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Abstract
We report a genome-wide association study for facial features in > 6,000 Latin Americans. We placed 106 landmarks on 2D frontal photographs using the
cloud service platform Face++. After Procrustes superposition, genome-wide association testing was performed for 301 inter-landmark distances. We detected
nominally significant association (P-value < 5×10− 8) for 42 genome regions. Of these, 9 regions have been previously reported in GWAS of facial features. In
follow-up analyses, we replicated 26 of the 33 novel regions (in East Asians or Europeans). The replicated regions include 1q32.3, 3q21.1, 8p11.21, 10p11.1,
and 22q12.1, all comprising strong candidate genes involved in craniofacial development. Furthermore, the 1q32.3 region shows evidence of introgression
from archaic humans. These results provide novel biological insights into facial variation and establish that automatic landmarking of standard 2D
photographs is a simple and informative approach for the genetic analysis of facial variation, suitable for the rapid analysis of large population samples.

One Sentence Lay Summary
We used a fully automatic landmarking approach on frontal 2D face photographs of >6,000 Latin Americans and conducted a genome-wide association
study, identifying novel genomic regions influencing facial features.

Introduction
Recent years have seen a flurry of genome-wide association studies seeking to identify loci impacting on facial appearance in the general human
population1–10. These studies have reported significant associations for over a hundred loci with various facial features, including morphology and facial hair.
These studies are providing insights into the genetic architecture of human facial appearance, including the overlap between common variation in the general
population and rarer alterations in craniofacial development1, 2, 10.

GWASs of facial shape variation have used a range of phenotyping methods, from qualitative assessment of morphological features on 2D photographs, to
measurements based on landmarking of 2D photographs, to semi-automatic analyses of 3D facial images. These approaches vary greatly in their
informativity and ease of application. Although 3D images fully represent facial morphology, acquisition of such data requires specialized equipment,
complicating their widespread application. Although less informative than 3D imaging, plain 2D photographs can facilitate the collection of large study
samples, as they only require conventional photographic equipment. However, manual landmarking of 2D photographs is a very labor-intensive task. This has
fostered an interest in the development of automatic landmarking approaches, but so far these have enjoyed limited success11–13. Most studies based on 2D
photographs have therefore been based on entirely manual1 or, at times, semi-automatic landmarking14 (i.e. combining some automatic landmarking with
manual editing).

We have previously reported the identification of genetic loci impacting on facial features in a sample of > 6,000 Latin Americans of mixed Native, European,
and African ancestry. Initially, we conducted a GWAS based on a qualitative assessment of facial features on 2D photographs15, 16 and subsequently
identified additional associated loci based on measurements derived from manual landmarking of the profile photographs1. Here report a GWAS of measures
derived from fully automatic landmarking of the frontal 2D photographs. The signals detected here show a large overlap with previous GWAS findings,
providing confidence in the automatic landmarking approach we used. In addition, we also identify dozens of novel associations with facial traits. For the
majority of these novel loci, we find evidence of statistical replication in European or East Asian GWAS data. The replicated loci we detected include genes
implicated in human dysmorphology or associated with craniofacial phenotypes in animal models.

Results And Discussion
Study sample and phenotyping

The individuals examined here are part of the CANDELA cohort, collected in five Latin American countries17, which has been previously examined in several
GWASs of physical appearance1, 15, 16, 18, 19. We have reported two facial morphology GWASs based on 2D photographs: one based on categorical
phenotyping and one based on measurements derived from manual landmarking of the profile photographs1, 16, 18. Individuals included in these studies were
genotyped on Illumina’s OmniExpress chip (including >700,000 SNPs) and characterized for a set of standard covariates (age, sex, BMI, and genetic ancestry
estimated from the chip data)1, 16, 18.  

Here we used the Face++ cloud service platform (https://www.faceplusplus.com) to automatically place 106 landmarks on the frontal 2D photographs from
CANDELA individuals (Supplementary Figure S1). We examined the robustness of 16 of these landmarks, which had previously been placed manually on a
subset of the photographs (Supplementary Figure S2)16. ICCs between Face++ and manually placed landmarks were >0.90 (Supplementary Table S1) and the
median Euclidean distance between these two sets of landmarks was <25 pixels (relative to an image size of 2,136 × 3,126 pixels, Supplementary Table S1). 

After Procrustes superposition, we calculated inter-landmark distances (ILDs) for 34 Face++ landmarks, most of which corresponding to well-defined
anatomical landmarks (Figure 1A, Supplementary Table S2). Accounting for face symmetry, we obtained 301 distances. Some of the Face++ landmarks are
placed on the eyebrow edges, and distances based on these landmarks reflect eyebrow size, rather than facial morphology (Figure 1B). 

Most of the inter-landmark distances obtained show considerable variation and are approximately normally distributed in the CANDELA sample
(Supplementary Figure S3). Many distances showed a significant correlation with three head angles estimated by Face++ (pitch, roll, and yaw angle), reflecting
the effect of head pose (Supplementary Table S3). We therefore included these head angles as covariates in the genetic association tests. 

