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Genetics is to biology what atomic theory is to physics.
—Steve Jones, Almost Like a Whale (1999, p. 142)

Recent advances in genetic and genomic techniques have led to explosive advances in
the fields of biology and ecology. Perhaps nowhere is the stark difference between what
was possible in genetics research 10 years ago compared to what can be done today as
obvious as in field-based studies of animals. Whereas biologists of the past were
severely limited by the costs of most genetic analyses, the biologists of today must
cope with the time- and information-processing constraints associated with analyzing
huge quantities of data—a privileged problem to be sure. This shift has been brought
about most directly by the widespread use of massively parallel (or next-generation)
sequencing, which has drastically reduced not only the costs of genotyping (a trend that
continues), but also the quantity and quality of requisite DNA, as well as the amount of
time required to complete genetics projects (Bradley and Lawler 2011; Perry 2014;
Tung et al. 2010). These advances, in addition to the now commonplace presence of
shared genomics infrastructure in research institutes and universities, have removed
most of the major limitations to the use of genetic information by animal biologists.

Scholars that study nonhuman primates are particularly well poised to take advan-
tage and benefit from this new wave of genetics. Interests in primates from the
biomedical community, which stem from our shared taxonomic membership (McClure
1984; Rogers and Hixson 1997; Watson and Platt 2012), have resulted in the full-
genome sequencing of a relatively large number of primate species. The full-genome
sequence has been published or is underway for at least 23 primate species (Bradley
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and Lawler 2011; Siepel 2009; Tung et al. 2010). Projects like the Genomes 10K
Project, which aims to sequence approximately one genome for every genus of
vertebrate (Genome 10K Community of Scientists 2009), will further advance this
progress.

The study of behavior is one of the principle strengths of primatology. Primates live
in a wide range of habitat types, have varied ecologies, and exhibit a broad array of
social and sexual systems (Mitani et al. 2012). Biologists have dedicated many years to
the study of primate behavior and have already uncovered a great deal about the
evolutionary forces that shape these behaviors and social systems. These efforts have
also resulted in a relatively large number of long-term primate field sites with behav-
ioral and life-history data available for multiple generations of individuals (Fedigan
2013; Fedigan and Asquith 1991; Kappeler and Watts 2012). Yet, without the explicit
use of genetic and genomic information, primatologists are restricted in their ability to
answer some of the most fundamental questions in this field. Timely questions that
would benefit from or explicitly require the use of genetic data include: How have
primates acquired new and distinct ways of occupying divergent ecological niches?
Why do primates occupy different phenotypic state spaces? How is behavioral variation
between and within primate species generated and what are its consequences? What are
the physiological and neurobiological mechanisms that underlie the production of
behaviors in primates?

In this Special Issue of the International Journal of Primatology we highlight
innovative research that integrates genetic and genomic data to better understand the
behavior of wild or free-ranging primate populations. Articles found within this Special
Issue include empirical research in a range of primate taxa, including apes, New and
Old World monkeys, lemurs, and even computer-simulated “tamarins.” These studies
use newly emergent techniques for the collection and analysis of primate genetic and
genomic data, from high-throughput gene sequencing to heritability analyses, and from
computer simulation models to phylogenetic comparisons. This work, emphasizing
field-based research, complements more established lines of research taking place on
captive animals and in laboratory settings, e.g., using tissue cultures, where important
topics, such as naturalistic foraging, dispersal, predation, survival, and longevity,
cannot be examined. This Special Issue also contains a number of methods-based
articles that offer detailed guidance to those hoping to incorporate genetic information
into their research in the future. In this introduction to the Special Issue, we contextu-
alize the content of these articles within the wider field of primatology to give readers a
sense of the advancements to current knowledge that they represent. Important cau-
tionary messages are found on repeated occasions throughout the issue, e.g., regarding
sample sizes, and interpretative and methods-based pitfalls, and we also summarize
these here. We conclude our introduction to this Special Issue with possible directions
for the future study of the genetic basis of primate behavior.

The Box is Becoming Less Black: Interplay Between Genes and Primate Behavior

Genetics has historically been a black box in the study of primate behavior (Bradley
and Lawler 2011). Yet, the diversity of subjects covered by this Special Issue attests to
the breadth of primate behavioral research that now uses genetic data and demonstrates
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just how far we have come in recent years. The topics covered by these articles can be
divided roughly into five categories, although there is certainly some overlap: visual
ecology, phylogenetics, population genetics, social behavior, and genetics methods.

