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Synopsis The house mouse is one of the most successful mammals and the premier research animal in mammalian

biology. The classical inbred strains of house mice have been artificially modified to facilitate identification of the genetic

factors underlying phenotypic variation among these strains. Despite their widespread use in basic and biomedical

research, functional and evolutionary morphologists have not taken full advantage of inbred mice as a model for studying

the genetic architecture of form, function, and performance in mammals. We illustrate the potential of inbred mice as a

model for mammalian functional morphology by examining the genetic architecture of maximum jaw-opening perfor-

mance, or maximum gape, across 21 classical inbred strains. We find that variation in maximum gape among these

strains is heritable, providing the first evidence of a genetic contribution to maximum jaw-opening performance in

mammals. Maximum gape exhibits a significant genetic correlation with body size across strains, raising the possibility

that evolutionary increases in size frequently resulted in correlated increases in maximum gape (within the constraints of

existing craniofacial form) during mammalian evolution. Several craniofacial features that influence maximum gape share

significant phenotypic and genetic correlations with jaw-opening ability across these inbred strains. The significant genetic

correlations indicate the potential for coordinated evolution of craniofacial form and jaw-opening performance, as

hypothesized in several comparative analyses of mammals linking skull form to variation in jaw-opening ability. Func-

tional studies of mammalian locomotion and feeding have only rarely examined the genetic basis of functional and

performance traits. The classical inbred strains of house mice offer a powerful tool for exploring this genetic architecture

and furthering our understanding of how form, function, and performance have evolved in mammals.

Introduction

Mammalian functional morphology maintains a long-

standing interest in the evolutionary relationships

among organismal form, function, and performance

(Hildebrand et al. 1985; Ashley-Ross and Gillis 2002).

Comparative morphologists studying the functional

traits of mammals have effectively integrated with

multiple biological disciplines ranging from physiol-

ogy to developmental biology, evolutionary ecology

and paleontology (Futuyma 1998). These interdisci-

plinary ties have significantly advanced efforts to

describe and understand the evolution of organismal

function and performance in mammals. This inte-

grative approach also has helped solidify the role of

functional morphology in evolutionary biology

(Wake 1982; Liem and Wake 1985; Futuyma 1998).

Despite these multiple interdisciplinary inroads,

it is apparent that we still lack a fundamental

understanding of the underlying genetic architecture

of most organismal-level functional traits, such as

those related to locomotion and feeding (Schwenk

2001). The disconnect between functional morphol-

ogy and genetic studies is perceivable from both the

lack of discussion in reviews of research on func-

tional morphology (Wake 1992; Biewener 2002) and

the variance in predictions among those studies

that speculate on the evolvability of functional and

performance traits (Hiiemae and Kay 1973; Hiiemae

1978; Lauder and Shaffer 1988; Liem 1990; Smith

1994; Weijs 1994; Langenbach and van Eijden 2001;

Wainwright 2002; Missitzi et al. 2004; Vinyard et al.

2007). Moreover, our current inability to link organ-

ismal performance to its genetic basis stands in

contrast to the acknowledgment that evolution of

performance will generally involve heritable changes

in the morphological underpinnings of these traits
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(Bock and von Wahlert 1965; Arnold 1983). We

argue that this shortcoming in understanding

the genetic architecture of functional and perfor-

mance traits will become a significant impediment to

advancing research into mammalian evolutionary

morphology. Given this concern, our goal here is to

make a case for harnessing the prodigious biomedical

research efforts focused on classical inbred-mouse

strains to begin deciphering the genetic basis of the

relationships among organismal form, function, and

performance in mammals.

Inbredmice as models in mammalian functional

and evolutionary morphology

Evolutionary biologists study house mice extensively

(Boursot et al. 1993; Sage et al. 1993; Berry and

Scriven 2005). Research focused on house mice

has provided insights into speciation (Hunt and

Selander 1973; Forejt and Ivanyi 1974; Thaler et al.

1981; Tucker et al. 1992; Forejt 1996; Capanna and

Castiglia 2004; Payseur et al. 2004; Storchova et al.

2004; Britton-Davidian et al. 2005; Oka et al. 2007),

adaptation (Lynch 1992), insular and mainland bio-

geography (Berry et al. 1978, 1991; Berry 1996; Orth

et al. 2002; Pocock et al. 2005; Michaux et al. 2007),

population genetics (Selander et al. 1969; Nachman

1997; Laurie et al. 2007), the evolution of morphol-

ogical covariance structure (Wallace 1968; Leamy

1977a, 1977b; 1982; Atchley et al. 1981; Cheverud

et al. 1983; Shea et al. 1990; Cheverud et al. 1997),

experimental evolution (Falconer et al. 1978; Lynch

1980; Dohm et al. 1996; Atchley et al. 1997; Keightley

1998; Swallow et al. 1998; Garland et al. 2002), and

the evolutionary developmental biology of complex

mammalian phenotypes (Kangas et al. 2004; Willmore

et al. 2006; Cretekos et al. 2008). A subset of this work

documents the physiology as well as functional and

evolutionary morphology of feeding and locomotion

in house mice (Kimes et al. 1981; Byron et al. 2004;

Kelly et al. 2006; Carlson and Judex 2007). Indeed, the

establishment of the classical inbred strains was

fostered in part by the interests of natural historians

as well as the utility of inbred mice for cancer and

ultimately genetic research (Morse 1978).

Classical inbred strains of mice, which are

descended from wild natives of Japan, China, and

Europe (Silver 1995), serve as the principal animal

model in research into human diseases (Bedell et al.

1997a, 1997b; Waterston et al. 2002; Davisson and

Linder 2004; Peters et al. 2007). While this focus on

public health continues to predominate, there is a

growing interest in the evolutionary history of inbred

mice among members of the biomedical community

(Wade et al. 2002; Graber et al. 2006; Yang et al.

2007) as well as numerous examples where biologists

have studied these inbred strains to address evolu-

tionary questions. For the mammalian functional

morphologist, one of the most relevant examples

of evolutionary research using inbred mice involves

the development of the mandible as a model for

studying the genetic architecture and evolution of

complex phenotypes (Atchley et al. 1985a, 1985b;

Atchley and Hall 1991; Cheverud et al. 1997). This

work by Atchley, Cheverud, and colleagues has

yielded significant evolutionary insights into the

quantitative genetics of complex phenotypes by

exploring patterns of morphological integration and

modularity (Atchley et al. 1990; Mezey et al. 2000;

Ehrich et al. 2003; Klingenberg et al. 2003, 2004),

the nature and genomic distribution of underlying

quantitative trait loci (QTL) (Cheverud et al. 1997,

2004; Leamy et al. 1997; Klingenberg et al. 2001;

Workman et al. 2002), as well as quantitative genet-

ics of development in this complex morphological

structure (Atchley et al. 1985a, 1985b; Atchley and

Hall 1991; Atchley 1993).

