14

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.26.564272; this version posted October 26, 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preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in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.

Sequence-based machine learning reveals 3D genome

differences between bonobos and chimpanzees

Colin M. Brand"?", Shuzhen Kuang?®, Erin N. Gilbertson'*, Evonne McArthur®,

Katherine S. Pollard"2348 Timothy H. Webster”, and John A. Capra’-?*’

"Bakar Computational Health Sciences Institute, University of California, San Francisco, CA
2Department of Epidemiology and Biostatistics, University of California, San Francisco, CA
3Gladstone Institute of Data Science and Biotechnology, San Francisco, CA

“Biomedical Informatics Graduate Program, University of California San Francisco, San Francisco, CA

SVanderbilt Genetics Institute, Vanderbilt University, Nashville, TN
8Chan Zuckerberg Biohub, San Francisco, CA
"Department of Anthropology, University of Utah, Salt Lake City, UT

"Correspondence to colin.brand@ucsf.edu or tony@capralab.org

Abstract

Phenotypic divergence between closely related species, including bonobos and chimpanzees
(genus Pan), is largely driven by variation in gene regulation. The 3D structure of the
genome mediates gene expression; however, genome folding differences in Pan are not
well understood. Here, we apply machine learning to predict genome-wide 3D genome
contact maps from DNA sequence for 56 bonobos and chimpanzees, encompassing all
five extant lineages. We use a pairwise approach to estimate 3D divergence between indi-
viduals from the resulting contact maps in 4,420 1 Mb genomic windows. While most pairs
were similar, ~17% were predicted to be substantially divergent in genome folding. The
most dissimilar maps were largely driven by single individuals with rare variants that pro-
duce unique 3D genome folding in a region. We also identified 89 genomic windows where
bonobo and chimpanzee contact maps substantially diverged, including several windows
harboring genes associated with traits implicated in Pan phenotypic divergence. We used in
silico mutagenesis to identify 51 3D-modifying variants in these bonobo-chimpanzee diver-
gent windows, finding that 34 or 66.67% induce genome folding changes via CTCF binding
motif disruption. Our results reveal 3D genome variation at the population-level and identify
genomic regions where changes in 3D folding may contribute to phenotypic differences in
our closest living relatives.
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1 Introduction

Phenotypic divergence between closely related species is largely driven by variation in gene
regulation, including humans and our closest living relatives (Enard et al., 2002; King and Wil-
son, 1975; Sholtis and Noonan, 2010). The three-dimensional (3D) organization of the genome
is increasingly recognized as a key mediator of gene expression by facilitating interactions be-
tween distal and proximal cis-regulatory elements (Bonev and Cavalli, 2016; Dekker et al.,
2023; Ibrahim and Mundlos, 2020). Consequently, disruption of genome folding has been
associated with human disease (Lupiafiez et al., 2015; Norton and Phillips-Cremins, 2017)
and variation in genome folding underlies traits that differ between humans and other species
(Batyrev et al., 2020; Keough et al., 2022; McArthur et al., 2022).

Humans’ closest living relatives, bonobos (Pan paniscus) and chimpanzees (P. troglodytes),
exhibit a number of phenotypic differences (Stumpf, 2011; Gruber and Clay, 2016); yet, the
molecular mechanisms that contribute to this divergence remain elusive. Species-specific pro-
tein differences identified from missense single nucleotide variants (SNVs) in population-level
genomic data (de Manuel et al., 2016; Prado-Martinez et al., 2013) are the most well charac-
terized (Cagan et al., 2016; Han et al., 2019; Kovalaskas et al., 2020; Prifer et al., 2012). In
contrast, gene regulatory differences between bonobos and chimpanzees are less understood
and primarily studied in the context of human uniqueness (Khrameeva et al., 2020; Marchetto
et al., 2013). Understanding gene regulation in Pan is further impeded by limited -omics data,
especially data from assays of 3D genome folding such as Hi-C and Micro-C (Kempfer and
Pombo, 2020). Currently, there are publicly available Hi-C samples from four chimpanzee in-
duced pluripotent stem cells, one chimpanzee lymphoblastoid cell line (LCL), and one bonobo
LCL (Eres et al., 2019; Yang et al., 2019).

Here, we leverage a machine learning algorithm that predicts 3D genome folding from DNA
sequence (Fudenberg et al., 2020) to assess the contribution of the 3D genome to regula-
tory variation in bonobos and chimpanzees at population-scale. First, we evaluate model per-
formance on chimpanzee sequence and describe the generation of chromatin contact maps.
Second, we assess inter-individual variation in chromatin contact genome-wide and among
smaller genomic windows. Third, we identify windows that exhibit species-specific genome
folding, some of which harbor genes with species differences in gene expression. Fourth, we
discover individual variants that drive genome folding differences between species. These re-
sults provide a foundation for exploring this essential gene regulatory mechanism in our closest
living relatives.

2 Results

2.1 Akita predicts genome folding in bonobos and chimpanzees.

We first characterized the performance of Akita (Fudenberg et al., 2020), a deep learning al-
gorithm that predicts chromatin contact from DNA sequence, on a chimpanzee genome. Akita
predicts 3D contacts from 1,048,576 bp of sequence, estimating contacts for the center 917,504
bp of a given window at 2,048 bp resolution. Akita was simultaneously trained on Hi-C and
Micro-C datasets from humans and performed reasonably well when applied to mice (median
Spearman p = 0.50) (Fudenberg et al., 2020). We used chimpanzee sequence to generate
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predictions for the human foreskin fibroblast (HFF) cell type and compared to chimpanzee neu-
ral progenitor cell (NPC) Hi-C data (Figure S1A). The predictions accurately capture the main
structural patterns of chimpanzee 3D genome (held-out test set regions: Spearman p ~ 0.44)
(Figures S1B, S1C). The model has lowest accuracy on regions of the chimpanzee genome
with minimally consistent 3D structure—regions that have low correlations in human data.

We thus examined differences in 3D organization among Pan lineages by predicting genome-
wide 3D contact maps for individuals from all five extant lineages (Figure 1A). We identified
high-quality genotypes for single nucleotide variants (SNVs) called (Brand et al., 2021) from
data generated for 71 individuals (de Manuel et al., 2016; Prado-Martinez et al., 2013). This
procedure resulted in 1,137,208 to 9,393,495 SNVs per individual (File S1, Figure S2). Next,
we inserted each individual’s set of SNVs into the chimpanzee reference sequence, panTro6
(Kronenberg et al., 2018) (File S1). After filtering individuals with low-quality genotypes, we
retained 56 individuals for downstream analyses: nine bonobos, five Nigeria-Cameroon chim-
panzees, 17 eastern chimpanzees, 16 central chimpanzees, and nine western chimpanzees
(Figures 1A, S2, File S1). We tiled the chimpanzee reference genome with 5,317 sliding win-
dows that overlapped by half. We discarded windows without complete sequence coverage
(i.e., > 1 “N”s), retaining 4,420 windows. We applied Akita to sequences for all 56 individuals
at these full-coverage windows (Figure 1B).

To quantify divergence in predicted contact maps genome-wide, we compared all autoso-
mal windows between all pairs of individuals (N = 6,541,920) (Figure 1C). We restricted our
analysis of X chromosome windows to pairs of females (N = 95,130) because the chromosome
is hemizygous in males. We calculated “3D divergence” as 1 - p for all pixels per pair of maps
(Figure 1C) (McArthur et al., 2022). Lower 3D divergence indicates greater similarity in contact
maps, whereas higher 3D divergence suggests contact map differences (Figure 1C). We use 1
- p here because this map comparison method is sensitive to map differences due to structural
differences yet agnostic to differences in contact frequency (Gunsalus et al., 2023b), enabling
us to focus on 3D structural differences in Pan in this analysis. Hereafter, “window” indicates
any of the 4,420 1 Mb windows used in the analysis and “pair” denotes a comparison between
two contact maps of a given window for two different individuals.

2.2 3D genome folding is largely conserved across bonobos and chimpanzees.

We first summarized patterns of 3D contact map similarity and divergence across all pairs of in-
dividuals and all genomic windows. Based on previous work indicating substantial evolutionary
constraint on genome folding (Fudenberg and Pollard, 2019; Krefting et al., 2018; McArthur and
Capra, 2021), we anticipated that most pairs would exhibit minimal divergence. As expected,
most contact maps were extremely similar between pairs of individuals (Figure 1D), including
5,539,567 pairs or 83.06% which had 3D divergence < 0.01.

