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ABSTRACT OF THE DISSERTATION
The Genetic Architecture and Evolution of Brain Cortical Folding in a Pedigreed Primate
Population
by
Elizabeth Grace Atkinson
Doctor of Philosophy in Evolution, Ecology, and Population Biology
Washington University in St. Louis, 2013
Professor James Cheverud, Chairperson

Elevated neurological faculty, related to the dramatic increase in brain volume, is a
hallmark of the primates. Cognitive capacity, the processing power and speed of the brain, is
directly related to the number of neurons in the cerebral cortex and the connectivity network
underlying information processing in the brain. Increased cortical folding (gyrification) allows
for more neurons to be contained within the volume of the braincase and the arrangement of
folds and ridges across the cerebral cortex is an indication of the underlying neural network
connecting regions. The goal of this dissertation is to develop a better understanding of the
genetic processes that influence the evolution and development of sulci and gyri in primates.
Characterizing gyrification’s genetic basis allows examination of the source of the evolutionary
changes in primate brain structure and, ultimately, function, a significant and relatively
unexplored facet of evolutionary biology, anthropology, genetics, and neuroscience.
My sample population of nearly 1,000 pedigreed baboons gives very high statistical power,
allowing me to confidently conclude that there is significant contribution of genes to variation in
brain features. Using Mantel testing and two clustering methods (k-means and agglomerative
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hierarchical clustering), I find similar modularity motifs between phenotype and genotype, and
within three theoretical matrices spanning other biological domains (development, anatomical
brain lobe location, and connectivity). These results independently validate the genetic control
over brain traits, provide indirect support for the Van Essen model of sulcal development, and
indicate the high degree of morphological integration between phenotypic and genotypic
variation. The partitioning of variation directly influences the ease of future evolutionary change
and this well-integrated arrangement would allow for rapid and effectual selective cortical
alteration.
In examining the directional asymmetry of the two brain hemispheres, I found that the
endocasts are systematically asymmetric and that there is a genetic component to this
asymmetry; baboons are genetically predisposed to be asymmetrical. Tests of fluctuating
asymmetry showed that traits are differentially susceptible to developmental noise, with ones
appearing earlier in ontogeny being more canalized and ones appearing on later embryonic days
having much more variable phenotypes. Looking at cross-hemisphere trait correlations, I deduce
that developmental pathways for sulci do not span the midline of the brain, but instead are
restricted within each of the two hemispheres. I additionally find neuroanatomical suggestions of
handedness in the baboon from examining population-wide trends in frontal petalia direction,
corroborating prior behavioral evidence.
QTL statistical genetic mapping analyses were conducted to connect phenotypic variation
to specific portions of the baboon genome, pinpointing a handful of chromosome segments that
affect gyrification. The best of these QTL peaks contain compelling candidate genes that have
already been implicated in influencing brain development and function. The distribution of peaks
elucidates a complex pattern of genetic control over brain traits, with indications of both

!

viii!

pleiotropy and polygeny. Fine-mapping is currently underway, which will allow me to validate
positional candidate genes and independently associate specific SNPs with variation in brain
features.
All in all, this project hopes to answer fundamental questions about the genetic
architecture of brain cortical gyrification, a trait that has important implications for the evolution
of neural networks in both human and non-human primates. This dissertation provides a
framework of the genetic basis of primate brain folding and investigates the evolutionary and
developmental mechanisms responsible for its formation. Gyrification is an overlooked aspect of
brain evolution and characterizing it genetically elucidates the biological underpinnings
contributing to structural differences in the cerebral cortex between primates.
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Epigraph

“Shaped a little like a loaf of French country bread, our brain is a crowded
chemistry lab, bustling with nonstop neural conversations. Imagine the brain, that
shiny mound of being, that mouse-gray parliament of cells, that dream factory,
that petit tyrant inside a ball of bone, that huddle of neurons calling all the plays,
that little everywhere, that fickle pleasuredome, that wrinkled wardrobe of selves
stuffed into the skull like too many clothes into a gym bag.”
-Diane Ackerman, An Alchemy of Mind. The Marvel and Mystery of the Brain,
2004

It is essential to understand our brains in some detail if we are to assess correctly
our place in this vast and complicated universe we see all around us.
-Francis Crick, What Mad Pursuit, 1988.

“The modern geography of the brain has a deliciously antiquated feel to it -rather like a medieval map with the known world encircled by terra incognito
where monsters roam.”
-David Bainbridge, ‘The Strange Anatomy of the Brain’, New Scientist, January
26, 2008.
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INTRODUCTION OF THE DISSERTATION
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The primate clade is arguably defined by our extremely enlarged brains. Humans, in
particular, are neurologically exceptional, not only in terms of absolute brain volume, but
additionally in terms of brain foldedness. Cognitive capacity, the total computing power of the
brain, is determined by a number of factors that include the number of neurons, the functional
units for information processing, and the neural network between them. Having more neurons
contained within the cerebrum is a direct correlate with the ability for higher cognitive
processing power. The cell bodies of neurons all reside in the outermost layer of cerebral cortex,
with their axonal projections composing the white matter tracts that communicate information
between cortical regions. Increased folding of the cerebral cortex, the outer portion of the brain,
thus allows for more neuronal bodies to be contained within the skull with minimal overall
volume increase, increasing the upper limit on information processing while getting around the
intense constraints on infant head size imposed by childbirth and humans’ bipedality.
The arrangement of folds, known as “sulci,” across cerebral cortex is additionally an
indication of the underlying connectivity network. Due to natural selection for the most efficient
informational processing strategy, regions experiencing the highest level of cross-talk tend to be
anatomically co-located along a ridge, or “gyrus,” and those least connected functionally tend to
be separated anatomically by a sulcal fold. Sulci represent a barrier to axonal white matter and
thus are hypothesized to separate regions of lower functional connectivity. Regions that regularly
require cross-talk end up being anatomically connected in addition to being functionally
connected (Van Essen, 1997; Figure 1). For this reason, sulcal location is a valid and useful
proxy for examining the cognitive processing network in organisms that cannot readily be
examined with traditional fMRI techniques. This hypothesis explains the biological consequence
of connectivity evolution in the brain and allows for both examination of neural networks in non-
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model species and comparison of informational processing strategies across clades. Despite its
importance, the genetic and evolutionary underpinnings of primate brain folding, or
“gyrification” remain mostly unknown.
This project uses a pedigreed baboon population to assess the genetic basis, modular
structure, and morphological integration of cortical folding in primates and identifies the
chromosomal regions and candidate genes affecting these traits. Using this thoroughly
characterized pedigreed population, we can answer pivotal questions about the genetic
architecture of cortical gyrification and examine the source of the evolutionary changes in neural
wiring among primates. Gyrification is an overlooked aspect of brain evolution and
characterizing it genetically will elucidate the biological underpinnings of structural and,
ultimately functional, differences between primates.
Chapter 1 addresses the amount of contribution by genes to measured metric and nonmetric brain features. I calculate the heritability of brain features to get a preliminary idea of how
much effect genes have on variation in cortical topology. Chapter 1 additionally is concerned
with determining if the cerebral cortex is modular and examines modularity pattern across five
different biological spheres: phenotype, genotype, development, anatomical location, and
connectivity. I then compare the modular breakdown across the different domains to see if it is
the same or different between realms and test a number of hypotheses that have theoretical
implications for future evolutionary alteration of the cortex and the propositions of the Van
Essen model of cortical development. These tests effectively pose the questions: Is trait variance
aligned in the same direction of multidimensional space in the genotype and phenotype? Are
structures that develop together in utero or work together during an organism’s life also inherited
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together? Does sulcal anatomical location indeed relate to connectivity pattern? Does
connectivity affect the developmental day of appearance of different sulci?
To address these questions – and the rest of those posed in this thesis – I collected 20
sulcal length measurements and scored 5 non-metric shape traits from approximately 1,000
genotyped baboons from a full, complex pedigree. From this information, I created phenotypic
and genetic variance/covariance (V/CV) matrices. For Mantel comparisons, I created
developmental, anatomical, and connectivity matrices in the same format, using previously
published data. By comparing the modularity patterns within matrices, I can assess the layout of
trait variation within phenotypic space. Similar patterns of covariance across the different
matrices indicates similar variance orientations, implying that the different domains are
integrated with each other to be aligned in the same direction. This would allow for future
selective pressures to alter traits in a quick and substantial manner, rather than having to progress
in a roundabout route due to modules being partitioned differently between the domains.
To get explicitly at the question of where the module borders are within the two databased matrices that I created, I further ran two methods of clustering analyses (hierarchal
clustering and k-means testing). All in all, chapter 1 evaluates the contribution of genes to
phenotypic variation and characterizes how variation in genetics and phenotype interplay with
variation in other domains that affect brain function.
Chapter 2 concerns questions of asymmetry in the baboon population of interest. I
examine three rubrics of asymmetry: frontal petalia presence and direction, fluctuating, and
directional asymmetry. These all have very different biological implications. Frontal petalias
have been associated with handedness in a number of primate species, so finding a significant
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trend in frontal petalia direction would be a macroscopic neuroanatomical suggestion of
population-level hand preference or dominance in these baboons.
Directional asymmetry concerns the question of if the baboon brain is genetically
predisposed to be asymmetrical. It examines the difference in brain measures on the two sides of
the brain to quantify any systematic bias. This tackles the question of if baboons are genetically
predisposed to be asymmetrical, as a directional trend in the measurements that would imply a
genetic component to the asymmetry.
Fluctuating asymmetry, effectively the variance of trait measurements around the mean,
can be used to appraise how able an organ is to buffer stresses in development and still produce a
consistent phenotype, i.e. how canalized the traits are. The sensitivity of traits to developmental
noise speaks to the effect of the environment on traits. Noticing marked difference in trait
variability, I seek to explain why some brain features are more reliable in their morphology than
others. In chapter 2 I also look at whether developmental modules span across the hemispheres.
This has large implications for the future evolvability of the system. If traits are in the same
developmental pathway, it is hard to modify them independently, imposing constraints on the
directions that selection can readily push the system.
In chapter 3 I ask the question: what chromosomal regions and genes affect variation in
cortical traits? This was ascertained by Quantitative Trait Locus (QTL) genetic mapping
techniques, which work to connect the phenotype to the genotype by statistically associating
differences in trait measurements with genetic variation in specific regions of the genome. In this
way, I can isolate portions of chromosomes that contain the genes affecting variation in cortical
topology. Additionally, the number and overlap of QTL peaks for different traits can indicate
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situations of polygeny, when numerous genes additively contribute to a phenotype, and
pleiotropy, the situation of one gene contributing to numerous phenotypes.
The intellectual merit of this project lies in its unique ability to address such complex
genetic questions with a thoroughly documented baboon population that has been fully pedigreed
for the past 30 years. The study system provides an unparalleled opportunity to conduct this
research, as over 1,000 individuals have been genotyped and had their heads CT scanned for data
collection, allowing for fine-scale localization of genetic regions affecting trait variation and
precise parsing of environmental versus genetic effects on phenotypes. Understanding the
genetic basis of cortical folding provides a look into the evolutionary constraints structuring the
course of future sulcal arrangements and speaks to the selective forces that have produced the
complex brain that we primates enjoy. The brain has been a paramount target of primate
evolution and gyrification increases have set a higher upper threshold on ape cognitive capacity,
making this a trait of high adaptive interest.
There are also a number of broader impacts that arose from this dissertation project.
Socially, these include my mentoring of a number of undergraduate students, including ones
from groups typically underrepresented in the sciences and participation in outreach programs
engaging local under-performing high school students in research exercises in our lab.
Medically, gyrification is not only a trait that has major evolutionary important for our human
lineage, but additionally is related to a number of congenital neurological disorders. My
improvement to our understanding of the genetic basis of brain gyrification allows for
examination of the molecular evolution of genes affecting brain features and the selective forces
that have shaped our history, in addition to being a first step in the comprehension and possible
future development of therapies for numerous neurological diseases.
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Figure and Work Cited

Figure 1. Schematic illustrating the Van Essen tension-based hypothesis for sulcal
development and placement. (a) Early stage in development before arising of fold.
Bars indicate individual axons connecting regions of cerebral cortex. Regions 1 and
2 have a high amount of cross-talk while 2 and 3 have low functional connectivity.
(b) Fold placement occurs between regions with smaller white matter barriers.
There is less mechanical tension imposed on the system from pushing the thin white
matter tract between regions 2 and 3 than there would be to attempt to separate
regions 1 and 2. In this way, anatomical connectivity in gyrification parallels
functional connectivity of the neural network.

Van Essen, D. 1997. A tension-based theory of morphogenesis and compact wiring
in the central nervous system. Nature. 385: 313-318.
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CHAPTER 1

A quantitative genetic analysis of heritability and modular structure of brain cortical
topology in a pedigreed baboon population
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Abstract

Elevated cognition is a hallmark of the primate clade. Cognitive capacity, the speed and
quantitative amount of information that a brain is able to process, is determined both by number
of neurons in the brain and the network of information exchange between brain regions.
Increased folding (gyrification) of cerebral cortex allows more neurons to fit within the skull
with minimal overall volume increase. The arrangement of folds (sulci) across the cerebral
cortex indicates the connectivity network; due to selection for the most efficient informationprocessing strategy, regions experiencing the highest level of crosstalk tend to be anatomically
co-located along a gyrus and those least connected functionally tend to be separated anatomically
by a sulcus. Despite its importance, the genetic and evolutionary underpinnings of primate brain
gyrification remain unknown.
In this project, we answer critical questions about the genetic architecture of baboon
cortical gyrification. We use a pedigreed baboon population (N=985) to assess the genetic basis,
examine the structure of cortical modules in a variety of biological spheres: genetic, phenotypic,
developmental, anatomical, and in terms of neural connectivity, and provide an indirect test of
the Van Essen tension-based model for sulcal development and evolution. Heritability of 10
metric and 6 non-metric brain traits has been quantified (average metric h2= 26.1%), indicating a
moderate degree of genetic control over variation in cortical length and shape features in this
population.
Mantel tests examining the patterns of genetic and phenotypic correlation and covariance
amongst metric sulcal traits indicate that they have similar variation motifs. This implies a
situation of high morphological integration, allowing for ready future adaptive alteration of the
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baboon cortex. Clustering analyses (hierarchical clustering and k-means testing) independently
indicate similar module borders between sulcal length variation and the suites of genes affecting
sulci. Significantly similar variation structure was also detected in comparing all three theoretical
matrices with each other. These results provide indirect support for the Van Essen model by
suggesting a similar structure of variation for connectivity, embryonic day of emergence, and
anatomical lobe location.

Introduction and Background

Primate brain size and structure: A complex brain is a defining characteristic of being
human. Brain volume has increased dramatically in the primate lineage, and particularly in
humans, over the past ~50 million years such that the human brain is three times the size of the
chimpanzee’s, our closest living relative, and twice that of our hominid ancestors of 1.5 million
years ago (R. A. Barton, 2006; Hill & Walsh, 2005; Rilling & Insel, 1999; Schoenemann, 2006).
Even after allometric scaling, primates as a group have enlarged brains as compared to
mammals, with the great apes outlying other primates and humans being outliers even more
extreme than the great apes (J M Cheverud et al., 1990; Conroy, 1998; Harvey & Clutton-Brock,
1980; Martin, 1990). This fast-paced alteration suggests that strong evolutionary forces have
been at work affecting brain volume over a considerable span of geological time.
Less well appreciated is that the extent of gyrification, the foldedness of cerebral cortex,
has also dramatically increased in these lineages; the human brain is almost 30% more folded
than that of chimps (Rogers et al., 2010). The cerebral cortex of Old World monkeys
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(cercopithecines and colobines) is also significantly more gyrified than that of New World
monkeys (Martin, 1990; Zilles, Armstrong, Moser, Schleicher, & Stephan, 1989), but the great
apes again have the highest degree of gyrification by far in non-human primates (Preuss,
Cáceres, Oldham, & Geschwind, 2004). Both the number of gyri, the ridges of the brain’s folds,
and sulci, the intervening valleys, and the variability in folding pattern increase in the primate
lineage with evolutionary proximity to humans.
There are a number of hypotheses concerning why great ape and human brains are so
highly gyrified; most invoke space limitations. There are powerful physical constraints on the
upper limit of human neonatal brain volume; an infant’s head must fit through its mother’s pelvis
at birth, but the mother’s pelvis cannot be so wide as to affect her ability to walk bipedally
(Rosenberg & Trevathan, 2002). This “obstetrical dilemma” would drive selection towards the
most compact brain possible. The brain has a laminar structure, with neuronal cell bodies, the
functional units of the brain, comprising the outermost sheet-like cortical layer. Because of this,
selection for an increase in neuron count would dramatically increase brain volume. Folding up
the cortex is an effective method of increasing surface area in which to allocate neurons within
the existing volume of a skull, increasing cognitive capacity with minimal overall volume
expansion.
Neurons have three main components: a cell body that analyzes information, branching
dendrites that receive incoming information from other neurons, and a long axon that transmits
processed data to other brain regions. Natural selection on cognitive processing strategies would
result in axonal tracts linking portions of the brain in a manner that most efficiently allows
regions to exchange information and complete tasks. Sulci represent a barrier to axonal white
matter and thus are hypothesized to separate different regions of high internal connectivity;

!

