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. is considered to be highly heritable and selectively neutral; thus, teeth are assumed to be an excellent

proxy for neutral genetic data when none are available. However, to our knowledge, no study to date
has systematically tested the assumption of genetic neutrality of dental morphological featureson a
global scale. Therefore, for the first time, this study quantifies the correlation of biological affinities
between worldwide modern human populations, derived independently from dental phenotypes and
neutral genetic markers. We show that population relationship measures based on dental morphology
are significantly correlated with those based on neutral genetic data (on average r=0.574, p < 0.001).
This relatively strong correlation validates tooth form as a proxy for neutral genomic markers.
Nonetheless, we suggest caution in reconstructions of population affinities based on dental data alone
because only part of the dental morphological variation among populations can be explained in terms of
neutral genetic differences.

In archaeological and paleontological studies, dental phenotypic data are often used to estimate biological relat-
edness among past human groups, in order to reconstruct migration events, population histories, or hominin
phylogenies'~!!. Dental morphology has become a favored dataset primarily because teeth are generally well
preserved in the archaeological and fossil record, even when associated skeletal and DNA preservation is rela-
tively poor. Their better state of preservation results in teeth being recovered in higher quantities and, therefore,
allows studies to employ larger samples and more robust statistical analyses. Furthermore, tooth form has been
proposed to be highly heritable, selectively neutral, and evolutionarily conservative, thus, providing an excellent
proxy for neutral genetic data'>". Tooth crowns develop relatively early in the life of an individual and their form
is not altered after full formation, except by wear or pathology. Finally, dental phenotypic data can be sampled
in a non-destructive, cost-efficient, and straightforward manner using crown width and length measurements
(hereafter, dental metrics) or visual scoring of well-established crown and root shape variants (hereafter, dental
non-metric traits).

Despite the popularity of population genetic studies utilizing dental phenotypes as proxies for genetic mark-
ers, less than a handful of studies have attempted to directly test the level of congruence between population
distance measures based on these two data types'*~'”. Those previous investigations found contradicting results,
with some of them reporting weak to strong correlations, whereas others found that dental and genetic distances
produced fundamentally different patterns of group relationships. Thus, the utility of dental morphology as an
efficient proxy for genetic data, formally tested in human population genetic analyses, is currently unresolved. It
also has to be noted that those previous studies were limited by several factors. First, most used serological data
as genetic markers; however, contemporary genetic studies commonly utilize either single nucleotide polymor-
phisms (SNPs) or short tandem repeats (STRs) due to their highly polymorphic nature®®. In fact, it has been pro-
posed that phenotypic variation should be compared to both neutral genomic data types'*-! since the mutational
rate of sequence change and the apportionment of modern human genetic variation is different in SNPs and
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Figure 1. Location of the modern human population samples used in this study. White squares indicate that
the population was sampled for dental metric and non-metric traits. Grey squares indicate that the population
was sampled for single nucleotide polymorphisms (SNPs). Black squares indicate that the population was
sampled for single tandem repeats (STRs). Word map modified from BlankMap-World6, available at https://
commons.wikimedia.org/wiki/File:BlankMap-World6.svg (Public Domain).

STRs?% Second, most previous studies were limited to dental non-metric trait data; however, dental metrics are
another important data source for biological distance studies and some researchers argue that crown measure-
ments may be collected with lower observer error than dental non-metric traits?. Third, all previous studies were
limited to regional scales, with some of them analyzing only a few population samples, which reduces the power
of statistical correlation tests between dental and genetic distance estimates. A study seeking to investigate dental
morphological and neutral genetic correspondence with a large set of globally distributed population samples is
still pending.

Here, for the first time, we seek to test for correlations of biological affinities among globally distributed mod-
ern human populations, derived independently from diverse dental phenotypic markers (metrics and non-metric
traits) and neutral genetic loci (SNPs and STRs). To do so, we first matched genomic and dental phenotypic pop-
ulation samples from around the world using existing databases. Matched SNP and dental phenotypic data were
available for 19 populations and matched STR and dental phenotypic data were available for a subset of 13 popu-
lations (Fig. 1). We then used the R-matrix method* to calculate pairwise population kinship coefficients (r;) uti-
lizing the genomic and dental phenotypic datasets independently. R-matrix analyses, founded on population and
quantitative genetic theory, are most useful for comparing patterns of biological similarity from different types of
data and, additionally, allowed us to correct for the confounding effects of genetic drift in different regions of the
world by including estimates of effective population sizes (N,)!***?°. Finally, we statistically assessed the associa-
tions between genomic and dental phenotypic kinship estimates using Mantel correlation tests. Dow-Cheverud
tests were then used to determine whether dental metrics or dental non-metric traits are better suited to track
neutral genomic relationships as calculated from SNP and STR data.

Results

Figure 2 illustrates biological affinities among globally distributed modern human populations, derived inde-
pendently from dental phenotypic markers and neutral genetic loci. While SNPs and STRs gave largely concord-
ant results, dental metric and non-metric traits revealed a somewhat different pattern. Overall, dental phenotypes
successfully classified populations in broader geographic and continental areas.