Trait/covariate correlation and heritability 
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A low to moderate (significant) correlation was detected for certain inter-landmark distances with sex, BMI or genetic ancestry. Considering the large number
of distances examined, here we refer only to the most significant correlations (full results are presented in Supplementary Table S3). Strongest correlation with
sex was seen for the distance between right frontotemporale and right nasal root contour (r = 0.62, p < 0.0001), the distance between right frontotemporale
and right palpebrale inferious (r = 0.59, p < 0.0001), and the distance between nasion and right eyebrow upper left corner (r = 0.58, p < 0.0001) (Supplementary
Table S3, Supplementary Figure S4). All of these distances are greater in female than in male, probably reflecting eyebrow shaping in women. The strongest
correlation with age was seen for the distance between frontozygomathic suture and palpebrale superious (r = -0.36, p < 0.0001). Lip thickness measures also
show a strong negative correlation with age (r = -0.30, p < 0.0001, Supplementary Table S3), consistent with our previous analyses of the CANDELA sample1,

16. 

Strongest correlation (r = -0.44, p < 0.0001) with BMI was seen for distances related to right frontotemporale (Supplementary Table S3). 

Strong correlation with European/Native American ancestry was seen for nasion position (r = -0.25, p < 0.0001), lip thickness (r = -0.19, p < 0.0001), nasal root
breadth (r = -0.23, p < 0.0001) and nose wing breadth (r = -0.21, p < 0.0001) (Supplementary Table S3, Supplementary Figure S4). These correlations agree with
those we calculated previously in the CANDELA sample through manual phenotyping1, 16. Our previous finding of a correlation between European/Native
American ancestry and nose and chin protrusion could not be properly examined here, as the distances extracted from the automatic landmarking of frontal
photographs have little connection to facial protrusion features. 

We used LDAK520 to estimate narrow-sense heritability (h2) for all used facial traits based on the kindship matrix derived from SNP data. Except for a small
number of low heritability values, we obtained moderate values for most of the traits. The highest value (0.56) was observed for the distance between the right
alare and eyebrow upper corner (Supplementary Table S3).  

Overview of GWAS results and integration with the literature

After quality control filters, we evaluated association for 301 inter-landmark distances with up to 11,532,785 SNPs and 5,988 individuals. Associations that
were nominal genome-wide significant (P-value < 5×10-8) and survived the multiple testing correction using the Benjamini-Hochberg procedure for the false-
discovery rate (FDR) were studied. A total of 42 genomic regions showed significant association with at least one distance, and 148 distances show
significant association with at least one of these genomic regions (Figure 1C, Supplementary Table S4). Among these 42 regions, 9 have been previously
reported in other GWASs of facial features. Furthermore, most of these regions have strong candidate genes for which various lines of evidence point to them
having an important role in craniofacial development. Table 1 provides key information on these 9 regions (association plots for them are shown in
Supplementary Note 1).  

The most robustly replicated region involves SNPs in strong LD over a segment of >10Mb in 2q12.3 centered around the EDAR (Ectodysplasin A Receptor)
gene (Supplementary Note 1). SNPs in this region have been previously associated with facial morphology in Latin Americans and East Asians, particularly in
relation to facial flatness, jaw protrusion, and distance between ectocanthion and otobasion inferius1, 5, 16. Overall, we observe that 1,245 SNPs in 2q12.3 are
associated with 75 inter-landmark distances. The strongest association was detected for D198 (involving landmarks 9-23, P-value 5.6×10-34, Figure 2). The
associated SNPs include rs3827760, which encodes a functional amino acid substitution in EDAR, the derived allele being absent in Europeans, but having a
high frequency in East Asians and being fixed in Native Americans (resulting in a frequency in the CANDELA sample of 0.41). Most of the distances showing
association with the EDAR region are strongly correlated, and involve landmarks around the eye and eyebrow (Figure 2). We evaluated statistical interaction
between EDAR and other associated regions but found no significance for any of them (Supplementary Table S5). A previous facial hair GWAS in CANDELA
showed a suggestive association between EDAR and eyebrow thickness15, thus some of the associations seen here could be influenced by variation in
eyebrow size. In addition, some associated distances involve landmarks around the nose or mouth, consistent with a previous study in Eurasians5. Overall, the
derived allele (G) of rs3827760 is associated with an increase of eyebrow and eye size, and a smaller distance between the eyes. 

Associated SNPs in 7p14.1 overlap the GLI3 (GLI Family Zinc Finger 3) (Supplementary Note 1). We previously reported an association of SNPs in this region
with nose wing breadth assessed qualitatively and through manual landmarking16. Consistent with our previous findings, the automatic landmarking
performed here revealed an association of SNPs in this region with the distance between right and left alare, and the distance between left and right nasal root
contour. The minor allele of the index SNP (rs846315), an intron variant, is associated with a wider nose. GLI3 has been shown to play a key role in
embryogenesis21, mutations in GLI3 causing Greig cephalopolysyndactyly and Pallister-Hall syndromes22, 23.

