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Abstract
With advances in genomic technologies the amount of genetic data available to scientists today is
vast. Genomes are now available or planned for fourteen different primate species and complete
resequencing of numerous human individuals from numerous populations is underway. Moreover,
high-throughput deep sequencing is quickly making whole genome efforts within the reach of
single laboratories allowing for unprecedented studies. Comparative genetic approaches to the
identification of the underlying basis of human brain, behavior and cognitive ability are moving to
the forefront. Two approaches predominate: inter-species divergence comparisons and intra-
species polymorphism studies. These methodological differences are useful for different time
scales of evolution and necessarily focus on different evolutionary events in the history of primate
and hominin evolution. Inter-species divergence is more useful in studying large scale primate, or
hominoid, evolution whereas intra-species polymorphism can be more illuminating of recent
hominin evolution. These differences in methodological utility also extend to studies of differing
genetic substrates; current divergence studies focus primarily on protein evolution while
polymorphism studies are substrate ambivalent. Some of the issues inherent in these studies can be
ameliorated by current sequencing capabilities while others remain intractable. New avenues are
also being opened that allow for the incorporation of novel substrates and approaches. In the post-
genomic era the study of human evolution, specifically as it relates to the brain, is becoming more
complete focusing increasingly on the totality of the system and better conceptualizing the entirety
of the genetic changes that have lead to the human phenotype today.

The human brain is an intricate organ; its complexity underlies behavior, emotion,
communication, and cognition. It is the seat of our humanity, giving rise to who we are,
what defines us as individuals, and what sets us apart from other species. Many approaches
have emerged attempting to make sense of this complexity. One recent and promising
avenue of research aims to understand the evolutionary history of brain complexity through
comparative genetic approaches both between primate and mammalian species and within
human populations.

To understand the genetic causes leading to the functional and anatomical changes between
the human brain and the brain of apes, monkeys, and other primates divergence-based
approaches are most useful and appropriate. These kinds of approaches seek to catalog the
differences between species and identify positions of likely functional relevance. Even
between two species as closely related as humans and chimpanzees this number of fixed
differences in the genome is exceedingly large, over thirty million point mutations. Attempts
to identify functionally relevant needles within this haystack have relied on tools designed
for the detection of positive selection. This methodology presupposes that the changes hold
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an evolutionarily selected advantage, a far from certain case for all functionally relevant
differences between species, but perhaps more likely than not with regards to the brain.
While this approach has yielded useful results, its gaps, including power issues associated
with short lineages and a difficulty in operating outside of protein-coding regions, have left
the story incomplete.

Studies of polymorphism within humans are substrate ambivalent, allowing them to work
equally well following selection on coding or non-coding nucleotides. While divergence
studies work best on time scales of tens of millions of years, polymorphism-based
approaches only hold for evolutionarily recent events, perhaps within the last million years
of human evolution, and are very sensitive to the effects of demography which significantly
complicates interpretation. With respect to the brain and behavior, polymorphism based
studies likely do not have the evolutionary reach to detect the genetic changes relating to the
major structural changes that have occurred in the human brain, though perhaps they are
useful for more recent subtle changes in brain function or behavior.

From the outset, evolutionary theory has been interested in understanding the emergence of
the human brain. Comparative anatomists, behavioral primatologists, and
paleoanthropologists have all approached these questions from diverse viewpoints. Genetic
research opened the door to another approach whose promise was capitalized on by
comparative genomics. As we move forward, these techniques are being integrated into a
more complete picture that goes beyond merely cataloging the differences between species
and actively pursues the mechanisms by which these differences have arisen. We are now
transitioning into a post-genomic era where genomes for multiple species and multiple
individuals within a species are available and common. This new comparative genetic
landscape is strewn with potholes that must be navigated but offers the opportunity to move
closer to understanding the specific changes that have occurred during the evolution from
our ape-like ancestors to the modern human populations of today.