Our results show that kinship estimates between human populations based on dental phenotypes are signifi-
cantly correlated with those based on neutral genetic data (Table 1, Fig. 3). The correlation values were relatively
strong and similar for all four data type comparisons. Dental metric variation explained approximately 31% of the
neutral genetic differences among populations as calculated from SNPs and STRs. Dental non-metric variation
explained about 40% and 30% of the neutral genetic differences among populations as calculated from SNPs and
STRes, respectively.

Table 1 also presents the results of the Dow-Cheverud test, which determined whether dental metrics or
dental non-metric traits are significantly more strongly correlated with either SNP or STR markers. None of the
comparisons were significant, indicating that dental metrics and dental non-metric trait data are both comparably
well-suited in tracking neutral genetic relationships as calculated from SNPs and STRs.

Discussion

Our results validate the use of dental phenotypic data to infer neutral genetic relationships among human popula-
tions. This, at least to some extent, confirms the previous hypothesis'? that the worldwide human dental variation
was primarily generated by random processes of genetic drift. We also found that different dental phenotypic data
types, i.e. metric and non-metric traits, are both well-suited in serving as proxies for neutral genetic markers. This
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Figure 2. Biological distances among human populations (d;) generated from neutral genetic and dental
phenotypic data. Figures show scatterplot of the first two principal coordinates of: (a) d;; distances generated
from SNPs; (b) d;; distances generated from STRs; (c) d;; distances generated from dental metrics; and (d) d;
distances generated from dental non-metric traits.

Dental metrics 0.558 (<0.001)! 0.556 (<0.001)"
Dental non-metric traits | 0.635 (<0.001)! 0.547 (<0.001)!
Dental metrics vs. ) )
Dental non-metric traits 0.074(0.155) —0.008 (0.464)

Table 1. Mantel and Dow-Cheverud tests. "Mantel test of dental phenotypic kinship coefficients (r;) against
neutral genetic r;;. Reported values are Pearson correlation coefficients (r) and two-tailed significance (p,

in parentheses) after 10,000 permutations. All comparisons are statistically significant after Bonferroni
correction for multiple testing at o= 0.025. >Dow-Cheverud test of dental metric r;; versus dental non-metric
r;- Reported values are correlation coefficients (p1Z) and two-tailed significance (p, in parentheses) after 10,000
permutations. Positive correlation values indicate that dental metrics are more strongly correlated with neutral
genetics. Negative correlation values indicate that dental non-metric traits are more strongly correlated with
neutral genetics. None of the results are statistically significant at « =0.05.

result supports the previous finding that different dental phenotypic data types give concordant but varied results,
and the conclusion that reconstructions of population history are best served when both lines of evidence are
investigated?. Although all correlations between dental phenotypes and neutral genetic markers were highly sig-
nificant, their correlation coeflicients indicated that only part of the dental phenotypic variation can be explained
in terms of neutral genetic differences. Other non-stochastic factors therefore account for a large portion of the
variation in dental morphology of modern humans. Because we controlled for the effect that sexual dimorphism,
pathology, and wear can have on teeth, we reason that a substantial portion of the variation can be explained by
natural selection on dental morphology. This interpretation is consistent with previous inferences and direct
genomic evidence linking non-neutral gene variants with specific tooth characteristics?*-%,

While it has been shown or suggested that linguistic and skeletal phenotypic variation can correlate differ-
entially with genomic variation based either on SNPs or STRs'*%, our results do not suggest this to be the case
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Figure 3. Regression of pairwise kinship coefficients among human populations (r;) generated from neutral
genetic and dental phenotypic data. Figures show scatterplot, linear regression line, and 95% confidence interval
of: (a) ry values generated from SNPs versus r; values generated from dental metrics; (b) r; values generated
from STRs versus r; values generated from dental metrics; (c) ;; values generated from SNPs versus r; values
generated from dental non-metric traits; and (d) r;; values generated from STRs versus r; values generated from
dental non-metric traits.

for dental phenotypic variation. Despite the differences in the mutational change and evolution of SNPs and
STRs**1, both genomic datasets showed the same pattern and a similar degree of correlation with dental pheno-
typic variation.

The level of agreement between kinship estimates based on dental non-metric traits and STRs found in this
study is comparable to that previously found in the only other study that has tested the association of dental
morphology and neutral genomic variation'’. That study compared dental and genetic distances among four
modern groups in Kenya using paired data from 295 individuals. They calculated dental distances using a
Mabhalanobis-type (D?) distance for binary data® derived from nine non-metric crown traits. Genetic distances
were estimated using a delta-mu squared (Ddm) distance®® utilizing 42 STR loci. They compared both distance
matrices with a Mantel test and found a moderate to strong positive correlation between the two distance types,
although this result was not significant (r=0.500, p =0.21). The correlation coefficient reported here is slightly
higher (r=0.547, p < 0.001). This could be due to the larger battery of dental traits employed (12 traits vs. 9
traits), the higher geographic scale of analysis (global scale vs. regional scale), and/or the use of different biolog-
ical relationship measures (R-matrix comparisons vs. D? against Ddm). Moreover, the correlation reported here
is highly significant, whereas the correlation presented by ref.!” was not, albeit that result was probably due to the
Mantel test design based on only four populations.