PAX3 (Paired box 3) (2q36.1, P=2.04×10-10), is the most frequently replicated locus across studies of facial morphology, so far having been associated in eight
independent GWAS1, 2, 4, 5, 8, 14, 24, 25, always in relation to measures sensitive to nasion position. We previously detected a PAX3 association in GWAS of the
CANDELA 2D photographs, using both categorical phenotyping and measures derived from manual landmarking1, 16. In addition, SNPs in PAX3 have been
associated with the distance between eyes, and with brow ridge protrusion1, 14. Here we observe association of SNPs in this region with 18 distances, mostly
involving the nasion and eyebrow area. In addition, some associated distances are sensitive to nose height (Figure 2). The 18 distances associated with PAX3
are strongly correlated. The strongest association is seen for rs13022712 with D99 (landmarks 9-16), and this index SNP is located within an intron of PAX3.
The minor allele of the index SNP in this region (rs13022712) is associated with a shortening of the nose/mid-face. PAX3 has been shown to play a key role in
fetal development, particularly in relation to neural development and myogenesis26. 

SNPs in 5q13.2 located 182 Kb away from FOXD1 (forkhead box D1) show association with 10 ILDs in the eye/eyebrow area (Supplementary Note 1). Six of
these distances are sensitive to eyebrow size (thickness and length), with the other four being sensitive to either eye size, or spacing distance between eye and
eyebrows.  FOXD1 has been associated with eyebrow thickness in a GWAS in a Chinese sample27 and we previously observed suggestive association with the
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same trait evaluated qualitatively in the CANDELA sample15, 27.  FOXD1 has been shown to be involved in hair growth28. The minor allele (C) of the index SNP
in this region (rs7341037) is associated with larger eyebrows. 

We previously reported association of SNP in 6p21.1 overlapping RUNX2 (RUNX Family Transcription Factor 2) and SUPT3H (SPT3 Homolog) with nose
bridge breadth16, forehead protrusion, brow ridge protrusion and upper face flatness1. Subsequently, GWAS in other study samples have reported association
of SNPs in this region with nose morphology, chin dimples, and distance between right entocanthion and left otobasion inferius5, 8, 25. Here we observe
association of RUNX2/SUPT3H with 15 distances, involving landmarks on the eyebrows and mouth, thus generally sensitive to variation in midface height.
The strongest association is seen for rs141680515 with D99 (landmarks 9-16), and rs141680515 is intronic to SUPT3H. Previous studies have shown an
evolutionary effect of RUNX2 variation on facial length in carnivores29. Furthermore, RUNX2 is known to be involved in osteoblastic differentiation and skeletal
morphogenesis30-32, and RUNX2/SUPT3H has been associated with Cleidocranial Dysplasia and familial Hepatic Adenomas33, 34. 

Based on the manual landmarking of CANDELA profile photographs, we previously reported an association signal in 15q21.1, overlapping the SLC24A5
(Solute Carrier Family 24 Member 5) gene, with nose tip roundness (and suggestive significantly associated with columella inclination and lower lip
thickness)1. The automatic landmarking of the frontal CANDELA photographs performed here revealed an association of this region with upper lip thickness
(D527: landmarks 31-33). The index SNP (rs1426654) showed the strongest association in this and in our previous study. This SNP encodes a
nonsynonymous amino-acid change in exon3 of SLC24A5. The alternative allele is absent in Europeans, but has an extremely high frequency in East Asians
(0.97), Native Americans (0.98), and Africans (0.99), which results in an intermediate frequency in the CANDELA sample of 0.43. This index SNP has a positive
effect on both ILDs, which would cause lip thickness increases. 

SNPs in 4q31.3 in the vicinity (76 Kb away) of the SFRP2 (secreted frizzled related protein 2) and (234 Kb away) DCHS2 (dachsous cadherin-related 2)
genes (Supplementary note 1), have been reported to be associated with endocanthion-alare distance4, columella inclination16 and nose morphology8. Here
we find association of this region with 8 distances, including endocanthion-alare (D205: landmarks 16-23). We also find a strong association of SNPs in this
region with nose morphology. Furthermore, two previously reported index SNPs (rs6535972 and rs9995821), show genome-wide significant association with
at least one distance obtained here with Face++ landmarks. The minor (A) allele of the SNP (rs2045323) with the smallest P-value obtained here (P-value
9.35×10-10), is associated with a narrower and longer nose (mainly resulting from a lower position of the alare landmark, Figure 2). SFRP2 has been shown to
have important roles in craniofacial development in mice35. Furthermore, cartilage defects have been observed in zebrafish embryos deficient in Dchs236. 

A region of 5p12 about 190 Kb away from FGF10 (Fibroblast Growth Factor 10) (Supplementary note 1), has been reported to be associated with variation in a
temporal facial segment, using a 3D multivariate approach2. Here, we detected an association of SNPs in this genomic region with three inter-landmark
distances (the most significant one is the distance between right alare and left eyebrow lower right corner). Rare mutations in FGF10 have been shown to
cause Lacrimo-auriculo-dento-digital syndrome (LADDS)37, an autosomal dominant ectodermal dysplasia associated with facial dysmorphology. 

Similarly, SNPs in 15q25.2 overlapping ADAMTSL3 (ADAMTS like 3) have been reported to be associated with variation on a GWAS of 3D of facial variation
using a multivariate phenotyping approach2. Here we observe association of this region with distances between landmarks 8 and 23, reflecting variation
between eye and eyebrow. The alternative allele of the index SNP (rs62027787) is absent in East Asians and Africans, and has a relatively low frequency in
Native Americans (0.002) and relatively high frequency in Europeans (0.14), which results in a frequency in CANDELA samples of 0.076. One of the SNPs
associated here (rs34047645), encodes a nonsynonymous substitution in exon18 of ADAMTSL3. This gene has been shown to impact on the proliferation of
hepatocellular carcinoma cells38. 

