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CHAPTER 1

Plant microbe interactions

During their whole life cycle, plants are exposed to numerous micro-organisms, of which
many have commensalistic, some have mutualistic, and others have pathogenic interactions
with plants. However, it is important to realize that plant pathogenic micro-organisms
generally do not cause disease on all plants, as many pathogens have limited host ranges
and only infect a single to a few hosts. Relatively few pathogens have larger host ranges that
comprise dozens to, in rare cases, hundreds of host species. However, even in cases where
a pathogen infects a large range of host plants, pathogenicity of a given strain or isolate of
the pathogen may be limited to a single or a few host species only. For instance, whereas
a very wide diversity of plant species, including most agricultural crops, is susceptible to
bacterial speck disease caused by Pseudomonas syringae, individual strains of this pathogen
typically infect only few hosts ". Similarly, individual strains of the pathogenic fungus Fusarium
oxysporum infect only a single or few host species, while the fungal species collectively infects
hundreds of hosts 2. Therefore, micro-organisms that are pathogenic on a particular host can
be commensalistic, endophytic, and sometimes even mutualistic on another host 34, Besides
depending on inherent traits of the pathogen, this host-specificity of plant pathogenic microbes
is greatly dependent on the complex immune systems that have evolved in plants, as well as
on environmental factors °.

Plants prevent infection by potentially pathogenic micro-organisms through passive and
active mechanisms. Firstly, the physiology of plants can deter micro-organisms from entering
the plant, exemplified by the cuticular wax-layer on leaves that may be difficult to penetrate ©7.
Additionally, during growth and development plants produce various types of antimicrobial
metabolites, collectively named phytoanticipins, that are released upon damage of plant tissue
to prevent microbial infection 8. Active defense mechanisms start with the recognition of the
presence of potential pathogens, or their activity, through intra- and extracellular immune
receptors that bind non-self or modified-self ligands, collectively named invasion patterns
(IPs) °. Such IPs can be structural components of pathogen cells, also known as microbe-
associated molecular patterns (MAMPs), signatures of pathogen-induced plant damage,
termed damage-associated molecular patterns (DAMPS), or proteins or metabolites produced
by the pathogen during host invasion . Invasion pattern receptors (IPRs) that get activated
subsequently induce downstream responses leading to the deployment of inducible defense
mechanisms aimed at the restriction of pathogen invasion. This response seems to contribute
to the observation that plants are generally healthy in nature despite being surrounded by a
wealth of potentially pathogenic microbes °. However, in particular circumstances plants still
suffer from microbial disease. This can be explained by the notion that, in order to be able to
infect plants, successful pathogens evolved to secrete effector molecules that support host
colonization and typically aid infection by blocking IP-recognition, by interfering with defense
mechanisms, by tinkering with plant physiology or by killing plant cells ™. In turn, plants have
evolved novel IPRs that are able to recognize such effector molecules or their activities, to
re-install defense responses and again restrict pathogen dissemination, which makes that the
effector that becomes recognized basically acts as IPs on the plant genotypes that evolved the
appropriate IPRs °. This, in turn, forces pathogens to lose or mutate the recognized effector, or
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to evolve novel effectors to again perturb the re-installed immune response. This continuous
co-evolutionary arms-race between plants and their pathogens, where single gene loss, gain
or mutation can alter the outcome of the interaction from compatible to incompatible or vice
versa, was first captured in the gene-for-gene hypothesis 2, subsequently refined in the zigzag
model that acknowledged the immune-suppressive characteristics of pathogen effectors "
and further tweaked in the invasion model that is built on the notion that there is no clear
distinction between MAMPs and effectors regarding their immunogenic properties °. Rather,
the invasion model proposes that any kind of ligand will act as an invasion pattern as long as
it accurately betrays microbial ingress and elicits an appropriate immune response. This view
is supported by recent findings that illustrate that MAMP-triggered immunity and effector-
triggered immunity quickly converge and thus that a functional distinction as originally
proposed is not appropriate -°.

Effector molecules

Based on early research on, amongst others, the extracellularly-growing apoplast-colonizing
biotrophic fungus Cladosporium fulvum, fungal effectors were originally defined as small,
cysteine-rich proteins that are secreted into the apoplast during host colonization . C. fulvum
effectors for which the bioactive function is determined are involved in preventing chitin
perception by the plant and in self-defense against plant defensive enzymes . However, the
initial definition for effector proteins did not appear to hold true for effectors in general over
time. For instance, effector proteins that are delivered into the host-cytoplasm after haustorial
secretion, or through other means, are generally larger and contain fewer cysteines than
effectors that remain in the apoplast . Cytoplasmic effectors can inhibit defense-associated
signal transduction pathways, secretion mechanisms and other cytoplasmic processes, or
transit through the cytoplasm to reach particular organelles. Effector proteins that localize
in the plant nucleus may directly manipulate transcription, either positively or negatively,
or target transcriptional regulators to change their function 2°. A well-known example of
such nuclear-targeted effectors is formed by the Transcription Activator-Like (TAL) effectors
of Xanthomonas bacteria that activate the expression of plant genes that aid bacterial
infection 2. Recently, effectors in various pathogens were discovered that target chromatin-
related processes to epigenetically regulate plant gene expression in their favor 2223, Effectors
can also perform less subtle manipulations, as particularly necrotrophic pathogens, but also
hemi-biotrophs and even some biotrophs, utilize cell wall-degrading enzymes, proteinaceous
toxins and secondary metabolites to weaken or kill plant cells, or to induce autophagy 2.
Additionally, it has become increasingly evident that pathogens can transfer small RNAs
into host cells that hijack the RNA interference machinery to suppress host immunity, and
thus function as effector molecules 25%. Therefore, it is more appropriate that a definition of
effectors encompasses any type of pathogen molecule that is secreted during infection and
promotes the microbial colonization process on the host.

The wealth of effector molecules that is encoded in pathogen genomes is generally not
ubiquitously released upon contact with plant cells, as often specific suites of effectors are
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produced and released in waves during different stages of infection ?’. For instance, while
the fungal pathogen Leptosphaeria maculans colonizes cotyledons of oilseed rape and, after a
long latent phase, spreads throughout the mature plant to cause disease symptoms, it utilizes
differential suites of effectors during these different infection stages 8. Similarly, effector
proteins of the maize smut fungus Ustilago maydis were found to be enriched in three distinct
expression modules corresponding to infection stages on the plant surface, establishment of
biotrophy, and induction of tumors 2°. Conceivably, any pathogen similarly undergoes distinct
infection stages, albeit not always as clearly recognizable as for L. maculans and U. maydis, that
are accompanied by differential waves of expressed effector genes.

Regulation of effector gene expression

The expression of effectors in pathogen genomes requires careful regulation, as effector
expression at the wrong time or place can lead to failed infection. For instance, many haustoria-
forming pathogens use cell wall-degrading enzymes to specifically weaken cell walls at sites
of attempted invasion (e.g., Xu & Mendgen, (1997) 3°). It is conceivable that if the pathogen
produces too little of these enzymes, or not at the correct sites, successful entry of the cell
may fail. In contrast, if the pathogen produces too much of the cell wall-degrading enzymes,
the plant cells may be too weak to sustain the haustoria or the plant may induce defense
mechanisms that arrest the fungus.

Few transcriptional regulators have been identified that are involved in effector gene
expression. For instance, the transcriptional regulator Sgel of Fusarium oxysporum f. sp.
lycopersici is required for expression of particular proteinaceous effector genes during
infection, and deletion of Sge! compromises pathogenicity on tomato *'. In the fungal plant
pathogens F. graminearum, F. verticilloides and B. cinerea, homologs of Sgel control expression
of genes involved in the production of secondary metabolites *2-%. In the fungal plant pathogen
Verticillium dahliae, an Sgel homolog positively regulates expression of particular effector
genes, while negatively regulating the expression of others *. However, mutants in the Sgel
homologs of the species other than F. oxysporum display aberrant development, suggesting
that these Sgel homologs do not only regulate the expression of effector genes but also genes
involved in developmental processes. The transcription factor Pf2 of the necrotrophic fungus
Alternaria brassicicola is not required for spore germination and appressorium formation, but
is required for pathogenicity, suggesting a potential role in effector gene expression *. Indeed,
expression of Pf2 during early infection stages coincides with expression of 106 fungal genes,
including eight putative effector genes, that are not expressed in Pf2 deletion mutants . Pf2
homologs of the necrotrophic fungi Parastagonospora nodorum and Pyrenophora tritici-repentis
were found to be similarly required for virulence by regulating the expression of proteinaceous
toxins, cell wall-degrading enzymes and other effectors 3%, The examples of Sgel and Pf2
suggest that different pathogens may utilize similar transcriptional regulators for effector
gene expression. However, arguably these transcriptional regulators do not regulate effector
gene expression on their own, as different waves of effectors likely have their own sets of
transcriptional regulators.
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Epigenetic regulation of gene expression

Even though transcriptional reprogramming of eukaryotes is mediated through transcriptional
regulators that recruit RNA polymerase Il to promoters of genes, the binding of these
transcriptional regulators is influenced by epigenetic mechanisms that affect DNA characteristics
without changing the genetic sequence. Thus far, relatively little research has been performed
to elucidate the impact of epigenetic mechanisms on the regulation of effector gene expression
in pathogenic microbes. Yet, epigenetic mechanisms are generally conserved between
eukaryotes and, therefore, epigenetic studies on divergent eukaryotes provides information on
how transcription may be regulated in plant pathogens as well.

Eukaryotic genomic DNA is highly structured in the nucleus through the formation of DNA-
protein complexes called nucleosomes. These nucleosomes range along the chromosome,
bind approximately 147 bp of DNA and are globular-shaped protein complexes consisting
of two copies of histone 2a (H2A), H2B, H3 and H4, with unstructured tails sticking out
from the protein complex (Fig. 1A) *4°. Nucleosomes can interact with each other as well
as with other proteins to generate higher order structures with particular characteristics.
Mainly, genomic regions that display relatively weak nucleosome interactions are known
as euchromatin and are often transcriptionally active, while genome regions that display
stronger nucleosome interactions are known as heterochromatin and are transcriptionally
silent (Fig. 1B). The differences in chromatin compaction are largely determined by chemical
modifications to amino acid residues in the unstructured histone tails. For instance, tri-
methylation of lysine 4 on histone 3 (H3K4me3) is generally associated with euchromatin,
whereas H3K9me3 and H3K27me3 are associated with different types of heterochromatin.
H3K9me3-labeled constitutive heterochromatin remains condensed throughout the cell cycle,
whereas H3K27me3-labeled facultative heterochromatin can de-condense in response to
environmental stimuli.

Chromatin compactness can directly influence the transcriptional output of genomic
regions by permitting or inhibiting access to the transcriptional machinery. Additionally,
chromatin can affect transcription, and other nuclear processes, by dynamic presence of
numerous histone moadifications at specific genic regions. For instance, tri-methylation of
lysine 36 on histone 3 (H3K36me3) is actively deposited at transcribed genes to recruit
histone deacetylase complexes that prevent excessive transcription “. Another modification
involved in transcriptional regulation is phosphorylation of serine 28 on histone 3 (H3S28ph).
H3S28ph is specifically deposited at the promotors of stress-responsive genes, and enforces a
switch from trimethylated to acetylated state of the adjacent K27 residue to allow transcription
42, Additionally, transcription can also be affected by nucleobase modifications, most notably
cytosine methylation (5-methylcytosine, 5SmC). Presence of 5mC in genic promotor regions
can block binding of transcriptional regulators to their binding sites “.

Besides local DNA compaction, chromatin also determines positioning of chromosomes, or
chromosome regions, throughout the nucleus. For instance, a group of H3K9me3-interacting
proteins tethers the genome to the nuclear periphery into lamina-associated domains (LADs)
44, A different set of chromatin-interacting proteins similarly forms LADs between euchromatin
domains, yet these are tethered throughout the nucleus “°. Formation of these different

1



CHAPTER 1

LADs results in a physical separation of genome regions with heterochromatin locating at
the periphery, while active euchromatin resides more centrally in the nucleus. Clustering of
chromatin domains also occurs independent of the lamina into clusters that are known as
topologically associating domains (TADs) (Fig. 1C,D) “¢. TADs have been described in various
organisms and are often broadly delineated as alternating heterochromatic and euchromatic
regions that display strong intra-TAD interactions and may interact with TADs that display a
similar chromatin type “. As such, TADs may also be important drivers of genome evolution
by inducing genome reorganization within and between chromatin domains.

Euchromatin Heterochromatin

FIGURE 1 | Epigenetic organization of DNA in the nucleus. A) Top and side view of a crystal structure of DNA
(grey helix) wrapped around an octamer of histone protein (two monomers of each histone 2a (H2A), H2B, H3
and H4, indicated by magenta, pink, blue and green; a nucleosome-interacting protein is indicated in yellow) that
forms a nucleosome with unstructured histone tails protruding from the complex (from Luger et al., (1997) ). B)
nucleosome-nucleosome interactions structure the DNA strand in open euchromatin and closed heterochromatin
regions. C) Broad linear chromatin regions form topologically associated domains (TADs, represented as grey
(euchromatin) and red (heterochromatin) clusters) that interact stronger within than between each other and
separate chromosome regions in the nucleus. D) Visualization of local 3D genome interaction data on a partial
human chromosome, individual TADs are visible as darker triangles.
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Ahypothesison epigeneticregulation of effector gene expression

Whether epigenetics is involved in regulation of gene expression during infection was initially
studied in the opportunistic human fungal pathogen Aspergillus nidulans and in the fungal wheat
pathogen Fusarium graminearum “¢-°. Infection-associated genes were found to be enriched
for heterochromatin-associated H3K9me3 and H3K27me3, respectively, and mutants lacking
the enzymes depositing these histone modifications were found to display induced expression
of infection-associated genes “°%°. Similar results were subsequently obtained for the fungal
grass endophyte Epichloé festucae, the fungal oilseed rape pathogen L. maculans, the fungal
rice pathogen Fusarium fujikuroi and the fungal wheat pathogen Zymoseptoria tritici >->*. These
findings have led to the hypothesis that genomic regions containing in planta-induced effector
genes are in a heterochromatic state when the pathogens are not in contact with plants and,
accordingly, effector genes are not expressed. Thus, in order to infect, pathogens require
chromatin de-condensation at these effector gene-containing regions to mediate effector gene
expression, which requires alteration of the histone modifications by depletion of H3K9me3
and H3K27me3. This hypothesis has been further reinforced by studies in E. festucae and Z
tritici, for which it was found that in planta induction of two secondary metabolite biosynthesis
gene clusters and three effector genes, respectively, negatively correlates with the presence
of H3K9me3 and H3K27me3 in planta .

Verticillium dahliae

V. dahliae is an ascomycete fungal pathogen that causes Verticillium wilt disease on hundreds
of host plants, among which are food crops, such as potato, tomato and lettuce, as well as
fiber crops, such as cotton and flax . Due to yield losses in its broad range of host plants,
disease caused by V. dahliae have been estimated to result in billions of euros of economic
losses annually *".

The disease cycle of V. dahliae starts in the soil, where the fungus resides in the form
of microsclerotia, resting structures that germinate upon detection of nearby plant roots .
Hyphae from the germinating microsclerotia grow toward the root tip, sites of lateral root
formation or sites of root damage, where they penetrate and cross the root epidermis to enter
the xylem vessels. In these vessels, V. dahliae spreads through the plant by mycelial growth
and by production of conidiospores, which traverse with the xylem sap and can form mycelial
colonies at sites where they get trapped. During disease progression, the sap flow in the
xylem becomes obstructed, leading to wilting, chlorosis and necrosis of plant tissues (Fig. 2).
Upon tissue senescence, the fungus grows out of the xylem into the surrounding tissues and
produces copious amounts of microsclerotia that are released in the soil upon decomposition
of the plant material 8.

During infection of its hosts, V. dahliae produces a suite of divergent proteinaceous effectors
to modulate host physiology *°. These effectors can become recognized by plant immune
receptors over the course of evolution, potentially leading to resistance. For instance, the tomato
Vel receptor recognizes the effector Avel (for Avirulent on Vel tomato) to cause resistance
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against V. dahliae. Over time, particular strains have overcome the resistance by losing the
genomic region containing the Avel gene 5°¢'. These strains are assigned to race 2 while the
strains that remain to be recognized are assigned to race 1. Interestingly, transcriptomic and
genomic analyses revealed that in planta induced effector genes, including Avel, are enriched
in transposon-rich genomic regions that were determined to be lineage-specific (LS) within
the population %62, These LS regions are unique, or shared by a subset of strains only,
and have evolved in the population through large-scale chromosomal rearrangements and
segmental duplications, followed by reciprocal gene losses. The evolutionary forces working
on LS regions have led to a high degree of presence/absence polymorphisms and increased
sequence conservation within these regions between V. dahliae strains, and therefore different
strains contain highly divergent effector repertoires that, when the genes are shared, display
only relatively few SNPs. Remarkably, this increased sequence conservation is even observed
for LS regions throughout the Verticillium genus ©. Importantly, how V. dahliae effector gene
expression is regulated in planta currently remains unknown.

ey
V. dahliae

Sl

V. dahlicge  Mock

V. dahliae Mock

FIGURE 2 | Infection symptoms of V. dahliae. Symptoms of V. dahliae infection on (A) flax at 12 dpi, (B) tomato
at 8 dpi (picture from de Jonge et al., (2013) *) and (C) cotton at 28 dpi (picture from Song et al., (2018) %), with
a diseased plant on the left and a mock-infected plant on the right. Visible symptoms include growth retardation,
leaf wilting and leaf yellowing.

Research objective

The observed genome structure in V. dahliae, where transposon-rich LS regions show a high
degree of presence/absence polymorphisms between strains, while the sequence conservation
is relatively high, indicates that LS regions may have a different chromatin structure than the
core genome, which may also influence the expression of effector genes. According to the
aforementioned hypothesis on epigenetic regulation of effector gene expression, the V. dahliae
LS regions can be predicted to be in heterochromatic conformation before attempted host
penetration, and decondense upon penetration to allow LS genes to be expressed. The main
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objective of my doctoral research was to investigate this hypothesis, and to study further
implications of the epigenome on genome organization and gene expression.

Thesis outline

Chapter 2 presents an overview of the epigenome structure of V. dahliae by studying genetic
features, and combining these with genome-wide DNA methylation, histone methylation and
chromatin accessibility data. Furthermore, we use a machine learning approach to distinguish
the evolutionary distinct LS regions from core genomic regions based on epigenome
differences, and subsequently identify novel, previously unassigned, LS regions that are
potentially important for fungal adaptation, including adaptation to plant hosts.

In chapter 3, we study the prevailing hypothesis on epigenetic effector gene expression,
stating that in planta induced effector gene-containing LS regions are in heterochromatic
conformation when the fungus is not in contact with a plant host, and decondense to a
eukaryotic conformation upon infection. This is achieved by correlating differential expression
of LS genes of V. dahliae cultured in various growth media, with differential presence of histone
modifications and chromatin accessibility data.

Chapter 4 focuses on the DNA-methylation machinery of V. dahliae. By generating deletion
mutants for predicted DNA-methyltransferases and other DNA methylation-associated
proteins, we determine which proteins are important for DNA methylation and assess their
impact on gene expression and transposon activity.

In chapter 5, we demonstrate that the genome of V. dahliae contains a specific transposon
that only occurs in its centromeres. Using proximity ligation, we identify repeat-rich
centromeres in the other species of the Verticillium genus as well. Intriguingly, however, these
other species do not contain the transposon that populates the V. dahliae centromeres in
their centromeres. To study centromere evolution in the Verticillium genus, we analyze the
centromeres of all species and compare them in light of the evolution of the genus.

In chapter 6, we further use proximity ligation to investigate whether the local 3D-structure
of chromatin can help to explain differences in transcription and genome evolution between
LS regions and the core genome. Furthermore, we compare local chromatin structure of all
Verticillium species to investigate conservation of the 3D chromatin organization within the
genus.

In chapter 7, | discuss the implications of my findings presented in this thesis in a broader
context of gene regulation, genome evolution in a plant pathogen and the impact on plant-
microbe interactions.
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Abstract

Genomes store information at scales beyond the linear nucleotide sequence, which impacts
genome function at the level of an individual, but the influence on population and longer-
term genome function remains unclear. Here, we addressed how physical and chemical DNA
characteristics may influence genome evolution in the plant pathogenic fungus Verticillium
dahliae. We identified incomplete DNA methylation of repetitive elements in the genome,
associated with specific compartments of the genome defined as Lineage-Specific (LS) regions
that contain genes involved in host adaptation. Further chromatin characterization shows that
LS regions are associated with features such as H3 Lys-27 methylated histones (H3K27me3)
and accessible DNA. Machine learning trained on chromatin data identified approximately
twice as much LS DNA than previously recognized, which was validated through orthogonal
analysis. Our results provide evidence that specific chromatin profiles define LS regions, and
highlights how different epigenetic factors contribute to the organization of adaptive genomic
regions.

Impact Statement

Assessment of DNA methylation, histone modifications and DNA accessibility revealed that
physical DNA characteristics are associated with adaptive genome evolution in the broad host
range plant pathogenic fungus Verticillium dahliae.
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Introduction

Genomes are not randomly organized and comprise complex information beyond their linear
nucleic acid sequence ®. While scientific understanding of genome biology continues to
grow, significant efforts in the past decade have focused on sequencing new species and
additional genotypes of those species . However, there is a great need to decode the complex
information stored in these genomes, to understand genomic responses over various time
scales, and ultimately to more fully understand how genotypes lead to phenotypes. With the
growing number of high-quality, highly contiguous genome assemblies it is possible to analyze
genome organization into chromosomes at high resolution . Present day genome organization
reflects evolutionary solutions to the challenges of information processing and adaptation; a
genome must faithfully pass vast amounts of information across cell-cycles and reproduction,
packaged into limited physical space, while achieving correct access to the information in
response to developmental, environmental or chemical signals. In addition, there needs to
be appreciable stochastic genetic variation to ensure that phenotypic variation is present for
unknown future events. Organisms undergoing mainly asexual reproduction face an additional
evolutionary constraint as they must generate this genetic variation in the absence of meiotic
recombination ¢”. Many economically important fungal plant pathogens are either asexual or
undergo more frequent asexual reproduction compared to sexual reproduction . Interestingly,
fungal pathogens are subject to additional evolutionary pressure from their hosts, as host-
pathogen interactions create dynamical systems with shifting, yet near-constant selective
pressure on the two genomes '°. These attributes make plant-fungal interactions a particularly
interesting system to study aspects of genome evolution and genome organization 7.

Plant invading microbes use effectors to suppress, avoid or mitigate the plant immune
system °7'. Plants in-turn use a variety of plasma-membrane bound and cytoplasmic receptors
to recognize invasion, through recognition of the effector or its biochemical activity, creating
a strong selective pressure on the microbe to modify the effector or its function to alleviate
recognition 723, The plant pathogenic fungus Verticillium dahliae causes vascular wilt diseases
on hundreds of plant hosts. V. dahliae is presumed asexual and generates genomic diversity
in the absence of sexual recombination through large-scale chromosome rearrangements and
segmental duplications 572747 The regions undergoing such duplications and rearrangements
are hypervariable between V. dahliae isolates, and consequently have been referred to as
Lineage-Specific (LS) regions. These LS regions are often formally defined based on presence/
absence variation (PAV) between strains of a species, and regions that are not designated
LS are considered core. These LS regions are enriched for in planta expressed genes and
harbor many effector genes contributing to host infection 5676, Similar non-random genomic
arrangement of effectors have been reported across diverse plant pathogenic fungal and
oomycete genomes %78 One summary of these observations is referred to as the two-
speed genome, in which repeat-rich regions harboring effectors evolve more rapidly than
genes outside these regions &.

Previous research in various plant-associated fungi has established a link between
posttranslational histone modifications and transcriptional regulation of adaptive trait genes.
These genes include effectors that facilitate host infection and secondary metabolite (SM)
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clusters that code for genes that produce chemicals important for niche fitness . By removing
or reducing enzymes responsible for particular repressive histone modifications, such as di-
and trimethylation of Lys9 and Lys27 residues of histone H3 (H3K9me2/3 and H3K27me2/3),
a disproportionally high number of effector and SM cluster genes are derepressed, although
a direct role of these marks in transcriptional control was not demonstrated “*%23%. However,
evidence from the fungus Epichloé festucae that forms a mutualistic interaction with its grass
host Lolium perenne indicates that direct transcriptional regulation through histone modification
dynamics is possible 3. Although there are clear indications that the epigenome (i.e. heritable
chemical modifications to DNA and histones not affecting the genetic sequence) plays a role in
adaptive gene regulation, additional evidence is needed to fully understand this phenomenon.

Epigenetic modifications influence chromatin structure, defined as the DNA-RNA-protein
interactions giving DNA physical structure in the nucleus 8#. This physical structure affects
how DNA is organized in the nucleus and DNA accessibility. Methylation of H3K9 and H3K27
are hallmarks of heterochromatin; DNA that is tightly compacted in the nucleus 8-". H3K9
methylation is not only associated with controlling constitutive heterochromatin, but also tightly
linked with DNA cytosine methylation (mC), which serves as an epigenetic mark contributing
to transcriptional silencing 2. A single DNA methyltransferase gene, termed Dim2, performs
cytosine DNA methylation in the saprophytic fungus Neurospora crassa °°. Histone methylation
at H3K9 directs DNA methylation by DIM2 through another protein, termed heterochromatin
protein 1 (HP1), which physically associates with both DIM2 and H3K9me3 %%. Some fungi
possess a unique pathway to limit the expansion of repetitive DNA such as transposable
elements through repeat-induced point mutation (RIP), a mechanism that specifically mutates
repetitive DNA in the genome during meiosis and induces heterochromatin formation %°7. The
mutations occur at methylated cytosines resulting in conversion to thymine (C to T mutation)
%, H3K27 methylation is associated with heterochromatin that is thought to be more flexible
in its chromatin status and exist as bivalent chromatin that may be either transcriptionally
repressed or active depending on developmental stage or environmental cues -2 The
deposition of H3K27me3 is controlled by a histone methyltransferase that is a member of a
complex of proteins termed Polycomb Repressive Complex 2 (PRC2), with orthologs of the
core machinery present across many eukaryotes 91,

In addition to heterochromatin playing a role in transcriptional regulation in filamentous
fungi, epigenetic marks contributing to chromatin may influence genome evolution 4. In
N. crassa, DNA is physically arranged in the nucleus corresponding to heterochromatic and
euchromatic domains, with strong inter- and intra-heterochromatin DNA-DNA interactions
reported '°>%. Recent experimental evidence using Zymoseptoria tritici, a fungal pathogen
of wheat, suggests that H3K27me3 promotes genomic instability 3. In the oomycete plant
pathogens Phytophthora infestans and Phytophthora sojae a clear association exists between
gene-sparse and transposon-rich regions of the genome and the occurrence of adenine Né-
methylation (6mA) 7. Collectively these examples point towards an unexplained connection
between the epigenome, genome architecture, and adaptive evolution. To examine the
hypothesis that epigenetic modifications influence the adaptive LS regions of V. dahliae, we
performed a series of genetic, genomic, and machine learning analyses to characterize these
regions in greater detail.
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Results

DNA cytosine methylation occurs at transposable elements

To understand the role of DNA methylation in V. dahliae, whole-genome bisulfite sequencing, in
which unmethylated cytosine bases are converted to uracil while methylated cytosines remain
unchanged 1% was performed in the wild-type and a heterochromatin protein 1 deletion
mutant (AhpD). The overall level of DNA methylation in V. dahliae is low, with an average
weighted methylation percentage (calculated as the number of reads supporting methylation
over the number of cytosines sequenced) at CG dinucleotides of 0.4% (Table 1). The fractional
CG methylation level (calculated as the number of cytosine positions with a methylated read
over all cytosine positions) is higher, averaged to 9.7% over 10 kb windows. Weighted and
fractional cytosine methylation (mC) levels are statistically significantly higher in the WT
compared to the Ahp! mutant for all cytosine contexts (Table 1; Table S1A and B). This result
is consistent with the requirement of HP1 for DNA methylation in N. crassa *. To understand
DNA methylation in the context of the functional genome, DNA methylation was analyzed over
genes, promoters, and transposable elements (TE). Despite statistically significant differences
between WT and Ahp! for gene and promoter methylation, the bisulfite sequencing data shows
virtually no DNA methylation at these two features (Fig. 1A). We attribute the difference to a
marginal set of elements having a real difference between the genotypes, but the biological
significance is likely negligible (Fig. 1A, Table S2). In contrast, there is a much higher degree
of methylation, and a notable difference between wild-type and Ahp? methylation levels at TEs
(Fig. 1A, bottom panel), with the average CG methylation level being five times higher in the
wild-type strain.

TABLE 1 | Summary of DNA methylation in Verticillium dahliae wild-type (WT) and heterochromatin protein
1 deletion mutant (Ahp?) as measured by whole genome bisulfite sequencing calculated over 10 kb non-
overlapping windows.

Avg. Weighted Avg. Weighted Avg. Weighted Avg. Fraction Avg. Fraction Avg. Fraction

Genotype  ca mCHG mCHH mCG mCHG mCHH
WT 0.0040 0.0037 0.0034 0.097 0.097 0.088
Ahp1 0.0030 0.0030 0.0032 0.082 0.083 0.079

Avg. Weighted, The average of total methylated cytosines in a given context divided by total cytosines in that
context in a 10 kb windows; Avg. Fraction, The total cytosines positions with a read supporting methylation divided
by total cytosines in a specific context in a 10 kb window; mCG, methylated cytosine residing next to a guanine;
mCHG, methylated cytosine residing next to any base that is not a guanine next to a guanine; mCHH, methylated
cytosine residing next to any two bases that are not a guanines.

To further analyze DNA methylation levels and confirm that the low DNA methylation levels
in the wild-type strain are indeed different than those in Ahpl, CG DNA methylation levels were
plotted in 10 kb windows across individual chromosomes. These plots clearly show that DNA
methylation is not continuously present across the V. dahliage genome, and DNA methylation
is significantly different between wild-type and Ahp! (Fig. 1B and 1C). Furthermore, regions
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in the genome with higher densities of TEs and lower gene numbers have higher levels of
DNA methylation, consistent with the global DNA methylation summary (Fig. 1B and 10).
Interestingly, these results show that while DNA methylation is only present at TEs, not all
TEs are methylated, a phenomenon that was previously described as ‘non-exhaustive’ DNA
methylation . To further understand this phenomenon, we sought to identify discriminating
genomic features that could account for some TEs not being methylated. The whole-
chromosome methylation data suggested a lack of DNA methylation at previously identified
LS regions (Fig. 1C, grey windows). These LS regions were previously detailed for V. dahliae,
and are characterized as regions that are highly variable between isolates of the species, are
enriched for actively transcribed TEs, and contain an increased proportion of genes involved
in host virulence %27 Thus, we tested if DNA sequences at LS regions are less frequently
methylated by comparing weighted mCG levels in 10 kb bins containing at least one TE for
core versus LS regions. This analysis showed significantly more DNA methylation for core
bins, which cannot be accounted for by a simple difference in the number of TEs in the core
and LS regions analyzed (Fig. 1D and E). Higher CG methylation levels also hold true when
analyzed at the level of individual TE elements (Fig. 1F; Table S2). Collectively, these analyses
demonstrate that DNA methylation occurs almost exclusively at TEs and, importantly, that not
all TEs are methylated. This observation can in part be explained by mCG differences for TEs
in the core versus LS regions.
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FIGURE 1 | DNA methylation is only present at transposable elements, but not at those present in LS
regions. (A) Violin plot of the distribution of DNA methylation levels quantified as weighted methylation over
Genes, Promoters and TEs. Cytosine methylation was analyzed in the CG, CHG and CHH sequence context.
Methylation was measured in the wild-type (WT) and heterochromatin protein 1 knockout strain (Ahp?). (B, C)
Whole chromosome plots showing TE and Gene counts (blue and red heatmaps) and wild-type (black lines) and
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Ahpl (green line) CG methylation as measured with bisulfite sequencing. Data is computed in 10 kilobase non-
overlapping windows. (C) Two previously defined LS regions ™ are highlighted by grey windows. (D) Violin plot of
weighted cytosine methylation in 10 kb windows broken into core versus LS location (E) Same as D but plots are
for the counts of TEs per 10 kb window. (F) Same as in D but methylation levels were computed at individual TE
elements. Statistical differences for indicated comparisons were carried out using non-parametric Mann-Whitney
test and Holm multiple testing correction with associated p-values shown.

Transposable element classes have distinct genomic and epigenomic profiles

To understand the functional status of the various TEs in the genome, DNA-histone modification
location data were collected using chromatin immunoprecipitation followed by sequencing (ChlIP-
seq) against H3K9me3 and H3K27me3, which allows for the identification of DNA interacting
with these modified histones. Characteristics of TE sequence, such as GC percentage, composite
RIP index (CRD), and TE age, estimated as the Jukes-Cantor distance to the consensus sequence
of the specific TE family, were calculated (see methods). To further classify genomic regions
as eu- or heterochromatic, we performed an assay for transposase accessible chromatin
and sequencing (ATAC-seq) ™. This method uses a TN5 transposase to restrict physically
accessible DNA in the nucleus and tags the DNA ends with oligonucleotides for downstream
sequencing. Transcriptional activity was assayed using RNA-sequencing. To analyze all of these
TE characteristics (variables) at once, dimensional reduction with principle component analysis
(PCA) was employed, which facilitates data interpretation on two-dimensions to identify important
variables and their relationships within large datasets. The individual TEs were grouped into four
broad classes (Type | DNA elements and Type Il LTR, LINEs, and Unspecified elements) and
analyzed for each measured variable. The first dimension of PCA shows the largest separation
of the data points and variables, and largely separates the data based on euchromatin versus
heterochromatin features (Fig. 2A, PC1). This is seen by the variables ATAC-seq, %GC, RNA-
sequencing, H3K9me3 ChlIP, CRI and DNA methylation (mCG) being furthest separated along the
x-axis (Fig. 2A). Open chromatin features such as higher ATAC-seq, %GC, and transcriptional
activity are positive on the x-axis, with small angles between the vectors, indicating correlation
among those variables. Conversely, features associated with heterochromatin, such as H3K9me3
association, DNA methylation and indication of RIP (CRID are all negative on the x-axis, and the
position of their vectors indicates correlation among these variables, and negative correlation
to the euchromatin features (Fig. 2A). The second axis discriminates elements based on their
H3K27me3 profile and sequence characteristics such as Jukes Cantor (TE age), Identity and
Length (Fig. 2A). Regarding the TE classifications, there is a stronger association for the LTR and
Unspecified elements with the heterochromatin features (Fig. 2A, grey and red ellipse extending
along negative x-axis). Collectively, this multivariate description of TEs identifies those that are
more transcribed and open as having lower association with H3K9me3, mCG, and RIP mutation.
There are statistically significant differences between the TE types for each of these variables
(Table S3), and the LTR elements have the highest levels of H3K9me3 and mCG, along with
the highest CRI values and lowest %GC, consistent with the mechanistic link between the four
variables (Fig. 2B). Interestingly, a bimodal distribution occurs for %GC and CRI within the LTR
and Unspecified elements, indicating that some of the LTR elements have undergone RIP and
are heterochromatic, while other elements have not been subject to this mechanism (Fig. 2B).
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This delineation occurs for the Unspecified and LTR elements with a %GC sequence content less
than approximately 40%, which have positive CRI values and high H3K9me3 signal (Fig. 2C). A
similar distinction is seen with ATAC-seq data that show a clear break around 40% GC content,
and elements below this have lower ATAC-seq signal and higher H3K9me3 signal (Fig. 2D).
These trends are not observed for the LINE and DNA elements (Table S3). These results suggest
that LTR and Unspecified TE elements exist in two distinct chromatin states in the genome.
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FIGURE 2 | Individual TE families have distinct epigenetic and physical compaction profiles. (A) Principle
component analysis for 14 variables measured for each individual TE. Each vector represents one variable, with
the length signifying the importance of the variable in the dimension. The relationship between variables can be
determined by the angle connecting two vectors. For angles <90°, the two variables are correlated, while those
>90° are negatively correlated. Each individual element is shown and highlighted by color and symbol as indicated
by the key. Colored ellipses show the confidence interval for the four families along with a single large symbol
to show the mean position for the four families. mCG, weighted CG DNA methylation; mCHG, weighted CHG
DNA methylation; CRI, Composite RIP index; %GC, percent GC sequence content; Identity, Nucleotide identity as
percent identity to the consensus TE sequence of a family; Length, element length; Jukes Cantor, Jukes Cantor
corrected distance as proxy of TE age; RNAseq, RNA-sequencing reads from (PDB), half strength MS (HMS) or
tomato xylem sap (Xylem) grown fungus expressed as variance stabilizing transformed log2 values (see methods
for details); H3K9me3, log2 (TPM+1) values of mapped reads from H3K9me3 ChiP-seq; H3K27me3, log2 (TPM+1)
values of mapped reads from H3K27me3 ChIP-seq; ATAC-seq, log2 (TPM+1) values for mapped reads from Assay
for transposase accessible chromatin. (B) Ridge plots showing the distribution of the individual TE families per
variable. The median value is shown as a solid black line in each ridge. Variables same as in A except for mCG,
log2(weighted cytosine DNA methylation + 0.01). (C) Scatter plot for %GC versus CRI values for individual TE
elements shown as points. The two plots are for TEs characterized as Unspecified (Unsp) or LTR, labeled in the
upper left corner. Each point is colored according to log2 (TPM+1) values from H3K9me3 ChIP-seq, scale shown
above each plot. A density plot is shown for both variables on the opposite side from the labeled axis. (D) Same
as in C, but the y-axis is now showing the log2 (TPM+1) values from ATAC-seq.
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Transposable element location significantly influences the epigeneticand DNA
accessibility profile

To further dissect the relationship between epigenetic modifications, chromatin status and
genomic location, pair-wise comparisons were made for all TEs in core versus LS regions. All
measured variables, except TE length, are significantly different for TEs in the core versus LS
regions (Table S4). Further division of the TEs indicated that the LTR and Unspecified elements
showed the greatest differences for core versus LS measurements (Fig. 3A), demonstrating
that the major driver of core versus LS differences are driven by the LTR and Unspecified
elements. The bimodal distribution for GC content, CRI, H3K9me3, and ATAC-seq can be
accounted for in part by core versus LS separation (Fig. 3B, red versus grey). Collectively, the
status of the LS TE elements can be characterized as devoid of DNA and H3K9 methylation,
low RIP signal, generally higher than 0.5 GC content, higher levels of H3K27me3, more open
with ATAC-seq signal, and higher transcription levels (Fig. 3D). The core versus LS location is
not sufficient to fully explain the chromatin status, as there are many elements located in the
core genome that share a similar profile with the LS elements (Fig. 3D, elements highlighted
in black boxes), but as an ensemble, the core elements are statistically different than those
found at LS regions.

Significantly different chromatin status between core and LS regions extends
to larger DNA segments

The analysis of TEs in the genome clearly shows that a subpopulation of elements that occur
in the previously defined LS regions have different epigenetic modifications and physical
openness compared to those in the core genome. LS regions are significant for V. dahliae
biology as they code many proteins which support host infection %% To capture a more
global view of core versus LS regions, the genome was analyzed using 10 kb non-overlapping
windows, revealing the same global patterns along the linear chromosome sequence; regions
with high TE density tend to have lower GC content, higher DNA and H3K9 methylation and
a lack of ATAC-seq reads. The distribution of H3K27me3 appears more complicated. This
mark overlaps with that of DNA and H3K9 methylation, as nearly all regions with these two
modifications also have H3K27me3, yet we observed additional regions that contain only
H3K27me3 and lack DNA and H3K9 methylation (Fig. 4A). The regions that contain DNA
methylation and H3K9me3 are nearly identical and for simplicity refer to these regions going
forward as being marked by H3K9me3. Interestingly, regions marked by H3K27me3 that lack
H3K9me3 have more open DNA than region with H3K27me3 also containing H3K9me3 (Fig.
4A, ATAC). This is apparent for the LS regions that appear to have increased H3K27me3
signal, lack H3K9me3 and are less open than the genomic background but not as closed as
the regions marked by H3K9me3 (Fig. 4B, regions marked by grey boxes). PCA was again
employed to combine the variables into a single analysis, with the first dimension explaining
nearly 60% of the variation in the data (Fig. 4C). The first dimension largely captures the
variables describing euchromatin versus heterochromatin, such that ATAC-seq and %GC are
furthest separated on the x-axis from H3K9me3, DNA methylation and TE density (Fig. 4C).
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A LS versus Core per TE type
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FIGURE 3 | The LTR and Unspecified elements have significantly different chromatin profiles based on core
versus LS location. (A) Heatmap comparing core versus LS values within the four TE classifications for the
variable listed to the right. Plot colored based on p-values from Wilcoxon rank sum test. P-values > 0.05 are
colored white going to red for p-value = 0. (B) Scatter and density plots similar to those shown in Fig. 2c except
the individual TE points are colored by core (grey) versus LS (red) location. The density plots are also constructed
based on the two groupings (C) Similar to B, with the y-axis now showing the log2 (TPM+1) values from ATAC-seq
(D) Multiple grouped heatmaps for ten variables collected for each TE. Each row represents a single element and
the same ordering is used across all plots. The LS elements are grouped at the top, indicated by the red bar at
the top left, and the core elements are grouped below, indicated by the grey bar at the left. Elements are further
grouped by the four classifications indicated by the color code shown to the left. Within each element group, the
elements are ordered by descending GC content. The scale for each heatmap is shown at the right. GC content,
fraction of GC in sequence; Jukes Cantor, corrected distance as proxy of TE age; CRI, Composite RIP index; Length,
element length; mCG and mCHG, log2(weighted cytosine DNA methylation+0.01) for CG and CHG respectively;
RNAseq-PDB, variance stabilizing transformed log2 RNA-sequencing reads from PDB grown fungus; H3K9me3
and H3K27me3 and ATAC-seq, TPM values of mapped reads H3K9me3 ChiP-seq, H3K27me3 ChiP-seq, or Assay
for transposase accessible chromatin respectively. Black boxes highlight LTR and Unsp elements in the core that
have euchromatin profiles.
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Interestingly, the DNA segments classified as core are mostly associated with this separation
across the first dimension (Fig. 4C). The second and third dimensions of the PCA explained a
similar amount of variation in the data; 14.4% and 10.7%, respectively. Data from the RNA-seq
experiment contributed nearly all the information to the second dimension (Table S5), while
the H3K27me3 ChIP-seq data contributed most of the information in the third dimension (Table
S4). Interestingly, when this third dimension is considered, we observe a strong separation of
the core from the LS regions (Fig. 4C, y-axis), suggesting that the LS regions of the genome
are less defined by DNA openness, and DNA or H3K9 methylation but more by H3K27me3 and
transcriptional activity.

Our observations can be summarized into a genome-wide model; for the core genome,
regions with higher TE density have low ATAC-seq signal (closed DNA) and elevated H3K9me3
signal and thus represent the heterochromatic regions (Fig. 4D, cluster of large blue dots
plotted at middle left). Core genomic regions that are gene-rich have a higher ATAC-seq and
lower H3K9me3 signal and represent the euchromatic portion of the genome (Fig. 4D, cluster
of small blue dots plotted in the lower-middle section). The LS regions are a hybrid of the two
that contain high TE density and higher H3K27me3 signal but have higher ATAC-seq signals
when compared with similar TE containing regions in the core genome (Fig. 4D, cluster
of large yellow triangles plotted in the middle). This simple model of the genome accounts
for many of the phenomena described here, and links the epigenome, physical genome and
functional genome.

