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In brief

Tooth morphology varies through

evolution and in modern human

populations, but little is known about the

genetics of this variation. Li et al. identify

genes associated with tooth crown

dimensions and expressed during dental

development. Variants in one gene stem

from Neanderthal, suggesting their role in

human dental evolution.
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SUMMARY
Dental morphology varies greatly throughout evolution, including in the human lineage, but little is known
about the biology of this variation. Here, we use multiomics analyses to examine the genetics of variation
in tooth crown dimensions. In a human cohort with mixed continental ancestry, we detected genome-wide
significant associations at 18 genome regions. One region includes EDAR, a gene known to impact dental
features in East Asians. Furthermore, we find that EDAR variants increase the mesiodistal diameter of all
teeth, following an anterior-posterior gradient of decreasing strength. Among the 17 novel-associated re-
gions, we replicate 7/13 in an independent human cohort and find that 4/12 orthologous regions affect molar
size inmice. Two association signals point to compelling candidate genes. One is�61 kb fromPITX2, amajor
determinant of tooth development. Another overlaps HS3ST3A1, a paralogous neighbor of HS3ST3B1, a
tooth enamel knot factor. We document the expression of Pitx2 and Hs3st3a1 in enamel knot and dental
epithelial cells of developingmouse incisors. Furthermore, associated SNPs in PITX2 andHS3ST3A1 overlap
enhancers active in these cells, suggesting a role for these SNPs in gene regulation during dental develop-
ment. In addition, we document that Pitx2 and Hs3st3a1/Hs3st3b1 knockout mice show alterations in dental
morphology. Finally, we find that associated SNPs in HS3ST3A1 are in a DNA tract introgressed from Nean-
derthals, consistent with an involvement of HS3ST3A1 in tooth size variation during human evolution.
INTRODUCTION

Due to their remarkable preservation and extensivemorphological

variation, teeth havebeenusedextensively in evolutionarystudies.

Dental features have contributed importantly to taxadefinition and
Current Biology 35, 131–144, Jan
This is an open access article under the CC BY-NC-ND
phylogenetic analyses, including in hominins.1 Furthermore,

anthropological studies have documented extensive variation in

dental morphology within and among modern human popula-

tions,2 dental features being used in applications ranging from

population history analyses to individual identification.
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The use of dental features in evolutionary and anthropological

studies is predicated on these features being under strong ge-

netic control. Quantitative genetic analyses in humans have esti-

mated a moderate to high heritability (�50%–90%) for dental

crown morphology.3,4 Furthermore, animal studies have identi-

fied dozens of genes involved in dental development (http://

bite-it.helsinki.fi), and mutations in some of these genes have

been shown to result in rare dental anomalies in humans.5 How-

ever, little is known about the genetic basis of variation in dental

morphology in the general population. Candidate gene analyses

have reported a few associations with certain dental features.6,7

Although genome-wide association studies (GWASs) have been

reported for some oral traits (e.g., caries, periodontal disease,

and age of dental eruption), to our knowledge no such study

has been published for tooth morphology. Elucidating the ge-

netic basis of dental variation in the population should help throw

light on the evolutionary and developmental processes underly-

ing morphological change.

In recent decades, genome-wide analyses have led to the

identification of a plethora of SNPs associated with common

phenotypic variation, including certain morphological traits.8

However, our understanding of the biological basis for these

statistical associations is generally incipient. This is usually so

because the statistical effects involve non-coding SNPs and

occur in linkage disequilibrium blocks, complicating the distinc-

tion between ‘‘causal’’ and ‘‘non-causal’’ associations. The bio-

logical mechanism underlying causal associations is thought to

relate to the involvement of SNPs in regulating the expression

of ‘‘effector genes’’ (i.e., those involved in biochemical and

cellular pathways relevant to the phenotype studied). Functional

genomics technologies are providing powerful tools to examine,

at the cellular level, gene expression regulation, thus helping to

shed light on the biology of GWAS associations. However, the

application of cell-specific omics technologies to dental pheno-

types is in its infancy.

Here, we aim to harness genomic and cell-specific functional

genomic analyses to explore the genetic basis of variation in
132 Current Biology 35, 131–144, January 6, 2025
human dental morphology. We obtained three dental crown

measurements (mesiodistal and buccolingual diameters and

height) in a sample of Colombians of mixed European, Native

American, and African ancestry. We detected an effect of conti-

nental ancestry on dental dimensions and identified significant

associations at 18 genome regions. The most robust genome-

wide associations were observed in the EDAR gene region,

with Native American variants increasing the MDD of all teeth

following an anterior-posterior gradient. The other 17 genomic

associations we detect are novel. We show that most of these

associations replicate in a second human cohort, and certain ho-

mologous regions also affect molar morphology in mice. Several

of the associated regions point to prominent effector genes,

particularly PITX2 and HS3ST3A1. We obtained mouse embryo

multiomics data showing that associated SNPs in the PITX2

and HS3ST3A1 regions overlap enhancers active in key cell

types during dental development. We further show that mice

deficient for Pitx2 and Hs3st3a1 present alterations of crown

morphology, supporting their conserved function in influencing

tooth form. Finally, we find that associated SNPs in HS3ST3A1

are in a DNA tract introgressed from Neanderthals, pointing to

an involvement of this gene in human tooth size evolution.

RESULTS

Study sample and data examined
We obtained 3D surface scans of dental plaster casts from 882

Colombian volunteers and used automatic segmentation pro-

cedures to isolate and orientate incisors (I1 and I2), canines

(C), premolars (P1 and P2), and molars (M1 and M2) (Figure 1).

We then measured the mesiodistal and buccolingual crown di-

ameters (henceforth MDDs and BLDs) and clinical crown height

(henceforth height/H; see STARMethods) of each available tooth

(Figure 1), resulting in up to 84measurements being obtained per

individual. Intraclass correlation analysis of automatic and

manual measurements, obtained in 25 individuals, indicated a

good reliability of the automatic measurements (Table S1). After
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Figure 1. Procedure for 3D phenotypic data

collection

Dental crown measurements were obtained for

each tooth, after segmentation of a 3D image from

a full dental arcade. In (A) are shown example 3D

images of a dental cast and segmented teeth. In

turquoise is shown the unsegmented dental ar-

cade, with different tooth classes identified (I, in-

cisors; C, canines; P, premolars; M,molars). Within

the arcade are shown (in white) examples of indi-

vidual teeth, obtained after segmentation of the

dental arcade. The segmented teeth are aligned

along standardized 3D coordinates, from which

the mesiodistal diameter (MDD, y axis), buccolin-

gual diameter (BLD, x axis), and height (H, z axis)

measurements are obtained. For illustration,

example teeth have been slided along the x or y

axis. In (B) and (C), we show the planes from which

MDD, BLD, and H measurements are obtained for

each tooth.
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exclusion of outliers (due to occasional segmentation problems),

the measurements are approximately normally distributed (Data

S1). We performed genome-wide genotyping of the volunteers

on Illumina HumanOmniExpress or GSA chips. The resulting

data were merged and imputed (using 1000 Genomes Phase III

[1000GP3]) up to a total of �10.3 million SNPs. Based on the

chip data, the average genome ancestry for the individuals

examined was estimated as �59% European, �30% Native

American, and �11% African.

Correlations of dental measurements
We examined correlations between measurements for upper

(U) and lower (L) teeth, on both the left (L) and right (R) sides of

the dental arcades (Figure S1; Table S2). Strongest correlations

(r > 0.7) were observed for the same measurements (BLD, MDD,

or H) taken on the same tooth (either L/R or U/L) and for compar-

isons involving teeth of the same class (incisors, premolars, and

molars). Stronger correlations were seen for teeth on the same

dental arcade than between the upper and lower arcades.

Strong correlations between teeth of different classes were

seen only for H, possibly due to the sensitivity of this measure-

ment to the extent of exposed tooth root.

