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Abstract

The concept of modularity provides a useful tool for exploring the relationship between genotype
and phenotype. Here, we use quantitative genetics to identify modularity within the mammalian
dentition, connecting the genetics of organogenesis to the genetics of population-level variation
for a phenotype well represented in the fossil record.

We estimated the correlations between dental traits due to the shared additive effects of genes
(pleiotropy) and compared the pleiotropic relationships among homologous traits in two
evolutionary distant taxa — mice and baboons. We find that in both mice and baboons, who shared
a common ancestor >60 Ma, incisor size variation is genetically independent of molar size
variation. Furthermore, baboon premolars show independent genetic variation from incisors,
suggesting that a modular architecture separates incisors from these posterior teeth as well. Such
genetic independence between modules provides an explanation for the extensive diversity of
incisor size variation seen throughout mammalian evolution--variation uncorrelated with
equivalent levels of postcanine tooth size variation. The modularity identified here is supported by
the odontogenic homeobox code proposed for the patterning of the rodent dentition. The baboon
postcanine pattern of incomplete pleiotropy is also consistent with predictions from the
morphogenetic field model.

Introduction

Developmental genetics can provide insights for how the information stored within the
genome may be translated into the phenotype during early ontogeny. Evolutionary biologists
have incorporated some of these insights into paleontology, with tremendous success at
higher taxonomic levels, such as the origins of body plans (e.g., Raff. “96) and the fin-limb
transition (e.g., Davis et al, 2007). However, given that much of evolution is characterized
by smaller scale variation, it is logical to consider whether those genes involved in making
an organ are the same that influence minor variation in the ultimate phenotype (Hlusko,
2004). Selection typically operates at this population level. Therefore, making a connection
between developmental genetic mechanisms and normal population-level variation is
essential for bringing an “evo-devo” approach to most of vertebrate evolution.
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Berkeley, CA 94720, hlusko@berkeley.edu, tel: +510 643 8838, fax: +510 643 6264.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hlusko et al.

Page 2

Quantitative genetic analyses can be used to make this phenotype-genotype connection, as
they enable the investigation of the genetics of normal adult phenotypic variation, working
back towards the genome. Our goal is to link these two approaches—quantitative and
developmental genetics—together to form a more complete understanding of the
relationship between genotype and phenotype, and ultimately, to incorporate this knowledge
into our understanding of phenotypic evolution as evidenced in the fossil record (Hlusko,
2004).

Since antiquity biologists have recognized the importance of the size and shape of an
animal’s teeth (e.g., Aristotle’s On the Generation of Animals, Book V, Chapter 8). Given
the dentition’s fundamental role in procuring and processing food and in social interactions
with conspecifics, the dentition has evolved to be one of the most informative parts of the
skeleton for inferring evolutionary relationships and adaptations. Because teeth are largely
inorganic, they also survive well in the fossil record—for many extinct vertebrates, all we
know of them is what their teeth looked like. Considerable advances have also been made in
identification and functional analyses of the genes necessary to make and pattern the
dentition (Jernvall and Thesleff, 2000; Tucker and Sharpe, 2004). Consequently, the
dentition is an important organ system for developmental biologists, neontologists, and
paleontologists alike, making it an ideal system for an integrated developmental, genetic,
and paleontological approach (Jernvall and Jung, 2000; Hlusko, 2004). Here, we report on
the first comparative quantitative genetic analysis of dental variation in two mammalian
taxa: mouse and baboon.

Background

In 1939 Butler proposed the morphogenetic field theory which became the foundation for
most morphologists’ understanding of dental variation. In this model, primordial teeth are
pluripotent, and tooth type is determined by extrinsic factors (“morphogens”). An alternative
was later proposed, the clone model (Osborn, “78) in which tooth type is intrinsically
determined. Neither of these hypotheses relied on actual knowledge of genetics, but rather
posed speculative hypotheses that were difficult to test, but tested nonetheless via adult
phenotypic variation yielding inconclusive results (e.g., Dahlberg, ‘45; Van Valen, ‘61;
Henderson and Greene, ‘75; Lombardi, *75).

