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Abstract

Gibbons are the most speciose family of living apes, characterized by a diverse
chromosome number and rapid rate of large-scale rearrangements. Here we performed
single-cell template strand sequencing (Strand-seq), molecular cytogenetics and deep in
silico analysis of a southern white-cheeked gibbon genome providing the first
comprehensive map of 238 previously hidden small-scale inversions. We determined that
more than half are gibbon-specific, at least 5-fold higher than shown for other primate
lineage specific inversions, with a significant high number of small heterozygous
inversions, suggesting that accelerated evolution of inversions may have played arolein
the high sympatric diversity of gibbons. Although the precise mechanisms underlying
these inversions are not yet understood, it is clear that segmental duplication-mediated
NAHR only accounts for a small fraction of events. Several genomic features including
gene density and repeat (e.g. LINE-1) content might render these regions more break-
prone and susceptible to inversion formation. In the attempt to characterize interspecific
variation between southern and northern white-cheeked gibbons, we identify several
large assembly errors in the current GGSC Nleu3.0/nomLeu3 reference genome
comprising over 49 megabases of DNA. Finally, we provide a list of 182 candidate genes

potentially involved in gibbons diversification and speciation.

I ntroduction

A fundamental question in evolutionary biology is to establish how Hominina diverged
from apes, sarting from a common ancestor. It is common knowledge that the
mammalian karyotype has been quite conserved during the evolution of eutherian
chromosomes (Wienberg 2004; Kim et al. 2017; Damas, Corbo, and Lewin 2021)
However gibbons (Hylobatidae), also called lesser apes, represent an exception to this
widely accepted conclusion since their genome evolution has been accelerated by
shuffling events that gave rise to some highly derivative karyotypes (Carbone et al.
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2006). This chromosomal instability might be responsible for the diversity of gibbons, the
most heterogeneous group of living apes with almost 20 existing species (Fan et al. 2017,
Nie et al. 2018). They are classified in four genera, which feature different numbers of
chromosomes and extensive chromosome rearrangements that allow us to to separate
them into Hoolock (2n = 38), Hylobates (2n = 44), Symphalangus (2n = 50), and
Nomascus (2n = 52) (Capozzi et al. 2012).

Due to their close evolutionary relationship with humans and great apes (Matsudaira and
Ishida 2010) and the high genetic diversity between them, gibbons represent a unique
perspective on evolution. Previous studies based on extensive cytogenetic analyses
focused on large-scale chromosomal rearrangements (on average 22 megabases in length)
and allowed precise definition of the synteny block organization of the four genera with
respect to the reconstructed Hylobates ancestral karyotype and to humans (Misceo et al.
2008; Roberto et al. 2007). However, not much is known about smaller variants within

these megabase-large synteny blocks.

Among structural variants (SVs), inversions were first proposed to contribute to
speciation since they suppress recombination in the inverted regions when in the
heterozygous state (Rieseberg 2001; Navarro and Barton 2003). As a consequence,
inversions are powerful forces in diversification because suppressed recombination
caused by inversions allows mutations to accumulate independently between ancestral
and derived arrangements (Fuller et al. 2019; Kirkpatrick and Barton 2006; Noor et al.
2001). Moreover, inversions have the potential to disrupt genes or associations with
regulatory elements or relocate them closer or further away from heterochromatic
regions, thus inducing a position effect as previously described in Drosophila, yeast,
mouse and human (Puig et al. 2015; McBroome, Liang, and Corbett-Detig 2020; Tham
and Zakian 2002; Pedram et al. 2006; Elgin and Reuter 2013). Inversions can be
maintained over thousands or millions of years and often involve large genomic regions
that may contain important genes for intraspecific divergence and speciation
(Wellenreuther and Bernatchez 2018).

Despite the important role of inversions in genome evolution, they are difficult to detect

and analyze in mammalian genomes due to their balanced nature, and the fact that their
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breakpoints (BPs) are often embedded within repetitive sequences such as segmental
duplications (SDs). Even the latest long-read sequencing and optical mapping
technologies often miss inversions or generate a high rate of false positives (Chaisson et
al. 2019) leading to a gap in inversion discovery and understanding, as well as errors in
sequenced genome assemblies (Kidd et al. 2008; Sanders et al. 2016). To date, only
single-cell template strand sequencing (Strand-seq) has been successfully applied to
detect inversions in human and nonhuman primate genomes (Sanders et al. 2016;
Chaisson et al. 2019; Porubsky, Sanders, HOps, et al. 2020; Ebert et al. 2021; Porubsky et
al. 2022; Maggiolini et al. 2020). Strand-seq has the potentia to determine the ancestral
and derived states of every single inversion, thereby assigning mutational events to
different time points during primate evolution, providing remarkable new information
about the evolution and variation of primate genomes. Strand-seq generates directional
libraries that, once sequenced and aligned against a reference genome, allow investigators
to distinguish different orientation variants and to locate them at a single-cell level
(Sanders et al. 2016). Although Strand-seq coverage is low, by pooling data from several
sequenced cells, each homologous chromosome can be uniquely characterized and events
up to 1 kbp can be detected. Moreover, since in Strand-seq inversions are detected just by
a segmental change in read alignment orientation within the inverted segment, the
presence of large SDs at the inversions boundaries does not affect their detection, and the
false positive rate has been shown to be as low as 0.003%, even within the most complex

regions of the genome (Maggiolini et al. 2020).

Here we applied this newly developed strategy to generate a comprehensive map of
small-scale inversions within large synteny blocks in a Nomascus siki (NSI) providing a
detailed and fine-structure picture of small-scale, previously hidden, inversions
comprising genes potentially important for gibbons intraspecific divergence and

Speciation.

