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Abstract

Understanding the genetic basis of morphological evolution in nature is an area of study
that still eludes evolutionary biologists. Islands are natural laboratories with distinct differences
in habitat from the mainland, facilitating repeated cases of rapid morphological evolution of
colonizing populations. Many examples of evolution on islands involve the vertebrate skeleton,
particularly in the house mouse Mus musculus domesticus. Although the genetic basis of skeletal
variation has been studied in laboratory strains of house mice, the genetic determinants of
skeletal evolution in nature remain poorly understood. This thesis investigates skeletal evolution
in a population of giant house mice from Gough Island. Focusing on an island population from
the same subspecies as the laboratory mouse allows for the identification of genetic loci
associated with skeletal evolution using quantitative genetic techniques. Through quantitative
trait locus (QTL) mapping, it was discovered that pronounced changes in the size of the Gough
Island mouse skeleton evolved through a few genetic loci acting in pleiotropy with global effects
on growth. Gough Island mice exhibit an elongation of the skull, prompting the characterization
of mandible morphology and jaw performance in Gough Island mice. Geometric morphometric
and quantitative genetic techniques were used to investigate the genetic basis and functional
morphology of mandibular evolution in Gough Island mice. Size and shape changes of the
Gough Island mouse mandible are pronounced. This includes the expansion and narrowing of the
mandible, along with the widening of the condyle. The size and shape dimensions are controlled
by distinct sets of loci. Regions of the mandible also show differences in their genetic
architectures, suggesting that aspects of the evolution of mandible morphology in Gough Island
mice are modular. This work highlights the importance of utilizing island populations in order to

obtain a better understanding of complex trait evolution in a natural context.



Chapter 1

Introduction



Evolution on Islands

Islands have been captivating biologists for hundreds of years. Charles Darwin’s voyage
on the HMS Beagle took him to the Falkland Islands, where he first observed large differences
between island and mainland fossil forms (King, Stokes, and Fitz-Roy 1836). This observation
inspired him to begin his comparative studies between flora and fauna populations during his
voyage, most famously on the finches of the Galapagos Islands (Lack 1947). This helped spark
the development of his theory of evolution and adaptation through natural selection (Darwin
1859). Alfred Russell Wallace, who independently conceived the theory of evolution by natural
selection and was also inspired by islands, studied differences in biota across the Malay
Archipelago (Wallace 1880).Ever since the time of Darwin and Wallace, islands have played
critical role in the development of evolutionary theory.

Islands provide an important source of evidence for evolution. Islands are microcosms
with definable boundaries, often referred to as “natural laboratories,” providing an ideal setting
for studying spatial and temporal patterns of adaptive radiation and diversification (MacArthur
and Wilson 1967; Diamond 1975). Their geographic isolation from other landmasses reduces the
influences from neighboring environments (Losos and Ricklefs 2009). Islands are younger than
mainland landmasses and have reduced species diversity, resulting in relatively simple biotas, an
observation that impressed nearly all naturalists visiting islands (Hooker 1867; Williamson
1984). These unique features of islands allow adaptation and evolution to be more easily
observable. Additionally, the ancestral mainland source can sometimes be identified, which
allows for direct comparisons.

The island environment is distinct from the mainland. Newly colonizing populations face

significant shifts in environmental conditions, resource availability, and predation risk (Grant



1998; Losos and Ricklefs 2009). The weather on islands is often more harsh than mainland areas
due to increased exposure to the oceanic climate (Whittaker and Fernandez-Palacios 2007).
Islands at high latitudes usually exhibit cold temperatures, which can affect an organism’s ability
to regulate body temperature (Chown and Smith 1993). Many islands also exhibit distinct
seasonal fluctuations, which can affect breeding, survival, and other life history traits of island
organisms (Whittaker and Fernandez-Palacios 2007; Berry and Bronson 1992). Islands harbor
unique flora and fauna, resulting in a shift in available food sources distinct from the mainland
(Losos and Ricklefs 2009). The decrease in biodiversity on islands likely reduces the abundance
of predators and competitors (van der Geer et al. 2011).

The striking differences between island and mainland areas can facilitate rapid evolution
(Mayr 1954; MacArthur and Wilson 1967; Pergams and Ashley 2001). A landmark study by
Virginie Millien in 2006 using fossil record data to compare the rates of evolutionary change
between island and mainland populations of mammals confirmed that island species undergo
accelerated evolutionary changes over relatively short timescales (Millien 2006). The fossil
record has also provided evidence that morphological changes occur rapidly after species
become isolated on islands (Raia and Meiri 2006).

The facilitation of rapid differentiation could be due to multiple factors. The isolated
nature of islands often results in a bottleneck in the numbers of colonizing individuals, leading to
founder effects (Mayr 1954; Allendorf 1986). This, along with the reduction in migration, which
limits the introduction of new genetic material, leads to the reduction in genetic diversity in
island populations and may play a role in differentiation of island populations (Mayr 1954). The
unique island environment can also generate new or shifting selective pressures for colonizing

populations. Changes from a mainland to an island ecology allows for organismal changes often



not permitted on the mainland, commonly resulting in unusual island forms distinct from those
found elsewhere (Gillespie and Clague 2009). In the late 1800’s, Charles Forsyth Major was one
of the first to thoroughly compare fossils among islands and mainland areas, identifying unique
morphologies of extinct elephant and hippo species on Mediterranean islands (Major 1902).
Insular populations often display systematic differences in morphology, population density, life
history, and behavior (Adler and Levins 1994; Herrel et al. 2008). This phenomenon was coined
the “island rule” (Valen 1973), and has been argued to be due to adaptations to an island
environment (Berry 1985; Adler and Levins 1994; Renaud and Auffray 2010; Lyras, van der
Geer, and Rook 2010; Raia and Meiri 2011).

One of the most common changes that populations experience on islands is a shift in
body size, and has been viewed as the canonical feature of the island rule (Foster 1964; Sondaar
1977; Case 1978; Lawlor 1982; Lomolino 1985; Lomolino et al. 2012). In 1964, Foster
published the first comprehensive review on differences in body size evolution among taxonomic
groups of mammals, including dwarfism in insular carnivores and artiodactyls and gigantism in
rodents (Foster 1964). Although originally described as a rule without exceptions, researchers
began questioning the validity and generality of the island rule based on their observations that
body size trends in certain species or taxonomic groups do not fit the predictions of the island
rule, including lagomorphs and certain families of rodents (Lawlor 1982; Lomolino 1985; Meiri,
Dayan, and Simberloff 2005; Meiri, Dayan, and Simberloff 2004; Meiri, Cooper, and Purvis
2008; Raia and Meiri 2011; Lomolino et al. 2012; Palombo 2009).

Refinements to the island rule followed shortly after, mostly in the context of body size
(Adler and Levins 1994; Lawlor 1982). It was argued that the rule is less about taxonomic

membership and more likely a gradual trend from gigantism in smaller species of insular



mammals to dwarfism in larger species (Heaney 1978; Lomolino 1985). The reduction in
interspecific competitors and predators on species-poor islands are predicted to select for larger
individuals (Heaney 1978; Lomolino 1985), and limited resources, including food availability,
select for smaller individuals of larger species since they are better able to survive and reproduce
with less food (Hessey R, Allee, and Schmidt 1951; Lawlor 1982). To best explain the island
rule, the relative importance of these factors for mammals of a particular body size should be
considered (Lomolino 1985). The led to the term "island syndrome" being preferred by some, as
it a more general descriptor of all differences related to island evolution (Adler and Levins

1994),

House mouse as a model for island evolution

The house mouse (Mus musculus) has become the most widely dispersed and common
wild mammal species (Bonhomme and Searle 2012; Babiker and Tautz 2015). This is due to
their commensal relationship with humans, and their large distribution is associated with human
expansion and the spread of agriculture thousands of years ago (Bonhomme and Searle 2012).
House mice have been successful at colonizing a wide variety of new habitats due to their ability
to adapt both physiologically and genetically (Berry and Jakobson 1975a; Bonhomme and Searle
2012). House mice began colonizing islands around the world relatively recently along with
human exploration of the oceans and islands by ship (Bonner 1984; Chapuis, Boussés, and
Barnaud 1994). This has provided fodder for studying patterns of insular evolution (Pergams and
Ashley 2001).

Rodents are among the most well studied organisms in terms of differences between

island and mainland populations (Adler and Levins 1994). Largely due to the tremendous efforts



by RJ Berry, differences between island and mainland populations of house mice have been
characterized (Berry, Peters, and Aarde 1978; Berry 1970). This includes mouse populations on
islands across the globe, including those in the North Atlantic (Berry 1964; Berry, Jakobson, and
Peters 1978; Davis 1983; Berry et al. 1991; Lister and Hall 2014), South Atlantic (Rowe-Rowe
and Crafford 1992; Russell 2012; Gray et al. 2015), Sub-Antarctic (Berry and Peters 1975;
Berry, Peters, and Aarde 1978; Berry, Bonner, and Peters 1979), the Mediterranean (Renaud and
Auffray 2010; Boell and Tautz 2011), Southern Indian Ocean (Boell and Tautz 2011) and
Hawaii (Berry et al. 1981; Boell and Tautz 2011). These comparisons have provided the field
with a tremendously rich resource in which to study the evolution of the house mouse in an
island context.

Island populations of house mice systematically exhibit characteristics of the island
syndrome (Adler and Levins 1994). This includes increases in body size (Foster 1964; Valen
1973; Lomolino 1985; Meiri et al. 2008), higher and more stable population densities (Gliwicz
1980), reduced dispersal (Tamarin 1978), reduced reproductive output (Stamps and Buechner
1985), and reduced aggression (Stamps and Buechner 1985). The tendency towards gigantism
has been documented extensively in house mice across the globe, particularly on North Atlantic
islands (Berry 1964; Berry 1968; Berry and Jakobson 1974; Berry and Peters 1975), South
Atlantic islands (Rowe-Rowe and Crafford 1992; Russell 2012; Gray et al. 2015), and Sub-
Antarctic islands (Berry and Peters 1975; Berry, Peters, and Aarde 1978; Berry, Bonner, and
Peters 1979).

Models have been developed in efforts to explain the mechanisms of the island syndrome
specifically in rodents (Adler and Levins 1994; Millien and Damuth 2004; Raia and Meiri 2006;

Raia and Meiri 2011; Lomolino et al. 2006; Lomolino et al. 2013). The degree of isolation and



island area are two factors argued to affect aspects of the island syndrome in rodents (Adler and
Levins 1994). An increase in island isolation is predicted to reduce dispersal, which could lead to
higher densities and reduced aggression. Higher densities would also likely result in reduced
reproductive output and an increase in body size. A decrease in island area is predicted to
decrease biodiversity (particularly the number of predators and competitors) and increase
population densities. The reduction in the pressure to evade predators and compete with
competitors due to their lower abundance is a likely driver of gigantism (Corbet 1961; Foster
1964; Adler and Levins 1994). Gigantism in rodents may be related to island temperature. House
mice are larger on colder islands compared to mice on equatorial islands (Berry and Jackson
1979). A larger body area likely allows for more efficient temperature regulation, and therefore
may be a critical adaptation to cold temperatures (Berry and Jackson 1979). Together, these
factors are not mutually exclusive and any combination of these could potentially lead to an
advantage of being larger.

Body size correlates with nearly all aspects of a species’ biology, especially the
vertebrate skeleton (Peters 1986; Calder 1996; Schmidt-Nielsen 1984). The mammalian skeleton
presents an ideal system in which to study the evolution of a set of correlated traits, also known
as morphological integration (Olsen and Miller 1958). The evolution of correlated traits is
dependent on the degree to which they are developmentally or functionally related (Lande 1980),
therefore, studying skeletal divergence can reveal information on multi-trait evolution.
Functional, developmental, and genetic interactions among traits are expected to produce
patterns of co-variation across the skeleton (R. Lande 1980; Atchley and Hall 1991b; Lynch and

Walsh 1998), which could either facilitate or constrain evolution compared to predictions for



single traits (C. P. Klingenberg 2008a; R. Lande 1980; Parsons, Marquez, and Albertson 2012;
Schluter 1996).

Divergence in body size suggests correlated changes to the skeleton (Atchley, Rutledge,
and Cowley 1981; Biewener 2005). One major focus in insular house mouse studies has been
documenting their distinct skeletal morphologies (Berry 1964; Berry and Peters 1975; Berry,
Jakobson, and Peters 1978; Berry, Peters, and Aarde 1978; Slabova and Frynta 2007). Variation
in the presence and abundance of skeletal variants in the skull, humerus, pelvis, vertebrae, and
the tail has been documented (Berry 1964; Berry, Jakobson, and Peters 1978). Mice from
Skokholm and the Isle of May show high incidence of the interfrontal bone (a minor skeletal
variant of the skull), which is rare in mice of mainland Britain (Berry 1964). The interfrontal
bone varies in its presence among inbred strains of house mice, and it has been used as an
indicator of changes in skull proportions, as its size has a positive correlation with the relative
increase in skull width (Johnson 1976; Hanken and Hall 1993). Faroe Island mice display
distinct skull traits, including a narrowing of the mesopterygoid fossa, which is not observed in
mainland mice or laboratory mice of similar size (Berry, Jakobson, and Peters 1978). Some
island populations exhibit a high incidence of variants within the thoracic vertebrae and cervical
vertebrae (Berry 1964).

Increases in head and body measurements have been documented in both North and
South Atlantic island mouse populations (Berry 1964; Berry and Peters 1975; Berry, Bonner, and
Peters 1979), which suggests an enlargement of the skeleton. Many island mouse populations
exhibit relatively shorter tails compared to mainland mice, except for mice from Gough Island
and Tristan da Cunha Island, which have relatively longer tails than their mainland counterparts

(Berry and Peters 1975). The tail is an important heat-regulating organ in mice (Harrison,



Morton, and Weiner 1959) and is important for balance and locomotion (Siegel 1970). Most
studies of house mouse skeletal morphology on islands have focused on skeletal variants and
body proportions, and the utilization of detailed characterizations, particularly quantitative traits,
are limited (Scriven and Bauchau 1992; Pergams and Ashley 2001). More detailed
characterizations of skeletal morphology of island mouse populations are needed to better
understand patterns of skeletal differentiation on islands.

Mandible morphology in insular house mice populations has also been investigated
(Michaux, Chevret, and Renaud 2007; Boell and Tautz 2011; Babiker and Tautz 2015). Island
house mice often display an increase in mandible area compared to mainland populations (Berry,
Jakobson, and Peters 1978; Davis 1983). Many island populations exhibit distinct mandibular
shapes (Berry, Jakobson, and Peters 1978; Davis 1983; Scriven and Bauchau 1992; Renaud and
Auffray 2010; Boell and Tautz 2011; Renaud et al. 2013; Babiker and Tautz 2015), including a
narrowing of the proximal end of the mandible (ascending ramus) and a more robust distal
region (alveolar region).

The mandible plays an important role in organismal function (Herring 1993). Animals
use their entire jaw apparatus in behaviors related to displays and aggressive encounters,
predation, and feeding (Nowak 1999). Studies have also linked morphological changes of the
island mouse mandible form with changes in diet (Renaud and Auffray 2010; Babiker and Tautz
2015). Mice on the Piana islet of Corsica in the Mediterranean exhibit mandible shape changes,
such as the elongation of the condyle, that may be due to food availability on the islet, which
mostly is composed of tender plant material and invertebrates (Renaud and Auffray 2010). By
feeding laboratory strains a soft versus hard diet, similar changes of the mandible were identified

(Yamada and Kimmel 1991; Luca et al. 2003; Renaud and Auffray 2010). Mice living on the
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small island of Heligoland near Germany also display an elongation of the condyle, along with a
less robust angular process and an overall elongation of the mandible. It has been argued that
these characteristics point towards an adaptation to a carnivorous or insectivorous diet (Babiker
and Tautz 2015). Changes to mandibular morphology could have important implications to the
performance and fitness of the organism. Island environments present a host of differences that
could facilitate the evolution of the mandible, including shifts in predation risk and competition,

food resources, and landscapes (Adler and Levins 1994; Herrel et al. 2008).

The House mouse as a quantitative genetic model of skeletal evolution

Knowledge of the genetic basis of morphological variation is essential in understanding
the evolution of organismal form. Quantitative trait loci (QTL) mapping provides a way to
evaluate the genetic architectures of morphological variation. The genetic basis of body size
evolution has been well characterized in laboratory strains of house mice, as it has been used as a
canonical complex trait in quantitative genetic studies A large number of genes are known to be
involved in body size variation among laboratory strains (Reed et al. 2008) and QTL underlying
body weight differences among laboratory strains have been identified (Cheverud et al. 1996;
Keightley et al. 1996; Brockmann et al. 1998; Vaughn et al. 1999; Corva and Medrano 2001;
Rocha et al. 2004; Kenney-Hunt et al. 2006; Shao, Reed, and Tordoff 2007; Ishikawa and Okuno
2014; Gray et al. 2015). These studies reveal the common pattern that strains with differences in
body weight and growth rate are due to a large number of loci with modest effects on phenotype.

Efforts have been made to investigate the genetic basis of variation in skeletal dimensions
in house mice (Cheverud, Routman, and Irschick 1997; Leamy, Routman, and Cheverud 1997,
Leamy, Routman, and Cheverud 1999; Klingenberg et al. 2001b; Klingenberg 2004). Studies

using knockout mouse models have found loci responsible for the proper development and form
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of skeletal elements (McAlarney et al. 2001). For example, insulin-like growth factor I (IGF-I)
null mice have a lower rate of skeletal growth and exhibit a shortening of the nose compared to
wild-type mice (McAlarney et al. 2001). QTL have been identified for skeletal components
related to size and growth differences among classical inbred strains and among strains
descended from artificial selection experiments (Vaughn et al. 1999; Leamy, Routman, and
Cheverud 1999; Lang et al. 2005; Kenney-Hunt et al. 2006; Kenney-Hunt et al. 2008; Norgard et
al. 2008; Sanger et al. 2011; Carson et al. 2012). There is evidence of pervasive pleiotropy
controlling variation of many skeletal elements (Leamy, Routman, and Cheverud 2002; Ehrich et
al. 2003b; Schlosser and Wagner 2004; Wolf et al. 2005; Wolf et al. 2006; Christians and Senger
2007; Kenney-Hunt et al. 2008; Pavlicev et al. 2008; Roseman, Kenney-Hunt, and Cheverud
2009). For example, QTL associated with variation in long bone dimensions between C57BL/6J
and DBA/2 strains co-localize with each other and with various correlated traits, including body
weight and adipose mass (Long et al. 2005). In contrast, genetic independence has been
identified between long bone lengths and organ weights using an F, population between LG/J
and SM/J strains, which were artificially selected for divergence in body size (Kenney-Hunt et
al. 2006). There is also evidence for genetic independence between early and late developing
skull dimensions between LG/J and SM/J (Leamy et al. 1999; Wolf et al. 2005; Wolf et al.
2006). Together, these studies identified loci that affect skeletal morphology on both global and

local scales among laboratory strains of house mice.

House mice as a model for geometric morphometrics and mandibular evolution
The house mouse mandible has long served as a model system for studying the

development and evolution of complex morphological structures (Atchley and Hall 1991b;
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Klingenberg and Leamy 2001; Klingenberg et al. 2001b). This is in part made possible by the
development of geometric morphometrics, which provides techniques for quantifying detailed
shape variation (Klingenberg 2010) based on outline contours or an arrangement of landmark
points (Bookstein 1991; Dryden and Mardia 1998). Particular attention has been given to the
mandible since it can be approximated to two dimensions, making it relatively simple to assess
size and shape variation (Atchley and Hall 1991; Klingenberg and Navarro 2012).

The rodent mandible is composed of two parts that have different developmental origins,
the ascending ramus and the alveolar region (Atchley and Hall 1991b; Klingenberg, Navarro,
and Pialek 2012). A major pattern of morphological differentiation among populations of house
mice is that evolutionary change differentially affects specific components of the mandible
(Atchley, Plummer, and Riska 1985a; Atchley, Plummer, and Riska 1985b). Evidence for this
pattern comes from both knockout studies, where inactivation of specific genes affect different
parts of the mouse mandible throughout development (Francis-West et al. 1998), and studies
using QTL mapping, which show that effects of loci are often localized to particular regions of
the mandible (Cheverud, Routman, and Irschick 1997; Leamy, Routman, and Cheverud 1997,
Mezey, Cheverud, and Wagner 2000; Klingenberg and Leamy 2001; Klingenberg et al. 2001b;
Klingenberg, Mebus, and Auffray 2003; Klingenberg 2004). Together, these studies have
illustrated that mandibular evolution is genetically complex.