12!

regions that regularly require cross-talk end up being anatomically nearby in addition to being
functionally connected (Mota & Herculano-Houzel, 2012; Van Essen, 1997). This is supported
by the fact that sulci are not randomly distributed across the cortex; there are homologous sulci
between species in addition to ones consistently appearing within species (Krubitzer, 2009). For
this reason, sulcal location is a valid and useful proxy for examining the cognitive processing
network in organisms that cannot readily be examined in large numbers with traditional fMRI
techniques.
Here, we perform quantitative genetic analyses to determine the contribution of genes to
variation in brain cortical features and look at the structure of variation in different biological
spheres. Characterizing the genetic architecture of cortical gyrification allows examination of the
source of the evolutionary changes in neural wiring among primates, a significant and relatively
unexplored facet of evolutionary biology, anthropology, genetics, and neuroscience.

Gyrification: Selection for a bigger brain does not automatically create one that is more
folded. In their analysis of the correlation between brain volume and “gyrification index” in
baboons, Rogers et al. (2010) show that selection for a larger brain would actually create one
with fewer folds. Human brain pathologies also indicate the potential separation of these two
phenotypes: congenital malformation of the cortex can result in lissencephaly (smooth brain) and
polymicrogyria (pebbled/overly folded brain), both of which are associated with cognitive
dysfunction but typically present with normal brain volumes (Stevenson, 2006). Additionally,
conditions of abnormal brain size, microcephaly (the condition of brain size being smaller than
two standard deviations below the allometric average) and megalencephaly (abnormally large
brain), present with normal gyrification patterns (Stevenson, 2006). This implies that there are
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separate genetic bases for the traits of brain volume and gyrification and that natural selection for
increased gyrification has been occurring independently but in tandem with selection for
increased neuron number. While numerous studies have examined the underlying genetic basis
of brain volume alterations, little is known about the genetic mechanisms responsible for
gyrification.

The Van Essen Model: The degree and pattern of cortical folding also shows
phylogenetic trends in primates (Zilles et al., 1989). Van Essen (1997) has proposed a tensionbased hypothesis detailing how folds arise in the cerebral cortex. He posits that white matter
tracts, those axonal filaments connecting neurons to one another for informational cross-talk,
place mechanical tension on the cortical laminar system, pulling the interconnected regions
together differentially more strongly if more axons pass between them. In other words, brain
areas that regularly interact to complete tasks require a high number of axons to pass between
them, resulting in a thicker band of white matter between regions of high connectivity than low
connectivity.
Numerous studies have confirmed the presence of tension on cerebral cortex during
development both in vitro (Heidemann & Buxbaum, 1990, 1994) and in vivo in mammals (Xu,
Bayly, & Taber, 2009). Others have mathematically derived results (Bayly, Okamoto, Xu, Shi, &
Taber, 2013; Mota & Herculano-Houzel, 2012) that can be interpreted as quantitative support for
the Van Essen model. If natural selection is working to create additional folds, the path of least
physical resistance is for sulci to form where there is the lowest mechanical tension; i.e. to
separate regions of low connectivity. Therefore, gyri unite regions that are talking to one another
the most; sulci, by default, form between less functionally connected areas since they have a
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smaller physical barrier of white matter and thus folds here impart lower mechanical tension on
the system. Thus, the pattern of sulcal layout on the cortex speaks to the underlying neural
network and differences in folding pattern between lineages imply evolutionary selection for
different strategies of cognitive processing.
This is not to say that only physics and not genetics accounts for gyrification trends.
Genes can affect these mechanical properties by altering such things as the regional connectivity
attributes of the cerebrum, axon tension during development, and canalization of neural networks
(Kirszenblat, Neumann, Coakley, & Hilliard, 2013; Rubenstein & Rakic, 1999; Rubenstein et al.,
1999; Wilson, Brennan, Macdonald, Brand, & Holder, 1997). Identifying the genes that
influence sulcal layout is fruitful in itself and examination of the DNA sequences of these genes
that have so dramatically affected the course of primate evolution will elucidate how natural
selection has allowed for the various gyrification patterns and parallel cognitive processing
strategies that we see in primates today.

Baboon genetic analyses: Numerous previous studies have shown the genetic influence
present on brain structure (Kirszenblat et al., 2013; Sun et al., 2005; Thompson et al., 2001;
Wilson et al., 1997; Winterer & Goldman, 2003) and others (Kochunov et al., 2010; Mahaney,
Williams-Blangero, Blangero, & Leland, 1993; Rogers et al., 2007) have provided invaluable
preliminary insights demonstrating a heritable genetic component to cortical and sulcal variation
in this baboon population using MR images. Only ~150 MR scans were made for this
population, however, so precise genetic analysis on them alone was impossible due to the limited
sample size. By expanding the sample to glean cortical information from the ~1,000 skull CT
scans also collected in this pedigreed population, we have the potential to confidently measure
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phenotypic variation in traits and derive precise estimates from the data. Analyses of
measurements taken on CT scan-based virtual endocasts have demonstrated their efficacy for this
endeavor by ensuring their high repeatability and biological meaningfulness by virtue of a tight
correlation with comparable measurements taken on MR images. This project helps to
characterize the genetic architecture underlying the morphology of the baboon cerebral cortex
and thus allows for the assessment of the evolutionary forces that have dictated and will continue
to affect the trajectory of primate evolution.

Modularity: ‘Modularity’ addresses the question of how strongly integrated component
parts of a structure are. It is the idea that there are sets of traits that functionally,
developmentally, genetically, and/or evolutionarily act as a group and are relatively independent
from other such groups. Statistically, modules are defined by covariation of traits within a
module being higher than covariation among traits from different modules (Klingenberg, 2008).
Although they might be controlled differently, subunits of a structure must evolve in a
coordinated fashion to maintain functionality of the whole (R. Barton, 2006). For example,
though the upper and lower jaws are clearly different structures, they need to evolve in a
coordinated fashion in order for the broader structure to be able to work, in this case, for
mastication (James M. Cheverud, Routman, & Irschick, 1997). Previous studies show the
ubiquitous presence of modularity in biological structures, including brain networks (Chen, He,
Rosa-Neto, Germann, & Evans, 2008; Meunier, Lambiotte, & Bullmore, 2010; Zhou, Zemanová,
Zamora, & Hilgetag, 2006). Meunier et al. (2010) propose reasons to suspect modularity in the
brain: “small-worldness” and modularity would lead to the minimum possible distances between
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interacting regions and would thus be an adaptive outcome of selection on efficient neural
processing (Sporns, Chialvo, Kaiser, & Hilgetag, 2004).
Understanding the framework of such modules in the primate cortex manifests the
possible evolutionary constraints and the ease of directional change imposed by patterns of
correlation (J. M. Cheverud, 1996; G. P. Wagner, Pavlicev, & Cheverud, 2007; G. P. Wagner,
1996). If traits share a developmental pathway or high pattern of correlation, selection on one
trait will be affected by the corresponding reaction of the other trait, placing limits on what areas
of the full breadth of phenotypic space are readily attainable. The arrangement of variance and
covariance in the genetic, phenotypic, developmental, and connectivity matrices we have created
elucidates the scheme of modularity over landmarks and brain regions, characterizing the
similarity between modular structure in these different biological domains.
Elucidating the module borders surrounding variation in brain features exposes both the
historical pattern of selection on brain features as well as notable constraints imposed on future
evolutionary alteration of these structures. Given the close ties of brain development with the
pattern of connectivity and resultant anatomy of the brain, it is reasonable to suspect that
modular borders in these different domains would be similar. If traits function together during
life via neural networks and/or develop together in utero, the principle of morphological
integration predicts that they will be inherited together due to the pleiotropic effects of common
genes (R. Barton, 2006; J. M. Cheverud, 1996; Klingenberg, 2008; G. P. Wagner et al., 2007; G.
P. Wagner, 1996). Here, we test the hypothesis that module borders are similar between
similarity matrices capturing variation in developmental relationship, connectivity, anatomical
location, and genetic and phenotypic correlations among sulcal fold lengths on the cortical
surface.

!

17!

Materials and Methods

Study Population and Pedigree Details: The study population consists of olive (Papio
hamadryas anubis) and yellow (P. h. cynocephalus) baboons and their hybrids living in the
Southwest National Primate Research Center (SNPRC) in San Antonio, TX. There are currently
~1,500 animals living at the facility that are part of a full six-generation pedigree. The colony is
divided into group cages of 10-30 females and their young offspring with one male, ensuring
certainty of paternity. The population is maintained with an adult female:male ratio of 2:1. The
ancestral lines have been documented for six generations (30 years) allowing for use of all
possible pair-wise relatedness coefficients in quantitative genetic analysis. The complete
pedigree contains 2426 individuals grouped into one unbroken extended pedigree. Of these, 2044
have already been genotyped using ~300 STRs. One generation of inbreeding resulted in 520
inbred progeny for a specific experiment. Full sibships range in size from 2 to 12 individuals
with a median of 5. The exhaustiveness of this pedigree allows for linkage analysis and precise
determination of heritable effects. Full information on the current state of the colony can be
found on the SNPRC website, http://txbiomed.org/primate-research-center.
Of the full population, 985 of these baboons have been CT scanned and were thus
available for use in this project. Of these, we omitted 215 of them for use on the left hemisphere
and 185 on the right. Exclusion from data collection was typically due to either: the individual
being a subadult (defined here as below 6 years of age) and therefore not confidently
demonstrating adult gyrification patterns; the individual being of a different species than
considered here; lack of a clear endocast impression in the scan; or processing issues to due with
digitization of scan files. In total, 770 CT scans were deemed fit to have at least one sulcus
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collected on the left hemisphere and 800 on the right.
The population measured was of approximately a 3:1 ratio of females to males due to the
harem-style housing conditions at the SNPRC. Maintaining animals in groups with a lone adult
male and multiple females results in the least amount of aggression between animals and
additionally ensures known paternity for all offspring. On the left hemisphere, 198 (26%) of
measured endocasts were from male baboons and 572 (74%) from females. On the right, these
numbers are 219 (27%) and 581 (73%), respectively.

Endocast Creation and Landmark Measurement: Over a period of 15 years, heads of 985
animals were collected at necropsy and macerated to prepare the skull for anatomical study. The
crania were then scanned at 0.6mm or 0.7mm with a 64-slice General Electric 3-D Computed
Tomography (CT) scanner at the Mallinckrodt Institute of Radiology at Washington University.
The first third of data were scanned at the lower resolution threshold before switching to the
higher resolution 0.6mm slices for the remainder of the skulls. Reconstructions were performed
using the Amira 5 program (Stalling, Westerhoff, & Hans-Christian, 2005). Spiral medical CT
scans were used to create Amira images, as these provide more smooth segmentations than pure
slice-wise CT scans.
Sulci are visible as ridges on the endocranial surface in Old World Monkeys. Virtual
endocasts were generated from the cranial CT scans by 3D image segmentation using the
freeware program ITK-SNAP (Yushkevich et al., 2006). Images were processed with a
standardized upper threshold to minimize resolution differences and seeds were arranged to
maximize endocranial coverage. Segmentation was allowed to run for 150 iterations until seeds
had expanded against all surfaces of the endocranium. Sulci are then seen as depressions on the
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endocast. The quality of the endocasts varied across crania and across different cerebral surfaces.
3D landmark coordinates were collected on processed endocasts by manually placing
landmark points along specific brain sulci on the segmentation mesh in Amira. When the sulcus
was not clearly defined over its full length, the trait was logged as missing and omitted from
analysis. All endocasts were double-measured for all identifiable sulci to ensure measurement
accuracy and aid in outlier detection. Each sulcus was traced with landmark points to capture
total length along the 3D brain surface including that to do with curvature. A code extracting the
Euclidean distance between 3D landmark points was used to determine final sulcal lengths. The
following ten landmark sulci were collected on both the left (L) and right (R) hemispheres of the
endocasts: Arcuate Sulcus Spur (arsp), Central Sulcus (cs), Inferior Arcuate Sulcus (iar),
Intraparietal Sulcus (ips), Lateral Fissure (lf), Lunate Sulcus (lu), Principal Sulcus (ps), Superior
Arcuate Sulcus (sar), Superior Precentral Dimple (spcd), and Superior Temporal Sulcus (sts)
(Table 1, Figure 1).
Though landmarks were collected on both hemispheres separately, the quantitative
genetic results presented here are of the average standardized length across hemispheres for each
sulcus. This was done to reduce noise in data and maintain the same dimensionality in matrix
comparisons. Three additional non-metric traits were collected: whether the inferior tip of the cs
was forked or unforked, and presence/absence of the spcd and arsp. The location of the two p/a
sulci can be seen in Fig. 1, as can an example of a cs with a forked inferior tip.

Missing Data and Repeatability: Due to variable clarity of impressions left on the insides
of skulls, endocasts varied in ease of sulcal detection. To ensure that data were not contaminated
by incorrect measurements due to poorly resolved sulcal impressions, a conservative approach
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was taken in collection of sulcal length and non-metric trait data such that if a sulcus was
ambiguous, it was not collected. Because of this data collection strategy, a notable amount of
missing data is present for all sulci, with some sulci being typically better resolved than others.
Due to the large amount of missing data, analyses were done in a pair-wise rather than list-wise
fashion. Table 2 shows missing data statistics.
Repeatability measures were calculated from the metric phenotypic data to validate the
utility of CT-based endocasts for studies on cortical topography. Repeatability was calculated by
comparing the difference between repeat measurements of the same individuals’ sulci. This also
gives us an estimate of the amount of measurement error present in the data. Individuals whose
repeated measurements deviated from the normal distribution by greater than two standard
deviations were removed from analysis as they were deemed to be unreliable. Most cases of such
unreliable endocasts were from extremely old individuals, as remodeling occurs on the
endocranium during the course of primates’ lives, diminishing the imprint of the brain on the
interior of the skull. Other cases were due to damaged skulls or poor CT scan resolution.
Measurements taken from the CT scans on a subset of a sample of 100 overlapping
individuals were compared to parallel landmark measurements collected off of processed MRI
scans in order to ensure the biological meaningfulness of collected data. Correlations were
calculated between sets of measurements taken on the MR and CT versions of scans in order to
compare the pattern of sulcal impressions. This ensures that endocast creation is a valid manner
in which to analyze sulcal impressions and does not distort the image in a way that would inhibit
accurate interpretation of results. Repeatability results ensuring the accuracy of measurements
are shown in Table 3. Average r2 between double-measured metric traits was 0.899. Average r2
for the left hemisphere was 0.904 while for the right was 0.894. This difference was not
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significant. These metric trait repeatability measures are very high and indicate the utility of CTbased endocasts for studies on cortical topography.
The average CT-MRI length difference for the left hemisphere was -6.61 millimeters
while the average correlation between landmarks taken on CT versus MRI scans was 0.952 mm.
The average CT-MRI length difference for the right hemisphere was -7.72 mm, and the average
correlation between landmarks taken on CT versus MRI scans for individuals’ right hemispheres
was 0.956. The average correlation between the CT and MRI measurements for all landmarks
averaged over all individuals and sides was 0.954.
Since MR detects soft tissue, these high correlations between CT and MRI landmark
measurements indicate that endocast data are biologically meaningful and capture a reasonable
representation of the variation present across the brain, not simply an artifact of endocast
creation. However, CT measurements are typically shorter than the corresponding MR
measurements, likely because of the tapering off of sulci towards their edges. This would create
less of an imprint at tips of the sulci, shortening the impression on the virtual endocast mold.
Since quantitative genetic tests are concerned with the variation around the mean rather than the
mean value itself, this bias in absolute length between CT and MR scans does not affect the
genetic results, as traits are very tightly correlated. In other words, the variation is
commensurate, even if the mean is shifted.

Covariate Screening: Numerous covariates were tested to ensure that variation
considered pertained only to the trait of interest. Significant covariates were removed from the
data to avoid confounding genetic results with correlated variation in other traits. Non-significant
covariates were left to maintain maximal information in the data. For this reason, traits had
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different covariates removed. Covariates screened for were: age, sex, the interaction of age and
sex (age x sex), age2, and the cube root of cranial capacity. Table 4 documents which covariates
were significant for each of the traits.
Sex was screened as a covariate since, in general, male baboons are larger than females,
causing them to have comparably larger brains. Here, males’ brains on average had a cranial
capacity 24.6 cm3 larger than females’. It follows that males’ sulcal lengths tend to be longer
than females’, as well. Here, males had longer sulci by 1.36 mm averaged over all ten sulci.
Sexes were additionally tested independently to assess whether the structure of variation in the
cerebral cortex was different between the sexes. Screening for sex as a covariate while using the
full population allowed us to control for phenotypic and genetic variation to do with individuals’
sex while boosting sample size to aid in result detection. Sex was a significant covariate in five
of the ten metric traits (cs, lf, lu, ps, sts).
The age of an individual was additionally examined, as older individuals tend to be larger
than younger ones. Only neurologically mature individuals were included in this study (older
than 6 years of age), but age was examined as a possible covariate in the event that there was
further brain growth in adulthood. An additional consideration for age is that there is remodeling
of the cranial vault over individuals’ lifetimes. In elderly individuals, the brain has retreated
slightly from the skull, which could allow for diminishment of impressions of sulci on the
interior of the skull. For this reason, elderly individuals over the age of 30 years were also
excluded. Age was a significant covariate in four of the metric traits (iar, ips, ps, sts).
Age-squared was examined as a possible covariate, as this takes into account the rate of
change in sulcal length over the course of life. It effectively describes the possible non-linearity
of the change in sulcal length. A significant result for a covariate screen of age2, therefore,
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indicates that the rate of change in sulcal length itself changes over the course of an individual’s
life. Age2 was significant for three metric traits (arsp, iar, sts).
The finding in arsp that age was not significant but that age2 was indicates that the shape
of the trait frequency distribution is such that mid-aged individuals have the highest sulcal
lengths for this fold. This makes sense in light of the fact that brains continue to grow slightly
over time, but sulcal impressions diminish due to remodeling, giving mid-aged individuals the
overall longest measurements. This would preferentially affect scoring of arsp, as it is the most
difficult sulcus to detect and is thus the most influence to additional clarity factors.
The interaction between age and sex was also examined as a possible covariate in the
three populations. A significant result for age x sex would imply that the lines plotting sulcal
length over age have different slopes in the two sexes. In other words, the trait values for our
phenotypes would be close to each other in the populations of the two sexes at some ages and
farther apart in others. Age x sex came out to be a significant covariate in four of the ten metric
traits (iar, ips, ps, sts).
The cube root of cranial capacity (CC) was tested as a covariate to use as a direct
measure of overall brain volume. CC data was collected for a different project using this same
baboon population and CT scans, and these data were kindly forwarded to us for use here
(Jessica Joganic, personal communication). CC measurements were cube-rooted to allow for
comparison of units of equivalent dimensionality, as our sulcal lengths are one-dimensional.
Both CC and the cube root of CC were tested to see if one provided better results than the other
for use in analyses. As predicted, the cube root of CC always proved more reliable than CC
itself, and was therefore used as the measure of brain volume. The cube root of CC was
significantly related to nearly all traits excepting sar and spcd.
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After covariate screens were conducted for all described covariates, the covariates that
were significant in screening were removed and all subsequent quantitative genetic analyses
were conducted on the residuals. This removes the effect of these features while preserving the
natural variation in our phenotypes in the population. Covariates that were not significant with
traits were left in the data for that phenotype.