Machine learning predicts more lineage-specificgenomicregions than previously
considered

Given that a clear model emerges that links the epigenome and physical openness of DNA
with adaptive regions of the genome, we assessed the extent to which these features
can predict core or LS regions. Stimulated by our observations (Fig. 4), we used ATAC-
seq, RNA-seq, H3K27me3, TE density, and H3K9me3 along with the binary classification of
the 10 kb windows as core or LS for machine learning. Four supervised machine learning
algorithms were used to train (i.e. learn) on 80% of the data (2890 regions), while the
remaining 20% (721 regions) were used for prediction (i.e. test), using a 10-fold cross
validation repeated three times. Assessing the classifier's performance using area under
the receiver operating characteristic (auROC) curve suggested excellent results ranging
from 0.94 to 0.95, with a value of 1 being perfect prediction (Fig. SA). While auROC is the
de facto standard for machine learning performance ™, it is not appropriate for assessing
predictive performance of binary classification problems when the two classes are heavily
skewed as it overestimates performance due to the high number of true negatives ™. This is
the case for our analysis in which the test set (721 regions) contains only 33 of the known
LS regions (4.6%). To more accurately assess model performance, precision-recall curves
were employed as these do not use true negatives, and are therefore less influenced by
skewed binary classifications ™. All four algorithms consistently outperformed a random
classifier, with the boosted classification tree (BCT) and stochastic gradient boosting (GBM)
algorithms having the same highest area under the precision-recall curve of 0.52 (Fig. 5B).
However, the confusion matrix indicated that the BCT model only identified 13 of the 33 LS
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regions (Table 2), resulting in poor recall (Table 3). In contrast, the other three models did
identify most of the known LS regions (high recall), but had lower precision caused by the
high rate of false positives (Table 2 and 3). The Matthews correlation coefficient (MCC), an
analogous measure to accuracy but more appropriate for unbalanced binary classification,
indicated that the GBM and random forest (RF) models performed the best (Table 3).
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FIGURE 4 | Epigenome and physical DNA characteristics collectively define core and LS regions. (A and B)
Whole chromosomes plots showing TE and gene counts over 10 kb genomic windows, blue and red heatmaps
respectively. The %GC content is shown in purple, RNA-seq show in orange, CG cytosine DNA methylation shown
in black, H3K9me3 and H3K27me3 ChIP-seq shown in red and blue respectively, and ATAC-seq shown in green.
Values are those previously described. (B) Two LS regions are highlighted with a grey window. (C) Principle
component analysis for seven variables at each 10 kb window. Dimension 1 and 3 are plotted and collective explain
~70% of the variation in the data. The individual symbols are colored by genomic location with core (blue circles)
and LS (yellow triangles). Colored ellipses show the confidence interval for the core and LS elements with a single
large symbol to show the mean. (D) Scatter plot of the 10 kb windows colored for core and LS location by ATAC-
seq data (TPM, x-axis) and H3K27me3 (TPM, y-axis). The size of each symbol is proportional to the TE density
shown in the upper right corner. The density plot of each variable is shown on the opposite axis.
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FIGURE 5 | Supervised machine learning can predict LS regions based on epigenome and physical genome
characteristics. (A) Area under the Response operator curve (auROC) plotting sensitivity and false positive rate
(FPR) for four machine learning algorithms, BCT- Boosted classification tree; GBM- stochastic gradient boosting;
LR- logistic regression; RF- random forest. The auROC scores are shown next the algorithm key in the grey box.
The black dotted line represents the performance of a random classifier. Perfect model performance would be
a curve through point (0,1) in the upper left corner. (B) Area under the Precision-Recall curve for the same four
models shown in A. Area under the curves are shown in the figure key in the grey box. The black dashed line
shows the performance of a random classifier, calculated as the TP / (TP + FN). Perfect model performance
would be a curve through point (1,1) in the upper right corner.

TABLE 2 | Confusion Matrix for LS versus core prediction in V. dahliae.

Known

Predicted Core LS

Core 638 7
LR

LS 50 26

Core 645 5
GBM

LS 43 28

Core 672 20
BCT

LS 16 13

Core 623 2
RF

LS 65 31

LR, Logistic Regression; GBM, Stochastic Gradient Boosting; BCT, Boosted Classification Tree; RF, Random Forest;
Core, regions of the genome defined as core; LS, regions of the genome defined as Lineage Specific.

TABLE 3 | Assessment values for the four tested machine learning algorithms used to classify genomic regions.

Models Precision Recall MCC F1 F2

LR 0.34 0.79 0.49 0.48 0.63
GBM 0.39 0.85 0.55 0.54 0.69
BCT 0.45 0.39 0.39 0.42 0.40
RF 0.32 0.94 0.52 0.48 0.68

LR, Logistic Regression; GBM, Stochastic Gradient Boosting; BCT, Boosted Classification Tree; RF, Random Forest;
MCC, Matthews Correlation Coefficient.
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The results indicate that the machine learning algorithms are well-suited to identify the
previously known LS regions in the test data. Additionally, the algorithms identified a relatively
large number of regions as LS that were previously classified core. The original classification
of core and LS in V. dahliae was based on presence/absence variations identified from genomic
information of only few strains ™. Consequently, we reasoned that regions here classified
as LS by ML could be genuine LS regions that were originally missed due to the then limited
diversity of the V. dahliae strains sequenced. The two best models from the initial testing, GBM
and RF, predicted a total of 96 and 81 regions as LS respectively, suggesting there could be
2 to 3 times more LS DNA than previously identified. To improve the genome-wide estimate
and to further assess the robustness of ML for LS region prediction, we re-ran the GBM and
RF algorithms on 15 new training-test splits, independently training and predicting on each
set (see methods for details). This approach nearly saturated the genome, providing multiple
predictions per window and only 124 of the 3611 regions were missed (Table Sé). The average
MCC performance estimate of the GBM and RF classifiers were 0.53 and 0.48 over the 15
runs, and our results indicate consistent performance across the independent predictions (Fig.
6A; Table S5, S6, and S7). The GBM classifier predicted a total of 285 of the 10 kb regions as
LS, while the RF classifier predicted 388 (Table S7 and S8). The LS predictions for the two
models were in agreement for 280 regions, which is 98% of the GBM predictions and 72%
of those from the RF (Fig. 6B), overall showing high agreement between the two classifiers.
Consensus predictions were generated from the two classifiers if a region was predicted as
LS by both models, and a conservative joining step was employed in which a single predicted
core region was called LS if it was flanked by LS predictions on both sides (see methods).
This resulted in a total of 280 regions predicted as LS by both classifiers and an additional 41
regions due to the joining. In total, this new classification nearly doubles the total amount of LS
regions compared with the original observations %°74. The original classification of LS regions
in V. dahliae clustered in four larger regions 7. We were interested to understand the physical
genomic location of the originally identified and the newly predicted LS regions. The results of
the individual classifiers reveal that the new regions are also not randomly dispersed across
the genome (Table S8). The consensus prediction from the two classifiers identified the large
blocks of LS regions from the original observations, along with new clusters of LS regions
such as those on chromosomes 4, 6, and 8 (Fig. 6C and 6D). Importantly, the newly defined
set of LS regions supports a clearer separation of the LS regions from the core regions.

Previously, LS regions were defined as genomic regions with extensive sequence
variability between V. dahlige strains %274 and the LS regions were enriched for in planta
induced genes known or presumed to be involved in host infection . To validate that the
updated LS classifications following ML still captured these characteristics, we analyzed PAV
and performed genome-wide enrichment analyses for in planta induced genes, for genes
coding secreted proteins, and for effector genes in old and new LS regions. To analyze PAV,
we summarized missing DNA segments, termed absence counts, from 42 V. dahlige strains
based on whole-genome sequencing (see methods for details). The original LS classification
was defined by PAV, and thus we anticipated that the updated LS classification, if valid, should
still reflect higher variability for LS regions between V. dahliae strains. The analysis showed
that the majority (82.6%) of 100 bp windows classified as core were present in all 42 strains,
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and the distribution of absence counts suggested low variation (Fig. 6E, mean absence count
= 2.5). In contrast, only 37.3% of LS classified regions were present in all 42 strains, and had
a significantly higher mean absence count of 12.3 (Wilcoxon rank sum, p < 2.2e-16) (Fig. 6E).
These results help validate our approach by showing the PAV disparity between LS and core
elements is readily observed in this set of 42 strains. We assessed the absence counts for
TEs and genes to understand what functional elements account for the differences between
the LS and core. This analysis showed that the absence counts for TEs was higher than for an
average 100 bp window, but there is no difference for the distribution of TE absence counts
between those classified as LS versus core (Wilcoxon rank sum, p = 0.99) (Fig. 6F and G).
Interestingly, this was not the case for genes, where the majority (64.4%) of core classified
genes were present in all 42 strains, and only 43.1% of LS classified genes were present in
all strains (Wilcoxon rank sum, p < 2.2e-16; core mean absence count of 0.6 and LS mean
of 10.3) (Fig. 6H and 6. These results suggest that TEs are generally variable between
strains regardless of their genomic location, but the likelihood of a gene being absent varies
significantly based on its location in a core or LS region. Analyzing genes based on functional
categories showed that the number of in planta induced genes in LS regions doubled from the
old to new classification, and while these genes were overrepresented in the old designations
(X2=9.94, p=.002), this overrepresentation was even more pronounced for the new LS regions
(X?=29.96, p < .000001). As expected, we found that in planta induction for LS genes was
significantly higher than for core genes (Mann-Whitney test, p-value = 1.34e-50) (Fig. 6D).
Even though effectors were not overrepresented in the old LS classification (X?~0, p=1), they
were present in new LS regions far greater than by chance, increasing 3.5 times compared to
the old classification (X2=11.18, p =.0008). The largest change was observed for genes coding
proteins with secretion signals. Using the old classification, the LS regions were actually
significantly underrepresented for genes coding secreted proteins (X?=27.05, p < .000001).
This result could have a number of explanations, but under the assumption that LS regions
contain a significant portion of genes involved in inter-species interactions, this analysis
suggests that the old classification was missing important genes. Indeed, while the new LS
classification approximately doubled the number of genes designated as LS (494 to 998), the
number of LS genes with secretion signals increased 5-fold (20 to 109) (Xé=3.63, p = .05)
(Table S9).

Collectively, these analyses suggest that ML algorithms can be used to predict new
LS regions based on epigenetic and physical DNA accessibility data. The identification of
potentially new LS regions missed in the original classification provides new avenues to
identify proteins important for host infection and adaptation. Our predictions were validated by
showing enrichment for functional categories of genes known to be important for infection and
host adaptation. Our results further show that the expanded classifications represent regions
of the genome that are more variable across strains of the species and uncover the new
finding that LS genes in particular experience greater PAV in V. dahliae. These results support
that genome structure is influencing genome function and Demonstrates a ML approach for
predictive biology that advances our understanding of genome biology.

31



CHAPTER 2

A . MGEM ERF C Consensus Prediction Core LS | 5
o | i cwi |
. =% z -
é ch2 $s :
@ 0
5 ) [ ] Chrz &5 O
Zos I — cha 2810
= L o i
& %% o CwS gfe0
od| B T 1 cwe 32 coe 15
“ — on7
é’a\\ .é\o{\ <> \}oo | i Chr8 ns
b Q‘@o 0 mb 2mb 4 mb & mb 8mb a2 40
B D — 3
ene
M Original LS Observation . 100;:‘ = - TECore e Cora § 20
GBM LS Prediction 0.6{ o % 23
B RF LS Prediction Z 0.4 "go'oa I'n ! .%‘ o 28 o
5‘? 0.2 ‘: 3 ggi \_/I(F\\ z 2 Core LS
0.0 _q: 0.00 : 00— H
| LS e LS
0.09| 0.03{ \_ 0,061 | 2 40
Z0.06| Zooz{ 1\ Zoos4| 3 !
- ] \ = |
20031\ + aooi i L8003 A A~ 8 7.620
0004 - od_ % oo > §2
010203040 0 10 203040 0 10203040 33 0
Absence Absence Absence =
counts counts counts Core LS

FIGURE 6 | Machine Learning predictions for genome-wide LS content. (A) Two machine learning algorithms,
Stochastic Gradient Boosting (GBM) and Random Forest (RF), were used to predict LS regions from 15 independent
training-test splits (80/20). Classifier performance was measured for each of the 15 trials, and summarized as a
boxplot with each trial represented as a point. (B) Venn diagram showing the overlap between the results of the
two classifiers and the original observations of LS regions %74 Each slice of the diagram shows the number of
LS regions predicted, see methods for additional details. (C) Schematic representation of the eight chromosomes
(labeled on right) of V. dahlige strain JR2. Core (grey) and LS (green) classification for 10kb windows. The
consensus predictions were those made by both the GBM and RF model (in total 280). (D) Boxplot showing a
significant difference for in planta gene induction between core and LS genes, Mann-Whitney U test p-value =
1.34e-50. (E) Density distribution for core (grey) and LS (orange) elements based on absence counts over 100
bp windows. The mean absence counts are shown as a dashed vertical line. (F) Similar to E but the analysis was
conducted for TEs. (G) Boxplot showing no significant difference between core and LS TE elements for absence
counts, Mann-Whitney U test p-value = 0.92. (H) Similar to E but the analysis was conducted for genes. (1) Boxplot
showing a significant difference between core and LS genes for absence counts, Mann-Whitney U test p-value =
3.82e-104. ns, non-significant; **** p-value < 1.00e-4.
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Unsupervised genome clustering using chromatin data supports functional
differences for core and LS classification

Using the described supervised learning approach, we were able to identify new regions of
the genome as LS, and subsequently validated that these new regions fit the characteristics
of LS function. To further confirm these results and define the functional genome, uniform
manifold approximation and projection (UMAP) ™ was employed for dimensional reduction
and clustering of TEs and genes based on transcriptional, chromatin and DNA openness data.
The significance of this alternative approach is that it is unsupervised, and does not rely on, or
is influenced by, prior LS and core classifications. Under the hypothesis that genome structure
influences genome function, a prediction is that LS and core classification (evolutionary
function) should show a non-random spatial association when layered on-top of the UMAP
clustering (genome structure and function data). This approach generated three distinct
UMAP clusters for TEs, which we termed Group1, 2 and 3 (Fig. 7A). When the LS and core
classification were applied to the UMAP clusters, Group1 and Group?2 displayed significant
non-random associations of core- and LS-designated elements respectively (x-axis p-value
= 1.77e-38 and y-axis p-value = 9.0e-80, Mann-Whitney rank test) (Fig. 7A). Additionally,
the core and LS elements were enriched in Group1 and Group?2, respectively, (X?=348.84, p
=1.78e-76) (Table S10). To understand the UMAP clustering results, each genomic variable
used for UMAP was summarized across the three groups. The TEs in Group1 have the lowest
GC content, transcriptional activity, and DNA openness, along with the highest CRI, H3K9me3
signal, and DNA methylation. Based on these characteristics, we conclude that Groupl TE
elements from the UMAP clustering are largely heterochromatic. The TE elements in Group2
and Group3 are more similar to one another based on the per-variable analysis, although many
statistically significantly differences still exist. These findings show that unsupervised genomic
clustering on functional and structural data can recapitulate a large part of our previously
defined core and LS regions. We interpret this data as supporting a link between genome
organization on a physical level (i.e. epigenetics and DNA accessibility), genome function (i.e.
transcriptional activity) and genome adaptation to the environment (i.e. LS and core regions).
Interestingly, while there was no difference in PAV for TE elements classified as core and
LS (Fig. 6G), we did find significant differences between all three UMAP groups. Analyzing
the absence counts within the three UMAP groups revealed significant differences between
LS and core elements (Fig. 7C). Specifically, the median absence count for all core TEs was
15 (Fig. 6G), but the median count is less than 1 for the UMAP Group2 and Group3 core
elements, which make up 39.4% of the core TEs (Fig. 7C). It is not clear what accounts for the
core TE elements in UMAP Group2 and Group3, which are less defined by heterochromatic
characteristics but experience less absence variation across the analyzed V. dahliae strains.
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FIGURE 7 | Genome-wide UMAP clustering details that functional elements labeled core and LS have different
epigenetic and DNA characteristics. (A) Uniform Manifold Approximation and Projection (UMAP) clustering of
individual V. dahliae TEs, color coded for core (blue) and LS (red). UMAP clustering in two dimensions resulted
in the identification Group1, 2, and 3 elements. Boxplots are shown opposite of the x- and y-axis to quantify the
UMAP designation of the LS and core elements. Statistical difference measured using Mann-Whitney U test for
UMAP labeling on the x-axis, p-value = 1.77e-38, and y-axis, p-value=9.04e-80. (B) Boxplot for TE absence counts
for UMAP Groupl, 2 and 3 elements. Statistical difference measured using Conover's test (C) Boxplot for TE
absence counts for LS and core elements in UMAP Group1, 2 and 3. Statistical difference measured using Mann-
Whitney test. (D) Similar UMAP clustering as shown in (A), but performed using genes as the clustering elements
shown as individual dots. Marginal boxplots shown as in (A), x-axis p-value = 5.45e-221, and y-axis p-value =
1.84e-28. (E) UMAP gene clustering, color coded to show three groups. (F) Boxplot for in planta gene induction
for UMAP Group], 2 and 3 genes. Multiple comparisons performed using Conover's test. **, p-value < 0.01; ****,
p-value < 0.0001. All statistical comparisons used Holm multiple-test correction of p-values.

We similarly analyzed the genes using UMAP, under the same prediction that LS and core
elements would show spatial clustering within the UMAP analysis. Here, UMAP clustered the
majority of the genes in the genome (89.9%) into a single cluster (Fig. 7D). Within this group,
we observed significant local-clustering of LS classified genes (x-axis p-value = 5.45e-221
and y-axis p-value = 1.84e-28, Mann-Whitney rank test) (Fig. 7D). Based on this, the large
group was further sub-divided, and the UMAP results were analyzed based on three groups
(Fig. 7TE). The UMAP Groupl contained 4 times more LS genes than expected (X?=2119.4,
p-value = 0) (Table S11), resulting in Group1 containing 75% of the LS genes. Furthermore,
the Group1 genes had the lowest GC content, transcription in axenic culture, and the highest
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H3K9 and H3K27 trimethylation (Fig. S11). The Groupl genes also had the highest in planta
gene induction, which was not a variable included in the UMAP creation, indicating the
UMAP clustering was associated with this characteristic (Fig. 7F). There was no significant
difference for gene absence counts between the three groups (Kruskal-Wallis H statistic=4.18,
p-value=.09) (Table S10A and S10B), however this was influenced by the majority of genes
having a zero-absence count. When only genes with an absence count greater than O were
analyzed (i.e. the gene was missing from at least one strain), the greatest mean absence was
for Group1 genes (absence mean of 13.4, 1.9 and 3.1 for Group1, 2 and 3 respectively) (Table
S10C and S10D). Thus, the UMAP Groupl genes have characteristics of heterochromatin
when grown axenically, are enriched for LS classified genes, display significantly higher in
planta gene induction, and the genes are statistically significantly more variable across the
analyzed V. dahliae strains. These analyses identify previously unreported links between genes
important for pathogenic microorganisms and specific genomic regions defined by epigenetic
and DNA accessibility characteristics.

Discussion

Significant efforts to detail genomes of filamentous pathogens, to understand variation
within species, and to a lesser extent to examine epigenetic madifications, have increased
our understanding of genome function in this important group of organisms 171, This is
required to broaden our understanding of eukaryotic genome function and in order to combat
emerging pathogens. Here we present a detailed analysis of the epigenome and physical
DNA accessibility of the vascular wilt pathogen V. dahliae and link these analyses to previous
characterizations of genomic regions contributing to host colonization and adaptation 7627475,
A clear picture emerges in which the core genome is organized into heterochromatic and
euchromatic regions. The heterochromatin is characterized by a high density of TEs with
low GC content, high levels of DNA and H3K9 methylation, low DNA accessibility and clear
signatures of RIP mutations at repetitive sequences. The euchromatin regions are opposite
in all characteristics, and this collective description is consistent with previous research in
many other eukaryotic genomes 8" |nterestingly, we provide evidence that previously
defined LS regions of the genome, characterized for their role in contributing to host infection,
exist in a unique chromatin state. LS regions have higher TE density than the euchromatic
regions, yet are devoid of DNA and H3K9 methylation. Furthermore, LS regions have higher
DNA accessibility than the core heterochromatic regions and are more transcriptionally active,
but they are less accessible than the ‘true’ euchromatic gene-rich core regions. Notably,
LS regions are characterized as having a strong association with H3K27me3, similar to
the discovery that SM gene clusters are enriched at H3K27me3 regions in F. graminearum
49, Our results demonstrate that LS regions are by definition not heterochromatic, as they
are far more accessible than the true heterochromatin, and yet they typically contain many
heterochromatin features. These observations are akin to previous descriptions of facultative
heterochromatin ™, but to our knowledge few studies have linked unique chromatin states
to adaptive genomic regions. We believe this observation presents new hypotheses into the
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occurrence, formation and maintenance of adaptive regions of the genome. How chromatin
interacts with evolutionary forces to shape organism fitness is an important question in the
pursuit of understanding the genome.

Our results support the hypothesis that chromatin structure underlies genome function.
More specifically that chromatin modifications and DNA accessibility may influence genome
evolution, not just via transcriptional control but also regarding the architecture of the genome
104 Based on the described associations, we were able to predict LS regions using machine
learning. The ML algorithms, trained on H3K9 and H3K27 methylation, RNA-sequencing, TE
density and DNA accessibility data, shows how these descriptions of chromatin can be used
to classify DNA segments as core versus LS with high recall (i.e. sensitivity). The precision
assessments of the algorithms were low, which could be due to previous miss-classification
of LS and core regions. We could validate the improvement of our new classification because
it doubled the amount of LS classified DNA while still maintaining an enrichment for in planta
induced genes, presumed effectors, genes coding secreted peptides and genes with higher PAV
in the species. It is a remarkable finding that, through the use of machine learning, we could
significantly extend our knowledge of the V. dahliae genome and identify as of yet unconsidered
genomic regions and genes which likely contribute to adaptive traits. In addition to the
supervised binary classification, we employed unsupervised uniform manifold approximation
and projection (UMAP) to cluster the genome, without any explicit information pertaining to
core or LS regions. The UMAP approach reduced our multidimensional representation of the
genomic data into a simple two-dimension scatterplot, where TEs and genes with a similar
empirical profile are in close proximity. Analyzing the updated LS and core classifications with
respect to the UMAP clustering shows again the enrichment and strong association between
the physical characterization of the genome (i.e. DNA sequence, histone madifications, DNA
accessibility) and its evolutionary function.

It is currently not possible to extend our machine learning predictions to additional
filamentous pathogen genomes, as the necessary data are not currently publicly available.
However, for many filamentous plant pathogens it is clear that genome variation on multiple
scales, from SNPs to large structural variation, are not uniformly distributed in the genome
9. Recent reports from the fungal pathogen Z tritici addressed the role of genome stability
and H3K27me3 during asexual reproduction 34'2°. During experimental evolution, individual
strains of Z tritici readily lose accessory chromosomes. The authors observed that a mutant
lacking the enzyme responsible for H3K27me3 showed less accessory chromosome loss
and concluded that H3K27me3 destabilizes chromosome structure 4. However, accessory
chromosome losses were clearly biased in their individual frequency and changes were not
reported for core chromosomes, despite H3K27me3 being found at high levels on accessory
and regions of core chromosomes 2. Therefore, the observed genome destabilization requires
additional determinants in conjunction with H3K27me3 which remain to be discovered. Results
presented here suggest that DNA and histone methylation marks, along with physical DNA
accessibility are important additional determinants to distinguish accessory and LS regions of
the genome. However, we acknowledge that our model does not strictly differentiate all LS
region in the V. dahliae genome, as there are LS and core regions that have very similar overall
chromatin profiles, and therefore these features alone are not sufficient. One factor that could
explain part of this discrepancy is that LS formation is likely not fully deterministic. Evolution
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is a stochastic process, and it seems unlikely that LS formation can be described in absolute
terms. Rather, it is more likely to be a probabilistic process, in which specific chromatin
and physical status increases the likelihood for formation and maintenance of LS regions.
The results presented here offer an exciting new link between the epigenome, physical DNA
accessibility and adaptive genome evolution.

Materials and methods

Fungal growth and strain construction

V. dahliae strain JR2 (CBS 143773) was used for experimental analysis '?2. The strain was
maintained on potato dextrose agar (PDA) (Oxoid, Thermo Scientific, CM0139) and grown at
220C in the dark. For liquid grown cultures, conidiospores were collected from PDA plates
after approximately two weeks and inoculated into flasks containing the desired media at a
concentration of 2x10% spores per mL. Media used in this study include PDA, half-strength
Murashige and Skoog plus vitamins (HMS) (Duchefa-Biochemie, Haarlem, The Netherlands)
medium supplemented with 3% sucrose and xylem sap (abbreviated, X) collected from
greenhouse grown tomato plants of the cultivar Moneymaker. Liquid cultures were grown
for four days in the dark at 22°C and 160 RPM. The cultures were strained through miracloth
(22 pm) (EMD Millipore, Darmstadt, Germany), pressed to remove liquid, flash frozen in liquid
nitrogen and ground to powder with a mortar and pestle. Samples were stored at -80°C if
required prior to nucleic acid extraction.

The Ahpl strain was constructed as previously described 2. Briefly, the genomic DNA
regions flanking the 5" and 3’ HP1 coding sequence were amplified (left border, For. Primer,
5'-GGTCTTAAUGACCTGAAGAATCGAGCAAGGA and
Rev. primer, 5'-GGCATTAAUATGAAAGCACCGGGATTTTTCT; right border,

For. Primer, 5'-GGACTTAAUATGCTGTTGGGAGGCAGAATAA

Rev. primer, 5 -GGGTTTAAUCCACGTAGATGGAGGGGTAGA). The PCR products were cloned
in to the pRF-HU2 vector system ™ using USER enzyme following manufactured protocol
(New England Biolabs, MA, USA). Correctly ligated vector was transformed into Agrobacterium
tumefaciens strain AGL1 used for V. dahliae spore transformation 2. Colonies of V. dahliae
growing on hygromycin B selection after 5 days were moved to individual plates containing
PDA and hygromycin B. Putative transformants were screened using PCR to check for deletion
of the HP1 sequence (For. Primer, 5'- AATCCCGCAAGGGAAAAGAGAC and Rev. primer, 5'-
CGTGTGCTTTGTCTTCTGACCA) and the integration of the hygromycin B sequence (For. Primer,
5'- TGGAATATGCCACCAGCAGTAG and Rev. primer, 5'- GGAGTCGCATAAGGGAGAGCG) at the
specific locus.

Bisulfite sequencing and analysis

The wild-type V. dahliae strain and AhpT were grown in liquid PDA for three days, flash frozen
and collected as described earlier. DNA was extracted from a single sample of wild-type
strain JR2 and AhpT and sent to the Beijing Genome Institute (BGI) for bisulfite conversion,

37



CHAPTER 2

library construction and Illumina sequencing. Briefly, the DNA was sonicated to a fragment
range of 100-300 bp, end-repaired and methylated sequencing adapters were ligated to 3'
ends. The EZ DNA Methylation-Gold kit (Zymo Research, CA, USA) was followed according
to manufacturer guidelines for bisulfite conversion of non-methylated DNA. Libraries were
paired-end 100bp sequenced on an Illumina HiSeq 2000.

Whole-genome bisulfite sequencing reads were analyzed using the BSMAP pipeline (v. 2.73)
and methratio script ™2°. The results were partitioned into CG, CHG and CHH cytosine sites for
analysis. Only cytosine positions containing greater than 4 sequencing reads were included for
analysis. Methylation levels were summarized as weighted methylation percentage, calculated
as the number of reads supporting methylation over the number of cytosines sequenced or
as fractional methylation, calculated as the number of methylated cytosines divided by all
cytosine positions 2. For fractional methylation, a cytosine was considered methylated if
it was at least 5% methylated from all the reads covering that cytosine. As such, weighted
methylation captures quantitative aspects of methylation, while fractional methylation is more
qualitative. Weighted and fractional methylation were calculated over intervals described in
the text, including genes, promoters (defined as the 300 bp upstream of the translation start
site), transposable elements and 10 kb windows. For each feature, weighted and fractional
methylation were calculated from the sum of the mapped reads or the sum of the positions,
respectively, over the analyzed region. Two sample comparisons were computed using base
R ™2 to compute the non-parametric Mann-Whitney U test (equivalent to the two-sample
Wilcoxon rank-sum test) and Holm muiltiple testing correction was used for the associated
p-values. Principle component analyses were computed in R using the packages FactoMineR
(v 1.42) 128 and factoextra (v 1.0.5) '%.

Transposable element annotation

Repetitive elements were identified in the V. dahliae stains JR2 genome assembly 22 as
well as in three other high-quality V. dahliae genome assemblies ™ using a combination of
LTRharvest ° and LTRdigest ™' followed by de novo identification of RepeatModeler 2. Briefly,
LTR sequences were identified (recent and ancient LTR insertions) and subsequently filtered,
e.g. for occurrence of primer binding sites or for nested insertions (see procedure outlined by
Campbell and colleagues for details ™2). Prior to the de novo prediction with RepeatModeler,
genome-wide occurrences of the identified LTR elements are masked. Predicted LTR
elements and the de novo predictions from RepeatModeler were subsequently combined, and
the identified repeat sequences of the four V. dahliae strains were clustered using vsearch
(80% sequence identity, search on both strands; v 2.4.4) ™4 A non-redundant V. dahliae
repeat library that contained consensus sequences for each cluster (i.e. repeat family) was
constructed by performing multiple sequence alignments using MAFFT (v7.271) ™ followed
by the construction of a consensus sequence as described by Faino et al. ™. The consensus
repeat library was subsequently manually curated and annotated (Wicker classification ™)
using PASTEC (default databases and settings; search in the reverse-complement sequence
enabled) ™7, which is part of the REPET pipeline (v2.2) ™8, and similarity to previously identified
repetitive elements in V. dahliae ?>'*. The occurrence and location of repeats in the genome
assembly of V. dahliae strain JR2 were determined using RepeatMasker (v 4.0.7; sensitive
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option). The RepeatMasker output was post-processed using ‘One code to find them all’ '
which supports the identification and combination of multiple matches (for instance due to
deletions or insertions) into combined, representative repeat occurrences. We only further
considered matches to the repeat consensus library, and thereby excluded simple repeats
and low-complexity regions. To estimate divergence time of TEs, each individual copy of a
transposable element was aligned to the consensus of its family using needle, which is part of
the EMBOSS package ™. Sequence divergence between the TEs and the TE-family consensus
was corrected using the Jukes-Cantor distance, with a correction term that accounts for
insertions and deletions %2143, The composite RIP index (CRI) was calculated as previously
described °". Briefly, CRI was determined by subtracting the RIP substrate from the RIP
product index, which are defined by dinucleotide frequencies as follows: RIP product index
= (TpA / ApT) and the RIP substrate index = (CpA + TpG/ ApC + GpT). Positive CRI values
indicate the analyzed sequences were subjected to the RIP process. For TE analysis, elements
that are less than 100 bp were removed.

RNA-sequencing and analysis

V. dahliae strain JR2 (CBS 143773) was grown in triplicate liquid media PDB, HMS and xylem sap
as described. RNA extraction was carried out using TRIzol (Thermo Fisher Science, Waltham,
MA, USA) following manufacturer guidelines. Following RNA re-suspension, contaminating
DNA was removed using the TURBO DNA-free kit (Ambion, Thermo Fisher Science, Waltham,
MA, USA) and RNA integrity was estimated by separating 2 pL of each sample on a 2%
agarose gel and quantified using a Nanodrop (Thermo Fisher Science, Waltham, MA, USA)
and stored at -800°C. Library preparation and sequencing was carried out at BGI. Briefly,
mRNA was enriched based on polyadenylation purification and random hexamers were used
for cDNA synthesis. RNA-sequencing libraries were constructed following end-repair and
adapter ligation protocols and PCR amplified. Purified DNA fragments were single-end 50bp
sequenced on an Illumina HiSeq 2000.

Reads were mapped to the V. dahlige stain JR2 genome assembly '?2 using STAR (v
2.6.0) with settings (--sjdbGTFfeatureExon exon, --sjdbGTFtagExonParentTranscript Parent,
--alignintronMax 400, --outFilterMismatchNmax 5, --outFilterintronMotifs RemoveNoncanonical)
144, Mapped reads were quantified using the summarizeOverlaps '** and variance stabilizing
transformation (vst) features of DESeq2 . For TE analysis, the coordinates of the annotated
TEs were used as features for read counting. To perform RNAseq analysis over whole genome
10 kb regions, raw mapped reads were summed over 10 kb bins using bedtools (v 2.27) " and
converted to Transcripts Per Million (TPM) '8 and averaged over the three reps for analysis.

Chromatin immunoprecipitation and sequencing and analysis

V. dahliae strain JR2 was grown in PDB and samples collected as described. Approximately
400 mg ground material was resuspended in 4 ml ChIP Lysis buffer (50 mM HEPES-KOH
pHT7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% NaDOC) and dounced 40 times
in a 10 cm? glass tube with tight fitting pestle on 800 power with a RZR50 homogenizer
(Heidolph, Schwabach, Germany), followed by five rounds of 20 seconds sonication on ice
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with 40 seconds rest between rounds with a Soniprep 150 (MSE, London, UK). Samples were
redistributed to 2 ml tubes and pelleted for 2 min at max speed in tabletop centrifuge. The
supernatants were combined, together with 20 pl 1M CaCl2 and 2.5ul MNase, and after 10
minutes of incubation in a 37°C water bath with regular manual shaking, 80 pl 0.5M EGTA
was added and tubes were put on ice. Samples were pre-cleared by adding 40 pl 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 moved to new 2 ml
tubes containing 5 pl H3K9me3 or H3K27me3 antibody (ActiveMotif ; #39765 and #39155)
respectively and incubated overnight with continuous rotation at 4°C. Subsequently, 20 pl
protein-A magnetic beads were added and incubated for 3 hours at 4°C, after which the beads
were captured on a magnetic stand and subsequently washed with 1 ml wash buffer (50 mM
Tris HClpH 8, T mM EDTA, 1% Triton X-100, 100 mM NaCl), high-salt wash buffer (50 mM Tris
HCl pH 8,1 mM EDTA, 1% Triton X-100, 350 mM NaCD, LiCl wash buffer (10 mM Tris HCl pH8,
1 mM EDTA, 0.5% Triton X-100, 250 mM LiCD, TE buffer (10 mM Tris HCl pH 8, TmM 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 65°C.
10mg /ml 2ul Proteinase K (10mg /ml) was added and incubated at 65°C for 3 hours, followed
by chloroform clean-up. DNA was precipitated by addition of 2 volumes 100% ethanol, 1/10th
volume 3 M NaOAc pH 5.2 and 1/200th volume 120 mg/ml glycogen, and incubated overnight
at -20°C. Two ChlP replicates were performed for each antibody from independently grown
samples. Sequencing libraries were prepared using the TruSeq ChIP Library Preparation Kit
(Ilumina) according to instructions, but without gel purification and with use of the Velocity
DNA Polymerase (BioLine, Luckenwalde, Germany) for 25 cycles of amplification. Single-
end 125bp sequencing was performed on the Illumina HiSeq2500 platform at KeyGene N.V.
(Wageningen, the Netherlands).

Reads were mapped to the reference JR2 genome, using BWA-mem with default settings
149, For ChIP and ATAC-seq mapping, three regions of the genome were masked due to aberrant
mapping, possibly owing to sequence similarity to the mitochondrial genome (chr1:1-45000,
chr2:3466000-3475000, chr3:1-4200). This is similar to what is described as blacklisted
regions in other eukaryotic genomes ™°. The raw mapped reads were counted either over the
TE coordinates or 10 kb intervals for the two separate analyses. The raw mapped reads were
converted to TPM and the average of the two ChIP-seq replicates were used for analysis.

Assay for Transposase-Accessible Chromatin (ATAC)-sequencing and analysis

The V. dahliage strain JR2 was grown in PDB liquid media as described. Mycelium was
collected, filtered, rinsed and flash frozen in liquid nitrogen. The ATAC-seq procedure was
carried out mainly as described previously ™. Nuclei were collected by resuspending ground
mycelium in 5 mL of ice-cold Nuclei Isolation Buffer (NIB) (100 mM NaCl, 4mM NaHSO,,
25mM Tris-HCL, 10mM MgSO,, 0.5mM EDTA, 0.5% NP-40 including protease inhibitors added
at time of extraction, 2 mM Phenylmethanesulfony! fluoride (PMSF), 100 uM Leupeptin, 1 pg/
mL Pepstatin, 10 uM E-64). The homogenate was layered onto 10-mL of an ice-cold sucrose-
Ficoll gradient (bottom layer SmL of 2.5M sucrose in 25mM Tris-HCl, 5mL 40% Ficoll 400
(GE Biosciences Corporation, NJ, USA)). Nuclei were separated into the lower phase by
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centrifugation at 2000g for 30 min at 4°C. The upper layer was discarded and the lower
phase (~4mL) moved to another collection tube containing SmL of ice-cold NIB. Nuclei were
pelleted at 9000g for 15 min at 4°C and re-suspended in 3 mL of NIB. The integrity of the
nuclei and their concentration in the solution were estimated by DAPI staining (DAPI Dilactate
5mg/mL, used at a 1/2000 dilution for visualization) and counted on a hemocytometer. A
total of 200,000 nuclei were transferred to a 1.5mL microfuge tube, and nuclei pelleted at
13000g for 15 min at 4°C and resuspended in the transposition reaction (20uL of 2x Nextera
reaction buffer, 0.5uL of Nextera Tn5 Transposase, 19.5 ulL of nuclease-free H,0) (Illumina,
Nextera DNA library Preparation kit FA-121-1030) and the reaction was carried out for 5
minutes at 37°C. Empirical testing showed this Tn5 incubation period and nuclei density
resulted in optimal DNA fragmentation, and a single sample was used for further library
preparation and sequencing. The reaction was halted, and fragmented DNA purified using a
MinElute PCR purification kit (Qiagen, MD, USA). The eluted DNA was amplified in reaction
buffer (10uL of transposased DNA, 10uL nuclease-free H,0, 2.5uL forward PCR primer
(5'-AATGATACGGCGACCACCGAGATCTACACTCGTCGGCAGCGTCAGATGTG), 2.5uL  reverse
PCR primer (CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTCTCGTGGGCTCGGAGATGT)
and 25uL NEBnext High-Fidelity 2x PCR Master Mix (New England Biolabs, MA, United
States)) using thermo-cycler conditions described in ™' for a total of 9 cycles. Amplified library
was purified using the MinElute PCR Purification Kit (Qiagen, MD, USA) and paired-end 100
bp sequenced on an Illumina HiSeq4000.

Reads were mapped to the reference JR2 genome with the described blacklisted regions
masked, using BWA-mem with default settings 2. The mapped reads were further processed
to remove duplicates reads arising from library prep and sequencing using Picard toolkit
markDuplicates. The mapped reads were counted either over the TE coordinates or 10 kb
intervals for the two separate analyses using bedtools multicov (v 2.27) . The reads were
converted to TPM values and those numbers used for analysis.

Machine learning and assessment

The machine learning algorithms were implemented using the classification and regression
training (caret) package in R "3, The full set of genomic data was used to create a data
frame comprising the genome in 10 kb segments as rows and the individual collected variables
as columns. The regions were classified as core or LS based on the previous observations ™.
For initial model assessment and parameter tuning, the data were split into 80% for training
and 20% used for testing (i.e. prediction), and the proportion of core and LS regions were
kept approximately equal in the two splits. For parameter tuning, repeated cross-validation
of 10-fold 3-times was used and the best model was selected based on accuracy. Four
algorithms were used- logistic regression, random forest, stochastic gradient boosting, and
boosted classification tree. The model for all algorithms was classification = ATAC-seq,,,
+ ChIP-H3K27me3,,,, + ChIP-H3K9me3 , + TEdensity + PDB-RNAseq,,,,. Logistic regression
was run using method glm, family binomial. Random forest was run using method rf and
tuneGrid [mtry= (1,2,3)]. The Stochastic Gradient Boosting was implemented with method
gbm and tuneGrid [interaction.depth=(1,5,10), n.trees=(50,500,1000), shrinkage=(0.001, 0.01),
n.minobsinnode=(15)]. The Boosted Classification Tree was implemented using method ada
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and tuneGrid [iter=(100, 1000, 3000), maxdepth=(1,5,20), nu=(0.01)]. Models were assessed
using standard metrics for data retrieval, with receiver operating and precision-recall curves
generated using package PRROC ™,

To saturate the genome in predictions, a total of 15 new training test splits (80:20) were
generated, again maintaining the genome-wide proportion of core and LS regions in data set.
The random forest and stochastic gradient boosting classifiers were used, based on their
highest performance from the initial test. The settings were picked based on best performance
from initial testing: random forest, method rf and tuneGrid [mtry=3]; stochastic gradient
boosting, method gbm and tuneGrid linteraction.depth=(5), n.trees=(500), shrinkage=(0.01),
n.minobsinnode=(5)]. The predictions for each of the 15 runs were assessed using the
precision, recall and MCC metrics. For each genomic region, a consensus designation was
assigned based on the highest occurrence of core versus LS prediction across the 15 trials.
This was done independently between the two models. A region was finally classified as LS
or core based on the majority classification across the 15 trails. For regions that had an equal
number of core and LS predictions, the regions were designated as core to be conservative.
A final high confidence LS consensus designation was determined for each genomic region
if it was predicted LS by both models. Regions predicted LS by only one of the models were
designated core. A conservative joining approach was used so that a single core region would
be called LS if it were flanked by two LS regions. This added 41 genomic regions (410 kb) to
the LS genome.

For assessment of old and new LS designations, the following three categories of coding
sequence were assessed; in planta induced genes, putative effectors and coding sequences for
secreted peptides. The in planta induced genes were determined by mapping RNA sequencing
reads from V. dahliae colonizing Arabidopsis thaliana at 21 days post inoculation conducted
in triplicate. Gene transcription levels in planta were compared to RNA-seq from in vitro
cultivation in PDB using Kallisto quant with settings --single -{ 50 -s 0.001 -pseudobam '>>.
Differential gene expression between A. thaliana infection and PDB growth were determined
using the DESeq2 package ™, and genes up regulated in Arabidopsis compared to media
with an adjusted p-value < 0.05 were designated as in planta induced. Secreted peptides
were predicted from the amino acid sequences of all annotated genes with SignalP (v5.0) ™.
Putative effectors were predicted by further analyzing the amino acid sequences of secreted
peptides using EffectorP (v2.0) ™. For each functional category, a 2x2 contingency table was
created for the number of genes in the functional category by the LS or core location for both
the old and new LS classification. Pearson’s chi-squared test and Yate's continuity correction
were used to determine if the observed values were significantly different than expected.
Yate's error correction reduces the chi-square value and is therefore conservative and less
prone to false significance. The chi-square analysis and expected values were calculated
using base R chisq.test '".
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Analysis of Presence absence variation (PAV)

The LS and core designations were assessed for PAV across a collection of 42 V. dahliae strains
(Table ST). PAV were identified using whole-genome alignments of DNA sequence reads from
the 42 V. dahliae strains to the reference genome assembly of V. dahliae strain JR2 122 using
BWA-mem with default settings . Library artifacts were marked and removed using Picard
Tools with -MarkDuplicates followed by -SortSam to sort the reads. Raw read coverage was
averaged per 100 bp non-overlapping window using the BEDtools -multicov function 7. To
estimate presence or absence of a window per strain, we transformed the raw read coverage
value to a binary classifier where a region with >=10 reads indicate presence (1) and <10 reads
indicate absence (0). For each window, the number of strains that were classified as absent
were summed to get the ‘absent count’ value, which is easily interpretable as the number of
strains for which the window was absent. To estimate absence counts for TEs and genes, the
100bp absence count windows were intersected with TEs and genes using BEDtools -intersect
where > 50% of the 100 bp window had to overlap with the feature . From these, a mean
absence count was calculated per TE and gene and used for further analysis.