The mandible is important for the function and performance of the jaw, including
processing of food during mastication and the capturing of prey (Nowak 1999; Vaughn et al.
1999). Changes to mandibular morphology have been shown to affect aspects of jaw
performance, such as the extent to which an organism can open its jaw and the maximum bite

force an organism can deliver (Herring 1974; Vinyard et al. 2003; Herrel et al. 2008). These
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behaviors are functionally significant to many organisms (Herring et al. 1972; Hylander 1979;
Jablonski 1993; Dumont and Herrel 2003; Vinyard et al. 2003). The evolution of the
performance of organismal-level functions is likely to involve heritable changes to their
correlated morphologies (Lande and Arnold 1983). Therefore it is feasible that variation in the
ability of the jaw to function could be due to natural selection acting on these performances and
their correlated morphologies (Vinyard and Payseur 2008). Despite the likely importance the role
evolution plays on aspects of jaw performance, little is known about the morphological and
genetic basis that shapes organismal-level functions of the jaw. Studies investigating the
consequences of mandible evolution on jaw function and performance could provide novel
insights into morphological evolution.

Despite the large number of comparative studies on skeletal divergence that have been
undertaken in island populations of house mice, the genetic basis underlying skeletal evolution
remains to be evaluated. Although the genetic characterization of skeletal evolution in laboratory
strains of house mice has been investigated, it remains an unanswered question as to whether
similar genetic patterns underlie skeletal evolution in nature. Additionally, full advantage has not
been taken of the house mouse as a model for studying functional morphology and
biomechanical performance. We utilized a population of house mice from Gough Island in order
to take advantage of the extensive resources of the house mouse model to study skeletal

evolution in an island context.

House mice on Gough Island
Gough Island is a small volcanic island in the Southern Atlantic Ocean. It is one of the
most remote islands in the world. South Africa is the nearest continent at over 1750 kilometers

away and Tristan da Cunha is its closest island neighbor, 400 kilometers to its Northwest
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(Heaney and Holdgate 1957). Due to its remoteness, there is no permanent human habitation on
Gough Island. A small number of researchers occupy a meteorological station operated by the
South African government on the more sheltered, east coast of the island (Heaney and Holdgate
1957). Gough Island harbors unique flora and fauna, including five different plant communities
(Rowe-Rowe and Crafford 1992). Moreover, it is one of the most important islands for seabirds
in the world (Wanless 2007). Gough Island is home to 23 breeding seabird species, including
nearly the entire global population of Atlantic petrel and Tristan albatross (Ryan, Cooper, and
Glass 2001). The only land mammal species living on the island is the house mouse (Jones,
Chown, and Gaston 2003).

Mice were first reported on Gough Island by sealer George Comer in 1889 (Verill 1895).
Mice likely arrived with the first sealing ships that brought the first known human visitors to the
island (Verill 1895). The first dataset collected on Gough Island mice was between 1955 and
1956, where body and cranial measurements of mice were recorded at both low and high
elevations (Hill 1959). More recently, it was confirmed that Gough Island mice belong to the
Mus musculus domesticus subspecies (Gray et al. 2014). Mice likely colonized Gough Island less
than 200 years ago, suggesting that any changes were likely rapid (Gray et al. 2014).

Gough Island mice are truly unique. On average, Gough Island mice exhibit twice the
body mass of mainland wild house mice (Rowe-Rowe and Crafford 1992; Gray et al. 2015).
They are larger than all known wild mice from any mainland or island population (Berry, Peters,
and Aarde 1978), including mice from Tristan da Cunha, the closest neighboring island (Hill
1959). Gough Island mice have larger litter sizes than other wild house mice, likely due to their
increased size (Berry 1968). They exhibit extremely high population densities (approximately

224 mice per hectare), some of the highest ever recorded for wild house mice (Rowe-Rowe and
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Crafford 1992). Interestingly, mice on Gough Island experience low seasonal variation in
numbers compared to other studied island populations (Cuthbert et al. 2016b).

The Gough Island mouse diet is also unusual. Mice on the island regularly prey upon
seabird chicks, which is not a common behavior among wild house mouse populations (Jones,
Chown, and Gaston 2003; Cuthbert and Hilton 2004). Stomach contents of mice at low elevation
regions consist primarily of avian material during the Austral winter (Jones et al. 2003b). Winter
breeding bird species, such as the Tristan albatross and Atlantic petrel, are preyed upon most
(Cuthbert et al. 2013; Dilley et al. 2015). These birds have extremely low breeding success due
to mouse predation on healthy chicks (Cuthbert et al. 2013; Dilley et al. 2015). In a study
quantifying the level of mouse predation on nesting chicks, all monitored bird species were
victim to mouse predation, with chick mortality rates as high as 87% (Dilley et al. 2015). The
predation on such large prey, such as Tristan albatross chicks (up to 300 times as large as Gough
Island mice), is unusual for house mice (Wanless et al. 2007). The unique environment, flora,
and fauna of Gough Island, along with the unusual size, diet and behaviors of Gough Island
mice, provide a rich resource for studying morphological evolution in a natural setting.

Recently, it was found that Gough Island mice achieve their extreme body size via an
increased growth rate during the first 6 weeks after birth (Gray et al. 2015). A suite of genetic
loci associated with their extreme body size evolution were identified, suggesting that evolution
of body size on islands can be genetically complex, even when it occurs relatively rapidly (Gray
et al. 2015). This work provided insights into how body size evolution occurs on islands, and

lays the foundation for further investigations of morphological evolution of Gough Island mice.

Introduction of thesis chapters
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This thesis utilizes the power of the house mouse model system from the perspective of
quantitative genetics, geometric morphometrics, and functional morphology to characterize
morphological evolution of the skeleton of an island population of mice and investigate the
genetic basis of its evolution. Although laboratory strains are mostly derived from M. m.
domesticus, they contain regions of intersubspecific origin (Yang et al. 2007). This suggests that
the evolution of laboratory and natural populations could be due to different mutations, and
therefore any evolutionary interpretations drawn from laboratory strains may not accurately
extend to natural populations. The dynamics of artificial and natural selection may differ. Wild
mice face selective pressures that are either different or absent in the laboratory, which could
lead to different genetic architectures. Additionally, most biomechanical and functional studies
utilize laboratory strains in order to reduce variation and environmental noise (Festing 1979),
which makes it difficult to interpret data collected in laboratory strains in terms of natural
populations (Bock and von Wahlert 1965). Using Gough Island mice allows for the
investigation of skeletal evolution in nature while taking advantage of the extensive resources of
the house mouse model.

Chapter 2 describes the results of the phenotypic characterization and genetic dissection
of the divergence in skeletal morphology between Gough Island mice and a small-bodied
mainland representative strain (WSB/E1J, referred to throughout the rest of the thesis as WSB) in
order to better understand how complex morphologies evolve in nature. I identified pronounced
skeletal expansion and shape divergence in Gough Island mice. I used crosses between Gough
Island mice and WSB and QTL mapping to identify hundreds of genotype-phenotype
associations that localize to a small number of chromosomal locations underlying variation

across the entire skeleton. This provided evidence that pleiotropy plays a large role in the
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evolution of the Gough Island mouse skeleton. Further incorporation of body weight into my
genetic analyses allowed us to disentangle QTL effects on skeletal size and skeletal shape.

Chapter 3 describes the detailed phenotypic, functional, and genetic characterization of
mandibular evolution in Gough Island mice. Through comparisons between Gough Island mice
and WSB, I used geometric morphometrics to identify pronounced size and shape divergence of
the mandible. Direct biomechanical tests of jaw function reveal that Gough Island mice exhibit a
relatively stronger bite, along with morphological characters that may influence jaw
performance. QTL mapping reveals many loci associated with mandible size variation that
localize to only two chromosomal regions, which were previously identified to underlie overall
skeletal expansion (Parmenter et al. 2016, see Chapter 2). QTL localized to specific regions of
the mandible were also identified, suggesting different evolutionary patterns based on known
mandible regions. Incorporating adjustments for body weight reveal a unique set of QTL,
providing evidence for QTL underlying variation in mandible shape that are distinct from those
for mandible size. Finally, in Chapter 4, I discuss general conclusions and potential future

directions.
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Chapter 2

Genetics of Skeletal Evolution in Unusually Large Mice from Gough Island

This chapter was published as a peer reviewed article in Genetics.

Parmenter M. D., Gray M. M., Hogan C. A., Ford I. N., Broman K.W., Vinyard C. J., and
Payseur B. A. (2016). Genetics of skeletal evolution in unusually large house mice from Gough

Island. Genetics 204(4): 1559-1572.

Contributions were as follows: MDP, CJV, and BAP designed the study. MDP, MMG, CAH,

and INF performed crosses and collected data. MDP and KWB conducted analyses. MDP and

BAP wrote the manuscript.

Supplementary information from this chapter can be found in Appendix A.



19

Abstract

Organisms on islands often undergo rapid morphological evolution, providing a platform
for understanding mechanisms of phenotypic change. Many examples of evolution on islands
involve the vertebrate skeleton. Although the genetic basis of skeletal variation has been studied
in laboratory strains, especially in the house mouse Mus musculus domesticus, the genetic
determinants of skeletal evolution in natural populations remain poorly understood. We used
house mice living on the remote Gough Island — the largest wild house mice on record — to
understand the genetics of rapid skeletal evolution in nature. Compared to a mainland reference
strain from the same subspecies (WSB/E1J), the skeleton of Gough Island mice is considerably
larger, with notable expansions of the pelvis and limbs. The Gough Island mouse skeleton also
displays changes in shape, including elongations of the skull and the proximal vs. distal elements
in the limbs. Quantitative trait locus (QTL) mapping in a large F, intercross between Gough
Island mice and WSB/E1] reveals hundreds of QTL that control skeletal dimensions measured at
5, 10, and/or 16 weeks of age. QTL exhibit modest, mostly additive effects and Gough Island
alleles are associated with larger skeletal size at most QTL. The QTL with the largest effects are
found on a few chromosomes and affect suites of skeletal traits. Many of these loci also co-
localize with QTL for body weight. The high degree of QTL co-localization is consistent with an
important contribution of pleiotropy to skeletal evolution. Our results provide a rare portrait of
the genetic basis of skeletal evolution in an island population, and position the Gough Island

mouse as a model system for understanding mechanisms of rapid evolution in nature.
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Introduction

Populations that colonize islands face a host of new environmental conditions, including
changes in resource availability, predation risk, and competition (Losos and Ricklefs 2009).
These shifts can stimulate the evolution of unusual or exaggerated traits over a short time scale.
Insular populations of mammals are enriched for cases of rapid morphological evolution,
especially in traits related to body size (Foster 1964; Grant 1999; Pergams and Ashley 2001;
Beheregaray et al. 2004; Lomolino 2005; Thomas, Meiri, and Phillimore 2009; Durst and Roth
2015). Comparing island populations with their mainland relatives is a powerful approach for
understanding the genetic basis of evolutionary change.

Wild house mice offer a particularly useful system for revealing the mechanisms of rapid
phenotypic evolution on islands. By virtue of their commensalism, house mice successfully
colonized a diverse array of island environments (Bonhomme and Searle 2012). Insular house
mice often display distinct skeletal morphologies. Presence-absence of skeletal variants in the
skull, humerus, pelvis, and vertebrae (including the tail) have been documented (Berry 1964;
Berry and Jakobson 1975a; Berry, Jakobson, and Peters 1978; Davis 1983; Berry 1986; Pergams
and Ashley 2001; Renaud and Auffray 2010). Divergence in body size (Berry and Jakobson
1975b; Berry, Peters, and Aarde 1978; Berry, Bonner, and Peters 1979; Berry et al. 1981; Berry,
Jakobson, and Peters 1987; Rowe-Rowe and Crafford 1992; Adler and Levins 1994; Jones,
Chown, and Gaston 2003; Lomolino 2005; Russell 2012; Durst and Roth 2012; Durst and Roth
2015; Gray et al. 2015; Cuthbert et al. 2016) suggests evolutionary changes to the skeleton in
other island populations. As the scaffold for the body plan, the skeleton enables movement,
provides support for muscles, and protects internal organs (Pourqui¢ 2009). Moreover, studying

skeletal divergence can reveal the dynamics of multi-trait evolution. Functional, developmental,
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and genetic interactions among traits are expected to produce patterns of co-variation across the
skeleton Lande 1980; Atchley and Hall 1991a; Lynch and Walsh 1998). Depending on its
structure, this “modularity” may facilitate or constrain evolution compared to predictions for
single traits (Klingenberg 2008; Lande 1979; Parsons, Marquez, and Albertson 2012; Schluter
1996).

Although the genetic basis of skeletal evolution in island mice is unknown, considerable
research has been dedicated to dissecting genetic differences in the skeleton in laboratory mice.
Quantitative trait loci (QTL) have been identified for hundreds of skeletal components related to
size and growth differences among classical inbred strains and among strains descended from
artificial selection experiments (Vaughn et al. 1999; Leamy, Routman, and Cheverud 1999;
Huang et al. 2004; D. H. Lang et al. 2005; Kenney-Hunt et al. 2006; Kenney-Hunt et al. 2008; E.
Norgard et al. 2008; Sanger et al. 2011; Carson et al. 2012), with evidence that some QTL affect
multiple traits (Leamy et al. 2002; Ehrich et al. 2003a; Schlosser and Wagner 2004; Wolf et al.
2005; Wolf et al. 2006; Christians and Senger 2007; Kenney-Hunt et al. 2008; Pavlicev et al.
2008; Roseman, Kenney-Hunt, and Cheverud 2009). QTL responsible for local skeletal shape
variation also have been discovered, with a special emphasis on the mandible (Atchley,
Plummer, and Riska 1985a; Atchley, Plummer, and Riska 1985b; C. P. Klingenberg and Leamy
2001; Klingenberg, Mebus, and Auffray 2003; Klingenberg 2004; Wagner, Pavlicev, and
Cheverud 2007; Leamy et al. 2008; Wilmore et al. 2009). These findings from laboratory mice
provide a rich comparative context for examining the genetic architecture of skeletal evolution in
natural populations of house mice, which experience evolutionary dynamics distinct from those

in laboratory conditions.
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The largest known wild house mice in the world inhabit Gough Island, a remote volcanic
island in the central South Atlantic Ocean (Rowe-Rowe and Crafford 1992). The massive
evolutionary increase in body size of Gough Island mice — to become twice the weight of their
mainland counterparts (Jones, Chown, and Gaston 2003; Gray et al. 2015) — suggests a
substantial expansion of the skeleton. House mice likely colonized Gough Island a few hundred
generations ago (Gray et al. 2014), raising the prospect that morphological evolution has been
accelerated. In this study, we use Gough Island mice to understand the genetic basis of rapid

skeletal evolution in nature.
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Materials and Methods
Gough Island and its Mice

Gough Island is part of the United Kingdom Overseas Territory of Tristan da Cunha and
is located approximately halfway between South America and South Africa in the South Atlantic
Ocean (40° 19°S and 9° 55°W). Gough Island has an area of 65 km”. Fifty mice live trapped on
Gough Island in September 2009 were transferred to Charmany Instructional Facility in the
School of Veterinary Medicine at the University of Wisconsin-Madison. Four mice died and two
litters consisting of five pups were born during transport from the island to the facility. Upon
their arrival, 46 mice (25 female and 21 male) were used to establish a breeding colony.

Female and male mice were housed separately in micro-isolator cages with a maximum
of four mice per cage. Ground corn cobs (1/8th inch; Waldschmidt and Sons, Madison, WI) were
used as bedding; irradiated sunflower seeds (Harlan Laboratories, Madison, WI) and nesting
material were provided for enrichment. The room was temperature controlled (68-72 °F) and set
on a 12-hour light/dark cycle. Water and rodent chow (Teklad Global 6% fat mouse/rat diet;
Harlan Laboratories, Madison, WI) was provided ad libitum. Mice were mated after 8 weeks of
age. Breeding individuals were given additional enrichments and were fed breeder chow (Teklad
Global 19% protein/9% fat; Harlan Laboratories, Madison, WI) ad libitum. All mice were
weaned between 3 and 4 weeks of age. Individual mice were toe-tattooed (using sterile lancets
and tattoo paste) at 1 week of age and ear-punched at weaning for the purposes of identification.
All mice were weighed to the nearest milligram, beginning one week after birth and ending at 16
weeks. After the Gough Island mice (subsequently abbreviated GI) arrived to the Charmany

Instructional Facility, we performed a random-mating common garden experiment using the wild
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founders. This was done in order to determine that the large body size of the GI mice has a

genetic basis and not due solely to environmental factors.

Intercross experiments

Several partially inbred lines of GI mice were created through full-sib mating for 4 filial
generations, a procedure expected to reduce within-line heterozygosity by 60% (Silver 1995). To
incorporate variation segregating among GI mice, two partially inbred GI lines were used for
intercross experiments (denoted as cross A and B). One pair of male and female siblings from
each partially inbred line was crossed with WSB/EiJ (subsequently abbreviated as WSB; Jackson
Laboratories, Bar Harbor, ME) to generate four independent F, intercrosses (Figure S2.1). WSB
was chosen because it is a wild-derived strain, has a body size typical of wild house mice, is fully
inbred, belongs to the same subspecies as GI mice, has a sequenced genome (Keane et al. 2011),
and is featured in the Collaborative Cross (Threadgill and Churchill 2012). A total of 1,374 F,
mice were generated: 497 from Cross A (WSBxGI=279 and GIxWSB=218) and 877 from Cross
B (WSBxGI=494 and GIxWSB=383). From this F, population, 827 mice were used for all
skeletal phenotyping and analyses: 367 from Cross A (WSBxGI=206 and GIxWSB=161) and

460 from Cross B (WSBxGI=252 and GIxWSB=208).

Phenotyping

All mice were weighed to the nearest milligram every week, beginning one week after
birth and ending at 16 weeks. Dual energy X-Ray absorptiometry (DXA) was used to measure
bone morphology. Digital X-Ray images (Carestream Health DXS Pro 4000) were collected for

43 F1 and 827 F2 individuals and mice from the four parental strains of the cross. X-Ray images
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were taken at three postnatal time points (5, 10, 16 weeks of age) for each animal. These time
points were chosen to capture multiple episodes of growth throughout postnatal development. X-
Ray imaging at 5 and 10 weeks of age was performed using live animals. When individuals
reached 16 weeks of age, they were either euthanized by CO, asphyxiation followed by imaging,
or imaging was performed live followed by euthanasia (by decapitation). Liver samples were
collected from all euthanized F2 individuals and stored at -80° Celsius. For imaging of live mice,
an anesthetic (50-100 mg/kg ketamine/0.5-1.0 mg/kg dexmedetomidine) was administered via
intraperitoneal injection prior to X-Ray imaging to allow for placement and X-Ray exposure
time. A dorsal and lateral X-Ray image was taken of each individual. Skeletal dimensions were
measured from the X-Ray images using Carestream Molecular Imaging Software (Carestream
Health, Inc.). Measurements were chosen to capture axes of known variation across laboratory
mouse strains and across species. A total of 16 measurements were used for phenotyping,
including lengths and diameters of long bones, pelvis and skull (see Figure 2.1).

Additional measurements were taken from the individual skeletal measurements to
determine any changes in skeletal shape (described as non-proportional size changes),
particularly of the limbs. These include forelimb to hindlimb ratios (intermembral index:
(humerus length + radius length)/(femur length + tibia length) x 100), the ratio of distal and
proximal elements of the hindlimb (crural index: (tibia length/femur length) x 100) and forelimb
(brachial index: (radius length/humerus length) x 100), and the ratio of forelimb and hindlimb
proximal elements (humerofemoral index: (humerus length/femur length) x 100). Although no
data was collected on the radius, ulna length was used as a substitute for the distal element of the

forelimb.
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Phenotypic distributions were inspected for extreme outliers. When it was concluded that
outliers reflected reduced measurement accuracy caused by improper placement of animals
during X-Ray imaging or a lack of X-Ray resolution, they were removed. These included 6 data
points from the F2 population (for SVL at 5,10, and 16 weeks, SL at 5 weeks, SW at 5 weeks,
and SL at 10 weeks), 1 data point from the WSB population (ZL at 16 weeks), and 3 data points

from the GI population (FMD at 5 weeks, MC at 5 weeks, ZL at 10 weeks).