We used partial correlations to examine the effect on left/right

averaged BLD, MDD, and H of age, sex, stature, and continental

genetic ancestry (considering upper and lower dentition sepa-

rately, Table S3). Moderate (significant) correlations were

observed for age with H for all teeth (0.12 < r < 0.34), probably

reflecting increased tooth root exposure with age. Low/moder-

ate (significant) correlations with sex were observed for most

crown measurements (0.01 < r < 0.28), males having larger teeth

than females, the largest sexual dimorphism being observed

for canine dimensions, in agreement with previous studies

(Table S3; Figure S2).9 Non-significant correlations were

observed between dental dimensions and stature, with the

exception of BLD, which for certain teeth showed a low (<0.16)

but significant correlation. Low/moderate (significant) correla-

tions (0.07 < r < 0.28) were observed for genetic ancestry with

dental crown dimensions: the strongest effects were seen for

MDD and BLD of premolars, with African and Native American
ancestry increasing these dimensions, relative to European

ancestry (Table S3). This observation agrees with anthropolog-

ical surveys reporting that Europeans have the smallest crown

BLD and MDD among continental populations.10

Overview of GWAS results
Initial analyses examined SNP association with left/right average

MDD, BLD, and H measurements for each tooth (a total of

42 traits). We observed genome-wide significant association

(p value < 5 3 10�8) in eight genome regions, involving 439

SNPs and 13 traits (Figure 2; Table S4). Three regions were asso-

ciated with MDD, three with H, and two with BLD. One region (on

2q12) was significantly associated with the MDD of six different

teeth and showed suggestive association (p value < 10�5) for the

MDD of three other teeth, always resulting in an increased MDD

(for the remaining five teeth, the effects were in the same direc-

tion, but association p values were below significance). Two re-

gions (on 8p23.2 and 16q24.1) significantly associatedwith LI2 H

and UC BLD, respectively, were also suggestively associated

with the same measurement in other teeth (always involving

the same dimension: H or BLD, Figure 2; Table S5). The other

significant associations involved a single tooth. When comparing

the upper and lower dental arcades for the eight significantly

associated regions, more associations were detected in the up-

per (8 significant, 4 suggestive) than in lower arcade (5 signifi-

cant, 2 suggestive).

Since we found strong correlations between measurements

for teeth of the same class (Figure S1), we also performed a

multivariate analysis (Wald test) grouping measurements ob-

tained in incisors, canines, premolars, or molars (but analyzing

separately upper and lower dentition, resulting in 24 traits being

examined). A total of 11 genome regions showed significant as-

sociations (p value < 53 10�8, involving 114 SNPs and 10 mea-

surements; Figure 2; Table S4). Among these 11 regions, 6 were

associated with MDD, 3 with BLD, and 2 with H. As seen in the

univariate analyses, 2q12 shows significant effects on MDD for

the upper and lower dentition. Incisor MDD is significantly asso-

ciated with four genome regions (Figure 2; Table S4). All other

traits were associated with a single genome region. All
Current Biology 35, 131–144, January 6, 2025 133



Figure 2. Summary of GWAS results

(A) Manhattan plot displaying the location of regions

significantly associated with at least one (left-right

average) measurement, i.e., the BLD, MDD, or H

obtained on each of the upper (U) and lower

(L) incisors (I1 and I2), canines (C), premolars (P1

and P2), and molars (M1 and M2). The genome-

wide significance threshold is indicated by a red line

(<5 3 10�8). For each significant hit, the tooth in

which the strongest association was detected is

shown (color indicating the measurement involved:

green: BLD, red: MDD, blue: H). The location of

EDAR and HS3ST3A1 in the 2q12 and 17p12 re-

gions, respectively, is indicated.

(B) Manhattan plot displaying the location of sig-

nificant hits based on a Wald test applied to the

BLD, MDD, and H measurements for teeth of the

same class, i.e., incisors (I), canines (C), premolars

(P), and molars (M), from the upper/lower dental

arcades. The location of EDAR and PITX2 in the

2q12 and 4q25 regions, respectively, is indicated.

(C) Summary of association results, across all

measurements, for the index SNPs in the 18 regions

with at least one genome-wide significant associa-

tion. Colored dots/bars at the top/bottom of each

cell refer to results from teeth in the upper/lower

arcade. Left/right position of dots on the cell refers

to the first/second tooth for each class. Bars refer to

results from a Wald test combining measurements

for teeth of the same class. Genome-wide signifi-

cant p values (<5 3 10�8) are indicated in red, and

suggestive p values (between 5 3 10�8 and 10�5)

are in yellow.

See also Tables S4 and S5 and Data S2.
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Table 1. Follow-up of novel GWAS hits in a Chilean replication sample and in a mouse QTL analysis

Regiona Index SNP p value Replication SNP Replication p valueb Mouse QTL p valuec

1q24.2 rs9332575 3.37E�8 N/A N/A 4.52E�6d

2q12.3 rs3827760 7.55E�20 rs3827760 7.27E�5d N/A

4q22.3 rs62306712 3.39E�8 rs6840219 4.36E�3d N/A

4q24 rs9995250 4.11E�8 rs9995250 1.40E�1 N/A

4q25 rs3866831 9.45E�12 rs3866831 5.10E�2 1.56E�5d

6q12 rs4710320 4.96E�8 N/A N/A N/A

6q25.2 rs71803342 1.65E�8 rs71803342 5.56E�2 7.09E�4

7q21.11 rs374151389 4.27E�8 rs374151389 7.35E�3 N/A

7q21.13 rs200603184 1.63E�8 N/A N/A N/A

8p23.2 rs202037377 8.74E�9 rs202037377 1.74E�3d 1.01E�3

9q21.32 rs7870024 1.17E�8 rs7870024 5.47E�2 6.54E�3

11q23.3 rs34750993 2.32E�8 rs34750993 1.76E�3d N/A

13q14.11 rs9562329 1.20E�8 rs9566820 1.54E�2d 2.78E�4

14q12 rs3940231 1.57E�8 rs3940231 1.13E�2d N/Ad

16q24.1 rs11646373 2.53E�8 rs11646373 1.30E�1 7.40E�4

17p12 rs35674068 3.98E�8 rs35865369 1.25E�3d 1.71E�5d

17q12 rs8076153 2.27E�8 rs8076153 1.59E�2d 2.42E�5d

19q13.41 rs7251705 1.64E�8 N/A N/A N/A

See also Tables S4 and S7.
aRegions detected in the Wald test are in italics (the 2q12.3 region was also significant in the regular GWAS).
bReplication p values from single-trait associations had an FDR-adjusted significance threshold of 0.0154; the significance threshold for the Wald test

associations is 0.0324. Significant values are shown in bold. N/A indicates the SNP was not available for testing in the replication cohort.
cThe FDR-adjusted significance threshold is 10�4, corresponding to an FDR < 5%. N/A indicates the homologous region was not reliably mapped in

mice.
dSignificant values.
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significant regions detected in the univariate analyses produced

suggestive associations in themultivariateGWAS, with the 2q12

association with MDD being significant in both univariate and

multivariate tests (Table S5). Conversely, several of the regions

significant in the Wald test were suggestively associated in the

univariate tests (Table S5). The partial overlap between the uni-

and multivariate analyses is consistent with the varying statisti-

cal power of these two types of tests to detect tooth-specific

effects versus pleiotropic effects involving teeth with correlated

measurements.

Follow-up of GWAS hits
For replication analyses of the 17 novel hits detected here, we

examined an independent sample of 186 individuals (33%males

and 67% females), aged 18–45 years (mean = 33), recruited in

Arica, Chile. Processing of phenotypic and genotypic data in

this sample was as in the Colombian sample, with average

ancestry in the Chileans estimated as 3.4%African, 51.5%Euro-

pean, and 45.1% Native American. We focused on replication of

the index SNPs at the associated regions detected in the GWAS,

using the same tests as in the Colombian sample. When the in-

dex SNP was unavailable in the Chilean sample, we tested a

proxy SNP (in LD with the index SNP and associated at least

at a suggestive threshold in the Colombian GWAS). Overall,

13/17 of the novel regions could be tested in the Chilean sample,

and 7/13 were significantly associated with dental crown mea-

surements, after a false discovery rate (FDR) multiple-testing

correction (Table 1).
We also evaluated if SNPs in mouse genome regions homolo-

gous to the newly associated regions detected in the GWAS

impact on molar size in outbred mice. We examined publicly

available data from Facebase, comprising micro computed to-

mography (microCT) skull scans and data for �60,000 SNPs

genome wide.11,12 We obtained MDD and BLD measurements

from the three upper and lower molars in �1,000 mice. Since

soft tissue was not reliably recoverable with the scan parameters

used by FaceBase, H was not obtained from the mouse scans.

