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Abstract 20 

Chromosomes must correctly fold in eukaryotic nuclei for proper genome function. Eukaryotic organisms 21 

hierarchically organize their genomes: in the fungus Neurospora crassa, chromatin fiber loops compact into 22 

Topologically Associated Domain (TAD)-like structures that are anchored by the aggregation of silent 23 

heterochromatic regions. However, insufficient information exists on how histone post-translational 24 

modifications, including acetylation, impact genome organization. In Neurospora, the HCHC complex 25 

(comprised of the proteins HDA-1, CDP-2, HP1, CHAP) deacetylates heterochromatic regions, including 26 

centromeres: loss of individual HCHC members increases centromeric acetylation and cytosine methylation. 27 

Here, we evaluate the role of the HCHC complex on genome organization using chromosome conformation 28 

capture with high-throughput sequencing (Hi-C) in strains deleted of the cdp-2 or chap genes. CDP-2 loss 29 

increases interactions between intra- and inter-chromosomal heterochromatic regions, while CHAP deletion 30 

decreases heterochromatic region compaction. Individual HCHC mutants exhibit different histone PTM 31 

patterns genome-wide: without CDP-2, heterochromatic H4K16 acetylation is increased, yet some 32 

heterochromatic regions lose H3K9 trimethylation, which increases interactions between heterochromatic 33 

regions; CHAP loss produces minimal acetylation changes but increases H3K9me3 enrichment in 34 

heterochromatin. Interestingly, deletion of the gene encoding the DIM-2 DNA methyltransferase in a cdp-2 35 

deletion background causes extensive genome disorder, as heterochromatic-euchromatic contacts increase 36 

despite additional H3K9me3 enrichment. Our results highlight how the increased cytosine methylation in 37 

HCHC mutants ensures heterochromatic compartmentalization when silenced regions are hyperacetylated.  38 
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Significance Statement 39 

The mechanisms driving chromosome organization in eukaryotic nuclei, including in the filamentous fungus 40 

Neurospora crassa, are currently unknown, but histone post-translational modifications may be involved. 41 

Histone proteins can be acetylated to form active euchromatin while histone deacetylases (HDACs) remove 42 

acetyl marks to form silent heterochromatin; heterochromatic regions cluster and strongly interact in 43 

Neurospora genome organization. Here, we show that mutants lacking components of a heterochromatin-44 

specific HDAC (HCHC) causes histone acetylation gains in heterochromatin genome-wide and increases 45 

contacts between distant heterochromatic loci. HCHC loss also impacts cytosine methylation, and in strains 46 

lacking both the HCHC and cytosine methylation, heterochromatic regions interact more with euchromatin. 47 

Our results suggest cytosine methylation normally functions to segregate silent and active loci when 48 

heterochromatic acetylation increases.  49 
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Main Text 50 

Introduction 51 

Chromosomal DNA must be correctly folded in a eukaryotic nucleus to ensure the proper genome 52 

function (1–3). Numerous DNA-templated processes, including transcription, mitosis/meiosis, and DNA 53 

repair, require precise compaction and organization of genomic DNA (1–6). Arguably, genome organization 54 

impacts gene expression the most, given the subnuclear compartmentalization of chromatin - the aggregate 55 

of proteins and DNA necessary for genome organization and function (1, 4, 7, 8). Here, in interphase cells, 56 

the more open, gene-rich, and transcriptionally active euchromatin is more centrally localized in the nucleus, 57 

while the densely compacted, transcriptionally silent heterochromatin associates at the nuclear periphery 58 

(9–12). This organization facilitates transcription regulation: the condensed heterochromatin at the nuclear 59 

periphery would be refractory to RNA polymerases, while the transcriptional machinery would presumably 60 

have greater access to the more open euchromatin (9, 13). In addition, long-range loops between promoters 61 

and distant regulatory sequences, including enhancers or silencers, are more apt to form with more open 62 

euchromatin (4, 8, 14). Disruptions to genome organization are frequently seen in human diseases, including 63 

cancer (15, 16), where improper chromosome folding allows promoters to hijack regulatory sequences for 64 

inappropriate expression (17, 18). Given the requirement for cells to correctly organize DNA to ensure 65 

genome function, there is a critical need to understand how this genome organization occurs, including the 66 

factors required to correctly fold the genome in wild type (WT) nuclei. 67 

Eukaryotic organisms from fungi and yeasts to metazoans hierarchically organize their genomes in the 68 

nucleus (19). At the most basic level, a histone octamer wraps ~146 basepairs (bp) of DNA to form 69 

nucleosomes (20–22), which are compacted into chromatin fibers. In higher eukaryotes, including humans, 70 

the cohesin protein complex then extrudes chromatin fibers to form globules or loops across a chromosome, 71 

with a CTCF dimer anchoring the loop base (23–30). Metazoan loops are further compacted into 72 

Topologically Associated Domains (TADs, also called “contact domains”), where chromatin internal to the 73 

TAD is more apt to interact than external chromatin (31–35). TADs containing chromatin of similar 74 

transcriptional states are compartmentalized, while individual chromosomes isolate into territories (32, 36–75 

38). The genomes of more simplistic organisms, such as the filamentous fungal model organism Neurospora 76 
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crassa, are also hierarchically organized and are similarly compacted as metazoan genomes. For example, 77 

Neurospora has a nearly identical ratio of genome size to nuclear volume as humans, and Neurospora 78 

chromosomes form TAD-like structures, initially termed “Regional Globule Clusters”, comprised of several 79 

(presumably cohesin-dependent) chromatin loops (39–42). Flanking heterochromatic regions strongly 80 

interact to delineate Neurospora TAD-like structures, which promotes multiple euchromatic globules to 81 

associate in an uninsulated manner (39, 41). As opposed to the chromosome territories seen in metazoans 82 

(2, 36, 43, 44), the vast majority of fungal chromosomes are in a Rabl conformation, in which centromeres 83 

bundle at distinct sites from the telomere clusters on the inner nuclear membrane (19, 40, 42, 45, 46). The 84 

Rabl chromosome conformation has been directly observed in Neurospora crassa, with discrete centromeric 85 

and telomeric foci associated with the inner nuclear membrane (41, 47, 48). 86 

Despite the marginal chromosome conformation differences between fungi and metazoans, filamentous 87 

fungi like Neurospora crassa remain excellent model organisms to understand the underlying mechanisms 88 

driving eukaryotic genome organization (39, 41, 48). The predominantly haploid genomes of fungi are small 89 

(e.g., the Neurospora genome is 4.1 x 107 bp) (49, 50), making fungi cost-efficient for genomic experiments. 90 

The composition of the Neurospora genome mirrors that of humans, as its genome is separated into 91 

euchromatic and heterochromatic regions, the latter being subdivided into the permanently silent 92 

constitutive heterochromatin covering the AT-rich and repetitive DNA that is devoid of genes, and the 93 

temporarily silent facultative heterochromatin that covers gene rich regions for transcriptional repression 94 

during asexual growth (49–53). Similar to metazoans, Neurospora employs post-translational modifications 95 

(PTMs) of histone proteins and covalent modifications of DNA for differentiating heterochromatin from 96 

euchromatin; these modifications are necessary for numerous genomic processes, including the regulation 97 

of gene expression. Neurospora constitutive heterochromatin is enriched with trimethylation of lysine 9 on 98 

histone H3 (H3K9me3) and cytosine methylation (5mC), while facultative heterochromatic regions are 99 

enriched with di- or trimethylation of lysine 27 on histone H3 (H3K27me2/3) or the ASH1-dependent 100 

dimethylation of lysine 36 on histone H3 (H3K36me2) (51–58). Euchromatic regions are enriched with di- 101 

or trimethylation of lysine 4 on histone H3 (H3K4me2/3) or acetylation of lysine residues, including lysine 102 

9 on histone H3 (H3K9ac) or lysine 16 on histone H4 (H4K16ac) (59–62). However, in contrast to metazoans, 103 
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the machinery that catalyze histone PTMs or 5mC is often simplistic, non-redundant, and not required for 104 

viability, allowing researchers to dissect individual modification pathways (53, 63–65). Taken together, the 105 

advantages offered by filamentous fungi such as Neurospora crassa strongly argue that filamentous fungal 106 

systems are useful for studying the role of histone or DNA modifications in organizing eukaryotic genomes.  107 

One method to assess genome organization is chromosome conformation capture coupled with high 108 

throughput sequencing (Hi-C), in which chromatin is crosslinked, digested with restriction enzymes, and 109 

ligated, thereby physically connecting DNA that is interacting into a single DNA molecule (66); Hi-C allows 110 

researchers to capture and examine the interactions between loci across the entire genome of an organism 111 

(38). Advances in Hi-C protocols enable the capture of DNA ligation products in the nucleus, such that these 112 

in situ Hi-C datasets more accurately capture interacting chromatin (32). This has enabled researchers to 113 

characterize genome organization at high resolutions with unprecedented clarity (32, 39). Hi-C has 114 

elucidated or confirmed the foundations of hierarchical genome organization in eukaryotic nuclei, including 115 

globules, TADs, and chromosome territories (or the Rabl chromosome conformation, if fungal systems are 116 

examined) (19, 31, 32, 36, 39–41, 44). However, the underlying mechanisms driving genome organization in 117 

any species are currently unknown. 118 

Arguably, one critical yet understudied genome component that may drive chromosome conformation 119 

in WT nuclei through genome compartmentalization are histone PTMs. Specific histone PTMs define the 120 

transcriptional status and chromatin accessibility in the nucleus (22, 67–69). Since euchromatic regions 121 

associate but are segregated from heterochromatic clusters, the possibility exists that the histone PTMs 122 

defining each chromatin type could impact genome topology. Recent reports detail how histone PTMs, as 123 

well as the effector proteins that bind these marks, have critical roles in genome organization. Notably, the 124 

constitutive heterochromatin-specific H3K9me3 mark and its cognate binding partner Heterochromatin 125 

Protein-1 (HP1) are important for pericentromeric region association during zygote genome activation in 126 

Drosophila and the compaction of heterochromatic regions during fungal asexual growth (41, 70). In 127 

addition, sub-telomeric H3K27me2/3, which demarcates facultative heterochromatin, is necessary for 128 

telomere clusters to associate with the nuclear periphery in Neurospora (48). These results suggest that 129 

heterochromatic histone PTMs play vital roles in eukaryotic genome organization. However, there is scant 130 

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 

The copyright holder for this preprint (whichthis version posted July 3, 2023. ; https://doi.org/10.1101/2023.07.03.547530doi: bioRxiv preprint 

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


7 
 

information about the role of other histone PTMs, including histone acetylation.  131 

The addition of an acetyl group to histones has long been thought necessary for opening chromatin, as 132 

enrichment of acetylation in euchromatic regions is readily observed in fungi, fruit flies, mice, and humans 133 

