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Abstract

The coppery titi monkey (Plecturocebus cupreus) is an emerging nonhuman primate model system for behavioral and neuro-
biological research. At the same time, the almost entire absence of genomic resources for the species has hampered insights
into the genetic underpinnings of the phenotypic traits of interest. To facilitate future genotype-to-phenotype studies, we
here present a high-quality, fully annotated de novo genome assembly for the species with chromosome-length scaffolds
spanning the autosomes and chromosome X (scaffold N50 = 130.8 Mb), constructed using data obtained from several ortho-
logous short- and long-read sequencing and scaffolding techniques. With a base-level accuracy of ~99.99% in chromosome-
length scaffolds as well as benchmarking universal single-copy ortholog and k-mer completeness scores of >99.0% and
95.1% at the genome level, this assembly represents one of the most complete Pitheciidae genomes to date, making it
an invaluable resource for comparative evolutionary genomics research to improve our understanding of lineage-specific
changes underlying adaptive traits as well as deleterious mutations associated with disease.
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Significance

This study presents the first fully annotated, chromosome-level de novo genome assembly for the coppery titi monkey
(Plecturocebus cupreus)—a critical step toward improving the genomic resources for this emerging nonhuman primate
model system for behavioral and neurobiological research.

Introduction interest to the behavioral research community are coppery
Understanding the factors at play during behavioral devel- titi monkeys (Plecturocebus cupreus; previously Callicebus
opment is one of the key challenges to improve our under- cupreus; Groves 2005)—one of currently 34 recognized
standing of human health and disease. Of particular species of Plecturocebus (Byrne et al. 2016). Coppery titi
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monkeys live in long-term, socially monogamous (pair-
bonded) family units that include the parents and up to three
generations of their offspring (Kinzey 1997) and that are char-
acterized by a high level of paternal care (Mendoza and Mason
1986; Valeggia et al. 1999). Hence, this species provides re-
searchers with an opportunity to study complex social beha-
viors in the context of monogamy—an extremely rare trait
among mammalian taxa (Lukas and Clutton-Brock 2013)—
in particular with regards to the neurobiology underlying pair-
bonding, mate-guarding, and male parenting (Bales et al.
2007, 2017, 2021). In addition, coppery titi monkeys have
been utilized to study cognition, including decision-making,
problem-solving, and memory, as well as the neurological me-
chanisms underlying vocal communication as part of their so-
cial interactions (Bales et al. 2017; Lau et al. 2020).

Yet, despite its usage as a primate model for neuroendo-
crine and behavioral research, genomic resources remain
limited for the species, prohibiting researchers from investi-
gating the genetic underpinnings of the phenotypic traits
studied in experimentally controlled settings. To enable fu-
ture genotype-to-phenotype studies, we here provide a
high-quality, fully annotated, hybrid de novo genome as-
sembly for the coppery titi monkey, PleCup_hybrid. By pro-
viding insights into the genomic makeup of coppery titi
monkeys—a representative of the Pitheciidae family which
remains relatively poorly characterized genetically—this re-
source serves as a foundation for future studies to advance
our understanding of primate evolution on this branch of
the phylogenetic tree specifically as well as behavioral re-
search, population genetic studies, and primate compara-
tive evolutionary analyses in general.

Materials and Methods

Sample Collection

Peripheral blood samples were collected from an adult male
coppery titi monkey born and housed at the California
National Primate Research Center (CNPRC). Postmortem
tissue samples were collected from two additional indivi-
duals, including samples from the adrenal gland, brain,
heart, lung, ovaries, pancreas, and pituitary gland from
an adult female and a testes sample from an adult male.
These samples were collected within 24 h of each subject’s
death (which was unrelated to the present study) and were
immediately stored at —80 °C. At a later date, the tissues
were thawed to —20 °C and approximately 10 mg of tissue
was sectioned using a cryostat and collected for this study.