Advances in developmental genetics over the last 20 years have dramatically improved our
understanding of tooth organogenesis and patterning (Tucker and Sharpe, 2004). This
research has primarily focused on the mouse model, as has much of mammalian
developmental genetics. We now know that the dentition is patterned quite early during
development, by mouse embryonic day 11. At this stage, the oral cavity has started to form
in a layer of epithelial cells oral to neural crest derived mesenchyme. Patterning information
for the dental arcade appears to be regulated by this epithelial layer, called the dental lamina.
Once the epithelium invaginates into the mesenchyme at mouse embryonic day 13, control
of tooth type shifts to the surrounding mesenchymal cells. By mouse embryonic day 14 the
primary signaling for continued tooth formation has returned to the epithelium, but now is
centered within a mass of non-proliferating cells that form the enamel knot, a known
signaling center (Jernvall et al, ‘94).

The genetic mechanism formally proposed for how genes determine tooth type during the
dental lamina stage is the odontogenic homeobox code (Thomas and Sharpe, “98). This
model suggests that bone morphogenetic proteins (BMP) and fibroblast growth factor (FGF)
proteins in the epithelium induce and inhibit expression of 8 homeobox genes in various
permutations, with specific combinations resulting in a particular tooth type. For example,
Msx1, Msx2, Lhx6, and Lhx7 are expressed in presumptive incisor tissue and DIx1, DIx2,
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Barx1, Lhx6, and Lhx7 are expressed in presumptive molar tissue. The molecular evidence
for this derives from experiments on mice, and as such, the odontogenic code is only
proposed for determining the reduced dentition (incisors and molars) of rodents (but see
McCollum and Sharpe, 2001). Since a recent study by Munne et al (2010) suggests that this
odeontogenic homeobox code may be based on a misinterpretation of gene knock-out
morphology, the genetic patterning mechanism for the dental arcade remains speculative.

Developmental genetics more generally shows that organisms have morphological and
developmental modularity that results from modules at the genomic level, such as gene
families, and from modules in embryogenesis (Raff, ‘96; Carroll et al, 2005). This
modularity is critical since it enables an organism to be “evolvable” (Wagner and Altenberg,
‘96; Scholsser and Wagner, 2004; Draghi and Wagner, 2009). This modularity has been
defined more specifically as “a genotype-phenotypic map in which there are a few
pleiotropic effects among characters serving different functions, with pleiotropic effects
falling mainly among characters that are part of a single functional complex” (Wagner and
Altenberg, ‘96: 967). Considerable research has demonstrated modularity within the
vertebrate limb (Wagner and Vargas, 2008, Reno et al, 2008; Shubin et al, ‘97; Shubin,
2002; Davis et al, 2007) and the skull (Richtsmeier et al, ‘84; Kohn et al, ‘93; Cheverud,
‘96; Ackermann and Cheverud, 2002; Marroig et al, 2004; Roseman, 2004; Marroig and
Cheverud, 2005; Wolf et al, 2005; Ackermann, 2007; Hallgrimsson et al, 2007; Mitteroecker
and Bookstein, 2008; Sherwood et al, 2008), for example.

Although the dentition is in a sense its own module, given the hierarchical nature of its
development (Bateson, 1894; Stock, 2001), in this paper we focus on modularity within the
dentition. This is the level of modularity often thought to be represented by characters in
paleontological analyses, especially those at the sub-family level or below (Hlusko, 2004).

The modularity reported here is defined by the genetic architecture of mammalian
population-level dental variation. We employ two animal models (Fig. 1). The first is the
baboon because this primate has a relatively generalized mammalian dental pattern in that it
is dyphyodont with incisors, canines, premolars and molars. The second is the mouse, as this
taxon provided the source for most of the developmental genetics research to date despite its
highly derived and reduced dentition (mice are monophyodont with only incisors and
molars).

Using quantitative genetic analyses in pedigreed populations, we detected and estimated
additive genetic correlations between linear measurements of tooth size for teeth along the
maxillary and mandibular dental arcades of these two taxa. These additive genetic
correlations were compiled into matrices, each matrix characterizing the contribution of
pleiotropy to the genetic architecture underlying observed patterns of covariation in tooth
size measurements. Our results demonstrate significant similarity between mouse and
baboon dental genetic architectures, a common pattern of modularity that may result from a
conserved mammalian genetic patterning mechanism.