(54, 71–80). In contrast, heterochromatic regions are typically devoid of histone acetylation, which occurs 134 

due to the action of histone deacetylase (HDAC) complexes (54, 59, 60, 81). Recent results have argued that 135 

changes in chromatin acetylation levels can impact genome organization. For example, as human epidermal 136 

cells differentiate, numerous enhancers gain acetylation of lysine 27 on histone H3 (H3K27ac) and form 137 

novel interactions with promoters controlling epidermis differentiation (82). A similar gain of H3K27ac, 138 

which may be dependent on the p300 histone acetyltransferase, forms novel promoter-enhancer contacts 139 

for inducing transcription during the differentiation of mouse adipocyte cells (83). Mitotic cell cycle stage 140 

entry depends on histone acetylation changes during human and mouse cell cycles. In general, mitotic 141 

chromosomes are globally hypoacetylated, which creates dense chromosome structures for homologous 142 

chromosome separation into daughter cells (84–88); the HDAC Hst2p in S. cerevisiae is important for 143 

deacetylating H4K16 for chromosome condensation (86). As cells transition through mitosis, promoters and 144 

enhancers specifically lose H3K27ac, but rapidly regain this mark in G1 for reactivating gene transcription 145 

and reforming TADs (89, 90). Further, improper recruitment of P300 by a novel oncogenic protein, BRD4-146 

NUT, which translationally fuses the acetylated histone-binding bromodomain of BRD4 to the P300-binding 147 

C-terminus of NUT (Nuclear protein in testis), creates hyperacetylated Megadomains that aggregate into a 148 

subcompartment characterized by increased transcription activation (91). Hyperacetylated chromatin in the 149 

presence of bromodomain proteins may actually form a novel phase-separated state that could promote the 150 

formation of nuclear subcompartments (92). Together, these data implicate histone acetylation as having a 151 

critical role in the organization and function of eukaryotic genomes. However, few studies assess the action 152 

of HDAC complexes on fungal chromosome conformation. 153 

Neurospora crassa is excellent for studying histone deacetylase (HDAC) action, as it encodes four class II 154 

HDACs (HDA-1 to HDA-4; class II characterization based on primary structure conservation) (81), each of 155 

which may be targeted to different chromatin types (62). Specifically, HDA-1 is the Neurospora HDAC that 156 

impacts heterochromatin, as a Δhda-1 deletion strain loses 5mC (62, 93). HDA-1 is a component of the four-157 
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member HCHC complex, comprised of the proteins HDA-1, CDP-2 (Chromodomain Protein-2), HP1, and 158 

CHAP (CDP-2 and HDA-1 Associated Protein) (59, 60). Within the HCHC complex, HDA-1 is the deacetylase 159 

catalytic subunit, HP1 binds to H3K9me3 for heterochromatin recruitment, and CDP-2 and CHAP are 160 

required for protein interactions within the HCHC and binding to AT-rich DNA, respectively (59, 60). The N-161 

terminus of CDP-2 forms critical protein-protein interactions with HDA-1 within the HCHC complex, and 162 

while the CDP-2 chromodomain can also bind H3K9me3, this domain is dispensable for HCHC function (60). 163 

CHAP also forms protein-protein interactions with HDA-1, but its primary structure also contains two AT 164 

hook domains that allow the HCHC complex to associate with the AT-rich DNA of constitutive 165 

heterochromatin (59, 60). Both CDP-2 and CHAP are necessary for HDA-1 to localize to heterochromatic 166 

genomic loci, and HDA-1-dependent deacetylation is necessary for H3K9me3 deposition (59, 94). 167 

Importantly, strains deleted of cdp-2, chap, or hda-1 have increased histone acetylation and have decreased 168 

H3K9me3 at select heterochromatic regions, including the centromeres, as assessed by Chromatin 169 

Immunoprecipitation quantitative PCR, although it is unknown if these enrichment changes occur genome-170 

wide (60). HCHC mutant strains also have changes in 5mC: smaller heterochromatic regions lose 5mC but 171 

larger regions, including the centromeres, gain 5mC by increasing recruitment of DIM-2, the only DNA 172 

methyltransferase encoded in Neurospora (59). Given the extensive background information available for 173 

HCHC complex action, strains devoid of HCHC members provide an outstanding system to explore the role 174 

of epigenetic marks on eukaryotic genome organization. 175 

Here, we report the changes to the genome organization in Δcdp-2 or Δchap deletion strains, as assayed 176 

by euchromatin-specific (DpnII) or heterochromatin-specific (MseI) in situ Hi-C (39). We reasoned that these 177 

HCHC members might impact the formation of higher order structures in genome organization in addition 178 

to their reported roles for HDA-1 recruitment. We found that the loss of CDP-2 causes increased interactions 179 

between distant heterochromatic regions on a single chromosome and between chromosomes consistent 180 

with increased accessibility of silent chromatin. In contrast, loss of CHAP reduces the local compaction of 181 

heterochromatic regions to indirectly increase regional euchromatic contacts. Across the genome of a Δcdp-182 

2 strain, heterochromatic regions gain enrichment of acetylation of lysine 16 on histone H4 (H4K16ac) but 183 

not acetylation of lysine 9 on histone H3 (H3K9ac), as assessed by Chromatin Immunoprecipitation-184 
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Sequencing (ChIP-seq); a Δchap strain has few H4K16 acetylation changes. Surprisingly, a subset of 185 

heterochromatic regions in a Δcdp-2 strain lose H3K9me3, resulting in increased heterochromatic region 186 

contact promiscuity. Moreover, a Δcdp-2;Δdim-2 double mutant, which is devoid of 5mC in an HCHC-deficient 187 

background, gains H3K9me3 at most AT-rich regions and has a highly disordered genome organization, with 188 

increased contact probabilities between heterochromatic loci and euchromatin, which implies silent 189 

chromatin no longer associates in a heterochromatic bundle at the nuclear periphery. Our results suggest 190 

that histone deacetylation is necessary for proper genome topology, while in the presence of hyperacetylated 191 

histones, cytosine methylation increases maintain the segregation of heterochromatin from euchromatin. 192 

 193 

Results 194 

Genome organization changes in strains deleted of either HCHC component CDP-2 or CHAP 195 

Recent analysis of genome organization in the filamentous fungal model organism Neurospora crassa has 196 

shown that the seven chromosomes of the wild type (WT) strain N150 (74-OR23-IVA [FGSC #2489]) are 197 

organized in a Rabl structure defined by independent centromere and telomere clusters at the nuclear 198 

periphery (39, 41, 48). In the Rabl conformation, the arms of each Neurospora chromosome strongly 199 

associate (Figure 1A), while extensive inter-chromosomal contacts – and weak chromosome territories – are 200 

readily visible (39, 41, 47). Also, chromatin is segregated: silent heterochromatic regions strongly interact 201 

across Megabases (Mb) of linear chromosomal distance, or between chromosomes, to form aggregates at the 202 

nuclear periphery, while active euchromatic regions are hierarchically compacted into loops/globules that 203 

form TAD-like structures in the center of the nucleus (Figure 1A) (19, 39). These interaction characteristics 204 

of Neurospora chromatin were elucidated by chromatin-specific Hi-C, where the use of the restriction 205 

enzyme MseI (recognition sequence T^TAA) primarily assesses contacts in the AT-rich heterochromatic 206 

regions of the Neurospora genome, while GC-rich euchromatic region contacts are examined with DpnII 207 

(^GATC) (Figure 1A) (39). Despite these advances, little is known about how changes in histone PTMs, such 208 

as the removal of histone acetylation by histone deacetylases (HDACs), impact eukaryotic genome 209 

organization. Since AT-rich, silent genomic regions are important for fungal chromosome conformation, we 210 

examined if the loss of the heterochromatin specific HDAC complex HCHC could impact genome organization.  211 
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 To understand how dysfunction of the HCHC histone deacetylase complex can impact fungal genome 212 

organization, we examined strains independently deleted of the genes encoding CDP-2 (Δcdp-2) or CHAP 213 

(Δchap) using Hi-C. Since CDP-2 and CHAP recruit HDA-1 to AT-rich genomic loci for the deacetylation of 214 

histones, the activity of CDP-2 and CHAP could be epistatic to HDA-1 action, yet given the unique domains 215 

predicted from their primary structures, these proteins could have distinct functions in the HCHC complex 216 

(59, 60). We hypothesized that by examining mutants of CDP-2 and CHAP, we could assess how compromised 217 

HCHC function alters chromosome conformation while possibly observing more nuanced differences in 218 

genome organization, which would clarify the individual roles of these HCHC members, rather than only 219 

examining the effect of deleting the HDA-1 catalytic subunit. Therefore, we independently performed in situ 220 

Hi-C with DpnII to assess primarily euchromatic contacts, or MseI to examine mainly heterochromatic 221 

interactions, on Δcdp-2 and Δchap strains. Our replicate in situ Hi-C libraries for these strains were highly 222 

reproducible (Figures S1, S2), allowing us to merge the datasets generated with similar restriction enzymes. 223 

This produced high quality DpnII Δcdp-2 (~35.4 million [M] valid read pairs) and Δchap (~8.7M valid read 224 

pairs), as well as MseI Δcdp-2 (~13.9M valid read pairs) and Δchap (~4.8M valid read pairs) datasets; total 225 

and valid read counts are provided in Supplemental Table S1. The merged DpnII datasets presented here are 226 

Knight-Ruiz (KR) corrected to limit any experimental bias (36, 95, 96), while MseI datasets in all figures 227 

display raw, uncorrected contact probabilities, since KR correction improperly removes specific interactions 228 

between heterochromatic regions upon bin averaging, possibly caused by the discrepancy between the 229 

number of MseI sites in AT-rich heterochromatic regions and more GC-rich euchromatin (39). 230 

At first glance, when examining a single chromosome (Linkage Group [LG] II), the DpnII and MseI Δcdp-2 231 

datasets (Figures 1B) look comparable to WT DpnII or MseI Hi-C datasets (Figure 1A) generated from fastq 232 

files containing nearly identical numbers of valid reads. However, at a closer look, the Δcdp-2 dataset has 233 

increased interactions between distant heterochromatic regions, including the LG II centromere interacting 234 

more strongly with heterochromatic regions up to three megabases (Mb) distant, which were the most 235 

evident in the silent chromatin-specific MseI heatmap (Figures 1B, black arrowheads); also, heterochromatic 236 

regions form fewer contacts with nearby euchromatin (Figure 1B, open arrowheads), as contacts between 237 

heterochromatic regions are more prevalent. These effects are seen on all Neurospora chromosomes 238 

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 

The copyright holder for this preprint (whichthis version posted July 3, 2023. ; https://doi.org/10.1101/2023.07.03.547530doi: bioRxiv preprint 

