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ABSTRACT

The human faceontains important organs which perform vital functions such as
eding and breathing, sensory functions such as seeing and smelling, as well as signaling
sex, emotionsand identity. It is also quite variable within and across human populations.
Very little is known about the evolution of facial shape in humans, or ¢netig
architecture underlying the development of facial shape. In this dissertation, | have
investigatedhe evolutionary genetics of certain aspects of the tiireensional sape of
the human faceln chapter one, | provide a literature review of thaows hypotheses
regarding the evolution of facial shape and the current evidence supporting them. In chapter
two, lused a quantitative genetic framework to test the hypothesis that human variation in
the shape of the nose seems to have been influendeddiyadaptation to temperature.

The results from this chapter suggest that the evolution of certain aspects of human nose
shape, such as nostril size and nasal ridge may have been driven by local adaptation to
temperatureln chapter three, used anadmixture mappin@pproachto identify three
genomicloci associated with nose shape variation in a sample of individuals with mixed
African and European ancestiyhe nearest genes to the admixture peakkdk (LIM
Homeobox 8) MITF (Micropthalmiaas®ciated transcription factgrand, UACA (Uveal
autoantigen with coilegdoil domains and ankyrin repeatShapteifour is an investigation

in the effects ofgenetic heterozygosity on traits such as facial asymmetry, facial
masculinity, and height, which r&@ thought to signal genetic quality and
immunocompetencerinally, in chapteffive, | discuss the evolutionary implications of

theseresults and futw directions for this research.
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Chapter 1
I ntroduction

Facial shape exhibits extensive variation, both witmd amonghuman populations.
Similarities between twins, within families, and among individuals with similar ancestries suggest
that facial shape is highly heritable. In spite of this, the genetics underlying human facial shape
variation is poorlyunderstood. The broad purpose of this research is to investigate the evolutionary
genetics underlying facial shape variatinthumansSince this is a very broad topic of research, |
have focused on two main questionss there evidence of climatfiven selection on nose shape
in humans? ii. Are facial traits such as fluctuatssgmmetry and masculinityndicative of mate

quality, as measured by gendiieterozygosity?

Background

Several anthropometric studies have been conducted with the adasofibing the
differences in face shapeithin andamong populationgli 3]. For example, an extensive study
was conductetbhy Farkaset al (2005) where 14 measurements of the faeeewused to describe
variation within and across twenty six population from all over the waildVioarsdottiret al
showed that there are significant average differences in adult facial shape among contemporary
humanpopulations and that linear discriminant analyses can be used to distinguish populations
based on facial shajp@]. These authors also conclude that major differences in facial morphology
across populations are established early in developg@@htEarlier studies of facial morphology
were carried out with measurements derived from a relatively small set of anatomical landmarks,

which are points that can be placed consistently and reliably across individuals, e.g. nasion, alare,
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and pronasaleRecentdevelopments in densmrrespondence landmark based techniques have
enablel the characterization of more subtle variatiofiacial shape across populatidbs.

Animportant aspect of facial shape that is clearly relevant from an evolutionary perspective
is sexual dimorphism. The exall male facds, on average, more rectangular than the overall
female face, which is moreundin comparisorj6]. Sex differences in specific features have also
been reported, such as a greater protrusion of tlve-tidge and chin in males relative to females
[7]. Additionally, it has been shown that significant sexual dimorphism in face shape exists even at
birth and this is, atelast partly, related to circulating levels of prenatal testosterone in the mother
[8,9]. Furthermore, the ontogenetic growth trajectories of male and female crania are known to
diverge from each other with some regions of the male cranium, such as the brow ridge and
mandible, experiencing increased growth relative to females, especiallyhafamdet of puberty
[9]. These observations suggest that the development of sexual dimorphism in the face is likely
dependent on levels of circulating androgens. In fact, clinical reports of males with androgen
insensitivity syndrome (AlShcludefemale genitalia, beests and an overall feminine appearance

[10].

What do we know about selection on the human face?

The elative importancef drift and selection in the evolution of human craniofacial form
is widely debateftl 11 13]. Most, if not all, of the heritable variation in the human cranium has long
been thought to be due to neutral proce$tds This is supported by the result that cranial
morphology, when taken as a whole, shows little betvpegrulation differentiation (~10% of ¢h
total variation is due to differences between populatifh4) similar to that seen with neutral

genetic markers, and is considtevith the isolatiorby-distance mode[15]. Because of this,
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cranial morphology has been used as a reliable proxy for phylogeny and populatior] bésiatly

However, adaptive explanations have also been invoked.