Results

Strand-seq data analysis
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To detect inversions between the genomes of human and gibbon we sequenced a NSI
individual using Strand-seg. We selected the same individual from the genus Nomascus
whose genome was well characterized using extensive FISH analyses to create a synteny
block backbone as part of the NLE genome sequencing project (GGSC
Nleu3.0/nomLeul3) (Carbone et al. 2014). Since the gibbon karyotype is highly
rearranged compared to the human, we developed a new strategy to map and identify
inversions between human and gibbon genomes. First, we generated high-quality single-
cell Strand-seq libraries, taking advantage of the directionality of single-stranded DNA
molecules, which are distinguished as either Crick (C; forward, or plus strand) or Watson
(W; reverse, or minus strand) based on their 5'-3' orientation (Sanders et al. 2017); then
we mapped the sequencing data against the gibbon GGSC Nleu3.0/nomLeu3 reference
and sdlected 62 informative libraries for which Strand-seq was successful. The NLE
alignment was used to select the specific Strand-seq libraries that were informative for
inversion calling for each chromosome (i.e. inherited in a WW or CC orientation, since
homozygous inversions are masked on chromosomes that are inherited in the WC
orientation (Sanders et a. 2017)). Afterwards, in order to map the reads against the
human reference genome (GRCh38/hg38) we considered each one of the 119 human-
gibbon synteny blocks as a separate chromosome, whose boundaries have been assessed
using published cytogenetics data (http://www.biologia.uniba.it/gibbon/)(Roberto et al.
2007; Capozzi et a. 2012) and further refined using gibbon Strand-seq data (i.e.
observing a complete switch of reads from W to C or vice versa) (Supplemental Table
S1). Hence, we assigned informative libraries for each synteny block, based on
previously selected NLE-informative chromosomes (Fig. 1A). In this way, we generated
high-coverage and directional files for each human-gibbon synteny block that were BED-
formatted into a unique composite file and uploaded it as a custom track on UCSC
Genome Browser (GRCh38/hg38 release). Using this NSI composite file, we manually
scanned al the chromosomes looking for changes in the directionality of reads and
identified 444 events that are larger than 7 kb and have a minimum of 10 reads mapping
within the region (Supplemental Table S2) (Fig. 1B and Fig. 1C). This threshold was set

in order to increase our confidence in detecting real inversions.
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Inversionsanalysis

By manually analyzing the NSI composite file on the UCSC Genome Browser, we
initially identified atotal of 444 events showing a switch in strand orientation that can be
either inversions or copy-variable regions which likely reflect intrachromosomal
duplications, inverted duplications, unannotated segmental duplications/repeat elements
and other reference artifacts events. Indeed, Strand-seq can distinguish between simple
and nested inversions, as well as copy-variable regions. With smple inversions the reads
within an inverted region appear in the opposite orientation with respect to the flanking
reads in the synteny block where they map (Supplemental Fig. S1A); whereas, when the
inversions map within a larger inverted region the reads appear to be in direct orientation
by Strand-seq and are classified as nested inversions (Supplemental Fig. S1B). Moreover,
inversions can be homozygous when both the homologs are inverted and are visualized as
a complete switch in the reads directionality with respect to the synteny block
(Supplemental Fig. S1A and B) or heterozygous when only one homolog is inverted and
appear as a partial change in reads directionality, resulting in a mix of green and orange
reads (Supplemental Fig. S1C). Copy-variable region events can show a switch in strand
orientation by Strand-seq as well as an increase in read depth (Supplementa Fig. S1D). In
order to distinguish between inversions and copy-variable regions, we then analyzed the
sequencing read depth. Since NSI-specific copy-variable regions are represented more
than once along the gibbon genome with respect to a single copy region, we excluded
from our analysis 202 regions that had a read depth at |east one and half times higher than
the average depth of the synteny block in which they were embedded. In order to validate
our selection filter, we randomly tested by FISH three of these regions (Supplemental
Fig. S2) that were confirmed to be segments with variable copy numbers and locations.
Following literature interrogation, we also excluded from our inversions list six regions,
whose call was an artifact due to misassemblies or to the annotation of minor allelesin
the human reference genome (Sanders et al. 2016; Vicente-Salvador et a. 2017;
Catacchio et al. 2018; Audano et al. 2019; Chaisson et al. 2019) (Supplemental Table
S3). Furthermore, we manually integrated our list with two more regions that are
polymorphic in human and for which the minor allele is annotated on the GRCh38 human
assembly; indeed, Strand-seq appears to be direct but is actually inverted (Sanders et al.
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2016) (Supplemental Table $4). Overall, we obtained a final list of 238 inversions
(Supplemental Table S5). Among these, 231 are simple inversions and seven are nested,
since they are included in larger inversions. Moreover, ~73% of the inversions are
homozygous (175 out of 238), whereas 27% (63 out of 238) were heterozygous and
therefore likely polymorphic in the NSI population. Worthy of note, homozygous
inversions are larger in size than inversions in heterozygous state (Supplemental Fig.
S3A).

Validation of smpleinversions

We selected nine inversions larger than 500 kbp and tested them by fluorescence in situ
hybridization (FISH) in the same NSI for which Strand-seq was generated. In detail, eight
out of nine were tested in interphase nuclel by three-colors FISH, whereas one larger
inversion (Chr2_inv16) was tested on metaphase by two-colors FISH (Supplemental
Table S6). All the inversions detected by Strand-seq were confirmed by FISH, with two
out of nine in heterozygous state in the tested NSI as predicted by Strand-seq
(Supplemental Fig. $4).