Quantitative Genetics and Correlation Matrix Creation: Heritabilities and genetic
correlations were estimated using the SOLAR software package (Almasy & Blangero, 1998).
SOLAR is a maximum likelihood based algorithm and uses variance components methods to
determine heritability and pair-wise genetic correlations. Variance component methods are
useful for large, complex pedigrees. SOLAR takes into account all relatedness coefficients
between individuals to determine an IBD matrix that can then be used to map traits. The
covariance matrix, Ω, for an extended pedigree is Ω =2Φσ2g +Iσ2e where: the kinship matrix, Φ,
gives all pair-wise kinship coefficients; σ2g is the genetic variance due to additive genetic factors;
σ2e is variance from individual-specific environmental effects; and I is an identity matrix.
SOLAR was used to associate phenotypic data with the pedigree to determine the
heritability of all traits. Data were corrected for pertinent covariates that could confound
phenotypic results. Previous studies on this population (Kochunov et al., 2010; Rogers et al.,
2010) controlled for the covariates of sex, age, age x sex interaction, age2, and age2 x sex
interaction. In addition, we corrected for independently-measured cranial capacity as a direct
estimate of each individual’s brain size.
SOLAR was used to create a genetic correlation matrix and to calculate pairwise genetic
correlations to be compiled into the genetic variance-covariance and correlation matrices. This
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analysis is necessary due to the large number of traits included and the need for pair-wise, rather
than list-wise, elimination of missing data. The correlation matrix for phenotypic variation was
created from the covariate-corrected data using the R statistical package (“The R Development
Core Team,” 2008). All ten metric traits were considered for all matrices created. Landmarks
were initially tested on the two hemispheres separately, in case they exhibited different modular
structures (J. M. Cheverud et al., 1990; Hutchison & Cheverud, 1992; Im et al., 2010; Sun et al.,
2005), but both left and right sides displayed the same patterns. The two were centered and
averaged to add to the sample size, reduce unnecessary noise, and maintain compatible
dimensionality of all matrices for comparison. All quantitative genetic results presented here use
the length averages for each individual across the two hemispheres.
An anatomic similarity matrix was created based on landmark sulcus locations on the
cerebral cortex. Lobes were partitioned at their standardly defined borders (Figure 2). The
following rubric was followed to assign values in the matrix: if the two sulci in question
intersect, a value 0.9 was assigned; if sulci are adjacent, 0.6; in adjacent gross lobes but have
other folds between them, 0.3; In nonadjacent lobes, 0.1. The only sulcus that has a different
number value assigned than the ones listed is spcd compared to other frontal sulci. Since these
are in the same lobe but are not adjacent, a value of 0.5 was assigned.
Literature-based connectivity and developmental matrices were created and compared to
the baboons’ correlation matrices to determine if regions that are functionally and/or
developmentally correlated have a higher genetic correlation than those that are not. (Markov et
al., 2012) quantify the degree and pattern of connectivity between 27 brain regions in Macaca
fascicularis, another member of the Tribe Papionin. This was done by tracing the path of a
retrograde neurotransmitter injected into individual regions to determine the locations to which
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they back-project. Connectivity level was assessed quantitatively based on the amount of
chemical present in other specific brain regions, which allows for conversion into a cortical
connectivity matrix.
Markov et al. (2012) partitioned the quantitative number of axons physically connecting
brain regions into thirteen grades. These grades were used to create a similarity matrix for
landmark sulci, with connectivity amount between pairs of sulci ranging from 0 (no axons
connecting regions) to 1 (self). As the raw matrix created was not symmetrical due to differences
between numbers of axons projecting from source to target versus from target to source, a
compromise matrix of the average between these two measures was used in Mantel testing.
Some regions were only characterized as an axon source and not a target, in which case this
measure was used exclusively for testing. For the sake of comparison, landmarks were
characterized by regions as defined by Markov et al. (2012) in the baboon data’s genetic and
phenotypic matrices. Each sulcus was defined by at least one source region from this dataset. If
more than one region defined an individual sulcus, the connectivity measures estimated for that
sulcus represented the average connectivity of the regions it contains.
A developmental matrix was created from data published by Sawada et al. (2012)
illustrating the ontogeny of cortical development in Macaca fascicularis. We created a distance
matrix between sulci based on their relative times of developmental emergence in days from
conception. Sulci emerge between 70 and 135 days. Time of first appearance of all ten sulci used
here were reported in Sawada et al. (2012). This distance matrix was then converted into a
similarity matrix for sake of comparison with other matrices in analyses.
Matrix repeatabilities were calculated as described in Cheverud (1996). Since genetic and
phenotypic correlations are estimates of the true values and thus have some error incorporated
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into them, it is necessary to assess the degree of repeatability within the correlations to determine
the significance of the patterns of matrix similarity detected. In general, a matrix’s repeatability
(t) is the proportion of the variance observed in measurements that is due to true population
variation as opposed to error variation. Since there will always be some error incorporated into
estimates, if two population matrices actually are perfectly correlated, the largest correlation
value that can be observed between them will be a function of both of their repeatabilities. Thus,
our Mantel matrix correlations could seem low when considered independently, but actually
could be approaching the maximum possible value that can be attained given the degree of error
in estimates. For this reason, both the Monte-Carlo matrix correlation values (which provide an
estimate of the correlation value between the compared matrices) and its p value, the maximum t
value attainable (what the value could be if the matrices were perfectly correlated, with error),
and the ratio of the observed r over the maximum t (how close to perfectly the matrices actually
are correlated, with error) are provided here. Repeatability was calculated for both estimated
matrices. As we can not calculate t for theoretical matrices (developmental, connectivity,
anatomical lobe), their maximum possible Mantel correlation value will be assumed to be 1.

Modularity and cluster analysis: We used Mantel’s test to identify degree of structural
similarity between phenotypic and genetic correlations, connectivity, and developmental timing.
Mantel tests measure the structural similarity of two matrices and provide the probability that the
observed structural similarity may be observed under a null hypothesis of no similarity. To do
this, the similarity of the two matrices in question is compared to that of one of the original
matrices, and a permuted version of the second matrix where the rows and columns have been
jointly randomized. A number of covariates were taken into account to ensure that variation
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considered was due solely to the traits of interest and not to a correlated feature. Mantel tests
were done using the ‘mantel.rtest’ function in the Ade4 package for R (Dray & Dufour, 2007). In
all Mantel tests 9999 randomizations were performed.
Each comparison of matrix pairs conducted here addressed a clearly distinct biological
hypothesis. For example, the genotype-phenotype Mantel comparison tested the hypothesis that
there is genetic control over trait variation, while anatomy-development tested the hypothesis
that embryonic day of emergence could be used to predict where on the brain the sulcus would
be. Since these comparisons address different hypotheses and we are interested in each
hypothesis separately, our Mantel testing does not represent a situation where there is need to
control for multiple testing.
Hierarchical cluster analysis was performed on the phenotypic and genetic matrices using
R (using the ‘hclust’ command) to visualize the breakdown of variation. This command takes an
agglomerative or bottom-up approach to determining clusters, with each trait initially being in its
own cluster and cluster pairings occurring hierarchically in sequence. Correlation matrices
previously created were converted into distance matrix format for these purposes. A variety of
methods (average, Ward, complete linkage) were used to determine the most robust cluster
arrangement, which generally was represented by the average linkage method. For this reason,
average results are reported in this paper.
k-means testing was additionally done (utilizing the ‘kmeans’ function in R) using the
two traditional algorithms (Lloyd and Hartigan-Wong) to independently determine the correct
number of clusters and assign sulci to clusters based on their phenotypic and genetic data
(Hartigan & Wong, 1979; Lloyd, 1982). k-means is a heuristic criteria rather than a statistical
approach, so there is no discrete cutoff point for clustering. Rather, it can be used to inform and
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corroborate results of the hierarchical clustering. The “elbow” in the k-means results was
identified by examining the improvement of explanation of variation with each additional
cluster. The greatest improvement to the ratio of the between cluster sum-of-squares to the total
sum-of-squares after which there was minimal improvement was determined to be the correct
value for k. Both algorithms agreed on the number of clusters for both matrices.

Results

Data Processing: The fraction of missing data on a sulcus-by-sulcus basis is shown in
Table 3. The average amount of missing data for all sulci was 52.5%, with the left hemisphere
average being 51.5% while the right is 53.4%. The best-resolved sulci tended to be in the
prefrontal cortex, with endocasts demonstrating a gradual front-back trend of decreasing sulcal
impression. This is due both to the presence of shorter, more numerous sulci at the front of the
brain and more force imposed on the endocranium by the brain at the front. Other studies using
endocasts for sulcal measurements had similarly high amounts of missing data (Cheverud, 1990),
showing this is a common feature of endocast measurement.

Heritability: There is a moderate genetic basis to variation in both metric and non-metric
cortical sulcal traits. The cross-hemisphere average of significant sulcal heritability (h2) for all
metric traits was 0.260. Seven of the ten landmark sulci were significantly heritable (all but iar,
sar, and spcd). Of the covariates included in the analyses, cranial capacity was typically
significant, with age, sex, and their permutations occasionally being so. Table 4 shows the
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heritability results for all traits (metric and non-metric), their individual significance levels,
significant covariates, and sample sizes.
Three of the non-metric traits had significant heritability estimates (presence/absence of
Lcs, Rarsp, and Rspcd). The average significant heritability calculated for non-metric traits was
0.138. All tests included the same covariates described above (sex, age, age x sex, age2, and cube
root of cranial capacity) to ensure heritability calculated corresponded to genetic variation of
only the phenotype in question. These heritability estimates are likely underestimates, as any
error in the data (here, approximately 5-10% of measurement variation) will detract from the true
heritability value. The difficulty in assessing heritability of sulcal pattern has been noted in
previous studies (Winterer & Goldman, 2003).
Inbreeding effective sample sizes based on the genetic correlations were calculated from
the data using the methodology of Robertson (1959) and implemented as in (J. M. Cheverud,
1995). The equation used to calculate Neff, the number of Robertsonian family equivalents is:
Neff = [2h4/V(h2)]+1
Table 5 shows the inbreeding effective sample sizes calculated for each of the ten metric
traits. The average effective sample size calculated for the hemispherical average of all metric
traits was 14.6. The average significant effective sample size (including 7 of the 10 traits) was
20.0. This can be taken as the average number of genetically independent units included in the
analysis. Note that these inbreeding effective sample sizes are much reduced relative to the
original sample size. This implies that it is harder to reach significance in genetic testing than
would be predicted, as our effective sample size for genetic individuals is smaller than the census
size. It is for this reason that 100 individuals was too small of a population on which to do QTL
mapping (Rogers et al., 2010).
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Correlation structure: Correlation matrices were created for each of the domains being
considered: anatomical, phenotypic, genetic, developmental, and connectivity. As described
before, genetic and phenotypic correlation matrices were created from the data collected and are
shown in Tables 6 and 7, respectively. The anatomical correlation matrix created is shown in
Table 8. Connectivity and developmental matrices were created from the literature according to
the criteria described and are shown in Tables 9 and 10. Matrix repeatabilities calculated for the
two estimated matrices is shown in Table 11.

Mantel testing and cluster analysis: All permutations between distance matrices created
from correlation matrices were compared to test different biological hypotheses about cortical
modularity, development, and control. Four of these comparisons indicated statistically
significant similarity between the patterns of variance contained within the two matrices (Table
12). The four statistically similar matrix comparisons, listed with their Monte-Carlo observed
matrix correlation and p value, were: genetic-phenotypic (r = 0.390, p = 0.003), anatomicdevelopmental (r = 0.289, p = 0.048), connectivity-anatomic (r = 0.511, p = <0.001), and
connectivity-developmental (r = 0.288, p = 0.040). Taking into account the fact that 0.563 is the
maximum matrix correlation that could be observed using our dataset between the phenotypic
and genetic matrices (see matrix repeatability calculation, above), the comparison of true
population matrices is likely to be about 0.700.
Overall, this means that all of our theoretical matrices (connectivity, development,
anatomical lobe) were significantly similar to each other in terms of variation structure, but our
estimated matrices (phenotypic and genetic) were similar only to each other and not to any of the
theoretical ones. This finding has very significant implications for the overlap of modules in
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different biological spheres. Monte-Carlo observations for matrix correlations, their simulated p
values, and how these values compare to the maximum possible similarity that could be detected,
as determined by matrix repeatability calculations, are shown in Table 12. To further elaborate
on what this pattern means, the following four statements were supported by the data:
1. There is a very strong relationship between the patterns of genetic and phenotypic
variation.
2. There is a similar pattern of variation between anatomical sulcus location and embryonic
day of emergence during development.
3. There is a strong similarity between the pattern of variation found in connectivity and that
of anatomical lobe location of the sulci.
4. There is significant similarity between pattern of variation in connectivity and embryonic
day in development.

In terms of the negative findings, we detected no significant similarity between
anatomical location and either scaled or un-scaled phenotypic variation; in anatomical lobe
location and trait genetic variation; in connectivity with that of scaled or un-scaled phenotypic
variation, on either side; between connectivity and genetic variation, on either side; between
embryonic day of development and either scaled or un-scaled phenotypic variation on either
side; or between embryonic day of development and genetic trait variation. Inability to detect a
significant similarity between matrices could be due to error, but matrix repeatability analyses
give us an estimate of our Mantel correlation’s strength compared to the maximum value a
matrix with the given amount of error could provide. We found no evidence supporting a
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relationship between patterns of phenotypic or genetic variation and patterns of anatomical
location, connectivity, and developmental timing.
Hierarchical clustering and k-means methods were used to determine the appropriate
breakdown of the phenotypic and genetic data. Agglomerative hierarchical clustering links
individual traits to one another iteratively to create a network. k-means testing provides an
estimate of the quality of fit in grouping n traits into k clusters. Using k-means to identify correct
cluster breakdown is not an exact science. The generally accepted method for correct cluster
number is to identify the “elbow” in the amount of variation explained by breaking the data
down into so many clusters. This is the point at which the amount of improvement from adding
an additional cluster, as visualized in the ratio of the between groups sum-of-squares to the total
sum-of-squares, stops exponentially increasing. Table 13 shows the results for k-means
examination of phenotypic and genetic data in tests from k = 2 to k = 7.
Clustering analyses of the phenotypic data determined there to be three clusters of
approximately equivalent size (ps, iar, sar; cs, lu, arsp; spc, ips, lf, sts – Figures 3 & 4). Though
there was not an obvious elbow for the phenotypic data, the amount of improvement drops most
dramatically after 3 clusters (Table 13). For this reason, combined with the fact that partitioning
phenotypic variation into three modules additionally is the most biologically realistic outcome, k
= 3 was determined to be the correct cluster number for the phenotypic data. The two clustering
methods agreed on both cluster number and assignment of traits into groups at k = 3.
The clustering results for k-means and hierarchical clustering were both most compatible
with there being four genetic modules (Table 13). k-means testing and hierarchical cluster
analysis did not agree, however, on the precise assignment of sulci into clusters. Agglomerative
hierarchical clustering parsed the genetic data into four groups of sizes 2, 4, 2, and 2 (lu, sts; ps,
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lf, iar, spcd; ips, sar; arsp, cs – Figures 5 & 6), while the two algorithms run for k-means tests
each produced different results. The Lloyd algorithm placed sulci in four groups of sizes 2, 2, 3,
and 3 (iar, sts; lu, spcd; ips, lf, ps; arsp, cs, sar – Figure 7) while Hartigan-Wong grouped traits
into four clusters of more disparate sizes (iar; sar; arsp, cs; ips, lf, lu, spcd, sts – Figure 8). Both
dendrogram and network formats for the clustering results are shown as produced by the Ward
linking criteria as this provides more visuals distinct clusters. Effectively the same pattern was
produced using other criteria, including average linkage.