Sample Preparation and Sequencing

The de novo genome assembly was generated using several
orthologous sequencing technologies: Oxford Nanopore
Technologies (ONT) long-read sequencing, 10x Genomics
linked-read sequencing, lllumina short-read sequencing, and

Dovetail Genomics Hi-C sequencing. In addition, RNA from
eight different tissues was sequenced to facilitate genome
annotation.

Long-Read Sequencing

For long-read sequencing, high-molecular weight (HMW)
genomic DNA (gDNA) was extracted from peripheral blood
using the Qiagen MagAttract HMW DNA Kit (#67563) fol-
lowing the manufacturer’s instructions (Qiagen, Hilden,
Germany) and utilizing a Thermomixer C (Eppendorf,
Hamburg, Germany) with a 1.5-ml tube adapter for the
mixing steps. DNA was eluted off the beads using Qiagen
Elution Buffer (#1014609), and a 1x AMPure bead cleanup
was performed to purify MagAttract-extracted gDNA, fol-
lowing a 3-pass 26-gauge needle shear. Sheared gDNA
was further purified with the Pacific Biosciences SRE XL
Kit (Pacific Biosciences, Menlo Park, CA, USA) to remove
small, and retain larger, fragments. Quantity and quality
of the gDNA were assessed using a Qubit (Invitrogen,
Carlsbad, CA, USA) and Femto Pulse Fragment Analyzer
(Agilent #FP-1002-0275; Agilent Technologies, Palo Alto,
CA, USA), before preparing a sequencing library using the
Oxford Nanopore Ligation Sequencing Kit (SQK-LSK109).
This library was then sequenced on two R9 flow cells on a
PromethlON platform (Oxford Nanopore Technologies,
Oxford, UK) to ~25x coverage.

Linked-Read Sequencing

For linked-read sequencing, HMW gDNA was extracted
from peripheral blood following the protocol described
above (see Long-Read Sequencing). Next, a library of
Genome Gel Beads was combined with HMW gDNA in
Master Mix and partitioning oil to create Gel
Bead-In-Emulsions (GEMs) in the microfluid Genome Chip
which contained millions of copies of 10x barcode primers.
After completion of the preloaded program in the 10x
Chromium Controller, the GEMs were transferred from
the chip to polymerase chain reaction (PCR) tubes where
they underwent 3 h of GEM isothermal incubation, fol-
lowed by a post-GEM incubation cleanup. Thereby, silane
magnetic beads were used to remove any leftover bio-
chemical reagents from the post-GEM reaction mixture
and Solid Phase Reversible Immobilization beads were
used to optimize the appropriate DNA size range for
lllumina library preparation. A sequencing library was pre-
pared by end-repairing DNA, followed by A-tailing, adaptor
ligation, and amplification, and sequenced (2 x 150 bp) on
an lllumina NovaSeq 6000 (lllumina, San Diego, CA, USA)
to ~50x coverage.

Short-Read Sequencing

For short-read sequencing, HMW gDNA was extracted using
the Gentra Puregene Kit (Qiagen, Hilden, Germany) and
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sheared on an E220 Focused Ultrasonicator (Covaris,
Woburn, MA, USA). DNA quantity was assessed using a
Qubit (Invitrogen, Carlsbad, CA, USA) before preparing a
sequencing library using the Kapa High Throughput
Library Preparation Kit (Kapa Biosystems-Roche, Basel,
Switzerland). The library was then paired-end sequenced
(2x 150 bp) on an lllumina NovaSeq 6000 (lllumina, San
Diego, CA, USA) to ~65x coverage.

Hi-C Sequencing

For Hi-C sequencing, an Omni-C library (Dovetail Genomics,
Scotts Valley, CA, USA) was prepared by fixing chromatin
with formaldehyde in the nucleus prior to extraction. Fixed
chromatin was digested with DNAse [; chromatin ends
were repaired and ligated to a biotinylated bridge adapter fol-
lowed by proximity ligation of adapter containing ends. After
proximity ligation, crosslinks were reversed and the DNA puri-
fied. Purified DNA was treated to remove biotin that was not
internal to ligated fragments. Next, a sequencing library was
generated using NEBNext Ultra enzymes (New England
Biolabs, Ipswich, MA, USA) and lllumina-compatible adap-
ters. Biotin-containing fragments were isolated using strepta-
vidin beads before PCR enrichment of the library and
sequencing on an lllumina HiSegX (lllumina, San Diego, CA,
USA) to ~30x coverage.