To explore this conservation in a deeper phylogenetic context with experimental data, we an-
alyzed conserved topologically associated domains (TADs) identified from Hi-C data generated
from four murine and four primate species (Okhovat et al., 2023). We quantified patterns of 3D
divergence among Pan individuals in these deeply conserved regions. Windows intersecting
TADs conserved across the four primate species had significantly lower 3D divergence (mean
maximum of 0.0332) than the divergence observed genome-wide (mean maximum of 0.0502;
Komologorov-Smirnov, K = 0.13, P = 8.71 x 107°) (Figure S3A). The divergence was even
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Figure 1: Predicting genome folding from DNA sequence in bonobos and chimpanzees.
(A) The geographic distribution and evolutionary relationships among all five extant Pan lineages. Divergence times
are from Brand et al., 2022; de Manuel et al., 2016. Ns indicate the sample size after filtering individuals with low-
quality genotypes. (B) Schematic of the generation of genome-wide 3D contact maps for 56 Pan individuals. We
inserted the single nucleotide variants from each individual into the chimpanzee reference DNA sequence (panTro6)
and then applied Akita to each sequence. Akita takes 1,048,576 bp of DNA sequence as input and generates a 3D
contact map for the central 917,504 bp of the window. The map consists of predicted contacts for all pairs of 2,048
bp loci within the window. We applied Akita to sliding windows overlapping by half across the genome resulting in
5,317 windows. We discarded windows without full sequence coverage in the reference sequence, yielding 4,420
analyzable windows. (C) Example comparisons of 3D genome divergence in the contact maps between pairs of
individuals. To quantify divergence, we calculated “3D divergence” as the Spearman correlation coefficient over
the corresponding cells for a given pair of maps subtracted from 1. Thus, as illustrated, a divergence score near
0 indicates high similarity, whereas greater divergence scores indicate dissimilarity. Contact frequencies per cell
for the individual maps are colored as in B. The A map illustrates the contact frequency difference for the pair
(individual 2 - individual 1). (D) The distribution of 3D divergence. We compared all pairs of individuals for all
autosomal windows, resulting in a total of 6,541,920 pairs. We also compared contact maps for the X chromosome
among all pairs of females (N = 95,130). Scores are binned using 0.02 steps from 0 to 0.88. The inset shows
divergence > 0.2. Note the y-axis is square root transformed.


https://doi.org/10.1101/2023.10.26.564272
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.26.564272; this version posted October 26, 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.

116 smaller for pairs intersecting “ultraconserved” TAD boundaries observed in all eight murine and
117 primate species (mean maximum of 0.0246; Komologorov-Smirnov, K = 0.18, P = 5.26 x 10722)
118 (Figure S3B). Thus, experimentally-validated regions of the 3D genome conserved between
119 diverse murine and primate species are also minimally 3D divergent among bonobos and chim-
120 panzees as expected, validating our approach.

121 While most pairs revealed similar genome folding, many thousands had high 3D diver-
122 gence (Figure 1D). For context, we compared the distribution of divergence scores to those
123 generated genome-wide from pairs of 130 modern humans (Gilbertson et al., in prep). Pan 3D
124 divergence is significantly higher (mean = 0.008) than the modern human distribution (mean
125 = 0.003; Komolgorov-Smirnov, K = 0.329, P = 2.23 x 107308) (Figure S4). This likely reflects
126 the older divergence between bonobos and chimpanzees, ~ 1.9 Ma (de Manuel et al., 2016),
127 compared to extant human populations: ~ 150 to 350 ka (Fan et al., 2023; Schlebusch et al.,
128 2017). Further, greater divergence could also be explained by greater overall genetic diversity
129 observed in Pan compared to modern humans, particularly among central and eastern chim-
130 panzees (Prado-Martinez et al., 2013).

131 2.3 Genome-wide 3D divergence recapitulates Pan phylogeny.

132 The distinct demographic histories among the five extant Pan lineages have resulted in vari-
133 able genetic diversity, particularly among the four chimpanzee subspecies (Prado-Martinez et
134 al., 2013). However, it is not known if 3D genome variation follows similar lineage-specific pat-
135 terns. To investigate this, we analyzed inter-individual differences in mean 3D divergence within
136 and among different Pan lineages. We first quantified this variation among all 56 individuals
137 genome-wide by calculating the mean 3D divergence per pair.

138 Hierarchical clustering of mean 3D divergence per pair confirmed that 3D divergence reca-
139 pitulates Pan phylogeny based on sequence similarity (Figure 2A). This clustering also empha-
140 sizes 3D divergence among individuals of different lineages. On average, interspecific pairs
141 were the most 3D divergent, pairs comprising individuals from different chimpanzee subspecies
142 were moderately 3D divergent, and pairs of individuals within the same lineage were the least
143 3D divergent (Figure 2A).

144 The 3D divergence observed between central chimpanzees pairs (median = 0.00216) nearly
145 encompasses the variation observed in pairs of chimpanzees from different subspecies (me-
146 dian = 0.00233) (Figure 2B). This likely reflects the high sequence diversity in central chim-
147 panzees, which is greater than any other Pan lineage (Prado-Martinez et al., 2013). We also
148 observed that median 3D divergence for within lineage pairs was positively associated with
149 effective population size (Table S1).

150 2.4 3D divergence varies across the genome.

151 While genome-wide patterns characterize variation in genome folding among individuals and
152 lineages overall, levels of 3D divergence likely vary across the Pan genome. To explore this,
153 we clustered all individuals based on 3D divergence in each of the 4,420 genomic windows
154 separately. This approach yielded between two and five clusters per window (Table S2), of
155 which two cluster windows were by far the most common (81.9%). Next, we distinguished the
156 topologies of two cluster windows based on two characteristics: 1) the number of individuals
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Figure 2: Genome-wide 3D divergence patterns recapitulate Pan phylogeny but are
highly variable across the genome.

(A) Mean genome-wide 3D divergence among all individuals. Rows/columns are ordered based on hierarchical
clustering of 3D divergence. Lineage clusters are colored in the dendrogram and annotated on the right side of
the matrix. B = bonobos, CC = central chimpanzees, EC = eastern chimpanzees, NC = Nigeria-Cameroon chim-
panzees, W = western chimpanzees. (B) Pairwise mean genome-wide 3D divergence distributions stratified by the
lineages of the individuals in each comparison. Bonobo-chimpanzee pairs and pairs of chimpanzees from different
subspecies have higher 3D divergence than within lineage pairs. (C) Representative examples from chromosome
21 of the most common 3D divergence patterns across the genome. We hierarchically clustered all individuals
based on their pairwise divergence patterns for each genomic window and found substantial variation. Here, we
highlight the three most common topologies using example windows from chromosome 21: 1) a highly divergent
individual, 2) multiple divergent individuals, and 3) bonobo-chimpanzee clustering. 800 (18.1%) windows are char-
acterized by a single individual whose 3D contact pattern was an outlier compared to all others. The most common
pattern (N = 2,475) consisted of multiple divergent individuals representing a subset from a single or multiple lin-
eages. We also identified 339 windows where bonobos and chimpanzees formed separate clusters. Clusters are
indicated by a black line under the individuals. Each example’s genomic position is indicated by the red shaded
windows on the chromosome. Light grey shaded cells are windows that were not analyzed in this study due to
missing reference sequence. In addition to the patterns illustrated here, there are eight two-cluster windows where
western chimpanzees formed a lineage-specific cluster and 798 windows with > 3 clusters.
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157 per cluster and 2) the lineages present in each cluster (File S2). We identified three common
158 topologies among the two cluster windows (Figure 2C).

159 The most common were 2,475 or 56% of windows with two clusters both comprised of mul-
160 tiple individuals, where the smaller cluster contained a subset of, but not all, individuals from
161 one or more lineages. We refer to this topology as “multiple divergent individuals” clustering.
162 To better understand these windows, we quantified the size of the smaller cluster. These clus-
163 ters ranged in size from two to 28 individuals and had a median size of seven (Figure S5A).
164 However, many clusters containing the divergent individuals were small; 28.3% of windows
165 had a cluster size of 2 or 3 individuals. We also examined the lineage composition of these
166 clusters and predicted that many would include a subset of 1) central chimpanzees, 2) east-
167 ern chimpanzees, or 3) both due to the high genetic diversity and larger sample sizes from
168 those lineages. Eastern and central chimpanzees are the most recently diverged among Pan
169 lineages and share many polymorphisms. Indeed, the most frequent lineage composition of
170 these clusters were both eastern and central chimpanzees (N = 382), followed by central chim-
171 panzees (N = 252), and bonobos (N = 240) (Figure S5B). These observations implicate the
172 occurrence of variants present in more than one individual that result in non-lineage-specific
173 patterns of 3D divergence in these windows.

174 The second most prevalent were 800 or 18.1% of windows, characterized by a single di-
175 vergent individual that was assigned to its own cluster and all others to a second— i.e., “single
176 divergent individual” clustering. We first evaluated whether these windows were the result of
177 one or a few individuals that were frequently divergent to all others. We quantified the num-
178 ber of windows in which each individual was the divergent individual. All 56 individuals were
179 the divergent individual at least once, and the frequency ranged from 1 to 34 (Figure S6A).
180 Thus, these patterns are not restricted to specific individuals and are, in fact, common. Be-
181 yond frequency, the degree of 3D divergence between a divergent individual and the others
182 varied. We retrieved the maximum 3D divergence for all windows with this topology (N = 800)
183 and calculated the minimum, mean, and maximum 3D divergence for each individual’s set of
184 windows (Figure S6B). The minima of these distributions was consistently low, suggesting
185 that some windows may not yield consequential differences from genome folding. Distribution
186 means were also largely similar, except for one western chimpanzee whose mean 3D diver-
187 gence maximum was 0.32. As expected, distribution maxima were the most variable. 50% of
188 individuals had a maximum 3D divergence > 0.25 (Figure S6B), suggesting that many of these
189 rare divergent 3D contact patterns could have functional effects. There was no discernible
190 pattern in frequency or distribution maxima when stratifying by lineage.