Genotyping

All mice were genotyped using the Mega Mouse Universal Genotyping Array
(MegaMUGA, Geneseek, Lincoln NE). The MegaMUGA is an [llumina array platform
containing approximately 77,800 markers. Most of these markers are single nucleotide
polymorphisms (SNPs), although some are structural variants and transgenic markers. The
markers are densely and relatively evenly spaced at 33kb across the genome, found across all
autosomes, sex chromosomes and the mitochondria. This array was designed in order to
maximize the number of informative markers for the Collaborative Cross (Aylor et al. 2011;
Threadgill and Churchill 2012), the diversity outbred cross (Svenson et al. 2012), and wild house
mouse populations (Churchill et al. 2004; Collaborative Cross Consortium 2012). The
Collaborative Cross features eight parental strains, one of which is WSB. Liver tissue from all
F2s and the parents of the cross were sent to Geneseek (NeoGene Corporation, Lincoln, NE) for
DNA extraction and genotyping. A total of 1,536 samples were sent, including controls and
samples from mice that died before reaching 16 weeks of age.

Multiple controls were used for DNA extraction and genotyping in order to identify

technical and biological errors. Liver tissue was organized into 16 (96 well) plates in such a way
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to minimize array batch effects on related sets of samples. Tissue from WSB was placed in
identical wells on every plate to account for plate extraction effects. The four GI parental
samples were replicated four times each across the 16 plates. Replicate samples of the first well
of each plate were placed in a random well and run on different arrays.

We examined the genotypes for technical, biological, and data entry errors. We omitted
markers that were not informative in the crosses and those with high levels of missing data. We
removed a few individuals with high levels of missing data. We also removed a small number of
individuals that had large numbers of Mendelian inconsistencies or mismatched sex, which was
most likely unresolved sample mix-ups. Following these initial screens, the cleaned data
included the four GI parents of the crosses, 70 F1 individuals, 1,346 F2 individuals, and 33,191
markers. In all subsequent analyses, we focused on a subset of 11,833 markers that were fixed in
the four GI parents and therefore segregated as in a standard F2 intercross between inbred lines.
We estimated inter-marker genetic distances assuming a genotyping error rate of 0.2% and
converted estimated recombination fractions to map distances with the Carter-Falconer map

function (Carter and Falconer 1951).

Single-trait QTL analysis

Single-trait QTL analysis was performed using Haley-Knott regression (Haley and Knott
1992) on a 0.5 cM grid across the genome, as implemented in R/qtl (Broman and Sen 2009).
Analysis was conducted separately for each of the 16 skeletal traits at 5, 10, and 16 weeks with
sex, mother, and observer as additive covariates. Genome-wide significance thresholds were
determined by permutation (Churchill and Doerge 1994), with adjustments for the X

chromosome (Broman et al. 2006). Numbers of permutations were 47,840 and 946,400 for the
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autosomes and the X chromosome, respectively. A QTL was considered significant if its
maximum LOD score met a 5% genome-wide significance threshold.

Additional single-trait scans were performed on F2s using two different methods to
control for effects of body size on each skeletal trait: (1) by using relative skeletal sizes as our
traits and (2) by treating body weight as an additive covariate in the model. Relative skeletal size
was calculated by dividing each skeletal trait by the cube root of body weight for each individual

(trait/body weight’>?

) and is referred to as the shape ratio (Mosimann 1970; Jungers, Falsetti, and
Wall 1995). The use of shape ratios accounts for the isometric component of body size, while
maintaining allometric (size-correlated) shape and non-allometric (size-independent) shape.

Alternatively, the treatment of body weight as a covariate accounts for both isometric shape and

allometric shape, leaving non-allometric shape.

Genetic effects

QTL effects were measured using both additive and dominance effects. Additive effects
were calculated as half the difference in genotype means between the GI and WSB homozygotes.
Dominance effects were calculated as the difference between the genotypic mean of the GI/WSB
heterozygote and the average genotypic mean of the GI and WSB homozygotes. In order to
compare effects across traits and time points, additive effects were standardized by dividing by
the phenotypic standard deviation. Dominance effects were standardized by dividing the
dominance effects by the additive effects (d/a). These ratios can be broken down into broad
categories defined in Kenney-Hunt ef al. 2006. Strong overdominant QTL are defined by having
d/a ratios > 2.5. A QTL is considered to be overdominant when d/a is between 1.5 and 2.5. GI is

considered to be dominant to WSB when d/a is between 0.5 and 1.5. A QTL is considered
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codominant when d/a is between -0.5 and 0.5. WSB i1s considered to be dominant to GI when d/a
is between -0.5 and -1.5. A QTL is considered to be underdominant when d/a is between -1.5 and

-2.5. Strong underdominant QTL are defined by having d/a ratios <-2.5.

Phenotypic correlations

Pearson product moment correlations were calculated for each pair of the 16 skeletal
traits and body weight at 5, 10, and 16 weeks. Correlations of each trait with itself at different
time points were also calculated. We observed significant trait correlations across the skeleton
(see Results), raising the prospect that joint analysis of multiple traits could provide additional
insights into genetic architecture. When traits are correlated, multi-trait mapping increases the
power to detect QTL and increases the precision of estimated QTL location (Jiang and Zeng
1995; Knott and Haley 2000).

To form trait sets for multi-trait mapping, we fit the phenotypic correlations to models we
developed (see Table S2.6) based on well-established knowledge of mouse developmental and
functional processes, including temporal patterning of the prenatal skeleton (Shubin, Tabin, and
Carroll 1997; Wellik and Capecchi 2003), germ layer and cell type origins (Jiang et al. 2002;
Morriss-Kay; Jeong et al. 2004; Gross and Hanken 2008; Yoshida et al. 2008), orthogonal
patterning of skeletal axes (Wellik and Capecchi 2003; Carapugo et al. 2005), and effects of
mechanical load on limb elements (Rauch 2005). Each model was composed of non-overlapping
sets of skeletal traits partitioned into hypothesized modules. The best-fitting model was selected
using MINT (Marquez 2008), which calculates a goodness of fit statistic y* that measures the
similarity between expected and observed covariance matrices. Models were ranked based on

their y* value, and support for rankings was measured by jackknifing.
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Joint mapping of multiple skeletal traits

In light of the correlations between skeletal dimensions across F2s, we used two
approaches to map QTL for sets of traits. First, we performed principal component analysis
(PCA) on the full set of 16 measurements in the F2 population using the prcomp function in R
(Mardia, Kent, and Bibby 1979; R Core Team 2016). Separate analyses were conducted for each
time point (5, 10, 16 weeks). We used single-trait QTL mapping to search for QTL for each of
the 16 principal components; we report results for PC1 and PC2. QTL significance thresholds
were established using permutation tests (1,000 replicates and 18,736 replicates for the
autosomes and the X chromosome, respectively).

We used multi-trait QTL analysis as a second method to identify loci that affect suites of
traits, as implemented in R/qtlpvl (Tian and Broman 2015). Separate analyses were performed on
trait sets delineated using two criteria: (1) overlapping 1.5 LOD intervals in single-trait QTL
analyses (Figure 2.3 and Table S2.3), and (2) membership in the same modules of best-fitting
models from MINT analyses of phenotypic correlations (Table S2.6). Multi-trait mapping used
the same genotype probabilities, informative markers, and covariates used in single-trait QTL
analyses. QTL significance thresholds were established using permutation tests (1,000 replicates

and 18,736 replicates for the autosomes and the X chromosome, respectively).

Tests for pleiotropy
To evaluate whether each QTL associated with multiple traits reflected the action of a
single pleiotropic locus or two linked loci, we conducted a statistical test for pleiotropy, as

implemented in R/qtlpvl (Tian and Broman 2015; Tian et al. 2016.).The test was performed



31

separately on two datasets: (1) QTL for skeletal traits from single-trait analyses and QTL for
body weight from Gray et al. 2015 that have overlapping 1.5 LOD intervals, and (2) QTL for
traits within each module of the most supported models from MINT analyses. In this framework,
the null hypothesis (Hy) is that one QTL controls all traits (pleiotropy) and the alternative
hypothesis (H;) is that two linked QTL control the traits (linkage), with each trait affected by one
of the two QTL. Multiple-trait QTL mapping was first performed under a single-QTL model, Hy.
Then a two-dimensional scan over the chromosome was performed, with a two-QTL model, H;,
with each trait being affected by one or the other QTL. This involved an approximation in which,
rather than consider all possible allocations of the traits to the two QTL, the traits were sorted
based on their estimated QTL location, when considered individually, and then each possible
cutpoint of this list was considered. Each possible cutpoint split the traits into two groups
affected by the two different QTL. The test statistic LOD,,; was calculated by subtracting the
LOD score of H; (maximizing over both QTL positions and the split of the traits into two
groups) from the LOD score of Hy (maximizing over QTL position). A p-value for the test of Hy
was calculated by a parametric bootstrap, with a large p-value indicating that the data are

consistent with pleiotropy (Hy).
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Results

Phenotypic variation

GI mice have larger skeletons than WSB mice across postnatal development, with all but
one trait (height of the cranial vault at 16 weeks) showing significant expansions at all three time
points (t-test; maximum P-value=0.005; Figure 2.2 and Table S2.1). GI and WSB mice were
raised in the same environment on a common diet; as a result, most differences should be genetic
in origin. Averaging across traits, the GI skeleton is 14-15% (5, 10 weeks of age) and 12% (at 16
weeks of age) larger than the WSB skeleton. Tibia midshaft diameter (TMD) shows the greatest
proportional differences between GI and WSB (24% larger in female GI mice at 5 weeks of age
and 22% larger in male GI mice at 10 weeks of age). Substantial divergence is also seen in the
humerus and pelvis in females and in the humerus, pelvis, and femur in males (>17% larger in
Gl averaged across 5, 10, and 16 weeks of age).

Some of the skeletal differences between GI and WSB mice represent changes in shape.
The width and depth of the skull show the smallest difference between GI and WSB, exhibiting
only a 3-6% increase in GI mice, whereas the skull is 12-15% longer in GI mice. Both humerus
and femur lengths show proportionally greater expansion in GI than their respective diameters
late in postnatal development (Figure 2.2). Ratios of hindlimb to forelimb lengths (intermembral
indices) and humerus to femur lengths (humerofemoral indices) are similar in GI and WSB mice.
In contrast, brachial and crural indices are smaller in GI mice, indicating disproportionate
expansion of proximal vs. distal limb elements relative to WSB (Table 2.1).

The majority of the skeleton increases in size across postnatal development in both GI
and WSB mice (Table S2.2). More skeletal elements show significant increases in size between 5

and 10 weeks than between 10 and 16 weeks of age. In house mice, males are typically larger
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than females (Snell 1941). Although body weight and growth rate are sexually dimorphic in GI
mice (Gray et al. 2015), not all GI skeletal elements show statistically significant differences in
size between the sexes (see Figure 2.2). However, for all traits there are at least some small
differences in the means between the sexes, with male averages exceeding female averages.

The trait means of the F1 population from the GI and WSB intercross are closer to the GI
means than the WSB means (data not shown). The trait means of the F2 population from the GI
and WSB intercross are intermediate compared to the parents (Figure 2.2). All 16 skeletal traits
follow normal and continuous distributions (Figure S2.2). All but two skeletal traits (height of
the cranial vault at 5-10 weeks, metatarsal and calcaneus length at 10-16 weeks) in the F2
population show significant increases in size over postnatal development (t-test; maximum P-

value=0.016).

Single-trait QTL mapping

A total of 208 QTL are identified across 16 skeletal traits and three time points (Figure
2.3 and Table S2.3). Multiple QTL are detected for all traits, with the exception of humerus
midshaft diameter (HMD) and proximal tibia width (PTW) at 5 weeks of age. Nineteen of the 20
chromosomes contain at least one significant QTL for at least one time point. A large proportion
of QTL for different traits co-localize, based on overlapping confidence intervals. Over half of
all QTL are found on chromosomes 4, 7, 10, and 15, and span the entire skeleton, from skull to
hindlimb. These highly co-localizing QTL are potentially pleiotropic and may act as global
regulators of growth.

Effects of some QTL are restricted to specific regions of the skeleton (Figure 2.3),

including the skull, femur, and other hindlimb elements. Numbers of QTL are similar across the
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three time points (69, 73, and 66 QTL at 5, 10, and 16 weeks of age, respectively). Although
QTL on chromosomes 4, 7, 10, 11, and 15 are often found across all three time points, other
QTL are mostly or entirely restricted to one time point. QTL on chromosomes 2, 5, 6, 13, 18, and
X for hindlimb diameters (PTW, HMD, FMD) are not identified at early time points, suggesting
these loci contribute to variation in size occurring later in postnatal development. In contrast,
QTL on chromosome 16 (contributing to variation in skull widths and hindlimb lengths)
disappear with age, suggesting these loci confer early growth differences between the two
strains. There is a relative paucity of QTL for limb diameter traits, likely due in part to low
repeatability. Because these traits are very small (< 1mm), they are more difficult to measure.
Consistent with this idea, we observed higher standard deviations for limb diameter traits
compared to longer measurements (data not shown).

Standardized additive and dominance effects for all QTL are illustrated in Figure 2.4.
Additive effects are small to moderate, ranging from 9% to 23% of the mean phenotypic
differences between GI and WSB mice. The largest additive effect is 0.48 mm for skull width
(SW; chromosome 10 QTL at 10 weeks). Average values across traits of the standardized
additive effect are also small: 0.23, 0.23, and 0.29 mm at 5, 10, and 16 weeks of age,
respectively. The GI allele is associated with skeletal expansion at most QTL (93%); exceptions
are primarily QTL for widths and diameters.

Inspection of standardized dominance values (d/a) reveals that the majority (63%) of
QTL are codominant (d/a between -0.5 and 0.5). No QTL exhibit strong overdominance. The
largest d/a ratio is 1.9 for the diameter of the tibia (TMD) QTL on chromosome 6 at 16 weeks of
age; this is the only case of GI overdominance (d/a between 1.5 and 2.5). The GI allele is at least

partially dominant (d/a between 0.5 and 1.5) at 6% of QTL. In contrast, WSB dominance (d/a
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between -0.5 and -1.5) is seen at 27% of the QTL. Only five QTL show values consistent with
underdominance (d/a between -1.5 and -2.5) or strong underdominance (d/a < -2.5) of WSB
alleles. The lowest d/a ratio (-3.2) is for the sacral vertebrae length (SVL) QTL on chromosome
15 at 16 weeks of age.

Accounting for body weight has disparate effects across QTL (Table S2.4). Many QTL
are no longer significant, including loci on chromosomes 7, 10, 11, and 15. Some QTL are
maintained, most of which map to chromosomes 4 and 14 and underlie pelvic and hindlimb
traits. New QTL are identified in both weight-adjusted scans; many of these QTL also map to
chromosome 14 and contribute to pelvic and hindlimb dimensions. Results depend on the
method used to account for weight. QTL for skull and hindlimb traits on chromosome 7 are both

maintained and acquired when shape ratios (trait/body weight"**

) are used, but not when body
weight is used as a covariate. QTL for skull and hindlimb traits on chromosomes 3 and 10 are
maintained and acquired when body weight is used as a covariate, but not when shape ratios are
used. Although there are some differences in results across the 5, 10, and 16 week time points,
the overall patterns in the weight-adjusted scans remain similar, both in the traits involved and
the chromosomal positions of QTL.

As a preliminary examination of epistasis, we tested for interactions among all pairs of
single-trait QTL identified for each skeletal trait using the add.int function in R/QTL (Broman
and Sen 2009). Out of the 430 tested QTL pairs, only 20 (5%) show a statistically significant

interaction at the uncorrected P<0.05 threshold, consistent with what we would expect based on

chance alone.

Phenotypic correlations
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Most pairs of skeletal traits are positively correlated in the F2s (Figure 2.5). High
correlations are observed between measurements of the skull, pelvis, and hindlimb (absolute
average Pearson’s r value = 0.54, 0.69, 0.62 at 5, 10, and 16 weeks, respectively; maximum P-
value = 2.2¢™'). Humerus length (HL) shows the most divergent pattern: weaker than average
correlations with many traits and strong negative correlations with a few traits (absolute average
Pearson’s  value across time points = 0.19; maximum P-value = 2.2¢™'°). Body weight is also
highly correlated with all skeletal traits. Although correlation patterns are similar across the three
time points, there are notable differences. The correlation between humerus length (HL) and the
mid-shaft diameter of the humerus (HMD) changes during development, starting at 5 weeks as a
positive correlation and ending at 16 weeks as a negative correlation (5 weeks: Pearson’s r =
0.11; P-value = 0.001; 10 weeks: Pearson’s » = -0.004; P-value = 0.875; 16 weeks: Pearson’s r =
-0.08; P-value = 0.012). The correlation between the midshaft diameter of the femur (FMD) with
both the midshaft diameter of the humerus (HMD) and ulna length (UL) increases during
development. Intra-trait correlations across pairs of time points are high and positive (Table
S2.5). The earliest and latest time points (5 and 16 weeks) show a lower correlation compared to
the correlations among consecutive time points.

Analyses of phenotypic correlations using MINT reveal evidence for modularity (non-
random trait groupings) across the skeleton (Table S2.6). Overall, the null hypothesis of
independence among traits fits the data poorly. Modules based on developmental timing (H;)
show the best fit at 5 and 10 weeks of age. In contrast, modules that separate the skeleton into
axial and appendicular components (H3) receive the most support at 16 weeks. Limb-specific
analyses also support modularity. For models Hy-Hs, the limb length versus diameter model (Hy4)

fits best for all three time points.
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Principal component analyses

Principal components 1 and 2 collectively explain more than half of F2 skeletal variation
at each age. (Figure S2.3A). Four QTL (on chromosomes 4, 7, 10, and 15) contribute to PC1 at
all three time points. Two lines of evidence suggest that these loci are involved in global size
expansion. First, they overlap with the QTL that affect the largest number of traits. Second, PC1
scores are highly positively correlated with body weight (Pearson’s r = 0.78; P <0.0001),
whereas PC2 scores are weakly correlated with body weight (r =-0.10; P = 0.003). A single QTL
(on chromosome 4) contributes to PC2 across time points (Figure S2.3B). This locus overlaps
with QTL that are maintained in analyses adjusted for body weight, suggesting that it contributes

to the evolution of shape.

Multiple-trait QTL mapping

Multi-trait QTL mapping identifies QTL that are not found in single-trait mapping or
principal component mapping, including loci that affect the skull, pelvis, and limb lengths (Table
S2.7). Overall, LOD scores are higher and confidence intervals are narrower than in single-trait
scans. Otherwise, multi-trait and single-trait analyses reveal similar genetic properties in terms of
QTL co-localization across traits and temporal variation in QTL activity (Table S2.7 and Table

S2.8).

Pleiotropy vs. linkage
All but one of the co-localizing skeletal QTL from single-trait analyses and body weight

QTL from Gray et al. (2015) are consistent with pleiotropic models at 5 and 10 weeks of age
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(Table 2.2). Although additional QTL fit linkage models at 16 weeks, most QTL support
pleiotropic models at this age as well. These results again suggest that co-localizing QTL are
global regulators of growth rather than contributors to specific skeletal elements. Results for
skeletal modules from multi-trait mapping are similar (Table S2.9). For whole-skeleton modules,
pleiotropy is rejected for only 16 and 10 percent of QTL at 5 and 10 weeks of age, respectively
(maximum P < 0.03). Support for linkage is greater at 16 weeks of age (30%; maximum P <
0.03). Limb-specific modules exhibit similar patterns (Table S2.9). These results raise the
prospect that the majority of detected QTL control more than one trait within a given module. In
cases where pleiotropy is rejected, it is possible to infer which traits are affected by each of the
two linked QTL. For example, for the QTL on chromosome 4 for the hindlimb module at 5

weeks, a partitioning of limb length and diameter elements is inferred (Table S2.9).
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Discussion

We uncovered pronounced skeletal evolution in GI mice. The entire GI skeleton
expanded. Heterogeneity in the degree of expansion gave rise to anatomically local patterns of
divergence, including a relatively longer and narrower skull and an elongation of proximal vs.
distal elements of the limbs. Our genetic portrait of skeletal evolution in GI mice adds to a
growing list of studies that reveal the genetic basis of rapid evolution in novel environments
(Shapiro et al. 2004; Cresko et al. 2004; Colosimo et al. 2005; Hoekstra et al. 2006; Abzhanov et
al. 2006; Pool and Aquadro 2007; Gray et al. 2015). We found QTL underlying global skeletal
divergence. Over half of all QTL are located on only four chromosomes and contribute to
variation in traits spanning the entire skeleton. In addition, we found QTL responsible for
changes to specific elements.