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


11 
 

(Figures S3).  To more easily highlight changes in a Δcdp-2 strain, we compared the DpnII or MseI Hi-C contact 239 

maps between WT and the Δcdp-2 strain. In both datasets, the most prominent change in LG II interactions 240 

are the strong increases between centromeres and distant heterochromatic regions, evident as strong red 241 

bins in the comparison heatmaps (Figure 1C); a similar pattern of increased interactions between 242 

heterochromatic regions is observed on all seven Neurospora LGs (Figures S4). Further examination of the 243 

changes in centromeric contacts at a higher resolution show how centromeric chromatin is more likely to 244 

form interactions, as the LG II centromere has a strong red diagonal indicative of increased contacts between 245 

centromeric nucleosomes, as well as more intense interactions with distant H3K9me3-marked constitutive 246 

heterochromatic regions (Figure 1D). In fact, each heterochromatic region across LG II has increased local 247 

interactions along the diagonal of Δcdp-2 MseI datasets relative to WT, arguing this AT-rich, heterochromatic 248 

DNA associates less with its own histone proteins, which would allow greater contact promiscuity with the 249 

AT-rich DNA of nearby heterochromatic nucleosomes; this could additionally deplete heterochromatic-250 

euchromatic contacts when equal numbers of valid Hi-C read pairs are compared (Figures 1B, open 251 

arrowheads, 1C). Quantification of strongly changed contacts between WT and Δcdp-2 MseI datasets showed 252 

that, indeed, the greatest number of strongly increased contacts occurred between H3K9me3-enriched bins; 253 

few contacts were strongly increased between H3K9me3 enriched bins and bins enriched with euchromatic 254 

marks (Figure 1H). Further, as assessed in euchromatin-specific DpnII datasets, interactions of more distant 255 

euchromatic regions were also decreased, such that interactions between the left and right chromosome 256 

arms, as well as the interactions between distant TAD-like structures were reduced (Figure 1C). The strong 257 

decrease in interactions just off diagonal when comparing the WT and Δcdp-2 MseI datasets (Figure 1C, above 258 

diagonal) could also indicate chromatin in TAD-like structures interact less, similar to the changes in DpnII 259 

Δcdp-2 datasets, but equally possible is that these decreased euchromatic contacts reflect the paucity of 260 

contacts due to the reduced number of MseI sites in euchromatin (39) coupled with the increased numbers 261 

of heterochromatin-specific contacts within these datasets (Figure 1C). All told, the loss of CDP-2 in 262 

Neurospora causes increased constitutive heterochromatic region interactions and decreased associations 263 

between euchromatin. 264 

To further understand the function of HCHC components, we examined the genome organization of a 265 
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Δchap strain by DpnII and MseI Hi-C. We note that both of these datasets have reduced numbers of valid reads 266 

compared to the data from a Δcdp-2 strain, with the Δchap DpnII Hi-C having ~four-fold less reads and the 267 

Δchap MseI Hi-C having ~three-fold less valid reads (Supplemental Table S1). However, despite these 268 

differences in valid read numbers, we believe that there is enough information present to assess the impact 269 

of CHAP loss, especially considering that we, again, normalized the WT datasets with similar numbers of valid 270 

reads to highlight differences from normal genome topology. Examination of single chromosomes show how 271 

the Δchap DpnII and MseI Hi-C datasets appear devoid of most strong long-range contacts (Figures 1E); 272 

similar results were shown for all seven Linkage Groups (Figure S5). In each chromosome, more distant 273 

contacts are rarer upon CHAP loss; an enhanced image of the right arm of LG II highlights that regional 274 

interactions still form in both DpnII and MseI datasets (Figure 1E). When equal numbers of valid reads 275 

between the WT and Δchap datasets are compared, the differences from the normal genome organization 276 

are readily apparent, with heterochromatic regions exhibiting reduced internal compaction and reduced 277 

contacts between heterochromatic regions across LG II (Figures 1F-G, arrowheads); similar differences occur 278 

on each chromosome upon CHAP loss (Figure S6). Also apparent are the decreased interactions between the 279 

TAD-like Regional Globule Clusters (RGCs) (39) in the Δchap DpnII data, which may stem from the slight 280 

increase in on-diagonal, local interactions. Highlighting these genomic organization changes, quantification 281 

of strongly increased contacts between bins enriched for either activating or repressive histone PTMs, 282 

including the SET-2-specific H3K36me2 or H3K27ac (54), shows minimal gains in bin interactions between 283 

heterochromatic and euchromatic bins, yet euchromatic regions are more likely to contact in a Δchap strain 284 

(Figure 1H), perhaps indirectly resulting from decreased heterochromatic compaction reducing the numbers 285 

of strong contacts between heterochromatic bins. 286 

Our data suggest that CDP-2 and CHAP have different functions in genome organization. Highlighting the 287 

differences between these two strains, we compared equal numbers of valid Hi-C reads from Δcdp-2 and 288 

Δchap datasets. Figure 1I shows how genome topology is changed in a Δchap strain relative to that in Δcdp-289 

2. In a Δchap strain, the decrease in heterochromatic region compaction and contacts between silent regions, 290 

with the concomitant increase in euchromatic interactions, is evident (Figure 1I, arrowheads). These data 291 

argue that CHAP is necessary for forming intra-chromosomal interactions within and between 292 
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heterochromatic regions, while CDP-2 may be indirectly acting to restrict heterochromatin aggregation, 293 

given its role in controlling histone acetylation (below). Highlighting this functional difference are the 294 

centromeres, which are among the genomic loci gaining the most 5mC in Δcdp-2 and Δchap strains (59, 60). 295 

Upon closer inspection of the centromere topology in MseI datasets, the Δcdp-2 strain shows a strong 296 

increase in local contacts ~one to two 10kb bins off diagonal with subtle increases between the more distant 297 

centromeric chromatin, suggesting that the DNA wrapped around individual centromeric nucleosomes can 298 

contact more-distant nucleosomes rather than being restricted to interactions with nucleosomes in close 299 

proximity within centromeric chromatin fibers (Figure 1J). In contrast, Δchap MseI data has reduced 300 

interactions between more distant nucleosomes in centromeric chromatin, implying that CHAP acts to 301 

stabilize the folding and compaction of the centromeric chromatin (Figure 1J).  302 

Similar interaction trends are observed with the heterochromatic interactions between chromosomes, 303 

arguing that CDP-2 and CHAP facilitate the global clustering of heterochromatic regions in the Neurospora 304 

nucleus. As shown in raw MseI and KR corrected DpnII Hi-C data from a Δcdp-2 strain, or when these Δcdp-2 305 

data are compared to WT Hi-C, the centromeres in a Δcdp-2 strain gain interactions with the interspersed 306 

heterochromatic regions across all seven LGs; the gain in heterochromatic region interactions may reduce 307 

contact strength of the euchromatin surrounding the centromere of each chromosome, as well as the inter-308 

chromosomal centromeric interactions (Figures 2A, S7), although it is possible this reduction manifests 309 

when equal numbers of valid read pairs are compared between datasets where one (Δcdp-2) has more 310 

heterochromatin contacts. Specifically, the DpnII Hi-C data present stronger inter-chromosomal contacts, 311 

especially between chromosome arms (Figures 2A, S7), which may occur when heterochromatic regions 312 

between chromosomes are more apt to interact; similar changes to centromere interactions are observed in 313 

KR-corrected MseI data and raw DpnII data when WT and Δcdp-2 contact matrices are compared (Figure S8, 314 

top). Examination of the interactions between two chromosomes, LG II and LG III, in Δcdp-2 MseI Hi-C contact 315 

heatmaps show the expansion of centromeric and interspersed heterochromatic region contacts and the 316 

concomitant reduction of contacts between silent and active chromatin (Figure 2B). Plotting the inter-317 

chromosomal interaction changes between WT and Δcdp-2 MseI datasets highlight the strong contact gain 318 

between heterochromatic regions on different chromosomes, including how the centromeres on LG II and 319 
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LG III more readily contact distant heterochromatic regions rather than form inter-centromeric contacts, 320 

which are moderately decreased, as is the euchromatin emanating from the LG II and LG III centromeres 321 

(Figure 2C). In contrast, the loss of CHAP reduces heterochromatic interactions across the Neurospora 322 

genome: as shown in Δchap MseI contact matrices (Figure S9), or when Δchap MseI data is compared to WT 323 

MseI data (Figure 2D), few inter-chromosomal heterochromatic contacts are observed, with the reduction in 324 

centromeric contacts being the most prominent; these differences in contact strength are independent of 325 

matrix correction (Figure S8, bottom). In fact, the comparison of Δcdp-2 and Δchap contact matrices shows 326 

how inter-chromosomal centromeric contacts are stronger in a Δcdp-2 strain (Figure S10). A plot of the 327 

interactions between two chromosomes, LG II and LG III, in Δchap highlights the paucity of constitutive 328 

heterochromatic contacts between chromosomes (Figure 2E), which is further evident when MseI Hi-C data 329 

between a WT and Δchap strain are compared (Figure 2F). This decrease in heterochromatic bundling 330 

compromises the inter-chromosome arm interactions that are characteristic of the Rabl conformation (19, 331 

97), as the comparison of DpnII Hi-C between WT and Δchap strains shows reduced euchromatin interactions 332 

across the left and right arms of each Neurospora Linkage Group (Figure 2D). Quantification of the strongest 333 

gains in inter-chromosomal interactions between WT and these HCHC deletion mutants confirm these 334 

genome topology changes. Specifically, in Δcdp-2 MseI Hi-C datasets, 81.5% of H3K9me3-enriched bins have 335 

strong contact gains, while few H3K9me3 enriched bins have strong interaction changes with bins marked 336 

by euchromatic histone PTMs (Figure 2G, left panel). The Δcdp-2 DpnII Hi-C data only show strong gains 337 

between euchromatic bins enriched with H3K27ac and SET-2 specific H3K36me2 (Figure 2G, right panel). In 338 

contrast, Δchap MseI and DpnII Hi-C datasets have minimal contact increases relative to WT independent of 339 

histone PTMs, indicating the loss of CHAP reduces the chromosomal compaction across the Neurospora 340 

genome (Figure 2G). All told, our Δcdp-2 and Δchap Hi-C data reveals the differential effects on genome 341 

organization by individual members of a histone deacetylase complex. 342 

 343 

 Histone acetylation changes in single deletion strains of the HCHC components CDP-2 and CHAP 344 

Our Hi-C analysis suggests that single deletion strains of the genes encoding the HCHC members CDP-2 345 

and CHAP uniquely impact the Neurospora chromosome conformation. To understand how altered HCHC 346 
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function can affect the folding of DNA in the fungal nucleus, we decided to correlate changes in genome 347 

topology to levels of histone acetylation enrichment in these strains. However, no genome-wide Chromatin 348 

Immunoprecipitation (ChIP) sequencing (ChIP-seq) datasets of HCHC mutants are publicly available to make 349 

this assessment; recent work showing histone acetylation changes in Δcdp-2 and Δchap strains only used 350 