POST-GENOMIC COMPARATIVE GENETICS
Following the publication of the human genome (Lander and others 2001; Venter and others
2001), the post-genomic era largely moved in two separate directions. The first focused on
the genomes of other species, while the second focused on identification of variation within
human populations. Of course, neither of these approaches were novel; comparisons of
inter-species divergence and intra-species variation had pre-dated genetic sequencing.
Nevertheless, the explosion of genetic data and information in the post-genomic era cannot
be understated. Studies that had previously focused on single or relatively modest numbers
of genes could be expanded to include the entirety of the genome. Similarly regions could be
expanded, allowing for a renewed focus upon non-coding regions that had too often been
relegated to second-class status because of practical constraints. Study populations have
expanded as well to include more sub-populations and more individuals within each sub-
population. This has allowed for a better understanding of rare polymorphism as well as
better type genomes for species.

Resources for comparative genetics
Numerous non-primate mammalian genomes have now become available, notably including
the mouse, Mus musculus (Waterston and others 2002); rat, Rattus norvegicus (Gibbs and
others 2004); dog, Canis familiaris (Lindblad-Toh and others 2005); cow, Bos taurus (Elsik
and others 2009); and low-coverage genomes including the cat, Felis catus (Pontius and
others 2007), and others (Margulies and others 2005). Many mammalian genomes are
currently slated for preparation. The importance of primate genomics to understanding
human biology in particular has been recognized and has resulted in an increased focus on
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expanding the diversity of primate genomes available. The chimpanzee, Pan troglodytes
(2005), and rhesus macaque, Macaca mulatta (Gibbs and others 2007), genomes have been
published and gorilla (Gorilla gorilla), orangutan (Pongo pygmaeus abelii), and marmoset
(Callithrix jacchus) genomes are nearing completion. There are also a handful of other non-
human primate species that are currently in the sequencing pipeline at various degrees of
completion (Figure 1). The current approach to non-human primate genomics has been
divided between a focus on important biomedical models (including additional species from
the Macaca genus, baboon, and vervet monkeys) and expanding our evolutionary
understanding through addition of the gibbon genome and the “top-up” finishing of low-
coverage genomes for the tarsier and strepsirrhine species.

Human variation studies have also greatly expanded in concert with the post-genomic
explosion of data. The first major foray into human genetic variation, the Human Genome
Diversity Project (HGDP), preceded the original publication of the human genome by a
decade (Cavalli-Sforza and others 1991). The prescience of these efforts paved the way for
the generation of a major resource incorporating more than 1000 individuals from more than
50 populations (Cann and others 2002; Rosenberg 2006). Shortly after the publication of the
human genome the International HapMap Project was organized focusing on identifying
common polymorphisms across the entirety of the genome as a map for association studies
and for understanding population recombination rates (International HapMap Consortium
2003; International HapMap Consortium 2005). The effort used 90 individuals of Yoruban
descent from Ibadan, Nigeria; 90 individuals from Utah in the Centre d’Etude du
Polymorphisme Humain (CEU) collection; 45 Han Chinese individuals from Beijing; and 45
Japanese individuals from Tokyo. While chosen to broadly reflect ethnic and geographical
diversity, these populations were never meant to be exhaustive. Nevertheless, despite
protestations in the original publications, these populations have been too often generalized
as “Sub-Saharan African”, “European”, and “Asian” respectively. More recent efforts from
this consortium have focused on increasing genotyping depth within these populations
(Frazer and others 2007). Reflecting the differences in the communities initiating these
efforts it is worth noting that the anthropologists initiating the HGDP still emphasize the
relative incompleteness of their collection for representing the entirety of human diversity.
These efforts however were generally recognized as complementary and synergistic
(Cavalli-Sforza 2005).

The practical constraints of the early post-genomic era were exemplified by these two
approaches. The HGDP offered wide coverage of populations but studies generally were
limited in genetic scope to single genes or relatively small subsets of loci. The HapMap
project incorporated significantly more variable positions, but did so while focused on fewer
individuals and populations. As next-generation sequencing technologies have driven down
the costs of producing a complete genome, a project has emerged aimed at the taking the
goals of both of these earlier projects and combining them. The 1000 genomes project
(http://www.1000genomes.org) aims to produce the complete genomes of individuals from
numerous populations. Phase one of the project aims to sequence 1100 individuals from 12
populations, with phases two and three adding 900 individuals from 10 populations and 500
individuals from 5 populations respectively. Although still in relatively early stages, this
effort promises to be a major source of research innovation going forward. Interestingly, and
indicative of the new challenges presented by next generation sequencing, the largest
impedance emerging in the project seems to be in the data processing and analysis rather
than the sequence production itself.

