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Enamel thickness varies substantially among extant hominoids and is a key trait with signiﬁcance for
interpreting dietary adaptation, life history trajectory, and phylogenetic relationships. There is a strong
link in humans between enamel formation and mutations in the exons of the four genes that code for the
enamel matrix proteins and the associated protease. The evolution of thick enamel in humans may have
included changes in the regulation of these genes during tooth development. The cis-regulatory region in
the 50 ﬂank (upstream non-coding region) of MMP20, which codes for enamelysin, the predominant
protease active during enamel secretion, has previously been shown to be under strong positive selection
in the lineages leading to both humans and chimpanzees. Here we examine evidence for positive selection in the 50 ﬂank and 30 ﬂank of AMELX, AMBN, ENAM, and MMP20. We contrast the human sequence
changes with other hominoids (chimpanzees, gorillas, orangutans, gibbons) and rhesus macaques
(outgroup), a sample comprising a range of enamel thickness. We ﬁnd no evidence for positive selection
in the protein-coding regions of any of these genes. In contrast, we ﬁnd strong evidence for positive
selection in the 50 ﬂank region of MMP20 and ENAM along the lineage leading to humans, and in both the
50 ﬂank and 30 ﬂank regions of MMP20 along the lineage leading to chimpanzees. We also identify putative transcription factor binding sites overlapping some of the species-speciﬁc nucleotide sites and we
reﬁne which sections of the up- and downstream putative regulatory regions are most likely to harbor
important changes. These non-coding changes and their potential for differential regulation by transcription factors known to regulate tooth development may offer insight into the mechanisms that allow
for rapid evolutionary changes in enamel thickness across closely-related species, and contribute to our
understanding of the enamel phenotype in hominoids.
Ó 2014 Elsevier Ltd. All rights reserved.
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Thick enamel distinguishes modern humans from chimpanzees
and gorillas and has long been a central feature in discussions of the
origins and evolution of humans (Molnar and Gantt, 1977; Martin,
1983; Martin, 1985; Grine and Martin, 1988; Schwartz, 2000;
Teaford and Ungar, 2000; Ungar et al., 2006; Teaford, 2007).
Teeth are frequently preserved in the fossil record and enamel
thickness has measurable links to tooth function and development,
conferring a strong potential for variation in enamel thickness to
provide insights into the inter-relations among dietary adaptation,
phylogeny, behavioral ecology, and life history during human
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evolution (Dean, 1985, 1987; Smith, 1991, 1993, 1994; Smith and
Tompkins, 1995; Dean, 2000; Dean, 2006; Lacruz et al., 2008;
Dean and Smith, 2009; Guatelli-Steinberg, 2009; Dean, 2010;
Schwartz, 2012). Our interest in the thick enamel phenotype of
humans stems from our efforts to uncover the genetic basis for the
origin of diet-related traits in humans (Haygood et al., 2007; Babbitt
et al., 2011; Fedrigo et al., 2011; Pfefferle et al., 2011). A critical step
in expanding our understanding of pattern and process in human
evolution is to integrate genetic, comparative anatomical, and
paleontological information. Enamel thickness is a trait that provides an ideal opportunity to combine these types of data.
Comparative genomics is a powerful method to identify connections to phenotypic trait differences (for a review see Babbitt
et al., 2011), as well as functional elements (ENCODE et al., 2007;
Margulies et al., 2007) and evolutionary changes in gene architecture (Horvath et al., 2011; Lindblad-Toh et al., 2011). Comparative
methods can identify potential cases of positive selection in one
species relative to two or more others, based on sequence changes
that accumulate faster than would be expected through the neutral
process of genetic drift. This elevated rate of sequence change
suggests a selective advantage to the organism that derives from
changes in the function of a protein or the regulation of a gene. The
speciﬁc identity of genomic regions under positive selection can
offer insight into how those changes are related to phenotypic
evolution. Positive selection in protein-coding regions has been
studied extensively at the scale of single genes (Evans et al., 2004a,
2004b; Al-Hashimi et al., 2009; Fedrigo et al., 2011; Pfefferle et al.,
2011) and the entire genome (Clark et al., 2003; Vallender and Lahn,
2004; Bustamante et al., 2005; Cooper et al., 2005; Lindblad-Toh
et al., 2005; Nielsen et al., 2005; Sabeti et al., 2006; Kosiol et al.,
2008; Enard et al., 2010). More recently, methods have been
developed to test for positive selection in putative regulatory regions of genes, which have been applied throughout the genome
(Pollard et al., 2006; Prabhakar et al., 2006; Haygood et al., 2007).
King and Wilson (1975) predicted that many of the trait differences distinguishing humans and chimpanzees are due to changes
in gene regulation rather than protein structure. In support of this
hypothesis, Haygood et al. (2007) detected at least as much evidence of adaptive change in cis-regulatory sequences as in proteincoding sequences, and identiﬁed signatures of positive selection
throughout the genome of chimpanzees and humans in comparison with macaques. Signiﬁcantly, they found that genes associated
with diet are prominently represented among the positively
selected cis-regulatory sequences. Consequently, we expect mutations affecting gene expression to comprise an important part of
the genetic basis for dietary adaptations during human evolution.
Cis-regulatory regions, portions of DNA that can control the transcription of a gene, are often found immediately upstream of a gene
(the 50 ﬂank is upstream of the transcription start) but may also be
found within introns or in the downstream (the 30 ﬂank) region
adjacent to the gene (reviewed in Wray, 2003). Changes in the
amino acid sequence of protein-coding genes can often dramatically alter or destroy gene functionality. In contrast, changes in the
cis-regulatory DNA sequence can modify gene function, activity or
expression timing and duration without affecting the integrity of
the encoded protein (Wray, 2007).
One promising candidate gene identiﬁed by Haygood et al.
(2007) that may provide insight into the evolution of the human
enamel thickness phenotype is MMP20, which encodes a protease
known as enamelysin or matrix metalloproteinase-20. Enamelysin
remodels the large enamel matrix proteins (EMPs) that surround
the enamel crystallites during the secretory phase of amelogenesis
(Krebsbach et al., 1996; Llano et al., 1997), and more recently was
suggested to play a role in cleaving ameloblast junctional complexes (Bartlett and Smith, 2013). An MMP20 mutation in humans

