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Abstract

Chromosomes must correctly fold in eukaryotic nuclei for proper genome function. Eukaryotic organisms
hierarchically organize their genomes: in the fungus Neurospora crassa, chromatin fiber loops compact into
Topologically Associated Domain (TAD)-like structures that are anchored by the aggregation of silent
heterochromatic regions. However, insufficient information exists on how histone post-translational
modifications, including acetylation, impact genome organization. In Neurospora, the HCHC complex
(comprised of the proteins HDA-1, CDP-2, HP1, CHAP) deacetylates heterochromatic regions, including
centromeres: loss of individual HCHC members increases centromeric acetylation and cytosine methylation.
Here, we evaluate the role of the HCHC complex on genome organization using chromosome conformation
capture with high-throughput sequencing (Hi-C) in strains deleted of the cdp-2 or chap genes. CDP-2 loss
increases interactions between intra- and inter-chromosomal heterochromatic regions, while CHAP deletion
decreases heterochromatic region compaction. Individual HCHC mutants exhibit different histone PTM
patterns genome-wide: without CDP-2, heterochromatic H4K16 acetylation is increased, yet some
heterochromatic regions lose H3K9 trimethylation, which increases interactions between heterochromatic
regions; CHAP loss produces minimal acetylation changes but increases H3K9me3 enrichment in
heterochromatin. Interestingly, deletion of the gene encoding the DIM-2 DNA methyltransferase in a cdp-2
deletion background causes extensive genome disorder, as heterochromatic-euchromatic contacts increase
despite additional H3K9me3 enrichment. Our results highlight how the increased cytosine methylation in

HCHC mutants ensures heterochromatic compartmentalization when silenced regions are hyperacetylated.
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Significance Statement

The mechanisms driving chromosome organization in eukaryotic nuclei, including in the filamentous fungus
Neurospora crassa, are currently unknown, but histone post-translational modifications may be involved.
Histone proteins can be acetylated to form active euchromatin while histone deacetylases (HDACs) remove
acetyl marks to form silent heterochromatin; heterochromatic regions cluster and strongly interact in
Neurospora genome organization. Here, we show that mutants lacking components of a heterochromatin-
specific HDAC (HCHC) causes histone acetylation gains in heterochromatin genome-wide and increases
contacts between distant heterochromatic loci. HCHC loss also impacts cytosine methylation, and in strains
lacking both the HCHC and cytosine methylation, heterochromatic regions interact more with euchromatin.
Our results suggest cytosine methylation normally functions to segregate silent and active loci when

heterochromatic acetylation increases.
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Main Text
Introduction

Chromosomal DNA must be correctly folded in a eukaryotic nucleus to ensure the proper genome
function (1-3). Numerous DNA-templated processes, including transcription, mitosis/meiosis, and DNA
repair, require precise compaction and organization of genomic DNA (1-6). Arguably, genome organization
impacts gene expression the most, given the subnuclear compartmentalization of chromatin - the aggregate
of proteins and DNA necessary for genome organization and function (1, 4, 7, 8). Here, in interphase cells,
the more open, gene-rich, and transcriptionally active euchromatin is more centrally localized in the nucleus,
while the densely compacted, transcriptionally silent heterochromatin associates at the nuclear periphery
(9-12). This organization facilitates transcription regulation: the condensed heterochromatin at the nuclear
periphery would be refractory to RNA polymerases, while the transcriptional machinery would presumably
have greater access to the more open euchromatin (9, 13). In addition, long-range loops between promoters
and distant regulatory sequences, including enhancers or silencers, are more apt to form with more open
euchromatin (4, 8, 14). Disruptions to genome organization are frequently seen in human diseases, including
cancer (15, 16), where improper chromosome folding allows promoters to hijack regulatory sequences for
inappropriate expression (17, 18). Given the requirement for cells to correctly organize DNA to ensure
genome function, there is a critical need to understand how this genome organization occurs, including the
factors required to correctly fold the genome in wild type (WT) nuclei.

Eukaryotic organisms from fungi and yeasts to metazoans hierarchically organize their genomes in the
nucleus (19). At the most basic level, a histone octamer wraps ~146 basepairs (bp) of DNA to form
nucleosomes (20-22), which are compacted into chromatin fibers. In higher eukaryotes, including humans,
the cohesin protein complex then extrudes chromatin fibers to form globules or loops across a chromosome,
with a CTCF dimer anchoring the loop base (23-30). Metazoan loops are further compacted into
Topologically Associated Domains (TADs, also called “contact domains”), where chromatin internal to the
TAD is more apt to interact than external chromatin (31-35). TADs containing chromatin of similar
transcriptional states are compartmentalized, while individual chromosomes isolate into territories (32, 36-

38). The genomes of more simplistic organisms, such as the filamentous fungal model organism Neurospora
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crassa, are also hierarchically organized and are similarly compacted as metazoan genomes. For example,
Neurospora has a nearly identical ratio of genome size to nuclear volume as humans, and Neurospora
chromosomes form TAD-like structures, initially termed “Regional Globule Clusters”, comprised of several
(presumably cohesin-dependent) chromatin loops (39-42). Flanking heterochromatic regions strongly
interact to delineate Neurospora TAD-like structures, which promotes multiple euchromatic globules to
associate in an uninsulated manner (39, 41). As opposed to the chromosome territories seen in metazoans
(2, 36, 43, 44), the vast majority of fungal chromosomes are in a Rabl conformation, in which centromeres
bundle at distinct sites from the telomere clusters on the inner nuclear membrane (19, 40, 42, 45, 46). The
Rabl chromosome conformation has been directly observed in Neurospora crassa, with discrete centromeric
and telomeric foci associated with the inner nuclear membrane (41, 47, 48).

Despite the marginal chromosome conformation differences between fungi and metazoans, filamentous
fungi like Neurospora crassa remain excellent model organisms to understand the underlying mechanisms
driving eukaryotic genome organization (39, 41, 48). The predominantly haploid genomes of fungi are small
(e.g., the Neurospora genome is 4.1 x 107 bp) (49, 50), making fungi cost-efficient for genomic experiments.
The composition of the Neurospora genome mirrors that of humans, as its genome is separated into
euchromatic and heterochromatic regions, the latter being subdivided into the permanently silent
constitutive heterochromatin covering the AT-rich and repetitive DNA that is devoid of genes, and the
temporarily silent facultative heterochromatin that covers gene rich regions for transcriptional repression
during asexual growth (49-53). Similar to metazoans, Neurospora employs post-translational modifications
(PTMs) of histone proteins and covalent modifications of DNA for differentiating heterochromatin from
euchromatin; these modifications are necessary for numerous genomic processes, including the regulation
of gene expression. Neurospora constitutive heterochromatin is enriched with trimethylation of lysine 9 on
histone H3 (H3K9me3) and cytosine methylation (5mC), while facultative heterochromatic regions are
enriched with di- or trimethylation of lysine 27 on histone H3 (H3K27me2/3) or the ASH1-dependent
dimethylation of lysine 36 on histone H3 (H3K36me2) (51-58). Euchromatic regions are enriched with di-
or trimethylation of lysine 4 on histone H3 (H3K4me2/3) or acetylation of lysine residues, including lysine

9 on histone H3 (H3K9ac) or lysine 16 on histone H4 (H4K16ac) (59-62). However, in contrast to metazoans,
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the machinery that catalyze histone PTMs or 5mC is often simplistic, non-redundant, and not required for
viability, allowing researchers to dissect individual modification pathways (53, 63-65). Taken together, the
advantages offered by filamentous fungi such as Neurospora crassa strongly argue that filamentous fungal
systems are useful for studying the role of histone or DNA modifications in organizing eukaryotic genomes.

One method to assess genome organization is chromosome conformation capture coupled with high
throughput sequencing (Hi-C), in which chromatin is crosslinked, digested with restriction enzymes, and
ligated, thereby physically connecting DNA that is interacting into a single DNA molecule (66); Hi-C allows
researchers to capture and examine the interactions between loci across the entire genome of an organism
(38). Advances in Hi-C protocols enable the capture of DNA ligation products in the nucleus, such that these
in situ Hi-C datasets more accurately capture interacting chromatin (32). This has enabled researchers to
characterize genome organization at high resolutions with unprecedented clarity (32, 39). Hi-C has
elucidated or confirmed the foundations of hierarchical genome organization in eukaryotic nuclei, including
globules, TADs, and chromosome territories (or the Rabl chromosome conformation, if fungal systems are
examined) (19, 31, 32, 36, 39-41, 44). However, the underlying mechanisms driving genome organization in
any species are currently unknown.

Arguably, one critical yet understudied genome component that may drive chromosome conformation
in WT nuclei through genome compartmentalization are histone PTMs. Specific histone PTMs define the
transcriptional status and chromatin accessibility in the nucleus (22, 67-69). Since euchromatic regions
associate but are segregated from heterochromatic clusters, the possibility exists that the histone PTMs
defining each chromatin type could impact genome topology. Recent reports detail how histone PTMs, as
well as the effector proteins that bind these marks, have critical roles in genome organization. Notably, the
constitutive heterochromatin-specific H3K9me3 mark and its cognate binding partner Heterochromatin
Protein-1 (HP1) are important for pericentromeric region association during zygote genome activation in
Drosophila and the compaction of heterochromatic regions during fungal asexual growth (41, 70). In
addition, sub-telomeric H3K27me2/3, which demarcates facultative heterochromatin, is necessary for
telomere clusters to associate with the nuclear periphery in Neurospora (48). These results suggest that

heterochromatic histone PTMs play vital roles in eukaryotic genome organization. However, there is scant
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information about the role of other histone PTMs, including histone acetylation.

