et al. 2018; Pope et al. 2014), suggesting that TADs can be seen as a unit of
replication. In addition to TADs functioning in DNA replication, for some TADs it has been
shown that transcriptional co-regulation of genes within the TADs occurs (Le Dily and Beato
2015; Le Dily et al. 2014; Jin et al. 2013; Nora et al. 2012; Gonzalez-Sandoval and Gasser
2016; Kim and Dean 2021; Yildirir et al. 2021; Winter et al. 2018). However, even for TADs that
display transcriptional co-regulation it currently remains unclear whether TAD organization
facilitates such transcriptional co-regulation, or whether shared transcriptional profiles and
the epigenetic status of the genes within a particular genomic region predispose a region to
become organized into a TAD (Rocha et al. 2015; Cavalheiro et al. 2021). Thus, for TADs in
V. dahliae it can presently only be concluded that a correlation between TAD organization
and gene expression exists. Only few TADs correlate with transcriptional co-regulation, as
observed in the arbuscular mycorrhizal fungus Rhizophagus irregularis and in E. festucae
(Yildirir et al. 2021; Winter et al. 2018). Similarly, in V. dahliae we find that transcriptional
co-regulation occurs in only 19 out of 353 TADs. It is not known what makes that these
particular TADs display transcriptional co-regulation, while most TADs do not show signs of
transcription co-regulation. Transcriptional co-regulation within TADs could be determined
by epigenetic characteristics of TADs. Remarkably, we find that 17 of the 19 TADs displaying
transcriptional co-regulation localize in AGRs. Previously we have shown that AGRs are
epigenetically distinct from the core genome (Cook et al. 2020). This difference between
AGRs and the core genome involves a lack of DNA methylation over TEs, as well as a general
enrichment in the histone modification H3K27me3 combined with accessible DNA in AGRs
(Cook et al. 2020). The enrichment in H3K27me3 at AGRs plays a role in transcriptional
regulation, as loss of H3K27me3 in a V. dahliae mutant strain induces the expression of
particular genes (Kramer et al. 2021). Additionally, we showed that changes in H3K27me3
levels between in vitro growth media only partially explains differential gene expression
(Kramer et al. 2021). An association between H3K27me3 and transcriptional regulation has
similarly been observed in various plant associated fungi (Studt et al. 2016; Mdller et al.
2019; Zhang et al. 2021b; Connolly et al. 2013; Soyer et al. 2014; Carlier et al. 2021) and it is
therefore conceivable that the presence of H3K27me3 over TADs in V. dahliae is associated
with transcriptional co-regulation of the genes within these. Nevertheless, we observed
that also within the AGRs only a fraction of TADs displays transcriptional co-regulation,
suggesting that the presence of H3K27me3 alone is not sufficient to regulate transcription,
and consequently other factors involved in regulating transcription are required.

TAD boundaries are the regions that mediate the separation of TADs (Dixon et
al. 2012; Van Bortle et al. 2014). Such boundaries have frequently been shown to display
a relatively high degree of conservation between closely related organisms (Rao et al.
2014; Fudenberg and Pollard 2019; McArthur and Capra 2021; Krefting et al. 2018), yet
their conservation has not been addressed for fungal species. Here, we show that the
boundaries between TADs display a high degree of conservation in the Verticillium genus.
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The conservation of TAD boundaries suggests that these are important for evolutionary
stability, or that boundaries serve additional roles, for instance in regulation of the global
3D genome organization. Interestingly, whereas we find that TAD boundaries in general are
conserved in Verticillium, TAD boundaries located in AGRs are not particularly conserved
between V. dahliae strains. This could mean that TAD organization in the evolutionary young
AGRs has not yet been firmly established, or that a clear TAD organization is important in
the core genome yet can be more relaxed in evolutionary dynamic AGRs. However, these
possibilities are not mutually exclusive. Remarkably, we found clear signs of TE insertions
coinciding with putatively newly generated TAD boundaries as well as with extensively
rearranged TAD boundaries. Interestingly, a recent study in cotton uncovered that cultivar-
specific TAD boundaries generally harbor more TEs than conserved TAD boundaries that are
shared between cultivars (Wang et al. 2021b). Moreover, it has been shown that de novo
insertions of HERV-H TEs in humans can introduce new TAD boundaries (Zhang et al. 2019).
As TE activity in V. dahliae is largely confined to AGRs (Faino et al. 2016; Torres et al. 2021),
we speculate that such TE activity may be involved in generating new TAD boundaries. In
addition to the low conservation of TAD boundaries in AGRs, we also observe that these
boundaries are generally weaker insulated than those in the core genome, suggesting that
TADs in AGRs are not as well established as those in the core genome. However, single-
cell research in human and Drosophila cells show that TADs are dynamic structures that
are continuously broken and formed, and that boundary positions can vary between cells,
especially in a heterogeneous population containing distinct cell types (Finn et al. 2019;
Luppino et al. 2020; Bintu et al. 2018; Szabo et al. 2018). Therefore, it cannot be excluded
presently that the weaker insulation of TAD boundaries in AGRs than in the core genome
is a consequence of TAD boundaries in AGRs being more dynamic among the cells used as
input for our Hi-C experiments. In metazoans, TAD boundaries are bound by CTCF proteins,
which are thought to be involved in maintaining TAD organization (Kentepozidou et al.
2020), and the amount of CTCF proteins bound to the TAD boundary correlates with the
insulation score (Gong et al. 2018; Barutcu et al. 2018). Therefore, the difference in TAD
boundary dynamics in AGRs and in the core genome may be caused by differential binding
of proteins with CTCF-like function. However, such proteins have not been identified in any
filamentous fungi so far, including in V. dahliae. Additionally, the functional implications of
the here observed differential dynamics of TAD boundaries in AGRs and the core genome
remain unclear. Potentially, the TAD boundary dynamics observed in AGRs confers a more
flexible transcriptional response of the environmental responsive genes that predominantly
locate in AGRs (de Jonge et al. 2013; Cook et al. 2020; Kramer et al. 2021).

Besides local interactions in the context of TADs, the 3D genome is known to also
display long-distance interactions, in which distant regions on the same chromosome, or
regions on distinct chromosomes, interact (Dekker and Misteli 2015). For example, in some
eukaryotes, long-distance interactions occur between centromeres that, despite localizing
on different chromosomes, colocalize within the nucleus (Smith et al. 2012; Marie-Nelly et
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al. 2014; Muller et al. 2019a; Hoencamp et al. 2021). The colocalization of centromeres in
the nucleus in proximity to the nuclear membrane is a commonly observed pattern in fungi
(Tanizawa et al. 2017; Smith et al. 2012; Hoencamp et al. 2021; Duan et al. 2010; Mizuguchi
et al. 2014; Zaccaron et al. 2022; Liang et al. 2022; Yildirir et al. 2021; Edwards et al. 2022;
Sperschneider et al. 2021; Henningsen et al. 2022; Li et al. 2022; Winter et al. 2018; Galazka
et al. 2016), and we have previously observed centromere clustering in V. dahliae as well
(Seidl et al. 2020). Additionally, long-distance interactions among chromosomes of N. crassa
occur between heterochromatic regions, for instance, those that are marked with H3K27me3
(Galazka et al. 2016; Klocko et al. 2016). Therefore, we hypothesized that H3K27me3-marked
AGRs in V. dahliae similarly display long-distance interactions. Remarkably, we observed
nuclear clustering of facultative heterochromatic AGRs that is distinct from the constitutive
heterochromatic centromeres, suggesting for two different mechanisms are responsible for
the physical clustering of H3K27me3-rich AGRs and centromeres within the nucleus.

The physical clustering of AGRs in the nucleus may lead to the formation of nuclear
bodies through Liquid-Liquid Phase Separation (Sawyer and Dundr 2016; Penagos-Puig
and Furlan-Magaril 2020; Larson et al. 2017). Nuclear bodies are membrane-less sub-
compartments in the nucleus, in which a micro-environment exists that allows spatial
segregation of nuclear activities, such as transcription and DNA-repair (Mao et al. 2011;
Morimoto and Boerkoel 2013; Sawyer and Dundr 2016). Additionally, the spatial segregation
of AGRs could be caused by their association with the nuclear membrane. In mammalian
nuclei, heterochromatic regions are associated with Lamin proteins and additional anchor
proteins to form LADs (Lamina Associated Domains) at the nuclear membrane (Harr et
al. 2015, 2016; Briand and Collas 2020; van Steensel and Belmont 2017). However, to
date, the genes encoding for the LADs-responsible proteins have not been found in fungi
(Wagner and Krohne 2007; Koreny and Field 2016). Nevertheless, fungi have alternative
processes that anchor facultative heterochromatin to the nuclear membrane, and these
are mostly associated with the presence of H3K27me3 (Jamieson et al. 2018; Mdller et al.
2019; Schotanus et al. 2021; Dumesic et al. 2015; Galazka et al. 2016; Klocko et al. 2016).
Thus, the physical clustering of H3K27me3-rich AGRs in the nucleus may be caused by the
association of AGRs at the nuclear membrane. Furthermore, chromosome rearrangements
could potentially explain why inter-AGR interactions preferentially occur within AGRs (de
Jonge et al. 2013; Faino et al. 2016), as we observed a colocalization of these interactions
with segmental duplications. Homolog sequences mediate the physical inter-chromosomal
interactions in polyploid wheat (Jia et al. 2021; Yuan et al. 2022), similar to some repetitive
elements that colocalize in some metazoan genomes (Cournac et al. 2016; Choudhary et al.
2020). Intriguingly, the physical clustering of AGRs is observed across the Verticillium genus,
indicating that the potential mechanism driving this physical association could be conserved
in the Verticillium species.

The 3D organization of chromosomes influences the replication timing of the genome
(Comoglio et al. 2015; Ryba et al. 2010; Dileep et al. 2015; Pope et al. 2014; Gindin et al.
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2014; Rhind and Gilbert 2013; Solovei et al. 2016). Therefore, the physical colocalization of
AGRs can result in a differential replication timing, compared to the core genome (Wolfe
et al. 1989; Heun et al. 2001; Nair et al. 2017; Jgrgensen et al. 2007; Pichugina et al. 2016;
Janssen et al. 2018). Differences in replication timing have been observed in H3K27me3-
rich regions, and it has been associated with chromosome instability in Z. tritici (Moller
et al. 2019; Pentzold et al. 2021; Admire et al. 2006; Habig et al. 2021; Schotanus et al.
2015). Chromosome instability and the physical co-localization of highly similar sequences
may decrease the efficiency of separation of the DNA content during mitosis resulting in an
increase in DNA double-strand breaks (Patel et al. 2019; Zuo et al. 2021). The DNA double-
strand breaks repair in H3K27me3-rich regions is associated with the Microhomology-
Mediated End Joining repair pathway (MMEJ) (Her and Bunting 2018; Schep et al. 2021).
Typically, the MMEJ repair pathway introduces abundant mutations (Boulton and Jackson
1996; Ma et al. 2003) and could potentially explain the increase in genomic rearrangements
in AGRs (Huang and Cook 2022; de Jonge et al. 2013; Faino et al. 2016; Seidl and Thomma
2017; Cook et al. 2020; Torres et al. 2021; Depotter et al. 2019). Therefore, we speculate that
the physical colocalization of homologous sequences in AGRs could increase the probability
of DNA double-strand breaks that, unfaithfully repaired, could contribute to the emergence
of the plastic genome fraction.

AGRs were originally discovered by their high degree of PAV between V. dahliae
strains (de Jonge et al. 2013; Faino et al. 2016), and subsequently further characterized
and refined by their distinct epigenomic profile (Cook et al. 2020). Such plastic genome
compartments are epigenetically distinct from core genomic regions, which is increasingly
recognized as a common pattern in various plant pathogens (Cook et al. 2020; Fokkens et al.
2018; Torres et al. 2020; Rojas-Rojas and Vega-Arreguin 2021; Schotanus et al. 2015; Wang
et al. 2017; Soyer et al. 2021). Here, we have added yet another layer to the divergence
between plasticregions and the core genome, by showing that also the 3D organization differs
between the core genome and AGRs in V. dahliae. The exact ramifications of this divergent
3D organization on evolution and transcriptional regulation are still unclear. Future research
into global 3D genome organization within the nucleus should show the mechanisms driving
AGRs interactions and their role in the emergence of the plastic genome. This holistic view
with genetic, epigenetic, and spatial characterization of plastic genome compartments will
aid further understanding of the genome function and evolution in fungi.

THREE-DIMENSIONAL CHROMATIN ORGANIZATION DETERMINES EVOLUTION 185



Material and Methods

Hi-C analysis and TAD prediction

Hi-C library preparation was performed with V. dahliae strains JR2 and VdLs17 as previously
described (Seidl et al. 2020), and paired-end (2 x 150 bp) sequenced on the NextSeq500
platform at USEQ (Utrecht, the Netherlands). Additional Hi-C datasets of V. dahliae strains
JR2 and VdLs17, V. albo-atrum strain PD747, V. alfalfa strain PD683, V. isaacii strain PD618,
V. klebahnii strain PD401, V. longisporum strains PD589 and VLB2, V. nonalfalfae strain T2,
V. nubilum strain 397, V. tricorpus strain PD593, and V. zaregamsianum strain PD739 were
previously generated (Seidl et al. 2020; Depotter et al. 2021).

Sequenced read-pairs were quality-filtered and trimmed using Trimmomatic (v
0.36) in paired-end mode with default settings (Bolger et al. 2014). Filtered and trimmed
reads were mapped to the corresponding genomes (Faino et al. 2015; Seidl et al. 2020)
using Burrows-Wheeler aligner (BWA mem, settings: -Al -B4 -E50 -LO) (Li and Durbin
2010). Hi-C interaction matrices were built and analysed using HiCExplorer tools (Wolff et
al. 2020). First, we used hicBuildMatrix to generate the interaction matrix based on the in
silico Dpnll restriction digested corresponding genome. Matrix resolution was reduced by
merging five adjacent bins using hicMergeMatrixBins. For V. dahliae strains JR2 and VdLs17,
replicates were corrected separately according to the iterative correction and eigenvector
decomposition (ICE) method (Imakaev et al. 2012) using hicCorrectMatrix, and TADs were
predicted using hicFindTADs (settings: --delta 0.01). Correlation between replicates was
determined by using a reproducibility score based on a stratified cross-correlation using the
HiCRep package (Yardimci et al. 2019).

To combine replicate matrices, resolutions of raw matrices were reduced by
merging 5 adjacent bins using hicMergeMatrixBins, normalized between replicates using
hicNormalize (settings: --setToZeroThreshold 1), corrected separately according to the ICE
method using hicCorrectMatrix, and finally combined using hicSumMatrices (Wolff et al.
2020). For the other Verticillium species, matrix resolution reduction and correction was
performed as above, and hicFindTADs was used to generate a table with per bin insulation
scores.

Characterization of epigenetic profiles
Chromatinimmunoprecipitation followed by sequencing (ChIP-seq) for H3K4me2, H3K9me3,
H3K27me3, and H3K27ac, and the assay for transposase-accessible chromatin followed by
sequencing (ATAC-seq) were performed for V. dahliae strain JR2 as described previously
(Seidl et al. 2020; Cook et al. 2020; Kramer et al. 2021). ChIP datasets were normalized over
MNase control samples.

We used the umap-learn implementation through the R/umap package. This
implementation make use of the python UMAP algorithm (Mclnnes et al. 2018). For the
gene analysis, the following variables were used: GC content, ATAC-seq, 5mC, H3K27ac,
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H3K27me3, H3K9me3 and log2(PDB in vitro expression +1), with the following parameters
random_state=42, n_neighbors=50, n_components=2, min_dist=0.01, metric=cosine. The
resulting two-dimensional values from UMAP fit.transform were used for plotting and
further statistical analysis using Matplolib, Numbpy and Seaborn V0.8.1 (Hunter 2007;
Waskom et al. 2017; van der Walt et al. 2011).

Characterization of transcriptional regulation

RNA sequencing of V. dahliae strain JR2 cultivated for six days in potato dextrose broth (PDB)
and Czapec-Dox medium (CZA) was previously performed (Cook et al. 2020; Kramer et al.
2022). Analyses of gene (Faino et al. 2015) and TE presence (Seidl et al. 2020; Torres et al.
2021) over TADs and TAD boundaries were performed using the EnrichedHeatmap package
in R (Gu et al. 2018; Team 2013). To assess co-regulation of genes within TADs, we used R
to fit a linear model with log2 fold-change in expression of target genes between PDB and
CZA as the response variable and TAD membership as a predictor, similarly as previously
described (Winter et al. 2018).

Characterization of Verticillium dahliae genomic variation
Structural variants (duplications, deletions, inversions and translocations), single nucleotide
variants and polymorphic transposable elements were previously identified using paired-
end sequencing reads of each 42 previously sequenced V. dahliae strains (Torres et al.
2021). Briefly, structural variants were predicted using the ‘sv-callers’ workflow with few
modifications that enabled parallel execution of multiple SV callers (Kuzniar et al. 2020), an
approach that is considered optimal as it exploits complementary information to predict SVs
(Goerner-Potvin and Bourque 2018; Cameron et al. 2019). Single nucleotide variants were
identified using the -HaplotypeCaller of the Genome Analysis Toolkit (GATK) v.4.0 (Poplin et
al. 2018) and transposable element PAV was analyzed using TEPID v.2.0 (Stuart et al. 2016).
To investigate if SVs and polymorphic TEs co-localize with TAD boundaries, we summarized
the overlap of each set of variants by their breakpoint frequency (start or ends +1 bp of the
feature) and coverage (number of bases covered) across the genome of V. dahliae strain
JR2 (Fudenberg and Pollard 2019). Similar to Fudenberg and Pollard (2019), we calculated
the log10(observed/expected) of each feature representing the deviation from a uniform
distribution across the genome, therefore accounting for the proportion of the genome
covered by a specific genomic feature. Finally, we considered two scenarios: core genome vs
AGRs, and syntenic regions between JR2 and VdLs17 versus non-syntenic regions. Syntenic
regions between V. dahliae strains JR2 and VdLs17 were previously determined (Faino et al.
2016). Briefly, whole-genome alignments between the eight chromosomes was performed
using MUMmer 3.0 and GEvo (Kurtz et al. 2004; Lyons et al. 2008), where only gene-coding
regions were used as anchors between syntenic chromosomal regions.

To further expand our analysis of V. dahliae to the full genus, we used the recently
available Hi-C-corrected genomes of all Verticillium species (Seidl et al. 2020; Depotter et
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al. 2021). The phylogenetic tree was generated using Realphy v. 1.12 using a maximum
likelihood inferred by RAXML (Langmead and Salzberg 2012; Bertels et al. 2014). We aligned
the Verticillium genomes using ProgressiveCactus (Armstrong et al. 2020). This approach
allowed us to reduce the reference-bias and consider more accurate further analysis. We
obtained the specific MAF alignments on JR2 and syntenic regions using the HAL package
(Hickey et al. 2013). To analyze the nucleotide conservation throughout the genus, we used
PhastCons, a hidden Markov model-based method that estimates the probability that each
nucleotide belongs to a conserved element based on a multiple sequence alignment (Siepel
et al. 2005). Briefly, for each independent JR2 chromosome we assumed a neutral evolution
model and correction for indels. For further analyses, we summarized the PhastCons score
over TADs and TAD boundaries in the core genome and in AGRs.