that disrupts mRNA splicing results in hypomineralized (i.e., weakly
mineralized) and hypoplastic (i.e., thin) enamel, demonstrating
that normal MMP20 expression is essential for proper enamel formation (Kim et al., 2005; Lu et al., 2008; Wright et al., 2009). The
role of MMP20 in enamel formation is likely to be shared across
mammals as mice lacking functional Mmp20 have hypoplastic and
hypomineralized enamel (Wright et al., 2009). Amelogenin, ameloblastin, and enamelin are the major structural EMPs (Wright,
2006) and are encoded by AMELX, AMBN, and ENAM, respectively.
Together, these proteins and their products account for about 97%
of the enamel extracellular matrix prior to maturation (Fincham
et al., 1991). Although it is evident from both genetic and genotypeephenotype association studies on primate and mouse dentitions that tooth development involves the actions of many genes
(Jernvall and Thesleff, 2000; Hlusko et al., 2004; Hu et al., 2005), the
genetic and phenotypic evidence suggests that the four genes
investigated here are excellent candidates for beginning to understand the genetic underpinnings of the evolution of enamel thickness in humans (Hu et al., 2005; Wright, 2006; Gibson, 2011;
Moradian-Oldak, 2012).
Here we expand the Haygood et al. (2007) analysis of MMP20 by
considering more species (gorillas, orangutans and gibbons) in
addition to humans, chimpanzees and rhesus macaques. We also
investigate three additional genes (AMELX, AMBN, and ENAM) and
additional genic regions (coding and 30 ﬂank). Given the strong link
between enamel formation and mutations in these four genes in
humans (Hart et al., 2003; Pavlic et al., 2007; Wright et al., 2011),
we predict that the evolution of thick enamel is linked, at least in
part, to genetic changes in the cis-regulatory and/or coding regions
of these four genes. The comparative species span a range of
enamel thickness phenotypes from thin (chimpanzees and gorillas)
to intermediate (orangutans, gibbons and rhesus macaques) as
measured by relative enamel thickness (Martin, 1985; Smith et al.,
2003, 2005; Olejniczak et al., 2008a). Our goal is to determine
whether there are signals of positive selection in the cis-regulatory
regions contrasted with the coding regions in humans as compared
with other extant hominoids. We test the null hypothesis that the
genomic signals of natural selection associated with these genes are
similar across species. A lack of similarity will indicate selection in
one or more species that is correlated with the enamel phenotype.
Materials and methods
Gene sequence analysis
Genomic sequences at least 5 kb upstream and downstream of
each gene were obtained from Ensembl (http://www.ensembl.org/)
for humans (Homo sapiens, GRCh37/hg19), chimpanzees (Pan
troglodytes, CHIMP 2.1.4), gorillas (Gorilla gorilla, gorGor3.1),
orangutans (Pongo abelii, PPYG2), gibbons (Nomascus leucogenys,
Nleu1.0) and rhesus macaques (Macaca mulatta, MMUL_1) based on
the coordinates in Table 1. Sequence 5 kb upstream and downstream of each gene was chosen for analysis because the majority of
regulatory elements lie within the ﬁrst few kb of the transcription
start (Blanchette et al., 2006; ENCODE Project Consortium, 2012).
Genomic sequences were masked for repetitive elements with
RepeatMasker version 3.3.0 (RMLib: 20110920) at http://www.
repeatmasker.org/ (A.F.A. Smit, R. Hubley and P. Green, Unpublished data) using the cross_match search engine with default
speed and the human source library. This step allowed us to
identify species-speciﬁc repeats and aided subsequent sequence
alignment and trimming. Sequences were imported into Geneious
(v 6.0.4) (Biomatters Ltd., Auckland, New Zealand) and aligned
using the MAFFTv6.814b plug-in (Katoh et al., 2002) with the autoalgorithm 200 PAM/k ¼ 2 scoring matrix, a gap open penalty of 1.53
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Table 1
Gene coordinates.
Species
Human
Chimpanzee
Gorilla
Orangutan
Gibbon
Gibbon
Gibbon
Gibbon
Gibbon
Gibbon
Gibbon
Rhesus macaque

Build

AMELX

AMBN

ENAM

MMP20

GRCh37/hg19
CHIMP2.1.4
gorGor3.1
PPYG2
Nleu1.0
Nleu1.0
Nleu1.0
Nleu1.0
Nleu1.0
Nleu1.0
Nleu1.0
MMUL_1

chrX:11306533-11323881
chrX:11216003-11233825
chrX:11151674-11168866
chrX:11132253-11149760
GL397281.1:8574562-8591945

chr4:71452975-71478004
chr4:59543937-59568925
chr4:79052784-79078048
chr4:73682541-73707282
GL397302.1:2163819-2189920

chr11:102442566-102501063
chr11:100416757-100475433
chr11:100121455-100182001
chr11:98871240-98933215
GL397262.1:35694144-35750051

chrX:8960343-8977738

chr5:59023626-59048899

chr4:71489461-71517536
chr4:59503387-59531458
chr4:79088418-79124609
chr4:73716945-73746745
GL398489.1:7930-15363
GL398489.1:1653-7834
GL397302.1:2198763-2200060
GL398489.1:17-354
GL397302.1:2201830-2211827
GL397302.1:2216216-2216482
GL397302.1:2212055-2214074
chr5:58990966-59015573