More broadly, the quantified degree of correspondence between dental and neutral genetic variation reported
here is similar to that found for other skeletal cranial elements'***-*°. Dental and cranial phenotypes are there-
fore equally well-suited for reconstructing genetic relationships among populations. However, we caution that
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previous studies on the association of cranial and genomic variation are not directly comparable to ours since
different populations have been sampled and diverse methodological approaches have been employed.

It is important to point out that our study is biased toward not finding significant correlations between var-
iation in neutral genetics and dental phenotypes. First, we compared matched but unpaired datasets, such that
dental samples were from different individuals than those sampled for SNP and STR sequencing. Although it is
a common and practical procedure to compare unpaired data at a global scale!**%, it is likely that it results in
sampling bias given that genetic variation between human populations is low compared to within-population var-
iation*!. Second, it is possible that the dental metric and non-metric datasets employed in this study do not cap-
ture adequate phenotypic variation. Our metric dental dataset comprises well-established crown width and length
measurements, but could be complemented with alternative measures, such as diagonal crown measurements
and cervical diameters at the cement-enamel junction®, or other measurements that derive from innovative and
more robust 3D imaging techniques not requiring the use of hand-held calipers. Likewise, our dental non-metric
dataset was limited to 12 traits while more than 30 traits have been identified as useful in detecting population
relationships®. Furthermore, we utilized binary non-metric dental trait counts, although recent research has
shown that dichotomization of ordinal-scaled data into simplified binary categories may skew biological dis-
tance results***. Given the limitations of our study, the levels of association between neutral genetic and dental
phenotypic kinship estimates reported here must therefore be considered as minimum values and not as exact
correlations. Paired data from individuals sampled worldwide, as has been employed at a smaller scale'’, would
provide a more accurate estimate of genetic and dental phenotype associations.

In conclusion, our results confirm that dental phenotypic data can be used as a proxy for neutral genomic data
in studies of population relatedness, although we suggest caution and careful choice of dental features because
only part of the dental variation among populations can be explained in terms of neutral genetic differences.
Future work should focus on (1) analyzing paired neural genetic and dental phenotypic datasets from the same
individuals, (2) using globally distributed population samples, (3) collecting both conventional and alternative
dental metric and non-metric traits, and (4) comparing patterns of biological similarity from genetic and dental
phenotypic data using the same quantitative genetic model. By performing several comparisons using different
dental fields and different combinations of dental metric and non-metric traits, future work could potentially
identify dental data combinations that are most useful for tracking human population history.

Materials and Methods

Matching population samples. Materials for this study comprise four different types of data: SNP allele
frequencies, STR allele frequencies, dental metrics, and dental non-metric traits. All data were taken from exist-
ing databases. We matched datasets for several globally distributed modern human populations for which both
genetic and phenotypic data were available (Fig. 1, Supplementary Table S1). Populations were chosen for inclu-
sion in this study based on two criteria: first, availability of sufficient number of dental phenotypic specimens
(i.e. both dental metrics and non-metric traits); and, second, availability of neutral genetic data (i.e. SNPs and/
or STRs). In instances where exact population matches could not be achieved, a geographically similar popula-
tion with ethno-linguistic affinities was selected. Matched SNP and dental phenotypic data were available for 19
populations; however, STR data were only available for a subset of 13 populations. We note that the matched pop-
ulations are unpaired samples; that is, dental samples derive from different individuals than the genetic samples.

Neutral genetic data. SNP allele frequencies were collated from various datasets'®->* for 19 populations
comprising n = 1652 individuals sharing 1778 markers. The SNP data were merged using the plink 1.07 software>
and polymorphisms possibly causing strand ambiguities (A/T or C/G) were removed. We then exploited the
extent of linkage disequilibrium (LD) observed in each population to obtain an estimate of the effective popula-
tion size (N,) through time. Linkage disequilibrium levels have been estimated independently in each population
using all SNP markers available for that population. We evaluated for each SNP the genetic map position, and
for each pair of SNPs separated by less than 0.25 cM we quantified LD as the 1%, calculated in plink 1.07. All
observed r?, values were then binned into one of 250 overlapping recombination distance classes, from 0.005 cM
t0 0.25 cM. Following refs*>*7, pairs of SNPs separated by less than 0.005 cM were not considered, and the adjusted
1 p values were corrected for sample size. We finally calculated the effective population size in each recombina-
tion distance class through the formula: N, = (1/4c)[1/r? , — 2], which corresponds to the effective population
size 1/2¢ generations ago, where c is the distance between loci, expressed in Morgans®®. The long-term N, for each
population was then calculated as the harmonic mean of the values of N, over all the recombination distance
classes. The estimated N, values for each population are reported in the Supplementary Table S1.

In addition to the SNP data, we analyzed a dataset of STR allele frequencies that combined data from several
studies; the merging of data is described in ref.*. Specifically, we used their MS5255 dataset, which has genotype
data from 645 loci for 265 worldwide populations. At each locus, allele sizes are recorded for each individual.
Following refs®*¢!, we tested for individual outliers by generating a matrix of individuals by alleles, performing
a principal components analysis on this matrix, and defining an outlier as an individual with a score more than
six standard deviations from the mean of any of the first four principal components. None of the individuals met
these criteria, so all individuals were considered for further population-level analyses. We then restricted the
dataset to n =265 individuals in the 13 populations with both STR and dental data as described above.

