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Abstract

Introduction

Owing to the durable material nature and relatively compact size, teeth are well

represented in the fossil record of mammals. Consequently, dental remains play a crucial role

for paleo-anthropological/paleontological studies. Besides the taxonomic/phylogenetic studies,

since dental developmental mechanism is well understood and its developmental process is

recorded in fully formed tooth, tooth is a good subject for understanding relationship between

development and morphological variation, which leads to morphological evolution. This

study used geometric morphometrics for rigorous quantification of morphological variation of

human molariform teeth, specifically focusing on the phenotypic variability. The principal aim

of this dissertation is to understand morphological variability of human maxillary molar and

to tackle following two specific questions:

L
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How the patterns of morphological variability are structured during human molar
odontogenesis? Patterns of size and shape variability among cusps were examined at
total and each particular crown components. Under inspired by developmental genetic
studies, the prediction that the location and the size of later-forming cusps are more
variable than those of earlier-forming ones based on the patterning cascade model (PCM)
of cusp development was assessed.

What types of properties of morphological variability exists through the odontogenetic
process, and how they affect evolutionary morphological change? The strength of two
components of phenotypic variability: canalization and morphological integration, plus
the relevant evolutionary flexibility were compared between enamel-dentin junction
(EDJ) and outer-enamel surface (OES) and explored the effects on reconstruction of the

phylogenetic relationships.

Materials and Methods

Unworn maxillary permanent first molar (UM1) and second deciduous molar (um?2)

excavated from Japanese archaeological sites were used. Specimens were pCT-scanned, and

3D models of EDJ and OES were reconstructed. For the first question, 3D (semi) landmarks



were digitized on each main cusp (paracone, protocone, metacone, and hypocone) region of
four crown components (EDJ-ridge, OES-ridge, OES-circumferences, and CEJ) in a tooth.
Using geometric morphometric methods, size and shape variation were compared among
cusps. For the second question, I conducted the following analysis. Based on these models,
landmark-based 3D geometric morphometric analyses were conducted. Individual phenotypic
variation is used as the measurement of canalization of size and shape. To compare overall
strength of morphological integration, we calculated the variance of the eigenvalues for

the variance-covariance matrix for each four configuration. Evolutionary flexibility is
evaluated by the mean cosine of angles between randomly generated selection vectors and the

corresponding response vectors.

Results and Discussions

Size variability in both tooth types was generally consistent with the prediction
yielded from the PCM, and the differences in size variation among cusps were smaller for the
crown components that are completed in later stages of odontogenesis. However, regarding
shape variability, the prediction was mostly unsupported, and UM1 and um2 showed different
patterns. Our findings suggested that the pattern of size variability would be caused by
temporal factors such as the order of cusp initiation and the duration from the beginning
of mineralization to the completion of crown formation, whereas shape variability may be
affected by both topographic and temporal factors.

The lack of a significant difference in size variation between EDJ and OES
suggested that the strength of canalization on size was almost constant throughout
odontogenesis. In UM1, EDJ showed less shape variation and a higher level of morphological
integration than OES, which indicated that canalization and morphological integration acted
as developmental constraints. In um2, such a tendency appeared weaker, probably due to the
thinner enamel and/or shorter period of enamel formation. Evolutionary flexibility was not
significantly different between EDJ and OES in either tooth, possibly because the PCM of
cusp development would cause a cusp-divided covariance structure. This crown formation

would lead to the retention of a certain level of evolvability of EDJ despite the existence of



developmental constraints.

In conclusion, the results of this study provided new information on the patterns
and properties of morphological variability structured during odontogenesis in human molar,
and its effect on evolutionary change, pointing the necessity of studies that elucidate the

mechanisms of tooth morphological evolution.



Chapter 1: Introduction

Teeth are a vital element for the adaptation to feeding behavior and mastication, and
strongly affect individual’s fitness. Therefore, selection favors those dental variants with
better functional occlusion, and greater durability, which would lead to a greater reproductive
success.

Because of the durable material properties of enamel and dentin of the tooth crown,
dental remains are well represented in the fossil and archaeological sites. Quantitative and
qualitative analyses have demonstrated that the external morphology of the enamel can readily
distinguish taxonomic groups, reconstruct the evolutionary relationships, and explore patterns
of human migration (Suwa et al., 1994, 1996, 2007; Scott and Turner, 1997; Dean, 2000;
Pilbrow, 2006; Bailey and Wood, 2007; Hanihara, 2008; Skinner et al., 2009; Gomez-Robles
etal., 2007, 2011a, b).

Tooth morphology provides an advantageous model for seeking the developmental
process that governs the production of the phenotypic variation. Tooth development is largely
independent of the rest of the body. Unlike bones, teeth never experience remodeling under
physiological conditions once their formation is completed. Because dental morphology is
built only once during odontogenesis and unchangeable through the lifetime, it bears directly
on questions concerning morphology and developmental process.

Moreover, tooth development is well understood through the histological and
developmental genetic analyses of tooth germs. The tooth development is initiated as
invagination of the oral epithelium (dental lamina) that are rapidly surrounded by the
condensing neural-crest-derived mesenchyme (ectomensenchyme) in the bud stage (Kollar
and Lumsden, 1979; Lumsden, 1987, 1988), leading to differentiation of the enamel organ and
the dental papilla and follicle in the next stage. During the cap stage, the enamel organ extends
further into the ectomesenchyme and wraps the condensing dental papilla in itself. Species-
specific cusp patterns are configured in the subsequent bell stage, when the inner enamel
epithelial cells, the part of enamel organ, differentiate into enamel-producing ameloblasts and
the subjacent dental papilla cells differentiate into dentin-producing odontoblasts, resulting

in the establishment of the final tooth configuration. Thus, the crown features are determined



during the cap and bell stages. The molecular basis regulating tooth development has been
also studied extensively over the past decade (Thesleft, 2003; Zhang et al., 2005; Tummers
and Thesleft, 2009). These studies have confirmed that the morphogenesis of tooth cusps

is controlled by transient epithelial clusters, which are called enamel knots, using signaling
molecules mostly belonging to the Wnt, Bmp, Fgf, and Shh families and are used similarly

in the development of other organs (Jernvall et al., 1994; Vaahtokari et al., 1996; Jernvall and
Jung, 2000). A primary enamel knot controls the initial folding of the inner enamel epithelium
and is involved in the induction of several secondary enamel knots (Cho et al., 2007). The
secondary enamel knots are non-proliferative signaling centers that control the nested
expression of activator and inhibitor proteins in the dental epithelium and mesenchyme. In
multicuspidate, secondary enamel knots appear sequentially at the future location of each cusp
and repeatedly uses the same signaling pathways. The spatial patterning of cusps in the tooth
germ is not predetermined, but rather the size, spacing and number of cusps are influenced

by those of earlier-forming ones (Salazar-Ciudad and Jernvall, 2002). This morphodynamic
process in which inductive events and morphogenetic processes act at the same time, has been
called the Patterning Cascade Model (PCM) of cusp development (Jernvall, 2000; Jernvall and
Jung, 2000). Under this model, small changes early in the developmental process can cause
large difference in the fully formed tooth. Thus, there is a close relationship between the final
crown morphology and the developmental events such as activation/deactivation of the enamel
knot, mitotic activity in the inner enamel epithelium and cervical loop, and commencement/
cessation of the mineralization, and so on (Lumsden, 1987; Jernvall, 1995). The variation of
crown morphology is explained by differences in the relative timing of the sequential events
occurring in the tooth developmental process. Thus, traits of the developmental patterns can
be inferred, at least in part, from the fully formed teeth.

The odontogenesis consists of two important processes: the determination of
basement membrane location and the deposition of dentin and enamel matrices proceeding
from cusp tip to cervix of the tooth (Skinner et al., 2010). During tooth crown formation, the
determined location of the basement membrane is preserved as the enamel-dentin junction

(EDJ) in the developed tooth crown. The deposition of dentin proceeds inward and the enamel
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is formed outward from the location of the basement membrane. Thus, the analyzable tooth
configuration is the direct observable outer enamel surface in the fully formed teeth in the
previous studies (Butler, 1956; Kraus and Jordan, 1965; Jernvall and Jung, 2000; Jernvall and
Thesleff, 2000; Cobourne and Sharpe, 2003; Tafforeau et al., 2007).

However, it is difficult to reveal precise relationships between fully formed
tooth morphological variation and developmental process in human teeth. Firstly, since the
outer enamel surface in erupted teeth experiences morphological changes such as attrition,
abrasion, caries, and artificial changes, it is difficult to analyze the precise dental morphology.
Secondary, though the recent availability of large-scale data on human genome diversity has
allowed to identify candidate genes for population-specific phenotypes (Kimura et al., 2009),
an experimental approach cannot be directly applied to the study of fossil and extant humans.