Therefore, we only tested in mice the 12 regions associated

withMDDor BLD in humans. A quantitative trait locus (QTL) anal-

ysis indicates that four of these regions (homologous to human

1q24.2, 4q25, 17p12, and 17q12) have significant effects on

mouse molar MDD or BLD (Table 1).

A gradient for the effect of EDAR on tooth crown MDD
In the univariate analyses, we observed that the EDAR region is

significantly associated with the MDD of 6 teeth: first lower

incisor, second lower incisor, second upper incisor, lower

canine, upper canine, and second upper premolar (Figure 2;

Table S5). EDAR is also suggestively associated with MDD of

the first upper incisor, first and second upper molars (Figure 2;

Table S5). The strongest association is seen for incisors and

the weakest for molars. Comparing the effect size divided by

MDD across tooth classes, we observe an anterior-posterior

gradient for the effect of EDAR on MDD (Table 2): incisors

show the largest effect (0.028) followed by canines (0.019),

with premolars and molars having the smallest effects (0.015
Current Biology 35, 131–144, January 6, 2025 135



Table 2. Effect of EDAR on the MDD of different teeth

UI1 UI2 LI1 LI2 UC LC UP1 UP2 LP1 LP2 UM1 UM2 LM1 LM2

Effect (beta/MDD)a 0.018 0.038 0.027 0.031 0.017 0.022 0.016 0.022 0.008 0.014 0.014 0.017 0.013 0.006

Average effect 0.028 0.019 0.015 0.012

Wald test p valueb <1E�16 1.37E�8 3.68E�4 1.26E�4
aTo enable comparison across different tooth classes, the effect estimated from the regression analysis (beta) was divided by the MDD. All values

shown are for index SNP (rs3827760).
bTheWald test was applied to each class of teeth (incisors, canines, premolars, andmolars), usingmeasurements for left, right, upper, and lower teeth.
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and 0.012, respectively). A similar trend is observed comparing

the p values from the Wald test across tooth classes (Table 2).

Cell-type-specific enhancer activity and candidate gene
expression
Several of theassociated regionspoint tocandidateeffector genes

with independent evidence for an involvement in dental develop-

ment. The EDAR region is the only case for which various studies

suggest that the phenotypic association relates to the impact of

an amino-acid substitution on EDAR activity during development.

In the novel regions detected here, all but one of the associated

SNPsarenon-codingand located in intronic or inter-genic regions.

Thisagreeswithevidence indicating thatSNPsassociatedwithhu-

man morphological variation mostly mediate their effects through

regulatory effects on nearby developmental genes.13–15 To eval-

uate the relationship of associated SNPs with enhancer activity

and gene expression during dental development,we obtained sin-

gle-nucleus multiome (single nucleus RNA sequencing [snRNA-

seq] and single nucleus assay for transposase-accessible chro-

matin sequencing [snATAC-seq]) data from cap stage mandibular

incisors at embryonic day 13.5 (E13.5). We identified 11 cell-spe-

cific gene expression signatures. From these, we identified active

enhancers and predicted enhancer:gene interactions in associ-

ated regions at cell-type resolution (Figure S3). Belowwe highlight

results for the most prominent candidate genes potentially medi-

ating the phenotypic associations for two genome regions (in

Data S2, we present results for other associated regions).

4q25: PITX2
SNPs in 4q25 showed significant association with the BLD of up-

per premolars (UP) in the Wald test (Figure 3A strongest p value

of 9.45 3 10�12 for rs3866831). Significant association of SNPs

in this region with BLD of maxillary and mandibular third molars

was also observed in outbred mouse data (Table 1). The closest

gene to the association peak (�60 kb upstream) is the paired like

homeodomain 2 (PITX2) gene. Experimental studies have shown

thatPitx2 plays a prominent role inmouse development, including

teeth.16Asexpected frompreviousstudies,wefind thatE13.5mul-

tiomedata showexpressionofPitx2 in dental epithelium, including

enamel knot cells (Pitx2 having been established as one of the

expression markers for this cell type; Figure 3C). The associated

region identified here (BP: 111,624,540–111,732,114) is in LD

with enhancer elements active in enamel knot and dental epithe-

lium cells (Figure 3B). A recent GWAS of facial features reported

an association of SNPs in 4q25 with maxillary morphology.15 The

index SNP associated with facial shape in 4q25 is 14 kb from the

index SNP identified here (rs3866831; r2 = 0.4), suggesting that

variants in this genome region could impact patterning and scaling

in multiple orofacial contexts.
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17p12: HS3ST3A1
The SNPs in 17p12 associated with BLD of upper central incisors

(UI1) overlap heparan sulfate-glucosamine 3-sulfotransferase

3A1 (HS3ST3A1) (Figure 3D) and are all non-coding. Significant

association for the index SNPs in this region with dental dimen-

sions was also observed in the Chilean replication sample, and,

in mice, SNPs in the homologous region are associated with

molar dimensions (Table 1). There is no previous evidence

for the involvement of HS3ST3A1 in dental development. How-

ever, a paralogous gene �800 kb from HS3ST3A1 encodes

HS3ST3B1 (Figure 3D), which has recently been identified as a

novel enamel knot factor.17 It has long been known that the

enamel knot determines the size, shape, and cusp morphology

of developing teeth.18 The cell-type-specific multiome data we

obtained shows expression of HS3ST3A1 in bone progenitor,

dental mesenchyme, and enamel knot cells at E13.5 (Figure 3F).

Furthermore, the associated 17p12 SNPs (genome coordinates:

13,402,978–13,453,558) overlap enhancer elements active in all

these same cell types, with certain enhancers predicted to regu-

late expression of HS3ST3A1 (Figure 3E). These regions are also

predicted to physically contact regulatory regions alongside

HS3ST3B1, suggesting a potential coregulation of these two

genes.

Dental morphology in Pitx2 heterozygote and
Hs3st3a1;Hs3st3b1 mutant mice
Homozygous null Pitx2 mice, which die at birth due to cardiac

anomalies, have previously been reported to have hypoplastic

maxillary and mandibular prominences with tooth development

arrested at the bud stage.19 Therefore, to evaluate the potential

effect of Pitx2 expression on mouse tooth size, we examined

molar size in heterozygous Pitx2 mutant mice following 3D

rendering of reconstructed microCT scans. Upon visual inspec-

tion, all control mice presented with the expected number

(three), morphology (overall and cusp number), and size of mo-

lars in the maxillae and mandibles. In contrast, we noted one

Pitx2 heterozygote was missing a right maxillary third molar

and had a small additional molar anterior to the first molar on

the left hemimandible. Furthermore, compared with controls,

all remaining Pitx2 heterozygotes presented bilaterally with

visibly small maxillary and mandibular third molars, with the

maxillary third molars appearing smaller than the mandibular

third molars. In addition, all mandibular second molars in Pitx2

heterozygotes and the second maxillary molars in two of these

mice were also missing a cusp (Figure 4).

Consistent with the previously reported association of PITX2

SNPs with maxillary morphology,15 measurements of the maxil-

lary andmandibular alveolar lengths revealed Pitx2 heterozygotes



(legend on next page)
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to be �4.3% (p value = 2.153 10�3) and 3.6% (p value = 4.433

10�5) shorter, respectively, than wild-type littermate controls,

regardless of sex. The maxillary molar tooth row lengths (sum of

MDDs of the three molars) were �6.1% shorter than controls (p

value = 6.98 3 10�5), while mandibular molar tooth row lengths

were �2.5% (p value = 3.91 3 10�2) shorter than controls. How-

ever, when considering the ratio of average alveolar length to

average total molar row length, only the maxillary ratio was signif-

icantly different between heterozygotes and controls (p value =

0.036), indicating that the maxillary molar row was disproportion-

ately smaller in Pitx2 heterozygotes. Assessment of the MDD and

BLD of individual maxillary molars confirmed the small third mo-

lars but also highlighted smaller MDD and BLD for the first maxil-

lary molars in heterozygotes compared with controls.