Inter-species comparative genetic methodologies
To date, the vast majority of inter-specific comparative genetic studies have focused on
protein-coding regions. The reason for this is fairly straightforward; we have established
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methodologies that support it. Most generally it is easy to identify changes between protein
coding regions that are likely to have a functional significance. Mutations that change amino
acids are more likely to be functionally relevant than mutations that do not, and mutations
that dramatically alter the physicochemical properties of an amino acid are more likely to
have a functional effect than those that do not (Grantham 1974; Graur 1985; Tang and others
2004). Mutations in regulatory regions are harder to quantify. The primary difficulty has
been in identifying which nucleotides are functional in promoter or regulatory regions. This
is further complicated by redundancy among regulatory regions and the lability of binding
sites.

Evolutionary analyses of protein-coding regions has often focused on the relative ratio of
amino acid changing mutations (variously called dN or KA) to the neutral mutation rate using
synonymous mutations in the protein (dS or KS) as a proxy. These rates (dN/dS or KA/KS) can
be used to infer the selective history on the proteins. A neutrally evolving sequence will
show values equal to one, while proteins under negative or purifying selection (i.e. the vast
majority of proteins) will show values significantly below one and those under positive
selection will show values greater than one. Numerous methodologies have been
implemented on this basic premise with variations that attempt to better model the
mutational process or take into account added complexity and site heterogeneity (Goldman
and Yang 1994; Li and others 1985; Nei and Gojobori 1986; Yang and Nielsen 2000). Other
methods have compared replacement and synonymous mutations between species to
polymorphism observed within species to identify differences in selective pressures (the
McDonald-Kreitman test, (McDonald and Kreitman 1991)) or polymorphism and
divergence between genes to identify differences in selective regimes (the HKA test,
(Hudson and others 1987)). With some caveats (Vallender 2008) these methods have been
largely successful in identifying protein substrates of evolutionary selection, particularly in
those instances where selective pressures have been the most intense and prolonged.

Only recently have large-scale methods been successfully implemented that look at the
molecular evolution of regulatory regions. One early model compared rates of substitution in
non-coding regions to synonymous sites in proteins (Wong and Nielsen 2004), another
compared regions immediately upstream of the transcriptional start site to surrounding
intronic sequence (Haygood and others 2007). In a sense these were extensions of the
protein-coding methodologies, comparing the putatively selected regions to neutral rates.
While a crude approximation of the promoter sites, these approaches demonstrated some
success and demonstrated a feasibility that could be built upon. More recently, a model has
been developed that incorporates transcription factor binding sites into this analysis
(Hoffman and Birney). This approach takes our understanding of the evolution of regulatory
regions a step further but still relies on our incomplete understandings of the complexity of
gene regulation. Nevertheless, it is a major step forward for the field and will likely form the
basis for improved methodologies in the future.

Intra-species comparative genetic methodologies
Just as divergence between species can be used to make sense of selective pressures during
speciation so too can intra-specific variation. Additionally, intra-specific variation can be
used to identify differences between subpopulations of a species or to identify ongoing
selective regimes. Both approaches are critically dependent on numbers of mutations for
their power to be realized. This is one of the primary reasons why inter-specific comparisons
between human and chimpanzees are so difficult; a paucity of changes make distinguishing
signal from noise difficult. Inter-specific comparisons achieve power and best results over
long evolutionary time, limiting their effectiveness to more divergent species and more
ancient selective events. Intra-specific studies of variation, however, draw upon
polymorphisms extant in the population. There are many more polymorphisms than fixed
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differences, but they have much more recent evolutionary origins. Similarly, polymorphisms
within a species are extremely dependent on demographic histories with bottlenecks and
founder effects largely erasing signatures of selection preceding them. As a result of this
using polymorphism for understanding selective pressures may only be relevant for fairly
recent events. In humans this has the effect of limiting the usefulness of these studies to the
last million years or so. While this encompasses notable differences between populations, it
is difficult to use these approaches to identify those shared changes that define and separate
all anatomically modern human populations.