This dissertation examined intact morphology that is formed through the
developmental process in unworn maxillary permanent first molar (UM1) and second
deciduous molar (um?2). These two teeth have similar main-cusp and occlusal groove patterns
and belong to the same molarization field (Butler, 1967), which does not contradict recent
findings of molecular, cellular or genetic studies (Sharpe, 1995; Mitsidis and Smith, 2006).
Although UM1 and um?2 share similar patterns of occlusal morphology that are elaborated
through the same developmental processes, their size, developmental timing, speed and
period are different (Ten Cate, 2012). The crown of um2 is smaller than that of UM1, and is
initiated 12.5-19 weeks after fertilization and is completed by 11 months after birth, whereas
UMI crown begins to calcify at birth and is completed at 2.6-2.7 years (Ten Cate, 2012). The
meristic variation shown along the molar tooth row of modern humans, whose developmental
pattern is well established, will provide a better understanding of the relationship between
odontogenesis and crown morphology.

These specimens were scanned by high-resolution micro-CT, which allowed surface
reconstructions of both the EDJ and outer-enamel surface (OES) to be generated that are able
to quantify morphological variation of the complex human dental crown in 3D. Not only the
morphological variation of OES, but also that of EDJ that represents the form of basement

membrane has been studied by several ways. The chemical removal of overlying enamel was



employed due to a reasonable access to the EDJ morphology (Kraus, 1952; Nager, 1960;
Sakai and Hanamura, 1971, 1973; Corruccini, 1987; Sasaki and Kanazawa, 1999), but it
prevented further analyses of enamel and suffered from potential damage to the EDJ itself
during removal procedure. Korenhof (1960) used the plaster endocasts obtained from enamel
caps as proxies for EDJ, but it could not reliably document the presence or absence of fine
details of discrete features. Computer-Tomography (CT) enables non-destructive study of
internal structues and provides both 2D cross-section and 3D volumetric data. CT has been
employed focusing on enamel thickness/distribution in dental morphometric studies (Schwartz,
2000; Hlusko et al., 2004; Grine, 2005). More recent analyses using high-resolution microCT
addressed quantitative and/or qualitative evaluations of EDJ morphological variation (Smith
et al., 2006; Olejniczak et al., 2007; Skinner et al., 2008a, b, 2009; Hunter et al., 2010; Ortiz
et al., 2012), there are only a few studies on overall dental crown variation including both EDJ
and OES morphology (Avishai et al., 2004; Skinner et al., 2010; Smith et al., 2007, 2011).

Crown morphological variation has been quantified by various ways, such as
mesio-distal and bucco-lingual diameters, cusp dimensions, inter-cusp distance, and the
number of surface orientation patches (Yamada and Brown, 1988; Hillson, 1996; Kondo et
al., 1996; Skinner et al., 2009; Gomez-Robles et al., 2011a). However, these methodologies
cannot capture complex morphological variation in dental crown sufficiently. Geometric
morphometric methods that combine a geometric concept of shape with the procedures of
multivariate statistics provide powerful and flexible set of tools for analyzing morphological
variation (Bookstein, 1991; Dryden and Merida, 1998; Klingenberg, 2002) and are used in this
study to quantify the size and shape of dental crown.

To elucidate the relationship between morphological variation and developmental
process, which involved in morphological evolution, this dissertation focused on the concept
of phenotypic variability with which connects developmental process, variation, and natural
selection (Hallgimsson et al., 2002; Willmore et al., 2007). Phenotypic variability is defined as
the tendency or potential of an organism to vary (Wagner and Altenberg, 1996; Wagner et al.,
1997; Willmore et al., 2007). Developmental process structures the production of variation by

modulating the amount of phenotypic variation and biasing of the distribution of the variants



that are produced, which involves variability. Expressed phenotypic variation in a population

is what is available to natural selection and this biases the developmental processes available

for subsequent generations. Thus, variability can have important effects on the rate and
direction of evolutionary change.

The principal aim of this dissertation is to understand morphological variability of
human maxillary molar. The data used to achieve this aim are digital reconstructions of the
EDJ and the OES of human maxillary permanent first molar and second deciduous molar
teeth acquired non-destructively through micro-computed tomography. These reconstructed
models are analyzed quantitatively using geometric morphometric methods in the light of the
following specific questions:

1. How the patterns of morphological variability in human molar teeth are structured
during odontogenesis? Under the PCM of cusp development inspired by developmental
genetic studies, it is predicted that the location and the size of later-forming cusps are
more variable than those of earlier-forming ones. This question was addressed by testing
whether differences in the variability among cusps at total and each particular crown
components [EDJ, OES, and cement-enamel junction (CEJ)] could be explained by the
PCM.

1I.  What kinds of the properties of morphological variability structured by odontogenetic
process are existed in human molar teeth, and how they affect evolutionary change? This
question was addressed through the quantification of two widely studied properties of
variability: canalization and morphological integration, plus the relevant evolutionary
flexibility, i.e., the ability to respond to selective pressure. These data also provided

insights into the effects on reconstruction of the phylogenetic relationships.
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Chapter 2: Size and shape variability in human molars during

odontogenesis

Abstract

Under the patterning cascade model (PCM) of cusp development inspired by
developmental genetic studies, it is predicted that the location and the size of later-forming
cusps are more variable than those of earlier-forming ones. Here we assessed whether
differences in the variability among cusps at total and each particular crown components
(enamel-dentin junction [EDJ], outer enamel surface [OES], and cement-enamel junction
[CEJ]) could be explained by the PCM, using human maxillary permanent first molars
(UM1) and second deciduous molars (um2). Specimens were nCT-scanned, and 3D models
of EDJ and OES were reconstructed. Based on these models, landmark-based 3D geometric
morphometric analyses were conducted. Size variability in both tooth types was generally
consistent with the above prediction, and the differences in size variation among cusps were
smaller for the crown components that are completed in later stages of odontogenesis. With
a few exceptions, however, the prediction was unsupported regarding shape variability, and
UMI1 and um2 showed different patterns. Our findings suggested that the pattern of size

variability would be caused by temporal factors such as the order of cusp initiation and the

duration from the beginning of mineralization to the completion of crown formation, whereas

shape variability may be affected by both topographic and temporal factors.

Key Words: dental morphology, morphometrics, morphogenesis, dental anatomy
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Introduction

In multicuspidate teeth, secondary enamel knots appear sequentially at the future
location of each cusp and repeatedly use the same signaling pathways (Jernvall and Jung,
2000). The spatial patterning and number of cusps are determined by the iterative activation
of secondary enamel knots and by reciprocal signaling within and between oral epithelium
and mensenchyme (Patterning Cascade Model: PCM; Jernvall, 2000). In this model, cusp
initiation is sequential, and the location and size of later-forming cusps are influenced by those
of earlier-forming ones (Salazar-Ciudad et al., 2003).

If the positioning of later-forming secondary enamel knots is dependent on
the positioning of the pre-existing secondary enamel knots and if the perturbations in
earlier cascade events are amplified in later events, it is very likely that the variation of
the morphology of later-forming cusps will surpass that of early-forming cusps (Jernvall,
1997; Polly, 1998). This prediction was supported concerning the cusp height and position
in seal dentition (Jernvall, 1997, 2000), and also received support from studies of cusp
size variability (Townsend et al., 2003; Harris and Dihn, 2006; Takahashi et al., 2007) and
Carabelli cusp expression (Hunter et al., 2010) in the human molars. However, Polly (1998)
found that earlier-forming cusps were more variable in their positions than later-forming
cusps in viverravid molar, and proposed that the order of cusp initiation and the timing of the
termination of intercusp growth determine patterns of variability in cusp position and height.
Polly (1998) mentioned the possibility that initial difference in variability among cusps might
be obliterated in human molar that had a long gap between cusp initiation and the termination
of intercusp growth because developmental perturbations could have a cumulatively greater
effect on earlier-forming cusps.

To understand the precise variability-generating mechanisms regulated by the PCM,
it is necessary to obtain detailed information about differences of morphological variability
among cusps, about which there remains a dearth of information. For example, except for the
spatial distribution of cusp tips in mammalian molars (Jernvall, 1997, 2000; Polly, 1998), little
attention has been paid to cusp shape variability. Previous studies have principally focused

on the outer enamel surface (OES) morphology of the occlusal surface (Corruccini, 1979;
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Harris and Dihn, 2006; Takahashi ef al., 2007). The results obtained could be explained by
the PCM that morphological variability becomes larger in the later-forming cusps. However,
the PCM would relate more directly to cusp patterning at EDJ (Skinner and Gunz, 2010)
than to the other parts of crown components — OES-ridge, OES-circumferences, and cement-
enamel junction (CEJ) — that are elaborated through the subsequent developmental processes,
including enamel matrix deposition and the elongation of cervical loop (Butler, 1956; Jernvall
and Jung, 2000). Could differences in the variability among cusps at total and each particular
crown components be explained by the PCM? Comparing morphological variability among
cusps at these components could provide significant information about the variability-
generating mechanisms during odontogenesis, which would be relevant to morphological
evolution because developmental process structures morphological variation on which
natural selection can act, which biases the developmental processes available for subsequent
generations.

Here, we examined the pattern of morphological variability among cusps of the
maxillary permanent first molar (UM1) and second deciduous molar (um?2). They have similar
main-cusp and occlusal groove patterns and belong to the same molarization field (Butler,
1967), which does not contradict recent findings of molecular, cellular or genetic studies
(Sharpe, 1995; Mitsidis and Smith, 2006). Although UM1 and um?2 share similar patterns of
occlusal morphology, UMI is larger than um?2 in size. Additionally, um2 crown is initiated
12.5-19 weeks after fertilization and is completed by 11 months after birth, whereas UM1
crown begins to calcify at birth and is completed at 2.6-2.7 years (TenCate, 2012). Thus,
developmental timing, period, and rate are distinct between UM1 and um2, which enables
us to explore their effects on patterns of morphological variability. Specifically, we tested the
following hypotheses.

