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Abstract

Facial attractiveness is a complex human trait of great interest in both academia and industry.
Literature on sociological and phenotypic factors associated with facial attractiveness is rich, but
its genetic basis is poorly understood. In this paper, we conducted a genome-wide association
study to discover genetic variants associated with facial attractiveness using 3,928 samples in
the Wisconsin Longitudinal Study. We identified two genome-wide significant loci and highlighted
a handful of candidate genes, many of which are specifically expressed in human tissues involved
in reproduction and hormone synthesis. Additionally, facial attractiveness showed strong and
negative genetic correlations with BMI in females and with blood lipids in males. Our analysis also
suggested sex-specific selection pressure on variants associated with lower male attractiveness.
These results revealed sex-specific genetic architecture of facial attractiveness and provided
fundamental new insights into its genetic basis.
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Introduction

Facial attractiveness is a complex human trait of great interest in sociology, psychology, and
related fields due to its profound influence on human behavior. Although variability exists across
individuals and cultures, it has been suggested that some commonly agreed cues are used by
people everywhere to judge facial beauty [1, 2]. As a trait that is well integrated into people’s daily
life experience, it is unsurprising that facial attractiveness influences a variety of sociological
outcomes. Studies have suggested that facial attractiveness is associated with job-related
outcomes [3-6], academic performance [7], and economic mobility [8]. It affects human
psychological adaptations and serves as an important influence of mate preference and
reproductive success [9-14]. Even attractive babies receive more nurturing from their mothers
than unattractive babies [15]. Further, people all over the world highly prize beauty. The annual
revenue of the cosmetic industry is around 18 billion dollars in the US [16]. Fashion and beauty
dominate daily discussions on traditional media as well as social media posts. Understanding the
perception of attractiveness is a great interest in both academia and industry.

The genetic basis of facial attractiveness may provide new and mechanistic insights into this
complex human trait. Evidence suggested that attractiveness is heritable and genetic variations
explain a substantial fraction of its variability [17, 18]. However, no genetic variant or gene
underlying the biology of facial attractiveness has been identified to date. Our understanding of
its genetic architecture is certainly far from complete. Well-phenotyped facial attractiveness data
from the Wisconsin Longitudinal Study (WLS) have expanded our knowledge on the complex
relationship between facial attractiveness and various sociological traits including educational
aspirations and occupation [19-24]. Recently, dense genotype data have been made available in
WLS. These advances make it possible for the first time to identify specific genetic components
associated with facial attractiveness and probe its genetic architecture.

We performed a genome-wide association study (GWAS) on 3,928 samples from WLS to identify
single-nucleotide polymorphisms (SNPs) associated with facial attractiveness. In addition, sex-
stratified analyses suggested distinct genetic architecture between the perception of male and
female attractiveness. Integrated analysis of GWAS results and transcriptomic and epigenetic
functional annotations also provided mechanistic insights into how genetics may influence facial
attractiveness.

Results
GWAS identifies genetic loci associated with facial attractiveness

We conducted a GWAS for facial attractiveness on individuals of self-reported European ancestry
in WLS. After quality control, a total of 3,928 individuals and 7,251,583 SNPs were included in
the analyses (Supplementary Table 1). In 2004 and 2008, each individual’s high-school
yearbook photo was independently rated by 12 coders (6 females and 6 males) who were selected
from the same birth cohort as the WLS participants. These scores were normalized into two
metrics to represent the average attractiveness ratings from female and male coders on each
individual (Methods). We conducted two separate GWAS on all samples using attractiveness
scores given by female and male coders as quantitative traits (Figure 1A and Supplementary
Figures 1-2). These two analyses are referred to as FC-AS (female coders, all samples) and MC-
AS (male coders, all samples) throughout the paper. We identified one genome-wide significant
locus at 10911.22 for FC-AS (rs2999422, p=9.2e-10; Table 1 and Figure 2A). No genome-wide


https://doi.org/10.1101/339226
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/339226; this version posted June 6, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY-NC-ND 4.0 International license.

significant loci were detected for MC-AS. Additionally, we identified three loci showing
suggestively significant associations (p<1.0e-6) with FC-AS (6p25.1) and MC-AS (20g913.11 and

2q22.1; Supplementary Figures 3-4).

Table 1. Genetic loci associated with facial attractiveness.

Trait Locus SNP? Nearby Genes Pos (hg19) Alleles® Beta SE EAF®  P-value®
MC-AS 2q22.1 rs74645087 LRP1B 141387481 C/A 0.644 0.123 0.016 1.66e-07
20q13.11  rs117355564 PTPRT 41709654 AIG -0.612 0.122 0.016 5.39e-07
FCAS 6p25.1 rs58886198 LY86 6612665 CIT -0.193 0.039 0.167 9.93e-07
10g11.22  rs2999422 ANTXRLP1 47635107 GIT -0.185 0.03 0.434 9.22e¢-10
MC-FS 2p22.2 rs10165224 CDC42EP3, LINC00211 38010266 G/A -0.3 0.054 0.199 3.43e-08
11p15.2 rs4756781 SPON1 14254570 GIT -0.269 0.052 0.209 3.04e-07
FC-FS 8qg24.11 rs17746363 MED30, EXT1 118611634 C/T -0.26 0.051 0.205 4.30e-07
17p13.3 rs4968067 NXN 853406 C/A 0.221 0.044 0.331 6.12e-07
MC-MS  17g11.2 rs2074151 RAB11FIP4 29856942 G/A 0.261 0.05 0.239 2.22e-07
1921.3 rs6587551 CERS2, ANXA9 150952674 AT -0.219 0.044 0.458 6.23e-07
FC-MS  5p15.31 rs4358496 LOC285692 9748607 G/A -0.255 0.051 0.252 5.21e-07
12q12 rs4768005 PDZRN4, GXYLT1 42125587 AIG 0.386  0.077 0.086 5.89e-07

