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ABSTRACT

A growing body of evidence shows that most psychological traits
are polygenic, that is they involve the action of many genes with
small effects. However, the study of selection has disproportion-
ately been on one or a few genes and their associated sweep
signals (rapid and large changes in frequency). If our goal is to
study the evolution of psychological variables, such as intelli-
gence, we need a model that explains the evolution of pheno-
types governed by many common genetic variants. This study
illustrates simple statistical tools to detect signals of recent poly-
genic selection: a) ANOVA can be used to reveal significant de-
viation from random distribution of allele frequencies across
racial groups. b) Principal component analysis can be used as a
tool for finding a factor that represents the strength of recent se-
lection on a phenotype and the underlying genetic variation. c)
Method of correlated vectors: the correlation between genetic
frequencies and the average phenotypes of different populations
is computed; then, the resulting correlation coefficients are cor-
related with the corresponding alleles’ genome-wide signifi-
cance. A significant difference between the allele frequencies
for the three races was found. Post-hoc test revealed that East
Asians had significantly higher frequencies of IQ increasing al-
leles than Africans. In contrast, the distribution of height increas-
ing alleles did not differ among races. The second prediction,
that alleles with large frequency differences between popula-
tions had a higher genome-wide significance value than alleles
with small frequency differences, was confirmed by the analy-
sis of the Pygmy vs non Pygmy data set.

INTRODUCTION

Polygenic adaptation (or weak widespread selection) is a model
proposed to explain the evolution of highly polygenic traits that
are partly determined by common, ancient genetic variation"?.
In contrast to the commonly held view within the academic
community, which views adaptation as involving selective sweeps
that drive beneficial alleles from low to high frequency in a
population® polygenic adaptation involves modest changes in
allele frequencies at many loci'.

This model produces testable predictions': a) populations
with greater phenotypic values for a given trait (under the as-
sumption of equal environments) should have higher average
frequencies of trait increasing alleles. b) A positive correlation
between frequency shifts (population differentiation) and ef-
fect size or genome-wide significance of allelic associations with
a trait. This can be tested with a statistical tool borrowed from
psychometric research, that is the method of correlated vectors®.

Genetic variation mainly occurs between large continental
groups (i.e. races), but some variation exists also within races,
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such as between ethnic groups. Turchin et al. (2012)° found sig-
nificant differences in height increasing allelic frequencies be-
tween northern and southern Europeans. However, a drawback
of that study is that it did not explicitly associate frequency dif-
ferences with height differences between populations.

Piffer® showed that human populations have different fre-
quencies of alleles increasing educational attainment and 1Q
and that these frequencies are positively correlated with na-
tional IQs and national scores on standardized educational at-
tainment tests. A correlational matrix showed that the three
most significant SNPs were highly correlated among each other
and that, after principal component analysis, the 10 SNPs load-
ed highly on a single component that explained 45% of the vari-
ance. Two other SNPs, which appear to be related to IQ across
several studies, were highly correlated with this factor.

Howevery, the significance of the frequency differences between
populations was not assessed. One of the aims of this paper is to
overcome that shortcoming, and to test the significance of the dif-
ferences between races in IQ-increasing allele frequencies.

Principal component analysis (PCA) is a new method for de-
tecting signals of polygenic adaptation®, when the aim is to iden-
tify the underlying component that accounts for the nonrandom
distribution of allele frequencies, indicating deviation from
random drift, which would produce inconsistent associations
among alleles, thus assesses the strength of selection for a poly-
genic trait. This factor should be clearly interpretable, that is the
majority of trait increasing alleles ought to load positively on it.
Moreover, it ought to be significantly correlated with population
trait values (e.g. average height, average 1Q). A benefit of this
method over ANOVA is that it exploits the higher resolution
provided by the analysis of a much greater number of popula-
tions (e.g. 14 populations in 1,000 Genomes or > 50 in the Al-
lele Frequency Database). Thus, even when only a few genes
are known to exert an effect on a trait, it is possible to identify a
factor that likely accounts for their nonrandom distribution
across populations.

The aim of this study is to extend the analysis to another high-
ly polygenic trait (height) with phenotypic variation among
populations, in order to test the following hypotheses:

a) Taller populations have higher average frequencies of

height increasing alleles (and populations with higher 1Qs

have higher frequencies of IQ increasing alleles).

b) There is a positive correlation between frequency shifts

(population differentiation) and effect size or significance in

GWAS of allelic associations with height.