Hypothesis 1: later-forming cusps have greater size variability than earlier-forming
ones, and this holds for each crown component (EDJ-ridge, OES-ridge, OES-circumferences,
and CEJ).

Hypothesis 2: the shape variability of later-forming cusps is greater than that of

earlier-forming ones, and this holds for each crown component.

17



Hypothesis 3: UM1 and um2 share common patterns of size and shape variability

for each crown component.

Materials and Methods

The samples used in this study comprised fully formed but unworn UM1 and um2
crowns obtained from archaeological sites in Japan. The total sample (57 UM1 and 48 um?2)
consisted of samples from the Jomon (14500-300 BC; n=8 and 5), Medieval (13-15C AD;
n=13 and 8), and Edo (17-19C AD; n=36 and 35) periods (Appendix). Although the total
sample was from a mixture of populations from different periods and regions, the aim of this
study was to investigate differences and patterns of variability produced by a common tooth
formation process of the Holocene human, and mixing these samples does not violate the
objective of this study. No discrimination between right and left teeth was made to maximize
sample size, but only a single tooth was used from each individual. All specimens were
regarded as left side. Right molar uCT-images were transformed into the mirror image using
ImageJ software (NIH, USA). Sex was unknown for most of the samples, since they were
taken from juvenile individuals.

Each specimen was scanned using a uCT scanner (ScanXmateA080S,
Comscantecno, Japan) with a pixel size and slice interval of 31-32 um (80 kV, 125 nA).

To facilitate tissue segmentation, the image stack for each tooth was filtered using a median
filter followed by a kuwahara filter, and enamel and dentin tissues were segmented by the
seed region growing method in ImageJ. Triangular mesh models of the 3D EDJ and OES of
each specimen were reconstructed using Analyze 6.0 (Mayo Clinic, USA) with the marching
cube method. Subsequent procedures were done using the software Rapidform 2004 (INUS
Technology, Korea).

We digitized each main cusp (paracone, protocone, metacone, and hypocone) region
of four crown components (EDJ-ridge, OES-ridge, OES-circumferences, and CEJ) in a tooth
(more details in Supplementary data in this chapter). The dataset was represented by four
coordinate matrices comprising a total of 8 landmarks and 84 semi-landmarks (Figure 1A-B).

Centroid size (CS) was calculated in particular components of cusps. Coefficient

18



of variation (CV) of the CS was used to compare size variability, and tested as suggested by
Sokal and Braumann (1980).

For comparison of shape variability among cusps, Generalized Procrustes Analysis
(GPA; Rohlf and Slice, 1990) was performed using MorphoJ version 1.05d (Klingenberg,
2011). To include the information of relative spatial distribution among cusps, GPA was
repeated for the landmark set of the total and each crown component. The square root of the
sum of the squared distances between Procrustes transformed coordinates of each cusp and
its landmark mean configuration was used as the measure of shape variability (Polly, 1998;
Jernvall, 2000). To test whether there was a significant difference in variation among cusps,
a nonparametric Kruskall-Wallis test and multiple-comparison test were performed. The
correlation between the shape variability and the order of cusp initiation (paracone, protocone,
metacone, and hypocone: Turner, 1963; Kraus and Jordan, 1965) was assessed using
Spearman’s rank coefficient. All statistical analyses were performed using R version 2.13.1 (R

Development Core Team, 2011), with statistical significance set at P<0.05.

Results
Hypothesis 1 (greater size variability in later-forming cusps).

The CV of total crown components of UM1 did not show any significant difference,
although the last-forming hypocone had a somewhat greater variation (Figure 1C). For EDJ-
ridge, the hypocone had a larger CV than the other cusps (P=0.074). For OES-ridge, the
hypocone showed higher variability than the other cusps, but the difference in variability
was not significant (P= 0.397). For OES-circumferences, earlier-forming cusps showed
slightly higher variability, but the difference among cusps was not significant (P=0.895). For
CEJ, the later-forming metacone was more variable, but there was not significant difference
among cusps (P=0.430). In summary, hypothesis 1 was unsupported in UM1, but there was a
tendency of higher size variability in later-forming cusps for EDJ-ridge.

The difference in size variation among cusps was pronounced in um2 (Figure 1D).
For every topological feature except CEJ, the hypocone showed significantly higher variability

than other cusps. In the case of CEJ, although the hypocone tended to be more variable, no
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significant difference was observed (P=0.169), and the difference among cusps was smaller

than that for other parts of the crown components.

Hypothesis 2 (greater shape variability in later-forming cusps).

In UM, a negative correlation was observed between shape variability and the
cusp initiation order for OES-circumferences (P<0.001) and CEJ (P=0.026) (Figure 2). No
correlation existed for other components. In the case of OES-circumferences, a nonparametric
multiple-comparison test showed that the hypocone was significantly less variable in shape
than the paracone (P=0.028) and protocone (P=0.030). In the case of CEJ, the metacone was
less variable than the paracone (P=0.014). These results did not support hypothesis 2, and
were also inconsistent with the order of cusp initiation.

In um2, a positive correlation was observed between shape variability and the cuspal
initiation order for total crown components (P=0.010) and OES-ridge (P=0.004) (Figure 3).
Direct comparisons of total crown components revealed that the hypocone was more variable
than the paracone (P=0.018). Moreover, for OES-ridge, Kruskall-Wallis analysis revealed
significant difference among cusps (P=0.031), and the paracone was less variable than the
hypocone (P=0.048). For CEJ, there was significant difference among cusps (P=0.016), and
the metacone was less variable than the protocone (P=0.058), although the correlation with
the order of cusp initiation was not significant (P=0.554). As a whole, lingual cusps (protocone
and hypocone) were more variable than buccal cusps (paracone and metacone). Therefore,

hypothesis 2 was supported only for total crown components and OES-ridge.

Hypothesis 3 (UM1 and um2 share common patterns of size and shape variability).

As noted above, the tendency of greater size variability of later-forming cusps at least
in EDJ was common between UM1 and um?2, whereas the shape variability showed a tooth-
specific pattern. Then, hypothesis 3 was supported only partially for size variability, and was

refuted for shape variability.

Discussion
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Human molars grow substantially after the cusps form, and then this growth
might hide any small differences in cusp height and size (Butler, 1956). However, recent
developmental analysis revealed that crown sizes were regulated by intrinsic factors from
mesenchymal tissues (Cai et al., 2007). Because the secondary enamel knots are induced
in a sequential cascade, when a broader inhibition field which is controlled by the nested
expression and interaction of activator and inhibitor proteins (Jernvall and Jung, 2000) around
earlier-forming enamel knot increases cusp spacing, later-forming cusps will be smaller and
vice versa. Therefore, it is expected that the size of earlier-forming cusps will be larger at
the expense of the later-forming cusps if the rate of formation of the earlier-forming cusps is
faster and/or the duration of their formation is longer than those of the later-forming cusps
(Takahashi et al., 2007). This causes relatively larger size variability in later-forming cusps,
which can be observed in not only OES but also various parts of the crown components albeit
mineralization process does not interact across cusps.

Temporal factors during odontogenesis, such as the order of cusp initiation and the
duration from the beginning of mineralization to the completion of crown formation, are likely
responsible for the pattern of size variability. The differences in size variation among cusps are
greater in the earlier-forming crown components (in particular EDJ-ridge) and the influence
of the order of cusp initiation is smaller in the later-forming components. UM1 and um?2 differ
regarding how much and how long the later-forming cusps are susceptible to variability in
size. The difference in variability among cusps in um?2 is greater than that in UM1, and it is
preserved in the later phase of development. Because the developmental period of UM1 is
longer than that of um2 (Liversidge and Molleson, 2004), the relatively large size variability
of earlier-forming cusps in UM1 probably results from greater cumulative perturbation over
a longer period of odontogenesis, whereas the relatively shorter developmental period of
um? leads to the lasting effect of the order of cusp initiation. Polly (1998) stressed that initial
differences in height and variability among cusps might be erased when there was a long
delay between the enamel knot activation and the intercusp growth termination. The present
study suggests that this idea may be applicable to the whole process of the odontogenesis.

Apart from temporal factors for size variability, natural selection on occlusion can cause
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smaller variability of earlier-forming cusps consisted of the trigon, which might explain
clearer tendency at EDJ and OES which are more responsible for occlusion and in um2 which
preserves primitive morphology (Butler, 1956).

Unlike size variability, shape variability in UM1 did not show patterns consistent
with the PCM-based hypothesis of greater variability in later-forming cusps. Rather, the
earlier-forming cusps were more variable than the later-forming cusps regarding OES-
circumferences and CEJ, which could be explained by applying Polly’s (1998) previously
mentioned idea. The greater variability of the earlier-forming cusps reflects a greater effect
of cumulative perturbation due to the longer period of development. However, there was
no significant difference between the later-forming and earlier-forming cusps regarding
variability in shape during the earlier stage of odontogenesis. This might be the result of
complicated effects of the order of cusp initiation, cumulative perturbations of the longer
developmental period, and/or unknown developmental factors.