As another means of validation of the inversion calls, we used BAC-end sequence (BES)
pair mapping data from the same NLE individual used to generate the gibbon reference
genome assembly. Since the BAC library belongs to a NLE and the Strand-seq was
generated from a NSI, we expected some discrepancies for inversions that could be
polymorphic between the two species. First, the BAC ends were mapped against the
human reference genome and the 238 regions were scanned in order to evaluate the
presence of BACs spanning the inversions. A total of 97 regions had BACs spanning
either one of the inversion BPs and were further analyzed for validation. BAC ends
supported an inversion if pairs spanning an inversion BP mapped abnormally far apart
and were incorrectly oriented when mapped to the human reference genome (Tuzun et al.
2005). For 74 out of 97 regions (one heterozygous and 73 homozygous), BAC-end
mapping profiling supported the inversion and there was a total concordance between
NLE and NSI; for 22 the BES supported a direct orientation in NLE, while NSI was
heterozygous (n=16) or inverted in homozygous state (n=6) by Strand-seq; finally, for
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one region NLE was heterozygous while NSI inverted in homozygous state
(Supplemental Table S7) suggesting that these regions are polymorphic between NLE
and NSI.

Evolutionary and phylogenetic analysis

Next, our goal was to reconstruct the evolutionary history of each region comparing
human and nonhuman primate genomes. To accomplish this aim, we took advantage of
recently published Strand-seq data for Great apes (one chimpanzee, one bonobo, one
gorilla, and one orangutan) (Porubsky, Sanders, HOps, et al. 2020) and macague genomes
(Maggiolini et al. 2020). Additional information regarding the orientation and the
polymorphic state of the inverted regions in human and non-human primates was
retrieved from previous literature (Sanders et al. 2016; Vicente-Salvador et al. 2017;
Catacchio et al. 2018; Maggiolini et al. 2019; Chaisson et al. 2019; Giner-Delgado et al.
2019; Puig et al. 2020) and using, when necessary, marmoset and squirrel monkey net
alignment as outgroups, we reconstructed the evolutionary history of 189 out of 238
inversions (~79%) (Supplemental Table S5). The remaining inversions included regions
with a complex architecture or for which the orientation of outgroup species was not

available.

Previous studies had already defined the evolutionary history for 32 regions out of 189.
However, for 11 out of 32 of these regions, we added additional information. The
evolution is described here for the first time for 157 out of 189 (83%) inversions, with ten
events for which we provided two possible alternative evolutionary scenarios
(Supplemental Table S5).

Excluding these ten regions, the evolutionary history was described with a high-
confidence level for the remaining 179 regions as follows: 14 (7.8%) of them are human-
specific, five (2.7%) occurred in the human-pan ancestor, 16 (8.9%) occurred in the
African great apes ancestor, ten (5.5%) occurred in the great apes ancestor, four (2.2%)
occurred in the apes ancestor, 121 (67.4%) are gibbon specific, nine (5%) are inversions

that occurred independently in two different lineages (two occurred in gorilla and gibbon,
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four occurred in orangutan and gibbon, one occurred in human-pan ancestor and gibbon,
one occurred in human and macague), and one region (0.5%) is a case of recurrent

inversion in African great apes and gibbon (Supplemental Table S5, Fig. 2).

Finally, we explored the shared inversion pattern for 536 regions (including all the 238
inversionsidentified in the current study) which were identified asinverted across at least
one of six different species (chimpanzee, bonobo, gorilla, orangutan, gibbon and
macaque) compared to human using Strand-seq (current study and previous literature)
(Porubsky, Sanders, HOps, et al. 2020; Maggiolini et al. 2020). For each inversion pair,
we iteratively considered them as shared when they overlap for at least the 50% of the
maximum length. This approach is less conservative in assigning shared inversions, and

therefore numbers slightly differ when compared to those estimated in the above analysis.

When the species-specific inversions were investigated, we observed a high number of
private inversions for NSI; even higher than the one observed for macague, despite the
fact that the latter is the phylogenetic outgroup (Fig. 3A; Supplemental Fig. S5).
Specifically, we observed 165 unique inversions for NSI and 120 for macaque.
Furthermore, we identified 12 human-specific inversions, for which the inverted
haplotype relative to the human reference genome (GRCh38/hg38) was observed for all
the nonhuman species investigated. We estimated the inversion rate as approximately six
(5.86) autosomal inversions for million years, similar to previous estimates reported for
great apes (Porubsky, Sanders, HoOps, et a. 2020). We constructed a bayesian
evolutionary tree and observed a median rate ranging from 0.0025 to 0.0037 inversion
per locus for all the investigated primates with the exception of NSI, which showed a
substantially higher (1.7-2.5 fold) branch rate (median=0.0063, 95% confidence interval=
0.0028, 0.0097) (Fig. 3B). Recent surveys suggested that variation at inversion loci in
gibbons is mostly due to long (> 100 kbp) variants, with a minor role played by shorter
ones (Roberto et al. 2007; Carbone et al. 2014). However, we show that 116 out of 165

gibbon-specific inversions are smaller than 100 kbp in size.

Chromosomes distribution and genomic features
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Inversions ranged in size from 7 kbp to 17.7 Mbp, with heterozygous events being
smaller in size than homozygous inversions (Supplemental Fig. S3A). Inversions were
distributed among all chromosomes and, generally, the number of inversions showed a
positive correlation with the human chromosome size (R2 = 0.3673) (Supplemental Fig.
S3B). An exception is Chromosome 17, with the highest number of inversions (n=16)
and a relatively small chromosome size. Taking into account only the gibbon-specific
inversions and their density along the gibbon chromosomes, the correlation between the
number of inversions and chromosome size is less strong (R2 = 0.3379) (Supplemental
Fig. S3C). Furthermore, comparing the density data of our inversions with the large-scale
rearrangement rate for the human-gibbon synteny blocks, there is no evidence of a
correlation between the most rearranged chromosomes at the karyotype level and those
with the highest number of small-scale inversions identified here (Supplemental Fig.
S3C). A similar result was obtained reproducing the analysis in great apes and macague
using previously published data on small-scale inversions (Porubsky, Sanders, Hops, et
al. 2020; Maggiolini et al. 2020) and large chromosomal rearrangements (Ventura et al.
2007; Ventura et al. 2011) (Supplemental Fig. S3D and S3E).