191 Third most common, we identified 339 or 7.7% of windows where all bonobos and chim-
192 panzees clustered separately, i.e., “bonobo-chimpanzee” clustering. Windows in these three
193 common topologies were significantly different in their distributions of maximum 3D divergence.
194 Single divergent individual clustering windows had the highest mean divergence (0.067), fol-
195 lowed by multiple divergentindividuals (0.053), and bonobo-chimpanzee (0.049) (Kruskal-Wallis,
196 H =31.1, P = 1.77 x 1077) (Figure S7). In addition to these common topologies, we also
197 searched for other windows exhibiting lineage-specific patterns among chimpanzee subspecies.
198 We found eight where western chimpanzees clustered separately from all other individuals (Fig-
199 ure S8, Table S3). Yet, we found no such windows for central, eastern, or Nigeria-Cameroon
200 chimpanzees.
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201 2.5 Interspecific 3D genome folding highlights candidates for species-specific
202 phenotypes.

203 The 339 genomic windows where bonobos and chimpanzees cluster separately based on 3D
204 divergence may be evolutionarily relevant and underlie phenotypic divergence between these
205 species. These windows spanned all analyzed chromosomes and composed 252 distinct loci
206 after merging overlapping divergent windows. We observed striking differences when compar-
207 ing bonobo and chimpanzee contact maps among many of these windows, including contact dif-
208 ferences at binding sites for CTCF—a transcription factor and critical determinant of 3D genome
209 structure. We identified CTCF peaks using data generated from chimpanzee LCLs (Schwalie
210 etal., 2013). For example, interspecific 3D divergence at chr5: 16,252,929-17,301,505 ranged
211 from 0.0249 to 0.0367 and is driven by the presence of a chimpanzee-specific “architectural
212 stripe” that is absent in bonobos (Figure 3A). While both species share contact among many
213 loci between between 16.85 and 17.1 Mb, including a CTCF peak and the MYO10 promoter,
214 the chimpanzee-specific stripe connects additional loci, including an upstream CTCF peak and
215 the MYO10 promoter. MYO10 is a member of the myosin gene superfamily, which encode
216 actin-based motor proteins (Berg et al., 2000). This gene is broadly expressed and knock-
217 out experiments highlight its role in many aspects of mammalian development, including the
218 neural tube (Heimsath et al., 2017). Among adult bonobos and chimpanzees, chimpanzees
219 exhibit higher kidney MYO10 mRNA expression than bonobos (Figure 3A) (Brawand et al.,
220 2011); however, levels are similar between species in cerebellum, heart, and liver tissue (Fig-
221 ure S9). The three other genes in this window also exhibit species differences in expression for
222 atleast one tissue (Figure S9). Both ZNF622 and RETREG1, which are on the same strand as
223 MYO10 and appear to be affected by the same bonobo architectural stripe (Figure 3A), also
224 have greater kidney expression in chimpanzees than bonobos.

225 We focused on 89 “bonobo-chimpanzee divergent” windows with large and consistent inter-
226 specific 3D genome divergence (minimum 3D divergence > 0.01; Figures 3B, $10). Bonobo-
227 chimpanzee divergent windows exhibited multiple striking characteristics. First, they are signif-
228 icantly depleted of genes (Figure 3C; P = 0.002, one-tailed permutation test), and they include
229 17 windows with zero genes (Figure 3D). 431 genes unique genes are found in these windows;
230 this is 0.65x the expected gene overlap if divergent windows were randomly distributed across
231 the analyzable genome. Bonobo-chimpanzee divergent windows also exhibit less sequence-
232 level constraint between species than expected from the genome-wide distribution (Figure 3E).
233 We quantified constraint as the fraction of bp in each window found in phastCons conserved
234 elements called on a 30-way alignment of vertebrates, and 74% of windows (N = 66) were
235 below the genome-wide conserved element fraction. However, for both gene density and con-
236 served elements, we also observed a second set of divergent windows with higher density than
237 expected from the genome-wide distribution (Figures 3D, 3E). For example, 20 windows had
238 > eight genes, including a high-density window overlapping 36 genes. Taken together, these
239 characteristics indicate that most species-specific genome folding occurs in genomic regions
240 with weak evolutionary constraint and few functional elements. However, species-specific pat-
241 terns also occur in a smaller number of regions that have more constraint and functional ele-
242 ments, and thus are more likely to contribute to changes between species.

243 We also explored whether genes in bonobo-chimpanzee divergent windows were enriched
244 for genes associated with annotated phenotypes, particularly those known to differ between
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Figure 3: 89 genomic windows have high 3D divergence between bonobos and chim-
panzees.

(A) 3D contact maps for a chimpanzee (Clint) and a bonobo (Hortense) at a representative bonobo-chimpanzee
divergent window. A chimpanzee-specific “architectural stripe” indicates increased contact between many loci, in-
cluding a CTCF site with the MYO170 promoter. Dotted lines and grey boxes highlight this contact, as well as a
contact between the MYO10 promoter and another downstream CTCF site present in both species. CTCF peaks
are from chimpanzee LCLs (Schwalie et al., 2013), and conserved elements (LOD > 500) are the vertebrate 30-way
phastCons elements from the UCSC Genome Browser. MYO10 read counts in kidney tissue are also shown for
two bonobo (B) and two chimpanzee (C) samples from Brawand et al., 2011. (B) Minimum interspecific 3D diver-
gence among 339 windows for which bonobos and chimpanzees cluster. We defined bonobo-chimpanzee divergent
windows as those with a two cluster topology that completely partitions the species and a minimum interspecific
divergence > 0.01 (Figure S10). Note the x-axis is square root transformed. (C) Comparison of the observed vs.
expected number of genes among all bonobo-chimpanzee divergent windows. We summed all genes present in
the 89 windows, removing duplicates. We generated a null distribution by permuting 89 windows among the 4,420
analyzed windows 10,000 times and counting genes as for the observed set. The observed bonobo-chimpanzee
divergent windows are significantly depleted of genes (0.65x expected, P = 0.002, one-tailed permutation test). The
null distribution ranged from 418 to 967 genes, with a mean of 659.68. (D) The distribution of observed gene counts
per window among bonobo-chimpanzee divergent windows. The dashed line indicates the genome-wide mean:
7.51. (E) The distribution of observed conserved element proportions per window among bonobo-chimpanzee di-
vergent windows. Proportions were calculated as the sum of bp in a given window overlapping primate phastCons
elements divided by the window length: 1,048,576 bp. The dashed line indicates the genome-wide mean: 0.021.


https://doi.org/10.1101/2023.10.26.564272
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.26.564272; this version posted October 26, 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.

245 species. We considered annotations from the 2021 Biological Process Gene Ontology (Ash-
246 burner et al., 2000; The Gene Ontology Consortium, 2021), the 2019 GWAS Catalog (Buniello
247 etal., 2019), the Human Phenotype Ontology (HPO; Kéhler et al., 2021), and the Level 4 2021
248  MGI Mammalian Phenotype Ontology (MP; Eppig et al., 2015; Smith and Eppig, 2009). We
249 did not identify any enriched traits at FDR-adjusted significance-levels (Figure S11, File S3).
250 However, we noted a handful of phenotypes with modest enrichment related to traits that differ-
251 entiate bonobos and chimpanzees including abnormality of the labia major (HPO, enrichment
252 =3.85, P =0.09) and decreased body mass index (MP, enrichment = 4.32, P = 0.03) (File S3).

253 2.6 Individual variants drive species-specific genome folding.

254 Next, to better understand the determinants of species-specific genome folding, we investi-
255 gated sequence differences among the bonobo-chimpanzee 3D divergent loci. We quantified
256 the contribution of different alleles to predicted 3D genome divergence using in silico mutage-
257 nesis (Gunsalus et al., 2023a; McArthur et al., 2022). First, we identified all bonobo-specific
258 variants among bonobo-chimpanzee divergent windows, i.e., sites where all nine bonobos an-
259 alyzed were heterozygous or homozygous for the non-reference allele and all chimpanzees
260 were fixed for the reference allele (Figure 4A). We identified 115,191 total variants and 127,075
261 variant-window pairs, as some variants are present in overlapping divergent windows. Next,
262 we inserted each bonobo-specific variant into the chimpanzee reference sequence for the win-
263 dow, predicted chromatin contacts using Akita, and calculated the 3D divergence between the
264 full chimpanzee reference sequence and the reference with each variant (Figure 4A). Variants
265 were defined as “3D-modifying” if the resulting 3D divergence between reference and mutated
266 reference was > the minimum 3D divergence score among bonobo-chimpanzee pairs for that
267 window. We also applied this approach to lineage-specific variants among the four chimpanzee
268 subspecies (Supplementary Information).

