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Abstract

The field of nonhuman primate genomics is undergoing rap-
id change and making impressive progress. Exploiting new
technologies for DNA sequencing, researchers have generat-
ed new whole-genome sequence assemblies for multiple pri-
mate species over the past 6 years. In addition, investigations
of within-species genetic variation, gene expression and
RNA sequences, conservation of non-protein-coding regions
of the genome, and other aspects of comparative genomics
are moving at an accelerating speed. This progress is opening
a wide array of new research opportunities in the analysis of
comparative primate genome content and evolution. It also
creates new possibilities for the use of nonhuman primates
as model organisms in biomedical research. This transition,
based on both new technology and the new information be-
ing generated in regard to human genetics, provides an im-
portant justification for reevaluating the research goals,
strategies, and study designs used in primate genetics and
genomics.
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Introduction

he field of primate genomics is entering a period of

critical transition. This transition is driven both by rap-

id advances in genomic technologies and by outstand-
ing progress in human genomics, which is producing a new
understanding of the genetic basis of risk for human disease.
Study of the genetics of nonhuman primates is benefitting
and will continue to benefit remarkably from these advances
in methods and analytical strategies. This article is a brief re-
view of the current state of research regarding the genomic
analysis of nonhuman primates, with emphasis on applica-
tion of that information to research related to human health
and disease. This field is moving much too fast for a compre-
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hensive review, and therefore the purpose of this review is to
provide one perspective on the present state and near-term
prospects for the field.

Whole-Genome Assemblies

A number of nonhuman primate genomes have been se-
quenced and analyzed in detail. The first species to have its
genome sequenced and published was the chimpanzee (Pan
troglodytes), chosen primarily because it is the living species
most closely related to humans. Whole-genome comparisons
of the chimpanzee sequence with the human sequence
(Chimpanzee Sequencing and Analysis Consortium 2005)
facilitated the process of identifying unique changes in the
human genome that may underlie the species-specific adap-
tations of our species. More recently, publication of the
orangutan (Locke et al. 2011), gorilla (Scally et al. 2012),
and bonobo (Prufer et al. 2012) genomes completed the ini-
tial description of genomic diversity and similarity across the
great apes. Access to these genome sequences has increased
opportunities to investigate the genetic basis of human
uniqueness, with some intriguing results. There is, of course,
significant interest among both researchers and the general
public in the biological basis of unique human behavioral
and cognitive capacities, such as spoken language, and the
evolutionary changes in the brain that underlie those ad-
vanced human traits. Sequence comparisons now implicate
specific genes or RNA-coding sequences as playing a role in
the evolution of human brain size (O’Bleness et al. 2012;
Pollard et al. 2006), differences in synapse formation
(Charrier et al. 2012), and language capacity (Preuss 2012).
Specific genes have also been associated with unique human
phenotypes beyond the brain and behavior (Dumas et al.
2007; Prabhakar et al. 2008). At the time of this writing, we
also anticipate the impending publication of a series of anal-
yses describing genomic variation within and between great
ape species (Great Ape Genome Project). These data will
significantly extend information about within-species diver-
sity in chimpanzees, gorillas, and orangutans.

Although the sequencing of the genomes of the great apes
provides significant new information about the evolution of
the human genome, the sequencing of other primate ge-
nomes is having more impact on studies related to human
health and disease. Among the apes, only chimpanzees have
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been regularly used for experimental work related to specific
human diseases, and most of that work is not substantially
affected by access to DNA sequence data. As will be dis-
cussed below, genomic information about macaques and oth-
er monkey species is creating new opportunities for studies
of both the genetic basis of risk for human disease and the
genomic correlates of disease processes in primate models,
such as the quantification of changes in gene expression in
response to viral infection (Bosinger et al. 2013). Direct ap-
plication of genomic information to questions of disease risk
and pathogenesis will be much more common in macaque
and other nonhominoid models of disease than in studies of
great apes.

