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a  b  s  t  r  a  c  t

An  organism’s  anatomy  is  the result  of  millions  of years  of interplay  between  DNA  sequence,  develop-
mental  processes,  the  environment,  and evolutionary  forces.  The  anatomical  sciences  are  consequently
highly  integrative  and interdisciplinary.  That  said,  reaching  across  all of the  relevant  disciplines  can  be  a
daunting  task  because  scientific  publications  are  produced  today  at an  astounding  rate.  This  manuscript
brings  together  insights  from  the  quantitative  genetic  analysis  of  dental  variation  into  the study  of  human
evolutionary  odontology  within  the  context  of  genomics,  genetic  modularity,  and  phenomics.  It primar-
ily advocates  the  use of  quantitative  genetics  to not  only  identify  QTLs, but  also  to  assess  the patterns
of  genetic  covariance  that  underlie  phenotypic  covariance,  thereby  enabling  us  to  conceptualize  pheno-
rimates
aleontology
aurodont
namel thickness

typic variation  as  a reflection  of  the  underlying  genetic  mechanisms.  By  highlighting  three  phenotypes
of  importance  within  the  study  of human  evolution  (patterning  of  the dental  arcade,  enamel  thickness,
and  taurodontism),  it is demonstrated  how  an  integrated  consideration  of  quantitative  genetics,  genomic
analyses,  and  paleontology  can  bring  us  to more  detailed  hypotheses  about  the evolution  of  the  hominid
clade.
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. Introduction

Almost 20 years ago, in a discussion of complex diseases,
chork (1997) made the distinction between the discovery of genes
nd the characterization of the effects of genes. He differenti-

in the middle – a connection between genes, gene-by-gene inter-
actions, and the resultant phenotypes. He defined phenomics as the
“delineation of connections among various genes, gene products,
intermediate phenotypes, and clinical endpoints” (Schork, 1997:
ted between bottom-up approaches (such as identifying candidate
enes and developmental genetics) and top-down approaches
such as genomic analyses). He expressed the need for something

∗ Tel.: +1 5107082632.
E-mail address: hlusko@berkeley.edu

ttp://dx.doi.org/10.1016/j.aanat.2015.05.001
940-9602/© 2015 Elsevier GmbH. All rights reserved.
S107). Unfortunately, Schork’s (1997) definition did not persevere,
as phenomics has morphed into a term referring to large-scale
efforts to collect phenotype data (Houle et al., 2010, credited the
phenotypic definition to Soulé’s (1967) phenetic analysis of lizards;

for the use of the term within paleontology see Burleigh et al., 2013,
and in craniofacial biology, Yong et al., 2014).

Despite the lack of a general term for it, the relationship between
the genetic material that passes from generation to generation and

dx.doi.org/10.1016/j.aanat.2015.05.001
http://www.sciencedirect.com/science/journal/09409602
http://www.elsevier.com/locate/aanat
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he phenotypes upon which selection operates is one of the most
ascinating, complex, and little understood phenomena faced by

odern anatomists. And yet it is one of the most essential ele-
ents for understanding the evolutionary processes that underlie

he variation within and among species. What the morphologist
eeds is phenomics as Schork (1997) originally intended. There are
urrently two routes for addressing this middle ground, namely
ottom-up and top-down approaches.

The first works from development forward through ontogeny
o link genotype to phenotype. Over 20 years of developmental
enetics research on mice underlies a fairly sound understanding
f the genes necessary and sufficient to make mammalian teeth,
nd how this likely relates to human dental variation (Jheon et al.,
013; Thesleff, 2014; Lesot et al., 2014). This research demon-
trates that the dentition is a hierarchical organ, with genetic
atterning mechanisms operating across the dental arches, along
he tooth row, within tooth types, and within a tooth (e.g., Jernvall
nd Thesleff, 2000; Stock, 2001). Three-dimensional embryological
tudies reveal the temporo-spatial dynamics of signaling cen-
ers, including transient rudimentary tooth primordia in mouse
iastema where teeth were evolutionarily lost (Peterkova et al.,
014). However, it is widely recognized that the mechanisms
equired to make an organ are not necessarily the same mecha-
isms that underlie its phenotypic variation.

As our understanding of developmental genetics improves,
o does our ability to mathematically model the effects of
evelopmental parameters on ultimate morphology (Félix, 2012).
pecifically for teeth, Salazar-Ciudad (2012) and colleagues
Salazar-Ciudad and Jernvall, 2007, 2010) have explored what in
ilico teeth look like when different components of a gene network

 modeled after mouse molar development – are incrementally
djusted. This has led to the identification of key parameters whose
lteration results in computer-generated morphological variation
hat is reminiscent of what is seen in living organisms. These results
rovide hypotheses about which or genetic activator and inhibitor
arameters may  be most critical for influencing population and
pecies level variation. A drawback to this approach, however, is
he vast amount of research needed to elucidate the gene path-
ays prior to being able to construct a model. New gene sequencing

pproaches make this less of an obstacle than it was just a few years
go. For example, gene expression can now be studied with ChIP-
eq, through which protein-DNA binding is assessed in vivo (Park,
009), and with RAD-seq that targets selected genomic regions of

nterest, facilitating research on species for which whole genome
equences are not available (see overview by Van Dijk et al., 2014).
owever, the majority of organ systems are not yet available for

uch modeling approaches, including the dental arcade and bony
keleton.