TAD boundary prediction throughout the Verticillium genus

The Hi-C datasets of the Verticillium species (excluding V. dahliae) were available without
replicates (Faino et al. 2015; Seidl et al. 2020; Depotter et al. 2021). Therefore, we decided
to predict TAD boundaries based on sequence homology to boundaries in V. dahliae strain
JR2. We first filtered the boundary sequences that do not have a TE insertion and queried
them to the Verticillium genomes using Blastn (Chen et al. 2015), retaining those with >50%
coverage that were contiguous in the same syntenic block. Finally, we cross-referenced
those putative TAD boundary regions with the previously calculated insulation score for
each independent species.

Statistical analysis and visualization

Hi-C matrix and TAD visualizations were performed using HiCExplorer and FAN-C (Kruse
et al. 2020). Heatmap and enrichment visualization of insulation scores over boundaries,
normalized chromatin marks, structural and nucleotide variants, as well as the PhastCons
score, were performed using the R/EnrichedHeatmap v1.2 package (Gu et al. 2018).
Permutation tests were computed using R/Bioconductor regionR v1.18.1 package (Gel et al.
2016) and performed with 10,000 iterations, using overlaps between TAD boundaries divided
by the insulation score quantiles and the predefined AGRs, and circular randomization to
maintain the order and distance of the regions in the chromosomes. All statistical analyses
and comparison tests were performed in R v.3.6.3 (Team 2013), and visualized with ggplot2
(Wickham 2016).

Identification of significant colocalization events from Hi-C data

Expected-Observed counts were obtained from HiCExplorer (version 3.7) using the export
function with expected-observed nonzero from the corrected and summed matrices.
Expected-observed count matrixes containing the interactions between all the merged
bins were filtered to keep only interaction between genetically distant regions. Two regions
were considered genetically distant if the bins belonged to different chromosomes or if two
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bins were more than 20kb distant from each other. Next, the bins were annotated based
on which genomic compartment they belong to (centromere or AGR) and the remaining
bins were annotated as core genome. The mean expected-observed count for centromere-
centromere interactions is calculated and only bin to bin colocalization events with expected-
observed counts above this threshold are kept. Genomic bins which still have at least one
interaction are considered as genomic region involved in long range interaction. It needs
to be noted that our analysis is limited by the fact that we only assess those interactions
that are stronger than the average interaction strength that occurs between centromeres
in each species but, given that the constitution of centromeres differs between Verticillium
spp. (Seidl et al., 2020), this interaction strength may consequently not be uniform between
species. Visualization of the interaction and associated genetic and epigenetic features was
done in R with the circos package.

Identification of duplicated regions and association with long-range
interactions

Self-whole-genome alignments of the genome assemblies of Verticillium species were
performed using MUMmer (Kurtz et al., 2004), regions that mapped elsewhere on
the genome with a nucleotide identity above 80% and above 1kb in size are considered
duplicated. For each colocalization event that associate two genetically distant regions, we
verify if there was a duplicated region that borders with or overlaps with both genetically
distant regions. We consider the colocalization event to be neighboring a duplicated region
if the average distance between the colocalizing region and the duplicated region is below
50kb.

We calculated the enrichment of colocalization events neighboring duplicated
regions through a permutation test. We simulated random interactions genome wide
and calculated the number of observed interactions neighboring a duplicated region.
We repeated the process 100 times to generate a distribution of expected interactions
neighboring duplicated regions and performed a t-test versus the real observed value. This
permutation test was performed using the genome wide-duplicated regions distribution
and AGR compartment specific.

de novo motif prediction of AGR genomic regions involved in colocalization
events

We identify de novo motifs enriched in genomic bins involved in long range interactions
using the MEME suite with the following parameters: -dna -revcomp -objfun de -nmotifs 5
-mod anr using seed 42. This searches forward and reverse complement for up to 5 motifs
which are enriched in the positive set (genomic regions involved in colocalization events)
versus the negative set (genomic regions not involved in colocalization events). The search
is limited to the genomic compartment. eg. AGR involved in colocalization events version
AGR regions not involved in colocalization events. We searched for related annotated

THREE-DIMENSIONAL CHROMATIN ORGANIZATION DETERMINES EVOLUTION 189



motifs using the Jaspar fungal and general database (version 2016) and manually inspected
significant results.

Adaptive genomic regions in non-V. dahliae strain JR2 genomes

Nucleotide sequences from the V. dahliae strain JR2 AGR compartment were aligned versus
each of the Verticillium genomes included in this work using ProgressiveCactus (Armstrong
et al. 2020). Syntenic regions in the respective genomes are considered AGR regions in
the respective organism. Additionally, each Verticillium strain genome was aligned using
ProgressiveCactus (Armstrong et al. 2020) with the other Verticillium strain genomes
included in this work. Genomic regions which were unique and not found in any other
genome are also considered AGR in that strain.

Acknowledgments

This work was supported by the Consejo Nacional de Ciencia y Tecnologia, México to DET,
by a PhD grant of the Research Council Earth and Life Sciences (project 831.15.002) to HMK,
and by Human Frontier Science Program Postdoctoral Fellowship (HFSP, LT000627/2014-L),
by USDA’s National Institute of Food and Agriculture (award no. 2018-67013-28492) through
the Plant Biotic Interactions Program, and by the National Science Foundation (award no.
1936800) Division of Molecular and Cellular Biosciences to DEC. Work in the laboratories of
M.F.S and B.P.H.J.T. is supported by the Research Council Earth and Life Sciences (ALW) of the
Netherlands Organization of Scientific Research (NWO). B.P.H.J.T acknowledges funding by
the Alexander von Humboldt Foundation in the framework of an Alexander von Humboldt
Professorship endowed by the German Federal Ministry of Education and Research is
furthermore supported by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) under Germany’s Excellence Strategy — EXC 2048/1 — Project ID: 390686111.
The authors declare no conflict of interest.

190 CHAPTER 5



Supplementary data

A Chr1 Chr2 Chr3 Chr4 Chr5 Chré Chr7 Chr8
pe 0.87 0.87 jpearson=0.89 pearson=0.89 0.89 0.88 0.88
' — w1 . 107 oo 300 Kbp: 20 kep:
P 10 R Ri
2 orsle ce 2 | =R2 "
8 g 2 - g
g S g 5T | wor S
£ 2 00 @ £
5 o S § &0 s 8 §
3 3 k=l & L2 kel
3 2 5 H o 5
g g0 \ g s o E o g
3 ozs £ \ = 05 8 > @ 10Kt
: : NI/ it
10
A i
sreigese 1o ot TeeyEET: ST RIEEn:
5656668 Its 00 100 3 2 a4 o 1 3 3 5 . FE2raer: 558358555
Genomic distance Theoretical E B
1.00 300 Kbp{ R=0.16, = 0.0033
0.75
£ 200 Kbp
< £
S 0.50 I:‘ Neither g
o 0. a
S B 2
uw
" . GAAG
- 100 Kby
8 025 "
N 0s
0.00 L
o o — F—1 [
2L 2 = +score  -score +score  -score
™ GAAG motif TATA motif " High e e

insulation insulation

Supplementary Figure 1. Characteristics of TAD and boundaries in Verticillium dahliae strain JR2.

(A) Pearson correlation between replicates of Hi-C interactions for V. dahliae strain JR2 divided per chromosome. (B)
Reproducibility score based on a stratified cross-correlation of interactions between replicates of Hi-C interactions
for V. dahliae strain JR2 divided per chromosome. (C) Distance-dependent interaction frequency in replicates of
Hi-C data for V. dahliae strain JR2. (D) QQ plot of insulation scores calculated for each Hi-C replicate, confirming
the non-significant differences between replicates. (E) Coverage strength (Hi-C counts) over boundaries and bodies
of TADs in merged replicates, showing that boundaries are depleted of interactions. P-value after Wilcoxon rank
sum test. (F) Length of TADs bodies and boundaries predicted on the merged replicates, divided per chromosome.
(G) A GAAG-motif (left) and TATA-motif (right) is enriched in TAD boundaries of V. dahliae strain JR2 and correlate
with a decrease in chromatin accessibility as determined by the assay for transposase accessible chromatin (ATAC).
The top plot displays the average ATAC signal over TATA motifs with 1 kb up- and down-stream sequence in the
core genome (light blue) and in AGRs (dark blue). Heatmap display ATAC signal around the GAAG and TATA motifs
as rows in the core genome and in AGRs, respectively. (H) Occurrence of the GAAG-motif and the TATA-motif in
boundaries separated on their insulation score. (1) Correlation between boundary insulation score and length of
adjacent TADs for boundary quintiles separated based on their insulation score.
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Supplementary Figure 5. Characteristics of TADs and boundary in Verticillium dahliae strain VdLs17.

(A) Pearson correlation between replicates of Hi-C interactions for V. dahliae strain VdLs17, divided per
chromosome. (B) Reproducibility score based on a stratified cross-correlation of interactions between replicates of
Hi-C interactions for V. dahliae strain VdLs17 divided per chromosome. (C) Length of TADs and boundaries predicted
on the merged replicates, divided per chromosome. (D) On the left: Insulation score of boundaries predicted in V.
dahliae strain VdLs17. On the right: insulation score over boundaries with 50kb up- and down-stream sequence.
(E) Presence of the TATA- and GAAG-motifs in boundaries of V. dahliae strain VdLs17. (F) Enrichment of genes and
depletion of transposable elements (TEs) in and near boundaries in V. dahliae strain VdLs17. (G) Correlation of
insulation score for boundaries predicted in genomic regions that are syntenic between strains JR2 and VdLs17.
(H) Lowly insulated boundaries of V. dahliae strain VdLs17 are enriched in genomic regions that are non-syntenic
between JR2 and VdLs17.
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Supplementary Figure 6. Conservation of TADs and boundaries in a collection of 42 Verticillium dahliae strains
and in the Verticillium genus.

(A) Nucleotide diversity in AGRs and in the core genome. (B) Correlation between insulation score and nucleotide
diversity (left) and SNVs density (right) for boundary quintiles separated on their insulation strength. (C) Correlation
between insulation score and presence/absence variation (PAV) for boundary quintiles separated on their insulation
strength. (D) Abundance of polymorphic transposable elements (n=86) for boundary quintiles separated by their
insulation strength in the V. dahliae strain JR2. (E) Multiple TE insertions in Verticillium dahliae strain JR2 coincide
with boundary rearrangements between V. dahliae strains. Heatmaps represent contact matrixes with TADs (black
triangles) over a section of chromosome 2 of JR2 (top) and chromosome 7 of VdLs17 (bottom) that are syntenic.
The region occurs inverted in VdLs17 relative to JR2. TADs, genes and TEs are displayed between heatmaps. Synteny
between JR2 and VdLs17 indicated as grey blocks. TE insertions in strain JR2 are indicated in yellow. (F) Phylogeny
of the ten species in the Verticillium genus using Sodiomyces alkalinus to root the phylogeny; Flavexudans and
Flavnonexudans clades are depicted in blue and green, respectively. On the left: syntenic regions (black blocks)
between Verticillium genomes when compared with V. dahliae strain JR2, based on chromosome 4 of V. dahliae JR2
strain as example. (G) Correlation between insulation score and fraction of conserved bases (left) and conservation
score (right) for boundary quintiles separated on their insulation strength.
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Supplementary Figure 7. Predicted TAD boundaries in the Verticillium genus display low insulation compared to
adjacent genomic regions.

(A) Overview of our approach to predict the TAD organization in other Verticillium species with a schematic
representation of the V. dahliae JR2 reference TAD organization on top, boundaries as green circles and TAD as
blue triangles. i) 302 query DNA sequences from boundaries (excluding those with TE insertions) were obtained
and compared to the genomes of Verticillium spp. ii) Contiguous sequences belonging to same chromosome were
retained and single interrupting matches from other chromosomes were removed. iii) The distances between
contiguous boundaries were calculated in reference and subject. iv) Predicted boundaries were compared
to the calculated insulation score from the Hi-C data. v) Predicted boundary locations were compared to the
progressive Cactus syntenic regions to crosscheck boundary distribution. (B) Distribution of 10,000 iterations of the
permutation test for overlaps between the boundaries as predicted for V. dahliae strain VdLs17 by the sequence-
based method in (A) and by the insulation method (grey distribution), green line indicates significant overlaps
between predicted and ‘reference’ boundaries from V. dahliae VdLs17 (Fig. 3), Z-score=27.1264, p=9.9x10-5. (C)
Z-score shifts from boundaries indicate a high enrichment of overlapping TAD boundaries for the two methods. (D)
TAD length prediction distribution by the insulation method and the sequence method in (A) is not significantly
different. P-value after one-way Wilcoxon rank sum test. € Insulation score over TAD boundaries predicted by the
sequence-based method (A), with 50 kb up- and down-stream sequence, for each Verticillium species. Line plots
display average signal over boundaries and up/down-stream sequence, bottom plots display predicted boundaries
in rows, ordered on insulation score.
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Supplementary Figure 8. Distance between colocalizing regions and neighboring duplicated regions in Verticillium
dahliae.

(A) Duplicated regions occur in close proximity to physical co-located regions in V. dahliae JR2. Y-axis depict distance
from co-located regions, and colors show the type of physical co-location event (AGR-to-Core, AGR-to-AGR, Core-
to-Core). (B) Duplicated regions occur near physically co-located regions in V. dahliae VdLs17. Y-axis depict distance
from co-located regions, and colors show the type of physical co-location event (AGR-to-Core, AGR-to-AGR, Core-
to-Core). Colocalization events involving AGR regions with other AGR regions are shown in orange, AGR region with
core regions in blue and core regions with core regions in green.
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V. isaacii V. tricorpus V. nonalfalfae V. alfalfae

Long-range interactions

Duplicated regions

Supplementary Figure 9. Non-centromeric long-range interactions co-locate with duplicated regions in species
of the Verticillium genus.

All circular plots display the chromosomes with centromeres in yellow, AGR regions in blue, and core regions in
white. For every genome, the upper plot shows as edges non-centromeric long-range interactions that exceed the
average interaction strength of centromeres and are color-coded according to the respective genomic annotation
of the regions they connect, with AGR interactions in blue and core interactions in grey. In the lower plot, the edges
represent segmental duplications.
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Supplementary Table 1. Aggregated counts of long-range interactions and their overlap with segmental
duplications in Verticillium dahliae strains

V. dahliae strain JR2 V. dahliae strain VdLs17
Genome-wide 1842 1978
Centromere 953 527
Non-centromere 889 1451
AGR 475 452
Core-AGR 225 407
AGR-AGR 250 45
Core-core 414 999
Segmental duplication 264 50
AGR-AGR 207 21
Core-AGR 53 20

Supplementary Table 2. Expected and observed non-centromeric colocalization events between genetically
distant regions in Verticillium genus genomes.

Species Non-centromeric Expected Observed Expected Observed p-value
colocalization core core AGR AGR
events

V. dahliae JR2 889 880 639 162 475 6.8695E-148
V. dahliae VdLs17 1451 1442 999 217 452 6.1638E-87

V. albo-atrum PD747 897 893 880 111 143 0.002152792
V. klebahnii PD401 573 571 571 65 178 1.24565E-44
V. nubilum 397 582 578 572 81 173 1.52804E-24
V. nonalfalfae T2 891 887 873 105 157 3.46163E-07
V. isaacii PD618 1645 1639 1632 191 132 1.93215E-05
V. alfalfae PD683 1455 1450 1453 163 71 5.74392E-13
V. tricorpus PD593 1053 1048 1051 126 73 2.32935E-06
V. longisporum VIPD589 2426 2420 2407 231 234 0.741519345
V. longisporum VL20 1201 1198 1195 110 91 0.069731441

p-value is based on chi-square test between observed and expected colocalization events in the different genomic
compartments.
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Supplementary Table 3. Observed and expected association between genomic colocalization events among
genetically distant regions and duplicated genomic regions.

Species Observed Expected Duplication- Duplication- p-value
duplication- duplication- colocalizations  colocalizations
colocalizations  colocalizations core AGR
V. dahliae JR2 264 0.38 57 260 1.06E-267
V. dahlige VdLs17 50 0.54 29 41 4.21E-184
V. albo-atrum PD747 11 0.23 8 6 2.93E-133
V. klebahnii PD401 24 0.06 24 0 3.60E-200
V. nubilum 397 16 0.69 15 13 6.92E-132
V. nonalfalfae T2 6 0.07 3 5 4.01E-137
V. isaacii PD618 13 0.11 7 6 1.03E-157
V. alfalfae PD683 0 0 0 0 1.00E+00
V. tricorpus PD593 4 0.09 4 2 2.35E-114
V. longisporum VD589 2400 3.63 2381 232 0.00E+00
V. longisporum V120 296 1.82 295 9 3.19E-235

Expected overlaps values represent the average after 100 permutations. p-value is based on t-test of the observed
duplicated regions neighboring colocalization events versus the expected distribution (100 permutations).

Supplementary Table 4. Association between genomic colocalization events among genetically distant regions
and duplicated genomic regions.

Species AGR-AGR AGR-core core-core Total
V. dahliae JR2 207 53 4 264
V. dahliae VdLs17 21 20 9 50
V. albo-atrum PD747 3 3 5 11
V. klebahnii PD401 0 0 24 24
V. nubilum 397 1 12 3 16
V. nonalfalfae T2 3 2 1 6
V. isaacii PD618 6 0 7 13
V. alfalfae PD683 0 0 0 0
V. tricorpus PD593 0 2 2 4
V.longisporum VIPD589 19 213 2168 2400
V. longisporum VL20 1 8 287 296

Association events are separated based on the genomic compartments of the genetically distant regions.
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Abstract

Comparative genomics has recently provided unprecedented insights into the biology and
evolution of the fungal lineage. In the post-genomics era, a major research interest focuses
now on detailing the functions of fungal genomes, i.e., how genomic information manifests
into complex phenotypes. Emerging evidence across diverse eukaryotes has revealed that the
organization of DNA within the nucleus is critically important. Here, we discuss the current
knowledge on the fungal genome organization, from the association of chromosomes within
the nucleus to topological structures at individual genes and the genetic factors required
for this hierarchical organization. Chromosome conformation capture followed by high-
throughput sequencing (Hi-C) has elucidated how fungal genomes are globally organized
in Rabl configuration, in which centromere or telomere bundles are associated with
opposite faces of the nuclear envelope. Further, fungal genomes are regionally organized
into Topologically Associated Domain-like (TAD-like) chromatin structures. We discuss how
chromatin organization impacts the proper function of DNA-templated processes across the
fungal genome. Nevertheless, this view is limited to a few fungal taxa given the paucity of
fungal Hi-C experiments. We advocate for exploring genome organization across diverse
fungal lineages to ensure the future understanding of the impact of nuclear organization on
fungal genome function.