The extensive co-localization of QTL for many traits raises the intriguing prospect that a
modest number of genetic changes were responsible for the expansion of the GI mouse skeleton.
Skeletal QTL on chromosomes 1,4, 6,7, 8,9, 10, 11, 15 and 16 co-localize with all but one of
the QTL for body weight and growth rate discovered in the same cross (Gray et al. 2015), and
co-localized loci show evidence of pleiotropy. This genetic architecture could facilitate
morphological evolution across the body (Cheverud 1984; Roff 1997), with natural selection to
increase body size generating correlated expansions of the skeleton. For example, pleiotropy has
been hypothesized to enable rapid phenotypic divergence among dog breeds (Chase et al. 2002).
At the same time, our inference of pleiotropy should be viewed with caution. The power to
distinguish pleiotropy from linkage is constrained by mapping resolution, which is relatively low

in an F2 intercross.
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By incorporating body weight into our genetic analyses, we were able to disentangle QTL
effects on skeletal shape from QTL effects on overall body size. Skeletal QTL on chromosomes
7, 10, and 15, largely disappear after adjusting for body weight, suggesting that these loci act as
global regulators of growth rather than affecting local skeletal traits. Allometric shifts in GI mice
to a relatively long and narrow skull and to relatively elongated proximal limb elements are also
captured by the genetic analysis using body weight as a covariate.

These alterations in skeletal size and shape may have functional consequences. The
elongated skull — a feature that is atypical for house mice (Samuels 2009) — could indicate a shift
toward a more specialized diet. Carnivores and insectivores sometimes exhibit an elongated
rostrum (Samuels 2009), and GI mice eat birds and a variety of invertebrates (Jones, Chown, and
Gaston 2003). Changes in limb proportions are likely to affect locomotion. Mammalian species
living in open habitats have relatively long femurs (Brown and Yalden 1973; Herrel et al. 2002),
a characteristic that can facilitate running (Samuels and Van Valkenburgh 2008). Mice on Gough
Island experience an open habitat compared to mainland mice, which primarily live in and
around human structures. Functional and ecological studies will be required to test these
hypotheses.

Some of the results highlight differences between the skull and postcranium. The most
severe shape changes are found in the skull. Some QTL act only (chromosomes 17 and 19) or
primarily (chromosomes 3 and 6) in the skull. Skull width and depth likely completed growth by
5 weeks of age; early growth differences between GI mice and WSB could be reflected in QTL
specific to 5 weeks. An example is the chromosome 16 QTL that controls the width of the skull
at 5 weeks, but is not detected at 10 and 16 weeks. The skull length measurement includes both

the length of the braincase and the length of the face. Combining these early and late growing
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regions in one measurement might have reduced power to detect QTL. Measuring the
craniofacial region with higher resolution is an important goal for future genetic studies of
skeletal evolution in GI mice.

Evolution of the GI mouse skeleton appears to have been highly integrated. The
similarity of phenotypic correlations across time points suggests that skeletal modules are largely
determined by 5 weeks of age and that timing during prenatal development is a key component
of inferred modules. For the whole skeleton, our results are consistent with processes observed in
a variety of mammals, with skeletal development proceeding first along the proximal-distal axis,
followed by development along the appendicular axis (Bronner, Farach-Carson, and Roach
2010). For limb traits, lengths appear to form distinct clusters from diameters. This pattern may
also reflect developmental timing, since long bone lengths develop first at the epiphyseal plate
with the addition of bone tissue, followed by thickening of bone via appositional growth
(Pourquié 2009). Our results indicate that the joint consideration of suites of skeletal traits based
on their phenotypic correlations and developmental origins leads to better connections between
QTL and potential biological mechanisms.

Similar genetic studies in laboratory populations of house mice and in wild populations
of other vertebrates provide illuminating comparisons to skeletal evolution in GI mice. The LG
(Large) and SM (Small) strains of mice were artificially selected for body size, resulting in a >20
gram disparity in adult body mass (Goodale 1938; Goodale 1941; Macarthur 1944). Skeletal
differences that arose as correlated responses to selection were mapped (Cheverud et al. 1996;
Vaughn et al. 1999; Leamy, Routman, and Cheverud 1999; Klingenberg et al. 2001a;
Klingenberg and Leamy 2001; Kenney-Hunt et al. 2006; Kenney-Hunt et al. 2008; E. Norgard et

al. 2008; Sanger et al. 2011; Norgard et al. 2011). A subset of nine common measurements
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collected at the same age (10 weeks) enables comparison to our results, including skull (SW,
ZW, HCV), pelvic (SVL), forelimb (UL), and hindlimb (FL, TL) traits (Kenney-Hunt et al.
2008). Fourteen percent of QTL for seven of the nine traits from the LGxSM cross overlap with
the GIxXWSB cross. For example, QTL on chromosomes 3, 4, 7, 10, and 15 are identified in both
crosses and exhibit similar additive and dominance effects. This sharing is disproportionately
driven by loci that are pleiotropic. Although wide confidence intervals on QTL location raise
caution in interpreting this pattern, it suggests that a small subset of the detected genetic changes
could involve the same biological pathways, genes, and/or mutations. Distributions of
standardized additive effects across all QTL (shared and unshared) are similar in the two studies,
implying that artificial and natural selection acted on mutations with common properties.
Nevertheless, the observation that most QTL locations appear to be distinct suggests that the
evolution of large size in GI and LG mice mostly involved different genes.

The threespine stickleback, Gasterosteus aculeatus, a target of extensive genetic studies
of skeletal evolution, also provides useful context for our findings. Sticklebacks that recently
adapted to new freshwater environments diverged in skeletal morphology, including bony plate
armor loss and pelvic reduction (Peichel et al. 2001; Shapiro et al. 2004). In contrast to skeletal
evolution in GI mice, changes in both skeletal variants (e.g. bony lateral plate number, gill raker
number, and presence/absence of bony plates) and some continuous traits (e.g. spine length,
pelvic size, and bony plate size) involve loci with substantial phenotypic effects (Peichel et al.
2001; Colosimo et al. 2004; Cresko et al. 2004; Shapiro et al. 2004; Berner et al. 2014).
However, genetic studies of smaller components of stickleback morphology have found
hundreds of QTL with small to moderate effects (Miller et al. 2014; Conte et al. 2015).

Therefore, some skeletal traits in stickleback display genetic properties distinct from those
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observed in GI mice, but the breakdown of stickleback skeletal morphology into smaller
components reveals a similar evolutionary trajectory involving many mutations of modest effect.
Finally, our results speak indirectly to the evolutionary causes of skeletal divergence in
GI mice. Evolution of the skeleton was presumably rapid and occurred in a new environment,
observations consistent with natural selection as a primary evolutionary mechanism. The finding
that QTL alleles from GI mice increase skeletal size in almost all cases suggests that natural
selection targeted the skeleton or a correlated trait (Orr 1998). Body weight and body condition
of GI mice correlate with overwinter survival, and mice that prey upon nestling seabird chicks
maintain higher body weights during the winter season (Cuthbert et al. 2016). These patterns
raise the prospect that natural selection targeted overall body size in GI mice, driving substantial

and rapid evolution of the skeleton.



Abbrev. Trait Description
Skull traits
SL Skull length Length from occipital crest (inion) to
nasal bone
SW Skull width Maximum skull width across parietal
bones
ZW Bi-Zygomatic width Maximum width of skull across
zyogmatic arches
ZL Zygomatic length Maximum length of zygomatic arch
HCV  Height of cranial vault Superior point of parietal bone to
inferior of tympanic bulla
Forelimb traits
HL Humerus length Capitulum to head of humerus

HMD  Humerus midshaft diameter Shaft diameter taken at midpoint of HL
UL Ulna length Styloid process to olecranon process
Hindlimb traits
FL Femur length Head of femur to femoral condyle
FMD  Femur midshaft diameter Shaft diameter taken at midpoint of FL
TL Tibia length Head of tibia to lateral malleolus
TMD  Tibia midshaft diameter Shaft diameter taken at midpoint of UL
PTW  Proximal tibia width Maximum width of proximal epiphysis
MC Metatarsal-calcaneal length  Distal calcaneus to distal |l metatarsal
. Pelvic traits
-PGL  Pelvic girdle length llliac crest to ischial tuberosity
JSVL Sacral vertebrae length Maximum length of sacral vertebrae

Figure 2.1 X-ray image of mouse skeleton and locations of phenotypes.

An X-ray image illustrating the size comparison of a Gl mouse (left) and a WSB mouse (right) at 16 weeks of age. (B) Locations of
skeletal traits on an X-ray image taken from a dorsal view. (C) Location of the height of the cranial vault (HCV) on an X-ray image

taken from a lateral view. The right panel lists the 16 skeletal traits measured,

each ftrait.

and includes names, acronyms, and descriptions of
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Figure 2.2 Phenotypic distributions of skeletal traits

Phenotypic distributions of 16 skeletal traits (in millimeters) for female (pink) and male (blue) WSB, female (orange) and male (green)
Gl, and female (gray) and male (black) F; animals at 5, 10, and 16 weeks of age. Gl and WSB data are represented as scatter plots

and F, data are represented with box plots.
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Figure 2.3 Genomic intervals of QTL for skeletal measurements

Genomic intervals (in megabases) of all significant QTL for 16 skeletal measurements at 5 (in blue), 10 (in pink), and 16 (in green)
weeks of age. Tick marks indicate the maximum LOD of the QTL. Confidence intervals are the 1.5 LOD intervals.
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Figure 2.4 Standardized additive and dominance effects

Standardized (A) additive (a/o) and (B) dominance (d/a) effects of skeletal trait QTL for 16 skeletal traits at 5 (in blue), 10 (in pink),
and 16 (in green) weeks of age.
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Figure 2.5 Phenotypic correlations among skeletal traits
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Pearson product moment. A positive correlation is represented in blue, and a negative correlation is represented in red. The depth of

color indicates the strength of the correlation.
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Table 2.1 Shape evolution in Gl mice

F 5 week F 10 week F 16 week M 5 week M 10 week M 16 week
Shape Index WSB Gl WSB Gl WSB Gl WSB Gl WSB Gl WSB Gl
Intermembral index 723 720 70.9 70.6 70.6 70.6 73.0 71.3 72.5 71.7 72.4 73.9
Humerofemoral index 68.0 70.7 66.6 67.2 70.3 73.9 70.3 70.3 71.4 69.7 74.3 75.5
Crural index 118.8 1174 117.3 1126 1146 108.2 118.0 116.5 1176 1125 111.2 107.0
Brachial index 1325 1215 131.6 123.3 115.6 104.1 126.4 1194 121.0 118.8 106.0 102.4

Shape index values for Gl and WSB mice for females (F) and males (M) at 5, 10, and 16 weeks of age. The intermembral index is
the ratio of the forelimb to hindlimb [(HL + UL)/(FL + TL) x 100], the humerofemoral index is the ratio of proximal elements of the limb
[(HL/FL) % 100], the crural index is the ratio of distal to proximal elements of the hindlimb [(TL/FL) x 100], and the brachial index is
the ratio of distal to proximal elements of the forelimb [(UL/HL) x 100].
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Table 2.2 Tests of pleiotropy vs. close linkage

Wk Chr  Traits with overlapping QTL p LOD QJ(')‘; QJ(')‘; QTL 1 traits QTL 2 traits
5 1 SL,UL,PGL,SVL,FL,TL,MC, BW 013 12.0 73.7
3 SW,ZW,BW 0.52 6.3 58.3
4 SL,ZL,UL,PGL,SVL,FL,FMD,TL,MC,BW <0.01*  24.7 93.6 133.0 SL,ZL,UL,PGL, FMD
SVL,FL,TL,MC,
BW
7 SL,ZW,HL,UL,PGL,SVL,FL,TL,MC,BW 096 17.0 146.0
10P HCV,HL,BW 0.22 6.4 1194
10D SL,SW,ZW,ZL,HCV,PGL,SVL,FL,TL,PTW,MC,BW 095 27.5 1248
11P  PGL,SVL,FL,MC,BW 0.23 8.1 19.3
11D FMD,TL,TMD,BW 0.19 16.8 96.5
12 FL,TL,BW 0.16 5.5 75.6
14 FMD,TL,MC,BW 0.87 7.9 71.9
15 SL,ZW,HCV,HMD,UL,FL,TL,TMD,BW 0.81 11.6 48.7
16 SL,ZW,SVL,FL,TL,BW 0.23 9.5 21.9
17 SW,HCV,BW 0.86 5.6 49.8
10 1 UL,PGL,SVL,TL,MC,BW 0.07 6.9 159.6
3 SW,ZW,ZL,HCV,TMD,BW 036 12.7 49.7
4 SL,ZL,HL,UL,PGL,SVL,FL,TL,PTW,MC,BW 0.38 24.0 1041
7 SL,ZW,UL,PGL,SVL,FL,FMD,TL,MC,BW 0.25 14.9 95.4
10 SL,SW,ZW,ZL,HCV,HMD,PGL,SVL,TL,PTW,MC,BW 097 26.5 120.8
11 SL,HL,PGL,SVL,FL,MC,BW 0.06 6.8 19.3
12 ZW,FMD,TL,BW 0.02* 8.7 27.7 79.8 ZW,FMD TL,BW
14 FMD,TL,MC,BW 0.06 6.0 40.0
15 SL,SW,ZW,ZL,HCV,HMD,UL,PGL,FL,TL,TMD,PTW,BW 0.10 16.2 51.5
16 1 SVL,MC,BW 0.04* 6.1 136.2 170.1 MC SVL,BW
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3
4
6
7
10
11

12
15

FL,FMD,BW 0.01*
SW,HCV,BW 0.19
SL,ZL,UL,PGL,SVL,FL,TL,MC,BW <0.01*
ZW, TMD,BW 0.03*
SL,ZW,HMD,UL,PGL,SVL,FL,FMD,TL,BW 0.34
SL,SW,ZW,ZL,HCV HL,PGL,SVL,TL,PTW,MC,BW 0.58
SL,PGL,SVL,FL,MC,BW 0.66
SVL,TL,BW 0.16
SL,SW,ZW,ZL,HCV,HMD,UL,SVL,FL,PTW,BW 0.38

10.4
7.1
32.2

9.1
16.9
26.5

7.6

4.1
14.6

120.7
47.7
86.5

46.2
95.4
121.2
16.8
98.9
51.5

161.3

105.0

82.0

FL,BW
UL, TL,BW

ZW,BW

FMD

SL,ZL,PGL,
SVL,FL,MC
TMD

Tests for the rejection of pleiotropy (Hp) for sets of QTL for skeletal traits from single-trait analyses and QTL for body weight

(from Gray et al. 2015) that have overlapping 1.5 LOD intervals. QTL positions (in megabases), LOD scores, and P-values (P) are
provided for each set of QTL on a given chromosome (Chr). A large P-value indicates that the data are consistent with the pleiotropic
model (Hp). An asterisk indicates statistical significance to reject pleiotropy (Hp), providing support for a model of close linkage. If
linkage is supported, QTL 1 and QTL 2 positions, along with the partitioning of traits affected by each of the two linked QTL, are
listed. Please see right panel in Figure 2.1 for the 16 skeletal traits measured, including names, acronyms, and descriptions of each

trait
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Abstract

Islands often facilitate rapid evolution of organismal morphology, providing a rich
resource for studying phenotypic evolution. In vertebrates, examples of island evolution often
involve changes in the skeleton, including the mandible. Due to its important role in organismal
function, such as feeding and predation, changes to mandibular morphology could have
important implications to the performance and fitness of the organism. There have been
extensive comparative studies on mandibular morphology on islands, particularly in the house
mouse Mus musculus domesticus. However, little is known about the genetic basis and functional
morphology of mandibular evolution on islands. We utilized house mice from Gough Island, an
emerging model for rapid evolution of extreme size, to genetically and functionally characterize
mandible evolution in a natural context. Gough Island mice are the largest wild house mice in the
world and display pronounced changes in skeletal size and shape. Compared to a mainland
reference strain from the same subspecies (WSB/EiJ), we found that Gough Island mice exhibit
an expansion of the mandible. We also found significant shape change in the mandible, including
the narrowing of the mandible and widening of the condyle. Through biomechanical tests of jaw
performance, Gough Island mice deliver relatively larger bite forces than WSB/EiJ. The relative
increase in load resistance traits is predicted to be functionally associated with the increase in
bite force. Quantitative trait locus (QTL) mapping in a F, intercross between Gough Island mice
and WSB/E1J identified QTL underlying mandible traits within particular mandible regions. Two
QTL affecting a suite of mandible traits were identified, consistent with an important
contribution of pleiotropy to the global regulation of mandible growth. We provide evidence for

QTL underlying variation in mandible shape distinct from those identified for mandible size. By



57

combining functional morphology and quantitative genetic techniques, this study provides a rare

insight into rapid morphological evolution on islands.
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Introduction

Islands have environments and conditions distinct from mainland habitats, including
changes in resource availability, diet, and predation (Losos and Ricklefs 2009). These shifts can
facilitate rapid and extreme evolution of morphological traits in insular populations (Losos et al.
1997; Scott et al. 2003; Millien 2006; Kirchman 2009). Morphological traits determine how an
organism interacts with its environment, and are therefore potentially important targets of natural
selection. How morphological traits evolve in nature is of major interest to biologists, however
its genetic basis remains poorly understood.

Rapid changes in morphology on islands have been documented extensively across
mammalian taxa, including body size (Foster 1964; Case 1978; Adler and Levins 1994;
Lomolino 2005; Meiri, Dayan, and Simberloff 2005; Raia and Meiri 2006; Thomas, Meiri, and
Phillimore 2009; Lyras, van der Geer, and Rook 2010; Millien 2011) and skeletal traits (Berry
1964; Sondaar 1977; Pergams and Ashley 2001; Brown et al. 2004; Shapiro et al. 2004;
Colosimo et al. 2005; Parmenter et al. 2016, see Chapter 2). Many of these studies have focused
on the mandible due to its importance to organismal function (Herring 1993). The mandible
plays a vital role in food processing (Albertson et al. 2005; Michaux, Chevret, and Renaud 2007;
Leandro R Monteiro and Nogueira 2010; Parsons, Marquez, and Albertson 2012) and predatory
behaviors (Therrien 2005; Meloro et al. 2011). Island environments present suites of differences
that could facilitate the evolution of the mandible, including shifts in food resources (Losos and
Ricklefs 2009). Mandible morphology could potentially be shaped by selective pressures unique
to the island environment. Changes to mandibular morphology could have important

implications to the function, performance, and fitness of the organism (Babiker and Tautz 2015).
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Divergence of mandible form has been well documented in island populations of house
mice and other Murine rodents (Berry 1964; Berry and Jakobson 1975a; Berry, Peters, and Aarde
1978; Davis 1983; Berry 1986; Scriven and Bauchau 1992; Michaux, Chevret, and Renaud 2007,
Renaud and Auffray 2010; Babiker and Tautz 2015). This is in part due to their widespread
distribution and successful colonization of a diverse array of island environments (Bonhomme
and Searle 2012), allowing for patterns of microevolution to be studied extensively (Pergams and
Ashley 2001). Island house mice often display increases in mandible size (Berry, Jakobson, and
Peters 1978; Davis 1983) and exhibit distinct shapes (Berry, Jakobson, and Peters 1978; Davis
1983; Scriven and Bauchau 1992; Renaud and Auffray 2010; Boell and Tautz 2011; Renaud et
al. 2013; Babiker and Tautz 2015) compared to mainland populations. In a study investigating
patterns of evolution across wild house mouse populations, the populations with the highest
levels of mandible divergence were those on islands (Boell and Tautz 2011). Common shape
differences associated with the island mandible form across populations from multiple island
groups include a narrowing of the proximal end of the mandible (ascending ramus) and a more
robust distal region (alveolar region; Davis 1983; Renaud et al. 2013).