The success and impact of this research clearly

demonstrates the benefits of using inbred strains to

study evolutionary questions relating to the genetics

of mammalian form. We argue that it is useful to

build on this morphological work by incorporating

studies on function and performance in these strains.

By exploring the genetic basis of function and per-

formance among strains, functional morphology can

develop a more complete understanding of how

these complex functional systems and their under-

lying morphological components evolve.

Benefits of inbred strains

There are key benefits to utilizing the classical inbred

strains of mice as models for studying the genetic

architecture of functional traits:

(i) Inbred mice are a model system for basic

and biomedical science. Consequently, detailed

biological information that has yet to be

collected for most mammals is already pub-

lically available for inbred mice. For example,

efforts are underway to measure large numbers

of phenotypes and obtain dense genotypes from

dozens of inbred strains (Blake et al. 2006;

Bogue et al. 2007; Frazer et al. 2007), and

more ambitious projects have been proposed

(Churchill et al. 2004). The widespread study

of inbred mice provides functional morphol-

ogists the opportunity to immediately place

their results in a broader biological context.
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Additionally, functional studies can take advan-

tage of technological and methodological

advances largely driven by the biomedical

community.

(ii) Inbred mice offer tremendous genetic power.

Mice within an inbred strain are genetically

homogeneous and their phenotypes can be

treated as replicate samples. This important

characteristic enables better estimates of genetic

effects when mice from different strains are

raised in a common environment as well as

improved characterization of nongenetic effects

when mice from the same strain are raised in

different environments (Festing 1979). Genetic

differences identified through surveys of strains

can be mapped to specific genomic regions by

crossing inbred strains (Abiola et al. 2003).

Candidate regions and genes can be nominated

and tested using available mutants and more

advanced breeding designs, including the con-

struction of congenic and transgenic strains

(Silver 1995). The ability to genetically char-

acterize phenotypic variation among inbred

strains of mice exceeds that in any other

mammal.

Limitations of inbred strains

While we contend that the positives outweigh the

negatives, there are limitations and concerns when

using inbred mice as a model for mammalian

functional morphology.

(i) Patterns of variation among inbred strains are

the result of both artificial and evolutionary

processes. The artificial manipulation of pre-

existing variation across house mice (i.e.,

variation due to evolutionary processes) limits

our ability to make evolutionary interpretations

of variation in strains. We cannot reliably

extrapolate patterns of variation observed in

these strains to natural populations (Festing

1979). Differences in morphology and perfor-

mance among inbred mice may be the result of

artificial processes rather than neutral variation

or selection for relevant behaviors in ecologi-

cally appropriate environments (Guénet and

Bonhomme 2003). Furthermore, many of the

behaviors that might be studied in inbred mice

lack explicit biological roles (sensu Bock and

van Wahlert 1965) in wild house mice. For

example, we consider the genetic architecture of

maximum jaw-opening performance without

explicit behavioral evidence from field studies

describing jaw-opening behaviors in house

mice. In sum, functional studies of inbred

mice will provide insights into the structural,

and in some cases preexisting, associations

among genotype, phenotype, and performance

in a model system rather than provide oppor-

tunities to explore the mammalian adaptive

pathway in naturalistic case studies.

(ii) Many experimental designs, such as those

employing crosses to identify the genetic loci

underlying morphological variation, require

phenotypic measurement in large numbers of

individuals. Because some functional variables

are costly and time-consuming to quantify, it is

likely that only a subset of functional measure-

ments will be amenable to the demands of

high-throughput phenotyping (Lussler and Liu

2006; Solberg et al. 2006).

(iii) Like all extant mammals, house mice are

derived. Consequently, the mouse morphotype

may not be an appropriate model for many

interesting behaviors exhibited by other mam-

mals. While this limitation would exist for any

species put forth as a mammalian model, it is

worth indicating that some functional traits will

not be usefully studied in a mouse model.

(iv) The small size of mice may pose significant

technological challenges for taking accurate

and precise measurements of function and

performance.

Existing resources

We do not take on the task of providing a detailed

roadmap for navigating mouse phenotypic and geno-

mic databases. Numerous publications have already

described these vast resources and interested readers

are referred to the most recent publications describ-

ing this rapidly expanding tool kit (Hedrich

and Bullock 2004; Bogue et al. 2007; Hancock

et al. 2007; Mayusa et al. 2007; Peters et al. 2007;

Bult et al. 2008).

Case study: maximum jaw-opening
performance among inbred
strains of mice

We explore the potential for using inbred mice as

a tool for the quantitative genetics of mammalian

functional morphology in a single case study. We

purposely consider the masticatory apparatus as it

represents, along with the locomotor system, one of

the primary concentrations in comparative mam-

malian functional morphology. Mammals use their

Functional morphology in inbred mice 3



masticatory apparatus in numerous behaviors rang-

ing from displays and aggressive encounters to

multiple activities related to feeding (Nowak, 1991;

Vaughn et al. 1999). For many of these behaviors,

the ability to open the jaw widely is an important

performance (Wolf-Exalto 1951; Herring 1972, 1975;

Greaves 1974, 1995; Herring and Herring 1974;

Hylander 1979; Emerson and Radinsky 1980; Lucas

1981, 1982; Smith 1984; Joeckel 1990; Jablonski 1993;

Jablonski and Crompton 1994; Dumont and Herrel

2003; Vinyard et al. 2003, 2008) (Fig. 1). Given its

functional significance in multiple behaviors, it is

reasonable to speculate that variation among mam-

mals in maximum jaw-opening ability, or maximum

gape, may be in part the result of natural selection

acting on this performance.

Despite the potential evolutionary significance of

maximum jaw-opening ability, we know relatively

little about the underlying morphological and genetic

architecture of this performance. While the rodent

jaw has become a model for studying the genetic

architecture of complex morphology (see above cita-

tions) and functional studies have identified several

morphological features that theoretically affect max-

imum gape (Herring and Herring 1974; Vinyard

et al. 2003), these two areas of research remain

separate. Here, we attempt to link these two threads

by developing the inbred mouse as a model for

examining the genetic architecture of the maximum

jaw-opening phenotype. We specifically address two

questions: (1) Is there heritable genetic variation in

maximum jaw-opening performance across inbred-

mouse strains, and (2) what are the phenotypic and

genetic correlations among maximum gapes and

morphological variables that influence maximum

jaw-opening performance?