Materials and Methods
BABOON POPULATION

For 630 baboons we measured mesiodistal length and buccolingual widths of all incisors,
premolars, and molars (maxillary and mandibular). These animals are part of a captive,
pedigreed breeding colony of Papio hamadryas (as defined in Jolly, “93) housed at the
Southwest National Primate Research Center (SNPRC) in San Antonio, Texas. The colony
is maintained in pedigrees with all mating opportunities controlled. Age and sex (as well as
other life history and health data) are known for all individuals.

J Exp Zool B Mol Dev Evol. Author manuscript; available in PMC 2012 January 15.
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Genetic management of the colony was started over 30 years ago and allows for data
collection from non-inbred animals. All non-founder animals in this study resulted from
matings that were random with respect to dental, skeletal, and developmental phenotype.
The female-to-male sex ratio is approximately 2:1. The animals from which data were
collected are distributed across eleven extended pedigrees that are 3-5 generations deep. The
mean number of animals with data per pedigree was 44, and these individuals typically
occupied the lower two or three generations of each pedigree. All pedigree data management
and preparation was facilitated through use of the computer package PEDSY'S (Dyke, ‘96).

The Institutional Animal Care and Use Committee, in accordance with the established
guidelines (National Research Council, '96), approved all procedures related to the treatment
of the baboons during the conduct of this study.

MOUSE POPULATION

We measured mesiodistal length and buccolingual width of all teeth (1 incisor and 3 molars
for each dental quadrant, maxillary and mandibular) of 207 mice that are part of a large
pedigreed colony made by R.D.S. between 1977 and 1992, currently housed at the
University of California at Berkeley’s Museum of Vertebrate Zoology.

The colony was established in 1977 with either mice wild-caught by R.D.S., or outbred mice
from another lab that established their colony with wild-caught animals. For example, Mus
cervicolor popaeus founders were from the pedigreed breeding colony established and
maintained by the National Cancer Institute (Escot et al, “‘86). We restrict our analyses to
animals that are first-generation from these founders in order to minimize the chances of
inbreeding. As such, all mice used in this study are from litters born between 1977 and 1981.
Pedigrees were reconstructed from breeding records, enabling ascertainment of age at death
and sex, as well as familial relationships. Seven taxa are represented (Table 1). No in-bred
laboratory strains were used in this study.

Two of four subgenera within Mus (Nowak, ‘91) are represented: 15 are Coelomys (shrew
mice: M. pahari), and 220 are Mus (house and rice field mice: M. caroli, M. cervicolor
cervicolor, M. c. popaeus, M. cookii, M. musculus, M. domesticus brevirostris, M. d.
praetextes, M. spretus). Our taxonomy follows Sage et al. ("93) and Prager et al. (’93). Each
taxon has 1-6 pure mating pairs and 1-13 litters from these pairs (Table 1). There are no
hybrids included in the analysis, only offspring from conspecific (or con-subspecific)
matings. Although our sample represents non-inbred populations, the taxonomic structure
makes it less than ideal for these analyses. By including parent/offspring sets from multiple
taxa we artificially inflate the degree of correlation, as interspecific differences will increase
the appearance of intra-familial resemblance. Therefore, analyses of this population are
prone to overestimate correlations. Our results need to be interpreted with this caveat in
mind.

In total, pedigree data for 235 mice were used to reconstruct the pedigrees, 207 with
phenotype data. The female to male ratio is approximately 1:1. Mice were maintained and
sacrificed under protocols approved by the Office of Laboratory Animal Care, University of
California Berkeley.

PHENOTYPIC DATA

All dental measurements from the baboons were collected from casts, as described in detail
elsewhere (Hlusko et al, 2002). Linear measurements for the baboons were collected with
calipers for the incisors and premolars, and from digital photographs for the molars,
following a protocol described elsewhere (Hlusko et al, 2002). Measurements were taken
from photographs for the molars because of the need for a protocol that avoided the problem
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of the gumline obscuring the maximum buccolingual width of the crown — maximum width
was standardized as 1 mm below the maximum depth of the occlusal surface. The shape of
the other teeth makes caliper measurements more reliable than the two-dimensional
representations of photographs. All dental data from the mice were collected from digital
photographs using the software program Image Pro Plus©. Because mouse teeth are very
small, they are more easily measured with digital photographs that can be magnified.
Definitions of length and widths follow standard odontological methods (e.g., Hillson, ‘86).