Introduction

In eukaryotes, the DNA within the nucleus is organized as chromatin, a dynamic complex
formed by DNA in association with proteins (Campos and Reinberg 2009). Approximately
146 bp of DNA is wrapped around an octamer of histone proteins, two copies of histones
H2A, H2B, H3, and H4, that together form the nucleosome core particle (Luger et al. 1997),
which represents the smallest organizational unit of chromatin (Campos and Reinberg
2009). DNA and histone proteins are subjected to a plethora of chemical modifications
such as, but not limited to, methylation or acetylation of lysine residues in histone proteins,
and specific combinations of these modifications - the histone code - have been associated
with the formation and maintenance of, as well as dynamic transitions between, different
local chromatin organization (Strahl and Allis 2000; Jenuwein and Allis 2001). Depending
on its local compaction state, chromatin can be broadly subdivided into two types where
the DNA is more (euchromatin) or less (heterochromatin) accessible to the transcriptional
machinery, thereby directly influencing gene expression (Bannister and Kouzarides 2011;
Allshire and Madhani 2018). Euchromatin is considered to be transcriptionally active,
while heterochromatin is typically transcriptionally silent (Jenuwein and Allis 2001).
Heterochromatin can be further subdivided into constitutive heterochromatin that is
largely devoid of genes, and facultative heterochromatin that typically contains genes that
are transcriptionally repressed during specific developmental or environmental conditions
(Wang et al. 2016; Trojer and Reinberg 2007; Allshire and Madhani 2018; Saksouk et al.
2015).

Local chromatin can be folded in the three-dimensional (3D) space of the nucleus
to structurally organize and package DNA, while also enabling precise gene expression
(Hoencamp et al. 2021; Sexton and Cavalli 2015; Bonev and Cavalli 2016; Lieberman-Aiden
et al. 2009). For instance, higher-order chromatin structures allow the spatial association
of genomic elements that are physically separated on the linear DNA strand or occur on
different chromosomes, and conversely such structures can physically segregate nearby
genomic sites through specific folding barriers (Tolhuis et al. 2002; Lieberman-Aiden et
al. 2009; West and Fraser 2005). Consequently, the disruption of DNA folding can result
in ectopic interactions of genes and their regulatory regions (Krumm and Duan 2019;
Sexton and Cavalli 2015; Bonev and Cavalli 2016), for instance, by hijacking enhancers as
observed for proto-oncogenes (Northcott et al. 2014; Flavahan et al. 2016). Consequently,
it is important to understand how the 3D genome organization in eukaryotes is established,
how it affects genome function, and how this chromatin organization and the processes that
establish it are conserved between eukaryotes. While much about genome organization
and its function is known in a few animal and plant model systems, there is a dearth of
knowledge about these processes in most eukaryotes, including fungi.

The fungal kingdom is estimated to contain millions of different species Fungi are
important components of worldwide ecosystems as decomposers of organic material derived
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from plants and animals, and many have been exploited for decades in food production
and biotechnology (Stajich et al. 2009). Many fungi are also symbionts that can engage
in mutualistic to parasitic interactions with other organisms, which can have significant
economic and ecological impact (Fisher et al. 2020, 2012). For instance, in agriculture, plant
pathogenic fungi can cause devastating epidemics in staple and commodity crops necessary
for the survival of billions of humans (Fisher et al. 2020). Importantly, many fungi are also
outstanding model systems for higher eukaryotes, including humans; essential eukaryotic
functions are often conserved in fungi, yet fungi are typically more simplistic, genetically
tractable, and research is cost-efficient. In the last decade, research into chromatin and the
organization of fungal genomes has largely focused on the bakers’ yeast Saccharomyces
cerevisiae and fission yeast Schizosaccharomyces pombe, given their ease of study and the
plethora of available mutant strains and genetic tools. Due to the ecological and economic
relevance of fungi, it is important to further advance research into the function of fungal
genomes with the goal of elucidating the regulation of gene expression and discovering how
this regulatory control is influenced by nuclear genome organization. Here, we review the
current knowledge of fungal genome organization, organized hierarchically from topological
structures at the level of individual genes through the association of chromosomes in the
nucleus to form the Rabl chromosome conformation, in which centromeres and telomeres
cluster distinctly at the nuclear periphery (Box 1). Recent work in fungal model systems and
increasingly in more diverse fungi has started to elucidate pertinent sub-nuclear chromatin
structures that will be pivotal to our understanding of the function and conservation of
genome organization and will provide the framework to detail how nuclear processes impact
genome functions in fungi. To date, only a few high-resolution fungal Hi-C datasets are
available, but an increasing number of datasets with lower resolution (>5 kb) from a wider
diversity of fungi now enable researchers to draw general conclusions about hierarchical 3D
structures observed that organize the fungal genome.
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Box 1. The history of deciphering genome organization

Historically, studies on genome organization date to the late 1800s when Carl Rabl made his
seminal observations on chromosome organization in eukaryotic nuclei (Cremer and Cremer
2010, 2006). Using light microscopy, he observed that centromeres are located on one side of the
nucleus and the telomeres are found at the opposing side, an observation that was consistently
maintained during the cell cycle. Further advances in the 1950s, made by examining cells with
electron microscopy, elucidated the partitioning of the active and silent chromatin: the densely
compacted heterochromatin predominantly localizes at the nuclear periphery while the more-
open euchromatin is mostly found in nucleus center (Cremer and Cremer 2006; Shatkin and Tatum
1959). The advent of fluorescent microscopy allowed individual genomic features to be examined
(Renz 2013), either with dyes that generally stained the DNA (e.g., DAPI), fluorescent probes to
examine individual loci (e.g., Fluorescent In Situ Hybridization [FISH] experiments), fluorescently-
tagged proteins to examine the nuclear location and dynamics of proteins in vivo in live cells, or
fluorescently-labeled antibodies that highlight the localization of individual proteins in the nucleus
in fixed cells. These advances elucidated the alternating banding pattern of euchromatin and
heterochromatin in Drosophila salivary gland polytene chromosomes (Bridges 1938; Zhimulev
et al. 2014), how some genes co-localize with RNA Polymerase Il in possible co-transcriptional
hubs (Schoenfelder et al. 2010), and the Rabl chromosome conformation that organizes fungal
genomes into weak chromosome territories; in a Rabl conformation, the centromeres from each
chromosome cluster into a single focus at the nuclear periphery, while at a different inner nuclear
membrane location, the telomeres of each chromosome associate into several foci (Guacci et
al. 1994; Klocko et al. 2016; Funabiki et al. 1993; Goto et al. 2001; Gasser 2002) (Box 1 figure).
However, these methods are limited by the number of fluorescent dyes with unique emission
wavelengths and the resolution of microscopic images (Carlton 2008; Lichtman and Conchello
2005), thereby restricting the number of loci and/or proteins that could be examined at the same
time and the resolution by which we can study the interactions of individual proteins and/or co-
localization of genes.

Recently, these challenges have been addressed by the introduction of chromosome conformation
capture (3C)-based experiments, which revolutionized the field of nuclear genome organization
(Dekker et al. 2002). In 3C, chromatin is crosslinked with non-specific crosslinking agents (e.g.,
formaldehyde), underlying DNA is digested with restriction enzymes, and interacting genomic
loci are ligated into a single DNA molecule. Traditional 3C uses a PCR reaction with target-specific
primers to show interacting genomic loci. Coupling 3C to high-throughput sequencing (Hi-C) allows
researchers to examine on a genome-wide scale how genomic regions interact (Lieberman-Aiden
et al. 2009). Typically, Hi-C results are displayed as a two dimensional (2D) heatmap, with the
x- and y-axes plotting the genomic location on the chromosome(s), and the intensity of color
showing the strength of interactions as measured by the contact probability (Fig. 4), although the
3D chromosome folding can also be modeled from Hi-C data (Oluwadare et al. 2019; Galazka et
al. 2016), thereby allowing researchers to infer the folding of chromosomes in exquisite detail and
derive functional and structural mechanisms for how this organization occurs.
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Box 1 Figure. Fluorescent microscopy can assess specific chromosomal features in fungi.

The clustering of centromeres, which is independent of the co-localization of telomeres, and the association
of these features with the nuclear membrane is instrumental to the formation of a Rabl chromosome
conformation in fungal nuclei. Fluorescent micrograph of conidia from a N. crassa strain expressing
CenH3::iRFP (red) to illuminate centromeres, TZA1l::GFP (previously reported as TRF1::GFP; green) to
highlight telomeres, and ISH1::BFP (blue) demarcate the nuclear membrane (Klocko et al. 2016). The image
on the left is an enhanced image of a single nucleus from the conidia image on the right. Methods for imaging
are detailed in Supplementary Methods.

The composition of fungal genomes

Over the last few decades, advances in genome sequencing technologies have provided a
wealth of novel insights about the genome composition of fungi, which is a prerequisite
to study nuclear genome organization in detail. Yeasts are arguably the most well-studied
fungal model organisms (Liti 2015; Botstein and Fink 2011), in part due to their relatively
small and well-characterized genomes. For example, the genome of the budding yeast
Saccharomyces cerevisiae is ~12 Megabases (Mb) in size divided into sixteen chromosomes,
while the fission yeast Schizosaccharomyces pombe has a 13 Mb genome divided over only
three chromosomes (Goffeau et al. 1996; Engel et al. 2014; Wood et al. 2002). Relative to
the more simplistic yeasts, the genomes of filamentous fungi are typically larger and more
complex, but vastly smaller than those of higher metazoans whose genomes often comprise
billions of base pairs. Specifically, the genomes of filamentous fungi are typically 30 to 50 Mb
in size, divided into variable chromosome numbers (Mohanta and Bae 2015), with several
species’ genomes being much larger (Kiran et al. 2016; Porto et al. 2019). Several examples
with nearly-complete genome assemblies of more well-studied fungal organisms include
the saprophyte and model organism Neurospora crassa (41 Mb divided into seven Linkage
Groups [LG] or chromosomes), the soil-borne plant pathogen Verticillium dahliae (34 Mb
divided into eight chromosomes), the human pathogens Aspergillus fumigatus (28 Mb across
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eight chromosomes) and Cryptococcus neoformans (19 Mb across five chromosomes), the
wheat head blight fungus Fusarium graminearum (36 Mb across four chromosomes), and
the grass endophyte Epichloé festucae (35 Mb across seven chromosomes) (Faino et al.
2015; Loftus et al. 2005; King et al. 2015; Nierman et al. 2005; Galagan et al. 2003; Bowyer
et al. 2022; Winter et al. 2018).

Fungal genomes are well-known to be highly dynamic with discrete regions
enriched with polymorphisms and chromosomal rearrangements (Dong et al. 2015; Raffaele
and Kamoun 2012; Torres et al. 2020; Méller and Stukenbrock 2017). These variable regions
are often embedded in different chromosomes or even comprise complete chromosomes.
For instance, regions in proximity to telomeres can be highly variable in budding yeast,
Aspergillus, Neurospora, or Magnaporthe species where they display frequent presence/
absence of variation and chromosomal rearrangements (Brown et al. 2010; Yue et al. 2017;
Farman and Kim 2005; Farman 2007; Starnes et al. 2012; McDonagh et al. 2008; Chang and
Ehrlich 2010; Jamieson et al. 2013, 2018). Other species like Verticillium dahliae contain
similar Adaptive Genomic Regions (AGRs) that are embedded within different chromosomes
and contain in planta expressed genes (de Jonge et al. 2013, 2012; Faino et al. 2016;
Cook et al. 2020). Entire chromosomes are variable within strains of Fusarium oxysporum
or Zymoseptoria tritici, as they contain genes important for the biology of these fungi
(Moller et al. 2019; van Dam et al. 2017). It is becoming increasingly evident that dynamic
regions in fungal genomes are often composed of highly repetitive relicts of transposable
elements (Moéller and Stukenbrock 2017; Frantzeskakis et al. 2019). Consequently, these
regions are known to have a high number of adenine and thymine (AT) base pairs (bp),
which lower the overall guanine and cytosine (GC; can include G:C base pairs or GpC/CpG
dinucleotides in a single strand) content of fungal genomes from an approximately 50%
GC bp composition. These AT-rich regions, termed AT-isochores to specifically delineate
small genomic regions depleted of GC bp (Testa et al. 2016), can be interspersed in the
core chromosomes or localized on accessory chromosomes. For example, one third of the
genome of the fungus Leptosphaeria maculans, a Dothideomycete pathogen of the canola
plant crops for producing rapeseed oil, contains blocks of dense AT-rich sequences derived
from transposable elements that often house virulence genes (Fudal et al. 2007; Rouxel et al.
2011). Similarly, dense AT- and repeat-rich regions are distributed throughout the Epichlée
festucae genome, comprising roughly 25% of its genome (Testa et al. 2016; Winter et al.
2018), and ~16% of the Neurospora crassa genome is interspersed with AT-rich, yet gene
poor isochores (Fig. 1) (Selker et al. 2003; Lewis et al. 2009; Testa et al. 2016). Many AT-rich
sequences in fungal genomes are derived from the action of Repeat Induced Point-Mutation
(RIP) (Selker and Stevens 1987; Selker 1990; Freitag et al. 2002), where the GC nucleotides
in duplicated or repeated sequences are heavily mutated to contain numerous AT transition
mutations, thereby inactivating the underlying sequence and increasing the local AT-
content. RIP has been shown to be active in a plethora of fungal species (Gladyshev 2017;
Clutterbuck 2011; Hane et al. 2015; Cambareri et al. 1991), and specifically in Neurospora,
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RIP’d transposable element relicts comprise essentially most of the AT-rich sequences across
the genome (Lewis et al. 2009) (Fig. 1).
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Figure 1. Chromatin profile and evidence for cross-compartment (heterochromatic-euchromatic) contacts
in Neurospora crassa. Histone post-translational modifications (both activating [H3K4me3 and H3K27ac] and
repressive [H3K9me3 and H3K27me2/3]) demarcate the chromatin of Neurospora crassa. Regions of the N. crassa
genome that contain numerous transposon relicts are often rich in adenine/thymine base pairs (AT-rich) and
devoid of genes. The occurrence of Hi-C interactions between euchromatin (or facultative heterochromatin) and
H3K9me3-marked constitutive heterochromatin may be important for gene regulation. (Top) Corrected in situ Hi-C
heatmap at 2.5 kb resolution showing interactions across a ~700 kb section of the right arm on Linkage Group
IIl. Arrowheads highlight interactions between H3K9me3-marked heterochromatic regions and euchromatin.
(Bottom) The different tracks show enrichment of histone post-translational modifications based on Chromatin
Immunoprecipitation sequencing (ChIP-seq) experiments, the calculated percent guanine/cytosine bases in the
genome, predicted transposable elements, and genes. Methods for Hi-C and ChIP-seq data processing and image
generation are detailed in Supplementary Methods

Conserved heterochromatic region features in fungal genomes

AT-rich repetitive isochores direct the formation of the silent constitutive heterochromatin
(Miao et al. 2000; Lewis et al. 2009). As initially elucidated in Neurospora, AT-rich isochores,
by an as of yet unknown mechanism, recruit the histone methyltransferase complex DCDC
(DIM-5/-7/-9 CUL4 DDB1%™® Complex) (Miao et al. 2000; Lewis et al. 2009; Rountree and
Selker 2010; Courtney et al. 2020; Lewis et al. 2010a). DCDC catalyzes the tri-methylation of
lysine 9 on histone 3 (H3K9me3) of nucleosomes within AT isochores (Fig. 1), with KMT1PM>
(Lysine [K] Methyl Transferase-1 / Defective In Methylation-5) being the SET domain-
containing subunit with histone methyltransferase catalytic activity (Lewis et al. 20103,
2010b; Freitag 2017). H3K9me3 is bound by HP1 (Heterochromatin Protein-1) to directly
recruit the DNA methyltransferase DIM-2 for methylation on the 5th intracyclical carbon
of cytosine bases (5™C) (Freitag et al. 2004; Honda and Selker 2008; Nielsen et al. 2002).
Consequently, AT-rich isochores are readily observable across fungal chromosome sequences
as they appear as peaks of enrichment of H3K9me3 (Figure 1) and cytosine methylation
interspersed among the gene-rich euchromatin (Lewis et al. 2009). One important subclass
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of AT-rich isochores in fungal genomes are centromeres, which are critical for chromosomal
function as they facilitate homologous chromosome pairing during mitosis/meiosis (Yadav
et al. 2018a; Previato de Almeida et al. 2019; Kurdzo et al. 2017; Krassovsky et al. 2012; Wells
et al. 2006; Stewart and Dawson 2004). Chromosomes of the budding yeast S. cerevisiae
contain a ‘point’ centromere that comprises ~200 bp in a single nucleosome, while most
other fungi have ‘regional’ centromeres spanning thousands of base pairs (Lefrangois et
al. 2013; Yadav et al. 2018a; Galazka et al. 2016; Malik and Henikoff 2009; Smith et al.
2012; Seidl et al. 2020). Similar to AT-rich isochores, centromeres are densely enriched for
H3K9me3 and 5™C (Lewis et al. 2009; Galazka et al. 2016; Smith et al. 2012; Cook et al.
2020; Seidl et al. 2020), yet are differentiated from other AT-rich transposon relicts by the
deposition of the centromere-specific histone variant CenH3 (Galazka et al. 2016; Yadav et
al. 2018a; Meluh et al. 1998; Malik and Henikoff 2009; Smith et al. 2012; Seidl et al. 2020).