The patterns of shape variability of um2 were consistent with the order of cusp
initiation for OES-ridge, but not for EDJ-ridge. In the case of EDJ-ridge, the hypothesized
pattern might have been erased by multifactorial effects during development. The pattern of
shape variability of the later-forming OES-ridge might result from the order of cusp initiation
amplified by enamel deposition. In the later stage of odontogenesis, the shape of lingual cusps
is more variable than that of buccal ones. This may be explained by several developmental
factors, such as the lingual side-dominated growth pattern, the spatial relationship with the
surrounding tissues including maxillary bone and/or other tooth germs, and the available space
for tooth growth (Boughner, 2011), which might have more influence on the patterns of shape
variability, than the effect of cumulative perturbation due to the longer period of development.

The size variability of human molar cusps follows the theoretical explanations
proposed by Jernvall (2000). However, with a few exceptions, the hypothesized variability
pattern was not observed regarding cusp shape variability, and instead, UM1 and um2 showed
different patterns of shape variability from each other. During odontogenesis, temporal factors
would contribute to the patterns of size variability, whereas shape variability might be more

influenced by topological factors.
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Supplementary Data

The cervical line of each tooth was manually traced using an interpolation curve
tool to generate the best-fit plane. The tooth was then aligned so that this plane fit the xy-plane
of the Cartesian coordinate system where the centroid of the cervical line defined the origin.

OES-ridge that connects adjacent cusp tips is separated at the lowest points
(breakpoints) on which are located between the two cusps. The cusp tips and breakpoints
divide the whole OES-ridge into eight sections. For each section, two semi-landmarks were
set so that the ridge length is divided into equal one-thirds.

OES-circumferences (outlines) are traced at one-thirds and two-thirds of the
height between the protocone tip and the cervical plane. Each circumference is divided
into four sections (corresponding to the four cusp regions) by the inter-cuspal grooves.

Ten semi-landmarks (the sum of five semi-landmarks of each circumference) are digitized
in each section equi-angularly at the intersection of each OES-circumference with a plane
perpendicular to the xy-plane passing through the origin.

The same procedure as used for the OES-ridge was performed on the dentin horn
and EDJ-ridge, and the ridge length of each section is divided at the midpoint by one semi-
landmark.

CEJ curve is also traced and divided into four sections at the most internally
protuberant points between the adjacent two cusp regions. For each section, 5 semi-landmarks
that divide the section into 6 parts equi-distantly are taken.

The number of semi-landmarks on the EDJ and the OES were determined to satisfy
two criteria: 1) that each cusp has the same number of (semi)landmarks and 2) that the
contributions of sections between (semi)landmarks to the curve are relatively equal to each

other (Skinner et al., 2009; Skinner and Gunz, 2010).
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Each four crown component (EDJ-ridge, OES-ridge, OES-circumferences, CEJ) is
divided into 4 cusp regions that span from breakpoint to breakpoint. Those breakpoints are not
included in the subsequent analyses. Finally, the dataset was represented by four coordinate
matrices comprising a total of 8 landmarks and 84 semi-landmarks (Supplementary Figure 1:
2 landmarks and 21 semi-landmarks for each of the four cusps).

Semi-landmarks are not considered to be homologous landmarks unless they are
slid (Bookstein, 1997). The minimum bending energy algorithm (Bookstein, 1997; Gunz et
al., 2005) was adopted. This data processing was performed by W. Y. using MATHEMATICA
8 (www. wolfram.com).

Centroid size (CS), defined as the square root of the summed squared distances of
the coordinates from their centroid, of each cusp in the total and each crown component was
calculated. Coefficient of variation (CV) of the CS of each cusp was used as a measure of
size (not height) variability. For comparisons of shape variability among cusps, Generalized
Procrustes Analysis (GPA) was repeated for the landmark set of the total and each crown
component in order to include the information of relative spatial distribution among cusps.
The square root of the sum of the squared distances between Procrustes transformed
coordinates of each cusp and its landmark mean configuration was used as the measure of

shape variability.
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Figure 1. Digital image of maxillary permanent first molar crown (lingual view) and barplot of
patterns of size variability. (A) OES-ridge curve and OES-circumferences digitized on the OES. (B)
EDJ-ridge curve and CEJ curve digitized on the EDJ surface. Red circles are landmarks, yellow circles
are semi-landmarks, and green rhomboids are breakpoints. pa, paracone; pr, protocone; me, metacone;
hy, hypocone. (C) Barplot of patterns of size variability in UM1. (D) Barplot of patterns of size
variability in um2. Significance tests for coefficients of variation for centroid size among cusps were
performed following the recommendations of Sokal and Braumann (1980). There was a tendency of
higher size variability in later-forming cusps, and the variability difference among cusps was smaller
in the later-forming components.

28



x>

o

|
© 00 MO OO,
DD D IREBRED]

19 R.=-0.12
! ; ; (P=0.067) ,
[ S S
4e X

§ : g

XK XK XMHOK:

0.03 0.04 0.05 0.06
1 1 Il 1

Deviation from the mean configuration
0.02
|

+  R=-0.08
(P=0.202)

o ® o
D> D
+
3

oo a0
BeE>> - DB >
-

XK X MK X XX

Q00 O CODD CENNCIMNO
>
o
X 20008

Deviation from the mean configuration
0.015 0.020 0.025 0.030 0.035 0.040 0.045 0.050

+
+

T T T T T
1 2 3
Initiation order

Total crown components

~

T T T
2

w—
]

Initiation order

O

(P=0.210)
e | o T R.=0.05
S5 (P=0.494)
[ +
32 a ¥
‘0:- o
3818 A + x
-k 4 t !
01 I I
i
§§ e g + g
8 2
£8] i !
T T T T T T
1 2 3 4
Initiation order
OES-ridge
(P=0.459)

- T R=-0.15
827 (P=0.026)
T 0
N A
§° I
Ez |3 T
€ o g o
2 3
§ j ] A g

S 1 T T T T T T T

1 2 3 4
Initiation order
CEJ’ (me<pa’)

(P=0.011) (P=0.014)

Deviation from the mean configuration

0.04
Il

0.03
Il

0.02
1

0.01
1

EDJ-ridge
(P=0.166)
i R=-0.24"
¥ 2 (P<0.001) *
4
g & | x
: & + %
§
8
E §
8
g 3
8 a + ¥
A i §
L U

Initiation order
OES-circumferences” (hy<pr,pa’)
(P=0.003) (P=0.030, 0.028)

Cusp
O pa
A pr
+ me
X hy

Figure 2. Patterns of shape variability in UM1. Relationship between variability and
cusp initiation order is shown for total crown components (A), EDJ-ridge (B),

OES-ridge (C), OES-circumferences (D), and CEJ (E). Differences among cusps were
tested by Kruskall-Wallis test, followed by nonparametric multiple-comparison test. Rs,

Spearman’s rank correlation coefficients; * P<0.05; ** P<0.01; *** P<(0.001. The
greater variability of the earlier-forming cusps was observed in the later-forming
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Figure 3. Patterns of shape variability in um2. Relationship between variability and cusp
initiation order is shown for total crown components (A), EDJ-ridge (B), OES-ridge (C),
OES-circumferences (D), and CEJ (E). Differences among cusps were tested by
Kruskall-Wallis test, followed by nonparametric multiple-comparison test. Rs,
Spearman’ s rank correlation coefficients; * P<0.05; ** P<0.01; *** P<0.001.
Later-forming cusps showed greater varibility in total crown component and OES-ridge

whereas lingual cusps showed greater variability in CEJ.
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Supplementary Figure 1. Each four cusp delineation of maxillary permanent first molar crown
(lingual view) is represented by landmarks connecting each other on the same crown component
in a cusp. Landmarks, including semi-landmarks after slid, are represented by stars: on
EDJ-ridge, triangles: on OES-ridge, circles: on OES-circumferences, squares: on CEJ.
EDJ-ridge and OES-ridge are divided into four cusp regions by break points that are located at
the lowest points between adjacent two dentin horns or cusp tips. Two OES-circumferences are
traced at one-thirds and two-thirds of the height between the protocone tip and the cervical plane
and divided into four sections, corresponding to the four cusp regions, by the inter-cuspal
grooves. CEJ curve is divided into four sections at the most internally protuberant points
between the adjacent two cusp regions. Each cusp has a total of 23 landmarks (2 landmarks and
21 semi-landmarks). pa, paracone; pr, protocone; me, metacone; hy, hypocone.
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Chapter 3: Canalization, morphological integration, and evolutionary
flexibility in enamel-dentin junction and outer-enamel surface

of human molars

Abstract

Phenotypic variability is the tendency or potential of an organism to vary and
determines the potential range of morphological variation. This study compared the
phenotypic variability of enamel-dentin junction (EDJ) and outer-enamel surface (OES) in
human maxillary permanent first molar (UM1) and second deciduous molar (um?2). Using
geometric morphometric methods, we evaluated the strength of two components of phenotypic
variability: canalization and morphological integration, plus the relevant evolutionary
flexibility, i.e., the ability to respond to selective pressure. The lack of a significant difference
in size variation between EDJ and OES suggested that the strength of canalization on size
was almost constant throughout odontogenesis. In UM1, EDJ showed less shape variation
and a higher level of morphological integration than OES, which indicated that canalization
and morphological integration acted as developmental constraints. In um2, such a tendency
appeared weaker, probably due to the thinner enamel and/or shorter period of enamel
formation. Evolutionary flexibility was not significantly different between EDJ and OES in
either tooth, possibly because the pattern cascade mode of cusp development would cause
a cusp-divided covariance structure. This crown formation would lead to the retention of a

certain level of evolvability of EDJ despite the existence of developmental constraints.