Visual adaptations distinguish primates from other mammals and are hypothesized
to have played a key role in primate origins and adaptive radiation. It is, therefore,
unsurprising that biologists have spent decades trying to understand the visual ecology
of primates. Color vision in particular, which is highly variable both inter- and
intraspecifically, has attracted intensive study (Jacobs 2010; Kawamura et al. 2012
for recent reviews) and is uniquely well suited for investigating the genetic basis of
behavior. Unlike other sensory systems that are characterized by complex, polygenetic
mechanisms, color vision phenotype is predictable in a straightforward manner from
opsin gene sequences (Bradley and Lawler 2011; Deeb et al. 1992; Saito et al. 2005;
Yokoyama 1997). Three articles in this Special Issue address the molecular ecology of
primate color vision and are at the forefront of research in primate sensory ecology.
First, Veilleux et al. (2014) unite molecular analyses of opsin genes with visual
modeling analyses of food items to demonstrate that dichromatic color vision is under
positive selection and adaptive for nocturnal foraging in the genus Avahi. Second,
Melin et al. (2014) combine a genetic, ecological, and behavioral study of capuchins
(Cebus capucinus) with a unique method of modeling food conspicuity to investigate
the polymorphic color vision of New World monkeys. Finally, by sequencing the
variable region of opsin genes and reconstituting visual pigments in vitro, Matsushita
et al. (2014) reveal unanticipated variation in the color vision of howlers (Alouatta
spp.) that calls into question the adaptive nature of routine trichromacy in this genus.

Although vision is vital for primates, other —previously neglected— senses also
play important roles in foraging, reproduction, and other behaviors that are important to
survival (Barton 2006; Dominy et al. 2004; Heymann 2006). Enhanced understanding
of audition, somatosensation, olfaction, and gustation will generate new insights into
primate adaptation and evolution. In particular, the chemical senses (smell and taste) are
forecast to be hotspots of new research in primate sensory ecology. Primates are very
sensitive to some chemicals that are important during foraging (Hernandez et al. 2003;
Laska 2004). However, research into the detection and recognition of odorants and
tastants has been hindered by the size and complexity of the gene families underlying
chemosensation, e.g., olfactory receptor genes comprise one of the largest multigene
families in mammals (Dong et al. 2009). Nevertheless, research investigating the
selective pressures that operate on olfactory and taste receptor genes in humans,
nonhuman primates, and other animals is on the rise (Alonso et al. 2008; Campbell
et al. 2012; Gimelbrant et al. 2004; Go and Niimura 2008; Kishida et al. 2007; Lajoie
et al. 2010; Matsui et al. 2010; Nei et al. 2008; Niimura and Nei 2005; Nozawa et al.
2007; Shykind 2005; Steiger et al. 2010; Sturm et al. 2013). This research is possible
owing to recent advances in techniques for sequencing and analyzing molecular data,
many of which are described in this Special Issue, e.g., Perry (2014). Our understand-
ing of the nonvisual senses —including how these senses relate to one another— is in
its infancy, but with the applications of recent genetic and genomic techniques to this
field, the future of primate sensory ecology is bright.

Phylogenetics and population genetics are well established lines of research that
have made significant contributions to our understanding of primate behavior (Di Fiore
2003; Opie et al. 2013; Shultz et al. 2011). The articles in this Special Issue build on
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this groundwork as well as making important advances. For example, Pozzi et al.
(2014) argue that primatologists have a false sense of confidence in the current
phylogenies presented in the literature and use modeling techniques to illustrate pitfalls
that may be encountered (and should be avoided) when using phylogenetic data. Owing
to the pervasiveness and importance of phylogenetic research, Pozzi et al. (2014) have
produced a significant contribution to the debate regarding the level of resolution of
the current primate phylogeny about which most, if not all, primatologists should be
aware. Genetic techniques can also be used to characterize social systems of primate
species that are currently poorly understood. Koop et al. (2014) use an impressive set
of genetic diversity data to demonstrate that, unlike almost all other baboon species
(Papio spp.), wild guinea baboons (P. papio) exhibit female dispersal. Taking a
different approach, Di Fiore and Valencia (2014) apply a spatially explicit agent-
based population genetics model to explore the potential effects of social and
landscape features on the genetic structure of simulated tamarin groups. This type
of modeling allows primatologists to generate new hypotheses and provides greater
insight into factors influencing population genetic structure, and the dispersal
patterns from which this structure emerges, than is possible using field-based data
alone.