The second nonhuman primate genome to be sequenced
was that of the rhesus macaque, Macaca mulatta (Gibbs
et al. 2007). Given its critical importance to a wide range of
topics within biomedical research, this was a natural choice
for early attention. Furthermore, the decision to sequence a
rhesus macaque with genetic ancestry in India, as opposed to
China, was based on the relative use of Indian- versus
Chinese-origin animals in US research colonies. Subsequent
to the sequencing of that first rhesus, other groups have se-
quenced the genomes of Chinese-origin rhesus macaques,
M. fascicularis (Fang et al. 2011; Yan et al. 2011), Mauritian
cynomolgus macaque, M. fascicularis (Ebeling et al. 2011),
Malaysian cynomolgus macaque (Higashino et al. 2012),
and Vietnamese cynomolgus macaque (Yan et al. 2011).

All these great ape and macaque genome sequences are
valuable as tools for research, but the quality and complete-
ness of these genome assemblies has not been entirely satis-
factory to the research community (Vallender 2011; Zhang
et al. 2012). These are draft-quality genome assemblies,
meaning that the DNA sequence is largely complete but is
not yet comprehensive enough to be continuous over tens of
millions of base pairs. A draft genome assembly consists of
multiple segments of continuous uninterrupted sequence
(contigs) such that most of the genome falls in contigs larger
than about 15,000 to 30,000 bases. But thousands of gaps in
the sequence remain and the order or orientation of the con-
tigs is not known with complete reliability. A finished ge-
nome consists of much longer contigs, approaching or
surpassing millions of continuous bases without interrup-
tion. The human genome is now a “finished” genome, as is
that of the laboratory mouse, although complexities and is-
sues remain because of complex polymorphic segmental
duplications and other large-scale insertion-deletion differ-
ences among humans. It is both time consuming and very
expensive to “finish” a mammalian genome, although new
strategies are being developed to increase contig size in
draft genomes so that the information is more comprehen-
sive, continuous, and accurate. Clearly one goal for primate
genomics in the near term should be to increase continuity
and contig size in nonhuman primate genome assemblies to
the point that nearly every gene is contained in a single
contig.

The Indian-origin rhesus macaque, chimpanzee, gorilla,
and orangutan genomes were sequenced entirely or primarily
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using traditional Sanger sequencing methods but were never-
theless draft genome assemblies that contained numerous
gaps and other problems (Zhang et al. 2012). The other ma-
caque sequences published to date have used various se-
quencing strategies but are also draft quality. In some cases,
there was no effort to produce a de novo assembly based en-
tirely on the new species- or population-specific data, but in-
stead reads were mapped to the available Indian-origin
rhesus macaque assembly for analysis. These draft genome
sequences (whether assembled de novo or simply aligned to
an existing assembly for a different species or subspecies)
provide an initial starting point for various genetic analyses.
But the number of genomic regions with missing sequence
or incorrect or incomplete annotation makes it clear that
further progress should be based on upgraded and improved
assemblies (Alkan et al. 2011).

Given the continuing reduction in the cost of DNA se-
quencing, it is not surprising that the pace of primate com-
parative genomics is accelerating. De novo whole-genome
assemblies for gibbon (Nomascus leucogenys), common
marmoset (Callithrix jacchus), baboon (Papio anubis),
sooty mangabey (Cercocebus atys), mouse lemur (Microce-
bus murinus), and African green monkey (Chlorocebus ae-
thiops) have been completed but not yet published at the
time of this writing. Other genomes are in different stages of
sequencing, assembly, or analysis. This coming wave of new
assemblies will have a major impact on many aspects of
disease-related research. For example, the sooty mangabey is
a unique and significant model for simian immunodeficiency
virus (SIV) research because these animals are natural hosts
that tolerate long-term infection with specific SIV viruses
without developing disease (Chahroudi et al. 2012; Silvestri
2008). Development of genomic sequence data and other ge-
nomic tools will accelerate efforts to understand how sooty
mangabeys can tolerate infection by viruses that are deadly
to macaques. In the case of the common marmoset, this will
be the first New World monkey genome to be published.
This species exhibits a number of characteristics of behavior,
neuroendocrinology, reproductive biology, and development
that are under active study and where efforts will benefit
from access to genomic information (Tardif et al. 2011; Ward
and Vallender 2012). Baboons, African green monkeys, and
other species are used in biomedical research because they
provide valuable model systems for specific questions, and
state-of-the-art investigation of those models depends on ac-
cess to this type of information. For example, several genes
influencing risk factors for human disease have been mapped
and identified in the baboon genome (Cox et al. 2007;
Tejero et al. 2005), but there are a larger number of such phe-
notypes for which the genes driving individual differences
have not yet been identified (Rainwater et al. 2009). Se-
quencing of the baboon genome will facilitate those studies.
We can anticipate that the genomes of many more primate
species will be sequenced in the next several years. For
example, the pig-tail macaque (Macaca nemestrina), drill
(Mandrillus leucophaeus), and sifaka (Propithecus coquer-
elli) genomes are targeted for whole-genome sequencing