Follow-up of genomic regions newly associated with facial features: Replication in two human cohorts

Amongst the 42 regions with nominally significant association, 33 have not been previously reported in GWAS of facial features. We evaluated replication for
the index SNP (and SNPs with r=0.1) that also showed significant P-value in each of these 33 regions in two independent datasets. On one hand, we examined
an East Asian dataset consisting of 5,078 2D frontal facial photographs27, 39. These photographs were processed, and association P-values were obtained,
following the same protocol for the CANDELA cohort. On the other hand, we examined P-values from a GWAS performed in Europeans for 78 inter-landmark
distances4. For six regions there were no polymorphic SNPs shared between the CANDELA and replication samples, thus preventing evaluation of replication.
We defined the significance threshold for the replication cohorts using the Benjamini-Hochberg procedure for the false-discovery rate (FDR), accounting for 33
regions and two replication cohorts. Altogether, 26 index SNPs show association P-values below the FDR threshold for at least one distance, in either the East
Asians (22 in EA), Europeans (21 in EU) or both (17 replicate in both) (Supplementary Table S4). We found all candidate genes of these 33 regions expressed
significantly higher in the cranial neural crest cells (CNCCs) than background genes (Supplementary Figure S5). For several of the replicating regions, there is
additional evidence pointing to them playing a role in craniofacial morphology/development. Below we highlight five of these regions (comments on the other
associated regions are provided in the Supplementary Note 2-3):

1q32.3 SNPs in this region are associated with distances between landmarks: pronasal, exocanthion, endocanthion or palpebrale inferious (strongest
association being observed for rs12564392, with the pronasal-exocanthion distance, P-value 2×10-8, Figure 3). Associated SNPs in the region overlap the ATF3
(Activating Transcription Factor 3) and FAM71A (Family with sequence similarity 71member A) genes. Interestingly, evidence for archaic human introgression
in this region has been previously reported40. We therefore screened a 1Mb window around the association signal for the presence of archaic introgression in
CANDELA samples using a hidden-Markov model developed for that purpose41. Considering only tracts called at >99% confidence and >10 Kb long, we found
that 31.3% of the chromosomes carry a Neanderthal introgressed tract that overlaps the ATF3/FAM71A gene region (Figure 4). By crossing these results with
continental ancestry tracts, we found that ~80% of the archaic tracts were located on Native American ancestry tracts. As the tract lengths and locations were
quite variable from a sampled chromosome to another, we used an archaic admixture mapping scheme to test the association between archaic introgression
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and phenotypes significantly associated to this region in the initial GWAS. The region was chunked into 140 admixture mapping segments, of which 103 have
a MAF greater than 1% and were therefore tested. The Bonferroni-corrected threshold was thus equal to 4.9×10-4. We found significant associations of archaic
ancestry with D203 (landmarks 13-23), D166 (landmarks 13-19), D223 (landmarks 13-25), illustrating the distance between pronasal to right endocanthion,
right exocanthion and right palpebrale inferious, respectively.

3q21.1 SNPs in this region are associated with 8 ILDs (strongest association for rs820360), with D213, P-value 5.24×10-10, Figure 3). The distances showing
association in the CANDELA sample reflect variation mainly in the width of the upper face (Figure 3). SNP rs820360 is located within the MYLK (Myosin light
chain kinase) gene. A study in mice indicates that MYLK is involved in the actomyosin contractility pathway, which drives cellular extrusion and intercalation
during palate fusion42. 

8p11.21 SNPs in this region are associated with 7 ILDs (strongest association for rs59547557 with D96, P-value 2.24×10-9, Figure 3). All associated ILDs are
sensitive to the position (height) of the right cheilion (Figure 3). The minor allele of rs59547557 (C) is associated with a shorter distance between the right
cheilion and landmarks in eye/eyebrow region. This region includes a cluster of disintegrin and metalloproteinase (ADAM) domain genes. One gene in this
cluster, ADAM3A, has been found to be suggestively associated with non-syndromic cleft lip/palate43. 

10p11.1 SNPs in this region are associated with 8 ILDs (strongest association seen for rs58831446 with D511, P-value 1×10-10, Figure 3). These 8 ILDs all
reflect philtrum height (Figure 3). The region of association overlaps MTRNR2L7 and a cluster of Zinc Finger proteins genes. This cluster includes ZNF25,
which has been shown to be involved in osteoblast differentiation of human skeletal stem cells44, a process in which RUNX2 (discussed above) plays a major
role32, 45, 46. 

22q12.1 Association was detected for SNPs in this region (smallest P-value of 1.8×10-8 for rs9608473 with D437, Figure 5). This region has been strongly
associated with height47, and suggestively associated with facial variation48, 49 as well as with cleft lip/palate50. 