Uniform Manifold Approximation and Projection (UMAP) analysis

The UMAP algorithm for dimensional reduction ™ was implemented in Python3. For TE
analysis, the following variables were included when running UMAP: Jukes cantor, fraction of
GC content, CRI, variance stabilized transformed RNA-seq from 2 MS grown fungal culture,
log2 transformed TPM ChIP-seq for H3K9me3 and H3K27me3, log2 transformed TPM for
ATAC-seq and log?2 transformed weighted CG DNA methylation with the following parameters
n_neighbor=50, n_components=2, min_dist=0.1 and a random_state=42. For gene analysis, the
following variables were included when running UMAP: fraction of GC content, log2 transformed
RNA-seq from PDB grown fungal culture, log2 transformed TPM ChIP-seq for H3K9me3 and
H3K27me3, log2 transformed TPM for ATAC-seq and log2 transformed weighted CG DNA
methylation with the following parameters n_neighbor=100, n_components=2, min_dist=0.1 and
a random_state=42. Additional values for n_neighbor were checked to balance local versus
global clustering (data not shown). For genes, Group1 and Group2 were split based on visual
assessment of the larger cluster, attempting to separate genes along what appeared as local
clustering. The resulting two-dimensional values from UMAP fittransform were used for
plotting ™8 and further statistical analysis *°-'¢2. Pairwise post hoc tests were computed
using either Mann-Whitney or Conover's test, each using Holm's multiple-testing correction,
implemented from scikit-posthocs as posthoc_mannwhitney and posthoc_conover ¢,

Data availability

The sequencing data for this project are accessible from the National Center for Biotechnology
Information (NCBI) Sequence Read Archive (SRA) under BioProject PRUNA592220.
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FIGURE S1-1 | Genome-wide cytosine methylation in Wild-type and Ahpl. (A) Cytosine methylation was
calculated using weighted methylation (see methods) in the CG, CHG and CHH sequence context in both wild-
type (WT) and Ahpl. Methylation levels were determined to be significantly higher in WT using the Mann-Whitney
U-test. The symbol (***) indicates p < 2.2e-16. (B) Similar to (A), but the genome wide methylation level was
calculated using fractional methylation. All data were summarized in 10 kb bins.
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Gene Methylation
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FIGURE S1-2 | Cytosine methylation for functional elements in Wild-type and Ahp1. Cytosine methylation was
calculated using weighted methylation (see methods) in the CG, CHG and CHH sequence context in both wild-type
(JR2) and Ahpl. DNA methylation was summarized over genes, promoters and TEs as labeled. The individual
elements are shown as colored points, along with a violin plot showing the distribution and median as black line.
Methylation levels were determined to be significantly higher in WT, Mann-Whitney U-test with Holm multiple
testing correction. Associated p-values are shown
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FIGURE S1-3 | Transcriptional impact of Ahpl. (A) Volcano plot showing the log2 fold-change for Ahp! compared
to the wild-type (WT) grown in PDB culture. The adjusted p-value (-log10) is shown in the y-axis to indicate
statistical significance. Individual genes are shown as colored points, with genes in the core (blue) and those in
LS (yellow) regions. Genes were considered differentially expressed if they were log2 fold-change < -1 or > 1,
shown as vertical dashed lines, and an adjusted p-value < 0.07, shown as horizontal dashed line. These cut-offs
resulted in 1522 genes more highly expressed in Ahp1, and 587 more highly expressed in wild-type. (B) Bar plot
showing the average and range of log2 fold-change values for genes (n=1522) expressed significantly higher in
Ahp1 compared to wild-type from (A). The genes were grouped based on core (blue) vs LS (yellow) location.
These groups were statistically different based on Mann-Whitney U-test, p-value < 2.2e-16
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FIGURE S2-1 | Genomic distribution of DNA characteristics by TE classes. (A) scatter plot for %GC sequence
content versus CRI values for individual TEs shown as points, separated by TE type, LINE and DNA, labeled in the
top left of each plot. Each point is colored according to TPM values from H3K9me3 ChIP-seq, scale shown above
each plot. A density plot is shown opposite to each respective labeled axis. (B) Similar to (A), but the y-axis is
showing the log2 TPM values from ATAC-seq. %GC, The percent GC sequence content; CRI, Composite RIP index;
ATAC-seq, Log?2 of (TPM+1) values of mapped reads from Assay for Transposase Accessible Chromatin.
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FIGURE S2-2 | Characterization of TEs in nine sub-classes across genomic variables. Each data type is shown
in the upper right corner of the individual box plots. Outliers are shown as individual points. The nine subclasses
of TEs are listed to the left of each figure. Test for significant differences between means of the nine subclasses
per data type are shown in Table S4 (Kruskal-Wallis test) and significance of individual pair-wise differences are
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FIGURE S2-3 | The LTR subclass distinction does not account for the bimodal distribution of LTR elements
in the genome. The same TEs are shown in three separate scatter plots with marginal densities. Individual Copia
elements are shown as blue points, and Gypsy elements as grey points. All plots are related to those shown in
Fig. 2, but only for the LTR elements. All plots show the % GC variable in the x-axis and different y-axis variables
for reference. Clustered patterns of points are not simply accounted for by the two sub-classes of LTR elements.
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FIGURE S3-1| Violin plots for twelve measured variables collected for the TEs located in either the core (blue)
or LS (yellow) regions of the genome. Violin plots show the distribution of the values for each category, along
with a box plot showing the mean (thick black line) 1st and 3rd quartiles, and whiskers extending to the furthest
data point within 1.5 of the interquartile range. Differences between the core and LS values were measured
using the non-parametric Mann-Whitney test and p-values adjusted using the Holm method. Adjusted p-values
are shown above ach plot. mCG - Log2 weighted cytosine DNA methylation for CG; Jukes Cantor - estimate of
sequence divergence from a consensus element; Length- element length in base pairs; identity - The percent
identity of the elements to a family consensus; GC content - The fraction of GC sequence content; CRI - Composite
RIP index; RNAseq - variance stabilizing transformed log2 RNA-sequencing reads from Potato Dextrose Broth
(PDB), half-Murashige and Skoog (HMS) or Tomato Xylem (X) grown fungi; H3K9me3 and H3K27me3 - TPM
values of mapped reads from ChIP sequencing using antibodies against the respective histone modifications;
ATAC-seq - TPM values of mapped reads from Assay for Transposase Accessible Chromatin.
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FIGURE S4-1 | Principle component analysis for seven variables genome wide at 10 kb windows. Each
genomic window is shown as a point on the graph, with the windows in the core colored as blue circles and LS
as yellow triangles. Colored ellipses show the confidence interval for the core and LS elements with a single
large symbol to show the mean. The amount of variation for cytosine methylation for CG; %GC - The percent GC
sequence content; RNAseq-PDB - TPM for RNA-sequencing reads from Potato Dextrose Broth (PDB); H3K9me3
and H3K27me3 - TPM values of mapped reads from ChIP sequencing using anti-bodies against the respective
histone modifications; ATAC-seq - TPM values of mapped reads from Assay for Transposase Accessible Chromatin.
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FIGURE S5-1 | Results from model parameter tuning and assessment. (A) The random forrest model was
trained using 3-time 10-fold cross-validation (CV) under varying conditions for the parameter ‘randomly selected
predictor’. The plot shows the average accuracy across the 30 trials for each variable level as a black square. (B)
Average accuracy results from 3-time 10-fold CV using the boosted classification tree algorithm. The variables
‘number of trees’ (x-axis) and ‘max tree depth’ (blue, green, black lines) were varied across the trials. Each data
point represents the average accuracy across the CV. (C) Average accuracy results from 3-time 10-fold CV using
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the stochastic gradient boosting algorithm. The variables ‘number of boosting iterations’ (x-axis), ‘shrinkage’
(y-axis), ‘minimum terminal node size’ (columns), and max tree depth (blue, green, black lines) were varied
across the trials. Each data point represents the average accuracy across the CV. (D) The individual accuracy
measurements and box plot for the final models picked for each algorithm. Results are from the 30 CV runs.
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FIGURE S6-1| Density plot for the number of distribution of predictions per genomic region. The genomic data
were compiled into 3611 10 kb windows. For machine learning training and testing (related to Fig. 6), only 20% of
the data could be used for prediction. To generate predictions genome wide, we randomly and independently split
the data into training and testing (80:20) and generated predictions. Therefore, each region could have received
more than one prediction. The above distribution profile shows that a majority of the regions received three
predictions, with a large proportion of the data having received between 2 and 4 predictions. Only 124 regions
received no prediction by chance. For each split, we ensured that the population distributions of ~20:1 (core:LS)
was maintained in the training and testing data.
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FIGURE S6-2 | Recall and Precision assessment for independent classification trials. For each trial, the data
set were split 80:20, training and testing, 15 independent times. For each data split, the model was trained and
tested and the performance was assessed using Recall (A) and Precision (B). the x-axes show the data split trial.
Results for each trial are shown as an orange triangle connected with a dashed line for Random Forrest (RF)
based classification and a grey point for Stochastic Gradient Boosting (GBM). The mean across the 15 trials is
shown by a solid horizontal line of the respective color.
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FIGURE S6-3 | Genomic location of the LS predictions from two ML models. The eight chromosomes of V.
dahliae are labeled at the right (Chr. X) along with the physical DNA size indicated at the bottom. A) GBM model
predictions for 10 kb windows as either core or LS regions are shown in grey and yellow respectively. The GBM
model predicted a total of 285 LS regions. B) RF model predictions for 10 kb windows as either core and LS
regions are shown in grey and blue respectively. The RF model predicted a total of 388 LS regions.
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FIGURE S6-4 | Size distribution and summary description of the New and Old LS classifications. Box plots of
the LS region sizes for the New classification based on model consensus and the previous LS classification. The
number of regions, their mean and standard deviation (Std) are shown above the respective box plots. The means
were not statistically significantly different, Mann-Whitney U-Test, p-value=0.93.
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FIGURE S6-5 | Genome model of core and LS regions defined by epigenetics and chromatin status. (Top) The
genome of V. dahliae was split into 10 kb windows, and labeled as core or LS based on previous observations,
shown in Fig. 4D, re-shown here for comparison. (Bottom) Same 10 kb genomic windows and data, but the
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regions are now defined as core and LS based on the consensus machine learning predictions. The core regions
are shown in blue as circles. LS regions shown as yellow triangles. Points are plotted according to TPM ATAC-
seq signal (x-axis) and H3K27me3 ChIP-seq TPM (y-axis). The size of each point is proportional to the number
of TEs in the 10 kb windows, shown as TE density. The marginal plots are shown opposite of the respective axis.
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FIGURE S7-1 | Multiple comparisons of TEs in UMAP groups for genomic variables. GC content, GC sequence
fraction; Jukes Cantor, corrected Jukes Cantor distance of TE comparisons; CRI, Composite RIP index; RNAseq,
variance stabilizing transformed log2 RNA-sequencing reads from Xylem-media grown fungus; H3K9me3 and
H3K27me3 and ATAC-seq, TPM values of mapped reads from H3K9me3 ChIP-seq, H3K27me3 ChIP-seq, or Assay
for Transposase Accessible Chromatin respectively; 5mCG, log2 weighted cytosine DNA methylation+0.01 for CG.
Pairwise comparisons were performed using Conover's test, with Holm multiple testing correction. **, p-value <
0.01; ****, p-value < 0.0001; ns, Non-significant p-value at a = 0.05.
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FIGURE S7-2 | Multiple comparisons of genes in UMAP groups for genomic variables. GC content, GC sequence
fraction; RNAseq, variance stabilizing transformed log2 RNA-sequencing reads from PDB grown fungus; H3K9me3
and H3K27me3 and ATAC-seq, TPM values of mapped reads from H3K9me3 ChiIP-seq, H3K27me3 ChlIP-seq, or
Assay for Transposase Accessible Chromatin respectively; 5mCG, log2 weighted cytosine DNA methylation+0.01
for CG. There were no significant differences for the comparisons of DNA methylation levels at a = 0.05. Pairwise
comparisons were performed using Conover's test, with Holm multiple testing correction. *, p-value < 0.05; ****,
p-value < 0.0001.
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FIGURE S7-3 | UMAP groupings vary significantly for Absence across V. dahliae strains. (A) Scatter plot
showing each 11,429 genes as a point following the UMAP results. Each gene is colored according to its absence
count across 42 V. dahliae strains. (B) Box plot showing the distribution of gene absence counts for each of the
three UMAP groups. (C) Similar plot as shown in A, but only genes that have an absence count greater than zero
are plotted. (D) Similar to B, but only genes that have an absence counts greater than O are plotted. Pairwise
comparisons were performed using Conover'’s test, with Holm multiple testing correction. There we 2,130, 8,140
and 1,159 genes in UMAP Group 1, 2 and 3 respectively for A and B. There were 66, 3,156 and 441 genes in UMAP

Group 1, 2 and 3 respectively for C and D. ns, non-significant a = 0.05; ****, p-value < 0.0001.

TABLE 1 | Summary of Transposable elements by Family in core and LS regions.

Family Class Core LS Count (>100bp)
DNA | 171 (091 17 (0.09) 188 (0.08)

LINE I 27 (0.50) 27 (0.50) 54 (0.03)

LTR I 874 (0.93) 62 (0.07) 936 (0.42)
Unspecified Il 947 (0.90) 102 (0.10) 1049 (0.47)
Total 2019 208 2227

The fraction of the family total between core and LS are shown in parentheses, while the parentheses in the final
column denote fraction of the total genome count.
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TABLE S3 | Summary count of TEs by sub-class.

Epigenetic characterization of adaptive genomic regions

TE Class Class Count TE sub-class Sub-class Count
Unspecified 1043 Unspecified 1049
DNA 188 Mite m
Tc1-Mariner 54
hAT 15
Mutator 8
LINE 54 | 52
R2 2
LTR 936 Gypsy 531
Copia 405

TABLE S4 | Kruskal-Wallis test statistic for differences between TE sub-classes for genomic variables.

Genomic Variable Kruskal-Wallis H statistic p-value

Juke Cantor 250,51 1,34E-49
GC % 38241 1,08E-77
CRI 259,41 1,74E-51

RNAseq-PDB 208,73 9,24E-41
RNAseg-HMS 255,54 1,15E-50
RNAseg-X 227,39 1,05E-44
H3K9me3 418,83 1,75E-85
H3K27me3 25773 394E-51
ATAC 365,03 5,58E-74
5mCG 124,04 4,86E-23
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CHAPTER 2

TABLE S6 | Contribution of variables to the first 5 dimensions of PCA.

Dimension1 Dimension2 Dimension3 Dimension4  Dimension5

TPM H3K9me3-ChIP 18,87 1,07 752 9,30 2,67
TPM H3K27me3-ChlIP 8,06 734 74,46 0,61 7,08
TPM ATAC-seq 19,35 096 093 773 740
TPM RNA-seq PDB 0,69 89,25 991 0,01 0,00
mCG 14,22 0,87 4,48 79,01 099
TE Density 16,51 0,00 20 0,19 80,20
GC sequence % 22,30 0,51 0,60 315 1,65

TABLE S7 | Confusion Matrix results for Stochastic Gradient Boosting Machine Learning of 15 independent
training-test predictions of LS and core regions.

Modell Reference Model9 Reference
Prediction Core LS Prediction Core LS
Core 642 8 Core 651 9
LS 46 25 LS 37 24
Model2 Reference Model10 Reference
Prediction Core LS Prediction Core LS
Core 650 6 Core 653 8
LS 38 27 LS 35 25
Model3 Reference Modell1 Reference
Prediction Core LS Prediction Core LS
Core 659 " Core 652 10
LS 29 22 LS 36 23
Model4 Reference Model12 Reference
Prediction Core LS Prediction Core LS
Core 648 9 Core 654 10
LS 40 24 LS 34 23
Model5 Reference Model13 Reference
Prediction Core LS Prediction Core LS
Core 660 8 Core 657 8
LS 28 25 LS 31 25
Model6 Reference Modell4 Reference
Prediction Core LS Prediction Core LS
Core 665 12 Core 655 9
LS 23 21 LS 33 24
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Model7 Reference Model15 Reference
Prediction Core LS Prediction Core LS
Core 651 8 Core 653 7
LS 37 25 LS 35 26
Model8 Reference

Prediction Core LS

Core 651 6

LS 37 27

TABLE S8 | Confusion Matrix results for Random Forest Machine Learning of 15 independent training-test
predictions of LS and core regions.

Modell Reference Model9 Reference
Prediction Core LS Prediction Core LS
Core 626 5 Core 623 7
LS 62 28 LS 65 26
Model2 Reference Model10 Reference
Prediction Core LS Prediction Core LS
Core 629 4 Core 635 8
LS 59 29 LS 53 25
Model3 Reference Modell1 Reference
Prediction Core LS Prediction Core LS
Core 646 8 Core 632 7
LS 42 25 LS 56 26
Model4 Reference Model12 Reference
Prediction Core LS Prediction Core LS
Core 627 5 Core 633 5
LS 61 28 LS 55 28
Model5 Reference Model13 Reference
Prediction Core LS Prediction Core LS
Core 638 3 Core 641 3
LS 50 30 LS 47 30
Model6 Reference Model14 Reference
Prediction Core LS Prediction Core LS
Core 648 7 Core 631 6
LS 40 26 LS 57 27
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Model7 Reference
Prediction Core LS
Core 628 4
LS 60 29
Model8 Reference
Prediction Core LS
Core 629 4
LS 59 29

TABLE S9 | Contingency tables for observed and expected LS versus core designation for in planta induction.

Model15 Reference
Prediction Core LS
Core 640 5
LS 48 28

Old LS and Core Designation

Core 9606 (9583) 1326 (1349)
LS 410 (433) 84 (61)

Not in planta induced in planta induced

New LS and Core Designation

Not in planta induced  in planta induced
9195 (9140) 1232 (1287)

820 (874) 178 (123)

Observed values are listed in each cell, with the expected

values listed in parenthesis

TABLE S10 | Contingency tables for observed and expected LS versus core designation for predicted effectors.

Old LS and Core Designation

Core 10750 (10750) 182 (182)
LS 486 (486) 8(8)

Not a predicted effector ~ Predicted effector

New LS and Core Designation

10268 (10255) 160 (173)
968 (981) 30 (17

Observed values are listed in each cell, with the expected

values listed in parenthesis

TABLE S11 | Contingency tables for observed and expected LS versus core designation for proteins with

secretion signal.

Old LS and Core Designation

No signalP SignalP
Core 9900 (9937) 1320 (1283)
LS 474 (437) 20 (57)

New LS and Core Designation

No signalP SignalP
9485 (9468) 943 (960)
889 (906) 109 (92)

Observed values are listed in each cell, with the expected

values listed in parenthesis
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CHAPTER 3

Abstract

Differential growth conditions typically trigger global transcriptional responses in filamentous
fungi. Such fungal responses to environmental cues involve epigenetic regulation, including
chemical histone modifications. It has been proposed that conditionally expressed genes, such
as those that encode secondary metabolites but also effectors in pathogenic species, are
often associated with a specific histone modification, lysine27 methylation of H3 (H3K27me3).
However, thus far no analyses on the global H3K27me3 profiles have been reported under
differential growth conditions in order to assess if H3K27me3 dynamics governs differential
transcriptional. Using ChIP- and RNA-sequencing data from the plant pathogenic fungus
Verticillium dahliae grown in three in vitro cultivation media, we now show that a substantial
number of the identified H3K27me3 domains globally display stable profiles among these
growth conditions. However, we do observe local quantitative differences in H3K27me3
ChIP-seq signal that associate with a subset of differentially transcribed genes between
media. Comparing the in vitro results to expression during plant infection suggests that in
planta-induced genes may require chromatin remodeling to achieve expression. Overall, our
results demonstrate that some loci display H3K27me3 dynamics associated with concomitant
transcriptional variation, but many differentially expressed genes are associated with stable
H3K27me3 domains. Thus, we conclude that while H3K27me3 is required for transcriptional
repression, it does not appear that transcriptional activation requires global erasure of
H3K27me3. We propose that the H3K27me3 domains that do not undergo dynamic methylation
may contribute to transcription through other mechanisms or may serve additional genomic
regulatory functions.
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Introduction

The fungal kingdom comprises a plethora of species occupying an enormously diverse range
of ecological niches 4. As environments are typically dynamic, including the effects of daily
and yearly cycles, fungi continuously need to respond and adapt to survive 6°%. To this end,
fungi have evolved various mechanisms to monitor their environment and to transcriptionally
respond to environmental cues . For instance, the yeast Saccharomyces cerevisiae senses
cold stress by increased membrane rigidity, which leads to transcription of genes that,
among others, encode cell damage-preventing proteins 8. Furthermore, S. cerevisiae senses
the quantitative availability of carbon and nitrogen sources in the environment to determine
which developmental program maximizes the potential for survival . In animal systems,
epigenetic mechanisms (i.e. those affecting genetic output without changing the genetic
sequence) are implicated in transcriptional responses to changing environments %72, Such
epigenetic mechanisms have similarly been proposed to contribute to environmental response
in filamentous fungi. For instance, the saprotrophic fungus Neurospora crassa phenotypically
reacts to environmental stimuli, such as changes in temperature and pH, yet N. crassa mutants
impaired in transcription-associated epigenetic mechanisms display reduced growth in
response to these stimuli 3. Similarly, the nectar-feeding yeast Metschnikowia reukaufii and the
ubiquitous fungus Aureobasidium pullulans fail to properly respond to changing carbon sources
when DNA methylation or histone acetylation are inhibited ™', These results suggest that
epigenetic mechanisms are important for transcriptional responses to changing environments
in diverse fungi, but many questions remain regarding the precise mechanisms and function
of epigenetic dynamics in fungi.

Epigenetic mechanisms, such as direct modifications of DNA and histone proteins or
physical changes to the chromatin architecture, can influence transcription by regulating DNA
accessibility ™. Chromatin that is accessible and potentially active is termed euchromatin,
while heterochromatin is condensed and often transcriptionally silent . However,
heterochromatic regions are not always repressed. Heterochromatin is subcategorized into
constitutive heterochromatin that remains condensed throughout the cell cycle, and facultative
heterochromatin that can de-condense to allow transcription in response to developmental
changes or to environmental stimuli ™%, In fungi, constitutive heterochromatin is often
associated with repeat-rich genome regions and is typically characterized by tri-methylation
of lysine 9 on histone H3 (H3K9me3), while facultative heterochromatin is characterized by tri-
methylation of lysine 27 on histone H3 (H3K27me3) 7103181182 Empirically, both H3K9me3 and
H3K27me3 have been implicated in transcriptional regulation in various fungi “8-4183-186 The
majority of these studies rely on genetic perturbation of the enzymes that deposit methylation
at H3K9 and H3K27, and the results consistently show that depletion of methylation at these
lysine residues mainly results in transcriptional induction. However, as global depletion of a
histone modification can result in pleiotropic effects, such as improper localization of other
histone modifications or altered development "8 it is difficult to infer transcriptional control
mechanisms used for natural gene regulation from these genetic perturbation experiments.
Therefore, additional research is needed to directly test the hypothesis that heterochromatin-
associated histone modifications directly regulate transcription either through their dynamics,
or their action to form or recruit transcriptional complexes 0418919,
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The filamentous fungus Verticillium dahliae is a soil-borne broad host-range plant pathogen
that infects plants through the roots to invade the xylem vessels and cause vascular wilt
disease . Genomic and transcriptomic studies have revealed that the V. dahliae genome
harbors lineage-specific (LS) regions that are variable between strains and enriched for genes
that are in planta induced %2, These LS regions are generally considered genomic hotspots
for evolutionary adaptation to plant hosts 3962637475191 Recently we explored the epigenome of
V. dahliae and distinguished LS regions from the core genome based on particular chromatin
signatures, including elevated levels of H3K27me3 accompanied with accessible DNA and active
transcription . Using a machine learning approach and supported by orthogonal analyses,
we identified nearly twice as much LS DNA as previously considered, collectively referred to
as adaptive genomic regions ''. Given the elevated levels of H3K27me3 at adaptive genomic
regions in V. dahliae, and previous reports that removal of H3K27me3 results in transcriptional
induction #°5'52 we now tested if H3K27me3 dynamics are required for transcriptional activation
of genes under different growth conditions. Ideally, the involvement of H3K27me3 dynamics
in differential gene expression of V. dahliae would be studied between in vitro and in planta
growth, as adaptive genomic regions are enriched for in planta induced genes *°'. However, V.
dahliae displays a low pathogen-to-plant biomass during infection 2, which impedes technical
procedures to determine histone modification levels over the genome ™. Nevertheless, as
H3K27me3 is generally reported to regulate transcription in response to environmental stimuli
178180 we hypothesize that it may be involved in transcriptional regulation in V. dahliae during
differential growth conditions ex planta as well. Here, we analyze RNA-seq, ChIP-seq and ATAC-
seq data of V. dahliae cultured in various axenic growth media to understand if transcriptional
dynamics require concomitant changes H3K27me3 modification status.

Results

Chromatin features correlate with gene expression levels

To determine how general features of chromatin, such as histone modifications and DNA
accessibility, impact transcriptional activity in V. dahliae, we mapped the occurrence of
heterochromatic histone marks H3K9me3 and H3K27me3, euchromatic histone marks
H3K4me2 and H3K27ac, and chromatin accessibility determined by assay for transposase
accessible chromatin followed by sequencing (ATAC-seq) ™ (Fig. 1A, Fig. S1). Grouping the V.
dahliae genes into five expression quintiles, from quintile 1 containing the highest 20% expressed
genes to quintile 5 with the 20% lowest expressed genes, we are able to integrate histone
modification profiles and transcriptional activity. Expressed genes (quintiles 1-4) displayed low
H3K4me?2 and H3K27ac coverage upstream of the transcription start site (TSS), followed by a
steep increase of coverage over the start of the gene that decreases over the gene body and
increases again at the transcription end site (TES) (Fig. 1B). The strength of the association
corresponds to the level of transcription, also within quintiles (Fig. S2). The low H3K4me2
and H3K27ac coverage directly upstream of the TSS coincides with increased chromatin
accessibility, where higher expressed quintiles have more open DNA (Fig. 1B, Fig. S2). This
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chromatin profile upstream of the TSS suggests occurrence of a nucleosome depleted region.
There is little evidence of H3K9me3 over gene bodies and cis-regulatory regions (Fig. 1B, Fig.
S2), which corroborates that H3K9me3 marks TEs in constitutive heterochromatic regions
such as the centromeres °"12"94%4  Dyring cultivation in PDB, H3K27me3 is mainly present
on genes that are lowly or not expressed (quintile 4 and 5) (Fig. 1B, Fig. S2). These results,
and association between chromatin features and transcriptional activity, are consistent with
reports for other fungi 45954,
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FIGURE 1 | Lowly and non-expressed genes associate with H3K27me3. A) Whole genome distribution of
the euchromatin-associated histone modification H3K4me2 and H3K27ac, the constitutive heterochromatin-
associated histone modification H3K9me3, the facultative heterochromatin-associated histone modification
H3K27me3 and chromatin accessibility as determined by ATAC-seq, based on chromosome 5 as an example. GC
percentage is indicated in black, genes are indicated in light blue, transposons are indicated in red, the centromere
is indicated in dark blue and adaptive genomic regions are indicated in yellow. B,C) Relative coverage of chromatin
accessibility and the histone marks H3K4me2, H3K9me3, H3K27me3 over gene bodies (between transcription
start site (TSS) and transcription end site (TES)) +800 bp of flanking sequence, grouped into quintiles based on
gene expression levels upon cultivation for six days potato dextrose broth (PDB), for (B) all genes, and for (C) all
genes located in an H3K27me3 domain.
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To further analyze the association between H3K27me3 and gene expression, we identified
3,186 genes covered by H3K27me3 peaks (see methods) from triplicate grown V. dahliae in
PDB. These 3,186 genes were separated into five expression quintiles as previously described.
Interestingly, we found that genes in H3K27me3 domains with higher expression values
(quintile 1 and 2) had higher H3K4me2 over the gene body, more accessible promoters,
and lower H3K27me3 values (Fig. 1C). This suggests that genes in H3K27me3 domains are
not uniformly repressed or heterochromatic, and there appears to be a quantitative, rather
than qualitative, association between H3K27me3 association and gene activity. Genes with
a lower association to H3K27me3 may represent loci that are not in a stable state under the
tested conditions, where some cells have a more euchromatic profile and other have a more
heterochromatic profile. While we cannot infer these details from the current data, it is clear
that genes with lower expression in PDB are generally marked with H3K27me3, have less
H3K4me3, and have less accessible DNA in the region of transcription initiation (i.e. their
promoter).

Genetic perturbation of H3K27me3 induces transcription of many genes that
are differentially expressed in vitro and in planta

To further characterize the influence of H3K27me3 on gene expression in V. dahliae, we
deleted the histone methyltransferase component of the Polycomb Repressive Complex 2
(PRC2), termed Set7 (ASet?), leading to loss of H3K27me3 (Fig. 2A, Fig. S3, S4). We do note
that some background signal is present for the H3K27me3-ChIP-seq conducted in ASet7, but
the signal is relatively uniform across the genome and does not correspond to the regions of
H3K27me3 found in wild-type (Fig. 2A). As H3K27me3 is generally associated with facultative
heterochromatin, we anticipated that the loss of H3K27me3 would mainly lead to induction of
genes that were located in H3K27me3 domains in wild-type V. dahliae. Out of the 839 genes
that are induced in ASet7 (log,-fold change >2, p<0.05), 625 (74.5%) locate in H3K27me3
domains, which is significantly higher than expected given that only 27.9% of genes locate in
H3K27me3 domains (Fisher’s exact test, p<0.00001). In contrast, we find that 211 (27.6%) of
765 repressed genes in ASet7 are in H3K27me3 domains (no association, Fisher’s exact test,
p=0.94) (Fig. 2B,C). Additionally, when comparing log,-fold changes in expression between
ASet7 and the wild type strain, we observed that genes located in a H3K27me3 domain in
wild type are more significantly induced in ASet7 than genes not locating in H3K27me3
domains (Two-sample Student's T-test, p<0.001) (Fig. S5). These findings support the role
of H3K27me3 in transcriptional repression, and show that loss of H3K27me3 can lead to de-
repression during growth in vitro.
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FIGURE 2 | Genetic perturbation of H3K27me3 results in induction of genes that are transcriptionally
regulated in different growth conditions. A) H3K27me3 ChIP sequencing on triplicate JR2 WT (yellow) and
duplicate ASet7 (red) samples with coverage over chromosome 5 as an example. Adaptive genomic regions are
indicated in yellow. B) Fractions of induced (log2 fold change >1, p<0.05) and repressed (log2 fold change <-1,
p<0.05) genes and genes that are not differentially expressed between wild-type and ASet7 that (C) locate in
H3K27me3 domains.

H3K27me3 domains are globally stable between in vitro growth conditions

Given that H3K27me3 domains contribute to transcriptional repression, a key question
concerns the status of H3K27me3 under growth conditions where the underlying genes are
transcribed. One hypothesis is that H3K27me3 is removed or lost under growth conditions
that activate gene expression, which would be noticeable as a change in H3K27me3 ChliP-
seq domains between V. dahliae growth conditions that lead to differential expression. Here,
the observed changes in H3K27me3 domains should be associated with transcriptional
differences of the underlying genes. An alternative hypothesis is that H3K27me3 domain
status does not change in accordance with transcriptional activity, and the repressive effects
of H3K27me3 are released through alternative means. To test this hypothesis, we performed
triplicates of H3K27me3 ChiIP-seq on V. dahliae cultivated for six days in MS and CZA, in
addition to the previously generated ChlP-seq data in PDB. Based on correlation between
replicates (Fig. S6), we decided to continue with 3 replicates of H3K27me3 ChIP data in PDB
and 2 replicates each of H3K27me3 ChIP data in CZA and MS. Control ChIP-input samples
were used to normalize H3K27me3 datasets and identify H3K27me3-domains in each of
the three growth media. We identified a total of 2,654 genes that were always present in
H3K27me3 domains, regardless of the in vitro growth media (Fig. 3A). Interestingly, the
2,654 genes present in stable H3K27me3 domains display significantly stronger differential
expression between all pair-wise media comparisons when compared with non-marked genes
in all three growth conditions (Fig. 3B). This suggests that differential gene expression can
occur without changes in global H3K27me3 coverage. We further checked whether genes that
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are differentially expressed between in vitro growth media are associated with H3K27me3
during cultivation in the growth medium with low expression levels (Fig. S7). Interestingly,
we observed that for all pair-wise comparison between growth media, genes with higher
log2 fold-changes in expression are more likely to locate in an H3K27me3 domain in the
non-transcriptionally permissive growth medium (Fig. S7), again suggesting that H3K27me3
is involved in regulation of differential gene expression. To assess if changes in H3K27me3
domains between the media were associated with changes in transcription, we compared
differences in domains and differential gene expression between media. We first analyzed
differential expression for genes present in H3K27me3 domains in two media but not in an
H3K27me3 domain in the third medium. For example, we identified 366 genes that were in a
H3K27me3 domain in PDB and MS but not during CZA growth (Fig. 3A), and found that these
genes are not differential expressed between PDB and MS (one-sample t-test, p 0.99), but
they are higher expressed in CZA compared to both PDB (one-sample t-test, p 2e-4) and MS
(one-sample t-test, p 5e-8) (Fig. 3C). Similarly, genes present in shared H3K27me3 domains
for CZA and PDB growth (111 genes) are not differentially expressed between CZA and PDB
(one-sample t-test, p 0.92) when the genes are associated with H3K27me3, they are higher
expressed in MS than in PDB (one-sample t-test, p 4e-3), but not higher expressed in MS than
CZA (one-sample t-test, p 0.99). For genes present in shared H3K27me3 domains between
MS and CZA growth (223 genes), we did not observe statistically significant transcriptional
differences between the growth conditions where the genes lacked H3K27me3 domains (Fig.
4A, O). Analyzing H3K27me3 domains unique to a medium, we found that CZA growth had
the greatest number and proportion of unique genes locating in H3K27me3 domains (23.3%),
followed by 8.0% unique to MS growth, and 1.7% unique to PDB growth (Fig. 3A). The genes
uniquely marked in any condition did not show consistently increased expression in the
condition in which the gene was not located in an H3K27me3 domain (Fig 3D). Overall, these
results suggest that differential expression can be associated with differential H3K27me3
domain status, but it is not a requirement. We observed clear examples where the loss of
H3K27me3 in one medium is associated with increased transcription in that medium, but this
was not universally true. Many genes undergo differential gene expression between growth
conditions and remain in stable H3K27me3 domains. We note that the majority of genes
located in H3K27me3 domains were common to all three growth conditions, accounting for
83.3%, 75.3% and 68.2% of the identified genes in H3K27me3 domains from PDB, MS and
CZA growth, respectively, indicating that the qualitative presence of H3K27me3 domains is
globally stable.
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FIGURE 3 | Differential H3K27 methylation partially explains differential expression. A) The number of genes
located in H3K27me3 domains for V. dahliae cultivated for 6 days in Czapec-Dox (CZA), half-strength Murashige
Skoog medium (MS) and potato dextrose broth (PDB). B) Absolute log2 fold-changes in expression between pairs
of growth media. The genes were grouped between those consistently localized in H3K27me3 domains (2654
genes) and those not consistently present in H3K27me3 domains. C,D) Log2 fold-change values for each pair of
growth medil for genes in H3K27me3 domains found in C) two or D) one of three tested in vitro growth media.
Differential gene expression comparisons are set such that genes higher expressed in the medium in which
they do not locate in H3K27me3 domain will have positive log2 fold-change. In case differential gene expression
comparisons are between growth media in which the genes locate in H3K27me3 domains in C) both or D) neither
of the compared media, the orientation of positive and negative log2 fold-change is arbitrary. Median values of
violin plots are indicated with diamonds and shown above the plot. Significant difference of TPM values between
growth media are determined with the One-Sample Wilcoxon Signed Rank Test (*: p <= 0.05). The one-sample
two-sided T-test was used to test whether sample means significantly differ from O, p-value shown below the plot.

Local quantitative differences in H3K27me3 levels are associated with
transcriptional differences

Our analysis on H3K27me3 presence/absence dynamics did not account for potential
quantitative differences between growth media. Whole chromosome plots of H3K27me3
domains identified between media reflect their generally stable presence (Fig. S8), but the
analysis is based on qualitative H3K27me3 domain identification. Domain calling for H3K27me3
results in broad domains, but this fails to capture higher resolution quantitative differences that
may exist between media, as is seen during inspection of global chromosome plots (Fig. S8).
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To understand how qualitative domain calling impacts the analysis, we examined quantitative
differences between H3K27me3 ChIP-seq signal and transcriptional output between pairs of
growth conditions. Genes were grouped based on differential gene expression between media,
where genes that are significantly higher expressed in media A were one group and genes
significantly that are higher expressed in media B another group. Subsequently, the H3K27me3
ChIP-seq signal relative to the input samples were normalized and compared between both
growth media for the groups of differentially expressed genes (Fig. 4). Comparing results for
PDB versus MS, we see that genes that are higher expressed in MS have a significantly lower
MS H3K27me3 ChlIP-signal versus the same genes from PDB ChIP (Fig. 4A). The contrasting
comparison, genes that higher expressed in PDB, shows these genes do not significantly differ
in ChIP signal between PDB and MS growth (Fig. 4A). Further integrating the transcriptional
and ChlP fold-changes, for the 4,794 genes that have an input-corrected H3K27me3 ChlP signal
above O in either MS and PDB, we see that genes higher expressed in PDB have a significantly
lower log?2 fold-change for H3K27me3 coverage, indicating these genes have lower H3K27me3-
signal in PDB when compared with MS (Fig. 4B). Quantifying the number of genes in quadrant
[l and IV, we find that 396 (242+154) display a negative association between transcription and
H3K27me3 ChlIP-signal, whereas 256 (145+111) display a positive association (Fig. 4B). Thus,
more genes are present in the quadrants that represent genes having lower H3K27me3 levels
and higher transcription between the two growth conditions. The linear regression based on all
genes is R=-0.1, also suggesting the low but significant negative association (Fig. 4B). It is clear
that the association between differential expression and changes in ChlP-signal is not true for
all genes, but overall we observe that the majority of genes that display changes for H3K27me3
ChlIP-signal between media show the predicted transcriptional response where less H3K27me3
is associated with higher transcription (Fig. 4B).

Results for PDB versus CZA growth showed that genes higher expressed in CZA have
higher H3K27me3 levels in PDB, consistent with the expected association (Fig. 4C). For
genes higher expressed in PDB, however, we also observed a higher H3K27me3 level in PDB.
Globally, the data indicated that genes higher expressed in CZA have more H3K27me3 ChIP
signal in PDB than genes that are higher expressed in PDB, indicating a negative association
between transcription and H3K27me3 presence (Fig. 4D). This is corroborated by the number
of genes per quadrant, as 568 (197+371) genes locate in quadrants Il and IV, whereas 469
(112+357) genes locate in quadrants | and lll (Fig. 4D). The linear regression analysis indicates
a slight negative association between differential expression and H3K27me3 ChlIP-signal (Fig.
4D). We also observed an overall higher ChiP-signal from samples grown in CZA, but the
reason for this is not clear.
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Results for CZA versus MS growth showed that genes higher expressed in CZA had
statistically higher levels of H3K27me3 ChIP-signal in MS medium, whereas genes higher
expressed in MS have higher levels of H3K27me3 in CZA medium (Fig. 4E). The same
pattern was observed in the integrated analysis, as genes higher expressed in CZA have
more H3K27me3 signal in MS (Fig. 4F). There are 812 (244+568) genes in quadrant Il and
IV, supporting a negative association between differential transcription and H3K27me3 ChlP-
signal, whereas 387 (130+257) genes are present in quadrants | and Ill. This is supported by
the significant negative correlation (R=-0.23) (Fig. 4F). Overall, the results of the integrated
analyses show that there is an association between quantitative transcriptional levels and
H3K27me3 signal, where genes that are more highly expressed in a transcriptionally permissive
medium have less H3K27me3 when compared with H3K27me3 levels in the repressive media.
There are also many genes that were differentially expressed without an accompanying shift
in H3K27me3 log?2 fold-change (Fig. 4B,D,F). Collectively, these results are consistent with the
observations of the qualitative H3K27me3 presence/absence comparisons, and suggest that
H3K27me3 levels are generally stable, but local changes at particular genes may contribute to
transcriptional dynamics.

Genes induced in planta are largely H3K27me3 associated across all tested
growth conditions

The presented analyses compared the directionality of H3K27me3 and transcriptional
changes between axenic growth media to address if H3K27me3 dynamics are associated with
transcriptional dynamics. Another interesting growth condition for V. dahliae is host colonization,
and the contrast for the genes differentially expressed in planta when compared with axenic
culture. We have thus far been unable to perform ChIP on V. dahliae during host colonization
due to a low pathogen-to-plant biomass, and therefore cannot compare H3K27me3 levels
between these conditions. However, we can identify the genes that are significantly induced
during infection when compared with in vitro growth media and assess their chromatin
profiles in these media to assess if in planta-induced genes appear heterochromatic during
in vitro growth. Genes were grouped based on differential expression between PDB and in
planta growth and chromatin profiles showed that genes that are higher expressed in planta
had significantly more H3K27me3 during PDB growth when compared with genes that are
more highly expressed in PDB (Fig. 5A). These in planta-induced genes lacked H3K4me?2 and
the DNA was less accessible during PDB growth (Fig. 5A). The association between in planta
induction and higher H3K27me3 levels was not only seen relative to PDB growth, but also to
growth in MS and CZA (Fig. 5B,C). For each media comparison, the genes that are more highly
expressed in planta have higher H3K27me3 levels during axenic growth. To understand what
genes are driving these differences, we investigated whether in planta-induced genes that
locate in H3K27me3 domains are overrepresented for genes that are potentially involved in
infection. There were approximately 600 genes that are more highly expressed in planta when
compared with any of the three media (Fig. 5D). We found that, depending on the medium,
from 41.2% to 52.8% of the in planta-induced genes were located in H3K27me3 domains
(Fig. 5D). We observed that the in planta-induced genes within H3K27me3 domains have a
higher, yet not statistically significant, fraction of genes encoding secreted proteins or putative
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effectors when compared with all in planta-induced genes. For example, genes in H3K27me3
domains that were in planta-induced when compared with PDB growth (277 genes total),
15.5% had a secretion signal and 4.3% were predicted effectors. This is compared to all in
planta-induced genes relative to PDB (673 genes total), where 12.3% had a secretion signal
and 2.7% were predicted effectors. These results were similar between the other two media,
and we conclude that in planta-induced genes in H3K27me3 domains have a slightly higher
fraction of genes that are potentially involved in infection when compared with in planta-
induced genes not in H3K27me3 domains. Collectively, these results indicate that genes that
are higher expressed in planta have a heterochromatic profile (i.e. H3K27me3 association, low
H3K4me?2, lower accessibility) when analyzed in axenic culture. The chromatin profile of these
genes during in planta growth will need to be directly assessed in the future.
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Discussion

Chemical histone modifications play an essential role in transcriptional regulation, but a number
of mechanistic questions remain for their role in differential transcription in filamentous fungi.
In this study, we show that many genes that are differentially transcribed between in vitro
growth conditions are located in H3K27me3 domains. This is interesting because the mark
contributes to transcriptional repression and it is relatively sparse in the genome, occupying
approximately 33% of the genes. However, 35% to 70% of differentially expressed genes
identified between growth conditions reside within H3K27me3 domains. It is not clear what
mechanism might drive this association.