225



and de novo assembly at the Baylor Human Genome
Sequencing Center.

What We Have Learned So Far

Comparisons among these primate whole-genome sequences
have produced a great deal of new information. It is impossi-
ble in a short review to summarize all the results, but some
specific outcomes are particularly significant.

Differences in Single-Copy DNA Sequence
among Species

The fixed genetic difference between humans and chimpan-
zees (differences between species that are consistent across
all members of those species) is estimated as 1.06% (Chim-
panzee Sequencing and Analysis Consortium 2005). This is
in contrast to a count of observed differences between any
one human individual and any one chimpanzee, which
would include within-species polymorphic variation as con-
tributors to differences between two specific individuals.
The time of separation of the human evolutionary lineage
from the chimpanzee lineage remains somewhat controver-
sial (Langergraber et al. 2012) but is widely accepted to be
5 to 7.5 million years ago. This suggests a rate of divergence
of about 0.18% per million years, with half of that diver-
gence occurring on each lineage. The difference in single-
copy sequence between human and rhesus macaque is esti-
mated to be 6.5%, with divergence time of 25 to 28 million
years ago and thus an estimated rate of change of 0.25% per
million years. Overall, broad comparisons suggest that the
evolution of single-copy DNA sequences occurs more
slowly through absolute time in the clade that includes goril-
las, chimpanzees, bonobos, and humans than it does in more
distantly related primates, including Old World monkeys
(macaques, baboons, colobines, cercopithecines) or New
World monkeys (marmosets, squirrel monkeys, spider mon-
keys, and so on).

Small Insertion-Deletion Differences

Roy Britten first pointed out that small insertions and dele-
tions (indels) of less than 100 base pairs probably account
for a larger number of total base pair differences between
humans and chimpanzees than do single base changes in
alignable sequence (Britten et al. 2003). Subsequently,
whole-genome sequencing has proven him correct. Both the
human and chimpanzee genomes consist of about 1.5%
unique sequence not found in the other species. Most of this
is because of small indels. The rhesus macaque sequence
that can be aligned to the human genome is 93.5% identical
to human, but when the small indels are included the rhesus
is only 90.8% identical to human (Gibbs et al. 2007). This
pattern of divergence in which small indels have substantial
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impact on genomic divergence is found across the primate
genomes that have been sequenced.

Gene Copy Number Differences

Among humans, the great apes, and Old World monkeys
such as macaques, most protein-coding genes have 1:1 ho-
mologues, but gene content is not identical among these spe-
cies. Numerous gene families have expanded or contracted
within individual evolutionary lineages. For example, the
rhesus macaque genome consortium (Gibbs et al. 2007)
identified 1358 genes found as new duplications in the rhe-
sus macaque genome compared with human. The HLA gene
cluster is one gene family of particular biomedical relevance
and is significantly expanded in the macaques relative to hu-
mans. However, the draft quality of the great ape and Old
World monkey genomes makes it difficult at this time to de-
fine all the copy number differences with certainty. By align-
ing the genes from different assemblies, we can evaluate
apparent copy number, but different algorithms for assessing
gene copy number do not produce identical results (e.g.,
Locke et al. 2011). In addition, the available draft genomes
for nonhuman primates contain significant gaps and thus do
not contain the complete complement of protein coding ex-
ons truly present in those species (Zhang et al. 2012). This
makes comprehensive analyses problematic. Finally, the
draft genomes do not yet support comprehensive identifica-
tion and mapping of segmental duplications, which are often
the regions that produce copy number differences (Dumas
etal. 2007).