Variation in mandibular shape, for example, is thought to have been due to diversifying
selection because of differences in subsistence strategies. The idea behind this being that a shift
from huntergatherer to agriculturalist strategies has led to obsmmg mandibular shape due to
changing requirements in terms of masticatory s{ti8js Indeed, the mandible has been reported
to deviate from nomeutral expectationgl9]. Another interesting hypothesis that has nesei
considerable attention is that the shape of the nose has evolved across populations as a result of
adaptation to climati0]. An important function of the nose is to warm and humidify inspired air
SO as to prevent damage to the mucosal walls ofefigiratory tractand to facilitategaseous
exchange in lungsThus, itwas hypothesized that climate variation may have had a role in
influencing nose shape variation across the gjabie22]. This hypothesis has been tested several
times through craniometric studies. For examBleseman (2004showed, using linear distances
measured on crania from ten populatidhat the height of the nasal temperature is correlated with
temperatur¢ll]. This result has been replicated several tif28625]. Recettly, in an interesting
studyby Nobacket al (2011) landmarks were used to measure the shape of the inner nasal cavity
in one hundred crania from ten populations representing five different stress levels in terms of
climate. They showed that the shapthehasal aperture and the inm&sal cavityshowsignificant

correlations with both temperature and humigla§].

What is known about seXuselection with respect to faciahape?

It is clear from a whole suite of sexually dimorphic traits (e.g. height, strength, musculature,
voice-pitch, facial hair, and masculinity) that sexual selection has likely played an important role

in hominin evolution. The two major forms of sexual setecin humans are thought to be contest
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competition and matehoice[27]. It is suggested that th@wo-dimensionality of the human

mating landscape may have made it easier to monopolize females, and thusateaempetition

may have been the primary form of sexual selection in human piogmsif27]. In populations

where malanale competition is high, we would expect positive selection for alleles associated
with traits that signal strength and dominance, such as large body size, high musculature, deep
voice, and high facial masculinif28,29] Assuming they are all infenced to varying degrees by
levels of circulating androgens, we would also expect to see a greater degree of sexual dimorphism
in these traits.

Facial masculinity in males has also been used to test hypotheses regarding mate choice.
Examples of sexuallyetected ornaments such as -sp®ts on the trains of peacocks, which are
thought to indicate the physiological condition of males to females, are common in the animal
kingdom[30]. In fact, the horn of a male rhinoceros beetle, which is also thought to be a sexually
selected ornament, is now known to be directly linkesd a mal eb6s phy3]j]ilm!l ogi ca
humans, aspects of facial shape such as a strong ltggvand an angular jaw aregarded as
ornaments whiclare thought to signal the physiologicaq ual i t yd of mal es, esp:¢
to immune functionThe premise behind this is thagh levels of testosterone, which are needed
for the developmdrof masculinityrelated traits, suppress immune func{i®®,33] As such, facial
masculinity might have been an indicator to females of the immunocompetence of males. Another
phenotype that is often discussed in the contextiad-choice s bilateral symmetrystress during
development, both due to genetic agrvironmentalcauses can lead to perturbations in the
symmetry of bilateral traits such as facial shf§. While small fluctuationsn symmetry are
common because of the randomness inherent in natural processes, larger deviations can be
indicative of developmentahstability. As such,it is thought thatfacial symmetrymay have

advertised the avai |l ab islofidevglopmental Stipss mangi@sle nes d an



How does one show that a trait is under divergent selection across populations?

On a genomavide level, most of the genetic variationtiomans is du¢o the action of
genetic drift To show whether selection is acting ofoaus one must showhat the pattermof
genetic variation @hat locus deviatesignificantlyfrom that expected under genetic ditwidely
used statistic in this regard is Wrightoés Fst,
between two or more populations. Higher values of Fst at a locus relative to the genomic
background, as a measure of divergence due to genetjcdrifbe indicative of positive selection
in one or more populatiorf86,37]