Methodologies for detecting selective events using polymorphism data are numerous and
their usage and efficacy, as well as relative strengths and weaknesses, widely debated
(Nielsen 2005; Thornton and others 2007). In addition to the previously mentioned
McDonald-Kreitman and HKA tests which make use of divergence data in addition to
polymorphism data, tests broadly fall into three categories: those focused on the allelic
frequency spectrum, those focused on population subdivision, and those focused on
haplotypic structure. The first of these, epitomized by Tajima’s D (Tajima 1989), compares
the number of segregating sites at various frequencies to that expected under neutrality.
Tests that make use of population subdivision, usually FST (Lewontin and Krakauer 1973),
use exceptional differentiation between subpopulations to infer recent selection. Tests that
use haplotypic structure to infer selection (reviewed in (Thornton and others 2007) have
become more common recently as sequencing power and projects like HapMap offer larger
data sets than were previously available.

The primary disadvantage to nearly all polymorphism-based studies is the confounding
effects of demographic history. Most tests rely upon a neutral model of evolution as a null
hypothesis, but it remains controversial as to what form this null model should take. This
issue is ameliorated somewhat when regions are compared within a species (and thus where
the demographic history of all the regions is the same if not necessarily known). Even
focusing thus on outliers within a species may predispose researchers to unknown
ascertainment biases. A major advantage to these approaches, however, is the lack of an a
priori defined substrate of selection. These tests work equally well on protein-coding,
regulatory, or heretofore unknown functional elements within the genome. Conversely,
however, this can make it difficult to pinpoint the exact substrate of selection within the
region for future study.

GENETICS AND THE EVOLUTION OF THE HUMAN BRAIN
The mid-1800’s were certainly the fountainhead of much of modern biology, including the
major fields of interest to us here. In 1859, Charles Darwin published Origin of Species,
laying down the early principles of evolution and importantly beginning to build the
framework for comparative studies between species. Gregor Mendel’s early studies of allelic
inheritance in 1866 laid the foundation for modern genetics. In one of the earliest
applications of the genetic framework to the brain and behavior, Francis Galton recognized
in 1869 that cognitive abilities seemed to run in families. Thus began the climb towards
understanding brain evolution (Striedter 1998).

Early forays into the specific genetic differences between humans and non-human primates
began in earnest in the 1980’s and 1990’s. A review of this early literature (Gagneux and
Varki 2001) demonstrates the relative paucity of studies at the time and the focus on specific
genes. Indeed a contemporaneous meta-analysis focused on genic comparisons among the
great apes identified only 37 genes with available sequence in humans, chimpanzees,
gorillas and orangutans (Chen and Li 2001); another identified only 88 genes with sequence
in both humans and chimpanzees (Chen and others 2001). Nevertheless, despite the
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relatively small genic studies, important observations were being made that have guided our
current studies. Most notable among these was the observation by King and Wilson in 1975
that the similarity in genetic sequence between humans and chimpanzees was so great that
regulatory changes necessarily must play a major role in phenotypic differences (King and
Wilson 1975).

Today numerous studies, both single gene and whole genome, have focused on genetic
evolution in humans and numerous genes have been implicated in the emergence of the
human brain (Portin 2008; Vallender 2008). And while earlier studies focused almost
entirely on protein-coding differences, a result of practicality rather than some dogmatic
adherence, more recent studies have begun to incorporate regulatory evolution. This
research has emerged from both comparative genetic traditions: inter-species and intra-
species.

Evolution of human brain and behavior: Evidence from primate divergence
In studying the evolution of the human brain we are necessarily required to study it in
comparison to non-human primates. The reasoning for this is simple; we are interested in the
changes that have occurred that lead to the brain we currently observe in all humans. As
straightforward as this may seem, it is all too common to comment on the failure to identify
gene overlap when comparing divergence-based studies to polymorphism-based ones. Given
the relative homogeneity of human brain architecture, it would be more surprising to find
polymorphic variation associated with positive selection in brain genes compared with other
categories. This belief is so strong, in fact, that we are more critical of studies appearing to
support these findings. For this reason studies of how the human brain has emerged are
predominantly, if not exclusively, focused on inter-species comparisons.