Segmental Duplications

Segmental duplications (independent sequences within a sin-
gle genome that are longer than 1 kb and greater than 90%
identical) are known to be hotspots for mutations that alter
blocks of DNA sequence within the human population. They
have also been important drivers of evolutionary change
across nonhuman primate genomes (Marques-Bonet, Girira-
jan, and Eichler 2009; Marques-Bonet, Ryder, and Eichler
2009). Recent estimates indicate that about 5% of the human
and chimpanzees genomes and 3.8% of the orangutan ge-
nome consist of segmental duplications (Locke et al. 2011).
The genomes of humans and the great apes appear to be en-
riched for duplications dispersed around the genome, having
experienced an interval after their divergence from Old
World monkeys and before the separation of gorillas from
humans and chimpanzees during which there was particular-
ly active production of these new duplications (Jiang et al.
2007; Marques-Bonet, Kidd, et al. 2009). These events often
involve regions that contain entire genes. Thus, many expan-
sions of specific gene families within primate lineages are
due to segmental duplications, sometimes involving repeated
cycles of expansions for a given sequence (Cheng et al.
2005; Dumas et al. 2007; Gazave et al. 2011; Marques-
Bonet, Ryder, and Eichler 2009). Among the great apes,
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gorillas appear to have greater numbers of copy number
changes involving coding genes than do related species
(Scally et al. 2012). Genes within segmental duplications
have been identified as specific examples of positive selec-
tion for coding sequence as well as copy number.

Species Differences in Both Levels of Gene Expression
and Alternative Splicing

Differential gene expression is likely to account for many
phenotypic differences among species (King and Wilson
1975), as well as individual phenotypic variation within spe-
cies. Therefore, the comparative analysis of gene expression
is a critical aspect of comparative genomics. For example,
Blekhman and colleagues (2008; 2010) demonstrated that
differences in gene expression among humans, chimpanzees,
and rhesus macaques are influenced by natural selection,
whereas Calarco and colleagues (2007) identified substantial
differences in alternative splicing in the brains of humans
and chimpanzees. Scally and colleagues (2012) found that
there is greater overall similarity in gene expression between
chimpanzees and humans, as compared with gorillas, thus
providing an example of how the evolution of gene expres-
sion can quite closely track the phylogeny of primate lin-
eages. Perry and colleagues (2012) generated sequences for
RNA extracted from the livers of humans and a series of oth-
er mammals, including 11 nonhuman primates. They com-
pared levels of expression and also found strong evidence
for positive selection in a number of the genes expressed.
Perry and colleagues (2012) also calculated levels of DNA
sequence heterozygosity within the gene coding sequences
from each species. Comparative analysis of primate tran-
scription is currently a very active area of investigation, and
we can expect much progress on this in the near future. For
example, the Nonhuman Primate Reference Transcriptome
Resource is generating RNA sequence data from an exten-
sive series of tissues from several primate species (Pipes
etal. 2013).

Similarity and Change in Retroposon Content

Various types of repetitive elements make up about 50% of
the total genome sequence in humans, chimpanzees, rhesus
macaques, and other species. Retroposons are a major com-
ponent of the total complement of repetitive sequences with-
in primates (Cordaux et al. 2010). However, the number of
species-specific retroposon insertions differs substantially
across species, from about 5000 in humans to 2300 in chim-
panzees and only 250 in orangutans (Locke et al. 2011).
More specifically, de novo Alu insertions constitute a major
source of genomic change but have not affected all primate
lineages to the same degree. This process has clearly altered
genome content in Old World monkeys, as more than
100,000 Alu insertions are found in the rhesus macaque ge-
nome that are not present in the human genome (Gibbs et al.
2007). Like segmental duplications, locally clustered Alu in-
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sertions can trigger nonhomologous recombination and
therefore large indel events. Overall, the dynamics of retro-
poson insertion have had substantial effects on primate ge-
nome evolution (Cordaux and Batzer 2009).