Follow-up of genomic regions newly associated with facial features: effects in the mouse

To evaluate the potential effect of the novel facial feature regions detected here in the mouse, we reanalyzed a GWAS of craniofacial shape in 692 outbred
mice51, applying a powerful multivariate mixed model not used in the original study51. Out of the 33 regions for which we found significant association in the
CANDELA GWAS, 30 could be successfully mapped to the mouse genomic data. A region on mouse chromosome 5 (homologous to human 22q12.1), showed
strong association (maximum P-value: 2×10-34), far exceeding a multiple testing-adjusted significance threshold. The index SNP in this region impacts on
multiple aspects of mouse craniofacial morphology (Figure 5, Supplementary Movie). This region overlaps the Ttc28 and Mn1 genes, which experimental
studies have been shown to play an important role in mouse craniofacial development51.

Genome annotations at associated loci

We used FUMA52 to examine genome annotations of the 1,865 SNPs significantly associated across the 42 independent genomic regions detected here.
Altogether, 10 SNPs are exonic, 636 are intergenic, 1,001 are intron variants, 154 are non-coding transcript variants, 12 variants overlap a 5’ untranslated
region, 12 variants overlap a 3’ untranslated region, 24 are upstream gene variants, and 16 are downstream gene variants. Of the 10 coding SNPs, 8 are in the
well-established EDAR region, but are in different genes (4 in RGPD4, 1 in SULT1C3, 1 in GCC2, 1 in EDAR, and 1 in TMEM87B). The other two exon variants are
in SUPT3H and SLC24A5, both gene regions having been previously associated with facial features. By contrast, all the significant SNPs in the 33 regions we
newly associated with facial features are non-coding. In agreement with previous analyses showing an enrichment of facial features SNPs in regulatory
elements active during craniofacial development4, 8 we observe that these novel SNPs are often near or within craniofacial enhancers/promoters (e.g. 1q32.3
and 12q21.31) (Figure 4, Supplementary Figure S6). 

Conclusion
The results presented here demonstrate that fully automated landmarking of 2D photographs, as implemented in Face++, is a reliable approach for the genetic
analysis of facial features. For a set of well-defined anatomical landmarks, we find that Face + + landmarking is reliable, compared with manual landmarking.
More importantly, we find strong statistical evidence for replication of a large number of previously reported GWAS signals, most of which are also supported
by experimental data. Finally, the majority of the novel association signals detected here replicate in independent datasets, including an Asian sample also
characterized using Face++.

Given the wide-spread availability of facial photographs, automated landmarking could facilitate future genetic studies based on sample sizes much larger
than hitherto examined and comparable to those included in the largest GWAS performed to date (now including over a million individuals)53–55. The study of
such large samples will enable high-powered analyses of the genetic architecture of facial variation in humans. Importantly, the use of plain 2D photography
should also facilitate a more comprehensive world-wide sampling of human facial variation than hereto possible. The importance of studying non-European
populations is illustrated by our analysis of Latin Americans, which in addition to European ancestry also have Native American and African ancestry. The
informativity of Latin Americans is illustrated here by the novel case of archaic introgression we detected here. The introgressed haplotype around the ATF3
gene region has a high frequency in East Asians and Native Americans, but is essentially absent in Europeans. Although 3D image analysis provides a fuller
description of morphological features than 2D photographs, the need for specialized equipment for the acquisition of 3D images complicates its widespread
use across worldwide populations. In addition, although sophisticated multivariate methods for 3D image analysis have been developed8, composite
phenotypes constructed in such analysis are specific to the samples studied, complicating the comparison of traits across independent study samples. Simple
metrics, such as inter-landmark distances do not suffer from this difficulty and could also be more sensitive to specific genetic effects on narrow facial
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features8. Finally, automatic analysis of 2D facial photographs could facilitate the simultaneous study of facial features other than morphology, as illustrated
here by the effects detected on eyebrow size. This could be of special relevance in forensics, which makes extensive use of 2D photographs. It is unclear that
the prediction of facial features from genetic data will be of sufficient accuracy to be of practical utility in forensics56, 57. However, considering the much wider
availability of 2D, relative to 3D data, progress in this area of research is more likely to stem from the analysis of 2D than 3D images (at least in the short
term). Appropriate development of such forensic research will need to consider a wide range of ethical and legal issues associated with the use of highly-
sensitive personal data58–60.

Methods
Study subjects

Discovery sample: 6,486 (Colombia, N=1,407; Brazil, N=674; Chile, N=2,003; Mexico, N=1,203 and Peru, N=1,199) individuals from the Consortium for the
Analysis of the Diversity and Evolution of Latin America (CANDELA consortium) were included in frontal photographs collection. CANDELA consortium
(https://www.ucl.ac.uk/biosciences/gee/candela/) has been used to study physical appearance in Latin American for multiple studies, and details could be
seen in Ruiz-Linares et al. 201417. Ethical approval was obtained from the Universidad Nacional Autónoma de México (México), Universidad de Antioquia
(Colombia), Universidad Perúana Cayetano Heredia (Perú), Universidad de Tarapacá (Chile), Universidade Federal do Rio Grande do Sul (Brazil) and University
College London (UK). All participants provided written informed consent. 

Replication samples: We examined replication in two independent data samples: one Chinese and one European. 