ChIP qPCR to show that loss of CDP-2 and CHAP generally increases histone acetylation levels at several 351 

heterochromatic loci (60), precluding genome-wide conclusions or correlation to genome organization. 352 

Therefore, we performed two ChIP-seq replicates on the levels of histone acetylation on two lysine residues, 353 

K9 on histone H3 (H3K9ac) and K16 on histone H4 (H4K16ac), in Δcdp-2and WT strains, and we performed 354 

H4K16ac ChIP-seq on a Δchap strain. Both H3K9ac and H4K16ac were proposed to be targets of the HCHC 355 

complex, as assessed by ChIP qPCR (60). Our H3K9ac and H4K16ac ChIP-seq replicates are qualitatively 356 

reproducible in each strain (Figure S11, S12), so we merged the replicates of each PTM into two fastq files 357 

that independently present the data for H3K9ac or H4K16ac for display on the Integrative Genome Viewer 358 

(IGV) (98); all ChIP-seq data here has been normalized using Reads Per Kilobase per Million reads (RPKM) 359 

to ensure proper comparison between each experiment, although we do acknowledge that the use of spike-360 

in DNA samples could have detected additional enrichment changes (99–101). Consistent with the published 361 

qPCR ChIP, CDP-2 loss caused an increase in H4K16ac enrichment only in AT-rich heterochromatic regions 362 

but had little effect on the levels of H3K9ac regardless of location (Figure 3A, top). Zooming into the right 363 

arm of LG II highlights the changes in H4K16ac, as each H3K9me3-marked heterochromatic region has an 364 

increase in H4K16ac relative to WT, but H3K9ac was not enriched (Figure 3A, bottom, arrowheads). Little 365 

change in the enrichment of either H4K16ac or H3K9ac in a Δcdp-2 strain in the flanking euchromatic regions 366 

was observed (Figure 3A), highlighting the specificity of the HCHC complex for deacetylating only AT-rich 367 

heterochromatic regions in the Neurospora genome. The lack of H3K9ac enrichment in heterochromatin may 368 

reflect the H3K9 tri-methylation levels in these gene-poor regions (Figure 3A, dark green track). In contrast 369 

to the increase in H4K16ac in a Δcdp-2 strain, the loss of CHAP had little effect on acetylation: the Δchap 370 

strain showed minimal, if any, changes to the enrichment of H4K16ac across genes and within constitutive 371 

heterochromatic regions (Figure S13A).  372 

These acetylation changes are highlighted by plots and heatmaps of the average enrichment for the 373 
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RPKM-normalized H4K16ac and H3K9ac datasets across either H3K9me3-enriched regions or genes. When 374 

all constitutive heterochromatic regions are scaled to 10 kilobases (kb) in length, the gain of H4K16ac is 375 

readily apparent, as essentially all AT-rich regions have a substantial increase in H4K16ac enrichment in a 376 

Δcdp-2 strain relative to a WT strain in which constitutive heterochromatic regions are normally devoid of 377 

H4K16ac and the flanking regions are highly acetylated (Figure 3B). In contrast, the enrichment of H3K9ac 378 

in the heterochromatic regions of a Δcdp-2 strain is non-existent, and in fact may be lower than a WT strain 379 

(Figure S14A), possibly due to the H3K9me3 enrichment in constitutive heterochromatic regions. Similarly, 380 

a Δchap strain has only subtle increases in H4K16ac across constitutive heterochromatin, and no change in 381 

genic H4K16ac (Figure S13B-C), highlighting the specific differences on acetylation activity of HCHC 382 

components. When genes are scaled to 2.5 kb, only a small reduction in H4K16 acetylation is seen in a Δcdp-383 

2 strain compared to the WT strain. The possibility exists that the increased acetylation of heterochromatic 384 

nucleosomes by histone acetyltransferases interferes with the normal acetylation of genes in euchromatic 385 

regions; the deposition of H3K9ac in genes may have a subtle shift in distribution away from the 5’ end of 386 

genes in a Δcdp-2 strain (Figure S14B). To further characterize the H4K16ac and H3K9ac deposition changes, 387 

we plotted the normalized, averaged signal of each region used in average enrichment heatmaps on boxplots 388 

to show how the average signal in each region is changed. Here, the Δcdp-2 constitutive heterochromatic 389 

regions have robust changes in H4K16ac signal relative to WT (Figure 3D), while H3K9ac enrichment is 390 

overall decreased (Figure S14C), although some regions in each dataset go against these trends.  Considering 391 

euchromatic acetylation, a Δcdp-2 strain has small but statistically significant changes: H4K16ac is decreased 392 

over genes (Figure 3E) while genic H3K9ac is increased (Figure S14D). Together, we conclude that loss of 393 

HCHC activity has differential effects on lysine residues in histone proteins, with deletion of the gene 394 

encoding CDP-2 having the strongest effect on H4K16ac, while the loss of CHAP minimally affects histone 395 

acetylation enrichment. 396 

 397 

Changes in H3K9me3-deposition and heterochromatin bundling in Δcdp-2 and Δchap strains 398 

Given the changes to acetylation in constitutive heterochromatic regions in strains with compromised 399 

HCHC function, we decided to assess H3K9me3 enrichment by ChIP-seq to examine whether Δcdp-2 and 400 
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Δchap strains exhibit differences in their permanently silent genomic loci. The H3K9me3 ChIP-seq replicates 401 

of each strain are reproducible, allowing us to merge the two replicates from each strain into single, merged 402 

fastq files (Figure S15). Levels of H3K9me3 enrichment in a Δcdp-2 strain resemble that of a WT strain: most 403 

regions appear to have similar levels of H3K9me3 deposition (Figure 4A). However, at closer examination, 404 

several moderately sized constitutive heterochromatic regions have a near-complete or total loss of 405 

H3K9me3 (Figure 4A, arrowheads), while other nearby constitutive heterochromatic regions still retain 406 

normal H3K9me3 levels (Figure 4A). Zooming into one affected region, we observe background levels of 407 

H3K9me3 across that entire locus, suggesting the underlying DNA is unchanged in regions losing H3K9me3, 408 

allowing for normal ChIP-seq read mapping (Figure 4A, red box). In contrast, the loss of CHAP causes minimal 409 

H3K9me3 loss, and in fact, most heterochromatic regions have increased enrichment of H3K9me3 signal 410 

relative to WT, even with RPKM normalized ChIP-seq tracks (Figure S13A). 411 

Examination of H3K9me3-marked loci in the Neurospora genome using average enrichment plots and 412 

heatmaps highlight the changes in constitutive heterochromatic regions in Δcdp-2 and Δchap strains. Most 413 

heterochromatic regions, but not genes, gain H3K9me3 enrichment with loss of CHAP (Figure S13D-E). 414 

Conversely, while many heterochromatic regions are unchanged with the loss of CDP-2, a substantial number 415 

of silent loci have reductions, or completely lose, H3K9me3 (Figure 4B). Boxplots of average signal across 416 

heterochromatic regions highlight this change, with the majority of AT-rich regions losing H3K9me3 signal 417 

in a Δcdp-2 strain (Figure 4C). We were curious as to how the loss of H3K9me3 and gain of H4K16ac might 418 

affect the genome organization of these formerly heterochromatic regions. Plotting the changes in contact 419 

probability between WT and Δcdp-2 Hi-C across two regions on LG III and LG I, each of which encompass AT-420 

rich regions losing H3K9me3 in a Δcdp-2 strain, shows how the changes in histone PTMs affected long-range 421 

heterochromatic bundling (Figure 4D). In both instances, regions losing H3K9me3 have strong increases in 422 

interactions with other AT rich regions retaining this silencing mark. For example, on LG III, the contacts 423 

between two nearby AT-rich genomic regions are increased when one region loses H3K9me3, while two 424 

other, similarly sized heterochromatic regions have few changes in long-range interactions (Figure 4D, top 425 

panel, compare the closed and open arrowheads). Also, on LG I, the loss of H3K9me3 from (and concomitant 426 

gain of H4K16ac in) multiple regions caused gains in inter-region contacts; other nearby regions that retain 427 
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H3K9me3 are unaffected (Figure 4D, bottom panel, closed arrowheads). All told, the deletion of the gene 428 

encoding CDP-2 causes changes in the enrichment of histone PTMs that cause the typically heterochromatic 429 

AT-rich genomic loci to form a more open chromatin structure, which increases the likelihood of these 430 

regions contacting other heterochromatic regions in the silent chromatin bundle. 431 

 432 

Changes in histone PTMs and genome organization in a Δcdp-2;Δdim-2 double mutant 433 

Our work to this point has characterized the unique changes in genome organization and histone post-434 

translational modifications of strains individually deleted of a member of the histone deacetylase complex 435 

HCHC. These changes primarily affect heterochromatic regions, as the gain in histone acetylation can affects 436 

the deposition of H3K9me3 and the bundling of silent chromatin. However, loss of CDP-2 or CHAP also  alters 437 

the deposition of cytosine methylation: the centromeres and other longer interspersed heterochromatic 438 

regions gain 5mC, while some shorter AT-rich regions lose 5mC enrichment in Δcdp-2 and Δchap strains (59, 439 

60). Hypothetically, extra 5mC in the heterochromatin of a Δcdp-2 strain may confer additional properties to 440 

these AT-rich regions, meaning the cytosine methylation gains must be considered when assessing genome 441 

organization. In support, 5mC must be important when the HCHC is compromised, given that the Δcdp-442 

2;Δdim-2 strain, deleted of the gene DIM-2, which is the single DNA methyltransferase in Neurospora, has a 443 

compromised growth rate relative to single HCHC mutants (60). 444 

To fully understand if this 5mC increase can alter histone PTM deposition following HCHC complex loss, 445 

we examined levels of H4K16ac and H3K9me3 using ChIP-seq. Replicates of these ChIP-seq experiments are 446 

qualitatively comparable (Figures S12, S15), allowing us to merge ChIP-seq replicates of identical histone 447 

PTMs; as before, all ChIP-seq datasets are normalized by RPKM. Compared to a Δcdp-2 strain, H4K16ac 448 

distribution in a Δcdp-2;Δdim-2 strain is essentially unchanged (Figure 5A-B, blue tracks), where both strains 449 

had an increase in heterochromatic acetylation and minimal changes to genic acetylation in euchromatin 450 

(Figure 5A-B), suggesting that DIM-2 loss minimally impacts acetylation of AT-rich DNA. Quantification of 451 

the normalized average H4K16ac enrichment across heterochromatic regions in a Δcdp-2;Δdim-2 double 452 

mutant is slightly reduced relative to the Δcdp-2 single mutant but still strongly increased when compared 453 

to WT H4K16ac enrichment (Figure 5C). Regarding H3K9me3, most AT-rich regions in a Δcdp-2;Δdim-2 454 
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strain strongly gain this silencing mark relative to WT and Δcdp-2 strains (Figure 5A, 5D). However, the same 455 

