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Abstract
During the origin of great apes about 14 million years ago, a series of phenotypic innovations emerged, such as the 
increased body size, the enlarged brain volume, the improved cognitive skill, and the diversified diet. Yet, the gen
omic basis of these evolutionary changes remains unclear. Utilizing the high-quality genome assemblies of great apes 
(including human), gibbon, and macaque, we conducted comparative genome analyses and identified 15,885 great 
ape-specific structural variants (GSSVs), including eight coding GSSVs resulting in the creation of novel proteins (e.g., 
ACAN and CMYA5). Functional annotations of the GSSV-related genes revealed the enrichment of genes involved in 
development and morphogenesis, especially neurogenesis and neural network formation, suggesting the potential 
role of GSSVs in shaping the great ape-shared traits. Further dissection of the brain-related GSSVs shows great 
ape-specific changes of enhancer activities and gene expression in the brain, involving a group of GSSV-regulated 
genes (such as NOL3) that potentially contribute to the altered brain development and function in great apes. 
The presented data highlight the evolutionary role of structural variants in the phenotypic innovations during 
the origin of the great ape lineage.
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Introduction
The origin of the great ape lineage (the Hominidae family) 
about 14 million years ago represents an evolutionary leap 
in primates (Hill and Ward 1988; Pozzi et al. 2014), accom
panied by a series of phenotypic innovations, including the 
increased body size (Smith and Jungers 1997), the enlarged 
brain volume (MacLeod et al. 2003; Barton and Venditti 
2017), the improved cognitive abilities (Alba 2010), and 
the diversified diet (Chivers 1998). In addition to these 
phenotypic changes, frequent changes in chromosome 
numbers have been reported in various primate lineages, 
including monkeys, apes, and humans (Stanyon et al. 
2008). For instance, the human chromosome 2 was formed 
through the end-to-end fusion of two ancestral chromo
somes, which remained separate in other primates. This 
event resulted in the 2n = 46 karyotype in humans, as op
posed to the ancestral 2n = 48 karyotype typical of great 
apes (Kronenberg et al. 2018). This evolutionary trend 

eventually leads to the origin of our own species. The living 
Hominidae family has four major lineages, including the 
Homo clade (Homo sapiens), the Pan clade (Pan troglo
dytes and Pan paniscus), the Gorilla clade (Gorilla gorilla 
and Gorilla beringei), and the Pongo clade (Pongo pyg
maeus, Pongo abelii, and Pongo tapanuliensis). It is of great 
interest to study the genetic basis of the great ape-shared 
evolutionary traits that have made them a successful pri
mate lineage, which in turn is informative to delineating 
the genetic mechanism of human origin.

Structural variants (SVs) are large genomic alterations 
(≥50 bp in length), including deletions (DELs), insertions 
(INSs), copy number variations, inversions, and transloca
tions. They are widely distributed in the genomes of great 
ape species. For example, when comparing human and 
chimpanzee, the divergence at single nucleotide change 
is only 1.23%, whereas the divergence of SVs reaches ∼ 
3% (Suntsova and Buzdin 2020). Functionally, SVs are ex
pected to have more impact than single nucleotide 
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variants (SNVs). Previous studies have shown that in the 
human genome, SVs are predicted more harmful than 
SNVs (Abel et al. 2020) and more likely affect the expres
sion of a gene than SNVs (Chiang et al. 2017). 
Specifically, SVs can affect molecular function, cellular pro
cess, regulatory function, chromatin 3D structure, and 
transcriptional function of the organism (Weischenfeldt 
et al. 2013; Spielmann et al. 2018). As a major form of gen
etic variations, SVs also contribute to phenotypic diversity 
of organisms (Stankiewicz and Lupski 2010; Patel et al. 
2014). However, previously, owing to the poor quality of 
the great ape genome assemblies (mostly based on next- 
generation sequencing [NGS]), it has been difficult to sys
tematically identify SVs and study their roles in phenotypic 
evolution.

Fortunately, the long-read sequencing and multiplat
form scaffoldings have been widely used in constructing 
high-quality reference genomes. For great apes, we now 
have high-quality genomes covering all major great ape 
lineages (Gordon et al. 2016; Kronenberg et al. 2018), pro
viding a great opportunity to analyze SVs and their pheno
typic relevance during primate evolution.

Here, we used the published high-quality genomes of 
human, chimpanzee, gorilla, orangutan, gibbon, and ma
caque, and we identified 15,885 great-ape-specific SVs 
(GSSVs) through comparative genomic analyses. In par
ticular, we report the potentially functional SVs that 
may contribute to the major phenotypic changes of great 
apes, especially the enlarged brains and the improved cog
nitive skills, which will lead to a better understanding of 
great ape evolution and human origin.