Similarly, inorder to provide suppoitr the hypothesis thattrait hadeen under divergent
selectionacross populationsone would have to show that the observed divergendeeirrait
among populations is more than that expected under genetic drift Al@tatistic that is often
usednthisregardisQ¢88], a quantitative gern38tQstésamensuteo gue
of the genetic differentiation in a quantitative trait across populations. It has been shown that, in
principle, the Qst of a quantitee trait that has evolved under genetic drift alone is expected to be
equal to the Fst calculated from neutral genetic maifkég1] This expectation can be used to
test whether a phenotype has evolved under divergent selection (Qst > Fst), or if it has evolved
under uniform or stabilizing selection (Qst < H49]. Relethford (1994) was one of the first to use
this approach witltraniometric measurements to show that the variation in the human skull was
consistent with neutral evolutigh4]. Roseman (2004)s0 used Qst to show that aspects of nasal
morphology and the shape and size of the cranial vault were more differentiated among populations
than expected under genetic drift al¢ph&]. More recently, Qst was used by Getd (2014) in a
study of soft tissue morphology to show that the nose, brow ridge, and cheek bones have been under
accelerated evolution between people of European aneCHerese ancestrjd3]. While these

results are promising, there are limitations in the theoretical and methodological approaches used
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in these studies which need to be overcome in order to identify aspects oliagialthat have

been under divergent selection in the recent past.

What do we know about the genetic variants underlying neramgle facial shape variation?

An important step in achieving a comprehensive understanding of the evolutionary history
of facial variation is to outline the underlying genetic basis. Most of the genetic information
underlying the development of craniofacial form comes from linkage studies of rare Mendelian
disorders. This approach has been highly successful in identifying matadtbriarge effects that
cause conditions with characteristic craniofacial dysmorphologies such as Pfeiffer Syfidipme
Pfeiffer Syndrome, which often manifests withritsynostosis and midface hypoplasia, has been
linked to mutations iFGFR1andFGFR2 The Online Mendelian Inheritance of ME@MIM) is
replete with descriptions of such conditions and putative mutations that might be associated with
them [10]. Despite this, most of the genetic variants underlying nerame variation in
craniofacial shape remain elusive. Advances in high dimensional phenotyping and -wademe
associatiorstudies (GWAS) have made practical the search for variants contributing to normal
range facial variatioff5,44,45] However, because of the nascency of this field, the list of loci
known to be associated with facial shape is quite short. IFFAt3is the only locus that has been
replicated across @ependent studidd4,45] While this is promising, many more loci need to be
identified before we can use this information in a population genetic framework to study the

evolutionary history of facial form.



Outline of Chapters

In this disgrtation, | propose to exploemme key hypotheses regarding dwelutionary
genetics of the three dimensioaD) morphology of the human fade. doing so, | have provided
discussion®n the limitations involved in studying the evolution of compiits, especially, if

the genetic variants underlying them are not known.

Chapter two is an investigation of the hypothesis that the divergence of nose shape
across populations is due to local adaptation to temperature and/or humidityThe chapter
beginswith a discussion of the methodological limitations of previous studies anthiegwan be
overcome using a combination of highmensional genetic and phenotypic ddtdescribe the
variation in rse shape within and across fomuman populations (WesAfricans, North
Europeans, East Asians,daouth Asians) and explgrasing Qsfi Fst comparisonsyhether
certain aspects of nose shape seem to be more differentiated across populations that expected under
genetic drift aloneln contrast to previous dlies, Iwill also test whether these aspects of nose
shape are heritable withimnd betweeipopulations.Finally, | explorethe associatiorbetween
nose shape and climate to test whether the differentiation of nose shape is driven by climate

adapation.

The goal of chapter three is to identify genetic variants underlying aspects of nose
shape that appear to be accelerated evolution across populations and to test whether these
variants show signals of climate adaptationl will be using an admixture mapgirapproach to
identify loci that are associated witloseshapen individuals with mixedAfrican and European
ancestry. Ancestry informative markers (AIMs) are loci that have high allele frequency differences
across populations. Admixture between twortmre) populations creates linkage disequilibrium

(LD) between AlMs over long genomic distan¢48]. Strong admixture LD has been observed to



8

extendto 17cM in African American§47,48]. This can lead to increased power to map traits that
have diverged among the parental populations. To achieve this goal, we have designed an
Affymetrix Axiom custom genotyping array with thousands of AIMs uniformly distributed along

the genome. In additiorhe array is designed to densely tag ~400 craniofacial candidate genes as
well as regions flanking these genes up to 1 Mb on either side to capture variation in regulatory
elementsVariants identiied through the admixture mappimgil then be tested forignatures of
climate-driven selection.

I n chapter four | i nvegteingastbe hewiod ehresa sf amn
test this by asking whether traits such as height, facial masculinity, and facial asymmetry reflect
underlying genetic quality, aseasured by genonweide heterozygosity and heterozygosity at the
MHC locus.