The second, top-down approach is founded within genetic and
enomic analyses that statistically identify loci associated with
opulation-level and species-level dental variation (e.g., Pillas
t al., 2010; Geller et al., 2011; Haga et al., 2013), and the
ikelihood of selection on these loci (e.g., Horvath et al., 2014).

hile these analytical methods identify loci that have statistically
ignificant influences on phenotypic variation, they cannot elu-
idate the mechanism through which these loci accomplish this.
onsequently, such results are difficult to incorporate into our
nderstanding of the evolution of the associated anatomical struc-
ures.

Quantitative genetic analyses tend to be viewed exclusively in
erms of their QTL (quantitative trait loci) results. However, the
ower of recently developed analytical methods enables sophisti-

ated exploration of phenotypic variation that is, in my  opinion,
reatly underappreciated. Quantitative genetics relies on the prin-
iple that phenotypic variance observed within a population can
e decomposed into variance due to genetic effects, variance due to
my 203 (2016) 3–11

non-genetic effects, and variance due to covariate effects (Falconer,
1981). For populations of related individuals, the genetic variance
is structured by a matrix of kinship coefficients (e.g., Almasy and
Blangero, 1998). Through a maximum likelihood approach, various
parameters can be estimated essentially through linear regres-
sions (see details of the analytical methods my colleagues and I
use in Hlusko et al., 2006). Phenotypic correlations can similarly be
decomposed into genetic and non-genetic components, providing
the opportunity to assess the structure of the genetic variance that
underlies phenotypes as we  currently define them. This means that
we can use quantitative genetics to not only identify QTLs, but also
to assess the patterns of genetic covariance that underlie pheno-
typic covariance, enabling us to conceptualize phenotypic variation
as a reflection of the underlying genetic mechanisms, or rather, the
genetic architecture.

The justification for this approach builds in part on the concept
of morphological integration (Olson and Miller, 1958) – that phe-
notypic traits will be tightly correlated when they share a common
developmental pathway and/or ultimate function. These integrated
units, or modules were initially identified through phenotypic cor-
relation and were later refined by the ability to estimate genetic
correlations (Ehrich et al., 2003; Cheverud et al., 1997; Klingenberg
et al., 2001; Mezey et al., 2000; Leamy et al., 1999; Cheverud, 1988).
This brings us to modularity (Wagner and Altenberg, 1996), which
incorporates evidence of the mechanisms that underlie morpho-
logical integration. Modules can be classified as genetic (defined by
a matrix of genetic covariances), developmental (defined by mech-
anistically correlated precursors of a trait), functional (defined by
a trait’s interaction with other body parts performing a particu-
lar function), or evolutionary in character (defined by observation
of correlated change over time) (Klingenberg, 2008). These mod-
ule types are not mutually exclusive and can influence each
other, resulting in phenotypic covariation (Cheverud, 1996). More
recently, researchers have started to assess large number of pheno-
types in single-gene null mutants to search for pleiotropic effects,
results that further support the interpretation that phenotypic vari-
ation is highly modular (e.g., Wang et al., 2010; see Paaby and
Rockman, 2013 for a critical discussion of “pleiotropy”).

Given that these heritable patterns of covariance may be stable
over reasonably long periods of evolutionary time (Lande, 1979,
1980), genetic covariance may  bias phenotypic response to selec-
tion through lines of least evolutionary resistance (LLER) (Schluter,
1996, 2000). Schluter (1996, 2000) found that evolution among
closely related species tended to follow the trajectory defined by
the genetic covariance structures more so than the phenotypic
covariance structure. From this, he concluded that genetic archi-
tecture creates a pathway of least resistance along which evolution
will typically travel unless perturbed by strong natural selection.
Marroig and Cheverud (2005) found a similar result when studying
cranial variation across 16 extant genera of New World Monkeys
(NWM), suggesting that the genetic architecture of cranial size has
been stable for at least 26 million years of NWM  radiation. My  col-
leagues and I found that Old World Monkey dental variation within
populations, between species, and across genera similarly varies
along trajectories defined by patterns of genetic covariance (Grieco
et al., 2013). Because the genetic modularity seen in baboons does
not necessarily similarly characterize the human dentition, I now
quickly review the deep scientific literature on quantitative genetic
analyses of human and non-human primate dental variation.