Results
Identification of the GSSVs
The high-quality genomes of the great ape species (human, 
chimpanzee, gorilla, and orangutan) were obtained from 
the published studies (Gordon et al. 2016; Kronenberg 
et al. 2018). To search for the GSSVs, we also included 
the high-quality genomes of two outgroup primates: 
white-cheeked gibbon (Nomascus leucogenys) (NCBI ac
cession number: GCF_006542625.1) and rhesus macaque 
(Macaca mulatta) (Warren et al. 2020) (supplementary 
table S1, Supplementary Material online; fig. 1A).

Considering the methodological challenge for detecting 
SVs cross species with large genetic divergence (genome 
sequence identity < 95%), largely due to the difficulty of 
identifying syntenic blocks in the genomes (He et al. 
2019), we assessed the two commonly used methods of 
detecting SVs based on an assembly-to-assembly strategy, 
including smartie-sv (Chaisson et al. 2015; Kronenberg 
et al. 2018) and minimap2 (Li 2018; Feng and Li 2021). 
Based on the comparison of the callsets and manual cura
tions, we found that there were approximately 50% over
lap between the results of minimap2 and smartie-sv 
(supplementary table S2 and fig. S1A, Supplementary 
Material online), and minimap2 performed significantly 

better than smartie-sv in detecting SVs among distantly re
lated species (supplementary fig. S1B, Supplementary 
Material online). We therefore employed minimap2 in 
the following analyses.

We first conducted pairwise genome comparisons be
tween gibbon and the four great ape genome assemblies 
(human, chimpanzee, gorilla, and orangutan) (Gordon 
et al. 2016; Kronenberg et al. 2018). We then took the over
lapped SVs among the four SV sets as the divergent SV set 
between gibbon and great apes (>50% reciprocal overlap
ping of SV length is required for an overlapped SV). Using 
the genome assembly of rhesus macaque (Warren et al. 
2020), we further filtered out the SVs occurred in the gib
bon lineage, which eventually gave rise to the set of GSSVs 
(see Materials and Methods for technical details). Totally, 
we detected 23,300 candidate GSSVs, including 14,451 
DELs and 8,849 INSs. Given the complex nature of SVs 
among deeply diverged species, to remove false positives, 
we further conducted manual curation of all the candidate 
GSSVs by local sequence alignments. Finally, a total of 
15,885 GSSVs passed the curation, including 7,728 DELs 
and 8,157 INSs (fig. 1A; supplementary fig. S2A, 
Supplementary Material online).

These GSSVs account for 12.0 Mb genomic sequences 
(on average 0.44% of the great ape genomes), with frag
ment lengths ranging from 50 bp to 19 kb. They are ran
domly distributed in the genome, and the SV counts in 
each chromosome are positively correlated with the 
chromosome length (R = 0.95, P = 6.7e−13, Pearson correl
ation test; fig. 1B; supplementary fig. S2B and tables S6 and 
S7, Supplementary Material online), and 17.6% GSSVs 
(2,791) are longer than 1 kb. As expected, we observed 
two peaks around 300 bp and 6 kb in the length distribu
tion of the GSSVs, and the majority of them are Alu and L1 
elements, respectively (fig. 1C). For repeat annotation, 
76.4% DELs and 68.8% INSs are composed of repeat ele
ments, such as SINEs (short interspersed nuclear ele
ments), LINEs (long interspersed nuclear elements), and 
long terminal repeats (LTRs) (fig. 1D; supplementary 
table S8, Supplementary Material online), suggesting that 
repeat elements are likely the key drivers for the gener
ation of GSSVs.

Functional Implications of the GSSVs
To search for GSSVs with potential functional conse
quences, we further classified the 15,885 GSSVs into two 
sets based on a range of criteria used in the aforemen
tioned manual check (see Materials and Methods), result
ing in the set of 6,574 high-confident GSSVs (HC-GSSVs) 
(supplementary table S9, Supplementary Material online) 
and the set of 9,311 complex SVs (fig. 2A; see Materials 
and Method).

Our downstream analyses were focused on the 
HC-GSSV set containing 2,366 DELs and 4,208 INSs. We 
first conducted PCR (polymerase chain reaction) valid
ation of ten DELs and ten INSs randomly selected from 
the HC-GSSV set, and 19 of them were validated as true 
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FIG. 1. Identification and annotation of GSSVs. (A) The cladogram indicates the phylogenetic relationship among the analyzed primate species. 
We used the high-quality genomes of four great ape species, one lesser ape species, and one Cercopithecidae species. The numbers of SVs and 
their genomic lengths based on assembly comparisons are indicated. DELs are the numbers above the lines and INSs are those beneath the lines. 
The number in the box indicates the identified 15,885 GSSVs, including 7,728 DELs and 8,157 INSs. (B) Chromosomal distribution of the iden
tified GSSVs. The number of SVs is tightly correlated with the length of the chromosome, as indicated by the Pearson correlation (R2 = 0.95, P =  
6.7e−13). (C ) The size distribution of GSSVs. The two peaks at 300 bp and 6 kb indicate the Alu and L1 elements, respectively. (D) Annotation of 
GSSVs located in the repeat regions of the genome, where SINEs (such as Alu) and LINEs (such as L1) compose of the great majority of the 
identified GSSVs.