RESULTS

1Q and Educational attainment
When considering only the 10 educational attainment alleles,
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the frequencies did not significantly differ between the three
races, F (2,27) =2.589, P = 0.094.

In the second ANOVA with 10 educational attainment alleles
and the addition of 2 IQ increasing alleles, the frequencies dif-
fered significantly across the three races, F (2, 33) =4.127, P=
0.025. Tukey post-hoc comparisons of the three groups indicat-
ed that the East Asian group (M =47.41, 95% CI [25.63, 69.20]
had significantly higher allele frequencies than the African
group (M = 18.50, 95% CI [7.70, 29.29]), P = 0.024. Comparisons
between the European group (M = 35.5, 95% CI [25.68, 53.98]
and the other two groups were not statistically significant at
P <0.05.

Height

Frequencies of 89 SNPs from the Giant Consortium’ with a P
value = < 1 x 107-8 (corresponding to P = 0.01 after correction
for multiple comparisons, see Johnson et al., 2010) were obtained
from 1,000 Genomes. A one-way ANOVA was performed to test
for different frequencies of height increasing alleles across the
three human races (African, East Asian, European). Allele fre-
quencies did not significantly differ between the three races, F
(2,264) =0.598, P = 0.551.

Thus, no clear structure was visible at the level of continental
groups. In order to get a more fine-grained analysis, data from
all the 14 populations were used.

A polygenic score for the 14 populations was calculated as
the average of all the 89 alleles. The correlation between the
polygenic score and height was strongly positive and significant
(r=0.82;N=7; P=0.02).

In order to assess the underlying structure, 9 polygenic sub-
scores were obtained, by dividing the sample in 9 variables,
each variable being the average of 10 SNPs (the last one being
the average of 9 SNPs, as there were only 89 SNPs), ordered ac-
cording to their P value. A principal component analysis was
carried out, treating the 9 polygenic scores as 9 different vari-
ables. Two components were extracted that explained respec-
tively 64.59% and 23.62% of the variance. The two components
were uncorrelated (r = -0.210), hence could not constitute an
overarching factor. The first component was not clearly inter-

Table 1. Loadings on the second Principal Component

Polygenic Scores (ranked based on significance level) PC2 Loading

0.875
0.836
0.017
-0.322
-0.715
0.814
0.008
0.348
-0.411
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pretable. The method of correlated vectors supported this, as
there was no correlation between polygenic scores’ PC1 load-
ing and P value (P = 0.033; P = 0.932).The Kaiser-Meyer-Olkin
(KMO) coefficient was satisfactory (0.622). Chi-squared (Bartlett's
test of sphericity) = 137.62, df = 36, P < 0.001.

Table 1 reports the structure matrix with the loadings for the
second PC. 6 of the 9 variables loaded positively and respect-
ably high on the first factor.

Table 2 reports the Principal Component (PC2 scores) and
average height for different populations. These were highly cor-
related with height (r =0.98; N =7; P =0.02). Thus, this factor
likely represents the strength of recent selection on a phenotype
and the underlying genetic variation.

A prediction of the polygenic selection hypothesis is that SNPs
with lower P values on average exhibit a stronger signal of se-
lection. In order to test this prediction, the polygenic scores were
ranked according to their P value, from lowest to highest. For
each of the 9 polygenic scores, correlation with height was
computed. The correlation coefficients were correlated with
the polygenic score’s P values.

Lower P values predicted higher polygenic scores’” associa-
tion with average height. Spearman rank correlation was P =
0.683 (N = 9; P=0.042).

A moderate and positive but non-significant Spearman’s rank
correlation between polygenic scores’ PC2 loading and P value
was found (P =0.533; N =9; P =0.139). That is, lower P values
were associated with higher polygenic scores’ loadings on PC2.