and an offset value of 0.123. Sequences were assessed for gaps by
eye after alignment in Geneious.
Non-human primate sequence gap ﬁlling
The publicly available data are missing sequences for some
genes and ﬂanking regions in some species. In order to ﬁll these
gaps, we isolated genomic DNA using Qiagen’s DNeasy Blood and
Tissue Kit (Qiagen, Valencia, CA) from a male lowland gorilla
(Gorilla gorilla, PR00107) and a male orangutan (Pongo pygmaeus
abelii, AG12256) from cells obtained from the Coriell Cell Repositories (Camden, NJ). Primers (see Table 2) were designed
spanning gaps in each species in Geneious (v 6.0.4) using primer3
default settings. Polymerase chain reaction (PCR) assays were carried out using Phusion (NEB, Ipswich, MA) high ﬁdelity polymerase
on an MJ Research, Inc. thermocycler (Waltham, MA). General
ampliﬁcation conditions were as follows: an initial denaturation for
2.0 min at 98  C; followed by 21 cycles of 10 s at 98  C, 20 s at
50  Ce65  C and 2.5 min at 72  C; and a ﬁnal extension for 10.0 min
at 72  C. The PCR products were puriﬁed using the QIAquick PCR
Clean-up kit (Qiagen, Valencia, CA) and Sanger sequenced following
Garﬁeld et al. (2012). The sequences we generated are available in
the Supplementary Online Material (SOM).
Once sequence gaps were ﬁlled in the aligned sequences,
alignment gaps were removed using an in-house script (https://
github.com/ofedrigo/TestForPositiveSelection/blob/master/
RemoveDashes.py) prior to HyPhy assays, as the tests for selection
consider only positions present in all species. SOM Table 1 indicates
the size of each compartment in base pairs before and after gap
removal. For the 30 ﬂank analysis of ENAM, the rhesus macaque was
removed from the analysis due to a large deletion.
Positive selection analyses
Three different regions (protein-coding, 50 ﬂank and 30 ﬂank)
were analyzed for signatures of positive selection across each gene.
The 50 ﬂank was deﬁned by the 5000 bp upstream of the human
translation start, excluding the ﬁrst intron if it was between the ﬁrst

chr14:101163193-101222680

two non-coding exons (for AMELX and ENAM). The 30 ﬂank region
was deﬁned by the 5000 bp downstream of the human translation
stop. The regions were determined based on the mRNA and coding
sequences shown in Table 3. Each positive selection test conducted
in HyPhy (Tables 4e6) was repeated three times, and all values
exhibited only minor variation (data not shown).
For each region, the human and chimpanzee branches were
tested for positive selection. The protein-coding, 50 ﬂank and 30
ﬂank regions were tested using the method described in Haygood
et al. (2007). This method is adapted from Wong and Nielsen
(2004) and incorporates the improved branch-site likelihood
method (Zhang et al., 2005). It has been implemented in HyPhy
(Pond et al., 2005) and is available at: (https://github.com/ofedrigo/
TestForPositiveSelection.git). This test divides branches of the tree
into a foreground branch (in our case either human or chimpanzee)
and background lineages (all of the other species). A likelihood ratio
test compares a model allowing positive selection on the foreground branch (the alternate model or hypothesis) with a null
model that does not allow positive selection on the foreground
branch; if the alternate model ﬁts the data better, then the null
model is rejected, which indicates that a particular lineage accumulated more changes in the region of interest than expected by
chance. In addition, the null model accounts for a relaxed constraint
scenario (i.e., conservation on the background branches and neutral
evolution on the foreground branch). The q-value corrections for
multiple comparisons were carried out according to Storey and
Tibshirani (2003).
For the tests of positive selection in the protein-coding regions,
the orangutan was excluded from the AMELX coding positive selection analyses and the rhesus macaque was excluded from ENAM
coding positive selection analyses due to putative frameshift mutations observed when aligning the coding regions (see Table 4).
This could affect our coding selection analyses since removing
species limits the power to detect positive selection.
For the tests of positive selection in the 50 ﬂank and 30 ﬂank, the
method estimates the substitution rate on each lineage. This
method is analogous to the commonly used dN/dS ratio (⍵) for
protein-coding regions. It generates a substitution ratio (x) of the

Table 2
Primer sequences used to ﬁll three sequence gaps.
Gap ﬁlled

Gene

Build

Gap coordinate

F Primer

F primer sequence

R Primer

R primer sequence

Sequence

Gorilla
Gorilla
Orangutan
Orangutan
Gorilla
Gorilla

AMELX
AMELX
AMELX
AMELX
ENAM
ENAM

gorGor3.1
gorGor3.1
PPYG2
PPYG2
gorGor3.1
gorGor3.1

chrX:11152909-11153034
chrX:11152909-11153034
chrX:11135373-11135986
chrX:11135373-11135986
chr4:79091746-79091851
chr4:79091746-79091851

52F
53F
5F
27F
117F
118F

GAGTCCCTAGATAACTACT
GTGTTTTGGCGAATATCTCCCCAA
CAAAGCTTGTTCAACTGTCC
ACCACCTTGCTGTACACCCC
ACAGTTGTAATTGTCTGAAGGG
GACTGAGAAGGGTAATGTAGA

54R
55R
6R
28R
159R
159R

TATACTCCAAGCAAATACACTATG
TAGCTAAGATGGATAATTCAGCAT
CTTTGTTTCCGTGTTCTCAG
GTGTGTTTTACCCCTCTACCTTGG
GAGAGGAAATGACACAGGCACTG
GAGAGGAAATGACACAGGCACTG

See SOM
See SOM
KF509948
KF509948
See SOM
See SOM

For all three gaps we generated multiple PCR products using different primer sets (above) to produce complete high quality sequence to ﬁll gaps.
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Table 3
mRNA and protein accessions.
Gene

Coding

mRNA

Notes

AMELX

NP_872621.1

NM_182680.1

1st intron between
mRNA exons 1 and 2

AMBN
ENAM

NP_057603.1
NP_114095.2

NM_016519.4
NM_031889.2

MMP20

NP_004762.2

NM_004771.3

1st intron between
mRNA exons 1 and 2

Table 5
Results of non-coding positive selection assays with human on the foreground
branch. Bold text indicates gene regions that are under positive selection.
Human