Genomic Analysis Identifies Great–Ape–Specific Structural Variants · https://doi.org/10.1093/molbev/msad184 MBE

3



A

C D

E F

B

Fig. 2. Functional annotations of the identified HC-GSSVs. (A) The ratios of the high-confident and the complex GSSVs after manual curation. 
(B) The pie plot shows the functional annotations of HC-GSSVs using the VEP tool. (C, D) The results of GO enrichment analysis of the 2,353 
HC-GSSV-related genes. (E) A 60-bp deletion located in exon-12 of ACAN, a gene related to skeletal development. (F) A 264-bp insertion located 
in exon-2 of CMYA5, a well-known gene related to schizophrenia. The local sequence alignments (DNA and protein sequences) among mam
malian species together with the MUMmer plots showing the locations of the GSSVs are presented.
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GSSVs, and only one failed because of nonspecific amplifi
cation of the target region (supplementary fig. S3, 
Supplementary Material online). Accordingly, the 
HC-GSSV set can be considered a conservative set of 
GSSVs.

We annotated the identified HC-GSSVs using the 
Variant Effect Predictor (VEP) tool according to the hu
man GRCh38 coordinates (see Materials and Methods). 
The majority of HC-GSSVs (85.8%) are located in the in
tronic (61.0%) or the intergenic regions (24.8%), and 
10.7% of them are located in the other regions (e.g., the 
3′ or 5′ UTR regions). Specifically, among the 222 
HC-GSSVs located in the known regulatory regions, 
53.6% (119/222) of them are located in enhancers, 19.8% 
(44/222) in the CTCF binding site regions, 19.4% (43/ 
222) in the open chromatin regions, 0.5% (1/222) in the 
promoter regions, and 6.8% (15/222) in the transcription 
factor (TF) binding site regions (fig. 2B; supplementary 
table S10, Supplementary Material online).

Next, we conducted functional enrichment analysis for 
the 2,353 HC-GSSV-related genes (those genes overlapped 
with the HC-GSSVs, see Materials and Methods for details) 
(supplementary table S11, Supplementary Material on
line). The enriched functional terms are related to the 
known traits of the great ape lineage, such as developmen
tal growth involved in morphogenesis (body size) and ax
onogenesis (brain). Remarkably, more than half of the 
enriched terms are related to brain development and func
tion. The top terms include axon development, neurogen
esis, neural projection, and neuronal differentiation (fig. 2C 
and D). These results indicate a potential role of HC-GSSVs 
in shaping the great-ape-specific phenotypic traits, espe
cially the central nervous system.

In particular, we found eight coding HC-GSSVs (two 
DELs and six INSs) (table 1; supplementary table S12, 
Supplementary Material online; fig. 2B; supplementary 
fig. S4, Supplementary Material online). Although 
several of them are located in exons and were predicted 
causing protein sequence changes, none of them actually 
result in truncated proteins (table 1). Among these 
GSSV-related genes, POU5F1B is a great-ape-specific novel 
gene caused by the retroposition of its mother copy 

(OCT4) on chromosome 8 (a 1,412-bp INS specifically oc
curred in the great ape lineage), confirming the previous 
report (Simó-Riudalbas et al. 2022). Initially, it was thought 
to be a pseudogene of OCT4 with 95% sequence similarity. 
However, there have been reports suggesting its suscepti
bility in tumors (Zanke et al. 2007; Rafnar et al. 2014), and it 
likely acts as a transcriptional activator to promote cancer 
cell proliferation (Panagopoulos et al. 2008; Pan et al. 
2018). In addition, POU5F1B is implicated in the regulation 
of OCT4 activity (Suo et al. 2005). The functional role of 
POU5F1B in the evolution of great apes is yet to be 
understood.

Interestingly, one coding HC-GSSV, a 60-bp DEL, is 
located in exon-12 of ACAN. This gene is involved in 
skeletal development (fig. 2E). It is one of the major 
components of cartilage and binds to hyaluronan and 
links protein to form huge aggregates, a hydrated gel-like 
structure with resistibility to compression and deform
ation in joints (Watanabe et al. 1998). Many studies have 
shown that mutations in ACAN can lead to short stature 
and poor bone development (Hu et al. 2017; Wei et al. 
2021). Besides, as the main component of the neural extra
cellular matrix, ACAN is also expressed in the brain 
(Morawski et al. 2012). We speculate that the deletion of 
20 amino acids (due to the 60-bp DEL) in the binding 
domain of the free sugar chains of ACAN may affect 
bone development in great apes, which might be related 
to the increased body size during the origin of the great 
ape lineage.

The other potentially important case is a 264-bp INS lo
cated in exon-2 of CMYA5, resulting in an 88 amino-acid 
insertion (fig. 2F). Previous GWAS (genome-wide associ
ation study) have found that variants in CMYA5 are asso
ciated with schizophrenia (Chen et al. 2011; Hoya et al. 
2018), implying that this HC-GSSV in CMYA5 may play a 
role in the brain evolution of great ape species. Another in
teresting case is the 186-bp DEL in DIS3L2. This gene is 
mainly related to RNA degradation, and mutations in 
this gene can cause Perlman syndrome, characterized by 
a larger head size and developmental delay (Morris et al. 
2013), providing a hint of this GSSV in the great-ape- 
specific pattern of brain/head development.