Relationships between mandible morphology and ecological niche have been
characterized at both the between-species and intraspecific level in rodents (Caumul and Polly
2005; Monteiro and dos Reis 2005; Perez et al. 2009). This includes linking morphological
changes of the island mandible form with changes in diet (Renaud and Auffray 2010; Babiker
and Tautz 2015). Mice on the Piana islet of Corsica in the Mediterranean exhibit an elongation of
the condyle, which may be due to a shift in the type of food available, which consists of softer
foods, such as tender plant material and invertebrates (Renaud and Auffray 2010). Similar plastic

changes of the mandible were identified when laboratory strains were raised on soft vs. hard food
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diets (Renaud and Auffray 2010). Mice on Heligoland Island near Germany also display
mandible characteristics that suggest a shift towards a carnivorous and/or insectivorous diet,
including the elongation of the mandible and condyle, and a robust angular process (Babiker and
Tautz 2015). Although these studies provide a rich comparative framework for differences
between island and mainland mandible forms, the genetic basis of mouse mandible evolution on
islands is poorly understood. Additionally, very few studies of island populations have
investigated how changes in morphology may affect function of the mandible (Renaud and
Auffray 2010; Babiker and Tautz 2015).

Much is known about the mandible in laboratory strains of house mice (Atchley,
Newman, and Cowley 1988), as it is an established model for the study of genetic and
developmental mechanisms of morphological variation (Atchley and Hall 1991b; Chen et al.
1989; Corner and Shea 1995; McAlarney et al. 2001; Leamy, Routman, and Cheverud 2002;
Klingenberg, Mebus, and Auffray 2003; Klingenberg 2004; Zelditch et al. 2008; Keller, Huet-
Hudson, and Leamy 2008; Klingenberg, Navarro, and Pialek 2012; Leamy et al. 2015). The
mandible is a complex skeletal structure, partitioned into two developmental modules, the
ascending ramus and the alveolar regions (Atchley and Hall 1991b). These regions are
influenced by growth patterns and morphogenesis within their individual functional units. Suites
of genetic, biomechanical, hormonal, and dietary factors have been shown to influence mandible
form (Atchley, Plummer, and Riska 1985a). Genetic loci responsible for size and shape variation
of the mandible have been identified (Cheverud, Routman, and Irschick 1997; Leamy, Routman,
and Cheverud 1997; Mezey, Cheverud, and Wagner 2000; Klingenberg and Leamy 2001;
Klingenberg et al. 2001b; Ehrich et al. 2003b; Christians et al. 2003; Klingenberg 2004;

Christians and Senger 2007; Kenney-Hunt et al. 2008; Leamy et al. 2008; Suto 2009; Boell
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2013; Pallares et al. 2015). Through examining the spatial patterning and distribution of effects
of genetic loci based on traits measured from different regions of the mandible, loci identified
were found to be restricted to either the ascending ramus or the alveolar region of the mandible
(Cheverud 1997; Mezey et al. 2000; Klingenberg and Leamy 2001; Klingenberg et al. 2001),
along with loci found to influence morphology of the whole mandible (Cheverud 1997,
Klingenberg et al. 2001).

Studies have identified morphological characteristics of the mandible that are predicted to
affect aspects of jaw performance, particularly maximum bite force (Hylander 1979; Demes and
Creel 1988) and maximum gape (Herring 1974, Vinyard et al. 2003) The ability of the jaw to
open or to deliver a bite are vital to an organism’s ability to capture prey and process food
(Herring et al. 1972; Herring 1974; Hylander 1979; Emerson and Radinsky 1980; Smith 1984;
Dumont and Herrel 2003; Vinyard et al. 2003; Vinyard and Payseur 2008). The masseter muscle
is a primary jaw muscle that is highly positively correlated with bite force, as it is the major
muscle involved in biting (Bakke et al 1992; Raadsheer et al. 1999). Changes in masseter size,
morphology, and location on the jaw has been shown to affect the maximum bite force an
organism can deliver (Herring 1974; Raadsheer et al. 1999; Herrel et al. 2008; Williams, Peiffer,
and Ford 2009). In nature, variation in bite force and jaw gape may be due to selection acting on
these performances and their correlated morphologies (Vinyard and Payseur 2008).

Although an extensive amount of knowledge has been gained from studies utilizing
laboratory strains of house mice, studies on the genetics of mandible morphology in natural
populations are limited (Pallares et al. 2014). Additionally, much of the research on jaw
performance and biomechanics has been in the context of human and primate models (Hylander

1979; Richard J. Smith 1984; Hirsch et al. 2006; Vinyard et al. 2011; Terhune et al. 2015), and
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the house mouse has not been fully utilized as a model for studying the genetics and evolution of
functional morphology and jaw performance (Vinyard and Payseur 2008).

In this study, we use a population of wild house mice from Gough Island mice to
investigate the functional morphology and genetic basis of rapid mandibular evolution in nature
while taking advantage of the expansive knowledge and resources of the house mouse model.

Gough Island, a remote island located near the center of the South Atlantic Ocean, is
home to the world’s heaviest known wild house mouse (Rowe-Rowe and Crafford 1992). Gough
Island mice have approximately doubled their body weight since colonizing the island less than
200 generations ago (Jones et al. 2003; Gray et al. 2014; Gray et al. 2015). They also underwent
a correlated expansion of the skeleton (Parmenter et al. 2016). Additionally, there is evidence of
shape change in the Gough Island skeleton, most notably in the elongation of the skull
(Parmenter et al. 2016). The elongation of the skull suggests that the mandible has undergone
changes in shape. It is possible that these changes may have been shaped by selective pressures
unique to their island environment.

The ecology of Gough Island is distinct from continental Western Europe, the likely
origin of Gough Island mice (Gray et al. 2014). The island flora and fauna are distinct, which
affects the diet of Gough Island mice (Wace 1961; Rowe-Rowe and Crafford 1992; Ryan,
Cooper, and Glass 2001). Their diet consists primarily of plant material and earth worms
throughout a large portion of the year (Jones, Chown, and Gaston 2002), however during the
austral summer the majority of their diet is composed of avian material, as they are known to
prey on nestling chicks belonging to a variety of seabird species (Ryan et al. 2001; Jones,

Chown, and Gaston 2002). Both earth worms and live birds are not preferred food sources for
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most wild populations of mice (Roux et al. 2002). These novel dietary conditions may have
facilitated mandible size and shape evolution in mice on Gough Island.

Our approach utilizes comparisons between Gough Island mice and a representative
mainland strain, WSB/E1J, to identify patterns of divergence in mandible size and shape. We also
use a biomechanical approach to assess divergence in jaw performance. By investigating aspects
of mandible and masseter morphology predicted to affect jaw performance, we identified traits
that may be functionally related to the evolution of jaw performance divergence in Gough Island
mice. Through quantitative approaches we identified genetic loci that underlie changes in
mandible morphology. By combining quantitative genetic analysis and functional approaches we

provide novel insights into our understanding of mandible evolution in a natural population.
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Materials and Methods
Gough Island and its mice

Gough Island is part of the United Kingdom Overseas Territory of Tristan da Cunha and
is located in the South Atlantic Ocean approximately halfway between South America and South
Africa (40° 19°S and 9° 55°W). Fifty mice live trapped on Gough Island in September 2009 were
transferred to the Charmany Instructional Facility in the School of Veterinary Medicine at the
University of Wisconsin-Madison. Upon their arrival, 46 mice (25 female and 21 male) were
used to establish a breeding colony.

All Gough Island mice (subsequently abbreviated GI) used in this study were housed at
the University of Wisconsin-Madison Charmany Instructional Facility (Madison, WI). Female
and male mice were housed separately in micro-isolator cages with a maximum of four mice per
cage. Ground corn cobs (1/8th inch; Waldschmidt and Sons, Madison, WI) were used as
bedding; nesting material and irradiated sunflower seeds (Harlan Laboratories, Madison, WI)
were provided for enrichment. The room was temperature controlled (68-72 °F) and set on a 12-
hour light/dark cycle. Water and rodent chow (Teklad Global 6% fat mouse/rat diet; Harlan
Laboratories, Madison, WI) was provided ad libitum. Breeding individuals were fed breeder
chow (Teklad Global 19% protein/9% fat; Harlan Laboratories, Madison, WI) ad libitum. All

mice were weaned between 3 and 4 weeks of age.

Intercross experiments
Two partially inbred lines of GI mice were generated through full-sib mating for 4 filial
generations, a procedure expected to reduce within-line heterozygosity (Silver 1995). One pair of

male and female siblings from each partially inbred line was crossed with WSB/E1J
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(subsequently abbreviated as WSB; Jackson Laboratories, Bar Harbor, ME) to generate four
independent F2 intercrosses (see Gray et al. 2015; Parmenter et al. 2016; Figure S2.1). F2
analyses of the mandible focused on 768 mice: 354 from Cross A (WSBxGI=199 and

GIxWSB=155) and 366 from Cross B (WSBxGI=214 and GIxWSB=152).

Landmark analysis

All F2 mice were weighed at 16 weeks of age, and then euthanized by either CO,
asphyxiation or by decapitation. GI and WSB mice were also phenotyped (GI N =30; WSB N =
22). Only 7 and 6 GI and WSB were weighed at 16 weeks of age, respectively. Body weight at
16 weeks was estimated for the remaining GI and WSB mice based on their age using known GI
and WSB growth curves (Gray et al. 2015). All euthanized mice were stored at -80°C.
Euthanized mice were sent to Northeast Ohio Medical University (NEOMED, Rootstown, OH)
for further processing.
Mice were skeletonized using dermestid beetles in a colony at NEOMED by Christopher
Vinyard and Sara Weigel. Mandibles were isolated and 2D digital images were taken of lateral
and medial views of each hemimandible. Sixteen landmarks (x, y coordinates) were chosen in
order to capture the outline of the mandible (see Figure 3.1). Fourteen of these landmarks are
previously characterized landmarks used to derive shape information from the house mouse
mandible (Klingenberg, Mebus, and Auffray 2003). Two additional landmarks were used to
generate Euclidean distances that estimate aspects of jaw performance. Landmarks were
digitized from the lateral view of the left hemimandible for each animal using ImagelJ (Scheider

et al. 2012). Landmark and Euclidean distance data was collected by Jacob Nelson. All pairwise
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Euclidean distances (n=120) were measured to the nearest 0.01 millimeter from landmark

coordinate data using the Euclidean distance equation:

(dist(x,y) = Zii (i — v)?).

Geometric Morphometric Analyses

All geometric morphometric analyses were implemented in MorphoJ (Klingenberg
2011). Landmark coordinates for all mandible specimens were aligned using Procrustes
superimposition, which removes variation due to size, location, and rotation, leaving only shape
variation for further analyses. Procrustes-fit landmarks are referred to as Procrustes coordinates.
Centroid size, defined as the square root of the sum of squared distances of a set of landmarks
from their centroid, was generated for each specimen prior to Procrustes analysis.

To identify aspects of mandible shape variation that best distinguish among strain and
sex, Canonical Variates Analysis (CVA) was applied to Procrustes coordinates. Statistical
significance was determined using permutation tests of pairwise distances between groups. CVA
was performed using strain and sex as a priori groups and 10,000 permutations were performed
to determine statistical significance. Shape variation underlying each CV was then visualized as
a deformation of landmark points in shape space, revealing group differences in shape.

Using the full set of Procrustes coordinates, the covariance matrices for F2s were
generated in order to perform Principal Component Analysis (PCA). PCA was used to identify
major features of mandible shape variation in the F2 population.

Potential outliers were examined using the Find Outliers function in MorphoJ. When it

was concluded that outliers reflected reduced measurement accuracy caused by degraded or
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damaged mandibles, they were removed. This included a small number of landmark data points

of GI, WSB, and F2 specimens (1, 1, and 34 data points, respectively).

Jaw performance

To evaluate jaw performance, I measured maximum bite force and maximum passive jaw
gape in 25 WSB (10 female and 15 male) mice and 23 partially inbred (12 filial generations
inbred) GI mice (14 female and 9 male) from cross B. All bite force tests were performed using
live animals at 16 weeks of age. Christopher Vinyard provided training and equipment for bite
force and gape procedures. Bite force was measured at the incisor using a custom-made bite
force transducer designed after Dechow and Carlson (1983). The transducer consists of two
aluminum beams, each instrumented with two single-element strain gauges (TML UFLA-1-350-
11-3LT). The four strain gauges are connected in a Wheatstone bridge. The beams are mounted
parallel to each other using adjustable screws. Deformation of the beams results in a proportional
change in resistance in the gauges and subsequently, in the voltage output in the Wheatstone
bridge. One end of each beam served as the bite plate and was covered with a rubber coating to
protect the animals’ teeth from injury.

Prior to bite force tests, an anesthetic (50-100 mg/kg ketamine/0.5-1.0 mg/kg
dexmedetomidine) was administered via intraperitoneal injection. Needle electrodes (30 gauge)
were inserted into both masseters and anterior temporalis muscles. Electrodes were attached to a
Grass stimulator to provide an electrical pulse that stimulated the jaw muscles. The transducer
was placed onto the tip of the incisors of the animal and forces elicited by the jaw muscles were
recorded when stimulated. Jaw muscles were stimulated for 400 milliseconds (ms) at a repeated

rate of 40 Hz with each repetition lasting between 15-25 ms.
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To determine the maximum jaw muscle stimulation, stimulations began at a low voltage
while recording the bite force data output. The voltage was continually increased over small
increments (1-2 volts) until no increase in bite force was detected after an increase in voltage.
After determining the appropriate voltage, 2 sets of 3 stimulations were given and maximum bite
force was recorded. Stimulations between each set were separated by one-minute intervals to
limit muscle fatigue. We were unable to collect bite force data for three WSB animals due to the
failure of the mice to go completely under anesthesia during the procedure.

After bite force collection, maximum passive gape was measured either while the animal
was still under anesthesia or immediately after euthanasia prior to postmortem rigor. Maximum
passive gape was measured to the nearest 0.01 millimeter by manually opening the jaws to their
maximum passive motion and recording the linear distance between the upper and lower incisors
using digital calipers (Wall 1999). Animals were euthanized by CO, asphyxiation and stored at -

80°C until further processing.

Jaw performance estimates

A subset of the Euclidean distances in this study can be used to characterize leverage,
movement, and load resistance (Herring et al. 1972; Herring 1974; Jablonski 1993; Vinyard et al.
2003). Distances were adjusted for body weight (trait/body weight” %) in order to make direct
comparisons of mandible differences between strains. The cross-sectional area (CA) at the M1
where the corpus begins to thin into the diastema is an estimate of load resistance. Thirty GI (17
female, 13 male) and 24 WSB (13 female, 11 male) mandibles were pCT scanned at
70kVp/114mA in a vivaCT 70 scanner (Scanco) at 20.5um voxel resolution. Scans were output

as 2048x2048 tiff images and cropped to relevant anatomical regions in Adobe Photoshop
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(CS3). Stacked tiff images were imported into Avizo software (FEI) where digital
reconstructions were re-sliced at the M1 to provide images for cross-sectional analysis. Cross-
sectional measurements were calculated from the resulting images using the MomentMacro
plugin in ImageJ. All uCT scans, reconstructions, and cross-sectional data collection were
performed by Christopher Vinyard and Sara Weigel. See Table 3.3 for detailed descriptions of
the jaw performance estimates.

Characteristics of the masseter muscle are also predicted to affect jaw performance. To
estimate aspects of relative masseter stretch, the ratio of masseter attachment points was
measured. The masseter attachment ratio is the ratio of the condyle-superior masseter attachment
distance to the condyle-inferior masseter attachment distance. Prior to masseter dissection,
superficial tissue was cut away from the head and 2D digital images were taken of each side of
the head. Jaw lengths (defined as the distance from landmark 1 to landmark 7) were measured
from the exposed mandibles to the nearest 0.01 millimeter using digital calipers. The attachment
points (superior, inferior, and condyle) were digitized using ImageJ. The distance from the
condyle to the superior attachment point and the distance from the condyle to the inferior
attachment point were measured to the nearest 0.01 millimeter from the landmark data using the
Euclidean distance equation. Masseter weights were collected from euthanized GI and WSB
animals used for bite force and gape tests. The left and right masseter muscles of each animal
were dissected cleanly away from the mandible using surgical spring scissors. The masseter
muscles were weighed to the nearest 0.001 gram and stored in formalin jars at room temperature.
The left and right masseter weights from each animal were averaged prior to analysis. All

masseter phenotypes were adjusted for both body weight and jaw length prior to analysis.
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Genotyping

All F2 mice were genotyped using the Mega Mouse Universal Genotyping Array
(MegaMUGA; Geneseek, Lincoln, NE), an Illumina array platform containing 77,800 single
nucleotide polymorphisms (SNPs), along with some structural variants and transgenic markers.
The markers are densely and relatively evenly spread throughout the mouse genome, with an
average spacing of 33 kb (Threadgill and Churchill 2012). Liver tissue from the F2 population
and the GI and WSB parents of the cross were sent to Geneseek (NeoGene Corporation) for
DNA extraction and genotyping. The use of controls and the examination of errors are described

in Chapter 2 and Parmenter et al. (2016).

QOTL mapping

Single-trait QTL analyses were performed using Haley—Knott regression (Haley and
Knott 1992) on a 0.5-cM grid across the genome, as implemented in R/qtl (Broman and Sen
2009). Analyses were conducted for (1) the thirty Euclidean distances exhibiting greater than 20
percent divergence between GI and WSB (includes the 9 estimates of jaw performance) (2)
centroid size and (3) each principal component from the PCA performed for F2 mandible shape.
Sex and parental grandmother (pgm) were used as additive covariates for all QTL models.
Genome-wide significance thresholds were determined by permutation (Churchill and Doerge
1994), with adjustments for the X chromosome (Broman et al. 2006). Numbers of permutations
were 10,000 and 180,000 for the autosomes and the X chromosome, respectively. A QTL was
considered significant if its maximum LOD score met a 5% genome-wide significance threshold.
Additional single-trait scans were performed for Euclidean distances using two different methods

to control for effects of body size: (1) by using relative distances as traits and (2) by treating



71

body weight as an additive covariate in the model. Relative distances were calculated by dividing
each Euclidean distance by the cube root of body weight for each individual (distance/body

weight'”

) and is referred to as the shape ratio (Mosimann 1970; Jungers ef al. 1995). The use of
shape ratios accounts for the isometric component of body size, while maintaining allometric
(size correlated) shape and non-allometric (size independent) shape. Alternatively, the treatment

of body weight as a covariate accounts for both isometric shape and allometric shape, leaving

only non-allometric shape.

Genetic effects

QTL eftects include both additive and dominance effects. Additive effects were
calculated as half the difference in genotype means between the GI and WSB homozygotes.
Dominance effects were calculated as the difference between the genotypic mean of the GI/WSB
heterozygote and the average genotypic mean of the GI and WSB homozygotes. To compare
effects across traits of varying sizes, additive effects were standardized by dividing the additive
value by the phenotypic SD (a/SD), and dominance effects were standardized by dividing the

dominance effects by the additive effects (d/a).
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Results

Phenotypic divergence in mandible size

Gough Island mice have larger mandibles than WSB, with the GI mouse mandible
exhibiting a significantly larger centroid size than WSB (ANOVA; P-value < 0.001; Table 3.1).
Additionally, nearly all Euclidean distances between landmarks show significant expansions in
the GI mandible (t-test; females: maximum P-value < 0.03; males: maximum P-value < 0.04;
Table S3.1). Thirty Euclidean distances show a greater than 20% expansion in GI mandibles
relative to WSB (t-test; maximum P-value < 0.001; Figure 3.2 and Table S3.1). These distances
were used for the remaining analyses due to their high level of divergence between the island and
mainland strains. A higher proportion of distances within the ascending ramus and those found
across the two regions (“trans-regional”) have diverged significantly compared to those in the
alveolar region (Table S3.1).

There are notable differences between the sexes. A higher number of Euclidean distances
exhibit significant differences between GI and WSB for males than for females (94% in males
and 87% in females; Figure 3.1B). Most of these distances involve landmark 5 and are height
dimensions of the ascending ramus. Centroid size also displays significant sex effects: males are

larger than females in GI and WSB (P-value = 0.002; Table 3.1).

Phenotypic divergence in mandible shape

The GI and WSB mandible exhibit significant shape differences. CVA of Procrustes
coordinates resulted in the extraction of 100 percent of mandible shape variation. The first
canonical variate (CV1) accounted for 90% of shape variance and was principally associated

with the separation of strains as illustrated by the resulting Mahalanobis distances (Table 3.2 and
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Figure 3.3A). The shape changes associated with CV1 are visualized as deformations of
landmarks in shape space (Figure 3.3C). Compared to WSB, GI display deformations primarily
in the widening and shortening of the condyle (landmarks 7 and 8), a narrowing and elongation
of the angular process (landmarks 10 and 11), and a deepening of the depression between the
angular process and the incisor ramus (landmarks 12 and 13; Figure 3.3C). The majority of these
shape differences are within the ascending ramus.