The Chinese sample includes 5,298 individuals39. This sample stems from the National Survey of Physical Traits (NSPT) cohort (n = 2,628) and the Taizhou
Longitudinal Study (TZL) cohort (n = 2,670)27, 61. The Taizhou Longitudinal Study (TZL) was approved by the Ethics Committee of Human Genetic Resources
at the Shanghai Institute of Life Sciences, Chinese Academy of Sciences (ER-SIBS-261410). The National Survey of Physical Traits (NSPT) is the sub-project
of The National Science & Technology Basic Research Project which was approved by the Ethics Committee of Human Genetic Resources of School of Life
Sciences, Fudan University, Shanghai (14117). All participants provided written informed consent.

The European replication sample is the discovery cohort examined in the GWAS of Xiong et al. 20194. This sample includes 10,115 individuals of European
ancestry recruited in three countries (Netherlands, N=3,193; United Kingdom, N=4,727 and United States, N=2,195). The summary statistics are publicly
available at https://doi.org/10.6084/m9.figshare.10298396

Genotype data

The genotype data examined here are those analyzed in previous GWAS of the CANDELA sample1, 15, 16, 18, 19. Briefly, a blood sample was collected from each
volunteer and DNA extracted following standard laboratory procedures. DNA samples were genotyped on the Illumina HumanOmniExpress chip including
730,525 SNPs. PLINK v1.90 was used for quality control. Individuals and SNPs with >5% missing genotypes, SNPs with<1% minor allele frequency, and
individuals who failed the X- or Y- chromosome sex checks were excluded. After these QC filters, ~650,000 SNPs and 5,500 individuals were retained for
further analyses. SHAPEIT262 was used for pre-phasing the chip genotype data, and IMPUTE263 was then used to impute variants using the 1000 Genomes
Phase 3 reference panel. Imputation led to 11,532,785 SNPs being available for association testing.

Phenotyping

Frontal digital photographs were taken for each CANDELA volunteer, at eye level, 1.5m away, using a Nikon D90 camera (12,3 Megapixels resolution) fitted
with a Nikkor 50 mm fixed-focal-length lens17. The photographs were anonymized for confidentiality, and stored on a secure cluster, where an API script
available from Face++ (https://www.faceplusplus.com), implementing a pre-trained deep learning model was run. Face++ placed 106 landmarks on each
photograph (Supplementary Figure S1), and provided a set of attribute values. Face images with attribute values indicative of poor quality (e.g. blurriness,
head pose) were excluded. We focused on 34 landmarks corresponding mostly to well-defined anatomical landmarks of common usage (Figure 1A,
Supplementary Table S2). Procrustes superimposition was performed using MorphoJ64 and pairwise inter-landmark distance (ILD) calculation was carried out
using R65. Since Procrustes-adjusted landmarks coordinates were symmetrized, some inter-landmark distances were identical. After removing these
duplicates, 301 distances (labeled as ‘D’ followed by a number, Supplementary Table S3) were retained for the GWAS. 

To evaluate the robustness of the Face++ landmarking, we examined the accuracy of 16 landmarks which were placed manually on a subset of 1,610
photographs in a previous study16 (Supplementary Figure S2). Median Euclidean distances and intraclass correlation coefficients (ICCs) between Face++ and
manual landmark coordinates were obtained using Matlab66.

Statistical genetic analysis

To estimate the narrow-sense heritability (h2) for each trait, we firstly computed a genomic relationship matrix (GRM) after gathering all individuals who
appeared in at least one trait, using LDAK520 with default parameters. For each trait, h2 was estimated by fitting an additive linear model with a random effect
term whose variance was obtained from the GRM, and added age, sex, BMI, 6 genetic PCs and head angles as covariates. 

Genome-wide association study (GWAS) was conducted on the ILD phenotypes using PLINK v1.9. Sex, age, BMI, three head angles (yaw, pitch, roll) and the
first 6 genetic PCs were included as the covariates.
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Multiple testing was corrected by estimating the false discovery rate (FDR) threshold with the Benjamini-Hochberg procedure. The adjusted genome-wide
significance threshold was 1.82×10-6, which is larger than the commonly used GWAS genome-wide significance threshold (5×10-8). Therefore, we eventually
used 5×10-8 as the threshold. 

After correction of multiple testing with FDR, the combined significance threshold in the two replication cohorts was 0.0253. 

To group SNP-based GWA results across all analyses based on linkage disequilibrium (LD) between SNPs, we conducted clumping in PLINK v1.9 on the
combined output file of all GWA analyses. We used 0.1 for LD threshold, and 1,000 Kb for the physical distance threshold, which in total resulted in 62 clumps.
To further determine if each clump is independent, we conducted conditioned analyses on the signals physically close to each other. All covariates used in the
original GWA analysis were also added in the conditional GWAS. All signals with a conditioned P-value greater than 5×10-8 were merged with their neighboring
signals. 

Conditional GWAS was also carried out to determine if a signal has been reported or not. We first picked out signals that fall on the chromosome bands that
have been reported. Then we gathered all reported SNPs in each chromosome band and added those reported SNPs into the regression models of
corresponding SNPs of the same chromosome band in our results. If P-value obtained was above the suggestive significant threshold (1×10-5), this signal
would be regarded as a reported signal, and conversely, it would be regarded as a new signal. 

Interaction of EDAR with other genes

We examined the interaction between rs3827760 (EDAR causal SNP) and other index SNPs by testing regression models, adjusting for age, sex, BMI, three
head angles, and the first six genetics PCs, as in our primary association analysis. 