The final chapter wilsummarizehe results from the previous three chapters and present
conclusions that can be made regarding the evolutioac@difshape in humanbkwill discuss the
significance of this study and its implications in basic research, anthrop@odymnedicine
Finally, I will discuss limitations and how future research can help to provide a better, more

comprehensivenderstanding of the subject.



Chapter 2

Investigating the Case of Nose Shape and Climate Adaptation

Introduction

The shape of the nose, like many other parts of the face, varies across human populations.
The distance between the nasal alae (wings of the nose) has been shown to be siglafgpantly
in individuals of African, South Asian, and East Asian ancestry as compared to persons with
European ancestif2]. The nasal index (width/height of the nasal aperture of the skull) has also
been reported to vary significantly among populat{@&2]. Whether these population differees
in nose shape are due primarily to genetic drift or natural selection is unclear.

A vital function of the nose is to warm inspired air to core body temperature and saturate
it with water vapor before it reaches the inner respiratory [2agt One reason this is important is
to maintain proper functioning of the mucociliagyparatus which is essential for trapping particles
and pathogens and removing them from the airways. Low humidity in the respiratory tract leads to
impaired ciliary function and increases the risk of both upper and lower respiratory tract infections.
In fact, impaired mucociliary clearance is thought to be the primary cause in the development of
lung disease in patients with Cystic Fibrdgi9]. Most of the air conditioning occurs as it passes
though the turbinates, the walls of which are lined with blood vessels and mucus producing goblet
cells[50]. Several studies have shown that the efficiency of the conditioning process depends on
the flow dynamics of the inspired air, which in turn, depends on the geometry of the nasal cavity
and inletg51,52]

Because of the function of the nose as a conditioning apparatus, it is thought that
geographical variation in nose shape may be due to climate adap2fidh]. This hypothesis

finds some support in the literature. Roseman (2004) used linear distances on crania from ten



10

populations to show a positive correlation with height of the nasal aperture and temgédture
Hubbeet al. (2009) report similar results with a larger set of populati@4$. More recently,
Nobacket al (2011) reported significant correlations between the geometrigeofinher nasal
cavity and both temperature and humidit@]. Most of the studies cmlucted so far have focused
on craniometric measurements, which has left thedaade variation of the external nose, the first
barrier between climate and the internal respiratory tract, unexplored. Recent developments in
densecorrespondence based taiffues and geometric morphometrics have allowed more detailed
and accurate quantification of facial shf{p@,54] Guoet al (2014) recently used ~30,000 points
measured on the soft tissue of the face to show that the 3D shape of several facial regions, including
the nose, are significantly different between individuals with European and East Asian ancestry
[43]. They also conclude that the magnitude of this differentiation is larger than that expected purely
due to genetic drift alone. While this may be trueirthreethodology, which has also been used by
others to address similar questidig,24,55] is anticonservative, and generates dramatically
inflated test statistics.

Here we carried out a detailed exploration of the variation in the shape of the external nose,
as well as a thorough trieaent of the underlying genetics to investigate whether global variation
in nose shape has been driven by adaptation to climate. We used 70@mgmasirks to quantify
the variation in nose shape within and across four human populations (West AfricathgriNo
Europeans, South Asians, and East Asians). We used quantitative genetic theory to test whether
nose shape varies more between populations than expected under genetic drift alone. We compared
the differentiation of nose shape with two other traitgght and skin pigmentation, which are
thought to have been under divergent selection in the recent past. We found that the surface area of
the nose and the size of the nostrils exhibit signatures of accelerated evolution between populations.
We also repdrheritability estimates for both these traits in Europeans. Finally, we tested whether

geographical variation in nose shape is correlated with temperature and humidity. We find that
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nostril size is correlated with temperature but not with humidity, andlade that this is a signal
of longterm adaptation and not of phenotypic plasticity. However, we think that climate may not
have been the only nareutral force responsible for the differentiation of nose shape, and other

forces such as sexual selectimed to be considered.