Facultative heterochromatin can dynamically transition between being densely
compacted and thereby silencing the expression of the underlying DNA to looser
compaction resulting in chromatin being more open for activating transcription (Trojer
and Reinberg 2007). Facultative heterochromatin in fungi is typically delineated by either
the di- or tri-methylation of lysine 27 on histone H3 (H3K27me2/3) (Figure 1) catalyzed
by the PRC2 (Polycomb Repressive Complex-2; the SET domain protein KMT6™ is the
subunit that specifically methylates histones) (Wiles and Selker 2017; Freitag 2017). This
facultative heterochromatin mark is densely enriched over predominantly gene-rich
regions of the genome (Fig. 1) to repress gene expression (Jamieson et al. 2013; Basenko
et al. 2015; Dumesic et al. 2015). In N. crassa, H3K27me2/3 is enriched over sub-telomeric
chromosomal regions that are positionally dependent on the presence of telomere repeats,
although chromosome-internal, position independent peaks of H3K27me2/3 are readily
observed (Jamieson et al. 2013, 2018; Klocko et al. 2016; Basenko et al. 2015). In other
fungi, large stretches of H3K27me3 enrichment can be observed along core chromosome
arms (Zhang et al. 2021b; Schotanus et al. 2015; Kramer et al. 2022; Connolly et al. 2013;
Carlier et al. 2021; Cook et al. 2020; Soyer et al. 2021). For example, the fusion of multiple
subtelomeric domains, which form the four chromosomes in F. graminearum, result in
large chromosome-internal domains of H3K27me3 (Connolly et al. 2013), while H3K27me3
represses genes in the dynamic AGRs regions in V. dahliae (Cook et al. 2020; Kramer et al.
2022), and across accessory chromosomes in Z. tritici or F. oxysporum (Schotanus et al. 2015;
Fokkens et al. 2018). Interestingly, the deposition of the H3K27me2/3 mark varies with the
protein subunits associated with PRC2, as loss of PRC2-associated proteins NPF (Neurospora
p55 ortholog) or PAS (PRC2 Accessory Subunit) abolishes subtelomeric H3K27me2/3
in N. crassa, while the conserved protein EPR-1 is known to ‘read’ the H3K27me2/3
mark for gene repression; in support, deletion of the EPR1 homolog in F. graminearum,
BP1, phenocopies loss of KMT6 and BP1 directly binds DNA to stabilize nucleosomes for
enhancing transcriptional repression (Wiles et al. 2020; McNaught et al. 2020; Jamieson et
al. 2013; Klocko et al. 2016). Genomic regions that display properties of both constitutive
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and facultative heterochromatin are typically not observed (Galazka et al. 2016; Klocko
et al. 2016), yet some species-specific exceptions occur. For instance, the genome of Z
tritici contains large domains enriched for both H3K27me2/3 and H3K9me3, while only a
few larger interspersed heterochromatic regions in V. dahliae or only the telomeres of N.
crassa are enriched for both marks (Schotanus et al. 2015; Klocko et al. 2016; Cook et al.
2020). In addition, a newly emerging yet understudied facultative heterochromatic mark
required for repressing gene expression in N. crassa and Fusarium fujikuroi is di- or tri-
methylation of lysine 36 on histone H3 (H3K36me2/3), which is catalyzed by the SET-domain
containing histone methyltransferase ASH1 (Bicocca et al. 2018; Janevska et al. 2018). In
N. crassa, ASH1-specific H3K36me2 is enriched over lowly-expressed genes that are also
enriched with H3K27me2/3, and loss of ASH1 causes altered enrichment of H3K27me2/3
(Bicocca et al. 2018). Similarly, in F. fujikuroi, ASH1 methylates H3K36 to establish facultative
heterochromatin at sub-telomeres; ASH1 deletion increases sub-telomeric H3K27me3
enrichment, yet genes at the sub-telomeres become unstable (Janevska et al. 2018). These
data argue that ASH1-specific H3K36me2/3 is epistatic to the action of the PRC2 complex and
highlighting the need for additional study on the dynamics of facultative heterochromatin
marks in multiple fungal species.

Another subclass of AT-rich isochores with distinct functions in fungal genomes
are found at the telomeres, which, similar to other eukaryotes, delineate and protect
chromosome ends (Rahnama et al. 2021). Like those in higher metazoans, fungal
telomeres require telomerase and a shelterin complex (Jamieson et al. 2018; Yadav et
al. 2021; Nandakumar and Cech 2013; Smogorzewska and de Lange 2004). Telomerase
uses a ribonucleic acid template to synthesize short DNA repeats ([5" TTAGGG] ) onto the
chromosome ends (Jain and Cooper 2010; Qi et al. 2013; Greider and Blackburn 1985, 1989;
Szostak and Blackburn 1982), while the shelterin complex protects the single stranded
telomeric repeats from being degraded and/or recognized as a double strand DNA (dsDNA)
break (Jain and Cooper 2010; Zinder et al. 2022).
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Figure 2. The protein landscape of chromatin organization in fungi.

Phylogenetic profile of 41 well-studied proteins known to impact chromatin organization encoded in 88 eukaryotes.
These proteins are divided into the core histone proteins, CTCF, condensin subunits (types | & 1), cohesin subunits,
nuclear envelope-associated proteins, and shelterin-associated proteins (see Supplementary Table 2 for specific
gene information). Gene orthologs encoding most of the proteins involved in genome organization are conserved
in fungi, with the exceptions of CTCF proteins associated with loop formation, condensin Il for chromosome
territories, Lamins at the nuclear periphery, and multiple components of the shelterin complex for telomere
protection/organization. The heatmap color code reflects the fraction of species of a specific taxonomic lineage
in which orthologs were found, and gray boxes indicate the absences of that specific protein. Known phylogenetic
relationships between the different fungal lineages and other taxonomic groups (right) are shown on the left.
Schematic representations that summarize the composition of the analyzed protein complexes are shown on
the bottom; colored subunits depict presence in fungi, while gray colored subunits depict absence. Methods for
ortholog searches are detailed in Supplementary Methods.

Condensin Il

In the mammalian shelterin complex, the proteins TRF1 (Telomeric Repeat-binding
Factor 1), TRF2 (Telomeric Repeat-binding Factor 2), and POT1 (Protection Of Telomeres
protein 1) bind the telomeric repeats while TIN2 (TERF1-Interacting Nuclear factor 2),
TPP1 (TINT1, PTOP, PIP1 complex), and RAP1 (Repressor Activator Protein 1) mediate
protein intra-complex interactions (Palm and de Lange 2008; Myler et al. 2021; de Lange
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2005). However, only RAP1 and POT1 have clear fungal homologs (Fig. 2). In fact, fungal
shelterin complexes are quite diverse, as highlighted by the divergence of shelterin complex
members in two closely related yeast species (Fig. 2) (Xue et al. 2017; Steinberg-Neifach
and Lue 2015; Erlendson et al. 2017). In S. cerevisiae, RAP1 directly recognizes telomeric
dsDNA and recruits RIF1/2 (RAP1 Interacting Factor 1/2) to regulate telomere length, while
TBF1 (TTAGGG Binding Factor 1), a yeast ortholog of human TRF1, binds to single stranded
telomeric DNA to antagonize improper telomere lengthening (Li et al. 2000; Kaizer et al. 2015;
Irie et al. 2019; Kabir et al. 2010; Pitt et al. 2008; Bilaud et al. 1996; Hediger et al. 2006). In
contrast, the S. pombe shelterin complex contains the proteins TAZ1 (Telomere-Associated
in SchiZosaccharomyces pombe 1; a homolog of mammalian TRF1/2), RAP1, RIF1, POT1,
TPZ1 (Telomeres Protection protein in SchiZosaccharomyces pombe 1), and CCQ1 (Coiled-
Coil Quantitatively-enriched protein 1) for protecting telomeric DNA and silencing sub-
telomeric chromatin (Irie et al. 2019; Baumann and Cech 2001; Fujita et al. 2012; Deng et al.
2015; Zofall et al. 2016; Cooper et al. 1997; Kanoh and Ishikawa 2001; Miyoshi et al. 2008).
In filamentous fungi, the shelterin complexes of N. crassa and other ascomycetes appear
to be an amalgam of budding and fission yeast shelterins, based on protein conservation
(Fig. 2). Neurospora encodes a TAZ1 homolog to bind to dsDNA and a TBF1 homolog to
bind to single stranded [5" TTAGGG] telomeric DNA; TAZ1 (labeled TRF1 in (Galazka et al.
2016; Klocko et al. 2016)) is a functional homolog of mammalian TRFs that is restricted
to ascomycetes (Figure 2). Other fungal species may employ unique shelterin complex
proteins, including the basidiomycete corn smut pathogen Ustilago maydis that uses the
telomere-repeat binding proteins UmTayl, UmPot1, and UmTrf2 (Yu et al. 2020; Zahid et
al. 2022; Yu et al. 2018). Variability at yeast telomere repeats might partially explain this
shelterin complex diversity in fungal species, given that different proteins would be required
to recognize alternative telomere repeat sequences or differing telomere lengths (Cervendk
et al. 2021, 2017; Malyavko et al. 2014, 2019; Sepsiova et al. 2016; Lue 2021). For example,
S. cerevisiae telomeres have the sequence [T(G),,(TG), ], while S. pombe telomeres have
[TTACAG, ] (Cervenak et al. 2021). In contrast, N. crassa and other filamentous fungi use the
canonical [5" TTAGGG ] repeat found in metazoans to recruit the shelterin complex (Casas-
Vila et al. 2015; Erlendson et al. 2017), arguing filamentous fungi could be more appropriate
models for studies on telomere protection in higher organisms.

Conserved chromosomal features in euchromatic regions in
fungal genomes

Euchromatic genes have the potential to be transcriptionally active, but presumably
control of gene expression can be driven by transcription factor recruitment, deposition
of specific histone post-translational modifications, or even the 3D genome organization.
Many fungi share similar epigenetic marks as higher eukaryotes over actively transcribed
genes, including the extensive acetylation of histone proteins and the di- or tri-methylation
of lysine 4 on histone H3 (H3K4me2/3) (Lewis et al. 2009; Bicocca et al. 2018; Courtney et
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al. 2020; Xiong et al. 2010; Anderson et al. 2010; Smith et al. 2010; Zhu et al. 2019; Pokholok
et al. 2005). As in metazoans, H3K4me3 is primarily enriched at promoter regions (Fig. 1),
while H3K4me2 is predominantly deposited across gene bodies (Pokholok et al. 2005; Liu
et al. 2005; Zhu et al. 2019; Cemel et al. 2017). H3K4me2/3 is catalyzed by the conserved
COMPASS complex, which contains the SET-domain protein KMT25™ as its catalytic subunit,
but the composition of associated subunits can vary (Miller et al. 2001; Roguev et al. 2001;
Freitag 2017). All four histone proteins within euchromatic nucleosomes are also substantially
acetylated, with multiple lysine residues being subject for acetylation, including lysine 27 on
histone H3 (H3K27ac; Fig. 1) (Bicocca et al. 2018). H3K27ac is also observed in M. oryzae,
where loss of H3K27me3 and gain in H3K27ac increases transcription of genes necessary for
plant infection (Zhang et al. 2021b). In general, acetylation appears dense over gene bodies
and intergenic spacing, but little acetylation is found in AT-rich isochores, as deacetylase
complexes, such as the HCHC in N. crassa, act upon heterochromatic regions to remove
acetyl groups to induce chromatin condensation (Honda et al. 2012, 2016).

The distribution of these ‘activating’ histone modifications can influence the
formation of nucleosomes in euchromatin by altering the association of histone proteins with
DNA, thereby changing the accessibility of the underlying DNA (Bannister and Kouzarides
2011; Smolle and Workman 2013). Euchromatin accessibility has been assessed by ATAC-
seq (Assay for Transposase Accessible Chromatin-sequencing). For example, Neurospora
displays highly accessible chromatin regions (ACRs) that are often found upstream of genes:
most are small, but a subset of these intergenic ACRs are large (>2,000 bp), presumably for
multiple transcription factors to control of expression of ACR-proximal genes; these open
chromatin regions are enriched with acetylation of H3K27 to possibly ‘open’ the chromatin
(Ferraro etal. 2021). Euchromatin is characterized by a more open nucleosome conformation
that would also allow the underlying DNA to be more accessible. Specifically, the promoter
DNA of expressed genes is typically devoid of histone proteins, forming a nucleosome free
region that allows transcription factor binding to cis-regulatory elements for the recruitment
of the RNA Polymerase Il machinery for transcription initiation (Struhl and Segal 2013; Bai
and Morozov 2010; Radman-Livaja and Rando 2010). Nucleosome-free regions (NFR) at
promoters with more accessible chromatin have been widely observed in fungi, including
S. cerevisiae (Oberbeckmann et al. 2019), N. crassa (Ferraro et al. 2021; Klocko et al. 2019),
C. albicans (Jenull et al. 2020), Aspergillus niger (Huang et al. 2021), V. dahliae (Cook et al.
2020), and Ustilaginoidea virens (Chen et al. 2021b). Histone variants that alter nucleosome
composition are also known to impact chromatin accessibility across eukaryotic genomes
(Talbert and Henikoff 2010; Henikoff and Smith 2015; Talbert and Henikoff 2017). For
example, the placement of the histone variant H2A.Z, which replaces H2A in the histone
octamer, is enriched at the first nucleosome immediately downstream of the transcription
start site of actively transcribed genes, possibly functioning to impact transcription by
altering the chromatin structure at fungal promoters (Dong et al. 2018; Chen and Ponts
2020; Martire and Banaszynski 2020). Additionally, modifying the position of nucleosomes
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in the open reading frames of genes or within intergenic regions can impact the accessibility
or composition of chromatin. Nucleosome positions are altered by chromatin remodelers,
and in fungi, well-studied chromatin remodelers include the SWI-SNF complex and the AAA-
ATP member DIM-1/CATP, the latter of which impacts the enrichment of H3K9me3 and 5™C
in intergenic regions in euchromatin (Wiles et al. 2022; Kamei et al. 2021; Cha et al. 2013;
Klocko et al. 2019).

The spatial organization of fungal chromatin

During interphase, the nucleosomes package DNA into 10 nanometer (nm) chromatin
fibers, a beads on a string conformation that in turn may aggregate further into 30 nm
chromatin fibers (Hansen et al. 2018b; Bernardi 2015; Wako et al. 2020; Maeshima et al.
2016). Presumably, these chromatin fibers would be spatially organized in the nucleus
to facilitate proper genome function, including the initiation of transcription to enable
timely gene expression (Misteli 2007; Cook 1999). To facilitate this nuclear organization,
the chromatin fibers in eukaryotic genomes form a series of subnuclear structures of
hierarchically increasing sizes — in fungi, these range from chromatin loops to the Rabl
chromosome conformation (Box 1) — that both allow critical genome features to aggregate
into nuclear euchromatic/heterochromatic compartments and prevent the formation of
knots (or other non-viable DNA strand folding). This hierarchical organization of fungal
chromatin folding allows euchromatic genes to have the potential to dynamically associate
in spatially-close proximity, thereby forming non-random interactions or higher-order 3D
structures critical for gene expression. However, one can speculate that the large-scale
folding of chromatin fibers is also necessary to compact the fungal genome in the nucleus to
ensure the proper functioning of the DNA templated processes necessary for viability in an
identical manner to the role of genome organization in metazoan genome function (Misteli
2007; Cavalli and Misteli 2013; Sexton and Cavalli 2015). It should be noted, however,
that most genome organization experiments in fungi are derived from Ascomycetes, and
consequently additional work in Basidiomycetes as well as in earlier diverging fungi will be
needed to determine which aspects of the hierarchical genome organization detailed below
are conserved across fungi.

Chromatin loops/globules

Chromatin loops (often called ‘globules’) are among the most prevalent 3D structures in
metazoan genomes (Heger et al. 2012; Lieberman-Aiden et al. 2009; Kadauke and Blobel
2009). Here, chromatin loops occur when two loci physically separated on the linear
chromosome associate, and the intervening chromatin condenses. In metazoans, these ~300
kilobases (kb) chromatin loops may functionally influence gene expression by facilitating
interactions between distant regulatory sequences, such as enhancers and silencers,
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although the possibility exists that chromatin loops only form to structurally organize
metazoan genomes (Cavalli and Misteli 2013; Rao et al. 2014, 2017; Dekker and Heard
2015). Two critical components in the formation of chromatin loops in humans are cohesin
and condensin |, which are architectural DNA-binding protein complexes important for DNA
replication and chromosome folding, as well as for condensing chromosomes for meiosis
and mitosis (Rao et al. 2017; Davidson and Peters 2021; Hirano 2012; Green et al. 2012;
Haarhuis etal. 2017; Hoencamp et al. 2021; Jeppsson et al. 2022). In the cohesin complex, the
Structural Maintenance of Chromosomes (SMC)-1, SMC-3, Scc1, and Scc3 proteins form the
core machinery for chromatin looping (Peric-Hupkes and van Steensel 2008; Skibbens 2019;
Dorsett 2007). In addition, five to six accessory proteins are responsible for dynamically
loading or unloading the core cohesin complex onto chromatin and activating the cohesin
ATPase activity (Haarhuis et al. 2017; Yoshida et al. 2022; Davidson and Peters 2021). The
loading and activation of the SMC complex onto chromatin in budding yeast is facilitated by
the yeast homologs Scc2 and Scc4, as signaled by the acetyltransferase Ecol, while cohesin
dissociation from chromatin is mediated by WAPL and PDS5 (Ciosk et al. 2000; Murayama and
Uhlmann 2014; Camdere et al. 2015; Petela et al. 2018; Rolef Ben-Shahar et al. 2008; Chan
et al. 2012; Haarhuis et al. 2017). Together, SMC proteins comprise a ring-shape structure
in cohesin through which chromatin is actively extruded, thereby forming chromatin loops
(Ganji et al. 2018; Fudenberg et al. 2016; Bauer et al. 2021). Chromatin extrusion continues
until a boundary element is encountered, which both signals for cessation of extrusion
mechanism and the anchoring of the resulting chromatin loop (Ganji et al. 2018). Cohesin
remains associated with chromatin through interphase, potentially to stabilize loops, until
mitosis dependent Sccl cleavage occurs (Murayama and Uhlmann 2014; Uhlmann et al.
1999; Nasmyth 2001). Borders of chromatin loops are typically demarcated in metazoan
Hi-C datasets by the visualization of a ‘focus’ or point of enriched contacts off diagonal (Rao
et al. 2014). These strong interactions at loop bases are often centered over binding sites
for the CTCF (CCCTC binding factor) (Fudenberg et al. 2016; Brackley et al. 2018; Banigan
and Mirny 2020; Davidson and Peters 2021). CTCF-mediated loops are known to insulate
nearby active and repressive chromatin regions by blocking further chromatin extrusion (de
Wit et al. 2015; Sanborn et al. 2015). Here, two CTCF proteins bind to convergently-oriented
asymmetric 14 bp sequences and dimerize to form a loop of chromatin in the genomes of
higher eukaryotes (Rao et al. 2014; Ong and Corces 2014; Nora et al. 2017; de Wit et al.
2015). Consequently, depletion of CTCF disrupts loop formation in many cases (Xu et al.
2021; Zuin et al. 2014; Nora et al. 2017).
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Figure 3. The formation of regional structures in several fungal organisms.

In filamentous fungi, TAD-like structures generally form through hierarchical clustering of local chromatin structures.
(A) A generalized schematic of the folding of chromatin from the ‘beads-on-a-string’ model of the 10 nm fiber in
which DNA is bound to histone proteins to form nucleosome, to the formation of loops/globules with the action of
cohesin, to the folding of those globules into TAD-like/Regional Globule Clusters in the fungal genome. The folding
of TAD-like structures inferred from Hi-C contact data in (B) Neurospora crassa (Rodriguez et al. 2022) and (C)
Verticillium dahliae (Torres et al. 2023). (D) The compartmentalization of heterochromatic (stronger interactions)
and euchromatic regions can be observed in the genome of Rhizophagus irregularis (Yildirir et al. 2022). Methods
for Hi-C data processing and image generation are detailed in Supplementary Methods.