CV2 accounted for 8% of shape variance and is principally associated with the separation
of the sexes (Figure 3.3B). Compared to males, females display a narrowing of the space
between the condyle and coronoid, along with an elongation of the coronoid (landmarks 4 and
5), a shortening of angular process (landmarks 10 and 11), and a narrowing of the incisor
alveolus (landmarks 1 and 12; Figure 3.3D). CV3 accounted for the remaining 2% of variation
(Figure S3.1), contributing little to the total shape variation. These shape changes that have
occurred in localized regions of the GI mandible may have led to changes in the function or

performance of the jaw of Gough Island mice.

Direct measures of divergence in jaw performance

GI mice exhibit a larger bite force than WSB (ANOVA; P-value < 0.001; Figure 3.4 and
Table S3.2). After corrections for either body weight or jaw length, GI mice retain a relatively
larger bite force (ANOVA; P-value = 0.001; P-value = 0.004, respectively). GI mice exhibit a
larger maximum gape than WSB (ANOVA; P-value = 0.001). However, GI mice show no
significant divergence in maximum gape after correcting for either body weight or jaw length
(ANOVA; P-value = 0.25; P-value = 0.09, respectively). There are no significant effects of sex
on maximum bite force and gape (ANOVA; minimum P-value = 0.06; Table S3.2), except for

bite force relative to jaw length (ANOVA; P-value = 0.01; Table S3.2).
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Morphological measures of jaw performance

Some aspects of mandibular morphology are predicted to affect maximum bite force and
maximum passive gape, which are described in Table 3.3. All 9 Euclidean distances predicted to
affect performance show significant expansions in the GI mandible (t-test; maximum P-value =
0.0007; Table 3.3). After adjusting for body weight, four functional estimates remain significant,
including corpus depth (L3-12), symphysis length (L1-13), temporalis load arm length (L8-4),
and condyle length (L6-7; t-test; maximum P-value = 0.001; Table 3.3). All four of these
distances are larger in GI than WSB. Two of these distances are predicted to increase load
resistance, and therefore may be associated with the divergence of jaw performance in GI mice.
GI mice have a larger cross-sectional area (CA) at the M1. This suggests that load resistance is
increased, and therefore may be associated with the relatively larger bite force of GI mice.

GI mice have heavier masseters than WSB (ANOVA; P-value < 0.001; Table 3.3).
However, WSB exhibit relatively heaver masseters after adjusting for either body weight or jaw
length (ANOVA; P-value = 0.01, P-value = 0.02, respectively; Table 3.3). The masseter
attachment ratio quantifies the level of jaw-muscle stretch, which is predicted to limit maximum
gape (Herring 1974). There are no significant strain or sex differences in the masseter attachment
ratio between GI and WSB (ANOVA; strain: P-value = 0.48; sex: P-value = 0.46; Table 3.3).
These results suggest that masseter morphology does not explain observed divergence in

maximum bite force or maximum gape between GI and WSB mice.

Shape variation in the F2 population
The majority of Euclidean distances exhibit significant sex and parental grandmother

(pgm) effects (ANOVA; sex: maximum P-value = 0.04; pgm: maximum P-value = 0.04; data not
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shown), and were therefore used as additive covariates in all subsequent QTL models. Principal
components analysis (PCA) of Procrustes coordinates revealed that PC1 accounts for 17 percent
of the total variance in mandible shape within the F2 population (Figure S3.2). PC 1-5 account
for over half of the variance in mandible shape. Although PCA captures a modest amount of F2
shape variation, a common set of landmarks contribute to the variation underlying PC 1-5. These
are mostly x-axis components of landmarks found primarily in the ascending ramus, including
landmarks within the condyle, angular, and coronoid processes (Figure S3.2). Thus, a significant
portion of mandible shape variation among the F2 population is localized to the ascending ramus

and represents horizontal shifts in shape.

OTL mapping of mandible size

A total of 77 genotype-phenotype associations were identified for nearly all 30 Euclidean
distances exhibiting high levels of divergence measured across the GI mandible (except for L.2-3,
L11-16,L2-11, and L3-11; Figure 3.5A and Table S3.3). Multiple QTL are detected for all traits,
with the exception of L11-12. An average of 2.6 QTL were identified per trait. QTL were found
across most chromosomes (except for chromosomes 5, 8, 18, 19, and X). A large portion of QTL
co-localize based on overlapping confidence intervals. Nearly half of all QTL are found on
chromosomes 10 and 11 and span the entire mandible (Figure 3.5A). Additionally, two QTL
were identified for centroid size and also are located on chromosomes 10 and 11 (Figure 3.6).
These highly co-localizing QTL are potentially pleiotropic and may act as global regulators of
mandibular growth.

Mandibular regions also show differences in their genetic architectures. A higher

proportion of unique QTL are found for traits within the alveolar region than traits within the
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ascending ramus. In fact, there are very few QTL that co-localize across traits within the alveolar
region, suggesting that the alveolar region evolved as a distinct module. Trans-regional traits
have relatively simple genetic architectures, with most QTL co-localized to chromosomes 10 and
11, suggesting that the evolution of overall length of the mandible is due to loci with global
effects on size. The majority of the remaining QTL co-localize to a region on chromosome 12
and were identified for traits describing variation in expansion between the central region of the
mandible to the end of the condyle. This suggests that a pleiotropic locus on chromosome 12
contributes to variation in the extension of the proximal end of the mandible.

Some QTL are restricted to traits found within particular mandibular regions. QTL on
chromosomes 4, 9, and 15 are identified for distances located almost exclusively in the ascending
ramus, all of which co-localize on their respective chromosomes (Figure 3.5A). These QTL
contribute to variation in distances between the condyle and coronoid. QTL on chromosomes 4
and 9 also contribute to variation in the expansion from the central region of the mandible to the
condyle and QTL on chromosome 15 also contribute to variation in the area between the condyle
and the angular process. This supports the idea that three pleiotropic loci contribute to variation
primarily located within the ascending ramus of the GI mandible. Other QTL contribute to
variation in particular dimensions of the mandible. QTL on chromosomes 7, 15, and 16
predominately contribute to variation in height dimensions rather than length dimensions. Lastly,
trait-specific QTL were identified, including those identified for symphysis height (L1-15;
chromosome 1), a trans-regional length (L7-13; chromosome 3), a length within the ascending
ramus (L8-16; chromosome 13), and the height between the minimum depression between the

condyle and the angular process (L9-10; chromosome 14).
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The standardized additive effects for the Euclidean distance QTL are small to moderate,
ranging from 1 to 19% of the mean phenotypic differences between GI and WSB mice (Figure
3.5A and Table S3.3). The largest additive effect is 0.14 mm for jaw length (L1-7; chromosome
10 QTL and Table S3.3). There are large differences in additive effects depending on
chromosomal location. The majority of QTL have positive effects, where a GI allele confers a
larger size. However, nearly all QTL that have negative effects (where the GI allele confers a
smaller size) are located on chromosomes 4 and 9, and all QTL on chromosomes 4 and 9 have
negative effects (except for the QTL on chromosome 4 for L3-12; Figure 3.5A and Table S3.3).
QTL for traits representing the elongation of the condyle primarily have negative effects,
indicating the presence of GI alleles at these loci are associated with the shortening of the
condyle. The effects of the chromosome 10 and 11 QTL for centroid size are both modest and
additive (Table S3.3).

For distances adjusted for body weight, the resulting QTL patterns show notable
differences. The majority of the QTL on 10 and 11 are no longer significant, evidence that these
QTL contribute significantly to variation in mandible size (Figure 3.5B; Table S3.3). QTL on
chromosome 4 and 9 are maintained and increase in number, spanning the entire mandible. A
QTL on chromosome 9 was identified for nearly all 30 traits. A higher proportion (60%) of QTL
exhibit negative effects for body weight-adjusted traits (Figure 3.5B; Table S3.3). The vast
majority (67%) of negative effect QTL are located on chromosomes 4 and 9. Nearly all negative
effect QTL affect body weight-adjusted traits localized to the ascending ramus or overall length
dimensions (trans-regional traits), and are relatively smaller in GI mice or not significantly
different from WSB (Table S3.3). This suggests that QTL with negative effects underlie traits

that exhibit negative allometry between GI and WSB mice. In other words, these traits are not as
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large in GI mice as expected based on their body size, indicating a change in shape, suggesting
that QTL on chromosomes 4 and 9 likely contribute to aspects of shape variation in the
ascending ramus and overall length of the GI mandible. When body weight is used as a covariate
in the QTL model, the resulting QTL are similar in location and effects (Table S3.3), with the
exception of a higher number of QTL identified on chromosome 12.

Standardized dominance effects are minimal for all Euclidean distance QTL (including
unadjusted and weight-adjusted distances) except for a subset of the QTL that co-localize to
chromosome 12, which confer moderate to strong dominance (Figure S3.3). When dominance
was present, the GI allele was typically dominant to the WSB allele. Dominance appears to play

a greater role for QTL on chromosome 12 than other QTL.

OTL mapping of mandibular shape

QTL were identified for almost all principal components (PCs) underlying variation in
mandible shape, with an average of 3 QTL per trait (Table S3.3). QTL on chromosomes 4 and 9
were the most commonly identified for PCs 1-5, which harbors greater than half of mandibular
shape variation. The traits contributing most to variation underlying PCs 1-5 were landmarks
within the condyle, coronoid, angular process, and the incisor alveolus, suggesting that these
QTL contribute to shape variation within these regions. Additionally, these QTL co-localize with
QTL for distances on chromosomes 4 and 9, which are located in the same regions. Additionally,
they also co-localize with the size-corrected distance QTL on chromosomes 4 and 9, providing
evidence that these loci act in pleiotropy to contribute to shape variation in the GI mandible,

particularly in the ascending ramus.
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OTL mapping of jaw performance estimates

For relative Euclidean distances that represent estimates of jaw performance, there are
both shared and distinct QTL identified based on the different categories of jaw performance:
leverage, load resistance, and movement (Figure S3.4). For the four relative Euclidean distances
that are significantly different between GI and WSB mice, QTL on chromosome 2 are found for
all four traits across all performance categories. QTL on chromosome 9 are found exclusively for
estimates located within the ascending ramus, representing a movement and leverage trait. A
single QTL on chromosome 12 is identified for corpus depth (L3-12), a load resistance estimate.
This is the only QTL found on chromosome 12 for relative Euclidean distances, suggesting that
this QTL exclusively effects variation in corpus depth, which is predicted to affect load

resistance of the mandible.
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Discussion

The Gough Island mouse mandible is distinct from its mainland counterpart. The entire
Gough Island mouse mandible has expanded. There is heterogeneity in the magnitude of
expansion, indicating local regions of increased expansion. Overall length dimensions of the
mandible are disproportionately represented among individual mandible traits showing highest
divergence in Gough Island mice, illustrating that a major morphological change was the
elongation of the mandible. Size traits showing high degrees of expansion were also concentrated
in the ascending ramus region of the mandible. Additionally, this region was identified as a
major region of shape divergence between Gough Island mice and mainland WSB, most notably
the widening and shortening of the condyle and the narrowing of the angular process. These
shape changes may have functional implications for Gough Island mouse jaw performance.

Previous studies identifying mandibular shape differences among island and mainland
populations allow for illuminating comparisons. Notable differences in mandible shape of mice
of North Atlantic Islands (including Shetland, Orkney, and Faroe Islands) and those from the
British mainland were identified, including the narrowing of the ascending ramus and a more
robust alveolar region (Davis 1983). Similar shape differences associated with the island
mandible were identified in mice from the Sub-Antarctic Kerguelen Archipelago (Renaud et al.
2013). We find a similar pattern in the ascending ramus, however shapes within the alveolar
region associated with Gough Island mouse mandibles are distinct from the island forms from
these studies. Mice from Heligoland Island near Germany display an elongation of the condyle, a
less robust angular process and an overall elongation of the mandible. It has been argued that
these characteristics point towards an adaptation to a carnivorous or insectivorous diet (Babiker

and Tautz 2015). Gough Island mice display similar patterns, including a narrower angular
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process and elongation of the mandible, although Gough Island mice do not share similar
condyle morphology with the Heligoland mice. Similarities in mandibular evolution among these
island populations could reflect common adaptations to an island environment. On the other
hand, differences among island populations could reflect patterns of local adaptation.

Mandible morphology is susceptible to environmental conditions, such as diet and age,
and show plastic responses to changes in these conditions (Renaud and Auffray 2010; Renaud,
Auffray, and de la Porte 2010; Boell and Tautz 2011). Environmental noise was minimized by
utilizing age-staged mice and raising both strains on a common diet and uniform laboratory
conditions. Additionally, uncovering loci contributing significantly to variation in mandibular
morphology demonstrates that there is a large genetic component. It has been demonstrated that
genetic effects are typically larger than any environmental effects in mandible variation among
natural populations of rodents (Boell and Tautz 2011).

We identified QTL for mandible morphology that have region-specific effects and QTL
that affect all regions of the mandible. We found that 53% of QTL were localized to the
ascending ramus, 17% within the alveolar region, and 30% of QTL were found across both
regions. Similar results were found in a study identifying QTL for mandible morphology
between an F; intercross between LG/J and SM/J, laboratory strains that have been artificially
selected for extreme size divergence (50% in the ascending ramus, 27% in the alveolar region,
and 23% across the whole mandible; Cheverud 1997). Some Chromosomal locations of QTL are
similar across the two studies, including QTL associated with traits spanning the whole mandible
located on chromosomes 11 and 12, QTL associated with traits within the ascending ramus (on
chromosomes 2 and 4), within molar, condyle, and coronoid processes (on chromosome 15),

restricted to the molar and angular processes (on chromosome 17), and traits concentrated in the
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condyle (on chromosome 9). There are also notable differences. One of the largest discrepancies
is that QTL on 10 in our study are found across the whole mandible, but are restricted to molar
and condyle in Cheverud 1997 study. Similarities in the distribution and location of QTL could
reflect similar genetic and developmental pathways underlying correlated changes in mandibular
morphology during selection on large body size. However, confidence intervals of the QTL are
large, and therefore it is not possible to determine if QTL identified between the two studies are
the same loci and these preliminary comparisons should be taken with caution.

Most of the variation in shape among the first five PCs is localized to the ascending
ramus, along with the incisor region. Similar shape changes were identified in a study
investigating mandible shape variation between the LG/J and SM/J strains (Klingenberg et al.
2004). Although QTL for principal components of mandible shape from the two studies exhibit
similar distributions across the genome, the number of QTL and their locations differ. This
suggests that the evolution of the mandible involved different genetic loci between Gough Island
mice and the LG/J and SM/J strains.

Loci were identified for almost every PC for Procrustes coordinates of mandibular shape.
This is a surprising result, as many of the PCs contribute very little to the total F; variation in
shape and are therefore expected to not be very informative. This suggests that even a small
amount of mandible shape variation can be explained by genetic loci with statistical confidence.
This phenomenon has been seen in other studies investigating the genetic basis of mandibular
shape in house mice (Boell 2013; Pallares et al. 2014).

The Gough Island house mouse has a larger bite force than expected for a mammal of its
size. The relative increase in Gough Island mouse bite force could be associated with the relative

increase in corpus depth and the increase in cross-sectional area of the corpus at the M1,
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increasing mandible load resistance. The relative increase in bite force is likely not influenced by
the majority of leverage and movement traits, due to their isometric scaling with body weight.
Bite force and jaw gape are known to be negatively correlated (Dumont and Herrel 2003). The
lack of divergence of relative maximum gape in Gough Island mice is therefore not a surprising
result given their increased bite force. This lack of divergence could be associated with the
1sometric scaling of performance estimates predicted to affect gape. The divergence of relative
condyle length and temporalis load arm length seen in Gough Island mice were not strong
enough to confer significant changes in relative maximum gape. A more detailed analysis of jaw
morphology and mechanics will be necessary in order to draw further conclusions.

The physiological maximum bite force measured in this study may not reflect the typical
bite forces that mice on Gough Island exhibit in their natural environment. The physiological
analyses may fail to link function with particular biological roles specific to the mouse’s natural
environment, which would limit our ability to understand their evolution (Lande and Arnold
1983; Wainwright, Reilly, and Reilly 1994). However, the quantification of physiological bite
force still reflects possible consequences of changes to mandibular morphology of Gough Island
mice.

Masseter weight is known to be positively correlated with maximum bite force (Bakke et
al. 1992; Raadsheer et al. 1999). It is therefore surprising that Gough Island mice have relatively
smaller masseters than WSB while also exhibiting a relatively larger maximum bite force. This
suggests that the relative increase in bite force was not associated with aspects of masseter
architecture measured in this study. A more detailed characterization of all major jaw muscle
groups, along with their muscle fiber architecture, would allow us to better understand

contributions of jaw musculature to jaw performance divergence.
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The evolution of a larger bite force could have occurred in multiple ways. Bite force
could have been directly targeted by selection, or may have increased as a correlated response to
changes in mandibular morphology being targeted by selection. Changes in jaw performance
could be related to the unique diet of the mice on the island. Aspects of jaw anatomy and
performance have been compared between rodent populations that have adopted distinct diets
(Satoh and Iwaku 2006; Michaux, Chevret, and Renaud 2007; Cox et al. 2012). Compared to the
herbivorous deer mouse Peromyscus maniculatus, the carnivorous grasshopper mouse
Onychomys leucogaster has an elongated jaw and a relatively larger bite force, without a
correlated change in gape (Satoh and Iwaku 2006). These carnivorous adaptations are similar to
those found in the Gough Island mice, and could be associated with the adoption of carnivory
and predation on seabird chicks.

Our results provide indirect insights into the evolutionary causes of mandibular evolution
in Gough Island mice. It is plausible that selection targeted body size, which resulted in a
correlated response in skeletal and mandible size. QTL on chromosomes 10 and 11 were
identified for traits across the entire mandible, and co-localize to regions containing QTL
identified for body weight, growth rate, and a suite of skeletal size dimensions in previous
studies using the same cross (Gray et al. 2015; Parmenter et al. 2016, see Chapter 2). The genetic
control of overall organismal size by a small number of pleiotropic loci is potentially more likely
for a population whose recent colonization suggests few genetic changes of large effect.
However, we also detected additional loci associated with morphological variation within
specific mandibular regions, which are distinct from those involved in global size regulation.

This reflects a more complex genetic architecture. The recent colonization of mice on Gough
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Island suggests standing variation as a source of genetic variation, which could explain the suite
of unique QTL identified for mandible morphology.