Discussion

Genetic basis of cortical traits: There is a strong contribution of genes to variation in the
cortical features examined. The average significant heritability of about 31% for metric traits
falls into the range typical for morphological traits. This is additionally an underestimate of the
true heritability, as measurement error accounted for ~10% of the variation, diminishing the
calculated genetic control over trait variation. These results support the fact that brain cortical
gyrification is not random but is under a moderate degree of genetic control. In addition, results
of significant genetic control over sulcal length even after removing the effects of cranial
capacity and other size correlates support theoretical findings (Rogers et al., 2010) that there is a
separate genetic basis to gyrification. Brain folding is not simply a carry-over of selection for
increased brain size in primates, it has its own genetic architecture and is under a different suite
of evolutionary controls.
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In terms of the interplay between timing and trait variation, Kaymaz & van Os (2009)
found a trend in sulcal heritabilities such that the folds arising earliest in development tended to
have the highest h2 estimates. Results here do not directly show this pattern, however estimate
significance was dramatically affected by sample size. Sample size for a sulcus, in turn, varied
greatly depending on ease of sulcal edge determination, which tends to devolve moving from the
anterior to posterior cerebrum. As such, more ambiguous sulci, including those that arise earliest
in development (most notably sts and lf) had non-significant h2 estimates, due to the inability to
detect significance from lower sample numbers. Despite the very conservative method of data
generation reducing the number of sulci that were able to show significant h2, the indication of a
strong contribution of genes to variation in cortical phenotypes justifies further mapping
endeavors to pinpoint the precise chromosomal regions and the genes within them that are
affecting cerebral traits. Follow-up studies are underway to identify such genomic regions.
Non-metric traits were found to have significant heritability for the variation in shape
features, but show a much lower amount of genetic control over variation. Increasing the
specificity and number of non-metric traits collected could increase heritability results for such
measurements, as most non-metric traits aimed to capture gross anatomical presence/absence
phenotypes.

Modularity: The distribution of variation in the correlation matrices compared
(phenotypic, genetic, anatomical, connectivity, and developmental) elucidated some interesting
trends in the borders to modules across different biological domains. As expected, there was a
close tie between genetic and phenotypic partitioning of brain features (result 1), suggesting a
sizeable amount of genetic control over variation in sulcal length traits and independently
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confirming the high heritable component of trait variation detected in quantitative genetic
analyses. This pattern is consistent with natural selection for appropriate morphological
integration of traits. The presence of strong genetic module borders over phenotypic variation
would impose constraints on the breadth of morphological evolution (J. M. Cheverud, 1984,
1995, 1996; Klingenberg, 2008; G. P. Wagner et al., 2007), as correlation amongst traits reduces
the amount of variation available to be acted upon by selection in some selective gradients.
Though constraints are often assumed to be a negative for natural selection, some degree
of constraint over direction of evolution can be beneficial to organisms (G. Wagner & Altenberg,
1996). Canalization of variance prevents traits from wandering into deleterious regions of
phenotypic space. Grouping control over related traits to a limited set of genes has been shown to
be beneficial for organisms in limiting future evolution into useful trajectories and has even been
theoretically posited to speed up the pace of adaptive change (Gibson & Wagner, 2000; G. P.
Wagner, 1984, 1988, 1996). If covariation between traits were aligned in a manner inconsistent
with selection, populations would have to take a less direct path to a local optimum (G. P.
Wagner et al., 2007). Restricting phenotypic variance into modules also allows systems to evolve
into patterns of correlation that facilitate future evolutionary trait alteration by the convergence
of genetic and functional modules (James M. Cheverud, 1996; G. P. Wagner, 1996). Similarity
of variation structure in genetic and phenotypic matrices thus illustrates the selective grouping of
traits into related units in these two domains, providing a ready framework for future adaptive
morphological change.
Result 1 thus implies an evolutionarily beneficial situation of increased morphological
integration for traits that need to be functionally compatible with one another in an organisms’
life. Such a situation can be imagined for functionally related traits such as the upper and lower
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mandible; these features are clearly separate entities but must evolve in a coordinated fashion to
maintain mastication functionality (James M. Cheverud, 1996). This is also the case in the
primate cortex. Genetic variants affect phenotypes in a correlated fashion, allowing the brain
features to maintain compatibility despite both being subjected to alterations.
Result 2 of Mantel testing, the similarity in matrix variation structure between anatomical
location of the sulci and the day on which the sulcus first emerges during development, confirms
what has previously been shown in studies examining the ontogeny of primate brain
development. Typically, the brain develops the primary and most deep-set folds first during
development, with secondary folds developing next, and superficial wrinkles and projections off
of the primary folds last (Huang et al., 2009; Sawada et al., 2012). The bulk of the primary folds
are located towards the central region of the brain (here: lf, sts, cs). The back of the brain then
follows (here: lu, ips), with the frontal folds (here: ps, spcd, iar) marking the formation of the last
true sulci. Superficial projections off of the main leg of the arcuate sulcus (arsp, sar) come last in
development. This predictable pattern of sulcal emergence came across in the data, as
partitioning variation into anatomical location on the brain grouped sulci in a similar way to
partitioning variation in the embryonic day of development. This result validates the use of
Mantel testing to compare the similarity of correlation matrices created for different categories of
cerebral cortex structure and function.
The final two significant results found from Mantel testing together provide indirect
support for the propositions of the Van Essen model. The fact that strong similarity exists
between the patterns of variation in connectivity and anatomical location of the sulci implies that
the neural network does indeed correspond to morphology; as explained earlier, connectivity is
paralleled by anatomical propinquity (Van Essen, 1997). Put simply, regions that interact more
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regularly are likely to be anatomically co-located in the same cortical region. This theoretical
result supports the mathematical models proposed concerning tension-based methods of cortical
fold development (Bayly et al., 2013; Mota & Herculano-Houzel, 2012) in a primate system, a
group in which this pattern has not previously been documented.
In addition, the final finding that there is significant similarity between the pattern of
variation in connectivity and the embryonic day of emergence hints at the interplay between the
two in cortex formation. Tension imposed on white matter due to the pressure for cortex to fold
affects emergence of sulci such that the most deep-seated divisions in the cortex, i.e. those
dividing the most basal functional areas, arise first in development (Kaymaz & van Os, 2009).
Subsequent folds and wrinkles arise as the neural network becomes pruned and strengthened
over the course of brain ontogeny. These ties in variation pattern between connectivity and
anatomical location and development result from the interaction of these forces in creating the
operating cerebral structure as a whole (Mota & Herculano-Houzel, 2012; Van Essen, 1997). The
module patterns detected in these three domains therefore fall in line with the expectations put in
place by theories of sulcal development arising by axonal mechanical tension.
The negative findings in this study are arguably as informative as the four positive ones
that were detected. For example, the network of relationships explaining phenotypic modularity
was detected to be distinct from that one affecting the anatomical location of the sulcus. In other
words, variation in traits lengths was not a predictor of where on the cortex the sulcus was, and
conversely, how anterior or posterior a sulcus was on the endocast did not predict how variable
its final length would be. Variable sulci did not all cluster at the front of back of the skull. Thus,
the borders to phenotypic variation are distinct from those based on anatomy, resulting in a low,
un-significant matrix correlation.
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Since trait variation here does not appear to be significantly partitioned by location in a
particular brain lobe, embryonic day, or the pattern of connectivity across the hemisphere, it begs
the question of what the true explanation is. The breakdown of the groups of traits, as determined
by cluster analysis, roughly appears to be by orientation across the cerebral cortex. As described
earlier, three main clusters arise from the phenotypic data from both k-means testing and
hierarchical clustering. If we examine the hierarchical clustering dendrogram for phenotypic
data, the first grouping – consisting of ps, iar and sar (Fig. 3, blue) – all span the frontmost
portion of the endocast (Fig. 4, blue), which experiences a large amount of curvature towards the
narrow frontal pole. All three of these sulci thus curve frontally, forming the most severe arcs of
any sulci when viewed superiorly.
The next grouping that emerges pairs cs and lu, the two sulci that stretch across the
vertical plane of the brain and with both terminate superiorly at the medial wall, with arsp, as
illustrated by the green box in Figure 3. The notable feature uniting these three sulci is their
similar roughly vertical orientation across cortex (Fig. 4, green).
The third main sulcal cluster consists generally of the sulci that cover the most surface
along the horizontal plane (Fig.s 3 & 4, red). The first offshoot of the branch, spcd, is a fairly
anomalous sulci, being one of the two whose presence was not guaranteed on the brain (arsp was
the other, which places with spcd when k=4) the only sulcus that does not possess at least one
end determined by juncture with another fold. Next, ips branches, and finally lf and sts appear
joined tightly together, following that they are sulci that appear very similarly in terms of
placement, shape, and length. This final cluster consists mostly of sulci that are oriented along
the inferiofrontal-superioposterior axis. This overall dendrogramatic breakdown was very robust

!

40!

to different testing methods, with the only change sometimes emerging being the placement of
arsp at the initial break off of cluster 1 (blue) rather than cluster 2 (green) in some runs.
The genetic matrix clustering results are less easily parlayed into biological explanations
in terms of morphology, in addition to being less consistent across clustering methods. What
these results tell us are the borders to the genetic modules in the brain, information useful in its
own right, even with the principle component dictating the most variation remaining opaque. The
hierarchical dendrogram (Fig. 5) and annotated endocasts aiding in visualization of the
distribution of genetic control over brain sulci determined from hierarchical clustering (Fig. 6)
and two k-means algorightms (Fig.s 7 & 8) are presented to show the variability of genetic
clustering results.

Summary: All in all, the findings presented in this paper indicate the large contribution of
genetics to variation in brain cortical morphology and support the Van Essen model for a
tension-based method of sulcal origination on the cerebral cortex. Future studies will aim to
pinpoint the specific genomic regions involved in affecting the variation detected here and finemap them to putative candidate genes. Analyses examining the patterns of asymmetry and
morphological integration, which goes hand-in-hand with the modularity architecture presented
here, are also being assessed. This study marks an important step further in the characterization
of the genetic control over cortical topography in primates and how it relates to the neural
network.
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Tables and Figures
Table 1. Anatomical descriptions of landmark sulci.
Trait
arsp

Sulcal Anatomical Description
Possible posterior projection off junction of arcuate rectus. Non-metric: presence/absence.

cs

Major fold extending interiorly from midline of brain separating frontal and parietal brain lobes
and curling rostrally or branching before reaching the lateral sulcus. Non-metric: caudal tip
forked or unforked.

iar

Inferior branch of the arcuate rectus spanning from junction with arsp and/or sar to inferiorostral edge of frontal lobe.

ips

On lateral surface of parietal lobe spanning from frontoinferior portion to intersection with lu
just inferior to hemispherical midline.

lf

Separates frontal and parietal lobes from temporal lobe and spans superior-posteriorly from
superiorfrontal edge of temporal lobe to approximate intersection with sts.

lu

Separates parietal and temporal lobes from occipital lobe and spans inferiorly from intersection
with ips just inferior to midline.

ps

Runs posteriolateraly from frontal edge of frontal lobe and ending just before intersection with
iar.

sar

Frontal portion of arcuate rectus running frontolaterally from intersection with iar and/or arsp.

sts

Runs superior-posteriorly from frontoinferior edge of temporal lobe to approximate intersection
with lf.

spcd
Arsp_yn
Cs_forked
Spcd_yn

Possible short lateral fold in frontal lobe superior to to arcuate rectus.
Nonmetric: presence/absence of arsp
Nonmetric: whether or not the inferior tip of the cs is forked or unforked
Nonmetric: presence/absence of spcd

Table 2. Fraction of missing data for each of the 10 landmark sulci measured, separated
by data collected on the sulcus on the left (L) and right (R) hemispheres.
Sulcus
Larsp
Lcs
Liar
Lips
Llf
Llu
Lps
Lsar
Lspcd
Lsts

!

Missing
0.355
0.398
0.345
0.586
0.582
0.683
0.484
0.450
0.579
0.689

Sulcus
Rarsp
Rcs
Riar
Rips
Rlf
Rlu
Rps
Rsar
Rspcd
Rsts

Missing
0.311
0.421
0.351
0.540
0.672
0.732
0.519
0.487
0.580
0.727
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Table 3. Repeatability (r2) calculated from double-measured metric phenotypes, separated
by data collected on the sulcus on the left (L) and right (R) hemispheres.
Sulcus
Larsp
Lcs
Liar
Lips
Llf
Llu
Lps
Lsar
Lspcd
Lsts

Repeatability
0.956
0.918
0.885
0.902
0.867
0.793
0.939
0.971
0.958
0.855

Sulcus
Rarsp
Rcs
Riar
Rips
Rlf
Rlu
Rps
Rsar
Rspcd
Rsts

Repeatability
0.948
0.872
0.880
0.839
0.869
0.868
0.936
0.965
0.931
0.837

Table 4. Heritability estimates calculated for each of the 10 metric sulcal length measures
and 6 nonmetric traits. Significant results are shown in bold black.
Sulcus
arsp
cs
iar
ips
lf
lu
ps
sar
spcd
sts
Larsp_yn
Lcs_yn
Lspcd_yn
Rarsp_yn
Rcs_yn
Rspcd_yn
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Heritability
0.354
0.281
0.053
0.133
0.235
0.197
0.512
0.053
0.010
0.114
0.321
0.134
0.006
0.541
0.831
0.219

p
<0.001
<0.001
0.178
0.002
<0.001
0.010
<0.001
0.077
0.406
0.036
0.500
0.021
0.477
<0.001
<0.001
0.011

h2 STE
0.081
0.076
0.072
0.075
0.103
0.121
0.113
0.048
0.045
0.090
0.124
0.097
0.106
0.198
0.332
0.115

Sig covariates
age2, cubeCC
sex, cubeCC
age, age*sex, age2, cubeCC
age, age*sex, cubeCC
sex, cubeCC
sex, cubeCC
age, sex, age*sex, cubeCC
NONE
NONE
ALL
age, sex, age*sex, CC
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N
675
621
670
491
429
360
541
574
507
359
672
606
663
668
622
643

Table 5. Effective sample sizes calculated for each sulcus’ genetic measurements. Red
font indicates a result that did not reach significance.
Sulcus
arsp
cs
iar
ips
lf
lu
ps
sar
spcd

Neff
39.7
28.5
2.06
7.34
11.3
6.28
42.3
3.38
1.10

sts
Larsp_yn
Lcs_yn
Lspcd_yn
Rarsp_yn
Rcs_yn
Rspcd_yn
Average metric
Average nonmetric
Average Total

4.20
1
4.79
1
7.85
3.37
6.41
20.0
6.35
15.9

Table 6. Genetic correlation matrix for sulcal lengths, averaged across both hemispheres,
created from the extended baboon pedigree.
Sulcus
arsp
cs
iar
ips
lf
lu
ps
sar
spcd
sts

!

arsp
1.000
0.241
-1.000
0.113
-0.185
-0.287
-0.372
-0.507
0.328
-0.223

Cs
0.241
1.000
-0.284
0.240
-0.272
0.432
0.185
-0.188
-0.322
-0.613

iar
-1.000
-0.284
1.000
-0.329
0.264
0.470
0.509
-0.251
1.000
-0.605

ips
0.113
0.240
-0.329
1.000
0.741
0.275
0.399
1.000
0.793
0.577

lf
-0.185
-0.272
0.264
0.741
1.000
0.443
0.255
-0.245
1.000
0.836
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lu
-0.287
0.432
0.470
0.275
0.443
1.000
0.555
-0.719
0.083
1.000

ps
-0.372
0.185
0.509
0.399
0.255
0.555
1.000
0.118
0.571
0.267

sar
-0.507
-0.188
-0.251
1.000
-0.245
-0.719
0.118
1.000
-1.000
-0.337

spcd
0.328
-0.322
1.000
0.793
1.000
0.083
0.571
-1.000
1.000
1.000

sts
-0.223
-0.613
-0.605
0.577
0.836
1.000
0.267
-0.337
1.000
1.000

Table 7. Phenotypic correlation matrix for sulcal lengths, averaged across both
hemispheres, based on baboon endocast measurements.
Sulcus
arsp
cs
iar
ips
lf
lu
ps
sar
spcd
sts

arsp
1.000
0.144
0.049
0.109
0.115
0.099
-0.032
-0.099
0.146
-0.031

Cs
0.144
1.000
0.122
0.278
0.232
0.317
0.206
0.109
0.086
0.138

iar
0.049
0.122
1.000
-0.351
-0.014
0.385
0.468
0.511
0.026
-0.328

ips
0.109
0.278
-0.351
1.000
0.491
0.181
0.009
-0.336
0.354
0.487

lf
0.115
0.232
-0.014
0.491
1.000
0.216
0.076
-0.098
0.282
0.604

lu
0.099
0.317
0.385
0.181
0.216
1.000
0.275
0.223
0.160
0.048

ps
-0.032
0.206
0.468
0.009
0.076
0.275
1.000
0.187
0.108
0.119

sar
-0.099
0.109
0.511
-0.336
-0.098
0.223
0.187
1.000
-0.058
-0.398

spcd
0.146
0.086
0.026
0.354
0.282
0.160
0.108
-0.058
1.000
0.242

sts
-0.031
0.138
-0.328
0.487
0.604
0.048
0.119
-0.398
0.242
1.000

Table 8. Anatomical correlation matrix based on gross brain lobe sulcal location.
Sulcus
arsp
cs
iar
ips
lf
lu
ps
sar
spcd
sts