Region

AMELX

30
50
30
50
30

ﬂank
ﬂank
ﬂank
ﬂank
ﬂank

4916
4392
4747
4576
3652

5129
5129
9279
9279
8431

50 ﬂank
MMP20 30 ﬂank
50 ﬂank

5097
5249
4945

8431
20278
20278

AMBN
ENAM

region of interest (e.g., the 50 ﬂank of ENAM) relative to a nearby
region of the genome that is assumed to have evolved neutrally
(e.g., the introns of ENAM). A signature of positive selection in the
region of interest (e.g., more change in the 50 ﬂank than in the introns of ENAM) is consistent with a ratio x > 1. By contrast, neutral
evolution in the region of interest is consistent with a ratio x ¼ 1
(e.g., the same amount of change in the 50 ﬂank and the introns of
ENAM) and negative selection is consistent with a ratio x < 1 (e.g.,
less change in the 50 ﬂank than in the introns of ENAM). For both 50
and 30 ﬂanking regions, we assessed positive selection across the
entire 5 kb region as well as within approximately 1 kb windows
(Figs. 1e4).
The neutral proxy provides the baseline for evaluating the
amount of DNA sequence change in the 50 ﬂank and 30 ﬂank of each
gene and comprises w5 kb of intronic sequence from the gene
under analysis or a nearby region of the genome, following
Haygood et al. (2007). To generate the neutral proxy, the ﬁrst intron
and the centers of large introns were removed as they may contain
regulatory elements that are not evolving neutrally (Blanchette
et al., 2006; Crawford et al., 2006; ENCODE Consortium, 2012).
Then, 100 bp was trimmed from each end of the remaining introns,
and the sequences concatenated. For AMELX, this concatenated
sequence was <5 kp, so 986 bp of intronic sequence from a nearby
gene was added, again following Haygood et al. (2007).
The null and alternate models are evaluated for a number of
evolutionary rate classes that strengthen the interpretation of
positive selection on the foreground branch (see Haygood et al.,
2007 for a detailed discussion). Brieﬂy, the null model has three
rate classes all of which indicate neutral evolution or negative selection on the foreground branch. The alternate model has four rate
classes: (1) negative selection (x < 1) on all branches, (2) neutral
evolution (x ¼ 1) on all branches, (3) positive selection (>1) on the
foreground branch and negative selection (x < 1) on the
Table 4
Results of coding positive selection analyses by gene.
Gene

Region Foreground Size (bp) p value q value

AMELX Coding Human

616

0.995

AMBN

Coding Human

1266

0.999

ENAM

Coding Human

3417

0.991

MMP20 Coding Human

1452

0.579

616

0.995

AMELX Coding Chimpanzee

AMBN

Coding Chimpanzee

1266

0.999

ENAM

Coding Chimpanzee

3417

0.995

MMP20 Coding Chimpanzee

1452

0.931

Notes

0.995 *Orangutan was
excluded due to a
putative frameshift
0.995 *Removed gorilla
indel spanning
exons 7&8
0.995 *Macaque was
excluded due to
putative frameshift
0.995
0.999 *Orangutan was
excluded due to a
putative frameshift
0.999 *Removed gorilla indel
spanning exons 7&8
0.999 *Macaque was
excluded due to
putative frameshift
0.999

Noncoding Intronic bp
bp

p value
0.767
0.505
1
0.99
0.128

q value
1
0.808
1
1
0.256

Notes

*Macaque
removed
because of a
large deletion

0.00518
0.0207
0.077
0.205
0.000738 0.0059

background branches, and (4) positive selection (x > 1) on the
foreground branch and neutral evolution (x ¼ 1) on the background
branches.
Transcription factor binding sites
For each gene, we searched the upstream 50 ﬂank 5000 bp using
TRANSFAC in Biobase with default settings (http://www.biobaseinternational.com/product/transcription-factor-binding-sites). The
proﬁle (group of matrices) was set as vertebrate_nonredundant_minFP with the ‘use only high-quality matrices’ option, and cut-off criteria were set to minimize false positives.
Output coordinates and putative binding sites were annotated by
hand in Geneious. We considered several transcription factors
known to be associated with dental formation and/or enamel formation: DLX3, DLX5, OCT1, SOX9 (Davideau et al., 1999; Bouwman
et al., 2000; Narukawa et al., 2007; Xu et al., 2010; AthanassiouPapaefthymiou et al., 2011). A ﬁfth transcription factor, SP3, was
not available in TRANSFAC so we used Regulatory Sequence Analysis Tools (RSAT) matrix-scan using default settings (http://rsat.ccb.
sickkids.ca/) (Turatsinze et al., 2008) to identify binding sites
(Bouwman Embo Karis J 2000). The SP3 matrix was determined in
human using PAZAR (http://www.pazar.info/) (Portales-Casamar
et al., 2007, 2009).
HapMap overlap with human unique sites
In order to better understand the evolutionary history of single
base mutations that are unique to the human lineage relative to the
other ﬁve species analyzed here, we uploaded all such mutations as
browser extensible data (BED) ﬁles into the UCSC browser and
compared to single nucleotide polymorphisms (SNPs) in the HapMap track (Thorisson et al., 2005). If no SNPs are known at that
position, we considered the mutation to be ﬁxed within humans.
miRNA binding sites in 30 untranslated region
We assessed the 30 UTR of MMP20 in chimpanzees for putative
miRNA binding sites based on the Segal lab predictions (http://
genie.weizmann.ac.il/pubs/mir07/mir07_prediction.html).
We
used miRBase version 11.0 with a ddG threshold <10 with a seed
of 8:0:0 (seed of 8 bp, no mismatches, no G:U wobble) or 8:0:1
(seed of 8 bp, no mismatches, 1 G:U wobble) (Kertesz et al., 2007).
Results
In both the human branch and chimpanzee branch, foreground
tests of the protein-coding regions showed no evidence of positive
selection in any of the genes (Table 4).
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Table 6
Results of non-coding positive selection assays with chimpanzees on the foreground branch. Bold text indicates gene regions that are under positive selection.
Gene
AMELX
AMBN
ENAM
MMP20