2 The most significant SNP at each locus is listed; ° Reference/effect allele; ° Effect allele frequency; ® Genome-wide

significant associations are highlighted in boldface.

Figure 1. Manhattan plots for (A) FC-AS and (B) MC-FS analyses. The horizontal lines denote the genome-wide

significance cutoff of 5.0e-8 and a suggestive cutoff of 1.0e-6.
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Attractiveness is known to have sex-specific associations with various social factors [25-27]. Thus,
we hypothesized that different genetic components may be associated with male and female
attractiveness and the genetic architecture may further diverge when comparing the perception
from males and females. We conducted four sex-specific GWAS (Figure 1B and Supplementary
Figures 5-6) based on female coders and female samples (FC-FS), female coders and male
samples (FC-MS), male coders and female samples (MC-FS), and male coders and male
samples (MC-MS). We identified one additional genome-wide significant locus at 2p22.2 for MC-
FS (rs10165224, p=3.4e-8; Figure 2B). Seven loci at 1921.3, 5p15.31, 8924.11, 11p15.2, 12q12,
17p13.3, and 17q11.2 showed suggestive associations in sex-stratified analyses (Table 1 and
Supplementary Figures 7-10). Of note, associated loci identified for FC-AS and MC-AS all
showed consistent effects in sex-specific analyses (Supplementary Table 2).

Figure 2. Associations at two genome-wide significant loci. (A) Association with FC-AS at 10q11.22. (B)
Association with MC-FS at 2p22.2. (C-D) Association signals for leading SNPs at these two loci across coders. Each
interval shows association with attractiveness score given by one coder. Error bars denote standard error of effect
estimates. Only coders who rated more than 500 male or female samples were included in the analysis.
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A total of 80 coders participated in the attractiveness study in WLS (Methods). To investigate
heterogeneity of identified signals, we performed association analyses using attractiveness
scores from each coder separately. In order to maintain statistical power, we focused on coders
who rated more than 500 male or female samples in WLS (Supplementary Figure 11). The
genome-wide significant association identified for FC-AS, i.e. rs2999422, showed consistently
negative associations with attractiveness scores from all female coders and most male coders
(Figure 2C). The genome-wide significant locus in MC-FS analysis, rs10165224, also showed
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consistency — negative associations were identified for all male coders except one (Figure 2D).
Consistent association patterns were also observed for other identified loci (Supplementary
Figure 12). These results suggest that associations identified in our analyses were not driven by
several coders’ particularly strong opinions. Rather, they represent genetic associations with the
consensus of opinions among coders.

Heritability and selection signatures of facial attractiveness

Consistent with many other complex traits [28], top associations identified in our analyses only
explained a small fraction of phenotypic variability. We obtained positive estimates of chip
heritability for FC-AS (0.109) and MC-AS (0.277) using genome-wide data [29]. However, we note
that standard errors for these estimates were high (0.149 for FC-AS and 0.159 for MC-AS) and
the GREML algorithm [29] did not converge in sex-specific analyses, likely due to limited sample
size. Next, we applied linkage disequilibrium (LD) score regression [30] to partition heritability by
tissue and cell type. Interestingly, several tissues related to reproduction and hormone production
were strongly enriched for heritability of facial attractiveness (Supplementary Table 3). Despite
not reaching statistical significance after correcting for multiple testing, testis was the top tissue
for FC-AS (enrichment=3.9, p=0.04) and ovary was the most enriched tissue for MC-AS
(enrichment=4.5, p=0.032), MC-FS (enrichment=5.7, p=0.040), and FC-FS (enrichment=3.0,
p=0.005). Reproductive organs were not highlighted in male-specific analyses (i.e. MC-MS and
FC-MS).

Figure 3. Selection signatures of facial attractiveness. SNPs with MAF between 0.05 and 0.5 were grouped into 10
equally-sized bins based on MAF quantiles. For SNPs in each bin, average MAF was calculated shown on the x-axis,
while the average minor allele effects are shown on the y-axis.
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Further, we investigated the relationship between minor allele frequencies (MAF) and minor allele
effects on facial attractiveness. We grouped SNPs with MAF between 0.05 and 0.5 into 10
equally-sized bins based on MAF quantiles. Interestingly, minor alleles with low frequencies tend
to have negative effects on male facial attractiveness (Figure 3). The mean minor allele effect on
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FC-MS from SNPs in the lowest 10% MAF quantile was -0.005, implying very strong statistical
evidence for its deviation from zero (p=7.3e-313; two-sided t-test). SNPs in the highest 10% MAF
quantile, however, did not show significantly negative associations (mean=-4.1e-5, p=0.493). This
hinted at selection pressure on genetic variants associated with negative male attractiveness. The
selection signature in females was not as clear.