Key Words: developmental constraints, geometric morphometrics, morphological variability,

evolvability, odontogenesis
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Introduction

Phenotypic variability is defined as the tendency or potential of an organism to
vary (Wagner and Altenberg, 1996; Wagner et al., 1997; Willmore et al., 2007). Therefore, it
determines the potential range or distribution of morphological variation, and ultimately affects
the tempo and mode of evolutionary change. The recent literature about phenotypic variability
has paid the greatest attention to canalization and morphological integration (Wagner and
Altenberg, 1996; Hallgimmson et al., 2002; Willmore et al., 2007; Hallgrimsson et al., 2009).
Canalization is generally considered a property of an organism that limits phenotypic variation
by buffering developmental processes against both environmental and genetic perturbations
(Wagner et al., 1997; Willmore et al., 2007). Morphological integration refers to the tendency
for different characters to covary as a result of common underlying developmental factors
(Hallgrimsson et al., 2002), which constrains the production of phenotypic variation (Wagner
and Altenberg, 1996; Chernoff and Magwene, 1999). Canalization and morphological
integration are interrelated and can act as developmental constraints (Alberch, 1982; Maynard
Smith et al., 1985; Hallgrimsson et al., 2002). Since the morphological integration framework
is directly connected to the rate and direction of evolutionary change (Cheverud, 1996;
Wagner and Altenberg, 1996), some studies have focused on quantification of the intervening
effect of morphological integration on evolutionary trajectory (Lande, 1979; Lande and
Arnold, 1983). The resultant data have led to recent studies that evaluated evolvability (the
ability of a population or species to respond to selection: Hansen, 2003) using the simulation
of evolutionary responses to selection (Marroig et al., 2009; Villmoare et al., 2011; Lewton,
2012; Grabowski, 2013). The relationships and interactions among developmental processes,
variability and variation, mediated by the feedback loop of natural selection, are critically
involved in evolutionary change (Willmore et al., 2007).

Dental morphological characteristics such as cusps, accessory cusps, and ridges
on the occlusal surface have been used extensively in the studies of hominoid evolution
and phylogenetic relationships (Miller, 1918; Simons and Pilbeam, 1972; Dean, 2000;
Pilbrow, 2006; Matsumura et al., 2011). Tooth crown morphology is determined through two

developmental processes. (Avishai et al., 2004; Skinner and Gunz, 2010; Smith et al., 2011).
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The first process is the growth and folding of the inner enamel epithelium (IEE) during the
bell stage. This morphogenesis (= tooth crown patterning) is governed by interactions between
the IEE and underlying mesenchymal tissues. The final form of the IEE is preserved as the
enamel-dentin junction (EDJ). The second process is biomineralization by the enamel-forming
ameloblasts and dentin-forming odontoblasts. Ameloblatsts are derived from the IEE cells
and odontoblasts from cells of the dental papilla. Enamel formation starts at the cusp tips, and
proceeds apically to complete the outer-enamel surface (OES).

Recent micro-CT dental analyses have revealed that crown morphological traits of
the completed EDJ are modified or masked through the process of enamel deposition (Skinner
et al., 2009, 2010; Ortiz et al., 2012), and that the extent of modification varies depending,
in part, if not totally, on the enamel thickness (Ortiz et al., 2012). This raises a concern about
whether or not shared derived features and homoplastic features of similarity at the OES can
be properly discriminated (Hunter and Jernvall, 1995; Collard and Wood, 2000; Finarelli and
Clyde, 2004). Additionally, by examining enamel thickness variation and its heritability in
pedigreed baboon molars, Hlusko et al. (2004) showed that enamel thickness could change
rapidly under moderate or low selective pressure over evolutionarily short periods, increasing
the potential for homoplasy. Although the OES morphology is directly related to dental
functions such as occlusion and feeding and thus is a direct target of natural selection, the
morphology of EDJ has been considered to be more conservative evolutionally and a more
reliable representation of the phenotype for estimating phylogenetic relationships (Kraus,
1952; Korenhof, 1960; Smith et al., 1997; Sasaki and Kanazawa, 1999; Smith et al., 2000;
Olejniczak et al., 2007). As such, given the different developmental timing between the EDJ
and OES, it is likely that the patterns of phenotypic variability differ between these structures.
Comparison of the pattern of variability between EDJ and OES should provide a clue about
how the differences in their developmental processes bias the production of morphological
variation and would influence inferred phylogenetic reconstructions.

For this reason, here we specifically test the following three null hypotheses
between the EDJ and the OES morphological variability in a single tooth crown.

Hypothesis 1: no difference in canalization of size or shape. If the null hypothesis
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is rejected and EDJ shows larger variation, it means that more variable morphology is created
during the early phase of the tooth development, and subsequent enamel formation acts as
stabilizing developmental process that buffers the deviation from mean shape. On the other
hand, if OES shows larger variation, it indicates that enamel formation brings about not only
homogeneous enamel distribution above the EDJ after the morphogenesis, but also some
modification of the OES associated with the increased variation.

Hypothesis 2: no difference in morphological integration. If the null hypothesis is
rejected, it means that, either during morphogenesis or the enamel formation process, some
developmental factors produce higher morphological integration of one of these structures
(whether EDJ or OES). And combined with the result regarding hypothesis 1, this analysis will
help to determine what factors play important roles in generating or reducing morphological
variance.

Hypothesis 3: no difference in evolutionary flexibility. In relation to the above 2
hypotheses, we specifically compared how the developmental constraints exert influence on
the ability of the response to selection in EDJ versus in OES.

In addition to the above hypotheses, we tested another null hypothesis:

Hypothesis 4: UM and um?2 share common patterns of canalization, morphological
integration, and evolutionary flexibility in the EDJ and the OES. Although UM1 and
um?2 share similar patterns of occlusal morphology that are elaborated through the same
developmental processes, their developmental timing, speed and period are different (Ten
Cate, 2012). If the null hypothesis is rejected, these differences are assumed to affect the
patterns of morphological variability. Comparing the patterns of variability between UM1 and
um?2 will provide a better understanding of the relationship between odontogenesis and crown

morphological variability.

Materials and Methods
The samples used in this study comprised fully formed but unworn UM1 and um2
crowns obtained from archaeological sites in Japan. The total sample (57 UM1 and 48 um?2)

consisted of samples from the Jomon (14500-300 BC; n=8 and 5), Medieval (13-15C AD;
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n=13 and 8), and Edo (17-19C AD; n=36 and 35) periods (Appendix). Although the total
sample was from a mixture of populations from different periods and regions, the aim of this
study was to investigate differences and patterns of variability produced by a common tooth
formation process of the Holocene human, and mixing these samples does not violate the
objective of this study. In order to maximize sample size, no discrimination between right
and left teeth was made, but only a single tooth was used from each individual. All specimens
were regarded as left side. Right molar images were transformed into the mirror image using
Image] software (NIH, USA). Sex was unknown for most of the samples, since they were
taken from juvenile individuals.

Each specimen was pCT scanned (ScanXmateA080S, Comscantecno, Japan) with
a pixel size and slice interval of 31-32 um (80 kV, 125 pA). To facilitate tissue segmentation,
the image stack for each tooth was filtered using a median filter followed by a kuwahara filter,
and enamel and dentin tissues were segmented by the seed region growing method in ImagelJ.
Triangular mesh models of the 3D EDJ and OES of each specimen were reconstructed using
Analyze 6.0 (Mayo Clinic, USA) with the marching cube method. Subsequent procedures
were done using the software Rapidform 2004 (INUS Technology, Korea).

We treated the EDJ and the OES as biologically corresponding structures in order
to compare variability between them directly, and digitized (semi)landmarks on both of them
in the same way as follows. We digitized main cusp tips (paracone, protocone, metacone, and
hypocone) at the OES and the dentin horn tips at the EDJ, and the lowest points on the ridges
at both the OES and the EDJ, connecting the two cusps as landmarks. Each ridge on both
the OES and the EDJ was divided into eight sections by the cusp tips and the lowest points,
respectively. For each section, a given number of semi-landmarks was digitized equi-distantly,
as illustrated in Figure 1. The number of semi-landmarks on the EDJ and the OES were
determined to satisfy two criteria, namely, that each corresponding section in the EDJ and
the OES had the same number of (semi)landmarks, and that the contributions of the section
between the (semi)landmarks to the curve were approximately equal to each other (Skinner et
al., 2009; Skinner and Gunz, 2010). The dataset consisted of four configurations (UM1EDJ,

UMIOES, um2EDJ and um2OES), and each of them had a total of 8 landmarks and 48 semi-
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landmarks.