RNA Sequencing

Total RNA was extracted from eight tissue samples—adrenal
gland, brain, heart, lung, ovaries, pancreas, pituitary gland,
and testes—using the RNeasy Plus Universal Mini Kit and fol-
lowing the manufacturer’s instructions (Qiagen, Hilden,
Germany). RNA samples were quantified using a Qubit 2.0
Fluorometer (Life Technologies, Carlsbad, CA, USA), and
RNA integrity was assessed using an Agilent TapeStation
4200 (Agilent Technologies, Palo Alto, CA, USA). Next,
RNA sequencing libraries were prepared using the NEBNext
Ultra RNA Library Prep Kit for lllumina following the manufac-
turer’s instructions (NEB, Ipswich, MA, USA). Briefly, mRNAs
were initially enriched with Oligo(dT) beads. Enriched
mRNAs were fragmented for 15 min at 94 °C. First-strand
and second-strand cDNAs were subsequently synthesized.
cDNA fragments were end-repaired and adenylated at
3’-ends, and universal adapters were ligated to cDNA frag-
ments, followed by index addition and library enrichment
by PCR with limited cycles. The sequencing library was vali-
dated on an Agilent TapeStation (Agilent Technologies,
Palo Alto, CA, USA) and quantified by using a Qubit 2.0
Fluorometer (Invitrogen, Carlsbad, CA, USA) as well as by
guantitative PCR (KAPA Biosystems, Wilmington, MA,
USA). The sequencing libraries were clustered on a single
lane of a flow cell and paired-end sequenced (2 x 150 bp)
on an lllumina HiSeq 4000 (lllumina, San Diego, CA, USA).
Raw sequence data were demultiplexed using lllumina’s

bcl2fastq software version 2.17, allowing one mismatch for
index sequence identification.

Assembly

Raw ONT long-reads were validated using fastQValidator
version 0.1.1a (https:/genome.sph.umich.edu/wiki/FastQ
Validator), problematic reads were removed using BBMap
version 38.87 (Bushnell 2014), and the quality of the remain-
ing reads was assessed using NanoStat as embedded in
pycoQC version 2.5.0.23 (Leger and Leonardi 2019). An ini-
tial de novo assembly was generated from the high-quality
long-reads using Flye version 2.8.1 (Kolmogorov et al.
2019) and polished using the Nanopore-based tools Racon
version 1.4.13 (Vaser et al. 2017) and Medaka version
1.2.1 (https:/github.com/nanoporetech/medaka).

To improve accuracy, the draft genome assembly was
further polished using HyPo version 1.0.3 (Kundu et al., in
preprint), together with high-quality 10x Genomics linked-
reads and lllumina short-reads. In brief, linked-reads were
mapped to the draft assembly using LongRanger version
2.2.2 (Marks et al. 2019), whereas short-reads were first
quality and adapter trimmed using Trim Galore version
0.6.1 (https:/github.com/FelixKrueger/TrimGalore) before
mapping them to the draft assembly using minimap2 ver-
sion 2.17 (Li 2018). Duplicates were removed using the
MarkDuplicates tool implemented in the Genome
Analysis Toolkit version 4.1.8.1 (van der Auwera and
O’Connor 2020), and properly paired reads with a min-
imum mapping quality of 40 were extracted using
SAMtools version 1.9 (Li et al. 2009). Using these read
data sets as input, HyPo polishing of the draft assembly
was performed, assuming an approximate genome size of
2.7 Gb and an approximate mean coverage of 36x and
48x for 10x Genomics linked-reads and lllumina short-
reads, respectively.