Candidate genes at identified loci

One genome-wide significant locus at 10g11.22 was identified for FC-AS. The leading SNP at
this locus, rs2999422, is located in an intron of pseudogene ANTXRLP1. The closest protein-
coding gene is ANTXRL (Figure 2A). Interestingly, both ANTXRL and ANTXRLP1 have
substantially higher expression levels in testis than in other tissues (Supplementary Figure 13).
In females, ANTXRL is highly expressed in fallopian tube, breast, and cervix while ANTXRLP1 is
not specifically expressed in reproductive organs. This locus has been previously reported to
associate with skin pigmentation [31] and transferrin saturation [32]. The genes closest to the
three suggestively significant loci for FC-AS and MC-AS, i.e. LRP1B, PTPRT, and LY86
(Supplementary Figures 3-4), have been reported in multiple association studies. Specifically,
LRP1B is a member of the low-density lipoprotein (LDL) receptor family and is associated with
body-mass index (BMI) [33], aging [34], and age at menarche [35]; PTPRT is associated with
facial morphology [36]; LY86 is associated with waist-hip ratio [37] and hip circumference [38].

Among the loci identified in sex-stratified analyses, one locus at 2p22.2 reached genome-wide
significance for MC-FS (Figure 2B). The leading SNP rs10165224 is located in an intergenic
region between protein-coding gene CDC42EP3 and RNA gene LINC00211. This locus was
known to be associated with height [37, 39]. Genes at the seven suggestively significant loci
(Supplementary Figures 7-10) were also associated with various traits related to facial features.
Both SPON1T at 11p15.2 and NXN at 17p13.3 are associated with facial morphology [36]. NXN is
also associated with vulvitis and vulva disease (MCIDs: VLV008 and VLV036). Additionally, EXT1
at 8q24.11 is associated with obesity [40] and PDZRN4 at 12912 is associated with BMI [41] and
skin pigmentation [31]. The locus at 1921.3 contains a large LD block covering multiple genes,
among which ANXA9 is highly expressed in skin tissue (Supplementary Figure 14) and is
associated with melanoma [42]. Finally, TAS2R1 at 5p15.31 is specifically expressed in testis
tissue in males (Supplementary Figure 15).

A few leading SNPs at identified loci are expression quantitative trait loci (eQTL) for nearby genes
(Supplementary Table 4). The genome-wide significant SNP at 10q11.22 for FC-AS, rs2999422,
is an eQTL for ANTXRL across various tissues (minimum p=1.1e-8); rs17746363 is an eQTL for
MED30 in skeletal muscle (p=2.5e-6); rs2074151 and rs6587551 are eQTL in thyroid for
RAB11FIP4 (p=1.2e-5) and CTSS (p=5.6e-26), respectively. To systematically utilize multi-tissue
eQTL data and better quantify associations at the gene level, we performed cross-tissue
transcriptome-wide association analyses for six facial attractiveness traits using the UTMOST
method (Methods; Supplementary Figure 16) [43]. We identified four significant gene-level
associations after correcting for multiple testing: SYT15 at 10q11.22 for FC-AS (p=1.0e-6), CTSS
at 1921.3 for FC-MS (p=9.6e-7), RPL22 at 1p36.31 for MC-FS (p=1.5e-7), and ATAD5 at 17q11.2
for MC-MS (p=8.9e-7). SYT15is 700kb upstream of ANTXRL, the genome-wide significant locus
for FC-AS. CTSS is located at a suggestively significant locus for FC-MS and is associated with
BMI [44]. ATADS5 is 700kb upstream of the suggestively significant locus for MC-MS and is known
to associated with many complex traits including height, waist circumference, hip circumference,
and BMI [45-47]. RPL22 is a novel association and is highly expressed in multiple reproductive
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organs including ovary, uterus, and cervix (Supplementary Figure 17). All gene-level
associations for six attractiveness traits are summarized in Supplementary Table 5.

Relationship between facial attractiveness and other complex traits

Next, we investigated the relationship between facial attractiveness and various related human
traits. First, we compared our results with association signals for several human facial features
including facial morphology [48], skin pigmentation [49], and hair color [50]. Although top SNPs
identified in these studies did not show overall significant enrichment for associations with facial
attractiveness, some SNPs showed consistent effects in our analyses (Supplementary Tables
6-8). A leading SNP associated with facial morphology, rs1523446, showed consistently negative
associations with all six attractiveness traits (e.g. p=6.8e-4 for MC-AS) and is known to associate
with waist-hip ratio across populations [45, 51]. SNP rs35096708, a leading association locus for
skin pigmentation, vitiligo, and hair color [52, 53] also showed consistent associations in all our
analyses (e.g. p=0.002 for MC-AS and 0.006 for FC-AS). A recent study identified more than 100
associated loci for hair color [50], many of which also showed associations with attractiveness in
our analyses. For example, a SNP associated with lighter hair color — rs34764931, was positively
associated with all six attractiveness traits (e.g. p=0.006 for FC-AS).