Dental phenotypicdata. The dental phenotypic data were collected by one of us (T.H.) and comprise den-
tal metrics and dental non-metric traits from mostly the same individuals. Several samples are from collections
of known age and sex. When demographic data were not available, age and sex were determined by T.H. using
standard osteological methods®2. When possible, approximately equal numbers of adult males and females were
measured for both dental datasets for each population. However, we note that overall, the datasets are biased in
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representing more males. Detailed information on the composition of the morphological datasets, such as coun-
try of origin, ethnic affiliation, and cultural background is given elsewhere®*®*. We excluded samples older than
2.000 years in order to avoid temporal bias.

The dental metric dataset consists of mesio-distal and bucco-lingual crown diameters of all teeth recorded
for each individual (up to a total of 28 metric variables, excluding third molars). Only right teeth were measured,
but when a right tooth was missing, damaged, or affected by wear or pathology, the corresponding left antimere
was measured. All measurements were recorded according to the procedures of ref.!> using a digital sliding cali-
per accurate to 0.01 mm. T.H. quantified his level of intra-observer error by separately re-measuring a Japanese
sample; measuring error was found to be insignificant®. Because not every tooth could be observed for each
individual due to poor preservation or pathology, the dataset comprises large amounts of missing values. The
multivariate statistical methods performed here require complete datasets; however, removing individuals with
missing values would eliminate the bulk of the sample. Thus, missing data were imputed following ref.®® using
the k-nearest neighbor (kNN) algorithm, conducted in the software R 3.3.1° using the VIM package®’. The kNN
algorithm searches the entire dataset for cases most similar to the one with missing data and generates a mean to
replace the missing value(s). Prior to imputation, individuals with more than half of the measurements missing
were removed from the analysis. In this way we ensured that less than 22% of the final dataset requires imputation
(down from 56%). Raw measurements were then converted into shape variables by dividing each measurement
by the geometric mean for all the measurements in each individual®®. This standardization procedure removes
gross size from the data in order to assess differences in the proportionate contribution of individual variables to
overall tooth size. This procedure also has the advantage to adjust for size differences between individuals that
may result from sexual dimorphism. A table listing the summary statistics of the dental metric dataset is provided
in the Supplementary information (Table S2).

The dental non-metric trait dataset consists of observations for 15 morphological variables in the permanent
dentition according to procedures detailed in ref.%*. The 15 traits include characteristics attributed to the Asian®,
European’’, and sub-saharan African dental complex”"72, as well as the key crown traits that distinguish continen-
tal Southeast Asians from island Southeast Asians”>. Most (14 of 15) traits follow the widely used Arizona State
University Dental Anthropology System (ASUDAS) described by ref.**. This system has as reference set of dental
casts illustrating expression levels for various traits and specific instructions that ensure a standardized scoring
procedure that minimizes observer error. Although observations were made on both antimeres, scoring followed
the individual count method”, where a trait was counted only once per dentition, regardless of whether or not the
trait appeared bilaterally. In cases where a trait was expressed asymmetrically, we followed the standard ASUDAS
protocol and scored the side with the highest expression level*>”>7%. The dental observations were originally
scored in a graded fashion and were subsequently dichotomized into simplified categories of presence or absence
following the dichotomization thresholds detailed in ref.%%. Thus, our final dataset consists of binary dental trait
information (i.e. 0 =absent, 1 = present) for each individual. The multivariate statistical methods performed here
can handle incomplete datasets; however, the amount of missing data should be reduced as much as possible in
order to prevent non-positive-semidefinite dispersion matrices**. We therefore removed the most incomplete
variables and individuals from the analysis in a systematical stepwise manner so that the final dataset consists
of less than 40% missing data (down from 60%). Most dental traits listed in the ASUDAS have low or no sexual
dimorphism!?, which allows for pooling of sexes**7°. A table listing the final dental non-metric dataset is given
in the Supplementary information (Table S3).

Generating population affinity matrices. We independently estimated genetic and dental pheno-
typic affinities between the sampled populations using the R-matrix method. The R-matrix method was origi-
nally developed to work with allele frequency data’” and was later modified for use with morphometrics?* and
non-metric traits’®. These extensions make R-matrix analyses most useful for comparing patterns of biological
relationships from different types of data’. The off-diagonal elements of an R-matrix quantify the biological
relationship between population pairs with values ranging from +1 to —1. Those values are covariances about the
regional centroid and are defined as average kinship coefficients (r;). Positive r;; values indicate that two popula-
tions exhibit greater biological similarity than on average, and negative r; values denote that two populations are
more distinct than on average. Moreover, the R-matrix can be scaled by weighing the samples by their population
sizes in order to account for the confounding effects of genetic drift on small populations. Here, we included
point values of effective population size (N,) derived from levels of genetic linkage disequilibrium (values are
reported in the Supplementary Table S1). The phenotypic R-matrices were calculated with a heritability estimate
of h?=0.5, reflecting the approximate average of various heritability estimates of dental anatomy based on twin
and family studies®>¢%,