The polished draft de novo assembly was combined with
Dovetail Omni-C library reads to scaffold the assembly
using HiRise—a software pipeline designed for scaffolding
genome assemblies using long-range proximity ligation
data (Putnam et al. 2016). In brief, Dovetail Omni-C library
sequences were aligned to the draft input assembly using
BWA version 0.7.17 (Li and Durbin 2009). Next, separations
of Dovetail Omni-C read pairs that mapped within draft
scaffolds with a minimum mapping quality of 50 were ana-
lyzed by HiRise to produce a likelihood model for genomic
distance between read pairs. This model was then used to
identify and break putative misjoins, to score prospective
joins, and make new joins.

Lastly, the assembly was screened for contaminations
using the National Center for Biotechnology Information
(NCBI) Foreign Contamination Screen tool suite (https:/
github.com/ncbi/fcs), resulting in the exclusion of four scaf-
folds of bacterial or viral origin that ranged from 318 to
6,495 bp in size.
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Annotation
Repeat Annotation

Repeat families were identified de novo and classified using
the software package RepeatModeler version 2.0.1 (Flynn
et al. 2020), with RECON version 1.08 (Bao and Eddy 2002)
and RepeatScout version 1.0.6 (Price et al. 2005) embedded
within. Based on the species-specific repeat model
obtained from RepeatModeler, repeats in the assembly
were masked using RepeatMasker version 4.1.0 (https:/
repeatmasker.org). Variant telomeric repeats were character-
ized using Computel version 1.2 (Nersisyan and Arakelyan
2015), with a genome length of 2,764,079,242 bp (“-lgenome
2764079242").

Gene Annotation

Publicly available coding sequences from human (genome
assembly: GRCh38.p13; Schneider et al. 2017), bonobo
(Mhudiblu_PPA_v2; Mao et al. 2021), rhesus macaque
(rheMac10; Warren et al. 2020), olive baboon (Panu_3.0;
Rogers et al. 2019), and common marmoset (mCallac1;
Yang et al. 2021) were used to train an ab initio species-
specific hidden Markov model for P. cupreus using both
the gene prediction software AUGUSTUS version 2.5.5
(Stanke et al. 2008) with six rounds of prediction optimiza-
tion and the gene finder SNAP version 2006-07-28 (Korf
2004). In addition, RNA sequencing reads obtained from
the adrenal gland, brain, heart, lung, ovaries, pancreas, pitu-
itary gland, and testes were mapped onto the genome using
STAR version 2.7 (Dobin et al. 2013) to provide information
about the location of exons, introns, and exon—intron
junctions using the bamZ2hints tool integrated within
AUGUSTUS. To improve the accuracy of gene boundaries,
ab initio models from AUGUSTUS and SNAP were then
used together with the intron—-exon boundary hints to pre-
dict genes in the repeat-masked genome, retaining only
those genes predicted by both tools. The quality of the
gene prediction was assessed using annotation edit distance
(AED) scores generated for each of the predicted genes as
part of the MAKER pipeline version 3.01.03 (Cantarel
et al. 2008; Campbell et al. 2014). To help guide the anno-
tation process, Swiss-Prot peptide sequences from the
UniProt database were downloaded and used in conjunc-
tion with the protein sequences from Homo sapiens, Pan pa-
niscus, Macaca mulatta, Papio anubis, and Callithrix jacchus
to generate peptide evidence in MAKER. Genes were further
characterized for their putative function by performing a
BLAST (Altschul et al. 1990) search of the peptide sequences
against the UniProt database.

tRNA Annotation

tRNAs were predicted using the software tRNAscan-SE ver-
sion 2.05 (Chan et al. 2021).