~20% of AT-rich regions that completely lack H3K9me3 in a Δcdp-2 strain are also devoid of H3K9me3 in 456 

the double mutant (Figures 5A, asterisks; 5D), suggesting the underlying DNA sequence of these AT-rich 457 

regions occlude H3K9me3 deposition. Quantification of the averaged H3K9me3 enrichment of these AT-rich 458 

regions highlights the substantial increase in H3K9me3 signal in a Δcdp-2;Δdim-2 double mutant (Figure 5E). 459 

Thus, histone acetylation gains coupled with 5mC loss at AT-rich regions can signal for increased H3K9me3 460 

by the DIM-5 catalytic subunit of the DCDC, the H3K9 methyltransferase complex in Neurospora (65). 461 

To assess if additional heterochromatic acetylation coupled with 5mC loss impacts genome organization, 462 

we performed in situ Hi-C on the Δcdp-2;Δdim-2 strain using DpnII. We chose to use only DpnII to assess 463 

contact changes in euchromatin for a general assessment of the genome organization. We generated two in 464 

situ DpnII Hi-C replicates of a Δcdp-2;Δdim-2 strain which are highly correlated (Figure S16), allowing us to 465 

merge the replicates into a single DpnII Δcdp-2;Δdim-2 Hi-C dataset that contained 23.1M valid read pairs 466 

(Table S1). The contact frequency heatmap for the Δcdp-2;Δdim-2 strain shows the typical segregation of 467 

heterochromatic regions from euchromatin typical for DpnII datasets, as observed in a single chromosome 468 

(LG II; Figure 6A top), all other Neurospora LGs (Figure S17), or across the entire Neurospora genome (Figure 469 

S18A). A KR corrected (reduced bias) contact probability heatmap of the entire Δcdp-2;Δdim-2 genome or 470 

only LG II shows the centromeric bundling independent of telomere clusters typical of the Rabl conformation 471 

(Figures 6A, bottom, S18B), indicating that the overall genome organization of the Δcdp-2;Δdim-2 strain is 472 

maintained.  473 

However, comparison of equal numbers of valid read pairs of the Δcdp-2;Δdim-2 DpnII Hi-C dataset to a 474 

WT DpnII dataset showed strong changes in genome organization of the double mutant, with Δcdp-2;Δdim-2 475 

heterochromatic regions interacting more with surrounding euchromatin. Both raw and KR corrected 476 

heatmaps comparing the WT and Δcdp-2;Δdim-2 contact probabilities show that AT-rich heterochromatic 477 

regions, including the centromere, gain interactions with the flanking gene-rich euchromatic DNA (Figure 478 

6B). Notably, the increased interactions between heterochromatic regions evident upon CDP-2 loss (e.g., 479 

Figures 1B-D) do not occur in a Δcdp-2;Δdim-2 strain, suggesting that heterochromatin can cluster, as in WT, 480 

but the inter-heterochromatic contact gains are abrogated by 5mC loss. In addition, obvious reductions in 481 
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local and regional euchromatic interactions are observed (Figure 6B), suggesting normal genic contacts are 482 

less likely to form and possibly explaining the growth deficiency of the Δcdp-2;Δdim-2 strain. Quantification 483 

of the strongly changed intra-chromosomal interactions in the Δcdp-2;Δdim-2 dataset relative to the WT 484 

dataset show more H3K9me3 enriched bins as gaining contacts, often to bins enriched for euchromatic 485 

histone PTMs; greater numbers of bins enriched for euchromatic marks also strongly gain contacts in the 486 

double mutant (Figure 6C). These contact probability changes are not isolated to LG II, as the other 487 

chromosomes, as well as the whole genome, present with similar contact probability increases, in both raw 488 

and KR corrected heatmaps, between heterochromatic and euchromatic regions and across chromosome 489 

arms (Figures 6D, S19). In particular, the whole genome comparison suggests the individual chromosomes 490 

are more apt to interact, which depletes the weak chromosome territories typically observed in WT datasets 491 

and is consistent with the local reduction in intra-chromosomal contacts (Figure 6D). Quantifying gains in 492 

inter-chromosomal contacts confirms these observations, as contacts between heterochromatic and 493 

euchromatic bins, as well as interactions between two euchromatic bins, are increased (Figure 6E). Together, 494 

we conclude that the heterochromatin bundle of a Δcdp-2;Δdim-2 strain is less compact and more 495 

promiscuous following the gains in histone acetylation and the loss of 5mC.  496 

To show how the genome organization changes between the Δcdp-2 single mutant and the Δcdp-2;Δdim-497 

2 double mutant, we compared the DpnII Hi-C data of these two genetic backgrounds. Across LG II, the Δcdp-498 

2;Δdim-2 strain presents an altered genome topology relative to the Δcdp-2 strain, with perhaps stronger 499 

gains in contact frequency between heterochromatic and euchromatic regions, yet the regional reduction in 500 

euchromatic contacts observed in WT vs. Δcdp-2;Δdim-2 heatmaps (e.g., between centromeric flanks) no 501 

longer occurs, suggesting this change from WT can be attributed to the gain in heterochromatic acetylation 502 

(Figure 6F). Similar changes in contact frequency when comparing Δcdp-2 and double mutant data are seen 503 

across the other LGs and over entire Neurospora genome (Figures S20, S21). Closer examination of the 504 

regional changes in contacts between AT-rich loci and euchromatin highlight how hyperacetylation and 5mC 505 

loss in the Δcdp-2;Δdim-2 strain impacts genome organization: relative to WT, individual H3K9me3-enriched 506 

loci more strongly contact euchromatin, thereby depleting euchromatic clustering, (Figure 6G). These 507 

changes are more evident when comparing the Δcdp-2;Δdim-2 contact frequencies to those in Δcdp-2: the 508 
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double mutant gains even more heterochromatic-euchromatic contacts; distant euchromatin is also more 509 

frequently interacting in a Δcdp-2;Δdim-2 strain, highlighting the genome disorder in a double mutant (Figure 510 

6G). We conclude that the hyperacetylation of heterochromatic regions coupled with the loss of 5mC in a 511 

Δcdp-2;Δdim-2 strain compromises the normal chromosome conformation in Neurospora nuclei. 512 

 513 

Discussion 514 

In this work, we have examined the role of CDP-2 and CHAP, members of constitutive heterochromatin-515 

specific histone deacetylase complex HCHC, in the enrichment of histone PTMs and the organization of the 516 

genome in the filamentous fungal model organism Neurospora crassa. We found that the increases in 517 

heterochromatic acetylation in the Δcdp-2 strain caused gains in more distant intra- and inter-chromosomal 518 

contacts, while the loss of CHAP manifests as reduced heterochromatic region contacts without strong 519 

changes in histone acetylation, although neither gene loss destroyed the Rabl chromosome conformation 520 

that is typical of fungal genomes (19), suggesting genome organization can still form to some degree despite 521 

HCHC loss. Overall, these data suggest that CDP-2 and CHAP have unique and distinct functions in HCHC that 522 

differentially impact genome organization, although we cannot exclude the possibility that misregulated 523 

gene expression in HCHC mutants pleiotropically disrupts genome organization. Our model (Figure 7) is that 524 

CDP-2 recruits the HDA-1 deacetylase for proper compaction of individual heterochromatic regions to 525 

ensure normal genome organization while CHAP may act prior to deacetylation for this compaction. 526 

Specifically, the increased acetylation seen with CDP-2 loss presumably opens chromatin fibers and/or 527 

loosens the DNA wrapped about histones in heterochromatic nucleosomes, thereby facilitating distant 528 

contacts between silent regions within the silent “B” compartment at the nuclear periphery (38). In contrast, 529 

CHAP may function to compact heterochromatic regions into more dense structures, thereby facilitating 530 

inter-heterochromatic region contacts, possibly through its AT hook binding motifs known to directly bind 531 

AT-rich DNA (59). Since both proteins are required to recruit the HDA-1 catalytic subunit to heterochromatic 532 

regions (59), CDP-2 and CHAP must act prior to HDA-1, and the genome organizational changes we observe 533 

reflect strains lacking HDA-1 targeting or the complete loss of HCHC complex formation/function. We 534 

speculate that Hi-C of a Δhda-1 strain would mimic that of a Δcdp-2 strain, with increases in contacts between 535 

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 

The copyright holder for this preprint (whichthis version posted July 3, 2023. ; https://doi.org/10.1101/2023.07.03.547530doi: bioRxiv preprint 

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


22 
 

distant heterochromatic regions, given the increase in histone acetylation present in strains devoid of HDA-536 

1 (60). We attempted to inhibit HCHC activity in WT cells with the inhibitor Trichostatin A (TSA) and assess 537 

genome organization with Hi-C, but WT+TSA strains grown have a severely compromised growth defect – 538 

much more so than single HCHC mutants – that precluded any Hi-C library preparation, suggesting off-target 539 

effects by TSA on all Neurospora HDACs might compromise the interpretation of any genome topology 540 

changes. Notably, the loss of the fourth HCHC complex member, HP1 (in Δhpo strain Hi-C datasets), has a 541 

genome topology distinct from that of Δcdp-2 or Δchap strains, with the flanking euchromatin emanating 542 

from heterochromatic regions having reduced contact probabilities in WT vs. Δhpo datasets, similar to what 543 

is observed in a Δdim-5 strain lacking H3K9me3 (41). Therefore, HP1 binding to H3K9me3 must occur prior 544 

to, or in parallel with, CHAP condensing AT-rich regions; CHAP and HP1 could both act prior to any CDP-2 545 

binding to the chromoshadow domain of HP1 (59) and subsequent HDA-1 recruitment. This proposed 546 

mechanism for HCHC activity in Neurospora is unique and contrasts the action of diverse HDAC complexes 547 

in yeasts. In Saccharomyces cerevisiae, Sirtuin-2 (Sir2; a Class III HDAC)-specific deacetylation is required for 548 

the binding of the Sir3/Sir4 dimer onto deacetylated histone tails to form silenced superstructures at 549 

heterochromatic loci (e.g., the MAT locus and the telomeres) in the S. cerevisiae genome (73, 81, 102, 103). 550 

Budding yeast also employs the HDACs Rpd3 (Class I) and HDA-1 (Class II) for euchromatic deacetylation 551 

(81, 104–108); Rpd3 forms two distinct HDAC complexes, the Rpd3L (large) and Rpd3S (small) complexes 552 

that differ in subunit composition and targets. The Rpd3L deacetylates promoter regions while Rpd3S 553 

deacetylates gene bodies; both complexes employ the conserved subunit Sin3p for HDAC complex 554 

organization and function (108–110). In Schizosaccharomyces pombe, SHREC (Snf2/Hdac-containing 555 