Genetic Variation within Primate Species

The literature concerning genetic variation in nonhuman pri-
mate species is large and cannot be summarized here. But re-
searchers have begun large-scale analyses of DNA sequence
variation within primates, especially macaques. Hernandez
and colleagues (2007) reported sequence data for 150 kb
from five genomic regions in nine Chinese- and 38 Indian-
origin rhesus macaques. They found that the density of
SNPs was 7.25 per kilobase in Chinese-origin rhesus ma-
caques and 5.8 per kilobase in the Indian-origin rhesus ma-
caques. Only about one-third of SNPs were shared between
the two geographic populations, indicating that although
there is substantial variation in each, most of that variation
appears to be region- or population-specific. Ferguson and
colleagues (2007) obtained similar results in a smaller sur-
vey of 3° UTR sequences. Fawcett and colleagues (2011)
compared whole-genome sequences for three Indian-origin
rhesus macaques and found more than 3 million variants that
could be identified with confidence by virtue of occurring in
at least two of the datasets examined. Across the three ani-
mals, they found more than14 million variants in at least one
individual, for a potential SNP rate approaching 5 per kilo-
base (Fawcett et al. 2011). This is likely an underestimate of
the total variation present because one of the three individu-
als was sequenced only to 3.3X coverage. Within the Pan
troglodytes verus subspecies, the west African chimpanzee
that is most commonly used in biomedical research laborato-
ries, average heterozygosity was estimated to be 8 x 1074,
whereas the estimate was more than twice that high for the
P t. troglodytes subspecies from central Africa (Chimpanzee
Sequencing and Analysis Consortium 2005). Together the
two subspecies have average heterozygosity of 19.0 x 107,
and this does not account for additional variation to be found
in the eastern subspecies (P, t. schweinfurthi). Scally and col-
leagues (2012) found that two western lowland gorillas had
heterozygosity rates of at least 1.8 per kilobase, whereas an
eastern lowland gorilla showed less than half that rate. All
these estimates for apes and macaques show diversity as
high or higher than is observed in humans (Abecasis et al.
2012). Because technical advances have reduced the cost of
sequencing so significantly, it is practical to pursue discovery
of SNPs and other types of genetic variation by whole-
genome sequencing of hundreds of animals. At the Human
Genome Sequencing Center, we are collaborating with a
number of primate research centers and have begun a survey
of whole-genome variability among more than 200 Indian-
origin rhesus macaques, along with smaller numbers of
Chinese-origin rhesus macaques and cynomolgus macaques.
This work is generating substantial amounts of information
concerning previously unidentified SNPs, indels, copy
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number variants, and other aspects of genomic diversity
within these populations.

Impact on Biomedical Research

There is no question that the advances taking place in genet-
ics and genomics will have major impact on our knowledge
of the biology of nonhuman primates and on the ways in
which these species are used in biomedical research. Exactly
how the new genomic technologies and research strategies
will be applied to primate models of disease is not yet clear.
We can say with some confidence that resequencing of multi-
ple individuals within each major laboratory primate species
will discover substantial stores of genetic variation. A signif-
icant fraction of that variation will have functionally signifi-
cant impact on phenotypes that will be relevant to human
disease. But how much functional variation is present and at
what allele frequencies are not known at this time. We can
also say that the quantitative analysis of gene expression, in-
cluding expression of messenger RNAs (mRNAs), micro-
RNAs, long noncoding RNA (IncRNA), and other classes of
genes, will have important impact on our understanding of
the susceptibility to, onset of, and progression of disease in
these model organisms. However, the most informative and
most cost-effective strategies for exploiting primate models
of disease remain to be defined in detail.

It seems highly likely that progress in the genetic analysis
of nonhuman primate models of disease will include expan-
sion of the field along three dimensions: (1) genome content
and annotation, (2) genomic variation within species, and (3)
genomic diversity across species.