arsp
1
0.6
0.9
0.3
0.3
0.1
0.6
0.9
0.6
0.3

cs
0.6
1
0.6
0.6
0.6
0.3
0.3
0.3
0.6
0.3

iar
0.9
0.6
1
0.3
0.6
0.1
0.6
0.9
0.5
0.3

ips

lf
0.3
0.6
0.3
1
0.6
0.9
0.3
0.3
0.3
0.6

lu
0.3
0.6
0.6
0.6
1
0.3
0.3
0.3
0.3
0.9

ps
0.1
0.3
0.1
0.9
0.3
1
0.1
0.1
0.1
0.6

0.6
0.3
0.6
0.3
0.3
0.1
1
0.6
0.5
0.3

sar
0.9
0.3
0.9
0.3
0.3
0.1
0.6
1
0.6
0.3

spcd
0.6
0.6
0.5
0.3
0.3
0.1
0.5
0.6
1
0.3

sts
0.3
0.3
0.3
0.6
0.9
0.6
0.3
0.3
0.3
1

Table 9. Connectivity correlation matrix created from Markov et al. (2012).
arsp
cs
iar
ips
lf
lu
ps
sar
spcd
sts
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arsp
1.000
0.308
0.865
0.692
0.615
0.385
0.808
0.731
0.538
0.596

cs
0.308
1.000
0.538
0.750
0.500
0.500
0.308
0.000
0.808
0.500

iar
0.865
0.538
1.000
0.769
0.769
0.615
0.577
0.654
0.404
0.692

ips
0.692
0.750
0.769
1.000
0.500
0.500
0.308
0.538
0.192
0.750

lf
0.615
0.500
0.769
0.500
1.000
0.500
0.308
0.462
0.692
0.750

lu
0.385
0.500
0.615
0.500
0.500
1.000
0.385
0.000
0.000
0.500
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ps
0.808
0.308
0.577
0.308
0.308
0.385
1.000
0.769
0.192
0.250

sar
0.731
0.000
0.654
0.538
0.462
0.000
0.769
1.000
0.365
0.442

spcd
0.538
0.808
0.404
0.192
0.692
0.000
0.192
0.365
1.000
0.212

sts
0.596
0.500
0.692
0.500
0.750
0.500
0.250
0.442
0.212
1.000

Table 10. Developmental correlation matrix based on embryonic day of emergence of
each landmark sulci. Created from data presented in Sawada et al. (2012).
arsp
cs
iar
ips
lf
lu
ps
sar
spcd
sts

arsp
1.000
-0.510
-0.267
0.062
-0.871
0.062
0.785
1.000
0.871
-0.669

cs
-0.510
1.000
0.941
0.749
0.750
0.749
0.026
-0.510
-0.750
0.964

iar
-0.267
0.941
1.000
0.915
0.549
0.915
0.301
-0.267
-0.549
0.837

ips
0.062
0.749
0.915
1.000
0.250
1.000
0.605
0.062
-0.250
0.588

lf
-0.871
0.750
0.549
0.250
1.000
0.250
-0.505
-0.871
-1.000
0.871

lu
0.062
0.749
0.915
1.000
0.250
1.000
0.605
0.062
-0.250
0.588

ps
0.785
0.026
0.301
0.605
-0.505
0.605
1.000
0.785
0.505
-0.179

sar
1.000
-0.510
-0.267
0.062
-0.871
0.062
0.785
1.000
0.871
-0.669

spcd
0.871
-0.750
-0.549
-0.250
-1.000
-0.250
0.505
0.871
1.000
-0.871

sts
-0.669
0.964
0.837
0.588
0.871
0.588
-0.179
-0.669
-0.871
1.000

Table 11. Matrix repeatability results for the two matrices estimated from data generated
here, genetic and phenotypic.
Matrix
Genetic
Phenotypic

t value
0.335
0.948

Table 12. Mantel test results for all matrix comparisons. Monte-Carlo matrix correlation,
the p value of the test, and correlations incorporating repeatability of the matrices tested
are shown. The four significant comparisons are shown with p values in bold and with
asterices.
Comparison
Genetic – phenotypic*
Phenotypic - development
Phenotypic - connectivity
Phenotypic - anatomy
Genetic - development
Genetic - connectivity
Genetic – anatomy
Anatomy – development*
Connectivity – development*
Anatomy – connectivity*
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M-C Corr
0.390
0.066
-0.046
0.202
-0.096
-0.121
-0.078
0.289
0.288
0.511

p
0.003
0.254
0.616
0.094
0.728
0.755
0.700
0.048
0.040
<0.001

Max possible t
0.563
0.948
0.948
0.948
0.335
0.335
0.335
1.000
1.000
1.000
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Ratio
0.693
0.069
-0.049
0.213
-0.286
-0.361
-0.234
0.289
0.288
0.511

Table 13. Results for k-means testing of phenotypic and genetic correlation matrices
using the average of the Lloyd (1957) and Hartigan-Wong (Hartigan & Wong, 1979)
algorithms. Cluster number indicates the value for k input into the hueristic, and the
numbers reported for the phenotypic and genetic matrices is the average of the two
algorithm’s results for the ratio of the between groups sum-of-squares to the total sum-ofsquares. The point at which the curve was determined to have its ‘elbow’ is indicated
with bold font.
Cluster number
2
3
4
5
6
7

Phenotypic
44.8
61.0
71.8
76.0
83.4
85.2

Genetic
36.7
47.6
61.9
69.3
79.2
83.3

Figure 1. Annotated left hemisphere of an endocast with all 10 landmarks collected.
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Figure 2. Partitioning of landmark sulci into gross anatomical lobe regions.

Figure 3. Cluster dendrogram for phenotypic correlation matrix created using Ward trait
distance. Colored boxes indicate cluster assignment from hierarchical testing. a)
dendrogram format; b) network format. Both formats illustrate the same grouping.

a
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Phenotypic Correlation Cluster Dendrogram
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b
Figure 4. Annotated endocast with clustering assignment for phenotypic matrix when k=3
designated by line color. Color scheme is the same as in Figure 3.
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Figure 5. Clustering dendrogram for genetic correlation matrix created using Ward trait
distance. Colored boxes indicate cluster assignment from hierarchical clustering analyses.
a) dendrogram format; b) network format. Both formats illustrate the same grouping.
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cs
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spcd

iar

sts

lu

0.0

lf
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ps

1.0

1.5

2.0

Genetic Correlation Cluster Dendrogram

Figure 6. Annotated endocast with hierarchical clustering assignment for the genetic
matrix when k=4. Cluster membership is designated by line color. Color scheme is the
same as in Figure 5.

Figure 7. Annotated endocast with k-means clustering assignment shown for the genetic
matrix run with Lloyd algorithm when k=4. Cluster membership is designated by line
color.
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Figure 8. Annotated endocast with k-means clustering assignment shown for the genetic
matrix run with Hartigan-Wong algorithm when k=4. Cluster membership is designated
by line color.
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CHAPTER 2

Evolutionary and developmental implications of asymmetry patterns in brain sulcal folding
detected in a Papio hamadryas population
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Abstract

Here, we determine the contribution of genetics to brain asymmetries (fluctuating and
directional) in the baboon and assess the evolutionary and developmental implications of
findings. Analyzing the various patterns of asymmetry present in the baboon brain sheds light on
a variety of important biological questions. Looking at frontal petalia trends, we identify
neuroanatomical suggestions of handedness in this population, a contentious topic for nonhuman primates. Directional asymmetry results show a population-wide systematic trend in
length measurements, indicating that baboons are genetically predisposed to be asymmetrical. By
quantifying fluctuating asymmetry, we assessed how susceptible the baboon brain is to
perturbations in the environment during development and how able it is to produce reliable sulci
in the face of noise. We further find that developmental pathways do not span across the
hemispherical midline, identifying that different systems are controlling development of mirrorimage sulci. The borders to developmental pathways have large implications in how readily
natural selection would be able to modify brain structure over the course of evolution.
Asymmetry is a major feature of primate brains and the findings of this study have broad
explanatory applications across the domains of genetics, anthropology, evolution, and
development.
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Introduction and Background

Primate brains are notable for a variety of reasons beyond their large size. Their
organization is complex and structured in ways that elucidate evolutionary patterns and
neurological trends. Human brains have long been known to be highly asymmetrical, due in part
to handedness and hemispherical dominance for specific tasks (Brandler et al., 2013; Broca,
1861; Dax, 1863; Hill & Walsh, 2005; Sun & Walsh, 2006; Thompson et al., 2001). This study
describes the pattern of cortical asymmetry seen in the baboon, an Old World monkey whose
neurological workings are less fully characterized.
Asymmetrical differences in an organ are often used as a measure of developmental noise
(A. R. Palmer & Strobeck, 1992). Unsigned, or fluctuating asymmetry (FA), is mathematically
defined as the absolute value of the difference between measurements taken on the left and right
sides of an individual. FA quantifies the variability of a trait within a sample. The underlying
assumption in such analyses is that the correlation between the two sides of the same organ
should be 1 in the absence of differential developmental effects. Since mirror-image sides of an
organ share the same genome and develop simultaneously in an identical uterine environment,
the deviation from a perfect correlation is thought to be a way to gauge traits’ susceptibility to
developmental perturbations. It additionally sheds light on the previous evolutionary course of
canalization – the ability to produce a consistent phenotype in differing scenarios (Klingenberg,
2008; A. R. Palmer & Strobeck, 1997).
Human brain hemispheres deviate wildly from each other. Consistent anatomical
asymmetries have been noted in both the frontal and occipital petalias, in the length and depth of
specific brain folds (sulci), and in the localization of task specialization to particular brain sides
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and areas (Im et al., 2010; Sun & Walsh, 2006; Thompson et al., 2001). The root causes of some
of these hemispherical differences have been empirically shown to be linked to lopsided gene
expression in early development (Sun et al., 2005). Significant FA in the brain and endocranium
has also been documented in a number of other non-human primate species (Tamarin:
(Galaburda, Rosen, & Sherman, 1990; Hutchison & Cheverud, 1992); Rhesus macaque: (J. M.
Cheverud et al., 1990; Falk, 1990; McGrath, Cheverud, & Buikstra, 1984); Pongids:
(Schoenemann, 2006); Great Apes, Hominins: (Balzeau, Gilissen, & Grimaud-Hervé, 2011;
Balzeau & Gilissen, 2010; Gómez-Robles, Hopkins, & Sherwood, 2013)), including the baboon.
Some have come upon these results using brain scans (William D. Hopkins & Rilling, 2000),
similar to what is done in this study.
Previous studies (Atkinson et al., in press) have broken down the pattern of module
borders within each cortical hemisphere in this Papio hamadryas population. Looking at crossbrain covariation patterns (J. Cheverud, 1982; Klingenberg, 2003a) gives us a way to assess
whether features on opposite sides of the cerebral cortex are, too, located in the same phenotypic
module or developmental pathway. If corresponding landmarks on opposite brain hemispheres
are in different pathways, they will be uncorrelated in unsigned (fluctuating) asymmetry. Since
perturbation of a developmental pathway would affect only the traits in that pathway, deviations
of two traits would be random with respect to one another if they are in separate developmental
modules. If traits are correlated, this implies that perturbations are causing related variation in
both traits, indicating they are in the same cross-hemisphere module (Klingenberg, 2003b).
Fluctuating asymmetrical differences thus reveal the layout of modules across hemispheres and
in addition to the robustness of modules to produce consistent phenotypes in unpredictable
environments.
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Other types of bilateral asymmetry are also present in biological systems, with very
different biological interpretations. Signed, or directional asymmetry (DA), is the case when a
frequency distribution is normal but the mean departs significantly from zero (A. R. Palmer &
Strobeck, 1992). Here, mathematically, it is the difference between measurements on the right
and left hemispheres. This captures information about directionality predictability of the
asymmetry, which results from a genetic predisposition to be asymmetrical. In other words, part
of the population-level asymmetry results from genes and cannot be interpreted as developmental
noise. The phenomenon of handedness in humans, where 90% of the population is right-handed,
is an example of DA (Thompson et al., 2001). Directional asymmetry has been previously
documented in numerous primate species, including the baboon, using both real and virtual
anatomical measurements (Balzeau et al., 2011; Balzeau & Gilissen, 2010; Bogart et al., 2012;
Gilissen, 2001; W D Hopkins & Marino, 2000; William D. Hopkins & Rilling, 2000; William D
Hopkins et al., 2008).
Population-level presence of a frontal petalia is also often interpreted as an indication of
handedness (Amunts et al., 1996; Corballis, 2009; Dadda, Cantalupo, & Hopkins, 2006; W.
Hopkins, 1996; William D. Hopkins & Morris, 1993; William D. Hopkins & Rilling, 2000; Sun
& Walsh, 2006). Handedness has been documented in numerous ape species (Brandler et al.,
2013; William D. Hopkins & Morris, 1993; William D Hopkins, 2006; William D Hopkins et al.,
2011) including baboons (Meguerditchian & Vauclair, 2009; Vauclair, Meguerditchian, &
Hopkins, 2005), and paw preferences have even been noted in non-primate mammals (Biddle,
Coffaro, Ziehr, & Eales, 1993; GÜVEN & Elalmis, 2003; Wells, 2003). Finding frontal petalia
trends in this baboon population would corroborate behavioral evidence suggesting hand
preference in this species.

!

61!

Asymmetry frequencies can also fall into the bimodal pattern of antisymmetry. This is a
bilateral pattern when one side is statistically significantly larger than the other, but which side is
bigger is random throughout the population. In this case, individuals are predisposed to be
asymmetrical but the direction of the asymmetry is not specified. The single enlarged claw of the
male fiddler crab is an extreme example of this phenomenon (Yamaguchi, 1977). It is important
to rule out anti-symmetry from data, as it can skew results of FA testing. Anti-symmetry can be
detected mathematically by examining the frequency distribution of the sample for departures
from normality, tending towards platykurtosis. Thankfully, anti-symmetry tends to be extremely
rare in studies looking at FA (A. Palmer & Strobeck, 1986).

Materials and Methods

Study population: This study population is exceptional among Old World Primates in its
breadth and comprehensiveness. The nearly 1,000 Papio hamadryas baboons included in our
analyses have been followed and pedigreed for 6 generations at the Southwest National Primate
Research Center (SNPRC), giving very high statistical power for genetic tests. Males are
separated from their family groups once they reach sexual maturity, ensuring known parentage.
They are also kept in identical outdoor enclosures at the Southwest National Primate Research
Center, ensuring a consistent environment. This implies that all variation detected in brain
measurements can be attributed to differences in the DNA sequences and is not confounded by
variable environments, something that is very hard to get around in Genome-Wide Association
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Studies (GWAS) on humans. For full description of pedigree details and animal maintenance,
see chapter 1, Materials and Methods.

Sulcal Length Metric Measurement: For metric trait data generation, landmark points
were placed along the entire length of 10 landmark sulci on virtual CT-based endocasts created
from the population using the Amira 5 program (Stalling, Westerhoff, & Hans-Christian, 2005).
Trait lengths were then extracted from each trait separately on the left and right sides. All sulci
were double-measured on separate days. Landmarks collected were: Arcuate Sulcus Spur (arsp),
Central Sulcus (cs), Inferior Arcuate Sulcus (iar), Intraparietal Sulcus (ips), Lateral Fissure (lf),
Lunate Sulcus (lu), Principal Sulcus (ps), Superior Arcuate Sulcus (sar), Superior Precentral
Dimple (spcd), and Superior Temporal Sulcus (sts) (Figure 1). Full scanning, image processing,
and 3D segmentation protocols are described in Chapter 1, Materials and Methods.

Petalia: The frontal petalia was additionally assessed as a non-metric trait for use as a
separate broad-scale indicator of asymmetry. Frontal petalia was defined in its original sense
(Hadžiselimović & Čuš, 1966) as the protrusion of one hemisphere of the brain past the other at
the frontal pole of the brain. Frontal petalia was logged as being present or absent (hemispheres
are even at frontal pole), with present ones subsequently logged as being left or right to indicate
which hemisphere extended the farthest. Endocasts in which the frontal pole was poorly resolved
were not scored. The frontal petalia was logged in all individuals for which it was visible. Cases
in which the frontal petalia was omitted from the dataset generally involved situations where CT
scan 3D segmentation was poorly resolved and/or the skull was damaged.
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The occipital petalia was not scored due to low scan resolution on the back of the skull.
This is a biologically-induced result of the brain retreating from the back of the skull during an
individual’s lifetime differentially more than it does from the front. Remodeling thus destroys
brain impressions on the cranial vault more intensely at the back of the brain than the front,
leading to reduced ability to score occipital petalias. In general, great apes have occipital petalias
that extend in the opposite direction from their frontal petalias due to the pattern of torque
imposed on the brain, though this correlation is far strongest in hominids (Balzeau et al., 2011;
Holloway & De La Costelareymondie, 1982; Schoenemann, 2006).

Covariates: A number of covariates were removed from the data to omit confounding
variables. All traits were screened to identify which covariates were significant and variation due
to statistically significant covariates was removed. The residuals from said process were then
used for all analyses. Covariates screened were all those which have previous been shown to be
important for this population (Kochunov et al., 2010; Rogers et al., 2007): age, sex, age2, age x
sex, and cranial capacity3. Age-squared was assessed in the event that there is a nonlinear
relationship between age and measurements. The interaction of age and sex was accounted for in
case there is a nonlinear relationship between these two variables. Cranial capacity, a more direct
measure of an individuals brain size than age or sex, was cubed to maintain uniform
dimensionality of measurements. In most cases, cranial capacity3 was significant as a covariate,
with sex and age occasionally cropping up. A detailed description of covariates removed for this
sample can be seen in chapter 1, Materials and Methods.
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Directional Asymmetry: DA was calculated by comparing the length of the same sulcus
on either side of the brain. Paired two-tailed Student T-tests were conducted on each of the ten
sulcal length phenotypes, in additional to the hemispherical totals, to determine if there was a
statistically significant deviation from the two sides being of equal length. We used the
traditional alpha level of 0.05 to designate significance. Direction of the detected asymmetry can
be gleaned from the difference between the right and left hemisphere measures.