The human brain differs from apes in several ways. Most commonly this is thought of in
terms of encephalization events, a general allometric growth of the brain usually measured
through brain volumes often scaled to body size. This simplistic view can be easily
conceptualized and mechanistic inferences are more straightforward, yet it does fail to
account entirely for the differences observed between species. The human brain is not
simply an enlarged monkey or chimpanzee brain; in fact there are notable structural and
regional differences that are likely important when considering the totality of the modern
human brain phenotype (Bruner 2004; Bruner and others 2003). With regards to the genetic
mechanisms underlying these different kinds of changes less can be known. While it may be
likely that different genes and genetic changes underlie an overall brain growth versus a
specific structural change, this remains unknown and as the field moves towards regulatory
changes as the salient mechanism of action the situation muddies. Nevertheless, it is clear
that whatever the direct mechanism or phenotypic change, the genetic signatures of
adaptation should exist in genomes.

Beyond the comparison between inter-species studies of selection and polymorphism-based
studies, there are divisions to be found even among inter-species studies. When measures of
the brain are compared (whether overall volume, neuronal number, cortical thickness, or
other measures) it is clear that what we know recognize as the human brain has appeared in
steps. Notably for our purposes here there were significant events separating the apes from
old world monkeys as well as those occurring since the divergence of humans from
chimpanzees (Clark and others 2001; Rilling and Insel 1999; Schoenemann and others
2005). While comparative genetics studies between humans and other ape species
(particularly chimpanzee) will necessarily be focused on these most recent changes, studies
that compare humans to old world monkeys (notably rhesus macaques) may instead be
inadvertently identifying changes significant in the emergence of the ape brain rather than
the human brain. This is particularly relevant because it is unclear what the relationships are
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between the changes that generated the ape brain and those that generated the human brain.
While it is possible that they should occur in the same genes or in the same systems, it is not
necessarily so. This distinction need also be made because most power in evolutionary
studies is derived from lineage length. The divergence time between humans and
chimpanzees yields poor statistical power compared to the relative robustness of studies that
include the old world monkey to ape internal branch. It is worth noting in this context as
well that arguments can be made that the evolution of apes from monkeys can be better
understood and interpreted compared to human evolution from apes, where perhaps
historically anthropocentric biases may still be prevalent.

Studies of positive selection on protein-coding genes thought to be related to changes in the
human brain have been reviewed elsewhere (Portin 2008; Vallender 2008; Vallender and
others 2008a), however it is worth noting that significant recent advances have been made
regarding non-coding evolution. The earliest studies found an excess of human accelerated
evolution, notably not necessarily positive selection, in genes involved in neuronal cell
adhesion (Prabhakar and others 2006). Contemporary studies found accelerated evolution
unique to humans among primates clustering in genes associated with transcriptional
regulation and DNA binding (Pollard and others 2006); a finding the authors offer in support
of the earlier hypothesis of King and Wilson (King and Wilson 1975). A more explicit
hypothesis of positive selection was associated with promoter regions of genes involved in
neural development and function by comparing rates of evolution in these regions to nearby
introns (Haygood and others 2007). It is also notable that the earliest and best characterized
individual gene for positive selection on the promoter region is the opioid peptide precursor
gene PDYN (Rockman and others 2005).

A meta-analysis of several of these studies focusing on evolution of coding and non-coding
regions in the human terminal lineage from the human-chimpanzee ancestor found an
overrepresentation of genes involved in neurogenesis and “other neuronal activity” in non-
coding studies but an expected or underrepresentation of these categories in studies of
coding regions (Haygood and others 2010). Especially notable in this study was that
immune-response genes, commonly understood to be the strongest substrates for positive
selection across species, showed an over-representation in both coding and non-coding
studies. This highlights the relative difference in the evolution of the brain compared to
other typical substrates of positive selection and again underscores the importance of gene
regulation in the evolutionary history of species-specific traits in humans.