Although we cannot directly address the link between jaw traits and diet in this study,
there is evidence that differences in diet may be functionally related to mandible morphology.
Mice from two Sub-Antarctic islands have been shown to share similar mandible morphologies
that are distinct from mainland wild house mice, including the length of the coronoid process and
the height of the ascending ramus (Boell and Tautz 2011). These mice have similar colonization
times as Gough Island mice, arriving on the islands less than 200 years ago (Hardouin et al.
2010). These island mice have a unique diet, exhibiting a preference for earthworms, which are
not a preferred food choice of most populations of mice (Le Roux et al. 2002), but interestingly
make up a large portion of the diet of Gough Island mice (Jones, Chown, and Gaston 2003).
There is also evidence that bird eating may increase mouse survival rates. Gough Island mice
that exhibit high levels of predation on seabird chicks have a higher body mass and greater
overwinter survival (Cuthbert et al. 2016). There is likely selection for these traits in order for
mice to avoid high winter mortality rates, which is common among island populations (Cuthbert
et al. 2016). Lastly, Gough Island mouse predatory behavior is unusual. Most mice on islands
prey upon small-sized chicks (less than 50 grams) and target weak or sick animals (Wanless et
al. 2007). However, Gough Island mice often attack healthy chicks, and in the case of the Tristan
Albatross, is up to 300 times the size of the mice. Optimization of jaw morphology and

performance to allow for the predation of large prey would be advantageous in this case.
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Figure 3.1 Diagram of mouse mandible and location of landmarks

87

Diagram of a house mouse mandible indicating the two major anatomical regions and positions

of the 16 landmarks used in this study. Mandible diagram adapted from The Anatomy of the

Laboratory Mouse (Cook 1965).
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Figure 3.2 Locations of highly diverged Euclidean distances

Locations of all Euclidean distances that exhibit a greater than 20% difference between Gl and
WSB within the ascending ramus (top), the alveolar region (bottom), and across both regions,
referred to here as “trans-regional” (middle). Mandible diagram adapted from The Anatomy of

the Laboratory Mouse (Cook 1965).
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Figure 3.3 CVA of mandible shape

Plot of CV1 and CV2 scores for Gl and WSB mandible specimens based on Procrustes coordinate data. CV scores are color-coded
based on (A) strain: Gl = red; WSB = blue, and (B) sex: females = orange; males = light blue. (C) Mandible shape variation
associated with CV1 using wireframe deformations. Deformations represent the shape change along the CV1 axis, separating Gl
(wireframe at negative end of axis), WSB (wireframe at positive end of axis) and their mean (wireframe when CV1 score is zero). (D)
Mandible shape variation associated with CV2 using wireframe deformations. Deformations represent the shape change along the
CV2 axis, separating females (wireframe at negative end of axis), males (wireframe at positive end of axis) and their mean
(wireframe when CV2 score is zero). Each deformation is exaggerated by 20 times.
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Figure 3.4 Maximum bite force and maximum passive jaw gape

Dotplots of maximum bite force and maximum passive gape for Gl and WSB. Absolute trait
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values are reported for maximum bite force and maximum gape, along with trait values adjusted
for body weight (trait/body weight'®) for maximum bite force and maximum gape, along with trait
values adjusted for jaw length (trait/jaw length) for maximum bite force and maximum gape. F =

females and M = males.
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Figure 3.5 Chromosomal locations of QTL for mandible traits

Locations of all significant QTL identified for absolute (A) and relative (B) Euclidean distances. Relative distance is defined as the
distance divided by body weight®**. Heat map colors represent the standardized additive effect (a/SD) of each QTL. A positive effect
is represented in red and a negative effect is represented in purple. The depth of color indicates the magnitude of the effect.
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Figure 3.6 Centroid size QTL

QTL scan of centroid size. The 5% genome-wide significance threshold is indicated with a
horizontal line.
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Table 3.1 ANOVA table for centroid size

Variable d.f. MS F P
Strain 1 869573 230.13 < 0.0001
Sex 1 40319 10.67 0.002
Strain x Sex 1 637 0.17 0.683
Residuals 48 3779

93

ANOVA table demonstrating significant divergence in centroid size between Gl and WSB mice.
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Table 3.2 Mahalanobis distances and Procrustes distances from CVA

GIF GIM WSB F WSB M
GIF - 5.27* 11.95% 10.99*
GIM 0.0198* - 14.93* 13.31%
WSB F 0.0397* 0.0424* - 3.63*
WSB M 0.0408* 0.0365* 0.0185 -

Mahalanobis distances (above the diagonal) and Procrustes distances (below the diagonal)
from canonical variate analysis (CVA) for GI and WSB Procrustes coordinates with sex and
strain as a priori groups. P-values are based on permutation testing (1000 replicates). Statistical
significance (P-value < 0.05) is indicated with an asterisk.



Table 3.3 Estimates of jaw performance

Predicted change to jaw WSB
Trait Name Trait performance Gl Average Gl SD Average WSB SD P
Leverage
Jaw length L1-7 13.65(4.52) 0.47(0.27) 11.47(4.57)  0.48(0.29) <0.0001 (0.5268)
Molar load arm L3-7  Gape increases and bite force 9.57 (3.16) 0.36(0.19)  8.12(2.93)  0.30(0.73)  <0.0001 (0.1967)
decreases with increase in trait
Masseter lever arm L7-16  due to increased jaw leverage 9.16 (3.03) 0.39(0.20)  7.63(3.03)  0.28(0.22)  <0.0001 (0.9437)
Temporalis load arm L5-7 410 (1.40) 0.30(0.10)  3.37(1.04)  0.12(0.36) <0.0001 (<0.0001)
Load Resistance
Bite force increases with
Corpus depth L3-12 . crease in load resistance 414(142) 019(0.07) 3.84(1.18)  0.17(0.29)  0.0007 (0.0014)
Symphvysis length L1-13 traits. Traits are related to the
ymphy g amount of bone present at distal 6.18(2.10) 0.27 (0.10)  5.53(1.87)  0.27(0.10) <0.0001 (<0.0001)
. region of mandible and are
Cross-sectional area at M1~ CA predicted to correlate with load
resistance. 2.03 0.25 1.49 0.23 <0.0001
Movement
Gape increases with increased
Condyle length L6-7 condyle length as rotation is
increased 2.50 (0.50) 0.27 (0.06) 1.89 (0.42) 0.22 (0.11)  <0.0001 (0.0030)
Temporalis moment arm
L8-4 T
length Gape decreases with increased 2.65(0.91) 0.30(0.09) 2.24(0.85) 0.17(0.29)  0.0006 (0.2750)
moment arm lengths due to an
Masseter moment arm L8-16  increase in muscle stretch
length 8.98 (2.98) 0.32(0.18)  7.95(3.00) 0.42(0.73)  <0.0001 (0.8343)
Masseter
Masseter weight my Biteforce increases as 0.09 (0.003) © 86011) 0.06 (0.003) 0.01(0.001) < 0.0001 (0.01)
masseter weight increases [0.036] [0.003] [0.04] [0.002] [0.02]
Gape increases as ratio
Masseter attachment ratio MA deviates from 1.0 due to
reduction in muscle stretch 1.40 0.07 1.41 0.06 0.48

Trait names, definitions, predicted influences on jaw performance, and means, standard deviations (SD), and P-values (P) of two-

tailed T-tests between Gl and WSB for Euclidean distances, cross-sectional area (CA), and masseter traits. Values in parentheses

are body weight-adjusted traits (trait/body weight'®). Values in brackets are for masseter traits adjusted for jaw length (trait/jaw
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length). Predictions are based off of studies investigating changes in morphology and their effect on maximum gape and maximum
bite force (Herring and Herring 1974, Vinyard et al. 2003; Vinyard and Payseur 2008).
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Chapter 4

Conclusions and Future Directions
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The work presented in this thesis provides a rare portrait of the genetics of morphological
evolution on islands in efforts to obtain a better understanding of complex trait evolution in a
natural context. In Chapter 2, we found that the overall growth of the skeleton is largely
controlled by loci that are found on only a handful of chromosomal regions, suggesting that the
Gough Island mouse skeleton evolved through a few genetic loci acting in pleiotropy with global
effects on growth. We also investigated the genetics and morphology of mandibular evolution of
Gough Island mice in Chapter 3. We found that overall growth of the mandible is largely
controlled by loci located on two chromosomes that co-localize with skeletal growth and body
weight QTL. However, mandibular regions show distinct differences in their genetic
architectures, suggesting that aspects of mandible evolution in Gough Island mice are modular.
We provided evidence that the evolution of mandible size and shape are likely controlled by
distinct genetic loci. We also demonstrated that Gough Island mice have a stronger bite than
expected for a mammal of its size, which may be adaptive to the island environment.
Biomechanical predictions of morphological variation on jaw performance allowed us to begin to
characterize mandibular morphologies that may be functionally related to jaw performance in
Gough Island mice.

The work presented in this thesis demonstrates the power of studying a model system
with extensive resources in its natural context and is the first study to detail the genetics and
functional morphology of skeletal evolution of an island population.

One of the major questions we sought to address was how did the Gough Island mouse
skeleton evolve. The evolution of the Gough Island mouse skeleton was in part due to a small
number of loci that act pleiotropically to expand the size of the skeleton and overall body size.

Pleiotropy has implications for evolution, as it is one mechanism in which traits can co-evolve.
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Selection acting on a pleiotropic locus can cause changes to functionally or developmentally
related traits that are correlated, which could facilitate rapid morphological evolution (Lande
1980). This suggests that pleiotropy could have facilitated the rapid evolution of skeletal size in
Gough Island mice through selection on loci controlling overall organismal size.

The pleiotropic loci identified in these studies likely have systemic effects, such as
hormone signaling, or roles in pathways with large downstream effects. For example, Glil is
located within the confidence interval of the chromosome 11 QTL identified across body size,
skeletal, and mandibular traits. Glil codes for a zinc finger protein that controls transcription in
the Hedgehog pathway, and is important in neuronal development, skeletal formation, and
overall body size (Park et al. 2000; Kimura et al. 2005). Although it is possible that pleiotropic
loci control variation in overall growth through systematic effects, it is also possible that
pleiotropic loci identified across multiple skeletal traits control growth specific to the skeleton.
The gene Pth (parathyroid hormone) regulates serum calcium levels, is important for skeletal
growth (Ascenzi et al. 1978; Iwaniec et al. 2007; Yuan et al. 2012) and is located within the
confidence interval of the pleiotropic locus on chromosome 7.

It is worth pointing out that although pleiotropy likely plays a role in rapid skeletal
evolution, the Gough Island mouse skeleton is morphologically and genetically complex.
Numerous unique loci were identified for skeletal and mandibular traits. The recent colonization
time of Gough Island mice (less than 200 years), suggests that some of the genetic changes that
occurred may have been due to standing genetic variation. It has been argued that evolution of
complex traits involving multiple loci is more likely to utilize standing genetic variation in
recently colonized island populations (Barrett and Schluter 2008). Evolution is thought to occur

faster from standing variation than from new mutations, as it is not dependent on the time for
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new mutations to arise and alleles that are present are at higher frequencies (Innan and Kim
2004).

We uncovered numerous unique loci that contribute to variation within particular
mandibular regions. This speaks to the complexity of the structure, and suggests modular
evolution of the mandible. Modularity has been shown to facilitate evolution because traits from
different modular structures can evolve relatively independently with little interference between
traits (Wagner, Pavlicev, and Cheverud 2007). This has been shown to facilitate beak evolution
in Darwin’s finches, where two regulatory pathways, the BMP-4 and the calmodulin-dependent
pathway, independently regulate beak length and depth with little interference between traits
(Abzhanov et al. 2004, 2006).

Another question to explore is whether the evolution of the Gough Island mouse is
unique to Gough Island, or if it reflects common evolutionary patterns across island systems. In
other words, can we use Gough Island mice as a representative of island evolution to explain
general evolutionary mechanisms across island systems? Pleiotropy can drive rapid evolution in
cases of recent colonization events. Insular mice experienced relatively recent colonization so
any changes to the population were likely rapid, which raises the prospect that pleiotropy could
be a common mechanism for evolution on islands. For example, the chromosome 10 QTL
overlaps with genomic regions underlying variation in body size (Chan et al. 2012) and skeletal
size (Kenney-Hunt et al. 2008) in laboratory mouse strains. This is evidence that this QTL may
cause size changes across multiple populations. However, evolution from standing genetic
variation suggests that differentiation of recently colonized island populations from the mainland
1s likely due to founder effects. This suggests that different genetic patterns would be observed

across island populations with different founders and source populations.
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Similar morphological changes that were identified in the Gough Island mouse mandible
were also seen in other island mouse populations, such as the elongation of the mandible.
However, Gough Island mice also exhibit changes in mandible morphology that do not reflect a
common trend across islands. This may be due to the adaptation of particular mandible forms to
the specific island environment, such as shifts in diet mouse populations experience after island
colonization. There is evidence for selection acting on mandibular morphology in wild house
mouse populations, where similar shapes were identified for populations from similar habitats
(Boell and Tautz 2011). In order to evaluate broad patterns of mandibular evolution across island
populations, it would require more extensive morphological characterization of mandibles from
multiple island populations.

Some aspects of Gough Island mouse biology fit the expected trends of the island
syndrome. Given the size and degree of isolation of Gough Island, the direction of change in
traits observed fits expectations (Adler and Levins 1994). This includes an increase in population
density, increased survival, and increased body size.

At the same time, Gough Island mice depart from the island syndrome, mostly in regards
to the magnitude of change in traits compared to mouse populations on islands with similar sizes
and degrees of isolation. Gough Island mice are much larger than expected, and also exhibit
much lower seasonal variation in survival (Cuthbert et al. 2016a). Gough Island mouse predation
behavior and diet are unique. Mice on Gough Island take advantage of seabird chicks as an
energetically rich food source, making up a large portion of their diet, which is not common
among wild house mice (Jones, Chown, and Gaston 2003; Roux et al. 2002). Mice in high
predation areas exhibit higher overwinter survival rates, which has been argued to drive selection

for extreme body size and predatory behaviors (Jones et al. 2003a; Cuthbert and Hilton 2004;
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Cuthbert et al. 2016a). Although not unique to Gough Island, the complete absence of mouse
predators and competitors on islands is not common (Heaney and Holdgate 1957; Jones et al.
2003a; Wanless et al. 2009) and likely reduces selective pressures related to the presence of
predators and competitors. These unusual characteristics of the Gough Island mouse have been
argued to drive their exceptional body size (Cuthbert et al. 2016a).

Do these patterns tell us whether we can we use Gough Island mice as a representative of
island evolution to explain general evolutionary mechanisms across island systems? It may not
be sufficient to use a single island population to explain general patterns of island evolution.
Rather, it requires the investigation of populations from multiple islands (see Future Directions).
Each island has its own set of conditions and history that likely affect the relative importance of
genetic and environmental factors underlying evolution on islands.

The studies presented in this thesis are the first steps taken toward a better understanding
of skeletal and mandibular evolution on islands from a morphological and genetic perspective.
Although we have helped lay the foundation for the study of skeletal evolution in an island
context, this work also leads to many more questions. Described below are potential future

directions of the work presented here in this thesis.

Future directions

Comparison of morphology and genetic properties of skeletal evolution in multiple island
populations

As discussed above, comparisons between the results presented in this thesis to other
large-bodied island mouse populations could reveal if they exhibit similar morphological and
genetic changes. This would provide insights into whether phenotypic convergence and parallel

evolution play a role in island evolution. Although body size has been catalogued across insular



103

mouse populations, detailed systematic characterizations of the house mouse skeleton across
island populations are lacking. To better understand patterns of skeletal evolution on islands, a
thorough phenotypic and genetic characterization of skeletal morphology of large-bodied mice
from additional islands would be extremely valuable and would provide insights into whether
there are shared patterns of morphological evolution across islands and whether they reflect a
common genetic basis. Using the 16 skeletal traits measured in the research presented in this
thesis (Parmenter et al. 2016, see Chapter 2) would allow for direct comparisons. Mice from
Islands such as Papa Westray and Salvagem Grande make promising candidates since they
evolved similar large body sizes as Gough Island mice. QTL mapping of skeletal traits between
other island populations and WSB would allow us to directly compare the genetic mapping
results between Gough Island mice and WSB presented in this thesis. This would provide
insights into whether the evolution of skeletal expansion across island populations reflect a
common genetic basis. QTL mapping of multiple populations may be prohibitive. In this case
crossing the island populations with WSB to evaluate the distribution of phenotypic effects
among the offspring could be informative.
Characterize differences between high and low elevation populations of mice on Gough
Island

Islands have heterogeneous environments, and Gough Island is no exception. There are
major differences between the high and low elevation areas of the island. The majority of the
island is mountainous, rising steeply from sea level to the highlands at over 900 meters above sea
level and experiences strong westerly winds. The island’s Southeast side is closer to sea level

and much more forgiving, with more grass and shrub land and is more protected from the harsh
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winds (Heaney and Holdgate 1957). There is also 50% more rainfall at high elevations, and
vegetation types show strong altitudinal trends (Wace 1961).

Mice used in the research presented in this thesis originated from mice caught from the
low elevation areas. The biology of high elevation mice is distinct from those at low elevations
(Rowe-Rowe and Crafford 1992; Jones, Chown, and Gaston 2003). High elevation mice are
smaller (an average body weight of 24 grams; Jones, Chown, and Gaston 2003), and have
distinct diets. Low elevation mice primarily eat bird and earthworm material, whereas the high
elevation mice primarily eat plant material and do not predate on birds (Jones, Chown, and
Gaston 2003). The biological differences between high and low elevation mice on Gough Island
could be the result of adaptations to their unique microenvironment. This suggests that
interpretations of results presented in this thesis may not accurately extend to the evolution of
high elevation mice on Gough Island.

Detailed comparisons of skeletal variation in high and low elevation mice would allow us
to determine if the two groups of mice differ in phenotype. Measurements could include skeletal
traits used in the studies presented in this thesis (Parmenter et al. 2016, see Chapter 2) to allow
for direct comparisons. Phenotypes could initially be measured from high elevation mouse
specimens collected from the island in order to capture phenotypic variation present on the
island. Collection of skeletal data from low-elevation specimens would also be useful since
skeletal data collected in this thesis are from lab-reared animals. This is feasible since skeletons
can be preserved and measured conveniently in the lab. Raising high elevation Gough Island
mice in the laboratory on a common diet under the same conditions as the lab-raised low
elevation Gough Island mice would determine if the high elevation skeletal phenotypes are

maintained in the lab, and therefore likely genetic in origin, suggesting that the high and low



105

elevation mice evolved different skeletal morphologies. It is possible that high elevation mice
could experience a shift in phenotype after lab rearing, which would suggest that it is likely due
to environmental effects specific to their high elevation environment.

Additionally, identifying any population structure between mice from areas of high and
low elevation could provide illuminating insights into the evolution of mice on the island. Using
genotype data from mice from high and low elevation areas (along with genotypes from potential
mainland source populations; see Gray et al. 2014) we could infer the likelihood of whether low
and high elevation mice make up one single population or two separate populations (with a
program such as STRUCTURE (Pritchard, Stephens, and Donnelly 2000). If there is evidence
for population structure on the island, this could indicate that mice underwent specific
adaptations to their respective environments. Selective pressures within their particular niches
may be important in shaping the phenotypic and genotypic divergence between the high and low

elevation mice on Gough Island.

Fine mapping of QTL underlying morphological evolution in Gough Island mice

Fine mapping of QTL underlying the extreme morphological evolution in Gough Island
mice could lead to the identification of causative mutations. It would also yield direct insights
into the function of the QTL. The distal chromosome 10 QTL is likely a global regulator of
growth, as it controls body weight and underlies the expansion of the skeleton. Using a congenic
approach, we would isolate the Gough Island mouse distal chromosome 10 QTL onto the
background of WSB. Characterizing morphological phenotypes of the congenic line will
determine the direct effects of the QTL. Characterizing the direct effect of the chromosome 10
QTL will provide insights into its role in pleiotropy on skeletal evolution. Phenotypes would

include skeletal traits and growth rate, which would allow for direct comparisons to the results
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presented in this thesis. Additional phenotypes (such as body fat percentage, organ weights, and
muscle architecture) could also be collected to further characterize the function of the distal

chromosome 10 QTL.
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Figure S2.1 Design of F2 intercrosses for genetic mapping. WSB = parental WSB individual,

Gough = parental Gough (Gl) individual (full sib inbred for 3 generations); F1 = first filial

generation hybrid of WSBxGI; F2 = second filial generation hybrid of F1xF1.

oh Island Mice

-

Gou

-==> Linc A

-==> Line B

Y Gough?

Y WSB

¥ Gough®

~ WSB

X

X

X

I WSB

! Gough?