Fluctuating asymmetry: FA was assessed using the repeated measurements taken for each
landmark sulcus. It is necessary to incorporate repeated measurements into analysis of FA, since
deviation from a side-to-side correlation of 1 could be due to measurement error and not true trait
variation. This is especially important since the size of FA is usually very small compared to the
total size of the trait measured.
FA was analyzed using the traditional method of a mixed-model ANOVA with the
factors of Individual (animal’s ID number), Hemisphere (left or right), and Replicate (first or
second repeated measurement), as is described in Swaddle, Witter, & Cuthill (1994). The
presence of FA is determined by testing if the variation in measured FA between individuals is
significantly greater than that which can be explained by measurement error. This is assessed via
an F-test using the ratio of the mean square of Individual-by-Hemisphere to the combination of
the Individual-by-Hemisphere-by-Replicate and the Individual-by-Replicate mean squares. All
statistical analyses were conducted using the R statistical package (“The R Development Core
Team,” 2008).
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Heritability: Quantitative genetic analyses to determine heritability of asymmetry traits
were run using the SOLAR software package (Almasy & Blangero, 1998). This program uses
variance components methods and an IBD approach to take into account the large amount of
information present in full pedigrees, such as ours, and is robust in the analysis of both metric
and non-metric data.

Results

Frontal Petalia: A superior image of a clear frontal petalia is shown in Figure 2. In the
examined baboon population, 759 individuals were scored for frontal petalia. Of these,
approximately two-thirds (64.4%) of individuals exhibited a right frontal petalia. In 15.0% of
individuals, no clear protrusion was documented. A left frontal petalia was scored for 20.6% of
the population (Table 1). This is similar to the pattern seen in humans, where most individuals
display a right frontal petalia. Other ape species differ in frontal petalia direction (Balzeau et al.,
2011), but do generally show some directionality of the feature.

Directional Asymmetry: Figure 1 shows the placement of all ten landmark sulci across the
cortex. Nearly all sulci were significant for DA (Table 2). The central sulcus was the only trait in
both the full and female populations that was not significant for DA. Only two sulci tested as
significant in the male population, but this is due to the low sample size in males rather than
being an indication of a different pattern of asymmetry. Hemispherical totals were not significant
in any population, likely due to the high amount of missing data. This would erase our ability to
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detect hemispherical total length differences, as individuals did not have equivalent numbers of
sulci contributing to their length totals.
Partitioning sulcal length results into brain lobes illustrates a pattern of sulci being longer
in the front on the right side of the brain and longer in the back on the left side of the brain. This
fits with the petalia trends detected – a right frontal petalia, as was the case for most individuals,
implies an overgrowth of the front of the right hemisphere, implying longer sulci in front on the
right. Consequently, due to the torque of the brain, the left hemisphere would extend at the back,
fitting with the finding of longer sulci in the left occipital regions. The lone exception to this
trend is for the lunate sulcus (lu), which is notoriously difficult to score (Allen, Bruss, &
Damasio, 2006; Iaria & Petrides, 2007) and thus is deemed unreliable here due to very limited
sample size (Table 3). Lu additionally designates the frontal border of the occipital area rather
than characterizing the lobe, as most other sulci did (Fig. 2). Excluding the occipital lobe for lack
of sufficient landmarks, there is a clear front-to-back trend over the endocasts with the frontal
lobe (designated as the sulci: arsp, iar, ps, sar and spcd) having the positive difference of 0.745
mm, while the parietal (cs and ips) had a total length difference of -1.42 mm, and the temporal (lf
and sts) had a difference of -5.89 mm (Table 3). Left hemisphere lengths were always subtracted
from the right, so a positive result indicates the sulcus being longer on the right side, while a
negative indicates a longer sulcus on the left.

Fluctuating Asymmetry: Most landmark sulci measured also had very significant FA
(Table 4). Nearly all had indications of asymmetry, if not unequivocally significant. Only three
of the ten sulci were not indisputably significant: iar, ips, and lf. Of these, only iar had an Fvalue below 1. F-values are extremely susceptible to influence based on the degrees of freedom
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present, but in general for the range of degrees of freedom in our traits, a value over 1 is
suggestive of significance and one approaching 2 is a clear indication of significance. The full
and female populations had very similar patterns of FA, while the males had significant FA for
all traits. This could be an artifact of the much smaller sample size for males rather than
describing anything biologically meaningful, but could also suggest that males have a higher
amount of fluctuating asymmetry than do females. Because of the limitations of sample size, this
paper focuses on the results derived from using the full population.

Heritability: Quantitative genetic analyses were run on all asymmetry traits to assess the
contribution of genes to the measured differences. Tests on the frontal petalia were done to
assess whether there was a predisposition for directionality of the petalia. Neither the
presence/absence (N = 712) or the skew of the frontal petalia (N = 605) was found to be heritable
in this population. Neither of the hemispherical totals for FA or DA were found to be
significantly heritable, either.
Despite the fact that we could not implicate specific genetic regions in affecting FA or
DA in this population or quantify their amount of additive genetic variation, there could still be
genetic control over these traits, as argued in Leamy & Klingenberg (2005). Genetic
contributions could especially be obfuscated if phenotypes are dictated by multiple genes that
have complicated epistatic and dominance interactions. Quantitative Trait Locus mapping studies
on this population (chapter 3) indeed suggest a complex genetic architecture to the phenotypes
examined here that includes situations of both polygeny and pleiotropy, implying that there could
be some component of asymmetry that is heritable in these baboons, even if we are unable to
quantify it as a statistically significant level given our sample size.
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Discussion

Frontal petalia and handedness in the baboon: Our findings of a right frontal petalia in
this baboon population fit with previous predictions based on MRI scan measurements of
primate brain asymmetries (Balzeau & Gilissen, 2010; W D Hopkins & Marino, 2000; William
D. Hopkins & Rilling, 2000). Numerous studies have shown that macroscopic brain asymmetries
can be associated with functional differences in the brain (Brandler et al., 2013; Broca, 1861;
Dax, 1863; Hill & Walsh, 2005; Sun & Walsh, 2006; Thompson et al., 2001). Specifically,
presence of a frontal petalia is an indication of large-scale torque on the brain due to uneven
enlargement of brain regions, typically cited as tied to hand preference and/or language.
Our findings of a systematic bias in frontal petalias in the rightward direction is an
intriguing piece of neuroanatomical support for previous behavioral indications of the presence
of right hand preference in the baboon (Meguerditchian & Vauclair, 2009; Vauclair et al., 2005).
Large-scale meta-datasets including myriad primate species have found that individuals of all
ape species, with the exception of orangutans, tend to be right-handed (William D Hopkins,
2006; William D Hopkins et al., 2011). Noting a right-handed-biased petalia in this baboon
population therefore fits expectations of population-level behavior in an Old World monkey. It
additionally matches some indications that baboons display a more pronounced hand preference
for gestures to do with communication with other individuals over those simply for grooming or
non-communicative actions (Brandler et al., 2013; Meguerditchian & Vauclair, 2009). This
could lend support to brain evolutionary hypotheses citing language as one of the main reasons
why humans have developed such pronounced asymmetry in our cerebrums.
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Directional asymmetry and genetic contributions to asymmetry: The distribution of
length measurements across the cortex, with the frontal portion displaying the longest folds on
the right hemisphere and the occipital being the longest on the left side, corroborates petalia
findings. The fact that most endocasts displayed a right frontal petalia would mean that most of
them had longer right frontal lobes, using our petalia definition of lobal overgrowth
(Hadžiselimović & Čuš, 1966). The brain was thus given a general pattern of torque, creating the
documented distribution of sulcal lengths. This is similar to the pattern of gross organization
noted in humans and most apes (Balzeau & Gilissen, 2010; Bogart et al., 2012; William D.
Hopkins & Rilling, 2000; William D Hopkins, 2006).
Our finding of significant and systematic DA (with the right hemisphere consistently
having longer sulcal measurements, for both individual sulci and hemispherical totals, than the
left) is significant for its implications about the underlying control over asymmetry. The fact that
DA was predictable implies that there is a genetic component to the measured asymmetry; it is
not only due to randomness. In other words, baboons are genetic predisposed to be asymmetrical
in a rightward direction.
In concert with the notable frontal petalias documented in these baboons, DA results
further hint at the possibility of hemispherical specialization for tasks. Asymmetries in the
human brain are a feature of our highly specialized cerebrums, with the two sides functioning in
remarkably different ways and controlling distinct tasks (Kanwisher, 2010; Schoenemann, 2006).
Many primates have shown to have a genetic predisposition to be asymmetrical in their brain
organization (Brandler et al., 2013; Galaburda et al., 1990; Sun et al., 2005). Evidence has hinted
that some explanation of cognitive and functional differences in the brains of various primates,
who all have nearly identical DNA sequences, could be explained by regulatory changes –
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increasing or decreasing expression of key genes during development (Preuss, Cáceres, &
Oldham, 2004; Sun et al., 2005).
This could be a reason why traditional quantitative genetic tests are often unable to detect
high and/or significant levels of heritability for DA traits; morphological variation could be due
to gene-regulated expression differences rather than mutations in the coding regions of genes
directly dictating trait development. Palmer (2004) notes that DA often evolves initially from
non-heritable origins, explaining the difficulty in attributing present genes to its effects and
making it an intriguing example of genetic assimilation. Our inability to quantify heritability of
DA therefore does not undermine the probable genetic component of this trait. This instead
implies that there are likely elaborate interactions of numerous genes affecting the DA
phenotypes. Due to the nature of quantitative genetic algorithms, we would be unable to detect
any genetic components to trait variation other than additive genetic differences. It has
previously been described (Leamy & Klingenberg, 2005) how strongly dominance and epistatic
effects, which would be ignored in analyses, could affect the development of asymmetrical brain
patterns. In any case, regardless of the biological motif of control over brain asymmetry, there is
a statistically detectable pattern for hemispherical unevenness in this baboon population, as
evidenced by DA and petalia measurements.

Fluctuating asymmetry, developmental error, and morphological integration: Patterns of
FA are informative about a variety of biological processes. After accounting for DA and
measurement error (here, incorporated from repeated measurements of all sulci), FA gives an
estimate of how susceptible the brain is to perturbations during development. If the two sides of
the brain are not identical, that is, they deviate from a perfect correlation of 1, it can be assumed
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that there have been fluctuations in the uterine environment leading to the measured differences.
The degree of FA, therefore, provides an estimate of how much developmental noise is present
in the system. The flip side of this is that it additionally reveals how able the organism is to
create a consistent phenotype in the face of such upsets.
This second facet of FA, the so-called developmental stability of the system, has
profound evolutionary consequences. The amount of canalization of a trait affects how readily
natural selection can act upon that trait (Gibson & Wagner, 2000; Klingenberg, 2003b;
Waddington, 1942). Canalization implies that a range of genotypes can result in the same
phenotype. Low amounts of population-level FA for specific traits indicate that these features are
fairly canalized; they do not fluctuate wildly in their final phenotypes, even in inconsistent
developmental environments. High degrees of canalization could partially explain the oft-cited
problem of low quantifiable heritability estimates for brain features. If these features do not
exhibit parallel degrees of phenotypic difference to match the present genetic differences but
instead effects are muted due to canalization, statistical association methods will fail at correctly
attributing genetic influences to the traits.
Though constraints on the variation on which natural selection can act are often felt to be
a negative feature, canalization of important traits can be extremely beneficial to an organism if
the trait is vital for survival. Maintaining a narrow range of possible phenotypes, despite
developmental disruptions or varying DNA sequences, can prevent essential anatomical features
from varying into deleterious regions of phenotypic space. Canalization has even been argued to
directly speed up the rate of evolution when suppressing negative phenotypes from being
expressed (Gibson & Wagner, 2000; Wagner, 1984, 1988).
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Another theoretical method suggests that developmental stability and canalization could
promote evolutionary divergence. Since the effects of mutations, most of which can be assumed
to be negative (Ohta, 1973), will be buffered, they will not be purged out of the system, building
up a higher amount of standing genetic variation. If/when canalization is then disrupted, which
can happen via admixture or through a dramatic change in the selection gradient, there is a
higher amount of genetic diversity on which natural selection can then act, allowing very rapid
change between lines (Rice, 1998).
Our finding of significant FA for some but not all traits is thus important for determining
the pattern of canalization and developmental instability across the cortex. Variation in
canalization also provides an intriguing indirect glimpse at which sulci might be most vital to
function such that they would need to be maintained within a narrow phenotypic range and
which can afford to be more unique. Six of the ten metric traits tested significant for FA,
implying that many cortical pattern features are subject to a non-trivial amount of developmental
error. The four sulci which did not have significant FA, implying that they were the most
developmentally stable, i.e. the most canalized, were cs, iar, ips, and lf.
Upon examination of FA patterns, it appears that the best predictor for trait variability is
the embryonic day in development on which the sulci emerges (Fig. 3). The four most canalized
sulci are among the first to emerge; they all are detectable in both gross anatomical dissections
and in MRI scan analysis before embryonic day 100 (Sawada et al., 2012). Indeed, in the first
five to appear, the only trait that has significant FA is sts, whose F statistic is borderline (Table
4). As a rule, cortical sulcal features appearing later on in the developmental process are
significantly more variable than early-emerging traits, as evidenced by the high significant
correlation (average r2 = 0.638, p = 0.008) between trait FA and the embryonic day of
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development on which that feature appeared. This is true for all three populations, with the males
showing the most pronounced trend (male r2 = 0.791; Fig. 3, a-c). Males also show the highest
overall FA, suggesting that there might be sex-specific differences for FA. Altogether, this leads
to the interesting conclusion that traits developing early on in brain ontogeny tend to be more
canalized than those arising later on in development. This finding fits with related ones
indicating that early developmental stages as a general rule tend to be more highly canalized than
later stages.
Patterns of correlation among cross-brain traits additionally hint at the borders to
developmental pathways by elucidating whether the cross-hemispheres sulci are within the same
or different developmental pathways. Correlated patterns of variation present imply that mirrorimage folds are being affected by the same perturbations during development. If their variation is
uncorrelated, perturbations are affecting the traits independently, thus implying that they are in
separate pathways. FA, therefore, also provides an indirect means of assessing how much crosstalk is happening between opposite-hemisphere traits.
It has been shown that higher degrees of asymmetry in local brain areas correspond to
lower levels of axonal white matter projections physically connecting the homologous sulci
(Galaburda et al., 1990). Moderate to low cross-hemisphere correlations (Table 5) coupled with
significant FA for most traits implies that the two sides of the brain develop fairly separately and
that most of their equivalent sulci are not in the same developmental pathways across the midline
of the cortex. Mantel testing comparing the similarity between the two hemisphere’s phenotypic
variation resulted in an non-significant very low matrix correlation of 0.178, further confirming
the distinctness of the brain halves. Altogether, this implies, as has been seen in other studies on
primate brains (Gómez-Robles et al., 2013), that the baboon is fairly plastic, and that the two
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halves of the baboon brain are fairly unconstrained for future evolutionary change, allowing for
rapid alteration by natural selection.

Conclusions

This baboon population displayed a population-wide trend towards the right for frontal
petalia direction. This is neuroanatomical evidence indirectly corroborating behavioral findings
of detectable handedness in baboons. Significant DA was found for nearly all traits in this
population, indicating a genetic component to cortical asymmetry. Significant FA for some but
not all traits implies that traits differ in their susceptibility to developmental noise, some being
more canalized than others. Differences in FA are best explained by ontogenetic timing, with
traits appearing earlier in development being more highly canalized than those appearing later.
Cross-hemisphere sulcal correlations were generally low, implying that traits on opposite
hemispheres reside in different developmental pathways. The baboon brain thus seems to be
fairly plastic in its topology, though this varies depending on the trait, which would allow for a
highly evolvable system.
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Tables and Figures
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Figure 1. Fully annotated virtual endocast displaying the ten landmark sulci measured for metric
trait analysis. Sulci are grouped into lobal brain areas. Pink is the frontal lobe, purple is the
parietal lobe, yellow is the temporal lobe, and green is the occipital lobe.

Figure 2. Superior view of frontal portion of a virtual endocast showing a standard right frontal
petalia. Note the protrusion of the right hemisphere beyond the left.
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Figure 3. Scatterplots showing the tight relationship between trait variability, as evidenced by
amount of FA, and timing in ontogeny. A high amount of FA implies a large amount of trait
variability, and consequently more susceptibility to perturbations during development. Low
amounts of FA suggest increased trait canalization. a) Full population; b) Female-only subset; c)
Male-only subset.

