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NONHUMAN GENOMICS

Sequence diversity analyses of an improved rhesus
macaque genome enhance its biomedical utility
Wesley C. Warren* et al.

INTRODUCTION: The rhesus macaque (Macaca
mulatta) is one of the most widely used non-
human primate (NHP)models for studying hu-
manbiologyanddisease.Asa representativeof the
OldWorld monkey lineage, its genetic sequence
is also critical for studies of primate evolution.

RATIONALE: Because of the central role of
rhesusmacaques in both biomedical research
and primate adaptation, we sought to generate
a new reference genome for this NHP in which
most gapswere closed andmost protein-coding
genes were annotated. A more comprehen-
sively annotatedmacaque genome and exten-
sive sequencing of individual macaques from
existing research populations enables the char-
acterization of standing genetic variation. Un-
derstanding the extent of genetic variation
among research populations under phenotypic
surveillance will identify newmodels of human
genetic disease and allow for the further develop-
ment of NHPmodels for investigating aspects of
genome function such as gene regulation.

RESULTS: We sequenced and assembled the
genome of a female rhesus macaque of Indian
originusing amultiplatformgenomics approach

that included long-read sequencing, extensive
manual curation, and experimental validation.
With the exception of humans, the resulting
assembly is one of the most complete primate
references to date, with 99.7% of the gaps now
closed and >99% of the genes represented. We
generated 6.5 million full-length transcripts
and used these to create a comprehensive set
of protein-encoding and noncoding genemod-
els, including the identificationof newmacaque
isoforms and gene candidates.
The more complete macaque genome over-

comes many of the limitations of the previous
assemblies. Segmental duplications are im-
proved threefold, leading to the characteriza-
tion of lineage-specific genes and gene families
(e.g., ZNF669) that have expanded recently
during evolution. Most full-length, active mo-
bile elementshavebeen resolved at the sequence
level and are now integrated into the genome
assembly instead of being fragmented and un-
assigned. In the case of LINEs, this has led to a
reclassification of the order of appearance of
active elements during Old World monkey
evolution. Human-macaque gene comparisons
identify a limited number of lineage-specific
exon changes of potential functional effect,

including the formation of isoforms that dis-
tinguish the two species.
We generatedwhole-genome sequence data

for 850 rhesus macaques from captive U.S. re-
search colonies and three wild-caught Chinese
samples, including 133 previously published
samples. We used these data to identify 85.7
million single-nucleotide variants (SNVs; 21.3
million singletons) in addition to 10.5 million
indels, generating themost extensive collection
of segregating genetic variants for any NHP
species.Wecannowconfirmthat research rhesus
macaques are more than twice as diverse per
individual ashumans,with theaveragemacaque
carrying 9.7 million SNVs, and used this varia-
tion to understand the genetic diversity of exist-
ing research populations. We also identified
potentially deleteriousmutations inmacaque
genes that are intolerant to mutation in hu-
mans. Suchmutations segregating in rhesus
macaque research centers offer the opportunity
to develop new genetic models of disease.

CONCLUSION: This newmacaque reference ge-
nome and the genetic characterization of re-
search populations will substantially advance
biomedical research and studies of primate
genome evolution by providing an improved
framework formore complete studies of genetic
variation and its phenotypic consequence.▪
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Genetic diversity in the rhesus macaque. A more completely assembled and annotated macaque reference genome (left panel) coupled to sequencing of research
populations (middle panel) provides a deep understanding of diversity, functional changes in gene models, and rare variants that may be used to develop better
genetic models of disease (right panels). Photo credit: Kathy West.
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