A similar evaluation of crown morphology was undertaken for

Hs3st3a1; Hs3st3b1 double knockout (DKO) mice. Qualitative

assessment of Hs3st3a1; Hs3st3b1 and age, sex, and genetic

background-matched controls also revealed small maxillary

third molars in all DKO mice, with additional morphological

anomalies seen in some teeth. These included cusp size, num-

ber, and shape anomalies affecting all three maxillary molars

(Figure 4). No overt defects in morphology were observed in

the mandibular molars. Quantitative analysis showed a

significantly reduced MDD of the maxillary third molar (p

value = 1.30 3 10�7) but not of BLD (p value = 0.90). Overall,

the total maxillary molar row length was not significantly different

betweenmutants and controls (p value = 0.14), although the total

molar row length showed marked variability. In addition, the

maxillary first molar of the DKO mice was found to be larger in

both BLD (p value = 1.53 3 10�2) and MDD (p value = 3.01 3

10�2) compared with age- and sex-matched controls (Figure 4).

Notably, BLD of the maxillary incisors was also shown to be

decreased (p value = 1.41 3 10�2) for the DKO mice, but MDD

was not significantly different from controls (p value = 0.16).

Furthermore, in Hs3st3a1;Hs3st3b1 DKO mice, the mandibular

alveolar length (1.693 10�2), but not themaxillary alveolar length

(p value = 0.15), was significantly shorter than controls. In

contrast to the Pitx2 heterozygous mice, only the mandibular

average alveolar length to total molar row length ratio was signif-

icantly different between DKO mice and controls (p value =

1.843 10�4). Notably, the BLD:MDD ratio—a measure of overall

crown size—showed significantly increased variation in dimen-

sions of all teeth in the DKO mice compared with controls (Lev-

ene’s test: M1: p = 0.017; M2: p = 0.043; M3: p = 0.000046; I: p =

0.039; see Figure 4E).
Neanderthal introgression in associated regions
We screened for Neanderthal introgression at the 18 genome re-

gions associated here with dental measurements. We focused

on detecting introgression tracts in a 1 Mb window centered

around the index SNP of each region. Considering only
Figure 3. Regional association, cell-type-specific predicted enhancer:

Regional association, cell-type-specific predicted enhancer: gene connections an

values (colors reflecting LD with the labeled index SNP). The positions of the PITX

and E) Cell-type-specific chromatin profiling in developing mouse incisor buds. F

calls from ATAC-seq, the third row shows enhancers called from ATAC peaks, and

(A), (D), (B), and (E) is the region comprising SNPs associated at genome-wide sig

mouse incisor bud cells (x axis is gene expression, in transcripts per million, and
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introgression tracts called with >99% confidence, >25 kb in

size, andwith a frequency >1% in the Colombian sample, we de-

tected Neanderthal introgression in 14/18 regions. Using an

admixture mapping approach, we defined 261 Neanderthal seg-

ments in these regions and tested for association of each

segment with the phenotypes examined in the Colombian sam-

ple. We found that Neanderthal introgression segments in the

17p12/HS3ST3A1 region are significantly associated with BLD

of UI1 (p value = 2.43 10�7; Figure 5), consistent with the effect

seen for SNPs in this region in theGWASanalyses. The Neander-

thal segment with the strongest association spans �20 kb and

includes the GWAS index SNP in this region (rs35674068). The

introgression signal we detected in 17p12 overlaps a similar

signal reported in a previous analysis of 379 Europeans and

286 East Asians.20 This signal was also detected with an alterna-

tivemethod in our data (IBDmix21—Figure S4). Contrasting intro-

gression calls in 17p12 with calls of local ancestry (African, Euro-

pean, or Native American ancestry), we infer that Neanderthal

introgression in this region is contributed by the European

ancestry component in the Colombian sample (Figure S5;

Table S4).
DISCUSSION

The number, size, and shape of teeth varies greatly throughout

the evolution of vertebrates, including mammals.22 This variation

has generally been thought to reflect evolutionary adaptation,

particularly to changes in diet.23 Consistent with the macroevo-

lutionary role of adaptation during tooth morphology evolution,

signals of positive selection have been reported in mammals at

certain genes expressed during dental development.24,25 In

hominins, a reduction in tooth size has been documented from

the middle Pleistocene to the present, this reduction being

observed also in prehistoric modern humans across the world

over the last several millennia.26 Several explanations have

been proposed for this reduction in hominin tooth size, particu-

larly the change to a softer diet resulting from new food prepara-

tion and processing techniques.27 Modern human populations

across the world also show variation in various metric and non-

metric dental features.10 In contrast to long-term evolutionary

trends, it has been argued that variation in dental morphology

among contemporary human populations does not result from

adaptation but could mostly be neutral.2 Furthering our under-

standing of the genetics basis of dental variation should help

throw light on the evolutionary forces shaping tooth morphology

and its developmental basis.

The effects we detect of continental genetic ancestry on BLD

and MDD agree with anthropological studies documenting

smaller crown sizes in Europeans, relative to Africans and Native

Americans.10 The dental morphology differentiation between

continental populations and the effect of genetic ancestry on
gene connections and gene expression in 4q25 and 17p12

d gene expression in 4q25 (A–C) and 17p12 (D–F). (A and D) SNP association p

2 gene (A) and HS3ST3A1 and HS3ST3B1 genes (D) are shown underneath. (B

or each cell type, the top row shows ATAC-seq, the second row shows peak

the fourth row shows predicted enhancer:gene connections. Shaded in blue in

nificance. (C and F) Expression plots for Pitx2 (C) and Hs3st3a (F) in developing

y axis is the number of cells from that cluster).



Figure 4. Crown size differences in Pitx2 heterozygous KO mice and Hs3st3a1;Hs3st3b1 DKO mice

(A) Examples of maxillary molar rows from control (wild-type) and Pitx2 KO heterozygotes. The small third molar and second molar cusp anomalies are marked

(yellow arrowheads).

(B) Buccolingual diameter (BLD) and mesiodistal diameter (MDD) of individual maxillary molars in control and Pitx2 heterozygotes. Error bars represent the

standard deviation of the measurements.

(legend continued on next page)
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BLD andMDDdetected here are consistent with the existence of

allelic variants impacting crown dimensions with differentiated

frequencies between continental populations. A prominent

example is SNPs in the EDAR region, where associated alleles

are seen at high frequency only in East Asians and Native Amer-

icans (Tables 1, 2, and S4). Consistent with the effect of genomic

ancestry, we find that the Native American alleles in EDAR in-

crease MDD for all teeth. These EDAR alleles are in strong LD

over a large genome region (of �2 Mb), which appears to have

been under strong recent selection,28,29 and includes a V370A

gain-of-function substitution in EDAR (rs3827760).28 Early candi-

date-gene studies associated this V370A variant with hair thick-

ness and shovel-shaped incisors (SSIs) in East Asians.6Further-

more, recent GWASs have demonstrated a high pleiotropy for

EDAR SNPs, associating these with a range of tegumentary

and facial features.13,14,30–32

The anterior-posterior effect gradient we observe for EDAR

SNPs on tooth MDD agrees with studies in East Asians showing

a stronger association of rs3827760 with crown size for anterior

(incisors and canines) than for posterior (premolars and molars)

teeth.6 Furthermore, a positive correlation has been reported be-

tween MDD and SSI in East Asians, possibly reflecting enamel

overgrowth.6 Consistent with the stronger effect of EDAR on

anterior teeth, rare mutations involving EDAR have been shown

to lead to selective tooth agenesis, preferentially involving ante-

rior teeth.33 Furthermore, EDAR mouse mutants show a com-

plete loss of enamel in incisors but only reduced enamel in mo-

lars.34 These observations agree with teeth developing in an

antero-posterior direction1 and the proposal that ‘‘pattern

genes’’ affect tooth development following a modular frame-

work, coinciding with the proposed Turing-type mechanism of

activation of signaling centers that establish repeated patterns

during morphogenesis.35 This is supported by studies in mice

showing a developmental role for Eda/Edar signaling in ante-

rior-posterior patterning of the incisor and molar tooth buds36

and its key role in driving the evolutionary trajectories of specific

dental morphologies.37 Although here we detect significant

pleiotropic effects only for EDAR, pleiotropy is probably present

for other loci, but detecting such effects through statistical asso-

ciation will require additional population studies.