Quality Assessment

The genome assembly was evaluated using three character-
istics: contiguity, completeness, and correctness. To obtain
summary statistics and assess contiguity, QUAST version
5.0.2 (Mikheenko et al. 2018) was used to calculate the se-
guence length of the shortest contig at 50% and 90% of the
total genome length (N50 and N90, respectively) as well as
the smallest number of contigs whose combined lengths
are at least 50% and 90% of the genome size (L50 and
L90, respectively). compleasm version 0.2.6 (Huang and Li
2023) was used to assess genome and transcriptome com-
pleteness of the assembly by searching for highly conserved
single-copy orthologous genes previously identified in eu-
karyotes, mammals, and primates (i.e. utilizing the eukaryo-
ta_odb10 data set containing 255 BUSCOs from 70 species,
the mammalia_odb10 data set containing 9,226 BUSCOs
from 24 species, and the primates_odb10 data set contain-
ing 13,780 BUSCOs from 25 species, respectively; Manni
etal. 2021). Lastly, correctness was evaluated by comparing
the k-mers in the genome assembly to those observed in the
unassembled, highly accurate short-reads obtained from
the same individual using Merqury version 1.3 (Rhie et al.
2020), together with a k-mer database of the recommended
size (k= 21) built from the lllumina short-reads using Meryl
version 1.4 (https:/github.com/marbl/meryl).

Genome Sequence Comparison with Human

To gain a better understanding of genome evolution, a
genome comparison was performed between the de novo
genome assembly for P. cupreus (PleCup_hybrid) and the
telomere-to-telomere human genome assembly (T2T-
CHM13v2.0 downloaded from NCBI RefSeq; Nurk et al.
2022) using MUMmer version 3.23 (Kurtz et al. 2004).
Following Kurtz et al. (2004), nucleotide alignments of the
chromosome-length scaffolds were performed using the nuc-
mer program with a minimum match length of 25 (“-/25") to
encompass matching exons. To account for introns, neighbor-
ing matches were joined into clusters if gaps between exact
matches were no longer than 3 kb (“-g 3000"). As matching
genes are expected to be longer, the maximum-length co-
linear chain of matches was required to be at least 100 nucleo-
tides (“-c 100"). Next, the longest increasing subset of
alignments was calculated and filtered (using delta-filter)
to maintain alignments with a minimum length of 1 kb
("-/ 1000") and a minimum percent identity of 85%
("-1 85") to reduce poor alignments. Syntenic regions
were plotted in R version 4.3.0 using the circlize package
(Gu etal. 2014).

Results and Discussion

The genome of the coppery titi monkey was sequenced
from peripheral blood DNA isolated from a male individual
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Fic. 1.—De novo genome assembly for the coppery titi monkey (P. cupreus). a) Chromatin interaction map of the de novo genome assembly for the
coppery titi monkey (P. cupreus), PleCup_hybrid, generated in this study. Chromosome-length scaffolds are represented as squares along the diagonal, or-
dered by size from bottom left to top right. b) Genome comparison between the coppery titi monkey (with chromosome-length scaffolds [S] depicted on the
left-hand side) and human (with chromosomes [chr] depicted on the right-hand side). Syntenic regions are color-coded by human chromosome. Silhouette
images were obtained from PhyloPic (H. sapiens by Katy Lawler; CC BY 4.0 DEED) and generated by S.P.P. (P. cupreus).

housed at the CNPRC and de novo assembled using a
combination of orthologous technologies—single-molecule
long-read ONT sequencing, 10x Genomics linked-read
sequencing, and lllumina short-read sequencing, as well as
a chromosome-contact map from Dovetail Genomics—to
generate chromosome-scale scaffolds. In brief, the initial draft
assembly was constructed from high-quality long-reads, se-
guenced on two R9 PromethlON flow cells. Specifically, after
removing 456 problematic reads with a length smaller than
10 bp from the flow cell readout, the remaining 3,412,944
reads, exhibiting a mean length of 20.7 kb (read N50:
36.0 kb) and totaling 25.6-fold (X) whole-genome sequen-
cing coverage, were assembled into a draft genome using
Flye (Kolmogorov et al. 2019). To further improve accuracy,
the draft assembly, containing 3,030 contigs (contig N50:
18.1 Mb), was first polished using the Nanopore-based tools
Racon (Vaser et al. 2017) and Medaka (https:/github.com/
nanoporetech/medaka), before performing a final polish
using HyPo (Kundu et al., in preprint) together with whole-
genome 150 bp paired-end 10x Genomics linked-reads
(sequenced to 52.5x coverage) and 150 bp paired-end
lllumina short-reads (65.4x coverage). Contigs were then
scaffolded using long-range Dovetail proximity ligation data
(31.1x coverage) by making 720 new joins and breaking 9
misjoins, and contaminations were removed using the NCBI
Foreign Contamination Screen tool suite (https:/github.
com/ncbi/fcs).