2. Framework: quantitative genetic analysis of human and

non-human primate dental variation

There is close to a century of quantitative genetics research on
human dental variation (see detailed review in Rizk et al., 2008).
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arly analytical efforts utilized twin, sibling, and parent-offspring
elationships to assess inheritance of dental caries and orthodontic
isorders (Bachrach and Young, 1927; Moore and Hughes, 1942)
nd later to explore tooth size, cusp variation, timing of eruption,
nd occlusion (Lundström, 1948; Ludwig, 1957). Inter-populational
ifferences, familial aggregation, and more sophisticated analy-
es of immediate family patterns of inheritance continued to yield
vidence for genetic influences on tooth size variation (Horowitz
t al., 1958; Niswander and Chin, 1965; Townsend and Brown,
978a,b; Townsend, 1980). Analyses of morphological variants,
uch as Carabelli’s trait and incisor shoveling tended to evince low
r non-significant heritabilities (Garn et al., 1966; Turner, 1967;
lvesalo et al., 1975; Scott, 1980), but this may  have been a result of

he difficulty in quantifying the trait more so than a true signal of the
iology, because other studies reported quite high heritability esti-
ates (Skrinjaric et al., 1985; Blanco and Chakraborty, 1976; Portin

nd Alvesalo, 1974). However, analyses that incorporated multi-
le nonmetric traits also returned low heritabilities (Mizoguchi,
977). Sex effects and maternal effects were then incorporated into
he models (Garn et al., 1967, 1980; Sirianni and Swindler, 1973,
974). Complex segregation analyses further refined the genetic
nd non-genetic effects on tooth size (Nichol, 1990).

When maximum likelihood estimation was incorporated into
uantitative genetics in the 1990s, the additive genetic and
on-genetic contributions to phenotypes such as Carabelli’s trait
Townsend et al., 1992) and tooth size (Dempsey et al., 1995)
ould be refined. Twin studies have since provided the most recent
nsights about other factors that contribute to variance in the
entition (reviewed in Townsend et al., 2009b). These include

ntrauterine hormone effects (Ribeiro et al., 2013a), epigenetic
ffects (Townsend et al., 2005; Hughes et al., 2014), birth weight
Apps et al., 2004), and tooth emergence (Hughes et al., 2007;
ockmann et al., 2010). The combined results of these studies con-
lusively demonstrate that variation in the size and shape of the
uman dentition is significantly influenced by the additive effects
f genes.

Over the last 15 years, my  colleagues and I have undertaken
uantitative genetic analyses of dental variation in a pedigreed
reeding population of baboons at the Southwest National Primate
esearch Center. We have elucidated shared genetic effects across

 plethora of dental phenotypes (Grieco et al., 2013; Hlusko and
ahaney, 2003, 2007, 2009; Hlusko et al., 2004a,b, 2006, 2007,

011; Koh et al., 2010). Whereas most of the previous work cited
bove searched for additive genetic effects on the variance of one
henotype, our research on baboon dental variation focused on and
xplored genetic correlations between various ways to measure
he phenotype. Our goal has been to describe/partition pheno-
ypic variation such that it better reflects the underlying genetic
rchitecture. We  find that genetic correlations between seemingly
omologous features often cross individual teeth and the dental
rcades, but can be genetically independent on the same crown
such as the orientation of the molar lophs/lophids, Hlusko et al.,
004b, and molar cusp areas, Hlusko et al., 2007; Koh et al., 2010).
ooth linear dimensions have significant genetic correlation on
he same crown, but their patterns of genetic interrelatedness
ith body size are distinct. For example, ∼20% of the variation

n buccolingual width results from the same genes that influence
rown-rump length, but none of the variation in mesiodistal length
s (Hlusko et al., 2006). This phenomenon may  also explain the ear-
ier observation that buccolingual widths for human molars are

ore highly heritable than are mesiodistal lengths (Alvesalo and
igerstedt, 1974), given that statue is highly heritable and is geneti-

ally correlated with molar crown width. We  also find that variation
n baboon enamel thickness has no genetic correlation with tooth
ize nor is it sexually dimorphic (unless, of course, you scale it with

 phenotype that is; Hlusko et al., 2004a).
my 203 (2016) 3–11 5

Our subsequent study of extant phenotypic variation across
the Old World Monkeys provides strong evidence that the genetic
architecture we elucidated is conserved (Grieco et al., 2013). Given
that we also found evidence of conserved genetic modularity
between mice and baboons (Hlusko et al., 2011), it is likely that
these genetic modules similarly underlie variation across mam-
mals more broadly, including humans. In support of this inference,
reviews of the quantitative genetic analysis of human dental vari-
ation reveal no results that are incongruous with the baboon study
(Rizk et al., 2008). My  laboratory is currently testing this hypothesis
in detail and will be publishing results in the near future.

Selection operates on the phenotype, but phenotypic evolu-
tion can only happen according to how the genetic architecture
structures its variance/covariance. By accommodating how we
define phenotypes so that they better reflect the underlying genetic
architecture, we will dramatically improve the information about
evolution that can be extracted from phenotypic evidence–extant
and extinct.