Semi-landmarks are not considered to be homologous landmarks unless they are slid
(Bookstein, 1997). The minimum bending energy algorithm (Bookstein, 1997; Gunz et al.,
2005) was adopted. This data processing was performed by W. Y. using MATHEMATICA 8
(www. wolfram.com). Each homologous set of landmarks was converted to shape coordinates
by Generalized Procrustes Analysis (GPA; Rohlf and Slice, 1990), which was performed using
MorpholJ version 1.05d (Klingenberg, 2011).

Among-individual phenotypic variation is the most common measurement of
canalization. Canalization is generally inferred from a reduction of the observed phenotypic
variance. Here we quantified both size and shape variance within each of the four
configurations. For size, Centroid size (CS) of each configuration was calculated. Coefficient
of variation (CV) of the LogCS was used to compare size variation, and tested as suggested by
Sokal and Braumann (1980). For comparison of shape variability among configurations, the
square root of the sum of the squared distances between Procrustes transformed coordinates
of each cusp and its landmark mean configuration was used as the measure of shape variation.
To test whether there was a significant difference of variability between the EDJ and the OES
within the same tooth class, a nonparametric Kruskall-Wallis test and multiple-comparison
test were performed.

To compare the overall strength of morphological integration, we followed Wagner
(1984) in using the variance of the eigenvalues for the variance-covariance matrix as the
measure of integration. This measure of integration captures whether shape variance can be
explained by a small number of principal components, or whether variance is more evenly
distributed across principal components. The former case would be considered more integrated
and the latter less integrated. Variance of eigenvalues (VE) was compared between the EDJ
and the OES within the same tooth using bootstrap resampling methods (Manly, 1997).

For each of the EDJ and the OES, the original data matrix was bootstrapped 1000 times, a
variance-covariance matrix was derived from each bootstrap sample, and VE was calculated
from each of the 1000 variance-covariance matrices. For each of the 1000 VE replicates,

the difference between the EDJ and the OES was calculated. This created a distribution of
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differences in VE replicates that was then zero-centered. Each of the zero-centered differences
was then compared to the observed difference in VE between the EDJ and theOES. The two-
tailed P value was calculated as the number of times the difference from the zero-centered
distribution was equal to or greater than the observed difference, divided by the number of
bootstrap replicates (Manly, 1997).

The ability of EDJ and OES morphology to respond to selection was evaluated using
mean flexibility (f) (Marroig et al. 2009), which is derived from Lande’s (1979) multivariate
selection equation:

Az =GP

where G is the genetic covariance matrix, Bis a selection vector, andAz is the response vector.
Here the phenotypic covariance matrix P is substituted for G because previous studies
established structural similarity between them (e.g., Cheverud, 1996; Porto et al., 2009).

The covariance matrix for each of EDJ and OES was subjected to 1,000 randomly generated
selection vectors and the angle between the selection and response vectors was calculated for
each time. The mean cosine of angles in 1000 repeats is called the mean flexibility (Marroig et
al., 2009), which describes the degree to which the response and selection vectors are aligned
in multivariate space. Response and selection vectors that are parallel (i.e., when the cosine
of the angle between them is 1.0) indicate a structure that is more responsive to selection,

i.e., more evolvable. A larger angle between the response and selection vectors is indicative
of less evolvability. In general, high levels of evolvability measures, such as evolutionary
flexibility, tend to be associated with low levels of integration measures (e.g., VE). Pairwise
comparisons of evolutionary flexibility between EDJ and OES within the same tooth class
were performed as described for VE; the distribution of vector correlations obtained from the
covariance matrix and 1,000 random selection vectors for EDJ and OES were compared using
the difference of means test and accompanied by a two-tailed P value. All statistical analyses

were performed using R version 2.13.1 (R Development Core Team, 2011).

Results

Hypothesis 1: no difference in canalization of size or shape variation
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The coefficients of variation of the LogCS for each configuration (UM1EDJ,
UMI1OES, um2EDJ and um2OES) was not significantly different from each other, although
OES tended to be more variable than EDJ in both the UM1 and um? tooth classes (Figure 2).
On the other hand, shape variability was significantly different among these configurations,
and pair-wise tests showed that only in UM1 was there a significant difference in shape
variability between EDJ and OES (Figure 3). Thus, hypothesis 1 was not rejected for size

variation, but it was rejected for shape variation, at least in UM1.

Hypothesis 2: no difference in morphological integration

The variance of the eigenvalue (VE) was significantly greater for EDJ than for OES
in UM1, but not in um2 (Figure 4). The greater VEs for EDJ were seen in both UM1 and um2,
indicating that EDJ was more integrated than OES. Hypothesis 2 was also rejected only for

UMI.

Hypothesis 3: no difference in evolutionary flexibility

The mean cosine between the selection vector and the response vector for OES
tended to be greater than that for EDJ, but a significant difference was not detected between
them in either tooth class (Figure 5). This meant that there was no difference in the extent
to which EDJ and OES would be influenced by the selection vector. Hypothesis 3 was not

rejected for either both tooth class.

Hypothesis 4: UM1 and um?2 share common patterns of canalization, morphological
integration, and evolutionary flexibility between the EDJ and the OES

The overall patterns of whether EDJ or OES showed a larger value were common
for UM1 and um? in all of the measurements. However, the results of statistical tests were
different for canalization in shape variation and for morphological integration, in which only
UMI1 showed a significant difference between EDJ and OES. At least in these two cases,

hypothesis 4 was rejected.
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Discussion

The lack of significant difference in size variation between EDJ and OES in both
tooth classes examined here suggests that the strength of canalization on size is almost
constant throughout the processes of morphogenesis and the subsequent enamel formation
period. A recent developmental study revealed that crown sizes were regulated by intrinsic
factors from mesenchymal tissues (Cai et al., 2007). Several dental metrics studies confirmed
that tooth crown size was less variable than intercusp distance and/or cusp size owing to
stronger genetic control (Townsend et al., 2003; Harris and Dihn, 2006). Additionally, the
spatial relationship with the surrounding tissues, including the maxillary bone and/or other
tooth germs, and the available space for tooth growth (Boughner, 2011) may be involved in
the canalization of crown size during odontogenesis. The extent of the deviation from mean
size in EDJ and OES were not significantly different, and therefore both EDJ size differences
and OES size differences among groups being compared can be used as a reliable measure of
phylogenetic relatedness.

In the case of UM, shape variation of OES was greater than that of EDJ. This
result suggests that canalization of crown shape may be weakened during the process of
enamel formation. Kraus and Jordan (1965) argued that early stages of tooth development are
mediated by genes that are more evolutionarily stable than those associated with calcification.
Hlusko’s (2004) simulation model indicated that enamel thickness could change rapidly under
appropriate selective pressure. The present result is in accord with these studies and implies
that shape variation is more susceptible to modifications resulting from enamel formation than
size variation, which might be likely to cause homoplasy that would confuse phylogenetic
reconstructions.

The result of VE analysis showed that EDJ was more integrated than OES in
UM1, although the same was not supported statistically in um2. Molar crown morphogenesis
is a morphodynamic process in which inductive events and morphogenetic processes act
at the same time, and is regulated by interactions between the epithelial and underlying
mesenchymal tissues. Cusp initiation and patterning in tooth germ is an iterative process

that repeatedly utilizes the same set of genes and signaling pathways, which would lead to
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higher morphological integration in EDJ. On the other hand, the pattern of enamel formation
is the end product of a sequence proceeding from ameloblast differentiation from the IEE
cells, to secretion of protein matrix of amelogenins and enamelins, and finally organization
of the enamel crystallites into enamel rods or prisms (Boyde, 1964, 1989). Topological
developmental parameters, such as the rate and the duration of enamel apposition and/or
ameloblast extension and termination (Simmer et al., 2010), might impact the OES formation,
which could lead to weaker morphological integration in OES.

It is predicted that stronger integration between traits acts as a limitation on
producing phenotypic variation (Wagner and Altenberg, 1996). The results of the canalization
and morphological integration analyses presented here are consistent with this prediction, i.e.,
the more strongly integrated EDJ shows smaller variability. The regulatory genes expressed
during morphogenesis of the tooth are also used in different organs, including hair, pancreas,
mammary gland, salivary gland, thymus, vibrissae, and others (Fincham et al., 2000; Jernvall
and Jung, 2000). Size and shape of EDJ are thus more likely to be stabilized in order to reduce
the risks of negative pleiotropic side effects. The high level of integration in EDJ can be
regarded as a relatively rigorous developmental constraint during odontogenesis. Meanwhile,
the set of genes that contribute to enamel formation, such as amelogenin gene, enamelin gene,
ameloblastin gene, and enamelysin gene, is highly specialized, and can easily modify the OES
morphology during the enamel formation process. Morphological change of the OES, which
has less developmental constraint, can easily be brought about by neutral evolution by non-
natural selective genetic factors such as random genetic drift.