269 The interspecific 3D divergence among 59 (66.3%) of the bonobo-chimpanzee divergent
270 windows could largely be recapitulated by inserting a single variant. For example, among the
271 1,425 variants intersecting the genomic window at chr7: 83,886,081-84,934,657, only one vari-
272 ant resulted in substantial 3D divergence (Figure 4B). Chimpanzees are fixed for the C allele
273 atchr7: 84,603,122, while all bonobos have at least one T allele. The bonobo allele appears to
274 resultin decreased contact with promoters for SR/ and ZNF804B and increased contact among
275 loci adjacent to the variant (Figure 4C). SR/ is a penta-EF hand calcium binding protein, reg-
276 ulating intracellular calcium and mediating excitation-contraction coupling in heart and skeletal
277 muscle (Meyers et al., 1998), and has been implicated in neurodegenerative disease (Mattson
278 et al., 2000). The function of ZNF804B is largely unknown; however, this gene is largely ex-
279 pressed in thyroid tissue among human adults (https://www.proteinatlas.org/ENSG0000018
280 2348-ZNF804B/tissue#frna_expression). This observation is intriguing because bonobos and
281 chimpanzees developmentally differ in thyroid levels (Behringer et al., 2014). ZNF804 also ex-
282 hibits a species difference in cerebellum expression, whereas SR/ and two other nearby genes
283 (STEAP4, TEX47) do not (Figure S12).

284 Interspecific 3D divergence at this window ranges from 0.0366 to 0.07. When inserted into
285 the chimpanzee reference sequence, the T allele resulted in 3D divergence of 0.0367 from the
286 reference sequence (Figure 4C). Therefore, this variant appears to drive most of species differ-
287 ence observed at this locus. However, other bonobo-specific variants likely explain additional
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Figure 4: In silico mutagenesis reveals 3D-modifying variants that contribute to species-
specific 3D genome folding patterns.

(A) Schematic of using in silico mutagenesis to identify SNVs that contribute to 3D genome differences between
bonobos and chimpanzees. This procedure identified 61 variant-window pairs, which consisted of 51 unique vari-
ants. (B) 3D divergence from reference sequence for 1,425 bonobo-specific variants within the chr7: 83,886,081—
84,934,657 window. Only one variant (red dot), chr7: 84,603,122 (C > T), results in 3D divergence (0.0367) that
is > the observed minimum divergence among bonobo-chimpanzee pairs for this window (dashed line) (0.0366).
Note that the y-axis is cube root transformed. (C) Contact maps for a chimpanzee (Ula), panTro6 sequence with
a 3D-modifying variant, and a bonobo (Desmond) at a bonobo-chimpanzee divergent window (chr7: 83,886,081—
84,934,657). A bonobo-specific 3D-modifying variant at chr7: 84,603,122 (C > T) reduces contact between a CTCF
peak and the promoters for SR/ and ZNF804B compared to chimpanzees. Insertion of this variant into chimpanzee
sequence recapitulates bonobo genome folding at this window. The position of this variant is indicated by a star and
colored based on the input allele for the contact map (C = grey, T =red). Dotted lines and grey bars highlight relevant
contacts and annotations associated with the 3D-modifying variant. (D) The distribution of divergence explained by
the 61 3D-modifying variant-window pairs. We calculated explained divergence by dividing the variant divergence
score by the maximum interspecific divergence observed for a given window. Explained divergence counts are
displayed in 0.05 bins. CTCF overlap is indicated by shading (light = no overlap, dark = overlap). (E) The number
of 3D-modifying variants that fall within and outside CTCF peaks identified using chimpanzee LCLs (Schwalie et al.,
2013). (F) Summed contact differences induced by 3D-modifying variants stratified by net effect. We summed all
contact frequencies with the 2,048 bp bin containing the 3D modifying variant for the reference map and reference
with 3D-modifying variant map (Figure S14). The contact difference was calculated by subtracting the reference
contact sum from the reference with variant contact sum. Thus, positive values indicate increased contact overall
due to the 3D-modifying variant, while negative values indicate decreased contact overall. We used the absolute
values of summed contact differences to compare 3D-modifying variants that increase and decrease contact overall.
These distributions were not significantly different (Mann Whitney U, U = 483, P = 0.09). Individual variant effects
are indicated by points and distributions are illustrated with box and violin plots. Color indicates overall effect. CTCF
overlap is indicated by shading (light = no overlap, dark = overlap).
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divergence in the interspecific comparison distribution.

Overall, 51 bonobo-specific variants were 3D-modifying, of which ten occurred among over-
lapping divergent windows, resulting in 61 3D-modifying variant-window pairs (File S4). Two
windows also contained two separate 3D-modifying variants—chr4: 113,770,497-114,819,073
and chr10: 87,556,097-88,604,673. These variants were four and two nucleotides apart, re-
spectively, suggesting the perturbation of the same genomic element. We predicted that most
3D-modifying variants are derived alleles. We tested this hypothesis by comparing the 3D-
modifying allele and the inferred ancestral allele to quantify the proportion of ancestral and
derived variants. Ancestral allele calls were determined using a probabilistic method to infer
ancestral sequence from multiple primate sequences (Martin et al., 2023). Ten 3D-modifying
variants were ancestral, whereas 41 were derived.

We quantified the fraction of the observed bonobo-chimpanzee divergence a given variant
“explained” by dividing the 3D divergence from in silico mutagenesis by the observed interspe-
cific maximum (Figure 4D). For example, the aforementioned variant at chr7: 84,603,122 ex-
plained 52% of the maximum interspecific divergence observed for its window (chr7: 83,886,081—
84,934,657). Surprisingly, the 3D-modifying variants often explained a considerable fraction of
3D divergence (mean = 0.57). Three variants explained approximately 100% of the divergence
observed in their windows and one explained 117% of the observed divergence suggesting that
other variants in the window likely buffer against the variant’s 3D-modifying effect. Conversely,
the presence of multiple variants with small to modest effects may also result in species-specific
genome folding patterns. This hypothesis may explain windows where no 3D-modifying vari-
ants were identified or those windows with variants that minimally explained divergence. Thus,
differences in genome folding between bonobos and chimpanzees are largely driven by indi-
vidual variants with large effects, yet other differences may occur due to multiple variants with
small effects.

2.7 CTCF binding motif disruption explains many, but not all of the bonobo-
chimpanzee 3D divergent windows.

We anticipated that many 3D-modifying variants would fall within the binding domains of CTCF,
as in the example window (Figure 4C). Indeed, 34 (66.67%) of 3D-modifying variants inter-
sected CTCF peaks (Figure 4E). Two additional 3D-modifying variants fell within 10 kb of a
CTCF peak. 3D-modifying variants overlapping CTCF peaks explained significantly more 3D
divergence (mean = 0.61) than those that did not (mean = 0.47) (Mann-Whitney, U = 207, P =
0.005). Next, we quantified the mutation spectrum of the 3D-modifying variants; we were par-
ticularly interested to see if C > T mutations promoted by GC-biased gene conversion at CpG
sites were common. 14 (27.5%) of the variants were C > T mutations; however, these were
not enriched for CpGs (Figure S13). This suggests that 3D-modifying variants that contribute
to species differences in genome folding are unlikely to be the result of GC-biased gene con-
version and are largely, but not entirely, driven by mutations that modify CTCF binding motifs.

We also quantified the effects of 3D-modifying variants on contact frequency. For example,
the chr7: 84,603,122 variant results in decreased contact between that locus and other loci in
the window. We predicted that most 3D-modifying variants would similarly decrease contacts,
because we anticipated that derived variants are more likely to disrupt functional motifs, e.g.,
for CTCF or other transcription factors, than to create a new functional element. We classified
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331 each variant-window pair as resulting in decreased or increased overall contact for the variant
332 locus by subtracting the summed values from all cells in the contact map representing contacts
333 with the variant locus (N = 448) between the variant map and reference map (Figure $14).
334 Thus, positive values indicate increased contact overall due to the 3D-modifying variant, while
335 negative value indicate decreased contact overall. As predicted, 3D-modifying variants more
336 frequently result in decreased (N = 38) rather than increased contact (N = 20) (Figure 4F).
337 When stratified by CTCF overlap, 8 or 40% of variants that increased chromatin contact
338 overall fell within a CTCF peak, while 34 or 89.5% of variants resulting in decreased chromatin
339 contact overlapped a CTCF peak. We also stratified chromatin contact effects by allele age
340 and found that ancestral and derived variants occurred in similar proportions among variants
341 that increased contact, 44% and 56%, respectively. However, derived variants comprised the
342 majority (90%) of variants resulting in overall decreased contact. These patterns broadly sup-
343 port the hypothesis that 3D-modifying variants are more likely to disrupt CTCF binding sites,
344 resulting in decreased contact. Conversely, it also appears that variants outside of CTCF sites,
345 perhaps overlapping other transcription factors, often yield increased chromatin contact. We
346 used the absolute values of summed contact differences to compare variants that increased vs
347 decreased contact and did not find a significant difference between these distributions (Mann-
348 Whitney, U = 483, P = 0.09) (Figure 4F). Therefore, 3D-modifying variants in Pan are more
349 likely to result in decreased chromatin contact via CTCF disruption but the measurable effect
350 is comparable between variants that overall decrease or increase contact.