Genome Content and Annotation

As described above, the draft quality whole-genome assem-
blies for chimpanzee, rhesus macaque, and other nonhuman
primates have been useful to the research community but not
entirely satisfactory. Higher quality genome assemblies, with
larger contigs, fewer sequence gaps, and more accurate
assembly of complex regions such as tandem repeats of func-
tional genes or segmental duplications, are needed to support
ever more detailed and comprehensive analyses (Alkan et al.
2011; Zhang et al. 2012). For example, comparative geno-
mics is providing greater analytical power for discovery of
conserved sequences and thus identifying more and more
noncoding regions of the genome that have important bio-
logical function (Lindblad-Toh et al. 2011). Investigators
will benefit from using nonhuman primate model species to
study the biological significance and phenotypic conse-
quences of these noncoding functional elements. But more
complete and better annotated nonhuman primate genomes
are required to support such research goals and analyses. Ac-
cess to higher quality primate genome assemblies is obvi-
ously most important in the case of recently evolved
regulatory elements that are primate specific (Lindblad-Toh
etal. 2011).
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Thus, one goal for primate genomics should be significant
improvements of reference genome assemblies for a number
of species, with highest priority placed on several different
macaques, African green monkeys, baboons, marmosets,
sooty mangabeys, and at least two strepsirrhine primates, in-
cluding mouse lemur and at least one other. Improved assem-
blies will be developed using a variety of approaches.
Clearly, deeper sequence coverage using [llumina paired-end
and mate-pair reads will be valuable for assemblies, despite
the limitations of this platform in terms of read length. Other
sequencing platforms can provide much longer reads, which
will be very useful in generating better assemblies with fewer
gaps. The Pacific Biosciences RS platform has become one
quite plausible option, although future developments of
the RS and other commercial systems are likely to continue.
Better software algorithms for de novo genome assembly,
including algorithms that make efficient use of Pacific Bio-
sciences RS long reads (English et al. 2012), will also help
achieve better final assembly products.

In parallel with better assemblies of the genomic se-
quence, deep transcriptome information for nonhuman pri-
mates will lead to better annotation of functional genes.
Sequencing of mRNA is an important component of this
process (Perry et al. 2012; Pipes et al. 2013). Little is known
at this time about microRNA expression in most primates, al-
though microRNAs have received some attention in baboons
(Karere et al. 2012) and macaques (Dannemann et al. 2012).
Focused efforts in identifying microRNAs, IncRNAs, and
other functional elements are certain to produce significant
results and improve genome annotations, as well as generate
opportunities to use nonhuman primates to investigate
the function and phenotypic consequences of those genomic
elements.

Genomic Variation within Species

There is a substantial amount of information available re-
garding genetic variation within species, but much of that lit-
erature is not directly useful in studies of primate models of
phenotypic variation and disease. Although analysis of mito-
chondrial DNA variation, microsatellite polymorphism, and
other types of intraspecies diversity have been useful for a
wide range of analyses, the goals and impact of studies of
primate genetic variation are clearly in a period of transition.
Previous studies of primate polymorphism have focused
mostly (though not entirely) on neutral noncoding variation.
Now for the first time, it is straightforward and relatively in-
expensive to analyze and define large fractions of the genetic
variation in a given primate population, including functional-
ly significant mutations (Fawcett et al. 2011). Several studies
have reported studies of macaque whole-exome sequences
(Vallender 2011), which is an efficient way to focus on func-
tional variation that is readily interpretable at this time.
Exome sequencing is a cost-effective method for discovering
sequence variation within protein-coding genes. Nonsynon-
ymous substitutions, premature stop codons, and other
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readily interpretable classes of polymorphism are routinely
detected (Vallender 2011). However, as more is learned
about noncoding sequences in primates that have definable
functions (transcription factor binding sites, other regulatory
regions, genes for IncRNAs, and so on), generating whole-
genome sequence data for those species to discover and char-
acterize intraspecies variation across the entire genome will
have broader utility and impact. Today the annotation of non-
human primate genomes lags behind that of the human and
mouse genomes, but this can be expected to improve.