3. Phenotypes reconsidered

Arguing that genotype-phenotype thinking must be integrated
into hominid evolutionary studies is not new (e.g., Hlusko, 2004).
However, given the advances across the biological sciences over
the last decade, the time is right to revisit and further encourage
the endeavor. This paper highlights three phenotypes of impor-
tance within the study of human evolution – patterning of the
dental arcade, enamel thickness, and taurodontism – and demon-
strates how an integrated consideration of quantitative genetics,
genomic analyses, and paleontology can bring us to more detailed
hypotheses about the evolution of dental anatomy within our
lineage.

3.1. Patterning of the dental arcade

Patterns of phenotypic covariance suggest that teeth of the same
category (incisor, canine, premolar, and molar) covary as a result
of genetic patterning. One of the most distinct examples of this
phenomenon across mammals is the extreme variation in the size
of the incisors without a correlative size change in the post-canine
dentition. Perhaps the best example of this within the Hominidae
(reviewed in Ungar, 2011) is the genus Australopithecus, species of
which existed in Africa 4–2.5 million years ago. These species reveal
a remarkable range of relative size variation between the anterior
(incisors and canines) and post-canine dentition (premolars and
molars) (see Fig. 1).

Butler (1939) applied Huxley and De Beer (1934)’s concept
of biological fields to observed differences between the incisor,
canine, and molar tooth categories, which was  then expanded to
accommodate humans with a premolar field (Dahlberg, 1945). In
the field theory,  specialized fields that equate to tooth categories are
established early in development. At this point in developmental
time, Butler proposed that all tooth primordia are identical. Sub-
sequently, a substance diffuses through the growing region within
each field, resulting in minor shape variations due to the different
exposure to the diffused substance.

An alternative hypothesis, the clone model, proposes that the
patterns are self-generated within the tooth primordia themselves
rather than defined by external fields (Osborn, 1978). Whereas
tooth primordia are identical at the start, the ultimate differences
between teeth result from the differing times of initiation – tooth

identity, shape, and size gradients are the result of growth. While
the field and clone models of tooth development have a rich aca-
demic history, including recent updates by Townsend et al. (2009a),
these models were derived from patterns of phenotypic data that



6 L.J. Hlusko / Annals of Anato

Fig. 1. Demonstration of dental arcade patterns in the hominid fossil record. The six
replicas of fossil mandibles shown here represent, from the top left corner clock-
wise: AL 400-1a, Australopithecus afarensis; Sts 52b, A. africanus; Natron (Peninj), A.
boisei; Qafzeh Hominid 9, Homo sapiens; Kebara 2, Neanderthal; SK 23, A. robustus.
These are all shown at the same scale. The bottom panel shows the right side of
each mandible (except, a mirror-image of the left is shown for AL 400-1a) scaled so
t
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hat the first molar is the same mesiodistal length. The anterior teeth (incisors and
anine) are shaded pink, premolars in blue, and molars in green to highlight the size
ariation in the modules described in the text.

re hard to reconcile specifically with our current understanding of
evelopmental genetics. Therefore, it is perhaps worthwhile to set
hese historical frameworks aside and focus on evidence generated
rom quantitative genetic analyses.

Quantitative genetic analyses of tooth size across the den-
al arcade reveal that variation in the anterior and postcanine
entitions is genetically independent in both mice and baboons,

ndicative of two distinct genetic modules (Hlusko and Mahaney,
009; Hlusko et al., 2011). Multiple mammalian lineages have
volved dramatic anterior versus posterior tooth size and pro-

ortional differences through time. Furthermore, the genetic
rchitecture of mice and monkeys (last shared common ancestor
69 myr; Eizirik et al., 2001). These facts led my  colleagues and I to
ypothesize that this genetic architecture characterizes mammal
my 203 (2016) 3–11

dentitions generally. These two independent genetic modules
would have facilitated the differential functions of teeth in the
front of the mouth versus the back of the mouth, a phenomenon
that has played an important role in the diversification of mammals
over the Cenozoic (Rose and Archibald, 2005).

My colleagues and I also found evidence of genetic sub-
modularity within the post-canine dentition of baboons (Hlusko
and Mahaney, 2009; Hlusko et al., 2011). Here, genetic correlations
are statistically significant between premolar and molar size, and
genetic correlations tend to be higher within each tooth class. We
interpret this as evidence of incomplete pleiotropy between pre-
molars and molars, and find that this covariance structure is evident
in phenotypic data from across the OWMs  (Grieco et al., 2013).

A recent phenotypic analysis aimed at identifying modularity in
the primate maxillary dentition found that premolars and molars
appear to be submodules of a larger and hierarchically superior
module (Ribeiro et al., 2013b). While this work reaffirms our result,
it is unfortunate that they did not consider our quantitative genetic
analyses of modularity in the primate dental arcade (e.g., Hlusko
et al., 2011; Grieco et al., 2013). Our evidence of genetic correla-
tions between premolars and molars in the maxilla (Hlusko et al.,
2011) likely underlies their observation that molar sizes increase
to compensate the evolutionary loss of anterior premolars (Ribeiro
et al., 2013a,b).