These results indicate that the SNPs with lower P values were
better correlated, compared to less significant SNPs, to popula-
tions’ average heights. Moreover, they predicted each polygenic

Table 2. Factor scores and average height for 1,000 Genomes populations

Population PC2 Height (cm)
ASW 0.64 178
LWK 1.41

YRI 0.65

CLM -0.08

MXL 0.27

PUR -0.23

CHB -1.73 170.2
CHS -1.68

JPT -1.61 170.7
CEU 0.89 179
FIN 0.45 179
GBR 0.72 178
IBS 0.29

TSI 0.01 177

AFR; African, AMR; American, ASN; Asian, EUR; European, ASW; African ancestry in
SW USA, LWK; Luhya, Kenya, YRI; Yoruba, Nigeria, CLM; Colombian, MXL; Mexican
ancestry from LA, California, PUR; Puerto Ricans from Puerto Rica, CHB; Han Chinese
in Bejing, China, CHS; Southern Han Chinese, JPT; Japanese in Tokyo, Japan, CEU; Utah
Residents with Northern and Western European Ancestry, FIN; Finnish in Finland, GBR;
British in England and Scotland, IBS; Iberian population in Spain, TSI; Toscani in Italy.
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Table 3a. Frequency (%) of alleles associated with higher educational attainment (1,000 Genomes)
IQ rs9320913 rs3783006 rs8049439 rs13188378 rs11584700 rs4851266 rs2054125  rs3227  rs4073894 rs12640626 o
(A) © M (@) (©) M (M © (A) (A)

AFR 19 35 58 0 8 4 0 12 11 17 16.4
AMR 40 43 58 ) 11 27 4 58 12 62 31.8
ASN 39 29 72 1 31 56 0 84 6 73 39.1
EUR 50 42 65 6 23 37 6 48 21 57 831
ASW 86 23 32 50 0 7 9 0 16 7 25 16.9
LWK 74 17 40 60 0 9 1 0 10 17 17 1741
YRI 71 18 32 61 0 6 5 0 11 6 1 15
CLM 83.5 42 53 56 3 9 23 & 62 22 57 329
MXL 88 30 34 56 1 9 30 5 68 5 73 31.1
PUR 83.5 51 43 64 7 15 25 6 42 11 58 31.7
CHB 105.5 42 23 76 1 30 57 0 87 5 75 39.6
CHS 106 40 88 64 1 25 1Y 0 87 5 75 38.9
JPT 105 35 30 78 0 38 51 0 78 7 70 38.7
CEU 100 49 46 61 8 21 40 6 45 18 56 35
FIN 97 52 33 61 6 27 35 10 59 25 57 36.5
GBR 100 49 44 67 6 26 41 8 40 18 61 36
IBS 97 43 54 71 0 21 29 4 71 21 43 35.7
TSI 100 52 43 69 5 18 34 3] 45 23 59 35.1

AFR; African, AMR; American, ASN; Asian, EUR; European, ASW; African ancestry in SW USA, LWK; Luhya, Kenya, YRI; Yoruba, Nigeria, CLM; Colombian, MXL; Mexican ancestry
from LA, California, PUR; Puerto Ricans from Puerto Rica, CHB; Han Chinese in Bejing, China, CHS; Southern Han Chinese, JPT; Japanese in Tokyo, Japan, CEU; Utah Residents
with Northern and Western European Ancestry, FIN; Finnish in Finland, GBR; British in England and Scotland, IBS; Iberian population in Spain, TSI; Toscani in Italy.

Table 3h. Frequency (%) of alleles associated with higher 1Q (1,000 Genomes)

Population rs236330 C Rs324650 T
AFR 32 26
AMR 80 61
ASN 87 91
EUR 77 46
ASW 40 32
LWK 31 25
YRI 28 24
CLM 84 58
MXL 85 65
PUR 68 57
CHB 92 92
CHS 89 92
JPT 79 88
CEU 81 45
FIN 75 52
GBR 71 46
IBS 61 21
TSI 82 46

score’s loading on the PC2, albeit not significantly.

An analysis was also carried out on African populations, com-
paring Pygmy and non-Pygmy groups. The average frequencies
did not differ between the two groups (39.2 and 40.3, respective-
ly). However, the 10 height increasing alleles with the lowest P
value were at higher frequencies among non-Pygmy (M = 0.44,
SD = 0.41) than Pygmy populations (M = 0.40, SD = 0.39). A t-test
showed that the frequencies did not significantly differ: t(18) =
-0.226, P=0.824, Cohen’s d = 0.10.
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Since this suggested the presence of a selection signal on SNPs
with lower P values, a further analysis was carried out, to deter-
mine whether the difference in allele frequencies between the
two groups was greater for the most significant SNPs.

A significant correlation was found between non Pygmy-Pyg-
my difference for each SNP and P value (Spearman’s P = 0.41;
N =24; P=0.047). Thus, alleles with lower P values exhibited
higher population differentiation in the expected direction, with
lower frequencies among Pygmies compared to non-Pygmy
Africans.

