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Quantitative genetics provides predictive power for
paleontological studies of morphological evolution
P. David Pollya,b,c,1

Blending molecular developmental biology and quantitative genetics, Hlusko et al. (1) present in PNAS a
framework for identifying phenotypic traits whose genetics are suitable for testing hypotheses about adaptive evolution in the fossil record. In recent years,
startling advances have been made in our understanding of the molecular mechanisms of development and
the genomic structures that underpin them. Laboratory manipulations are able to determine the patterns
of gene expression that produce phenotypic structures
such as brains, bones, and teeth (2, 3); computational
models of the spatial dynamics of development are capable of predicting the phenotypic outcomes of up- or
down-regulation of gene expression (4); and genomic
analyses reveal the regulatory mechanisms that govern
cascades of gene expression (5). These tools have
mapped the causal links between genotype and phenotype that were largely missing from 20th century
evolutionary biology.
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Fig. 1. (A) Lower dentition of a De Brazza’s monkey. C, canine; M, molar; P,
premolar (Michigan State University Museum 29074). Reprinted from Animal
Diversity Web, with permission from Phil Myers (University of Michigan, Ann Arbor,
MI). (B) Links between a few of the factors that influence tooth size in primates.

However, this new understanding is based on a
small number of model organisms. Translating molecular genetics from them to the fossil record, which
provides the only direct evidence for most evolutionary transitions, can be problematic because many
aspects of morphogenesis depend on the organism’s
genetic and environmental context (6, 7). In the fossil
record, genetic and nongenetic components of phenotypic variation can rarely be separated, and many
important fossil taxa are phylogenetically distant from
model organisms like mice and chickens. Hlusko et al.
(1) combine the predictive power of gene expression
and quantitative genetics to identify fossilizable morphological traits that are both heritable and uncomplicated by pleiotropy (genetic correlations) with other
traits. Traits that meet these criteria are ones from
which the history of natural selection, genetic drift,
and taxonomic differentiation can most accurately be
reconstructed from the fossil record.
Teeth best exemplify the problem addressed by
Hlusko et al. (1). For mammals, compact, dense, and
durable teeth are the most commonly preserved objects in the fossil record (8, 9), and because they have
complex, quickly evolving phenotypes, even an isolated
mammal tooth can usually be identified at the level of
species (10). Tooth traits provide a rich source of evidence for genetic differentiation and dietary function in
the geological past (11–13). Teeth are frequently used
to measure rates and modes of evolution (14, 15) and to
study which selective factors were important in the evolutionary history of clades such as our own (16, 17).
However, the genetic and developmental processes
that produce teeth are often linked to confounding factors, links that differ from one clade to another. Hlusko
et al. (1) offer the example of the complex relationship
between teeth and body size. Sexual dimorphism in
size, including the dentition, is common in primates
(18, 19), but proportional tooth size is also linked to
molecular genetic cascades of activators and inhibitors
that produce sequences of molar teeth, and those proportions are linked to dietary function across a wide
range of mammals, including primates (20–24). Selection for body size, sexual dimorphism, and dietary
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specialization can thus all have competing effects on primate dental traits (Fig. 1). A change in primate dental proportions observed in
the fossil record could therefore be selectively linked to temperature’s effect on body size according to Bergmann’s rule (25), to
precipitation’s effect on vegetation and diet (26), to resource competition from a newly evolved species (27), or to interspecific competition for mates and sexual dimorphism resulting from changes in
habitat availability (28). Reconstructing historical patterns of selection
from the fossil record can easily become a multivariate, multifactorial
quagmire. Model organisms like mice do not provide easy solutions
because, unlike primates, murid rodents are not sexually dimorphic
in size, so their nexus of selective factors is necessarily different (29).
Although the interaction between selective factors and pleiotropic traits is of intrinsic interest (30), interpretations of paleontological data would be easier if better predictive models were
available for traits that are likely to evolve independently. Hlusko
et al. (1) marshal the predictive power of quantitative genetics to
identify traits that are highly evolvable and unlikely to be linked in
potentially confounding ways. Phenotypes are a complex interaction between genetics and environment, and any trait has components of both (31). The genetic proportion of phenotypic variation
is known as narrow sense heritability (h2). Because natural selection only works on heritable variation, traits with higher heritabilities and more genetic variance are therefore more evolvable (32).
Covariation between traits also has heritable and nonheritable
components, all of which can be estimated using data from parents and offspring or individuals connected by a larger pedigree
(31). Multivariate heritability estimates (also known as G matrices)
are therefore a complement to molecular developmental interactions in defining the genotype-to-phenotype map.
Using a baboon colony, Hlusko et al. (1) assessed heritability
and pleiotropy of traits that had previously been identified as
being correlated based on molecular developmental work in
mice. Their goal was to verify which mouse model traits have
the desirable properties of high heritability and low pleiotropy
in primates. They found that h2 in primates ranged from about
0.4 to nearly 0.9. Two composite traits were classified as “genetically patterned” (GP) because of their high heritability, developmental linkage by gene expression cascades, and relevance to
dental function: the proportional length of the third molar to the
first molar and the proportional length of the fourth premolar to
the second molar. The authors then tested whether these traits

have indeed evolved independently in response to selection
in Old World monkeys. Once phylogenetic covariances were removed, these traits showed no correlation with one another, with
sexual dimorphism, or with age. Furthermore, using the primate
fossil record, they showed that rates of evolution and disparity in
these traits increased as vegetation changed during the global
climatic transition in the Late Miocene (∼15–5 million y ago). Species richness and clade diversity changed along with the GP traits
as the primate fauna turned over from one dominated by extinct
Miocene apes to today’s monkey-dominated fauna that includes
baboons. Likewise, many of the dental specializations possessed
by apes during the early Miocene are now found in living Old
World monkeys. The processes that have shaped evolution
are putatively clearer in GP traits because they are independently evolvable, uncluttered by pleiotropic associations with
multiple factors.
Hlusko et al. (1) argue that heritability and pleiotropy can be
estimated in new taxa more quickly and cheaply than data on molecular developmental interactions, especially with pedigrees derived from molecular markers. Quantitative genetics therefore allow
phenotypic traits to be triaged in almost any clade that has extant
members, thus providing a first check on assumptions about how
traits will evolve that are based on developmental genetics in model
organisms. Furthermore, they argue that quantitative genetics provide critical information about nonheritable variation that should be
taken into account in evaluating alternative hypotheses about the
causes of phenotypic change observed in the fossil record.
The fusion of quantitative genetics with molecular developmental
biology is not a panacea for evolutionary paleontology, of course.
The genetic structure of traits can evolve so quickly that even local
estimates from extant members of a clade may not be applicable
even to closely related extinct subclades (33). In addition, the methods used to estimate heritability and pleiotropy, like morphometrics,
have limits because they typically require that the same set of variables be present in all taxa, and therefore cope poorly with evolutionary novelty (34). Nevertheless, the work of Hlusko et al. (1) sets a
new, higher standard for how to study selection and morphological
evolution in the fossil record.
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