Results

Describing variation in nose shape

To quantify variation in nose shape, we first captured high resolution 3D images of
participantsdé faces 30§D AtlgntatGhdivepdshdringHamadmarkss y st e
(two on theinner corner of the eyes, two on the outer corners of the mouth, and one on the tip of
the nose) were placed in order to establish facial orientation. An anthropometric mask comprised
of 10,000 quasiandmarks (QLs) was mapped on each original image dsawets reflection.
Generalized Procrustes Superimposition (dB&)was carried out on both sets of images (original
and reflected) to remove differencessine, position, and orientation. The Procrustes coordinates
of the original and reflected image for each participant were then averaged to remove effects of
bilateral asymmetry following Claest al [5]. Of the 10,000 QLs, 709 that comprise the nasal
region were selected for downsire analyses. Principal Components Analysis (P{EX) was
carried out on the x, y, and z coordinates of the 709 QLs for 2,031 individuals (Methods). The top
four nose principal components (nPCs), which together explain =8¢ total variance in nose
shape were then used in further analy$ég. (S1 in ApendixA). These nPCs can be used as
proxies to represent variable aspects of nose shape, which can be studied with the help of shape

transformations and heatmaps (F¢l).
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Figure 2-1. Effects of the first four nPCs on nose shapéfhe first two columns show the
transformations of 3D nose shape along €3 SD). The third column shows a heat map of
the effects of nPCroarea ratio, i.e., a region will Ioed if its area increases along nPCs in the
positive direction and blue if the area decreatbks.heatmaps are scaled to the magnitude of
changes in area seen along nPC1, which explains the most variation in thefshap®se.
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Figure 2-2. Comparison of the first four nPCs with standard anthropometric measurements:

A) Landmarks used to calculate linear distances and angles. Paired landmarks are written with a
subscript indicating the side of the face (left/right) on which they were placed. B) Matrix of pie
charts showing the correlation between nPCs and anthropormm&asurements. Positive
correlations are shown in blue and negative correlations are shown in red. The strength of the
correlation is represented by the darkness@fblor and size of the slice.

To assist in the interpretability in the effects of sP@e also compared nPC scores against
linear distances and angles computed from standard anthropometric landmarks that are typically

used to describe nose shdp8,59] Fig. 2-2 shows the correlations between nR&sind these
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measures, as well as with the external surface area of the nose (Methods). It is clear from both Figs.
1 and 2 that each nPC captures variation in several aspects of nose shape. For example, among the
distance measures, nPCL1 is positively correlated with the distance between the;élaile éali

al) and negatively correlated with distances measuring the forward protrusion of the nose tip (prn
T sn, prni (al 1 al), prn-al). NPC1 is also stronglyegatively correlated with the external surface

area of the nose, with high nPC1 scores corresponding with lower external surface ag&a)(Fig.
These observations agree with the changes seen in the 3D shape of the nose along nPZ1 in Fig.
1. NPC2 appars to capture the length of the nasal ridge and height of the nose, as seen by its
correlation with the distance between the nasion and pronasale, and to a lesser extent, with the
distance between the nasion and subnasale. It also seems to be cafituie tthe tip of the nose

(Fig. 2-1). According to Fig2-1, the effects of nPC3 on area appears to be localized to the nares
and the nostrils. Fi@-2 is in agreement with this observation, which shows that nPC3 is correlated
with measurements descrilgi the shape of the nostrils and the alare. It appears that nPC3 is also
capturing variation in the length of the nasal ridge (%i8). The effects captured by nPC4 seem

to be localized to the columella, and to a lesser extent, the nostril@-(FandFig. 2-2).

In Fig. 2-3, we show the distribution of height, skin pigmentation (melanin index), and the
first four nPCs by sex and across four human populations: West African, East Asian, Northern
European, and South Asian. We used height and skin ptgitian alongside nPCs in our analyses
to compare the degree of differentiation in nose shape with other polygenic traits that are known to
be heritable and have been watllidied with respect to phenotypic divergence in hurfGGi$8].
Interestingly all phenotypes, including nPCs are sexudliporphic inmost populationsThere
are important populatielevel differences in nose shape that can be observed irR-BigThe
distribution of nPC1 shows that N. Bypean and S. Asian noses have a more outward projecting

ridge and a larger surface area than W. African and E. Asian noses. Looking at the patterns in nPC3,
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it seems that W. Africans and S. Asians, on average, have larger nostrils compared to N. Europeans

and E. Asians.
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Figure 2-3. Boxplots of phenotypes by population and seaverlaid with the actual data points.
Height is measured in centimeters and melanin index is measured in percentage reflectance. The
nPCs are in arbitrary units. Points are individual observations and the color of the boxplots and
points represents the sex with red indicating males and blue indicating females.
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Tests for accelerated evolution