It is possible that the strong phenotypic effect of EDAR on

dental and other tegumentary phenotypes relates to the func-

tional impact of the V370A EDAR substitution. By contrast, mul-

tiomics studies have shown that SNPs associated with facial

morphology and with tooth eruption/number of teeth are over-

whelmingly non-coding and enriched in gene expression regula-

tory elements active during craniofacial development.13,14

Consistently, in the novel regions we detected here, we find

only one other missense SNP associated at genome-wide signif-

icance (in the RABGGTA gene in 14q12; Data S2). Furthermore,

our RNA-seq analyses confirm that SNPs associated with dental
(C) Examples of maxillary molar rows from control (wild-type) and Hs3st3a1;Hs3s

cusps in the first and second molars seen in mutant mice are marked (yellow arr

(D) BLD and MDD diameters of individual maxillary molars and incisors in control a

of the measurements.

(E) Comparison of BLD:MDD ratios of each maxillary tooth from control and Hs3s

Asterisks mark significant differences (p < 0.05). Error bars represent the standa

See also Figure S7.
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dimensions overlap enhancers active during dental development

in key cell types (Figure 3; Table S4). In addition, the KO mouse

mutants we examined directly confirm a conserved evolutionary

role for expression levels of PITX2 and HS3ST3A1-HS3ST3B1

influencing normal dental dimensions andmorphology (Figure 4).

Interestingly, the overlap of HS3ST3A1 alleles associated with a

reduction in UI1 BLD with a signal of Neanderthal introgression

(Figures 3 and 5) suggests that HS3ST3A1 regulation could

have also played a role in tooth size reduction both in archaic

and modern humans. Of relevance, trends for reduction in tooth

size, enamel thickness, and coronal dentine have been reported

in hominins, from the Plio-Pleistocene onward.27 Furthermore,

HS3ST3A1 Neanderthal alleles are common in Europeans but

have low frequencies in Africans and East Asians (Table S4), sug-

gesting that these alleles could contribute to the differentiation of

dental size between Europeans and non-Europeans.10

PITX2, a member of the highly conserved PITX homeobox

transcription factor family, plays a critical role in pituitary, facial,

dental, cardiac, intestinal, and muscle development.38 The

involvement ofPITX2 in toothmorphogenesis is well established,

with this gene being expressed in the dental epithelium from the

earliest developmental stages and throughout tooth morpho-

genesis.39 Mutations in PITX2 cause Rieger syndrome type 1,

an autosomal dominant disorder whose cardinal features include

hypodontia (and other dental abnormalities), often affecting

maxillary premolars,40 and a flattenedmidface. Pitx2-null mutant

mouse embryos have arrested tooth development at placode or

bud stage. Heterozygote mutants have been previously

described as normal,16 but here, we show that these mutants

in fact have reduced dimensions of the first and third molars,

as well as various molar cusp shape deviations, andmildly short-

ened maxillae.

HS3ST3A1 and HS3ST3B1 are enzymes synthesizing 3-O-

sulfated heparan sulfate (HS) moieties. These genes are widely

expressed, with HS impacting the activity of a wide range of

membrane receptors and ligands, including fibroblast growth

factors (FGFs) and their receptors. It is well established that

FGFs play an important role in tooth development, repair, and

regeneration,41 including interactions with PITX2. BothHs3st3a1

and Hs3st3b1 are expressed in fetal submandibular gland end

bud and myoepithelial cells, both of which are progenitor cells

during development and regeneration.42 Hs3st3b1 has been

recently identified as a novel enamel knot factor with a high likeli-

hood of involvement in human non-syndromic dental pheno-

types.17 The enamel knot has long been known to influence tooth

size and shape. Our analysis of tooth dimensions, both in

outbred mouse crosses and in Hs3st3a1;Hs3st3b1 DKO mice,

and enhancer contacts in dental cell populations, supports direct

roles for both of these genes in dental crown morphology.

We hypothesize that the sensitivity of the first and third

molars, but not the second molars, in both the Pitx2 KO and
t3b1 double knockout (DKO) mice. The small third molar and abnormal molar

owheads).

nd Hs3st3a1;Hs3st3b1 DKOmice. Error bars represent the standard deviation

t3a1;Hs3st3b1 DKOmice reveals increased variability of all crown dimensions.

rd deviation of the measurements.



Figure 5. Neanderthal introgression in 17p12 and BLD of first upper incisors (UI1)

(A) Frequency of Neanderthal introgression in the region (Neanderthal tracts called have been aggregated across individuals).

(B) Association �log p values for Neanderthal ancestry with UI1 BLD. The squares in the foreground mark the center of a Neanderthal segment with whiskers

marking its extent. For reference, SNP association�log p values from the GWAS are shown as circles in the background. Colors of squares and circles reflect LD

with the index SNP from the GWAS (rs35674068). Gene annotations in the region are shown underneath.

(C) Average UI1 BLD for individuals with different genotypes for the Neanderthal segment showing the strongest association (overlapping the index SNP

rs35674068 in B). M, modern human; N, Neanderthal. Vertical bars indicate standard errors, with number of individuals for each genotype in parenthesis.

See also Figure S5.
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Hs3st3a1;Hs3st3b1 DKO mice arise through distinct mecha-

nisms. In mice, as in humans, molars develop in an anterior to

posterior direction, governed by repeated initiation of signaling

centers and gene expression that define the dental placodes

and tooth growth. Like other repeated structures in the animal,

this is thought to arise through a Turing-type mechanism of

sequential patterning.36 For example, although mice, like other

rodents, are characterized by a large diastema between the inci-

sors and molars that is devoid of teeth, they still initiate the early

molecular signature of dental placodes in this region. Specif-

ically, two signaling centers and subsequently early tooth

buds, defined by activated and spatially restricted gene expres-

sion, still form within the diastema segment. However, these

recede as the placodes for the eventual first molars form. It is

thought that these receding buds can be promoted to continue

to form ‘‘pre-molars’’ following disruptions to genes important

for this repeated patterning. Such a ‘‘pre-molar’’ was activated

in one of the Pitx2 KO mice in this study, consistent with this

gene being a critical early placodal gene. Likewise, the function

of Hs3st3a1 and Hs3st3b1 has been proposed to impact

signaling of key pathways such as Fgfs, which are known to

play an important role in dental placode development. For this

reason, the anterior molars are proposed to be more sensitive

to perturbation of gene expression, whether through genetic

variation or the influence of environmental factors. In contrast,

the third molars—both in the maxillae and mandible—are the

last to form and erupt. Changes in third molar morphology are
common in both humans and mice, with impacts on morphology

and eruption sensitive to a multitude of genetic and environ-

mental disruptions.43 Importantly, third molar size and presence

can also be impacted by facial and jaw size.44 In this regard, in

each mutant (Pitx2 and Hs3st3a1-b1), the maxillary and mandib-

ular alveolar bone is shorter than littermate controls. We there-

fore posit that the altered third molar morphology in these mice

could be related to shared or independent mechanisms of these

genes in regulating jaw size.

The application of omics technologies to the analysis of tooth

morphology is in its infancy. Our results illustrate the potential of

this approach to further our understanding of the genetic and

cellular basis of dental variation. Additional analyses should

shed further light on the developmental processes shaping

dental morphology and help clarify debates concerning the

forces at play during human dental evolution. A greater under-

standing of the processes underlying dental morphology varia-

tion could also contribute to the development of novel strategies

for the management of dental dysmorphologies.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Genome-wide association scan summary data This paper GWAS Catalog: GCP000906

Micro-computed tomography (microCT)

head and genotypes of 1,147

Diversity Outbred mice

FaceBase consortium website www.facebase.org

Experimental models: Organisms/strains

Mouse: Pitx2-Cre knock-in driver line Professor James Martin

(Baylor College of Medicine, Texas)

https://doi.org/10.1038/45797

Mouse: Hs3st3a1;Hs3st3b1 DKO Professor Matthew P. Hoffman https://doi.org/10.1126/

sciadv.adf6232

Software and algorithms

Dental arcade segmentation algorithms Professor Youyi Zheng

(https://doi.org/10.1109/TVCG.2018.2839685)