Thus, another significant priority should be the develop-
ment of comprehensive information about genetic variation
in the most important laboratory primates. Just as clinicians
are now considering the cost-benefit equations related to
clinical human genome sequencing (i.e., under what circum-
stances is it appropriate to sequence a patient’s genome to as-
sist in the diagnosis of a disorder or in the development of a
treatment plan), veterinarians, colony mangers, and primate
center directors should now begin evaluating opportunities
for whole-genome sequencing of animals in their research
colonies. The production of whole-genome or whole-exome
data for significant numbers of macaques, African green
monkeys, baboons, marmosets, or other laboratory primate
species will allow for the discovery of functionally signifi-
cant mutations that lead directly to new primate models of
the genetics of human disease (see, for example, Barr et al.
2004; Rogers et al. 2012; Vallender et al. 2010). In addition,
better information concerning genetic variation within a re-
search colony would allow investigators to select research
subjects on the basis of genetic characteristics. This is already
done in SIV research, where decisions are based on specific
MHC alleles and genotypes. For research in neurobiology, en-
docrinology, or other fields, it may be useful to either include
or exclude individual monkeys that carry specific functionally
significant variants, depending on the goals of the particular
research study. Third, but just as important, increased informa-
tion about sequence variation within specific research colonies
will allow colony managers to make more informed decisions
concerning breeding plans and selection of individual animals
for breeding versus experimental use.

The question is not whether to sequence primates in research
colonies but how many and which animals to characterize in
this way. It is already cheaper to sequence the whole genome
of an Indian-origin rhesus macaque than it is to purchase that
animal, pay per diem costs for 2 years, and use that animal for
a study of infectious disease, neurotransmitter function, or
other biomedical investigation. The sequencing of whole
exomes is a fraction of the cost of whole genomes, so it is sev-
eral fold cheaper to produce whole-exome data for an animal
than it is to purchase and house that animal for 1 to 2 years.

However, as of today, there is still too little known about
the nature and consequences of functional genetic variation
in any laboratory primate species to justify comprehensive
sequencing of study animals for the purpose of routinely
making whole-genome sequence data available to research
programs. This situation is going to change soon, and the op-
tions for sequencing will become more attractive. Before
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long the characterization of research colonies of nonhuman
primates can be expected to include a plan for genomic char-
acterization of a large portion, if not most, of the animals
available for research studies. Such characterization is likely
to begin with full sequencing of some animals and whole-
exome sequencing of others. This will identify carriers of
numerous functionally interesting alleles that can impact ex-
perimental results.

Thus, reduced cost is one reason this field is in transition.
The second is the new insights into the genetics of disease
already generated by sequencing human genomes. The first
complete human genome sequence was published in 2005,
but since then the field of human genetics has moved at ever-
increasing speed. Research consortia such as the 1000Ge-
nomes Project (www.1000genomes.org) have produced
whole-genome or whole-exome sequences for hundreds of
humans, and the scale of human genetic research continues
to expand. Research projects involving thousands of human
subjects are now underway and producing results. Conse-
quently, researchers now have a quantitative understanding
of the nature and distribution of human genetic variation that
was unattainable just a few years ago. A detailed review of
human genetic variability is not appropriate here, but the
data support three fundamental conclusions:

(1) The amount of genetic variation among humans is high.

(2) The extant variation includes a wide array of different
types of genetic polymorphism, including SNPs, small
indels, larger copy number differences, segmental dupli-
cations, larger inversions, and other forms of sequence
change.

(3) Much of the biologically significant variation that has
functional effects on normal variation or risk of disease
is low in frequency, such that observable phenotypic
and physiologic differences often but not always result
from the combined effects of multiple variants across
multiple genes.

Preliminary results from our work at HGSC and other labo-
ratories suggest strongly that rhesus macaques carry more
genetic variation within a given number of individuals than
do humans. It is possible that macaques carry more genetic
variation with little or no phenotypic effect but about the
same amount as humans for variants with substantial effects
(Yuan et al. 2012). In any case, we can be confident that ma-
caques, baboons, African green monkeys, marmosets, and
other laboratory primates carry a large store of biologically
and phenotypically important genetic variation that will be
useful in understanding the health-related consequences of
human genetic variation. Some specific examples of varia-
tion with potential biomedical impact are already available
(Barr et al. 2003; Rogers et al. 2012; Vallender et al. 2010),
and these cases show that nonhuman primates frequently
carry mutations in genes orthologous to genes that are asso-
ciated with disease phenotypes in humans. Furthermore, the
primate mutations can exhibit similar or nearly identical
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phenotypes. The primates do not necessarily carry the same
mutation as humans, but different mutations in the same
gene can provide models with great utility for understanding
genotype—phenotype relationships. For example, the similar-
ity of behavioral and pharmacogenetic consequences of
mu-opioid mutations in rhesus macaques and humans in re-
lation to alcohol abuse are remarkable (Vallender et al.
2010). This may not be entirely surprising given the overall
biological similarity of these two species, but the parallelism
here provides a valuable example of the power of nonhuman
primate models for investigation of the genetic basis of
health- and disease-related traits. Similarly, in a study of be-
havioral and neurobiological phenotypes in rhesus macaque,
we (Rogers et al. 2012) identified SNPs in the CRHR! locus
(a gene previously associated with risk of anxiety disorders
and depression in humans) that are significantly related to
variation in anxious temperament and local metabolism in
the hippocampus and other brain structures.