The global fraction of genes that locates in H3K27me3 domains in V. dahliae is similar
to what has been reported for the ascomycete Podospora anserina ', but higher than for
N crassa, Zymoseptoria tritici, Leptosphaeria maculans, and Magnaporthe oryzae (9-16% of
genes in H3K27me3 domain) 34182183195 Previous reports showed that H3K27me3 represses
transcription of secondary metabolite clusters in Fusarium spp. and in Epichloé festucae, and
of effectors in Z tritici and M. oryzae “°>'53%41%5 However, these reports have mainly relied on
genomic association with H3K27me3, genetic perturbation altering H3K27me3 deposition,
and the analysis of only few genes under natural conditions. Given our results, and these
previous findings, our hypothesis was that differences in transcription between in vitro growth
conditions is in part coordinated by dynamics for H3K27 methylation. We directly addressed
this phenomenon using genome-wide H3K27me3 profiling and RNA-seq under different
in vitro growth conditions. Consistent with reports in other fungi, we see that H3K27me3
is associated with transcriptional repression, and that deleting Set7, encoding the histone
methyltransferase that is responsible for H3K27me3, led to induction of many genes normally
present in H3K27me3 domains. Importantly, our direct observations of H3K27me3 levels and
transcriptional output from three in vitro media showed that H3K27me3 domains are generally
stable globally. We see that 50% to 75% of the identified H3K27me3 domains, depending on
the medium analyzed, did not change between the tested conditions. Despite many H3K27me3
domains not undergoing presence/absence dynamics, numerous genes in these domains
displayed differential transcription between the tested conditions, indicating that complete
loss of H3K27me3 is not strictly required for transcriptional induction.

One possibility to account for these seemingly contradictory results is that even though
H3K27me3 appears stable at the level of broad-peak calling, there may be smaller regions
within the broad domain that are dynamic. Assessing quantitative differences in H3K27me3
ChIP-seq levels at defined genomic locations between paired in vitro growth conditions
indicates that this can account for some of the observed transcriptional differences. For
example, some genes have a lower H3K27me3 ChlIP-signal upon growth in transcriptionally
permissive medium when compared with growth in a transcriptionally repressive medium.
We interpret these results as evidence for local, rather than global, changes in H3K27me3
dynamics contributing to transcriptional regulation for the underlying genes. H3K27me3-
associated genes that are differentially expressed while presence of the histone mark remains
stable, may be transcriptionally regulated through the activity of H3K27me3 readers. For
instance, the Fusarium graminearum histone reader BP1, which is orthologous to N. crassa
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EPR-1, specifically binds to H3K27me3 and co-represses gene transcription %7, The gene
encoding BP1 is conserved within fungi, including V. dahliae *¢. Dynamic binding of such
transcription-repressing histone reader to stable H3K27me3 domains may explain the
observed transcriptional dynamics.

We note that an individual histone does not permit for a quantitative tri-methylation status, as
an individual H3K27 is either tri-methylated or not. At the nucleosome level, there can be none,
one, or two H3K27 tails with a tri-methyl modification. At the cell population level, there can be
considerable quantitative differences because of heterogeneity for histone modification status
between individual cells. Cell variability may be the source of quantitative differences observed
in our experiments, arising from variation for both the percent of cells with H3K27me3 and the
number of tails of a nucleosome with H3K27me3. While we cannot determine this based on
our present data, our results show that some genes that are differentially expressed between
growth conditions are associated with quantitative differences in H3K27me3 levels, providing
evidence that chemical histone modifications dynamics can be involved in a transcriptional
regulatory mechanism in V. dahliae. The concept of local versus global H3K27me3 changes is
consistent with data from M. oryzae, in which direct in planta H3K27me3 ChIP-gPCR showed
that some, but not all, analyzed regions displayed differential H3K27me3 levels consistent
with increased transcription between in planta and in vitro conditions '°. We have not been
able to directly assess histone modifications for V. dahliae during plant infection, but we did
analyze the status of H3K27 methylation during in vitro growth of in planta-induced genes.
The in planta-induced genes have significantly higher levels of H3K27me3 and the DNA is
substantially less accessible during in vitro growth when compared with genes that are highly
expressed during in vitro growth. We conclude that dynamics for H3K27me3 can contribute to
differential gene expression under natural conditions, but our results show this is not required.
Our conclusions are limited to the tested conditions, and it is possible that analyzing H3K27me3
levels in different cell types or growth stages (e.g. spores, microsclerotia, in planta infection)
may yield a different picture of global H3K27me3 distribution. Additionally, our experiments
focused on steady-state growth on different media as these provide a clear and reproducible
transcriptional difference. It is possible that H3K27me3 dynamics occur rapidly in response to
environmental changes, cues, or developmental stages that we did not capture.

It appears evident that H3K27me3 contributes to additional genome functions beyond
strict transcriptional repression, at least in fungi '°. This is supported by our data showing
that the majority of H3K27me3 domains were stable between the tested growth conditions,
indicating these H3K27me3 domains have additional functions. Stable H3K27me3 domains
may represent another form of constitutive heterochromatin, but this fact seems unlikely given
that in our data many stable H3K27me3 domains harbored differentially expressed genes
between growth media. Additionally, results in N. crassa have shown that genetic perturbation
leading to the genome-wide loss of H3K9me3 causes a redistribution of H3K27me3 to
previously H3K9me3 marked sites, but interestingly, this re-distribution does not result
in transcriptional silencing 8. Rather, the redistribution of H3K27me3 in N. crassa lacking
H3K9me3 appears to contribute to genomic instability 81, In Z. tritici, the enrichment of
H3K27me3 at dispensable chromosomes and empirical evidence that H3K27me3 somehow
increases genomic instability, additionally supports the hypothesis that H3K27me3 contributes
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to additional genomic functions beyond transcriptional regulation >'2'. Evolutionary analysis
across Fusarium and related species indicates that genes marked by H3K27me3 have a higher
duplication rate in Fusarium and are less conserved with more distantly related species 2%°.
Additional research is needed to fully understand the mechanisms of H3K27me3 targeting,
dynamics, and impact on genome stability in fungi. The results presented here show that
H3K27me3 domains are largely similar between in vitro growth conditions, but that quantitative
differences in H3K27me3 levels can be associated with concomitant transcriptional differences
between the tested conditions.

Materials and methods

Fungal growth conditions

Verticillium dahliae strain JR2 (CBS 143773 22) was cultured on potato dextrose agar (PDA)
(Oxoid, Thermo Scientific) at 22°C in the dark. Liquid cultures were obtained by collecting
conidiospores from PDA plates after approximately 2 weeks of growth followed by inoculation
at a final concentration of 1x10% spores per mL into liquid growth media. Media used in this
study are potato dextrose broth (PDB) (Difco, Becton Dickinson, Franklin Lakes, NJ, USA),
half strength Murashige & Skoog plus vitamins (MS) (Duchefa-Biochemie, Haarlem, The
Netherlands) medium supplemented with 3% sucrose, and Czapec-Dox medium (CZA) (Oxoid,
Thermo Scientific, Waltham, MA, USA). Liquid cultures were grown for 6 days in the dark at
22°C at 140 RPM. Mycelium was collected by straining cultures through miracloth (22 um)
(EMD Millipore, Darmstadt, Germany) and pressing to remove liquid after which the mycelium
was flash frozen in liquid nitrogen and ground to powder with a mortar and pestle. If required,
samples were stored at -20°C prior to nucleic acid extraction. All analyses were performed
based on triplicate cultures that were processed individually.

RNA sequencing and analysis

RNA was isolated from ground mycelium using TRIzol (Thermo Fisher Science, Waltham,
MA, USA) following manufacturer guidelines. Contaminating DNA was removed using the
TURBO DNA-free kit (Ambion, Thermo Fisher Science, Waltham, MA, USA) and RNA integrity
was assessed with gel-electrophoresis and quantified using a Nanodrop (Thermo Fisher
Science, Waltham, MA, USA). Library were prepared and singleend 50 bp sequenced on the
DNBseq platform at BGI (Hong Kong, China). Sequencing reads were mapped to the reference
annotation of V. dahliae strain JR2 '?? using Kallisto quant ' to calculate per gene TPM values.
Differential expression between cultivation in PDB and CZA, MS or during colonization of
Arabidopsis thaliana was determined using DESeq2 .

ChIP-sequencing and analysis

ChlP-seq was performed as described previously ''. Frozen ground mycelium was added to
ChIP lysis buffer, dounced 40 times and subsequently sonicated for 5 rounds of 20 seconds
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with 40 second rest stages on ice. Supernatants were collected after centrifugation and
treated with MNase (New England Biolabs, Ipswich, MA, United States) for 10 minutes in
a 37°C waterbath. MNase activity was quenched by addition of EGTA and samples were
subsequently pre-cleared by addition of 40 pl Protein A Magnetic Beads (New England
Biolabs, Ipswich, MA, United States) and rotating at 4°C for 60 min. Beads were captured
and supernatant was divided over new tubes containing antibodies against either H3K4me2,
H3K9me3 or H3K27me3 (ActiveMotif; #39913, #39765 and #39155) and incubated overnight
with continuous rotation at 4°C. Subsequently, the antibodies were captured, washed and
nucleosomes were eluted from beads, after which DNA was treated with Proteinase-K and
cleaned-up using chloroform. DNA was isolated by overnight precipitation in ethanol and
DNA concentration was determined with the Qubit™ dsDNA HS Assay Kit (Thermo Fisher
Science, Waltham, MA, USA). Sequencing libraries were generated using the TruSeq ChIP
Library Preparation Kit (Illumina, San Diego, CA, United States) according to instructions, but
without gel purification and with use of the Velocity DNA Polymerase (BioLine, Luckenwalde,
Germany) for 25 cycles of amplification. Single-end 125 bp sequencing was performed on the
[llumina HiSeq2500 platform at KeyGene N.V. (Wageningen, the Netherlands).

Raw reads were trimmed using TrimGalore ?°" and mapped to the V. dahlige strain JR2
reference genome 22 using BWA-mem with default settings 2. Three regions of the genome
were masked due to aberrant mapping, (chr1:1-45000, chr2:3466000-3475000, chr3:1-4200).
ATAC-seq reads of V. dahliae cultured in PDB " were treated similarly as ChlP-seq reads, but
the paired end read pairs were trimmed and mapped simultaneously, and only read-pairs <100
bp were considered for further analyses, as these represent open DNA. Mapped reads were
RPGC-normalized using deepTools bamCoverage 22 with binsize 1,000 and smoothlength
3,000 for plotting over the genome, and binsize 10 and smoothlength 30 for further analysis.
Normalized replicate samples with high correlation were selected and mean datasets per
growth media were generated with input controls for background signal correction using
WiggleTools mean 2%, H3K27me3-enriched regions were determined on selected replicates
with input control using epic2 with a binsize of 2,500 bp 2°4. Average coverage over gene
bodies per expression quintile was calculated using deepTools computeMatrix in scale-regions
mode 2°2. Expression quintiles were generated by sorting all genes based on their average
TPM value from three replicates of V. dahliae cultured for 6 days in PDB. We used deepTools
multiBigwigSummary 2°2 to determine the presence of H3K27me3 over gene bodies (region
between TSS and TES) for each replicate ChIP sample, as well as for input controls. Samples
and input-controls were TPM normalized, after which the normalized input-control signal
was subtracted from normalized H3K27me3 TPM values and resulting negative values were
set to 0. Changes in H3K27me3 levels between growth media were determined by taking the
average input-normalized H3K27me3 TPM values +1 and calculating the log2-fold change for
each pair-wise comparison.

Generation of Set7 deletion mutant

The Set7 deletion mutant (DSet7) was constructed as previously described 2. Briefly, genomic
DNA regions flanking the 5" and 3’ ends of the coding sequences were amplified with PCR using
primers listed in Table S1 (primers 1-4) and cloned in to the pRF-HU2 vector 24 using USER
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enzyme following the manufacturer’s protocol (New England Biolabs, MA, USA). Sequence-
verified vectors were transformed into Agrobacterium tumefaciens strain AGL1 and used for V.
dahliae conidiospore transformation as described previously 2% V. dahliae transformants that
appeared on hygromycin B were transferred to fresh PDA supplemented with hygromycin
B after five days. Putative transformants were screened using PCR to verify deletion of the
target gene sequence and integration of the selection marker at the designated locus using
primers listed in Table S1 (primers 5-8). Analysis and comparison of gene expression in the
Set7 deletion mutant to type V. dahliae was performed as described above.
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FIGURE S1 | Distribution of chromatin features over all chromosomes. Whole genome distribution of the
euchromatin-associated histone modification H3K4me?2 (green line), the constitutive heterochromatin-associated
histone modification H3K9me3 (red line), the facultative heterochromatin-associated histone maodification
H3K27me3 (yellow line) and chromatin accessibility (blue line) as determined by ATAC-seq. Genes are indicated
in light blue, transposons are indicated in red, centromere is indicated in dark blue and adaptive genomic regions
are indicated in yellow.
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sequence. Each row represents a single gene, and are sorted based on their TPM value upon cultivation for
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expression quintiles as in Fig. 3A.
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FIGURE S4 | ChIP-sequencing shows loss of H3K27me3 in the V. dahliae ASet7 deletion mutant. H3K27me3
ChIP coverage over the genome in a triplicate of JR2 WT (yellow) and in a duplicate of JR2 ASet7, cultivated for
6 days in potato dextrose broth.
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FIGURE S7 | Differentially expressed genes are enriched in H3K27me3 domains during cultivation in the
non-permissive growth medium. Fractions of total and differentially expressed genes (Log2-fold changes >1,
2, 3, 4,5, 6 and 7) that are associated with an H3K27me3 domain in the non-permissive condition Czapec-Dox
medium (CZA, blue bars), half-strength Murashige-Skoog medium (MS, green bars) or Potato-Dextrose broth
(PDB, red bars) between (A) cultivation for 6 days in CZA and MS, (B) cultivation for 6 days in CZA and PDB and
(C) cultivation for 6 days in MS and PDB. Black numbers above the bars indicate numbers of genes per gene set.
White numbers at bottom of the bars indicate the numbers of genes that locate in an H3K27me3-domain per gene
set. Significance of fraction differences was calculated for each fraction of higher expressed genes in adaptive
genomic regions when compared with the fraction of total genes in adaptive genomic regions, by the two-sided
two-proportions Z-test (*: p<0.05).
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FIGURE S8 | Distribution of H3K27me3 for V. dahliae cultivated in in vitro growth media. Average H3K27me3
distribution for replicates of V. dahliae cultivated for 6 days in Potato dextrose broth (PDB, indicated in yellow),
half strength Murashige Skoog medium (MS, indicated in red) and Czapec-Dox medium (CZA, indicated in green).
Predicted H3K27me3 domains are indicated as blocks below each H3K27me3 track. Adaptive genomic regions
are highlighted in yellow. Genomic regions within H3K27me3 domains that are visibly different between growth

conditions are highlighted in grey.
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TABLE S1 | Primers used to delete and analyze the Set7 coding sequence in V. dahliae.

Name Sequence Purpose No.
Set7.ko-LB_F GGTCTTAAUTGAGCTTGACAGTTCAGTTGTCG  Amplify left flanking sequence 1
Set7.ko-LB_R GGCATTAAUAAGTTGTGTTGTCAGCGTGCATA  Amplify left flanking sequence 2
Set7.ko-Rb_F GGACTTAAUATCAAGTCCGCCTACTTTCCAAG  Amplify right flanking sequence 3
Set7.ko-Rb_F GGGTTTAAUGTGGAGAATCGTCTGGGGTTATC  Amplify right flanking sequence 4
Set7_Confirm_F CCTCCAGCTCCTGAAGAAGAA confirm gene replacement with selection 5
Vector_Reverse  GGAGTCGCATAAGGGAGAGCG confirm gene replacement with selection 6
Set7.0RF.270_F TCACAGCCGCTACATCAATCA confirm ORF is absent in KO 7
Set7.0RF.270_R TCGTGTTGAACCTCCTTGGAC confirm ORF is absent in KO 8

Italic sequences at the 5" end represent those added for USER cloning

89






Chapter 4

Three putative DNA methyltransferases of
Verticillium dahliae differentially contribute to
DNA methylation that is dispensable for growth,

development and virulence

H. Martin Kramer'*,

David E. Cook"?*,

Grardy C.M. van den Berg',
Michael F. Seidl'?,

Bart P.H.J. Thomma'*

'Laboratory of Phytopathology, Wageningen University and Research, Droevendaalsesteeg 1, 6708 PB
Wageningen, the Netherlands

?Department of Plant Pathology, Kansas State University, 1712 Claflin Road, Manhattan, Kansas 66506, USA
3Theoretical Biology & Bioinformatics, Department of Biology, Utrecht University, Utrecht, The Netherlands
“University of Cologne, Institute for Plant Sciences,

Cluster of Excellence on Plant Sciences (CEPLAS), 50674 Cologne, Germany

*These authors contributed equally

Published in Epigenetics & Chromatin 14: 21 (2021)



CHAPTER 4

Abstract

DNA methylation is an important epigenetic control mechanism that in many fungi is restricted
to genomic regions containing transposable elements (TEs). Two DNA methyltransferases,
Dim2 and Dnmt5, are known to perform methylation at cytosines in fungi. While most
ascomycete fungi encode both Dim2 and Dnmt5, only few functional studies have been
performed in species containing both. In this study, we report functional analysis of both
Dim2 and Dnmt5 in the plant pathogenic fungus Verticillium dahliae. Our results show that
Dim2, but not Dnmt5 or the putative sexual-cycle related DNA methyltransferase Rid, is
responsible for the majority of DNA methylation under the tested conditions. Single or double
DNA methyltransferase mutants did not show altered development, virulence, or transcription
of genes or TEs. In contrast, Hp! and Dim5 mutants that are impacted in chromatin-associated
processes upstream of DNA methylation are severely affected in development and virulence
and display transcriptional reprogramming in specific hypervariable genomic regions (so-
called adaptive genomic regions) that contain genes associated with host colonization. As
these adaptive genomic regions are largely devoid of DNA methylation and of Hp1- and Dim5-
associated heterochromatin, the differential transcription is likely caused by pleiotropic effects
rather than by differential DNA methylation. Overall, our study suggests that Dim2 is the main
DNA methyltransferase in V. dahliae and, in conjunction with work on other fungi, is likely
the main active DNMT in ascomycetes, irrespective of Dnmt5 presence. We speculate that
Dnmt5 and Rid act under specific, presently enigmatic, conditions or, alternatively, act in DNA-
associated processes other than DNA methylation.
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Introduction

Transcriptional control is important for regulating developmental processes and environmental
responses. In eukaryotes, transcriptional control is achieved through transcription factor-
mediated and epigenetic mechanisms, the latter affecting DNA accessibility and altering
interactions between DNA and various proteins 205207, Eukaryotic DNA associates with
histone-protein complexes to form nucleosomes that are the main constituents of chromatin,
a highly ordered DNA-structure “°. DNA accessibility for the transcriptional machinery is
regulated in part by chemical modifications to histones that can alter chromatin structure or
nucleosome positioning, and by direct DNA moadifications that can alter transcription factor-
binding sites . One such DNA modification is mediated by DNA methyltransferases (DNMT)
that covalently add a methyl group to the 5" carbon of a cytosine residue (5-methylcytosine,
5mC) 2%, Cytosine methylation can occur in symmetric CG or CHG genomic contexts, or
in the asymmetric CHH genomic context, where H stands for either A, C or T. In general,
SmC occurs more commonly at symmetric sites because maintenance methylation can cause
methylation of daughter strands during DNA-replication, whereas asymmetric sites require
de novo methylation 2%. In mammals, DNA methylation is largely restricted to CG sites, while
plants and fungi show methylation in each of the genomic contexts 2.

Compared to animal and plant genomes, fungi typically have smaller and less complex
genomes, and they serve as important eukaryote models for various cellular processes
including DNA methylation 2". Much of the initial research on DNA methylation in fungi
was performed in the saprophytic ascomycete fungus Neurospora crassa. In N. crassa, DNA
methylation is restricted to transposable elements (TEs) and is dependent on a single DNMT,
Deficient In Methylation-2 (Dim2), an ortholog of Human Dnmt1 that performs de novo as well as
maintenance methylation °. Dim2 operates in a complex with Heterochromatin Protein-1 (Hp1)
that recognizes and directs DNA methylation to genomic regions marked by tri-methylation of
histone 3 lysine 9 (H3K9me3) that is deposited by the histone methyltransferase Deficient In
Methylation-5 (Dim5) °2%. Besides Dim2, N. crassa encodes another DNMT domain-containing
protein of the fungal-specific class Dnmt4, named Repeat-Induced Point Mutation (RIP)-
Defective (Rid), which is only active during sexual reproduction %2, However, Rid has not
been shown to methylate DNA, but is required for the RIP mechanism that can induce C
to T mutations in duplicated genomic regions, including TEs *%?'2. Similar to N. crassa, the
ascomycete plant pathogenic rice blast fungus Magnaporthe oryzae encodes orthologues of
Dim2 and Rid. However, in contrast to N. crassa Rid, M. oryzae Rid displays DNA methylation
activity, albeit with lower activity than Dim2 232 The opportunistic human pathogenic
basidiomycete Cryptococcus neoformans encodes neither Dim2 nor Rid, but relies on an ortholog
of Human Dnmt5 for DNA methylation . C. neoformans Dnmt5 can methylate DNA through
direct binding to H3K9me3 or through association with the Hp1 homolog Swi6 2. Additionally,
C. neoformans Dnmt5 performs maintenance methylation through association with the 5mC-
reader Uhrf1 that recognizes hemi-methylated CG sites 2'®. Recent phylogenetic analyses of
DNMTs across the fungal kingdom revealed extensive diversity in the DNMT repertoires, with
only few (less than 10%) species containing either both Dim2 and Rid, or only Dnmt5, whereas
many contain the combination of Dim2, Rid and Dnmt5 2. Thus, our knowledge on DNA
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methylation in fungi has been primarily based on species that are not representative for the
typical DNMT repertoire of most fungi.

Verticillium dahliae is a xylem-invading, soil-borne ascomycete fungus that causes
Verticillium wilt disease on hundreds of plant species 578 Sexual reproduction has not
been reported for V. dahliae that is presumed to mainly reproduce asexually *°. Recently, we
demonstrated that DNA methylation in V. dahliae requires Hp1 and is restricted to H3K9me3-
enriched TEs that localize mainly in evolutionary stable core genomic regions that are typically
shared across different V. dahliae strains, including centromere regions "%, In contrast
to stable core regions, genomic regions that are important for adaptation show extensive
presence-absence polymorphisms between V. dahliae strains, and are therefore designated
as adaptive genomic regions 5%626374191 Many genes that play critical roles in host colonization
reside in adaptive genomic regions %6274 Adaptive genomic regions are enriched in TEs
that typically lack DNA methylation, which corresponds with increased transcriptional activity
when compared with TEs in the core genome ™. Interestingly, the transcriptional activity of
TEs seems instrumental for the evolution of adaptive genomic regions ™, indicating that TEs
in the core genome may carry DNA methylation to supress their transcriptional activity and
to prevent genomic alterations that might reduce fitness. In this study, we investigated the
contribution of various putative components of the methylation machinery on the physiology
and biology of V. dahliae by performing bisulfite sequencing (BS-seq), transcriptomic analysis
(RNA-seq), and functional studies on DNA methylation-associated genes.

Results

The genome of V. dahliae encodes three putative DNA methyltransferases

Putative DNMTs in V. dahliae were identified using homology searches to known fungal DNMTs.
We selected representative basidiomycete, ascomycete and phycomycete fungi that were
previously shown to have DNA methylation, as well as ascomycete Fusarium species that are
related to Verticillium. The predicted proteomes of the selected species were searched with a
Hidden Markov Model (HMM) pfam model (PFO0145) that is characteristic for Dnmt1, Dim2,
Rid and Dnmt5. Whereas N. crassa, M. oryzae and C. neoformans possess either a combination
of Dim2 and Rid, or only Dnmt5, our analyses showed that several ascomycete species,
including all ten species of the Verticillium genus, encode all three DNMTs (Fig. 1, Fig. ST).
Thus, Verticillium spp. encode the most commonly shared DNMT complement as observed in
ascomycete fungi 2",
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FIGURE 1 | Presence of putative 5mC DNA methyltransferases in various fungi. Phylogenetic tree showing
a phycomycete (black line), basidiomycetes (green lines) and ascomycetes (blue lines). Filled circles indicate
presence of the corresponding DNA methyltransferase as identified in Fig. S1.

DNA methyltransferase mutants are not affected in growth and virulence

As V. dahliae encodes three potential DNA methyltransferases, we sought to determine their
activity and impact on development and virulence. To this end, we constructed deletion
mutants for each DNMT gene, ADim2, ADnmt5 and ARid, as well as the ADimZADnmt5 double
mutant in V. dahliae strain JR2. We furthermore generated the H3K9 histone methyltransferase
deletion mutant ADim5 that is H3K9me3 deficient (Fig. S2), and used AHp! ', the DNA
methyltransferase-complex member that recognizes H3K9me3 92%,

Growth impacts were assessed for each strain under axenic growth as determined by
colony size, spore production and morphology. Whereas all DNMT mutants displayed similar
growth rates, spore production and colony morphology when compared with the wild-type
strain, both AHpT and ADim5 displayed decreased radial growth when compared with the wild-
type and complementation strains (Fig. 2A, C, Fig. S3). However, whereas AHp! produced
statistically significant fewer spores, ADim5 produced similar amounts of spores as wild-type
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V. dahliae when also considering their respective colony sizes (Fig. 2B). This is likely due to
AHp1 growing relatively flat, similar to wild-type V. dahliae, while ADim5 colonies display a
severely crinkled surface, leading to an increased surface area on the same area of cultivation
medium (Fig. 2C). Both AHpTand ADim5 displayed reduced pigmentation when compared with
wild-type V. dahliae (Fig. 2C).

The deletion mutants were also assessed for growth under abiotic stress conditions by
axenically culturing all the strains at elevated temperature, or in the presence of osmotic,
oxidative and genotoxic stress agents. Under these conditions, the DNMT mutants grew
similar as the wild-type strain, while both AHp7 and ADim5 displayed reduced growth (Fig. 2D,
Fig. S4). Interestingly, however, AHp! grew similar as the wild-type strain when exposed to
the genotoxic compound phleomycin despite its growth retardation under all other conditions
tested (Fig. 2D, Fig. S4).

The ability to infect tomato plants was also assessed for all mutants. Tomato plants
inoculated with any of the DNMT mutants displayed severe stunting at a level similar to
plants inoculated with the wild-type strain (Fig. 2F). Fungal biomass measurements on
the infected plants confirmed that fungal colonization by the DNMT mutants was similar to
that of the wild-type strain (Fig. 2E). In contrast, AHp! and ADim5 displayed significantly
reduced tomato infection, evidenced by a similar canopy area of plants inoculated with these
mutants when compared with mock-inoculated plants, as well as by the finding that inoculated
plants contained only low amounts of fungal biomass (Fig. 2E). Arguably, the observation of
significantly reduced plant infection for both AHpT and ADim5 should be attributed to their
compromised growth characteristics (Fig. 2A).

Dim2 is the main DNA methyltransferase in V. dahliae

To determine the role of the putative DNMTs in cytosine methylation in V. dahlige, whole-
genome bisulfite sequencing was conducted on the wild-type strain, along with the DNMT
and Hpl mutants. We recently reported that wild-type V. dahliae displays relatively low levels
of DNA methylation, with an average of ~0.4% methylation in CG and CHG context and
essentially no DNA methylation in CHH context ''. DNA methylation in V. dahliae is restricted
to particular inactive TEs that locate in condensed, H3K9me3-enriched, chromatin regions
in the core genome, including those localized in centromeres (Fig. 3A) V% We furthermore
showed that the AHp7 mutant lost all DNA methylation, indicating that Hp1 is required for
cytosine methylation and V. dahliae DNMTs cannot methylate DNA independently ™.

To study the extent to which the different V. dahliage mutants lost DNA methylation, we
compared the bisulfite sequencing patterns over the genome in 10 kb windows and assessed
the amount and location of hypomethylated windows when compared with the wild-type
methylation pattern. Of the DNMT deletion mutants, ADim2 showed considerable loss
of cytosine methylation, having 100 and 61 hypomethylated windows in the CG and CHG
context, respectively (Table 1). As there is little methylation in CHH context, we combined
the methylation data for CG and CHG context and also determined hypomethylation for the
contexts simultaneously. This combination optimizes the number of potential methylated
cytosines per window and therefore better captures differential methylation. In the combined
contexts we observed 97 hypomethylated windows that locate at regions that have relatively
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FIGURE 2 | DNMT mutants of Verticillium dahliae do not show altered growth under axenic conditions,
stress, or host colonization. A) Radial growth of wild-type and mutants over 12 days, with B) number of spores
produced per mm2 of colony and C) pictures showing representative colony morphology after 12 days of growth.
D) Colony area of wild-type and mutants subjected to various stress agents, relative to average colony area of
wild-type (see Fig. S4). E) Representative pictures of infected tomato plants at 21 days after inoculation, with F)
biomass of wild-type and mutants, relative to wild-type infection. Statistically significant differences from wild-
type (Wilcoxon Signed Rank, p < 0.01) are indicated with asterisks. For (A), statistical tests were only performed
on colony diameter at 12 dpi.
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high methylation percentages in wild-type V. dahliae (Table 1, Fig. 3, Fig. S8). Notably,
additional regions showed reduced DNA methylation in ADimZ, yet these were not classified as
hypomethylated because the methylation level was already low in the wild-type and therefore
did not meet our criteria for calling hypomethylated regions (see methods for details). In
contrast to the results for ADim2, ADnmt5 and ARid largely retained DNA methylation with
only three and twelve windows being hypomethylated in CG context and fifteen and seventeen
windows in CHG context, respectively (Table 1). When assessing CG and CHG methylation
combined, ADnmt5 and ARid have one and eight hypomethylated windows, respectively.
Additionally, their genome-wide DNA methylation patterns are similar to the wild-type with no
obvious loss of DNA methylation peaks (Fig. 3A). Thus, both Dnmt5 and Rid may contribute
to DNA methylation in V. dahliae, albeit to a much lower degree as Dim2. The ADim2ADnmt5
double mutant as well as AHpT showed similar cytosine methylation levels over the genome as
ADim2 and had hypomethylation of 93 and 99 windows in CG context and 59 and 65 windows
in CHG context, respectively, and 89 and 92 hypomethylated windows when combining CG
and CHG methylation data (Table 1, Fig. 3A). Loss of methylation in the ADim2, ADim2ADnmt5
and AHpT mutants largely occurred in the same genomic regions, as 84 of the hypomethylated
windows were shared between the mutants (Fig. 3B). Even though the chromosome plots
of the ADimZADnmt5 double mutant as well as AHpT are similar to those of ADimZ2, the few
bins with slightly elevated methylation levels in ADimZ2 have decreased further (Fig. 3A). This
finding suggests that Dnmt5 has DNA methylation activity on particular genomic regions,
albeit at a lower level. However, ADnmt5 does not display reduced methylation at the regions
that remain slightly methylated in ADim2 (Fig. 3A). Thus, if Dnmt5 has DNA methylation
activity, it is redundant and secondary to the DNA methylation activity of Dim2. No windows
were hypomethylated for CHH in any of the mutants (Table 1, Fig. S7). The few bins with low
levels of DNA methylation that locate in adaptive genomic regions behave similar as those in
core regions, in that they are hypomethylated in ADim2, AHpT and ADimZ2ADnmt5 (Fig. 3A).
These results show that the methyltransferase Dim2 is responsible for the vast majority of
detectable DNA methylation in V. dahliae.

TABLE 1 | Number of 10 kb windows that are hypomethylated in Verticillium dahliae DNMT mutants relative
to those in the wild-type strain.

Hypo-methylated = Hypo-methylated Hypo-methylated Hypo-methylated win-

Genotype windows (CG) windows (CHG) windows (CHH) dows (CG and CHG)
ADim2 100 61 0 97

ADnmi5 3 15 0 1

ADim2ADnmt5 93 59 0 89

ARid 12 17 0 8

AHpT 99 65 0 92

Previous research shows that methylated TEs have accumulated more C-T mutations
than non-methylated TEs ™. As we observe that methylation mainly occurs in CG and
CHG contexts, we investigated whether cytosine methylation is directly involved in C-T
mutation. If methylated cytosines are more likely to mutate, we would expect that methylated
TEs have specifically lost cytosines in CG and CHG context, while CHH sites remain intact.
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Unexpectedly, however, we observe that methylated TEs only display significant depletion of
CHG sites, whereas CG sites occur as frequently as would be expected based on the sequence
composition of the TE (Fig. S9). In contrast, non-methylated TEs have slightly fewer CG sites
than expected based on their sequence composition, yet they do not have reduced CHG sites
(Fig. S9). For both methylated, as well as non-methylated TEs, we observe that CHH sites
occur as frequent as would be expected based on sequence composition. Thus, although
methylated TEs show increased C-T mutations ', these mutations do not affect all methylated
cytosines, as they are largely restricted to cytosines in CHG context.

We compared V. dahliae Dnmt5 to the homolog in C. neoformans, where it is the sole active
DNA methyltransferase 2. The two proteins share only 18% sequence similarity, but do share
similar domain structures, except that the V. dahliae Dnmt5 lacks the N-terminal chromo-shadow
domain found in C. neoformans Dnmt5 (Fig. S10). This domain is responsible for the direct binding
to H3K9me3, and this histone mark is required for DNA methylation, which could explain why
we observed little Dnmt5 contribution to DNA methylation in V. dahliae. However, C. neoformans
Dnmt5 can also bind H3K9me3 indirectly through Hp1 2%, and it is not clear if this is also the
case for V. dahliae. The lack of DNA methylation by Dnmt5 cannot be explained by transcriptional
activity, as Dnmt5 is expressed higher than DimZ during cultivation in PDB (Fig. 3B).

Loss of DNA methylation does not affect transcriptional regulation

While the DimZ mutant loses nearly all DNA methylation (Table 1, Fig. 3A), it displays
wild-type-like growth in vitro, under stress conditions as well as during infection (Fig. 2),
suggesting that DNA methylation is not essential under these conditions. However, given that
DNA methylation is mainly restricted to TEs ™', we anticipated that loss of DNA methylation
could result in activated transcription at TEs. To address this, we performed RNA sequencing
on axenically grown cultures of all DNMT mutants, as well as the Hpl and Dim5 mutants.
Consistent with the lack of DNA methylation at coding regions, all three single DNMT mutants
and the double mutant showed differential expression of only few genes (< 10) (Fig. 4A).
Unanticipatedly, the four DNMT mutant strains similarly showed differential expression of
only a few TEs (< 10) (Fig. 4B). In contrast, the AHpT and ADim5 mutant strains showed
considerable differential expression of genes and TEs (Fig. 4A). In total, 1,661 genes were
induced and 663 repressed in AHpl, and 1,617 genes were induced and 781 are repressed in
ADim5 when compared with wild-type (Fig. 4A). Furthermore, 261 TEs were induced and 23
were repressed in AHpl, whereas 241 TEs were induced and 47 were repressed in ADim5
when compared with wild-type (Fig. 4B). Analysis of the induced genes and TEs revealed a
large overlap between the mutants, with 1,207 out of 1,617 (~75%) of the induced genes and
166 out of 241 (~69%) of the induced TEs shared between the two mutants (Fig. 4A, B). This
overlap is likely related to the functional link between these heterochromatin components,
as Hp1 directs DNA methylation to H3K9me3 deposited by Dim5 #4. To study whether the
genes activated in AHpl and ADim5 represent specific biological functions, we performed
GO enrichment analysis on the 1,207 induced genes. Interestingly, genes encoding secreted
proteins and proteins involved in transport and metabolic processes were overrepresented
among the induced genes (Fig. 4C), suggesting that the mutants impact expression of genes
with roles in responses to the environment.
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FIGURE 3 | Dim2 is the main DNA methyltransferase in V. dahliae. A) Whole-chromosome plot displaying the
fraction of methylated cytosines for non-overlapping 10 kb windows for wild-type, and DNMT and Hp1 deletion
mutants with chromosome 5 as an example. Grey boxes, displayed below the DNA methylation tracks, indicate the
hypomethylated windows compared to the wild-type strain in CG and CHG context from Table 1. Previously defined
adaptive genomic regions ™" are highlighted in yellow. B) Overlap of hypomethylated windows in mutant strains
showing severe loss of methylation. C) Expression (TPM values) of DNA methyltransferase genes Dim2, Dnmt5
and Rid, as well as Hp1 and Dim5 of V. dahliae strain JR2 cultured in Czapec-Dox medium (CZA), half strength
Murashige-Skoog medium (MS) and potato dextrose broth (PDB), and during Arabidopsis infection at 21 days post
inoculation (Arab), in triplicates.

As Hp1 functions downstream of Dim5 during DNA methylation, we expect that the
induction of genes as well as TEs in both mutants may be due to reduced recruitment of
repressive complexes to previously silenced chromatin regions because either H3K9me3 or
Hp1 is lacking. Based on H3K9me3 ChlIP-seq, we found that approximately 2.1 Mb (~6%) of the
genome is associated with H3K9me3 that occurs in 621 enriched genomic regions, of which 38
are larger than 10 kb (Fig. S12). To study whether the induced genes and TEs localize in these
H3K9me3 domains, we investigated the occurrence of physical clustering of the 1,207 induced
genes and the 166 induced TEs. Our hypothesis was that Dim5 deposited H3K9me3 and
associated Hp1 mediate transcriptional silencing in physical proximity to H3K9me3 domains.
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As such, we expected that genes and TEs induced in AHpT and ADim5 occurred in clusters and
that these clusters would be in proximity to H3K9me3-enriched genomic regions. We identified
58 clusters containing 526 of the 1,207 (~44%) induced genes and four clusters containing 37
of the 166 (~22%) induced TEs, which is more than expected by chance, as measured from
1,000 random sets of 1,207 genes (p<0.001) (Fig. S12) and 166 TEs (p = 0.024) (Fig. S13).
H3K9me3 domains contain numerous TE copies (1,034 out of 2,574, ~40%) and only few
genes (76 out of 11,426, ~0.6%) (Fig. 4D, Fig. S14) ™'. Next, we calculated the distance of each
gene and TE to the closest H3K9me3 domain and associated this to induced and non-induced
genes and TEs. When considering the smallest distance to H3K9me3 domains, we observed
that induced genes are slightly closer to H3K9me3 domains than non-induced genes (Fig. 4E).
In contrast, induced TEs are slightly further from H3K9me3 domains than non-induced TEs
(Fig. 4E). Additionally, when considering presence of TEs in H3K9me3 domains, we observed
that significantly fewer induced TEs, 48 out 165 (291%), than non-induced TEs, 987 out of
2,409 (41.0%), locate in H3K9me3 domains (Fisher's exact test, p = 0.0126). The relatively
minor enrichment of induced genes near H3K9me3 domains and the enrichment of induced
TEs away from H3K9me3 domains suggests that the transcriptional changes in AHp! and
ADimb5 are not due to reduced H3K9me3 and Hp1 association. As we demonstrated that the
induced genes and TEs occur clustered in the genome (Fig. S12, S13), we asked whether the
clusters localize in specific genomic regions. As we found that induced genes are enriched
for genes encoding secreted proteins and proteins involved in metabolic processes (Fig. 40),
we speculated that the induced genes may be involved in processes related to plant infection.
Such genes are typically located in adaptive genomic regions of V. dahliae, which are enriched
in TEs but are not associated with H3K9me3 3. Therefore, we also tested whether the
induced genes and TEs locate in proximity to adaptive genomic regions. Intriguingly, genes
and TEs induced in AHpT and ADim5 are significantly closer to adaptive genomic regions than
non-induced genes and TEs (Fig. 4D,F). Additionally, 180 out of 1,207 (14.9%) and 59 out
of 165 (35.8%) of the induced genes and TEs locate in adaptive genomic regions, which is
significantly more than the 818 out of 10,219 (8.0%) and 474 out of 2,409 (19.7%) of non-
induced genes (Fisher’s exact test, p <0.00001) and TEs (Fisher’s exact test, p <0.00001).
Consequently, both genes and TEs that are induced in AHp! and ADim5 reside significantly
closer to adaptive genomic regions than non-induced genes and TEs (Fig. 4F). Since adaptive
genomic regions are not associated with H3K9me3, these findings suggest that the observed
transcriptional changes are not directly related to loss of Hp1 binding at H3K9me3 domains,
but rather through pleiotropic effects affecting transcription throughout the genome, and
especially at adaptive genomic regions.
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FIGURE 4 | Genes and TEs that are induced in the Verticillium dahliae Hp1 and Dim5 mutants do not associate
with H3K9me3-marked chromatin. Differentially expressed genes (A) and TEs (B) in the mutants relative to
wild-type. Induced genes and TEs are indicated in blue, repressed genes and TEs in red. The number of genes
and TEs that are induced and repressed in both the Hp! and Dim5 mutants are indicated by opaque coloring in
black rectangles. (C) Gene Ontology (GO) terms that are enriched (fold change > 1, p.adj < 0.01) in the set of
genes that are induced in both the Hp? and Dim5 mutant. (D) Whole-chromosome plot displaying the location of
induced genes (in blue) and TEs (in red) on chromosome 5 as an example. Clusters of induced genes and TEs are
indicated as blue and red rectangles, respectively. H3K9me3-ChlIP signal along the chromosome is indicated in
green in the upper track. adaptive genomic regions ' are highlighted in yellow. The minimal distance of genes and
TEs to H3K9me3-enriched genomic regions (E) and to adaptive genomic regions (F). Asterisks indicate statistical
differences (Wilcoxon signed rank test, p<0.01) between genes and TEs induced in both the Hp7 and Dim5 mutants
and those that are not induced in the mutants.
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Discussion

DNA methylation is essential for proper functioning of nuclear processes in many organisms 2%,
but various fungal species have lost or degraded their machinery for DNA methylation 2. The
most commonly found combination of DNMTs in ascomycete genomes is the presence of Dim2,
Rid and Dnmt5 2. As Dim?2 is the main DNA methyltransferase gene in fungal species that lack
Dnmt5, and vice versa, it is relevant to study the importance of these DNA methyltransferase
genes in fungal species that carry both. The fungal pathogen Z tritici carries all three DNMTs
and, similar to V. dahliae, loss of Dim2 almost completely abolishes DNA methylation 28, indicating
that Dnmt5 and Rid have little to no DNA methylation activity. However, a low residual DNA
methylation signal remains in DimZ2 mutants of V. dahliae and Z. tritici, which may be due to a low
degree of Dnmt5 activity 2'8. Our results indicate that Dnmt5 is more highly expressed during
growth in nutrient-limited media, a type of environmental stress. It is possible Dnmt5 may be
more active and cause differential DNA methylation during specific growth conditions not tested
here, an occurrence that has been observed for DNMTs in several plant and animal species
219220 Differential expression of DNMTs has previously been observed in the entomopathogenic
ascomycete fungus Cordyceps militaris that contains orthologues of Dim2 and Rid 2%'. Whether V.
dahliae Dnmt5 plays such a role requires further study.