The addition of an acetyl group to histones has long been thought necessary for opening chromatin, as
enrichment of acetylation in euchromatic regions is readily observed in fungi, fruit flies, mice, and humans
(54, 71-80). In contrast, heterochromatic regions are typically devoid of histone acetylation, which occurs
due to the action of histone deacetylase (HDAC) complexes (54, 59, 60, 81). Recent results have argued that
changes in chromatin acetylation levels can impact genome organization. For example, as human epidermal
cells differentiate, numerous enhancers gain acetylation of lysine 27 on histone H3 (H3K27ac) and form
novel interactions with promoters controlling epidermis differentiation (82). A similar gain of H3K27ac,
which may be dependent on the p300 histone acetyltransferase, forms novel promoter-enhancer contacts
for inducing transcription during the differentiation of mouse adipocyte cells (83). Mitotic cell cycle stage
entry depends on histone acetylation changes during human and mouse cell cycles. In general, mitotic
chromosomes are globally hypoacetylated, which creates dense chromosome structures for homologous
chromosome separation into daughter cells (84-88); the HDAC Hst2p in S. cerevisiae is important for
deacetylating H4K16 for chromosome condensation (86). As cells transition through mitosis, promoters and
enhancers specifically lose H3K27ac, but rapidly regain this mark in G1 for reactivating gene transcription
and reforming TADs (89, 90). Further, improper recruitment of P300 by a novel oncogenic protein, BRD4-
NUT, which translationally fuses the acetylated histone-binding bromodomain of BRD4 to the P300-binding
C-terminus of NUT (Nuclear protein in testis), creates hyperacetylated Megadomains that aggregate into a
subcompartment characterized by increased transcription activation (91). Hyperacetylated chromatin in the
presence of bromodomain proteins may actually form a novel phase-separated state that could promote the
formation of nuclear subcompartments (92). Together, these data implicate histone acetylation as having a
critical role in the organization and function of eukaryotic genomes. However, few studies assess the action
of HDAC complexes on fungal chromosome conformation.

Neurospora crassa is excellent for studying histone deacetylase (HDAC) action, as it encodes four class II
HDACs (HDA-1 to HDA-4; class Il characterization based on primary structure conservation) (81), each of
which may be targeted to different chromatin types (62). Specifically, HDA-1 is the Neurospora HDAC that

impacts heterochromatin, as a Ahda-1 deletion strain loses 5mC (62, 93). HDA-1 is a component of the four-
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member HCHC complex, comprised of the proteins HDA-1, CDP-2 (Chromodomain Protein-2), HP1, and
CHAP (CDP-2 and HDA-1 Associated Protein) (59, 60). Within the HCHC complex, HDA-1 is the deacetylase
catalytic subunit, HP1 binds to H3K9me3 for heterochromatin recruitment, and CDP-2 and CHAP are
required for protein interactions within the HCHC and binding to AT-rich DNA, respectively (59, 60). The N-
terminus of CDP-2 forms critical protein-protein interactions with HDA-1 within the HCHC complex, and
while the CDP-2 chromodomain can also bind H3K9me3, this domain is dispensable for HCHC function (60).
CHAP also forms protein-protein interactions with HDA-1, but its primary structure also contains two AT
hook domains that allow the HCHC complex to associate with the AT-rich DNA of constitutive
heterochromatin (59, 60). Both CDP-2 and CHAP are necessary for HDA-1 to localize to heterochromatic
genomic loci, and HDA-1-dependent deacetylation is necessary for H3K9me3 deposition (59, 94).
Importantly, strains deleted of cdp-2, chap, or hda-1 have increased histone acetylation and have decreased
H3K9me3 at select heterochromatic regions, including the centromeres, as assessed by Chromatin
Immunoprecipitation quantitative PCR, although it is unknown if these enrichment changes occur genome-
wide (60). HCHC mutant strains also have changes in 5mC: smaller heterochromatic regions lose 5mC but
larger regions, including the centromeres, gain 5mC by increasing recruitment of DIM-2, the only DNA
methyltransferase encoded in Neurospora (59). Given the extensive background information available for
HCHC complex action, strains devoid of HCHC members provide an outstanding system to explore the role
of epigenetic marks on eukaryotic genome organization.

Here, we report the changes to the genome organization in Acdp-2 or Achap deletion strains, as assayed
by euchromatin-specific (Dpnll) or heterochromatin-specific (Msel) in situ Hi-C (39). We reasoned that these
HCHC members might impact the formation of higher order structures in genome organization in addition
to their reported roles for HDA-1 recruitment. We found that the loss of CDP-2 causes increased interactions
between distant heterochromatic regions on a single chromosome and between chromosomes consistent
with increased accessibility of silent chromatin. In contrast, loss of CHAP reduces the local compaction of
heterochromatic regions to indirectly increase regional euchromatic contacts. Across the genome of a Acdp-
2 strain, heterochromatic regions gain enrichment of acetylation of lysine 16 on histone H4 (H4K16ac) but

not acetylation of lysine 9 on histone H3 (H3K9ac), as assessed by Chromatin Immunoprecipitation-


https://doi.org/10.1101/2023.07.03.547530
http://creativecommons.org/licenses/by-nc-nd/4.0/

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.03.547530; this version posted July 3, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Sequencing (ChIP-seq); a Achap strain has few H4K16 acetylation changes. Surprisingly, a subset of
heterochromatic regions in a Acdp-2 strain lose H3K9me3, resulting in increased heterochromatic region
contact promiscuity. Moreover, a Acdp-2;Adim-2 double mutant, which is devoid of 5mC in an HCHC-deficient
background, gains H3K9me3 at most AT-rich regions and has a highly disordered genome organization, with
increased contact probabilities between heterochromatic loci and euchromatin, which implies silent
chromatin no longer associates in a heterochromatic bundle at the nuclear periphery. Our results suggest
that histone deacetylation is necessary for proper genome topology, while in the presence of hyperacetylated

histones, cytosine methylation increases maintain the segregation of heterochromatin from euchromatin.

Results
Genome organization changes in strains deleted of either HCHC component CDP-2 or CHAP

Recent analysis of genome organization in the filamentous fungal model organism Neurospora crassa has
shown that the seven chromosomes of the wild type (WT) strain N150 (74-OR23-1VA [FGSC #2489]) are
organized in a Rabl structure defined by independent centromere and telomere clusters at the nuclear
periphery (39, 41, 48). In the Rabl conformation, the arms of each Neurospora chromosome strongly
associate (Figure 1A), while extensive inter-chromosomal contacts — and weak chromosome territories - are
readily visible (39, 41, 47). Also, chromatin is segregated: silent heterochromatic regions strongly interact
across Megabases (Mb) of linear chromosomal distance, or between chromosomes, to form aggregates at the
nuclear periphery, while active euchromatic regions are hierarchically compacted into loops/globules that
form TAD-like structures in the center of the nucleus (Figure 1A) (19, 39). These interaction characteristics
of Neurospora chromatin were elucidated by chromatin-specific Hi-C, where the use of the restriction
enzyme Msel (recognition sequence TATAA) primarily assesses contacts in the AT-rich heterochromatic
regions of the Neurospora genome, while GC-rich euchromatic region contacts are examined with Dpnll
("GATC) (Figure 1A) (39). Despite these advances, little is known about how changes in histone PTMs, such
as the removal of histone acetylation by histone deacetylases (HDACs), impact eukaryotic genome
organization. Since AT-rich, silent genomic regions are important for fungal chromosome conformation, we

examined if the loss of the heterochromatin specific HDAC complex HCHC could impact genome organization.
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To understand how dysfunction of the HCHC histone deacetylase complex can impact fungal genome
organization, we examined strains independently deleted of the genes encoding CDP-2 (Acdp-2) or CHAP
(Achap) using Hi-C. Since CDP-2 and CHAP recruit HDA-1 to AT-rich genomic loci for the deacetylation of
histones, the activity of CDP-2 and CHAP could be epistatic to HDA-1 action, yet given the unique domains
predicted from their primary structures, these proteins could have distinct functions in the HCHC complex
(59, 60). We hypothesized that by examining mutants of CDP-2 and CHAP, we could assess how compromised
HCHC function alters chromosome conformation while possibly observing more nuanced differences in
genome organization, which would clarify the individual roles of these HCHC members, rather than only
examining the effect of deleting the HDA-1 catalytic subunit. Therefore, we independently performed in situ
Hi-C with Dpnll to assess primarily euchromatic contacts, or Msel to examine mainly heterochromatic
interactions, on Acdp-2 and Achap strains. Our replicate in situ Hi-C libraries for these strains were highly
reproducible (Figures S1, S2), allowing us to merge the datasets generated with similar restriction enzymes.
This produced high quality Dpnll Acdp-2 (~35.4 million [M] valid read pairs) and Achap (~8.7M valid read
pairs), as well as Msel Acdp-2 (~13.9M valid read pairs) and Achap (~4.8M valid read pairs) datasets; total
and valid read counts are provided in Supplemental Table S1. The merged Dpnll datasets presented here are
Knight-Ruiz (KR) corrected to limit any experimental bias (36, 95, 96), while Msel datasets in all figures
display raw, uncorrected contact probabilities, since KR correction improperly removes specific interactions
between heterochromatic regions upon bin averaging, possibly caused by the discrepancy between the
number of Msel sites in AT-rich heterochromatic regions and more GC-rich euchromatin (39).