If the pattern and structure of genetic variation in ma-
caques, baboons, marmosets, and other laboratory primates
is similar to that found in humans but with higher levels of
variation with minimal or no phenotypic effect, then there is
clear justification for a change in the strategies used when in-
vestigating primate models of the genetics of disease. In the
past, most efforts in this area either examined one candidate
gene at a time or used forward genetic strategies in which in-
teresting phenotypes were measured in large sets of animals,
and then one or another approach was employed to identify
the specific genes affecting those phenotypes. Given the cost
of sequencing and the likely presence of many genetic vari-
ants, each with modest to small phenotypic effects, a reverse
genetic approach may be more efficient. This would call for
large-scale sequencing studies designed to identify function-
ally significant (or probable functional variants) first and
then use of animals that carry those candidate mutations to
study their phenotypic consequences. In addition, it is likely
that large segmental duplications, copy number variation,
and large de novo indel polymorphisms are also common in
nonhuman primates (Lee et al. 2008). This means that there
is justification for de novo sequencing and assembly of addi-
tional individuals within macaques, baboons, African green
monkeys, and other species for which a first species-specific
genome assembly is already in hand. Human genetic com-
parisons are finding that no one individual can serve as a
comprehensive reference sequence for all humans because
there are polymorphic large-scale insertions segregating
among our species. We can anticipate similar complexity in
nonhuman primates.

Genomic Diversity across Species

Each primate species will have its own unique complement
of genetic variation. This means that different species will
carry different variants in the same disease-related genes,
and knowing which species exhibit which high-frequency
and low-frequency variants will allow researchers to make
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informed choices about the species most appropriate for any
given study. For example, primates, especially macaques, are
critical for the development and testing of new drugs. Ise
and colleagues (2011) examined differential expression of
drug-metabolizing genes in various populations of cynomol-
gus and rhesus macaques, species that are widely used for
drug development and evaluation. They found that expres-
sion of P450 genes among geographic populations of cyno-
molgus macaques do not differ substantially but that there
are significant differences in expression of some genes com-
pared with rhesus macaques. These differences have implica-
tions for the use of these species in pharmacologic research
because a specific drug may be metabolized differently in
these two species. Experimental outcomes can therefore dif-
fer in meaningful ways. Obviously, anyone interpreting those
results would want to be aware of genetic differences in the
relevant drug-metabolizing pathways. This can also apply to
genetic variation within species, as discussed above.

Conclusions

There is no question that this is a remarkable time in the field
of nonhuman primate genomics. Researchers are publishing
new and significant results at a tremendous pace. We can an-
ticipate that the next several years will see dramatic increases
in the amount of information available concerning genetic
variation within major laboratory primate species and the
patterns of tissue-specific expression of protein-coding
genes, microRNAs, and other genome elements across mul-
tiple species. Other aspects of genomics, including compar-
ative primate epigenetics, will also grow and become more
sophisticated in the methods used and research questions ad-
dressed. These new results will improve our ability to use ex-
isting primate models to understand the causes and potential
treatment of disease. The results will also identify new dis-
ease models. The expected continued reductions in sequenc-
ing costs and improvements in sequencing technology, such
as longer read lengths, will have their own effects on this
field, as will improved software tools. It is impossible at this
time to define with any precision or confidence how these
developments will alter our research strategies or aspirations,
but it is sure to be an exciting ride.
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