Next, consdering the SDs content at inverson BPs, we found that 57 out of 238
inversions (23.5%) have human SDs mapping at both BPs. Moreover, our data show that
inversions flanked by SDs at both BPs are significantly (p=7.18e-06) larger than those
without SDs (Supplemental Fig. S6). Of note, considering only the gibbon-specific
inversions, only 9.7% are flanked by SDs (Supplemental Fig. S3F).

Next, we analyzed the repeat content of the regions harboring the BPs for the remaining
gibbon-specific inversions devoid of SDs. Since our inversion coordinates are relative to
the human reference genome, we attempted to convert the inversion genomic coordinates
between the human GRCh38 and gibbon Nleu3.0/nomLeu3 assemblies. Unfortunately,
the draft state of the unfinished gibbon reference genome prevented us from successfully
resolving this task. We therefore analyzed the repeat content of the BP regions in human
and we found that they are enriched of two classes of repeats, i.e. LINE-1 (class | of
transposable Long Interspersed Nuclear Elements) and LTR (Long Terminal Repeat of
retrotransposon families) with high datistical significance (p<0.001). The same regions
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are instead depleted of other classes of repeats, i.e. LINE2 (class |1 of transposable Long
Interspersed Nuclear Elements) (Fig. 4A, Supplemental Fig. S7).

Another interesting question to ask is how many genes map within inverted regions. We
identified a total of 2013 human RefSeq curated genes inside inversions, of which 891
map within gibbon specific events (Supplemental Table S8) and which may have
contributed to divergence and speciation. Moreover, since inversions can influence
species evolution by disrupting genes or creating new fusion genes, we searched for
genes mapping at their BPs. We found a total of 119 out of 238 inversions (50%) that
overlap human RefSeq genes for at least one BP, and we obtained a list of 586 genes
potentially affected by inversion events (Supplemental Table S9). Taking into account
these genes we performed a Gene Ontology analysis applying the ToppFun default
parameters on the ToppGene portal. Our analysis revealed a high percentage of genes
involved in the olfactory response (p-value=4.48e-21) (Supplemental Table S10).
Considering only gibbon-specific inversions, we found that 49 out of 121 interrupt 182
human genes (Supplemental Table S9). We performed a Gene Ontology analysis on these
genes highlighting an enrichment in those involved in the perception of smell, detection
of stimulus, and nervous system processes (Supplemental Table S11 and Supplemental
Table S12).

By comparing gibbon-specific inversion BP regions with clusters of regions that were
randomly selected in the genome, the regions harboring inversion BPs within SDs
showed a significant enrichment in gene content (p-value=8.15e-05), while a depletion of
genes was observed within breakpoints devoid of SDs (p-value= 1.08e-08) (Fig. 4B).

I nter -speciesinversions polymor phisms and referenceerrors

Given the high inter-specific variation in gibbons, we analyzed a southern and a northern
white-cheeked gibbon, NSI and NLE respectively. The NSI is the individual that was
strand-sequenced and the NLE is the one that was sequenced as part of the gibbon
genome sequencing project and for which the reference genome is available (GGSC
Nleu3.0/nomLeul). We first merged 62 Strand-seq selected libraries into a high-coverage
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and directional composite file that we aligned against the GGSC Nleu3.0/nomLeu3
reference genome. Next, we manually scanned the Strand-seq data with the intent to
identify inverted regions between the two gibbon genomes. We focused on regions larger
than 500 kbp, that are testable by FISH. Using this approach, we initially identified 29
regions potentially inverted between NSI with respect to the NLE reference
(Supplemental Table S13). Of note, 13 out of 29 were also detected in the comparison
between NSI and the human reference genome so, apparently, the NLE reference
individual shared the same orientation with human for those regions. For three out of 13
(Chr18_inv2, Chrl5_inv8 and Chr2_inv16) the human-like orientation in NLE was also
supported by BES pair mapping (Supplemental Table S7). We selected 15 out of 29
regions and tested them by FISH in human, NLE, and NSI (Supplemental Table S6, Fig.
5, and Supplemental Fig. S8). Among these, 12 out of 15 (80%) resulted to be artifacts
due to misassemblies in the gibbon reference (Supplemental Fig. S8). Ten of these
regions appeared as homozygous inversions and were simply assembled in the wrong
orientation, while two appeared direct compared to the human reference and
heterozygous compared to the gibbon reference. In the last two cases, the regions are
annotated on a wrong chromosome in the gibbon reference, i.e. NSIVSNLE inv9
inversion maps on chromosome NLEG but is annotated on NLE7, and NSIvsNLE_inv25
inversion is mapping on chromosome NLE10 however is annotated on NLE17
(Supplemental Table S13). Moreover, comparing cytogenetics data reported by
http://www.biologia.uniba.it/gibbon/index.html (Carbone et al. 2014) with the gibbon
assembly, we found one additional assembly error (NSIVSNLE inv13): this synteny
block maps downstream with respect to the centromere and not upstream as shown in the
Nleu3.0 assembly. Finally, three out of 15 regions are real polymorphisms between NLE
and NSI and, of note, all of them are heterozygous in our Strand-sequenced NSI
individual (Fig. 5).