Table 1. The Eight HC-GSSVs Located in the Gene-Coding Regions.

Positiona Length (bp) Type Gene Consequenceb Gene function or diseasec

Chr2:232,330,767–232,330,767 186 DEL DIS3L2 c, d RNA degradation
Chr15:88,857,790–88,857,790 60 DEL ACAN d Skeletal development
Chr5:79,736,810–79,736,810 264 INS CMYA5 e Schizophrenia, skeletal muscle development
Chr15:81,135,350–81,135,983 633 INS CFAP161 a, f Ciliary motion
Chr11:71,961,971–71,962,270 299 INS RNF121 a, g, h Regulation of cell cycle, signal transduction
Chr8:127,415,807–127,417,219 1,412 INS POU5F1B b, h Weak transcriptional activator
Chr10:77,994,516–77,999,310 4,794 INS POLR3A a, f, g, h Spastic ataxia
ChrX:14,915,424–14,915,588 164 INS MOSPD2 a, g, h Intracellular exchanges and communication

aThe coordinates are based on human GRCh38. 
bThe consequence contains the following: (a) coding_sequence; (b) start_lost; (c) stop_gained; (d) inframe_insertion; (e) inframe_deletion; (f) splice_donor; (g) splice_ac
ceptor; and (h) UTR. 
cThe gene functions and disease are collected from GeneCard, MGI database, and literatures (Zanke et al. 2007; Panagopoulos et al. 2008; Chen et al. 2011; Austin-Tse et al. 
2013; Morris et al. 2013; Rafnar et al. 2014; Gao et al. 2017; Hu et al. 2017; Di Mattia et al. 2018; Hoya et al. 2018; Lee et al. 2018; Pan et al. 2018; Infante et al. 2020; Wei et al. 
2021).
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The remaining four HC-GSSVs are not associated with 
the known great ape–specific traits based on current 
knowledge. CFAP161 is associated with cilia movement 
(Austin-Tse et al. 2013), whereas RNF121 is involved in 
the regulation of cell cycle, signal transduction, genomic in
tegrity under hypoxia, and metastasis of cancer cells (Gao 
et al. 2017; Lee et al. 2018). POLR3A is associated with spas
tic ataxia, and the best recognized phenotype is cerebellar 
ataxia (Infante et al. 2020), and MOSPD2 is involved in intra
cellular exchange and communication (Di Mattia et al. 
2018). Whether and how these HC-GSSVs contribute to 
the origin and evolution of great apes are yet to be explored 
(supplementary fig. S4, Supplementary Material online).

The Regulatory HC-GSSVs with Potential Functions in 
the Brain
Compared with gibbons and Cercopithecidae, the most cru
cial changes that occurred during the origin of the great apes 
include the increase in body size, the expansion of brain vol
ume, and the improvement of cognitive ability. As aforemen
tioned, the GO enrichment analysis shows that most of the 
GSSV-associated genes are involved in central nervous system 

(64.0% GSSV-associated genes [233/364] of the top ten GO 
terms), and the majority of the HC-GSSVs were mapped to 
the intronic or intergenic regions, suggesting that these 
HC-GSSVs would be more likely on the level of gene regula
tion, if they have functional impact. It has been postulated a 
few decades ago that the differences between human and 
chimpanzee are mostly caused by gene regulation changes ra
ther than by alterations in their protein-coding sequences 
(King and Wilson 1975), and a recent study also reached 
the same conclusion (Suntsova and Buzdin 2020).

With the use of the published brain ChIP-seq (H3K27ac) 
and RNA-seq data from human, chimpanzee, and rhesus 
macaque (Vermunt et al. 2016; Sousa et al. 2017), we iden
tified 105 HC-GSSVs that overlapped with 105 human- 
chimpanzee-specific cis-regulatory elements (CREs). 
Among the 105 CREs, there are 186 associated genes (genes 
within the 500 kb downstream and upstream of CRE) 
showing human-chimpanzee-specific expression changes 
compared with rhesus macaque, and the change direction 
of gene expression is consistent with the H3K27ac signals 
(indication of CRE activity). These 105 CREs include 36 
DEL-containing CREs associated with 62 nearby genes 
and 69 INS-containing CREs associated with 126 genes 

A B

FIG. 3. The HC-GSSVs located in the CREs of the brain. (A) The HC-GSSV-related genes showing human–chimp-specific CRE activity (by the 
H3K27ac signals) and gene expression changes (by RNA-seq) compared with macaque across seven brain regions, including CB, CN, OP, 
PcGm, PFC, Put, and TN. (B) Ranking of the 43 upregulated genes based on gene expression and the H3K27ac signals.
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(two genes are present in both gene sets) (supplementary 
tables S13–S15, Supplementary Material online).