Repressor Complex) is a multisubunit HDAC targeted to heterochromatic loci by the HP1-homolog Swi6 for 556 

transcriptional gene silencing, although SHREC can localize to euchromatin independent of Swi6 (111–113). 557 

The Clr3 catalytic subunit in SHREC is homologous to HDA-1 in Neurospora, although three other HDA 558 

paralogs and a Rpd3 homolog, among others, exist in Neurospora as well (62). Examination of the other 559 

HDACs in Neurospora, or in other fungi using Hi-C and/or ChIP-seq should elucidate how the coordinated 560 

action of multiple HDAC complexes in fungi impact genome function.  561 

As previously shown by ChIP qPCR, multiple lysine residues in histone proteins are hyperacetylated upon 562 
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loss of the HCHC members HDA-1 and CDP-2; the extent of the histone acetylation changes is dependent on 563 

which heterochromatic region was assessed as well as which HCHC member was deleted (60). However, this 564 

published ChIP qPCR data also hints at the HCHC complex having preferential deacetylation activity for 565 

certain lysine residues over others. Our ChIP-seq data provides a genome-wide view of the different 566 

acetylation patterns of H3K9 and H4K16 in Δcdp-2 and Δchap strains in heterochromatin, although the 567 

possibility remains that additional acetylation changes could be observed with the use of DNA spikes in our 568 

ChIP-seq experiments (75, 99–101). Specifically, a Δcdp-2 strain is hyperacetylated at H4K16 but minimally 569 

changed at H3K9 in heterochromatic regions genome wide, arguing that the Neurospora HCHC complex has 570 

specificity for certain histone acetyl marks in heterochromatin. We also show that a Δchap strain has minimal 571 

H4K16ac enrichment. It remains possible that HP1, or even possibly CDP-2, both of which can bind to 572 

H3K9me3 (60, 114, 115), can compensate for CHAP loss to still allow deacetylation by HDA-1. However, the 573 

unchanged levels of H3K9ac in a Δcdp-2 strain most likely reflects tri-methylation of that residue by the DCDC 574 

in these strains (65), given the mutually exclusive deposition of either acetylation or trimethylation on the 575 

lysine residue at position 9 on histone H3 (116–118). Future ChIP-seq experiments on other individual 576 

histone lysine residues in Δcdp-2, Δchap, or Δhda-1 strains should provide global patterns of acetylation 577 

changes to dissect HCHC lysine specificity. 578 

Interestingly, while Δcdp-2 or Δchap strains strongly gain heterochromatin-specific acetylation, relative 579 

to WT, in our H4K16ac ChIP-seq data, these mutant strains display no change in euchromatic acetylation, 580 

suggesting the HCHC specifically deacetylates heterochromatic regions. Since there is no similarity between 581 

the primary structures of the class II Neurospora HDA-1 and the class III HDACs Hst2p and Sir2 in S. 582 

cerevisiae, the latter two of which are known to deacetylate H4K16 (86, 103), it is possible that different 583 

HDACs are capable of deacetylating the same histone lysines, and only the targeting mechanism of individual 584 

HDAC complexes determines which genomic loci are deacetylated. Given the targeting of HDA-1 to 585 

heterochromatic nucleosomes by CHAP binding AT-rich DNA and HP1/CDP-2 binding H3K9me3 (59, 60), 586 

the possibility exists that HCHC is only specific to heterochromatic genomic loci for silencing. This explains 587 

the large numbers of HCHC mutants, but not other HDACs, recovered from a selection of mutants displaying 588 

compromised heterochromatin and cytosine methylation (119). Our data also suggest that a 589 
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heterochromatin-specific, yet unknown, histone acetyltransferase (HAT) acetylates H4K16 in a Δcdp-2 590 

strain, given that no gains in euchromatic acetylation are observed in this genetic background. An intriguing 591 

possibility is that Neurospora modulates HCHC activity – thereby increasing heterochromatic acetylation by 592 

this unknown HAT – to rapidly alter fungal genome organization to modulate chromosome structure at 593 

specific developmental or cell cycle stages, including S phase, in which fission yeast displays a more open 594 

chromosome conformation (120). Conversely, hypoacetylation of mitotic chromatin is required for 595 

chromosome condensation and segregation to daughter cells, yet following cytokinesis, chromatin is rapidly 596 

acetylated (86, 87), suggesting that dynamic histone acetylation during the cell cycle could be necessary for 597 

proper genome organization. Hyperacetylated chromatin at distant genomic loci can also cluster into a novel 598 

subcompartment to increase gene expression in BRD4-NUT expressing oncogenic cells (91), in an analogous 599 

manner to the hyperacetylated, yet distant heterochromatic regions more strongly interacting in HCHC 600 

mutants that we observe here. Together, changes in acetylation patterns may cause novel patterns in genome 601 

organization, which may be a general phenomenon of more open and accessible chromatin.  602 

Interestingly, we also observe changes in the deposition of the heterochromatin-specific histone PTM 603 

H3K9me3. Specifically, we observed that ~20% of AT-rich regions in a Δcdp-2 strain lose H3K9me3, yet there 604 

is little effect on the remaining heterochromatic regions, while H3K9me3 levels are modestly enhanced at 605 

most AT-rich regions in a Δchap strain. These data again highlight the unique phenotypes of HCHC members. 606 

Currently, it is unclear why some AT-rich regions lose H3K9me3 in a Δcdp-2 strain, but our preliminary 607 

analysis excludes AT-rich region size and extent of AT-richness. It remains possible that the subnuclear 608 

positioning of a region, the loss of pairing between the repeats within these regions (121), or DNA motifs 609 

found in the transposon relicts of individual regions (122) impact H3K9me3 deposition upon CDP-2 loss; 610 

future experiments may provide insight. In contrast, the gain of H3K9me3 in a Δchap strain may result from 611 

increased levels or activity of the DCDC, which may be a stopgap mechanism to promote compaction of AT-612 

rich regions by providing more HP1 binding sites. Increases of DCDC proteins are not unique, as the DIM-7 613 

and DIM-9 subunits of the DCDC are increased in a dim-3 strain to possibly rescue its reduced H3K9me3 614 

levels (123). Our data suggest that WT heterochromatic nucleosomes are not saturated with H3K9me3, given 615 

that greater levels of H3K9me3 are possible in some mutant HCHC strains. Moreover, previous work has 616 
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shown that H3K9me3 changes can impact the deposition of the repressive di- or tri-methylation of lysine 27 617 

on histone H3 (H3K27me2/3), which denotes facultative heterochromatin in Neurospora. In DCDC deficient 618 

strains, H3K27me2/3 relocates to AT-rich genomic loci (116, 124) suggesting altered H3K9me3 patterns in 619 

constitutive heterochromatin result in novel facultative heterochromatin patterns. While ChIP qPCR showed 620 

minimal changes of H3K27me2/3 at a few loci in HCHC deletion strains (116), examination of the global 621 

enrichment of H3K27me2/3 in HCHC deficient backgrounds would be prudent, given the changes in 622 

H3K9me3 deposition we report here.  623 

Changes in H3K9me3 are most apparent in the Δcdp-2;Δdim-2 double mutant strain, which like the single 624 

Δcdp-2 mutant, has H3K9me3 loss at ~20% of AT-rich regions, but the remaining heterochromatic regions 625 

gain considerable H3K9me3 enrichment. Here, AT-rich regions to be silenced in the Δcdp-2;Δdim-2 double 626 

mutant are hyperacetylated at H4K16 to a comparable level to the Δcdp-2 single mutant, yet there is no 627 

cytosine methylation present. Importantly, the genome organization of this double mutant is quite 628 

disordered: the AT-rich regions that normally form heterochromatin no longer segregate from euchromatin 629 

despite greater H3K9me3 deposition (and presumably HP1 binding). These results may explain the severe 630 

growth defect of the Δcdp-2;Δdim-2 strain (60): the improper positioning of AT-rich regions into the center 631 

of the nucleus may cause aberrant transcriptional profiles, especially considering that heterochromatic-632 

euchromatic contacts are required for proper gene expression in filamentous fungi (39, 125). Perhaps the 633 

increased H3K9me3 enrichment in the Δcdp-2;Δdim-2 strain is a “last resort” by the fungus to repress AT-634 

rich region transcription in the center of the nucleus: increased H3K9me3 and HP1 compaction could restrict 635 

access to the underlying DNA in any mislocalized chromatin to prevent RNA Pol II recruitment. Total RNA 636 

sequencing or RNA Pol II ChIP-seq could elucidate this possibility. An important, unanswered question is 637 

how H3K9me3 enrichment is increased. We hypothesize that reduced AT-rich region compaction, observed 638 

in both Δchap and Δcdp-2;Δdim-2 strains, signals for increased H3K9me3 deposition. Consistent with this 639 

hypothesis, disorder of nucleosomes in intergenic regions of the genome causes subtle increases in H3K9me3 640 

in Neurospora dim-1 strains (126), yet additional work is needed to assess this possibility in HCHC mutants.  641 

Importantly, our double mutant Hi-C results suggests that cytosine methylation may have a protective 642 

role in maintaining the compartmentalization of chromatin in genome organization: the presence of 5mC on 643 
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DNA may maintain segregation of heterochromatin from euchromatin when these AT-rich regions are 644 

hyperacetylated. Specifically, only in strains devoid of both CDP-2 and DIM-2 are AT-rich heterochromatic 645 

regions more apt to contact euchromatin. This change in genome organization is not seen in the single Δcdp-646 

2 mutant, where despite increases in inter-heterochromatic region contacts, silent and active chromatin 647 

remain segregated. We speculate that the additional methyl groups added onto DNA allow heterochromatic 648 

regions to remain associated at the nuclear periphery, either through active recruitment by a methylated-649 

DNA binding protein (52, 127, 128) or passively by Liquid-Liquid Phase Separation (129, 130). It seems 650 

plausible that this loss of chromatin compartmentalization can only occur in strains with compromised 651 

heterochromatin, such as in a Δcdp-2 background where AT-rich regions gain histone acetylation; we expect 652 

a single Δdim-2 strain to have few changes in its chromosome conformation considering that the normal 653 

heterochromatic machinery (e.g., the DCDC, the HCHC complex, HP1, etc.) is present and no improper 654 

hyperacetylation occurs. Consistent with this hypothesis, the 5mC increases in most heterochromatic regions 655 

observed in a Δcdp-2 strain (59, 60) may be necessary to faithfully maintain this chromatin segregation, 656 

although the signal to increase 5mC catalysis is currently unknown. One intriguing, yet untested, hypothesis 657 

is that cells temporarily increase heterochromatic region acetylation during the S phase of the cell cycle to 658 

increase chromatin accessibility for genome replication, as opposed to the hypoacetylation observed in M 659 

phase (85–88); hypermethylation of AT-rich DNA would maintain chromatin segregation by maintaining 660 

heterochromatic loci at the nuclear periphery to ensure that no aberrant transcription of AT-rich regions 661 

occurs. All told, cytosine methylation may safeguard the proper chromosome conformation during 662 

interphase in conditions where the H3K9me3/HP1-mediated compaction of constitutive heterochromatin is 663 

relaxed or compromised. Future experiments should discern if 5mC has a similar role for maintaining genome 664 

topology in fungal pathogens or higher eukaryotes.     665 

 666 

Materials and Methods 667 

Strains and growth conditions 668 

Neurospora crassa strains WT N150 or N3752 (both strains are independent propagate strains of 74-669 