At first glance, when examining a single chromosome (Linkage Group [LG] II), the Dpnll and Msel Acdp-2
datasets (Figures 1B) look comparable to WT Dpnll or Msel Hi-C datasets (Figure 1A) generated from fastq
files containing nearly identical numbers of valid reads. However, at a closer look, the Acdp-2 dataset has
increased interactions between distant heterochromatic regions, including the LG II centromere interacting
more strongly with heterochromatic regions up to three megabases (Mb) distant, which were the most
evident in the silent chromatin-specific Msel heatmap (Figures 1B, black arrowheads); also, heterochromatic
regions form fewer contacts with nearby euchromatin (Figure 1B, open arrowheads), as contacts between

heterochromatic regions are more prevalent. These effects are seen on all Neurospora chromosomes

10
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(Figures S3). To more easily highlight changes in a Acdp-2 strain, we compared the Dpnll or Msel Hi-C contact
maps between WT and the Acdp-2 strain. In both datasets, the most prominent change in LG II interactions
are the strong increases between centromeres and distant heterochromatic regions, evident as strong red
bins in the comparison heatmaps (Figure 1C); a similar pattern of increased interactions between
heterochromatic regions is observed on all seven Neurospora LGs (Figures S4). Further examination of the
changes in centromeric contacts at a higher resolution show how centromeric chromatin is more likely to
form interactions, as the LG II centromere has a strong red diagonal indicative of increased contacts between
centromeric nucleosomes, as well as more intense interactions with distant H3K9me3-marked constitutive
heterochromatic regions (Figure 1D). In fact, each heterochromatic region across LG II has increased local
interactions along the diagonal of Acdp-2 Msel datasets relative to WT, arguing this AT-rich, heterochromatic
DNA associates less with its own histone proteins, which would allow greater contact promiscuity with the
AT-rich DNA of nearby heterochromatic nucleosomes; this could additionally deplete heterochromatic-
euchromatic contacts when equal numbers of valid Hi-C read pairs are compared (Figures 1B, open
arrowheads, 1C). Quantification of strongly changed contacts between WT and Acdp-2 Msel datasets showed
that, indeed, the greatest number of strongly increased contacts occurred between H3K9me3-enriched bins;
few contacts were strongly increased between H3K9me3 enriched bins and bins enriched with euchromatic
marks (Figure 1H). Further, as assessed in euchromatin-specific Dpnll datasets, interactions of more distant
euchromatic regions were also decreased, such that interactions between the left and right chromosome
arms, as well as the interactions between distant TAD-like structures were reduced (Figure 1C). The strong
decrease in interactions just off diagonal when comparing the WT and Acdp-2 Msel datasets (Figure 1C, above
diagonal) could also indicate chromatin in TAD-like structures interact less, similar to the changes in Dpnll
Acdp-2 datasets, but equally possible is that these decreased euchromatic contacts reflect the paucity of
contacts due to the reduced number of Msel sites in euchromatin (39) coupled with the increased numbers
of heterochromatin-specific contacts within these datasets (Figure 1C). All told, the loss of CDP-2 in
Neurospora causes increased constitutive heterochromatic region interactions and decreased associations
between euchromatin.

To further understand the function of HCHC components, we examined the genome organization of a
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Achap strain by Dpnll and Msel Hi-C. We note that both of these datasets have reduced numbers of valid reads
compared to the data from a Acdp-2 strain, with the Achap Dpnll Hi-C having ~four-fold less reads and the
Achap Msel Hi-C having ~three-fold less valid reads (Supplemental Table S1). However, despite these
differences in valid read numbers, we believe that there is enough information present to assess the impact
of CHAP loss, especially considering that we, again, normalized the WT datasets with similar numbers of valid
reads to highlight differences from normal genome topology. Examination of single chromosomes show how
the Achap Dpnll and Msel Hi-C datasets appear devoid of most strong long-range contacts (Figures 1E);
similar results were shown for all seven Linkage Groups (Figure S5). In each chromosome, more distant
contacts are rarer upon CHAP loss; an enhanced image of the right arm of LG II highlights that regional
interactions still form in both Dpnll and Msel datasets (Figure 1E). When equal numbers of valid reads
between the WT and Achap datasets are compared, the differences from the normal genome organization
are readily apparent, with heterochromatic regions exhibiting reduced internal compaction and reduced
contacts between heterochromatic regions across LG II (Figures 1F-G, arrowheads); similar differences occur
on each chromosome upon CHAP loss (Figure S6). Also apparent are the decreased interactions between the
TAD-like Regional Globule Clusters (RGCs) (39) in the Achap Dpnll data, which may stem from the slight
increase in on-diagonal, local interactions. Highlighting these genomic organization changes, quantification
of strongly increased contacts between bins enriched for either activating or repressive histone PTMs,
including the SET-2-specific H3K36me2 or H3K27ac (54), shows minimal gains in bin interactions between
heterochromatic and euchromatic bins, yet euchromatic regions are more likely to contact in a Achap strain
(Figure 1H), perhaps indirectly resulting from decreased heterochromatic compaction reducing the numbers
of strong contacts between heterochromatic bins.

Our data suggest that CDP-2 and CHAP have different functions in genome organization. Highlighting the
differences between these two strains, we compared equal numbers of valid Hi-C reads from Acdp-2 and
Achap datasets. Figure 11 shows how genome topology is changed in a Achap strain relative to that in Acdp-
2.In a Achap strain, the decrease in heterochromatic region compaction and contacts between silent regions,
with the concomitant increase in euchromatic interactions, is evident (Figure 11, arrowheads). These data

argue that CHAP is necessary for forming intra-chromosomal interactions within and between
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heterochromatic regions, while CDP-2 may be indirectly acting to restrict heterochromatin aggregation,
given its role in controlling histone acetylation (below). Highlighting this functional difference are the
centromeres, which are among the genomic loci gaining the most 5mC in Acdp-2 and Achap strains (59, 60).
Upon closer inspection of the centromere topology in Msel datasets, the Acdp-2 strain shows a strong
increase in local contacts ~one to two 10kb bins off diagonal with subtle increases between the more distant
centromeric chromatin, suggesting that the DNA wrapped around individual centromeric nucleosomes can
contact more-distant nucleosomes rather than being restricted to interactions with nucleosomes in close
proximity within centromeric chromatin fibers (Figure 1]). In contrast, Achap Msel data has reduced
interactions between more distant nucleosomes in centromeric chromatin, implying that CHAP acts to
stabilize the folding and compaction of the centromeric chromatin (Figure 1]).

Similar interaction trends are observed with the heterochromatic interactions between chromosomes,
arguing that CDP-2 and CHAP facilitate the global clustering of heterochromatic regions in the Neurospora
nucleus. As shown in raw Msel and KR corrected Dpnll Hi-C data from a Acdp-2 strain, or when these Acdp-2
data are compared to WT Hi-C, the centromeres in a Acdp-2 strain gain interactions with the interspersed
heterochromatic regions across all seven LGs; the gain in heterochromatic region interactions may reduce
contact strength of the euchromatin surrounding the centromere of each chromosome, as well as the inter-
chromosomal centromeric interactions (Figures 2A, S7), although it is possible this reduction manifests
when equal numbers of valid read pairs are compared between datasets where one (Acdp-2) has more
heterochromatin contacts. Specifically, the Dpnll Hi-C data present stronger inter-chromosomal contacts,
especially between chromosome arms (Figures 24, S7), which may occur when heterochromatic regions
between chromosomes are more apt to interact; similar changes to centromere interactions are observed in
KR-corrected Msel data and raw Dpnll data when WT and Acdp-2 contact matrices are compared (Figure S8,
top). Examination of the interactions between two chromosomes, LG Il and LG III, in Acdp-2 Msel Hi-C contact
heatmaps show the expansion of centromeric and interspersed heterochromatic region contacts and the
concomitant reduction of contacts between silent and active chromatin (Figure 2B). Plotting the inter-
chromosomal interaction changes between WT and Acdp-2 Msel datasets highlight the strong contact gain

between heterochromatic regions on different chromosomes, including how the centromeres on LG II and
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LG III more readily contact distant heterochromatic regions rather than form inter-centromeric contacts,
which are moderately decreased, as is the euchromatin emanating from the LG II and LG III centromeres
(Figure 2C). In contrast, the loss of CHAP reduces heterochromatic interactions across the Neurospora
genome: as shown in Achap Msel contact matrices (Figure S9), or when Achap Msel data is compared to WT
Msel data (Figure 2D), few inter-chromosomal heterochromatic contacts are observed, with the reduction in
centromeric contacts being the most prominent; these differences in contact strength are independent of
matrix correction (Figure S8, bottom). In fact, the comparison of Acdp-2 and Achap contact matrices shows
how inter-chromosomal centromeric contacts are stronger in a Acdp-2 strain (Figure S10). A plot of the
interactions between two chromosomes, LG II and LG III, in Achap highlights the paucity of constitutive
heterochromatic contacts between chromosomes (Figure 2E), which is further evident when Msel Hi-C data
between a WT and Achap strain are compared (Figure 2F). This decrease in heterochromatic bundling
compromises the inter-chromosome arm interactions that are characteristic of the Rabl conformation (19,
97), as the comparison of Dpnll Hi-C between WT and Achap strains shows reduced euchromatin interactions
across the left and right arms of each Neurospora Linkage Group (Figure 2D). Quantification of the strongest
gains in inter-chromosomal interactions between WT and these HCHC deletion mutants confirm these
genome topology changes. Specifically, in Acdp-2 Msel Hi-C datasets, 81.5% of H3K9me3-enriched bins have
strong contact gains, while few H3K9me3 enriched bins have strong interaction changes with bins marked
by euchromatic histone PTMs (Figure 2G, left panel). The Acdp-2 Dpnll Hi-C data only show strong gains
between euchromatic bins enriched with H3K27ac and SET-2 specific H3K36me2 (Figure 2G, right panel). In
contrast, Achap Msel and Dpnll Hi-C datasets have minimal contact increases relative to WT independent of
histone PTMs, indicating the loss of CHAP reduces the chromosomal compaction across the Neurospora
genome (Figure 2G). All told, our Acdp-2 and Achap Hi-C data reveals the differential effects on genome

organization by individual members of a histone deacetylase complex.