Observations such as the anterior versus post-canine tooth size
patterns in Australopithecus suggest that the genetic modularity of
baboons also characterizes the hominid clade, including our own
species lineage. How this may  have structured phenotypic evo-
lution is a promising research direction. For example, during the
Pleistocene, the genus Homo was geographically widespread across
Africa, Europe, and Asia. The dental variation of these populations
reflects a similar pattern of apparent independence between the
anterior and postcanine dentitions, but in this instance the pheno-
types are more qualitative than quantitative. Martinón-Torres et al.
(2007)’s overview characterized early Pleistocene African popula-
tions of Homo as having simpler incisor and molar morphologies
compared to those of populations outside of Africa, and the oppo-
site phenomenon was  observed for the premolars. Analyses that
attempt to elucidate the genetic architecture of the more quali-
tative anatomies (such as incisor shoveling and Carabelli’s cusp)
are needed in order to better understand their potential response
to selection versus genetic drift. Given that this pattern of varia-
tion anecdotally mimics the genetic modularity of tooth size, this
is a highly promising research direction that is currently not being
widely pursued.

As has long been recognized, the highest order of dental vari-
ation is that of the tooth categories – incisors, canines, premolars,
and molars. These tooth types are underlain by genetic modularity,
with some modules genetically independent and others with evi-
dence of incomplete pleiotropy. This genetic architecture provides
the framework for all of the other variation along the dental arcade.
Whether these genetic modules influence other dental phenotypes,
and how, will be a key area of research for the future. We  now
explore two phenotypes of specific concern within human evolu-
tion, bearing in mind the genetic influences on the patterning of
the dental arcade.

3.2. Enamel thickness variation

Thirty years ago Martin (1985) studied differences in molar
enamel thickness among various extant and extinct hominoid taxa

and, in so doing, stimulated considerable research into enamel
thickness variation. Techniques for studying enamel thickness have
ranged from histological sections to micro-CT scans, and assess-
ments in 2- and 3-dimensions (e.g., Macho, 1994; Schwartz, 2000;
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ig. 2. Sketches to demonstrate the phenotypes discussed in Sections 3.2 and 3.3.
ee  text for more detail.

ono, 2004; Suwa and Kono, 2005; Smith et al., 2005; Olejniczak
t al., 2008; Pampush et al., 2013).

The use of small sample sizes of extant and fossil species
n the early studies led to simplified but ultimately inaccurate
hylogenetic reconstructions. Enamel thickness increases from
orilla to chimpanzee to orangutan to humans, the latter with the
elatively thickest enamel among these extant hominoids. Pheno-
ypic expression of relatively and/or absolutely “thick,” “thin,” or
intermediate” enamel were then used in taxonomic identification
reviewed in Smith et al., 2012). Arguments over the earliest mem-
er of the hominid clade included debates over thick/hominid-like
ersus thin/chimpanzee-like enamel (Leakey et al., 1995). As sam-
le sizes increased so did our understanding of ranges of variation
e.g., Smith et al., 2012), but even today the misleading elegance of
uch dichotomous phenotypic simplicity continues to be employed
e.g., Horvath et al., 2014; Zanolli, 2014).

An important element in the assessment of enamel thickness
s the need to standardize across a range of body sizes. As such,
namel thickness data are presented in two ways: (1) actual
namel thickness (AET) defined as the average distance between
he enamel–dentin junction and the outer enamel surface across
he section; and (2) relative enamel thickness (RET) which is AET
caled by the size of the dentin cap (see Fig. 2). These two differ-
nt ratios yield fairly different patterns of variation. For example,
ET data indicate that gorillas have thicker enamel than do chim-
anzees, but RET results show the opposite (Olejniczak et al., 2008,
nd references therein).

When the genetic architecture of population-level enamel thick-
ess variation is considered, RET is a very different phenotype than
hat anatomists had originally intended (e.g., Martin, 1985). A
ecade ago, my  colleagues and I estimated the additive genetic
ontribution to the phenotypic variance in molar enamel thick-
ess (AET, but measured a little bit differently) within a pedigreed
opulation of baboons, i.e., heritability (Hlusko et al., 2004a). Our
stimation of the heritability of enamel thickness variation indi-
ates that within this one captive population of baboons, 32–44%
f the phenotypic variance is due to the additive effects of genes,
ith essentially no contribution from covariates. This means that

he genes influencing population level variation in AET are indepen-
ent of the genes that influence tooth size and/or sex. From this,
e modeled theoretical response to selection (following Lande,

976). We  estimated that enamel thickness could theoretically

ouble in 250,000 years with a culling of fewer than 4 individuals in
0,000 each generation, a fairly low selective pressure (Hlusko et al.,
004a: 231). Equally important to a consideration of enamel thick-
ess is our quantitative genetic analysis of tooth size. We  found
my 203 (2016) 3–11 7

that ∼20% of the variation in molar buccolingual width is due to the
same genes that influence crown-rump length in this population of
baboons – tooth size and body size are influenced by overlapping
genetic effects, or incomplete pleiotropy (Hlusko et al., 2006). And,
whereas buccolingual width and mesiodistal length have a genetic
correlation close to 0.50 (Hlusko et al., 2011), this suite of genes
does not include the genes that also influence body size.