The importance of DNA methylation in fungi that are able to perform DNA methylation
remains unclear. Deletion of functional components of DNA methylation did not result in clear
phenotypic alterations in N. crassa or the necrotrophic plant pathogenic fungus Botrytis cinerea,
while deletion of Dim2 in M. oryzae leads to aberrant colony morphology and compromised
conidiospore formation 9323222 |n Z tritici, strains collected in the centre of origin of its wheat
host carry DNA methylation, while strains collected in Europe contain mutated DimZ copies that
lack DNA methylation 28, The Z tritici strains that lack a functional copy of Dim2 are at least as
virulent as strains that perform DNA methylation 2%, suggesting that the recent loss of DNA
methylation in these Z tritici strains does not negatively affect their infection biology. Our study
reveals that DNA methylation in V. dahliae is not essential for growth and infection. Moreover,

we show that loss of DNA methylation does not result in altered expression of genes or
TEs, an observation that could be explained by DNA methylation co-localizing with H3K9me3,
which is likely sufficient for heterochromatin formation and transcriptional silencing in the
absence of DNA methylation. This is further supported as the H3K9me3-deficient V. dahliae
Dim5 mutant showed significant differential expression of genes and TEs. Interestingly, some
genes and TEs induced in this mutant were located in adaptive genomic regions that are not
labelled with H3K9me3 in wild-type V. dahliae, suggesting that the removal of H3K9me3 leads
to pleiotropic effects in unrelated genomic regions. Similar effects on gene and TE expression
occurs in the V. dahliae Hpl mutant, indicating that the differential expression observed in the
Hp? and Dim5 mutants are related to disrupted Hp1 functioning. In N. crassg, and also fission
yeast Schizosaccharomyces pombe that lacks DNA methylation, Hpl was found to be involved
in the formation of H3K9me3-associated heterochromatin °224225 As such, it is possible that
the transcriptional changes in the V. dahliae Hp! and Dim5 mutants are due to pleiotropic effects
of chromatin de-condensation. In line with such pleiotropic effects on chromatin architecture,
deletion of Dim5 in Z tritici, and Dim5 and Hpl in N. crassa leads to re-localization of H3K27me3 to
previous H3K9me3 domains 541%,

103



CHAPTER 4

Previously, we showed that the adaptive genomic regions in V. dahliae are enriched for
H3K27me3 "', suggesting that the observed transcriptional induction of adaptive genomic
region-localized genes and transposons in the V. dahliae HpT and Dim5 mutants may be due to
altered localization patterns of H3K27me3. Considering that experimental and natural loss of
DNA methylation in various fungi does not seem to affect their proliferation, it is remarkable
that the vast majority of fungal species have retained DNA methylation. One explanation for
the role of DNA methylation in fungi, which accounts for the lack of reported phenotypes, is
that it serves in maintaining genome integrity during evolution. In this way, DNA methylation
does not functionally regulate transcription per se, but works in conjunction with H3K9me3 to
minimize the impact of TEs in the genome. One possible mechanism is that DNA methylation
may have persistent effects on TE activity through spontaneous deamination of methylated
cytosines, resulting in C to T mutations 2. The deamination process is considered an important
driver of mutations in Z tritici TEs as recently shown in an experimental evolution experiment
in which a DNA methylation competent strain had increased in C to T mutations compared
to the strain lacking DNA methylation 2. Interestingly, in V. dahliae we previously observed
that TEs that carry DNA methylation contain more C to T mutations than unmethylated TEs
1. Typically, such C to T mutations are also caused by the RIP mechanism, which relies on
the Rid DNA methyltransferase that is active during sexual cycles in N. crassa °"#'2. However,
since V. dahliae is presumed to reproduce asexually, it may be more likely that C to T mutations
in TEs are caused by spontaneous deamination. These results support that the main role for
DNA methylation in fungi might be to aid in TE sequence degradation over time, not to directly
supress transcriptional activity. Alternatively, it is possible DNA methylation is important for
inhibiting transcriptional activity of TEs during specific developmental or cell-cycle stages
which have not been reported or observed to date.

Our results show that although V. dahliae encodes multiple DNMTs, only DimZ seems to be
essential for DNA methylation. As Dim2, Dnmt5 and Rid are wide-spread among ascomycetes,
it is likely that their combined presence is an ancestral state 2. Even though only four
ascomycete species have been studied with respect to the contribution of their DNMTs to
DNA methylation so far, these studies suggest that species, irrespective of the presence or
absence of Dnmt5, utilize Dim2 as the main DNMT (this study; *2'3218). Additional research
is needed to determine if Dnmt5 and Rid play a role in DNA methylation, or possibly in other
DNA-associated pathways, or if their presence is the remnant of an ancestral state that is not
strongly selected against.

Materials and methods

Assessment of DNMT occurrence

To assess the presence of DNA methyltransferases in a selection of fungal species with
confirmed DNA methylation performance, we downloaded predicted proteomes of Aspergillus
flavus strain NRRL_3357 (AFL2T), Coprinopsis cinerea strain Okayama-7#130 (CC1G),
Cryptococcus neoformans strain H99 (CNAG), Fusarium graminearum strain PH-1 (FGSG),
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F. oxysporum strain 4287 (FOXG), Laccaria bicolor strain S238N-H82 (lacbi2), Magnaporthe
oryzae strain MG8 (MGG), Neurospora crassa strain OR74a (NCU), Phycomyces blakesleeanus
strain NRRL 1555(-) (Phybl2), Postia placenta strain MAD698 (pospl1), Tuber melanosporum
strain Mel28 (Tubme?1), Uncinocarpus reesii strain 1704 (URET) and the Verticillium albo-atrum
PD747, V. alfalfae PD683, V. dahliae JR2, V. isaacii PD618, V. klebahni PD401, V. longisporum
PD589, V. nonalfalfae T2, V. nubilum 397, V. tricorpus PD593 and V. zaregansianum PD739. The
predicted proteomes were scanned for the presence of a DNA methyltransferase domain with
hmmsearch with --cut_ga option. Identified proteins were visually inspected. To check for
presence of additional not-annotated DNA methyltransferase homologs of Dim-2, Dnmt5 and
Rid that were initially not annotated in the predicted proteomes, we manually assessed the
genomes using TBLASTN and Augustus. Phylogenetic trees were constructed using 1Q-tree.

Fungal growth and mutant generation

V. dahliae strain JR2 (CBS 143773 '?2) was maintained on potato dextrose agar (PDA) (Oxoid,
Thermo Scientific, CM0139) and grown at 22°C in the dark. The ADim2, ADnmt5, ARid and
ADimb5 single deletion mutants and the ADim2-ADnmt5 double mutant were constructed as
previously described '%. Briefly, for all genes except Dnmt5, genomic DNA regions flanking the
5" and 3’ ends of the coding sequences were amplified with PCR using primers listed in Table
S1and cloned in to the pRF-HU2 vector 24, using USER enzyme following the manufacturer’s
protocol (New England Biolabs, MA, USA). For Dnmt5, the 5" and 3’ amplicons were cloned
into vector pRF-NU2, a custom-made pRF-HUZ2 variant, containing the NAT-cassette for
selection on nourseothrycin. Sequence-verified vectors were transformed into Agrobacterium
tumefaciens strain AGL1 used for V. dahliae conidiospore transformation as described previously
123 V. dahliae transformants that appeared on hygromycin B or nourseothrycin (for Dnmt5)
were transferred to fresh PDA supplemented with hygromycin B or nourseothrycin after five
days. Putative transformants were screened using PCR to verify deletion of the target gene
sequence (Table S3) when compared with positive amplification from the wild-type strain. To
further confirm integration of the selectable marker at the locus of interest, another round
of PCR was conducted in which one primer was position adjacent to the deleted genomic
region, and the other primer was designed to bind a portion of the inserted vector DNA
(Table S3). In this manner, deletion mutants were confirmed to lack the gene of interest and
contain the selectable marker at the locus of interest. Generation of the HpT deletion mutant
was conducted in the same way and described previously . Complementation vectors were
generated by amplifying the coding region of DimZ2, Hpl and Dim5 from genomic DNA using
primers listed in Table S1, and ligating the amplicons into Pacl-digested pFBT-005 vector
using the NEBuilder HiFi DNA Assembly Cloning Kit (New England Biolabs, MA, USA). Fungal
transformations were performed as described above and obtained colonies were screened by
PCR to verify presence of target gene (Table S2).

Growth and inoculation assays

To check for aberrant growth phenotypes of the generated mutants, all strains were cultured
as described above. To this end, conidiospores were harvested in sterile water and brought
to a final concentration of 10® conidiospores per mL. Subsequently, 10 pL of conidiospore
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suspension, containing 104 conidiospores, was deposited in the middle of a 90 mm Petri dish
containing 20 ml of PDA. Plates were stored at 22°C in the dark and colony diameter was
measured in perpendicular directions after 4, 8 and 12 days of growth. After twelve days of
growth all newly formed conidiospores were harvested in 1 mL of water and counted using a
hemocytometer.

Stress assays were performed by spotting 5 uL conidiospore suspension containing 5x10°
conidiospores on PDA without supplement, or on PDA supplemented with 1 M NaCl, 1 M
Sorbitol, 2 mM H,0, or 10 pg/uL phleomycin, and on PDA adjusted to pH 10. Plates were
incubated at 22°C in the dark, apart from one set of PDA plates without supplement that was
incubated at 28°C to assess heat stress responses. Pictures were taken after 6 or 10 days,
depending on wild-type colony development, and colony size was determined using ImageJ
software with custom settings for each stress condition.

Infection assays were performed using root dip inoculation in a conidiospore suspension of
10% spores per mL on 10-day-old seedlings of tomato cultivar Moneymaker. Stems of infected
plants were harvested at 21 days after inoculation, cut in small pieces, frozen in liquid nitrogen
and ground by reciprocal shaking in a MixerMill MM 400 (Retsch, Haan, Germany). DNA was
isolated incubating the ground powder with 800 pL of CTAB lysis buffer at 65°C for 1 hour,
followed by addition of 400 uL chloroform/IAA (24:1), vigorous shaking and centrifuging for
5 minutes at ~13,000 RCF. DNA was precipitated from the aqueous layer with isopropanol
and the precipitate was washed with 70% ethanol. The fungal biomass in the stem tissue
was determined with real-time PCR using V. dahliae ITS-specific and tomato GAPDH-specific
primer sets (Table S4).

Bisulfite sequencing and analysis

The V. dahliae wild-type strain, ADim2, ADnmt5, ADim2 /| ADnmt5, ARid and AHp1 were grown
in potato dextrose broth (PDB) for three days, strained through miracloth (22 pm) (EMD
Millipore, Darmstadt, Germany), pressed to remove excess liquid, flash frozen in liquid nitrogen
and ground to powder with a mortar and pestle. Genomic DNA was isolated as described
above and sent to the Beijing Genome Institute (BGI, Hong Kong, China) for bisulfite conversion,
library construction and Illumina sequencing. Briefly, the DNA was sonicated to a fragment
range of 100-300 bp, end-repaired and methylated sequencing adapters were ligated to 3'
ends. The EZ DNA Methylation-Gold kit (Zymo Research, CA, USA) was employed according
to manufacturer’s guidelines for bisulfite conversion of non-methylated DNA. Lambda DNA
was used as spike-in to determine conversion efficiency, which was >99% for all samples.
Libraries were paired-end 100 bp sequenced on an Illumina HiSeq 2000 machine.

Whole-genome bisulfite sequencing reads were analyzed using the BSMAP pipeline (v.
2.73) and methratio script '%°. The results were partitioned into CG, CHG and CHH cytosine
sites for analysis. Only cytosine positions containing more than 4 sequencing reads were
included for analysis. BSMAP datasets were further analyzed using MethylKit (v. 112.0) 2%".
Methylation levels were summarized as the number of methylated cytosines divided by the
total number of sequenced cytosines per 10 kb window. Hypomethylated windows in the
mutants were determined by comparing corresponding 10 kb windows between mutants and
wild-type and selecting windows with meth.diff value < -1 and a qvalue < 0.01. Genome plots
displaying methylation data were generated using karyoploteR (v. 1.12.4) 2%,
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Analysis of CG, CHG and CHH site occurrence in methylated and non-
methylated TEs

The observed occurrence of CG, CHG and CHH sites were compared to the expected
occurrence of these sites for each of the 2,574 TEs based on the sequence composition (CG
expected: n(C) x n(G) / (N x N-1), CHG expected: n(C) x n(C+A+T) x n(G) / (N x N-1 x N-2),
CHH expected: n(C) x n(C+A+T) x n(C+A+T) / (N x N-1 x N-2)). TEs were categorized as
methylated if any cytosine in the sequence showed evidence for methylation in wild-type JR2.

Protein Extraction and Western Blot

Total proteins were extracted from V. dahlige wild-type, DDimZ2, DDim5, and Ahpl grown
for 10-days in potato dextrose broth at 22°C. Mycelium was collected by straining over a
double layer of miracloth, frozen in liquid nitrogen and ground with a mortar and pestle.
Approximately 0.5 gram of ground mycelium was resuspended in 12 mL lysis buffer (75
mM Tris-HCl pH 7.4, 0.5 mM EDTA, 0.3 M Sucrose, 40 mM NaHSO,, 10 mM MgS0O,, 0.5%
NP-, 2 mM Phenylmethanesulfonyl fluoride (PMSF), 100 uM Leupeptin, 1 ug/mL Pepstatin),
briefly vortexed and rotated at 4°C for 15 minutes. Samples were spun at 4°C at 10,500 g
for 20 minutes, and the pellet was resuspended in 2 ml CW buffer (10 mM Tris-HCl pH 8.0,
150 mM NaCl, 1:400 B-mercaptoethanol, 2 mM Phenylmethanesulfonyl fluoride (PMSF), 100
LM Leupeptin, 1 pug/mL Pepstatin). 0.5 mL of 0.4 M sulfuric acid was added, rotated at 4°C
for 2.5 hours and centrifuged at 4°C at 10,500 g for 15 minutes. Supernatant was added to
25 mL aceton on ice and proteins were precipitated at -20°C overnight. Precipitates were
collected by centrifugation 4°C at 7,500 g for 15 minutes and resuspended in 300 pL 4 M
urea. To assess H3K9 methylation status, approximately 15uL of total protein was added to
2x Laemmli loading buffer (4% SDS, 20% glycerol, 0.004% bromophenol blue, 125 mM Tris
HCL pH 6.8), boiled at 95°C for 1 minute, and separated using PAGE (15% polyacrylamide gel).
Proteins were transferred to PVDF membranes, blocked in 5% BSA, washed twice in TBST,
and incubated with 1:3500 anti-H3K9me3 antibody (#39161, Active Matif, Carlsbad, CA, USA).
Blot was subsequently stripped, washed in TBST and incubated with 1:4000 anti-H3 antibody
(ab1791, Abcam, Cambridge, United Kingdom).

Dnmt5 analysis and expression of DNA methyltransferase genes

The Dnmt5 amino-acid sequences of V. dahlige strain JR2 (VDAG_JR2_Chr1g14260) and
C. neoformans var grubii strain H99 (CNAG_07552) were retrieved from EnsemblFungi,
aligned using Uniprot.org/align and their domain structure was predicted using Interproscan.
To assess expression of Dim2, Dnmtb, Rid, Hpl and Dim5 in V. dahliae cultured in different
growth media, wild-type V. dahliae was cultured in Czapec-Dox medium (CZA), half-strength
Murashige-Skoog medium with vitamins and supplemented with 3% sucrose (MS), and potato
dextrose broth (PDB) at 22°C at 160 RPM in the dark for six days and mycelium was collected
for three replicates per growth medium and ground as described above. To obtain RNA-seq
data from V. dahliage grown in planta, three-week-old A. thaliana (Col-0) plants were root
dip inoculated in a conidiospore suspension of 10® spores per mL for 10 minutes. After root
inoculation, plants were grown in individual pots in a greenhouse for 21 days, under a cycle of
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16 h of light and 8 h of darkness, with temperatures maintained between 20 and 22°C during
the day and a minimum of 15°C overnight. Three pooled samples (10 plants per sample) of
complete flowering stems were used for total RNA extraction, respectively. Total RNA from in
vitro cultured mycelium and was isolated using Trizol (Thermo Fisher Science, Waltham, MA,
USA) following the manufacturer’s guidelines. Following RNA re-suspension, contaminating
DNA was removed using the TURBO DNA-free kit (Ambion, Thermo Fisher Science, Waltham,
MA, USA) and RNA integrity was determined by separating 2 uL of each sample on a 2%
agarose gel and quantified using a Nanodrop (Thermo Fisher Science, Waltham, MA, USA) and
stored at -80°C until further use. Library preparation was carried out at BGI (BGI, Hong Kong,
China) and 50 bp fragments were sequenced using the BGISEQ-500 platform. Sequenced
reads were mapped to V. dahliae strain JR2 gene annotation using Kallisto quant (settings:
--single -1 50 -s 0.001 --pseudobam) to obtain normalized TPM values ™.

Transcriptional analysis of mutants in DNA methylation-associated genes

The V. dahliae wild-type strain JR2 22, ADim2, ADnmt5, ADim2-ADnmt5, ARid, AHpT and ADim5
were cultured in PDB at 22°C at 160 RPM in the dark for six days. Mycelium collection, RNA-
isolation and sequencing are performed for three replicates per growth condition as described
above.

Differential gene and TE expression between mutants and wild-type was determined
by mapping sequencing reads to the V. dahliae strain JR2 gene and TE annotation using
TEtranscripts, which uses an iterative multimapping approach 122191229 Genes and TEs were
considered differentially expressed when they displayed log2FoldChange of < -1 and a pvalue
of < 0.05. Additionally, as transcript mapping to TEs using a multimapping approach may
falsely identify transcription of highly similar sequences, we also used a mapping approach
using unique reads only on TEs. The unique mapping approach resulted in slightly fewer
differentially expressed TEs than the iterative multimapping approach (Table S5).

Gene ontology (GO) terms were annotated to the V. dahliae JR2 proteome using Blast2GO
(v1.4.4) 2°°. GO enrichment analysis was performed using Ontologizer (v2.1), using Parent-
Child-Union calculation and Benjamini-Hochberg multiple testing correction with 1000
resampling steps . Fold change enrichment was calculated by dividing the fraction of genes
annotated to each GO term in the study set by the fraction of genes annotated to each GO term
in the population.

Clustering of induced genes and TEs was determined using CROC (settings, for genes:
-w 50000 -0 10000 -m 5, for TEs: -w 100000 -0 20000 -m 5) 2%2. To analyze whether
induced genes or TEs display more clustering than in random gene or TE sets, 1,000 random
selections of 1,280 genes and of 191 TEs were generated. These random gene and TE sets
were similarly analyzed using CROC. Overlap with H3K9me3 domains and adaptive genomic
regions ' was assessed using bedtools closest (settings -d) 7.
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Availability of data and materials

BSseq data of wildtype and mutants were submitted to the SRA database under the
accession numbers: PRINA592220 and PRUNA659638. RNAseq data of in vitro cultivation
were submitted to the SRA database under the accession numbers: PRINAS92220 and
PRINA659638. RNAseq data of Arabidopsis infection were submitted to the SRA database
under the accession number: SRP149060. H3K9me3 ChIPseq data is submitted to the SRA
database under the accession number: PRINA592220.
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FIGURE S1 | Phylogenetic tree of DNA methyltransferases. Gene codes containing “m.a.” were manually added,

as they were missed in the predicted proteomes.
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FIGURE S2 | Verticillium dahliae ADim5 loses H3K9me3. Western blot on nuclear protein extracts of V. dahliae
wild-type and mutants show loss of H3K9me3 in the ADim5 deletion mutant.
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FIGURE S3 | Growth assay of complementation strains. Radial growth of wild-type, mutants and
complementation strains over 12 days. Vertical lines represent the standard error of 8 measured colonies. Pictures
showing representative colony morphology after 12 days of growth are shown on the right. Statistically significant
differences from wild-type at 12 dpi (Wilcoxon Signed Rank, p < 0.01) are indicated with asterisks.
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FIGURE S4 | Stress assay pictures at 10dpi. Colony photographs as taken by the ChemiDoc MP imaging system
underlying data of Fig. 2D.
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FIGURE S5 | DNA methylation in CG context. Whole-chromosome plot displaying the fraction of methylated
cytosines for non-overlapping 10 kb windows in CG context for WT, and DNA methyltransferase and Hp7 deletion
mutants with chromosome 5 as an example. Grey boxes, displayed below the DNA methylation tracks, indicate the
hypomethylated windows in CG context from Table 1. Previously defined LS regions ™' are highlighted in yellow.
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FIGURE S6 | DNA methylation in CHG context. Whole-chromosome plot displaying the fraction of methylated
cytosines for non-overlapping 10 kb windows in CHG context for WT, and DNA methyltransferase and Hp! deletion
mutants with chromosome 5 as an example. Grey boxes, displayed below the DNA methylation tracks, indicate the
hypomethylated windows in CHG context from Table 1. Previously defined LS regions ™' are highlighted in yellow.
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FIGURE S7 | DNA methylation in CHH context. Whole-chromosome plot displaying the fraction of methylated
cytosines for non-overlapping 10 kb windows in CHH context for WT, and DNA methyltransferase and Hp7 deletion
mutants with chromosome 5 as an example. Colored boxes, displayed below the DNA methylation tracks, indicate
the hypomethylated windows in CHH context from Table 1. Previously defined LS regions ' are highlighted in yellow.
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FIGURE S8 | DNA methylation over the genome. Whole-chromosome plot displaying the fraction of methylated
cytosines for non-overlapping 10 kb windows for wild-type over the whole genome. Colored boxes displayed below
the DNA methylation track indicate the hypomethylated windows from Table 1. Brown ADim2, green ADnmtb, teal
ADim2-ADnmt5, blue ARid, purple AHp1. Previously defined LS regions ™' are highlighted in yellow.
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FIGURE S9 | Occurrence of CG, CHG and CHH sites in methylated and non-methylated transposable elements.
The observed sites per TE were compared to the number of expected sites based on sequence composition per TE.
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FIGURE S10 | Comparison of protein domain structure of C. neoformans and V. dahliae Dnmt5.
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FIGURE S11 | Distribution of H3K9me3 domain lengths.
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FIGURE S12 | Genes induced in Hp? and Dim5 mutants cluster more often than expected based on chance.
The 526 out of 1207 induced genes (blue vertical line) that cluster in the genome are more than would be expected
based on 1000 random sets of 1207 genes.

115



CHAPTER 4

of 166 TEs

density distribution
of 1000 random sets

0 10 20 30 40

clustered TEs
FIGURE S13 | Transposons induced in Hp? and Dim5 mutants cluster more often than expected based on
chance. The 37 out of 166 induced TEs (blue vertical line) that cluster in the genome are more than would be
expected based on 1000 random sets of 166 TEs.
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FIGURE S14 | Clusters of genes and transposons over all chromosomes. Whole-chromosome plots displaying
the location of induced genes (in blue) and transposons (in red). Clusters of induced genes and transposons are
indicated as blue and red rectangles, respectively. H3K9me3-ChlP signal along the chromosomes is indicated in
green in the upper track. Previously defined LS regions "' are highlighted in yellow.
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TABLE S1 | Primers used to generate homologous recombination knockout and complementation vectors in V. dahliae.

Name Sequence (5'-3")

DIM2.ko-LB_F GGTCTTAAUACTACTCGGAGCTGACGGATT
DIM2 ko-LB_R GGCATTAAUTTGTGACTGTCAGATTGCGGATA
DIM2.ko-RB_F GGACTTAAUCGCGTTGCATAGCACTTTGATA
DIM2.ko-RB_R GGGTTTAAUGAAACCAGCAAGGCAAGAGAGA
DIM5.ko-LB_F GGTCTTAAUCCAAGCAGGAGTACGAGATGCT
DIM5.ko-LB_R GGCATTAAUGATCTGCCTCTCATCCCAAGTG
DIM5.ko-RB_F GGACTTAAUATCAGGTTCATGGGACTTGTGG
DIMS5.ko-RB_R GGGTTTAAUGCGAGGTCGAGCAGAAGACTAT
Rid.KO-LB.F GGTCTTAAUAGATCTGTTCTGGTTCGCTTGG
Rid.KO-LB.R GGCATTAAUCAAGGCAAATAAAGCCCACAAAG
Rid.KO-RB.F GGACTTAAUTTGCAGAACGAAGAGAGGTTCG
Rid.KO-RB.R GGGTTTAAUATAACGCCTTCACCAGCGTCTT

Dnmt5.LB.KO_F
Dnmt5.LB.KO_R
Dnmt5.RB.KO_F
Dnmt5.RB.KO_R

GGTCTTAAUCGCTGCATCACGAACATCTACG

GGCATTAAUGCCGTGCAAACTGAATGCTCTAT
GGACTTAAUACGAGTGCCGTGAATCCTGATAC
GGGTTTAAUTCGTTGCCGTGACATCAAATACA

Italic sequence at 5" end of primer corresponds to the necessary sequence for USER cloning

Dim2_p005_f_4336bp
Dim2_p005_r_4336bp
Hp1_p005_f_1250bp
Hp1_pO05_r_1250bp
Dim5_p005_f_1168bp
Dim5_p005_r_1168bp

CGCGCCACTAGTCTCGAGTTAATATGCCGTACT TCATATATGGTC
TAGAGCGGCCGCCACCGCGGTTAATCTAGGGCAGACATGTCCTTT
CGCGCCACTAGTCTCGAGTTAATATGCCGCCAGGTAGGCCT
TAGAGCGGCCGCCACCGCGGTTAATTTATTTGAGCTCGGCATCCGT
CGCGCCACTAGTCTCGAGTTAATATGGAGGGTATCACGAGAC
TAGAGCGGCCGCCACCGCGGTTAATTCACCACAGGAAGCCACG

Italic sequence at 5" end of primer corresponds to overlap sequence with pFBT0OO5 vector

TABLE S2 | Primers used to confirm homologous recombination knockout and complementation vectors in V. dahliae.

Name

Sequence (5'-3")

Dim2_ORF.400.F
Dim2_ORF.400.R
Dim5_ORF.400.F
Dim5_ORF.400.R
Rid.ORF.380.F
Rid.ORF.380.R
Vd.Dnmt5.0RF_F
Vd.Dnmt5.0RF_R
Dim5_pres_434bp_f
Dim5_pres_434bp_r
Hp1_pres_484bp_f
Hp1_pres_484bp_r
Dim2_pres_440bp_f
Dim2_pres_440bp_r

CAGACTGCTGCATCCCGTTC
GTTGCCGACCGTCTTCCACT
CGATCACCATCATCAACGACAT
GTAGATTTTCTTCCGGCCCTGT
TCGCAGCTTGACTTGGAGTATC
CTCTGGCTGGGGGCTATGAAG
CCTTGGCGTTGGTCATTGTAAGA
GATATTTCGCACATCGGGGTTAC
GACACGGAGAAGCAGACTCC
GCGTGTGGTACCGGTAGATT
GGATTTGCTTCGGGTCTACA
AATGTGGCGCTCGTAGAACT
TCGTTGTCTACAGGCACTCG
CCACCTGTGAAAGTGGGACT

Gene specific knockout was confirmed by the attempted amplification of a PCR band using the gene specific
forward and reverse primer for an indicated gene. Positive PCR products were confirmed from a wild-type strain.
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TABLE S3 | Primers used to confirm gene deletion in V. dahliae.

Name

Sequence (5'-3")

Dim2ko_Confirm.F
Dim5ko_Confirm.F
Ridko_Confirm.F
Dnmt5ko_Confirm.F
Vector_Reverse

CCAAGATTGCCTTCTCGTCG

GCGTCGAGAAGACCAACTACAT
GGCGGTTATAGGTGAGAAACACG
CAGCTTCTTCAGCAACATGCAACTA
GGAGTCGCATAAGGGAGAGCG

Locus specific integration for a gene was confirmed by the amplification of a PCR band using the forward primer
for an indicated gene and the universal reverse primer for the inserted DNA

TABLE S4 | Primers used for qPCR fungal biomass quantification of V. dahliae infecting tomato.

Name Sequence (5'-3")
Vdahliae_ITS.F AAAGTTTTAATGGTTCGCTAAGA
Vdahliae_ITS.R CTTGGTCATTTAGAGGAAGTAA
Slyco_Gap.F GCTCCCACAACTTAACGGCA
Slyco_Gap.R TGCTGTCACCAACAAAGTCTGTG

TABLE S5 | Number of TEs induced and repressed for each mutant compared to wild-type using different

mapping parameters.

Iterative multimapping Unig-mapping
ADim2 induced TEs 2 1
repressed TEs 2 0
ADnmt5 induced TEs 3 2
repressed TEs 1 0
ADIim2ADnmt5 induced TEs 3 1
repressed TEs 1 0
ARid induced TEs 1 1
repressed TEs 0 0
AHp1 induced TEs 261 227
repressed TEs 23 17
ADIm5 induced TEs 241 220
repressed TEs 47 27
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CHAPTER 5

Abstract

Centromeres are chromosomal regions that are crucial for chromosome segregation during
mitosis and meiosis, and failed centromere formation can contribute to chromosomal
anomalies. Despite this conserved function, centromeres differ significantly between and even
within species. Thus far, systematic studies into the organization and evolution of fungal
centromeres remain scarce. In this study, we identified the centromeres in each of the ten
species of the fungal genus Verticillium and characterized their organization and evolution.
Chromatin immunoprecipitation of the centromere-specific histone CenH3 (ChIP-seq) and
chromatin conformation capture (Hi-C) followed by high-throughput sequencing identified
eight conserved, large (~150 kb), AT-, and repeat-rich regional centromeres that are embedded
in heterochromatin in the plant pathogen V. dahliae. Using Hi-C, we similarly identified repeat-
rich centromeres in the other Verticillium species. Strikingly, a single degenerated LTR
retrotransposon is strongly associated with centromeric regions in some but not all Verticillium
species. Extensive chromosomal rearrangements occurred during Verticillium evolution, of
which some could be linked to centromeres, suggesting that centromeres contributed to
chromosomal evolution. The size and organization of centromeres differ considerably between
species, and centromere size was found to correlate with the genome-wide repeat content.
Overall, our study highlights the contribution of repetitive elements to the diversity and rapid
evolution of centromeres within the fungal genus Verticillium.

Importance

The genus Verticillium contains ten species of plant-associated fungi, some of which are
notorious pathogens. Verticillium species evolved by frequent chromosomal rearrangements
that contribute to genome plasticity. Centromeres are instrumental for separation of
chromosomes during mitosis and meiosis, and failed centromere functionality can lead to
chromosomal anomalies. Here, we used a combination of experimental techniques to identify
and characterize centromeres in each of the Verticillium species. Intriguingly, we could strongly
associate a single repetitive element to the centromeres of some of the Verticillium species.
The presence of this element in the centromeres coincides with increased centromere sizes
and genome-wide repeat expansions. Collectively, our findings signify a role of repetitive
elements in the function, organization and rapid evolution of centromeres in a set of closely
related fungal species.
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Introduction

Centromeres are crucial for reliable chromosome segregation during mitosis and meiosis.
During this process, centromeres direct the assembly of the kinetochore, a multi-protein
complex that facilitates attachment of spindle microtubules to chromatids 2%3-2%. Failure in
formation or maintenance of centromeres can lead to aneuploidy, i.e. changes in the number
of chromosomes within a nucleus, and to chromosomal rearrangements 235237, While these
processes have been often associated with disease development 2%, they can also provide
genetic diversity that is beneficial for adaptation to novel or changing environments "7, For
example, aneuploidy in the budding yeast Saccharomyces cerevisiae can lead to increased
fitness under selective conditions, such as the presence of antifungal drugs 2%24. Thus,
centromeric instability can contribute to adaptive genome evolution 241242,

Despite their conserved function, centromeres are among the most rapidly evolving genomic
regions 24324 that are typically defined by their unusual (AT-rich) sequence composition, low
gene and high repeat density, and heterochromatic nature 243245, Nevertheless, centromeres
differ significantly in size, composition, and organization between species 24324, Centromeres in
S. cerevisiae are only ~125 nucleotides long and are bound by a single nucleosome containing the
centromere-specific histone 3 variant CenH3 (also called CENP-A or Cse4) 247-2%0_|n contrast
to these ‘point centromeres’, centromeres in many other fungi are more variable and larger, and
have thus been referred to as ‘regional centromeres’ 2%5. For instance, in the opportunistically
pathogenic yeast Candida albicans, the CenH3-bound 3-5 kb long centromeric DNA regions
differ significantly between chromosomes, and rapidly diverged from closely related Candida
species 2253 Centromeres in the basidiomycete yeasts Malassezia are similar in size (3-5
kb) but contain a short AT-rich consensus sequence in multiple Malassezia species 24", In
Malassezia, chromosomal rearrangements and karyotype changes are driven by centromeric
loss through chromosomal breakage or by inactivation through sequence diversification 24
Chromosomal rearrangements at centromeres have been similarly observed in the yeast
Candida parapsilosis, suggesting that centromeres can be fragile and contribute to karyotype
evolution 241242 CenH3-bound centromeric regions of the basidiomycete yeast Cryptococcus
neoformans are relatively large, ranging from 30 to 65 kb, and are rich in Long Terminal Repeat
(LTR)-type retrotransposons 2. Centromere sizes differ between Cryptococcus species as
those lacking RNAI and DNA methylation have shorter centromeres, associated with the loss
of full-length LTR retrotransposons at centromeric regions, suggesting that functional RNAI
together with DNA methylation is required for centromere stability 4.

In filamentous fungi, centromeres have been most extensively studied in the saprophyte
Neurospora crassa 2*. In this species, centromeric regions are considerably larger than in
yeasts (on average ~200 kb), and are characterized by AT-rich sequences that are degenerated
remnants of transposable elements and sequence repeats that lack an overall consensus
sequence 2452%42% The increased AT-content and the degenerated nature of transposable
elements in the genome of N. crassa are the result of a process called repeat-induced point
mutation (RIP) 2%2%_ RIP has been linked to the sexual cycle of ascomycetes and targets
repetitive sequences by inducing C to T mutations, preferably at CpA di-nucleotides %¢. The
AT-rich centromeric regions are bound by CenH3 and enriched in the heterochromatin-
specific histone modification histone 3 trimethylation of lysine 9 (H3K9me3) 2%5. Additionally,
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H3K9me3 and cytosine methylation occurs at the periphery of the centromeres 2%, Alterations
in H3K9me3 localization compromise centromeric localization, suggesting that the formation
and location of heterochromatin, rather than the DNA sequence itself, is essential for function
and localization of centromeres in N. crassa 24%°. However, heterochromatin is not a
hallmark for centromeres in all filamentous fungi. Centromeres in the fungal wheat pathogen
Zymoseptoria tritici are shorter (~10 kb) and AT-poor, and their presence does not correlate
with transposable elements nor with heterochromatin-specific histone modifications such
as H3K9me3 or histone 3 trimethylation of lysine 27 (H3K27me3) 2. Thus, even though
centromeric function is highly conserved, fungal centromeres differ considerably in size,
sequence composition, and organization.

Knowledge on centromeres has been impaired by their repetitive nature, which hampers their
assembly and subsequent analyses %245, However, recent advances in long-read sequencing
technologies enables to study the constitution and evolution of centromeres 241246.257-259 By
using long-read sequencing technologies in combination with optical mapping, we previously
generated gapless genome assemblies of two strains of the fungal plant pathogen Verticillium
dahliae 2. The genome of V. dahliage is characterized by lineage-specific (LS) regions 61636774
that are hypervariable between V. dahliae strains and that contain genes with crucial roles
in virulence and host adaptation %6367 | S regions evolved by extensive chromosomal
rearrangements, translocations, duplications, and deletions, that are mediated by erroneous
double-strand repair pathways, often involving repetitive elements 7. Repetitive elements within
the LS regions display a distinct chromatin state when compared with other repetitive regions
1. The Verticillium genus consists of ten species that are all soil-borne and presumed asexual
but have different life-styles . Nine of these species are haploid, while the species Verticillium
longisporum is an allodiploid hybrid between a strain that is closely related to V. dahliae and
an unknown Verticillium species 2°°2%'. During the evolution of the different Verticillium species
frequent chromosomal rearrangements occurred 5747, and regions with characteristics similar
to LS regions have been identified in other Verticillium species as well ¢3. Centromeres have
been thought to facilitate chromosomal rearrangements and contribute to karyotype evolution
2m242262 and thus deeper knowledge of centromeres might help to understand mechanisms
that drive chromosomal rearrangements in Verticillium genome evolution. Facilitated by the
availability of V. dahlige high-quality genome assemblies and of all other Verticillium species
6375122263 \we here sought to identify and study the constitution and evolution of centromeres in
the Verticillium genus and to elucidate their impact on chromosome evolution.

Results

CenH3-binding identifies large regional centromeres in Verticillium dahliae

Centromeres differ significantly between fungi, but most centromeres are functionally
defined by nucleosomes containing CenH3 23, To identify centromeres in V. dahliae strain
JR2 by chromatin immunoprecipitation followed by high-throughput sequencing (ChiP-seq),
we first identified the V. dahliae CenH3 ortholog (Fig. Sla) and generated transformants
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with N-terminally FLAG-tagged CenH3 (Table ST). To this end, the coding sequence for the
FLAG-tagged CenH3 was inserted in locus behind the native CenH3 promoter (Fig. S1b-c).
We subsequently used anti-FLAG antibodies to purify FLAG-tagged CenH3-containing
nucleosomes from two V. dahliae transformants (Table S1a) and sequenced the nucleosome-
associated genomic DNA. Mapping of the sequencing reads to the V. dahliae strain JR2
genome assembly identified a single CenH3-enriched region per chromosome (Fig. 1a; Fig.
S1d-e), while mapping of the sequencing reads derived from the WT strain did not reveal
any CenH3-enriched region (Fig. S1d-e). The CenH3-enriched regions, designated as Cenl-8,
range between ~94 and ~187 kb in size (Fig. 1a; Table 1). To corroborate these centromere
sizes, we assessed centromere locations based on a previously generated optical map 9122
revealing no significant size differences (Fig. S1e). Thus, we conclude that CenH3-binding
defines large regional centromeres in V. dahliage strain JR2.
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FIGURE 1 | CenH3-binding defines centromeres in Verticillium dahliae strain JR2. (a) Schematic overview
of the chromosomes of V. dahliae strain JR2 showing the normalized CenH3 ChIP-seq read coverage (RPGC
normalization in 1 kb bins with 3 kb smoothening), CenH3 enriched regions, GC-content, gene density (red line),
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and repeat density (blue line). (b) Magnification of a 400 kb region containing the centromere is shown for each
of the eight chromosomes of V. dahlige strain JR2 (Cenl-8) depicting the CenH3 ChlIP-seq read coverage (RPGC
normalization in 10 bp bins with a 30 bp smoothening) and enrichment, as well as the presence of genes (red)
and repetitive elements (blue). Regions carrying the centromere-specific long-terminal repeat element VALTREY
are highlighted in green.

Centromeres in Verticillium dahliae are repeat-rich and embedded in
heterochromatin

Centromeres are often characterized by increased AT-content, increased repeat density, and
depletion of protein coding genes 2432425 To characterize the centromeres in V. dahlige strain
JR2, we queried the eight chromosomes for the presence of large AT-rich, gene-sparse, and
repeat-rich regions. Seven of the eight chromosomes contain only a single large (593 kb;
average size ~150 kb) AT-rich region (~74-78% versus ~46% genome-wide), nearly completely
devoid of protein-coding genes and enriched for repetitive sequences, that overlaps with the
regions defined by CenH3-binding (Fig. 1a; Table 1). In contrast, chromosome 1 contains three
regions with these characteristics (Fig. 1a; Table 1). However, only one of these overlaps with
the centromeric regions defined by CenH3-binding (Fig. 1).

Elevated AT-levels in repeat-rich regions are caused by RIP mutations in some filamentous
fungi 2182452552% Dye to its presumably asexual nature ¢, the occurrence of RIP in V. dahliae
is controversial #2741%, although signatures of RIP have previously been reported in a subset
of repeat-rich regions . We assessed the occurrence of RIP signatures in centromeres
using the composite RIP index (CRD %7, which considers C to T mutations in the CpA context.
Intriguingly, genomic regions located at centromeres display significantly higher CRI values
than other genomic regions (e.g. genes or repetitive elements) (Fig. 2a; Fig. S2, S3a), and
thus RIP signatures at repetitive elements located at centromeres likely contribute to the high
AT-levels.

In most filamentous fungi and oomycetes, AT- and repeat-rich centromeres are embedded
in heterochromatin that is characterized by methylated DNA and by particular histone
modifications (H3K9me3 and H3K27me3) 97243245246.255258 \Ne recently determined chromatin
states in the genome of V. dahliae strain JR2 and revealed that repetitive sequences outside of
the LS regions display characteristics of heterochromatin ''. To define centromeric chromatin
states, we used previously generated bisulfite sequencing data to monitor DNA methylation
(mC) and ChIP-seq data to determine the distribution of the heterochromatic marks H3K9me3
and H3K27me3 "'. To also determine the distribution of euchromatin, we performed ChIP-
seq with an antibody against the euchromatic mark di-methylation of lysine 4 of histone H3
(H3K4me2). We observed overall low genome-wide DNA methylation levels ™' (Fig. 2a; Fig.
S2), similar to the previously reported levels for Aspergillus flavus 2% and lower than for N.
crassa 2. Nevertheless, repetitive elements and centromeres show significantly higher DNA
methylation levels in all contexts when compared with genes (Fig. 2b). Methylation (in CG
context) at repetitive elements at centromeres is significantly higher than at repeats located
along the chromosomal arm, but not at sub-telomeric regions (Fig. 2¢), and more methylation
at centromeres correlates with increased CRI (Fig. 2a; Fig. S2, S3a). DNA methylation
co-localizes with H3K9me3 at repeat-rich regions ™ (Fig. 2a; Fig. S2). H3K9me3 occurs
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predominantly at repetitive elements localized at sub-telomeres and centromeres (Fig. 2d-e;
Fig. S2, S3b). In comparison, H3K4me?2 and H3K27me3 are largely absent from centromeres
(Fig. 2d-e; Fig. S3b). Collectively, these observations indicate that centromeres of V. dahliae
display typical characteristics of constitutive heterochromatin.
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FIGURE 2 | Centromeres in Verticillium dahliae strain JR2 are embedded in heterochromatin. (a) Schematic
overview of chromosome 3 of V. dahliae strain JR2, exemplifying the distribution of heterochromatin-associated
chromatin modifications (mC, H3K9me3, and H3K27me3) in relation to the centromeres. The different lanes
display the FLAG-CenH3 ChIP-seq read coverage (RPGC normalization in 1 kb bins with 3 kb smoothening), the
FLAG-CenH3 enriched regions, the repeat- and gene-density (light blue and red, respectively), the GC-content
(blue), the CRI (red) as well as the weighted cytosine methylation (all summarized in 5 kb windows with 500
bp slide), and the normalized H3K9me3 and H3K27me3 ChIP-seq read coverage (RPGC normalization in 1 kb
bins with 3 kb smoothening). The schematic overview of all chromosomes is shown in Fig. S2. (b) Box plots of
weighted DNA methylation levels per genomic context (CG, CHG, or CHH) are summarized over genes, repetitive
elements, or 5 kb genomic windows (500 bp slide) overlapping with the centromeric regions. (c) Weighted DNA
methylation levels per genomic context (CG, CHG, or CHH) are summarized over repetitive elements that have
been split based on their genomic location; sub-telomeres (within the first or last 10% of the chromosome),
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centromeres, or the remainder of the chromosome arm. (d) ChIP-seq read coverage (RPGC normalized; see (a))
for H3K4me2, H3K27m3, and H3K9me3 is summarized over genes, repetitive elements, or 5 kb windows (500
bp slide) overlapping with the centromeric regions. (e) ChIP-seq read coverage (RPGC normalized; see (a)) for
H3K4me2, H3K27m3, and H3K9me3 is summarized over repetitive elements that have been split based on their
genomic location; sub-telomeres (within the first or last 10% of the chromosome), centromeres, or the remainder
of the chromosomal arm. Statistical differences for the indicated comparisons were calculated using the one-
sided non-parametric Mann-Whitney test; p-values < 0.001: ***.