We used a quantitative genetic frameworketst for accelerated evolution in facial shape
across four populations. Qst is a measure of the genetic differentiation in a quantitative trait across

popul ations and i s [383Phllisdgfinedas: t o Wr i ght 6s Fst
Qst =——— (1)

where , and, are the components of phenotypic variance due to additive genetic
effects between and within populations respectiviihhas been shown that, in principle, the
distribution of Qst of a quantitative trait that has evolved undetral drift alone is expected to be
equal to Fst of neutral genetic markpt8,41]. This expetation allows one to compare Qst to Fst
to test whether genetic drift alone is sufficient to explain the divergence of a trait among
populations. If the Qst of a trait across a set of populations is much greater than the Fst, it means
that the phenotypicidergence exceeds the expectation of neutrality. A recent review on the
theoretical and methodological advances in Qst can be found in Leiabakf42].

Estimationof, and, i s i deal |l y c argrairedde nobu te xi pne roicnoemmmos
the effects of environment can bentrolled [42]. This is often not pasble in noamodel
organisms, especially in humans. Alternatively, knowledge of the causal variants underlying the
trait of interest, their allele frequencies, and effect sizes can be used to estimate the additive genetic
component$69,70] While linkagebased studies and genomigle association studies (GWAS)
have been successful in identifying variants for a large number of diseases, accurate knowledge of
causal lai and their effect sizes is still limited for most anthropometric t{&it$. While some
recent studies have had success in mapping certain aspects of facial shape to regions of the genome,
these findings need to be replicated, more loci need to be discovered, and precise estimates of effect

sizes need to be ascertaingefore these findings can be effectively employed in a quantitative
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genetic frameworl5,44,45] Alternatively, we should be able to calculate Qst directly from

phenotypic data using the following equat[@g&]:

Qst = = (2)

Here, and, are among and withinpopulation components of the phenotypic
variance anct and h* are proportions of and, that are due to additive genetic effects,
respectively. Botlt andh? canrange from 0 (none of the variance is due to additive genetic effects)
to 1 (all of the variance is due to additive genetic effects). Without prior information, we must make
an assumption regarding the ratit? in the calculation of Qst since separaséimates of botft
andh? are not requiref72]. We assumed/I¥ = 1 in our calculations of Qst, i.e., the proportion of
phenotypic variance due to additive genetic effects is the same between and within populations.
Qst calculated this way is sometimes referred to afZBstHowever, we will continu¢o use the
term Qst to avoid confusion and will evaluate the validity of the assumptios/that 1 in the
following section.

We calculated Qst, for each of the first four nPCs, standing height, and skin pigmentation,
across four human population groupaNest African, ii) North European, iii) East Asian, and iv)
South Asian. We used a nparametric bootstrap approach to calculate the confidence intervals
around Qst and to test whether the observed value of Qst is much higher than the Fst across
popuktions (Methods). The statistic we used is Q8§st, which under the null hypothesis of
genetic drift, is expected to be zero. Thus, the empiricalye of this test is the proportion of
bootstrapped values of QsEst that are less than zero. Theultssof the test are illustrated in Fig.

2-4 and the pralues are listed in Tabl21 . 't 6s c l2d amd Tdble2d nhat Bking .
pigmentation, nPC1, and nPC3 show significant deviations from neutrality across all populations

(Bonferroni corrected =0.05/6 = 0.008).
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Figure 2-4. Qsti Fst results across all populationsThe distributions of QstFst are compared
against the expected value of zero under neutr@idyizontal dashed line) for all six phenotypes
(Height, Skin, nPC1, nPC2, nPC3, and nPC4). Values of @st that are significantly greater

than zero (Qst >> Fst-¥lue < 0.008) are indicated with red asterisks.

Table 2-1. Qst? across all populations and results for Qst Fst test

Phenotype Qst (Qstc, Qs P-value®

Height (N = 321) 0.136 (0.083, 0.188 0.2260
Skin Pigmentation

0.681 (0.571, 0.774 <le4
(N =283
nPC1 (N = 321) 0.538(0.478, 0.596) 0.0012
nPC2 (N = 321) 0.031 (0.006, 0.069 0.6758
nPC3 (N = 321) 0.463 (0.391, 0.533 0.0017
nPC4 (N = 321) 0.072 (0.027,0.134 0.4035