Index SNPs’ independence of rs3827760 were determined based on the results of this conditional GWAS, with the suggestive significant threshold (1×10-5)
applied. 

Multiple-testing corrected P-value threshold of 9.6×10-4 was used. 

Expression analysis for significant SNPs

To further study the functions in facial development of the genome-wide significantly associated SNP markers and candidate genes nearby, we downloaded
the RNA-seq data of CNCCs from the study of Prescott et al. (2015)67. Among all 118 genes annotated to 42 significant genomic regions, we found that 103
genes could express in CNCCs. We divided all the genes expressed in CNCCs into three groups. The first group includes 30 genes annotated to nine reported
genomic regions in Table 1. The second group includes 73 genes annotated to the rest of 33 novel genomic regions. The third group includes the other 55,779
genes expressed in CNCCs as background genes. We performed comparisons of average expression levels among three groups by t-test.

Detection of archaic introgression near ATF3 and association with facial features

Imputed genotypes of all samples and on 4,311 SNPs located in a 1Mb window around ATF3 were firstly phased by SHAPEIT4 (with default parameters). We
then used a dedicated strategy68 (relying on SHAPEIT2 with option “--call”) to align these initial phases to those estimated from chip genotypes in this region.
This low-density phasing was obtained by running RFMix (v1)69; it is expected to be more accurate and is aligned with local ancestry estimates resulting from
that RFMix run. The rephased data was then filtered following the procedure described in Bonfante et al. (2021)1, with the “Altai” Neanderthal sample and the
108 YRI samples from 1000GP3 respectively as archaic and modern references. A total of 3,231 SNPs were eventually retained to perform introgression scans
with admixtureHMM41, a hidden-Markov model for the purpose of detecting archaic admixture. For subsequent analyses, we considered only tracts that were
called with a minimal confidence of 99% and that were longer than 10Kb (to avoid spurious ancestry calls). As the phases were aligned with RFMix ancestry
calls, we were able to assign most archaic tracts to a continental ancestry background.

In order to test the association between archaic tracts and traits associated to that region, we counted the number of alleles that were carried by an
introgression tract for each imputed SNP in the region and for each individual, which would be used as a coding of genotypes in modern and archaic counts.
We defined 140 admixture mapping segments by merging consecutive SNPs with similar codings (that is, allowing a maximum of 1% change in coding from a
SNP to the next one). A total of 103 segments had sufficient MAF (>1%) and were tested for association using the same linear model as for the initial GWAS.

Annotation of SNPs in FUMA

A subset of GWAS summary statistics including only significant SNPs (P < 5×10-8) and a pre-defined lead SNP list obtained after clumping in Plink v1.9 were
loaded to functional mapping and annotation (FUMA)52. SNP2GENE was processed to identify independent SNPs (r2<0.6) and candidate SNPs. Candidate
SNPs are the SNPs in LD of one of the independent significant SNPs, which includes non-GWAS tagged SNPs extracted from 1000 genomes reference panel.
Implemented tool ANNOVAR was used to annotate the functional consequences on gene function on the independent SNPs and candidate SNPs.

Shape GWAS in outbred mice

We reanalyzed GWAS data on craniofacial shape variation in outbred mice53. Coordinates for 44 landmarks (17 pairs of symmetric landmarks and 10
landmarks on the median plane), along with allele dosage at 70k SNPs for 692 mice were kindly provided by Luisa Pallares. We performed a full generalized
Procrustes analysis with object symmetry70, and the phenotypic variation was modeled on the basis of the 67 non-null principal components (PC). A
multivariate mixed model was fitted to evaluate the association between allele dosage and craniofacial shape (including skull centroid size as covariate).
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Environmental and genetic covariances were modeled only from PC1 to PC10 (explaining 62.3 % of the total variance), and only variances were modeled for
higher PCs. The variance components estimated for the model without SNP from the genomic relatedness matrix were used to correct both gene dosage and
phenotypes71. Association was tested based on Pillai trace statistics obtained from the multivariate regression between the corrected genotypes and PC
scores.  A False Discovery Rate (FDR) was computed based on 100 permutations of corrected PC scores following the approach of Nicod et al (2016)71 and
used to identify SNPs exceeding a FDR threshold of 5%.
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Figures

Figure 1

Overall summary of the GWAS performed here. (A) Illustration of the location of the 34 landmarks used for calculation of the 301 inter-landmark distances
examined in the GWAS. (B) Illustration of 148 inter-landmark distances showing significant association with at least one genomic region. Distances
significantly associated with the 9 genomic regions reported in previous GWAS of facial features are in black (genomic regions that are included in Table 1).
Distances significantly associated with the 5 novel highlighted genomic regions are in red (genomic regions that are included in Table 2). Distances
significantly associated with the rest of genomic regions are in light blue. (C) A combined Manhattan plot illustrating the significant GWAS signals across all
301 inter-landmark distances. 1,865 SNPs (dots) across 42 genomic regions exceed the nominal significance threshold of -log(P)>7.3 (red line). For visibility,
the y-axis has been truncated at a -log(P) of 13. Red labels indicate novel candidate genes highlighted in this study (Table 2). Black labels indicate candidate
genes reported in previous GWAS of facial features (Table 1). 

