L)

Check for
Gpdaies

COMMENTARY
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Nonhuman primates (NHPs), our closest relatives, represent one of the most
successful lineages of adaptive radiation in mammals. The primate order con-
tains several hundred species living in varied ecological niches with phenotypic
diversity. However, what we know about NHPs is still limited because of genome
diversity.

To address this gap, the Primate Genome Project (PGP) consortium recently
made a comprehensive sequencing effort.' They sequenced 703 individuals
from 233 primate species (16 families, 68 genera) with short-read sequencing
technology as well as 27 primate species with long-read sequencing technolo-
gies, covering nearly half of all primate species.” These efforts allow us to test
long-standing evolutionary hypotheses, explore novel phenotypes, investigate
social behavior changes, understand hybrid speciation, and refine variants asso-
ciated with human disease risk. These efforts have significantly advanced our un-
derstanding of divergence, speciation, diversity, adaptation, and human disease
during primate evolution, which paves the way for future breakthroughs in con-
servation strategies and precision medicine (Figure 1).

GENETIC DIVERSITY AND ADAPTATION

Genetic diversity and mutation rates are pivotal factors in understanding the
complexities of biodiversity and the emergence of novel phenotypes. This
comprehensive dataset challenges the prevailing hypothesis suggesting a posi-
tive correlation between genetic diversity and extinction risk. In addition, the data
support the drift-barrier hypothesis, which posits that the mutation rate per gen-
eration decreases with the effective population size. Another intriguing finding is
the widespread occurrence of recurrent single nuclear mutations in primates,

aligning with a recent study on structural variations in great apes. These findings
shed light on the genetic forces driving evolutionary changes in primates.

Advancements in more accurate long-read primate genome assemblies
enable identification of large-scale genomic rearrangements in chromo-
some evolution among primates. Additionally, comparison of large-scale
orthologous genes/regions has contributed to our understanding of multi-
ple phenotypic innovations involving amino acid replacements driven by
natural selection or lineage-specific accelerated sequences in specific line-
ages. These phenotypic innovations encompass traits related to the brain,
skeletal structure, and digestion (e.g., brain evolution and limb develop-
ment).> These endeavors broaden the horizon, allowing us to explore
phenotype novelty across various primate lineages beyond the previously
studied great apes.

Furthermore, the authors address a long-standing question regarding the rela-
tionship between incomplete lineage sorting (ILS), neutral evolution, and natural
selection.® Gene tree discordance, a prevalent occurrence in primate evolution,
has been extensively investigated in great ape lineages. However, a higher num-
ber of ILS loci is observed by sequencing additional monkey genomes. This
observation supports the hypothesis that ILS loci are not randomly distributed
in these additional monkey genomes, and these loci tend to have higher recom-
bination rates because of selection. The genes affected by ILS also contribute to
phenotypic novelty in primates.

The profound impact of genetic diversity, adaptation, and ILS deepens our
understanding of phenotypic novelty and genetic changes in primate
evolution. However, there is still a need to explore unresolved phylogenetic

Figure 1. Evolution, genomics, and Al facilitate
biodiversity, conservation, and precision medicine
studies
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relationships in certain clades, such as gibbons. Additionally, a precise un-
derstanding of divergence time and speciation time in primates remains
challenging because of the high levels of ILS and introgression. While our un-
derstanding of orthologous genes and segments has significantly improved
with these datasets and analyses, further exploration of divergent, recur-
rently mutated, or lineage-specific regions will likely provide additional
insights into primate evolution.

DIVERGENCE AND SPECIATION

Speciation is a fundamental and crucial evolutionary process that contributes
to our understanding of biodiversity and the origin of human beings. A simple
speciation model is believed to occur through geographic isolation, leading to ge-
netic and reproductive divergence and eventual formation of distinct species.
However, recent studies utilizing long-read and short-read population-scale
data from three representative clades challenge the simplicity of allopatric
models of speciation. These studies provide a novel and more nuanced under-
standing of the speciation process in primates. The authors have made signifi-
cant discoveries regarding the roles of hybridization in speciation and adaptive
radiation, challenging the notion that hybrid speciation is limited to plants and
a few animal species. The three monkey clades undergo rapid adaptive radiation
and are susceptible to natural hybridization because of weak reproductive isola-
tion. The authors also identify shared and species-specific genomic elements
through comprehensive comparisons.

The integration of knowledge from macro- and micro-evolutionary scales
opens new avenues for studying hybrid speciation. The authors explore the pro-
cesses associated with morphological and social behavioral differences and in-
novations that drive speciation.” For example, they have identified genes involved
in pigmentogenesis that undergo natural selection, contributing to the distinct
mosaic coat coloration observed in the gray snub-nosed monkey. Moreover,
the genes associated with reproduction and neurofunction exhibit divergence
in the other two monkey clades. These macro-micro adaptations in new species
establish reproductive barriers in both parent species, facilitating colonization of
new ecological niches or adaptive peaks.