We firstly ranked the 43 upregulated genes (human- 
chimp vs. macaque) by log2 fold changes of gene expres
sion. The top five upregulated genes include GGTA1, 
ZGLP1, C20orf202, NOL3, and MAP1LC3B (fig. 3A). Of these 
genes, NOL3 is closely associated with neurodevelopment. 
Markedly, NOL3 also ranks the top gene in the occipital 
pole (OP) of the cortex (fig. 3B). Previous studies have 
shown that NOL3 is related to abnormal neural potential, 

and the absence of NOL3 causes excessive excitation 
(Russell et al. 2012). NOL3 is 42.9 kb away from the nearest 
human-chimpanzee-specific CRE, and a 297-bp INS is lo
cated in this CRE. The H3K27ac peak map shows that hu
man and chimpanzee have higher peaks than that of 
macaque (P < 0.05, Welch’s two-tailed unpaired t-test, fig. 
4A) and the comparison of epigenome and transcriptome 
data also shows human and chimpanzee have higher ex
pression (fig. 4B). The multiple sequence alignment shows 
that the genomic region containing this INS is conserved in 

A

B C D

FIG. 4. Overview of GSSV occurred in NOL3. (A) A 297-bp INS located in a human-chimpanzee-specific CRE (blue region) in which the nearest 
human–chimpanzee-specific gene is NOL3. The left plot shows the difference of H3K27ac signal in OP region among human, chimpanzee, and 
rhesus monkey; the right plot shows the MUMmer plot of the 297-bp INS between great apes and gibbon; and bottom plot shows multiple 
sequence alignments of representative primate species. (B) The comparisons of normalized read count of H3K27ac signal of CRE (left) and ex
pression (right) of NOL3. NS, not significant; *P < 0.05; **P < 0.01. (C ) TF enrichment of CREs. The CREs with human-chimpanzee-specific TF 
binding sites are denoted in red scatters, and two ZNF460 binding sites are labeled, which have the highest FIMO score and located in SV region 
(gray region). (D) Summary of brain-related genes with human–chimp-specific CREs and overlapped to identified GSSVs.
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primates (supplementary fig. S5A, Supplementary Material
online), and the 297-bp INS likely causes a CRE activity 
change, creating a human-chimpanzee-specific enhancer 
that regulates NOL3 expression.

In addition, using the FIMO tool (Grant et al. 2011), we 
performed TF enrichment analysis of the homologous CRE 
regions, and we identified 78 human–chimpanzee-specific 
TFs (supplementary fig. S5B, Supplementary Material on
line) with 27 of them located in the HC-GSSV regions. 
The strongest signal (by the FIMO score) is ZNF460 
(fig. 4C; supplementary table S16, Supplementary 
Material online), a TF mainly expressed in the brain 
(supplementary fig. S5D, Supplementary Material online), 
though its function is largely unknown.

For the 143 downregulated genes (supplementary fig. 
S6, Supplementary Material online), there are also worth- 
noting cases, such as LRFN5, 21.4 kb away from the nearest 
human-chimpanzee-specific CRE, and a 508-bp INS is lo
cated in this CRE (supplementary fig. S7, Supplementary 
Material online). As a synaptic adhesion molecule impli
cated in autism, LRFN5 can induce presynaptic differenti
ation through binding to the LAR family receptor 
protein tyrosine phosphatases (LAR-RPTPs) that have 
been highlighted as presynaptic hubs for synapse forma
tion (Goto-Ito et al. 2018; Lin et al. 2018).

The brains of great apes are structurally and functionally 
more complex than those of gibbons and macaques. We 
summarized the annotated functions of all the identified 
HC-GSSV-related genes showing human-chimpanzee- 
specific expression changes in the brain. They are mainly 
involved in three functional aspects, including synapse for
mation and signal transmission, nervous system develop
ment (such as neural migration and neural 
differentiation), and various brain diseases caused by 
gene mutations (such as intellectual disability, microceph
aly, schizophrenia, and Parkinson’s) (fig. 4D).

Taken together, we identified a set of genes related to 
HC-GSSVs that are associated with great ape brain func
tion. These HC-GSSVs could serve as a resource to study 
the genetic basis of brain structure/function change that 
emerged during the origin of the great ape lineage. We 
listed the GWAS-based functional annotations of the 
194 HC-GSSV-related genes of interest (including the eight 
coding GSSVs) in supplementary table S17, Supplementary 
Material online. However, owing to the lack of ENCODE 
data of the correspondent tissues in most of the non
human primate species, the speculated regulatory roles 
of these HC-GSSVs are yet to be validated.

Discussion
A number of previous studies have addressed SVs in great 
ape species. They found significant increases in DELs and 
duplications, as well as segmental duplications, after the 
emergence of the great ape ancestor, especially in the 
chimpanzee lineage. Presumably, these mutation events al
tered the genome structure of the great ape ancestor and 
might have an important impact on subsequent evolution 

(Marques-Bonet et al. 2009; Sudmant et al. 2013). In add
ition, some studies have compared the Neanderthals gen
ome with other primates and explored the evolution of 
small INSs and DELs in modern humans (Chintalapati 
et al. 2017). However, given the prior knowledge on SVs 
in hominid evolution, our current understanding of SVs 
in the great ape ancestor still remains elusive due to the 
limitations in genome quality and analytic tools.