Samples

We measured 413 mice from 21 inbred strains

listed as current or former priority strains by the

Mouse Phenome Database (http://phenome.jax.org)

(Table 1). All individuals were raised at Jackson

Laboratory until 9–12 weeks of age under their

Fig. 1 Wide jaw-opening behaviors in a common marmoset

(Callithrix jacchus) (A) during simulated tree gouging in the

laboratory and a hippopotamus (Hippopotamus amphibius)

(B) during an aggressive display (photograph credit and

copyright to Karen Paollilo of the Turgwe Hippo Trust,

http://www.savethehippos.com/turgwehippos.html).

Table 1 Strains of mice that were examined

Strain Sample Size (9/8)a Age (Weeks)

129S1/SvImJ 10/10 9/10

A/J 10/10 9/11

AKR/J 10/10 9/10

BALB/cByJ 10/10 9/10

BTBR T(þ)tf/J 10/10 9/10

C3H/HeJ 10/10 10/10

C57BL/10J 10/10 10/10

C57BL/6J 10/9 9/9–10

C57BLKS/J 10/10 10/10

C57L/J 10/10 9–10/9

C58/J 8/8 9/9

CAST/EiJ 9/10 9/9

CBA/J 10/10 9 and 12/11

DBA/2J 10/10 10/9

FVB/NJ 10/10 9/9

NOD/LtJ 10/10 9/9

NON/LtJ 11/10 9/9

NZB/B1NJ 10/10 9/10

PL/J 10/9 9/9

RIIIS/J 9/10 9/9

SJL/J 10/10 10/10

Total 207/206 –

aSample sizes (n) and ages (in weeks) are listed for females

followed by males for each strain.
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standardized laboratory conditions. Immediately

upon arrival, mice were euthanized. Whenever

possible, we sampled 10 females and 10 males per

strain. The NEOUCOM Institutional Animal Care

and Use Committee approved all protocols used in

this study.

Phenotypic measurements

We measured maximum jaw gape immediately after

euthanizing and prior to the onset of postmortem

rigidity in the jaw muscles. We manually opened the

jaws to their maximum passive motion and mea-

sured maximum jaw gape as the linear distance

between the upper and lower incisors (Wall 1999)

(Fig. 2A). This measure estimates the maximum

structural capacity for jaw opening rather than a

performance captured during a specific behavior

(e.g., an activity with an explicit biological role).

We measured several dimensions of the jaw

muscles and mandible that theoretically influence

maximum gapes. Jaw-muscle stretch is one factor

that may limit maximum gape in mammals (Herring

and Herring 1974). To quantify the position of

the masseter on the jaw, and hence estimate certain

aspects of relative masseter stretch, we dissected away

superficial tissue and photographed the head with

attached jaw muscles using a stereomicroscope (Leica

MZ7.5) (Fig. 2B). We digitized the anterosuperior

and anteroinferior attachments of the superficial

masseter and the location of the condyle using

SigmaScan Pro 4.01 (Table 2; Fig. 2B).

Shape of the jaw is also predicted to influence

maximum gape (Herring and Herring 1974; Dumont

1997; Wall 1999; Fukui et al 2002; Vinyard et al. 2003;

Hirsch et al. 2006). We took medial-view photographs

of skeletionized mandibles under a stereomicroscope

and digitized six points in SigmaScan (Fig. 2C). Four

scalar dimensions and one angle, each predicted to

correlate with maximum gape, were computed from

these digitized points (Table 2).

Analyses

An initial two-way analysis of variance (ANOVA) for

gape identified significant effects of strain (F¼ 61.9,

P50.001) and sex (F¼ 46.6, P50.001) and sex by

strain interaction (F¼ 7.34, P50.001). Thus, we

analyzed gapes in females and males separately.

[Females and males differ in age within several of

the strains. Examination of Table 1 and Fig. 3 shows

some tendency for the older sex to have a larger gape

within a particular strain. Because we lack variation in

age within a sex for a strain, we cannot fully account

for this factor in an ANOVA design. (This same

problem exists for among-strain comparisons per sex,

despite the lack of a significant age effect in the

ANOVA comparisons.). We avoid this age-related

sex-effect within strains by analyzing the two

Fig. 2 Measurements and digitized landmarks used in estimating

maximum jaw gape (A), the masseter attachment ratio (B),

and several mandibular measurements that theoretically influence

maximum jaw gape (C). Measurements are defined in Table 2.

Landmarks in (C) are: Pt 1—anterosuperior extent of

condylar articular surface; Pt 2—highest point on condyle taken

perpendicular to line passing through points 1 and 3; Pt 3—

posteroinferior extent of condylar articular surface; Pt 4—

posterosuperior extent of M3 alveolus; Pt 5—anterosuperior

extent of M1 alveolus; Pt 6—anteroinferior tip of incisor alveolus.
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sexes separately.] We also observed that gape is

significantly correlated with body weight0.33 in both

females (r¼ 0.5, P50.001) and males (r¼ 0.6,

P50.001). We created shape ratios (Mosimann and

James 1979) by dividing linear dimensions by body

weight0.33 and analyzed both absolute and relative

measures of gape. Age was not a significant covariate

in subsequent one-way ANOVAs for gape and rela-

tive gape in either females (gape: F¼ 3.61, P¼ 0.06;

relative gape: F¼ 1.53, P¼ 0.22) or males (gape:

F¼ 0.78, P¼ 0.38; relative gape: F¼ 1.06, P¼ 0.31).

We subsequently ignored the effects due to age.

[Age (in weeks) did not have a significant effect on

gape in a one-way ANOVA across all individuals

(F¼ 0.49, P¼ 0.69).]

Following these initial analyses, we performed one-

way ANOVAs for absolute and relative gape by strains

in females and males. We estimated broad-sense

heritabilities using the coefficient of genetic determi-

nation (g2) (Festing 1979; Falconer and Mackay 1997):

g2 ¼
MSamong �MSwithin

MSamong þ ð2n� 1Þ �MSwithin

MSamong and MSwithin were estimated mean squares

from a fixed-effects ANOVA with strain as an

independent variable and ‘‘n’’¼ average sample size

per strain (Festing 1979). We estimated the 95%

confidence interval (CI) for g2 from 1000 bootstrap

replicates.

We examined phenotypic, genetic, and environ-

mental correlations between gape and musculoskeletal

dimensions theoretically related to maximum jaw-

opening performance in both sexes. Using GLM in

SPSS 13.0, we estimated phenotypic correlations from

the total sum-of-squares and cross-products (SSCP)

matrix (i.e., observable variation), genetic correlations

from the among-strain SSCP matrix (i.e., among

strains), and environmental correlations from the

within SSCP matrix (i.e., within strains) (Mhyre

et al. 2005). Significance for individual correlations

were calculated using Fisher’s r-to-Z transformation

and a¼ 0.05. We calculated correlations for both

absolute and relative dimensions. When absolute

or relative gape was significantly correlated with

a musculoskeletal/size dimension in males and/or

females, we compared male and female correlations

Table 2 Performance, morphological measurements, and predicted morphological influences on maximum gape

Performance and

morphological vriables

Measurement definitiona Predicted change for increased gapeb

Maximum jaw gape Distance between upper and lower incisor tips at

maximum passive jaw opening (Fig. 2A)d
–

Masseter attachment ratioc Ratio of condyle-superior masseter attachment

distance to condyle—inferior masseter attachment

distance (Fig. 2B)

Gape increases as ratio deviates from 1.0 because

muscle stretch is reduced.e

Jaw length Distance from the incisor alveolus to the posterior

surface of the mandibular condyle (Fig. 2C: Pts 3–6)

Gape increases with increased jaw length.