Genetic R-matrices were generated from the allele frequency data using the RMAT 1.2 software, following the
model described by ref.””. Genetic R-matrices were constructed for all 19 populations using the SNP data and for
the subset of 13 populations using the STR data. Dental metric R-matrices were generated from the crown width
and length measurements using the RMET 5.0 software, following the model described by ref.?*. We constructed
two dental metric R-matrices; one for the 19-population setup and a second for the 13-population subset. Dental
non-metric R-matrices were generated from the discrete crown traits in R 3.3.1, following the methodology
detailed in refs’®3%8!. As with the dental metric dataset, we constructed two dental non-metric R-matrices; one
for the 19-population dataset and a second for the 13-population subset. All estimated R-matrices are reported in
the Supplementary information (Tables S4-S9).

Comparing population affinity matrices. To measure the degree of association between genetic and
dental phenotypic population kinship coeflicients, we followed the protocol set forth by refs*>*’ and compared
the off-diagonal R-matrix values using Mantel tests. Mantel tests measure the congruence between two matrices
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against a null model and assess statistical significance via a permutation procedure®?. Genetic R-matrices based
on SNPs and STRs were compared independently against the phenotypic R-matrices based on dental metrics
and dental non-metric traits. The Mantel tests were conducted in R 3.3.1 using the vegan package®’. Correlation
significance was determined after 10.000 random permutations and significance levels were set to aa=0.025 to
correct for multiple comparisons (Bonferroni correction: o= 0.05/2). We interpreted correlation strength fol-
lowing the convention of ref.**. We furthermore visualized the association of R-matrix values in regression plots,
generated in R 3.3.1 using the ggplot2 package®. In addition to the Mantel tests, we performed Dow-Cheverud
tests®® in order to determine whether dental metrics or dental non-metric traits could be considered signifi-
cantly more strongly correlated with neural genetic variation as calculated from SNPs and STRs. Dow-Cheverud
tests were conducted in R 3.3.1. Correlation significance was determined after 10.000 random permutations and
significance levels were set to = 0.05. We furthermore visualized population affinities generated from neutral
genetic and dental phenotypic data by deriving pairwise distances from the R-matrices* and plotting them using
principal coordinates analysis in R 3.3.1 employing the vegan® and ggplot2%° packages.

Data availability. The data that support the findings of this study are available from T.H., S.G., and N.C. but
restrictions apply to the availability of these data, which were used under license for the current study, and so are
not publicly available. Data are however available from the authors upon reasonable request and with permission
of TH,, S.G.,and N.C.

References

1. Harvati, K. et al. A human deciduous molar from the Middle Stone Age (Howiesons Poort) of Klipdrift Shelter, South Africa. J. Hum.
Evol. 82, 190-196 (2015).

2. Martinon-Torres, M. et al. Dental evidence on the hominin dispersals during the Pleistocene. Proc. Natl. Acad. Sci. 104, 13279-13282
(2007).

3. Hanihara, T. In Anthropological perspectives on tooth morphology, edited by Scott, G. R. & Irish, J. D., pp. 479-509 (Cambridge
University Press, Cambridge, 2013)

4. Rathmann, H., Saltini Semerari, G. & Harvati, K. Evidence for Migration Influx into the Ancient Greek Colony of Metaponto. A
Population Genetics Approach Using Dental Nonmetric Traits. Int. J. Osteoarchaeol. 22, 1 (2016).

5. Irish, J. D. & Guatelli-Steinberg, D. Ancient teeth and modern human origins. An expanded comparison of African Plio-Pleistocene
and recent world dental samples. J. Hum. Evol. 45, 113-144 (2003).

6. Gomez-Robles, A., Bermudez de Castro, J. M., Arsuaga, J.-L., Carbonell, E. & Polly, P. D. No known hominin species matches the
expected dental morphology of the last common ancestor of Neanderthals and modern humans. Proc. Natl. Acad. Sci. 110,
18196-18201 (2013).

7. Martinon-Torres, M., Bermudez de Castro, J. M., Gomez-Robles, A., Prado-Simon, L. & Arsuaga, J. L. Morphological description
and comparison of the dental remains from Atapuerca-Sima de los Huesos site (Spain). J. Hum. Evol. 62, 7-58 (2012).

8. Scherer, A. K. Population structure of the Classic period Maya. Am. J. Phys. Anthropol. 132, 367-380 (2007).

9. Hanihara, T. Metric and nonmetric dental variation and the population structure of the Ainu. Am. J. Hum. Biol. 22, 163-171 (2010).

10. Scott, G. R. et al. Sinodonty, Sundadonty, and the Beringian Standstill model. Issues of timing and migrations into the New World.
Quat. Int. (2016).

11. Benazzi, S. et al. Early dispersal of modern humans in Europe and implications for Neanderthal behaviour. Nature 479, 525-528
(2011).

12. Hillson, S. Dental Anthropology (Cambridge University Press, Cambridge, 1996).

13. Scott, G. R. & Turner, C. G. The anthropology of modern human teeth. Dental morphology and its variation in recent human
populations (Cambridge University Press, Cambridge, New York, 1997).