Abbreviations: | = incisor, P = premolar, M = molar; number following first letter indicates
tooth position; Il = labiolingual width of the incisor; md = mesiodistal length of the incisor; |
= mesiodistal length (the longest mesiodistal axis of the premolar or molar), w = maximum
buccolingual width of the premolar (not necessarily perpendicular to the mesiodistal length);
mw = maximum buccolingual width of the molar through the mesial-most pair of cusps (not
necessarily perpendicular to the mesiodistal length); dw = maximum buccolingual width of
the molar through the distal cusp pair on baboons, and the second cusp pair for mice (not
necessarily perpendicular to the mesiodistal length).

ANALYTICAL METHODS

Quantitative genetic analyses test the hypothesis that environmental, or rather non-genetic
factors alone can account for the phenotypic similarities seen among family members. A
significant heritability estimate and significant genetic correlation indicate that
environmental effects by themselves cannot account for, respectively, the pattern of
phenotypic variation and covariation between phenotypes seen in a population of related
individuals; that is, the degree of interrelatedness — and, hence, genetic similarity —
contributes to observed phenotypic similarities.

Our statistical genetic analyses were performed using a maximum likelihood based variance
decomposition approach implemented in the computer package SOLAR (Almasy and
Blangero, ‘98). Accordingly, the phenotypic covariance for each trait within a pedigree in

this study is modeled as Q=2®0"+Io~,, where @ is a matrix of kinship coefficients for all
relative pairs in a pedigree, cri is the additive genetic variance, | is an identity matrix

(composed of ones along the diagonal and zeros for all off diagonal elements), and ai is the
environmental variance. Because the components of the phenotypic variance are additive,
such that 6%p = 62 + 62g, We estimated heritability, or the proportion of the phenotypic
variance attributable to additive genetic effects, as h? = 625 / 62p. Identifying such additive
genetic effects are essential to evolutionary theory, as only phenotypic variation that is
inherited will respond to selective pressure. Phenotypic variance attributable to non-genetic
factors is estimated as 2 = 1 — h2. The mean effects of sex and age were included in the
analyses when they had a significant influence on the phenotypic variance (age serves as a
proxy for wear in these analyses).

Using extensions to univariate genetic analysis that encompass the multivariate state
(Hopper and Mathews, ‘82; Lange and Boehnke, ‘83; Boehnke et al, ‘87), we follow an
approach described in detail elsewhere (Mahaney et al, ‘95) to model the multivariate
phenotype of an individual as a linear function of the measurements on the individual's
traits, the means of these traits in the population, the covariates and their regression
coefficients, plus the additive genetic values and random environmental deviations. From
this model, we obtained the phenotypic variance-covariance matrix from which we
partitioned the additive genetic and random environmental variance-covariance matrices,
given the relationships (kinship coefficients) observed in the pedigree. From these two
variance-covariance matrices, we estimated the additive genetic correlation, pg, and the
environmental correlation, pg, between trait pairs. Respectively, these correlations are
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estimates of the additive effects of shared genes (i.e., pleiotropy) and shared environmental
(i.e., unmeasured and nongenetic) factors on the variance in a trait.

The genetic and environmental components of the phenotypic correlation matrix are
additive, like those of the corresponding variance-covariance matrix, so we use the
maximum likelihood estimates of the additive genetic and environmental correlations to
obtain the total phenotypic correlation between two traits, pp, as

Pp= \/h? h%pu—k N /7%) N hg)pE.

We conducted bivariate quantitative genetic analyses of trait pairs using multivariate
extensions to the basic variance decomposition methods implemented in SOLAR (Almasy
and Blangero 1998). We used this approach to obtain simultaneous maximum likelihood
estimates of the phenotypic means (i), phenotypic standard deviations (), heritabilities (h?),
and the mean effects of covariates on all traits, and the genetic and environmental
correlations between them.