The cohesin core complex and most accessory proteins are highly conserved
throughout eukaryotes (Fig. 2), so it is reasonable to expect that chromatin loop formation
occurs by a loop extrusion mechanism in fungi as well (Fig. 3A). In fungi, the role of cohesin
has been only examined in the fission yeast S. pombe, where in a temperature-sensitive
cohesin mutant strain the ~40 kb sized globules are no longer visible across the genome
(Mizuguchi et al. 2014; Tanizawa et al. 2017). Chromatin loops/globules have been also
observed in filamentous fungi. In N. crassa slightly larger (~60 to 80 kb) globules are readily
visible in Hi-C datasets (Rodriguez et al. 2022). Given the conservation of cohesin subunits in
these filamentous fungi (Fig. 2), cohesin should also act across these genomes. However, it is
possible that cohesin and its activity are not fully conserved throughout all fungal lineages.
In Microsporidia, almost all cohesin complex components are absent (Fig. 2), suggesting that
these spore-forming unicellular fungal parasites evolved distinct mechanisms to topologically
organize their genome. Further, WAPL and Ecol seem to be absent in fungi belonging to the
Zoopagomycetes (Fig. 2), suggesting novel mechanisms for signaling loop dissociation might
exist in these obligate soil nematode parasites. Interestingly, and in contrast to cohesin
subunits, the gene encoding CTCF is restricted to higher metazoan species, which typically
have larger genomes. One can speculate that the CTCF bound to the base of a chromatin loop
anchors, and possibly stabilizes, the larger-sized globules/loops in metazoans (Pugacheva et
al. 2020; Li et al. 2020). Other boundary elements apart from CTCF have been found in
plants (Dong et al. 2017; Xie et al. 2019), D. melanogaster (Ramirez et al. 2018), C. elegans
(Anderson et al. 2019), and humans (Valton et al. 2022; Anania et al. 2022). However, the
specific boundary elements restricting chromatin loop size by repressing cohesin loop
extrusion in fungi have not been fully characterized (Mizuguchi et al. 2014; Rodriguez et
al. 2022; Schalbetter et al. 2019). Fungi may employ diverse mechanisms to negatively
regulate loop formation, including the enrichment of convergent genes that delineate loop
‘boundaries’ in S. pombe (Mizuguchi et al. 2014), or the incorporation of AT-rich, repetitive
heterochromatic isochores in the genome, as observed in N. crassa (Rodriguez et al. 2022)
and E. festucae (Winter et al. 2018). While future experiments are needed to assess the
requirement of cohesin for forming chromatin loops in fungi (Schalbetter et al. 2019), the
hypothesis that constitutive heterochromatic regions possibly act as loop anchors would
render CTCF or similar boundaries unnecessary in fungi.
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Topologically Associated Domains

Topologically Associated Domains (TADs) are 3D chromosomal structures that regionally
organize the genome by subdividing chromatin compartments (Dixon et al. 2012; Acemel
and Lupidiez 2023) suggesting that a single TAD may contain several chromatin loops or
become visible when multiple loops are averaged over a cell population (Dekker and Heard
2015; Hansen et al. 2018a) (Fig. 3). TADs in metazoans are typically megabase-sized genomic
regions in which chromatin is more apt to contact yet is insulated from chromatin outside
of the TAD (Lieberman-Aiden et al. 2009; Dixon et al. 2012). In metazoan Hi-C datasets,
TADs appear as triangles of increased contact probability immediately off-diagonal, with few
distant contacts with chromatin beyond the TAD border (Fig. 3). Interestingly, TAD borders in
metazoans are often enriched for housekeeping genes, tRNA genes, and retrotransposons
(Dixon et al. 2012). However, it is currently unclear if TADs are primarily structural, i.e., TAD
formation organizes the genome in the nucleus, or are essential for genome function (Beagan
and Phillips-Cremins 2020), possibly required to regulate gene expression by increasing the
contact probability of distant enhancers/silencers with cognate promoters (Flavahan et
al. 2016; Dixon et al. 2018). While altered TAD borders may cause misregulation of gene
expression in some human cancers (Valton and Dekker 2016; Taberlay et al. 2016; Akdemir
et al. 2020; Flavahan et al. 2016; Dixon et al. 2018), multiple datasets report only minimal
changes in gene expression when individual TADs are altered (Ghavi-Helm et al. 2019; Rao et
al. 2017). Additionally, TADs change little through interphase of the cell-cycle, but TADs are
consistently lost upon entry into mitosis when chromosomes are locally condensed, and are
reformed before entry to G1, suggesting TADs are primarily structural in nature (Naumova
et al. 2013; Abramo et al. 2019).

TAD formation in higher metazoans appears to require the action of condensin
complexes. Specifically, the SMC complexes condensin type | and Il are known to shape
individual chromosomes by forming higher order looping structures (Hagstrom and Meyer
2003; Hirano 2012). In both complexes, the yeast homologs SMC2 and SMC4 form a highly
conserved core ring structure (Schleiffer et al. 2003), but individual condensin types can
be distinguished by other subunits: condensin | contains CAPH, CAPG, and CAPD2, while
condensinllhas CAPH2, CAPG2,and CAPD3 (Ono et al. 2003; Schleiffer et al. 2003). Condensin
| has the greatest impact during the mitotic phase of the cell cycle, where it laterally
compacts sister chromatids by forming smaller supercoiled chromatin loops (Kimura and
Hirano 1997; Green et al. 2012; Hagstrom and Meyer 2003; Golfier et al. 2020; Kong et al.
2020). Condensin |l affects high order chromosome organization during all cell cycle stages,
as it is found in the nucleus during S phase; during mitosis, condensin Il may involve the
formation of large chromatin loops, in conjunction with condensin | activity, for establishing
a ‘nested loop architecture’ critical for sister chromatid/homologous chromosome pairing
(Kong et al. 2020; Yu and Koshland 2005; Ono et al. 2013).

Emerging evidence from multiple species suggests that filamentous fungi have
TAD-like structures analogous to metazoan TADs (Rodriguez et al. 2022; Mizuguchi et
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al. 2014; Tsochatzidou et al. 2017; Eser et al. 2017; Winter et al. 2018; Schalbetter et al.
2019). Fungal TAD-like structures are several hundred kilobases in size and the euchromatin
internal to these TAD-like structures is more apt to contact (Galazka et al. 2016; Rodriguez et
al. 2022; Dixon et al. 2012). In N. crassa, TAD-like structures were originally termed Regional
Globule Clusters (RGCs) named for the aggregation of several ~40 kilobase euchromatic
globules into larger, compact structures ~250 kb in size that could be interpreted as a large
chromatin aggregates analogous to metazoan TADs (Fig. 3B). RGCs display extensive yet
random internal euchromatic contacts that are not restricted from outside chromatin, as
strong inter-RGC contacts readily occur, arguing proteins insulating internal euchromatin are
not encoded in Neurospora crassa (Rodriguez et al. 2022). RGCs are flanked by constitutive
heterochromatic regions to delineate RGC borders. The clustering of heterochromatin
regions, possibly through Liquid Liquid Phase Separation (LLPS) condensates (Larson et al.
2017), may act as RGC anchor (Fig. 3B) in an analogous manner to CTCF at chromatin loops
(Rodriguez et al. 2022); consequently, cohesin would act specifically to form the smaller
globules internal to and comprising this TAD-like structure. Similar patterns of TAD-like
structures have been observed in S. cerevisiae, where globule structures are delimited by
transcriptionally active genes that are often in a convergent orientation (Tsochatzidou et al.
2017; Schalbetter et al. 2019). Additionally, TAD-like structures can be seen in E. festucae,
where RIP’d AT-rich heterochromatic regions strongly interact to form large structures to
compact chromatin (Winter et al. 2018), and in the fungal pathogen Puccinia striiformis,
which may form un-insulated RGCs across each chromosome arm (Xia et al. 2022). Another
example of TAD-like structures is found in V. dahliae and related Verticillium species
where Hi-C datasets display TAD-like structures with increased internal chromatin contact
probabilities and few intrachromosomal contacts beyond the TAD-like structure boundaries
(Fig. 3C) (Torres et al. 2023). In contrast to the situation in N. crassa, TAD-like boundaries in
V. dahliae and E. festucae are enriched for expressed genes, suggesting that TADs in these
fungi are necessary for proper gene expression. Additional evidence from yeasts suggests
that TAD-like structures are critical for other genome functions apart from gene expression,
such as repressing recombination or promoting genome evolution (Tsochatzidou et al.
2017; Mizuguchi et al. 2014; Gu et al. 2022). For example, TADs may be essential for fungal
chromosome replication during S-phase of the cell cycle, as ~200-kb TAD-like structures
across the S. cerevisiae genome separate clusters of early or late timed origins of replication
across its 16 chromosomes (Eser et al. 2017).
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Figure 4. Genome organization of the filamentous fungus Neurospora crassa.
The genome organization of the seven chromosomes comprising the entire Neurospora crassa genome is

characterized by inter-chromosomal centromeric contacts, as well as inter-chromosomal contacts between
telomeres in a Rabl chromosome conformation. Individual chromosomes have strong telomeric interactions,
while centromeric chromatin strongly self-interacts yet is isolated from other genomic foci. Interestingly, the
strongest long-range interactions occur between H3K9me3-enriched constitutive heterochromatic regions. (A)
Corrected in situ Hi-C data of combined Dpnll (euchromatin-specific) and Msel (heterochromatin-specific) Hi-C
data (Rodriguez et al. 2022) at 20 kb resolution, showing the interactions across the entire genome (all seven
chromosomes indicated on the top and right of the Hi-C contact map), one chromosome (Linkage Group Ill), and
a zoomed image of the right arm of LG Ill. Blue arrowheads indicate inter-chromosomal centromere interactions,
purple arrowheads indicate inter- or intra-chromosomal telomeric interactions, and white arrowheads indicate
strong intra-chromosomal heterochromatic interactions. ChIP-seq track of H3K9me3 enrichment shows regions of
constitutive heterochromatin. (B) Aggregate chromosome plots, at 5 kb resolution, of Dpnll (euchromatin-specific,
left) or Msel (heterochromatin-specific, right) in situ Hi-C data (Rodriguez et al. 2022). Two aggregate chromosome
schematics are below the Hi-C contact map, with centromeres denoted by red boxes and telomeres shown by
green ovals. Blue arrowheads indicate inter-chromosomal centromere interactions and purple arrowheads indicate
intra- or inter-chromosomal telomeric interactions. Methods for Hi-C data processing and image generation are

detailed in Supplementary Methods.
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Organization of interspersed constitutive heterochromatic regions

AT-rich isochores comprising constitutive heterochromatin can be found embedded
throughout fungal chromosomes as well as at centromeres and telomeres (Lewis et al. 2009;
Seidl et al. 2020; Winter et al. 2018). N. crassa has approximately 300 AT- and H3K9me3-
enriched isochores interspersed throughout the genome, which range in size from <1 kb
to ~400 kb (Galazka et al. 2016; Klocko et al. 2016). These regions readily associate in the
nucleus, as exceptionally strong contacts between silent chromatin regions both within a
chromosome and across chromosomes are frequently observed in fungal Hi-C datasets (Fig.
4), arguing that the clustering of constitutive heterochromatic regions in the fungal nucleus
may be particularly important for the proper chromosome conformation in fungi. However, it
is readily apparent in fungal Hi-C datasets that any interspersed constitutive heterochromatic
region has the potential to interact, as uniformly strong contacts between all H3K9me3-
marked silent regions are readily observed within Hi-C data derived from a population of
fungal nuclei (Galazka et al. 2016; Rodriguez et al. 2022; Winter et al. 2018). Moreovetr,
the chromatin inside every constitutive heterochromatic region strongly and consistently
interacts across the entire length of that silent region, with the strongest interactions
occurring on the level of individual nucleosomes, suggesting that silent chromatin forms
dense globule-like structures consisting of a stochastic nucleosome aggregation (Galazka et
al. 2016; Rodriguez et al. 2022; Winter et al. 2018). At the highest resolutions, dense globules
are visible at the boundaries between heterochromatic and euchromatic regions, implying
the formation of 3D chromatin structures to prevent heterochromatin spread (Rodriguez et
al. 2022). However, the loss of the known constitutive heterochromatin machinery has little
impact on the folding of individual heterochromatic regions. In Neurospora, deletion of the
gene encoding the KMT1P™5 histone methyltransferase or its cognate binding partner HP1
reduces the dense internal compaction of heterochromatic regions and leads to reduced
contacts between the euchromatin bordering these silent regions (Galazka et al. 2016).
This suggests that folding of constitutive heterochromatic regions is dependent on proper
deposition of different chromatin modifications and that the primary role of H3K9me3 and
HP1is to compactindividual silent regions, thereby restricting contacts even between distant
heterochromatic regions (Galazka et al. 2016; Zenk et al. 2021). Notably, AT-rich DNA forms
few contacts with the surrounding euchromatin despite active and silent chromatin being in
close proximity on the linear chromosome (Galazka et al. 2016; Rodriguez et al. 2022; Klocko
et al. 2016), suggesting the heterochromatin-internal nucleosomes are isolated from active
chromatin in fungal nuclei. Similarly, H3K9me3-enriched AT-rich sequences in V. dahliae and
AT-rich isochores in E. festucae appear to be insulated from euchromatic contacts (Seidl et
al. 2020; Winter et al. 2018).

Despite the overall segregation of heterochromatic and euchromatic DNA, recent
work has shown that contacts that form between active and silent chromatin may regulate
fungal gene expression (Rodriguez et al. 2022). Specifically, in N. crassa, small ‘bands’ of
strong interactions between H3K9me3-marked constitutive heterochromatic regions and
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select genes in more GC-rich genomic regions, which are possibly marked with a unique
combination of histone post-translational modifications, are readily observed at the highest
resolution Hi-C datasets (Fig. 1) (Rodriguez et al. 2022). Many of these genes display drastic
changes in gene expression when constitutive heterochromatin is compromised (e.g.,
in a Adim-5/Akmt1 mutant strain) (Rodriguez et al. 2022). The possibility of constitutive
heterochromatin regulating gene expression has been observed previously (Yang et al.
2014) and may not be limited to Neurospora as several hundred genes that significantly
change expression have been observed in V. dahliae upon loss of the lysine 9-specific histone
methyltransferase Dim-5 (Kramer et al. 2021).

To segregate heterochromatic genomic loci from those that are actively transcribed,
and possibly to prevent aberrant RNA synthesis of silent chromatin, heterochromatin
clusters at the nuclear membrane in virtually all eukaryotic nuclei (Falk et al. 2019; Solovei
et al. 2016; Gonzalez-Sandoval and Gasser 2016). In mammals, most heterochromatin
associates with lamin filaments and additional anchor proteins to form LADs (Lamina
Associated Domains) at the nuclear envelope (Guelen et al. 2008; Briand and Collas 2020).
Mammalian proteins required for LAD formation include the lamin B receptor, Emerin, and
Lamina-Associated-Polypeptide 2-b (LAP-2), all of which contain a LEM (LAP-2, Emerin,
MAN1) domain capable of binding chromatin at the nuclear envelope (Wagner and Krohne
2007; Buchwalter et al. 2019; Lin et al. 2000). However, fungi do not encode these proteins
(Fig. 2), nor has the LEM domain been observed in any fungal proteins (Wagner and Krohne
2007; Koreny and Field 2016). However, fungi encode two general classes of integral
nuclear membrane proteins that facilitate heterochromatin interactions with the nuclear
membrane: MSC and SUN proteins (Koreny and Field 2016). Members of the MSC family
of proteins include the integral membrane proteins Srcl/Heh1, Heh2, Man1, and Lem2
(Grund et al. 2008; Mekhail and Moazed 2010; Taddei and Gasser 2012; Wagner and Krohne
2007; Brachner et al. 2005; King et al. 2006). All MSC proteins contain N-terminal LEM-like
and MSC (Man1-Srclp C-terminal) domains in their primary structures. In S. pombe, Lem2
facilitates the anchoring of heterochromatic regions to the nuclear envelope, where the
chromatin silencing machinery, including histone deacetylase complexes targeted to the
telomeres, are recruited for chromatin repression (Hirano et al. 2020; Barrales et al. 2016;
Sugiyama et al. 2007). Further, individual heterochromatic regions require specific proteins
for nuclear envelope association: centromeres require Csil and telomeres use Dsh1 and
Bqt3 (or Bqt4) (Harr et al. 2016; Ebrahimi et al. 2018; Barrales et al. 2016). The SUN (Sad-1,
Unc-84) protein family similarly mediates heterochromatin interactions with the nuclear
membrane (Tzur et al. 2006). Specifically, the S. cerevisiae SUN protein Mps3 associates with
Sir silencing proteins, including the Sir4-Sir3 complex that binds deacetylated histone H4 in
silent chromatin (Mekhail and Moazed 2010; Taddei and Gasser 2012; Harr et al. 2016; Bupp
et al. 2007). These observations highlight a direct nuclear membrane-heterochromatin
contact being important for genome organization. The MSC and SUN proteins are also
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widely conserved across filamentous fungi (Fig. 2), implying similar mechanisms might also
be employed in these species to tether heterochromatic regions to the nuclear membrane.