Based on the high-quality great ape assemblies, we iden
tified 15,885 great-ape-specific SV by cross-species compari
son. Through further manual curation with a stringent 
filtering, we report 6,574 high-confidence GSSVs that over
lap with 2,353 genes. These HC-GSSV-related genes show 
functional connections with the great-ape-specific traits, 
such as body size and brain. Markedly, many of the enriched 
functional terms of these genes are related to brain develop
ment and function, implying an important role of SVs in 
shaping the central nervous system of great apes during 
evolution. In particular, we report eight coding GSSVs 
that lead to the generation of novel proteins during the ori
gin of the great ape lineage, and some of these great-ape- 
specific proteins (such as ACAN and CMYA5) are involved 
in bone development and brain function, providing clues 
to the genetic basis of the great-ape-shared phenotypic 
innovations.

Previous studies had suggested that the body size or 
weight of great apes is significantly larger than lesser 
apes and Cercopithecidae (Wheatley 1987; Smith and 
Jungers 1997; Zihlman and McFarland 2000; Zihlman and 
Bolter 2015). In the HC-GSSVs set, we found a 60-bp DEL 
leading to a 20 amino-acid deletion of ACAN, a gene re
lated to bone development. Previous genetic studies in hu
mans reported that the ACAN mutations could cause 
short stature and spinal disease (Hu et al. 2017; Wei 
et al. 2021). Hence, this SV-induced novel ACAN protein 
may play a potential role in body size evolution of great 
apes. Another important phenotypic innovation in the 
great ape lineage involves the brain. Accordingly, we iden
tified many HC-GSSVs associated with brain development 
and function. For example, a 264-bp INS changes the cod
ing sequence of CMYA5, and previous human studies sug
gest its involvement in schizophrenia (Chen et al. 2011; 
Hoya et al. 2018).

Besides the eight coding HC-GSSVs, the great majority 
of the identified HC-GSSVs are located in the noncoding 
regions of the genome, which presumably contribute to 
gene expression regulation. One notable example is a 
297-bp INS that influences the enhancer of NOL3, a gene 
related with abnormal neural potential.

During primate evolution, there have been two leaps of 
brain volume enlargement, one in the common ancestor 
of the great ape lineage and the other in the human lineage 
(Holloway et al. 2009). Consequently, the brain volume of 
great apes is much larger than lesser apes. The larger brain 
means an improved cognition, because of the higher rela
tive cortex volume and neuron packing density (NPD). 
Likewise, information processing capacity becomes higher 
due to short interneuronal distance and high axonal 
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conduction velocity (Roth and Dicke 2012). Thanks to the 
published brain epigenomic data that include human, 
chimpanzee, and macaque (Vermunt et al. 2016; Sousa 
et al. 2017), we were able to search for the HC-GSSVs lo
cated in the CREs and to infer their potential influences 
on gene expression regulation. We found that many genes 
affected by HC-GSSVs are related with brain size, such as 
WDFY3, CCDC32, and CLTC, all of which are involved in 
microcephaly. More importantly, these genes are also asso
ciated with intellectual disability and developmental delay 
(DeMari et al. 2016; Le Duc et al. 2019; Nabais Sá et al. 2020; 
Abdalla et al. 2022). Given the more complex cortex struc
ture of great apes, we found several HC-GSSV-related 
genes (FBXO31 and NUDC) acting on neuronal differenti
ation and migration, which may help form the complex 
neural network in the brain. Consistently, several 
GSSV-related genes (BCL2L1, CA7, and LRFN5) are involved 
in axonal growth and signal transmission, highlighting 
their potential roles in the higher information processing 
capacity of great apes. Together, the enriched HC-GSSVs 
and the target genes for brain development and function 
indicate the evolutionary significance of SVs that may con
tribute to the larger brain and higher cognitive abilities of 
great apes. Future functional experiments are warranted to 
reveal the molecular and developmental mechanisms 
underlying the bigger and smarter brains of great apes.

In conclusion, given the challenge of studying SVs 
among distantly related species, in this study, we identified 
the GSSVs, providing a useful resource for understanding 
the genetic basis of phenotypic innovations in the evolu
tion of great apes.

Materials and Methods
Data Information
All the genomes we used can be downloaded from NCBI, 
including human (GRCH38.P13, accession number: GCF_ 
000001405.39), chimpanzee (Clint_PTRv2, accession number: 
GCF_002880755.1), gorilla (Kamilah_GGO_v0, accession 
number: GCF_008122165.1), orangutan (Susie_PABv2, ac
cession number: GCF_002880775.1), gibbon (Asia_NLE_v1, 
accession number: GCF_006542625.1), and macaque 
(Mmul_10, accession number: GCF_003339765.1), and the 
details are listed in supplementary table S1, Supplementary 
Material online. The epigenome data of human, chimpanzee, 
and macaque can be downloaded from the published study 
(Vermunt et al. 2016), as well as the online database of 
PsychENCODE (http://evolution.psychencode.org/#).