Region

Noncoding bp

Intronic bp

p value

q value

Chimpanzee 30 ﬂank
Chimpanzee 50 ﬂank
Chimpanzee 30 ﬂank
Chimpanzee 50 ﬂank
Chimpanzee 30 ﬂank
Chimpanzee 50 ﬂank
Chimpanzee 30 ﬂank
Chimpanzee 50 ﬂank

4916
4392
4747
4576
3652
5097
5249
4945

5129
5129
9279
9279
8431
8431
20278
20278

0.999
1
1
0.328
0.944
0.0947
3.005E-07
0.000586

1
1
1
0.656
1
0.253
2.40E-06
0.00234

In comparing the ﬂanking regions of humans with those of the
other species, we found positive selection in the 50 ﬂank of MMP20
(p ¼ 0.000738, q ¼ 0.0059, Table 5, Fig. 1) and in the 50 ﬂank of
ENAM (p ¼ 0.00518, q ¼ 0.0207, Table 5, Fig. 2). In the comparisons
of chimpanzees with the other species, we found positive selection
for MMP20 in both the 30 ﬂank (p ¼ 3e-7, q ¼ 2.4e-6,Table 6, Fig. 3)
and the 50 ﬂank (p ¼ 0.000586 q ¼ 0.00234, Table 6 and Fig. 4).
There were no other signiﬁcant tests for positive selection in the
human or chimpanzee foreground comparisons after correcting for
multiple comparisons.
For each 50 ﬂank or 30 ﬂank under positive selection (across the
entire 5 kb), we assessed whether certain sub-regions showed
stronger evidence of selection in order to provide further insight
into which compartments and/or nucleotides may be important for
changes in gene regulation. For the MMP20 50 ﬂank in human
(Fig. 1b and c), there were 39 unique nucleotide changes along the
human branch relative to the other species. The two sub-regions

Notes

*Macaque removed because of a large deletion

(2nd_KB and 3rd_KB) with more unique sites relative to other
sub-regions are the only ones showing overall evidence of positive
selection (Fig. 1b). This trend of sub-regions with more unique sites
also exhibiting evidence of positive selection is consistent for the
other genes and regions. The human ENAM 50 ﬂank has 46 unique
sites with the 4th_KB sub-region showing evidence of positive selection (Fig. 2b and c). Similarly, within the chimpanzee MMP20 30
ﬂank there are 56 sites unique to the chimpanzee branch and the
1st, 2nd, 3rd and 5th_KB sub-regions show evidence of positive
selection (Fig. 3b and c). Within the chimpanzee MMP20 50 ﬂank,
there are 38 sites unique to the chimpanzee branch (Fig. 4b and c).
The two regions with the most unique sites also showed evidence
of positive selection (see 4th_KB and 1st_KB in Fig. 3b). The two
sub-regions of MMP20 50 ﬂank under selection along the human
branch (2nd_KB and 3rd_KB) are different from the two subregions under selection along the chimpanzee branch (1st_KB
and 4th_KB) (compare Figs. 1b to 4b).

Figure 1. Multi-species alignment of MMP20 50 ﬂank in humans. a) Above is a schematic of the MMP20 gene indicating the expanded regions below that correspond to the upstream
5000 bp of 50 ﬂank. b) The 5000 bp was divided into ﬁve approximately 1 KB regions with the 1st_KB region nearest the translation start (to the right). The graph shows the count of
the number of sites within each 1 KB region that are unique to the human branch (green diamonds), and the number of putative transcription factor binding sites involved in tooth
or enamel formation (purple triangles). The sub-regions under positive selection are indicated by gray boxes with p values. c) Along the top is the consensus sequence across this
5013 bp region upstream of the MMP20 gene. Coordinates correspond to the genomic location based on hg19. The identity plot below indicates 0e100% sequence identity with
green showing 100% identity among all species. Each species’ sequence is shown by gray horizontal bars with black tick marks indicating sequence changes from the consensus.
Below the human line are the unique sites (in green), and putative transcription factor binding sites (shown by purple arrowheads). The 1 KB regions are indicated by light blue
horizontal bars. The brown box with an E indicates a putative enhancer element (see last paragraph of results). Alignment gaps are shown by lines across the sequence. There are
small sequence gaps in chimpanzees and gorillas across this region, which are indicated by gray ovals (for interpretations of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article).
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Figure 2. Multi-species alignment of ENAM 50 ﬂank in humans. a) Along the top is a schematic of the ENAM gene indicating that the regions below are from the upstream 50 ﬂank. b)
The 50 ﬂank was divided into ﬁve approximately 1 KB regions with the 1st_KB region nearest the translation start (to the right). The graph shows the number of sites within each
1 KB region that are unique to the human branch (green diamonds), and the number of putative transcription factor binding sites involved in tooth or enamel formation (purple
triangles). The 4th_KB region, which is under positive selection, is indicated by gray shading. c) Along the top is the consensus sequence across this region upstream of the ENAM
gene. There was a large alignment gap, which was removed in this picture (indicated by the double hatched line). Coordinates correspond to the genomic location based on hg19.
The identity plot below indicates 0e100% sequence identity with green showing 100% identity among all species. Each species’ sequence is shown by gray horizontal bars with black
tick marks indicating sequence changes from the consensus. Below the human line are the unique sites (in green) and putative transcription factor binding sites (shown by purple
arrowheads). Alignment gaps are shown by dashes across the sequence. One gorilla gap was ﬁlled across here (indicated by yellow bar) and a 100 bp sequence gap remains in the
gibbon sequence (denoted by a gray box). The red arrowhead to the right indicates the start of the untranslated region (for interpretations of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article).