The observed pattern of morphological integration and the results of evolutionary
flexibility analyses presented here are not consistent with those of previous studies, in which
low levels of integration accompanied high levels of evolvability (Marroig et al., 2009;

Porto et al., 2009; Lewton, 2012). The developmental constraints due to canalization and
morphological integration act more strongly on the shape of EDJ than on that of OES in UMI,
while there is no significant difference in the evolutionary flexibility between EDJ and OES.
This may result from the relatively integrated covariance structure of each cusp (for both EDJ

and OES). Since the secondary enamel knot that functions as a signaling center and regulates
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cusp formation at the future cusp tip acts as a “developmental module” (Jernvall and Jung,
2000), it can directly affect the covariance structure of EDJ, and indirectly affect that of the
overlying OES. In the case of the human tooth, if the crown covariance structure is divided
into individual cusp units, this pattern cascade mode of cusp development facilitates the ability
to respond to selective challenges (Jernvall and Jung, 2000), and enables the maintenance

of a certain level of evolvability at EDJ despite existence of developmental constraints. The
comparable level of evolutionary flexibility between EDJ and OES suggests that both of them
can be utilized as an equally effective proxy for inferring phylogenetic relationships that
would result from selective pressure.

Overall, the difference of each parameter (canalization, morphological integration
and evolutionary flexibility) between the EDJ and OES in the present study was greater
in UM1 than in um2. The process of enamel formation is more likely to influence crown
morphological variability and evolvability in UMI than in um2, which can be explained by
the duration and/or thickness of enamel formation. Compared to UM1, the enamel deposition
period of um? is shorter and the enamel is thinner (Ten Cate, 2012). Therefore enamel
formation may exert less influence on shape variation in um2, which may be related to the
conservation of primitive morphology, as discussed in previous studies (Dahlberg, 1945;
Butler, 1956, 1971; Suzuki and Sakai, 1973; Saunders and Mayhall, 1982). Since not only
morphology but also variability would be likely to differ between EDJ and OES, a tooth
crown that has a longer period of enamel formation and/or thicker enamel would require
careful evaluation for phylogenetic studies.

This study compared patterns of canalization, morphological integration, and
evolutionary flexibility between the EDJ and the OES in UM1 and um?2 in order to explore
their possible effects on phylogenetic reconstructions. Our results suggest that a tooth crown
that has thicker enamel and/or a longer period of enamel formation can be more variable in
shape at the OES, where similarity can be due to homoplasy. Recent advances in imaging
techniques have made it possible to approach the details of developmental trajectories
reflected in the teeth of fossil species (Avishai et al., 2004; Smith et al., 2011). Understanding

the morphological variability and evolvability produced by the developmental process is an
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important step in validating phylogenetic hypotheses based on the OES morphology alone.
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Figure 1. Digital image of permanent maxillary first molar crown (lingual view). (a) OES ridge
curve digitized on the OES. (b) EDJ ridge curve digitized on the EDJ surface. Red circles are
landmarks, and yellow circles are semi-landmarks. Numbers appended to each section of the

ridge curve refer to the equally-spaced interpolated semi-landmarks.
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Figure 2. Bar graph showing the size variation for four configurations (UM1EDJ, UM10OES,
um2EDJ and um2OES). Significance test for coefficient of variation for LogCS among them

reveals that there is no significant difference (P>0.05).
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Figure 3. Bar graph showing mean of propcrustes distance from each mean shape for shape
variance of four configurations (UM1EDJ, UM10ES, um2EDJ and um2OES), and the error
bars show standard deviations. The Kruskall-Wallis test reveals a significant difference
among them (P<0.001). A nonparametric multiple-comparison test between EDJ and OES
within the same tooth class reveals that the difference is highly significant in UM 1
(P<0.001).
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Figure 4. Bar graph showing the scaled variances of eigenvalue for morphological
integration for four configurations (UM1EDJ, UM10OES, um2EDJ and um2OES). The error
bars shown are standard deviations obtained by resampling the original datasets with
replacement 1000 times. Bootstrap tests between EDJ and OES within the same tooth class
reveal that the difference is highly significant only in UM1 (P=0.009).
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Figure 5. Bar graph showing the evolutionary flexibility for four configurations (UM1ED]J,
UMIOES, um2EDJ and um2OES). The error bars shown are standard deviations obtained
by resampling the original datasets with replacement 1000 times. Bootstrap tests between
EDJ and OES within the same tooth class reveal that there is no significant difference
(P>0.05).
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Chapter 4: Discussion

This thesis focused on the morphological variability of the enamel-dentin junction
(EDJ) and outer-enamel surface (OES) in human maxillary first permanent molar and second
deciduous molar. Whole crown morphology including internal and external structures was
analyzed by high resolution computed tomography. Reconstructed surfaces were analyzed
quantitatively by geometric morphometric methods. These analyses explored patterns of
morphological variation in relation to the order of cusp initiation through the odontogenesis,
and compared properties of variability and evolvability between EDJ and OES. Then, insights
of the developmental factors responsible for morphological variability were discussed. Two
specific questions are addressed in order to elucidate morphological variability in human
maxillary molars. These specific questions and the major conclusions drawn from the analyses
can be summarized as follows.

How the patterns of morphological variability in human molar teeth are structured during
odontogenesis?

Patterns of size and shape variability among cusps were examined at total and each
particular crown component. The results showed that the pattern of size variability was caused
by temporal factors, such as the order of cusp initiation and the duration from the beginning
of mineralization to the completion of crown formation, whereas shape variability might be
affected by both topographic and temporal factors.

What kinds of the properties of morphological variability structured by odontogenetic process
are existed in human molar teeth, and how they affect evolutionary change?

The strength of two components of phenotypic variability: canalization and
morphological integration, plus the relevant evolutionary flexibility were compared between
EDJ and OES. The EDJ morphology was more canalized and integrated than OES. It indicated
that canalization and morphological integration acted as developmental constraints at EDJ. On
the other hand, EDJ and OES had the comparable level of evolvability, possibly because the
pattern cascade mode of cusp development would cause a cusp-divided covariance structure.

Previous studies noted that EDJ preserves primitive features such as vestigial

cusplets, ridges, and cingulua that are not apparent at OES (Korenhoff, 1961; Kraus and
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Jordan, 1965; Sakai and Hanamura, 1973; Corruccini, 1987). A high level of developmental
constraint acted at EDJ might have suppressed evolutionary changes. Similarly, the
morphology of um?2 has been considered to be more conservative from an evolutionary
perspective than that of UM1 (Dahlberg, 1945; Butler, 1956, 1971; Suzuki and Sakai, 1973;
Saunders and Mayhall, 1982), which is consistent with findings of this dissertation that in um2
there are small difference in properties of variability between EDJ and OES.

This study revealed that size variation of human UM1 and um2 was smaller than
that of shape and stabilized through the odontogenetic process. Therefore, it was conformed
with PCM. The presence or absence of cusps can be explained under the framework of PCM,
and tooth crown size that can be responsible for the number of cusps and expression of crown
features is considered to have a great influence on the tooth crown form (Skinner et al., 2008,
2009; Hunter et al., 2010; Skinner and Gunz, 2010; Ortiz et al., 2012). UM1 and um2 are
morphologically more stable than the other teeth belonged to the same molarization field
(Butler, 1939; Margetts and Brown, 1978; Farmer and Townsend, 1993; Scott and Turner,
1997; Liversidge and Molleson, 1999). This suggested that these teeth used in this study might
be likely to have inherent small size variation. Therefore, phylogenetic studies need to care for
properties of variability of the sample.

Natural selection can act on EDJ for fundamental cusp pattern and morphology
involved in resistance to occlusal loads, and on OES for outer surface form for proper
mastication. Albeit higher degree of developmental constraint at EDJ, both EDJ and OES had
a comparable level of evolvability, possibly due to shared cusp-divided covariance structure.
Indeed, the iterative activation of secondary enamel knots may be inherent mechanism of
evolvability, as the enamel knots can be understood as developmental modules (Jernvall and
Jung, 2000). Modularity of development has been suggested to be one of the mechanisms of
evolvability because it facilitates local and independent changes in morphology (Wagner and
Altenberg, 1996; Gerhart and Kirschner, 1997; Lewton, 2012). Developmentally, multicusped
teeth in mammals are formed by the repeated appearance of secondary enamel knots (Jernvall,
1995; Jenrvall and Thesleff, 2000, 2012). Polly (1998) proposed “a general model for the

evolution of tooth development ”, and the common model for tooth morphogenesis is able to
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form a tooth-like 3D morphology closely resembling those of mouse, vole and other species
by simulation analysis (Salazar-Ciudad, 2008; Salazar-Ciudad and Jernvall, 2002, 2010). Are
patterns of variability and evolvability of human maxillary molars observed in the present
study common at least in those of hominoids that share the same occlusal morphology?

The distribution pattern of enamel on the tooth crown is different among extant
hominoids, which may reflect differences in dietary patterns and developmental mechanisms
(Schwartz, 2000). Evolvability used in the present analysis, i.e., evolutionary flexibility,
demonstrates the capacity to respond to selection in any direction in phenotypic space
(Marroig et al., 2009). These simulated directions in phenotypic space may not reflect
selective pressures that actual hominoid populations have experienced (Rolian, 2009). Thus,
comparative analysis among hominoid species is required for a refined understanding of the
relationships between morphological variability, natural selection, and phylogeny.