Condyle length Anteroposterior length of condylar articular surface

(fig 2c: Pts 1–3)

Gape increases with elongated condyles as rotation

is facilitated (at a given condylar curvature).f

Condyle articular height Height of condylar articular surface (Fig. 2C: ? from

Pt. 2 to line created by Pts 1–3)

Gape increases with height as height relates to

curvature. Increased curvature provides increased

rotation.g

Condyle curvature Angle of condylar curvature (Fig. 2C: angle created

by Pts 1–2–3)

Gape increases with increased curvature as rotation

is increased.g

Condyle height Height of the condyle above the molar tooth row

(Fig. 2C: ? from Pt. 2 to line created by Pts 4–5).

Gape increases with lower condyle heights as muscle

stretch is reduced.e

Body weight0.33 Cube root of body weight –

aMeasurements or digitized points are depicted in Figure 2A–C. ‘‘Pt’’ or ‘‘Pts’’ refer to numbered digitized points defined in Fig. 2C.

‘‘?’’ symbolizes perpendicular from the indicated line.
bPredictions represent changes in morphology that would increase maximum gape, while holding all other factors constant.

Linear relationships are assumed between morphologies and gape in statistical tests.
cThe points of attachment of the superior and inferior masseter were identified on lateral-view photographs as the anterosuperior and

anteroinferior extent of attachment for the superficial masseter on the skull, respectively.
dWall (1999).
eHerring and Herring (1974).
fRuff (1988), Hamrick (1996), and Vinyard et al. (2003).
gHerring (1972), Bouvier (1986), Jablonski (1993), and Wall (1999). Condyle curvature and condyle articular height both estimate

curvature of the mandibular condyle and hence have similar predicted influences on gape. Condyle curvature and condyle articular

height share significant phenotypic (females: r¼�0.78, P50.001; males: r¼�0.75, P50.001) and genetic (females: r¼�0.67, P¼ 0.001;

males: r¼�0.61, P¼ 0.003) correlations across strains.
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using an analysis of covariance (ANCOVA) for gape

that included sex and the musculoskeletal dimension.

A significant interaction effect between sex and the

musculoskeletal measure was taken as initial evidence

that male and female correlations differed between

gape and the musculoskeletal dimension.

Results

Phenotypic variation and heritability

of maximum gape

The inbred strains exhibit significant phenotypic

variation in gape and relative gape (i.e., gape/body

weight0.33) both in females and males (Table 3;

Fig. 3). Females differ from males within several of

the strains, although within-strain variation in age

between males and females likely plays some role in

these differences. Coefficients of g2 indicate a signifi-

cant genetic component to this phenotypic variation

(Table 3). This genetic component reflects additive

and/or epistatic (i.e., additive� additive) variation.

Because the strains are inbred, dominance does not

contribute. This result represents the first evidence

that variation in maximum-gape performance is

heritable in a group of mammals.

Correlations among gape andmusculoskeletal

dimensions

A second important question regarding the genetic

architecture of gape focuses on the associations

among maximum gape and the morphological

variables that influence this jaw-opening perfor-

mance. Absolute and relative maximum gapes are

significantly correlated with body weight0.33 both in

males and females (Table 4; Fig. 4). As might be

expected, larger mice tend to have larger gapes

regardless of sex. The genetic correlations between

absolute maximum gape and body weight are also

highly significant (Table 4), suggesting a genetic

contribution to the phenotypic pattern seen in Fig. 4.

The significant negative phenotypic correlations

between relative maximum gape and body weight

(Table 4) suggest a decrease in relative gape with size

across these strains. This observation is supported by

the negatively allometric slope for regression of

ln maximum gape on ln body weight0.33 in females

[least-squares regression slope (LSR slope)¼ 0.58�

0.14] and males (LSR slope¼ 0.66� 0.14). [In this

comparison, isometry equals a slope of 1.0. Addi-

tionally, it is worth mentioning that the reduced-

major axis regression estimates include both a

potential isometric and positively allometric scaling

pattern for these same data.]

Environmental correlations between relative gape

and body weight are highly significant, suggesting

that environmental factors might also contribute to

Fig. 3 Box plot of absolute (A) and relative (B) maximum gape

for females and males across the 21 inbred-mouse strains.

The inset provides values of F and P for the one-way ANOVAs

comparing gapes among the strains as reported in Table 3.

Each box indicates the interquartile range with the central line

at the median. Vertical lines extending from a box indicate

the range of observed values within 1.5 interquartile distances.

Asterisks indicate values between 1.5 and 3.0 interquartile

distances, while circles indicate values43.0 interquartiles.

Table 3 Heritability estimates and one-way ANOVAs comparing maximum jaw gape and relative gape (gape/body weight0.33)

among strains for females and males

Females Males

Variable F P-valuea g2 (95% CI)b F P-value g2 (95% CI)

Gape 28.82 50.001 0.57 (0.53–0.69) 42.50 50.001 0.67 (0.61–0.77)

Relative Gape 16.67 50.001 0.43 (0.38–0.57) 16.30 50.001 0.42 (0.35–0.55)

a‘‘F ’’ and ‘‘P-value’’ indicate the F-statistic and associated P-value for one-way ANOVA comparing estimates of gape among strains.
b‘‘g2’’ indicates the coefficient of genetic determination (Festing 1979) as an estimate of the broad-sense heritabilities for gape measures.

The 95% CI is given in parentheses.
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this phenotypic association (Table 4). We hypoth-

esize that this environmental influence may reflect an

overall negatively allometric pattern of growth for

gapes and variation among individuals in their

relative stages of somatic development (despite the

constrained age of the samples).

We observe a mixed pattern of associations

among gape and craniofacial measures that influence

this performance (Table 4). Both the masseter

attachment ratio and condyle height above the

toothrow show little association with absolute or

relative maximum gape across these strains (Table 4).

Alternatively, both lengths of the jaw and of the

condyle exhibit significant phenotypic correlations

with absolute and relative maximum gape (Table 4).