Histone acetylation changes in single deletion strains of the HCHC components CDP-2 and CHAP
Our Hi-C analysis suggests that single deletion strains of the genes encoding the HCHC members CDP-2

and CHAP uniquely impact the Neurospora chromosome conformation. To understand how altered HCHC

14


https://doi.org/10.1101/2023.07.03.547530
http://creativecommons.org/licenses/by-nc-nd/4.0/

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.03.547530; this version posted July 3, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

function can affect the folding of DNA in the fungal nucleus, we decided to correlate changes in genome
topology to levels of histone acetylation enrichment in these strains. However, no genome-wide Chromatin
Immunoprecipitation (ChIP) sequencing (ChIP-seq) datasets of HCHC mutants are publicly available to make
this assessment; recent work showing histone acetylation changes in Acdp-2 and Achap strains only used
ChIP qPCR to show that loss of CDP-2 and CHAP generally increases histone acetylation levels at several
heterochromatic loci (60), precluding genome-wide conclusions or correlation to genome organization.
Therefore, we performed two ChIP-seq replicates on the levels of histone acetylation on two lysine residues,
K9 on histone H3 (H3K9ac) and K16 on histone H4 (H4K16ac), in Acdp-2and WT strains, and we performed
H4K16ac ChIP-seq on a Achap strain. Both H3K9ac and H4K16ac were proposed to be targets of the HCHC
complex, as assessed by ChIP qPCR (60). Our H3K9ac and H4K16ac ChIP-seq replicates are qualitatively
reproducible in each strain (Figure S11, S12), so we merged the replicates of each PTM into two fastq files
that independently present the data for H3K9ac or H4K16ac for display on the Integrative Genome Viewer
(IGV) (98); all ChIP-seq data here has been normalized using Reads Per Kilobase per Million reads (RPKM)
to ensure proper comparison between each experiment, although we do acknowledge that the use of spike-
in DNA samples could have detected additional enrichment changes (99-101). Consistent with the published
gPCR ChIP, CDP-2 loss caused an increase in H4K16ac enrichment only in AT-rich heterochromatic regions
but had little effect on the levels of H3K9ac regardless of location (Figure 3A, top). Zooming into the right
arm of LG II highlights the changes in H4K16ac, as each H3K9me3-marked heterochromatic region has an
increase in H4K16ac relative to WT, but H3K9ac was not enriched (Figure 34, bottom, arrowheads). Little
change in the enrichment of either H4K16ac or H3K9ac in a Acdp-2 strain in the flanking euchromatic regions
was observed (Figure 3A), highlighting the specificity of the HCHC complex for deacetylating only AT-rich
heterochromatic regions in the Neurospora genome. The lack of H3K9ac enrichment in heterochromatin may
reflect the H3K9 tri-methylation levels in these gene-poor regions (Figure 34, dark green track). In contrast
to the increase in H4K16ac in a Acdp-2 strain, the loss of CHAP had little effect on acetylation: the Achap
strain showed minimal, if any, changes to the enrichment of H4K16ac across genes and within constitutive
heterochromatic regions (Figure S13A).

These acetylation changes are highlighted by plots and heatmaps of the average enrichment for the
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RPKM-normalized H4K16ac and H3K9ac datasets across either H3K9me3-enriched regions or genes. When
all constitutive heterochromatic regions are scaled to 10 kilobases (kb) in length, the gain of H4K16ac is
readily apparent, as essentially all AT-rich regions have a substantial increase in H4K16ac enrichment in a
Acdp-2 strain relative to a WT strain in which constitutive heterochromatic regions are normally devoid of
H4K16ac and the flanking regions are highly acetylated (Figure 3B). In contrast, the enrichment of H3K9ac
in the heterochromatic regions of a Acdp-2 strain is non-existent, and in fact may be lower than a WT strain
(Figure S14A), possibly due to the H3K9me3 enrichment in constitutive heterochromatic regions. Similarly,
a Achap strain has only subtle increases in H4K16ac across constitutive heterochromatin, and no change in
genic H4K16ac (Figure S13B-C), highlighting the specific differences on acetylation activity of HCHC
components. When genes are scaled to 2.5 kb, only a small reduction in H4K16 acetylation is seen in a Acdp-
2 strain compared to the WT strain. The possibility exists that the increased acetylation of heterochromatic
nucleosomes by histone acetyltransferases interferes with the normal acetylation of genes in euchromatic
regions; the deposition of H3K9ac in genes may have a subtle shift in distribution away from the 5’ end of
genes in a Acdp-2 strain (Figure S14B). To further characterize the H4K16ac and H3K9ac deposition changes,
we plotted the normalized, averaged signal of each region used in average enrichment heatmaps on boxplots
to show how the average signal in each region is changed. Here, the Acdp-2 constitutive heterochromatic
regions have robust changes in H4K16ac signal relative to WT (Figure 3D), while H3K9ac enrichment is
overall decreased (Figure S14C), although some regions in each dataset go against these trends. Considering
euchromatic acetylation, a Acdp-2 strain has small but statistically significant changes: H4K16ac is decreased
over genes (Figure 3E) while genic H3K9ac is increased (Figure S14D). Together, we conclude that loss of
HCHC activity has differential effects on lysine residues in histone proteins, with deletion of the gene
encoding CDP-2 having the strongest effect on H4K16ac, while the loss of CHAP minimally affects histone

acetylation enrichment.

Changes in H3K9me3-deposition and heterochromatin bundling in Acdp-2 and Achap strains
Given the changes to acetylation in constitutive heterochromatic regions in strains with compromised

HCHC function, we decided to assess H3K9me3 enrichment by ChIP-seq to examine whether Acdp-2 and

16


https://doi.org/10.1101/2023.07.03.547530
http://creativecommons.org/licenses/by-nc-nd/4.0/

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.03.547530; this version posted July 3, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Achap strains exhibit differences in their permanently silent genomic loci. The H3K9me3 ChIP-seq replicates
of each strain are reproducible, allowing us to merge the two replicates from each strain into single, merged
fastq files (Figure S15). Levels of H3K9me3 enrichment in a Acdp-2 strain resemble that of a WT strain: most
regions appear to have similar levels of H3K9me3 deposition (Figure 4A). However, at closer examination,
several moderately sized constitutive heterochromatic regions have a near-complete or total loss of
H3K9me3 (Figure 4A, arrowheads), while other nearby constitutive heterochromatic regions still retain
normal H3K9me3 levels (Figure 4A). Zooming into one affected region, we observe background levels of
H3K9me3 across that entire locus, suggesting the underlying DNA is unchanged in regions losing H3K9me3,
allowing for normal ChIP-seq read mapping (Figure 4A, red box). In contrast, the loss of CHAP causes minimal
H3K9me3 loss, and in fact, most heterochromatic regions have increased enrichment of H3K9me3 signal
relative to WT, even with RPKM normalized ChIP-seq tracks (Figure S13A).

Examination of H3K9me3-marked loci in the Neurospora genome using average enrichment plots and
heatmaps highlight the changes in constitutive heterochromatic regions in Acdp-2 and Achap strains. Most
heterochromatic regions, but not genes, gain H3K9me3 enrichment with loss of CHAP (Figure S13D-E).
Conversely, while many heterochromatic regions are unchanged with the loss of CDP-2, a substantial number
of silent loci have reductions, or completely lose, H3K9me3 (Figure 4B). Boxplots of average signal across
heterochromatic regions highlight this change, with the majority of AT-rich regions losing H3K9me3 signal
in a Acdp-2 strain (Figure 4C). We were curious as to how the loss of H3K9me3 and gain of H4K16ac might
affect the genome organization of these formerly heterochromatic regions. Plotting the changes in contact
probability between WT and Acdp-2 Hi-C across two regions on LG Il and LG [, each of which encompass AT-
rich regions losing H3K9me3 in a Acdp-2 strain, shows how the changes in histone PTMs affected long-range
heterochromatic bundling (Figure 4D). In both instances, regions losing H3K9me3 have strong increases in
interactions with other AT rich regions retaining this silencing mark. For example, on LG III, the contacts
between two nearby AT-rich genomic regions are increased when one region loses H3K9me3, while two
other, similarly sized heterochromatic regions have few changes in long-range interactions (Figure 4D, top
panel, compare the closed and open arrowheads). Also, on LG I, the loss of H3K9me3 from (and concomitant

gain of H4K16ac in) multiple regions caused gains in inter-region contacts; other nearby regions that retain
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H3K9me3 are unaffected (Figure 4D, bottom panel, closed arrowheads). All told, the deletion of the gene
encoding CDP-2 causes changes in the enrichment of histone PTMs that cause the typically heterochromatic
AT-rich genomic loci to form a more open chromatin structure, which increases the likelihood of these

regions contacting other heterochromatic regions in the silent chromatin bundle.

Changes in histone PTMs and genome organization in a Acdp-2;Adim-2 double mutant

Our work to this point has characterized the unique changes in genome organization and histone post-
translational modifications of strains individually deleted of a member of the histone deacetylase complex
HCHC. These changes primarily affect heterochromatic regions, as the gain in histone acetylation can affects
the deposition of H3K9me3 and the bundling of silent chromatin. However, loss of CDP-2 or CHAP also alters
the deposition of cytosine methylation: the centromeres and other longer interspersed heterochromatic
regions gain 5mC, while some shorter AT-rich regions lose 5mC enrichment in Acdp-2 and Achap strains (59,
60). Hypothetically, extra 5mC in the heterochromatin of a Acdp-2 strain may confer additional properties to
these AT-rich regions, meaning the cytosine methylation gains must be considered when assessing genome
organization. In support, 5mC must be important when the HCHC is compromised, given that the Acdp-
2;Adim-2 strain, deleted of the gene DIM-2, which is the single DNA methyltransferase in Neurospora, has a
compromised growth rate relative to single HCHC mutants (60).