Petalia
Left
Right
Even

Count

Percent
156
489
114

0.206
0.644
0.150

Table 1. Frequency of presence and directionality of frontal petalia.
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Sulcus
arsp
cs
iar
ips
lf
lu
ps
sar
spcd
sts
TOTAL
arsp
cs
iar
ips
lf
lu
ps
sar
spcd
sts
TOTAL
arsp
cs
iar
ips
lf
lu
ps
sar
spcd
sts
TOTAL

Pheno
Cor
0.388
0.585
0.518
0.471
0.405
0.472
0.632
0.078
0.297
0.301
0.414
0.584
0.514
0.402
0.335
0.476
0.642
0.061
0.283
0.275
0.240
0.566
0.559
0.521
0.740
0.450
0.582
0.216
0.286
0.359

Left Avg Length
(mm)
7.75
47.9
29.3
39.3
50.9
36.7
29.5
12.4
18.6
62.6
335
7.63
47.5
29.0
38.9
50.6
36.7
29.4
12.2
18.4
62.2
333
8.12
49.1
30.1
41.1
53.0
36.6
29.9
13.2
19.2
64.5
345

Right Avg Length
(mm)
8.15
48.0
30.9
36.4
48.4
39.0
30.0
15.1
17.2
53.3
326
7.99
47.6
31.0
36.0
47.8
38.9
29.9
15.0
16.8
53.3
324
8.59
49.1
31.1
38.1
51.7
39.7
30.2
15.3
18.3
53.2
335

Right–Left
Difference (mm)
0.398
0.08
1.68
-2.92
-2.52
2.33
0.45
2.62
-1.43
-9.26
-8.56
0.363
0.08
1.89
-2.91
-2.77
2.2
0.48
2.78
-1.55
-8.92
-8.36
0.468
-0.06
1.02
-3.02
-1.26
3.05
0.27
2.03
-0.98
-11.2
-9.72

T-Test p
<.001
0.823
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
0.230
<.001
0.636
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
0.464
0.312
0.212
0.177
0.002
0.730
0.038
0.636
0.113
0.066
0.115
0.230

Table 2. Difference in lengths and results of t-tests of sulcus length of each paired sulcus on
opposite hemispheres of the brain. Top portion in gray is for full population, midsection in pink
is for the female subset, and the blue bottom section is for males. Significant results are signified
with bold text. All lengths are shown in millimeters.
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Sulcus
arsp
iar
ps
sar
spcd
cs
ips
lf
sts
lu

Brain Area
Frontal
Frontal
Frontal
Frontal
Frontal
Parietal
Parietal
Temporal
Temporal
Occipital

Avg. Dif (R-L)
0.398
1.68
0.45
2.63
-1.43
0.08
-2.92
-2.52
-9.26
2.33

T-test p
<.001
<.001
<.001
<.001
<.001
0.823
<.001
<.001
<.001
<.001

N
675
621
670
491
429
360
541
574
507
359

Table 3. Directional asymmetry results partitioned by sulcus lobal area.

Sulcus BOTH SEXES FEMALES
MALES
F value
df F value
df F value
df
arsp
5.50 481
9.44 361
6.34 119
cs
1.88 502
1.73 354
3.71 105
iar
0.874 501
0.760 349
2.13 109
ips
1.56 300
1.65 214
2.32 47
lf
1.01 266
0.730 200
2.81 31
lu
4.97 214
7.06 164
4.14 20
ps
3.12 393
3.09 299
4.03 58
sar
8.31 395
11.42 292
6.43 56
spcd
3.09 253
2.36 163
6.94 59
sts
2.71 208
2.80 154
4.17 20
Table 4. Fluctuating asymmetry results for the full sample (left, white), females only (middle,
pink) and males (right, blue). F-values and their corresponding degrees of freedom are shown.
Values that are unequivocally significant (over 2) are signified with bold text.
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Sulcus
arsp
cs
iar
ips
lf
lu
ps
sar
spcd
sts

Pheno cor.
0.3805783
0.4323875
0.5079083
0.3728755
0.3478578
0.3425918
0.5662664
0.08163353
0.2692189
0.2738575

Table 5. Cross-hemisphere phenotypic correlations of homologous sulci on opposite sides of the
brain.
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CHAPTER 3

Quantitative Genetic Influences on Brain Cortical Folding in a Pedigreed Population of
Baboons (Papio hamadryas)
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Abstract

Quantitative trait locus mapping was conducted on brain cortical gyrification
measurements taken from a population of 985 pedigreed baboons. Eighteen peaks were detected
to pass the suggestive threshold, with one trait passing the most stringent threshold. A number of
these peaks were found to contain appealing candidate genes that have been previously
implicated in affecting brain structure and function. Here, novel chromosomal stretches shown to
affect brain cortical gyrification are characterized. Presence of numerous statistically significant
QTL peaks indicates a strong genetic basis for cortical gyrification in primates, a result
previously determined by heritability analyses by this group, and peak patterns denote the
ubiquitous presence of both polygeny and pleiotropy in this population.

Introduction and Background

Quantitative Trait Locus (QTL) studies link phenotypic variation to genetic variation in
specific genomic regions. In other words, they help in the localization of measureable traits to
the chromosomal regions that account for their variation. For QTL mapping, one needs a
variable phenotype and a polymorphic molecular marker linkage map (Mackay, 2001). Marker
significance can be tested in two ways: mean genotypic values or variance components methods.
The Sequential Oligogenic Linkage Analysis Routines (SOLAR) package (Almasy and
Blangero, 1998, 2004, 2009) (Almasy & Blangero, 1998, 2004; Peter Kochunov et al., 2009) that
was used here does the latter, taking an identity by descent (IBD) approach. This works well for
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large pedigrees as it minimizes false positive hits resulting from shared allelic state. One
conducts the analysis by going through the genome testing each marker for a statistically
significant correlation to variation in the phenotype. Results are organized on a genomic map,
allowing identification of chromosomal stretches where marker-phenotype correlation is above a
threshold level. High Logarithm of ODds (LOD) regions signify that a gene affecting the
phenotype likely lies within this area. Plotting such LOD scores along the chromosome allows
peak visualization and the height of the peak provides an estimate of the gene region’s effect size
(Pollen & Hofmann, 2008).
QTL analysis further allows identification of a number of other interesting biological
phenomena. Pleiotropy, the situation where one gene affects multiple traits, can be identified by
recurrent appearances of the same chromosomal region for different phenotypes. Previous
studies employing QTL techniques on a variety of phenotypes, including in neurological traits,
have identified pleiotropy as a common feature of genetic architectures (Peter Kochunov et al.,
2009; Norgard et al., 2011; Wagner et al., 2008; Jason B Wolf, Pomp, Eisen, Cheverud, &
Leamy, n.d.).
QTL peak width is determined by the amount of recombination that has occurred in the
population. Recombination, the process of crossing-over that takes place in meiosis, breaks up
blocks of identical DNA sequence and creates additional markers, narrowing the regions that can
be distinguished on a map. The pedigree of the baboon population with which we are working
includes six generations, resulting in a linkage map that is well saturated with markers. This
means that we should be able to isolate the regions of interest in fairly narrow peaks that contain
a small number of candidate genes.
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The history of using QTL to map the phenotype to the genotype is long and the technique
has proven successful for identifying regions of interest for a wide variety of morphological and
behavioral traits (Cookson, Liang, Abecasis, Moffatt, & Lathrop, 2009; Fawcett et al., 2008;
Norgard et al., 2011; Rai et al., 2012; J B Wolf, Vaughn, Pletscher, & Cheverud, 2002) including
in these baboons (L. Cox & Comuzzie, 2013; Sherwood et al., 2008; Vinson, Mahaney, & Cox,
2008) and for brain-related features (Curis et al., 2009; Dong et al., 2007; Gaglani, Lu, Williams,
& Rosen, 2009; Gibbs et al., 2010; Glazier, Nadeau, & Aitman, 2002; Peter Kochunov et al.,
2009). QTL techniques are useful in that they provide an unbiased way to discover novel genetic
regions associated with traits of interest and implicate known genes in performing additional
functions. Additionally, conditions of dominance and epistatic interactions can be assessed, and
the power of the association quantified.
QTL analyses are not more widely used simply due to the fact that they require a very
large sample size. Previous studies on this population (P Kochunov et al., 2010; Jeffrey Rogers
et al., 2007, 2010), which found strong heritability estimates for brain cortical features, did not
conduct mapping on their preliminary quantitative genetic characterizations for this reason. Our
earlier studies on the quantitative genetics of cerebral cortical gyrification (chapters 1 and 2)
determined which of our ten landmark sulci were significantly heritable, allowing us to limit our
mapping to genes that have already been shown to have a genetic basis. This study sheds
additional light onto the genetic architecture underlying cortical gyrification in this baboon
population, identifies novel DNA regions associated with gyrification in primates, and provides a
framework for future studies that seek to delve into the sequence evolution of candidate genes
affecting brain topology.
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Materials and Methods

The baboons are housed at the Southwest National Primate Research Center (SNPRC) of
the Texas Biomedical Research Institute in San Antonio, TX. They live in roughly identical
outdoor enclosures containing family groups of multiple females and a single adult male. This
eliminates concerns about sire uncertainty and phenotypic effects due to differing environment.
Animals over 6 years of age and under 35 years of age were used to ensure the inclusion of only
adult, fully-formed brains without extensive late-life remodeling. The animals are of two
subspecies, Papio hamadryas anubis and P. hamadryas cynocephalus and their hybrids. All
animals are part of a single, unbroken, extended pedigree that spans 6 generations and contains
2426 individuals. Of these, 2044 have already been genotyped using ~300 STRs. All nonfounding individuals have been bred in a managed manner, with one generation of inbreeding
occurring, and are kept at a male:female ratio of approximately 3:1. Family sizes as defined by
full sibships range from 2 to 12 individuals with a median of 5.
Crania of 985 naturally deceased animals were skeletonized and subsequently scanned at
0.6 or 0.7 mm using a 64-slice General Electric 3-D Computed Tomography (CT) scanner at the
Mallinckrodt Institute of Radiology at Washington University. Virtual endocasts were created
from CT scans using 3D segmentation in ITK-SNAP (Yushkevich et al., 2006) and endocasts
were measured in 3D using the Amira package program (Stalling, Westerhoff, & Hans-Christian,
2005). Landmark points were placed along the length of ten consistent sulci, as described in
chapter 1. Sulci measured on both hemispheres were: Arcuate Sulcus Spur (arsp), Central Sulcus
(cs), Inferior Arcuate Sulcus (iar), Intraparietal Sulcus (ips), Lateral Fissure (lf), Lunate Sulcus
(lu), Principal Sulcus (ps), Superior Arcuate Sulcus (sar), Superior Precentral Dimple (spcd), and
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Superior Temporal Sulcus (sts). Sulcus lengths were double-measured to ensure repeatability of
measurements, provide an estimate of measurement error, and improve accuracy of data.
Ambiguous sulci were omitted from collection. Measurements were corrected for the covariates
of sex, age, age x sex interaction, age2, and age2 x sex interaction to eliminate confounding
genetic effects and the resultant residuals were mapped.
QTL analysis was used to pinpoint chromosomal regions affecting variation in all
aforementioned baboon cortical phenotypes. QTL analysis has a very low rate of type I error, but
is limited in its ability to pick up genes of small effect. Implicating any regions affecting
gyrification, especially the ones contributing the largest amount to the phenotypes, would be a
great step forward due to the incipient state of the field. QTL results elucidate if the same loci
control both the left and right hemispheres or if the underlying genetic mechanisms impacting
traits are locally specific. Pleiotropy and polygeny in cortical variation can be discovered by
looking at overlap of traits’ LOD peaks and number of QTL identified for each landmark.
Complex traits, ones affected by more than one gene, and patterns of pleiotropy are the rule, not
the exception, for most phenotypes (Glazier et al., 2002).
QTL analysis was conducted using SOLAR, which minimizes the false-positive rate of
QTL peaks by limiting results to true relatedness as opposed to simply sharing an allelic state.
SOLAR calculates LOD scores of regional peaks along the baboon genome. A LOD score (short
for Logarithm (base 10) of the ODds) indicates the likelihood of obtaining a signature of linkage
if the marker and locus are indeed linked, versus the likelihood of obtaining the result by chance.
A centiMorgan (cM) is a unit of recombination frequency equivalent to the expected number of
base pairs in which there would be a 1% likelihood of a crossover event occurring in one
generation. The SNPRC has created an extensive whole-genome microsatellite-based linkage
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map for this population based on genotypes from 284 marker loci that is 2354 cM long (Cox,
Mahaney, Vandeberg, & Rogers, 2006; J Rogers et al., 2000). In humans, 1 cM is roughly 1
million basepairs, though this varies across species. A human map comparable in length to the
baboon map would be 2930 cM. This implies that the current baboon genome map is 83.7% as
long as that of humans. This genome linkage map includes information from 984 baboons in the
pedigree (649 females and 335 males) that are part of 11 family groups. Genotype markers
mapped unambiguously to a unique location on the chromosome with a linkage odds ratio of
1000:1. Markers were selected to be as evenly spaced throughout the genome as possible. The
average heterozygosity of the markers is 0.74 and they are an average of 8.9 cM apart.
Thresholds were calculated on both chromosome-wise and genome-wide scales using standard
procedure in SOLAR.

Results and Conclusions

Only one peak was found to pass the stringent threshold of 2.75 using the full population,
while 17 peaks were found to pass only the suggestive LOD of 1.53 threshold. The peak passing
the stringent threshold was for the trait of the left lunate sulcus (Llu). Two peaks passed the
stringent threshold using the female subsample, both for the same phenotype of Llu. All peaks
passing either threshold in the full population are documented in Table 1. Males did not elucidate
any QTL, as their sample size was too low to reach significance. Peaks identified in the female
subsample were in corresponding spots to those identified using the full sample. The female Llu
peaks highlighted reached even higher LOD scores than did the full sample (3.23 and 3.16 for
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the chromosome 02q and 07_21 peaks, respectively); indeed, they are the highest peaks reached
overall. An annotated endocast showing placement of sulci across the baboon brain can be seen
in Figure 1. QTL maps of chromosomes containing peaks over stringent threshold are shown in
Figures 2 and 3.
A number of different traits mapped to the same chromosomal position. This is an
indication of pleiotropy, as one gene or a small suite of genes present at the identified stretch of
the genome is likely contributing to variation in the different phenotypes. Pleiotropy overlaps can
be seen by shared chromosome and peak location in Table 1. One example of such a situation is
for the traits of Llu, Rips, and Rsts, as these all mapped to the area around marker 130 on
chromosome 12 (human 2q) (Figure 5). This would be an interesting site for further finemapping and candidate gene investigation, as a gene here has a very large effect on a number of
different cortical sulci. It is interesting to note that these traits are all located towards the
occipital portion of the endocranium (Fig. 1).
The data additionally show indications of polygeny, the situation where one trait is
affected by multiple genes. Nearly all traits significantly mapped to more than one position in the
genome, supporting the postulate that most traits are controlled by a number of genes of small, or
at least additive, effects (Cookson et al., 2009; Mackay, 2001). The average number of peaks
over at least the suggestive threshold for a trait, however, was just about 1. The average number
of QTL for those traits with at least one significant peak was 1.64, indicating that if traits were
able to pass threshold once, it was not uncommon for them to do so at least one more time.
Often, sub-threshold peaks were also visible in plotted maps of the results, indicating the likely
presence of additional genes contributing trait variation that were simply unable to pass the
extremely conservative thresholds set.
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A number of intriguing candidate genes are located in the peaks of highest interest (Table
2). The top three peaks identified in this study were for the traits of Llu (baboon chromosomes 3
and 12) and Larsp (baboon chromosome 4). Llu, chromosome 12 reached the highest LOD score
of any peak overall (LOD=3.23 in females) and contains a gene, NEUROD1, that is highly
conserved across species and is involved in neurogenesis and the positive regulation of neuron
differentiation (NCBI database). This peak is additionally extremely narrow, with a one-LOD
drop width of only 14 cM (Fig. 2) and is one of only two peaks in this sample to break the
exceedingly rigorous stringent threshold.
The second peak of interest is for the left arcuate rectus spur (Larsp) on human
chromosome 6 (Fig. 4). This peak was chosen for its inclusion of BAI2, a brain-specific gene
that is strongly conserved across species and has been shown to be highly expressed in the brain
during development and to affect neuropeptide activity. Neuropeptides assist in communication
of brain cells with one another and are thus significant to the neural network.
The third peak of interest was also for trait Llu, but on chromosome 3 (Fig. 3). This peak
reached the second-highest LOD score overall (3.16 in females) and contains two intriguing gene
clusters. One gene suite on the periphery of the peak contains four genes (WBSCR22, FZD9,
BAZ1B, MLXIPL) that have been shown to be involved in Williams syndrome, a genetic
disorder associated with abnormal cortical folding patterns (Bellugi, Lichtenberger, Jones, Lai, &
St George, 2000; Korenberg et al., 2000). A second gene cluster, contained directly below the
peak’s apex on the region orthologous to human chromosome 21, is a cluster of Downs
Syndrome-associated genes (GRIK1, OLIG2, RCAN1, SIM2, DYRK1A, BACE2, S100B).
These have been empirically shown to be related to nervous system development and function
(Abdul-Hay & Sahara, 2012; Bhoiwala, Koleilat, & Qian, 2013; Chatterjee & Dutta, 2013;
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Hijazi, Fillat, Medina, & Velasco, 2012; Hirata & Zai, 2012; Lu, Lian, & Zhou, 2012;
Streitbürger, Arelin, Kratzsch, & Thiery, 2012). The last two genes listed have additionally been
shown to have effects on Alzheimer’s disease, as well, and S100B has been shown empirically to
affect axon proliferation (Deloulme, Raponi, & Gentil, 2004). The genomic stretch containing
this gene cluster has even been dubbed the “Downs Syndrome critical region” of human
chromosome 21, making it a strong contender for playing a major role in brain development. The
presence of these two gene clusters makes this baboon chromosome 3 QTL of top priority for
future fine-mapping studies and candidate gene evaluation.
In sum, we have corroborated findings of there being a measurable genetic basis to brain
cortical gyrification in primates and mapped variation in brain folding in one Papio population to
particular regions of the baboon genome. QTL peaks identified here include stretches that
contain genes that have been previously implicated in affecting brain development and function,
in addition to novel areas that have not previously been shown to be associated with neurological
phenotypes. We additionally detected numerous instances of both polygeny and pleiotropy,
suggesting that numerous genes of small effect contribute to brain features and that gene-gene
interactions are ubiquitous in brain genetic control.
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Tables and Figures
Baboon
Chrom
2
3
3
4
6
6
6
6
6
6
7
7
9
12
12
12
14
16

Trait
Rcs
Llf
Llu
Larsp
Liar
Liar
Rarsp
Rarsp
Rcs
Rcs
Larsp
Rps
Lips
Llu
Rips
Rsts
Liar
Lcs

LOD
Score
1.9104
1.6152
2.0959
2.1152
1.7191
2.005
1.7033
2.6187
1.5639
1.6941
1.6012
1.6618
1.5645
2.7776
1.9572
1.6023
2.3818
1.7096

Human
Orthologue
3
7_21
7_21
6
5
5
5
5
5
5
14_15
14_15
10
2q
2q
2q
11
17

Locus
(cM)
34
24
38
65
8
65
54
90
41
90
110
144
58
125
145
134
74
87

Proximal CI
Boundary (bp)
8,121,087
0
14,224,314
87,652,466
0
39,967,623
63,204,185
8,971,877
8,971,877
104,191,930
20,800,000
25,182,000
26,186,099
120,560,914
131,913,128
120,560,914
64,228,591
34,850,340

Distal CI
Boundary (bp)
60,606,598
23,671,340
33,417,354
128,566,820
33,200,000
104,191,930
136,837,817
145,128,876
76,701,683
136,837,817
37,215,235
37,215,235
96,064,680
131,913,128
140,206,647
140,206,647
116,767,832
51,692,110

Total
Genes
86
66
74
88
93
78
73
127
76
93
136
123
102
149
31
167
124
150

Table 1. Locations and widths of all QTL peaks passing suggestive (LOD=1.53) or stringent
(LOD=2.75) threshold. Asterisks indicate those passing the stringent cutoff point. QTL width
given was determined by the 1-LOD drop point. Total genes includes all annotated/labelled
genes found within the given bp region in NCBI genome database.