Significant genetic correlations are observed for these

two lengths and absolute gape, but only relative

jaw length in males shows a significant genetic

correlation with relative maximum gape. The two

shape measures of the mandibular condyle show sex-

specific patterns. In males, condylar articular height

exhibits significant phenotypic and genetic correla-

tions both with absolute and relative maximum

gapes (Table 4). While male and females differ

significantly for phenotypic correlations between

gape and condylar articular height (Table 4), a sex-

specific difference in the genetic correlation only

approaches significance (sex by condyle articular

height; F¼ 3.8, P¼ 0.059). Alternatively, females

exhibit significant phenotypic correlations with

condylar curvature, while males do not (Table 4).

These sex-related differences in correlation patterns

may reflect size-related changes in condylar shape

that are differentially captured by these two mea-

sures. In sum, the complex pattern of results hinders

a simple, straightforward interpretation of the genetic

architecture underlying jaw-opening performance in

these strains.

Table 4 Phenotypic, genetic, and environmental correlations between gape or relative gape (gape/body weight0.33) and

musculoskeletal dimensions.

Musculoskeletal or

size dimensiona
Females Males

Phenotypicb Genetic Environmental Phenotypic Genetic Environmental

Body weight0.33 0.50/�0.37 0.58/�0.33 0.20/�0.49� 0.60/�0.37 0.69/�0.31 0.15/�0.56

Masseter attachment ratio �0.07/�0.13 �0.07/�0.24 �0.09/�0.10 �0.11/�0.01 �0.34/�0.20 0.07/0.10

Jaw length 0.38�/0.20 0.45/0.16 0.13/0.32 0.58/0.42 0.68/0.45 0.13/0.37

Condyle length 0.36/0.21 0.52/0.29 0.07/0.13 0.42/0.26 0.62/0.42 �0.04/0.04

Condyle articular height 0.04�/0.18 0.02/0.22 0.06/0.17 0.27/0.23 0.63/0.57 �0.10/0.01

Condyle curvature 0.24�/�0.04 0.46/0.03 �0.03/�0.11 0.01/�0.06 �0.03/�0.13 0.06/0.02

Condyle height �0.08/�0.10 �0.11/�0.18 �0.04/0.01 0.06/0.06 0.06/�0.01 0.07/0.17

aSee Table 2 for measurement definitions.
bProduct–moment correlations (r) between gape and musculoskeletal/size dimensions are listed first followed by correlations between

relative gape and relative musculoskeletal dimensions. Linear dimensions were size-adjusted by dividing by body weight0.33. The masseter

attachment ratio and condyle curvature were not adjusted by body weight0.33 as they are already dimensionless. Finally, body weight0.33 was not

altered in comparison with relative gape. Here, a significant correlation between relative gape and body weight0.33 suggests an allometric

relationship between gape and body weight. Values in boldface are significantly different from r¼ 0.

Asterisks indicate that correlations differ in males versus females. This determination is based on a significant interaction between sex and the

musculoskeletal/size dimension in an ANCOVA for gape including sex and the musculoskeletal/size measure.

Fig. 4 Plot of ln maximum gape versus ln body weight0.33 for

female (n¼ 207) and male (n¼ 206) mice from the 21 inbred

strains. The lines shown in the plot represent LSR slopes for

females (LSR slope¼ 0.58� 0.14, dashed line) and males

(LSR slope¼ 0.66� 0.14, solid line). Product–moment

correlations between these variables are 0.50 for females and

0.60 for males. In all cases, estimates of slope and correlation

are significantly different from zero (P50.05).
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Discussion

The inbred-mouse model in mammalian

perspective

We have argued that inbred mice can be an infor-

mative model for mammalian morphologists by

providing insight into the genetic architecture of

function and performance. After noting that jaw

opening is an important performance in several

mammalian behaviors, we demonstrated the feasi-

bility of this model by exploring the genetic archi-

tecture of maximum gape across several strains of

inbred mice. In order to illustrate new insights gained

through this inbred-mouse model, it is equally impor-

tant to consider how these results relate to previous

studies exploring the functional morphology of gape

in mammals.

Numerous researchers studying form and function

of the skull have suggested, either explicitly or impli-

citly, that maximum jaw-opening ability is an evolu-

tionary adaptation related to feeding or to display

behaviors in several mammalian clades (Herring

1972, 1975; Emerson and Radinsky 1980; Lucas

1981, 1982; Reduker 1983; Smith 1984; Jablonski

1993; Jablonski and Crompton 1994; Dumont and

Herrel 2003; Vinyard et al. 2003; Viguier 2004;

Hylander and Vinyard 2006). These studies typically

use comparative metric analyses to link craniofacial

morphologies to the behavioral observation of large

gapes. One complication for interpreting the results

from inbred strains in this broader evolutionary

context is that variation in jaw morphology and gape

performance has been influenced both by artificial

processes, such as inbreeding, artificial selection, and

manipulation of environments in which animals are

reared, and evolutionary processes that established

preexisting variation among progenitors of strains.

The combination of artificial and natural sources of

variation restricts our ability to confidently assert

that differences among strains resulted from selec-

tion in a natural environment. The variation among

strains, however, may represent a random sample of

genes affecting these traits in the progenitor popula-

tions (assuming no selection on these traits in the

strains). Furthermore, selective events throughout

the evolution of house mice have likely influenced

the observed associations among traits in these

strains. Despite these interpretive challenges, we can

confidently explore patterns of variation among

strains as model pathways for changes in form and

function during the evolution of gape-related

behaviors in other mammals.

We suggest that this analysis of inbred mice offers

three significant insights into comparative work on

mammalian gapes. First, this study provides the first

evidence of heritable variation in maximum jaw-

opening ability in a mammalian group and demon-

strates the potential for a genetic contribution to

maximum gape in other mammalian species. Second,

this analysis is one of only a few studies in mammals

to quantify the relationships between maximum

gape and its underlying morphological contributors.

Outside of work with humans (Muto and Kanazawa

1996; Fukui et al. 2002; Hirsch et al. 2006), there has

been little quantitative assessment of how craniofa-

cial form relates to maximum gape. In part, this

deficiency reflects the difficulty of measuring gapes in

large samples of mammals. In contrast, the ability to

measure large numbers of individuals is an added

benefit of working with inbred mice. Third, this

study offers the first evidence of a genetic associa-

tion between gape and several morphological vari-

ables including craniofacial measures and body size.

These correlations highlight the possibility of genetic

contributions to craniofacial form and overall size

that influence jaw-opening ability in mammals. By

demonstrating a potential genetic basis for correlated

change, the inbred-mice model supports these pre-

viously hypothesized adaptive scenarios describing

the evolution of mammalian gapes.

Building a better morphological model of jaw gapes

In the final two sections, we briefly explore potential

improvements in our original analysis as well as

novel additions to this initial survey of strains in

order to highlight how future work could build on

our current findings.