To fully understand if this 5mC increase can alter histone PTM deposition following HCHC complex loss,
we examined levels of H4K16ac and H3K9me3 using ChIP-seq. Replicates of these ChIP-seq experiments are
qualitatively comparable (Figures S12, S15), allowing us to merge ChIP-seq replicates of identical histone
PTMs; as before, all ChIP-seq datasets are normalized by RPKM. Compared to a Acdp-2 strain, H4K16ac
distribution in a Acdp-2;Adim-2 strain is essentially unchanged (Figure 5A-B, blue tracks), where both strains
had an increase in heterochromatic acetylation and minimal changes to genic acetylation in euchromatin
(Figure 5A-B), suggesting that DIM-2 loss minimally impacts acetylation of AT-rich DNA. Quantification of
the normalized average H4K16ac enrichment across heterochromatic regions in a Acdp-2;Adim-2 double
mutant is slightly reduced relative to the Acdp-2 single mutant but still strongly increased when compared

to WT H4K16ac enrichment (Figure 5C). Regarding H3K9me3, most AT-rich regions in a Acdp-2;Adim-2
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strain strongly gain this silencing mark relative to WT and Acdp-2 strains (Figure 54, 5D). However, the same
~20% of AT-rich regions that completely lack H3K9me3 in a Acdp-2 strain are also devoid of H3K9me3 in
the double mutant (Figures 5A, asterisks; 5D), suggesting the underlying DNA sequence of these AT-rich
regions occlude H3K9me3 deposition. Quantification of the averaged H3K9me3 enrichment of these AT-rich
regions highlights the substantial increase in H3K9me3 signal in a Acdp-2;Adim-2 double mutant (Figure 5E).
Thus, histone acetylation gains coupled with 5mC loss at AT-rich regions can signal for increased H3K9me3
by the DIM-5 catalytic subunit of the DCDC, the H3K9 methyltransferase complex in Neurospora (65).

To assess if additional heterochromatic acetylation coupled with 5mC loss impacts genome organization,
we performed in situ Hi-C on the Acdp-2;Adim-2 strain using Dpnll. We chose to use only Dpnll to assess
contact changes in euchromatin for a general assessment of the genome organization. We generated two in
situ Dpnll Hi-C replicates of a Acdp-2;Adim-2 strain which are highly correlated (Figure S16), allowing us to
merge the replicates into a single Dpnll Acdp-2;Adim-2 Hi-C dataset that contained 23.1M valid read pairs
(Table S1). The contact frequency heatmap for the Acdp-2;Adim-2 strain shows the typical segregation of
heterochromatic regions from euchromatin typical for Dpnll datasets, as observed in a single chromosome
(LGII; Figure 6A top), all other Neurospora LGs (Figure S17), or across the entire Neurospora genome (Figure
S18A). A KR corrected (reduced bias) contact probability heatmap of the entire Acdp-2;Adim-2 genome or
only LG Il shows the centromeric bundling independent of telomere clusters typical of the Rabl conformation
(Figures 6A, bottom, S18B), indicating that the overall genome organization of the Acdp-2;Adim-2 strain is
maintained.

However, comparison of equal numbers of valid read pairs of the Acdp-2;Adim-2 Dpnll Hi-C dataset to a
WT Dpnll dataset showed strong changes in genome organization of the double mutant, with Acdp-2;Adim-2
heterochromatic regions interacting more with surrounding euchromatin. Both raw and KR corrected
heatmaps comparing the WT and Acdp-2;Adim-2 contact probabilities show that AT-rich heterochromatic
regions, including the centromere, gain interactions with the flanking gene-rich euchromatic DNA (Figure
6B). Notably, the increased interactions between heterochromatic regions evident upon CDP-2 loss (e.g.,
Figures 1B-D) do not occur in a Acdp-2;Adim-2 strain, suggesting that heterochromatin can cluster, as in WT,

but the inter-heterochromatic contact gains are abrogated by 5mC loss. In addition, obvious reductions in
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local and regional euchromatic interactions are observed (Figure 6B), suggesting normal genic contacts are
less likely to form and possibly explaining the growth deficiency of the Acdp-2;Adim-2 strain. Quantification
of the strongly changed intra-chromosomal interactions in the Acdp-2;Adim-2 dataset relative to the WT
dataset show more H3K9me3 enriched bins as gaining contacts, often to bins enriched for euchromatic
histone PTMs; greater numbers of bins enriched for euchromatic marks also strongly gain contacts in the
double mutant (Figure 6C). These contact probability changes are not isolated to LG II, as the other
chromosomes, as well as the whole genome, present with similar contact probability increases, in both raw
and KR corrected heatmaps, between heterochromatic and euchromatic regions and across chromosome
arms (Figures 6D, S19). In particular, the whole genome comparison suggests the individual chromosomes
are more apt to interact, which depletes the weak chromosome territories typically observed in WT datasets
and is consistent with the local reduction in intra-chromosomal contacts (Figure 6D). Quantifying gains in
inter-chromosomal contacts confirms these observations, as contacts between heterochromatic and
euchromatic bins, as well as interactions between two euchromatic bins, are increased (Figure 6E). Together,
we conclude that the heterochromatin bundle of a Acdp-Z;Adim-2 strain is less compact and more
promiscuous following the gains in histone acetylation and the loss of 5mC.

To show how the genome organization changes between the Acdp-2 single mutant and the Acdp-2;Adim-
2 double mutant, we compared the Dpnll Hi-C data of these two genetic backgrounds. Across LG 11, the Acdp-
2;Adim-2 strain presents an altered genome topology relative to the Acdp-2 strain, with perhaps stronger
gains in contact frequency between heterochromatic and euchromatic regions, yet the regional reduction in
euchromatic contacts observed in WT vs. Acdp-2;Adim-2 heatmaps (e.g., between centromeric flanks) no
longer occurs, suggesting this change from WT can be attributed to the gain in heterochromatic acetylation
(Figure 6F). Similar changes in contact frequency when comparing Acdp-2 and double mutant data are seen
across the other LGs and over entire Neurospora genome (Figures S20, S21). Closer examination of the
regional changes in contacts between AT-rich loci and euchromatin highlight how hyperacetylation and 5mC
loss in the Acdp-2;Adim-2 strain impacts genome organization: relative to WT, individual H3K9me3-enriched
loci more strongly contact euchromatin, thereby depleting euchromatic clustering, (Figure 6G). These

changes are more evident when comparing the Acdp-2;Adim-2 contact frequencies to those in Acdp-2: the
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double mutant gains even more heterochromatic-euchromatic contacts; distant euchromatin is also more
frequently interacting in a Acdp-2;Adim-2 strain, highlighting the genome disorder in a double mutant (Figure
6G). We conclude that the hyperacetylation of heterochromatic regions coupled with the loss of 5mC in a

Acdp-2;Adim-2 strain compromises the normal chromosome conformation in Neurospora nuclei.

Discussion

In this work, we have examined the role of CDP-2 and CHAP, members of constitutive heterochromatin-
specific histone deacetylase complex HCHC, in the enrichment of histone PTMs and the organization of the
genome in the filamentous fungal model organism Neurospora crassa. We found that the increases in
heterochromatic acetylation in the Acdp-Z2 strain caused gains in more distant intra- and inter-chromosomal
contacts, while the loss of CHAP manifests as reduced heterochromatic region contacts without strong
changes in histone acetylation, although neither gene loss destroyed the Rabl chromosome conformation
that is typical of fungal genomes (19), suggesting genome organization can still form to some degree despite
HCHC loss. Overall, these data suggest that CDP-2 and CHAP have unique and distinct functions in HCHC that
differentially impact genome organization, although we cannot exclude the possibility that misregulated
gene expression in HCHC mutants pleiotropically disrupts genome organization. Our model (Figure 7) is that
CDP-2 recruits the HDA-1 deacetylase for proper compaction of individual heterochromatic regions to
ensure normal genome organization while CHAP may act prior to deacetylation for this compaction.
Specifically, the increased acetylation seen with CDP-2 loss presumably opens chromatin fibers and/or
loosens the DNA wrapped about histones in heterochromatic nucleosomes, thereby facilitating distant
contacts between silent regions within the silent “B” compartment at the nuclear periphery (38). In contrast,
CHAP may function to compact heterochromatic regions into more dense structures, thereby facilitating
inter-heterochromatic region contacts, possibly through its AT hook binding motifs known to directly bind
AT-rich DNA (59). Since both proteins are required to recruit the HDA-1 catalytic subunit to heterochromatic
regions (59), CDP-2 and CHAP must act prior to HDA-1, and the genome organizational changes we observe
reflect strains lacking HDA-1 targeting or the complete loss of HCHC complex formation/function. We

speculate that Hi-C of a Ahda-1 strain would mimic that of a Acdp-2 strain, with increases in contacts between
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distant heterochromatic regions, given the increase in histone acetylation present in strains devoid of HDA-
1 (60). We attempted to inhibit HCHC activity in WT cells with the inhibitor Trichostatin A (TSA) and assess
genome organization with Hi-C, but WT+TSA strains grown have a severely compromised growth defect -
much more so than single HCHC mutants - that precluded any Hi-C library preparation, suggesting off-target
effects by TSA on all Neurospora HDACs might compromise the interpretation of any genome topology
changes. Notably, the loss of the fourth HCHC complex member, HP1 (in Ahpo strain Hi-C datasets), has a
genome topology distinct from that of Acdp-2 or Achap strains, with the flanking euchromatin emanating
from heterochromatic regions having reduced contact probabilities in WT vs. Ahpo datasets, similar to what
is observed in a Adim-5 strain lacking H3K9me3 (41). Therefore, HP1 binding to H3K9me3 must occur prior
to, or in parallel with, CHAP condensing AT-rich regions; CHAP and HP1 could both act prior to any CDP-2
binding to the chromoshadow domain of HP1 (59) and subsequent HDA-1 recruitment. This proposed
mechanism for HCHC activity in Neurospora is unique and contrasts the action of diverse HDAC complexes
in yeasts. In Saccharomyces cerevisiae, Sirtuin-2 (Sir2; a Class IIl HDAC)-specific deacetylation is required for
the binding of the Sir3/Sir4 dimer onto deacetylated histone tails to form silenced superstructures at
heterochromatic loci (e.g., the MAT locus and the telomeres) in the S. cerevisiae genome (73, 81, 102, 103).
Budding yeast also employs the HDACs Rpd3 (Class I) and HDA-1 (Class II) for euchromatic deacetylation
(81, 104-108); Rpd3 forms two distinct HDAC complexes, the Rpd3L (large) and Rpd3S (small) complexes
that differ in subunit composition and targets. The Rpd3L deacetylates promoter regions while Rpd3S
deacetylates gene bodies; both complexes employ the conserved subunit Sin3p for HDAC complex
organization and function (108-110). In Schizosaccharomyces pombe, SHREC (Snf2/Hdac-containing
Repressor Complex) is a multisubunit HDAC targeted to heterochromatic loci by the HP1-homolog Swi6 for
transcriptional gene silencing, although SHREC can localize to euchromatin independent of Swi6 (111-113).
The Clr3 catalytic subunit in SHREC is homologous to HDA-1 in Neurospora, although three other HDA
paralogs and a Rpd3 homolog, among others, exist in Neurospora as well (62). Examination of the other
HDACs in Neurospora, or in other fungi using Hi-C and/or ChIP-seq should elucidate how the coordinated
action of multiple HDAC complexes in fungi impact genome function.