N/A

PLINK v1.90 https://www.cog-genomics.org/plink/1.9 N/A

SHAPEIT2 https://mathgen.stats.ox.ac.uk/genetics_

software/shapeit/shapeit.html

N/A

IMPUTE2 https://mathgen.stats.ox.ac.uk/

impute/impute_v2.html

N/A

Fastman https://www.biorxiv.org/content/

10.1101/2022.04.19.488738v1

https://github.com/kaustubhad/fastman

N/A

SlicerMorph https://slicermorph.github.io/ N/A

ANTsRCore package https://github.com/ANTsX/ANTsRCore N/A

Rvcg package https://cloud.r-project.org/web/packages/Rvcg N/A

qtl2 package https://github.com/rqtl/qtl2 N/A

ArchR (v.1.0.1) https://github.com/GreenleafLab/ArchR/releases N/A

SuperPlotsOfData https://github.com/JoachimGoedhart/

SuperPlotsOfData

N/A

Onewaytests package https://journal.r-project.org/articles/RJ-2018-022/ N/A

ADMIXTURE http://dalexander.github.io/admixture/ N/A

ppcor package https://cran.r-project.org/web//packages/ppcor/ N/A

KING-robust https://www.kingrelatedness.com/ N/A

admixtureHMM https://github.com/amyko/admixtureHMM N/A

Shapeit4 https://odelaneau.github.io/shapeit4/ N/A

RFMix v1 https://github.com/indraniel/rfmix N/A
EXPERIMENTAL MODELS AND STUDY PARTICIPANTS

Human subjects
Our study sample consists of cohorts of individuals recruited in Medellı́n, Colombia (mostly students and staff of Universidad de Anti-

oquia). One set consisted of 316 individuals from the CANDELA cohort13,30–32 who we recontacted for this study. The second set

consisted of 566 individuals recruited specifically for this study but using the same approach as for the CANDELA cohort. The full

study sample included 882 individuals (54% women), aged 18–40 years (mean = 22.9). Stature information was available for 743

of these individuals. For replication analyses, we recruited a second cohort in Arica, Chile, comprising 186 individuals (67%women),

aged 18–45 years (mean = 33.0). Recruitment was carried out with the approval of the ethics committees of Universidad de Antioquia

(Medellı́n, Colombia) or Universidad de Tarapacá (Arica, Chile). All participants provided written informed consent.
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Mutant animals
The Pitx2-Cre knock-in driver line, which is haplo-insufficient for Pitx2 due to the insertional inactivation by Cre integration, was pre-

viously described45 and was a kind gift from Professor James Martin (Baylor College of Medicine, Texas). Hereafter, these mice are

referred to as Pitx2 heterozygotes and were maintained under a protocol (#41143) approved by the University of Missouri-Kansas

City’s Animal Care and Use Committee. Hs3st3a1 and Hs3st3b1 encode paralogous heparan sulphate sulfotransferases that are

members of a larger family of sulfotransferase that exhibit some functional redundancy.42 The generation of the Hs3st3a1 and

Hs3st3b1 double knockout mice (Hs3st3a1;Hs3st3b1 DKO) has previously been described and are viable and fertile.46 All mice

were maintained on a C57BL/6J background and treated according to guidelines approved by the National Institute of Dental and

Craniofacial Research and National Institutes of Health Animal Care and Use Committee (protocol number ASP-20-1048). Informa-

tion on sex, genotype, and developmental stage is provided in the subsequent section.

METHOD DETAILS

Phenotyping
Dental plaster casts were obtained using alginate (hydrogum fast setting elastic alginate - Zhermack) and gypsum (elite ortho white -

Zhermack) materials. The dental casts were scanned using a DAVID SLS-2 structured light 3Dscanner (DAVID Vision Systems, Ko-

blenz, Germany) or a portable 3D Artec Space Spider scanner (Artec 3D, Santa Clara, California). High resolution 3D models were

then exported as stereo-lithography (STL) files, including volume, color and texture. Individual teeth were extracted from the 3D

models of each dental arcade using an automatic segmentation approach.47

To orientate each tooth consistently, we obtained a rotation matrix and applied it to their original location on the dental arcade (Fig-

ure 1). The accuracy of the automatic segmentation and orientation procedure was evaluated manually by visualizing the results us-

ing a customR script (Figure 1). Cases with segmentation or orientation problems were excluded from the subsequent analysis. After

alignment, individual toothmeasurements were obtained automatically by calculating the difference between themaximum andmin-

imum coordinates of a mesh vertex along each axis: mesiodistal diameter (MDD, x-axis), buccolingual diameter (BLD, y-axis), and

height (H, z-axis), respectively. Specifically, MDD is the distance between the most mesial (toward the midline of the dental arch) and

the most distal (away from the midline of the dental arch) points of the tooth, measured along the x-axis. BLD is the distance between

the most buccal (toward the cheek) and the most lingual (toward the tongue) points of the tooth, measured along the y-axis. H is the

distance from the highest point of the tooth crown to the lowest point of the tooth crown, measured along the z-axis. The measure-

ments were extracted using a custom R script that processed the 3D coordinates of the mesh vertices.

The crownmeasurements we obtained are not identical to the definitions of crownMDD, BLD and H in dental anthropology. Partic-

ularly, H is usually defined as the distance between the top of the crown and the enamel-cementum junction. Rather, our measure-

ment of H corresponds to ‘‘clinical crown height’’ as defined by the World Dental Federation: the distance between the highest point

on the tooth crown to the lowest edge of the gum.

We obtained these measurements for all available first and second incisors (I1 and I2), canines (C), first and second premolars (P1

and P2) and first and second molars (M1 and M2) of upper (U) and lower (L) teeth on both the left (L) and right (R) sides of the dental

arcades. Third molars were not considered as they were missing in most individuals. For the subsequent analyses we excludedmea-

surements exceeding +/- three standard deviations from themean. This stepwas performed separately formen andwomen. The final

sample size for each measurement ranged between 610-720 in the Colombian sample and 123-146 in the Chilean sample.

Genotype data
DNA extraction (from blood or saliva) and genotyping followed standard laboratory protocols. The first set of 316 CANDELA Colom-

bian individuals were previously genotyped on Illumina’s HumanOmniExpress chip.13,30–32 The second set of 566 Colombians and

the 186 Chileans were genotyped on Illumina’s HumanOmniExpress or GSA chips. Of the 566 Colombian samples, 156 were gen-

otyped on the HumanOmniExpress chip, and 410 on the GSA chip. All 186 Chilean samples were genotyped on the GSA chip. Thus,

in total, 472 individuals (all Colombians) were genotyped on the HumanOmniExpress chip and 596 individuals (Colombians and Chil-

eans) on the GSA chip. PLINK v1.90 was used for quality control of genotyping data. Individuals and SNPs with >5% missing geno-

types, SNPs with <5%minor allele frequency (MAF), and individuals who failed the X- or Y- chromosome sex checks were excluded.

After these QC filters, 697,067 variants for the Illumina HumanOmniExpress chip and 683,494 variants for the Illumina GSA chip were

retained for further analyses.

Prior to imputation, we assessed the potential batch effect between genotyping chips. We first merged the genotypes of the two

genotyping chips (Illumina GSA and Illumina OmniExpress) over the 181,667 autosomal variants common to both chips and with

MAF>1%. Then, we computed the top ten principal components (PCs) and, for each of those, tested whether the means of individ-

uals of each chip were different or not. The top PCs capture the main population structure (e.g. continental ancestry clines) and,

although individuals from the two genotyping chips show overlapping clouds, they two batches have slightly different ancestry com-

positions (see Figure S6) due to the urban sampling location being very ethnically diverse and admixed. Therefore, we have adjusted

the PCs to the three main ancestries (African, European and Native American) before testing mean differences. The tests results are

shown in Table S6: accounting for multiple testing (significant if p < 0.005), none of the top-ten PCs have a significantly different mean

across genotyping chips, indicating thereby that no potential batch effect was detected.
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Imputation was performed separately for the HumanOmniExpress and GSA datasets but using the same approach. First,

SHAPEIT248 was used with default parameters to pre-phase the chip data. IMPUTE249 was then used to impute variants using

the 2,504 individuals from the 1000GP3 as reference. Eventually, in each separate set, we retained only the variants with high geno-

type reliability, those complying with the following conditions: (i) imputation quality scores (INFO scores) equal or above 0.40, (ii)

concordance value above 0.70, (iii) gap between the INFO score and concordance value below or equal to 0.10, (iv) call rate equal

or above 0.95 after marking individual genotypes with maximum genotype probability below 0.90 as missing and (v) minor allelic fre-

quency above 0.01. These filtering rules led to similar numbers of retained variants for both sets: 11,532,785 SNPs for the set using

the HumanOmniExpress chip, and 11,632,267 SNPs for the set using the GSA chip. Among them, 11,027,943 variants were retained

in both datasets.