A number of morphological factors potentially

influence maximum gape. We only considered those

relating to position of the masseter muscle and shape

of the mandible. Several other possible influences are

associated with limits of stretch in soft tissues of the

masticatory apparatus. The fiber architecture of a

muscle affects its extensibility, indicating that jaw-

muscle architecture may play a role in limiting maxi-

mum gape (Herring and Herring 1974; Herring 1975;

Taylor and Vinyard 2004; Satoh and Iwaku 2006).

Similarly, the location and constituent tissues (e.g.,

collagen orientation and properties) of the skin at the

angle of the mouth (Herring 1975), the aponeuroses

of the masticatory muscles (Anapol and Herring 1989;

Herring et al. 2002), the temporomandibular as well

as the accessory mandibular ligaments (Osborn 1989,

1993) may each limit maximum gape in different

animals. Many of these soft-tissue components are

difficult to quantify despite their possible role in

limiting gape. Taylor et al. (2008) provided an initial
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analysis of variation in masseter fiber architecture for

the mice examined here. The preliminary results of

this work suggest that strains with relatively longer

masseter fibers have larger gapes, thereby furthering

the potential role of muscle fiber architecture as a

gape-limiting factor in mammalian evolution.

Developing the analysis of genetic architecture:

new experiments and analyses

We did not observe a consistent pattern of correla-

tions between maximum gape and the craniofacial

variables that potentially influence this trait (with the

exception of overall size). One explanation of this

pattern combines the multiple morphological factors

that can potentially influence maximum gape with

the historical observation that maximum gape was

likely altered several times, independently, during the

development of these strains. Thus, in all likelihood

these independent changes in gape resulted from

different changes in craniofacial morphology. Given

this potential for different morphologies underlying

the independent changes in gape, we would not

necessarily expect a strong pattern of correlations

among strains in this structurally redundant system.

[The nested relationships among inbred strains of

mice (Petkov et al. 2004) likely contributes to the

observed patterns of correlations as no account was

made for it in this analysis.] One of the important

implications from this observation for mammalian

comparative analyses is that mice may not exhibit

biases that limit modifications of gape to one or a

few of these potential morphological pathways. This

translates into an expectation of diverse patterns of

morphological changes related to the independent

evolution of large gapes in different mammalian

clades (Vinyard et al. 2003).

The observed pattern of correlations is also partly

related to our decision to survey gapes across a large

number of inbred strains. We predict that a subse-

quent analysis of progeny from a cross of two strains

differing in maximum gape would generate stronger

correlations between gape and a specific set of these

morphological variables. By effectively reducing the

number of independent changes in gape, we would

be better able to identify the morphological con-

tribution to differences in maximum gape for those

two strains. The choice of strains would require

careful consideration as different crosses would likely

result in different observed patterns of morphological

influence on gape performance. This initial survey

across strains both justifies this future cross(es) and

provides the necessary preliminary data for identify-

ing appropriate strains for this future analysis.

The feasibility of conducting crosses also opens

the door to identifying specific genomic regions and

genes that underlie the genetic variation in gape

documented in this survey. The availability of very

large numbers of informative molecular markers

(Frazer et al. 2007) and the prolific breeding patterns

of these strains facilitate the straightforward identi-

fication of QTL for differences in gape between any

pair of strains using a standard F2 or backcross

design. These genomic regions can be subsequently

narrowed by constructing recombinant inbred lines

and congenic strains. Furthermore, genomic regions

contributing to variation in gape can be nominated

even without performing crosses by testing for

correlations between gape and marker genotypes

across the inbred strain panel surveyed here.

Although the small number and unusual history of

the classical inbred strains causes reductions in

power and increases in the false-positive rate for

such genome-wide association mapping (Payseur and

Place 2007), the possibility of finding genes that

underlie variation in performance traits, such as

maximum gape, will motivate improvements in

analytical methods. Collectively, the existing power

and future promise of genetic analyses in inbred

mice make it a highly attractive model system for

exploring the genetic basis of function and perfor-

mance in mammalian functional morphology.
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Guénet JL, Bonhomme F. 2003. Wild mice: an ever-increasing

contribution to a popular mammalian model. Trends Genet

19:24–31.

Hamrick MW. 1996. Articular size and curvature as

determinants of carpal joint mobility and stability in

strepsirhine primates. J Morphol 230:113–27.

Hancock JM, Adams NC, Aidinis V, Blake A, Bogue M,

Brown SD, Chesler EJ, Davidson D, Duran C, Eppig JT.

2007. Integration of mouse phenome data resources.

Mamm Genome 18:157–63.

Hedrich HJ, Bullock G. 2004. The laboratory mouse. Boston:

Elsevier.

Herring SW. 1972. The role of canine morphology in the

evolutionary divergence of pigs and peccaries. J Mamm

53:500–12.

Herring SW. 1975. Adaptations for gape in the hippopotamus

and its relatives. Forma et Functio 8:85–100.

Herring SW, Herring SE. 1974. The superficial masseter and

gape in mammals. Am Nat 108:561–76.

Herring SW, Agazzi M, Emry PK, Peterson JA. 2002.

Mammalian jaw muscles: growth and in vivo behavior of an

aponeurosis. In: Aerts P, D’Aout K, Herrel A, Van Damme R,

editors. Topics in functional and ecological vertebrate

morphology. Maastricht: Shaker Pub. p. 105–24.

Hiiemae KM. 1978. Mammalian mastication: a review of the

activity of the jaw muscles and the movements they

produce in chewing. In: Butler PM, Joysey KA, editors.

Development, function and evolution of teeth. London:

Academic Press. p. 361–98.

Hiiemae KM, Kay RF. 1973. Evolutionary trends in the

dynamics of primate mastication. Basel: S. Karger. p. 28–64.

Hildebrand M, Bramble DM, Liem KF, Wake DB. 1985.

Functional vertebrate morphology. Cambridge: Belknap

Press.

Hirsch C, John MT, Lautenschlager C, List T. 2006.

Mandibular jaw movement capacity in 10-17-yr-old

children and adolescents: normative values and the

influence of gender, age, and temporomandibular disorders.

Eur J Oral Sci 114:465–70.

Hunt WG, Selander RK. 1973. Biochemical genetics

of hybridization in European house mice. Heredity

31:11–33.

Hylander WL. 1979. The functional significance of primate

mandibular form. J Morphol 160:223–40.

Hylander WL, Vinyard CJ. 2006. The evolutionary signifi-

cance of canine reduction in hominins. Functional links

between jaw mechanics and canine size. Am J Phys

Anthropol Suppl 42:107.

Jablonski NG. 1993. Evolution of the masticatory apparatus in

Theropithecus. In: Jablonski NG, editor. Theropithecus: the

rise and fall of a primate genus. Cambridge: Cambridge

University Press. p. 299–329.