We next assessed whether the unique sites in MMP20 and ENAM
were variable in humans or if they were ﬁxed in the human lineage.
We did this by overlaying these sites with HapMap single nucleotide polymorphisms (SNPs) in the UCSC genome browser (http://
genome.ucsc.edu/). All 39 MMP20 sites were ﬁxed across human
populations (data not shown). Similarly, 45 of the 46 ENAM sites
were ﬁxed in the human population (data not shown).
The correlation between phenotype and positive selection is
strengthened if the sequence changes can be linked to sites on the
genome where transcription factors or other regulatory elements
such as microRNAs (miRNAs) bind to DNA in order to regulate its
transcription. Therefore, we separately analyzed the 50 ﬂank of
MMP20 and ENAM in humans by looking for putative binding sites
of transcription factors known to be involved in enamel or tooth
development (DLX3, DLX5, OCT1, SOX9, SP3) (Davideau et al., 1999;
Bouwman et al., 2000; Narukawa et al., 2007; Xu et al., 2010;
Athanassiou-Papaefthymiou et al., 2011). For both the 50 ﬂank of
MMP20 and ENAM, we identiﬁed a SOX9 binding site overlapping or
within 6 bp of a unique site along the human branch (SOM Figs. 1c,
2c and 2d). Interestingly, the 1st_KB sub-region of MMP20 50 ﬂank
has the fewest human unique sites but the most putative transcription factor binding sites (Fig. 1b). In an independent analysis,
the 1st_KB sub-region was also found to contain a putative
enhancer element conserved across mammals (Jernvall and Hallikas, Unpublished) (SOM Fig. 1c). In the 50 ﬂank of MMP20 along the
chimpanzee branch, we identiﬁed one unique site adjacent to a
putative OCT1 binding site (SOM Fig. 3c). In the 30 ﬂank of MMP20
along the chimpanzee branch, we identiﬁed four putative miRNA
binding sites, but none of these overlapped the unique sites identiﬁed by our analyses (SOM Fig. 4c). None of the HapMap variable

sites identiﬁed above overlapped putative transcription factor
bindings sites from our analyses.
Discussion
The tests for positive selection we report here contrast sequences in the 50 ﬂank and 30 ﬂank of humans or chimpanzees as
compared with these regions in gorillas, orangutans, gibbons and
rhesus macaques. By contrasting the human and chimpanzee
branches independently, we strengthen correlations with the
evolution of enamel thickness variation at the human-chimpanzee
node. Our results suggest strong positive selection within the 50
ﬂank of MMP20 on both human and chimpanzee branches, and in
the 30 ﬂank of the chimpanzee branch (Tables 5 and 6). The results
also indicate strong positive selection in the 50 ﬂank of ENAM on the
human branch. Thus, the human and chimpanzee branches show
distinct genomic signals of natural selection in MMP20 and ENAM
that are correlated with differences in enamel thickness in the
extant species. We ﬁnd no evidence of positive selection in the
ﬂanking regions of AMELX and AMBN on either branch. Similarly,
there is no evidence of positive selection in any coding region on
either branch (Table 4). Since the human sites under positive selection are different from the chimpanzee sites under selection in
MMP20 50 ﬂank, the human-speciﬁc changes we identiﬁed may be
correlated with the thick enamel phenotype in humans while the
changes along the chimpanzee branch may be correlated with the
thin enamel phenotype seen in extant chimpanzees. In addition to
enamel thickness, enamel hardness, which differs between humans
and chimpanzees (Lee et al., 2010), may be linked to the differences
in selection on MMP20 regulation. Additionally, positive selection
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Figure 3. Multi-species alignment of MMP20 30 ﬂank in chimpanzees. a) Along the top is a schematic of the MMP20 gene in chimpanzees indicating that the regions below are from
the downstream 30 ﬂank region. b) The 30 ﬂank was divided into ﬁve approximately 1 KB regions with the 1st_KB region nearest the translation stop (to the left). The graph shows
the count of the number of sites within each 1 KB region that are unique to the chimpanzee branch (blue diamonds). The four sub-regions under positive selection are indicated by
gray shading. c) Along the top is the consensus sequence across this region downstream of the MMP20 gene. The identity plot below indicates 0e100% sequence identity with green
showing 100% identity. Each species’ sequence is shown by gray horizontal bars with black tick marks indicating sequence changes from the consensus. Below the human line is the
30 untranslated region (in red). Below the chimpanzee line are the sites unique to the chimpanzee branch (blue) and putative miRNA binding sites (in purple). There is one gap
across this region in the macaque genome (indicated by a gray box) (for interpretations of the references to color in this ﬁgure legend, the reader is referred to the web version of
this article).

across both the 30 and 50 ﬂanking regions of MMP20 in chimpanzees
suggests multiple levels of regulation of MMP20 in the chimpanzee
lineage.
Tooth development and enamel thickness
Enamel thickness is determined during the secretory phase of
amelogenesis (Athanassiou-Papaefthymiou et al., 2011). It is a
function of the appositional growth rate (e.g., m/day) times the
duration of growth (e.g., number of days) in relation to the angle
of growth of the enamel rod relative to the dentineenamel
junction (Grine and Martin, 1988; Dean, 2000; Simmer et al.,
2010). Multiple lines of evidence indicate the importance of
enamelysin (MMP20), enamelin (ENAM), amelogenin (AMELX),
and ameloblastin (AMBN) in shaping the space for the proper
growth in length of the enamel crystallite ribbons and enamel
rods prior to maturation (Simmer and Hu, 2002; Fukumoto et al.,
2005; Bartlett et al., 2006; Margolis et al., 2006; Chun, 2009;
Chun et al., 2010; Simmer et al., 2010; Yamakoshi et al., 2011;
Moradian-Oldak, 2012). The proximate mechanisms regulating
enamel thickness are unknown, but recent work points to the
importance of several families of transcription factors, signaling
molecules and the circadian clock genes as regulators of enamel
development (Cobourne and Sharpe, 2003; Lezot et al., 2008;
Simmer et al., 2010; Athanassiou-Papaefthymiou et al., 2011;
Zheng et al., 2011; Lacruz et al., 2012). Likewise, studies of the
time-dependent and rate-dependent features of forming tooth
crowns suggest that there is still much to be learned about the
developmental genetics of enamel thickness among hominoid