To further filter-out potentially misimputed SNPs, we discarded 730 SNPs (0.007%of the total) whose reference allelic frequency in

each set differed by >0.20. The remaining SNPs were merged into a single dataset, from which we further filtered-out: (i) SNPs within

segments of low confidence in local ancestry (29 segments covering 71.3Mb, see below), and (ii) SNPswith >5%missingness or with

MAF<5% in the study sample. The final merged dataset used in the analyses included 6,332,275 genotyped or imputed SNPs.

Outbred mice analyses
A sample of 1,147 Diversity Outbred (DO) mice was used for QTL analysis. DO is a heterogeneous stock derived from the intercross-

ing of eight inbred founders11 over 9 to 27 generations. Micro-computed tomography (microCT) head stacks at voxel sizes of

0.035mmand genotypes of 56,885 SNPswere retrieved from the FaceBase consortiumwebsite (www.facebase.org),12 correspond-

ing to the ‘‘Facial shape and allometry quantitative trait loci in the Diversity Outbred mouse’’ dataset.12 The data were downloaded in

March 2021 and for 70% of the image stacks on June 20th 2022. Original metadata of microCT and genotyping information can be

found in Katz et al.12

Registration of image stacks
Global alignment of the image stacks was based on rigid alignment of low-resolution 3D skull models using RANSAC and Iterative

Closest Point algorithms as implemented in SlicerMorph.50 After this general alignment, upper and lower rows on the same side were

first registered together to a reference stack manually labelled using a deformable registration based on cross-correlation metric im-

plemented in the ANTsRCore package.51 Deformable registration was again performed at the row level to improve correspondence

with the reference individual.

All left-side and 50% of right-side molar registrations underwent manual verification, and for a few a manual correction was

applied. A machine learning approach based on gray value quartiles was then employed for QC of the remaining.

Linear measurement of molars
A 3D surface was generated for each molar using the marching cubes algorithm implemented in the Rvcg package.52 On the refer-

ence individual, twelve landmarks were placed to approximate the cingulum along the molar row. To predict these landmarks on

other samples, the coherent point drift algorithm53 was employed through the Alpaca module54 of SlicerMorph.50 The principal

axes of the twelve cingulum landmarks were used to orient the row and projecting all mesh vertices onto the first principal plane.

Individual measurements of the second and thirdmolars were obtained directly from this row alignment by computing the differences

between the maximum and minimum coordinates along the two axes, whereas for the more elongated first molar the rotation matrix

was first optimized to the principal axes of the tooth.

Outlier values for each molar were removed by excluding teeth exceeding the 2.5th upper quantile of the distribution of the Maha-

lanobis distance around the mean. Mice with measurements available for both left and right sides (ranging from 488 to 635 mice de-

pending on the specific molar) were averaged. In total, between 913 and 1003 mice have measurements for both the length and the

width of a molar, with 792 of them having the complete set of 12 measurements.

QTL mapping
A linear mixed model was fitted at each marker with the fixed effect of sex and DO batches, which differ in number of outcrossing

generations and age-at-sacrifice. For each marker, we computed genotype probabilities given the observed multipoint marker

data and observed founder haplotypes using the qtl2 package,55 and combined them to get the expected number of alleles inherited

from each of the eight founders. An additional random effect of kinship was included in the model. A leave-one-chromosome-out

approach was implemented to estimate this kinship to avoid the inclusion of a tested locus, which is known to reduce power.56

Mouse loci were defined as the location of the highest -log10p value in a region of ± 2Mb window, crossing a threshold of 3.5,

and with 1-LOD drop around.

Furthermore, we repeated the outbred mice analyses considering body mass at sacrifice and facial centroid size, to assess the

effect of body size. Mass at sacrifice showed no significant effect on tooth dimensions. Facial centroid size (based on 22 facial land-

marks) explained a low (average of 3%) but significant fraction of the variance in length/width of molars. We repeated the QTL an-

alyses including bodymass or facial CS as a covariate. The results obtained are very similar to those reported in themanuscript, albeit

with some drop in significance for certain regions (Table S7). To ensure consistency with the human data, we presented the analyses

without adjusting for body mass or facial centroid size.
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Comparison to human hits
Human loci on the GRCh37 were converted in mouse GRCm38 locations using LiftOver tool (https://genome.ucsc.edu/cgi-bin/

hgLiftOver). These converted locations were then compared to the mouse hits on the basis of their proximity. The false discovery

rate (FDR) of these loci was computed as the ratio of the number of times from 100 randomization per traits a locus was exceeding

a given threshold in the ± 2Mb neighborhood of the mouse-converted human locus.

Developing mouse incisor cell-type-specific analyses
We isolated cap stage mandibular incisor buds bilaterally from E13.5 mouse embryos (Bl/6 mice), and pooled �10 tooth buds from

mixed sex littermates. With 3 replicates of these samples, we generated single nucleus ATAC-seq and RNA-seq libraries following a

published protocol.57 These libraries were sequenced on an Illumina NovaSeq 6000 and aligned using a standard CellRanger multi-

ome pipeline.57 Subsequent analyses were performed using ArchR (v.1.0.1),58 scripts for which can be found detailed on our github

(https://github.com/emmawwinchester/Incisor_Multiome). Briefly, cell types were classified based on previously published canon-

ical marker genes (Figure S3).17 Each cell type had reproducible ATAC peaks called in a pseudobulk manner using Macs2 and

pseudobulk gene expression calculated as transcripts per million. After identification of pseudobulk reproducible ATAC peaks

and pseudobulk gene counts, we converted these data to the orthologous regions in the human genome (LiftOver on ATAC peaks,

minMatch=0.25; 1:1 ortholog table on gene counts). These data were analyzed together with previously published chromosome

conformation capture (Hi-C) data from embryonic human craniofacial tissues using the Activity-by-Contact (ABC) model to predict

enhancer:gene pairs.59 Detailed scripts and blacklists can be found at https://github.com/emmawwinchester/Incisor_Multiome.

Mutant mouse analyses
MicroCT and landmark-based measurements

Heads of six month-old Pitx2 heterozygotes and sex- and background-matched controls, as well as 10-12 week old Hs3st3a1-b1

DKO mice and their sex- and background-matched controls, were imaged in a Skyscan 1275 microCT (Bruker; Kontich, Belgium).

Six female and two male Pitx2 heterozygotes and eight female and seven male littermate controls were available for imaging and

analysis. For Hs3st3a1-b1 DKO mice, five male mice were imaged along with five male background matches control mice. Scans

were performed at 17.63 micron resolution using the settings: 55 kV, 181 mA, 45 ms exposure, 0.5 mm Al filter, 0.3�rotation step,

and 4 frame averaging. Raw scan data were reconstructed using the NRecon software (Bruker) with consistent greyscale threshold

values for mutants and their matched controls, then the data rendered in 3D using Drishti Volume Exploration software v3.0.60

Within Drishti, the following bilateral measurements were taken: the mesiodistal and buccolingual diameters (MDD and BLD,

respectively) of the first, second and third maxillary molars, the maxillary and mandibular alveolar lengths (average of left and right

side measurements), the total maxillary and mandibular molar row lengths on each side, and the MDD and BLD of each maxillary

incisor. The landmarks used for each measurement were placed independently by two researchers (TC, JC) and are shown and

described in Figure S7. Because of the inbred nature of the mice, combined with the independent growth of the dentition on each

side, the measurements of the left and right-side molar and incisors were considered distinct measures. Only the left and right-

side maxillary and mandibular alveolar measurements were averaged. Measurements were graphed using SuperPlotsOfData61

and statistically analyzed using Welch’s t-test.61 For the analysis of variation, Levene’s test was performed, utilizing the R package

onewaytests. Differences were considered significant for comparisons yielding p<0.05. For the Pitx2 heterozygotes, there was no

significant difference between measurements from the male and female mice and so the data was combined for the final analyses.

QUANTIFICATION AND STATISTICAL ANALYSES

Ancestry estimation
An LD-pruned set of 93,328 autosomal SNPs was used to estimate European, African and Native American ancestry proportions us-

ing supervised runs of ADMIXTURE.62 Reference parental populations included in the ADMIXTURE analyses consisted of Africans

and Europeans from 1000 Genomes Phase 3 and selected Native Americans, as described in Chacón-Duque et al.63

Correlation analysis
Spearman’s correlations were calculated to assess the relationships between measurements of the upper (U) and lower (L) teeth on

the left (L) and right (R) sides of the dental arcades (Table S2). Partial correlation analysis was conducted to examine the relationships

between dental measurements and covariates, including age, sex, stature, and genome-wide ancestries (Figure S2; Table S3). The

pcor function from the R package ppcor was utilized for this analysis.