Figure 4. Genetic covariance between facial attractiveness and (A) BMI traits, (B) lipid traits. Intervals show the
standard error of covariance estimates. Genetic covariance with fdr < 0.1 are marked by asterisks.
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Analyses based on comparing top associations across multiple traits have limited statistical power
given moderate sample size and do not capture the polygenic architecture. To further reveal the
relationship between facial attractiveness and other complex traits, we estimated genetic
covariance between facial attractiveness and 50 complex traits with publicly accessible GWAS
summary statistics which covered a spectrum of social, psychiatric, anthropometric, metabolic,
and reproductive phenotypes (Supplementary Table 9). Results for all 300 pairs of genetic
covariance are summarized in Supplementary Table 10. One pair of traits — female BMI (BMI-F)
and MC-FS, showed strong and negative correlation, and the p-value achieved Bonferroni-
corrected significance (covariance=-0.053, p=4.7e-5). Additionally, three other pairs of traits
showed genetic covariance with Benjamini-Hochberg false discovery rate (fdr) below 0.1,
including BMI and MC-FS (covariance=-0.035; p=6.4e-4), high-density lipoprotein cholesterol
(HDL-C) and FC-MS (covariance= -0.058; p=8.2e-4), and total cholesterol (TC) and FC-MS
(covariance=-0.063; p=5.1e-4). Interestingly, female attractiveness traits were negatively
correlated with all three BMI traits, and the correlation signal was the strongest when
attractiveness was rated by male coders (i.e. MC-FS) and the BMI analysis was specific to
females (Figure 4A). However, such a relationship was completely absent between male
attractiveness and BMI. In fact, both FC-MS and MC-MS were positively correlated with BMI traits
although the p-values were non-significant. In contrast, genetic covariance between
attractiveness and lipid traits was specific to male samples, especially the FC-MS analysis in
which female coders’ scores were analyzed (Figure 4B).

Furthermore, we explored if the strong genetic covariance of MC-FS with BMI-F could be
explained by a causal relationship between these traits. We performed robust Mendelian
randomization (MR) to infer causality (Methods). We identified a negative effect from BMI-F to
MC-FS with p=0.099. Our results hinted at a causal effect between BMI-F and MC-FS but the
validity of the relationship requires future investigation using larger samples.

Discussion

Despite tremendous interests from both academia and industry, the genetic basis of facial
attractiveness is poorly understood, partly due to the scarcity of well-phenotyped facial
attractiveness in large-scale cohorts with genetic information. Carefully-measured human facial
attractiveness, in conjunction with dense genotype data in WLS, made it possible to identify
specific genetic components for facial attractiveness. In this paper, we conducted a GWAS to
identify DNA variants associated with human facial attractiveness. We identified two genome-
wide significant loci on 10g11.22 and 2p22.2 and highlighted several genes via eQTL analysis
and transcriptome-wide association analysis. Multiple candidate genes identified in our analyses
were specifically expressed in human tissues involved in reproduction and hormone production,
and this pattern was further confirmed in genome-wide heritability enrichment analysis.
Additionally, loci strongly associated with facial attractiveness were enriched for known
associations with BMI and waist-hip ratio. Through comparing leading associations across
multiple studies, we also identified potentially pleiotropic loci shared with facial morphology, skin
pigmentation, and hair color. Further, via a genome-wide genetic covariance estimation approach,
we identified strong evidence for shared genetic architecture of facial attractiveness with BMI and
lipid traits. Of note, sex-specific genetic architecture of facial attractiveness was a recurrent
pattern observed in almost all our analyses. The loci that reached significance in analyses based
on all samples showed consistent effects between males and females, but sex-specific analyses
revealed a list of new loci. In multi-trait analyses, only female attractiveness (especially MC-FS)
showed strong and negative genetic correlation with BMI while male attractiveness was more
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strongly correlated with blood cholesterol levels which are known to be involved in the synthesis
of testosterone and other steroid hormones [54]. Finally, variants and genes were identified for
both male and female attractiveness but the selection pressure on negative associations of male
attractiveness seemed to be particularly strong. These results not only provided fundamental new
insights into the genetic basis of facial attractiveness, but also revealed the complex relationship
between attractiveness and a variety of human traits.