Comparing Minimap2 and Smartie-sv
We mapped each long-read assembled genome of the four 
great ape species to the gibbon assembly and called SVs by 
Minimap2 + paftools and Blasr + printgaps (Smartie-sv), re
spectively. For the reverse calling, we called the SVs by 
mapping the gibbon genome back to each of the great 
ape genomes. We calculated the overlap between the 
two methods (supplementary fig. S1A and table S2, 

Supplementary Material online) and used the command 
“shuf –n 100 SV_list.bed” to randomly select 100 SVs 
from the gibbon–human SV set generated separately by 
the two methods and further validated the ratio of true 
SVs by manual check. The analysis was repeated ten times 
(resulting in a total of 1,000 SVs), and the results were sum
marized (supplementary fig. S1B, Supplementary Material
online).

Identification of GSSV
Genome comparisons were performed using Minimap2 (Li 
2018). We mapped each long-read assembled genome of the 
four great ape species to the gibbon assembly (NLE), including 
human-GRCh38.p13 (V38), Chimpanzee-Clint_PTRv2 (CCP), 
Gorilla-Kamilah_v0 (GGO), Orangutan-Susie_PABv2 (PAB), 
and rhesus-Mmul_10 (RM10). Using gibbon genome as 
the reference genome, we mapped the genomes of great 
apes to the gibbon genome for SV calling, referred as the 
forward calling. For the reverse calling, we called the SVs 
by mapping the gibbon genome back to each of the great 
ape genomes. Then, we filtered the SVs by intersecting 
the two SV sets and obtained the SVs for each pair 
(supplementary table S3, Supplementary Material online). 
GSSVs were identified by taking the intersection of all the 
gibbon–great ape SV sets. Furthermore, to exclude the gib
bon lineage–specific SVs, we used the published rhesus 
macaque genome to repeat the forward and reverse call
ing, and the intersected GSSV set was taken as the final 
set of GSSVs (supplementary table S3, Supplementary 
Material online-S5).

GSSV Manual Check and PCR Validation
The sequences of the GSSV regions were extracted by the 
“bedtools getfasta” command, and sequence comparison 
was performed and plotted by MUMmer (NUCmer-3.1 
and MUMmerplot-3.5). The candidate GSSVs with 1 kb 
upstream/downstream sequences were aligned to the gib
bon genome using NUCmer. The GSSVs were classified 
into three categories based on manual check: 1) If the 
GSSV region and its 1 kb flanking sequences of macaque 
could be completely aligned to the corresponding gibbon 
GSSV region using NUCmer and MEGA-7.0.26 (MUSCLE 
under the default parameters), they were considered as 
orthologous between gibbon and macaque. These GSSVs 
were defined as HC-GSSVs. 2) If the GSSV region with 
1 kb flanking sequences of macaque could only be partially 
aligned to the corresponding gibbon GSSV sequence, we 
classified these GSSVs as “complex” GSSVs. And 3) if the 
potential GSSV region with 1 kb flanking sequence of ma
caque could be completely aligned to the corresponding 
gibbon GSSV sequences except for the SV regions, we 
inferred that these SVs are present in macaque, and we 
defined these GSSVs as “false” GSSVs. The detailed list 
is shown in supplementary figure S9, Supplementary 
Material online. For PCR and Sanger sequencing validation, 
we randomly selected ten DELs and ten INSs by command 
“shuf –n 10,” and the tested DNA samples included one 
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rhesus macaque, one white-cheeked gibbon, one chimpanzee, 
and one human. The primers were designed by Primer 
Premier5 (supplementary table S18, Supplementary Material
online). The PCR products were visualized by agarose gel elec
trophoresis to verify the lengths of GSSVs (supplementary fig. 
S3, Supplementary Material online), and for Sanger sequen
cing, supplementary figure S10, Supplementary Material on
line displays the ACAN sequencing results and the 
identification of SV breakpoints based on the sequencing se
quences. All the presented SVs in this study were validated by 
both PCR and Sanger sequencing, and the data were submit
ted to https://github.com/kizzb/Great-apes-specific-SVs/blob/ 
main/All_sanger_sequence_results.zip.

Repeat Analysis
Transposable elements (TEs) were identified by using 
RepeatMasker (v4.0.9) to search against the known 
Repbase TE library (Repbase21.08). Since the DEL coordi
nates are present only in the gibbon genome (the great 
apes have only one point of the matching coordinates), 
we could only obtain DEL sequences from the gibbon gen
ome, and the same reasoning applies to INS. Therefore, we 
analyzed the TE ratios of INS in the human genome and of 
DEL in the gibbon genome, respectively (supplementary 
table S8, Supplementary Material online).