A single repeat associates with centromeres of Verticillium dahliae strain JR2

Centromere identity and function is typically defined by CenH3-binding and not by specific
DNA sequences, although various types of repetitive sequences, such as transposable
elements, are commonly observed in centromeres of plants, animals, and fungi 243245266267
Unsurprisingly, CenH3-bound centromeres are repeat-rich in V. dahliae (Fig. 1). A detailed
analysis of the eight centromeres revealed a near-complete (>96%) composition of repetitive
elements belonging to only ten different repeat sub-families (Fig. 1b, 3a; Table 1), of which
the majority shows similarity to LTR retrotransposons of the Gypsy- and Copia-like families
(Fig. 3a). These elements show signs of RIP, are highly methylated, and non-transcribed
(Fig. S3c-e), and thus likely inactive. Interestingly, a single LTR retrotransposon sub-family,
previously designated VALTRE9 ™22, covers on average ~70% of the DNA sequences at the
eight centromeres, ranging from 47% in Cen7to 83% in CenZ (Fig. 3a; Table 1). We scanned the
genome for the localization of the ten repeat sub-families (Fig. 3). Intriguingly, although it is one
of the most abundant repeats in the genome with 215 complete or partial matches, VALTREY is
associated to centromeres as 95% of the copies (204 out of 215; one-sided Fisher's exact test;
multiple-testing corrected p-value 3e-106) occur at the eight centromeres (Fig. 3b-c). The
remaining eleven VALTRE9 copies (5%) occur outside of the CenH3-rich centromeres, yet five
out of eleven copies are localized within 50 kb of the centromeric regions (Fig. 3b-c). The nine
other repeat sub-families have additional matches that are located outside of the centromeres
(Fig. 1a; Fig. 3b-c), and only two of these repeats are significantly enriched and consistently
present in all eight centromeres; 63% and 45% of the matches of these two sub-families occur
at the centromeres (Fig. 3c). Repeats at centromeres are often fragmented and most copies,
with the exception of the Tc1/mariner-like elements, are similarly fragmented when located
outside of the centromeres (Fig. S3f), indicating extensive degeneration of repetitive elements
in V. dahliae. Collectively, these findings suggest that only the presence of VALTREY is strongly
associated with centromeres in V. dahliae strain JR2.

VALTREY displays similarity to LTR retrotransposons. The consensus sequence of VALTREY
is ~7.3 kb long (the two LTR sequences are each ~200 bp long), and the individual matches
share a high degree of sequence identity (~86%). Sequence similarity based TE-classifications
using PASTEC ™ indicates that the consensus sequence displays remote similarity to Gypsy-
like retrotransposons. Only ~25% of the VALTREY matches in the genome cover the entire
(>97.5%) consensus sequence, but many of these are still fragmented as they occur as
discontinuous copies. Furthermore, the VALTREY consensus sequence is AT-rich (~75% AT),
which may be caused by RIP (Fig. S3d), indicating that VALTREY, similar to other repeats in V.
dahliae, has significantly degenerated.
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FIGURE 3 | A single repeat family associates with centromeres in Verticillium dahliae strain JR2. (a) The
presence of different repeat sub-families is shown across the eight centromeres (Cenl-8), and the number of
occurrences for each sub-family within the centromeres is indicated. The individual centromeres in the diagram
are shown in equal scale. (b) Genome-wide distribution of the ten repeat sub-families occurring within the eight
centromeres (Cenl-8; dark blue); the location of VALTREY is shown in green and the location of elements belonging
to the other nine sub-repeat families (from panel (a)) is shown in light blue. (c) The distribution of different repeat
sub-families in centromeres (Cen; dark blue) and across the genome (non-Cen; light grey). The enrichment of
specific sub-families at centromeres was assessed using a one-sided Fisher's exact test. Significant enrichment
(multiple-testing corrected p-value < 0.01) is denoted with an asterisk.

VALTRE9 as hallmark of Verticillium dahliae centromeres

To examine if VALTREY similarly occurs at centromeres in other V. dahliae strains, we made use
of the complete genome assembly of V. dahliae strain VdLs17 5974122, The evolution of V. dahliae
is characterised by chromosomal rearrangements ™ (Fig. 4a; Fig. S4a-c). Nevertheless,
synteny analyses between V. dahliae strains JR2 and VdLs17 revealed large regions of co-
linearity between chromosomes and identified significant sequence and synteny conservation
between the centromeres and their flanking regions (Fig. 4b-c; Fig. S4a), suggesting that
centromeric sequences and their locations are conserved. We queried the genome of V. dahliae
strain VdLs17 for the presence of VALTREY and identified a single region on each chromosome,
collectively containing 186 of the 207 (90%) complete or partial matches of VALTREY in the
genome (Fig. 4d) (one-sided Fisher’s exact test; multiple-testing corrected p-value 3e-146).
These VALTREY-rich regions are ~150 kb in size, AT-rich, gene-poor and repeat-rich, and
share similarity to the previously identified CenH3-bound and VdLTRE9-enriched regions of V.
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dahliae strain JR2 (Fig. 4b-c; Fig. S4d), suggesting that these regions similarly represent the
centromeres of V. dahliae strain VdLs17.

Centromeres of N. crassa and some other fungi co-localize within the nucleus 05245268
2N This co-localization can be experimentally determined using chromosome conformation
capture (Hi-C), which can identify centromeres by their increased inter-chromosomal contacts
21 To confirm that Hi-C can be used to identify centromeres in V. dahliae, we first applied Hi-C
to V. dahliae strain JR2. As anticipated, we observed seven strong inter-chromosomal contacts
for each of the eight chromosomes (Fig. 4e). Importantly, the interacting regions overlap
with the CenH3-bound regions that we identified as centromeres (Table S1b), demonstrating
that centromeres in V. dahliae strain JR2 co-localize within the nucleus and supporting that
Hi-C reliably identifies centromeres '°2% We then applied Hi-C to V. dahliae strain VdLs17,
and similarly identified regions with strong inter-chromosomal contacts, one for each of the
chromosomes (Fig. 4f). These regions overlap with the VALTRE9-enriched regions (Table S1b),
suggesting that these represent functional centromeres in V. dahliae strain VdLs17.

The two V. dahliae strains JR2 and VdLs17 are closely related and differ only by ~0.05%
sequence diversity 57 Thus, the conservation of VALTREY at centromeres could be driven
by limited divergence between the two V. dahliae strains rather than representing a hallmark
of V. dahliae centromeres. Therefore, we sought to determine centromeres in an additional V.
dahliae strain with increased sequence diversity when compared with V. dahliae strains JR2
or VdLs17, namely strain CQ2 that displays ~1.05 percent sequence diversity . We previously
obtained a long-read based genome assembly of this strain that encompasses 17 contigs ©.
We generated Hi-C data for V. dahliae strain CQ2 and utilized intra-chromosomal contacts
to assign the contigs into eight pseudo-chromosomes, leaving ~148 kb unplaced scaffolds
(Fig. 4g; Fig. S4e; Table S1c). We subsequently identified a single region with seven strong
inter-chromosomal contacts for each pseudo-chromosome that is significantly enriched for
VALTRE9 (one-sided Fisher’s exact test; multiple-testing corrected p-value 3.4e-166) (Fig.
4d,g; Fig. S4e; Table S1b). Synteny analyses between V. dahliae strains JR2 and CQ2 revealed
that the eight VALTRE9-rich regions and their flanking chromosomal regions are co-linear,
suggesting that centromere locations are conserved between different V. dahliae strains (Fig.
4; Fig. S4a-c, f). With an average size of 165 kb, the centromeres of V. dahliae strain CQ2 are
similar in size as the 144 kb and 157 kb average sizes in V. dahlige strains VdLs17 and JR2,
respectively (Table S1b). The sizes of the corresponding (i.e. homologous) centromeres vary
between the different V. dahliae strains. Yet, the consistent co-occurrence of the VALTRE9-rich
regions with the interaction data obtained by Hi-C throughout a selection of V. dahlige strains
demonstrates that VALTREY is a hallmark of V. dahliae centromeres.
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FIGURE 4 | Hi-C contact maps identify VALTRE9 as hallmark of centromeres in Verticillium dahliae. (a)
Synteny analyses of the eight chromosomes of V. dahliae strains JR2 and VdLs17. Schematic overview of the eight
chromosomes of V. dahliae strain JR2 (left) and the corresponding syntenic regions in V. dahliae strains VdLs17
(right). Approximate locations of centromeres are indicated by stars, and syntenic centromeres of V. dahliae strain
VdLs17 are colored according to Cenl-8 of V. dahliae strain JR2. (b) Sequence alignment of the centromeric regions
+ 20 kb in V. dahliae strain JR2 and the corresponding regions in V. dahliae strains VdLs17 shown as dot-plot. For
clarity, only alignments with >95% sequence identity are displayed. (c) Magnification of Cen3 of V. dahlige strain
JR2 and the syntenic Cen! of strain VdLs17. Synteny between regions is indicated by ribbons; entire centromeric
regions Cenl and Cen3 are syntenic and sequence similarity between individual VALTRE9 elements is visualized.
The Cen regions + 150 kb are shown as well as genes (red) and repeats (blue) are annotated within this region.
(d) Distribution of different repeat families in centromeres (Cen; dark blue) and across the genome (non-Cen;
light grey) for V. dahliae strains VdLs17 and CQ2. The enrichment of specific sub-families at centromeres was
assessed using a one-sided Fisher'’s exact test. Significant enrichment (multiple-testing corrected p-value < 0.01)
is denoted with an asterisk. (e-g) Hi-C contact matrix showing interaction frequencies between genomic regions
in Verticillium dahliae strains JR2 (e), VdLs17 (f), and CQ2 (g). Regions of high inter-chromosomal interaction
frequencies are indicative of centromeres and are highlighted by arrow heads. Interaction frequencies are
summarized in 50 kb bins along the genome.

The evolution of Verticillium centromeres

In addition to V. dahliae, we previously generated genome assemblies of the eight haploid
Verticillium species and the allodiploid V. longisporum ™%¢' (Fig. 5a) that ranged from 12 to 684
scaffolds (Table Slc). These ten Verticillium species have been traditionally separated over
two distinct clades; Flavnonexudans and Flavexudans (Fig. 5a) 2°. We generated Hi-C data
to study the composition and evolution of centromeres in the different Verticillium species. By
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using intra-chromosomal interaction signals, we assigned the vast majority of the previously
assembled contigs into eight pseudo-chromosomes for each of the haploid Verticillium species
and 16 pseudo-chromosomes for the diploid V. longisporum, leaving between 0.5 kb and 2,022
kb unassigned (Fig. S5; Table S1c). For most genome assemblies, the pseudo-chromosomes
contain one or both telomeric repeats (Table S1c), and thus we conclude that all Verticillium
strains have eight chromosomes, and that this number doubled in V. longisporum. Based on
the inter-chromosomal Hi-C interaction signals, we identified a single region with high inter-
chromosomal contacts for each of the pseudo-chromosomes (Fig. S5; Table S1d), indicating
that these are the centromeres in the different Verticillium species. The average centromere
size in Verticillium is ~80 kb, yet we observed significant differences between the species (Fig.
Sb; Fig. S6a-b). Centromeres within the Flavexudans clade are similarly sized and significantly
smaller than the genus-wide average. By contrast, V. dahliae and V. longisporum centromeres
are significantly larger.

We subsequently assessed whether VALTREY defines centromeres in the other Verticillium
species besides V. dahliae as well. Interestingly, VALTREY is abundant at centromeres in the
allodiploid V. longisporum and in V. alfalfae, but fewer (21) or no VALTRE9 copies were identified
at centromeres in V. nonalfalfae and V. nubilum, respectively (Fig. 5c, e; Fig. Séc-d). Similar
to V. dahliae, the vast majority of matches are fragmented, suggesting that VALTREY has been
significantly degenerated in these species as well. Only very few partial or no matches of
VALTREY consensus could be identified in the genomes of the Flavexudans species (Fig. 5c,
e; Fig. S6-7). Collectively, these findings suggest that VALTREY is specific to Flavnonexudans
species, yet we cannot exclude the alternative scenario in which VALTRE9 was present at the
last common ancestor of Verticillium and has been lost in all Flavexudans species. Regardless
of the origin, VALTRE9 has likely been recruited to the centromeres of Flavnonexudans species
only after the divergence of V. nubilum (Fig. 5a; Fig. S6-7).

Since VALTREY occurs only in few Verticillium species, we assessed to which extent other
repetitive elements contribute to centromere organization. We analyzed the repeats identified
by de novo repeat predictions for each of the Verticillium species. Centromeres in all species
are AT- and repeat-rich (Fig. 5d-e; Séa-b), and some repeats occur in high frequency or nearly
exclusively at centromeres in species that lack VALTREY. However, in contrast to VALTREY,
these repeats cover only a minority (typically less than 10%) of the centromeres. Sequence
similarity-based cluster analyses of the de novo repeat consensus sequences revealed that
divergent repeat families contribute to Verticillium centromere organization (Fig. S8). Thus,
in contrast to VALTREY in most Flavnonexudans species, we could not identify any additional
repeat family as a hallmark of centromeres in other Verticillium species.
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FIGURE 5 | Evolution of centromeres in the genus Verticillium. (a) Relationship of the ten members of the genus
Verticillium. The predicted repeat content for each of the genomes is indicated (see Table S3 for details). The red
star indicates the recruitment of VALTREY into centromeres. (b) Comparison of estimated centromere lengths (in
kb) in the different Verticillium spp. Each dot represents a single centromere and the line represents the median
size. (c) The number of (partial) VALTRE9 matches identified in centromeres (Cen; dark blue) and across the
genome (non-Cen; light grey). The asterisk indicates the high number of VALTRE9 elements in unassigned contigs
for Verticillium nonalfalfae strain T2 (see text for details). (d) Proportion of predicted repeat content localized at
centromeres (Cen; dark blue) and across the genome (non-Cen; light grey). (e) Schematic overview of the eight
centromeric regions (250 kb) in Verticillium dahliae strain JR2, and Verticillium alfalfae strain PD683 and Verticillium
tricorpus stain PD593 as representatives for clade Flavnonexudans and clade Flavexudans, respectively. The
centromeres are indicated by dark blue bars. The predicted genes (red) and repeats (light blue) are shown below
each centromere, and location of (partial) VALTREY matches (light green) are shown above each centromere.
Global statistical differences for the centromere sizes was calculated using one-way ANOVA, and differences
for each species compared to the overall mean were computed using unpaired T-tests; p-values < 0.0001: ****,
p-values < 0.001: ***, p-values < 0.01: **, p-values < 0.05: *.
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Centromeres contribute to Verticillium karyotype evolution

We previously used fragmented genome assemblies to identify chromosomal rearrangements
during Verticillium evolution 5747, We hypothesize that centromeres might have contributed
to these chromosomal rearrangements. To identify genome rearrangements and to trace
centromeres during Verticillium evolution, we used the pseudo-chromosomes of the haploid
Verticillium species to reconstruct ancestral chromosomal configurations using AnChro (Fig 6a)
272 We reconstructed all potential ancestors that predominantly had eight chromosomes and
~8,000 genes (Fig. S9a-b), yet the number of ancestral chromosomes and genes varied when
approaching the last common ancestor (Fig. S9a-b). By balancing the number of reconstructed
chromosomes and genes, we identified a single most parsimonious ancestral genome with
eight chromosomes and ~8,500 genes (Fig. 6a; Fig. S9¢), except for the last common ancestor
within the clade Flavexudans clade that had eight major chromosomes and two additional
‘chromosomes’ with only six and two genes (Fig. S9d). As these two smaller ‘chromosomes’
likely do not represent genuine chromosomes, we conclude that all of the ancestral genomes,
similar to the extant haploid Verticillium genomes, had eight chromosomes (Fig. 6a). Confirming
our previous report ”, we observed in total 198 chromosomal rearrangements (124 inversions
and 74 translocations) (Fig. 6a). The number of chromosomal rearrangements is lower than
previously recorded and we did not observe any chromosomal fusion or fission events, which
is likely the result of the drastically improved genome assemblies, but the rearrangement
signal on each branch is sufficient to nevertheless recapitulate the known Verticillium species
phylogeny (Fig. S9e). Importantly, we observed 17 genomic rearrangements that occurred
at, or in close proximity (within ~15 genes up or downstream) to, centromeres, both in extant
Verticillium species as well as in the ancestors (Fig. 6). For example, at the branch from
the last common ancestor (VA; Fig. 6a) to the ancestor of the clade Flavexudans (B1; Fig.
6a), two centromere-associated translocations (between the ancestral chromosome 2 and 6)
led to the formation of two rearranged chromosomes. In total, we observed that five out of
the eight ancestral centromeres were associated with a chromosomal rearrangement at one
point during evolution (Fig. 6a). Nevertheless, comparisons of protein-coding genes that flank
centromeres show that these are syntenic in most extant species. Similarly, none of the recent
chromosomal rearrangements observed between V. dahliae strains is clearly associated with
centromeres (Fig. 4a-b, 6a), even though CENZ of V. dahliae strain VdLs17 is located near (20-
25 genes up/downstream) a chromosomal rearrangement (Fig. 4a). Thus, while chromosomal
rearrangements involving centromeres occurred during evolution, they do not account for the
majority of the karyotype variation between extant Verticillium species.
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FIGURE 6 | Centromeres contribute to karyotype evolution in Verticillium. (a) Relationship of the ten members
of the genus Verticillium. The allodiploidization event forming V. longisporum is indicated by dashed lines 26027,
The chromosomal evolution within the haploid members of the genus was reconstructed using AnChro 272, The
chromosomal structure of the nine species is shown in relation to the last common ancestor of the genus. The
approximate locations of the centromeres are indicated by stars. The number of chromosomal rearrangements
(inversions and translocations) are displayed for each branch, and centromeres that co-localize in proximity
to chromosomal rearrangements are highlighted by two-colored stars. (b) The number of major chromosomal
rearrangements that occurred at, or in close proximity of, centromeres are shown along the branches depicting
the Verticillium species phylogeny shown in (a).
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Discussion

Centromeric regions are among the most rapidly evolving genomic regions 243-246257 yet
centromere evolution has only been systematically studied in few fungi 24242246257 Here,
we took advantage of the fungal genus Verticillium and used a combination of genetic and
genomic strategies to identify and characterize centromere organization and evolution.
Verticillium centromeres are characterized as large regional centromeres that are repeat-
rich and embedded in heterochromatin. We furthermore show that centromeres contribute to
the karyotype evolution of Verticillium. Finally, we demonstrate that VALTREY is a hallmark of
centromeres in some Verticillium species, while species that lack VALTREY display a divergent
repeat content.

Centromeres in fungi, plants, and animals co-localize within the nucleus 105245.268-2M1274 " 5
phenomenon that can be exploited for their identification 528, Here, we used Hi-C to first
establish chromosome-level genome assemblies and subsequently identify centromeres in
every Verticillium species, and we demonstrate that centromere locations are in agreement
with CenH3-binding. While we obtained chromosome-level genome assemblies for all
species, Hi-C scaffolded genome assemblies could still contain partially collapsed repeats and
assembly gaps, in particular for short-read assemblies 2°. With the exception of V. nonalfalfae,
we observed only few sequencing gaps and no evidence that would point to collapsed repeats
at centromeres, suggesting that the inferred centromeres are of high quality. Verticillium
centromere sizes differ , which is likely not driven by assembly artefacts, and centromeres in
most Verticillium species are larger than in Z tritici 2, C. neoformans, M. oryzae, or Fusarium
graminearum 243246257 yet smaller than in N. crassa 2. Species of the Flavexudans clade
typically encode fewer repeats than species of the clade Flavnonexudans clade 71222 and
V. nubilum, V. longisporum, and V. dahliae are particularly rich in repeats when compared with
other Verticillium species 7122261263276 Thys, increased centromere sizes positively correlate
with overall increased repeat contents.

Using fragmented genome assemblies, we previously identified chromosomal
rearrangements during Verticillium evolution, which contributed to the formation of
hypervariable LS regions containing genes with important roles in pathogens virulence 747,
Thus, we proposed that chromosomal rearrangements in Verticillium contributed to genetic
diversity and adaptation in the absence of sexual recombination 5%¢77>. Chromosome-level
genome assemblies for an entire genus enabled unprecedented analyses of the karyotype
evolution over longer evolutionary timescales. Here, we observed extensive chromosomal
rearrangements and provide evidence that some rearrangements at centromeres contributed
to karyotype evolution, most of which occurred early during the divergence of Verticillium.
Chromosomal rearrangements at centromeres occur in the fungal yeasts Candida, Cryptococcus,
and Malassezia 24242262, and synteny breakpoints have been identified between mammals
and chicken #7, suggesting that centromeres often contribute to karyotype evolution. The
emergence of chromosomal rearrangements at centromeres could be facilitated by their
repeat-rich nature 241242 For example, centromeres in Malassezia are enriched with an AT-
rich motif that could facilitate replication fork stalling, which leads to double strand DNA
breaks 2*'. Repeats localized outside of centromeres in V. dahliae contribute to chromosomal
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rearrangements ™, and thus it seems plausible that centromeric repeats similarly contribute
to chromosomal rearrangements. It is tempting to speculate that the additional larger AT- and
repeat-rich regions outside of the centromeres (e.g. on chromosome 1, 7, or 8 of V. dahliae
strain JR2) might have been involved in chromosomal rearrangements. However, based on our
ancestral chromosome reconstruction these regions, and even the entire chromosome (e.g.
chromosome 8), are conserved and do not co-localize with any of the predicted large-scale
translocations, even though smaller rearrangements might have occurred that have remained
undetected. Chromosomal rearrangements often do not only lead to changes in chromosome
organization but also in chromosome number 241242 While we observed chromosomal
rearrangements, all extant and ancestral genomes contained eight chromosomes, suggesting
that eight chromosomes are a stable configuration for all Verticillium species.

Centromere position and function are thought to be driven by the protein complement (e.g.
CenH3 localization) and by heterochromatin formation rather than by specific DNA sequences
243245218 \n V. dahliae, we observed the co-occurrence of CenH3 with H3K9me3 and DNA
methylation. This suggests that DNA methylation, as previously reported in N. crassa and
in C. neoformans 242%, is also a feature of centromeric DNA in V. dahliae. Co-localization of
CenH3 with H3K9me2/3 and DNA methylation has been reported for N. crassa 2*° and C.
neoformans 2. In contrast, H3K9me3 and H3K27me3 are absent from centromeres in Z tritici
21 H3K4me2 borders most centromeres in Z tritici '¥', and is associated with centromeres in
S. pombe and some animals and plants 278-28". H3K4me?2 has not been observed at centromeres
in most fungi, including V. dahliae, and in the oomycete plant pathogen Phytophthora sojae 2%®.
Changes in heterochromatin in N. crassa leads to altered CenH3 positioning 2%, suggesting that
heterochromatin is similarly required for centromere maintenance and function in V. dahliae.
Elevated AT-levels in repeat-rich heterochromatic regions can be caused by RIP mutations
218.245255.2%  R|P-like mutations have been previously reported in some repeats in V. dahliae
19191 and we observed strong RIP signals at centromeres. Due to its presumably asexual
nature ¢, the occurrence of RIP in V. dahliae is controversial 2743° Noteworthy, mutational
signatures resembling RIP have recently been observed in Z tritici propagated through mitotic
cell divisions, pointing to the existence of a mitotic version of a RIP-like process 2®. Thus, we
conclude that RIP was an active process in V. dahliae at some point in evolution, or that RIP-
like processes outside of the sexual cycle occur in V. dahliae. Furthermore, a mechanistic link
between AT-rich RIP'ed DNA, H3K9me3 deposition and DNA methylation has been established
in N. crassa '®, suggesting that these processes are also connected in V. dahliae.

Centromeres are often enriched for a variety of different retrotransposons and other
repetitive elements 245246255257.258.282-284 e similarly observed that centromeres in all
Verticillium species are repeat-rich. Repeats and their remnants identified at centromeres
typically also occur outside of centromeres, as observed in M. oryzae " and N. crassa > for
instance. Strikingly, we observed that a single degenerated LTR retrotransposon, VALTREY,
is strongly associated with centromeres in some Verticillium species, while it is absent from
LS regions in V. dahlige. The association of specific retrotransposons to centromeres has
also been observed in the yeasts Ogataea polymorpha %3, Debaryomyces hansenii %%, and
Scheffersomyces stipitis 24, where a retrotransposon related to Ty5 is enriched at centromeres.
Similarly, centromeres in Cryptococcus contain six retrotransposons (Tcni-6) that occur nearly
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exclusively at centromeres 24, Centromeres of P. sgjae contain multiple types of repeats, but
they are enriched for a single element called ColT (Copia-Like Transposon) 2%8. The strong
associations of specific repeats to centromeres could directly or indirectly link these elements
to centromere function. Functional centromeres as observed here are also heterochromatic
and contain CenH3. AT-rich repetitive elements can direct heterochromatin formation via DNA
methylation and H3K9me3 deposition in N. crassa °"*®', a phenomenon that can also occurs at
repeats outside of centromeres . Heterochromatin occurs at centromeres but also at repeat-
rich regions outside of centromeres in V. dahliae, thus the repeat-rich nature of centromeres
is likely not sufficient to direct CenH3 deposition. In S. pombe heterochromatin formation
is directed by short interfering RNAs (siRNA) derived from flanking repetitive elements
via RNAj 285286 and RNAi and heterochromatin mediate CenH3 localization at centromeres
267288 RNAI is also important for centromere maintenance and evolution in Cryptococcus, as
RNAI deficient species have smaller centromeres than RNAI proficient ones 24, Interestingly,
centromere-specific elements (Tcnl-6) in RNAi-proficient species are typically full-length
elements while only remnants can be found in RNAi-deficient species, which could be
caused by recombination between elements 2%, Furthermore, the genome size of RNAI-
deficient species is smaller than of RNAi-proficient ones, and centromere size reduction is
at least partially responsible for genome size differences 2. In Verticillium, centromere size
differences correlate with an increase in repeat content and the recruitment of VALTREY, which
is highly fragmented and likely non-active. Genome size differences exist in haploid Verticillium
(33 Mb - 36 Mb; Table STc), yet these do not seem to correlate with centromere sizes. Even
though key components of the RNAiI machinery exist in all Verticillium species 2®° (Table Sle),
we know only little about their biological functions. Similarly, to C. neoformans, we observed
no transcriptional activity of VALTRE9 or any other repeat at centromeres, but it is unclear
if this silencing is mediated by RNAI, is a consequence of their heterochromatic nature, is
due to their fragmentation, or a combination of these. Ultimately, unravelling how specific
elements contribute to centromere identify necessitates future experiments. VALTREY occurs
only in some Verticillium species and has likely been recruited to centromeres subsequent to
the divergence of V. nubilum. Conversely, these observations raise further questions on the
roles of repeats and mechanisms of centromeric identity in species without VAdLTREY. Repeats
drive the formation of chromosomal rearrangements, which are crucial for the formation and
maintenance of LS regions, and thus are important drivers of Verticillium genome evolution
and function ™. Here we highlight their contributions to centromere diversity within the
fungal genus Verticillium and demonstrate that also centromeres contributed to chromosomal
evolution. Our analyses provide the framework for future research into the diversity or
convergence of mechanisms establishing centromere identity and functioning, to elucidate
roles of centromeres in generating genomic diversity in fungi.
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Materials and methods

Construction of Verticillium dahliae transformants expressing FLAG-tagged
CenH3

CenH3 and H3 homologs were identified in the predicted proteomes of V. dahliae strain JR2 122
and selected other fungi through a BLAST sequence similarity search (blastp v2.9.0+; default
settings, e-value cutoff 1e-20) 2°°2%" ysing the N. crassa CenH3 (Q7RXR3) and H3 (PO7041)
sequences as queries. Missing homologs of CenH3 or H3 were identified using manual BLAST
(tblastn v2.9.0+; default settings) 2°°?°" and exonerate (v2.2.0; default settings) 2% searches
against the genome sequences. Protein sequences of selected CenH3 and H3 proteins were
aligned using mafft (v7.271; default settings, LINS) ™° and poorly aligned regions in the
alignment were removed using trimAl (v1.2; default settings) 2. A phylogenetic tree was
inferred with maximum-likelihood methods implemented in IQ-tree (v1.6.11) 2°* and robustness
was assessed by 1,000 rapid bootstrap replicates.

To construct the N-terminally FLAG-tagged CenH3 strain of V. dahliae, a recombinant DNA
fragment was constructed into the binary vector PRF-HU2 % or PRF-GU2 for homologous
recombination. The CenH3 locus, from V. dahliae strain JR2, was amplified as 3 fragments
with overlapping sequences (Table S1f). The 5 most fragment containing the promoter was
amplified using primers A + B, the ORF with primers C+D, the Hyg promoter and ORF with
primers E+F, and the 3" end of the CenH3 locus with primers G+H. The four fragments were
combined by overlap PCR using primers A + H and cloned into a PspOMI and Sphl linearized
vector using Gibson Assembly. The vector construction was confirmed by Sanger sequencing.
Vectors were transformed to Verticillium with Agrobacterium-mediated transformation 2.
Correct homologous recombination and replacement at the CenH3 locus was verified by PCR
amplification using primer |+J (Fig. S1b, Table S1f). Correct translation of the recombinant
protein was assessed using Western analyses with anti-FLAG antibody (Fig. Sl1c). Briefly,
proteins were extracted from 5-day old cultures grown in 100 ml Potato Dextrose Broth at
22°C with continuous shaking at 120 rpm. Mycelium was collected by straining over a double
layer of miracloth and subsequently snap-frozen in liquid nitrogen and ground with a mortar
and pestle using liquid nitrogen. Approximately 0.3 g of ground mycelium was resuspended
in 600 pL protein extraction buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM EDTA, 1%
glycerol, 0.02% NP-40, 2 mM Phenylmethanesulfonyl fluoride (PMSF), 100 uM Leupeptin, 1
pg/mL Pepstatin), briefly vortexed, incubated on ice for 15 min and centrifuged at 4°C at 8,000
g for 3 min. The supernatant was collected by transferring 20 pL to a new tube to serve as
the input control and the remaining ~500 pL was transferred to a fresh microcentrifuge tube
with 15 pL of Anti-FLAG M2 affinity gel (catalog number A2220, Sigma-Aldrich, St. Louis,
Missouri, United States) and incubated while rotating at 4°C for 1 h. Samples were centrifuged
at 5,000 g, 4°C for 3 min, after which the supernatant was discarded. Samples were washed
with 500 pL of lysis buffer, and the centrifugation and washing were repeated three times.
Protein was eluted from the resin by adding 15 pL of lysis buffer, 20 pL of 2x Laemmli loading
buffer (4% SDS, 20% glycerol, 0.004% bromophenol blue, 125 mM Tris HCL pH 6.8) and
boiled at 95°C for 3 min. Protein samples were separated on a 12% polyacrylamide gel, and
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subsequently transferred to PVDF membranes, blocked in 5% BSA, washed twice in TBST,
and incubated with 1:3500 anti-FLAG antibody (monoclonal anti-FLAG M2; Merck KGaA,
Darmstadt, Germany).

Chromatin immunoprecipitation followed by high-throughput sequencing
(ChlIP-seq)

For each V. dahlige genotype, one million spores were added to 100 ml Potato Dextrose Broth
and incubated for 7 days at 22°C with continuous shaking at 120 rpm. Mycelium was collected
by straining over a double layer of miracloth and subsequently snap-frozen in liquid nitrogen
and ground with a mortar and pestle using liquid nitrogen. All ground material (0.5-1 gram
per sample) 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 dounced 40 times in a 10 cm? glass tube
with tightly fitting pestle on 800 power with a RZR50 homogenizer (Heidolph, Schwabach,
Germany), followed by five rounds of 20 seconds sonication on ice with 40 seconds of resting
in between rounds with a Soniprep 150 (MSE, London, UK). Samples were redistributed to
2 mL tubes and pelleted for 2 min at maximum speed in a tabletop centrifuge. Supernatants
were pooled per sample in a 15 mL tube together with 25 pL a-FLAG M2 magnetic beads
(Sigma-Aldrich, St. Louis, Missouri, United States), incubated overnight at 4°C and continuous
rotation. Beads were captured on a magnetic stand and washed with wash buffer (50 mM Tris
HCl pH 8, 1 mM EDTA, 1% Triton X-100, 100 mM NaCl), 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 LiCD, and TE buffer (10 mM Tris HCl pH 8, TmM EDTA).
Chromatin was eluted twice from beads by addition of 100 pL pre-heated TES buffer (100
mM Tris HCl pH 8, 1% SDS, 10 mM EDTA, 50 mM NaCl) and 10 minutes incubation at 65°C. 10
mg/mL 2 uL Proteinase K was added and incubated at 65°C for 5 hours, followed chloroform
extraction. DNA was precipitated by addition of 2 volumes 100% ethanol, 1/10" volume 3 M
NaOAc pH 5.2 and 1/200" volume 20mg/mL glycogen, and overnight incubation at -20°C.

Sequencing libraries were prepared using the TruSeq ChIP Library Preparation Kit (lllumina)
according to the manufacturer’s instructions, but without gel purification and with use of the
Velocity DNA Polymerase (BioLine, Luckenwalde, Germany) for 12 cycles of amplification
for the FLAG-CenH3. H3K4me2 ChIP was performed as described previously ™, using an
a-H3K4me2 antibody (#39913, ActiveMotif; Carlsbad, California, United States). Single-end
(125 bp) sequencing was performed on the lllumina HiSeq2500 platform at KeyGene N.V.
(Wageningen, the Netherlands).

Chromatin confirmation capturing followed by high-throughput sequencing
(Hi-C)

We determined the inter- and intra-chromosomal contact frequencies using Hi-C in V. dahliae
strains CQ2, JR2, and VdLs17, as well as in V. albo-atrum strain PD747, V. alfalfae strain PD683,
V. isaacii strain PD618, V. klebahnii strain PD401, V. longisporum strain PD589, V. nonalfalfae

strain T2, V. nubilum strain 397, V. tricorpus strain PD593, and V. zaregamsianum strain PD739.
For each strain, one million spores were added to 400 mL Potato Dextrose Broth and incubated
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for 6 days at 22°C with continuous shaking at 120 rpm. Mycelium was collected by straining
over double layer miracloth and 300 mg (fresh weight) was used as input for generating
Hi-C sequencing libraries with the Proximo Hi-C kit (Microbe) (Phase Genomics, Seattle, WA,
USA), according to manufacturer’s instructions. Briefly, samples were firstly crosslinked for
15 minutes at room temperature. Crosslinked mycelium was treated with fungal cell lysis
solution (10 mM beta-mercaptoethanol, 15 mg/mL Glucanex®, dissolved in phosphate buffered
saline at pH 7.4) for 1 hour at 30°C, followed by snap freezing in liquid nitrogen and grinding
with a plastic pestle to obtain a powder. The resulting material was further lysed using the
lysis buffers provided with the Hi-C kit and chromatin was collected by centrifugation. Next,
chromatin was fragmented at 37°C for 1 hour and proximity ligation was performed at room
temperature for 4 hours. Reverse crosslinking was performed overnight at 65°C. The resulting
soluble DNA was purified and bound to streptavidin beads. Library preparation was then
performed, followed by on-bead library amplification by PCR (72°C for 5 min; 98°C for 30 s; 15
cycles of: 98°C for 10 s, 62°C for 20 s, 72°C for 50 s). Libraries were cleaned up and eluted
from the beads. Final yields were determined by quantification using a Qubit® 2.0 fluorometer
(Invitrogen). Hi-C sequencing libraries of V. dahliae strains CQ2, JR2. and VdLs17 were paired
end (2x125 bp) sequenced on the Illumina HiSeq2500 platform at KeyGene N.V. (Wageningen,
the Netherlands). Hi-C sequencing libraries of the other Verticillium species were paired-end
(2x150 bp) sequenced on the NextSeq500 platform at USEQ (Utrecht, the Netherlands).

In vitro transcriptome profiling using RNA-seq

RNA sequencing of V. albo-atrum strain PD747, V. isaacii strain PD618, V. klebahnii strain
PD401, V. longisporum strain PD589, V. nonalfalfae strain T2, V. nubilum strain 397, V. tricorpus
strain PD593, and V. zaregamsianum strain PD739 as described previously . Single-end (50
bp) sequencing was performed on the BGISeq500 platform at BGI (BGI Hong Kong).

Analyses of high-throughput sequencing data

High-throughput sequencing libraries (Table S1a) have been analyzed as follows: Illumina reads
were quality-filtered and trimmed using trimmomatic (version 0.36) ?%. Sequencing reads
were trimmed and filtered by removing Illumina TruSeq sequencing adapters (settings seed
mismatches 2, palindrome clip threshold 30, and simple clip threshold 10), removal of low-
quality leading or trailing bases below quality 5 and 10, respectively, and 4-base sliding window
trimming and cutting when average quality per base dropped below 15. Additionally, filtered
and trimmed reads < 90 nt were removed from further analyses. Filtered and trimmed reads
were mapped to the corresponding genome assembly with Bowtie2 (default settings) 2%, and
mapping files were converted to bam-format using samtools (v 1.8) °. Genomic coverage was
determined using deepTools (v3.4.1; bamCoverage) %7 by extending sequencing reads to 147 bp
followed by RPGC normalization with a bin-size of 1,000 bp and smoothening of 3,000 bp. To
assess between sample variability, we used deepTools (v3.4.1, plotPCA) ?°7 to generate principle
component analyses. Furthermore, we employed deepTools (v3.4.1, multiBigwigSummary) 2%
to summarize genomic coverages of over genes, repetitive elements, and genomic windows (5
kb windows with 500 bp slide). Genomic regions enriched for FLAG-CenH3 were identified
using MACS2 (v2.1.1) (broad peak option; broad cutoff 0.0025) 2%,
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To determine DNA (cytosine) methylation, we utilized sequencing data of bisulfite treated
genomic DNA previously generated for V. dahliae strain JR2 ™'. Sequencing reads were mapped
to the V. dahliae strain JR2 genome assembly as previously described '. Subsequently, the
number of reads supporting cytosine methylation in CG-context were extracted, and weighted
CG-methylation levels were calculated over genes, repetitive elements, and genomic windows
(5 kb window size with 500 bp slide) '%; weighted CG-methylation was defined as the sum
of reads supporting cytosine methylations divided by the sum of all reads occurring at all CG
sites in the respective regions. Sites with less than four reads were not considered.

To improve the genome assemblies of the Verticillium species, we mapped Hi-C sequencing
reads to genome assemblies of V. dahliae strain CQ2, V. albo-atrum strain PD747, V. alfalfae
strain PD683, V. isaacii strain PD618, V. klebahnii strain PD401, V. longisporum strain PD589,
V. nonalfalfae strain T2, V. nubilum strain 397, V. tricorpus strain PD393, and V. zaregamsianum
strain PD739 using Juicer (v1.6) with early stage setting 2%°. The contact matrices generated
by juicer were used by the 3D de novo assembly (3D-DNA) pipeline 3%° (v180922) with a contig
size threshold of 1000bp to eliminate mis-joints in the previous assemblies and to generate
improved assemblies. The genome assemblies were manually improved using Juicebox
Assembly Tools (JBAT) (v1.11.08) " and improved genome assemblies were generated using
the 3D-DNA post-review asm pipeline 3. Centromere locations were determined using a 1
kb-resolution contact matrix in JBAT, by identifying a region per chromosome that displays
strong inter-chromosomal interactions, yet weak intra-chromosomal interactions (see Fig.
S12, S13).

To assess potential repeat collapses during genome assemblies at centromeric regions,
we mapped previously generated short-read data V. dahliae strain JR2 and VdLs17, V. albo-
atrum strain PD747, V. alfalfae strain PD683, V. isaacii strain PD618, V. klebahnii strain PD401,
V. longisporum strain PD389, Verticillium nonalfalfae strain T2, V. tricorpus strain PD593, and V.
zaregamsianum strain PD739 6175261302 {5 the genome assemblies using BWA (v0.7.17; mem)
149 We first used bedtools (v2.29.2) ™7 to identify few genomic regions with > 500x coverage.
We then applied deepTools (v3.4.1, computeGCBias) ?°" to compute GC biases of read depth
across the genome, excluding the identified high coverage regions, and used deepTools (v3.4.],
correctGCBias) #7 to correct GC biases, which addresses known biases in sequencing library
preparation to ensure even read coverage throughout the genome irrespective of their base
composition 3. We used deepTools (v3.4.1, bamCoverage, bins 50 bp, CPM normalization) 2%
to obtain the read coverage throughout the genome, excluding regions containing sequence
assembly gaps (Ns). Assuming that collapsed repeats would lead to a local increase in read
depth, we used the ratio of the average read coverage at the centromeres and outside of the
centromere at each chromosome to correct the inferred centromere sizes. To further validate
the genome assembly of regions identified as centromeres of V. dahliae strain JR2, the genome
assembly was compared to the previously generated optical map '?2 using MapSolver (v 3.2;
OpGen, Gaithersburg, MD).

The transcriptional activity for genes and repetitive elements in V. dahliae strain JR2 was
assessed in vitro (in Potato Dextrose Broth) using previously generated deep transcriptome
datasets . To this end, single-end sequencing reads of three biological replicates were
mapped to the V. dahliae strain JR2 genome assembly '?? using STAR (v2.4.2a; max. intron
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size 1 kb and outFilterMismatchNmax to 5) 3%, The resulting mapped reads were summarized
per genomic feature (gene or repeat) using summarizeOverlaps 5, converted to counts per
million (cpm) mapped reads, and averaged over the three biological replicates.