Chromatin compartmentalization in fungi

Euchromatin and heterochromatinin metazoans typically segregates into two distinct nuclear
compartments: the euchromatic (active) ‘A’ and heterochromatic (silent) ‘B’ compartments.
This compartmentalization of chromatin is readily observed as a ‘checkerboard’ pattern in
Hi-C contact maps (Fig. 3D). The functional interpretation of this pattern is that genomic
regions that have a similar transcriptional activity (e.g., heterochromatic regions that
are silent) are spatially interacting within the nucleus (Lieberman-Aiden et al. 2009; Rao
et al. 2014; Dixon et al. 2012; Dong et al. 2017; Rowley et al. 2017; Nichols and Corces
2021). Further studies have demonstrated that chromatin in each compartment physically
associates: in the A-compartment euchromatin interacts in the central nucleus region, while
in the B-compartment heterochromatin associates at the nuclear periphery (Beagan and
Phillips-Cremins 2020; Rao et al. 2017; Buchwalter et al. 2019; Rao et al. 2014; Lieberman-
Aiden et al. 2009). Mechanistically, this segregation may occur due to the aggregation of
heterochromatic regions, possibly through Liquid-Liquid Phase Separation, at the nuclear
membrane causing euchromatin to associate in the nucleus center (Falk et al. 2019; Larson
et al. 2017), or due to the forces emerging from the activity of DNA-templated proteins in
euchromatin forcing the segregation of silent chromatin to the nuclear periphery (Mahajan
et al. 2022). In contrast to the extensive compartmentalization seen in metazoan Hi-C
datasets, few fungi have evidence of prominent compartmentalization. To date, only the
arbuscular mycorrhizal fungus Rhizophagus irregularis, a member of the Glomeromycetes
clade, displays clear A/B compartments (Fig. 3D) (Xia et al. 2022; Yildirir et al. 2022). In
contrast, other fungi display minimal chromatin compartmentalization, possibly reflecting
the presence of smaller heterochromatic regions integrated among larger euchromatin
domains (Xia et al. 2022). However, segregation of fungal chromatin in a manner analogous
to A/B compartments, where heterochromatic regions aggregate yet are separated from
euchromatic TAD-like structures, has been observed in the Hi-C datasets of multiple fungal
species, including S. cerevisiae (Duan et al. 2010), S. pombe (Mizuguchi et al. 2014), N. crassa
(Galazka et al. 2016; Rodriguez et al. 2022), E. festucae (Winter et al. 2018), A. bisporus
(Hoencamp et al. 2021), and V. dahliae (Seidl et al. 2020). Presumably, interactions between
heterochromatic regions, even when the small AT-rich isochores across fungal genomes
are formed into heterochromatin, could be crucial for phase separation into the active ‘A’
and silent ‘B’ compartments (Falk et al. 2019). Chromatin compartmentalization is also
supported by historical electron microscopy data, which shows clusters of densely-stained
heterochromatin, which are often at the nuclear periphery but can be in the nucleus center,
interspersed with lightly-stained euchromatin (Shatkin and Tatum 1959), thus arguing the
chromatin composition organizes the nuclear genome in fungi.
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Organization of fungal chromosomes into a Rabl conformation

The compartmentalization of the heterochromatic centromeres and telomeres of
fungal chromosomes onto the nuclear membrane would facilitate the formation of Rabl
chromosome conformations within the fungal nucleus (Box 1) (Hoencamp et al. 2021; Duan
et al. 2010; Kim et al. 2017; Schalbetter et al. 2019). Rabl chromosome conformation is
typically characterized by the clustering of centromeres on one side of the nuclear envelope
and chromosomal arms extending outwards towards the opposing nuclear periphery on
which the (sub)telomeres associate (Fig. 5A; e.g., (Jin et al. 2000)). Microscopic (e.g., (Guacci
et al. 1994; Jin et al. 2000; Gasser 2002; Laroche et al. 1998; Schober et al. 2008; Goto et al.
2001)) as well as Hi-C experiments (Hoencamp et al. 2021; Duan et al. 2010; Kim et al. 2017;
Schalbetter et al. 2019) also confirmed that S. cerevisiae organizes its 16 chromosomes in
Rabl conformation during interphase, with a centromere cluster in proximity to the spindle
pole body while the 32 (sub)telomeres associate non-randomly in four to eight foci at the
nuclear membrane opposite the centromere bundle (Bystricky et al. 2004; Therizols et
al. 2010; Duan et al. 2010; Kim et al. 2017; Schalbetter et al. 2019). Similarly, S. pombe
organizes its three chromosomes into a Rabl structure (Mizuguchi et al. 2014). In filamentous
fungi, the Rabl conformation was initially observed in N. crassa Hi-C experiments (Klocko
et al. 2016; Galazka et al. 2016; Rodriguez et al. 2022). These data were corroborated by
fluorescent microscopy of N. crassa nuclei in which a single centromere focus and three to
four telomeric foci associate with the nuclear membrane (Fig. 5, Box 1). Additional Hi-C data
from a plethora of filamentous fungi show that the centromeres contact independent of -and
distinct from - telomere clustering and thus confirmed the existence of Rabl chromosomes,
including in ascomycetes [Penicillium oxalicum (Li et al. 2022), E. festucae (Winter et al.
2018), V. dahliae (Torres et al. 2023; Seidl et al. 2020), Candida albicans (Burrack et al. 2016),
Fusarium verticillioides (Yao et al. 2023) and [Cladosporium fulvum (Zaccaron et al. 2022)]
and basidiomycetes [Puccinia polysora (Liang et al. 2022), Puccinia graminis (Sperschneider
et al. 2021; Henningsen et al. 2022), Autropuccinia psiddi (Edwards et al. 2022), and A.
bisporus (Hoencamp et al. 2021)] (Supplementary Table 1). Interestingly, R. irregularis does
not show clear centromere bundling for organizing its chromosomes, but it does seem to
exhibit telomere bundling (Yildirir et al. 2022). Thus, these observations collectively suggest
that the vast majority of fungi exhibit at least some of the features associated with Rabl-like
chromosomal conformation.

One of the most prominent features observed in Hi-C contact maps of species
employing a Rabl chromosome conformation is the strong inter-chromosomal interactions
indicative of centromere bundling (Fig. 4). Centromere bundles manifest as dark ‘spots’
between chromosomes in whole genome contact maps, as observed in yeasts (S. cerevisiae
and S. pombe), N. crassa (Fig. 4), V. dahliae, and E. festucae, among others (Rodriguez et al.
2022; Mizuguchi et al. 2014; Kim et al. 2017; Belton et al. 2015; Tanizawa et al. 2017; Seidl
et al. 2020; Winter et al. 2018). The size of the inter-chromosomal centromere contacts is
dependent on whether the centromeres in that species are point (small inter-centromere
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interactions) or regional (large inter-centromere interactions) centromeres (Tanizawa et al.
2017; Yadav et al. 2018a; Galazka et al. 2016; Rodriguez et al. 2022; Belton et al. 2015; Seidl
et al. 2020). Work in budding yeast has shown that centromeres bundle at the spindle pole
body during interphase, an interaction which may require the centromeres to associate with
microtubules as the application of nocodazole, a toxin that disrupts microtubule assembly,
leads to reduced centromere clustering (Jin et al. 2000; Goto et al. 2001). The yeast CBF3
complex, which deposits the centromere specific histone variant Cse4 in centromeric DNA,
also contains the critical kinetochore protein Ndc10p, highlighting the connection between
centromere clustering and microtubule binding (Yan et al. 2018; Lechner and Carbon
1991). Surprisingly, few interactions between the heterochromatic centromeres and other
interspersed heterochromatic regions are observed in N. crassa, even when heterochromatic
features are in close proximity on the linear chromosome (Galazka et al. 2016; Rodriguez et
al. 2022). This argues that the centromeric bundle is refractory to interacting with other
heterochromatic regions, implying that the centromere bundle forms a dense, compact
structure that isolates centromeric DNA (Fig. 4,5). Specificity for centromere bundling may
be derived from deposition of CenH3 into centromeric nucleosomes, as CenH3 enrichment
is only observed at the centromeres in N. crassa and other fungi (Smith et al. 2012; Galazka
et al. 2016; Seidl et al. 2020). Presumably, kinetochore proteins that specifically associate
with these centromeric histone variants might play a role in establishing and maintaining
the centromere bundles at the nuclear membrane across filamentous fungi, in a manner
similar to that of yeast (Westermann et al. 2007; Biggins 2013; Pidoux and Allshire 2004).
Centromere clustering may also require some general property of heterochromatin
independent of H3K9me3 deposition, as yeasts lacking H3K9me3 and SET-domain histone
methyltransferases still have extensive inter-chromosomal centromere bundling, suggesting
centromere clusters could rely on the silent chromatin in these regions forming LLPS
condensates.
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Figure 5. The formation of the Rabl chromosome conformation in fungal nuclei. (A) A schematic representation
of two chromosomes (colored brown and gray for distinction) in the Rabl chromosome conformation (Mizuguchi,
Barrowman and Grewal 2015), where centromeres (red circles) cluster on one side of the nucleus and the
telomeres (green circles) cluster on the opposite side; the nucleolus is a distinct structure apart from these
interphase chromosomes. (B) Detailed schematic of how interspersed heterochromatic regions (black circles)
facilitate chromatin associating with the nuclear membrane and the compartmentalization of active and silent
chromatin. Each chromosome forms a weak territory, with more intra-chromosomal contacts, but some inter-
chromosomal interactions can occur.

Increased contacts between telomeres that indicate clustering of chromosome
ends are another prevalent feature of most fungal Hi-C interaction maps (Fig. 4), and strong
interactions originating at chromosome ends in Hi-C datasets can extend ~200 kb internal
to the chromosome into the sub-telomeres (Fig. 4) (Galazka et al. 2016; Klocko et al. 2016;
Mizuguchi et al. 2014; Rodriguez et al. 2022; Kim et al. 2017; Tanizawa et al. 2017). The
relative position and distance between telomere bundles in the nucleus are governed by
the chromosomal arm length, the position of the centromere, and the nuclear volume
(Bystricky et al. 2004; Therizols et al. 2010). Individual telomeres may also have a unique
landscape of chromatin modifications. For instance, in Neurospora these chromosome ends
are the only loci in the genome enriched for both H3K9me3 and H3K27me2/3 (Klocko et al.
2016; Jamieson et al. 2018). However, the terminal H3K9me3-enriched telomere repeats
minimally interact with nearby interspersed facultative or constitutive heterochromatic
regions (Rodriguez et al. 2022). Importantly, no experimental data thus far has observed
the co-localization of both centromeres and telomeres in the same nuclear region (Fig.
4), suggesting that mechanisms exist that independently organize these chromosomal
structures. One possibility is that fungi may co-opt facultative heterochromatin to restrict
(sub)telomeric contacts, thereby ensuring proper genome organization. In support, the
Aset-7 (Akmt6) N. crassa strain devoid of H3K27me2/3 can have microscopic co-localization
of centromeres and telomeres when facultative heterochromatin is compromised (Klocko et
al. 2016). In Hi-C datasets, this loss of H3K27me2/3 reduces sub-telomeric interactions and
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causes general genome organization disorder consistent with reduced interactions between
the sub-telomeres and the nuclear membrane (Klocko et al. 2016). However, only sub-
telomeric H3K27me2/3 is critical for nuclear membrane interactions, as a Anpf (Neurospora
p55 homolog) strain that loses sub-telomeric H3K27me2/3 exhibits genome disorder
consistent with compromised sub-telomere interactions despite internal H3K27me2/3
enrichment being maintained (Klocko et al. 2016). Thus, current data seems to suggest that
the unique chromatin landscape at the centromeres and telomeres ensure the isolation of
these chromosomal features in a Rabl conformation despite both exhibiting properties of
constitutive heterochromatin.

Loss of shelterin complex members eliminates telomere clustering and impacts the
localization of telomeres to the nuclear periphery, as increased numbers of telomere foci
are observed in loss of function shelterin mutants (Chikashige and Hiraoka 2001; Kanoh and
Ishikawa 2001; Palladino et al. 1993). The heterodimeric Yku complex (Yku70/80) may be
required for telomere clustering, as Yku70/80 anchors telomeres to the nuclear envelope
(Hediger et al. 2002; Laroche et al. 1998), but also plays a role in shielding telomeric ends
from shortening or fusion, and in telomere silencing (Ponnusamy et al. 2008; Polotnianka
et al. 1998; Boulton and Jackson 1998). In filamentous fungi, recent work elucidated the
role of an unexpected protein contributing to telomere tethering. In the Neurospora dim-
3 strain, which encodes a mutant allele of Importin a/Karyopherin a, some telomere foci
no longer associate with the nuclear membrane, and a dim-3 strain exhibits a drastically
altered genome organization in a manner consistent with compromised telomere anchoring
(Galazka et al. 2016). This phenotype may be indirectly caused by an increase in nuclear
volume, which under normal situations would physically constrain telomere anchoring: dim-
3 nuclei consistently have a larger nuclear membrane diameter than the nuclei in wild-type
strains (Galazka et al. 2016). Consistently, previous work in metazoans suggest that Importin
a/Karyopherin a is necessary to constrict nuclear volumes (Levy and Heald 2010). Further
experiments aimed at elucidating the proteins necessary for telomere-nuclear membrane
anchoring, based on the groundwork established in yeast systems, should prove fruitful to
uncover if filamentous fungi use similar mechanisms for telomere anchoring.

Quantitative computational models suggest that the specific tethering of
heterochromatic chromosomal regions, including centromeres and telomeres to distinct
nuclear landmarks, is sufficient to explain higher order organization of fungal genomes
(Tjong et al. 2012; Wong et al. 2012). For example, in budding yeast, the complex Rabl
nuclear organization emerges in computational models in which chromosomes are
allowed to form random contacts, yet chromosomes are constrained by the tethering of
chromosomal features to the nuclear envelope, by the distances between telomeres, and
by the co-localization of functionally related loci (Tjong et al. 2012; Wong et al. 2012).
Therefore, these geometrical constraints alone are sufficient to explain highly organized
nuclear genome organization, including the Rabl-like chromosomal conformation, in S.
cerevisiae (Tjong et al. 2012). Despite the genomes of filamentous fungi being larger
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and often containing more chromosomes, the bundling of centromeres, telomeres, and
interspersed heterochromatic regions at the nuclear periphery would be expected to drive
the Rabl chromosome organization in a similar manner.

One corollary effect of a Rabl conformation in fungal nuclei is that chromosomes
cannot form distinct territories, a property of higher metazoan genomes in which each
chromosome occupies a defined space in the nucleus (Cremer and Cremer 2010; Tanabe
et al. 2002; Parada et al. 2004; Manuelidis 1985; Cremer and Cremer 2001). In humans,
chromosomal territories are evident by an enhanced intra-chromosome contact frequency,
and minimal inter-chromosomal interactions (Lieberman-Aiden et al. 2009; Imakaev et al.
2012; Hoencamp et al. 2021; Falk et al. 2019). Eukaryotes encoding a complete condensin Il
complex form these territories, arguing that the presence of condensin Il either strengthens
chromosomal territories or suppresses Rabl conformation formation (Hoencamp et al.
2021). Specifically, deletion of the condensin Il subunit CAPH2 in human cells promotes
the formation of a Rabl-like chromosome conformation by increasing inter-chromosomal
and trans-centromeric contacts while lowering lengthwise compaction of chromosomes
(Hoencamp et al. 2021; Yoshida et al. 2022). However, nuclear architecture is more variable
when longer evolutionary time scales are considered (Hoencamp et al. 2021). Specifically,
fungal genomes do not encode condensin Il accessory subunits (Fig. 2), as previously noted
in S. cerevisiae, S. pombe, and N. crassa (Hudson et al. 2009; Hirano 2012; Hoencamp et al.
2021; Rodriguez et al. 2022), and consequently strong chromosome territories rarely form
in fungal nuclei. Thus, the formation of a Rabl chromosome conformation (Fig. 5) in fungi
is near ubiquitous. In this model, each chromosome exhibits extensive inter-chromosomal
contacts (Fig. 4) that could be necessary for proper genome function, including the
regulation of fungal gene expression. However, several intriguing observations directly
contrast the Rabl chromosome model being applicable to all fungi. First, in R. irregularis,
no clear Rabl chromosomes can be observed in Hi-C experiments (Fig. 3D) (Yildirir et al.
2022) yet condensin Il orthologs are absent (Fig. 2), suggesting novel proteins facilitate
chromatin compartmentalization into novel sub-nuclear structures. Further, orthologs of
the condensin Il accessory subunits CAPH2, CAPG2, and CAPD3 are present in species of the
Monoblepharidomycetes clade (Fig. 2), suggesting that chromosome territories may exist in
these taxa, but no Hi-C data currently exists to test this hypothesis.

Concluding remarks and future research

The spatial organization of the eukaryotic nuclear genome is closely linked to its biological
functions (Lieberman-Aiden et al. 2009; Hoencamp et al. 2021; Bonev and Cavalli 2016;
Sexton and Cavalli 2015). Here, we addressed the occurrence, formation, and functional
implications on the spatial organization of the nuclear genome in fungi. Yeasts have been
important model systems to study nuclear genome organization in the last decades, but

232 CHAPTER 6



only recently data on the composition and organization of chromatin on more diverse
fungi became available. Based on these, we sought to summarize and discuss structures
homologous to those found in model eukaryotes and examined the protein complexes that
are implicit in establishing these structures. We argued that the folding of chromatin fibers
in fungi is similarly hierarchical as in other eukaryotes, ranging from small-scale chromatin
loops of a few kilobases to large-scale subdomains comprising hundreds of kilobases that
segregate chromatin into A or B compartments. The self-interacting domains similar to
metazoan TADs have been observed in yeasts (Mizuguchi et al. 2014; Duan et al. 2010;
Tsochatzidou et al. 2017; Schalbetter et al. 2019), and TAD-like structures that regionally
organize the genome are prevalent in most studied filamentous fungi. However, the precise
nature of the boundary or insulator regions, that allow the loading of cohesin or restriction
of the extrusion remains to be examined in detail. Furthermore, based on experimental
data from several diverse fungi, we argued that Rabl chromosome conformation is the
hallmark of fungal genome organization, and the independent bundling of centromeres
and telomeres drives the overall nuclear organization of the fungal genome. Implicit in this
hierarchical organization is that different ‘levels’ are interconnected and that changes in
local chromatin organization have significant impact on the global nuclear organization,
e.g., in formation of heterochromatic structure at centromeres and telomeres and vice
versa. In addition to the critical link between gene expression and chromatin folding,
several conserved DNA-templated processes may be directly tied to genome organization,
including DNA replication and repair that can alter genome and nuclear organization. DNA
repair events can contribute to fungal evolution, as the occurrence of a double stranded
DNA break and its concomitant repair onto DNA strands spatially close in 3D may be the first
step in structurally varying a species’ genome (Huang and Cook 2022; Hanson et al. 2021;
Zhang et al. 2012). Thus, DNA-templated processes in the nucleus are often influenced
by the organization of the genome, yet improper functioning of these genomic functions
can feedback and alter genome organization, highlighting the intricate interconnection
between chromosome conformations and genome function. While we here strived to
paint a complete picture on the genome organization in fungi, it is important to note that
detailed, high-resolution datasets on chromosomal conformation as well as chromatin
composition and organization are only available for very few fungal model species. Even
though the hierarchical organization of nuclear genome organization is largely conserved
between the fungal species examined to date, we also highlighted intriguing differences
between species, including the species-specific characteristics defining TAD-like structures.
Recent work comparing the position of TAD-like structures and conservation of TAD
boundaries between fungal strains and species of the same genus suggests that there is
limited TAD variation (Torres et al. 2023), which is reminiscent of observations in other
eukaryotes (Rao et al. 2014; Rowley et al. 2017; Harmston et al. 2017; Krefting et al. 2018;
Fudenberg and Pollard 2019; McArthur and Capra 2021; Liao et al. 2021b). These data favor
a hypothesis where TAD-like structures are generally conserved in related fungi but may
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be less conserved when greater fungal diversity is considered. Nevertheless, in Drosophila
species, rearrangements occur predominantly at TAD boundaries and not in TAD bodies
(Wright and Schaeffer 2022; Liao et al. 2021b), suggesting that TAD-like structures play
important roles for the evolution of genome organization. Therefore, comparative studies
that systematically probe genome organization throughout the fungal lineage will help
deepen understanding the establishment, conservations, and the functional implications
of genome organization. We therefore advocate that exploring genome organization in the
context of the extensive fungal biodiversity will be essential to uncover in the future how
nuclear organization impacts fungal genome function and evolution.
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Supplementary data

Methods

Imaging analysis

Imaging of the Neurospora crassa strain N6224 (ish-1::foTagBFP2::hph::LoxP; hpo-
TagRFP-T::hph::loxP; CenH3::iRFP670::hph::LoxP; Trf-1::GFP::hph::LoxP; Asad-2::natl) was
performed under standard imaging conditions (conidia from N6224 were resuspended in
a 50% glycerol solution, and 3 puL was spotted on glass microscope slides and covered with
a glass coverslip) (Klocko et al. 2016) on a Leica Thunder Imaging System; composite and
deconvoluted images of GFP, BFP, and iRFP were cropped in Adobe Photoshop.