2Qst calculated from full dataset, and '®stnd Qst are the lower and upper 95% confidence intervals

respectively. The confidence intervals aned/dfue were calculated using a nparametric bootstrap

approach.
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Evaluating validity of assumptionsregarding ¢ and h?:

We assumed in our estimation of Qst théf = 1. This means that we assume that the
proportion of betweepopulation variance in the trait due to additive genetic effects is the same as
the proportion of withirpopulation variance due to additive genetic effects. This can be an
incorrect assunton if the mean difference in the trait between populations is mostly due to direct
environmental effects (i.e., phenotypic or developmental plasticity). In our case, if the true value
of c/I? is drastically lower than 1.0, our phenotygerived estimatesf Qst would be inflated
resulting in falsepositive signals of accelerated evolution. This fact has largely been ignored in
previous studies of human morphol ogi cal di ver ¢
calculated by using a value fofless than oneh¢ for craniofacial traits was assumed to be 0.55 in
these studies) while implicitly keepirgat a value of on§l1,14,24,43] While this might be true
for some traits, this is an anticonservative approach in our opinion because it assumestbht mor
the phenotypic differences between populations is due to additive genetic effects compared to the
phenotypic differences within populations i@’ > 1. In contrast, our approach is to calculate Qst
assuming/I¥ = 1 and evaluate the sensitivityair results to the case where? < 1[72]. We did
this by lowering the value @ibel ow 1 to determine the 6écritic:
confidence limit of Qst meets the 95% upper confidence limisbfFig. 2-5). We did this only
for the case where Qst across all populations was calculated. A low critical value means that our
results are robust to the situation where the true valedsofower than the true value bf. We
observe in Fig2-5 tha in the case of skin pigmentation, the critical value/bfis around 0.2. In

the case of nPC1, it is around 0.55, and in the case of nPC3, it is around 0.65.
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Figure 2-5: Sensitivity plots showingcritical values of c/h2:Change in Qst of skin pigmentation,

nPC1, and nPC3 across all populations is shown as a functi? ¢olid red line). Mean Fst is

shown as a blue solid line. The 95% confidence intervals for Qst and Fst are shown as dashed red
and blue lines, respectively. The critical value (solid black line) is the valo#radt which the

lower confidence limit of Qst meets the upper confidence limit of Fst. A critical value of 0.20 (as

in the case of skin pigmentation) means that Qstheilgreater than Fst evercit? is as low as

0.20.
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In addition to the sensitivity analysis, we estimatédor nPC1, nPC3, height, and skin
pigmentation. The withipopulation component), or narrowsense heritability, is traditionally
estimated fom data collected on large sets of twins, both identical and fraternal, or from pedigrees
where the genetic relationships among individuals are known. Yang and colleagues introduced a
linear mixed model approach, which can be used to estimate an alerstatigtic in unrelated
individuals; the proportion of phenotypic variance explained by genotyped SifPq60].
Estimates ohg?based on genotyping arrays tend to be conservative and generally much lower than
h? for reasons which are discussed elsewl@de74] We used this method, implemented in the
GCTA softwarg75], to calculatéy,® for nPC1, nPC3, height, and skin pigmeiatausing 118,420
autosomal SNPs in a sample of 1,731 unrelated Europeans (Methods). The first ten eigenvectors of
the genetic relationship matrix were included as covariates to correct for population structure, along
with sex, age, and BMI. The restrictedaximum likelihood (REML) estimates of the total
phenotypic variance (Y, the variance due to additive genetic effects of genotyped SNP ¥
residual variance (¥, andhg® are given in Tabl@-3. While the standard errors are large due to the
relatively small sample size (N = 1,718), the point estimates,ofor nPC1 (% = 0.38, S.E. =
0.18) and nPCH{y = 0.41, S.E. = 0.18) are high suggesting that the aspects of nose shape captured
by these nPCs are highly heritable, at least in EuropeanssBmates ofii for height %y = 0.39,

S.E. = 0.17, N = 1,816) are very similar to those reported earlier using this nigéfho8kin
pigmentation was not very heritable in our samptg<£ 0.18, S.E =0.26, N = 1,231). This is likely
because, relative to other popidas such as Africans, there might not be much variability in