These studies underscore the increasing significance of genomic approaches
in speciation research. The rapid pace of ecological data collection and the
compilation of primate genomes are poised to address long-standing and
emerging questions about the genetics of speciation. However, several aspects
remain unclear, such as identification of specific “genomic islands” in these spe-
cies and the need for further development of theoretical models to understand
hybridization.

EVOLUTIONARY MEDICINE AND ARTIFICIAL INTELLIGENCE (Al)

In the field of human medical genomics, numerous common and rare variants
are identified through large cohorts, pedigree studies, and case-control studies,
linking them to human disease risk. However, assuming that variants in NHPs
have similar effects to those in humans, leveraging NHP variants can aid in pre-
dicting human disease risk.

In two groundbreaking studies, the authors refined millions of previously un-
known risk variants in humans and utilized these data in conjunction with state-
of-the-art Al technology to develop PrimateAl-3D, a powerful tool that elucidates
the structural changes in proteins caused by variants. By applying PrimateAl-3D
and employing polygenic risk score (PRS) models derived from PrimateAl-3D to
analyze common and rare variants, they not only achieved improved variant ef-
fect prediction but also gained valuable insights into common and rare variants
associated with phenotype variation and human disease risk.

This successful integration of evolutionary biology, medical genomics, and Al
exemplifies the immense potential of NHP resources in advancing the field of
evolutionary medicine. However, future Al models should consider more
complex factors, such as non-coding variants, variant dosage effects, compen-
sation effects, and phenotypic differences in NHPs. These refinements will
contribute to a more comprehensive understanding of phenotype- and dis-
ease-associated variants and enable more accurate predictions in personalized
medicine.

WHAT’'S NEXT
The significant efforts in studying primate genomes greatly contribute to our
understanding of primate evolution and human diseases. However, only a small

proportion (<10%) of primate genomes have been assembled to the chromo-
some level, hindering our comprehensive understanding of large-scale variants
in primate evolution. Eventually, we expect all primate genomes to be
sequenced at the telomere-to-telomere (T2T) level with extensive genome
annotations.”

In addition to the genome sequences, the annotation of regulatory elements is
of utmost importance. While the Encyclopedia of DNA Elements (ENCODE) proj-
ect has made significant progress in annotating functional elements in the hu-
man genome, there is currently no such resource available for NHPs. Exploring
non-coding variants and functional elements is crucial for a deeper understand-
ing of genome evolution. We believe that the comprehensive annotation of
functional elements in NHPs will undoubtedly provide new insights into under-
standing our primate lineage in the near future. Fortunately, the Primate
Research Center of the Kunming Institute of Zoology (Chinese Academy of Sci-
ences, CAS) has initiated the monkey ENCODE project, which aims to generate a
comprehensive dataset of genomic annotations covering the entire life cycle of
the rhesus macaque, from fertilized eggs to aged monkeys.

The accessibility of T2T genomes and comprehensive annotations holds
immense potential for unraveling scientific questions related to primate evolution
and human diseases. It provides a valuable opportunity to investigate the ecolog-
ical and genetic factors that contribute to phenotypic diversity and adaptation,
including the intriguing phenomenon of brain expansion in primates. Moreover,
functional experiments in NHPs often require advanced experimental skills and
lengthy assessments. In contrast to mouse models, as an alternative, NHP orga-
noids can serve as a proxy system for conducting certain functional validations.

Ancient DNA (aDNA) analysis is also a powerful tool for gaining a better
understanding of evolution and medical implications. While human aDNA
has been extensively studied, aDNA from NHP fossils remains largely un-
explored, even though extinct primates have been found worldwide, and
primate fossils are abundant. Accessing aDNA from these samples would
greatly advance our understanding of evolutionary novelties, biodiversity,
and human diseases.

Data sharing and effective collaboration are essential for the success of con-
sortium work. Ecological data collection, genome sequencing, and data analysis
require significant efforts that cannot be accomplished by a single lab within a
short period. Therefore, we call for close collaborations, whether through individ-
ual collaborations or funding agency initiatives. Collaboration and competition
are not mutually exclusive, and working together while focusing on different bio-
logical aspects can lead to an exemplary win-win strategy. This cooperative
approach has been successful in this primate consortium and many other scien-
tific endeavors, such as the Human Pangenome Reference Consortium (HPRC)
and the Chinese Pangenome Consortium (CPC).
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