HC-GSSV Function Prediction by VEP
After identifying 6,574 HC-GSSVs (2,366 DELs and 4,208 
INSs), the functional effects of DEL and INS were predicted 
separately by VEP (http://www.ensembl.org/info/docs/ 
tools/vep/index.html); in the parameter section, “Species” 
select Homo (GRCh38.p13), “Restrict results” select 
“show most severe consequence per variant,” and the 
others were the default parameters (supplementary table 
S10, Supplementary Material online).

GO Enrichment Analysis
For GO analysis of 6,574 HC-GSSVs, we first obtained the 
matched coordinate of human and then associate with 
the human genes that intersect with SVs by command 
“bedtools intersect –a SV_coord.bed –b Gene_coord.bed 
–wa –wb.” We next performed GO enrichment analysis 
by ClusterProfiler-4.6.0 (Wu et al. 2021), and the selected 
background database was “org.Hs.eg.db,” which is a human 
database. The selected enrichment class was “BP,” and the 
P value cutoff was 0.05 (supplementary table S11, 
Supplementary Material online).

Identification of HC-GSSVs Located in the Great 
Ape–Specific CREs
The published ChIP-seq data were normalized and used to 
identify the great ape–specific CREs in seven brain regions 
that have correspondent H3K27ac and RNA-seq data 
(Vermunt et al. 2016; Sousa et al. 2017). We downloaded 
the 60,702 genomic regions with H3K27ac signals, which 
were generated from three humans, two chimpanzees, 
and three rhesus monkeys in each of the seven brain 

regions, including prefrontal cortex (PFC), precentral gyrus 
(PcGm), OP, caudate nucleus (CN), putamen (Put), cere
bellum (CB), and thalamic nuclei (TN). We performed pair
wise comparison of the enhancer signals (the H3K27ac 
peaks) among the three species (macaque–human, ma
caque–chimpanzee, and human–chimpanzee), and we 
used the Welch two-tailed unpaired t-test for statistical as
sessment. We defined an enhancer as a great ape–specific 
CRE if this enhancer showed significant difference (P <  
0.05) of the same direction in both the macaque–human 
and the macaque–chimpanzee comparisons while showing 
no difference (P > 0.05) in the human–chimpanzee compari
son. According to this criterion, we obtained 18,105 human– 
chimpanzee-specific CREs (supplementary table S13, 
Supplementary Material online). Next, we identified those 
genes located in the 500k flanking (upstream 500k and down
stream 500k, total 1M) regions of these human–chimpanzee- 
specific CREs, and we further overlap HC-GSSVs with these 
CREs (by command “bedtools intersect -a SV_hg38.bed -b 
CRE_coord.bed -wa -wb |sort -k1,1 -s -V -k2n,2 |uniq”) to 
link HC-GSSVs with human–chimpanzee-specific CREs. In 
the end, 105 CREs overlapped with the HC-GSSVs were iden
tified, involving 186 genes. To quantify the activities of these 
great ape–specific CREs, we calculated the log2(fold change) 
between great apes (the average of human and chimpanzee) 
and rhesus macaque (supplementary table S15, 
Supplementary Material online). The overlapping threshold 
is ≥1 bp intersection between HC-GSSV and CRE.

Comparative Gene Expression Analysis of Seven Brain 
Regions
The gene expression data of adult brains of human, chim
panzee, and macaque were obtained from the published 
study, and these data are already-normalized expression 
data (Sousa et al. 2017), which contain samples from six 
humans, five chimpanzees, and five macaques of 16 brain 
regions. To match the expression data with the ChIP-seq 
data, we used the data of nine brain regions, including pri
mary motor cortex (M1C), mediodorsal nucleus of the 
thalamus (MD), primary visual cortex (V1C), cerebellar 
cortex (CBC), striatum (STR), ventrolateral prefrontal cor
tex (VFC), orbital prefrontal cortex (OFC), dorsolateral 
prefrontal cortex (DFC), and medial prefrontal cortex 
(MFC), and the matching relationships between the 
ChIP-seq and the gene expression data are shown in 
supplementary figure S8, Supplementary Material online. 
The Welch two-tailed paired t-test was used in accessing 
expression differences between great apes and macaques 
and obtained 1,714 human-chimpanzee-specific genes 
(supplementary table S14, Supplementary Material on
line). In the end, we linked HC-GSSVs with human– 
chimpanzee-specific CREs and genes (supplementary 
table S15, Supplementary Material online).

TF Enrichment Analysis
We used liftover to obtain the homologous coordinates 
of the great ape–specific CREs (chr16_67128753_hg38) 
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in human, chimpanzee, and macaque and then extracted 
the DNA sequences. Next, using FIMO, we predicted the 
enriched TFs on the sequences of each species (by com
mand “fimo –o TF_result JASPAR_TF_data/Vertebrates/ 
all.meme species.fa”), and we screened out the human– 
chimpanzee-specific TFs (supplementary table S16, 
Supplementary Material online).

Supplementary Material
Supplementary data are available at Molecular Biology and 
Evolution online.
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