species (Dean et al., 2001; Avishai et al., 2004; Lacruz et al., 2008;
Dean, 2010; Guatelli-Steinberg et al., 2012). This is not surprising
given the large number of transcription factors and signaling
molecules that operate in a complex gene network during enamel
formation (Jernvall and Thesleff, 2000; Tummers and Thesleff,
2009).
Enamelysin (encoded by MMP20) is the predominant proteolytic
enzyme during the secretory phase of enamel formation (Bartlett
et al., 2006). Enamelysin is secreted continuously by ameloblasts
into the elongating enamel rod where it processes enamelin and
the amelogenins (Bartlett and Simmer, 1999; Simmer and Hu,
2002). Thus, the proper expression of MMP20 is critical for regulating the size and packing of enamelin and amelogenin molecules
(Caterina et al., 2002; Beniash et al., 2006; Lu et al., 2008;
Moradian-Oldak, 2012). The Mmp20 null mouse has a dramatic
tooth phenotype including improper processing of the EMPs and
hypoplastic enamel.
Although enamelin (encoded by ENAM) is the least abundant
of the EMPs, mutations in ENAM are associated with hypoplasia
(Bartlett et al., 2006), and Enam-null mice lack enamel (Hu
et al., 2008). Enamelin has been studied extensively at the
molecular level, revealing both its ancient origin and particular
coding regions under selection in human populations and
nonhuman primates (Sire et al., 2007; Kelley and Swanson,
2008).
Fukumoto et al. (2005) show that enamelin is secreted into the
core of the enamel rod where it surrounds the crystal ribbon, and
that it is critical for maintaining the integrity of the pre-mineralized
space of the enamel rod. Enamelin occurs in high concentrations at
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Figure 4. Multi-species alignment of MMP20 50 ﬂank in chimpanzee. a) Along the top is a schematic of the MMP20 gene in chimpanzees, indicating that the regions below are from
the upstream 50 ﬂank region. b) The 50 ﬂank was divided into ﬁve approximately 1 KB regions with the 1st_KB region nearest the translation start (to the right). The graph shows the
count of the number of sites within each 1 KB region that are unique to the chimpanzee branch (blue triangles) and the number of putative transcription factor binding sites
involved in tooth or enamel formation (purple boxes). The two sub-regions under positive selection are indicated by gray shading. c) Along the top is the consensus sequence across
this region upstream of the MMP20 gene. Coordinates correspond to the genomic location based on CHIMP 2.1.4 (the most recent chimpanzee genome assembly). The identity plot
below indicates 0e100% sequence identity with green showing 100% identity. Each species’ sequence is shown by gray horizontal bars with black tick marks indicating sequence
changes from the consensus. Below the human line are the human unique sites (in green) and putative transcription factor binding sites (shown by purple arrowheads). Below the
chimpanzee line are the chimpanzee unique sites (in blue) and putative transcription factor binding sites (shown by purple arrowheads). The brown box under the human line with
an E indicates a putative enhancer element (see last paragraph of results). There is one small gap in chimpanzee and one in gorilla (indicated by gray ovals) (for interpretations of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article).

the dentin-enamel boundary and has been suggested to play a role
in maintaining structural organization in this region as well (Dohi
et al., 1998; Fang et al., 2011).
Thus, the studies mentioned above provide compelling evidence
for the importance of enamelysin and enamelin during enamel
thickness formation. Our ﬁndings suggest that natural selection
results in targeted modiﬁcations to the regulatory regions of
MMP20 and ENAM rather than overhauling the entire enamel matrix complement via coding changes. This scenario contrasts with
the more dramatic changes seen in baleen whales in which the loss
of a functional copy of MMP20 is accompanied by the complete loss
of dental enamel (Meredith et al., 2010). Similar changes occur in
concert with mutations in ENAM in edentates (Meredith et al.,
2009).
Several transcription factor binding sites (SOX9 in human, and
OCT1 and DLX5 in chimpanzee) span unique nucleotide sites,
providing a possible functional explanation for a link between
enamel formation and these species-speciﬁc differences.
Papagerakis et al. (2009) identiﬁed a promoter region upstream of
the Enam gene in mice using transgenic lines. This region is
included in our analysis and contains 21 bp unique to the human
branch; two of the unique sites are within 6 bp of a putative SOX9
binding site (SOM Fig. 5). Therefore, if this region serves as a promoter in humans, there are likely several potential binding sites
conferring regulation of the ENAM gene. Although no links to
enamel thickness have been made with SOX9, the SOX family of
transcription factors is implicated in the proper development of
neural-crest-derived tissues during morphogenesis of the branchial
arches, including teeth (Kanzler et al., 1998; Mori-Akiyama et al.,
2003; Juuri et al., 2013).