Evolution of human brain and behavior: Evidence from human polymorphism
Polymorphism-based evolutionary studies have been largely ineffective in identifying genes
or characters responsible for salient human brain phenotypes. The reach of polymorphism-
based approaches in humans seems unlikely to extend more than 200,000 years (Oleksyk
and others 2010). By comparison, the brain size of Homo heidelbergensis 500,000 years ago
was only slightly smaller than modern humans and the brain of Homo neanderthalensis
appears to have been virtually identical in size (Neill 2007). The ability of polymorphism
studies to detect selection may, in some cases largely bounded by stochastic effects of
genetic drift and subsequent demographic events, be able to detect the most recent of these
sweeps, but it is unlikely to resolve previous hominid encephalization events such as that
between Homo erectus and Homo heidelbergensis during the early to mid-Pleistocene
(Rightmire 2004; Ruff and others 1997). Moreover, it is important to note that the
polymorphism-based studies with the greatest likelihood of detecting any such changes will
almost exclusively focus on African populations that did not suffer the “Out-of-Africa”
bottleneck of European and Asian populations. Simply put, polymorphism based studies as
they are currently focused are unlikely to identify the changes or loci responsible for the
evolutionary emergence of the modern human brain.
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While it is perhaps not surprising that evolutionary selection on brain structure or
intelligence (as broadly defined) is not to be found in polymorphism-based approaches, there
is evidence for evolutionary action on sensory systems. The gradual decline in relative
importance of the olfactory system in relation to other sensory inputs extends from
throughout the evolutionary history of primates, especially anthropoids, and into more recent
human history (Dong and others 2009; Gilad and others 2005; Voight and others 2006). This
finding is one of the most consistent among all comparative genetic and evolutionary studies
of humans and is thought to reflect an increasing reliance on visual stimuli as a means of
environmental interaction. These observed chemosensory changes also include selection on
bitter taste receptors (Soranzo and others 2005; Wooding and others 2006; Wooding and
others 2004). Unlike the olfactory receptors, whose evolution in humans is characterized by
relaxation of constraint, these bitter taste receptors seem to be undergoing positive or
balancing selection, likely as a response associated with dietary adaptations.

Genetic variation has also been identified associated with behavior in humans. In addition to
the aforementioned PDYN selection that appears to have persisted into modern populations
(Rockman and others 2005), these approaches have focused largely on genes involved in the
major neurotransmitter systems: dopamine, serotonin, and norepinephrine (Craig and Halton
2009; D’Souza and Craig 2008). Most notable have been findings that variability at the
dopamine D4 receptor (DRD4) is a result of positive selection (Ding and others 2002; Wang
and others 2004) possibly as a result of its association with behaviors, novelty seeking in
particular (Roussos and others 2009), that facilitated the major human macro-migrations
(Chen and others 1999). While this interpretation may be generous, the finding of positive
selection on a major gene involved in brain physiology is not in doubt. These studies,
however, do highlight a difficult reality in selection studies on human behaviors.

Most human selection work has focused on dietary adaptations (such as the lactase
(Bersaglieri and others 2004) or amylase genes (Perry and others 2007)) or on adaptations to
specific environmental pathogens (notably endemic malaria (Kwiatkowski 2005)). These
studies benefit from being fairly quantitative and politically neutral. Behavioral studies are
not. It is much more difficult to identify the phenotype under selective pressure or even how
the genetic changes manifest at the organismal level. This is also complicated because
behavioral genetics is often politically charged, especially when a conception of “better” is
improperly inferred from selection studies. Together this has created a climate where these
studies can be challenging to undertake and to interpret properly. This may perhaps account
for the relative dearth in the literature especially as compares to behavioral genetics of other
species. While demanding, however, this work can help to better understand recent human
evolutionary history and how natural selection may have acted upon behavior when shaping
the human species.