As previously shown by ChIP qPCR, multiple lysine residues in histone proteins are hyperacetylated upon

22


https://doi.org/10.1101/2023.07.03.547530
http://creativecommons.org/licenses/by-nc-nd/4.0/

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.03.547530; this version posted July 3, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

loss of the HCHC members HDA-1 and CDP-2; the extent of the histone acetylation changes is dependent on
which heterochromatic region was assessed as well as which HCHC member was deleted (60). However, this
published ChIP qPCR data also hints at the HCHC complex having preferential deacetylation activity for
certain lysine residues over others. Our ChIP-seq data provides a genome-wide view of the different
acetylation patterns of H3K9 and H4K16 in Acdp-2 and Achap strains in heterochromatin, although the
possibility remains that additional acetylation changes could be observed with the use of DNA spikes in our
ChIP-seq experiments (75, 99-101). Specifically, a Acdp-2 strain is hyperacetylated at H4K16 but minimally
changed at H3K9 in heterochromatic regions genome wide, arguing that the Neurospora HCHC complex has
specificity for certain histone acetyl marks in heterochromatin. We also show that a Achap strain has minimal
H4K16ac enrichment. It remains possible that HP1, or even possibly CDP-2, both of which can bind to
H3K9me3 (60, 114, 115), can compensate for CHAP loss to still allow deacetylation by HDA-1. However, the
unchanged levels of H3K9ac in a Acdp-2 strain most likely reflects tri-methylation of that residue by the DCDC
in these strains (65), given the mutually exclusive deposition of either acetylation or trimethylation on the
lysine residue at position 9 on histone H3 (116-118). Future ChIP-seq experiments on other individual
histone lysine residues in Acdp-2, Achap, or Ahda-1 strains should provide global patterns of acetylation
changes to dissect HCHC lysine specificity.

Interestingly, while Acdp-2 or Achap strains strongly gain heterochromatin-specific acetylation, relative
to WT, in our H4K16ac ChIP-seq data, these mutant strains display no change in euchromatic acetylation,
suggesting the HCHC specifically deacetylates heterochromatic regions. Since there is no similarity between
the primary structures of the class II Neurospora HDA-1 and the class Il HDACs Hst2p and Sir2 in S.
cerevisiae, the latter two of which are known to deacetylate H4K16 (86, 103), it is possible that different
HDACs are capable of deacetylating the same histone lysines, and only the targeting mechanism of individual
HDAC complexes determines which genomic loci are deacetylated. Given the targeting of HDA-1 to
heterochromatic nucleosomes by CHAP binding AT-rich DNA and HP1/CDP-2 binding H3K9me3 (59, 60),
the possibility exists that HCHC is only specific to heterochromatic genomic loci for silencing. This explains
the large numbers of HCHC mutants, but not other HDACs, recovered from a selection of mutants displaying

compromised heterochromatin and cytosine methylation (119). Our data also suggest that a
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heterochromatin-specific, yet unknown, histone acetyltransferase (HAT) acetylates H4K16 in a Acdp-2
strain, given that no gains in euchromatic acetylation are observed in this genetic background. An intriguing
possibility is that Neurospora modulates HCHC activity - thereby increasing heterochromatic acetylation by
this unknown HAT - to rapidly alter fungal genome organization to modulate chromosome structure at
specific developmental or cell cycle stages, including S phase, in which fission yeast displays a more open
chromosome conformation (120). Conversely, hypoacetylation of mitotic chromatin is required for
chromosome condensation and segregation to daughter cells, yet following cytokinesis, chromatin is rapidly
acetylated (86, 87), suggesting that dynamic histone acetylation during the cell cycle could be necessary for
proper genome organization. Hyperacetylated chromatin at distant genomic loci can also cluster into a novel
subcompartment to increase gene expression in BRD4-NUT expressing oncogenic cells (91), in an analogous
manner to the hyperacetylated, yet distant heterochromatic regions more strongly interacting in HCHC
mutants that we observe here. Together, changes in acetylation patterns may cause novel patterns in genome
organization, which may be a general phenomenon of more open and accessible chromatin.

Interestingly, we also observe changes in the deposition of the heterochromatin-specific histone PTM
H3K9me3. Specifically, we observed that ~20% of AT-rich regions in a Acdp-2 strain lose H3K9me3, yet there
is little effect on the remaining heterochromatic regions, while H3K9me3 levels are modestly enhanced at
most AT-rich regions in a Achap strain. These data again highlight the unique phenotypes of HCHC members.
Currently, it is unclear why some AT-rich regions lose H3K9me3 in a Acdp-2 strain, but our preliminary
analysis excludes AT-rich region size and extent of AT-richness. It remains possible that the subnuclear
positioning of a region, the loss of pairing between the repeats within these regions (121), or DNA motifs
found in the transposon relicts of individual regions (122) impact H3K9me3 deposition upon CDP-2 loss;
future experiments may provide insight. In contrast, the gain of H3K9me3 in a Achap strain may result from
increased levels or activity of the DCDC, which may be a stopgap mechanism to promote compaction of AT-
rich regions by providing more HP1 binding sites. Increases of DCDC proteins are not unique, as the DIM-7
and DIM-9 subunits of the DCDC are increased in a dim-3 strain to possibly rescue its reduced H3K9me3
levels (123). Our data suggest that WT heterochromatic nucleosomes are not saturated with H3K9me3, given

that greater levels of H3K9me3 are possible in some mutant HCHC strains. Moreover, previous work has
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shown that H3K9me3 changes can impact the deposition of the repressive di- or tri-methylation of lysine 27
on histone H3 (H3K27me2/3), which denotes facultative heterochromatin in Neurospora. In DCDC deficient
strains, H3K27me2/3 relocates to AT-rich genomic loci (116, 124) suggesting altered H3K9me3 patterns in
constitutive heterochromatin result in novel facultative heterochromatin patterns. While ChIP qPCR showed
minimal changes of H3K27me2/3 at a few loci in HCHC deletion strains (116), examination of the global
enrichment of H3K27me2/3 in HCHC deficient backgrounds would be prudent, given the changes in
H3K9me3 deposition we report here.

Changes in H3K9me3 are most apparent in the Acdp-2;Adim-2 double mutant strain, which like the single
Acdp-2 mutant, has H3K9me3 loss at ~20% of AT-rich regions, but the remaining heterochromatic regions
gain considerable H3K9me3 enrichment. Here, AT-rich regions to be silenced in the Acdp-2;Adim-2 double
mutant are hyperacetylated at H4K16 to a comparable level to the Acdp-2Z single mutant, yet there is no
cytosine methylation present. Importantly, the genome organization of this double mutant is quite
disordered: the AT-rich regions that normally form heterochromatin no longer segregate from euchromatin
despite greater H3K9me3 deposition (and presumably HP1 binding). These results may explain the severe
growth defect of the Acdp-2;Adim-2 strain (60): the improper positioning of AT-rich regions into the center
of the nucleus may cause aberrant transcriptional profiles, especially considering that heterochromatic-
euchromatic contacts are required for proper gene expression in filamentous fungi (39, 125). Perhaps the
increased H3K9me3 enrichment in the Acdp-2;Adim-2 strain is a “last resort” by the fungus to repress AT-
rich region transcription in the center of the nucleus: increased H3K9me3 and HP1 compaction could restrict
access to the underlying DNA in any mislocalized chromatin to prevent RNA Pol II recruitment. Total RNA
sequencing or RNA Pol II ChIP-seq could elucidate this possibility. An important, unanswered question is
how H3K9me3 enrichment is increased. We hypothesize that reduced AT-rich region compaction, observed
in both Achap and Acdp-2;Adim-2 strains, signals for increased H3K9me3 deposition. Consistent with this
hypothesis, disorder of nucleosomes in intergenic regions of the genome causes subtle increases in H3K9me3
in Neurospora dim-1 strains (126), yet additional work is needed to assess this possibility in HCHC mutants.

Importantly, our double mutant Hi-C results suggests that cytosine methylation may have a protective

role in maintaining the compartmentalization of chromatin in genome organization: the presence of 5C on
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DNA may maintain segregation of heterochromatin from euchromatin when these AT-rich regions are
hyperacetylated. Specifically, only in strains devoid of both CDP-2 and DIM-2 are AT-rich heterochromatic
regions more apt to contact euchromatin. This change in genome organization is not seen in the single Acdp-
2 mutant, where despite increases in inter-heterochromatic region contacts, silent and active chromatin
remain segregated. We speculate that the additional methyl groups added onto DNA allow heterochromatic
regions to remain associated at the nuclear periphery, either through active recruitment by a methylated-
DNA binding protein (52, 127, 128) or passively by Liquid-Liquid Phase Separation (129, 130). It seems
plausible that this loss of chromatin compartmentalization can only occur in strains with compromised
heterochromatin, such as in a Acdp-2 background where AT-rich regions gain histone acetylation; we expect
a single Adim-2 strain to have few changes in its chromosome conformation considering that the normal
heterochromatic machinery (e.g., the DCDC, the HCHC complex, HP1, etc.) is present and no improper
hyperacetylation occurs. Consistent with this hypothesis, the 5mC increases in most heterochromatic regions
observed in a Acdp-2 strain (59, 60) may be necessary to faithfully maintain this chromatin segregation,
although the signal to increase 5mC catalysis is currently unknown. One intriguing, yet untested, hypothesis
is that cells temporarily increase heterochromatic region acetylation during the S phase of the cell cycle to
increase chromatin accessibility for genome replication, as opposed to the hypoacetylation observed in M
phase (85-88); hypermethylation of AT-rich DNA would maintain chromatin segregation by maintaining
heterochromatic loci at the nuclear periphery to ensure that no aberrant transcription of AT-rich regions
occurs. All told, cytosine methylation may safeguard the proper chromosome conformation during
interphase in conditions where the H3K9me3/HP1-mediated compaction of constitutive heterochromatin is
relaxed or compromised. Future experiments should discern if 5»C has a similar role for maintaining genome

topology in fungal pathogens or higher eukaryotes.