Jablonski NG, Crompton RH. 1994. Feeding behavior,

mastication, and tooth wear in the western Tarsier

(Tarsius bancanus). Int J Primatol 15:29–59.

Joeckel RM. 1990. A functional interpretation of the

masticatory system and paleoecology of entelodonts.

Paleobiol 16:459–82.

Kangas AT, Evans AR, Thesleff I, Jernvall J. 2004.

Nonindependence of mammalian dental characters.

Nature 432:211–4.

Keightley PD. 1998. Genetic basis of response to 50

generations of selection on body weight in inbred mice.

Genetics 148:1931–9.

Kelly SA, Czech PP, Wight JT, Blank KM, Garland T. 2006.

Experimental evolution and phenotypic plasticity of

hindlimb bones in high-activity house mice. J Morphol

267:360–74.

12 C. J. Vinyard and B. A. Payseur



Kimes KR, Siegel MI, Sadler DL. 1981. Alteration of scapular

morphology through experimental behavioral modification

in the laboratory mouse (Mus musculus). Acta Anat

109:160–5.

Klingenberg CP, Leamy LJ, Routman EJ, Cheverud JM. 2001.

Genetic architecture of mandible shape in mice: effects of

quantitative trait loci analyzed by geometric morphom-

etrics. Genetics 157:785–802.

Klingenberg CP, Mebus K, Auffray J-C. 2003. Developmental

integration in a complex morphological structure: how

distinct are the modules in the mouse mandible? Evol Dev

5:522–31.

Klingenberg CP, Leamy LJ, Cheverud JM. 2004. Integration

and modularity of quantitative trait locus effects on geo-

metric shape in the mouse mandible. Genetics 166:1909–21.

Langenbach GEJ, van Eijden TMGJ. 2001. Mammalian

feeding motor patterns. Am Zool 41:1338–51.

Lauder GV, Shaffer HB. 1988. Ontogeny of functional design

in tiger salamanders (Ambystoma tigrinum): are motor

patterns conserved during major morphological transfor-

mations? J Morphol 197:249–68.

Laurie CC, Nickerson DA, Anderson AD, Weir BS,

Livingston RJ, Dean MD, Smith KL, Schadt EE,

Nachman MW. 2007. Linkage disequilibrium in wild

mice. PLoS Genet 3:e144.

Leamy L. 1977a. Genetic integration of morphometric traits

in randombred house mice. In: Pollak E, Kempthorne O,

Bailey TB, editors. Proceedings of the International

Conference on quantitative genetics. Ames: Iowa State

University Press. p. 819–22.

Leamy LJ. 1977b. Genetic and environmental correlations of

morphometric traits in randombred house mice. Evolution

31:357–69.

Leamy LJ. 1982. Morphometric studies in inbred and hybrid

house mice. II. Patterns in the variances. J Heredity

73:267–72.

Leamy L, Routman EJ, Cheverud JM. 1997. A search for

quantitative trait loci affecting asymmetry of mandibular

characters in mice. Evolution 51:957–69.

Liem KF. 1990. Aquatic versus terrestrial feeding modes:

possible impacts on the trophic ecology of vertebrates.

Am Zool 30:209–21.

Liem KF, Wake DB. 1985. Morphology: current approaches

and concepts. In: Hildebrand M, Bramble DM, Liem KF,

Wake DB, editors. Functional vertebrate morphology.

Cambridge: Belknap Press. p. 366–77.

Lucas PW. 1981. An analysis of canine size and jaw shape in

some old and new world non-human primates. J Zool

195:437–48.

Lucas PW. 1982. An analysis of the canine tooth size of old

world higher primates in relation to mandibular length and

body weight. Arch Oral Biol 27:493–6.

Lussler YA, Liu Y. 2006. Computational approaches to

phenotyping. Proc Am Thor Soc 4:18–25.

Lynch CB. 1980. Response to divergent selection for nesting

behavior in Mus musculus. Genetics 96:757–65.

Lynch CB. 1992. Clinal variation in cold adaptation in

Mus domesticus: verification of predictions from laboratory

populations. Am Nat 139:1219–36.

Mezey JG, Cheverud JM, Wagner GP. 2000. Is the genotype-

phenotype map modular? A statistical approach using

mouse quantitative trait loci data. Genetics 156:305–11.

Mhyre TR, Chesler EJ, Thiruchelvam M, Lungu C,

Cory-Slechta DA, Fry JD, Richfield EK. 2005. Heritability,

correlations and in silico mapping of locomotor behavior

and neurochemistry in inbred strains of mice. Genes Brains

Behav 4:209–28.

Michaux J, Cucchi T, Renaud S, Garcia-Talavera F,

Hutterer R. 2007. Evolution of an invasive rodent on an

archipelago as revealed by molar shape analysis: the house

mouse in the Canary Islands. J Biogeogr 34:1412–25.

Missitzi J, Geladas N, Klissouras V. 2004. Heritability

in neuromuscular coordination: implications for motor

control strategies. Med Sci Sports Exer 36:233–40.

Morse HC. 1978. Origins of inbred mice. New York:

Academic Press.

Mosimann JE, James FC. 1979. New statistical methods for

allometry with application to Florida Red-winged black-

birds. Evolution 33:444–59.

Muto T, Kanazawa M. 1996. The relationship between

maximal jaw opening and size of skeleton: a cephalometric

study. J Oral Rehabil 23:22–4.

Nachman MW. 1997. Patterns of DNA variability at X-linked

loci in Mus domesticus. Genetics 147:1303–16.

Nowak RM. 1991. Walker’s mammals of the world.

Baltimore: Johns Hopkins University Press.

Oka A, Mita A, Sakurai-Yamatani N, Yamamoto H, Takagi N,

Takano-Shimizu T, Toshimori K, Moriwaki K, Shiroishi T.

2002. Initial sequencing and comparative analysis of the

mouse genome. Nature 420:520–62.

Oka A, Mita A, Sakurai-Yamatani N, Yamaoto H, Takagi N,

Takano-Shimizu T, Toshimori K, Moriwaki K, Shiroishi T.

2004. Hybrid breakdown caused by substitution of the X

chromosome between two mouse subspecies. Genetics

166:913–24.

Orth A, Auffray J-C, Bonhomme F. 2002. Two deeply

divergent mitochondrial clades in the wild mouse Mus

macedonicus reveal multiple glacial refuges south of

Caucasus. Heredity 89:353–7.

Osborn JW. 1989. The temporomandibular ligament and the

articular eminence as constraints during jaw opening.

J Oral Rehab 16:323–33.

Osborn JW. 1993. A model to describe how ligaments may

control symmetrical jaw opening movements in man.