The final de novo assembly of the coppery titi monkey ex-
hibits a total length of 2.76 Gb—similar to the genome sizes

reported for other Pitheciidae for which short-read (150 bp
paired-end lllumina) assemblies were recently released (ran-
ging from 2.61 Gb for the Araca uakari [Cacajao ayresi] to
2.74 Gb for the red-nosed bearded saki [Chiropotes albinasus];
Kuderna et al. 2023)—and comprises 1,288 scaffolds with a
scaffold N50 of 130.8 Mb. In concordance with previous cyto-
genetic studies based on morphology from classical staining,
chromosome banding, and chromosome flow sorting that re-
ported a diploid karyotype of 2n = 46 in the species with a sub-
metacentric X chromosome and a very small acrocentric Y
chromosome (de Boer 1974; Benirschke and Bogart 1976;
Dumas et al. 2005), 23 scaffolds spanning the autosomes
and chromosome X were observed that contained 98.2% of
the assembly (Fig. 1a). The quality of the highly contiguous hy-
brid assembly for this behavioral model system is comparable
to several recently released primate genome assemblies,
including that of the common marmoset (C. jacchus)—a platyr-
rhine species frequently used for neurological and regenerative
medicinal research (Okano et al. 2012; Kishi et al. 2014)—com-
prising 1,233 scaffolds with a scaffold N50 of 137.0 Mb (Yang
et al. 2021), and that of rhesus macaque (M. mulatta)—the
most widely used nonhuman primate model in biomedical re-
search (Rogers 2022)—comprising 2,979 scaffolds, with a scaf-
fold N50 of 82.4 Mb (Warren et al. 2020).

A total of 38.71% of the genome is repetitive, with
34.38% of regions corresponding to class | transposable
element (TE) repeats, 2.22% to class Il TE repeats, 1.15%
to simple repeats, and 0.26% to low complexity repeats.
Similar to humans (Coleman et al. 1999; Varley et al.
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Table 1

Contiguity and completeness of the coppery titi monkey genome assembly

Contiguity Completeness
Genome length 2,764,079,242 bp No. of genes 40,825
No. of scaffolds 1,288 Complete BUSCOs (C) 255 (100.0%)¢ Eukaryota®
No. of contigs > 1 kb 1,276 Complete and single-copy BUSCOs (S) 237 (92.9%)
No. of gaps 720 Complete and duplicated BUSCOs (D) 18 (7.1%)
No. of N's per 100 kb 2.74 Fragmented BUSCOs (F) 0 (0.0%)
Missing BUSCOs (M) 0 (0.0%)
Scaffold N50 130,776,705 bp Complete BUSCOs (C) 9,204 (99.8%)¢ Mammalia®
Scaffold N90 73,180,778 bp Complete and single-copy BUSCOs (S) 9,094 (98.6%)
Scaffold L50 9 Complete and duplicated BUSCOs (D) 110 (1.2%)
Scaffold L90 20 Fragmented BUSCOs (F) 10 (0.1%)
Largest scaffold 235,103,535 bp Missing BUSCOs (M) 12 (0.1%)
GC content 40.79% Complete BUSCOs (C) 13,684 (99.3%)° Primates®

Complete and single-copy BUSCOs (S)
Complete and duplicated BUSCOs (D)
Fragmented BUSCOs (F)

Missing BUSCOs (M)

13,531 (98.2%)
153 (1.1%)
31(0.2%)
65 (0.5%)

2Based on the eukaryota_odb10 data set (containing 255 BUSCOs from 70 species). ®Based on the mammalia_odb10 data set (containing 9,226 BUSCOs from 24 species).
“Based on the primates_odb10 data set (containing 13,780 BUSCOs from 25 species). At the transcript level: 80.8%, 70.2%, and 64.7% for eukaryota, mammalia, and

primates, respectively.