Through a comparison between UM1 with um2, this dissertation provided insights
how the differences in developmental process affect on patterns of variation among cusps and
morphological variability. These results raise a research question what kinds of developmental
parameter affects on morphological variability. A direct approach is organ culture experiments
of tooth germ. Tinkering with signaling molecules mediating interactions during tooth
development or using mutant mice molars will provide new information on how the
developmental process generates morphological variability. It requires a feed back loop from
experimental studies for further understanding of the relationships between developmental
process and tooth morphology, which will connect genotype and phenotype and address the

elucidation of the mechanisms of tooth morphological evolution.
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Appendix: Molar sample used in this dissertation including site

information
Specimen ID Tooth Period'  Site Side
KUMA326 UMI1  Jomon Yoshigo shell mound, Aichi Pref. R
KUMA274 UMI1  Jomon Yoshigo shell mound, Aichi Pref. L
KUMA268 UMI  Jomon Yoshigo shell mound, Aichi Pref. L
KUMAS2 UMI1  Jomon Tsugumo shell mound, Okayama Pref. L
KUMA276 UMI  Jomon Yoshigo shell mound, Aichi Pref. L
KUMA334 UMI1  Jomon Yoshigo shell mound, Aichi Pref. L
KUMAA402 UMI1  Jomon Yoshigo shell mound, Aichi Pref. L
KUMA457 UMI1  Jomon Yoshigo shell mound, Aichi Pref. L
SKT100 UM1 Edo Sakai-kanogo-toshi, Osaka Pref. L
SKT223-1 UM1 Edo Sakai-kanogo-toshi, Osaka Pref. R
SKT223 UM1 Edo Sakai-kanogo-toshi, Osaka Pref. L
SKT499 UMI1 Edo Sakai-kanogo-toshi, Osaka Pref. L
Ht32 UMI1 Edo Hitotsubashi, Tokyo Metro. R
Ht120 UMI1 Edo Hitotsubashi, Tokyo Metro. L
Ht199 UMI1 Edo Hitotsubashi, Tokyo Metro. R
Ht208 UM1 Edo Hitotsubashi, Tokyo Metro. R
Ht272 UMI1 Edo Hitotsubashi, Tokyo Metro. R
Ht278 UMI1 Edo Hitotsubashi, Tokyo Metro. R
Ht367 UM1 Edo Hitotsubashi, Tokyo Metro. L
YMMB27-7-2 UMI1 Medieval Chusei-shudan-Bochi, Kanagawa Pref. L
YMMBS52-5 UMI1 Medieval Chusei-shudan-Bochi, Kanagawa Pref. L
YHI11 UMI1 Medieval Yuigahama-minami, Kanagawa Pref. R
YMMB293 UMI1 Medieval Chusei-shudan-Bochi, Kanagawa Pref. L
YMMB333 UMI1 Medieval Chusei-shudan-Bochi, Kanagawa Pref. L
YH148 UMI1 Medieval Yuigahama-minami, Kanagawa Pref. R
YH200E UMI1 Medieval Yuigahama-minami, Kanagawa Pref. R
YH211A UMl Medieval Yuigahama-minami, Kanagawa Pref. R
YH232A UMI1 Medieval Yuigahama-minami, Kanagawa Pref. L
YH244 UMI1 Medieval Yuigahama-minami, Kanagawa Pref. L
YH248 UM1 Medieval Yuigahama-minami, Kanagawa Pref. L
YH1076 UMI1 Medieval Yuigahama-minami, Kanagawa Pref. R
YH1189B UM1 Medieval Yuigahama-minami, Kanagawa Pref. L
CK45 UM1 Edo Chokoji, Aichi Pref. R
CK50 UMI1 Edo Chokoji, Aichi Pref. L
CK72 UM1 Edo Chokoji, Aichi Pref. L
CK10 UM1 Edo Chokoji, Aichi Pref. R
CK174 UM1 Edo Chokoji, Aichi Pref. L
CK152 UM1 Edo Chokoji, Aichi Pref. R
CK169 UM1 Edo Chokoji, Aichi Pref. R
CK66 UMI1 Edo Chokoji, Aichi Pref. R
CK159 UM1 Edo Chokoji, Aichi Pref. R
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CK146
CK112
CK68
CK140
CK51

CK9
CK122
CK186
CK29
CKUNI12-1
CK105
CK13
CK151
CK183
CKUN9
CK166
KUMA297
KUMA327
KUMA332
KUMAA430
KUMASS51
SKTI158
SKT202
SKT252
SKT261
SKT271
SKT312
SKT393
SKT410
SKT452
SKT453B
SKT491
SKT535
SKT561
YMMB313
YMMBI193
YMMB173
Ht273
Ht231
Ht203
Ht201
Ht153
Ht196
YH44A
YH26D
YH176B

UMI1
UMI1
UMI1
UMI1
UMI1
UMI1
UMI1
UMI1
UMI1
UMI1
UMI
UMI1
UMI
UMI1
UMI
UMI1
um?2
um?2
um?2
um?2
um?2
um?2
um?2
um?2
um?2
um?2
um?2
um?2
um?2
um?2
um?2
um?2
um?2
um?2
um?2
um?2
um?2
um?2
um?2
um?2
um?2
um?2
um?2
um?2
um?2
um?2

Edo

Edo

Edo

Edo

Edo

Edo

Edo

Edo

Edo

Edo

Edo

Edo

Edo

Edo

Edo

Edo
Jomon
Jomon
Jomon
Jomon
Jomon
Edo

Edo

Edo

Edo

Edo

Edo

Edo

Edo

Edo

Edo

Edo

Edo

Edo
Medieval
Medieval
Medieval
Edo

Edo

Edo

Edo

Edo

Edo
Medieval
Medieval
Medieval

Chokoji, Aichi Pref.

Chokoji, Aichi Pref.

Chokoji, Aichi Pref.

Chokoji, Aichi Pref.

Chokoji, Aichi Pref.

Chokoji, Aichi Pref.

Chokoji, Aichi Pref.

Chokoji, Aichi Pref.

Chokoji, Aichi Pref.

Chokoji, Aichi Pref.

Chokoji, Aichi Pref.

Chokoji, Aichi Pref.

Chokoji, Aichi Pref.

Chokoji, Aichi Pref.

Chokoji, Aichi Pref.

Chokoji, Aichi Pref.

Yoshigo shell mound, Aichi Pref.
Yoshigo shell mound, Aichi Pref.
Yoshigo shell mound, Aichi Pref.
Yoshigo shell mound, Aichi Pref.
Yoshigo shell mound, Aichi Pref.
Sakai-kanogo-toshi, Osaka Pref.
Sakai-kanogo-toshi, Osaka Pref.
Sakai-kanogo-toshi, Osaka Pref.
Sakai-kanogo-toshi, Osaka Pref.
Sakai-kanogo-toshi, Osaka Pref.
Sakai-kanogo-toshi, Osaka Pref.
Sakai-kanogo-toshi, Osaka Pref.
Sakai-kanogo-toshi, Osaka Pref.
Sakai-kanogo-toshi, Osaka Pref.
Sakai-kanogo-toshi, Osaka Pref.
Sakai-kanogo-toshi, Osaka Pref.
Sakai-kanogo-toshi, Osaka Pref.
Sakai-kanogo-toshi, Osaka Pref.
Chusei-shudan-Bochi, Kanagawa Pref.
Chusei-shudan-Bochi, Kanagawa Pref.
Chusei-shudan-Bochi, Kanagawa Pref.
Hitotsubashi, Tokyo Metro.
Hitotsubashi, Tokyo Metro.
Hitotsubashi, Tokyo Metro.
Hitotsubashi, Tokyo Metro.
Hitotsubashi, Tokyo Metro.
Hitotsubashi, Tokyo Metro.
Yuigahama-minami, Kanagawa Pref.
Yuigahama-minami, Kanagawa Pref.
Yuigahama-minami, Kanagawa Pref.
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YHI31A um2  Medieval Yuigahama-minami, Kanagawa Pref.

YHI130 um?2 Medieval Yuigahama-minami, Kanagawa Pref.
CK37 um2  Edo Chokoji, Aichi Pref.
CK81 um?2 Edo Chokoji, Aichi Pref.
CK118 um2  Edo Chokoji, Aichi Pref.
CK184 um?2 Edo Chokoji, Aichi Pref.
CKS5 um2  Edo Chokoji, Aichi Pref.
CK18 um2  Edo Chokoji, Aichi Pref.
CK133 um2  Edo Chokoji, Aichi Pref.
CK73 um2  Edo Chokoji, Aichi Pref.
CK162 um2  Edo Chokoji, Aichi Pref.
CK59 um2  Edo Chokoji, Aichi Pref.
CK86 um2  Edo Chokoji, Aichi Pref.
CK&3 um?2 Edo Chokoji, Aichi Pref.
CK119 um2  Edo Chokoji, Aichi Pref.
CK2 um?2 Edo Chokoji, Aichi Pref.
CKUN2 um2  Edo Chokoji, Aichi Pref.
CK133 um?2 Edo Chokoji, Aichi Pref.
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1. Jomon (14500-300 BC); Medieval (13-15C AD); Edo (17-19C AD).
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