Hi-C data analysis

Paired-end sequence fastq files of Hi-C data were downloaded from the NCBI GEO (N.crassa)
or the Sequence Read Archive (SRA; R. irregularis) using the program fastg-dump, mapped
with bowtie2 (Langmead and Salzberg 2012) or BWA mem (V. dahliae, (Li and Durbin 2009)),
and processed with hicExplorer (Ramirez et al. 2018), using the subprograms hicBuildMatrix,
hicCorrect using Knight Ruiz correction for N. crassa and R. irregulatis (Knight and Ruiz 2013)
or Iterative Correction (ICE) correction for V. dahliae (Imakaev et al. 2012), hicPlotMatrix,
and hicPlotTADs. Aggregate read count matrices for N. crassa Hi-C data were built with Juicer
(Hoencamp et al. 2021; Rao et al. 2014) using fastq files of Dpnll (euchromatin-specific)
or Msel (heterochromatin-specific) Hi-C datasets (Rodriguez et al. 2022), and the resultant
.mcool matrix files were displayed with hicExplorer. The contact matrix for V. dahliae Hi-C
data was built with hicBuildMatrix (Ramirez et al. 2018) from Dpnll (euchromatin-specific)
proximity ligation Hi-C data and displayed using hicPlotMatrix.

Chromatin Immunoprecipitation data analysis

ChlP-seq data was mapped to version 14 of the Neurospora crassa genome using
bowtie2 (Langmead and Salzberg 2012), converted to a bam file and sorted with samtools
(Li et al. 2009), and the sequence enrichment was calculated by the bamCoverage program
in DeepTools (Ramirez et al. 2016) and displayed as a bigwig file on Integrative Genomics
Viewer (IGV) (Robinson et al. 2011). Similar methods were used to display H3K9me3 ChlP-
seq data for V. dahliae using the reference strain JR2 (Faino et al. 2015). Percent guanine-
cytosine bases (%GC) was calculated for the ncl2 fixed genome and displayed as a .wig
file (Klocko et al. 2019); given the differences between versions 12 and 14 of the N. crassa
genome only affect chromosomes (Linkage Groups) | and V (Rodriguez et al. 2022), the
same wig file can be used for Linkage Group Ill images. Transposon location bed files were
displayed with IGV, with the locations modified from (Nguyen et al. 2022).
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Phylogenetic profile of chromatin topology associated proteins in fungi
Database

Toidentify proteinsinvolved in chromatin topology in fungi, we used 89 eukaryotic (predicted)
proteomes (Supplementary Table 2). Proteomes of non-fungal taxa (15) were obtained from
anin-house dataset described previously (Deutekom et al. 2019). The vast majority of fungal
proteomes were obtained from the Joint Genome Institute (JGI) Mycocosm fungal reference
database (https://mycocosm.jgi.doe.gov/mycocosm/home). Additionally, the predicted
proteomes of Austropuccinia psidii (Edwards et al. 2022) and Hemileia vastratix (Tobias et
al. 2022) were manually added after prediction of protein-coding genes by Augustus with
default settings (Stanke et al. 2006).

HMM model assignment

Hmmersearch (HMMER v.3.1 (Eddy 2011)) was used with in-house profile hidden Markov
models (HMMs), Pfam 31.0 (Finn et al. 2016), and histone profiles (https://www.ncbi.
nlm.nih.gov/research/HistoneDB2.0/) to search the in-house database for homologous
sequences. Briefly, in house profile HMMs were generated by obtaining diverse eukaryotic
sequences for lamins (Kollmar 2015), shelterin subunits (Myler et al. 2021; Finn et al. 2016),
SUN and SMC (Koreny and Field 2016). The condensin (I, Il), cohesin, and CTCF profile
HMMs were kindly provided by Dr. Jolien J. E. van Hooff, Université Paris-Saclay, CNRS,
AgroParisTech, Ecologie Systématique Evolution, Orsay, France. Homologous sequences in
our fungal database for each protein family were aligned using MAFFT v7.453 --localpair
--maxiterate 1000 (Katoh and Standley 2013), trimmed to remove non-informative sites
using ClipKit v.1.3.0 —smartgap (Steenwyk et al. 2020) The final profile HMMs was generated
using hmmbuild with default settings (Eddy 2011). To identify the final set of homologs, we
used hmmersearch with -E 1e-10, --domE 1e-10, --incE 1-e-10, --incdomE 1-e-10 as settings.
Matching proteins for each profile HMM in our database were extracted, aligned using
MAFFT v7.453 --auto --maxiterate 1000 (Katoh and Standley 2013) and multiple sequence
alignments were trimmed using trimal v.1.4.1 --gt 0.1 (Capella-Gutiérrez et al.). We built
a phylogenetic tree for each alignment using IQ-TREE v.2.2.0.3 (Nguyen et al. 2015) with
LG model (--mset LG (Le et al. 2012)) and 1,000 ultrafast bootstraps (--B 1000, (Minh et al.
2020)). The presence of similar Pfam domains for each protein were verified in a multiple
sequence alignment using hmmerscan and the Pfam database with default settings (Finn et
al. 2016; Eddy 2011). Finally, we only considered sequences as an ortholog if after the profile
HMMs search the tree topology and the Pfam domain supports a monophyletic relationship
with well-characterized eukaryotic proteins. Protein sequences for the orthologous families
are available at Zenodo d0i:10.5281/zenodo.7635847.
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Data Availability

Hi-C data is publicly available at either the Gene Expression Omnibus (GEO; for N. crassa
[accession number GSE173593]) (Rodriguez et al. 2022) or the Sequence Read Archive
(SRA; for R. irregularis [accession number PRIJNA748024] and V. dahliae [accession
PRINA641329]) (Yildirir et al. 2022; Seidl et al. 2020) at the National Center of Biotechnology
Information (NCBI) at the National Institutes of Health, USA. Publicly available Chromatin
Immunoprecipitation-sequencing (ChlP-seq) from N. crassa wild type (WT) datasets of
H3K9me3 (merged from GSE68897 and GSE98911), H3K27me2/3 (merged from GSE82222
and GSE100770), H3K27ac (GSE118495), and H3K4me3 (GSE121356) are available at the
GEO from published manuscripts (Galazka et al. 2016; Klocko et al. 2016, 2019, 2020;
Jamieson et al. 2016; Bicocca et al. 2018; Zhu et al. 2019). Publicly available ChIP-seq from V.
dahliae wild type (WT) datasets of H3K9me3 (Cook et al. 2020) is accessible from the NCBI/
SRA under BioProject PRINA592220.
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CHAPTER 7

General Discussion

¥
#
# aucleosome distance between them
pdi("nucleosomes distance 3 strains. pd width=6; height=5)
ggploi{distibution.assx=distance,y=. scaled...color=stcain)) +
geom_ density(size=1) +
#5cale_y_sqri(labels=percent)
ylab(Frequency (%)) + xlab(Distance (bp)) +
Scale_x_sqrt{breaks=c{0.1000,5000,10000.20000)) +

scale_color_manual(values = of'#228EE", "#IASBDA", “#62dc1c) +

therre_bw()

theme(axis text = element text(size=12,color="biack),

‘panel border = eleirient rect(colour = "black’, il=NA, size=1),panelgrid = element blank())

HH
#
#
#
#

#scale 'y sqri(labels=percent) +

ylab('Frequency (%)") + xlab{'Size (bp)) +

scale x_continuous(breaks=c(0,150,300,450,600,750,900),expand =

scale_color manual(values = c("#228EE3", "#9A5BD4", "#62dcic"))

theme_bw() +

theme(axis.text = element_texi(size=12,color="black’),

panel.border = element _rect(colour = "black”, fill=NA, size=1);par

element_blank())
dev.off()







Genomes are highly organized inside eukaryotic nucleus (Lynch and Walsh 2007). On the
linear DNA strand, genes are not randomly organized but usually occur in clusters that
are separated from repetitive elements (Lynch 2006). Histone proteins fold the DNA into
chromatin, which can be accessible to the transcription machinery as in euchromatin, or
inaccessible as in heterochromatin (Olins and Olins 2003). Additionally, the chromatin is
organized within the three-dimensional (3D) space of the nucleus (Lieberman-Aiden et al.
2009). Thus, the mechanisms that control the genome organization can be summarized in
three genomic dimensions. The genome in three dimensions comprises the architecture
of the linear DNA, the chromatin, and the 3D organization of the genome. These three
dimensions and the interactions between them compose the epigenome. The work
described in this thesis combines complementary analyses across these three genomic
dimensions focusing on the genome evolution of Verticillium dahliae, a plant-pathogenic
fungus capable of colonizing hundreds of plant species (Fradin and Thomma 2006).

Genome evolution of plant pathogens

The genomes of many plant pathogens are thought to be organized in two compartments,
one compartment is gene-rich and repeat-poor while the other one is gene-poor and
repeat-rich (Dong et al. 2015; Moller and Stukenbrock 2017; Torres et al. 2020; Seidl and
Thomma 2017). The repeat-rich genomic compartments are considered to be evolutionary
dynamic as they usually contain abundant genomic variation (Erlendson et al. 2017; Seidl
et al. 2016), such as in the accessory chromosomes of Zymoseptoria tritici (Schotanus et al.
2015) or the adaptive genomic regions (AGRs) in V. dahliae (Cook et al. 2020). Interestingly,
many genes that are thought to contribute to host and environmental adaptation reside in
these dynamic genomic compartments (Dong et al. 2015; Upson et al. 2018; Torres et al.
2020; Frantzeskakis et al. 2019; Erlendson et al. 2017). Furthermore, it is thought that genes
localized in dynamic genomic compartments evolve faster because of the typically observed
high abundance of genomic variation, in contrast to genes localized in repeat-poor regions
that are depleted of genomic variation (Dong et al. 2015; Méller and Stukenbrock 2017;
Upson et al. 2018; Torres et al. 2020; Seidl and Thomma 2017). These observations gave rise
to the ‘two-speed’ genome model, as a model to understand the genome organization and
evolution of filamentous plant pathogens (Raffaele and Kamoun 2012; Raffaele et al. 2010;
Dong et al. 2015). However, to date, it remains challenging to test the assumption of the
increased evolutionary speed in dynamic genomic compartments, mostly due to the lack
of knowledge of mutation rates and the evolutionary forces shaping genome organization
(Chapter 2).

Single-base mutations are those mutations in which a single nucleotide base is
substituted, inserted, or deleted. The rate of single-base mutations has been explored in
only a few fungal organisms (Hiltunen et al. 2019; Ene et al. 2018; Long et al. 2016; Alvarez-
Escribano et al. 2019; Habig et al. 2021; de la Pefia et al. 2023). When compared with the
core genome, accessory chromosomes and repetitive regions show increased rates of
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single-base mutation in Candida albicans and Z. tritici (Habig et al. 2021; Ene et al. 2018).
Thus, it has been suggested that increased mutation rates play a role in the emergence
of dynamic genomic compartments. However, the single-base mutation rate in Verticillium
dahliae is currently unknown. Moreover, genes located in AGRs are depleted in nucleotide
polymorphisms between species (Depotter et al. 2019). Our data support this notion, as we
similarly observed a reduction of nucleotide polymorphisms measured within a population
of V. dahliae (Chapters 3-5). The Darwinian view assumes that after mutations occur, natural
selection will maintain beneficial mutations by positive selection or purge harmful mutations
by negative selection. Actually, many environmentally responsive genes in dynamic genomic
compartments have been found to be directly subject to strong positive natural selection
in some plant pathogens (Aguileta et al. 2009; Stukenbrock et al. 2010; Sperschneider et al.
2015; Schweizer et al. 2018; Grandaubert et al. 2019). Thus, it is thought that a differential
effect of natural selection on genes across the genome could promote the emergence of
dynamic genomic compartments. However, genes located in AGRs do not show signs of
positive selection in V. dahliae (Depotter et al. 2019). In line with this observation, our
data shows sequence conservation in AGRs when V. dahliae is compared to other species
of the Verticillium genus (Chapters 3-5). Instead of abundant nucleotide mutations and
detectable differences in selection regimes, large-scale genomic rearrangements and
abundant duplications followed by reciprocal gene losses have been shown to play a role in
the emergence of AGRs (de Jonge et al. 2013; Faino et al. 2016).

Genome compartmentalization analogous to the two-speed genome organization
in plant pathogens have been observed all across the tree of life, and in many cases dynamic
genomic compartments are similarly enriched for environmentally responsive genes
(Chapter 2). It is therefore conceivable that the two-speed genome organization directly or
indirectly contributes to adaptation by the capacity of dynamic genomic compartments to
generate beneficial genetic variation.

Plant pathogen evolution in three dimensions

The capacity of a species to generate genetic variation is its capacity to evolve (Gregory
2009). Genetic variation can be achieved by different types of mutations, like single-base
mutations or genomic rearrangements (Shastry 2009; Escaramis et al. 2015; Ho et al. 2020).
Single-base mutations may change amino acids by changes to codons or by introducing stop
codons, thus known as nonsynonymous mutations, or may not alter protein sequences,
thus known as synonymous mutations (Ohta and Ina 1995; Nei and Kumar 2000). Typically,
nonsynonymous mutations are under strong negative selection because of their potential to
change the phenotype (Ohta and Ina 1995; Nei and Kumar 2000; Conrad and Hurles 2007;
Feulner and De-Kayne 2017). Conversely, synonymous mutations are considered mostly
neutral and irrelevant in terms of natural selection because of their insufficient phenotypic
effect (Ohta and Ina 1995; Kimura 1968; Nei and Kumar 2000), or at least, nearly neutral as
they potentially could have limited effects on the phenotype (Lynch and Conery 2003; Lynch
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and Walsh 2007; Chamary et al. 2006; Ohno 2013; Bergthorsson et al. 2007). The rate that
mutations actually occurs is higher than expected if all mutations in a species population
would contribute to adaptation by natural selection (Kimura 1968, 1983; Nei and Kumar
2000; Lynch 2010; Lynch et al. 2016). Therefore, the vast majority of random mutations
that occur in a population are evolutionary neutral (Kimura 1983). The accumulation of
neutral mutations is usually referred to as genetic robustness against deleterious mutations
(Wagner 2013; Masel and Trotter 2010). Thus, the more neutral mutations, the higher the
genetic robustness. It is expected then that populations will favor genetic robustness when
mutations are already adaptive for a given environment (Meyers and Bull 2002). However,
if the environment changes, and thus the selective pressure, it is unlikely that a beneficial
mutation arises in a heterogenous environment if most mutations are random and neutral.

The capacity to generate beneficial or adaptive genetic variation is known as
evolvability (Wagner 2013; Pigliucci 2008). For evolvability to occur, the current pool of
mutations of an organism is important, but the additional mutations that may be generated
in the future might even be more important (Wagner and Altenberg 1996; Payne and
Wagner 2018; Draghi and Wagner 2008; Riederer et al. 2022). Evolvability can be achieved by
shaping mechanisms that generate and maintain variation (e.g. mutation accumulation rate
bias), by shaping the effect of variation (e.g. phenotypic developmental bias), or by shaping
the process of selection (e.g. shortening the generation time to allow for faster adaptation)
(Riederer et al. 2022). Thus, it is thought that evolvability can shape the mutational outcome
of a species.

At first sight, evolvability contradicts the common assumption that mutations are
random and that any evolutionary force acts blindly using the random genetic variation
already present in a population (Wagner 2008). However, adaptive evolution integrates
information from the environment into the organism by selecting variation that is relevant
to that specific environment and by further acting on such genetic variation (Draghi and
Wagner 2008). For example, fluorescent proteins under a strong selection for a yellow
fluorescence phenotype evolve faster to a ‘new’ green fluorescence phenotype when
the environment changes the green fluorescence would be selected for (Zheng et al.
2020). Strong selection in the yellow fluorescence phenotype vastly removed deleterious
mutations but accumulate foldability-improving mutations (Zheng et al. 2020). In doing so,
these mutations promote the formation of correctly folded proteins after the additional
mutations that are necessary to evolve the new green phenotype. Thus, yellow fluorescent
proteins evolved a mutation bias for further a beneficial ‘new’ phenotype. Thus, a mutation
bias can shorten the path, i.e. the number of mutations needed, to generate beneficial
and adaptive mutations thereby enabling swift adaptation to a heterogenous environment
compared with completely random mutations.

The ‘exploration’ for beneficial mutations could be driven by abundant neutral
mutations. Paradoxically, as random neutral mutations arise and the genetic robustness
increase, there is fewer mutations for natural selection to act upon because simply these
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mutations are neither beneficial nor deleterious to be selected on. Higher genetic robustness
is typically reconciled with natural selection if we consider genetic robustness as a transient
property in which abundant neutral mutations can occur, but at some point become visible
to natural selection (Wagner 2005, 2008; Masel and Trotter 2010; Payne and Wagner 2018).
Therefore, the ‘exploration’ for beneficial mutations by high transient genetic robustness
allows for evolvability to arise. In this manner, abundant neutral mutations could shape the
‘adaptive valleys’ for a swift rise of beneficial mutations (Fig. 2). High transient robustness
could be achieved by increasing the effective population size. Thus, the more reproductive
individuals, the more neutral mutations will be in a population. However, this population
increase could be virtually absent in asexual organisms that supposedly have low effective
population sizes, such as for example V. dahliae (Gurung et al. 2014; Short et al. 2014; Milgroom
et al. 2014). Instead, the accumulation of mutations, for a high transient genetic robustness,
can be facilitated by variations of mutation rates (Sniegowski et al. 2000; Hodgkinson and Eyre-
Walker 2011; Martincorena et al. 2012; Martincorena and Luscombe 2013), as well as by the
aggregation of genes with similar effect on the phenotype along the genome (Pepper 2003;
Gerhart and Kirschner 2007; Yona et al. 2012). Thus, one can speculate that high transient
robustness to facilitate evolvability can be achieved by genome compartmentalization.
Theoretical models have shown that genomic compartments can emerge from a
genome that is randomly populated by genes and transposable elements (TEs) through TE-
driven genomic rearrangements (Crombach and Hogeweg 2007, 2008, 2011). In these models,
TEs can copy themselves through the genome and create double-strand breaks that can lead
to rearrangements, and hence via those rearrangements, a highly organized genome emerges
in which essential genes co-occur and are separated from TE-rich regions that contain genes
for environmental adaptation, resembling the two-speed genome organization (Crombach
and Hogeweg 2007, 2011). Genes that cluster with TEs have a higher probability of mutations,
which enables adaptation to changing environments (Crombach and Hogeweg 2007; Cuypers
et al. 2017). Indeed, abundant TEs and enhanced TE activity have been observed in dynamic
genomic compartments in many fungal pathogens (Croll and McDonald 2012; Sanchez-Vallet
et al. 2018). TEs have also been shown to play a key role in the formation and maintenance
of the AGRs in V. dahliae (Amyotte et al. 2012; Faino et al. 2016; Depotter et al. 2019; Cook et
al. 2020; Seidl et al. 2020). We observed that a small fraction of the total TE content remains
active and is associated with abundant structural variations (SVs) in AGRs (Chapter 3; Fig. 1)
(Faino et al. 2016). Active TEs are expressed during in vitro conditions (Amyotte et al. 2012;
Faino et al. 2016; Cook et al. 2020) and are also highly expressed in planta (Chapter 3).
Additionally, some V. dahliae TEs are induced by heat stress (Amyotte et al. 2012). Structural
variations can emerge rapidly through the action of TEs and thus TEs likely drive the formation
and maintenance of AGRs. Nevertheless, the mechanisms by how TE insertions cause genomic
variation that is restricted to AGRs remains largely unexplored. TE insertion and deletion
polymorphisms, associated with TE activity, tend to accumulate in TE-rich regions, but not in
the core genome (Fouché et al. 2022; Lorrain et al. 2021; Seidl and Thomma 2017). Indeed, as
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previously shown (de Jonge et al. 2013; Faino et al. 2016), we also observed that TE insertions
are associated with AGRs (Chapter 3), and consequently the mutational bias of the TE activity
to AGRs could increase the evolvability of V. dahliae.
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Figure 1. The genome of the plant pathogen Verticillium dahliae in three dimensions.