2002; Lee et al. 2014), the majority of telomeric repeats in
the coppery titi monkey genome consists of noncoding
t-type (TTAGGG) repeats (96.4%), with additional ¢-, g-,
and j-type telomeric variant repeats present (TCAGGG:
0.3%, TGAGGG: 0.1%, and TTGGGG: 0.1%, respectively).
After masking repeat regions, protein-coding and non-
coding genes were annotated using a species-specific ab initio
prediction model, based on coding sequences obtained from
high-quality genome assemblies of primates spanning homi-
nids (human [H. sapiens] and bonobo [P. paniscus]), catar-
rhines (rhesus macaque and olive baboon [P. anubis]), and
platyrrhines (common marmoset), and further refined using
transcriptome (RNA sequencing) data from eight different
tissues—adrenal gland, brain, heart, lung, ovaries, pancreas,
pituitary gland, and testes (~53 to 59 million reads per
tissue)—obtained from two titi monkeys from the CNPRC.
Overall, the coppery titi monkey genome assembly contains
40,825 gene models (total predicted coding sequence:
54,347,078 bp)—similar to those predicted in common mar-
mosets (43,572 gene models) based on the distribution of
exons, introns, and intergenic regions as well as transcription-
al, translational, and splicing signals using the GENSCAN soft-
ware (Burge and Karlin 1997). Out of these models, 20,523
genes exhibit an AED (Eilbeck et al. 2009; Yandell and Ence
2012) of 0.5 or smaller, with an average length of 1,331 bp
—similar to the total number of protein-coding genes ob-
served in rhesus macaque (20,389 and 20,605 genes with
an average length of 1,564 and 1,489 bp for Chinese and
Indian rhesus macaques, respectively; He et al. 2019).
Searching for highly conserved single-copy orthologous
genes (BUSCOs) previously identified in eukaryotes, mammals,

and primates (Manni et al. 2021) highlighted that the coppery
titi monkey assembly is nearly complete at the genome and
transcriptome level (Table 1). To further evaluate the accuracy
and completeness of the coppery titi monkey assembly, a com-
parison of k-mers (i.e. genomic regions of length k) in the de
novo genome assembly with those observed in the high-
accuracy lllumina short-reads obtained from the same individ-
ual was performed. This comparison showed that the coppery
titi monkey genome exhibits a high base-level accuracy with a
mean consensus quality of 39.7 in chromosome-length scaf-
folds, corresponding to a ~99.99% accuracy. Moreover, a
k-mer completeness score of 95.1% suggests that only a small
number of heterozygous variants are missing from the de novo
genome assembly (supplementary fig. S1, Supplementary
Material online). Finally, a whole-genome alignment between
the 23 chromosome-length P. cupreus scaffolds and the chro-
mosomes in the human telomere-to-telomere assembly (Nurk
et al. 2022) revealed fundamental genetic similarities and
large-scale shared sequence homology between the two spe-
cies (Fig. 1b). This result is consistent with a previously pub-
lished comparative cytogenetic study (Dumas et al. 2005)
and further highlights the importance of this emerging nonpri-
mate model system.

Conclusion

The high-quality, highly contiguous, fully annotated genome
assembly presented here is a critical step toward improving the
coppery titi monkey as a behavioral model system. By facilitat-
ing genomic analyses, this novel resource will open new ave-
nues of biomedical and behavioral research, enabling the
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design of gene expression studies as well as the direct investi-
gation of the genetic underpinnings of phenotypic traits of
interest. In addition, insights into the content and structure
of the coppery titi monkey genome will facilitate the discovery
of naturally occurring genetic variation and population genet-
ic analyses in the species and, as one of the most complete
Pitheciidae genomes to date, will provide a novel comparative
evolutionary perspective on the genetic divergence among
primate lineages, important to advance our understanding
of primate evolution.

Supplementary Material

Supplementary material is available at Genome Biology and
Evolution online.
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