This study was not without limitations. First, although WLS provided a great opportunity to study
the genetics of facial attractiveness, the sample size was moderate and we could not find an
independent cohort to replicate our association findings due to the uniqueness of this phenotype.
Due to weak effect sizes, extreme multiple testing, and ubiquitous confounding, replication and
validation are critical steps in studies of complex trait genetics. We have performed a variety of
analyses to assess the heterogeneity of identified associations, including comparing association
signals between males and females as well as across different coders. Still, validity of our findings
remains to be further investigated using independent samples. Second, attractiveness
measurements in WLS were based on high-school yearbook photos. Each photo was graded by
12 different coders, thereby creating robust average measurements. However, we note that this
phenotyping approach does not cover every aspect of attractiveness. What are the roles of age,
physical body shape, and facial expression in the perception of attractiveness? And what is the
shared and distinct genetics between attractiveness and closely related facial phenotypes such
as symmetry, averageness, and sexually dimorphic features [14]? These are just a handful of
questions beyond the scope of this study. Additionally, we note that both the raters and the people
being rated were from one state that was racially and ethnically quite homogeneous and we only
included samples with European ancestry in this study. Further, the yearbook photos in WLS were
collected more than sixty years ago. It is unclear how well our results can be generalized to other
populations, age groups, and generations. If the same high school yearbook photos were to be
rated for facial attractiveness by a more ethnically or racially diverse set of raters, and if the
findings were to be replicated, then the inference regarding genetic association of attractiveness
would be strengthened. Nevertheless, this study was a successful attempt to pin down genetic
components of human facial attractiveness. Many of these unanswered questions will be exciting
directions to explore in the future. We have little doubt that robust and comprehensive phenotypic
measurements, coupled with larger sample sizes from diverse populations, will further advance
our understanding of this interesting human trait.

Methods
WLS data details

WLS is a longitudinal study of a 1/3 random sample of over ten thousand Wisconsin high school
graduates in 1957. Facial attractiveness in WLS was measured based on each individual's 1957
high school year book photo by 12 coders (six females and six males) selected from the same
cohortin 2004 and 2008. An 11-point rating scale was used to quantify attractiveness. End-points
of rating were labeled as “not at all attractive” and “extremely attractive” for 1 and 11, respectively.
In this paper, we used normalized average ratings from female coders and normalized average
ratings from male coders as two quantitative traits for facial attractiveness. Normalization was
performed in a prevailing fashion as subtracting mean and then divided by standard deviation.

Genetic data were obtained from saliva samples in the year of 2006 and 2007 using Oragene kits
and a mail-back protocol. We used genotype data imputed against the Haplotype Reference
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Consortium (HRC) panel. All participants provided informed consent under a protocol approved
by the Institutional Review Board of the University of Wisconsin-Madison. Individuals were
removed if they did not satisfy one of the following criteria: 1) genotype missingness rate was less
than 0.05 in all chromosomes, 2) surveyed sex matched with genetic sex, 3) surveyed relatedness
matched with genetic relatedness 4) the individual was not an outlier in respect of heterozygosity
or homozygosity, 5) the individual was not an ancestral outlier, 6) attractiveness ratings were
available, 7) the individual had self-reported European ancestry and 8) born between 1937 - 1940.
SNPs were removed if: 1) it had a call rate less than 0.95, 2) Hardy-Weinberg exact test p-value
was less than 1.0e-5, 3) minor allele frequency was below 0.01, or 4) imputation quality score
was below 0.8. After quality control, 7,251,583 autosomal SNPs and 3,928 individuals remained
in the data.

GWAS analysis

In the analysis using all samples (i.e. MC-AS and FC-AS), we applied linear mixed model (LMM)
implemented in the GCTA software [55] to perform association analysis while correcting for
relatedness among samples. In addition, sex, round of coding (i.e. was attractiveness rated in
2004 or 2008), dummy variables for birth year were included in the model as covariates. In sex-
stratified association analyses, we applied linear regression instead of LMM due to the reduction
in sample size and the consequent non-convergence of the restricted maximum likelihood
algorithm and add the first two principal components into covariates. WLS data were collected on
high school graduates of the same year and distant cousins may be involved due to the study
design. To adjust for family structure in linear regression analysis, we kept only one individual in
each pair of samples with relatedness coefficient greater than 0.05. Relatedness coefficients
among samples were estimated using PLINK [56]. After these additional quality control steps,
1,792 male samples and 2,062 female samples remained in sex-stratified analyses, PLINK was
used to perform association analysis with sex, round of coding, birth year, and the first two
principal components included as covariates.

eQTL data and transcriptome-wide association analysis

Multi-tissue gene expression and eQTL data were acquired from data portal of the Genotype-
Tissue Expression (GTEx) project (https://www.gtexportal.org). We applied UTMOST [43] to
perform cross-tissue transcriptome-wide association analysis for six facial attractiveness traits.
We used cross-tissue gene expression imputation models trained from 44 tissues in GTEx [57].
Gene-level association meta-analysis was performed using generalized Berk-Jones test [58]
implemented in UTMOST software. Statistical significance was determined using a Bonferroni
corrected p-value cutoff 3.2e-6.

Heritability and multi-trait analysis

The GREML method implemented in GCTA software was used to estimate heritability of facial
attractiveness [59, 60]. We applied stratified LD score regression [61] implemented in the LDSC
software to perform heritability enrichment analysis and identify biologically relevant tissues for
facial attractiveness. Tissues with sample sizes greater than 100 in GTEx were included in the
analyses. In sex-stratified analyses, non-existent tissues (e.g. testis for females and ovary for
males) were removed from the analyses. For each tissue, functional annotation was defined as
regions near highly expressed genes (within 50,000 bp up- or downstream). We used median
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transcripts per million (TPM) as the criterion to select top 10% highly expressed genes. We then
estimated partitioned heritability using functional annotation for each tissue while including 53
baseline annotations in the model. P-values were calculated using z-scores of regression
coefficient as previously suggested [61].