Materials and Methods
Strains and growth conditions
Neurospora crassa strains WT N150 or N3752 (both strains are independent propagate strains of 74-

OR23-IVA [FGSC #2489]), N3767 (mat a; his-3 Acdp-2::hph), N3613 (mat A; Achap::hph), and N6144 (mat ?;
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Acdp-2::hph; Adim-2::hph) were a gift from Eric U. Selker (University of Oregon). All strains were grown

under standard conditions (e.g., 1x Vogels + sucrose media, with necessary supplements) (131).

Hi-C library construction

In situ Hi-C (32, 120) libraries, which capture ligation products in the nucleus, were constructed as
previously described (39), using either the restriction enzyme Dpnll (*GATC) to mainly assess euchromatic
contacts or the restriction enzyme Msel (T*"TAA) to predominantly capture heterochromatic contacts. The
entire in situ Hi-C protocol adapted for Neurospora crassa by isolating spheroplasts is provided in
Supplemental File S1. Briefly, Neurospora cultures were grown for four hours at 32°C, crosslinked with
formaldehyde and quenched with tris, and treated with a beta-glucanase (Vinotaste) to form spheroplasts.
For Hi-C library construction, crosslinked spheroplasts containing 3.5 pg of DNA were disrupted by bead
beating (using 150-212 pum Acid Washed Glass Beads [Sigma Aldrich, # G1145-10G]) and the isolated nuclei
were made porous by treatment of SDS at 62°C for seven minutes. Nuclear chromatin was digested with the
appropriate restriction enzyme (Dpnll or Msel; New England Biolabs [NEB]), and overhangs were filled in
with Klenow fragment (NEB) using Biotin-14-dATP (Invitrogen, # 19524-016) as well as the standard dTTP,
dGTP, and dCTP nucleotides. Blunt-ended fragments were ligated in the nucleus with T4 DNA ligase (NEB),
and the resulting DNA loops were purified, Biotin-dATP was removed from unligated ends with T4 DNA
polymerase (NEB), and DNA loops were sheared with a Bioruptor Pico (Diagenode). Ligation products were
purified with Streptavidin beads (M280 Dynabeads, Invitrogen, # 112.05D), and libraries for [llumina based
high-throughput sequencing were constructed with an NEB NEXT Ultra II kit (NEB) per the manufacturer’s
protocol, except that only eight PCR cycles were used for library amplification to minimize depletion of AT-
rich regions in the Neurospora genome (132). Hi-C libraries were sequenced on an Illumina HiSeq 4000 (as
100 nucleotide [nt] paired end reads) or an I[llumina NovaSeq 6000 (as 59 nt paired end reads) at the

University of Oregon Genomics and Cell Characterization Core Facility.

Bioinformatic analyses of Hi-C datasets

All analyses were performed, and all Hi-C images generated, with the HiCExplorer program package (96),
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as previously reported (39). Previously published Dpnll and Msel in situ Hi-C data from the WT strain N150
was obtained from the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus
(GEO) accession number GSE173593 (39). To normalize WT datasets to compare to mutant strain datasets,
the number of total reads were extracted (using the sed command) from the WT R1 and R2 fastq files to
provide the number of WT valid reads equal to mutant dataset valid read numbers. Reads were mapped to
the previously established nc14 Neurospora crassa genome (39) with bowtie2 (133), and used to build the
contact matrix with hicBuildMatrix (96); resulting contact matrices were used for all downstream
applications, as previously performed (39). Contact quantification was performed by converting hdf5 matrix
files to a homer format and counts were extracted into NxN array with the python script dataconvert.py; the

python script epigenetic-mark-Quant_v2.py counts intra- and inter-chromosomal bins enriched for specific

histone PTMs. Python scripts are available at https://github.com/Klocko-lab/Chip Quantification).

Chromatin Immunoprecipitation-sequencing (ChlIP-seq) library construction

ChIP-seq was performed essentially as previously described (53, 126), except that lysing of cells and
shearing of chromatin occurred simultaneously with a Bioruptor Pico (Diagenode), using a 15 minute cycle
of 30 seconds of sonication and 30 seconds off, in the presence of Halt Protease and Phosphatase Inhibitor
Cocktail (Thermo Fisher Scientific, # 78441); protein A/G magnetic agarose beads (Pierce/Thermo Scientific,
# P178609) purified the antibody/chromatin complex; final ChIP-DNA quantification was performed using
the Qubit 3.0 HS method; library barcoding was performed using the NEBNext Ultra II barcoding kit for
[llumina sequencing (NEB) per the manufacturer’s protocols except that eight PCR cycles were used for the
final library generation to minimize AT-rich DNA depletion (132). ChIP-seq libraries were sequenced on an
[llumina NovaSeq 6000 (Genomics and Cell Characterization Core Facility, University of Oregon). The Klocko

Lab ChIP-seq protocol is provided in Supplemental File S2.

Bioinformatic analyses of ChlP-seq datasets
Raw ChIP-seq data files, as fastq files, were mapped to version 14 of the Neurospora crassa genome

(nc14) (39) with bowtie2 (133), and output sam files were converted to sorted bam files using samtools
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(134), which were used by Deeptools (135) to produce bedgraph and bigwig files, normalized by Reads per
Kilobase Per Million Reads (RPKM), for display on the Integrative Genomics Viewer (IGV) (98); IGV images
were used for figure creation. Deeptools was also used to create average enrichment signal profiles and
heatmaps using bed files for heterochromatic regions (126) or genes. For box plots of the average signal of
all features, the average enrichment value per bin for each flanking region was calculated and averaged to
obtain a normalization factor to correct the average signal internal to the region; these corrected average
signals were plotted in box plots using R and R studio (136, 137). WT H3K9me3 (merged from NCBI GEO
accession numbers GSE68897 and GSE98911), WT CenH3 (NCBI GEO accession number GSE71024) and SET-

2 H3K27ac (NCBI GEO accession number GSE118495) datasets were previously published (41, 54, 116, 126).

Data availability

All Neurospora crassa strains are available upon request. The in situ Hi-C and ChIP-seq high-throughput
sequencing data generated for this manuscript have been deposited to the NCBI GEO public repository under
the superseries accession number GSE232935; the series accession number GSE232933 reports the ChIP-
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Figure Legends

Figure 1. Acdp-2 and Achap strains change the genome organization of a single chromosome in
Neurospora crassa. (A-B) Heatmap of contact probabilities of 20 kilobase (kb) bins across Linkage Group
(LG) II of a (A) wild type (WT) Neurospora crassa strain (data from (39)) or a (B) Acdp-2 strain. B. Solid

arrowheads show regions of increased heterochromatic-heterochromatic contacts, while open arrowheads
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show decreased heterochromatic-euchromatic contacts. Above the diagonal is the heatmap displaying the
raw read count per 20 kb bins generated from an in situ Hi-C experiment using the heterochromatin-specific
enzyme Msel (recognition sequence T*"TAA), while below the diagonal is the heatmap displaying the Knight
Ruiz corrected (95, 96) read count per 20 kb bins generated from an in situ Hi-C experiment using the
euchromatin-specific enzyme Dpnll (recognition sequence *GATC); throughout this work (unless otherwise
described), heatmaps are shown in a similar orientation with only one half of a square heatmap being
included in figures to allow comparisons (each contact probability heatmap shows identical data reflected
about the diagonal). The number of bins (vertical markings) and genomic distance, in Megabases (Mb)
(horizontal markings) are shown on the plot axes here and in heatmaps throughout this manuscript. The
scale bar (here, below the image) is provided in all figures to indicate the number of mapped reads per bin
on alogio scale (log transformed). Integrative Genomics Viewer (IGV) (98) images of WT CenH3 (red) and/or
H3K9me3 (green) ChIP-seq tracks presented above and to the left to indicate the centromeric and
heterochromatic regions of LG II, respectively; ChIP-seq enrichment scales shown; similar scales are used for
all ChIP-seq enrichment track images in this manuscript. WT H3K9me3 ChIP-seq data is presented for
mutant Hi-C images for referencing the normal locations of heterochromatic regions. (C) The fold change in
contact strength (logz scale) in a Acdp-2 strain relative to a normalized WT strain of Msel in situ Hi-C (above
diagonal) or Dpnll in situ Hi-C (below diagonal) datasets; image displayed similarly as in panel A; enhanced
region in panel D indicated by the purple line. The open arrowhead indicates a large heterochromatic region
that gains internal, possibly nucleosomal contacts at the expense of euchromatic - heterochromatic contacts.
(D) Heatmap displaying the contact probability changes between distant heterochromatic regions and the
centromere at 10 kb resolution. Image displaying enrichment of H3K9me3 denotes constitutive
heterochromatic regions, including the centromere, at the far left. (E) Heatmap of contact probabilities of 20
kb bins across LG Il of a Achap strain, displayed as in panel A. Heatmap below shows the contact probabilities
of the right arm of LG II of the Achap dataset at 10 kb resolution; H3K9me3 enrichment shown to the right.
(F-G) The fold change in contact strength (log. scale) in a Achap strain relative to a normalized WT strain,
displayed as in panel C, of (F) the entire LG II or (G) the right arm of LG II. (H) Quantification of strongly

changed, intra-chromosomal contacts in Acdp-2 or Achap datasets relative to normalized WT strains of bins
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enriched with the indicated histone PTMs, with the first bin being enriched with either H3K9me3 (indicated
by asterisk) or H3K27ac and the second bin enriched with another histone PTM. (I) The fold change in
contact strength in a Achap strain relative to a Acdp-Z2 strain, as displayed in panel C. Arrowheads show the
decrease in heterochromatic contacts in a Achap strain relative to a Acdp-2 strain. (J) The fold change in
contact strength of Msel datasets of a Acdp-2 strain (above diagonal) or a Achap strain (below diagonal)

relative to a WT strain at 10 kb resolution.