Discussion
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Gibbons have a fundamental role in hominoid evolutionary studies since they are the
most diverse group of living apes, characterized by different numbers of chromosomes
and extensive genome reshuffling both within and among genera. Previous studies have
suggested an increased chromosomal rearrangement rate in the white-cheeked gibbon
(Nomascus leucogenys) making it an ideal model to study structural variation in primates
(Muller, Hollatz, and Wienberg 2003), providing insight into rearrangement formation
mechanisms and identifying genes that potentially contribute to the evolution of gibbons.
Recently, single-cell template strand sequencing was used to successfully discover
inversions in great apes and macaque (Maggiolini et al. 2020) genomes. In this work,
we challenged the ability of Strand-seq to discover inversions in the southern white-
cheeked gibbon and demonstrated the power of this method even in highly shuffled
genomes. Unlike great apes and macaque, gibbon genomes are extensively rearranged
with more than 100 large synteny blocks relative to human and localized on different
chromosomes

(http://www.biologia.uniba.it/gibbon/chromosomes/Fig_3 NLE_synteny.html) (Roberto
et a. 2007). By adapting Strand-seq data analysis, under extensive guidance of
cytogenetic data (Roberto et al. 2007) and considering each synteny block as an
individual chromosome when mapping directional reads to the human reference genome,
we were able to create the most comprehensive inversion map between human and
gibbon to date, consisting of 238 inversions ranging in size between 7 kbp to 17.7 Mbp.
All the inversions have been described here for the first time in the Nomascus genome
(Fig. 1B), and 80 of them were previously shown to be inverted in other primate genome

analyses (Supplemental Table S5).

The 238 inversions are digtributed along all human autosomes and their dendty is
positively related to the chromosome size, with the exception of Chromosome 17, which
shows a high number of inversions despite its small size (Supplemental Fig. S3B).
Chromosome 17 is highly enriched in human protein-coding genes (with the second

highest gene density in the genome) as well asin SD and repetitive elements (Zody et al.
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2006), suggesting that these genomic features may predispose this Chromosome to
structural events such as inversions. Taking into account only Nomascus specific
inversions, we analyzed their distribution along the autosomes showing that there is not a
significant correlation between large-scale rearrangements and the number of inversions
for each chromosome (Supplemental Fig. S3C). This suggests that the mechanisms
underlying small-scale structural variation and gibbon karyotype instability might be
different. Extending the analysis to previously published small-scale lineage specific
inversions we confirmed this trend also in macaque and great apes (Supplemental Fig.

S3D and S3E).

To reconstruct the lineage specificity of inversions, we took advantage of published
Strand-seq data from great apes and macague genomes (Porubsky, Sanders, Hops, et al.
2020; Maggiolini et al. 2020) and determined that 121 inversions are gibbon-specific
(Fig. 2), anumber 5-fold and 12-fold higher than the ones reported in similar studies for
macaque and bonobo, respectively (Mao et al. 2021; Maggiolini et al. 2020). Since the
impact of SDs in inversion onset is well documented, we analyzed their content at the
inversions BPs (Supplemental Fig. S6). In contrast to inversions that occurred in human
and great apes lineages, where 31% (51 out of 165) map to regions of SDs (Maggiolini et
a. 2020), our study shows that only 9% (11 out of 121) of overall gibbon specific
inversion BPs map to sites of SDs, and are therefore likely mediated by non-allelic
homologous recombination (NAHR) (Maggiolini et a. 2020; Porubsky, Sanders, HOps, et
al. 2020). This feature is shared with Old world monkeys (10 out of 184, i.e. 5.4%, of
macaque inversions mediated by SDs), in contrast to the rest of Hominidae (with 31% of
inversions having SDs at the BPs) (Maggiolini et a. 2020). NAHR is clearly less active
in macaque and lesser apes than in great apes, and correlates with SD architectural
differences within their genomes (Marques-Bonet, Girirgjan, and Eichler 2009; Carbone
et al. 2014; Warren et al. 2020). In search of an explanation for the abundance of
structural changes in gibbons, we analyzed the repeat content of the white-cheeked
gibbon-specific BP sites present in GRCh38. Breakage regions were found to co-localize
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with high satistical significance with LINE-1 and LTR elements, suggesting that
microhomol ogy-mediated mechanisms might underlie gibbon genome ingtability. Thisis
consistent with previous evidence, uncovered by the first gibbon genome assembly, that
the appearance of lesser apes specific transposable elements (i.e. LAVA e ements) might
be associated with the accelerated karyotype evolution in the gibbon lineage (Carbone et
al. 2014). Nevertheless, the incomplete nature of the current Nomascus reference genome
hampered an investigation of gibbons specific sequence motifs, therefore conclusions

must be tempered until a higher-quality genome assembly is available.