Schematic representation of the major findings in this thesis summarized in the three dimensions of genome
organization. In the first dimension (bottom), active and polymorphic transposable elements (TEs) are depleted
from the core genome and are mostly restricted to adaptive genomic regions (AGRs). Polymorphic TEs co-locate with
structural variants. Polymorphic TEs are active, highly expressed, and locate close to pathogenicity-related genes.
In the second dimension (middle), the core genome is enriched in activating chromatin states, while AGRs are
characterized by the co-occurrence of the heterochromatic histone modification H3K27me3 (green methylations)
with activating histone modifications (i.e. H3K4me3 in yellow or H3K36me3 in red). Genes enriched in H3K27me3-
associated chromatin states show low sequence conservation and are differentially expressed between V. dahliae
strains and conditions. Most of the genes enriched in those chromatin states have pathogenicity-related functions.
In the third dimension (upper), chromatin is organized locally in topologically associating domains (TADs). In the
core genome, TADs are separated by boundary regions that lack chromatin interactions, are enriched in genes, and
are highly conserved across the Verticillium genus. In the AGRs, TADs are separated by weak boundary regions,
enriched in polymorphic TEs, and have variable sequence conservation. Moreover, duplications in AGRs physically
interact.

Chromatin can influence the likelihood that mutations occur and are tolerated
at different regions across the genome (Martincorena and Luscombe 2013). Typically,
euchromatic regions are associated with the depletion of genetic variation (Makova and
Hardison 2015; Hazarika et al. 2022; Quiroz et al. 2022). In contrast, heterochromatin is
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associated with abundant genetic variation (Lewis et al. 2009; Makova and Hardison 2015;
Janssen et al. 2018; de la Pefia et al. 2023; Liu et al. 2020a; Yasuhara et al. 2005). Despite
these observations, in the Darwinian view, mutations occur regardless of their fitness effect.
Recently, it has been observed that the chromatin landscape reduces the mutation rate
and the occurrence of deleterious mutations in housekeeping genes in Arabidopsis thaliana
(Monroe et al. 2022b). Highly debated due to its implications, the observations in A. thaliana
suggest that chromatin can bias the direction of natural selection (Monroe et al. 20223,
2022b; Liu and Zhang 2022; Charlesworth and Jensen 2023). Thus, chromatin could shape
the mutational bias at different regions along the genome and contribute to evolvability.

In many plant pathogens, dynamic genomic compartments are enriched for the
tri-methylation of the lysine 27 on histone 3 (H3K27me3) (Mdller and Stukenbrock 2017;
Seidl et al. 2016), like in V. dahliae AGRs (Cook et al. 2020; Kramer et al. 2022). H3K27me3
has been associated with high mutation rates (Habig et al. 2021; de la Peia et al. 2023),
double-strand breaks (Her and Bunting 2018; Schep et al. 2021; Boulton and Jackson 1996),
and reduced sequence conservation (Jamieson et al. 2013; Tralamazza et al. 2022). In line
with those observations, we find that genes in AGRs that are enriched in H3K27me3 show
increased presence/absence mutations across the Verticillium genus when compared
with genes depleted in H3K27me3 (Chapter 4). Hence, H3K27me3 correlates with high
genetic variation. Additionally, genes enriched for H3K27me3 are differentially expressed
between strains (Chapter 4), suggesting that AGRs show high levels of expression variation
together with abundant presence/absence variation (Cook et al. 2020; de Jonge et al. 2013).
Incremental evidence suggests that H3K27me3 is not the only factor that could drive the
functions associated with dynamic genomic compartments. For example, H3K27me3 is not
essential for differential expression of the genes localized in AGRs in V. dahliae (Cook et
al. 2020; Kramer et al. 2022). Furthermore, the removal of H3K27me3 does not have an
effect on the accumulation of genomic rearrangements in Z. tritici (Habig et al. 2021). Thus,
we explored the combinations of seven histone modifications into the so-called chromatin
states (Chapter 4). We observed that H3K27me3 in AGRs occurs in discrete combinations
with other histone modifications typically associated with active gene expression such
as H3K9ac, H3K4me3, or H3K36me3 (Chapter 4; Fig. 1). Those H3K27me3-associated
chromatin states are conserved between strains and correlate with gene expression and
sequence variation in AGRs (Chapter 4). Importantly, H3K27me3-associated chromatin
states are mostly present at conditionally responsive genes, which are thought to play a
role in the host- and environmental adaptation (Chapter 4). Hence, it is conceivable that
the combinations of H3K27me3 could be associated with a bias for the accumulation of
mutations in AGRs. Nevertheless, experimental evidence that H3K27me3-associated
chromatin states increase mutation rates is still lacking for V. dahliae. Thus, admittedly, we
cannot discern if H3K27me3 directly prevents the repair of mutations, or the accumulation
of mutations is a byproduct of the repression of gene expression (Habig et al. 2021; Monroe
et al. 2022b). Alternatively, the occurrence of H3K27me3 might be an indirect response
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from the silencing of recently evolved genes or recent TE insertions (Jamieson et al. 2013;
Sentmanat and Elgin 2012).

Co-evolutionary 'arms-race’

Core genome

Adaptive genomic
Constrains the swift regions

rise of beneficial mutations

Fungal plant pathogen

Evolvability allows the swift
rise of beneficial mutations

3rd Dimension

2nd Dimension Epigenome

1st Dimension

Figure 2. The epigenome in three dimensions shapes the evolvability of adaptive genomic regions.

Collectively, three genomic dimensions and their interactions form the epigenome. The epigenome shapes the
mutational landscape in V. dahliae, as shown on top. The mountains are resembling the functional constraints
of the core genome for mutations to occur. Thus, the rise of a beneficial mutation would be difficult in the core
genome (purple arrow). The valleys resemble the already abundant mutations that ‘pave’ the way for the swift rise
of beneficial mutations in the adaptive genomic regions (AGRs, green arrows). Changes in the environment allow
the generation of quick beneficial mutations (light and dark green arrows). Therefore, the swift rise of beneficial
mutations in the AGRs could allow the fungal plant pathogen V. dahliae to adapt in the coevolutionary ‘arms race’
with plant hosts.

Besides H3K27me3 roles in gene expression and functioning as the direct or
indirect regulator of mutation accumulation in diverse fungi (Habig et al. 2021; de la Pefia
et al. 2023), it has been hypothesized that the 3D folding of the H3K27me3-rich regions
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inside the nucleus could increase the likelihood of mutations (Moller et al. 2019; Rodriguez
et al. 2022). H3K27me3 has been shown to affect the local and global 3D organization of the
genome in fungi, including a few studied plant pathogens (Chapter 6). For example, sub-
telomeric H3K27me3-rich regions bundle close together within the nucleus of Neurospora
crassa (Rodriguez et al. 2022; Klocko et al. 2016; Galazka et al. 2016). Additionally, it has been
suggested that the H3K27me3-rich accessory chromosomes may be physically separated
from core chromosomes in Z. tritici (Schotanus et al. 2015; Moller et al. 2019). We observed
the physical clustering of AGRs across the Verticillium genus, indicating that the mechanism
driving this physical association is conserved (Chapter 5; Fig. 1). The physical association
of H3K27me3-rich regions has been associated with abundant accessory chromosome
losses, and thus chromosome instability in Z. tritici (Habig et al. 2021; Moller et al. 2019).
Late replication timing of the H3K27me3-rich regions could be the cause of chromosome
instability (Habig et al. 2021). In V. dahliae, we observed that the physical association
corresponds with segmental duplications in AGRs (Chapter 5). The physical co-localization of
highly similar sequences may decrease the efficiency of replication, resulting in an increase
in DNA double-strand breaks (Patel et al. 2019; Zuo et al. 2021). Hence, we speculate that
the physical colocalization of homologous sequences in AGRs could increase the probability
of DNA double-strand breaks that, unfaithfully repaired, could contribute to the bias for the
accumulation of mutations in AGRs in V. dahliae.

Altogether, the dynamic compartments in the two-speed genome model, such as
the AGRs in V. dahliae, could emerge by a mutational bias caused by the TE enrichment, the
H3K27me3-rich chromatin, and the 3D structure (Fig. 2). Thus, the emergent mutational
bias in the AGRs through epigenome characteristics could increase the transient robustness
by the capacity to generate abundant mutations needed for evolvability.

The molecular mechanisms behind the plant pathogen evolution in three
dimensions
Even though we observed the presence of active TEs, a distinct chromatin profile, and spatial
organization that could lead to mutational bias and to the formation and maintenance of the
genome compartmentalization in V. dahliae, many open questions remain. In the future, it
would be crucial to experimentally test the assumption and mechanisms behind mutational
bias indicated by the two-speed genome model, that potentially gave rise to the AGRs.
First, to understand the role of TEs in the formation and maintenance of AGRs,
one could think of the precise insertion of TEs in distinct regions of the genome by CRISPR/
Cas9 (Weber et al. 2023). For instance, the CRISPR/Cas9 manipulation of Tyl transposable
elements induces double-strand breaks and abundant genomic rearrangements in S.
cerevisiae (Qi et al. 2023). Thus, the insertion of TEs into specific regions of the V. dahliae
genome might help to understand the role of TEs in the origin of genomic rearrangements
(Chapter 3), and the changes in the 3D genome organization (Chapter 5) associated with
AGRs. Recently, the inactivation of Cas9 by the mutation of its endonuclease domain (dCas9)
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showed to be a promising alternative to control DNA methylation and histone modifications
in a locus-specific manner without modifying the genetic background (Kwon et al. 2017;
Nakamura et al. 2021; Papikian et al. 2019; Pan et al. 2021; Ghoshal et al. 2021). Therefore,
to test the role of H3K27me3 and its combination with other histone modifications in the
formation and maintenance of AGRs, the manipulation by CRISPR/dCas9 could direct the
formation of additional H3K27me3 regions. These experiments could test if H3K27me3
predates the formation of AGRs by influencing the insertion frequencies of TEs (Chapter
3), by increasing the number of mutations (Chapter 4), and/or by inducing the physical
clustering of those regions (Chapter 5). Collectively, disentangling the influence of TEs and
chromatin on the observations made in this thesis will be necessary to understand the origin
of the AGRs.

Second, mutation accumulation experiments should be performed to understand
the mutational rates in V. dahliae and its AGRs. Mutation accumulation experiments in vitro
have been reported in different fungi (Hiltunen et al. 2019; Ene et al. 2018; Long et al. 2016;
Alvarez-Escribano et al. 2019; Habig et al. 2021; Méller et al. 2019). These experiments have
shown that the mutation rates vary between species. For example, the absolute mutation
rate in Marasmius oreades is 3.8x10? mutations per site and division, which is ~180 times
lower when compared with the N. crassa of 6.7x107° mutations per site and division (de
la Pefia et al. 2023; Hiltunen et al. 2019). Importantly, these experiments have shown that
the mutation rate also varies between regions that differ in chromatin characteristics.
For example, in N. crassa, the mutation rate in euchromatic regions is 2.46x10°, while in
heterochromatic regions is 2.43x107, thus ~10 times higher (de la Pefia et al. 2023). Similarly,
in Z. tritici, the mutation rate in euchromatic regions is 1.96x10°, while in heterochromatic
regions is 1.18x107, thus ~15 times higher (Habig et al. 2021). Additionally, mutational rates
could vary depending on additional factors, and specifically for pathogens the interaction
with the host could alter the mutation rate (Ene et al. 2018; Murray et al. 2021). To date,
it remains challenging to perform mutation accumulation experiments of plant pathogens
during host interaction in planta. For example, V. dahliae colonizes the xylem tissue of plants,
thus it is challenging to obtain enough fungal biomass after serial infection assays and after
long periods of time. Taken together, experimental evolution experiments would help us to
uncover the potential role of the mutational bias for the formation and maintenance of the
genome compartmentalization of V. dahliae.
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Everything—Everywhere—All at once
The AGRs in V. dahliae were originally discovered by their high degree of presence/absence
polymorphisms between V. dahliae strains (de Jonge et al. 2013; Faino et al. 2016), and
these regions were subsequently further characterized and refined by their distinct
epigenomic profile (Cook et al. 2020). Dynamic genome compartments are epigenetically
distinct from core genomic regions, which is increasingly recognized as a common pattern in
various fungal plant pathogens (Schotanus et al. 2015; Wang et al. 2017; Fokkens et al. 2018;
Cook et al. 2020; Soyer et al. 2021; Moller et al. 2023). The work described in this thesis
has contributed to a better understanding on the roles of three genomic dimensions in the
genome evolution of V. dahliae: the architecture of the linear DNA, the chromatin, and the
spatial organization of the genome (Fig. 1). Those three dimensions and the interactions
between them compose the epigenome that collectively determines the phenotype. For
instance, the presence of TEs correlates with genomic rearrangements in the linear DNA
(Chapter 3) (Faino et al. 2016; de Jonge et al. 2013), with specific chromatin states (Chapter
4) (Cook et al. 2020), and also with changes in the 3D organization of the genome (Chapter
5). These observations collectively highlight that the study of the epigenome represents a
step forward in the understanding of the mutational processes that foster the evolution of
fungal plant pathogens.

Plants and fungal plant pathogens are involved in co-evolutionary ‘arms races’
(Koch et al. 2014; Upson et al. 2018; Frantzeskakis et al. 2019). Plants have evolved immune
systems to detect fungal pathogen intrusions and mount defense responses, while fungal
plant pathogens evolved a complex molecular tool kit to support host colonization (Rovenich
et al. 2014; Cook et al. 2015). This everlasting co-evolutionary ‘arms race’ is characterized by
repeated cycles of adaptation and counter-adaptation of fungal plant pathogens and their
hosts (Strotz et al. 2018; McDonald and Stukenbrock 2016). To enable these host adaptation
cycles, high levels of genetic variation in fungal plant pathogens are needed (Dong et al.
2015; Moller and Stukenbrock 2017; Upson et al. 2018; Seidl and Thomma 2017). Nowadays,
anthropogenic hazards, such as climate change, similarly exert high selection pressure on
plant pathogen populations (Fisher et al. 2012; Santini and Ghelardini 2015; Zhan et al.
2018). The epigenome could facilitate the emergence of beneficial mutations through the
collective force of the three genomic dimensions (Fig. 2), thereby enabling swift adaptation
to highly heterogeneous abiotic and biotic environments. Holistic research on the roles of
genetic, epigenetic, and spatial characterization of dynamic genome compartments will aid
further understanding of the genome function and evolution in plant pathogenic fungi.
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looking into the mysteries of plants paved

his life’s journey.
As he grew older, David thought his path lay in the realm of natural sciences, but a brief
detour into medicine showed him that healing humans wasn’t quite his calling. Instead, he
found himself drawn to the world of Biology, motivated to discover how the human body
works with the idea of going into cancer research. It was until David took his first course in
plants at the Faculty of Sciences of the National Autonomous University of Mexico (UNAM)
that he re-discovered how magical, mystical, and musical plants were when compared to
mundane humans. He found it intriguing that despite being sessile organisms, plants adapt
to a myriad of environments and conquer almost everywhere on the planet.

This infatuation drove him to sign up for all courses available on plants, and he
became a part of the Laboratory of Plant Development to develop a project proposal for
a BSc thesis. He eagerly worked on a proposal involving viruses, epigenetics, and plants.
However, after all the work, something else caught his attention. Under the mentorship
of Dr. Judith Marquez-Guzman, David embarked on an adventure that involved scaling
10-meter-tall cacti at night in Tehuacan-Cuicatlan Biosphere Reserve. This daring escapade
wasn’t just about exhilarating encounters with bats and climbing not-so-safe ladders but a
quest to understand the intricate process of flower evolution and plant speciation of this
columnar cacti tribe.

After completing his BSc thesis, David was still fascinated by epigenetics and
plants. When looking around, he noticed that most of what was done in this field had to
do with plant-pathogen interactions. Hence, he ventured into an MSc in Phytopathology
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at the Postgraduate College (COLPOS), supported by a grant from the National Council of
Science and Technology of Mexico (CONACyT). Leaving behind the big city for the first time,
he moved to Texcoco, affectionally known as “Tex-Mex.”

But life’s twists and turns had more in store for David. After various questionable
landlords and failed attempts at doing yoga, David ended up not working with epigenetics.
Instead, he studied the potential of using fungi as a biological control for chrysanthemum
whiterust. Underthe supervision of Dr. Reyna Rojas-Martinez, David sampled chrysanthemum
leaves co-infected with the pathogen and the beneficial fungi and managed to isolate,
identify, and characterize the identity and chemistry of the biological control agents. As part
of this research, David obtained a grant to do a research stay in the Laboratory of Organic
Chemistry from the University of Milan under the supervision of Dr. Gemma Assante and
Dr. Sabrina DallaValle. Here, he analyzed the chemistry of fungal secondary metabolites and
learned how to brew coffee in a moka pot and cook polenta as comfort food on cold days
(skills that would be fundamental for his survival later in his PhD).

Once he finished his MSc thesis, eager to prove to himself and the world that it
was possible to get an “actual job” as a Biologist, David left the big city again. He moved to
Ledn - an industrial city in Guanajuato - where he worked as a researcher for a company
that produces hydroponic leafy greens. He started doing efficacy trials of agrochemicals
on different varieties of spinach and lettuce but a year later became an executive project
manager for two and a half years. Along the way, what caught his attention was that he had
to deal constantly with fungal diseases even though lettuces were grown in a closed and
super-controlled system. This observation sparked an intriguing thought. He reasoned that
pathogens must have evolutionary strategies adapting relatively fast to infect plants under
these circumstances. Once again, the answer was probably the realm of epigenetics.

Fueled by a burning desire to study epigenetics and tired of his executive lifestyle,
he decided to quit his job and pursue a PhD in exactly this topic. To his luck, he found Dr.
Michael Seidl, whose research at (back then) Wageningen University aligned with his vision.
With Michael’s guidance, David wrote a PhD proposal that secured funding from CONACyT.
Once again, he left the big city and the comfort of nice weather and delicious tacos and
moved to the Netherlands.

And so, what followed is the story of this thesis. A journey through the mysteries of
genome evolution that, without David knowing, began when he was a little boy gardening
and cooking with his grandmothers in Mexico. A drive that surely will guide him in his
future steps beyond this thesis as he will continue fruitfully working with plant-pathogen
interactions from an evolutionary perspective but now switching the angle to his true love:
plants.
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