Significance of the maximum likelihood estimates for heritability and other parameters is
assessed by means of likelihood ratio tests. Twice the difference of the maximum
likelihoods of a general model (in which all parameters are estimated) and a restricted model
(in which the value of a parameter to be tested is held constant at some value, usually zero)
are compared. This difference is distributed asymptotically approximately as either a %2:%
mixture of 2 and a point mass at zero, for tests of parameters like h? for which a value of
zero in a restricted model is at a boundary of the parameter space, or as a 2 variate for tests
of covariates for which zero is not a boundary value (Hopper and Mathews, ‘82). In both
cases degrees of freedom is equal to the difference in the number of estimated parameters in
the two models (Boehnke et al, ‘87). However, in tests of parameters like h?, whose values
may be fixed at a boundary of their parameter space in the null model, the appropriate
significance level is obtained by halving the P-value (Boehnke et al, ‘87).

For bivariate models in which genetic correlations are found to be significantly greater than
zero, additional tests are performed to compare the likelihood of a model in which the value
of the genetic correlation is fixed at 1 or 0 to that of the unrestricted model in which the
value of the genetic correlation is estimated. A significant difference between the likelihoods
of the restricted and polygenic models suggests incomplete pleiotropy, i.e., not all of the
additive genetic variance in the two traits is due to the effects of the same gene or genes.

Genetic correlations between traits can result from either pleiotropy or gametic phase
disequilibrium (Lynch and Walsh, *98). The degree of gametic phase disequilibrium (or
linkage disequilibrium, LD) is a function of a population’s genetic history and demography:
e.g., it will be lower in outbred populations with many unrelated founders as recombination
exerts its effects each generation, higher in populations undergoing rapid expansion from a
small number of founders and those resulting from recent admixture. Given a conducive set
of population characteristics, the likelihood of genetic correlation between two traits being
due to LD is higher for simple traits, with monogenic (or nearly so) inheritance. However, if
variation in a pair of traits is attributable to the effects of multiple alleles at multiple loci, LD
is not likely to be a major contributor to the genetic correlation (Lande, ‘80; Lynch and
Walsh, ‘98). Therefore, we are cautiously confident that significant additive genetic
correlations estimated in our analyses on pairs of complex, multifactorial dental measures
from our non-inbred, extended baboon and mouse pedigrees are primarily indicative of
pleiotropy rather than LD. Ongoing and planned whole genome screens and LD analyses
will help confirm this.

J Exp Zool B Mol Dev Evol. Author manuscript; available in PMC 2012 January 15.
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The last 50 years of quantitative genetics have repeatedly shown that dental phenotypes tend
to have the highest heritability estimates reported for the skeleton (Rizk et al, 2008),
indicating that dental variation is largely influenced by genetic variation, although non-
genetic affects can be significant. This is not surprising given that the size and shape of teeth
are unaltered after eruption, save for wear and breakage, unlike the rest of the mammalian
skeleton that continues to remodel over the animal’s lifespan.

As expected, the tooth size variation reported here is highly heritable for both baboons and
mice, and as such, highly susceptible to selective pressures (see Table 2a and b for residual
h2 estimates). These tables report the residual heritability (h?) estimate after the affects of
the covariates (c2) are removed (i.e., sex and age). The remaining variance is attributed to
non-genetic effects (e2) such as measurement error, environmental influences, and/or
unaccounted for covariates.

All but 5 of the 68 baboon tooth measurements yield significant heritabilities (p<0.05), with
an average residual heritability of 0.56 and an average total heritability of 0.40. Covariate
effects (primarily sex) contribute, on average, 28% to the total phenotypic variance. Non-
genetic effects average 32%.

All of the mouse tooth measurements returned significant heritability estimates (p<0.01).
The incisor residual heritabilities are lower (average is 0.30) than are those estimated for the
molars (average is 0.84). Covariates were found to account for little to no amount of the
total phenotypic variance. Non-genetic effects average account for about 16% of the total
phenotypic variance.