14. Sofaer, J. A., Niswander, J. D., MacLean, C. J. & Workman, P. L. Population studies on southwestern Indian tribes. V. Tooth
morphology as an indicator of biological distance. Am. J. Phys. Anthropol. 37, 357-366 (1972).

15. Brewer-Carias, C. A., Le Blanc, S. & Neel, J. V. Genetic structure of a tribal population, the Yanomama Indians. XIII. Dental
microdifferentiation. Am. J. Phys. Anthropol. 44, 5-14 (1976).

16. Harris, E. Anthropologic and genetic aspects of the dental morphology of Solomon Islanders, Melanesia (Arizona State University,
Tempe, 1977).

17. Hubbard, A. R., Guatelli-Steinberg, D. & Irish, J. D. Do nuclear DNA and dental nonmetric data produce similar reconstructions of
regional population history? An example from modern coastal Kenya. Am. J. Phys. Anthropol. 157, 295-304 (2015).

18. Rubicz, R., Melton, P. & Crawford, M. H. In Anthropological Genetics: Theory, Methods, and Applications, edited by M. H. Crawford,
pp. 141-186 (Cambridge University Press, Cambridge, 2007)

19. Reyes-Centeno, H., Ghirotto, S. & Harvati, K. Genomic validation of the differential preservation of population history in modern
human cranial anatomy. Am. J. Phys. Anthropol. 162, 170-179 (2017).

20. Reyes-Centeno, H., Harvati, K. & Jager, G. Tracking modern human population history from linguistic and cranial phenotype. Sci.
Rep. 6, 36645 (2016).

21. Reyes-Centeno, H., Rathmann, H., Hanihara, T. & Harvati, K. Testing modern human out-of-Africa dispersal models using dental
non-metric data. Curr. Anthropol. (in press).

22. Holsinger, K. E. & Weir, B. S. Genetics in geographically structured populations: defining, estimating and interpreting F(ST). Nat.
Rev. Genet. 10, 639-650 (2009).

23. Hemphill, B. In A companion to dental anthropology, edited by Irish, J. D. & Scott, G. R. pp. 311-336 (Wiley Blackwell, Chichester,
West Sussex, 2016).

24. Relethford, J., Crawford, M. & Blangero, J. Genetic drift and gene flow in post-famine Ireland. Hum. Biol. 69, 443-465 (1997).

25. Reyes-Centeno, H. et al. Genomic and cranial phenotype data support multiple modern human dispersals from Africa and a
southern route intoAsia. Proc. Natl. Acad. Sci. 111, 7248-7253 (2014).

26. Park, J.-H. et al. Effects of an Asian-specific nonsynonymous EDAR variant on multiple dental traits. J. Hum. Genet. 57, 508-514
(2012).

27. Mizoguchi, Y. In Anthropological perspectives on tooth morphology, edited by Scott, G. R. & Irish, J. D. pp. 108-125 (Cambridge
University Press, Cambridge, 2013).

28. Hughes, T., Townsend, G. & Bockmann, M. In A companion to dental anthropology, edited by Irish, J. D. & Scott, G. R. pp. 123-141
(Wiley Blackwell, Chichester, West Sussex, 2016).

29. Colonna, V. et al. Long-range comparison between genes and languages based on syntactic distances. Hum. Hered. 70, 245-254
(2010).

30. Brinkmann, B., Junge, A., Meyer, E. & Wiegand, P. Population genetic diversity in relation to microsatellite heterogeneity. Hum.
Mutat. 11, 135-144 (1998).

SCIENTIFICREPORTS |7: 12495 | DOI:10.1038/s41598-017-12621-y 7



www.nature.com/scientificreports/

31.
32.
33.
34,
35.
36.
37.
38.
39.
40.

41.
42.

43.
44,

45.

47.
48.

49.
50.

51.
52.

53.
54.

55.
56.

57.
58.
59.
60.
61.
. Buikstra, J. E. & Ubelaker, D. H. Standards for data collection from human skeletal remains (1994).

63.
64.

69.
70.
71.

72.
. Turner, C. G. 2. Major features of Sundadonty and Sinodonty, including suggestions about East Asian microevolution, population

74.
75.

76.

Campbell, C. D. et al. Estimating the human mutation rate using autozygosity in a founder population. Nat. Genet. 44, 1277-1281
(2012).

Konigsberg, L. Analysis of Prehistoric Biological Variation under a Model of Isolation by Geographic and Temporal Distance. Hum.
Biol. 62, 49-70 (1990).

Goldstein, D. B., Linares, A. R., Cavalli-Sforza, L. L. & Feldman, M. W. An Evaluation of Genetic Distances for Use with
Microsatellite Loci. Genetics 139, 463-471 (1995).

Harvati, K. & Weaver, T. D. Human cranial anatomy and the differential preservation of population history and climate signatures.
Anat. Rec. A. Discov. Mol. Cell. Evol. Biol. 288, 1225-1233 (2006).