J Oral Rehab 20:585–604.

Payseur BA, Place M. 2007. Prospects for association

mapping in classical inbred mouse strains. Genetics

175:1999–2008.

Payseur BA, Krenz JG, Nachman MW. 2004. Differential

patterns of introgression across the X chromosome in a

hybrid zone between two species of house mice. Evolution

58:2064–78.

Functional morphology in inbred mice 13



Peters LL, Robledo RF, Bult CJ, Churchill GA, Paigen BJ,

Svenson KL. 2007. The mouse as a model for human

biology: a resource guide for complex trait analysis.

Nat Rev Genet 8:58–69.

Petkov PM et al. 2004. An efficient SNP system for mouse

genome scanning and elucidating strain relationships.

Genome Res 14:1806–11.

Pocock MJO, Hauffe HC, Searle JB. 2005. Dispersal in house

mice. Biol J Linn Soc 84:565–83.

Reduker DW. 1983. Functional analysis of the masticatory

apparatus in two species of Myotis. J Mammal 64:277–86.

Ruff C. 1988. Hindlimb articular surface allometry in

Hominoidea and Macaca, with comparisons to diaphyseal

scaling. J Hum Evol 17:687–714.

Sage RD, Atchley WR, Capanna E. 1993. House mice as

models in systematic biology. Syst Biol 42:523–61.

Satoh K, Iwaku F. 2006. Jaw muscle functional anatomy in

Northern grasshopper mouse, Onychomys leucogaster, a

carnivorous murid. J Morphol 267:987–99.

Schwenk K. 2001. Functional units and their evolution.

In: Wagner GP, editor. The character concept in evolu-

tionary biology. New York: Academic Press. p. 165–98.

Selander RK, Hunt WG, Yang SY. 1969. Protein polymorph-

ism and genic heterozygosity in 2 European subspecies of

house mouse. Evolution 23:379–90.

Shea BT, Hammer RE, Brinster RL, Ravosa MJ. 1990. Relative

growth of the skull and postcranium in giant transgenic

mice. Genet Res 56:21–34.

Silver L. 1995. Mouse genetics. Concepts and applications.

New York: Oxford University Press.

Smith KK. 1994. Are neuromotor systems conserved in

evolution? Brain Behav Evol 43:293–305.

Smith RJ. 1984. Comparative functional morphology of

maximum mandibular opening (gape) in primates.

In: Chivers DJ, Wood BA, Bilsborough A, editors. Food

acquisition and processing in primates. New York: Plenum.

p. 231–55.

Solberg LC et al. 2006. A protocol for high-throughput

phenotyping, suitable for quantitative trait analysis in mice.

Mamm Gen 17:129–46.

Storchova R, Gregorova S, Buckiova D, Kyselova V,

Divina P, Forejt J. 2004. Genetic analysis of X-linked

hybrid sterility in the house mouse. Mamm Genome

15:515–24.

Swallow JG, Carter PA, Garland T. 1998. Artificial selection

for increased wheel-running behavior in house mice. Behav

Genet 28:227–37.

Taylor AB, Vinyard CJ. 2004. Comparative analysis of

masseter fiber architecture in tree-gouging (Callithrix

jacchus) and nongouging (Saguinus oedipus) callitrichids.

J Morphol 261:276–85.

Taylor AB, Vinyard CJ, Payseur BA. 2008. Variation in

masseter muscle fiber architecture in five strains of inbred

mice: implications for heritability of fiber architecture.

Am J Phys Anthropol Suppl 46:204–5.

Thaler L, Bonhomme F, Britton Davidian J. 1981. Processes of

speciation and semi-speciation in the house mouse.

Symp Zool Soc London 47:27–31.

Tucker PK, Sage RD, Warner J, Wilson AC, Eicher EM. 1992.

Abrupt cline for sex chromosomes in a hybrid zone

between two species of mice. Evolution 46:1146–63.

Vaughn TT, Pletscher LS, Peripato A, King-Ellison K, Adams E,

Erikson C, Cheverud JM. 1999. Mapping quantitative trait

loci for murine growth: a closer look at genetic architecture.

Genet Res 74:313–22.

Viguier B. 2004. Functional adaptations in the craniofacial

morphology of Malagasy primates: shape variations asso-

ciated with gummivory in the family Cheirogaleidae.

Ann Anat 186:495–501.

Vinyard CJ, Wall CE, Williams SH, Hylander WL. 2003.

Comparative functional analysis of skull morphology of

tree-gouging primates. Am J Phys Anthropol 120:153–70.

Vinyard CJ, Ravosa MJ, Wall CE, Williams SH, Johnson KR,

Hylander WL. 2007. Jaw-muscle function and the origin of

primates. In: Ravosa MJ, Dagosto M, editors. Primate

origins and adaptations. New York: Kluwer Press.

p. 179–231.

Vinyard CJ et al. 2008. The evolutionary morphology of tree

gouging in marmosets. In: Davis LC, Ford SM, Porter LM,

editors. The smallest anthropoids: the marmoset/Callimico

radiation. New York: Springer. In press.

Wade CM, Kulbokas EJ, Kirby AW, Zody MC, Mullikin JC,

Lander ES, Lindblad-Toh K, Daly MJ. 2002. The mosaic

structure of variation in the laboratory mouse genome.

Nature 420:574–8.

Wainwright PC. 2002. The evolution of feeding motor

patterns in vertebrates. Curr Opin Neuro 12:691–5.

Wake DB. 1982. Functional and evolutionary morphology.

Persp Biol Med 25:603–20.

Wake MH. 1992. Morphology, the study of form and

function, in modern evolutionary biology. Oxford Surv

Evol Biol 8:289–346.

Wall CE. 1999. A model of temporomandibular joint function

in anthropoid primates based on condylar movements

during mastication. Am J Phys Anthropol 109:67–88.

Wallace JT. 1968. Analysis of dental variation in wild-caught

California house mice. Am Mid Nat 80:360–80.

Weijs WA. 1994. Evolutionary approach of masticatory motor

patterns in mammals. Advances in comparative and

environmental physiology. Berlin: Springer. p. 282–320.

Willmore KE, Zelditch ML, Young N, Ah-Seng A, Lozanoff S,

Hallgrimsson B. 2006. Canalization and developmental

stability in the Brachyrrhine mouse. J Anat 208:361–72.

Workman MS, Leamy LJ, Routman EJ, Cheverud JM. 2002.

Analysis of quantitative trait locus effects on the size

and shape of mandibular molars in mice. Genetics

160:1573–86.

Yang H, Bell TA, Churchill GA, Pardo-Manuel de Villena F.

2007. On the subspecific origin of the laboratory mouse.

Nat Genet 39:1100–7.

14 C. J. Vinyard and B. A. Payseur