These residual heritability estimates were then used to construct patterns of genetic
interrelatedness (correlations), i.e., that aspect of the genetic architecture that is of
significance to evolutionary studies (Lande, ‘79; Schluter, 2000), shown as correlation
matrices in Figure 2 and reported in detail in Table 3. Genetic correlations were estimated
for all possible pair-wise comparisons, even though some of these were based on
insignificant heritability estimates. As such, some of the values that populate the matrix,
especially those indicated in gray, should be considered tentative at best. The genetic
correlation estimates were compared to models in which the correlation was constrained to
zero and one. The two far-right columns in Table 3 indicate the probability that the
estimated genetic correlation is significantly different from one of these constrained models.
Estimates that are significantly different from both one and zero are interpreted to indicate
incomplete pleiotropy (see discussion in the Analytical Methods section).

For the baboon population, of the 208 incisor:post-canine analyses (maxillary and
mandibular), only 26 return significant (p<0.05) genetic correlations (12 in the maxilla and
14 in the mandible).

In contrast, all of the maxillary incisor:incisor comparisons yield significant genetic
correlations, 14 of 16 maxillary premolar:premolar analyses returned significant genetic
correlations, as did 65 of 81 maxillary molar:molar comparisons. Approximately half of the
72 maxillary premolar:molar analyses returned significant genetic correlations.

For the mandible, the mesiodistal breadth of the central incisor is not significantly correlated
with the labiolingual breadth of the lateral incisor, although all other mandibular
incisor:incisor correlations are insignificantly different from one. The premolar:premolar
analyses return fewer positive genetic correlations than found for the maxilla, although we
note that the mandibular premolar sample sizes are much smaller (e.g., 150 versus 250).

J Exp Zool B Mol Dev Evol. Author manuscript; available in PMC 2012 January 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hlusko et al.

Page 8

Twenty-nine of the premolar:molar correlations are significantly greater than zero,
approximately 40% compared to the approximately 50% for the maxilla. Seventy-four of the
81 molar:molar analyses returned significant genetic correlations, even more than were seen
for the maxilla.

The handful of genetic correlations noted between the mandibular incisors and molars
suggest that the genetic relationship is inverse, as they returned negative correlations. This
would indicate that when the incisors are smaller, the first and second molars are larger.
Given that these results are not identical on the right and left sides, and are interspersed with
insignificant analyses, this possible pattern needs to be explored in more detail as the
evolutionary implications could be quite interesting and important.

In the mouse population, the labiolingual diameter of the mandibular incisors yields no
significant genetic correlation with the molars while the mesiodistal diameter of the
mandibular incisor is significantly correlated with the molars. For the maxillary incisors, the
labiolingual diameter has no genetic correlation with the first molars (as seen in the
mandible), and incomplete pleiotropy with the mesiodistal length of the second molars and
both length and width of the third molars.

The mouse molar:molar analyses yield a more consistent pattern of high genetic correlations
compared to the baboons, but we are hesitant to place emphasis on this distinction given that
the mouse pedigree structure will tend to overestimate genetic correlations. While mouse
molars do develop almost simultaneously, in contrast to the sequential formation of baboon
molars (and this might result in a higher degree of integration), we do not feel that our
analyses are robust enough to indicate that this difference is biologically significant at this
point in time.

Discussion

In recent years, quantitative genetic methods have been most commonly employed to
identify genomic loci that significantly influence phenotypic variation, and often within a
medical framework (e.g., lipoprotein metabolism in baboons: Rainwater et al, 2009; MC4R
influence on energy expenditure and appetite in children: Cole et al, 2010), but sometimes
include other phenotypes (e.g., dog coat color variation: Cadieu et al, 2009; an adaptive
allele for deer mouse coloration: Linnen et al, 2009). Quantitative genetics has also been
recruited to explore phenotypic response to natural selection (e.g., Boag, *83), or lack
thereof (e.g., Kruuk et al, 2002), sexual selection (e.g., Lande and Kirkpatrick, ’88),
selection in the laboratory (e.g., Beldade et al, 2002), adaptive radiations (Schluter, 2000),
and complex fitness surfaces (e.g., Blows et al, 2003).