Cramon-Taubadel, N. von. Congruence of individual cranial bone morphology and neutral molecular affinity patterns in modern
humans. Am. J. Phys. Anthropol. 140, 205-215 (2009).

Roseman, C. C. Detecting interregionally diversifying natural selection on modern human cranial form by using matched molecular
and morphometric data. Proc. Natl. Acad. Sci. 101, 12824-12829 (2004).

Smith, H. F. Which cranial regions reflect molecular distances reliably in humans? Evidence from three-dimensional morphology.
Am. J. Hum. Biol. 21, 36-47 (2009).

Smith, H. E, Terhune, C. E. & Lockwood, C. A. Genetic, geographic, and environmental correlates of human temporal bone
variation. Am. J. Phys. Anthropol. 134, 312-322 (2007).

Smith, H. E, Ritzman, T., Otarola-Castillo, E. & Terhune, C. E. A 3-D geometric morphometric study of intraspecific variation in the
ontogeny of the temporal bone in modern Homo sapiens. J. Hum. Evol. 65, 479-489 (2013).

Cramon-Taubadel, Nvon The relative efficacy of functional and developmental cranial modules for reconstructing global human
population history. Am. J. Phys. Anthropol. 146, 83-93 (2011).

Witherspoon, D. J. et al. Genetic similarities within and between human populations. Genetics 176, 351-359 (2007).

Hillson, S., Fitzgerald, C. & Flinn, H. Alternative dental measurements: proposals and relationships with other measurements. Am.
J. Phys. Anthropol. 126, 413-426 (2005).

Turner, C. G. II, Nichol, C. & Scott G. R. In Advances in dental anthropology, edited by Kelley, M. & Larsen, C. pp. 13-32 (Wiley-Liss,
New York, 1991).

Nikita, E. A critical review of the mean measure of divergence and Mahalanobis distances using artificial data and new approaches
to the estimation of biodistances employing nonmetric traits. Am. J. Phys. Anthropol. 157, 284-294 (2015).

Edgar, H. & Ousley, S. In Biological Distance Analysis, edited by M. Pilloud & J. Hefner, pp. 317-332 (Elsevier, 2016).

. Reich, D., Thangaraj, K., Patterson, N., Price, A. L. & Singh, L. Reconstructing Indian population history. Nature 461, 489-494
(2009).
Pugach, I, Delfin, E, Gunnarsdottir, E., Kayser, M. & Stoneking, M. Genome-wide data substantiate Holocene gene flow from India

to Australia. Proc. Natl. Acad. Sci. 110, 1803-1808 (2013).

Qin, P. & Stoneking, M. Denisovan Ancestry in East Eurasian and Native American Populations. Mol. Biol. Evol. 32, 2665-2674
(2015).

Abdulla, M. A. et al. Mapping human genetic diversity in Asia. Science 326, 1541-1545 (2009).

Nelson, M. R. et al. The Population Reference Sample, POPRES: a resource for population, disease, and pharmacological genetics
research. Am. J. Hum. Genet. 83, 347-358 (2008).

Lazaridis, I. et al. Ancient human genomes suggest three ancestral populations for present-day Europeans. Nature 513, 409-413
(2014).

Xing, J. et al. Toward a more uniform sampling of human genetic diversity. A survey of worldwide populations by high-density
genotyping. Genomics 96, 199-210 (2010).

Xing, J. et al. Fine-scaled human genetic structure revealed by SNP microarrays. Genome. Res. 19, 815-825 (2009).

Lopez Herraez, D. et al. Genetic variation and recent positive selection in worldwide human populations: evidence from nearly 1
million SNPs. PLoS One 4, €7888 (2009).

Altshuler, D. M. et al. Integrating common and rare genetic variation in diverse human populations. Nature 467, 52-58 (2010).
Purcell, S. et al. PLINK: a tool set for whole-genome association and population-based linkage analyses. Am. J. Hum. Genet. 81,
559-575 (2007).

Tassi, F et al. Early modern human dispersal from Africa: genomic evidence for multiple waves of migration. Investig. Genet. 6, 13
(2015).

Hayes, B. J., Visscher, P. M., McPartlan, H. C. & Goddard, M. E. Novel multilocus measure of linkage disequilibrium to estimate past
effective population size. Genome. Res. 13, 635-643 (2003).

Pemberton, T. J., DeGiorgio, M. & Rosenberg, N. A. Population structure in a comprehensive genomic data set on human
microsatellite variation. G3 (Bethesda) 3, 891-907 (2013).

Creanza, N. et al. A comparison of worldwide phonemic and genetic variation in human populations. Proc. Natl. Acad. Sci. 112,
1265-1272 (2015).

Novembre, J. et al. Genes mirror geography within Europe. Nature 456, 98-101 (2008).

Hanihara, T. & Ishida, H. Metric dental variation of major human populations. Am. J. Phys. Anthropol. 128, 287-298 (2005).
Hanihara, T. Morphological variation of major human populations based on nonmetric dental traits. Am. J. Phys. Anthropol. 136,
169-182 (2008).

. Kenyhercz, M. W. & Passalacqua, N. V. In Biological Distance Analysis, edited by Pilloud, M. & Hefner, J. pp. 181-194 (Elsevier,

2016).