Figure 2. Acdp-2 and Achap strains alter the genome organization across the entire Neurospora crassa
genome. (A, D) The fold change in contact strength of the entire genome (all seven chromosomes) in a (A)
Acdp-2 strain or (D) a Achap strain relative to a WT strain of Msel in situ Hi-C (above diagonal) or Dpnll in
situ Hi-C (below diagonal) in 20 kb resolution datasets; image displayed similarly as in Figure 1C, with
chromosome schematics (black squares indicating centromeres and green ovals showing telomeres) above
and left. (B, E) Heatmap of contact probabilities of 20 kb bins between LG Il and LG III of a (B) Acdp-2 strain
or (E) a Achap strain, displayed similarly to Figure 1A; image of the H3K9me3 enrichment across those two
chromosomes in a WT strain displayed above and left. (C, F) The fold change in contact strength of 20 kb bins
between LG Il and LG III in a Acdp-2 strain, or (F) a Achap strain, relative to a WT strain of Msel in situ Hi-C
datasets, displayed as in panel B. (G) Quantification of strongly changed, inter-chromosomal contacts in Acdp-

2 or Achap datasets relative to a WT strain, as in Figure 1H.

Figure 3. Loss of CDP-2 alters the acetylation of H4K16, but not H3K9, in constitutive heterochromatic
regions across the Neurospora crassa genome. (A) Images of H4K16ac and H3K9ac ChIP-seq enrichment
tracks from WT and Acdp-2 strains, displayed on IGV, of the entire LG II (top) and the terminal 700 kb of LG
Il right arm from the Neurospora genome (bottom). WT H3K9me3 (116, 126) and SET-2 specific H3K27ac
(as assayed in a Aash1Y833F background (54)) are displayed to indicate heterochromatic and euchromatic
genome loci, respectively. Arrowheads in the zoomed in image highlight heterochromatic regions that gain
enrichment of H4K16ac in a Acdp-2 strain. (B-C) Average enrichment profiles (top) and heatmaps (bottom)

of the H4Kl16ac enrichment in WT and Acdp-2 strains over (B) the H3K9me3-marked constitutive

39


https://doi.org/10.1101/2023.07.03.547530
http://creativecommons.org/licenses/by-nc-nd/4.0/

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.03.547530; this version posted July 3, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

heterochromatic regions in a WT strain (scaled to 10 kb in length) or (C) genes (scaled to 2.5 kb in length).
The small peak in the middle of panel B most likely reflects the repetitive rDNA gene on LG V (39). (D-E)
Boxplots of the normalized H4K16ac signal (see Materials and Methods) of each (D) heterochromatic region

or (E) gene in WT and Acdp-2 stains. Asterisks show significant (p < 0.001) differences in signal.

Figure 4. Changes in H3K9me3 deposition and genome organization of constitutive heterochromatic
regions upon CDP-2 loss across the Neurospora crassa genome. (A) Images of H3K9me3 and H4K16ac
ChIP-seq enrichment tracks of WT and Acdp-2 strains, displayed on IGV, of the entire LG II (top) and a 400
kb section of the LG II left arm from the Neurospora genome (bottom). The region highlighted in the red box
on the right (further zoomed in) shows the changes in H3K9me3 and H4K16ac enrichment for one
heterochromatic region. (B) Average enrichment profile (top) and heatmap (bottom) of the H3K9me3
enrichment in WT and Acdp-2 strains over the H3K9me3-marked constitutive heterochromatic regions in a
WT strain (scaled to 10 kb in length). (C) Boxplots of the normalized H3K9me3 signal of each
heterochromatic region in WT or Acdp-2 stains, as in Figure 3D. (D) Heatmaps of the change in contact
probabilities between a Acdp-2 strain and a WT strain of two regions containing at least one AT-rich locus
that loses H3K9me3 in a Acdp-2 strain. WT and Acdp-2 H3K9me3 ChIP-seq track images below each Hi-C
heatmap. Asterisks indicate the regions that lose H3K9me3, while black arrowheads highlight gains in inter-
heterochromatic region contacts in a Acdp-2 strain; white arrowhead shows an inter-heterochromatic
interaction that does not gain interactions despite these silent regions being similarly spaced. Zoomed image
(left) highlights changes in a 250 kb region of LG [ where two AT-rich loci lose H3K9me3 enrichment; pink

arrowheads show the gain of H4K16ac in a Acdp-2 strain.

Figure 5. Loss of CDP-2 and DIM-2 have an increase in H4K16ac with a concomitant gain of H3K9me3
enrichment in constitutive heterochromatic regions in Neurospora crassa. (A) Images of H3K9me3 and
H4K16ac ChIP-seq enrichment tracks of WT, Acdp-2, and Acdp-2;Adim-2 strains, displayed on IGV, of the
entire LG II (top) and the terminal 700 kb of LG Il right arm from the Neurospora genome (bottom). Asterisks

indicate AT-rich regions that lose H3K9me3 enrichment in both Acdp-2 and Acdp-2;Adim-2 strains. (B,D)
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Average enrichment profiles (top) and heatmaps (bottom) of the (B) H4K16ac or (D) H3K9me3 enrichment
in WT, Acdp-2, and Acdp-2;Adim-2 strains over the H3K9me3-marked constitutive heterochromatic regions
in a WT strain (scaled to 10 kb in length). Note that the order of regions is maintained in heatmap groups,
highlighting how the same AT-rich regions lose H3K9me3 in both Acdp-2 and Acdp-2;Adim-2 strains. (C,E)
Boxplots of the normalized (C) H4K16ac or (E) H3K9me3 signal (see Materials and Methods) of each

heterochromatic region in WT, Acdp-2, and Acdp-2;Adim-2 stains, as in Figure 3D.

Figure 6. The genome organization of a Acdp-2;Adim-2 strain is strongly changed relative to WT, with
gains in heterochromatic-euchromatic contacts. (A) Heatmap of raw (above diagonal) or KR corrected
(below diagonal) contact probabilities of 20 kb bins across Linkage Group (LG) II of a Acdp-2;Adim-2 strain,
displayed similar to Figure 1B. (B) The fold change in contact strength of LG II in a Acdp-2;Adim-2 strain
relative to a WT strain of Dpnll in situ Hi-C similarly to Figure 1C. Changes in raw (above diagonal) or KR
corrected (below diagonal) contact probabilities are displayed. Arrowheads indicate the heterochromatic
regions highlighted in Figure 6G. (C, E) Quantification of strongly changed, (C) intra-chromosomal or (E)
inter-chromosomal contacts in Acdp-2 (exact data displayed in Figures 1H or 2G) or Acdp-2;Adim-2 strains
relative to a WT strain, as in Figure 1H. (D) The fold change in contact strength of the entire genome in a
Acdp-2;Adim-2 strain relative to a WT strain of Dpnll in situ Hi-C, similar to Figure 2A. Changes in raw (above
diagonal) or KR corrected (below diagonal) contact probabilities are displayed. (F) The fold change in contact
strength of LG I1 in a Acdp-2;Adim-2 strain relative to a Acdp-2 strain of Dpnll in situ Hi-C similarly to Figure
6B. (G) The fold change in raw contact strength of two heterochromatic regions (highlighted by arrowheads
in Figures 6B,F) in a Acdp-2;Adim-2 strain relative to a (top) WT or a (bottom) Acdp-2 strain. H3K9me3 ChIP-

seq tracks in a Acdp-2 or a Acdp-2;Adim-2 strain, as well as genes, are shown in the middle.

Figure 7. Models of how HCHC mutant strains impact heterochromatin formation and genome
organization in Neurospora crassa. (A-D) In a WT strain, or in the specified HCHC mutant strains,
heterochromatin formation at the level of nucleosomes (left) and organization of two example chromosomes

(right) are displayed. At left, in a WT strain (A), the HCHC (HDA-1, CDP-2, HP1, CHAP) complex removes the
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acetylation marks (green triangles) from histone tails; CDP-2 can bind H3K9me3 (red hexagons) and is
necessary to recruit HDA-1 to heterochromatic, AT-rich DNA (orange lines), while CHAP is necessary for
interacting with more distant nucleosomes in AT-rich regions. On deacetylated histone tails, the DCDC (DIM-
5/7/9, CUL4, DDB14im-8 Complex) is necessary for the deposition of H3K9me3, which is bound by HP1 to
directly recruit the DNA methyltransferase DIM-2 for cytosine methylation (5mC; orange hexagons). At right,
the action of both complexes establishes a genome organization in which centromeres (red circles) cluster
and associate on one inner nuclear membrane face, while the (sub)telomeres (green circles) associate on the
opposing nuclear membrane in Rabl chromosome conformation. Interspersed heterochromatic regions
(black circles) on both chromosomes associate on the nuclear periphery as well, with the euchromatic arms
of each chromosome more likely to associate in the center of the nucleus. (B) Loss of CDP-2 causes gains in
5mC and histone acetylation (green triangles) while maintaining H3K9me3 at some heterochromatic regions
(other regions completely lose H3K9me3), which causes increases in distant heterochromatic region
contacts (including the gains of smaller heterochromatic region contacts with the centromeres), while inter-
chromosomal centromeric contacts are decreased. (C) Loss of CHAP prevents compaction of heterochromatic
regions and reduces some heterochromatic region interactions, despite increases in 5mC and H3K9me3 while
maintaining histone deacetylation. (D) Loss of both CDP-2 and DIM-2 causes gains in histone acetylation and
H3K9me3, but heterochromatic regions no longer associate with the nuclear periphery and interact more

with euchromatin, thereby increasing in genome disorder.
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A Fig. 7

Wildtype heterochromatin and genome organization
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