Table 1
Features of nine genome regions reported in previous facial morphology GWASs for which genome-wide significant association is also observed

here.
Chromosomal region Index SNP Candidate genea # significant traits # significant SNPs Strongest P-value Refs.

2q12.3 rs72627476 EDAR 75 1,245 5.60×10− 34 1, 5, 16

7p14.1 rs846315 GLI3 5 31 1.20×10− 12 2, 16

2q36.1 rs13022712 PAX3 18 37 6.42×10− 12 1, 2, 4, 5, 8, 14, 24, 25

5q13.2 rs7341037 FOXD1 10 18 1.49×10− 10 27

6p21.1 rs141680515 SUPT3H/RUNX2 15 275 1.68×10− 10 1, 2, 5, 8, 16, 25

15q21.1 rs1426654 SLC24A5 2 4 1.74×10− 10 1

4q31.3 rs2045323 DCHS2/SFRP2 8 64 9.35×10− 10 1, 2, 8, 16

5p12 rs4505960 FGF10 3 1 2.43×10− 8 2

15q25.2 rs62027787 ADAMTSL3 1 3 2.65×10− 8 2

a Genes including significantly associated SNPs are underlined (bold indicates that an associated SNP leads to an amino-acid substitution).

Table 2
Features of five genomic regions newly associated with facial variation.

Region Index SNP Alleles

(Ref/Alt)

Association

P-value

Candidate genes #
Significant

traits

#
Significant

SNPs

Replication

P-Valuea

CAN

AF

NAM

AF

EUR

AF

AFR

AF

1q32.3 rs12564392 C/A 2×10− 08 ATF3,FAM71A,BATF3,NSL1 3 3 0.0105 0.28 0.61 0.01 0.00

3q21.1 rs820360 A/G 5×10− 10 PTPLB,MYLK-AS1,MYLK 8 3 0.0014 0.35 0.32 0.37 0.06

8p11.21 rs59547557 T/C 7×10− 10 ADAM18,ADAM2,IDO1,IDO2 7 39 0.0025 0.48 0.31 0.55 0.81

10p11.1 rs58831446 A/AT 1×10− 10 ZNF248,ZNF33BP1,ZNF25 8 25 0.0002 0.51 0.66 0.41 0.44

22q12.1 rs9608473 G/A 1×10− 08 SEZ6L 6 11 0.0011 0.29 0.49 0.10 0.07

(a) Smallest P-value observed in the Chinese and European replication samples.

AF, alternative allele frequency; CAN, CANDELA; AFR, Sub-Saharan African; EUR, European (from 1000 genomes); NAM, Native American.
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Figure 2

Illustration of inter-landmarks distances associated with the 6 most robustly replicated signals (EDAR, GLI3, PAX3, FOXD1, RUNX2, DCHS2). Red/yellow color
gradient reflects the strength of SNP association with a facial distance. Red/blue gradient indicates the direction of the SNP effect.
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Figure 3

Regional association plots for 4 novel genomic regions associated with facial features (1q32.3, 3q21.1, 8p11.21, 10p11.1). Each panel shows on the left the
association P-values for SNPs in a region (with the index SNP labeled, and annotated genes underneath). On the right of each panel are displayed the
associated inter-landmark distances (Top: color reflects P-value. Bottom: color reflects the direction of the effect)

Figure 4
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Regional association for SNPs in 1q32.3 with the distance between landmarks 13-23 (D203). Top panel: -log P-values obtained in the initial GWAS (circles in
the background) and with archaic (Neanderthal) admixture mapping analyses (squares in the foreground marking the center of an admixture mapping
segment and whiskers marking its extent). For the two types of association tests, SNPs have been colored to reflect LD with the most significant SNP in the
initial GWAS (rs12564392). Middle line: Combined craniofacial annotations, including craniofacial-specific super-enhancers, around the index SNP from the
Roadmap Epigenomics project for a model learned with ChromHMM using 25 states and 12 marks. Color codes follow the key defined by the Roadmap
Epigenomics project (https://egg2.wustl.edu/roadmap/web_portal/imputed.html#chr_imp). Middle panel: archaic introgression tracts called in any CANDELA
sample have been aggregated, yielding, at each position, the frequency of archaic introgression. Bottom panel: candidate genes in the vicinity. A width of 100
KB on each side of the index SNP rs12564392 is shown.

Figure 5

Regional association plots for the 22q12.1 region in human (top) and mice (bottom). (A) LocusZoom plot for the 22q12.1 region: Top panel shows regional
association P-values (index SNP is labelled); bottom panel shows the genes in vicinity. (B-C) Associated inter-landmark distances; (B): color reflects P-value.
(C): color reflects the direction of the effect. (D) Regional association plot for the Tct28/Mn1 homologous region in mouse chromosome 5. Dot colours
correspond to the LD (r2) with rs32069343. Brown genes are annotated for craniofacial, skeleton, bone, etc. (E) Phenotypic effect on the cranial shape
associated with allele dosage at the rs32069343. Expansion/contraction relative to the mean shape is shown in blue/brown. To facilitate visualization, the
effect has been amplified by a factor of 20 (see also Supplementary Movie).
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