351 3 Discussion

352 The complex 3D organization of the nuclear genome plays an important role in cell biology,
353 particularly gene regulation, and disruption of genome folding is associated with phenotypic
354 variation and disease in humans and other species (Lupiafiez et al., 2015; Norton and Phillips-
355 Cremins, 2017). These observations have prompted close examination of 3D genome variation
356 both within and among diverse species using experimental data (Dixon et al., 2012; Eres et al.,
357 2019; Li et al., 2022; Li et al., 2023; Lukyanchikova et al., 2022; Torosin et al., 2022; Yang et
358 al., 2019). While 3D genome data are available for humans and other model organisms, data
359 remain scarce for other species. Further, generation of genome folding data at remains chal-
360 lenging to accomplish at population-scale. The development of machine learning algorithms
361 (Fudenberg et al., 2020; Schwessinger et al., 2020; Zhou, 2022) that learn from existing data
362 to predict 3D genome folding from sequence alone offer an opportunity to close this knowledge
363 gap. Here, we apply machine learning methods to rapidly assay variation in genome folding in
364 humans’ closest living relatives.

365 Much of the inferred Pan 3D genome is similar among all five extant lineages, including
366 conserved TAD boundaries identified from experimental data. However, a small fraction of
367 the genome displays substantial variation in chromatin contact. Genome-wide patterns of 3D
368 divergence recapitulate the Pan phylogeny; yet, individual genomic windows harbored more
369 complex patterns, including many windows characterized by a single or several individuals
370 with divergent chromatin contact patterns. We identify loci characterized by species-specific
371 genome folding that contain different contact patterns that co-localize with gene expression
372 differences between species.
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373 Our computational approach enables the rapid prediction of genome folding from DNA se-
374 quence alone. The ability to rapidly scan the effects of candidate variants enables prioritization
375 of variants and loci for experimental validation studies. Applying this in silico mutagenesis ap-
376 proach to Pan, we identify variants that likely contribute most to species differences in genome
377 folding. We find that the patterns at many divergent windows are driven by a single SNV that
378 disrupts CTCF binding. These findings reveal the potential of genome folding at specific loci to
379 contribute to phenotypic divergence in humans’ closest living relatives.

380 Non-coding variation comprises the majority of genetic variation in Pan; however, the con-
381 sequences and the specific mechanisms through which non-coding variants regulate gene ex-
382 pression remain largely unknown in these taxa. We illuminate one of these mechanisms here
383 and propose that some gene expression differences are associated with 3D genome variation
384 between bonobos and chimpanzees. Our work also contributes to a broader context to com-
385 parisons of chromatin contact at population-scale in recent primate evolution. For example,
386 we observed considerably higher 3D divergence in Pan than between archaic hominins and
387 modern humans as well as within modern humans (Gilbertson et al., in prep; McArthur et al.,
388 2022).

389 This research represents an important first step in understanding Pan 3D genome variation;
390 however, we recognize the limitations of the present study and the promise of future research.
391 First, the expansion of available data and development of new algorithms may yield more ac-
392 curate models for predicting the 3D genome from sequence. Such advances may enable pre-
393 dictions at higher resolution, incorporation of other variant types (e.g., structural variants), and
394 for specific tissue and cellular contexts (Tan et al., 2023; Zhou, 2022). Second, our ability to
395 fully understand the functional consequences of differences in chromatin contact is limited by
396 the currently available functional annotations. Additional data on transcription factor binding
397 and RNA across tissues and cells in these species will help fully realize species differences in
398 genome folding and benefit the study of other regulatory mechanisms.

399 In conclusion, we demonstrate utility of applying DNA sequence-based machine learning to
400 the genomes of non-model systems that lack the rich functional and experimental data available
401 for humans. Our findings shed light on an important gene regulatory mechanism in humans’
402 closest living relatives and identify loci that may contribute to phenotypic divergence in Pan.

w03 4 Methods

404 4.1 Pan Genomic Data

405 We retrieved raw short read data from the Great Ape Genome Project (de Manuel et al., 2016;
406 Prado-Martinez et al., 2013), representing high-coverage genomes from 13 bonobos (Pan
407 paniscus), 18 central chimpanzees (P. troglodytes troglodytes), 19 eastern chimpanzees (P. t.
408 schweinfurthii), 10 Nigeria—Cameroon chimpanzees (P. t. ellioti), and 11 western chimpanzees
409 (P t. verus).

410 We used genotypes generated in Brand et al., 2021. Briefly, we mapped short reads to a
411 current high-quality chimpanzee reference genome, panTro6 (Kronenberg et al., 2018), using
412 sex-specific versions of the reference generated from XYAlign (Webster et al., 2019). We used
413 bcftools, version 1.18 (Li, 2011) to filter genotypes. We included high-quality sites with biallelic
414 SNVs where all 71 genotypes were called. We chose to exclude structural variants due to the
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415 difficulty of classifying chromtain contact among sequences of different lengths. Next, we set
416 low-quality genotypes to the reference allele and excluded sites that were fixed for the reference
417 allele.

418 The number of variants among individuals from each Pan lineage (File $1, Figure S2) were
419 consistent with phylogenetic predictions as the reference sequence is a western chimpanzee
420 (bonobos > eastern/central chimpanzees > Nigeria-Cameroon/western chimpanzees). We ob-
421 served a handful of individuals per lineage with substantially fewer SNVs compared to others
422 from the same lineage. Most of this variation appears to be driven by low quality genotypes
423 that did not pass filtering. We excluded these individuals (N = 15) from downstream analyses
424 (File S1, Figure S2).

425 We generated pseudo-haploid sequences for each individual using GATK’s FastaAlter-
426 nateReferenceMaker (Poplin et al., 2018) to add the quality-filtered SNVs to the reference se-
427 quence. This approach considers heterozygotes and homozygotes for the non-reference allele
428 to be equivalent. We excluded unlocalized scaffolds (N = 4), unplaced contigs (N = 4,316), the
429 'Y chromosome, and mitochondrial genome from these sequences.

430 4.2 3D Genome Predictions with Akita and Model Performance on Chimpanzee
431 Sequence

432 We used a convolutional neural network, Akita, to predict 3D genome organization from the
433 pseudo-haploid sequences (Fudenberg et al., 2020). A detailed description of the CNN can be
434 found in Fudenberg et al., 2020. Briefly, Akita uses an input sequence of length 1,048,576 bp
435 to output predicted chromatin contact for the central 917,504 bp of the input sequence at 2,048
436 bp resolution. Each cell value is log2(obs/exp)-scaled because chromatin contact is distance
437 dependent. The Hi-C maps used to train Akita were clipped to contact frequencies between
438 -2 and 2 (Fudenberg et al., 2020). Thus, as expected, most predicted values range from -2
439 to 2 (Figure S15). Akita was simultaneously trained on five cell types from Hi-C and Micro-C
440 datasets: GM12878, H1ESC, HCT116, HFF, and IMR90 (Fudenberg et al., 2020).

441 Before we applied Akita to DNA sequences of different Pan lineages, we evaluated the ac-
442 curacy of Akita on chimpanzee sequences by comparing the predictions with the experimental
443 Hi-C data. Briefly, we lifted over the regions in the human test set from hg38 to panTro6 using
444 liftOver (Hinrichs et al., 2006), retaining regions of window size within +/- 10% of 1,048,576 bp
445 and with less than 1% of missingness, and extracted their DNA sequences as input to Akita.
446 Of the outputs in five different cell types, we focused on the predictions for human foreskin fi-
447 broblast (HFF) following McArthur et al., 2022. The Hi-C data were obtained from chimpanzee
448 neural progenitor cells (NPC) (Keough et al., 2022), rebinned into 2,048-bp bins using cooler
449 (Abdennur and Mirny, 2020) and then processed as previously described for human datasets
450 in Fudenberg et al., 2020.

451 4.3 Chromatin Contact Map Generation and Comparison

452  We segmented the panTro6 reference sequence by creating a sliding 1,048,576 bp window per
453 chromosome that overlapped by half, resulting in 5,317 total windows. We discarded windows
454 without complete sequence coverage (i.e., > 1 “N”s), including any incomplete windows at the
455 end of each chromosome, retaining 4,420 windows.
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456 We used Akita to create 3D genome predictions from the pseudo-haploid sequences per
457 window per individual. We output predictions for both HFF and GM12878 and compared all
458 autosomal windows between all pairs of individuals (N = 6,541,920) as well as X chromosome
459 windows between all pairs of females (N = 95,130) because that chromosome is hemizygous
460 in males. Comparisons were made by calculating the mean squared error and Spearman’s p
461 between a pair of contact maps. Next, we calculated a third metric from the latter, “3D diver-
462 gence” (1- p). Lower 3D divergence reflects similarity between a pair of contact maps whereas
463 higher 3D divergence indicates differences between a pair of maps.

464 We contrasted the resulting distribution of Pan 3D divergence to a distribution generated
465 from 130 modern humans (Gilbertson et al., in prep). Five individuals were sampled from each
466 Of the 26 subpopulations from the Thousand Genomes Project (Auton et al., 2015). Contact
467 maps and pairwise 3D divergence were generated as above for all autosomal windows without
468 missing coverage in the hg38 reference assembly, resulting in 40,860,105 total comparisons.
469 We compared the Pan and modern human distributions using a Komologorov-Smirnov test.