In contrast to these foci, our research uses quantitative genetics to understand how genes
influence morphological variation with the specific goal of improving our ability to interpret
evolutionary processes from the fossil record. As such, we use a quantitative genetic
approach to recast skeletal variation in terms of the underlying pattern of genetic
correlations between traits. Our objective has been to detect and exploit genetic correlations
-- indicative of additive genetic pleiotropy or shared additive genetic effects between trait
pairs. We then use these genetic correlations to infer patterns of morphological integration
(similar to Hallgrimsson et al, 2007; for example see Hlusko et al, 2004a, b; Hlusko and
Mahaney, 2009; Koh et al, 2010) rather than for identifying specific genomic loci or
quantifying selection, as is more typically done.

Our results are the first quantitative genetic evidence for modularity within the mammalian
dental arcade and the first evidence of a shared dental genetic architecture across mammals
broadly. Developmental studies have shown that mammalian tooth organogenesis relies on
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many of the same genes, for example Shh expression in mouse (Vaahtokari et al, ‘96), vole
(Kerénen et al, “98), shrew (Yamanaka et al, 2007), ferret (Jarvinen et al, 2009), and
opossum (Moustakas et al, 2009). However, little is known about how these developmental
genes are expressed similarly or differentially across the dental arcade in various mammals
(but see Moustakas et al, 2009, for recent results in opossum compared to mouse).

Mice and monkeys last shared a genetic common ancestor ~ 69 million years ago (Eizirik et
al, 2001) and extant mice have highly derived dentitions compared to those early mammals,
in part by having large continuously growing incisors. As such, genetic independence of the
incisors may be expected in extant mice. It is therefore intriguing that incisor size variation
is genetically independent from the size variation in the postcanine dentition in both mice
and baboons. This similarity predicts that dental variation is controlled in a similar way in
other mammalian orders.

Other biologists have shown that the genetic architecture has a significant influence on how,
and how quickly a species responds to selective pressure (Lande, ‘79; Schluter, 2000;
Beldade et al, 2002). If similar genes or sets of genes influence size variation across the
entire dental arcade, we would expect to see more concomitant change in incisor and molar
size, as selection for or against change in one region of the arcade would simultaneously
affect the other region. However, modularity (Wagner and Altenberg, ‘96; Schlosser and
Wagner, 2004) in the dentition, or rather, a level of genetic independence between various
regions along the tooth row as we have identified here, would facilitate evolvability in size
disparity because each module could respond independently to different selective pressures.

For example, in mammals independent anterior and posterior dental modules would
facilitate responses to the different selective pressures that act on the incisors in contrast to
the molars (e.g., grooming or food procurement versus food mastication, respectively). This
genetic modularity may either have facilitated or been the result of the very different
selective pressures and functional constraints experienced by the anterior and posterior
dentitions.

A survey of mammalian dental evolution provides strong morphological evidence for the
pervasiveness of such a modular genetic architecture. Repeatedly, and in numerous lineages,
incisors have undergone tremendous diversification in both size and shape (Wortman 1886),
although we focus on size here. In some lineages, incisors have reduced in size
tremendously (i.e., felids; manatees — only males have one incisors; and robust
Australopithecus hominid species), or have been lost completely (i.e., all extant xenarthrans
—armadillos, tree sloths, and anteaters; cervid and bovid maxillae). In other lineages, they
have developed highly specialized functions, such as the elongated mandibular tooth combs
used by lemurs for grooming (coupled with extreme size reduction in the maxillary
incisors), the long spear-like incisors of “shrew” opossums (Caenolestidae, Marsupialia), the
continuously growing incisors used for gnawing in several lineages (e.g., aye-ayes within
the Primates, mice to porcupines in the Rodentia), the tusks/incisors of hippopotamus and
dugongs, the very large tusks/incisors of elephants used for rooting and uprooting trees, and
perhaps the most extreme case, the ~3 m long spiraled tusk/incisor in the Arctic Ocean
narwhal (Monodon monoceros) thought to be used for breaking ice, weaponry, or possibly
even echolocation (Nowak, ‘91). The eutherian mammalian fossil record yields even more
variation than is seen in the extant taxa noted above (Rose, 2006). In virtually all of these
taxa, the postcanine dentition may vary significantly in shape, but the size variance is not as
extreme as in the incisors.