The genetic basis of behaviors that are specifically social in nature occupies much of
this issue. Understanding the extent to which affiliative social interactions between
females are kin biased is crucial to our understanding of both primate social systems as
well as the mechanisms underlying the evolution of cooperation (Brent et al., in press).
Although these questions have been tackled in some of the more extensively studied
primates, e.g., genera Macaca and Papio, much less is known in other taxa. However,
new empirical research has begun to fill in these gaps. Tinsley Johnson et al. (2014) use
genetic data to confirm previous reports that closely related female geladas,
Theropithecus gelada, interact in an affiliative manner more frequently than do unre-
lated females. Montague et al. (2014) provide a compelling example of the insight that
can be achieved by integrating genetic, social, and foraging data. These authors
examine whether affiliative associations among wild squirrel monkeys (Saimiri
sciureus macrodon) are kin biased, and assess whether these relationships influence
the success of females at capturing insects.

Although it should be no more controversial than studying say, a morpho-
logical trait, attempts to identify specific genes that underlie the production of
social behavior have been met with some derision from the public, as well as
from the scientific community at large (Ridley 2003). In addition to navigating
this somewhat negative atmosphere, studies of the genetics of social behavior
must also overcome the theoretical and methodological hurdles associated with
the pleiotropic nature of social behaviors. Crucial groundwork for this type of
research requires careful descriptions of the variation that exists in genes that
are of potential functional relevance. In this issue, Babb et al. (2014) and
Anestis et al. (2014) document variation in genes in two key neuromodulatory
pathways. Babb et al. (2014) explore variation in the prolactin receptor gene
within and between several primate taxa, while Anestis et al. (2014) compare
genetic variation in the vasopressin pathway between wild and captive popula-
tions of chimpanzees (Pan troglodytes). The study by Anestis et al. (2014) also
explores whether genetic variation is predictive of personality markers in their
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study subjects, and represents a prime example of the types of inferences that
can be drawn when results from captive and wild populations are combined.

Finally, the Special Issue contains a number of methods-based primers that
reflect the scientific innovations of the authors and provide a crucial service to
the discipline. Quantitative genetic models allow primatologists to explore the
heritability of behavioral traits, as well as genetic correlations between traits.
Adams (2014), and Blomquist and Brent (2014) give step-by-step guides to the
application of such models. Major Histocompatibility Complex (MHC) genes have
implications for our understanding of not only immune systems, but also socially
relevant topics such as individual recognition and mate choice. Huchard and
Pechouskova (2014) provide a thorough overview of the most up-to-date methods
used to explore MHC genes and carefully outline the major pitfalls primatologists
should try to avoid. Studies conducted at the scale of entire genomes have enor-
mous, and largely untapped, potential to advance our understanding of the natural
history of organisms and inform conservation decisions. Perry (2014) provides a
user-friendly tour of the technology and methods involved in genomic-scale studies
of primate populations, with emphasis on applications for endangered or rare
species. Together, these reviews will guide future studies of primate behavioral
genetics and provide the groundwork for important empirical findings and
advancements.

Messages to Take Away from the Special Issue

Here, we summarize some of the most important concerns and recommendations,
especially those pertaining to methodological practices, which are highlighted in this
Special Issue. Sample size is discussed on many occasions (Adams 2014; Blomquist
and Brent 2014; Brent et al. 2014; Huchard and Pechouskova 2014) and should not
go unnoticed. This is especially relevant for studies that use quantitative genetic
analysis, as well as to those that examine functional genetics. The recommended
sample size of 100 or more individuals may be prohibitively large for many primatol-
ogists, especially those studying solitary or critically endangered species, but should
not be an outright deterrent. There are many questions that can be addressed using
sample sizes that are more typical in studies of primate behavior and smaller studies can
provide valuable pilot data that can be used to shape future research and encourage
funding.