NEW DIRECTIONS IN COMPARATIVE GENETICS
Fueled by the next wave of sequencing technologies, efforts to understand the genetic
substrates of selection have expanded rapidly in recent years. Up until know most of these
efforts have focused on extending single gene methodologies into genomic studies. Indeed,
methods for detecting positive selection either by inter-species divergence or intra-species
polymorphism have long existed. In the genomic era these methodologies have been
expanded to large data sets, allowing for the movement beyond candidate genes to more
comprehensive studies. This is particularly important in an era that has fetishized the
concept of a single “God gene” responsible for human evolution. Science has long
recognized that complex phenotypes (and complex diseases) are caused by numerous
different mutations in numerous different genes, with a phenotype often only developing
following the emergence of particular constellations, not necessarily overlapping, of alleles.
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Yet despite this theoretical understanding, practical considerations have made this concept
difficult to develop. Coupled with a culture that can overvalue and overreward simple
answers, it has become commonplace to emphasize the findings of specific genes (or more
broadly, specific characters) at the expense of a complete picture wherein they are only a
single star in a largely unexplored galaxy. In this post-genomic era, the practical limitations
that have held the field to single gene studies are beginning to break down and efforts at a
more gestalt understanding are intensifying.

These new opportunities go beyond simply expanding the methodologies and interpretations
confined to single-gene studies to larger data sets; completely new avenues heretofore
unconsidered are also opening up. This includes new sources of genetic variation within
species and previously underappreciated or understudied genetic differences between
species. It also allows us to take another step back and to compare patterns of
0polymorphism between multiple species at a level which was impractical prior to the
genetic revolution. While these studies are not specific to the brain, they can find particular
usefulness there. Perhaps nowhere will subtle changes be more strongly felt or small
differences have such a great impact. Moreover, it is in the brain that genetic complex
reaches its zenith and perhaps where invasive studies are most impractical.

New sources of genetic difference
One important area of new research has focused on the identification and understanding of
novel evolutionary substrates. The earliest studies of copy number variations (CNVs) were
associated with large-scale differences and pathological phenotypes. Chromosome 21
trisomy in Down’s syndrome and the X chromosome duplications and deletions in
Klinefelter’s and Turner syndrome respectively are the most extreme examples of this,
through it also extends to the contiguous gene syndromes such as Prader-Willi and
DiGeorge. More recently it has become recognized that smaller scale copy number
variation, from 1 to 1000 kb in size, is much more common and benign. Further, there has
been an increased appreciation in fixed copy number differences between species. While the
associated genes and phenotypes are diverse, it is noteworthy here that behavioral and neural
function is featured prominently. Among pathological CNVs are those associated with
mental retardation, autism, schizophrenia and neurodegenerative disorders (Zhang and
others 2009). Genes containing the DUF1220 domain, expressed specifically in neurons and
particularly in the hippocampus and neocortex, are notable for their fixed copy number
differences among primates (Popesco and others 2006). While non-primate mammals only
have one gene containing this domain, the number of genes harboring the domain increases
in Old World monkeys and apes and are at their zenith in humans. Conspicuously, these
genes are also in copy number variable regions associated schizophrenia (International
Schizophrenia Consortium 2008; Stefansson and others 2008), microcephaly and
macrocephaly (Brunetti-Pierri and others 2008). Though the associations between copy
number variation and human species-unique cognitive abilities are still largely
circumstantial, the pathological effects of CNVs and their association with other, non-
neural, phenotypes (Gonzalez and others 2005; Perry and others 2007) make it clear that this
source of genetic variation warrants further exploration.

Another area of increasing interest is in transcriptomics. While there have been attempts to
identify selection on non-coding changes, we have already seen how this can be difficult
especially in cross-species comparisons. Another approach has been to avoid primary
sequences and instead focus on the transcriptome itself. Early studies identified differences
between human and chimpanzee brain transcriptomes and from this were able to develop
hypotheses of selection (Caceres and others 2003; Enard and others 2002; Khaitovich and
others 2005; Khaitovich and others 2004). It is exceedingly difficult, however, to control
between groups in this work. Not only is it difficult to simply obtain appropriate tissues,
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especially from chimpanzees or other ape species, but it is often difficult to find appropriate
humans for comparison. This work necessarily has also focused on chimpanzee brains of
expedience rather than selected for maximal scientific information; chimpanzees brains are
only used when a typically older adult expires precluding the study of transcriptomics during
development that may better represent differences between species. More recently efforts
have also begun to focus on the evolution of alternative splicing. Not only have species-
specific alternative splice patterns associated with differential selection been observed in
primate liver (Blekhman and others 2010), but also in the brain (Lin and others 2010). These
findings are also being extended to intra-specific variation with recent evidence suggesting
that, in humans, variation at intron-exon boundries is being maintained to maintain
population variation in alternative splice patterns (Shimada and others 2010). It is finally of
interest to note that there has also been suggestion of species-unique epigenetic differences
in the brain (Enard and others 2004; Farcas and others 2009). While differences in gene
regulation have long been recognized as major drivers of human phenotypic evolution, these
findings have moved studies beyond cis-regulatory mutations and into new realms.