OR23-IVA [FGSC #2489]), N3767 (mat a; his-3 Δcdp-2::hph), N3613 (mat A; Δchap::hph), and N6144 (mat ?; 670 
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Δcdp-2::hph; Δdim-2::hph) were a gift from Eric U. Selker (University of Oregon). All strains were grown 671 

under standard conditions (e.g., 1x Vogels + sucrose media, with necessary supplements) (131). 672 

 673 

Hi-C library construction 674 

In situ Hi-C (32, 120) libraries, which capture ligation products in the nucleus, were constructed as 675 

previously described (39), using either the restriction enzyme DpnII (^GATC) to mainly assess euchromatic 676 

contacts or the restriction enzyme MseI (T^TAA) to predominantly capture heterochromatic contacts. The 677 

entire in situ Hi-C protocol adapted for Neurospora crassa by isolating spheroplasts is provided in 678 

Supplemental File S1. Briefly, Neurospora cultures were grown for four hours at 32°C, crosslinked with 679 

formaldehyde and quenched with tris, and treated with a beta-glucanase (Vinotaste) to form spheroplasts. 680 

For Hi-C library construction, crosslinked spheroplasts containing 3.5 μg of DNA were disrupted by bead 681 

beating (using 150-212 μm Acid Washed Glass Beads [Sigma Aldrich, # G1145-10G]) and the isolated nuclei 682 

were made porous by treatment of SDS at 62°C for seven minutes. Nuclear chromatin was digested with the 683 

appropriate restriction enzyme (DpnII or MseI; New England Biolabs [NEB]), and overhangs were filled in 684 

with Klenow fragment (NEB) using Biotin-14-dATP (Invitrogen, # 19524-016) as well as the standard dTTP, 685 

dGTP, and dCTP nucleotides. Blunt-ended fragments were ligated in the nucleus with T4 DNA ligase (NEB), 686 

and the resulting DNA loops were purified, Biotin-dATP was removed from unligated ends with T4 DNA 687 

polymerase (NEB), and DNA loops were sheared with a Bioruptor Pico (Diagenode). Ligation products were 688 

purified with Streptavidin beads (M280 Dynabeads, Invitrogen, # 112.05D), and libraries for Illumina based 689 

high-throughput sequencing were constructed with an NEB NEXT Ultra II kit (NEB) per the manufacturer’s 690 

protocol, except that only eight PCR cycles were used for library amplification to minimize depletion of AT-691 

rich regions in the Neurospora genome (132). Hi-C libraries were sequenced on an Illumina HiSeq 4000 (as 692 

100 nucleotide [nt] paired end reads) or an Illumina NovaSeq 6000 (as 59 nt paired end reads) at the 693 

University of Oregon Genomics and Cell Characterization Core Facility. 694 

 695 

Bioinformatic analyses of Hi-C datasets 696 

All analyses were performed, and all Hi-C images generated, with the HiCExplorer program package (96), 697 
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as previously reported (39). Previously published DpnII and MseI in situ Hi-C data from the WT strain N150 698 

was obtained from the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus 699 

(GEO) accession number GSE173593 (39). To normalize WT datasets to compare to mutant strain datasets, 700 

the number of total reads were extracted (using the sed command) from the WT R1 and R2 fastq files to 701 

provide the number of WT valid reads equal to mutant dataset valid read numbers. Reads were mapped to 702 

the previously established nc14 Neurospora crassa genome (39) with bowtie2 (133), and used to build the 703 

contact matrix with hicBuildMatrix (96); resulting contact matrices were used for all downstream 704 

applications, as previously performed (39). Contact quantification was performed by converting hdf5 matrix 705 

files to a homer format and counts were extracted into NxN array with the python script dataconvert.py; the 706 

python script epigenetic-mark-Quant_v2.py counts intra- and inter-chromosomal bins enriched for specific 707 

histone PTMs. Python scripts are available at https://github.com/Klocko-lab/Chip_Quantification).  708 

 709 

Chromatin Immunoprecipitation-sequencing (ChIP-seq) library construction 710 

ChIP-seq was performed essentially as previously described (53, 126), except that lysing of cells and 711 

shearing of chromatin occurred simultaneously with a Bioruptor Pico (Diagenode), using a 15 minute cycle 712 

of 30 seconds of sonication and 30 seconds off, in the presence of Halt Protease and Phosphatase Inhibitor 713 

Cocktail (Thermo Fisher Scientific, # 78441); protein A/G magnetic agarose beads (Pierce/Thermo Scientific, 714 

# PI78609) purified the antibody/chromatin complex; final ChIP-DNA quantification was performed using 715 

the Qubit 3.0 HS method; library barcoding was performed using the NEBNext Ultra II barcoding kit for 716 

Illumina sequencing (NEB) per the manufacturer’s protocols except that eight PCR cycles were used for the 717 

final library generation to minimize AT-rich DNA depletion (132). ChIP-seq libraries were sequenced on an 718 

Illumina NovaSeq 6000 (Genomics and Cell Characterization Core Facility, University of Oregon). The Klocko 719 

Lab ChIP-seq protocol is provided in Supplemental File S2. 720 

 721 

Bioinformatic analyses of ChIP-seq datasets 722 

Raw ChIP-seq data files, as fastq files, were mapped to version 14 of the Neurospora crassa genome 723 

(nc14) (39) with bowtie2 (133), and output sam files were converted to sorted bam files using samtools 724 
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(134), which were used by Deeptools (135) to produce bedgraph and bigwig files, normalized by Reads per 725 

Kilobase Per Million Reads (RPKM), for display on the Integrative Genomics Viewer (IGV) (98); IGV images 726 

were used for figure creation. Deeptools was also used to create average enrichment signal profiles and 727 

heatmaps using bed files for heterochromatic regions (126) or genes. For box plots of the average signal of 728 

all features, the average enrichment value per bin for each flanking region was calculated and averaged to 729 

obtain a normalization factor to correct the average signal internal to the region; these corrected average 730 

signals were plotted in box plots using R and R studio (136, 137). WT H3K9me3 (merged from NCBI GEO 731 

accession numbers GSE68897 and GSE98911), WT CenH3 (NCBI GEO accession number GSE71024) and SET-732 

2 H3K27ac (NCBI GEO accession number GSE118495) datasets were previously published (41, 54, 116, 126). 733 

 734 

Data availability 735 

All Neurospora crassa strains are available upon request. The in situ Hi-C and ChIP-seq high-throughput 736 

sequencing data generated for this manuscript have been deposited to the NCBI GEO public repository under 737 

the superseries accession number GSE232935; the series accession number GSE232933 reports the ChIP-738 

seq data, while the series accession number GSE232934 reports the Hi-C data.  739 
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 1018 

Figure Legends 1019 

Figure 1. Δcdp-2 and Δchap strains change the genome organization of a single chromosome in 1020 

Neurospora crassa. (A-B) Heatmap of contact probabilities of 20 kilobase (kb) bins across Linkage Group 1021 

(LG) II of a (A) wild type (WT) Neurospora crassa strain (data from (39)) or a (B) Δcdp-2 strain. B. Solid 1022 

arrowheads show regions of increased heterochromatic-heterochromatic contacts, while open arrowheads 1023 
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show decreased heterochromatic-euchromatic contacts. Above the diagonal is the heatmap displaying the 1024 

raw read count per 20 kb bins generated from an in situ Hi-C experiment using the heterochromatin-specific 1025 

enzyme MseI (recognition sequence T^TAA), while below the diagonal is the heatmap displaying the Knight 1026 

Ruiz corrected (95, 96) read count per 20 kb bins generated from an in situ Hi-C experiment using the 1027 

euchromatin-specific enzyme DpnII (recognition sequence ^GATC); throughout this work (unless otherwise 1028 

described), heatmaps are shown in a similar orientation with only one half of a square heatmap being 1029 

included in figures to allow comparisons (each contact probability heatmap shows identical data reflected 1030 

about the diagonal). The number of bins (vertical markings) and genomic distance, in Megabases (Mb) 1031 

(horizontal markings) are shown on the plot axes here and in heatmaps throughout this manuscript. The 1032 

scale bar (here, below the image) is provided in all figures to indicate the number of mapped reads per bin 1033 

on a log10 scale (log transformed). Integrative Genomics Viewer (IGV) (98) images of WT CenH3 (red) and/or 1034 

H3K9me3 (green) ChIP-seq tracks presented above and to the left to indicate the centromeric and 1035 

heterochromatic regions of LG II, respectively; ChIP-seq enrichment scales shown; similar scales are used for 1036 

all ChIP-seq enrichment track images in this manuscript. WT H3K9me3 ChIP-seq data is presented for 1037 

mutant Hi-C images for referencing the normal locations of heterochromatic regions. (C) The fold change in 1038 

contact strength (log2 scale) in a Δcdp-2 strain relative to a normalized WT strain of MseI in situ Hi-C (above 1039 

diagonal) or DpnII in situ Hi-C (below diagonal) datasets; image displayed similarly as in panel A; enhanced 1040 

region in panel D indicated by the purple line. The open arrowhead indicates a large heterochromatic region 1041 

that gains internal, possibly nucleosomal contacts at the expense of euchromatic – heterochromatic contacts. 1042 

(D) Heatmap displaying the contact probability changes between distant heterochromatic regions and the 1043 

centromere at 10 kb resolution. Image displaying enrichment of H3K9me3 denotes constitutive 1044 

heterochromatic regions, including the centromere, at the far left. (E) Heatmap of contact probabilities of 20 1045 

kb bins across LG II of a Δchap strain, displayed as in panel A. Heatmap below shows the contact probabilities 1046 

of the right arm of LG II of the Δchap dataset at 10 kb resolution; H3K9me3 enrichment shown to the right. 1047 