Among the 121 gibbon specific inversions, 22% are heterozygous and indicative of
inversion polymorphisms in Nomascus (Supplemental Fig. S3A), a number significantly
higher than the one reported for great apes (11%) (Porubsky, Sanders, HOps, et al. 2020)
and macague (4%) (Maggiolini et a. 2020). Of note, 70% of the heterozygous inversions
are smaller than 50 kbp, compared to 40% of the homozygous inversions (p-value =
0.0002). It iswell known that large heterozygous inversions can be detrimental since they
can lead to the loss of unbalanced gametes resulting from recombination. Small
inversions in heterozygous state might not synapse regularly in meiosis, reducing the risk
of deleterious crossovers (Torgasheva and Borodin 2010). Consequently, small
inversions might have a limited negative impact on the fitness, while contributing to
gibbons differentiation and speciation. We attempted to gain more insights into the
polymorphic state of the detected inversions in the Nomascus siki by mapping Strand-seq
data against the Nomascus leucogenys reference genome (GGSC Nleu3.0/nomLeu3),
another species of the same genus. However, cytogenetic validation of 15 identified
inversions showed that 80% of these regions are artifacts due to errors in the Nomascus
reference assembly. In total, we identify 49 Mbp of DNA (Supplemental Table S13),
comprising 381 genes, where the sequence has been assembled in the wrong orientation
in the gibbon reference genome, highlighting the importance of improving the quality of
primate assemblies in order to facilitate additional comparative analyses that might have

important applications for evolutionary and biomedical studies.
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Because of the dynamic nature of the gibbon genome, we analyzed the distribution of
inversions across different species. Taking advantage of great apes and macague Strand-
seg published data (Porubsky, Sanders, Hops, et al. 2020; Maggiolini et a. 2020), we
considered a set of 536 nonredundant inversions identified in these species and
highlighted a substantially high number of inversions specific to gibbon when compared
to the other primates, suggesting a complex evolution of structural rearrangements in the
investigated species (Fig. 3A; Supplemental Fig. S5). This excess is mirrored in the
inversion rate estimated using a Bayesian phylogenetic reconstruction approach, for
which an approximate two-fold higher inversion rate is shown for Nomascus (Fig. 3B).
Of note, in contrast to what was previously described (Roberto et al. 2007; Girirgjan et al.
2009; Carbone et a. 2014), we demonstrated that the higher inversion rate of the gibbon
genome with respect to other primates is mirrored also for small-scale inversions (<100
kbp) (Fig. 3C). All these observations point toward a high evolutionary rate for
inversions, suggesting that accelerated evolution of these events may have played a role

in the high sympatric species of the genus.

Out of the 536 inversion analyzed, 461 are consistent with the known phylogenetic
relationship among the analyzed species, while 75 could be instances of Incomplete
Lineage Sorting or recurrence. However, it is also important to take into account the fact
that our sample size (n=2) prevents the identification of polymorphic inversions..
Therefore it might be possible that some inconsistent inversions are polymorphic in some
species, but we failed to observe it. In this context, it is aso relevant that we are
analyzing a presence/absence pattern using a conservative approach (similar to Porubski
et a 2020 (Porubsky, Sanders, Hops, et a. 2020)), and it might be possible that we are
pooling together evolutionarily different inversions. In the future, combining high
confidence long-reads sequencing and strand-seq analysis from multiple individuals will

ultimately allow fine grain analyses of single inversions.

An important question is whether inversions occur in gene regions rather than in

intergenic regions, thus potentially affecting gene function and resulting in phenotypic
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diversity in gibbons. In searching for genes that could be atered by the 121 gibbon
specific inversions, we found that 49 events have BPs overlapping 182 human gene
orthologs, with 51 genes mapping within single copy regions and 131 to sites of SDs. The
functional redundancy of the latter might make these inversions more tolerable as
opposed to disruptions of the 47 unigue genes. Gene Ontology analysis on the overall 182
human orthologs reveals the presence of genes involved in sensory perception of smell,
detection of stimulus, and nervous system processes (Supplemental Table S11 and
Supplemental Table S12). Furthermore, density analyses show a non-random distribution
of inversion BPs with an enrichment for repetitive elements and duplicated genes (Fig.

4A and B, respectively).

Together, these results contribute to our knowledge on structural variation in primate
genomes and are exceptionally informative in terms of what genes are potentially
involved in the evolution of gibbons. We believe this work will lay the ground for future
functional studies and will eventually contribute to our understanding on the mechanisms
responsible for gibbons diversification and adaptation. In the future, high-quality and
complete reference genome assemblies and gene annotations, as well as long-read
sequencing of several individuals will eventualy provide resources to address the
molecular mechanisms underlying inversion formation in gibbons and test the effects of

inversions and their role in speciation.

M aterials and M ethods

Raw data processing and inversion definition

Strand-seq libraries were prepared for the NSI cell line as previously described (Sanders
et a. 2017), and sequenced on NextSeg5000 (MID-mode, 75 bp paired-end protocol).
Raw data from single-cell sequencing were de-multiplexed based on barcodes and
converted to FASTQ files using Illumina standard software (bcl2fastq, version 1.8.4).
FASTQ reads were mapped to the human (GRCh38/hg38) as well as to the NLE (GGSC
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Nleu3.0/nomLeu3) reference genomes using BWA aligner (version 0.7.15) (Li and
Durbin 2009). BAM files were sorted using SAMtools (version 1.3.1-foss-2016b) (Li and
Durbin 2009), and duplicate reads were marked using biobambam?2 (version 2.0.76)
(Tischler and Leonard 2014).

We performed inversion analyses as previously described (Sanders et a. 2017; Porubsky,
Sanders, Taudt, et a. 2020; Sanders et a. 2016). Briefly, we filtered BAM files for low
mapping quality reads (mapg < 10) by means SAMtools view and we selected
chromosomal regions that inherited Watson (W, “-") and Crick (C, “+”) strands. To
assess inversions, we generated a directional “composite’ file from multiple single cells
combining the reverse complement of the reads in the WW BAM files with the reads in
CC BAMsfor the corresponding chromosome. To perform this step WW BAM fileswere
first converted to BED format and then back again to BAM files using BEDTools
bamtobed and bedtobam, respectively (version v2.29.0) (Quinlan and Hall 2010).