Enamel thickness evolution, measurement, and function
Since we found evidence for positive selection in MMP20 along
both the human and chimpanzee branches, we undertook a set of
post hoc scans for positive selection to evaluate whether changes in
the 50 and 30 ﬂanking regions of MMP20 are species-speciﬁc in the
hominoid lineage. The ﬁrst test contrasts the orangutan branch in
comparison with a gibbon-rhesus macaque group. This test showed
no evidence for positive selection on the orangutan branch (data
not shown). The second test contrasts the gorilla branch in comparison with an orangutan-gibbon-rhesus macaque group and
showed no evidence for positive selection (data not shown). From
these tests, we conclude that the non-coding changes in the 50 ﬂank
and 30 ﬂank of MMP20 are speciﬁc to the human and chimpanzee
branches and that, using our methods, these regions are not under
directional selective pressure across all species analyzed here.
This result raises the question of why chimpanzees and humans
are the only two hominoid species to show a signal of positive
selection. One possibility is that tests for positive selection are
statistically conservative and we may simply have failed to detect
some instances of positive selection. For example, a single mutation
in the regulatory region could adaptively alter tooth morphology,
but statistically this would not be distinguished from a random
sequence change. Similarly, mutations in multiple genes could
contribute to a change in enamel thickness but not be detectable in
any one gene. Moreover, the genes we examined are not the only
ones that have the potential to inﬂuence enamel. Nevertheless, it is
encouraging that even with a small set of genes, we have some
indication about future directions for subsequent studies (e.g.,
comparisons of RNA expression in chimpanzee and human teeth
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and comparison of the Neanderthal sequence data to that of the
human and chimpanzee). The strong signal of positive selection on
two out of ﬁve hominoid branches suggests that regulation of
MMP20 may be a frequent target of selection.
An important motivation for this study was to look at genomic
evidence for natural selection that may ultimately link to a
phenotypic trait that is preserved in the fossil record. The central
position of enamel thickness as a deﬁning trait among hominoids is
due to its dependability as a diagnostic feature (Molnar and Gantt,
1977; Kay, 1981, 1985; Gantt, 1983; Martin, 1983; Martin, 1985;
Beynon and Wood, 1986; Grine and Martin, 1988; Shellis et al.,
1998; Schwartz, 2000; Grine, 2002; Olejniczak et al., 2008a,
2008b; Smith et al., 2012). Average and relative enamel thickness
as deﬁned by Martin (1983) are now the standard measures of
enamel thickness in comparative studies. Both variables provide a
way to scale the amount of enamel relative to tooth size and
therefore also measure variation in tooth size. Neither variable
measures the thickness of enamel deposited by an ameloblast (cf.
Simmer et al., 2010). Although tooth size and enamel thickness may
be positively correlated, they are also independently regulated
because large teeth can have thin, and small teeth can have thick
enamel. A full understanding of the complex relationship between
tooth size and enamel thickness requires more work to determine
the appropriate way to measure enamel thickness, particularly
when the goal is to integrate genomic, developmental, and
phenotypic data across multiple species.
However, it is clear that irrespective of the variable used to
quantify enamel thickness, humans have thick enamel in comparison with chimpanzees and gorillas (Dean et al., 2001) and
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that thick enamel has been the dominant phenotype throughout
the past four million years of hominin evolution (Smith et al.,
2012). Our results raise the possibility that the enamel thickness phenotype of both chimpanzees and humans differs from
that of their last common ancestor. To attempt to place the
genomic signal of selection in phenotypic context, we mapped
the distribution of enamel thickness states in extant hominoids
and fossil hominins onto a phylogeny and used maximum likelihood estimation to reconstruct nodes in that phylogeny (Fig. 5,
SOM Table 2 and see also SOM). Thick enamel occurs in Australopithecus anamensis and most subsequent hominins (Beynon
and Wood, 1986; Grine and Martin, 1988; Teaford and Ungar,
2000; Ungar et al., 2006; Olejniczak et al., 2008b; Smith et al.,
2012). Neanderthals are distinguished from the other hominin
taxa in having intermediate enamel due primarily to the larger
volume of dentin but also to absolutely thinner enamel at some
tooth positions (Smith et al., 2010, 2012). The maximum likelihood analysis reconstructed a range of phenotypes at the node
uniting chimpanzee and human, depending on the position of
Ardipithecus and the enamel thickness inferred for the latter
(SOM). In a broader comparative study, St. Clair et al. (2013)
show that choice of enamel thickness variable has an effect on
interpretations of phenotypic change along primate lineages. A
comparison of the genomic data presented here to the recently
published Neanderthal (http://www.eva.mpg.de/neandertal/
index.html) and Denisovan (Meyer et al., 2012) genomes is underway and may increase our ability to interpret the chimpanzee and human differences in the signatures of selection in
MMP20.

Figure 5. Phylogeny of enamel thickness phenotypes. Phylogenetic tree and enamel thickness states for extant taxa in this study as well as fossil hominins. Maximum likelihood
reconstructions for enamel thickness at hominoid nodes suggest that the ancestral morphotypes for clades including hominins are highly dependent both on the phylogenetic
position of Ardipithecus and how the enamel thickness of this genus is characterized (see SOM for details of the ancestral state reconstructions). Phylogenetic topography for
hominins is based on a previous method (Strait et al., 1997). States were primarily based on relative enamel thickness when available. The maximum likelihood estimation routine in
the ‘ape’ R package (Paradis et al., 2004) was used to reconstruct nodes under an assumption of equal rates (ER).
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In primates and other mammals, thick molar enamel is linked to
a hard/tough-object diet and/or the inclusion of large amounts of
abrasives in the diet (Jolly, 1970; Molnar and Gantt, 1977; Kay, 1981,
1985). Recent studies suggest that functional links to diet, and the
associated selective pressures, were complex during hominin
evolution, and that variation in enamel thickness across the
occlusal surface is potentially useful for making ﬁner-grained inferences about dietary adaptation (Macho et al., 1995; Schwartz,
2000; Ungar, 2004; Lucas et al., 2008; Vogel et al., 2008; Smith
et al., 2012). The persistence of thick enamel in modern humans
is somewhat paradoxical as many other skull features are gracile in
comparison with extinct hominins (Hylander, 1988; Wall et al.,
2008; Smith et al., 2012). Pampush et al. (2013) have recently
linked enamel thickness to lifetime dietary wear and long lifespan
in a sample of nonhuman primates, a result that highlights the
importance of considering life history variables in conjunction with
mechanical variables in interpretations of enamel thickness (see
also Teaford, 2007).
Conclusions
We ﬁnd strong evidence for positive selection in the 50 ﬂank of
MMP20 along the human and chimpanzee branches, the 30 ﬂank of
MMP20 along the chimpanzee branch, and the 50 ﬂank of ENAM
along the human branch. We further reﬁne the speciﬁc regions and
nucleotides under selection, which will direct future functional
assays to help elucidate the importance of species-speciﬁc
sequence changes in these important genes. These results suggest
that a component of the enamel matrix protein complement,
enamelin, in tandem with regulation of the processing of the
enamel matrix proteins by enamelysin is linked to the evolution of
thick enamel in humans. Similarly, the nucleotides under selection
in the regulatory regions of enamelysin along the chimpanzee
branch may have contributed to the thin enamel phenotype seen in
modern chimpanzees. In addition to enamel thickness, factors such
as maturation time or degree of mineralization could be underlying
the signals of positive selection in these genes. The studies reported
here provide a framework for understanding how speciﬁc genetic
changes relate to the functional aspects of the process of enamel
formation and development and offer insight into our evolutionary
past as well as the potential for a better understanding of trait
changes across species.
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