Trait
Llu
Larsp

LOD
Score
3.2272
2.1152

Human
Orthologue
02q
6

Locus
(cM)
126
65

Width
14
36

Llu

2.0959

07_21

38

33

Candidate Genes
Neuronal differentiation 1 (NEUROD1)
Brain-specific angiogenesis inhibitor 3 (BAI3)
Cluster of Williams Syndrome genes
(WBSCR22, FZD9, BAZ1B, MLXIPL) and
Downs Syndrome related genes (GRIK1,
OLIG2, RCAN1, SIM2, DYRK1A, BACE2,
S100B)

Table 2. Candidate genes present within top three QTL peaks. Lcs on chromosome 17 was
omitted from this list as it did not contain any genes of interest.
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Figure 1. Annotated left hemisphere of an endocast with all 10 landmarks collected.
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Figure 2. QTL map of the left lunate sulcus on baboon 12 (human 2q) in the female population.
This was the highest LOD score reached in this study, with a LOD of 3.23. This same peak
appeared in the full sample, with a LOD of 2.77. Red and green horizontal lines indicate
stringent and suggestive thresholds, respectively. Marker positions are shown as thin vertical
lines on the chromosome schematic below the x axis.
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Figure 3. QTL map of the left lunate sulcus on baboon chromosome 3 (human 7_21) in the
female population. This is the second peak found to break the stringent threshold, but only in
females. This peak reached a top LOD of 2.09 in the full sample. Red and green horizontal lines
indicate stringent and suggestive thresholds, respectively. Marker positions are shown as thin
vertical lines on the chromosome schematic below the x axis.
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Figure 4. QTL map of baboon chromosome 4 (human 6) in the full sample. Red and green
horizontal lines indicate stringent and suggestive thresholds, respectively. Marker positions are
shown as thin vertical lines on the chromosome schematic below the x axis.
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Figure 5. QTL map of baboon chromosome 12 (human 2q) showing different trait peak locations
at comparable loci on the linkage map. Traits are labeled in figure key. Red and green horizontal
lines indicate stringent and suggestive thresholds, respectively. Marker positions are shown as
thin vertical lines on the chromosome schematic below the x axis.
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CONCLUSION OF THE DISSERTATION
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The results characterized in this dissertation help to provide a framework for future
research on the genetics of primate brain cortical topology. Cortical folding allows for increased
neural processing power by providing additional surface area for allocation of neurons within the
confines of the skull. Gyrification has a separate genetic basis from brain size and is thus an
adaptive trait that has been under a distinct but parallel selective regimen from that working
towards larger brain volume. Here, I have better defined the genetic architecture of brain cortical
gyrification using a pedigreed baboon population, which can serve as a first step in future work
involving fine-mapping, molecular genetics, analysis of selection pressures, and development of
therapies for neurological disorders.
Though this work was done using the baboon, the results are more widely applicable
across the primate clade and can be used to inform human neuroscience. There have been some
translocations and chromosomal rearrangements, but baboons and humans have broadly
homologous chromosomes whose comparison is well characterized. This means that the
Quantitative Trait Locus (QTL) peak areas identified in this baboon population can be translated
to their parallel positions in the human genome. Our genes can be assumed to have extremely
similar functions as they do in baboons and thus are likely to affect and be under selection for the
same phenotypes. Identifying the genetic contribution to brain folding and the DNA regions
controlling it clarifies our own genetic architecture for brain traits and can be used as a
comparative measure to review the adaptive genetic differences between species.
Chapter 1 aims to quantify the contribution of genes to variation in brain traits and
assesses the borders to brain modules across five biological spheres. The average significant
heritability found for metric traits was about 26% and was 14% for non-metric traits. This
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implies a moderate but clear amount of genetic control over sulcal lengths but a lower amount of
genetic control over cortical shape features. A notable contribution of genes to brain features
justifies the further investigation into which gene regions are involved in controlling folding, as
is done in chapter 3.
Using Mantel testing, we compared variance/covariance and similarity matrices for a
variety of biological domains to address questions about the nature of brain modularity. Looking
at anatomical, developmental, and connectivity information collected from the literature, it seems
that all three of these matrices are significantly related to one another. This theoretically supports
the Van Essen tension-based model of cortical fold development, which posits that folds arise
separating regions of lower interconnectivity due to thinner white matter barriers. This results in
functional connectivity, the neural network of information processing, paralleling anatomical
connectivity and validates extrapolating connectivity information from cortical topology
patterns. Here, the location of a given fold on the brain (anatomical matrix) was significantly
related to both the embryonic day on which it appeared (developmental matrix) and the
quantitative assessment of how many axons linked that region to others (connectivity matrix),
and the embryonic day was related to the pattern of interconnectivity. The Van Essen model
predicts development and connectivity working together to result in a predictable and
informative morphological structure, as is detected in these matrices.
It also became clear that the genetic and phenotypic matrices were extremely similar to
each other in their distribution of variation. This independently confirms the role of genetics in
affecting brain topology. It further implies a similar blueprint for modularity in these two
domains. This situation of morphological integration is desirable from an evolutionary
perspective, as a similar arrangement of control over brain morphology would allow for efficient
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evolutionary cortical altering. If the patterns of variation in the two spheres are aligned in the
same direction of multidimensional space, as it appears that they are, natural selection along a
given gradient will affect both of them similarly – there will not be a roundabout redistribution of
variation to do with variance mismatching. Put simply, evolution can progress most quickly and
effectively with variances aligned in the same direction, which appears to be the case in
comparing genetics and the phenotype in these baboons; the genotype and phenotype are highly
integrated. Neither of the phenotypic or genetic matrices was significantly detectably related to
any of the theoretical literature-based ones (developmental, connectivity, anatomy).
Clustering analyses using k-means techniques were done on the data to assess how many
modules were present in our phenotypic and genetic measurements. The phenotypic data broke
down most parsimoniously into three clusters of roughly equivalent sizes. As our Mantel testing
showed that the phenotypic data was not related to any of the theoretical matrices, we came up
with a separate hypothesis for what determines variation in sulcal length. Viewing the data
holistically, the phenotypic data suggest that the first principle component might instead be gross
orientation across cortex, with sulci aligned in roughly the same position tending to group
together.
Four clusters, on the other hand, best explained genetic data. The first few principle
components of genetic variation do not fall into an easily explained distribution from a
hypothesis-testing perspective, illustrating widespread control over the cortex by genetic units.
The same gene likely affects numerous sulci in different positions across the brain and there are
many genes affecting each individual sulcus. Our genetic modularity results are in themselves
informative, as they help to characterize the partitioning of variation in affecting suites of traits.
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In chapter 2, I present the results of asymmetry tests on the baboon brain. Asymmetry
provides information about a surprising array of biological questions. The presence of a
predictable rightward frontal petalia in this population hints at the presence of handedness in
these animals. It also explains the distribution of length differences across the brain, as the torque
put from overgrowth of the right hemisphere in the front would shorten the left frontally and
extend it occipitally.
Significant directional asymmetry (DA) across the cortex speaks to the contribution of
genes in affecting asymmetry. In other words, these baboons are genetically predisposed to be
asymmetrical in the right-frontward, left-backward direction. DA could additionally imply
hemispherical functional differences. Localization of task control to specific specialized areas
would result in genetic encoding of wide-scale asymmetry. This could be being detected in
significant directional differences, or at least could allow for such a situation to be more easily
evolved in the future.
Unsigned fluctuating asymmetry (FA) gives us an estimate of the amount that random
error affects brain development in the baboon and how able the baboon is to buffer perturbations
in development and still produce a consistent phenotype. Six of the ten metric traits considered
were significant for FA, implying that developmental noise plays a considerable role in cortical
topology in this system. It also implies that there is variation in how canalized traits are.
Looking at the distribution of the FA further informs us of the degree of control over
different brain lobes, areas, and sulci; there is much variation, too, in how asymmetrically
variable different sulci are. The general pattern that seems to emerge is that sulci arising on an
earlier embryonic day tend to be less variable than those appearing later on in ontogeny. It is a
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generally noticed fact in developmental biology that earlier events in development tend to be
more tightly constrained than later ones, and it appears that cortical folding is no different.
Trait canalization, the fidelity with which organisms can produce a consistent phenotype
despite environmental variability, has major consequences for evolution. If traits are highly
canalized, meaning that the organism is able to strictly buffer perturbations in the uterine
environment and recreate reliable traits, then there is less evolutionary flexibility. Natural
selection will have less leverage over creating new phenotypes if the resultant phenotype is
always unvarying. Conversely, the organism is protected from being cast into a deleterious area
of phenotypic space if it removes the possibility of producing wildly erratic results.
Finding low correlations between comparable traits on the two hemispheres of the same
individual indicates that they are in different developmental pathways; the two sides of the brain
develop fairly separately. This, combined with the fact that these baboons generally show low
amounts of canalization over their traits, implies that their cortical topology is quite plastic and
can be dramatically and readily shaped by natural selection.
Returning to pure genetics, Chapter 3 addressed the question of where the genes that have
been shown to affect phenotypic measurements are physically located in the baboon genome.
Using QTL mapping techniques, we pinpointed variation in metric phenotypes to variation in a
small handful of chromosomal regions. The best of these peaks are very narrow regions (10-20
cM wide) that contain intriguing candidate genes that have already been implicated in affecting
brain development, function, and congenital disorders associated with abnormal brain
gyrification. It is likely that these candidate genes are responsible for affecting the variation
measured in sulcal lengths. The discovery of QTL regions for cortical sulci further corroborates
the fact that specific genes affect variation in brain gyrification in primates; folding pattern and
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foldedness are not simply random or being carried along with natural selection for increased
brain volume.
The distribution of QTL peaks across the genome highlights the fact that numerous genes
are at play in affecting brain folding; there is not simply one universal gene controlling all of the
traits. A number of genes of additive affect contribute to each sulcus, and often these genes affect
variation in more than one sulcus. In other words, we found indications of both polygeny and
pleiotropy in this population. There is likely epistasis occurring, as well, making gyrification a
complex trait with a rich genetic architecture.
All in all, this dissertation provides a framework of the genetic architecture underlying
brain folding in the Papio hamadryas primate species upon which future finer-scale work can be
conducted. I have shown that genes are indeed involved in brain folding, both in terms of sulcal
length and gross-scale cortical shape features. I have detected an evolutionarily viable pattern of
variance in trait measurements, implying that morphological integration has shaped the patterns
of modularity in the phenotypic and genetic domains to result in a situation that would allow for
timely future change. The data on sulcus location, connectivity network, and developmental
timing mined from the literature were found to indirectly support the expectations of the Van
Essen model for sulcal development and evolution. This baboon population showed neuromorphological suggestions of handedness, in addition to the presence of genetic control over
hemispherical dominance and differences. I found indications that developmental perturbations
affect sulci in differing degrees, depending on timing in development. And finally, I mapped the
phenotypic variation measured to specific portions of the genome that contain the genes affecting
the traits.
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In terms of future directions that I hope to take this research, I have received generous
funding from the National Science Foundation to pursue fine-mapping on specific QTL regions
identified. We have chosen the “best” peaks pinpointed in Chapter 3, as defined by the criteria of
(i) LOD score, (ii) interval size, and (iii) the presence of compelling candidate genes, to send out
for additional SNP sequencing on top of the microsatellite data used for wide-scale mapping.
Initial SNP capture will be done in collaboration with Dr. Jeffrey Rogers at the Baylor School of
Medicine’s Human Genome Sequencing Center, which uses the Illumina HiSeq 2000 highthroughput “next-generation” sequencing platform. New polymorphisms will be identified and
genotyped within the regions until the average spacing between genetic markers is less than 3
cM, narrowing the chromosomal regions of interest that we can discover. In this manner, we can
associate specific SNPs with variation in brain traits, validating positional candidate genes. This
would be the final associative step in linking the phenotype of gyrification to the genotype in a
specific gene. Functional testing of the genes could then be conducted to connect the genetics
back to the original phenotype.
Once positional candidate genes have been validated, their DNA sequences will be
compared across species, thanks to the fact that many primate genomes are currently available in
open source databases. Specifically, validated genes will be tested for molecular signatures of
natural selection across branches of the primate clade to identify the forces that have been at
work in altering cerebral morphology. The dN/dS (Ka/Ks) interspecific test of selection will be
conducted to determine if and how natural selection affected homologous positional candidate
genes in the various lineages. Sequence differences will be examined at a variety of levels,
including within the apes and between Old and New World monkeys, using a prosimian (a
primate that is neither a monkey nor an ape) as the outgroup. The dN/dS ratio detects differences
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in the pace of functional sequence change in different lineages as standardized by a neutral
tempo, and has previously been used to bespeak selective modification in a number of brain
genes (Wang et al., 2004; Zhang, 2003). By comparing dN/dS ratios across species in the primate
clade, we will establish if validated positional candidate genes affecting cortical traits have
undergone more rapid or slower functional evolution in particular lineages, uncovering the
evolutionary forces that have guided their molecular alteration and helping to explain the
dramatic between-species variation in brain cortical topology seen today. In this way, we can
identify if humans have experienced significantly increased functional change in brain cortical
folding genes as compared to our extant primate relatives.
Other statistical tests of coding regions will be conducted to provide a more complete
perspective on our findings. Tajima’s D is a statistic which compared the heterozygosity measure
calculated from the amount of pairwise difference in DNA sequences to that deduced from
examining the number of variable positions found in the sequence sample. A difference in these
two heterozygosity estimates can implicate balancing selection, directional selection, and the
presence of a past selective sweep working on the genes of interest. Fay and Wu’s test is a
variant of Tajima’s D that eliminates confoundment due to demography. Fay and Wu’s test will
prove invaluable here due to humankind’s convoluted history. The McDonald-Kreitman test
examines the amount of neutral versus non-neutral substitutions within species compared to that
between species in an effort to parse positive or negative selection from changes due solely to
genetic drift. Finally, the HKA test compares the amount of observed sequence polymorphism
within individual species to the differences observed between species, allowing identification of
balancing selection and recent selective sweeps in particular lines. Different genes have different
patterns of substitution. The best-fit mutational model will be determined for the data before

!

113!

conducting the tests. Using a variety of population genetic analyses, we will be able to
comprehensively characterize the molecular evolution and pattern of selection pressures present
on brain gyrification genes within the primate family tree and pinpoint those differences specific
to the human lineage.
There is also direct medical relevance from characterizing the genetic basis of brain
gyrification. Several congenital neurological disorders are associated with abnormal folding
patterns, including Williams syndrome, lissencephaly, polymicrogyria, and many cases of
autism. Knowing which genes contribute to these diseases and in what amounts is an excellent
first step in designing therapies. For example, deficiencies in the protein products of a specific
gene could easily be remedied with pharmaceuticals containing the required compound. It could
also be possible to design prenatal screens for certain devastating congenital malformations, such
as lissencephaly, with knowledge of which genes and mutations cause them. From a more
academic viewpoint, understanding the mechanisms underlying neurological disorders provides
information about the developmental pathways that produce cerebral features and how they can
malfunction. Gyrification is a trait with far-reaching implications and my inter-disciplinary foray
into its underlying genetic makeup marks an important initial step in understanding its workings.
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