To bioinformatically identify inversions, “composite’” merged and sorted files by means
SAMtools merge and sort, respectively, were used as input for the R package
BreakpointR (daewoooo, n.d.-a)(Porubsky, Sanders, Taudt, et a. 2020), with a
‘windowsize' defined by size of 50 kbp.

Read-depth analysis

Read-depth analysis was performed using DELLY (Version: 0.8.7) (Rausch et a. 2012).
In detail, read-depth profile for each synteny block was defined starting from the
corresponding final composite BAM file: reads in 3 kbp mappable windows (-i 3000)
were counted and the coverage was normalized using the human (GRCh38 based)
mappability map (supplied by the software) and genome FASTA files (-m and -g options,
respectively). The obtained cov.gz outputs were intersected with the BED coordinates of
444 regions for which Strand-seq showed a switch in reads directionality and the average
copy number value for each interval was calculated. All the regions with a copy number
1.5-fold higher than the average copy number of the synteny block were considered as

copy-variable regions.
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FISH analysis

Metaphase chromosomes and interphase nuclei were obtained from lymphoblastoid cell
lines of one human (Coriell Cell Repository, GM12878), one Nomascus |leucogenys
(Asia) and one Nomascus siki kindly provided by S. Muller (Munchen). Three-color
FISH experiments were performed using human fosmid (n = 3) and BAC (n = 9) clones,
and gibbon BAC (n = 33) clones (Supplemental Table S6) directly labeled by nick-
trandation with Cy3-dUTP (PerkinElmer), Cy5-dUTP (PerkinElmer), and fluorescein-
dUTP (Enzo) as previously described (Lichter et a. 1990), with minor modifications.
Briefly, 300 ng of labeled probe was used for the FISH experiments; hybridization was
performed at 37°C in 2x SSC, 50% (v/v) formamide, 10% (w/v) dextran sulphate, and 3
mg sonicated salmon sperm DNA in a volume of 10 mL. Post hybridization washing was
at 60°C in 0.1 x SSC (three times, high stringency, for hybridizations on gibbon and
human when using species-specific clones) or at 42°C in 2 x SSC (four times each for
cross-species hybridizations). Nuclei were simultaneously DAPI stained. Digital images
were obtained using a Leica DMRXA2 epifluorescence microscope equipped with a
cooled CCD camera (Princeton Instruments). DAPI, Cy3, Cy5, and fluorescein
fluorescence signals, detected with specific filters, were recorded separately as grayscale
images. Pseudocoloring and merging of images were performed using Adobe Photoshop
software. FISH on interphase nuclei were tested through three-color FISH using two
probes within the predicted inversion and a reference probe outside. FISH on metaphase

chromosomes was performed using two probes within the inverted region.

BES sequence paired mapping

Gibbon BESs (CHORI-271) reported in (Carbone et a. 2006) and used to generate the
NLE reference genome assembly, were aligned against the human reference genome
(GRCh38/hg38) as part of a three-step process (recruitment, quality rescoring, and
pairing) optimized and published by (Tuzun et al. 2005). BACs spanning regions in the
same orientation as in human are concordant in size and orientation of the ends, whereas
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clones spanning inversion BPs are discordant because they have end pairs that are
incorrectly oriented and map abnormally far apart when mapped to the human reference
genome sequence. BES sequence profiling of 102 BAC clones were used to study the
orientation of 238 predicted inversions (Supplemental Table S7).

Gene Ontology analysis

Genes at the inversion BPs were extracted from the curated subset of the RefSeq track
from the UCSC Genome Browser. The obtained gene list has been analyzed using the
ToppGene portal (Chen et al. 2009)(https.//toppgene.cchmc.org/), which is a one-stop
portal for gene list enrichment analysis and candidate gene prioritization based on
functional annotations and protein interaction networks. In particular, the ToppFun
function has been used to detect functional enrichment of genes based on transcriptome,
proteome, regulome (TFBS and miRNA), ontologies (GO, Pathway), phenotype (human
disease and mouse phenotype), pharmacome (Drug-Gene associations), literature co-

citation, and other features.

Phylogenetic Analysis

In order to explore the inversion evolutionary pattern among primates, we integrated the
inversion data for NSI with that available for Macaca mulatta (Maggiolini et al. 2020)
and Great apes (Porubsky, Sanders, HOops, et al. 2020). In doing so, we considered
evolutionarily shared inversions if their overlap was at least 50% of the longest possible
inversion. We then constructed a binary matrix of presence (1) or absence (0) for each
inversion across the seven considered species, without considering heterozygosity.
Similarly to Porubsky et al 2020, we estimated the manhattan distance (Porubsky,
Sanders, HOps, et al. 2020) and performed complete hierarchical clustering relying on the

presence/absence of inversions.

Evaluating the abundance of small inversions


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on April 4, 2026 - Published by Cold Spring Harbor Laboratory Press

In order to compare the number of small inversions in NSI with those observed for other
primates, we constructed a matrix of shared inversions using the same approach as
before, but restricting our analysis only to inversions smaller than 100 kbp. The resulting
matrix was used to build an UpsetPlot, shown in Fig. 3C.

Estimating inversion rates

We performed two different inversion rates estimates as described in Porubsky et al. 2020
(Porubsky, Sanders, HOps, et al. 2020). First, we estimated the mean fixation rate of
simple inversions per million years, as the total number of simple specific inversions
multiplied by the sum of divergence times among species. Second, we harnessed the
Lewis-Markov k model, as implemented in BEAST v2.6.6. Single inversions were
modeled as discrete features coded as 0,1,2 and indicating the homozygous human
reference, inverted in just one alele, and homozygous inverted. We used the same
settings and priors used in Porubsky et al. with slight modifications. In detail, given that
we were interested in the inversion rate inference and the phylogenetic relationships
among species are established, we defined macaque as outgroup and the Homo-Pan clade
as unilinear. Specificaly, we set the TMRCA prior for macaque as a lognormal with
M=2.9 and S=0.1, while the same distribution for TMRCA for the Homo-Pan clade was
set with M=1.61 and .1. In order to achieve an Effective Sample Size higher than 200, we
performed 1€9 iterations, recording every 1,000 samples. Convergence was tested using
Tracer 1.7, and the Maximum Clade Credibility Tree was obtained summarizing the
10,000 obtained trees using treeAnnotator. The resulting tree was plotted using FigTree
v.1.4.3 (http://tree.bio.ed.ac.uk/softwaref/figtree/).