(F-G) The fold change in contact strength (log2 scale) in a Δchap strain relative to a normalized WT strain, 1048 

displayed as in panel C, of (F) the entire LG II or (G) the right arm of LG II. (H) Quantification of strongly 1049 

changed, intra-chromosomal contacts in Δcdp-2 or Δchap datasets relative to normalized WT strains of bins 1050 
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enriched with the indicated histone PTMs, with the first bin being enriched with either H3K9me3 (indicated 1051 

by asterisk) or H3K27ac and the second bin enriched with another histone PTM. (I) The fold change in 1052 

contact strength in a Δchap strain relative to a Δcdp-2 strain, as displayed in panel C. Arrowheads show the 1053 

decrease in heterochromatic contacts in a Δchap strain relative to a Δcdp-2 strain. (J) The fold change in 1054 

contact strength of MseI datasets of a Δcdp-2 strain (above diagonal) or a Δchap strain (below diagonal) 1055 

relative to a WT strain at 10 kb resolution. 1056 

 1057 

Figure 2. Δcdp-2 and Δchap strains alter the genome organization across the entire Neurospora crassa 1058 

genome. (A, D) The fold change in contact strength of the entire genome (all seven chromosomes) in a (A) 1059 

Δcdp-2 strain or (D) a Δchap strain relative to a WT strain of MseI in situ Hi-C (above diagonal) or DpnII in 1060 

situ Hi-C (below diagonal) in 20 kb resolution datasets; image displayed similarly as in Figure 1C, with 1061 

chromosome schematics (black squares indicating centromeres and green ovals showing telomeres) above 1062 

and left. (B, E) Heatmap of contact probabilities of 20 kb bins between LG II and LG III of a (B) Δcdp-2 strain 1063 

or (E) a Δchap strain, displayed similarly to Figure 1A; image of the H3K9me3 enrichment across those two 1064 

chromosomes in a WT strain displayed above and left. (C, F) The fold change in contact strength of 20 kb bins 1065 

between LG II and LG III in a Δcdp-2 strain, or (F) a Δchap strain, relative to a WT strain of MseI in situ Hi-C 1066 

datasets, displayed as in panel B. (G) Quantification of strongly changed, inter-chromosomal contacts in Δcdp-1067 

2 or Δchap datasets relative to a WT strain, as in Figure 1H. 1068 

 1069 

Figure 3. Loss of CDP-2 alters the acetylation of H4K16, but not H3K9, in constitutive heterochromatic 1070 

regions across the Neurospora crassa genome. (A) Images of H4K16ac and H3K9ac ChIP-seq enrichment 1071 

tracks from WT and Δcdp-2 strains, displayed on IGV, of the entire LG II (top) and the terminal 700 kb of LG 1072 

II right arm from the Neurospora genome (bottom). WT H3K9me3 (116, 126) and SET-2 specific H3K27ac 1073 

(as assayed in a Δash1Y833F background (54)) are displayed to indicate heterochromatic and euchromatic 1074 

genome loci, respectively. Arrowheads in the zoomed in image highlight heterochromatic regions that gain 1075 

enrichment of H4K16ac in a Δcdp-2 strain. (B-C) Average enrichment profiles (top) and heatmaps (bottom) 1076 

of the H4K16ac enrichment in WT and Δcdp-2 strains over (B) the H3K9me3-marked constitutive 1077 
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heterochromatic regions in a WT strain (scaled to 10 kb in length) or (C) genes (scaled to 2.5 kb in length). 1078 

The small peak in the middle of panel B most likely reflects the repetitive rDNA gene on LG V (39). (D-E) 1079 

Boxplots of the normalized H4K16ac signal (see Materials and Methods) of each (D) heterochromatic region 1080 

or (E) gene in WT and Δcdp-2 stains. Asterisks show significant (p < 0.001) differences in signal. 1081 

 1082 

Figure 4. Changes in H3K9me3 deposition and genome organization of constitutive heterochromatic 1083 

regions upon CDP-2 loss across the Neurospora crassa genome. (A) Images of H3K9me3 and H4K16ac 1084 

ChIP-seq enrichment tracks of WT and Δcdp-2 strains, displayed on IGV, of the entire LG II (top) and a 400 1085 

kb section of the LG II left arm from the Neurospora genome (bottom). The region highlighted in the red box 1086 

on the right (further zoomed in) shows the changes in H3K9me3 and H4K16ac enrichment for one 1087 

heterochromatic region. (B) Average enrichment profile (top) and heatmap (bottom) of the H3K9me3 1088 

enrichment in WT and Δcdp-2 strains over the H3K9me3-marked constitutive heterochromatic regions in a 1089 

WT strain (scaled to 10 kb in length). (C) Boxplots of the normalized H3K9me3 signal of each 1090 

heterochromatic region in WT or Δcdp-2 stains, as in Figure 3D. (D) Heatmaps of the change in contact 1091 

probabilities between a Δcdp-2 strain and a WT strain of two regions containing at least one AT-rich locus 1092 

that loses H3K9me3 in a Δcdp-2 strain. WT and Δcdp-2 H3K9me3 ChIP-seq track images below each Hi-C 1093 

heatmap. Asterisks indicate the regions that lose H3K9me3, while black arrowheads highlight gains in inter-1094 

heterochromatic region contacts in a Δcdp-2 strain; white arrowhead shows an inter-heterochromatic 1095 

interaction that does not gain interactions despite these silent regions being similarly spaced. Zoomed image 1096 

(left) highlights changes in a 250 kb region of LG I where two AT-rich loci lose H3K9me3 enrichment; pink 1097 

arrowheads show the gain of H4K16ac in a Δcdp-2 strain. 1098 

 1099 

Figure 5. Loss of CDP-2 and DIM-2 have an increase in H4K16ac with a concomitant gain of H3K9me3 1100 

enrichment in constitutive heterochromatic regions in Neurospora crassa. (A) Images of H3K9me3 and 1101 

H4K16ac ChIP-seq enrichment tracks of WT, Δcdp-2, and Δcdp-2;Δdim-2 strains, displayed on IGV, of the 1102 

entire LG II (top) and the terminal 700 kb of LG II right arm from the Neurospora genome (bottom). Asterisks 1103 

indicate AT-rich regions that lose H3K9me3 enrichment in both Δcdp-2 and Δcdp-2;Δdim-2 strains. (B,D) 1104 
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Average enrichment profiles (top) and heatmaps (bottom) of the (B) H4K16ac or (D) H3K9me3 enrichment 1105 

in WT, Δcdp-2, and Δcdp-2;Δdim-2 strains over the H3K9me3-marked constitutive heterochromatic regions 1106 

in a WT strain (scaled to 10 kb in length). Note that the order of regions is maintained in heatmap groups, 1107 

highlighting how the same AT-rich regions lose H3K9me3 in both Δcdp-2 and Δcdp-2;Δdim-2 strains. (C,E) 1108 

Boxplots of the normalized (C) H4K16ac or (E) H3K9me3 signal (see Materials and Methods) of each 1109 

heterochromatic region in WT, Δcdp-2, and Δcdp-2;Δdim-2 stains, as in Figure 3D. 1110 

 1111 

Figure 6. The genome organization of a Δcdp-2;Δdim-2 strain is strongly changed relative to WT, with 1112 

gains in heterochromatic-euchromatic contacts. (A) Heatmap of raw (above diagonal) or KR corrected 1113 

(below diagonal) contact probabilities of 20 kb bins across Linkage Group (LG) II of a Δcdp-2;Δdim-2 strain, 1114 

displayed similar to Figure 1B. (B) The fold change in contact strength of LG II in a Δcdp-2;Δdim-2 strain 1115 

relative to a WT strain of DpnII in situ Hi-C similarly to Figure 1C. Changes in raw (above diagonal) or KR 1116 

corrected (below diagonal) contact probabilities are displayed. Arrowheads indicate the heterochromatic 1117 

regions highlighted in Figure 6G.  (C, E) Quantification of strongly changed, (C) intra-chromosomal or (E) 1118 

inter-chromosomal contacts in Δcdp-2 (exact data displayed in Figures 1H or 2G) or Δcdp-2;Δdim-2 strains 1119 

relative to a WT strain, as in Figure 1H. (D) The fold change in contact strength of the entire genome in a 1120 

Δcdp-2;Δdim-2 strain relative to a WT strain of DpnII in situ Hi-C, similar to Figure 2A. Changes in raw (above 1121 

diagonal) or KR corrected (below diagonal) contact probabilities are displayed. (F) The fold change in contact 1122 

strength of LG II in a Δcdp-2;Δdim-2 strain relative to a Δcdp-2 strain of DpnII in situ Hi-C similarly to Figure 1123 

6B. (G) The fold change in raw contact strength of two heterochromatic regions (highlighted by arrowheads 1124 

in Figures 6B,F) in a Δcdp-2;Δdim-2 strain relative to a (top) WT or a (bottom) Δcdp-2 strain. H3K9me3 ChIP-1125 

seq tracks in a Δcdp-2 or a Δcdp-2;Δdim-2 strain, as well as genes, are shown in the middle.  1126 

 1127 

Figure 7. Models of how HCHC mutant strains impact heterochromatin formation and genome 1128 

organization in Neurospora crassa. (A-D) In a WT strain, or in the specified HCHC mutant strains, 1129 

heterochromatin formation at the level of nucleosomes (left) and organization of two example chromosomes 1130 

(right) are displayed. At left, in a WT strain (A), the HCHC (HDA-1, CDP-2, HP1, CHAP) complex removes the 1131 
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acetylation marks (green triangles) from histone tails; CDP-2 can bind H3K9me3 (red hexagons) and is 1132 

necessary to recruit HDA-1 to heterochromatic, AT-rich DNA (orange lines), while CHAP is necessary for 1133 

interacting with more distant nucleosomes in AT-rich regions. On deacetylated histone tails, the DCDC (DIM-1134 

5/7/9, CUL4, DDB1dim-8, Complex) is necessary for the deposition of H3K9me3, which is bound by HP1 to 1135 

directly recruit the DNA methyltransferase DIM-2 for cytosine methylation (5mC; orange hexagons). At right, 1136 

the action of both complexes establishes a genome organization in which centromeres (red circles) cluster 1137 

and associate on one inner nuclear membrane face, while the (sub)telomeres (green circles) associate on the 1138 

opposing nuclear membrane in Rabl chromosome conformation. Interspersed heterochromatic regions 1139 

(black circles) on both chromosomes associate on the nuclear periphery as well, with the euchromatic arms 1140 

of each chromosome more likely to associate in the center of the nucleus. (B) Loss of CDP-2 causes gains in 1141 

5mC and histone acetylation (green triangles) while maintaining H3K9me3 at some heterochromatic regions 1142 

(other regions completely lose H3K9me3), which causes increases in distant heterochromatic region 1143 

contacts (including the gains of smaller heterochromatic region contacts with the centromeres), while inter-1144 

chromosomal centromeric contacts are decreased. (C) Loss of CHAP prevents compaction of heterochromatic 1145 

regions and reduces some heterochromatic region interactions, despite increases in 5mC and H3K9me3 while 1146 

maintaining histone deacetylation. (D) Loss of both CDP-2 and DIM-2 causes gains in histone acetylation and 1147 

H3K9me3, but heterochromatic regions no longer associate with the nuclear periphery and interact more 1148 

with euchromatin, thereby increasing in genome disorder. 1149 
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