Leading associations for facial morphology, skin pigmentation, and hair color were acquired from
related publications [48-50, 52]. All genome-wide significant loci identified in the discovery stage
for facial morphology were included in our analysis. Meta-analysis p-values and p-values from
Rotterdam study were used to prioritize SNPs for hair color and skin pigmentation, respectively.
Only the most significant SNP at each locus was included in the analysis. A locus was removed
if the leading SNP was not present in our study. We used the GNOVA method [62] to estimate
genetic covariance between complex traits. Association statistics of six facial attractiveness traits
were jointly analyzed with publicly accessible GWAS summary statistics for 50 complex traits
(Supplementary Table 9). Since samples in WLS were not used in those 50 published datasets,
uncorrected genetic covariance estimates were reported in our analyses. Additionally, due to
numerically unstable estimates for heritability, we report genetic covariance instead of genetic
correlation throughout the paper.

We used MR-Egger [63] approach implemented in ‘MendelianRadomization’ R package to
perform causal inference between complex traits. We selected instrumental SNP variables by
applying a LD cutoff of 0.05 and a p-value cutoff of 1.0e-9. Based on these criteria, 31 top SNPs
for BMI were included in our analysis.

Other bioinformatics tools

Manhattan plots and QQ plots were generated using ‘gqgman’ package in R [64]. Locus plots for
GWAS loci were generated using LocusZoom [65].

Data availability

Genotype data from WLS are available to the research community through the dbGaP controlled-
access repository at accession phs001157.v1.p1. Phenotypic data in WLS can be accessed via

the WLS data portal https://www.ssc.wisc.edu/wlsresearch/. Summary statistics for six facial
attractiveness traits will be publicly released upon publication.

12


https://doi.org/10.1101/339226
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/339226; this version posted June 6, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Acknowledgements

This study was supported by the Clinical and Translational Science Award (CTSA) program,
through the NIH National Center for Advancing Translational Sciences (NCATS), grant
UL1TR000427. We thank Pamela Herd, Geoffrey Hayes, Joe Savard, Carol Roan, and Kamil
Sicinski for their assistance in WLS data curation. We also thank Maryam Zekavat for her
assistance in interpreting the involvement of cholesterols in steroid hormone synthesis.

Competing financial interests

The authors declare no competing financial interests.

Author contribution

Q.L. designed the study.

B.H. and Q.L. accessed, cleaned, and processed genetic data

B.H., N.S., and Q.L. performed statistical analyses.

J.L., J.H., J.G., and M.M. assisted data collection and processing.

H.K. advised on causal inference.

J.F., J.G., and M.M. advised on sociological issues.

Q.L. advised on statistical and genetic issues.

B.H. and Q.L. wrote the manuscript.

All authors contributed in manuscript editing and approved the manuscript.

13


https://doi.org/10.1101/339226
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/339226; this version posted June 6, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY-NC-ND 4.0 International license.

References

1. Langlois, J.H., et al., Maxims or myths of beauty? A meta-analytic and theoretical review.
Psychological bulletin, 2000. 126(3): p. 390.

2. Little, A.C., Facial attractiveness. Wiley Interdisciplinary Reviews: Cognitive Science,
2014. 5(6): p. 621-634.

3. Hosoda, M., E.F. STONE - ROMERO, and G. Coats, The effects of physical attractiveness
on job - related outcomes: A meta - analysis of experimental studies. Personnel
Psychology, 2003. 56(2): p. 431-462.

4. Cash, T.F. and R.N. Kilcullen, The aye of the beholder: Susceptibility to sexism and
beautyism in the evaluation of managerial applicants. Journal of Applied Social
Psychology, 1985. 15(4): p. 591-605.

5. Fletcher, J.M., Beauty vs. brains: Early labor market outcomes of high school graduates.
Economics Letters, 2009. 105(3): p. 321-325.

6. Hamermesh, D.S., Beauty pays: Why attractive people are more successful. 2011.:
Princeton University Press.

7. Ritts, V., M.L. Patterson, and M.E. Tubbs, Expectations, Impressions, and Judgments of
Physically Attractive Students: A Review. Review of Educational Research, 1992. 62(4): p.
413-426.

8. Elder Jr, G.H., Appearance and education in marriage mobility. American Sociological
Review, 1969: p. 519-533.

9. Jokela, M., Physical attractiveness and reproductive success in humans: Evidence from
the late 20(th) century United States. Evolution and human behavior : official journal of
the Human Behavior and Evolution Society, 2009. 30(5): p. 342-350.

10. Gangestad, S.W. and G.J. Scheyd, The evolution of human physical attractiveness. Annu.
Rev. Anthropol., 2005. 34: p. 523-548.

11. Hume, D.K. and R. Montgomerie, Facial attractiveness signals different aspects of
“quality” in women and men. Evolution and human behavior, 2001. 22(2): p. 93-112.