Parallel genetic variation across species
Another interesting development has focused on parallel genetic variation across species.
Examples are increasingly being identified of variation in non-human primates that
functionally parallels similar variation observed in humans. While not identical or
evolutionarily orthologous, polymorphisms in other species are being observed with
homologous functional effects. Most commonly this observation can be seen in genes
affecting coloring (including hair coloring, coat coloring, and plumage) where, for instance,
mutations across numerous species in the melanocortin 1 receptor (MC1R) result in similar
effects (Eizirik and others 2003; Kerns and others 2007; Majerus and Mundy 2003; Mundy
2005). This commonality of polymorphism function has also been demonstrated in primate
neural systems: dopamine transporter (DAT) (Madras and others 2005; Miller and others
2001; Miller and Madras 2002), opioid receptor mu (OPRM1) (Barr and others 2007; Barr
and others 2008; Miller and others 2004; Vallender and others 2008b), tryptophan
hydroxylase 2 (TPH2) (Chen and others 2006; Chen and others 2008), and sertotonin
transporter (SLC6A4) (Bennett and others 2002; Inoue-Murayama and others 2008; Lesch
and others 1997; Soeby and others 2005; Vallender and others 2008c; Wendland and others
2006). This general finding has led to the hypothesis that certain non-human primate species
share with humans a constellation of functional alleles that underlie the inter-individual
variability in behavior and mental health function (Miller and Mardras 2005), a concept that
has included a focus on addiction disorders (Barr and Goldman 2006).

This parallel profile of functional polymorphism can be indentified in any outbred
populations though notably not in the traditionally inbred, to the point of clonality,
laboratory models, rats and mice. Interbreeding between strains of rodents may recapitulate
some of the genetic variation from the wild populations, but it is largely incomplete. Rather,
model organisms derived from large outbred populations are more likely to harbor this
parallel polymorphism. These origins, coupled with close genetics, anatomical,
physiological, and behavioral similarities to begin with make non-human primate model
systems particularly useful in these studies. Among non-human primate model organisms,
rhesus macaques may have broad applicability because of a wide geographic distribution,
historically large effective population size, and generalist ecological niche that may have
predisposed the species towards a maintenance of genotypic and phenotypic variation
(Richard and others 1989; Suomi 2006).

The recognition that parallel phenotypic variation indeed follows from parallel genetic
variation offers researchers with the opportunity of exploring cross-species evolutionary
patterns. Not only does the use of model organisms allow one to better interpret the effects
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of genetic polymorphism on behavior in humans, but it may also allow for a better
interpretation of the fixed differences between species. To date these efforts have largely
been applied to pathological conditions though they are more widely useful, especially in the
case of complex phenotypes where environmental effects can have major confounding
influences in human studies.

CONCLUSIONS
When studies of selection and the human brain are undertaken, there is a common complaint
of anthropocentrism. It is undeniable that this work is focused on humans, but it is not
because the active researchers in this area believe there is something implicitly different
about the selective processes in humans. Simply, while there is a focused interest on the
evolutionary history of some species, notably livestock species such as cows and pigs,
largely these evolutionary studies into the genetics behind species evolution are not viewed,
rightly or wrongly, as a major public interest. Studies of human evolution, including brain
evolution, are primarily driven by the belief that these understandings will improve human
health and well-being. At the same time, however, it must be admitted that there is an
inherent, if irrational, philosophical attachment to understanding how and why humankind
came to exist in its present form to the exclusion of similar questions of other species.
Comparative genetics offers another tool with which we can study the evolution of the
human species.
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Figure 1.
Phylogeny and status of primate genomics. The status of the primate genomes currently
under investigation as of summer 2010, population-specific studies are not included, nor are
privately-funded efforts currently not released to the public. The phylogeny represents an
approximation of primate relationships.
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