DISCUSSION

This study found partial support for the first prediction, that
trait increasing alleles are present at higher frequencies among
populations with higher trait values. This was confirmed only
with regards to IQ plus educational attainment increasing al-
leles, where a significant difference between the allele frequen-
cies for the three races was found. Post-hoc test revealed that
East Asians had significantly higher frequencies of IQ increas-
ing alleles than Africans. In contrast, the distribution of height
increasing alleles did not differ significantly across the three
human groups, despite the much greater power provided by
the larger number of SNPs (89 for height vs 12 for 1Q).This sug-
gests that recent directional selection on intelligence was much
stronger than for stature. A similar finding was reported by
Miller and Penke (2007), comparing evidence for directional
selection on intelligence and an anatomical indicator other

IBC 2014;6:1 - DOI: 10.4051/ibc.2014.6.1.0001
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than height: brain size.

The second prediction, that alleles with large frequency dif-
ferences between populations had a higher genome-wide sig-
nificance value than alleles with small frequency differences,
was confirmed by the analysis of the Pygmy vs non Pygmy data
set. Moreover, the significance also predicted the allele’s associ-
ation with the average population phenotype in the 1,000 Ge-
nomes data set, across seven populations, so that populations’
average height was better predicted by alleles with lower P values.

Thus, the method of correlated vectors should be used as a
confirmatory tool to aid in interpreting components that emerge
from principal component analysis of gene frequencies.

The analysis of the entire data set, for all the 14 populations,
produced mixed results. A principal component analysis ex-
tracted two factors that were uncorrelated. However, the factor
explaining the largest variance was not clearly interpretable, as
ithad only a modest and non-significant correlation with height
(r=10.276). The second factor, explaining about 24% of the vari-
ance, was strongly related to height (r = 0.984; P <0.01). The
method of correlated vectors corroborated this interpretation,
as lower P values were associated with higher polygenic scores’
loadings on PC2.

The first component probably represents pleiotropic effects.
Lettre et al. (2008)° suggest that loci associated with height may
be pleiotropic, influencing the risk or severity of other diseases.
The absence of a significant difference between pygmy and non-
pygmy African groups suggests that the atypical height of the
Pygmies is due only in part to selection on common variants
and that a few mutations that evolved independently among
various Pygmy groups, possibly influencing growth, thyroid
function and sexual selection, account for their atypical growth
pattern’. Drastically reduced gene expression has been proposed
as another mechanism to account for the short stature of the
Pygmies, in particular the expression of Growth Hormone (GH)
and Growth Hormone receptor (GHR) genes, is 1.8-fold and
8-fold reduced, respectively.

CONCLUSION AND PROSPECTS

The results of this study confirm that common genetic variants
exhibit subtle frequency shifts and that these shifts predict phe-
notypic differences across populations.The statistical tools pro-
posed in this article proved overall successful for testing this.

MATERIALS AND METHODS
Height increasing alleles were obtained from a meta-analysis
by the GIANT consortium’. Educational attainment alleles were

taken from Rietveld’s meta-analysis" and IQ alleles from Piffer®.
Allele frequencies were taken from 1,000 Genomes
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(www.1000genomes.org) and the Allele Frequency Database
(ALFRED; Alfred.med.yale.edu).

A one-way ANOVA with Rietveld’s 10 educational attainment
alleles was performed, to test for different frequencies of intelli-
gence alleles across three human races (African, East Asian,
European). The American group was excluded as it comprises
populations with a substantial degree of European genetic ad-
mixture. Frequencies were taken from 1,000 Genomes and are
reported in Table 3a and 3b.

Another one-way ANOVA was performed adding the 2 1Q
SNPs (rs236330 and rs324650) reported in Piffer’s study®.

Frequencies of 89 SNPs from the Giant Consortium’ with a P
value = < 1 x 10A-8 (corresponding to P = 0.01 after correction
for multiple comparisons, see Johnson et al., 2010'?) were ob-
tained from 1,000 Genomes. A one-way ANOVA was performed
to test for different frequencies of height increasing alleles across
the three human races (African, East Asian, European).

For each height increasing allele, the frequencies for two Pyg-
my populations (Biaka, Mbuti) and 4 non-pygmy African popu-
lations were obtained from ALFRED. A total of 24 SNPs were
found on ALFRED and are reported in supplementary Table 3.
The average frequencies for the 2 groups (Pygmy vs non Pygmy)
for all the alleles were computed.
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