12. Rhodes, G., The evolutionary psychology of facial beauty. Annu. Rev. Psychol., 2006. 57:
p. 199-226.

13. Rhodes, G., L.W. Simmons, and M. Peters, Attractiveness and sexual behavior: Does
attractiveness enhance mating success? Evolution and human behavior, 2005. 26(2): p.
186-201.

14. Fink, B. and |. Penton-Voak, Evolutionary psychology of facial attractiveness. Current
Directions in Psychological Science, 2002. 11(5): p. 154-158.

15. Langlois, J.H., et al., Infant attractiveness predicts maternal behaviors and attitudes.
Developmental Psychology, 1995. 31(3): p. 464.

16. Rhode, D.L., The beauty bias. 2010: Stanford Law School.

17. Taylor, M.L., N. Wedell, and D.J. Hosken, The heritability of attractiveness. Current
Biology, 2007. 17(22): p. R959-R960.

18. Lee, A.J., et al., Facial averageness and genetic quality: Testing heritability, genetic

correlation with attractiveness, and the paternal age effect. Evol Hum Behav, 2016.
37(1): p. 61-66.

14


https://doi.org/10.1101/339226
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/339226; this version posted June 6, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

19. Sewell, W. and R. Hauser, The Wisconsin Longitudinal Study of Social and Psychological
Factors in Aspirations and Achievements. Research in Sociology of Education and
Socialization, 1980. 1: p. 59-99.

20. Warren, J.R. and R.M. Hauser, Social stratification across three generations: New
evidence from the Wisconsin Longitudinal Study. American Sociological Review, 1997: p.
561-572.

21. Karraker, A., K. Sicinski, and D. Moynihan, Your Face is Your Fortune: Does Adolescent
Attractiveness Predict Intimate Relationships Later in Life? The Journals of Gerontology:
Series B, 2017. 72(1): p. 187-199.

22. Huber, S. and M. Fieder, Advanced paternal age is associated with lower facial
attractiveness. Evolution and Human Behavior, 2014. 35(4): p. 298-301.
23. Huber, S. and M. Fieder, Effects of parental socio-economic conditions on facial

attractiveness. Evolutionary Psychology, 2014. 12(5): p. 147470491401200514.
24, Sala, E., et al., Exploring the impact of male and female facial attractiveness on
occupational prestige. Research in Social Stratification and Mobility, 2013. 31: p. 69-81.

25. Heilman, M.E. and M.H. Stopeck, Attractiveness and corporate success: Different causal
attributions for males and females. Journal of Applied Psychology, 1985. 70(2): p. 379.
26. Penton-Voak, I.S., A. Jacobson, and R. Trivers, Populational differences in attractiveness

judgements of male and female faces: Comparing British and Jamaican samples.
Evolution and Human Behavior, 2004. 25(6): p. 355-370.

27. Perrett, D.l., et al., Effects of sexual dimorphism on facial attractiveness. Nature, 1998.
394(6696): p. 884.

28. Boyle, E.A., Y.I. Li, and J.K. Pritchard, An Expanded View of Complex Traits: From
Polygenic to Omnigenic. Cell, 2017. 169(7): p. 1177-1186.

29. Yang, J., et al., Common SNPs explain a large proportion of the heritability for human
height. Nature genetics, 2010. 42(7): p. 565-569.

30. Finucane, H.K., et al., Partitioning heritability by functional annotation using genome-
wide association summary statistics. Nat Genet, 2015. 47(11): p. 1228-35.
31. Hernandez-Pacheco, N., et al., Identification of a novel locus associated with skin colour

in African-admixed populations. Sci Rep, 2017. 7: p. 44548.

32. Vasseur, F., et al., Single-nucleotide polymorphism haplotypes in the both proximal
promoter and exon 3 of the APM1 gene modulate adipocyte-secreted adiponectin
hormone levels and contribute to the genetic risk for type 2 diabetes in French
Caucasians. Human molecular genetics, 2002. 11(21): p. 2607-2614 %@ 1460-2083.

33. Speliotes, E.K., et al., Association analyses of 249,796 individuals reveal 18 new loci
associated with body mass index. Nat Genet, 2010. 42(11): p. 937-48.

34, Poduslo, S.E., R. Huang, and A. Spiro, 3rd, A genome screen of successful aging without
cognitive decline identifies LRP1B by haplotype analysis. Am J Med Genet B
Neuropsychiatr Genet, 2010. 153B(1): p. 114-9.

35. Perry, J.R., et al., Parent-of-origin-specific allelic associations among 106 genomic loci for
age at menarche. Nature, 2014. 514(7520): p. 92-97.
36. Lee, M.K., et al., Genome-wide association study of facial morphology reveals novel

associations with FREM1 and PARK2. PLoS One, 2017. 12(4): p. e0176566.

15


https://doi.org/10.1101/339226
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/339226; this version posted June 6, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

37. Heid, I.M., et al., Meta-analysis identifies 13 new loci associated with waist-hip ratio and
reveals sexual dimorphism in the genetic basis of fat distribution. Nat Genet, 2010.
42(11): p. 949-60.