The importance of knowing the extent to which study subjects are related is another
common thread found throughout much of the issue. Information on maternal related-
ness can often be ascertained without genetic data as many primate species express
maternal care toward their offspring, e.g., lactation, carrying. In contrast, genetic data
are usually required in order to establish relatedness along paternal lines because
behavioral markers of paternity do not exist for the majority of primate species. Without
relatedness data, primatologists are unable to determine the impact of kinship on the
patterning of social interactions, which is important in studies of kin bias (Berman and
Kapsalis 1999; Seyfarth 1977), kin recognition (Widdig et al. 2001), and inbreeding
avoidance (Hammond et al. 2006). Heritability analyses also require that relatedness
between subjects is known, with the ability to estimate heritability reliably increasing
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with the depth and resolution of the pedigree used (Wilson et al. 2010). Relatedness
between individuals is also necessary to calculate some measures of reproductive
output, such as number of offspring sired, which can then be used to examine the
reproductive consequences of traits (Brent et al. 2013; Gilby et al. 2013).

Specific questions aside, the presence of closely related individuals in a
dataset has important implications for all studies of primate behavior— not just
those with questions specific to genetics. As explained in detail in the Special
Issue, closely related individuals are more likely to possess similar phenotypes
not only because they have similar experiences and live in similar environments,
but also because they possess similar genotypes (Adams 2014; Blomquist and
Brent 2014). Statistical analyses that include data from closely related subjects
therefore violate the assumption of independent data points. Controlling for
relatedness between subjects is not difficult in modern regression models (Wilson
et al. 2010) and should perhaps become more common practice in studies of
primate behavior for which data on closely related individuals are highly perva-
sive. Brent et al. (2014) control for intersubject relatedness when examining the
relationship between personality and reproductive output in female rhesus ma-
caques (Macaca mulatta), but this might be the first example of a study of
primate behavior to do so. Further research is required to determine the extent to
which the inclusion of related subjects impacts on the results of primate behav-
ioral research. In sum, there are a great many reasons for primatologists to obtain
extensive pedigree data on their study subjects. Indeed, we encourage researchers
to begin collecting fecal samples for genetic analysis, even if they do not have
immediate plans to use them. Fecal samples are easily and inexpensively stored,
and the DNA that can be obtained from them represents a major investment in
future research.

The Special Issue also draws attention to some of the best taxa and field sites at
which to conduct genetics and genomics-based primatological research. With well
documented color vision polymorphisms, New World monkeys and lemurs will
continue to be excellent study subjects for visual ecologists. Comparisons of the
foraging strategies and molecular ecologies of strepsirrhine, platyrrhine, and catar-
rhine primates will also be an exciting area for the study of the genetic bases of
olfactory and other sensory behaviors. Many long-term field sites have extensive
databanks of behavioral observations on tens if not hundreds of animals with
extended pedigrees either in place or under development. These sites will act as
clear starting points for primate researchers interested in performing quantitative
genetic analyses and in exploring the functional genetic basis of behavioral traits.
Other, newer, field sites are in prime position to organize their data collection in a
manner that is optimally designed for future genetic work in mind. This includes
any site at which data can be collected on large number of individuals and at which
DNA samples can be obtained (noting that noninvasive techniques are continually
being improved: Perry et al. 2010; Surridge et al. 2002). The Special Issue also
draws attention to the taxonomic gaps that exist in studies of primate behavioral
genetics. Very few genetic or genomic projects involving colobines, guenons, or
species of New World monkey have been produced. Lemurs are also underrepre-
sented, although a recent push to sequence the genomes of many lemurs (Bradley
and Lawler 2011) will hopefully results in rapid improvements in this area.
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Conclusions

Recent advances in genetics and genomics have brought about a new dawn of biological
enquiry. No longer a black box, we can now directly examine the building blocks of life
that eluded Darwin, and from which the bodies and behaviors of all animals have
ultimately emerged. Our formidable understanding of the behaviors of primates, the
benefit of years of careful and intensive study, will allow primatologists to deftly
leverage genetic and genomic data to detect the effects of natural selection and to build
realistic models of the dynamic contigency that exists among genes, behaviors, the
environment, and fitness (Chang et al. 2013). This is one of the greatest challenges the
field of primatology has faced to date and one that we hope will continue to be embraced
with as much zeal as has been demonstrated by the contributors to this Special Issue.
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