Returning to RET versus AET data, scaling enamel thickness with
a phenotype that genetically correlates with body size – and thus
sexual dimorphism–creates a composite phenotype that does not
represent enamel thickness variation as selection operates on it.
Given that sexual dimorphism is remarkably greater in gorillas
than in chimpanzees (100% and 30%, respectively; Nowak, 1991:
503, 506), RET data characterize a biological phenomenon that is
quite distinct from enamel thickness. For extinct taxa with varying
degrees of sexual dimorphism that are still debated (e.g., Reno et al.,
2010), the use of a composite phenotype is even more problemati-
cal.

This example shows that quantitative genetics can help to define
phenotypes that represent the evolutionary biology we intend
to capture. Such elucidation enables us to move past muddled,
uncertain interpretations and onto the next phase of the scien-
tific endeavor. For example, Smith et al. (2012) report on the most
extensive survey of enamel thickness variation within the genus
Homo. Their main conclusion is that Neanderthals had markedly
greater dentin areas and as such, thinner enamel compared to H.
sapiens. The authors cautiously state that it is “tempting” to inter-
pret absolutely and relatively thin enamel as a derived trait in
Neanderthals (Smith et al., 2012: 400). In light of our quantitative
genetic characterization of enamel thickness, I would argue that
the interplay between the two histological tissues and their differ-
ing pleiotropic effects (or lack thereof) is much more interesting
than relatively thinner enamel in Neanderthals. I elaborate on this
in Section 3.3.

At other times, interesting results are overlooked when the
genetic architecture is not considered. For example, Kato et al.
(2014) assessed intra- and interspecific variation in macaque molar
enamel thickness – a genus with a wide geographic range that
exploits a diversity of habitats that the authors highlight as analo-
gous to hominids. Enamel thickness measurements for 386 molars
representing six species yielded no sexual dimorphism in AET or
RET. Although it is not clear how large their sexed-sample is for
each species, this result stands out as particularly interesting. RET
in baboons is sexually dimorphic because it is non-dimorphic AET
scaled with the sexually dimorphic trait of body size. If the pat-
tern observed in macaques is bolstered by expanded samples, the
genetic architecture of dentin and body size must differ between
macaques and baboons – despite the fact that macaques are also
sexually dimorphic. Macaque males are approximately 50% larger
than females in overall body size (Nowak, 1991: 471). A fur-
ther exploration of sexual dimorphism in macaques may  reveal
important biological differences from other OWMs, furthering our
understanding of the biology of primate sexual dimorphism.

As morphological studies of enamel thickness can be elevated
in terms of accuracy and applicability by a consideration of the
underlying quantitative genetic architecture, so too can genomic
analyses. It is impossible to discuss the genetics of enamel without
mentioning Amelogenesis Imperfecta,  a phenotype of hypomineral-
ized tooth enamel that results from a variety of genetic mutations,
about half of which are unknown and the other half mapped to
the genes AMEL, ENAM,  FAM83H, WDR72, KLK4, and MMP20, some
of which are X-linked and others autosomal (Seow, 2014). Degra-

dation of the enamelin (ENAM)  gene has been shown to underlie
the loss of enamel in four orders of placental mammals that have
enamel-less taxa (Meredith et al., 2009), demonstrating that the
pathology associated with dysfunction of ENAM in humans also
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nderlies the convergent loss of enamel multiple times in evolu-
ion.

Enamelin (ENAM) is involved in the formation and elongation
f enamel crystallites (Moradian-Oldak, 2012), and has been found
o associate with variation in enamel thickness and quality in pri-

ates (Kelley and Swanson, 2008). Horvath et al. (2014) more
ecently searched for positive selection across hominoids in four
enes involved in enamel formation (AMELX, AMBN,  ENAM,  and
MP20). They found no evidence of selection in the protein-coding

egions but did find evidence of selection in flanking regions of
MP20 and ENAM in humans and MMP20 in chimpanzees, suggest-

ng that there has been selection on the regulatory regions enabling
apid evolutionary changes in enamel thickness for these two  taxa.
n discussing the results, the authors note complicating factors,
uch as not knowing why, or how, or even if tooth size and enamel
hickness are correlated. “A full understanding of the complex rela-
ionship between tooth size and enamel thickness requires more work
o determine the appropriate way to measure enamel thickness, par-
icularly when the goal is to integrate genomic, developmental, and
henotypic data across multiple species.” (Horvath et al., 2014: 83).
nd while they cited our quantitative genetic analysis, it is unfor-

unate that they did not explore their interpretations in light of our
ctual results.