38. Shungin, D., et al., New genetic loci link adipose and insulin biology to body fat
distribution. Nature, 2015. 518(7538): p. 187-196.

39. Berndt, S.1., et al., Genome-wide meta-analysis identifies 11 new loci for anthropometric
traits and provides insights into genetic architecture. Nat Genet, 2013. 45(5): p. 501-12.

40. Comuazzie, A.G., et al., Novel genetic loci identified for the pathophysiology of childhood
obesity in the Hispanic population. PLoS One, 2012. 7(12): p. e51954.

41. Locke, A.E., et al., Genetic studies of body mass index yield new insights for obesity
biology. Nature, 2015. 518(7538): p. 197-206.

42. Macgregor, S., et al., Genome-wide association study identifies a new melanoma
susceptibility locus at 1g21.3. Nat Genet, 2011. 43(11): p. 1114-8.

43. Hu, Y., et al., A statistical framework for cross-tissue transcriptome-wide association
analysis. bioRxiv, 2018: p. 286013.

44, Pei, Y.F., et al., Meta-analysis of genome-wide association data identifies novel

susceptibility loci for obesity. Hum Mol Genet, 2014. 23(3): p. 820-30.

45, Shungin, D., et al., New genetic loci link adipose and insulin biology to body fat
distribution. Nature, 2015. 518(7538): p. 187-196.

46. Akiyama, M., et al., Genome-wide association study identifies 112 new loci for body
mass index in the Japanese population. Nature genetics, 2017. 49(10): p. 1458.

47. Berndt, S.1., et al., Genome-wide meta-analysis identifies 11 new loci for anthropometric
traits and provides insights into genetic architecture. Nature genetics, 2013. 45(5): p.
501.

48. Claes, P., et al., Genome-wide mapping of global-to-local genetic effects on human facial
shape. Nature Genetics, 2018. 50(3): p. 414-423.

49, Liu, F., et al., Genetics of skin color variation in Europeans: genome-wide association
studies with functional follow-up. Human Genetics, 2015. 134(8): p. 823-835.
50. Hysi, P.G., et al., Genome-wide association meta-analysis of individuals of European

ancestry identifies new loci explaining a substantial fraction of hair color variation and
heritability. Nature Genetics, 2018.

51. Ng, M.C., et al., Discovery and fine-mapping of adiposity loci using high density
imputation of genome-wide association studies in individuals of African ancestry: African
Ancestry Anthropometry Genetics Consortium. PLoS genetics, 2017. 13(4): p. e1006719.

52. Lin, B.D., et al., Heritability and genome-wide association studies for hair color in a Dutch
twin family based sample. Genes, 2015. 6(3): p. 559-576.

53. Jin, Y., et al., Genome-wide association studies of autoimmune vitiligo identify 23 new
risk loci and highlight key pathways and regulatory variants. Nature genetics, 2016.
48(11): p. 1418.

54, Waterman, M.R. and D.S. Keeney, Genes Involved in Androgen Biosynthesis and the
Male Phenotype. Hormone Research in Paediatrics, 1992. 38(5-6): p. 217-221.

55. Yang, J., et al., GCTA: a tool for genome-wide complex trait analysis. Am J Hum Genet,
2011. 88(1): p. 76-82.

16


https://doi.org/10.1101/339226
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/339226; this version posted June 6, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

56. Purcell, S., et al., PLINK: a tool set for whole-genome association and population-based
linkage analyses. Am J Hum Genet, 2007. 81(3): p. 559-75.

57. Aguet, F., et al., Genetic effects on gene expression across human tissues. Nature, 2017.
550: p. 204-213.

58. Sun, R. and X. Lin, Set-Based Tests for Genetic Association Using the Generalized Berk-
Jones Statistic. arXiv preprint arXiv:1710.02469, 2017.

59. Yang, J., et al., Advantages and pitfalls in the application of mixed-model association
methods. Nature genetics, 2014. 46(2): p. 100.

60. Yang, J., et al., GCTA: a tool for genome-wide complex trait analysis. The American
Journal of Human Genetics, 2011. 88(1): p. 76-82.

61. Finucane, H.K., et al., Partitioning heritability by functional annotation using genome-
wide association summary statistics. Nature Genetics, 2015.

62. Lu, Q., et al., A Powerful Approach to Estimating Annotation-Stratified Genetic
Covariance via GWAS Summary Statistics. The American Journal of Human Genetics,
2017. 101(6): p. 939-964.

63. Bowden, J., G. Davey Smith, and S. Burgess, Mendelian randomization with invalid
instruments: effect estimation and bias detection through Egger regression.
International journal of epidemiology, 2015. 44(2): p. 512-525.

64. Turner, S.D., ggman: an R package for visualizing GWAS results using Q-Q and
manhattan plots. bioRxiv, 2014.

65. Pruim, R.J., et al., LocusZoom: regional visualization of genome-wide association scan
results. Bioinformatics, 2010. 26(18): p. 2336-2337.

17


https://doi.org/10.1101/339226
http://creativecommons.org/licenses/by-nc-nd/4.0/