Repeats and gene density analyses

A cluster of regions, including all gibbon-specific inversion BPs devoid of SDsin human
GRCh38/hg38, was generated. For BPs smaller than 2 kbp, a surrounding region of this
size was instead considered. 10000 random clusters of matching-size regions were
extracted from the human reference genome using the BEDTools shuffle function,
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excluding SDs, centromeres, telomeres, and sequencing gaps. Density in base pair of
repeats was evaluated for each cluster usng BEDTools intersect function. ggplot2 in R
(R Core Team 2022) was used to draw the datain Fig. 4A and Supplemental Fig. S7.

Similarly, a second cluster of regions, including all gibbon-specific inversion BPs with
SDsin human GRCh38/hg38, was generated and used to generate 10000 random clusters
of matching-size regions. Density in the number of genes was individually evaluated for
both clusters (with and without SDs) using BEDTools intersect function. ggplot2 in R (R
Core Team 2022) was used to draw the datain Fig. 4B.
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the NCBI BioProject database (https:.//www.nchi.nlm.nih.gov/bioproject/) under
accession number PRINA828390.
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Figure Legends

Fig. 1. Strand-seq data analysis. A. Schematic view of the method used to generate the Chr13
composite file for the detection of the inversions. In the middle an ideogram of human
Chromosome 13 (HSA13) and the corresponding synteny blocks relative to Nomascus (NLES or
NLE9) is shown. Left, if single cell strand-seq data are pooled directly (Strand-seq output for six
single cellsis shown as an example) without taking into account the human-gibbon synteny block
information, the resulting composite file will show no informative strand-state information (reads
will map to both Watson and Crick strands equally, so every chromosome appears WC). Right,
the method used in the present study considers human-gibbon synteny blocks individualy, to
select libraries for generating a composite file separately for each syntenic region. Only
informative libraries for each synteny block are selected and merged to generate a composite file
of the whole chromosome. B. Circos diagram (Krzywinski et a. 2009) reporting detected
inversions for each human chromosome ideogram, with heterozygous inversions in the external
circle and homozygous inversions in the inner circle. Green bars indicate the number of
inversions detected for each synteny block (shown in different shades of green) where the height
is proportiona to the number of inversions detected for that block (min=0; max=9). C. Circos
diagram (Krzywinski et al. 2009) exemplifying the results of the analysis for a single human
chromosome. Human-gibbon synteny blocks for human Chrl13 (large green highlights) and the

inversions detected within each block (thin orange lines) are shown.

Fig. 2. Evolutionary history of inversions. The image shows in the middle a pie chart reporting
a summary of the evolutionary analyses for al the inversions detected by Strand-seq. The four
histograms report the number of inversions that occurred in each lineage, with detail on what was
aready known from previous literature and what has been determined for the first time in the

present study.

Fig. 3. High inversion rates in Nomascus revealed by distance-based and Bayesian analysis.
A. Evolutionary tree based on Markov chain Monte Carlo based on a set of 536 inversions

considering both homozygous and heterozygous presence (see methods). For each branch, the 95%
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posterior density confidence interval is reported. Numbers on nodes refer to shared inversion
presence on the underlying subtrees, while numbers on branches refer to private inversions. B.
Upset plot of a set of 536 inversions. The upper barplot refers to the number of inversions
observed in the species indicated in the intersection matrix. The left barplot refers to the total
number of inversions identified for each species. Bar colors refer to the length of the inversions,
as shown in the legend. Inversions putatively assigned to Incomplete Lineage Sorting and/or
recurrence were annotated with an asterisk. The silhouette of the chimpanzee is created by T.
Michael Keesey and Tony Hisgett (http://phylopic.org/; image is under a Creative Commons
Attribution 3.0 Unported licence); silhouettes of bonobo and gorilla are from http:// phylopic.org/
under a Public Domain Dedication 1.0 licence, and the silhouette of the macaque is from http:/
phylopic.org/ under a Public Domain Dedication 1.0 license.

Fig. 4. Gene density and repeat content at inversion breakpoints. A. The panel shows data
comparisons for LINE-1 between 10,000 random clusters of shuffled regions (gray area) and
gibbon-specific BP regions devoid of SDs (dashed line) in human GRCh38. B. The panel shows
the gene content of 10,000 random clusters of shuffled regions, chosen in genomic segments with
(green area) and without SDs (orange area), compared to the gene content at gibbon-specific
inversion BPswith (green dashed line) and without SDs (orange dashed line).

Fig. 5. FISH validation of a 17 Mbp inversion. NS| Strand-seq view of NLE Chromosome 22a
and HSA Chromosome 2 shows the incomplete switch in the orientation of a 17 Mbp against both
reference genomes, suggesting the presence of an heterozygous inversion (Chr2_inv16).
Metaphase FISH experiments in human, NSI and NLE show that the region is inverted in
heterozygous state only in NSI and is in direct orientation in both human and NLE. (HSA) Homo

sapiens; (NSI) Nomascus siki; (NLE) Nomascus leucogenys.
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