For example, let’s consider the candidate genes MMP20 and
NAM in more detail. MMP20 (Matrix metalloproteinase 20), along
ith KLK4 (kallikrein 4) produce proteases that remove the proteins
roduced by the ameloblasts from the enamel matrix, clear-

ng space for the apatite crystals to form (Bartlett, 2013; Zhu
t al., 2014). KLK4 is secreted by the ameloblasts during the final
tage of development and serves as a protease to remove par-
ially hydrolyzed matrix proteins from the enamel so that the
od and interred crystallites can grow and ultimately fill in the
pace. MMP20 is present in trace amounts during the preced-
ng secretory stage, when ameloblasts form tall columnar cells

ith Tomes’ processes at their apical tips. Although its function
s unclear, evidence indicates that it is a tooth-specific protease
ecause enamel is the only affected phenotype in mouse and
uman mutants (Bartlett, 2013). Additionally, the only mammals
ith a non-functional MMP20 sequence also lack enamel (Meredith

t al., 2011). In contrast to this tooth-specific protease, ENAM and
he other extracellular matrix proteins are obviously important in
namel development but also have functional significance in bone
evelopment and may  fine-tune the biochemical make-up of min-
ralization in other parts of the skeleton such as the calvarium,
here it is expressed slightly at mouse postnatal day 3 (but it is

nteresting to note that other extracellular matrix proteins AMEL,
MTN and ODAM are expressed much more than is ENAM,  and for
s many as 35 days postnatal in the mouse; Atsawasuwan et al.,
013).

Following on this, MMP20 may  be the more likely candidate for
nfluencing the narrowly defined enamel thickness phenotype, and
erhaps demonstrates a parallel molecular pathway through which
himpanzees and humans differentially adapted from their last
ommon ancestor. On the other hand, while ENAM frameshift muta-
ions correlate with enamel-less placental mammals (Meredith
t al., 2009), this and other enamel-related genes may  be interest-
ng candidates for the human-derived cranial expansion associated

ith our large brains, because its flanking regions reveal evidence
f selection only in the highly encephalized human in the study by
orvath et al. (2014).

To date, all of the genetic evidence on enamel thickness varia-
ion bolsters our original interpretation from quantitative genetics

Hlusko et al., 2004a), that enamel thickness variation is influenced
hrough relatively simple genetic effects. Pampush et al. (2013)
ound that enamel thickness has a positive association with life-
ime dietary wear across 17 primate species and may  have evolved
my 203 (2016) 3–11

to resist wear as well as fracture. Given the high degree of wear
on many hominid fossil dentitions, this may well have been the
strong selective force to which a fairly simple genetic architec-
ture could readily respond. Additionally, enamel development may
be another example of just how significantly chimpanzees have
diverged from last common ancestor with humans (e.g., White
et al., 2009, 2015; Hughes et al., 2010). Since our original publication
(Hlusko et al., 2004a,b), various studies of enamel thickness have
since tentatively reached the same conclusions. However, by not
considering the genetic architecture revealed by our work, these
authors’ interpretations focused on results that further bolster ours.
As a consequence, they overlooked particularly interesting results
that can take the investigation of this phenotype to the next level.

3.3. Taurodont molars of the Neanderthals

Professional scientists and the public alike have long been fas-
cinated by the Neanderthals since they were discovered over 150
years ago, and because they lived so recently alongside our own
species (Trinkaus and Shipman, 1993). Our last mtDNA common
ancestor with Neanderthals was perhaps as far back as 600,000
years ago (Krings et al., 1997). The now-extinct lineage was subse-
quently episodically isolated on peninsular Europe over the course
of three glacials. Despite the possibility that some Neanderthals
and modern humans may  have intermingled their DNA on occasion
(Sankararaman et al., 2012), Neanderthals evolved a distinct set of
morphological traits thought to be the result of cold adaptation and
genetic drift (Weaver, 2009).

Among the numerous dental features that distinguish Nean-
derthals from modern humans are molars with root stems that
extend apically prior to root bifurcation, more so than is seen in
other hominids (Gorjanović-Kramberger, 1907, 1908), a condition
referred to as taurodontism (Keith, 1913) (Fig. 2). Paleoanthropol-
ogists have long pondered whether or not this feature is related
to genetic drift or natural selection. Two recent studies explored
the latter. Kupczik and Hublin (2010) report that the Neanderthal
larger root-to-crown and dentin volumes relative to the Pleis-
tocene or recent H. sapiens anatomy may  be evidence of distinct
occlusal loading. But a more recent finite element analysis explored
various loads and strains to digital models of taurodont molars,
but found no biomechanical differences between taurodont and
non-taurodont molars, ruling out one possible source of selective
advantage (Benazzi et al., 2014).