470 4.4 3D Divergence at Primate-conserved and Ultraconserved TAD Boundaries

471 We compared the distribution of Pan 3D divergence overlapping experimentally validated con-
472 served TAD boundaries to the genome-wide distribution. We used two sets of 10 kb conserved
473 boundaries among autosomes and the X chromosome from Okhovat et al., 2023: 1) “primate-
474 conserved” boundaries (N = 491), defined as conserved among Homo sapiens, Hylobates
475 moloch, Nomascus leucogenys, and Macaca mulatta, and 2) “ultraconserved” boundaries (N
476 = 1,023), defined as conserved among all four primate species as well as four murines—Mus
477 caroli, M. musculus, M. pahari, and Rattus norvegicus. We used liftOver (Hinrichs et al., 2006)
478 with all default settings to convert boundaries from hg38 to panTro6 coordinates, resulting in
479 415 primate-conserved and 915 ultraconserved boundaries. Next, we retrieved the maximum
480 3D divergence for windows overlapping the primate-conserved and ultraconserved boundaries
481 as well as the maxima for all 4,420 windows as the genome-wide set using Pybedtools in-
482 tersect, version 0.9.0 (Dale et al., 2011). However, we anticipated that some TAD boundaries
483 would occur in overlapping windows yielding two maxima per boundary. Therefore, we decided
484 to identify the window in which the TAD boundary was most central by calculating a centrality
485 score for each TAD boundary/window pair:

(TAD Boundary End - TAD Boundary Start , +a Boundary Start) — Window Start

Centralit re=10.5 2
entrality score ) 1 048,576

486 Scores at or near 0 indicate the TAD boundary is more central to a given window, whereas
487 values closer to 0.5 indicate the TAD boundary is near the edge of a given window. We com-
488 pared the distribution of 3D maxima in both these sets to the genome-wide distribution using a
489 Komologorov-Smirnov test.
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490 4.5 Hierarchical Clustering and Window Topology Analysis

491 We performed hierarchical clustering on the pairwise 3D divergence scores for all individu-
492 als per genomic window. Hierarchical clustering was implemented using SciPy, version 1.9.1
493 (Virtanen et al., 2020). We used complete linkage, which is robust to outliers and generates
494 separate, spherical clusters. We first identified the number of clusters per window. We further
495 considered the size and lineage composition of each cluster among the two cluster windows.
496 Using these characteristics, we designated three topologies for two cluster windows: 1) win-
497 dows characterized by a single divergent individual that was assigned to it's own cluster and
498 all others to another, i.e., single divergent individual, 2) windows with clusters comprised of
499 multiple individuals, where neither cluster was lineage-specific, i.e., multiple divergent individ-
500 uals, and 3) windows with a lineage-specific cluster and another containing all other individu-
501 als. Among these lineage-specific clusters, 339 were bonobo-specific and eight were western
502 chimpanzee-specific. We did not further characterize topologies for windows featuring three,
503 four, or five clusters.

504 4.6 Phenotype Enrichment

505 We used our previous approach applying a permutation-based empirical null distribution to
506 quantify gene enrichment in different phenotypes from a set of genomic features (McArthur
507 et al., 2022; Brand et al., 2023). Annotations were retrieved from Enrichr (Chen et al., 2013;
508 Kuleshov et al., 2016; Xie et al., 2021) for four ontologies: 1) 2021 Gene Ontology Biological
509 Process, 2) 2019 GWAS Catalog, 3) Human Phenotype Ontology, and 4) 2021 MGl Mammalian
510 Phenotype Ontology Level 4.

511 The Biological Process Gene Ontology (BP) domain considers annotations for processes
512 accomplished by multiple molecular activities and the 2021 catalog includes 6,036 terms and
513 14,937 genes (Ashburner et al., 2000; The Gene Ontology Consortium, 2021). The 2019
514 GWAS Catalog (GWAS) largely considers common disease annotations and has 1,737 terms
515 with 19,378 genes (Buniello et al., 2019). The Human Phenotype Ontology (HPO) considers
516 rare disease annotations and has 1,779 terms with 3,096 genes (Kdhler et al., 2021). The MGl
517 Mammalian Phenotype Ontology (MP) was developed for mouse phenotypes and the 2021
518 Level 4 catalog includes 4,601 terms and 9,767 genes (Eppig et al., 2015; Smith and Eppig,
519 2009).

520 We identified the number of genes represented per term among the 431 genes in bonobo-
521 chimpanzee divergent windows for each ontology, excluding terms with no representation. This
522 resulted in the consideration of 2,135 terms from BP, 552 terms from GWAS, 621 terms from
523 HPO, and 1,740 terms from MP.

524 Next, we shuffled the 89 windows randomly among all 4,420 genomic windows used in this
525 analysis and summed the genes observed for each phenotype annotation. We repeated this
526 process 1x 10 times per ontology and calculated enrichment as the number of observed genes
527 divided by the mean empirical gene count per term. p-values were calculated as the proportion
528 of empiric counts + 1 > the observed counts + 1. We adjusted our significance level due to
529 multiple testing by correcting for the false discovery rate (FDR). We used a subset (N = 1 x 103)
530 of the empirical null observations and selected the highest p-value threshold that resulted in
531 a V/R < Q where V is the mean number of expected false discoveries and R is the observed
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532 discoveries (McArthur et al., 2022). We calculated adjusted significance levels for each set for
533 Q at both 0.05 and 0.1. This analysis was run using a Snakemake, version 7.14.0, pipeline
534 (Koster and Rahmann, 2012).

535 4.7 Gene Expression

536 We identified gene expression differences between bonobos and chimpanzees using RNAseq
537 data from Brawand et al., 2011. These data primarily consist of 76 bp long single reads per
538 tissue per species (N =21). Cerebellum, heart, kidney, and liver were sampled once per female
539 and male per species. Prefrontal cortex was sampled for the chimpanzee female and both
540 bonobo individuals. Testis was also sampled from each male per species. We did not include
541 202 bp paired end reads from prefrontal cortex samples (N = 6) in this analysis.

542 We assessed read quality using fastqc, version 0.11.9 (Andrews, 2010) and multiqc, version
543 1.13a (Ewels et al., 2016) and identified a number of samples with mean Phred scores < 20
544 at the first base and 3’ tail of the read as well as two samples with > 1% of sequences with
545 adapter content. We used trimmomatic, version 0.39 (Bolger et al., 2014) to filter out adapter
546 sequences and remove the first base and bases after the 58th base, resulting in 58 bp reads.
547 These trimmed sequences resulted in improved Phred scores per base and minimal sequences
548 with adapter content. We then prepared the reference sequence for mapping and mapped
549 reads to the panTro6 genome using star, version 2.7.10a (Dobin et al., 2013). Read counts per
550 gene were calculated using htseq, version 2.0.2 (Anders et al., 2015). This analysis was run
551 using a Snakemake, version 7.14.0, pipeline (Késter and Rahmann, 2012).

552 The small number of biological replicates reduces power to detect species differences in
553 this dataset (Schurch et al., 2016) using genome-wide approaches such as DESeq2. There-
554 fore, we restricted consideration to genes that fell within the 89 bonobo-chimpanzee divergent
555 windows and tissues with two replicates in both species: cerebellum, heart, kidney, and liver.
556 We excluded any gene-tissue pairs where any of the four samples had zero reads, resulting
557 in 1,361 gene-tissue pairs. We then looked for gene-tissues pairs where bonobo and chim-
558 panzee read counts were non-overlapping (N = 442) (e.g., MYO10, (Figure 3A). We quantified
559 the gene expression difference as the number of reads between the maximum value of the
560 species with lower expression and the minimum value of the species with higher expression.

s61 4.8 In Silico Mutagenesis

562 We identified individual nucleotides contributing to 3D divergence among bonobo-chimpanzee
563 divergent windows using an in silico approach (Figure 4A). We identified “bonobo-specific”
564 alleles among the 89 bonobo-chimpanzee divergent windows, consisting of 115,191 unique
565 Vvariants and 127,075 variant-window pairs, due to the presence of some variants in overlapping
566 divergent windows. “Bonobo-specific” alleles were defined as alleles present in heterozygous
567 or homozygous genotypes for the non-reference (chimpanzee) allele among all nine bonobos,
568 while all 47 chimpanzees were fixed for the reference allele. We considered both heterozygous
569 and homozygous genotypes because we used pseudo-haploid sequences to predict genome
570 folding. For each variant-window pair, we inserted the variant into the reference sequence for
571 that window and calculated the MSE and 3D divergence between the reference map and the
572 reference with variant map. “3D-modifying variants” were defined as variants the resulted in
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573 3D divergence > the minimum 3D divergence score among interspecific comparisons for that
574 window.

575 We calculated the effects of 3D-modifying variants by calculating two metrics per variant-
576 window pair. First, we calculated “explained divergence” by dividing the 3D divergence for the
577 variant by the maximum interspecific comparison for the window. Values near zero indicate that
578 the 3D-modifying variant explains minimal divergence among the observed comparisons, while
579 values near one indicate the variant explains most of the divergence among observed compar-
580 isons. Values greater than one indicate that variant creates more 3D divergence than observed
581 among any interspecific comparison, suggesting that other variants may “buffer” against the
582 variant’s effect. Second, we calculated the “summed contact difference” (Figure S14). This
583 metric captures the overall effect of a 3D-modifying variant by summing the contact frequen-
584 cies for all cells that represent contact between the cell containing the variant and all others (N
585 = 448 cells). We subtracted the summed contact difference of the map for the reference se-
586 quence from the map for the reference sequence with the 3D-modifying variant. Thus, positive
587 summed contact difference values indicate overall increased contact from the 3D-modifying
588 Vvariant, whereas negative values indicate overall decreased contact. We excluded three vari-
589 ants from this calculation that fell outside the central 917,504 bp in a genomic window predicted
590 by Akita.