. R Core Team. R: A language and environment for statistical computing. Available at https://www.R-project.org/ (2016).
. Kowarik, A. & Templ, M. Imputation with the R Package VIM. J. Stat. Soft. 74 (2016).
. Jungers, W. L., Falsetti, A. B. & Wall, C. E. Shape, relative size, and size-adjustments in morphometrics. Am. J. Phys. Anthropol. 38,

137-161 (1995).

Hanihara, T. In VIIIth International Congress of Anthropological and Ethnological Sciences, pp. 298-300, (Science Council of Japan,
Tokyo and Kyoto, 1968).

Mayhall, J., Saunders, S. R. & Belier, P. In Teeth, edited by Kurtén, B. pp. 245-258 (Columbia University Press, New York, Guildford,
1982).

Irish, J. D. Characteristic high- and low-frequency dental traits in sub-Saharan African populations. Am. J. Phys. Anthropol. 102,
455-467 (1997).

Irish, J. D. Ancestral dental traits in recent Sub-Saharan Africans and the origins of modern humans. J. Hum. Evol. 34, 81-98 (1998).

history, and late Pleistocene relationships with Australian aboriginals. Am. J. Phys. Anthropol. 82, 295-317 (1990).

Turner, C. II. & Scott G. R. In Orofacial growth and development, edited by Dahlberg, A. & Graber, T. pp. 229-249 (Mouton, The
Hague, 1977).

Turner, C. G. 2. Expression count. A method for calculating morphological dental trait frequencies by using adjustable weighting
coefficients with standard ranked scales. Am. J. Phys. Anthropol. 68, 263-267 (1985).

Irish, J. D. & Konigsberg, L. The ancient inhabitants of Jebel Moya redux. Measures of population affinity based on dental
morphology. Int. J. Osteoarchaeol. 17, 138-156 (2007).

SCIENTIFICREPORTS |7: 12495 | DOI:10.1038/s41598-017-12621-y 8


https://www.R-project.org/

www.nature.com/scientificreports/

77. Harpending, H. & Ward, R. In Biochemical aspects of evolutionary biology, edited by Nitecki, M. H. pp. 213-256 (University of
Chicago Press, Chicago, London, 1982).

78. Konigsberg, L. In Bioarchaeology, edited by Buikstra, J. E. & Beck, L. A. pp. 263-279 (Academic Press, Amsterdam, 2006).

79. Relethford, J. Human population genetics (Wiley-Blackwell, Hoboken, N.J., 2012).

80. Relethford, J. H. Craniometric variation among modern human populations. Am. J. Phys. Anthropol. 95, 53-62 (1994).

81. Relethford, J. H. Genetic Drift Can Obscure Population History: Problem and Solution. Hum. Biol. 68, 29-44 (1996).

82. Mantel, N. The Detection of Disease Clustering and a Generalized Regression Approach. Canc. Res. 27, 209 (1967).

83. Oksanen, J. et al. vegan: Community Ecology Package. Available at https://CRAN.R-project.org/package=vegan (2016).

84. Cohen, J. Statistical power analysis for the behavioral sciences. 2nd ed. (L. Erlbaum Associates, Hillsdale, N.J., 1988).

85. Wickham, H. ggplot2. Elegant graphics for data analysis (Springer, New York, London, 2009).

86. Dow, M. M. & Cheverud, J. M. Comparison of distance matrices in studies of population structure and genetic microdifferentiation:
quadratic assignment. Am. J. Phys. Anthropol. 68, 367-373 (1985).

Acknowledgements

This work was supported by the German Research Foundation (DFG FOR 2237: Project ‘Words, Bones, Genes,
Tools: Tracking Linguistic, Cultural, and Biological Trajectories of the Human Past’) and by a Gerda Henkel
Foundation doctoral research grant (awarded to H.R.). We thank Mark Grabowski, Lyle Konigsberg, John
Relethford, and Charles Roseman for kindly making available software packages and computer programming
code used in this study. We also thank Mei-Shin Wu for assistance in processing the genomic data.

Author Contributions
T.H. collected data; H.R., H.R.-C., S.G. and K.H. designed research; H.R., H.R.-C,, S.G., and N.C. performed
research and analysed data; H.R., H.R.-C., S.G., N.C,, and K.H. wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-12621-y.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

2 | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 12495 | DOI:10.1038/s41598-017-12621-y 9


https://CRAN.R-project.org/package=vegan
http://dx.doi.org/10.1038/s41598-017-12621-y
http://creativecommons.org/licenses/by/4.0/

	Reconstructing human population history from dental phenotypes

	Results

	Discussion

	Materials and Methods

	Matching population samples. 
	Neutral genetic data. 
	Dental phenotypic data. 
	Generating population affinity matrices. 
	Comparing population affinity matrices. 
	Data availability. 

	Acknowledgements

	Figure 1 Location of the modern human population samples used in this study.
	Figure 2 Biological distances among human populations (dij) generated from neutral genetic and dental phenotypic data.
	Figure 3 Regression of pairwise kinship coefficients among human populations (rij) generated from neutral genetic and dental phenotypic data.
	Table 1 Mantel and Dow-Cheverud tests.