In the discussion of molar enamel thickness (Section 3.2), I
noted that quantitative genetic analyses of baboon dental varia-
tion revealed genetic independence between enamel thickness and
crown size (Hlusko et al., 2004a). In contrast, molar buccolingual
width and body size share pleiotropic effects (crown-rump length,
Hlusko et al., 2006). Because enamel thickness is not genetically
correlated with body size, a logical but as-yet untested assumption
is that the dentin and pulp cavity are so correlated. This genetic
architecture provides a hypothesis about taurodontism in Nean-
derthals.

Silvent et al. (2013) report on 55 motifs within the Dentin matrix
acidic phosphoprotein 1 protein (DMP1) that have been conserved
for 220 million years of mammalian evolution. Large mutations
in (or loss of) DMP1 results in rickets, osteomalacia, and dentin
defects because it is expressed in dentin mineralization (George
et al., 1993) and in osteoblasts (MacDougall et al., 1998; Kamiya
and Takagi, 2001). DMP1 is part of the small integrin-binding ligand
N-linked glycoprotein (SIBLING) family of proteins (Staines et al.,

2012), one of the non-collagenous proteins involved in forming
the organic component of bone. Three of the five SIBLING pro-
teins are expressed in bone and dentin, DMP1, BSP, and DSPP.
Over-expression of DMP1 results in narrow growth plates with
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ccelerated mineralization and increased bone turnover (see ref-
rences in Staines et al., 2012).

Among the Neanderthals’ derived postcranial features are long
ones with notably thick cortical bone and a generally more robust
keleton (Weaver, 2009). Perhaps the derived dentin and root shape
f Neanderthal postcanine teeth are due to pleiotropic effects of
election favoring skeletal robusticity through one or more of these
hree proteins within the SIBLING family. This is an easily testable
ypothesis that may  have been neglected due to the lack of inclu-
ion of the phenomic perspective.

We  know that Neanderthal growth differed from that of mod-
rn humans. For example, tooth mineralization indicates that one
eanderthal juvenile individual had been alive for eight years but
ad an eruption pattern of 10–11 years of age according to the
uman standard (which may  have contributed to the relatively
hinner enamel; Smith et al., 2007). Brain growth also appears to
ave been accelerated in Neanderthal infants (Ponce de León et al.,
008). This accelerated mineralization of the teeth and faster brain
rowth rate early in infancy may  be causally related to energetic
onservation more systemically due to thermal stress (Mateos et al.,
014). From 1 to 6 years of age, Neanderthal children are inter-
reted to have been smaller and to have had slower growth rates
han do modern humans of the same age, and as such, Neanderthal
hildren are estimated to have had slightly lower basal and energy
osts (Mateos et al., 2014). It will be fascinating to explore the
egree to which such metabolic shifts and their concomitant effects
ere genetically influenced and/or environmentally induced.

. Conclusions

The morphological variation preserved by the fossil record is
ssentially the only source of knowledge we have about what
xtinct animals looked like, where and when they lived, what they
ere doing, and who they were doing it with. Ancient DNA has

ielded some insights into phenotypic evolution (Kirsanow and
urger, 2012), such as the sequencing of the MC1R gene from
eanderthal genome that indicated that this individual was  likely

air-skinned and red-headed (Lalueza-Fox et al., 2007). But until we
ully grasp the relationship between genotype and phenotype, fos-
ils and the skeletal anatomy that they preserve are the primary
ata that can inform us about the who-what-when-where-and-
hy of a lineage’s evolutionary history. In order to advance our
nderstanding of human evolution, we need to improve our ability
o infer evolution from skeletal variation.

Given the tremendous advances in developmental genetics,
enomics, GWAS, and other related disciplines, myriad genetic
nsights have been gained into bone biology. However, these top-
own and bottom-up approaches tend to leave anatomists with

ittle that they can actually apply in their research. We  are in dire
eed of a middle ground approach. Quantitative genetics provides
his critical link.

The three phenotypes discussed here are not independent of
ach other, and a consideration of them simultaneously shows
ust how pervasive their interconnectedness is. To add yet another
xample, Smith et al. (2012) report that Neanderthals have rel-
tively larger dentin caps, but this feature is restricted to the
ostcanine dentition and is not seen in the incisors – all three of
he phenotypes essentially wrapped into one phenotypic observa-
ion. This demonstrates that no one definition of a dental phenotype
s appropriate for all research questions.

However, there is no need to throw our hands in the air in

xasperation and return to the assumptions of independence,
s has been done previously (e.g., within cladistics, Strait et al.,
997). The black-box of development no longer has to be a stum-
ling block. New analytical tools within the realm of quantitative
my 203 (2016) 3–11 9

genetics can elucidate the genetic architecture of phenotypic vari-
ation – the population level anatomical variation that lies at the
heart of evolution by natural selection.
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