This pattern of dental size diversity is even seen in the earliest mammals in the late
Cretaceous. For example, Zalambdalestes had long procumbent mandibular incisors in
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contrast to the shorter peg-like incisors of Malestes and even shorter Asioryctes, all of which
sit outside the placental clade (Wible et al, 2007). Therefore, based on phenotypic data from
extant and fossil mammals, and the results from our quantitative genetic analyses of dental
variation in mice and baboons, we hypothesize that a genetic independence between incisor
and postcanine size variation is symplesiomorphic to eutherian mammals, and perhaps to
mammals more generally.

One clear difference between mouse and baboon genetic correlation matrices is the
significant genetic correlation between the mesiodistal width of the mouse mandibular
incisor and molar size, where baboons have no genetic correlation. Although one might
propose multiple explanatory scenarios consistent with these two data points, they are
inadequate for identifying an evolutionary trend, much less confirming one. Additional
populations need to be studied to identify the evolutionary polarity of this pattern.

We also note that the baboon results suggest that there may be an inverse genetic
relationship (genetic correlation) between the mandibular incisors and the mandibular first
and/or second molars. While these results are not consistent, and are interspersed with some
insignificant results, if further analyses bolster this pattern the evolutionary implications are
interesting. Several primate lineages show a simultaneous reduction in the incisor region and
expansion of the molar region (for example, in the robust Australopithecus species of
hominids and the Theropithecus brumpti lineage of cercopithecoids).

From a developmental perspective, the odontogenic code (Thomas and Sharpe, ‘98) is
clearly compatible with these results, as it could be interpreted to predict a certain degree of
independence between the incisor and molar regions. However, for the post-canine pattern
seen in baboons, this pattern of incomplete pleiotropy may better fit with a morphogenetic
gradient, or reaction-diffusion mechanism (Jernvall, 2000; Kangas et al, 2004).

While the field (Butler, *39) and clone (Osborn, ’78) models for tooth development have
received a significant amount of attention historically, it is important to keep in mind that
these models were developed primarily on phenotypic data and that hypothesis testing was
rarely conclusive (see references cited previously). Our current understanding of tooth
development suggests that neither is likely to be entirely right or wrong (as also suggested
by the hybrid Cooperative Genetic Integration model proposed by Mitsiadis and Smith,
2006). As we continue to improve our understanding of tooth organogenesis from
developmental studies and patterns of genetic correlation from quantitative genetic analyses,
we are better off reconstructing tooth patterning mechanisms without these speculative
models constraining our interpretation of the actual genetic data.

Here we demonstrated that quantitative genetic analyses provide a useful tool for linking
developmental genetics of tooth organogenesis with studies of morphological variation in
the adult dentition by employing the concept of modularity. As more pedigreed populations
are developed for other taxa, this may prove to be a powerful and common approach through
which we can bridge the gap between genotype and phenotype and better understand how
this relationship has evolved through time as documented in the fossil record.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Photograph of mouse and baboon maxillae and mandibles. Baboons have a more
evolutionarily primitive dental formula (diphyodont: 2 incisors, 1 canine, 2 premolars, 3
molars) compared to the highly derived and reduced mouse dentition (monophyodont: 1
incisor, 3 molars).
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FIGURE 2.

Matrices showing estimated genetic correlations between tooth size measurement pairs for
pedigreed baboon and mouse populations described in the main text. All estimates are
statistically significant at p < 0.05 unless shaded gray (see key). Specific probabilities and
other parameter estimates are reported in Table 3.
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Taxonomic composition and pedigree structure of mouse population

Table 1

Taxon Mating pairs  Litters Offspring Total
Mus caroli 5 8 31 41
M. cervicolor cervicolor 6 13 42 54
M. c. popaeus 3 8 35 41
M. cookii 4 11 40 48
M. musculus 2 3 17 21
M. domesticus brevirostris 2 3 5 9
M. d. praetextus 1 1 1 3
M. pahari 2 5 11 15
M. spretus 1 1 1 3
Mus total 235
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