Sequence analyses of Verticillium genome assemblies, centromeres, repeat
and gene content

Repetitive elements in the genomes of V. dahlige strains JR2, VdLs17 and CQ2 %22 were
identified as previously described ™. Briefly, repetitive elements were identified in each
genome independently using a combination of LTRharvest *® and LTRdigest ™' followed by
identification of RepeatModeler. Identified repeats in the different V. dahliae strains were
clustered into a non-redundant library that contained consensus sequences for each repeat
family. The repeat library was, if possible, manually curated and annotated using PASTEC
T or by sequence similarity to previously identified and characterized repeat families 221,
Genome-wide occurrences of repeat families were determined using RepeatMasker (v 4.0.9;
sensitive option and cutoff 250), and the output was postprocessed using ‘One code to find
then all’ °. We only considered matches to the repeat consensus library, and thereby excluded
simple repeats and low-complexity regions.

De novo gene and repeat annotation for the Hi-C-improved Verticillium genome assemblies,
and for V. dahlige strains JR2 and VdLs17 as a comparison was performed using the funannotate
pipeline 3%, Briefly, repetitive elements were first de novo identified using RepeatModeler and
masked for gene prediction using RepeatMasker. Subsequently, gene prediction parameters
were estimated using in vitro RNA-seq data (see above for details; exception: V. alfalfae for
which no RNA-seq data was available, V. nonalfalfae for which publicly available RNA-seq
data was used 3%, and V. dahliae strain JR2 for which in addition to the in vitro RNA-seq data
generated in this study, also previously generated in vitro (xylem sap and half-MS; ") as well
as long-read nanopore cDNA data 3% was used). Based on the gene prediction parameters,
gene prediction was performed with funannotate using a combination of ab initio gene
predictors, consensus predictions were obtained using Evidencemodeler (v1.1.1) 3%, and gene
predictions were adjusted using information from the RNA-seq data. Repeat annotation for
each genome assembly was based on the de novo repeat family consensus sequences obtained
with funannotate. Genome-wide occurrences of these repeat families as well as previously
defined repeat families for V. dahliae (see above) were determined using RepeatMasker (v
4.0.9; sensitive option and cutoff 250), and the output was postprocessed using ‘One code
to find then all' °. De novo repeat families overlapping with centromeres in the different
species were clustered using BLASTClust (v2.2.26; parameter -S 60 -L 0.55-b F -p F'), and
subsequently visualized using Cytoscape (v.3.8.0) 3. Next to RepeatMasker, genome-wide
occurrences of the previously determined VALTRE9 '22%' were identified by BLAST searches
(blastn v2.9.0+; e-value cutoff 1e-5, no soft-masking and dust, fixed database size 10e6) 27027,
and similarity between VALTRE9 consensus sequences and the de novo predicted repeat
families was established using BLAST (blastn, e-value cutoff 1e-5, query coverage > 50%, no
soft-masking and dust, fixed database size 10e6).

Repeat and gene density (V. dahlige strain JR2 and VdLs17 based on previous gene
annotation %), GC-content, and composite RIP index were calculated along the genome
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sequence using sliding windows (5 kb window with 500 bp slide). The composite RIP index
(CRD was calculated according to Lewis et al. . CRI was determined by subtracting the
RIP substrate from the RIP product index, which are defined by dinucleotide frequencies
as follows: RIP product index = TpA / ApT and the RIP substrate index = (CpA + TpG)/
(ApC + GpT). Overlaps between different genomic features (for example repetitive elements
over centromeric regions) was assessed using bedtools (v2.29.2) . Genome-wide data was
visualized using R ™7 with the packages ggplot2 3, karyoplotR 22 or Gviz ', as well as
EasyFig "

Whole-genome alignments between V. dahlige strains JR2, VdLs17, and CQ2 were
performed using NUCmer, which is part of the MUMmer package (v 3.1; --maxmatch) 3.
To remove short matches, we only considered alignments longer than 10 kb. Ancestral
genome configurations were reconstructed using AnChro 272, We first determined the synteny
relationships between all possible pairs of haploid Verticillium genomes and two outgroup
genomes (Plectosphaerella cucumerina and Sodiomyces alkalinus) using SynChro with synteny
block stringency (delta parameter) ranging from 2-5 33 We then obtained all ancestors
by calculating all possible pairs of genomes (G1 and G2) and outgroups (G3,..,G) and by
varying the delta’ (G1 and G2 comparisons) and delta” (G1/G3..G1/G_ and G2/G3..G2/G,
comparisons) parameters for AnChro. We additionally reconstructed all ancestors starting
from the extant genomes in a sequential approach with multiple successive cycles of SynChro
and AnChro (delta parameters varied between 2-5). For each ancestor, we chose the optimal
reconstructed by the delta parameter combination (delta’ and delta”) that minimizes the
number of reconstructed chromosomes and rearrangements and at the same time maximizes
the number of genes, both guided by the most commonly observed number of chromosomes
and genes in all rearrangements. We obtained the number of large-scale rearrangements
between reconstructed ancestral genomes and the extant Verticillium genomes using ReChro
with a delta parameter of 1 22. The relationship between chromosomes of the reconstructed
ancestors and the extant species in relationship to the common ancestor is generated with
SynChro with a delta parameter of 13", A species phylogeny that uses synteny relationships
computed by SynChro (see above) as informative character between the Verticillium genomes
and the outgroup genomes was reconstructed using PhyChro 3%,
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FIGURE S1 | (a) Phylogenetic analyses of the canonical H3 and the centromeric-specific CenH3 in Verticillium
dahliae (strain JR2) and other fungal genomes. (b-c) Transformation of the coding sequence of N-terminally
FLAG-tagged CenH3 directed by its native promoter at the CenH3 locus in Verticillium dahliae strain JR2. (b)
Correct homologous recombination and replacement at the CenH3 locus was verified by PCR amplification
was assessed using PCR and (c) Correct translation of the recombinant protein was assessed using Western
Blot analyses with anti-FLAG antibody. (d) Sequencing read coverage (RPGC normalization in 1 kb bins with
3 kb smoothening) from ChIP-seq experiments using FLAG-tag antibodies on two independent transformants
of Verticillium dahlige strain JR2 that express FLAG-tagged CenH3 and the wild-type strain are mapped to the
eight chromosomes of V. dahliae strain JR2 '?2. Gene (red) and repeat (blue) density are shown below each
chromosome. (e) Principal component analysis of the four FLAG-tag ChIP-seq samples (two wild-type and two
FLAG-CenH3). (f) Comparison of the centromeric regions with the identified centromeres highlighted as blue
block in the genome assembly of Verticillium dahliae strain JR2 with a previously generated optical map . Vertical
lines display corresponding (in silico) restriction sites and their alignment.
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FIGURE S2 | Schematic overview of the eight chromosomes of Verticillium dahlige strain JR2 displaying
different heterochromatin-associated chromatin modifications (mC, H3K9me3, and H3K27me3) in relation to the
centromeres. The different lanes display the FLAG-CenH3 ChIP-seq read coverage (RPGC normalization in 1
kb bins with 3 kb smoothening), the repeat-density, the GC-content, the CRI as well as the weighted cytosine
methylation (all summarized in 5 kb windows with 500 bp slide), and the normalized H3K9me3 and H3K27me3
ChIP-seq read coverage (RPGC normalization in 1 kb bins with 3 kb smoothening).
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FIGURE S3 | (a) Boxplot displaying the composite RIP index (CRI) of C to T in CA recorded in genomic windows
(5 kb, 500 bp slide), per gene, per annotated repeat, and per window overlapping with the CenH3-enriched
centromeres. Statistical differences for the indicated comparisons were calculated using the one-sided non-
parametric Mann-Whitney test; p-values < 0.001: ***. (b) Summary of H3K4me2 (green), H3K9me3 (red), and
H3K27me3 (orange) normalized ChIP-seq read coverage (RPGC normalization in 1 kb bins and 3 kb smoothening)
in genomic bins (2.5%) across the chromosomal arms of the eight chromosomes of Verticillium dahliae strain
JR2 (divided into 2.5% bins) and the centromeric regions (divided into 10% bins). The dots indicate the average
ChIP-seq coverage and the whiskers indicate + 1.5 times the interquartile range. (c-e) Boxplots displaying
the (c) weighted methylation levels (CG context), (d) the composite RIP index, and (e) the expression in PDB
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growth medium (counts per million) for repetitive elements belonging to ten repeat families identified in the eight
centromeres in Verticillium dahliae JR2. (f) The distribution of different repeat sub-families in centromeres (Cen)
and across the genome (non-Cen) and separated by full-length and fragmented elements.
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FIGURE S4 | (a-c) Whole-genome alignments between the eight chromosomes of (a) Verticillium dahliae strains
JR2 and VdLs17 22, (b) V. dahliae strains CQ2 and JR2 ¢*'?2, and (c) V. dahliae strains CQ2 and VdLs17 ¢3'22, (d-
e) Schematic overview of the genome assemblies of Verticillium dahliae strains (d) VdLs17 and (e) CQ2. The
individual lanes show the GC content, the gene (red) and repeat (blue) density (all summarized in 5 kb windows
with 500 bp slide), and the location of the centromere associated VALTRE9. (f) Synteny analyses of the eight
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chromosomes of V. dahliae strains JR2 and CQ2. Schematic overview of the eight chromosomes of V. dahliae strain
JR2 (left) and the corresponding syntenic regions in V. dahliae strains CQ2 (right). Centromeres are indicated by
stars, and syntenic centromeres of V. dahliae strain CQ2 are colored according to Cenl-8 of V. dahliae strain JR2.
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FIGURE S5 | Hi-C contact matrix showing the interaction frequencies between genomic regions in (a) V. nonalfalfae
(T2), (b) V. alfalfae (PD683), (c) the allodiploid V. longisporum (PD589), (d) V. nubilum (397), (e) V. albo-atrum
(PD747), (f) V. zaregamsianum (PD739), (g) V. tricorpus (PD593), (h) V. klebahnii (PD401), and (i) V. isaacii (PD618).
Regions of high inter-chromosomal interaction frequencies are indicative of centromeres and are highlighted by
arrow heads, and the blue line indicated boundaries between the pseudo-chromosomes.
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regions containing assembly gaps (Ns). Genomic windows are summarized in boxplots (outliers not shown) by
genomic location, centromeric regions (Cen, blue) and non-centromeric regions (non-Cen, grey). (b) Centromeric
lengths inferred by Hi-C data were ‘corrected’ based on the ratio of normalized read depth between centromeres
and non-centromeric regions per chromosomes. Differences for each species compared to the overall mean
were computed using unpaired T-tests; p-values < 0.0001: ****, p-values < 0.001: ***, p-values < 0.01: **,
p-values < 0.05: *. (c) The number of BLASTn matches of the VALTREY consensus element to the genomes of
the Verticillium species separated by their genomic location, centromeric regions (Cen, blue) and non-centromeric
regions (non-Cen, grey). The overall number of base pairs (bp) covered by the BLASTh matches in each genome
sequence is indicated. The asterisk denotes the high number of VALTRE9 matches to unassigned, non-Cen regions
in the genome assembly of Verticillium nonalfalfae (T2). (d) The number of repetitive element matches identified
by RepeatMasker for each Verticillium species based on species/strain-specific repeat libraries generated
by RepeatModeler separated by their genomic location, centromeric regions (Cen, blue) and non-centromeric
regions (non-Cen, grey). (e) GC-content of the Verticillium genomes in 50 bp windows and separated by their
genomic location, centromeric regions (Cen, blue) and non-centromeric regions (non-Cen, grey). (f) The repeat
content of centromeric regions in percent covered sequences in the different Verticillium species. Each data point
summarized in the boxplot is the repeat content per centromere.
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FIGURE S7 | Schematic overview of the centromeric regions (250 kb) in (a) Verticillium dahliae strain JR2, in (b)
species belonging to clade Flavnonexudans, and in (c) species belonging clade Flavexudans. The centromeres are
indicated by dark grey bars. The predicted genes (black) and repeats (blue) are shown below each centromere,
and location of VALTREY (partial) matches (dark green) are shown above each centromere. Repeats that share
sequence similarity (BLASTN) to the VALTREY consensus sequence are shown above each centromere (orange).
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FIGURE S8 | Sequence comparisons of de novo repeat families identified with RepeatModeler and RepeatMasker
in the genome assemblies of the different Verticillium species. Individual repeat family consensus sequences were
clustered using BLASTClust. (a) Relationships between different repeat family consensus sequences are displayed
as connected graphs. The sub-graph with the consensus sequences with similarity to VALTRE? is highlighted in
yellow. (b) The presence/absence matrix indicates the occurrences of different repeat families in the analyzed
Verticillium species (black present, white absent). The cluster containing consensus sequences with similarity to

VALTREY is highlighted.
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FIGURE S9 | Reconstruction of ancestral genomes within the genus Verticillium with AnChro 272, The number of
(a) chromosomes and (b) genes predicted by all potential ancestral reconstructions using different combinations
of genomes and stringency parameters. The phylogenetic tree in (a) depicts the relationships between Verticillium
species and the abbreviations used for the ancestors. The inlays display boxplots to summarize the number of
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of the Verticillium species phylogeny based on synteny relationship using PhyChro 3.
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TABLE S1A | Overview of the Verticillium sequencing libraries used in this study.

Verticillium . Growth Antibody or Accession

species Strain  Genotype medium  procedure number Reference

V. dahliae JR2 WT PDB a-FLAG PRINA641329  This study

V. dahliae JR2 WT PDB a-FLAG PRJUNA641329  This study

V. dahliae JR2 CenH3-FLAG PDB a-FLAG PRJINA641329  This study

V. dahliae JR2 CenH3-FLAG PDB a-FLAG PRINA641329  This study

V. dahliae JR2 WT PDB a-H3K4me2  PRUNA641329  This study

V. dahliae JR2 WT PDB a-H3K9me3  PRUNA592220  Cook et al. 2020 ™'
V. dahliae JR2 WT PDB a-H3K27me3 PRJUNAS592220  Cook et al. 2020 ™'
V. dahliae JR2 WT PDB ATAC-seq PRUNA592220 Cook et al. 2020 ™'
V. dahliae JR2 WT PDB ATAC-seq PRJUNAS92220  Cook et al. 2020 ™
V. dahliae JR2 WT PDB Bisulfite-seq ~ PRJNA592220 Cook et al. 2020 ™'
V. dahliae JR2 WT PDB Bisulfite-seq ~ PRJNA592220  Cook et al. 2020 ™
V. dahliae JR2 WT PDB Hi-C PRINA641329  This study

V. dahliae VdLs17  WT PDB Hi-C PRJUNA641329  This study

V. dahliae cQ2 WT PDB Hi-C PRJUNA641329  This study

V. albo-atrum PD747 WT PDB Hi-C PRJUNA641329  This study

V. alfalfae PD683  WT PDB Hi-C PRJUNA641329  This study

V. isaacii PD618  WT PDB Hi-C PRJINA641329  This study

V. klebahnii PD401  WT PDB Hi-C PRINA641329  This study

V. longisporum PD589 WT PDB Hi-C PRJUNA641329  This study

V. nonalfalfae T2 WT PDB Hi-C PRJUNA641329  This study

V. nubilum 397 WT PDB Hi-C PRJUNA641329  This study

V. tricorpus PD593 WT PDB Hi-C PRJUNA641329  This study

V. zaregamsianum PD739 WT PDB Hi-C PRJUNA641329  This study

154



Genus-wide comparative genomics on centromeres

TABLE S1B | Position of centromeric regions inferred by Hi-C in different Verticillium dahliae strains.

Hi-C centromeres

Position Length Overl Overl

Species Strain - Chr. (5) ° (kb)g CenH:P(kb) VdLTI:l?9 (kb)
Verticillium dahliae JR2 1 2,918,001 - 3,091,001 173 17 121
Verticillium dahliae JR2 2 500,187 - 671,187 1m 150 126
Verticillium dahliae JR2 3 2,371,628 - 2,544,628 173 167 134
Verticillium dahliae JR2 4 2,882,422 - 3,070,422 188 186 100
Verticillium dahliae JR2 5 1,865,995 - 2013995 148 146 96
Verticillium dahliae JR2 6 2,166,518 - 2,332,518 166 166 104
Verticillium dahliae JR2 7 1952,284 - 2,037,284 85 85 44
Verticillium dahliae JR2 8 1,404,514 - 1,560,514 156 154 "4
Verticillium dahliae VdLs17 1 2,372,701 - 2,544,701 172 - 129
Verticillium dahliae VdLs17 2 4,960,001 - 5,082,001 122 - 79
Verticillium dahliae VdLs17 3 3,542,720 - 3,692,720 150 - 97
Verticillium dahliae VdLs17 4 2,065,712 - 2,232,712 167 - 109
Verticillium dahliae VdLs17 5 2,348,685 - 2,542,685 194 - 102
Verticillium dahliae VdLs17 6 1,439,821 - 1,546,821 107 - 75
Verticillium dahliae VdLs17 7 2,630,001 - 2,775,001 145 - 18
Verticillium dahliae VdLs17 8 1,239,898 - 1,334,898 95 - 54
Verticillium dahliae CQ2 1 4,776,001 - 4991,001 215 - 173
Verticillium dahliae CcQ2 2 3,749,589 - 3,898,589 149 - 96
Verticillium dahliae CcQ2 3 1,846,205 - 2,036,204 190 - 120
Verticillium dahliae cQ2 4 1,816,985 - 1,975,985 159 - 98
Verticillium dahliae CQ2 5 3,060911 - 3,202910 142 - ne
Verticillium dahliae CQ2 6 1,035,725 - 1,198,724 163 - n2
Verticillium dahliae cQ2 7 1,376,742 - 1,524,741 148 - 120
Verticillium dahliae cQ2 8 1175,722 - 1,333,722 158 - 124
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TABLE S1C |Genome assemblies of ten Verticillium species using Hi-C.

Genome assembly® Hi-C assembly
N
()
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c £2 58 , £3 88 g ©§2 5 £
= o = o @ =] o © nw o o o .
T 5% 82 5 58 £ £ L% § &3
b 6@ OO0 G 6w £G6 e =i ] <
V. dahliae JR2 36,15 8 N426 3615 8 16 (8) - 10,556 11,32
V. dahliae vdLs17 3597 8 10,885 3597 8 14 (6) - 1196 11,08
V. dahliae CcQ2 35,81 17 10,672 35777 8 16 (8) 149 10,672 1192
V. nonalfalfae T2 34,3 349 1,029 3417 8 10(2) 2,022 10464 4,35
V. alfalfae PD683 327 22 10,852 32,68 8 13(3) 474 9380° 3,21
V. longisporum® PD589 72,61 27 19197 72,63 16 16 (2) 987 18,890 12,61
V. nubilum 397 3837 13 - 38,37 8 6 (M 67 n377 12,08
V. albo-atrum PD747 3647 21 11,202 3646 8 14 142 1149 282
V. zaregamsianum PD739 3714 48  N274 3TN 8 124) 132 1566 301
V. tricorpus PD593 35,13 12 10,636 35/ 8 15(7) 0,5 10517 2,81
V. klebahnii PD401 36,09 45 10,998 36,08 8 10 (3) 503 11,341 2,62
V. isaacii PD618 3599 684 10,798 3561 8 13() 409 10467 298

2Verticillium dahliae and other Verticillium species have been previously sequenced, assembled and/or annotated
by Faino et al. 2015 '?2, Shi-Kunne et al. 2018 ™, Jak&e et al. 2018 32, Depotter et al. 2019 ¢, Cook et al, 2019 3%,
and Depotter et al. 2021 2¢'

® Verticillium longisporum PD589 is an allodiploid (see Depotter et al. 2021 2¢")

¢ Telomeric repeats (TTAGGG/CCCTAA) in the first 50 nt of each assembled pseudo-chromosome were identified.
The number in brackets indicate the number of chromosomes with telomeres on both ends

4Gene annotation was performed using the funannotate pipeline (Palmer 2020 3%)

¢ Gene annotation for Verticillium alfalfae was performed with funannotate but without RNA-seq data

"Repeat annotation (expressed as percentage genome covered by repetitive elements) is performed de novo using
RepeatModeler and RepeatMasker. The abundance of annotated repeats is comparable to an annotation using the
manual corrected Verticillium dahliae specific repeat library (see Material and Methods) that yielded 11.02, 11.06,
and 11.61% for V. dahliae strain JR2, VdLs17, and CQ2, respectively.
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TABLE S1D | Position of centromeric regions determined based on Hi-C interactions in different Verticillium
species.

Hi-C centromeres

Species Strain Chr.  Position (bp) Length (kb)  Gaps (bp)®
Verticillium alfalfae PD683 1 4653001 - 4745001 92 2
Verticillium alfalfae PD683 2 1776001 - 1845001 69 0
Verticillium alfalfae PD683 3 1093743 - 1180743 87 3
Verticillium alfalfae PD683 4 1615743 - 1716743 101 2
Verticillium alfalfae PD683 5 987482 - 1074482 87 0
Verticillium alfalfae PD683 6 1984629 - 2059629 75 0
Verticillium alfalfae PDe83 7 1779768 - 1858768 79 0
Verticillium alfalfae PD683 8 521435 - 595435 T4 0
Verticillium longisporum PD589 1 6403001 - 6572001 169 0
Verticillium longisporum PD589 2 5673333 - 5810333 137 0
Verticillium longisporum PD589 3 5392239 - 5485239 93 0
Verticillium longisporum PD589 4 1267050 - 1357050 90 0
Verticillium longisporum PD589 5 3104664 - 3277664 173 0
Verticillium longisporum PD589 6 1784226 - 1924226 140 0
Verticillium longisporum PD589 7 788226 - 893226 105 500
Verticillium longisporum PD589 8 2441049 - 2514049 73 0
Verticillium longisporum PD589 9 647525 - 790525 143 0
Verticillium longisporum PD589 10 1319942 - 1471942 152 0
Verticillium longisporum PD589 " 3022672 - 3119672 97 0
Verticillium longisporum PD589 12 856540 - 973540 nr 0
Verticillium longisporum PD589 13 1782323 - 1833323 51 0
Verticillium longisporum PD589 14 706938 - 769938 63 0
Verticillium longisporum PD589 15 1226215 - 1289215 63 0
Verticillium longisporum PD589 16 688030 - 791030 103 0
Verticillium nonalfalfae T2 1 2669001 - 2717001 48 7,588
Verticillium nonalfalfae T2 2 1945484 - 2031484 86 3,213
Verticillium nonalfalfae T2 3 3320839 - 3366839 46 200
Verticillium nonalfalfae T2 4 1625372 - 1643372 18 3,189
Verticillium nonalfalfae T2 5 1224696 - 1336696 12 20,432
Verticillium nonalfalfae T2 6 629527 - 641527 12 3,027
Verticillium nonalfalfae T2 7 1292615 - 1321615 29 8,770
Verticillium nonalfalfae T2 8 566615 - 583615 17 1,002
Verticillium nubilum 397 1 4707001 - 4806001 99 500
Verticillium nubilum 397 2 3020108 - 3050108 30 0
Verticillium nubilum 397 3 2356532 - 2378532 20 0
Verticillium nubilum 397 4 1987044 - 2036044 49 0
Verticillium nubilum 397 5 1126247 - 1169247 43 0

157



CHAPTER 5

Hi-C centromeres

Species Strain Chr.  Position (bp) Length (kb)  Gaps (bp)®
Verticillium nubilum 397 3279564 - 3306564 27 0
Verticillium nubilum 397 1746411 - 177441 28 0
Verticillium nubilum 397 1320388 - 1351388 31 0
Verticillium albo-atrum PD747 1 5782001 - 5804001 22 503
Verticillium albo-atrum PD747 2 2196232 - 2228232 32 4
Verticillium albo-atrum PD747 3 3069289 - 3093289 24 5
Verticillium albo-atrum PD747 4 2370289 - 2385289 15 2
Verticillium albo-atrum PD747 5 2261832 - 2281832 20 3
Verticillium albo-atrum PD747 6 1403541 - 1427541 24 2
Verticillium albo-atrum PD747 7 580947 - 602947 22 500
Verticillium albo-atrum PD747 8 1276204 - 1294204 18 501
Verticillium zaregamsianum — PD739 1 6032001 - 6072001 40 509
Verticillium zaregamsianum ~— PD739 2 2105027 - 2140027 35 4680
Verticillium zaregamsianum — PD739 3 2540247 - 2576247 36 5
Verticillium zaregamsianum — PD739 4 1683162 - 1727162 44 3
Verticillium zaregamsianum ~ PD739 5 173874 - 1211874 38 12
Verticillium zaregamsianum — PD739 6 1900512 - 1936512 36 2426
Verticillium zaregamsianum — PD739 7 1986660 - 2028660 42 9
Verticillium zaregamsianum — PD739 8 2678514 - 2711514 33 547
Verticillium tricorpus PD593 1 3511001 - 3549001 38 1
Verticillium tricorpus PD593 2 2481976 - 2511976 30 1
Verticillium tricorpus PD593 3 2248026 - 2278026 30 4
Verticillium tricorpus PD593 4 1939836 - 1976836 37 0
Verticillium tricorpus PD593 5 1055060 - 1097060 42 4
Verticillium tricorpus PD593 6 2670631 - 2712631 42 2
Verticillium tricorpus PD593 7 1756965 - 1800965 44 4
Verticillium tricorpus PD593 8 1311474 - 1348474 37 3
Verticillium klebahnii PD401 1 2588001 - 2629001 41 3
Verticillium klebahnii PD401 2 3094540 - 3125540 31 500
Verticillium klebahnii PD401 3 2523713 - 2551713 28 3
Verticillium klebahnii PD401 4 1583592 - 1615592 32 4
Verticillium klebahnii PD401 5 3127250 - 3158250 31 3
Verticillium klebahnii PD401 6 1351470 - 1381470 30 2
Verticillium klebahnii PD401 7 2070065 - 2203065 15 8
Verticillium klebahnii PD401 8 1787795 - 1822795 35 4
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Hi-C centromeres

Species Strain Chr.  Position (bp) Length (kb)  Gaps (bp)®
Verticillium isaacii PD618 1 5499001 - 5545001 46 2
Verticillium isaacii PD618 2 2460985 - 2518985 58 9
Verticillium isaacii PD618 3 2251196 - 2287196 36 0
Verticillium isaacii PD618 4 974148 - 1033148 59 1001
Verticillium isaacii PD618 5 1404268 - 1446268 42 0
Verticillium isaacii PD618 6 1345140 - 1387140 42 1
Verticillium isaacii PD618 7 2710634 - 2731634 21 2
Verticillium isaacii PD618 8 1220645 - 1248645 28 2

TABLE S1E | Occurrence of RNAi components in the genomes of the ten different Verticillium species.
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Verticillium dahliae JR2 yes yes yes yes yes yes yes
Verticillium dahliae CQ2 yes yes yes yes yes yes yes
Verticillium dahliae VdLs17 yes yes yes yes yes yes yes
Verticillium longisporum PD589 yes yes yes yes yes yes yes
Verticillium nonalfalfae T2 yes yes yes yes yes yes no*
Verticillium alfalfae PD683 yes yes yes yes yes yes no*
Verticillium nubilum 397 yes yes yes yes yes yes no*
Verticillium albo-atrum PDT47 yes yes yes yes yes yes yes
Verticillium zaregamsianum PD739 yes yes yes yes yes yes yes
Verticillium tricorpus PD593 yes yes yes yes yes yes yes
Verticillium klebahnii PD401 yes yes yes yes yes yes yes
Verticillium isaacii PD618 yes yes yes yes yes yes yes

The protein sequences for the RNAi components were previously identified in Verticillium nonalfalfae and V. dahliae
have been obtained from Jeseni¢nik, et al. (2019) 2. The occurrence of the homologs in all genomes was per-
formed using tblastn and exonerate.

*possible pseudo-gene
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TABLE S1F | Primers for cloning fragments for CenH3 FLAG tag in Verticillium dahliae strain JR2

Name Short Name Sequence (5" -> 3')

5 _CenH3_F A ttaagtcctcagegggccACAGCTTCGTTGGCTGGTCTCC

5'_CenH3_R B GTAGTCACCGTCGTGATCCTTGTAGTCCATGGTTCAGGACAAGTGCTGATG
CenH3_ORF_F C CACGACGGTGACTACAAGGATGACGACGATAAGCCACCACGCTCAGGTACAAGCA
CenH3_ORF_R D tcgecgacatcaccgGCCTGGGAAAAGAATCCTACGA

Hyg_F E CGACCTACAGTGCTTAGGCGATTAAGTTGGGTAACGC

Hyg_R F ATTCTTTTCCCAGGCCggtgatgtcggcgatatagg

CenH3_RB_F G ccaacttaatcgcctAAGCACTGTAGGTCGTACACC

CenH3_RB_R H ccgecgcaaggaatggtgGGCAGAAGCAAGCGAATTATGTC

Flag_check_F | GACCTCTCCGAAAACTCACGC

Flag_check_R J GTCCGACTTTCTGCTGGTACC
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CHAPTER 6

Abstract

Three dimensional (3D) folding of DNA in the nucleus organizes chromosomes into so-called
topologically associating domains (TADs). These TADs are self-interacting genomic regions
that display less interaction with adjacent regions. Functionally, TADs have been implicated
in transcriptional regulation as well as in genome evolution in numerous organisms, yet in
fungi the functional implication of these regions remains less clear. Here, we utilize chromatin
conformation capture (Hi-C) data generated for the plant pathogenic fungus Verticillium dahliae
to investigate TAD organization and its influence on transcription. Additionally, we compare
the TAD organization between two V. dahliae strains as well as with other Verticillium species
to study the conservation of TADs throughout the genus. Remarkably, we find that TADs in the
evolutionary dynamic adaptive genomic regions (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, i.e. regions that delineate adjacent TADs, are generally lower expressed in AGRs
in vitro, while stronger differentially expressed between in vitro conditions, than genes located
in TADs in these AGRs. We find that TAD boundaries are depleted for structural variation
between Verticillium species, and that TADs are generally conserved in the Verticillium genus.
Overall, our study points towards an association between TAD organization and transcriptional
regulation as well as genome evolution in Verticillium.
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Introduction

The spatial organization of the eukaryotic nuclear genome is intimately linked to its biological
functions %% 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 *". 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 7. 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 different histone proteins, wrapped by 146 bp of DNA, with unstructured tails sticking
out of the complex “°. 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 7%, Besides these
histone modifications, many more modifications have been described, yet their role in DNA
organization often remains unclear .

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 35320, 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 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 321-324,

Local three-dimensional 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 4723 Although the function of TADs
is controversial and still under debate 3%¢3%°, several studies have associated the organization
of TADs with transcriptional regulation by limiting the interaction of regulatory sequences with
their gene targets 3232329 Other studies implicate TADs in genome replication by keeping origins
of replication synchronized and active within TADs 33°33', Studies into various groups of related
organisms uncovered evolutionary conservation of TAD organization 32"33'-3%_|n metazoans,
genes and TADs co-localize by their evolutionary age, suggesting a high degree of conservation
of TAD organization 3. Moreover, conserved TADs between different species display similar
transcription patterns of genes residing within TADs 3213333534134 " Fyrthermore, the genomic
regions comprising particular TADs appear to have reshuffled integrally during metazoan
evolution 47331335341 |n contrast, unexpected changes in TAD organization potentially lead to
variations in gene expression patterns, and therefore to important phenotypic modifications
41343 For example, changes in TAD organization are associated with developmental alterations
and particular human diseases 3435, Recently transient modifications of TAD organization
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were also associated with quick transcriptional changes upon environmental cues, suggesting
an active role of TADs in transcriptional regulation 428, 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
105106,270,349350 - Strycturally, heterochromatic regions in TAD boundaries are associated with
permissive cohesin and condensin | binding 270316330349 Cohesin and condensin | are architectural
DNA-binding proteins widely known to cooperate in chromosome folding, and assist in
chromosome organization during meiosis and mitosis 332, Additionally, heterochromatin is
typically associated with repeat-rich regions 2. In the endophytic fungus Epichloé festucae,
repeat-rich regions often colocalize with TAD boundaries and are therefore associated with
genome folding 28, Moreover, genes that are highly expressed in planta are enriched near
those repeat-regions 2. 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 4195348354355 - 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
more dynamic than the relatively stable core genome ¢%843%, 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 5%6%77-
818384191354.357 - Conversely, TE-poor regions are gene-dense, harbor primary metabolic genes,
and are often associated with euchromatin 6784121191354.357 Collectively, this two-tier organization
is typically referred to as a two-speed genome' %%8284 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 generate genes encoding proteins with novel functions in
pathogenicity 35673 Presently, it remains unclear what role the three-dimensional 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 *. Comparative genomics among V.
dahlige strains has revealed the presence of extensive large-scale genomic rearrangements
associated with discrete TE-rich regions 37412230 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 6274122 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
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genomics alone "'. Collectively, these regions are now referred to as adaptive genomic
regions (AGRs) ™. Importantly, AGRs are enriched for genes encoding in planta-induced
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 711354360 While a key role of TEs in driving
the formation and maintenance of AGRs in V. dahliae has been revealed 1'%, it presently
remains unclear how chromosome folding correlates with the organization and evolution of
the core genome and AGRs. Here, we explore the chromatin conformation of V. dahliae with
DNA proximity ligation followed by sequencing (Hi-C) to uncover the spatial organization of
the core genome and the AGRs in detail. In our analysis, we also address other members of
the Verticillium genus. Our analysis reveals a unique chromatin conformation associated with
AGRs, and further unveils ancestral conservation of chromosome organization in the core
genome in the Verticillium genus.

Results

The Verticillium dahliae genomeislocally 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 " may be correlated with a differential spatial organization of
DNA in the nucleus 3%, 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 (Fig. S1A), we combined these in a single interaction
matrix. As expected, we observed a negative correlation between interaction strength and
genomic distance (Fig. S1B) that arises from genomic regions interacting strongly with
neighboring genomic regions %'. To further investigate the occurrence of discrete clusters
of strong DNA interactions, we predicted TAD organization based on the insulation score
method 362, 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. 1A,B,E, Fig. S1C). 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.

165



CHAPTER 6

In various organisms, it has been found that 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 . 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 3¢3. This analysis revealed two significantly
enriched motifs; an 11 bp GAAG motif that is present in 68.6% of the TAD boundaries (p =
6.5x107% Fig. 1C), and a 24 bp TATA motif in 18.2% of the boundaries (p=1.2x10%; Fig. S1D).
To further analyze these two motifs, we queried these in the JASPAR 2018 and YEASTRACT
2018 databases using TomTom 6235 The GAAG motif showed a significant match to the Azflp
transcription factor of S. cerevisiae (p=8.74x107), a Zinc-finger protein known to regulate the
expression of genes under different carbon sources %¢-%8. 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 3¢°=". Presence of the
motifs coincides with a decline in chromatin accessibility, as determined by the assay for
transposase-accessible chromatin (ATAC; Fig.1C; Fig. S1D), possibly 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 (Fig. S1F), suggesting a correlation between insulation and length of TADs.
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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. (C) Chromatin accessibility as determined by the assay for transposase-
accessible chromatin (ATAC) over the 11 bp Zinc-finger binding motif that is located in 68.6% of all TAD boundaries.
The position weight matrix displays the 11 bp motif enriched in TAD boundaries. Heatmaps at the bottom display
ATAC scores for each motif occurrence with 1kb up- and down-stream sequence in the core genome and in AGRs.
The line plot displays the average ATAC score for motif occurrences in the core genome (dark red) and in AGRs
(light red). (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. dahlige strain JR2, with 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) ' and the centromeric
region ' are indicated in yellow 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 2. 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 1194334360372 e observed that the gene-rich core genome is enriched in
H3K27ac and H3K4me?2, while the centromeres and TE-rich core regions are enriched in
H3K9me3 and DNA methylation, and AGRs are enriched in H3K27me3 (Fig. 1E,F, Fig. S3).
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 (Fig. S3). 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. 1G, Fig. S3). 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, Fig. S3). 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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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 19'%54 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 3740, |nterestingly,
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). 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.

To further study the impact of TAD organization on gene expression, we queried previously
generated expression data of V. dahlige cultivated for 6 days in PDB %% 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. dahliage genes,
based on DNA methylation, CRI, H3K27ac, H3K27me3, H3K4me2, and H3K9me3. In line with
previous observations, genes are mainly separated in clusters representing the core genome
and AGRs (Fig. S4) "'. 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 H3K4me2 levels, than genes in AGR
boundaries (Fig. S4). 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. 2B, Fig. S4), 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. 2C). 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. 2C). 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.
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FIGURE 2 | Topological associating domain (TAD) organization affects transcription in Verticillium dahliae.
(A) Heatmaps visualizing the density of genes and transposable elements (TEs) per 1 kb window centered over
boundaries (black trapezoids) with 50 kb up- and down-stream sequence in the core genome and in adaptive
genomic regions (AGRs) of V. dahliae strain JR2. Line plots display average presence of genes and TEs summarized
for boundaries in the core genome (dark color) and in AGRs (light color). (B) 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, color 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. (C) Transcription values for
V. dahliae cultivated for 6 days in potato dextrose broth (PDB) and (D) 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 (yellow). Statistically significant differences in average
transcription level for the distance groups was compared to the group of genes located in boundaries (distance 0)
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and determined by the Wilcoxon Rank-Sum test (* p < 0.05). (E) Mean density of differentially expressed genes
(log2 >2) between cultivation for 6 days in PDB or in CZA, per 1 kb window over boundaries with 50 kb up- and
down-stream sequence in the core genome (dark blue) and in AGRs (light blue). (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 (yellow labels). (G) Pie charts displaying the
proportion of TADs in the core genome and in AGRs containing more than five differentially expressed genes
(DEGs) between cultivation for 6 days in PDB or in CZA (dark grey), and for which DEGs display directionality
of differential expression (orange). Grey connections between pie charts indicate that the right-side pie charts
represent only the 68 TADs in the core genome and the 64 TADs in AGRs with >5 DEGs.

As TADs are thought to function as regulatory units for differential gene expression 322373,
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 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 191354 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 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.
2D), 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 (Fig. 2G). 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 (Fig. 2G).
Taken together, our results suggest that TAD organization affects transcription in vitro, and
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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 37374 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) 562122 Following the same methodology as for
strain JR2, we combined the biological replicates (between replicate correlation >0.89; Fig.
S5A) in a single interaction matrix and predicted 365 TADs (mean length=98,558 bp) and 357
boundaries (mean length=4,506 bp) (Fig. S5B). 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 (Fig. S5B,C,D). To investigate if also TAD localizations are conserved
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; Fig. S5E). Originally, AGRs in strain JR2 were defined based on
absence of synteny with genomic regions in other V. dahliae strains 5%¢2™ whereas more
recently AGRs have been defined based on their epigenetic profile . 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), which
is similar to what we observed for AGRs in the JR2 strain.

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) 596375122360 Tg study the association between SVs and TAD boundaries, we
used previously generated data for a set of 42 V. dahliae strains '°**° to query the distribution
of single nucleotide polymorphisms (SNPs) and presence/absence polymorphisms (PAVs)
over TAD boundaries in V. dahliae strain 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 ™. Interestingly, we observed
a depletion of SNPs and of PAVs in TAD boundaries in the core genome (Fig. 3C,D). However,
TAD boundaries in AGRs showed more PAVs (Fig. S6A), together with a lower nucleotide
diversity (Fig. S6A), 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 SNPs (R = -0.56, p =
0.16, Fig. S6B) or PAVs (R = -0.76, p = 0.068, Fig. S6B) on the other hand.
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FIGURE 3 | TAD organization is conserved between two V. 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 7. 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 (black 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. Heatmaps displaying single nucleotide polymorphisms
(SNPs) %0 and presence/absence variation (PAVs) ™' for 1 kb non-overlapping windows centered around TAD
boundaries of V. dahlige strain JR2. (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) *°. (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 *°). (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 (black triangles), and TADs, genes and TEs are displayed in between. Synteny between JR2
and VdLs17 indicated as grey blocks. A VALTRET1 insertion in strain JR2 is indicated in yellow.

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
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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 (log ratio <O) 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 3. As expected, the different
SV categories appear to be under purifying selection in boundaries in syntenic regions (Fig.
3B). 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) *°. 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 survival.

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 *°. As TE activity may have been involved in the generation of SVs 7430,
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, Fig.
ST7), suggesting that polymorphic TEs may drive changes in the TAD organization.

TAD organization is evolutionary conserved in the Verticillium genus

Genomic regions that are syntenic between species, often also display conservation of TAD
organization 353" As we observed that TADs and boundaries are conserved between strains
of V. dahliae (Fig. 3AB), 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 (Fig. 4A,B).
As expected, relatively distant 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%; Fig.
4B). 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. dahlige strains or between V. dahliae and an unknown species ?*', shared 50.57% and
44.70% for the strain VLB2 and PD589, respectively (Fig. 4B). To investigate conservation
of TAD boundaries between the Verticillium species, we used the generated alignments to
calculate conservation score 3. As expected, we observed a higher conservation score in the
core genome than in AGRs (Fig. 4C). Interestingly, we observed a clear peak in conservation
score around TAD boundaries in the core but not in the AGRs (Fig. 4C), which is similar to
our comparison between V. dahliae strains JR2 and VdLs17 (Fig. 3C-E), indicating that TAD
organization is conserved within the Verticillium genus as well.
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species in the Verticillium genus using Sodiomyces alkalinus as root; Flavexudans and Flavnonexudans clades
are depicted in blue and green, respectively. (B) 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. (C) The
heatmap displays conservation score centered over boundaries with 50 kb up- and down-stream sequence in
the core genome and in AGRs. The line plot displays the mean conservation score of heatmap for boundaries
in the core genome (dark blue) and in AGRs (light blue). Boxplots display the conservation score of each TAD
(grey) and TAD boundary (blue) in the core genome and in AGRs. P-values shown represent the result of a one-
way Wilcoxon rank sum test. (D) 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 TADs 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)
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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. (E) 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 (D) 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. (F) Z-score shifts from boundaries indicate a high enrichment of overlapping TAD boundaries for the
two methods. (G) Overlap in TAD prediction for strain VdLs17 using the insulation method (black triangles) and the
sequence-based method in (D) (green triangles), with partial chromosome 1 of the strain VdLs17 (755,315-1167941
bp) as example (H) TAD boundaries predicted in the ten Verticillium species ordered according to sequence-based
method in (D), 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 f each species combination.

To further assess the conservation of TAD organization in the Verticillium genus, we used
previously generated Hi-C data 42", Using the same approach as we used 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. dahlige strains JR2 and VdLs17 using the insulation
method. Therefore, we conceived a sequence-based method to predict boundaries in the other
Verticillium species. 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 (Fig. 4D). 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 (Fig.
4D). To verify the validity of our sequence-based method for boundary identification, we first
used it on the genome of V. dahliae VdLs17, of which the boundaries were also annotated using
the insulation method (Fig. 3). Using this method, we recovered 269 boundaries in VdLs17
(Fig. 4E-G) that display significant positional overlap with the boundaries as determined by the
insulation method (z-score=27.1264, p=9.99x10-5; Fig. 4E,G, Table S1). .

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. 4H). 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. 4H). In general, the predicted boundaries in the Verticillium genus depict a drop
in insulation score with the adjacent genomic regions (Fig. S8), indicating that we confidently
assign TAD boundaries. Collectively, our results suggest that boundary sequences display a
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high degree of conservation between species, especially those that are phylogenetically close,
and that not only the sequence, but also the function of the boundaries is conserved.