Europeans with respect to melanin index. This can be observed to a certain exter-B Fig.
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Table 2-2. Estimates of variance components andd® for height, skin pigmentation, nPC1,

and nPC3
Height Skin Pigmentation nPC1 nPC3
(N=1,816) (N=1,231) (N=1,718) (N=1,718)
Source | Variance | SE Variance | SE Variance | SE Variance | SE
V(G) 16.66 7.44 1.54 2.32 0.16 0.08 0.03 0.01
V(e) 25.67 7.34 7.23 2.32 0.26 0.08 0.04 0.01
Vp 42.33 1.42 8.77 0.36 0.42 0.01 0.06 0.00
hg? =
V(G)/Vp | 0.39 0.17 0.18 0.26 0.38 0.18 0.41 0.18

Estimation ofc is more difficult since, in most cases, the genetic effects between

geographically distant populations are confounded with direct environmental effects (i.e., due to

developmental or phenotypic plasticity). This parameter is often reliably estimatedthrou

6common

gardenbd

experiments,

n

whi ch i

ndi vi du

under similar environmental conditions to remove any systematic differences in the environment

which might be confounded with genetic differences. Howethés,approach is only possible in

norrmodel organisms, which are amenable to experimental manipulation. In humans, a different

approach must be taken.

The process of admixture brings together genetic material from different populations in the

same individials. Initial admixture, followed by recombination, results in segments of DNA from

the parental populations segregating in admixed individuals. As such, in principle, if the phenotypic

variation between populations has an underlying genetic componentyéhwould expect to see

a correlation between phenotype and genetic ancestry in recently admixed populations. As such,

we calculated the correlation between nPC score and proportion of W. African ancestry in a sample

of 129 African Americans, who deriveast of their genetic ancestry from West Africans and

Northern Europeans (see methods, Bifj1). Sex, age, and BMI were included as covariates. The

slope between nPC1 and ancestry is significantly different from zero (t = 324, 0.048, p

value= 1.72 x 16), as well as that between nPC3 and ancesstaft= 6.353,%aria = 0.241, p
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value = 3.87 x 18). As expected, the slope between skin pigmentation and ancestry is also very
significant (t = 7.296,%aria = 0.308, pvalue = 5.86 x 18").

These results suggest that genetic differences underlie the phenotypic variation in skin
pigmentation, nPC1 and nPC3, at least between W. Africans and N. Europeans. However, we
would like to caution against interpreting the coefficients of determimgiresented above as
reliable estimates af Significant associations between phenotype and global ancestry in a recently
admixed population, such as African Americans, are likely driven by ancestry stratif{g&joln
is also possible that suassociations are due to environmental factors that covary with ancestry
[77]. As such, we recommend estimatingusing a linear mixed model approach from the
proportion of phenotypic variance explained by local ancebifyds presented recently in Zaitlen
et al. [74]. This approach corrects for ancestry stratification by including global ancestry as a fixed
effect, essentially estimating variance in the phenotype explained by randomly segregating
segments of ancestr yedewnsiddto this apmaaach & that it requires datat a 6 .
from a large number of admixed individuals to accurately estimate the variance components, which

were not available for this study.

PhenotypeClimate Association

Testing for Adaptation to Climate

It has been suggested previously that climate has played an important role in the recent
evolution of human nose shafie,26]. In order to investigate this, we evaluated the association
between nPCs and two climatic variables: i) mean annual temperature (hereafter referred to as
temperature) and ii) mean annual aridity index (Al). This wasezthrout in a subset of the

individuals used in the Qst analyses who reported their parents having been born in a region that
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coincided with their continental ancestry (N = 86) (Ri®). The reason for this is to use the climate
val ue at tilhpldces asppeoxydon thesadceskral climate. It is helpful to note here, to
avoid confusion, that high values of Al mean high humidity and vice versa. We used a linear mixed
model approach to test the association between nPCs and climate variablesnnditing for age

and BMI as fixed effects (Tabe4). We corrected for autocorrelation due to genetic similarity by
allowing the covariance between observations to be determined by the geitmkinship matrix

(see Methods). Sex was not included a®wariate as we only retained females for this analysis
(Methods). Similarly, we tested for a significant association between skin pigmentation and
groundlevel ultravioletB (UVB) levels in order to compare with a phenotype that is known to

have evolvedr response to climate (Talfed).
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Figure 2-6: Geographic distribution of parentsod bir:
grew up. A) Individual points represent the birth locations of the parents aviine connecting

two parents. A single point indicates that the two parents were born in the same location. Climate
values at these locations were used to test for signals of climate adaptation. B) Individual points
represent locations in which indiwdls spent most of their childhood growing up. The climate

values at these locations were used to test for signals of phenotypic plasticity.

















































































































































































































































































































































