To assess the reliability of our automatic MDD, BLD and H measurements, we evaluated intraclass correlations with manual mea-

surements obtained on dental plaster casts of 25 individuals. The manual measurements were obtained with a high-precision digital

Mitutoyo caliper (MITUTOYO, 0 in to 6 in / 0 to 150 mm range, ±0.001 in accuracy, 4-Way Digital Caliper - 5C668 | 500-171-30 -

Grainger). The Intraclass Correlation Coefficients are shown in Table S1).

GWAS analyses
Relatedness between samples was estimated using KING-robust64 implemented in PLINK v2.0, which is better suited to estimate

relatedness in admixed individuals. Only one individual from any related pair (with a threshold of IBD > 0.1, excluding third degree
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relatives and higher) was retained. SNPs with minor allele frequency <5% were excluded, leading to 9,383,530 SNPs being tested.

Two sets of analyses were performed. Firstly, GWASswere conducted on left/right averageMDD, BLD andHmeasurements for each

individual tooth, using PLINK v.1.9.47 Secondly, multivariate (Wald test) GWASs were conducted (using R) for MDD, BLD and H for

each class of teeth (incisors, canines, premolars andmolars). This test excludes individuals with any missing data, resulting in a sam-

ple size for the Wald GWASs between 570-704. In all the GWAS analyses we incorporated as covariates age, sex and the first 6 ge-

netic PCs. Since we did not have stature information for�15% of individuals and we observed a significant correlation between stat-

ure and BLD for certain teeth, we evaluated the effect on the GWAS of including stature as a covariate.

In the subset of individuals with stature information, we performed GWAS including stature as a covariate, and contrasted the

P-values using Q-Q plots to the GWAS results on the same subset of individuals, excluding stature as a covariate. Results (Data

S3) showed that the P-values were nearly identical, and genomic inflation factor (lambda) values for all traits were close to 1 (mini-

mum: 0.997, maximum: 1.006). In particular, the main hits were the same in both analyses, with only some variation in the level of

statistical significance for some of them.

Furthermore, we performed a statistical sensitivity analysis to assess the extent of the effect stature was exerting on the GWAS

results in the subsample. We used mediation analysis,65 a kind of structural equation modelling (SEM), to assess the ‘indirect effect’

of stature on the association between a trait and its index SNP. This was done via the ‘Judd & Kenny Difference of Coefficients

Approach’65, which compares the SNP’s regression coefficient with and without stature in the GWAS regression model, and tests

whether they are significantly different. Calculations performed using the ‘‘mediation’’ package in R66 showed that for all the 13 uni-

variate traits with significant GWAS associations, the test was non-significant (smallest P-value 0.128, Table S8), indicating that body

height had no effect on the GWAS results.

Since these analyses did not evidence a significant effect of stature in the GWAS, in the manuscript we present results from the full

sample, analyzed without stature as a covariate.

GWAS results were visualized as Manhattan and Q-Q plots, generated with the R package Fastman.67 The Q-Q plots for all traits

showed no sign of inflation, and the genomic inflation factor (lambda) of all traits was close to 1 with the maximum value of 1.03 and

median value of 1.01, which indicate that appropriately controls for population stratification had been taken care of.

Accounting for multiple testing
To account for multiple testing in theGWAS, due to the number of phenotypes examined, we estimated the false discovery rate (FDR)

using the Benjamini-Hochberg procedure.68 This resulted in an adjusted genome-wide significance threshold of 1.64310-7 and

1.23310-6, for the single-trait and multiple-trait (Wald) analyses, respectively.

We evaluated an alternative FDR calculation based on the effective number of independent tests, corresponding to the number of

independent phenotypes times the number of independent SNPs.14,68 An eigenvalue decomposition of the phenotype correlation

matrix leads to an estimation of the effective number of independent phenotypes as 33.78. LD pruning of the genotypic data leads

to an estimation of 1,346,783 independent SNPs. The effective number of independent tests was thus estimated as 45,494,330, lead-

ing to an adjusted genome-wide significance threshold of 1.65310-7, very similar to the threshold obtained above.

Since the usual GWASgenome-wide significance threshold ismore conservative than both the thresholds estimated using the FDR

approach, we decided to retain the standard P-value of 5310-8 as threshold for genome-wide significance.

Replication analyses
In the Chilean cohort, we tested for replication of association for the index SNPs at the associated regions detected in the GWAS,

using the same univariate and multivariate tests as in the GWAS. Significance thresholds were calculated using Benjamini-

Hochberg’s FDR procedure as 0.0154 and 0.0324, for the univariate and multivariate analyses, respectively.

Neanderthal introgression analyses
We first searched for tracts of Neanderthal introgression in the 18 genome regions that were significantly associated with at least one

trait in the GWAS. We used an HMM-based approach (admixtureHMM69), in which each chromosome (reconstructed using

Shapeit470 with default parameters) is modelled as a mosaic of haplotypes of Neanderthal or modern human origin. For this, we

used the high-coverage Neanderthal genome sequence from the Vindija cave (Vindija33.1971) and YRI sequences from the

1000GP3.72 We performed a stringent filtering of variants over a 1Mb segment centered around the index SNP for each of the 18

regions associated in the GWAS, retaining only biallelic SNPmeeting the following criteria: (i)R 20x coverage in the archaic genome,

(ii) PASS in each VCF (archaic and 1000GP3), (iii) having consistent ancestral allele reported in each VCF, and (iv) having identical

polymorphism in each VCF. Tracts were then called over these SNPs by the Viterbi algorithm implemented in admixtureHMM and

retained only if called with >99%confidence. Called tracts shorter than 25Kbwere subsequently discarded, following an assessment

of spurious calls previously made on the CANDELA cohort.73

We tested for associations to dental phenotypes for the regions where Neanderthal tracts reached a frequency R1% in the indi-

viduals included in the GWAS. For association testing we used an admixture mapping approach.14,73 In brief, we first recoded the

individual SNP genotypes as the number of Neanderthal tracts called at each position (i.e. 0, 1 or 2). Then, wemerged as one segment

all consecutive SNPs whose genotypes show < 0.1% difference. Following this procedure, we defined a total of 261 Neanderthal

segments (across 14/18 regions). These were tested for association with the same phenotypes that had shown association to these
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regions in the GWAS andwith the same linear regression that had been used for these association (either regular GWAS orWald test).

Test significance was set at the Bonferroni-corrected threshold of 1.9310-4 (<0.05/261).

We performed further analyses in the only region that showed significant association with Neanderthal ancestry (17p12with BLD of

central upper incisors). Firstly, we ascertained the introgression call by running an IBD-based method that does not require a refer-

ence for the modern Human genome, IBDmix (Figure S4).21 The method ran with values of 0.01 and 0.0025 for allele error rate in the

archaic genome andmaximum allele error rate in themodern genome respectively, over 2,972 sites (selected by applying the accom-

panying program ‘‘generate_gt’’ on the imputed variants retained for GWAS). Neanderthal tracts inferred were retained if their length

was >25 Kb and their SLOD > 3. Secondly, given the admixed nature of our sampling, we sought to infer the continental background

(European or Native American) on which these introgression tracts were preferentially found. To that end, we used local ancestry

calls: each phased chromosome was inferred as a mosaic of African, European and Native American segments using RFMix v174

with 242 reference individuals for each continental ancestry and 1 EM iteration (more details about local ancestry inference are pro-

vided in Faux et al.73). Among the individuals qualified for the GWAS of BLD UI1 (N = 714), we identified a total of 520 chromosomes

with a large ancestry segment (R10Mb) over the GWAS peak: respectively 22, 404 and 94 segments of African, European and Amer-

ican ancestry. Then, we aligned the imputed phases of these chromosomes (pre-phased using Shapeit470 – see above) on the

phases on which local ancestry was inferred, allowing to assess the proportion of ancestry tracts found on each continental back-

ground. This step was achieved using Shapeit275 in ‘‘call’’ mode.
e6 Current Biology 35, 131–144.e1–e6, January 6, 2025
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