Discussion

In eukaryotes, the DNA within the nucleus typically is subject to three-dimensional (3D) folding,
resulting in the organization of chromosomes into so-called topologically associating domains
(TADs). The existence of TADs has been demonstrated in numerous eukaryotes 325341376377
including several fungij 105268270330 Here, we used chromatin conformation capture and high-
throughput sequencing (Hi-C) to identify TADs in the genome of the fungal plant pathogen
Verticillium dahliae, and thereby study local 3D interactions in the nucleus. We furthermore
aimed to assess the impact of TADs on transcription as well as on genome evolution. 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 TADs. The size of
the regions is smaller than typical mammalian TADs (200 kb - 2.5 Mb) 3%, yet similar to TADs
in Drosophila, in the filamentous fungi N. crassa and E. festucae, and the yeast S. cerevisiae (100
- 150 kb) 87105268330341 Qyr 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 387, In this manner, TADs
function in physically separating clusters of replicating DNA 3%, Replication generally occurs
with coordinated timing within genomic domains, called replication domains, and in several
animal species, as well as in S. cerevisiae, these domains largely correlate with TAD structure
330380381 Thus, TADs can be seen as the 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 268373382-387 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 328, Thus, for such TADs it can presently only be concluded that
a correlation between TAD organization and gene expression exists. That only few TADs
display correlation with transcriptional co-regulation has also been observed in the arbuscular
mycorrhizal fungus Rhizophagus irreqularis and in E. festucae 26837 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 the TAD. 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 ™'. This difference between
AGRs and the core genome involves a lack of DNA methylation over TEs, as well as a general
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enrichment of the histone modification H3K27me3, combined with accessible DNA, in AGRs
1. The enrichment of H3K27me3 at AGRs plays a role in transcriptional regulation, as loss
of H3K27me3 in a V. dahlige mutant strain induces the expression of particular genes .
Additionally, we showed that changes in H3K27me3 levels between in vitro growth media
partially explains differential gene expression *“. An association between H3K27me3 and
transcriptional regulation has similarly been observed in various plant associated fungi 952
54185195 Therefore, it is conceivable that the presence of H3K27me3 over TADs in V. dahliae is
associated with transcriptional co-regulation of the genes within these TADs. Nevertheless,
we observed that also within the AGRs only a fraction of TADs display 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 253%° Such boundary
regions have frequently been shown to display a relatively high degree of conservation
between closely related organisms 321333355337 yet their conservation has not been addressed
for fungal species. Here, we show that TAD boundaries display a high degree of conservation
in the Verticillium genus. The conservation of TAD boundaries suggests that TAD boundaries
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 the 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 *°. Moreover, it has been shown that de
novo insertions of HERV-H TEs in humans can introduce new TAD boundaries *. As TE
activity in V. dahliae is largely confined to AGRs ™3°, 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 78%2-3%  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 *®, and the amount of CTCF proteins bound to the TAD boundary
correlates with the insulation score ¥¢%7. 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 filamentous fungi so far,
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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 52191354,

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 3%. For example, in some eukaryotes long-distance interactions
occur between centromeres that, despite localizing on different chromosomes, collectively co-
localize within the nucleus 245269274316 g pattern that we previously also observed in V. dahliae
194 Additionally, long-distance interactions among chromosomes of N. crassa occur between
similar chromatin regions, for instance those that are marked with H3K27me3 5%, Therefore,
we hypothesize that the H3K27me3-marked AGRs in V. dahliae may similarly display long-
distance interactions. Such inter-AGR interactions could potentially explain why chromosome
rearrangements preferentially occur within AGRs %74, Accordingly, physical clustering of
AGRs in the nucleus may lead to the formation of nuclear bodies **°. 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 3%°-40. |n
this study, we have not yet addressed the nuclear clustering of AGRs in inter-chromosomal
interactions due to the technical challenges that are associated with such analysis. As AGRs
originate from large-scale duplications they are partially syntenic within the genome ™, which
leads to mapping problems during Hi-C read analysis. Thus, an analysis pipeline needs to be
established that rules out false-positive interactions between syntenic regions in AGRs.
AGRs were originally discovered by their high degree of PAV between V. dahliae strains 5°7,
and subsequently further characterized and refined by their distinct epigenomic profile .
That plastic genome compartments are epigenetically distinct from core genomic regions is
increasingly recognized for various plant pathogens '21831913%6402-404 Here, we have added yet
another layer to the divergence between plastic regions and the core genome, by showing
that also the local 3D organization differs between the core genome and AGRs in V. dahliae.
The exact ramifications of this divergent local 3D organization on evolution and transcriptional
regulation are still unclear. Future research into global 3D genome organization within the
nucleus should show whether AGRs interact and, if so, how this differs from other global
interactions. 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.
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Materials and methods

Hi-C analysis and TAD prediction

Hi-C library preparation was performed on V. dahliae strains JR2 and VdLs17 as previously
described 4, and paired-end (2x150 bp) sequenced on the NextSeq500 platform at USEQ
(Utrecht, the Netherlands). Additionally, further 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
194,261

Sequenced read-pairs were quality-filtered and trimmed using Trimmomatic (v 0.36) in
paired end mode with default settings 2°°. Filtered and trimmed reads were mapped to the
corresponding genomes 22 using Burrows-Wheeler aligner (BWA mem, settings: -Al -B4
-E50 -LO) “%. Hi-C interaction matrices were built and analyzed using HiCExplorer tools
406 First, we used hicBuildMatrix to generate the interaction matrix based on the in silico
Dpnl restriction digested corresponding genome. Matrix resolution was reduced by merging 5
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 “°" 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 “°8.

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 “°¢. 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

Chromatin immunoprecipitation 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. dahliage strain JR2 as described previously
1119435 ChIP datasets were normalized over MNAse control samples.

The UMAP algorithm for dimensional reduction '™ was implemented in Python. We used
the umap-learn implementation through the R/umap package. For the gene analysis, the
following variables were used: GC content, ATAC-seq, 5mC, H3K27ac, 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, Numpy and Seaborn V0.8.1 158159162,
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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 '35, Analyses of gene 22 and TE
presence 43¢ over TADs and TAD boundaries were performed using the EnrichedHeatmap
package in R 27409 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 28

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. dahlige strains . Briefly, structural
variants 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 SVs “"2. Single nucleotide variants were identified
using the -HaplotypeCaller of the Genome Analysis Toolkit (GATK) v.4.0 “8 and transposable
element PAV was analyzed using TEPID v.2.0 “". 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 3®, Similar to Fudenberg and
Pollard (2019) 33, 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 ™. Briefly, whole-genome alignments between the eight chromosomes was
performed using MUMmer 3.0 and GEvo 3245, 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 '#2¢'. The phylogenetic tree was generated
using Realphy v. 112 using a maximum likelihood inferred by RAxML 274, We aligned the
Verticillium genomes using ProgressiveCactus “". 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 “®. 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 *7>. Briefly, for each independent JR2 chromosome we assumed
a neutral evolution model and correction for indels. For further analysis, we summarized the
PhastCons score over TADs and TAD boundaries in the core genome and in AGRs.
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TAD boundary prediction throughout the Verticillium genus

The Hi-C datasets of the Verticillium species (excluding V. dahliae), were available with one
biological replicate. 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, 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 V.
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 “*°. Permutation tests were computed
using R/Bioconductor regioneR v1.18.1 package “?° 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 ™7,
and visualized with ggplot2 “'.
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Supplementary data

Chr2 Chr3 Chr4 Chr5
pearson=0.87 pearson=0.88

30
102
Q
2 <
[2} [oR
€ g =
3 < 200 g
o £ c
Q o <) K]
- E| =
! 5] >
©
a
= 100 2 10
-1 4 3
10 2
m
10° 10° 10° + + +
Genomic distance (bp)
©

Tyereese ceereene
EEEEEEEE EEEEEEEE
[CRCRCRCRCRSRENS) 0OO0OO0O0O0OO0O0O0
0.6 1.00 300 R =0.16, p|= 0.0033
04 p=4.76x10-7
075 Mot §
oti
c < 200
I S [ ] Neither <
[ S0.50 2
3 g B rata 5
B o =)
& 100
025
ATAC
l?
5
xE =N 0.00
< = L [ — [~
kb kb + score - score + score - score
TATA-motif Low High Low High
insulation  insulation insulation insu?ation

FIGURE S1 | TAD and boundary characteristics of Verticillium dahliae strain JR2. (A) Pearson correlation
between replicates of Hi-C interactions for V. dahliae strain JR2 divided per chromosome. (B) Distance-dependent
interaction frequency after replicates of Hi-C data for V. dahliae strain JR2 were merged. (C) Length of TADs and
TAD boundaries predicted on the merged replicates, divided per chromosome. (D) A TATA-motif is enriched in
TAD boundaries of V. dahliae strain JR2, correlating 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).
Middle and bottom plots display detected TATA motifs as rows in the core genome and in AGRs, respectively. (E)
Occurrence of the GAAG-motif (Fig. 1C) and the TATA-motif (Fig S1D) in boundaries separated on their insulation
score. (F) Correlation between boundary insulation score and length of adjacent TADs for boundary quintiles
separated based on their insulation score.
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(yellow or green) in AGRs and in the core genome. (B) Correlation between insulation score and nucleotide
diversity (top) and presence/absence variation (bottom) for boundary quintiles separated on their insulation
strength. (C) 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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genomic regions. Insulation score over TAD boundaries predicted by the sequence-based method (Fig. 4D),
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FIGURE S8 | 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.

TABLE S1 | Validation of boundary prediction using sequence-based method in Verticillium dahliae strain
VdLs17

Insulation method

+
- Total
+ 173 96 269
Sequence method - 130 42
Total 303
True Positive Rate 0.765
False Positive Rate 0.696
Specificity 0.304
Precision 0.643
False Negative Rate 0.195
Accuracy 0.488

V. dahlige strain VdLs17 boundaries predicted by the sequence-based method (Fig. 4D) were compared to those
predicted by the insulation method 2.
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CHAPTER 7

Introduction

The most important transition in eukaryotic evolution has been cell compartmentalization,
which allowed physical separation of cellular processes “%2. One of the organelles that arose
from this compartmentalization is the nucleus; the organelle that harbors most of the DNA of
the eukaryotic cell. Nuclear processes include those that are crucial for short-term cell survival,
such as transcription and generation of small RNAs (sRNAs), as well as processes that are
important for long-term survival of organisms and species, such as genome evolution, DNA
replication and DNA repair. Regulation of all these DNA-associated processes converges at
the histone code; the combination of histone modifications that regulates genome functionality
423424

Eukaryotes have four canonical histone proteins (histone 2A, histone 2B, histone 3 and
histone 4) that form globular octameric protein complexes by incorporation of two monomers
of each histone protein. These protein complexes, termed nucleosomes bind approximately
147 bp of DNA and provide the needed packaging to fit DNA into a nucleus **“°. Each histone
protein carries a flexible N-terminal tail that sticks out from the nucleosome complex. These
histone-tails are enriched for amino acid residues that can undergo chemical modification,
such as methylation, acetylation and phosphorylation 3. The combination of different histone
modifications can regulate nuclear processes locally, but also more broadly. For local regulation
of nuclear processes, histone modifications can serve as recognition site for enzymes that are
active on DNA, whereas for broad regulation, they can affect accessibility of chromosomal
regions and shape the three-dimensional (3D) genome arrangement 177423425426

Fungi represent a diverse kingdom of heterotrophic eukaryotic organisms that can be
unicellular, as yeasts, or multicellular, as mycelial networks and higher order structures such
as rhizomorphs, or mushrooms and other types of fruiting bodies 44428, Fungi thrive in many
environments and are crucial for life on earth because of their important ecological role as
decomposers of nearly all types of organic matter but also of certain types of non-organic
matter. Through these traits, fungi have become important for human welfare not only as
direct food source (mushrooms, Quorn), but also as fermenters of food (e.g. alcoholic drinks,
bread and certain cheeses), as sources of useful metabolites (e.g. pigments, antibiotics and
other pharmaceutical agents) and as biotechnological cell factories (e.g. for the production of
citric acid that is widely used for instance in soft drinks) “?°. However, some fungi negatively
affect human well-being, as they have evolved pathogenic lifestyles and cause disease in
humans and animals, but also on plants, leading to reduced agricultural yields .

A notorious plant pathogenic fungus is Verticillium dahliae, which causes vascular wilt
disease in hundreds of host plants . V. dahliae is an ascomycete, haploid, fungus that
reproduces predominantly asexually 2. Genomic analyses on various strains uncovered that
V. dahliae harbors a genome that evolved through large-scale chromosomal rearrangements,
including duplications that have been followed by reciprocal gene losses 962741223¢0 Eventually,
these processes resulted in a genome structure that can be characterized by core genomic
regions that are shared by all strains, and adaptive genomic regions (AGRs) that show a
considerable degree of plasticity among strains (Chapter 2) ¢74. The availability of high-quality
genome sequences and the relative ease of genetic analyses and manipulations in V. dahliae
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make it a well-suited organism to study the influence of various epigenetic features, such
as changes to DNA, histones and chromatin, on the regulation of DNA-associated nuclear
processes in plant pathogenic fungi.

Nucleosome

Chromosome
AGR
Centromere
DEG

TE

LTRE9
H3K27me3
H3K9me3
5mC

TAD

e ) | I

FIGURE 1| Schematic representation of the major findings of this thesis: chromosomal regions differentially
display distinct chromatin features, associated with differences in 3D-genome organization in Verticillium
dahliae. (A) Representation of the chromatin structure on a linear V. dahliae chromosome. Adaptive genomic
regions (AGRs, green blocks) display a distinct open (uncondensed) chromatin profile, in which the nucleosomes
are marked by tri-methylation of histone 3 lysine 27 (H3K27me3, green circles) (see Chapter 2 for details).
H3K27me3-marked regions, consisting of AGRs, as well as particular regions of the core genome, are enriched for
differentially expressed genes in vitro and in planta (DEGs, blue blocks) (see Chapter 3 for details). Centromeres
(orange blocks) in V. dahliae, but not in all sister species are specifically associated with the LTR retrotransposon
LTRE9 (pink blocks) (see Chapter 4 for details). The chromatin profile at centromeres consists of tightly packed
nucleosomes that are marked by tri-methylation of histone 3 lysine 9 (H3K9me3, red circles) and by DNA-
methylation (5mC, red stars) (see Chapters 4 & 5 for details). Besides LTRE9 TEs at the centromere, additional
inactive TEs in the core genome are marked by H3K9me3 and 5mC, while active TEs in the AGRs are not
associated with these marks. (B) Schematic 3D-representation of the organization of three chromosomes in V.
dahliae. Locally, genomic regions form topologically associating domains (TADs, indicated by dotted circles) that
interact more strongly within the domain than with other domains. Intriguingly, TADs within AGRs are less well
insulated and interact more freely with neighboring TADs (see Chapter 6 for details). Centromeres often form
single TADs and display strong inter-centromeric interactions.

Epigenetic mechanisms affect transcription

To colonize their plant hosts, plant pathogens secrete effector molecules to evade host immune
systems and tamper with host physiology . The expression of effector molecules requires
careful transcriptional regulation, as untimely expression may lead to failed infection. For
instance, many haustoria-forming pathogens use cell wall-degrading enzymes to specifically
weaken cell walls at sites of attempted invasion *. It is conceivable that if the pathogen
produces too little of these enzymes, or not at the correct sites, successful entry of the cell
may fail. In contrast, If the pathogen produces too much of the cell wall-degrading enzymes,
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the plant cells may be too weak to sustain the haustoria or the plant may induce defense
mechanisms that arrest the fungus.

Regulation of transcription in eukaryotes involves binding of transcription factors to
promoter regions, followed by recruitment of DNA-dependent RNA polymerases that generate
mRNA molecules. The binding and recruitment of the transcriptional machinery is influenced
by chromatin condensation over broad genomic regions “?%4%, and more locally by particular
histone modifications that recruit or inhibit binding of the transcriptional machinery 43243,
Thus, epigenetic mechanisms are involved in the regulation of transcription. During axenic
cultivation of various plant pathogenic fungi, when effector genes are generally thought to be
inactive, these genes were shown to be enriched in genomic regions marked by H3K9me3 and/
or H3K27me3, and mutants in which the enzymes that are responsible for deposition of these
marks were deleted or silenced display induced effector gene expression #952-54121185186195 - Ag
the histone modifications H3K9me3 and H3K27me3 are generally associated with inaccessible
heterochromatin, these findings led to the hypothesis that genomic regions containing effector
genes are heterochromatic, and therefore inaccessible to the transcriptional machinery, when
the pathogen does not require effector gene expression. Consequently, in order to express
the effector genes that facilitate infection, pathogens are generally hypothesized to require
chromatin de-condensation at effector gene-containing regions, which requires depletion of
H3K9me3 and H3K27me3 5'521% Alternatively, it is also possible that the transcriptionally
repressive H3K9me3 and H3K27me3 remain stable, while activating modifications are added
to regulated transcription.

The findings described in this thesis concerning epigenetic regulation of transcription are
mainly based on analyses performed on in vitro growth conditions. Preferably, we would have
investigated the regulation of effector gene expression in planta, the niche where the fungus
naturally occurs and the context in which it is most studied. However, epigenetic studies
of fungal chromatin during plant infection are typically impeded by the usually low ratio of
pathogen-to-plant biomass, resulting in excessive amounts of plant-derived sequences from
such mixed samples ™. In fact, previously performed RNA sequencing experiments of V.
dahliae-inoculated Nicotiana benthamiana resulted in only 0.05 till 0.9% of reads mapping to
the V. dahliae genome 2. During this thesis research | have attempted several procedures to
retrieve sufficient V. dahliae-derived DNA for in planta chromatin immunoprecipitation assays.
These attempts included sugar-gradient centrifugation to separate fungal and plant nuclei, as
well as enzymatic treatments to specifically degrade plant cells and nuclei while keeping fungal
cells intact. Both these methods showed merit, but | was nevertheless unable to consistently
enrich for sufficient fungal chromatin.

In agreement with the notion that effectors are heterochromatically silenced in vitro, we
find that the genomic regions harboring effector genes and other environmentally-regulated
genes in V. dahliae are enriched for H3K27me3 in vitro and that loss of H3K27me3 in the
Set7 deletion mutant, lacking the gene encoding the H3K27me3 methyltransferase, leads
to induction of previously marked genes (Chapters 2 & 3). We therefore conclude that
transcriptional regulation of effector gene expression in V. dahliae likely occurs in a similar
fashion as in other filamentous plant pathogens (Chapters 2 & 3). However, even though
our findings suggest that H3K27me3 is involved in transcriptional regulation in V. dahliae, our
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results do not suggest that depletion of H3K27me3 is the major event leading to transcriptional
activation (Chapters 2 & 3). In fact, we find that H3K27me3-marked chromatin is already
in a de-condensed state during cultivation in vitro (Fig. 1A, Chapter 2), and that differential
expression of genes located in H3K27me3-marked domains does not require concomitant
changes in H3K27me3 (Chapter 3). Additionally, even though presence of H3K27me3 inhibits
transcription, loss of H3K27me3 in the Set7 deletion mutant does not lead to transcriptional
induction of all previously H3K27me3-associated genes in V. dahliae (Chapter 3). Loss of
H3K27me3 in the plant pathogenic fungi Fusarium graminearum, Fusarium fujikuroi and
Magnaporthe oryzae similarly leads to induction of only a subset of previously H3K27me3-
associated genes “*%31% showing that other factors are involved in transcriptional regulation.
Thus, our results in V. dahliae, combined with the results in other fungi, indicate that the
previously postulated hypothesis does not fully describe the role of H3K27me3 in regulation of
effector gene expression. Rather, it is perhaps more likely that while H3K27me3 dynamics are
not essential for transcriptional regulation, H3K27me3 presence at genomic regions increases
the propensity of genes to become differentially expressed, possibly by serving as binding
site for transcriptional regulators that are activated or produced upon detection of particular
environmental signals.

Proteins recognizing and binding to histone modifications are generally known as histone
readers and can function in various cellular processes, including transcriptional regulation
43 For instance, in a human cell line, one such histone reader is the TAF3 subunit of the
basal transcription complex TFIID that was shown to specifically bind H3K4me3, which is
often associated with transcriptionally active genes “*. In response to genotoxic stress, TAF3
is recruited to H3K4me3-marked genes to stimulate formation of the preinitiation complex
and thereby regulates initiation of gene expression, yet was found to not affect constitutive
gene expression “*, In contrast, binding of H3K4me3 by the histone reader ING2, a subunit
of the mSin3a histone deacetylase complex, leads to rapid repression of gene expression
437 Alternative to histone modifications being recognized by separate readers, resulting in
opposing transcriptional outputs, it is also possible that single histone readers simultaneously
recognize multiple histone marks, resulting in different transcriptional outputs depending on
the present histone marks. For instance, the Arabidopsis histone reader EBS recognizes both
H3K4me3 and H3K27me3 and can switch between binding the histone marks to balance
gene expression “%®. As the histone code in plant pathogens is only partially scrutinized so
far, it is possible that H3K4me3 or another, yet unidentified, histone modification works in
conjunction with H3K27me3 to regulate transcription. These examples show that the presence
of a specific histone modification may result in opposing transcriptional outputs. Therefore, it
is possible that the relatively stable presence of H3K27me3 that we observe in V. dahliae, may
lead to different transcriptional outputs, depending on whether an activating or repressing
histone reader is bound. Interestingly, recently transcription repressing H3K27me3 histone
readers were identified in the filamentous fungi F. graminearum and Neurospora crassa """
As these histone readers inhibit binding of transcriptional machinery, it is conceivable that
dynamic presence of the reader over stable H3K27me3 domains regulates transcription.

Besides potentially functioning as a direct regulator of transcription, H3K27me3 may also
affect transcriptional regulation through shaping 3D organization of the genome within the
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nucleus. In various organisms, including animals, plants and fungi, genomes have been shown
to display long-range intra-chromosomal and inter-chromosomal interactions 106342377439 - At
smaller genomic distances, 3D organization results in the formation of topologically associating
domains (TADs), which are local genome regions that interact preferentially within themself,
but not with adjacent genomic regions 2337, Although the exact functionality of TADs is
still under debate 327329440441 TADs have frequently been associated with transcriptional
regulation, for instance by facilitating enhancer-promoter interactions 32132537338 H3K27me3
has been shown to affect both global and local 3D organization of chromosomes 105442443,
Thus, H3K27me3 may be involved in structuring the 3D genome such that it is conducive for
expression when required, for instance by providing a local 3D-chromatin environment pre-
loaded with components of the transcriptional machinery. Interestingly, in V. dahliae we find
that TADs in the H3K27me3-associated AGRs are weaker insulated than TADs in the core
genome, meaning that TADs in AGRs are less well-separated from their neighboring TADs.
Therefore, TADs in the AGRs interact more freely with adjacent TADs when compared with
those in the core genome (Fig. 1B, Chapter 6). Additionally, we found that genes within the
H3K27me3-associated TADs in AGRs are more likely to be transcriptionally co-regulated than
genes in core TADs (Chapter 6). Collectively, this suggests that H3K27me3 may be involved
in generating a distinct local 3D genome organization, paired with a divergent transcriptional
profile, at TADs in AGRs, when compared with TADs in the core genome. However, admittedly,
we have not demonstrated a driving role of H3K27me3 in these processes. Therefore, future
efforts to demonstrate a direct effect of H3K27me3 on local 3D genome organization will be
important.

Besides mRNA molecules, also different types of small RNAs are encoded in the genome,
including micro RNAs (miRNAs) and small interfering RNAs (siRNAs) 444445, These different
classes of small RNAs are generated by their own specific machinery, which involves epigenetic
mechanisms. For instance, siRNAs are molecules of 21-25 nucleotides that are cleaved from
double-strand RNA precursor molecules “©. Such precursor RNAs can be transcribed by
RNA polymerase IV that is recruited to genomic regions with elevated DNA methylation in
Arabidopsis “7. Moreover, loss of DNA methylation over genomic regions from which siRNA
precursors are generated enhances the production of siRNA precursors in Arabidopsis “®.
Similar to siRNAs, miRNAs are 21-25 nucleotides in size, but are cleaved from primary-miRNA
molecules that are transcribed by RNA polymerase Il in plants and animals “4°45°. Transcription
of primary-miRNAs in Arabidopsis is promoted by activity of the chromatin remodeling factor
BRM “1, indicating that generation of miRNAs is also influenced by chromatin. Additionally,
the RNA-interference machinery that causes transcriptional silencing of target genes, yet
also promotes sRNA amplification at these loci, is recruited to genomic regions containing
H3K9me2/3 42453, Collectively, these findings in a wide range of organisms indicate that
epigenetic mechanisms strongly affect the transcriptional output of a genome.
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Epigenetic mechanisms affect genome evolution

To survive over evolutionary timescales, organisms need to gain, lose or alter proteins
performing particular functions through genome evolution. Genome evolution starts from a
combination of mechanisms, including DNA replication “errors”, the activity of mutagens such
as radiation, chromosomal crossovers during meiosis, transposable element (TE) activity,
(partia) genome duplications, tandem duplications, chromosome gain or loss, presence-
absence polymorphisms, large-scale chromosome rearrangements, et cetera, leading to
genome variation %4, In some cases, the generated genome variation leads to increased cell
viability, potentially affecting their frequency in the population, ultimately leading to evolution.
Even though genome evolution is considered a stochastic process, it was found that various
plant pathogens harbor genomic regions that display accelerated evolution, while the majority
of the genome, which is typically designated as the core genome, remains evolutionary rather
stable 6%74798284356-358455 Thjs compartmentalization of genomes into plastic regions, that differ
more frequently between strains of a species, and less plastic genomic regions is termed the
two-speed genome 828 The fast-evolving, plastic, compartments of a two-speed genome
are typically TE-rich 8, indicating that TE activity may be one of the more important drivers
for evolution of plant pathogens, including V. dahlige. The break-points of the large-scale
chromosome rearrangements that occurred during the evolution of V. dahliae often locate in
AGRs, and show a great degree of overlap with TE-rich duplicated regions, suggesting that the
presence of these duplicated TEs may underly chromosome rearrangements 7. Interestingly,
the TEs located in the plastic genome are relatively young, transcriptionally active, and more
frequently polymorphic when compared to TEs in the core genome, suggesting that these TEs
actively contribute to shaping AGRs "#*°. Additionally, the polymorphic TEs in AGRs can be
associated with in planta highly expressed pathogenicity-related genes, suggesting that TEs
may be involved in transcriptional regulation as well 0.

Even though TE activity is beneficial to a certain extent, TE overactivity can be detrimental
to genome stability, and therefore TEs are generally epigenetically silenced “**-%%°. In fungi,
genomic regions that are enriched for TEs are often epigenetically silenced by H3K9me3 and
cytosine methylation (5-methylcytocine, SmC) #3217218222460 " Similarly, in V. dahliae we found
that H3K9me3 and 5mC co-localize on TE-rich genomic regions (Fig. 1A, Chapters 2 & 4).
However, even though 5mC is generally thought to be involved in transcriptional silencing, we
observed that loss of 5mC did not induce TE transcription, whereas loss of H3K9me3, and
the accompanying loss of 5mC, leads to the induction of numerous TEs (Chapter 4). Thus,
SmC is not strictly necessary for TE silencing. Instead 5mC may be subject to spontaneous
deamination, causing C to T mutations, and thus potentially rendering affected TEs forever
inactive 2%, Cytosine deamination as a driver of genome evolution is well accepted in various
taxonomic groups “¢™“3. For instance, simulations of DNA sequence evolution indicated that
mutational pressure by cytosine deamination was vital for the evolution of isochore structures
in the mammalian genomes “2. Additionally, cytosine deamination has been proposed to
constitute one of the main evolutionary forces in generating new transcription factor binding
sites in the human genome “%4. However, as cytosine methylation is mainly restricted to
genomic regions containing TEs in V. dahliae, spontaneous deamination is likely only involved
in the inactivation of TEs, and not in genome evolution in a more general sense.
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Previous studies in V. dahliae indicated that relatively young and active TEs underly the
evolution of the AGRs as plastic regions (Chapter 2) ™. Interestingly, the TEs in these AGRs
have a lower fraction of C to T mutations (represented by the composite repeat-induced point
mutation index (CRI)) and display lower association with H3K9me3 and 5mC (Chapter 2) 743¢°,
This indicates that C to T mutations happen more frequently in TEs that are marked with 5mC,
and thus that spontaneous deamination may be a true end-result of DNA methylation, but also
that a particular subset of TEs is devoid of H3K9me3 and 5mC to allow for TE activity driving
evolution within the plastic regions of the two-speed genome. It is unclear what makes that
these TE silencing mechanisms preferentially target TEs in the core genome. It is possible
that this is merely driven by the “survival of the fittest” principle, making that fungal cells with
active TEs in the core genome suffer too many detrimental effects and therefore disappear
from the population, while cells with active TEs in the AGRs suffer less from such detrimental
effects, and thus survive more frequently. Alternatively, the presence of specific epigenetic
features of AGRs may constrain the deposition of H3K9me3 and 5mC on TEs in the plastic
genome, thereby only allowing for TE activity within AGRs. Furthermore, it is conceivable that
the specific epigenetic profile of AGRs makes that these regions cluster in the 3D-genome,
generating so-called nuclear bodies that allow concentration and spatial segregation of nuclear
activities into membrane-less sub-compartments 3°-4°". Various types of nuclear bodies have
been described, including nucleoli, Cajal bodies, nuclear speckles, nuclear stress bodies and
polycomb bodies, of which some are formed on chromatin and embed DNA while others form
in the nucleosol and do not contain DNA, but rather interact with chromatin 49945, Chromatin-
containing nuclear bodies form by a process called phase separation through the activity of
self-aggregating chromatin-binding molecules or through the activity of individual chromatin
bridging factors that cross-link separate chromatin sections, without self-aggregation (Fig. 2)
4> Nuclear bodies formed with the non-aggregating bridging factors are usually less stable,
as these molecules can more readily disperse into the nucleoplasm (Fig. 2A), whereas nuclear
bodies formed with self-aggregating molecules are more stable (Fig. 2B), and can exist
independent of chromatin “°. Interestingly, the Drosophila H3K9me3-interacting protein Hp1
was shown to aggregate /n vitro and to nucleate into foci during early heterochromatin domain
formation, suggesting that aggregation of Hp1 may drive heterochromatin domain formation
46 As such, H3K9me3-marked heterochromatin at distal genomic regions may cluster in
the nucleus through presence of Hp], for instance at centromeres “”. Similarly, H3K27me3-
marked heterochromatin is bound by the polycomb repressive complex 1 (PRC1), of which the
CBX2 protein member is capable of assembly through phase separation “¢. PRC1 components
are absent from fungi ™%, yet other H3K27me3-readers may have an analogous function in
fungi. Thus, it is possible that the H3K27me3-marked AGRs in V. dahliae form nuclear bodies,
in which TE activity mainly causes TE insertions in the plastic regions, while leaving the core
genome largely unaffected. We have started to assemble preliminary evidence, not included in
this thesis, supporting the preferential interaction of AGRs located on separate chromosomes,
and suggesting that AGRs indeed form sub-compartments in the nucleus.
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FIGURE 2 | Models for formation of nuclear sub-compartments. Genomic regions containing nucleosomes with
specific binding sites (dark grey circles) can form chromatin sub-compartments through (A) association with
bridging factors (green shapes) that cross-link the chromatin, or through (B) association with self-aggregating
chromatin binders (purple shapes). Sub-compartments formed by bridging factors are generally less stable, as
these factors can more readily disperse into the nucleoplasm, whereas self-aggregating chromatin binders form
clusters that remain stable independent of chromatin. Figure adapted from Erdel & Rippe, 2018 “5.

All organisms evolved DNA repair mechanisms that correct damage to the genome.
Various DNA repair mechanisms exist, including double-strand break repair by homologous
recombination or by non-homologous end joining, and nucleotide and base-excision repair
pathways “%47° Interestingly, the histone code has been implicated in these DNA repair
mechanisms. For instance, histone methylation of lysine 79 on the tail of histone 3, and of
lysine 20 on histone 4, as well as phosphorylation and ubiquitination of histone variant H2AX
are involved in recruitment of double-strand break machinery 7. Additionally, budding yeast
mutants lacking the N-terminal tails of histones H2A and H3 displayed increased mutation
rates due to deficient base-excision repair, indicating that chromatin plays an important role
in this DNA repair mechanism “'. As these DNA-repair mechanisms do not always function
faithfully they inhibit, yet do not prevent, DNA changes. In fact, research in V. dahliae identified
sequence signatures of double strand-break repair machinery at sites of chromosomal
rearrangements, indicating that the evolution of the two-speed genome in V. dahliae involved
erroneous double strand-break repair ™. As these mechanisms are, in part, regulated on
chromatin, it is becoming more and more evident that epigenetics is important for genome
evolution.

Epigenetic mechanisms affect cell division

For mitotic and meiotic replication, organisms first require DNA replication, followed by
segregation of chromosome pairs, and finally cell division “’2. DNA replication starts with
unwinding and separation of DNA strands, resulting in formation of replication forks in
which DNA-polymerases attach to the DNA. It was shown that formation of replication forks
is favored in genomic regions with hyperacetylated euchromatin 4474 and that timing of
replication is further regulated on chromatin 474-4 Heterochromatic regions replicate later
during the mitotic S-phase and this process involves histone acetylation and methylation, as
well as the activity of histone readers recognizing heterochromatin-associated histones “7-47°,
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After DNA replication, the generated chromosome pairs need to be segregated, which
happens through formation of microtubule spindles that attach to centromeric regions
present on each chromosome. Fungal centromeres vary significantly in composition and
size between species, ranging from point centromeres of approximately 125 bp in size to
regional centromeres of a few kb up till a few hundreds of kb %324, Even though fungal
centromeres vary widely, their chromatin is always characterized by presence of nucleosomes
carrying the histone H3 variant CenH3 243245, CenH3 is essential for centromere function,
as it is the chromatin component that connects chromosomes to the microtubule spindle
via the proteinaceous kinetochore complex “°. Besides CenH3, fungal centromeres are
often epigenetically characterized by H3K9me3 and 5mC 23324% which we also found to be
present on V. dahliae centromeres (Fig. 1A, Chapter 5). Additionally, in various plants and
animals, a large set of histone modifications have been associated with centromeres “',
The conservation of epigenetic profiles at centromeres in different organisms indicates that
the epigenetic landscape likely plays a crucial role in centromere function, and thus in cell
division. Such role of the epigenetic landscape, and perhaps especially of H3K9me3, may
entail the formation of a nuclear sub-compartment and thereby drive the physical clustering of
centromeres. The crucial role of the epigenetic landscape in centromere functioning is further
supported by studies into neocentromere formation, occurring upon centromere defects,
showing that neocentromeres often form in H3K9me3-marked genomic regions “82. However,
neocentromeres in the human pathogenic fungus Cryptococcus deuterogattii are formed in
genic regions that are not associated with H3K9me3 and 5mC “3484 suggesting that these
heterochromatic features are not essential. Moreover, C. deuterogattii chromosomes lacking
their original centromere are unstable and undergo chromosomal fusions, after which the
neocentromere loses its function “%4%4 These results suggest that although H3K9me3 and
5mC may not be essential for centromere function and cell viability in short-term, they are
important for genome stability over longer evolutionary timescales.

Concluding remarks

In this thesis, we show that genomic regions differ in their chromatin profile, which is
associated with differences in 3D-genome organization in Verticillium dahliae (Fig. 1.
Moreover, we contest the overall starting hypothesis that genomic regions containing effector
genes are heterochromatic when the pathogen does not require effector gene expression, and
consequently require chromatin de-condensation to express effectors upon plant recognition.
As we show that differential gene expression in vitro for only a subset of genes located in
H3K27me3 domains involves local H3K27me3 depletion, we postulate that gene expression in
planta may require local H3K27me3 depletion and chromatin, but that it is not strictly required.
However, to irrefutably demonstrate this, future studies will require a functional, and reliable,
procedure to perform in planta chromatin immunoprecipitation assays.

Histone proteins are not only found in eukaryotes, but are also common in archaea 548,
indicating that the potential for epigenetic regulation using histones is evolutionary ancient.
As such, it is not surprising that nuclear processes have evolved to heavily rely on epigenetic
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regulation. This evolution resulted in an intricate mechanism, the histone code, in which
certain histone modifications may have multiple different functions depending on their genetic
localization and the co-occurrence of additional modifications. Therefore, it will be difficult
to predict how the function of the genome is affected by specific changes in the histone
code. Advances in single cell sequencing and epigenome analyses “¢74% will deepen the
understanding of epigenetics by providing increasingly more fine-grained information about
the regulation and output of the epigenome. Studies into epigenetics may ultimately identify
subtle differences in regulatory mechanisms between plants and their pathogens, which could
be exploited to design novel strategies to combat plant diseases.
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SUMMARY

Summary

Through the association of protein complexes to DNA, the nuclear genome is broadly organized
into accessible euchromatin and condensed heterochromatin. Chemical and physical
alterations to these types of chromatin may impact their organization and functionality, and
are therefore important regulators of nuclear processes in eukaryotes. Studies in various
fungal plant pathogens have uncovered an association between chromatin organization and
expression of in planta-induced effector genes that are important for pathogenicity. Chapter
1 of this thesis introduces interactions between plants and microbial pathogens, with a
particular focus on the plant pathogenic Ascomycete fungus Verticillium dahliae; the subject
of study of this thesis research. V. dahliae is a soil-borne filamentous fungus that can infect
hundreds of host plants and colonizes their xylem vessels, leading to wilt diseases that can
devastate crop yields. Chapter 1 outlines a prevalent hypothesis on epigenetic regulation of
effector gene expression, stating that chromatin at effector gene-containing genomic regions
is condensed when the fungus does not grow inside its plant hosts. Consequently, in order to
express effectors in planta, the pathogen requires to chemically alter its chromatin, leading to
chromatin de-condensation.

In a similar fashion as has been reported for the genomes of various other fungal species,
the genome of V. dahliae can be characterized as a so-called two-speed genome, in which
particular regions are more plastic, and evolve more rapidly, than the evolutionary more stable
core genome. In Chapter 2, we explore epigenome features, including DNA methylation,
chromatin accessibility and histone methylation, and show that the plastic genome of V. dahliae
is associated with tri-methylation of lysine 27 on histone 3 (H3K27me3) and with accessible
chromatin. Using a machine learning approach trained on chromatin, and validated through
orthogonal analyses, we now identified approximately twice as much DNA in plastic regions
than previously recognized. The collective plastic regions are now referred to as adaptive
genomic regions (AGRs). Our results show that a specific chromatin profile defines the plastic
genome, and highlight how different epigenetic factors contribute to the organization of AGRs.

H3K27me3 is generally associated with facultative heterochromatin, which represents
a closed conformation of the DNA and corresponding inaccessibility to the transcriptional
machinery, yet can de-condense upon recognition of external cues. In Chapter 3, we
investigated the involvement of H3K27me3 in transcriptional regulation by comparing
H3K27me3 coverage and transcription for V. dahliae cultivated in three in vitro cultivation
media. We show that although various genes in AGRs are differentially expressed between
the cultivation media, H3K27me3 domains globally display stable profiles. However, we do
observe local quantitative differences in H3K27me3 coverage that associate with differentially
expressed genes, although this is not a ubiquitous pattern. Overall, our results demonstrate
that although some loci display H3K27me3 dynamics that can contribute to transcriptional
variation, other loci do not show such dynamics. Thus, we conclude that while H3K27me3
is required for transcriptional repression, it is not a conditionally responsive global regulator
of differential transcription. We propose that the H3K27me3 domains that do not undergo
dynamic methylation may contribute to transcription through other mechanisms, or may serve
additional genomic regulatory functions.

229



SUMMARY

Methylation of cytosine nucleobases (5-methylcytosine, 5mC) is an important epigenetic
control mechanism that is restricted to genomic regions containing transposable elements
(TEs) in many organisms, including fungi. Two DNA methyltransferases, Dim2 and Dnmt5, are
known to perform methylation at cytosines in fungi. While most ascomycete fungi encode both
Dim2 and Dnmt5, only few functional studies have been performed in species that contain
both genes. In Chapter 4, we use functional analyses to show that Dim2, but not Dnmt5 or
the putative sexual cycle-related DNA methyltransferase Rid, is responsible for the majority of
DNA methylation in V. dahliae. Single and double DNA methyltransferase mutants did not show
altered development, virulence, or transcription of genes or TEs. In contrast, Hp1 and Dim5
mutants that are impacted in chromatin-associated processes upstream of DNA methylation
are severely affected in development and virulence and display transcriptional reprogramming
in AGRs. As these AGRs are largely devoid of DNA methylation and of Hpl- and Dim5-
associated heterochromatin, the differential transcription is likely caused by pleiotropic effects
rather than by differential DNA methylation. Overall, our results suggest that Dim2 is the main
DNA methyltransferase in V. dahlige and, in conjunction with work on other fungi, is likely
the main active DNMT in ascomycetes, irrespective of Dnmt5 presence. We speculate that
Dnmt5 and Rid act under specific, presently enigmatic, conditions or, alternatively, act in DNA-
associated processes other than DNA methylation.

Centromeres are chromosomal regions that are crucial for chromosome segregation
during mitosis and meiosis, and failed centromere formation can contribute to chromosomal
anomalies. Despite this conserved function, centromeres differ significantly between, and
even within, species. Thus far, systematic studies into the organization and evolution of
fungal centromeres remain scarce. In Chapter 5, we identified the centromeres in each of
the ten species of the Verticillium genus and characterized their organization and evolution.
Chromatin immunoprecipitation of the centromere-specific histone CenH3 (ChIP-seq) and
chromatin conformation capture (Hi-C) followed by high-throughput sequencing identified
eight conserved, large (~150 kb), AT-, and repeat-rich regional centromeres that are embedded
in heterochromatin in V. dahliae. Using Hi-C, we similarly identified repeat-rich centromeres in
the other Verticillium species. Strikingly, a single degenerated LTR retrotransposon is strongly
associated with centromeric regions in some Verticillium species. Extensive chromosomal
rearrangements occurred during Verticillium evolution, of which some could be linked to
centromeres, suggesting that centromeres contributed to chromosomal evolution. The size
and organization of centromeres differ considerably between species, and centromere size
was found to correlate with the genome-wide repeat content. Overall, this chapter highlights
the contribution of repetitive elements to the diversity and rapid evolution of centromeres
within the Verticillium genus.

The three dimensional (3D) folding of DNA in the nucleus organizes chromosomes into
so-called topologically associating domains (TADs). These TADs are self-interacting genomic
regions that display less interaction with adjacent regions. Functionally, TADs have been
implicated in transcriptional regulation as well as in genome evolution in numerous organisms,
yet in fungi the functional implication of these regions remains less clear. In Chapter 6, we
utilize Hi-C data generated for V. dahliae to investigate TAD organization and its influence on
transcription. Additionally, we compare the TAD organization between two V. dahliae strains as
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well as with other Verticillium species to study the conservation of TADs throughout the genus.
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
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, i.e. regions
that delineate adjacent TADs, in AGRs are generally lower expressed 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. Overall, our study points towards
an association between TAD organization and transcriptional regulation as well as genome
evolution in Verticillium.

Finally, Chapter 7 revisits the prevalent hypothesis on epigenetic regulation of effector
gene expression through extensive chromatin dynamics, as presented in Chapter 1. | conclude
that this hypothesis is likely too simple, and therefore | bring forward alternative hypotheses
to explain the potential role of H3K27me3 in transcriptional regulation of in planta and in vitro
differentially expressed genes. Furthermore, the implications of the findings presented in this
thesis, regarding epigenetic mechanisms and spatial genome organization, are discussed in
the broader context of nuclear processes in eukaryotic organisms.
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