591 We also considered whether 3D-modifying variants were ancestral or derived using ances-
592 tral alleles called using Ortheus from an EPO multi-species primate alignment (Martin et al.,
593 2023). We used these designations to stratify chromatin contact effects but excluded three
594 variants that occurred in overlapping divergent windows. Two disagreed in effect (“decrease”
595 in one window and “increase” in another), which is expected due to the limited sequence over-
596 lap in overlapping windows (50%). The third variant occurred in the middle 917,504 bp output
597 by Akita in one window but fell outside this region in another. Therefore, we excluded these
598 three variants from quantifying the impact of allele state on chromatin contact effect, using the
599 48 other 3D-modifying variants for analysis.

600 We also applied our in silico mutagenesis approach to lineage-specific variants among the
601 four chimpanzee subspecies. Lineage-specific variants were defined as before—all individu-
602 als in the lineage of interest had a genotype with at least one non-reference allele, whereas
603 all others were fixed for the reference allele. We considered variants in all windows identi-
604 fying 78 unique variants with 150 variant-window pairs in central chimpanzees, 337 unique
605 variants with 610 variant-window pairs in eastern chimpanzees, 34,474 unique variants with
606 64,657 variant-window pairs in Nigeria-Cameroon chimpanzees, and 11,993 unique variants
607 with 22,671 variant-window pairs in western chimpanzees.

608 4.9 Genomic Annotations

609 We retrieved various annotations to understand the context of 3D genome differences. We
610 used gene annotations from NCBI and retained the longest transcript for genes with multiple
611 transcripts. We used the chimpanzee CTCF annotations from Schwalie et al., 2013. These
612 annotations were generated from LCLs from seven primates and both human and mouse liv-
613 ers. We retrieved phastCons elements called using a multiple species aligment of 30 species
614 from the UCSC Genome Browser. Ancestral alleles were identified using Ensembl release 110
615 (Martin et al., 2023). Genomic coordinates for these annotations were converted to panTro6
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616 using liftOver (Hinrichs et al., 2006) with all default settings.

617 4.10 Analysis

618 All data analyses were performed using Bash and Python scripts, some of which were imple-
619 mented in Jupyter notebooks. All reported p-values are two-tailed, unless noted otherwise.
620 The machine used to run analyses had a minimum value for representing floating numbers of
621 2.2250738585072014 x 103%8. Therefore, we abbreviate values less than this as 2.23 x 10308,

622 4.11 Visualization

623 Results were visualized using Inkscape, version 1.1 (Inkscape Project, 2020) and ggplot, ver-
624 sion 3.3.6 (Wickham, 2016) implemented in R, version 4.0.5 (R Core Team, 2020).

625 4.12 Data Availability

626 We used publicly available data for all analyses. The raw Pan data were retrieved from the
627 Sequence Read Archive (accession nos. PRINA189439 and SRP018689) and the European
628 Nucleotide Archive (accession no. PRJEB15086) (de Manuel et al., 2016; Prado-Martinez et
629 al., 2013). Ancestral alleles were retrieved from Ensembl(http://ftp.ensembl.org/pub/releas
630 e-110/fasta/ancestral_alleles/homo_sapiens_ancestor_ GRCh38.tar.gz). CTCF data were
631 retrieved from the Functional Genomics Data Collection (https://www.ebi.ac.uk/arrayexpress
632 /files/E-MTAB-1511/E-MTAB-1511.additional.1.zip). Gene expression data were retrieved
633 from the SRA (GEO accession nos. GSM752664-GSM752690). phastCons elements were
634 retrieved from the UCSC Genome Browser (https://hgdownload.soe.ucsc.edu/goldenPath/hg3
635 8/database/phastConsElements30way.txt.gz). The HFF pairwise comparisons file used in this
636 analysis is available on Dryad (DOI:10.5061/dryad.7pvmcvf11).

637 4.13 Code Availability

638 All code used to conduct analyses and generate figures is publicly available on GitHub (https:
639 //github.com/brandcm/Pan_3d_Genome). Akita is available from the baseniji repository on
640 GitHub (https://github.com/calico/baseniji/tree/master/manuscripts/akita). The pipeline used to
641 generate the VCFs is also available on GitHub (https://github.com/thw17/Pan_reassembly).
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ss3 5  Supplementary Information

854 5.1 Supplementary Text
855 5.1.1 In silico mutagenesis of chimpanzee lineage-specific variants.

856 We identified lineage-specific 3D-modifying variants in chimpanzee subspecies using in silico
857 mutagenesis. We found 78 unique variants with 150 variant-window pairs in central chim-
858 panzees, 337 unique variants with 610 variant-window pairs in eastern chimpanzees, 34,474
859 unique variants with 64,657 variant-window pairs in Nigeria-Cameroon chimpanzees, and 11,993
860 unique variants with 22,671 variant-window pairs in western chimpanzees. None of the cen-
861 tral or eastern chimpanzee-specific variants yielded divergence > 0.001 when inserted into the
862 reference sequence (File S5). This threshold yielded six variants in unique windows among
863 Nigeria-Cameroon chimpanzees; however, the effects were quite small ranging from 0.001-
864 0.008 (File S5). Four unique variants resulted in divergence > 0.001 in western chimpanzee,
865 including two that had an effect in both overlapping windows (File S5). Of these six windows
866 represented by these variants, only one was previously identified as a western chimpanzee
867 divergent window (Table S3). Divergence ranged from 0.001 to 0.009 for all but one of the
8es variants. A C > T mutation (chr2A: 55,039,344) generated a divergence of 0.079 for window
869 chr2A: 54,525,953-55,574,529.

870 5.2 Supplementary Files

871 File 81. This file contains information on the sex, lineage, the number of biallelic SNVs that
872 passed quality filters, and inclusion/exclusion in downstream analyses per individual.

873 File S2. This file contains the results of hierarchical clustering based on 3D divergence per
874 window to identify and assign topologies.

875 File 83. This file contains the outputs from the phenotype enrichment analyses. Results for
876 any trait from the four considered ontologies with at least one gene annotation represented by
877 the 431 genes among the 89 bonobo-chimpanzee divergent windows are included here.

878 File S4. This file contains information on 3D-modifying variants identified from the in silico
879 mutagenesis of bonobo-specific variants.

880 File S5. This file contains information on 3D-modifying variants identified from the in silico
881 mutagenesis of chimpanzee subspecies-specific variants.
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Figure S1: Akita recapitulates the genome folding of chimpanzee in neural progenitor
cells.

(A) Schematic of comparing experimental chromatin contacts to predicted chromatin contacts. Hi-C data were from
chimpanzee neural progenitor cells. Predictions were acquired from the HFF output of the human-trained Akita
model on panTro6 sequence. We compared chimpanzee regions (N = 368) lifted over from the human held-out test
set in Fudenberg et al., 2020. (B) The mean squared error (MSE) versus Spearman p between the experimental
Hi-C contact map and Akita prediction for each of the test set windows. (C) Experimental and predicted contact
maps for three example regions highlighted in B with blue, green, and pink circles.
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Figure S2: Variants per individual. The number of SNVs inserted to the panTro6 reference sequence per
individual. Color indicates the lineage per individual. Individuals excluded from final analysis (N = 15) are shaded

lighter than included individuals. See File S1 for details.
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Figure S3: Experimentally-validated conserved regions of the 3D genome are minimally
3D divergent among bonobos and chimpanzees.

(A) The distribution of maximum 3D divergence for all windows (N = 4,420) and the most central window intersecting
primate-conserved TAD boundaries from Okhovat et al., 2023 (N = 415). Distributions are shown in 0.01 divergence
bins and the dashed line indicates the distribution means. The genome-wide distribution and mean are shown in
purple and the primate-conserved distribution and mean shown in yellow. (B) The distribution of maximum 3D
divergence for all windows (N = 4,420) and the most central window intersecting ultra-conserved TAD boundaries
from Okhovat et al., 2023 (N = 915). Distributions are shown in 0.01 divergence bins and the dashed line indicates
the distribution means. The genome-wide distribution and mean are shown in purple and the ultra-conserved dis-
tribution and mean are shown in gray.
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Figure S4: 3D divergence within Pan is greater than within genetically diverse modern
humans. The distribution of 3D divergence among autosomes in 0.01 divergence bins in 56 bonobos and
chimpanzees from the present study (purple) compared to 130 modern humans from Thousand Genomes Project
(1KG) (Gilbertson et al., in prep) (blue). The Pan distribution comprises 6,574,260 comparisons and the modern
human distribution comprises 40,860,105 comparisons. The modern human sample consists of five individuals from
each of the 26 1KG subpopulations. Pan 3D divergence is significantly higher (mean = 0.008) than the modern
human distribution (mean = 0.003) (Komolgorov-Smirnov, K = 0.329, P = 2.23 x 1073%). Note the y-axis is cube
root transformed.
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Figure S5: Windows with a multiple divergent individuals window topology commonly
feature a small cluster featuring few individuals representing the three most genetically
diverse Pan lineages.

(A) The small cluster size distribution among windows with a multiple divergent individuals topology. (B) The distri-
bution of lineages represented in each small cluster. Bars indicate the number of windows with a given small cluster
size and the dot matrix indicates the lineages represented.
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Figure S6: Highly divergent individual windows are common across individuals.

(A) The inverse cumulative density of individuals with > N windows where they are the divergent individual. (B) The
distribution of 3D divergence maxima for each individual’s set of highly divergent windows. The minimum, mean,
and maximum are indicated by lower error bar, point, and upper error bar, respectively. Individuals are ordered by
decreasing mean. While no lineages contain individuals with same name, two names are present among multiple
lineages: “Cindy” and “Julie”. These individuals are distinguished by lineage using parentheses: CC = central
chimpanzee, EC = eastern chimpanzee, NC = Nigeria-Cameroon chimpanzee, and WC = western chimpanzee.
The number of windows per individual where they are divergent is displayed in parentheses.
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Figure S7: Two cluster topologies significantly differ in maximum 3D divergence. The
distribution of maximum 3D divergence per window stratified by two cluster window topologies: highly divergent
individual, multiple divergent individuals, and bonobo-chimpanzee clustering windows. Highly divergent individual
clustering windows are more 3D divergent (mean = 0.067) than multiple divergent individuals (mean = 0.053) or
bonobo-chimpanzee (mean = 0.049) clustering windows. Violin plots show density and the boxplots display the
median and IQR, with the upper whiskers extending to the largest value < 1.5 x IQR from the 75th percentile
and the lower whiskers extending to the smallest values < 1.5 x IQR from the 25th percentile. Outliers are not
displayed in the boxplots. The horizontal dashed line indicates 3D divergence of 0.01. Note the y-axis is square
root transformed.
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Figure S8: Western chimpanzees cluster separately to all other bonobos and chim-
panzees at eight genomic windows. Contact maps for a western chimpanzee, a non-western chim-
panzee, and the contact difference (A) at each of the eight windows where western chimpanzees clustered sepa-
rately to all other bonobos and chimpanzees. The most divergent pair is shown per window. Maps are annotated
with genes, CTCF peaks from Schwalie et al., 2013 and phastCons conserved elements from the UCSC Genome
Browser. The individual western chimpanzees shown in these maps are SeppToni, Jimmie, Koby, Jimmie, Bosco,
Bosco, Bosco, and Clint (L to R, top to bottom). The individual non-western chimpanzees shown in these maps are
Gamin, Tongo, Hermien, Cindy (EC), Julie (CC), Kumbuka, Mirinda, and Andromeda (L to R, top to bottom).
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Figure S9: Bonobos and chimpanzees exhibit tissue-specific expression differences at
a bonobo-chimpanzee divergent window. mRNA read counts for all genes intersecting the chr5:
16,252,929 - 17,301-505 bonobo-chimpanzee divergent window: (A) ZNF622, (B) RETREGT1, (C) MYO10, and (D)
BASP1. We display the four tissues with two samples per species from Brawand et al., 2011, indicating species by
color. Genes are ordered by increasing start coordinate. Tissues with a species difference in expression are not
shaded and noted by an asterisk. See Methods for details on RNAseq processing and quantifying reads.
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Figure S10: Contact map differences between bonobos and chimpanzees are more sub-
tle among windows with an interspecific topology and low 3D divergence minima. Contact
maps for a chimpanzee, a bonobo, and the contact difference (A) for the interspecific comparison with the lowest
3D divergence at four different windows characterized by an interspecific topology. The individual bonobos shown
in these maps are Bono, Kosana, Hermien, and Dzeeta (L to R). The individual chimpanzees shown in these com-
parisons are Koto, Kidongo, Linda, and Luky (L to R).
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Figure S11: Bonobo-chimpanzee divergent windows are not enriched for genes under-
lying biological processes, human disease, or mammalian phenotypes.

(A) Enrichment of genes associated with 2,135 phenotypes in the GO Biological Process 2021 catalog among
windows with a bonobo-chimpanzee topology. Each point represents a phenotype. Enrichment and p-values were
calculated from a one-sided permutation test based on an empirical null distribution generated from 10,000 shuffles
of maximum A across the entire dataset (Methods). The vertical solid line indicates no enrichment and the horizontal
dotted line represents the false-discovery rate (FDR) corrected p-value threshold at FDR = 0.05. See File S3 for
all phenotype enrichment results. (B) Enrichment of genes associated with 552 phenotypes in the GWAS Catalog
2019 catalog among windows with a bonobo-chimpanzee topology. Data were generated and visualized as in A.
(C) Enrichment of genes associated with 621 phenotypes in the Human Phenotype Ontology among windows with
a bonobo-chimpanzee topology. Data were generated and visualized as in A. (D) Enrichment of genes associated
with 1,740 phenotypes in the Mammalian Phenotype Ontology among windows with a bonobo-chimpanzee topology.
Data were generated and visualized as in A.
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Figure S12: Bonobos and chimpanzees exhibit tissue-specific expression differences at
a bonobo-chimpanzee divergent window. mRNA read counts for genes near the species difference
in genome folding within the chr7: 83,886,081 - 84,934,657 bonobo-chimpanzee divergent window: (A) SR/, (B)
STEAP4, (C) ZNF804B, and (D) TEX47. We display the four tissues with two samples per species from Brawand
et al., 2011, indicating species by color. Genes are ordered by increasing start coordinate. Tissues with a species
difference in expression are not shaded and noted by an asterisk. Any tissue with a read count of zero for one or more
samples were not considered and are shaded. See Methods for details on RNAseq processing and quantifying

reads.
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Figure S13: 3D-modifying variant mutations are non-randomly distributed and not driven
by GC-biased gene conversion.

(A) The mutation matrix for 51 3D-modifying variants. Cells are shaded by frequency. (B) Dinucleotide context
counts for the 18 mutations with a reference “C” allele.
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Figure S14: Summing contact differences captures the overall effect of 3D-modifying
variants. To quantify the effect of each 3D-modifying variant, we calculated the summed contact difference for
the reference map and the reference with 3D-modifying variant map. We added the contact frequencies for all 2,048
bp cells that represented pairwise contact between the cell containing the variant and all other cells in the window
(colored diagonals). The example here yields a summed contact frequency for 20 cells, while sums of the empirical
data are calculated from 448 cells. Frequencies are illustrated using color and cells with pairwise contacts that do
not involve the variant cell are not colored. We subtracted the summed contacts of the reference map from the
summed contacts of the reference with variant map. Thus, a positive summed contact difference indicates overall
increased contact from the 3D-modifying variant, whereas negative values indicates overall decreased contact.
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Figure S15: Most predicted contact frequencies fall between -2 and 2. A distribution of
predicted contact frequencies sampled from 2,800,000 frequencies—50,000 randomly chosen values per individual
included in the final analysis (N = 56).
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883 Supplemental Tables

Lineage Ne Median 3D Divergence
Central Chimpanzee 36,550 0.0023
Eastern Chimpanzee 29,600 0.0016
Nigeria-Cameroon Chimpanzee 27,750 0.0013
Bonobo 17,850 0.0008
Western Chimpanzee 14,650 0.0006

Table S1: Median 3D divergence is positively associated with effective population size
for within lineage comparisons. We stratified comparisons by the Pan lineages represented in each pair
and computed the median 3D divergence for comparisons made within the same lineage. Effective population size
or Ne listed here is the median value from Prado-Martinez et al., 2013.
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N Clusters N

2 3,622
3 748
4 46
5 4

Table S2: 3D divergence in most genomic windows resulted in two clusters after hierar-
chical clustering. The number of genomic windows with a given number of clusters.
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Chr Window Start Maximum Divergence Genes

chr1 210,239,489 0.020 ARID4B, B3GALNT2, ERO1B, GGPS1,
GNG4, GPR137B, LYST, NID1, TBCE

chr3 169,345,025 0.015 FNDC3B, PLD1, TMEM212, TNIK

chr5 44,564,481 0.012 CCNO, CDC20B, DDX4, DHX29, ESM1,
GPX8, GZMA, GZMK, IL31RA, IL6ST,
MCIDAS, MTREX, PLPP1, SLC38A9

chr5 45,088,769 0.023 ANKRDS55, DDX4, IL31RA, IL6ST, PLPP1,
SLC38A9

chr6 52,428,801 0.009 ELOVLS5, FBX09, GCLC, GCM1, GSTA4, ICK,
KLHL31, LRRC1

chr6 52,953,089 0.030 GCLC, KLHL31, LRRC1, MLIP, TINAG

chr15 28,835,841 0.008 AP4E1, CYP19A1, DMXL2, GLDN, SPPL2A,
TNFAIP8L3, TRPM7, USP50, USP8

chr15 40,370,177 0.010 C2CD4A, C2CD4B, LOC467699, TLNZ2,

VPS13C

Table S3: Western chimpanzees cluster separately to all other bonobos and chim-
panzees at eight genomic windows. The chromosome and position start (1-based), maximum 3D di-
vergence, and overlapping genes for eight windows where western chimpanzees cluster separately to all other
bonobos and chimpanzees.
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