! WSB

¥ Gough®

}

Fl
Fl

Fl
Fl

}

}



Figure S2.2 WSB, Gl and F2 histograms representing the phenotypes of the 16 skeletal traits at (A) 5, (B) 10, and (C) 16 weeks of
age. Vertical lines represent the means of the parents (blue = WSB, red = Gl) and F2s (green).
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Figure S2.3 Principal Component Analyses on skeletal traits. A. Percent variance explained by
each principal component (PC) at 5, 10, and 16 weeks (left, center, and right columns,
respectively. B. QTL for PC1 and PC2 at 5, 10, and 16 weeks. Significance is indicated with a
dotted line.
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Table S2.1 Phenotypic means and standard deviations of Gl and WSB at 5, 10 and 16 weeks

5 weeks 10 weeks 16 weeks

WSB/EiJ Gough (GI) WSB/EiJ Gough (Gl) WSB/EiJ Gough (GI)

Trait [N Mean SD | N Mean SD p-value [ N Mean SD | N Mean SD p-value Mean SD | N Mean SD p-value
SL 16 1896 0.36 |20 21.75 0.53 | <2.2e-16 | 12 19.85 0.37| 20 22.69 0.52 | <2.2e-16 19.36 0.78 | 15 22.88 0.63 | <2.2e-16
SW |16 941 013120 995 0.21 | 1.70E-13]12 944 0.11] 20 10.01 0.21 5.30E-12 946 014 |15 9.92 0.1 | 5.20E-06
zZW 16 1057 0.18 ]20 11.34 0.2 | 7.20E-13]12 1091 0.15] 20 1169 0.23 | 2.80E-11 11.07 033 |15 11.76 0.27 | 7.30E-05
ZL 16 742 0.18 20 859 03 | <22e-16]12 788 01720 9.13 0.33| <2.2e-16 824 024115 9.28 0.24 | 7.80E-09
HCV |16 7.76 03520 823 0.23 ] 1.90E-04])12 77 0.34]20 817 0.24] 1.30E-04 8 026 |15 827 0.22 | 4.10E-01
HL 16 7.61 05920 932 0.63 | 5.60E-14]12 833 0.66] 20 10.17 0.69 | 1.00E-10 929 073 |15 1155 0.27 | 1.60E-07
HMD |16 0.87 0.04 J]20 1.08 0.05 | 2.20E-16 12 0.87 0.06] 20 1.09 0.07 | 1.40E-12 0.86 0.07 |15 1.03 0.06 | 7.70E-05
UL 16 9.87 0.38 )20 11.25 045 | 440E-15]12 10.68 048] 20 1235 046 | 1.10E-15 10.28 019 |15 1217 0.35 | 8.40E-11
PGL |16 12.14 0.35 |20 15.06 0.55 | <2.2e-16 | 12 13.87 0.63] 20 16.91 0.58 | <2.2e-16 1389 0.7 |15 1718 0.3 | 5.30E-14
SVL |16 793 02820 10 0.39 | <22e-16]12 8.75 0.28] 20 10.81 0.38 | <2.2e-16 899 039]15 109 0.27 | 1.90E-12
FL 16 11.02 0.3 |20 1321 0.39 | <2.2e-16 |12 1222 041] 20 1491 0.36 | <2.2e-16 1284 046 |15 1563 0.19 ] 7.30E-14
FMD |16 0.89 0.04 J]20 1.07 0.04 | <2.2e-16 ] 12 0.92 0.04] 20 11 0.05 | 8.40E-16 091 007 |15 1.07 0.06 | 1.60E-04
TL 16 13.06 0.36 |20 1546 0.31 | <2.2e-16 | 12 14.35 0.35] 20 16.78 0.37 | <2.2e-16 1453 037 |15 16.93 0.16 | <2.2e-16
TMD |16 0.77 0.05]20 098 0.06 | <2.2e-16 |12 0.8 0.05| 20 1 0.08 | 8.00E-11 0.79 007 |15 0.92 0.08 | 6.00E-03
PTW |16 227 0.1 J20 271 0.11 | <22e-16 12 241 0.09] 20 283 0.11 <2.2e-16 238 013115 29 0.07 | 3.90E-12
MC 16 10.76 0.29 |20 12.3 0.39 | <2.2e-16 | 12 10.87 0.34]| 20 1248 0.41 <2.2e-16 1068 025 15 121 0.16 | 1.20E-10

N NN NN N NN NSNSNSNSNSNSNSNZ

N is the number of individuals measured for each trait at a given time point and X is the mean. P-values are for two-trailed T-tests and
are significant if p < 0.05.
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Table $2.2 P-values of two-tailed T-tests performed for 16 skeletal traits between each
time point within Gl and within WSB.

Trait Gl 5to 10 Gl 10to 16 WSB5TO 10 WSB 10 TO

week week week 16 week
SL <0.001 0.869 <0.001 0.154
SW 0.396 0.002 0.423 0.763
W <0.001 0.686 <0.001 0.264
ZL <0.001 0.689 <0.001 0.005
HCV 0.564 0.558 0.691 0.047
HL <0.001 <0.001 0.007 0.027
HMD 0.631 <0.001 0.814 0.705
UL <0.001 0.01 0.001 0.052
PGL <0.001 0.702 <0.001 0.945
SVL <0.001 0.061 <0.001 0.195
FL <0.001 <0.001 <0.001 0.013
FMD 0.073 <0.001 0.284 0.832
TL <0.001 0.506 <0.001 0.329
TMD 0.33 <0.001 0.344 0.986
PTW 0.001 0.125 0.001 0.675

MC 0.195 <0.001 0.362 0.175




Table $2.3 Genomic positions of single-trait QTL

5 week 10 week 16 week
Trait chr Pos(Mb) LOD Loc‘;‘jer U%pler chr Pos (Mb) LOD Loc‘;‘jer U%pler chr Pos (Mb) LOD Loc":‘jer U%pler
sL 1 1596 48 76 1815 4 93.6 81 681 1508 2 43 45 247 55
4 59.2 43 367 1291 7 105.2 9 682 1246 4 127 47 577 1556
6 75.5 48 76 806 10 1104 142 675 1119 7 1189 62 682 1254
7 76.3 62 656 1269 11 12.7 48 33 63 10 67.1 94 595 1225
10 1234 224 1192 125 15 30.6 103 81 478 11 16.2 43 33 72.8
15 716 52 64 1009 15 46.5 73 302  58.1
sSW 3 58.3 89 44 1017 3 1005 128 52 1024 3 506 108 44 65.4
8 1239 43 120 1312 10 1074 203 1019 1139 10 1212 196 1137 1218
10 1212 188 1148 1229 15 9.2 47 6.1 684 15 12.6 47 641 50.9
16 29.7 48 86 911 17 474 6.2 434 675 17 48.1 65 434 528
17 4841 65 329 538 19 15.1 43 32 35.9
ZW 3 1289 46 523 1375 3 1339 109 1007 1375 3 1339 66 1252 1375
7 81.3 65 656 973 7 81.3 67 682 1058 6 15.4 43 34 1391
10 1195 205 1144 1229 10 1103 106 45 1161 7 81.3 54 621 1218
15 11.3 54 6.1 726 12 277 44 161 477 10 1135 101 456 1208
16 76.3 61 375 849 15 249 45 6.1 716 12 27.7 56 3.6 29.7
15 24.9 47 641 38
ZL 4 93.9 93 537 1034 3 121.2 53 32 1427 4 88.2 92 748 1085
10 1238 6.4 1137 1259 4 93.9 9 852 1051 10 76.7 96 641  116.1
10 1156 7.7 68 125 15 34.3 44 206 509
15 30.6 6.1 6.8 451
16 48.2 4.9 4 64.8
HCV 10 31.3 51 248 1212 3 21.2 6.6 16 109.8 3 59.6 47 289 1191
15 415 48 288 1021 10 632 86 457 693 10 57.1 5 23 91.2
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HL

UL

PGL

SVL

FL

17

10
15

10
11
16

4

60.3
95.4
36.6

99.5

78.1
86.1
131.4
75.6
80.4
94 .1
118.6
119.5
12.2

135.5
94 .1
97
123.4
16.2
4.8

145.4
94 .1
90.8

5.3
4.7
4.9

6.4

4.4
9.2
4.2
5.1
11
6.6
9.2
12.9
4.4

8.3
54
7.3
11.5
5.1
59

5.8
10.5
15.2

46.2
30.5
247

48.5

67.3
57.7
73.5
56.9
76
69.2
81.6
119.2
3.3

94.2
55.6
70.3
119.2
3.3
3.5

122.1
87.6
86.5

82.1
109.4
41.7

101.8

129.8
94.9
143.6
87.8
128.6
131
124.6
125
19.8

148.9
129.1
120.9
125
44.2
40

165
103.4
99.3

94.9
94.4
63.6

127.5

31.6
58.7
54.9
145.9
75.6
133.3
30.6
82.8
95.1
1241
65.8
16.2
30.7
137.3
94 .1
97
121.2
12.2

149.7
98.7
125.2

6.7
4.3
4.6

5.1

4.9
6.3
5.2
11.7
4.6
4.6
4.5
7.5
9.1
6.8
4.5
4.4
5.7
10.6
6.1
6.6

4.4
17.7
14

93.6
75.7
11.6

69.9

22.5
47.7
48.5
128.8
66.8
81.2
7.2
76
88.2
89.8
33.9
3.3
8.1
94.2
68.1
81.8
110.2
3.3

102.8
85
87.6

99.5
100.3
68.6

132.5

51.2
73
98.5
181.5
98.7
152.4
55.4
148.9
108.5
136.1
71
18.5
38.9
172.2
107.3
126.9
125.6
34.6

160.1
107.3
126.9

15
10

13
15

10
11

~N A

7

71.8
58.6

135.1

58.7
53.2

104.1
87.9
11.2

93.9
87.9
31.2
65.8
12.2

162.2
94
87.9
128.5
119.5
16.2
70.1
30.7
117.9
104.1
91.2

4.7
5.2

5.1

4.8
5.5

10.3
7.3

10.9

5.1
5.6

4.7
7.2
4.6
4.2
6.9

4.5
4.3
6.1
15.8
14.7

42.3
46.4

79

3.9
29.3

65.4
81.2
6.1

83.2
73.4
12.2
39.3
3.3

117.6
68.1
62.1

89
118.6
3.3
62.1

26.6
94.4

91
85.4

95.6
69.4

137.3

75.9
76.2

119
1271
76.5

108.5
126.1
71.5
129.8
18.2

180
130.5
1241
130.8

125
60.8
99.5
66.5
154.4
108.6
124.6
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TL

MC

10
11
12
15
16

11
14

10
11
12
14
15
16

11
15

10

123.4
12.9
92.6
72.3

4.9

133.1

291
85
32.6

145.4
106.9
98.1
119.5
82.1
76.4
45.6
74.2
4.9

66.1
75.6

116.7

128.4

6.1
5.1
4.8
6.6
4.5

5.3
5.3

5.6

8.5
12.7
10.9

9.6
4.3

5.7

7.5
4.6

54

5.1
4.6

7.6

8.3

119.2
71
68.3
6.1
3.5

124 1

4.9
81
8.7

95.6
91
75.2
119.2
68.3
60.6
30.6
6.9
3.5

62.7
38

102.9

121.8

125.9
16.8
113.4
76
64.8

144.6

34.6
102
47

162.2
111.4
122.6
125.6
102
92.7
48.6
84.7
51.6

109.5
86.8

123.4

139.8

11
15

11
15

10
15
18

12.7
44 .3

63.1

60.1
44.9
10.8
48.1
145.9
94 .1
125.2
45.7
79.8
71.6
30.6

115.5

109
70.6

62.3

119.6
30.6
58.6

137.9

4.7
9.5

4.5

5.3
4.5
4.4
6.1
6.5
171
10.2
4.6
4.7

6.2

5.2

5.7
5.3

5.5

10.7
4.5
5.8
7.6

3.3
7.6

53.6

37.4
9.5
8.7

33.9

121.8

88.6

87.6
19

68.3

30.6
6.9

96.7

94.3
6.1

43

119
6.1
50.3
121.8

54.7
55.4

143.6

109.6
84.1
46.5
56.8
165
108.5
126.9
129.8
98.8
87.7
76

148.1

119
86.8

108.5

125.6
78.8
62.5
154

11
15

~

10
12
14

10

15

18
1

51.8
46.5

161

71
48.1

93.9
125.2
123.4

70.8
46.2

116.4
35.7

129.3

119.3
50.9
21
139.4

4.8
5.7

4.9
4.3

16.2
5.1
54

4.6

4.9
4.4

4.9

8.6
4.3
4.4
6.7

11.8
7.6

124.6

57.3
35.4

88.6
82.2
39.3
59.1
34.4

101.4
17.7

72.7

108.8
6.9
3.2

121.8

66.1
59.4

168.4

134.4
57.8

108.6
126.9
129.8
93.9
52.7

150.1
53.5

140

125.6
76
60.8
153.9
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88.2 118.7 4 88.6 12.9 87.6 107.3 4 94 .1 13.9 87.6 108.5
6.2 75.2 122.6 10 122.5 10.7  119.2 125
12.2 5.2 5.3 35.2

4 106.9 17.2
86.2 6.1 68.2 119.9 7 90.6
10 119.4 101 1183 1256 10 122.9 10.7 119.2 125 11

11 12.2 4.9 4.7 46.4 11 34.2 4.4 8.9 61.5
14 45.6 5.7 30.6 52.7 14 45.6 54 33.5 59.2
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Table S2.4 Summary of size-corrected QTL.

5 week 10 week 16 week
QTL QTL QTL
O Trait | il covariate  S12PS OO TR | it ovarae ShaPe OO Tt | fln larate  Shae
ratios ratios ratios
4 UL X X X 4 UL X X X 4 UL X X X
4 PGL X X X 4 PGL X X X 4 PGL X X X
4 SVL X X X 4 MC X X X 4 SVL X X X
4 FL X X X 14 FMD X X X 4 FL X X X
4 FMD X X X 14 TL X X X 4 TL X X X
4 TL X X X 14 MC X X X 4 MC X X X
4 MC X X X 5 HMD X X X 12 ZW X X X
14 FMD X X X 12 FMD X X X 12 SVL X X X
14 TL X X X X FMD X X X 1 SVL X X X
14 MC X X X 1 SVL X X 4 ZL X X X
11 FMD X X X 1 TL X X 6 TMD X X X
4 SL X X 1 MC X X 7 FL X X X
4 ZL X X 3 Sw X X 14 TL X X X
8 FMD X X 3 ZW X X X FMD X X X
8 SW X X 3 ZL X X 3 SW X X
10 SL X X 3 HCV X X 3 ZW X X
10 SW X X 4 SL X X 10 SL X X
10 ZW X X 4 ZL X X 10 SW X X
10 PGL X X 7 SL X X 10 ZW X X
15 FL X X 7 PGL X X 10 ZL X X
15 HMD X X 7 TL X X 10 PTW X X
15 UL X X 10 SL X X 10 MC X X
16 SW X X 10 SW X X 1 MC X X
16 ZW X X 10 ZW X X 2 SL X X

evt
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shape ratios). An "X" indicates the presence of a statistically significant QTL.
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Table S2.5 Phenotypic correlations among time points for each of the 16 skeletal traits.

10 and 16

Trait 5 and 10 weeks 5 and 16 weeks
weeks
SL 0.65 0.65 0.56
SW 0.81 0.8 0.76
W 0.79 0.8 0.75
ZL 0.54 0.56 0.52
HL 0.76 0.71 0.66
HMD 0.57 0.74 0.53
UL 0.66 0.72 0.64
PGL 0.7 0.78 0.61
SVL 0.8 0.82 0.73
FL 0.75 0.82 0.71
FMD 0.62 0.74 0.57
TL 0.8 0.8 0.68
TMD 0.6 0.79 0.55
PTW 0.54 0.58 0.5
MC 0.81 0.8 0.76

Values represent the Pearson Product Moment.



Table S2.6 Evidence for modularity among Gl skeletal traits using MINT analyses

o Jack Jack Jack
Traits Modules Description Y* . Rank Al . Rank v* . Rank
knife knife knife
Whole Skeleton 5 week 10 week 16 week
[SL] [SW] [ZW] [ZL]
[HL] [HMD] [UL] . .
Ho [PGL][SVL][FL] [tra't“] .[ttra'tﬂ No modularity 0o 100 2 0 95 2 o 100 3
[FMD] [TL][TMD] - [traita]
[PTW] [MC] [HCV]
Developmental
timing - skull
[SL,SW,ZW,ZL, and pelvis
PGL,SVL, HCV] [skull,pelvis] begin to
H, [HL,HMD,UL] [forelimb] develop firstat -0.01 100 1 -0.02 100 1 -0.01 100 2
[FL,FMD,TL,TMD, [hindlimb] E9, followed by
PTW,MC] forelimb at E10
and hindlimb at
E11
Mesoderm vs
CNC-derived -
[SL,ZW,ZL] [some skull] most of the
[SW,HL,HMD,UL, [some skull skeleton is
H, PGL,SVL,FL,FMD, remaining ’ derived from 0.08 100 4 0.02 81 3 0.06 83 4
TL,TMD,PTW,MC, traits] mesoderm,
HCV] except for CNC-
derived skull
bones
[SL,SW.ZW.ZL, [skull, sacral .
SVL, HCV] vertebrae] axial vs
H; [HL,HMD,UL,FL, [limb, pelvic appendicular 0.03 89 3 0.02 69 4 -0.01 100 1
FMD,TL,TMD,PTW *. dl ’ skeleton
,MC, PGL] girdle]
Limb 5 week 10 week 16 week

871



[H] (HMD] [ULT [PLT i 1 ftraity]

Ho [FMD][TL][TMD] [trait,] no modularity 0 100 3 0 100 3 0 100 3
[PTW] [MC] n
[HL,HMD,UL FL, All limb traits as
H; FMD,TL,TMD,PTW [all limb traits] 0 100 4 0 100 4 0 100 4
MC] one module
[HL,HMD,UL] [forelimb] Forelimb: Tbx5,
H, [FL,FMD,TL,TMD, [hindlimb] Hox9 Hindlimb: 0.08 100 5 0.05 100 5 0.02 100 5
PTW,MC] Tbx4, Islet1
Limb
progression
during

[HL,HMD,FL,FMD]  [stylopod] development -

Hs; [UL,TL,TMD,PTW] [zeugopod . . 0.13 100 6 0.13 100 6 0.12 100 6
stylopod: Hox9;
[MC] [autopod] .
zeugopod:
Hox11; autopod:
Hox13
[limb limb |
ength vs
[HL,UL,FL,TL,MC] lengths] . i } i i
H, [HMD,FMD, TMD] [limb W|dth_ 0.28 100 1 0.43 100 1 0.53 100 1
. functional load
diameters]
[forelimb
I[?grgetlrri]b forelimb to
[HL,UL] [HMD] diameters] hindlimb
Hs [FL,TL,MC] - developmental -0.1 100 2 -0.2 100 2 -0.26 100 2
[hindlimb e
[FMD,TMD] timing and
lengths} functional load
[hindlimb
diameters]

Each model is composed of non-overlapping sets of skeletal traits partitioned into hypothesized modules. The best fitting model (in
bold-face) has the lowest goodness of fit statistic (y*) based on similarity between expected and observed covariance matrices.
Models are ranked based on their y* value and jackknife values provide support for model rankings.
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Table S$2.7 Genomic positions of multi-trait QTL

5 Week

Chr Traits (F;‘KAS) LoD Loc":‘jer U%pler
1 SL,UL,PGL,SVL,FL,TL,MC 57 158 455  61.3
3 SwW,zw 277 95 238 366
4  SL,ZL,UL,PGL,SVL,FL,FMD,TL,MC 32 259 268 4358
7 SL,ZW,HL,UL,PGL,SVL,FL,TL,MC 371 172 345 40

10P  HCV,HL, 144 83 0 53.5

10D SL,SW,ZW,ZL,HCV,PGL,SVL,FL,TL,PTW,MC 60.7 36 557 627

11P  PGL,SVL,FL,MC 41 118 0 21

11D FMD,TL,TMD 433 162 394 534
12 FLTL 232 62 209 2938
14 FMD,TL,MC 15 102 104 297
15 SL,ZW,HCV,HMD,UL,FL,TL,TMD 267 131 127 293
16 SW,ZW,SVL,FL,TL 03 87 0 3.2
17 SW,HCV 0.7 9 0 53.8

10 Week

Chr Traits ('Z‘KAS) LOD Loc":‘jer U%pler
1 UL,PGL,SVL,TL,MC 57 131 411  69.6
3 SW,ZW,ZL,HCV,TMD 138 159 104  36.7
4 SL,ZL,HL,UL,PGL,SVL,FL,TL,PTW,MC 388 32 317 422
7 SL,ZW,UL,PGL,SVL,FL,FMD,TL,MC 473 18 37 48.6
10 SL,SW,ZW,ZL,HCV,HMD,PGL,SVL,TL,PTW,MC 131 312 0 52.9
11 SL,HL,PGL,SVL,FL,MC 361 87 331 542
12 ZW,FMD,TL 96 67 3.8 13.9
14  FMD,TL,MC 6.8 7.3 0 15.4
15  SL,SW,ZW,ZL,HCV,HMD,UL,PGL,FL,TLTMD.PTW 74 193 0.2 17.6

16 Week

Chr Traits ('Z‘KAS) LOD Loc":‘jer U%pler
1 SVLMC 473 8 0 90.6
2 FLFMD 656 7.1 535 805
3 SW,HCV 357 123 277 469
4 SL,ZL,UL,PGL,SVL,FL,TLMC 436 314 317 442
6 ZW,TMD 93 91 68 688
7 SL,ZW,HMD,UL,PGL,SVL,FL,FMD,TL 377 188 339 486
10 SL,SW,ZW,ZL,HCV,HL,PGL,SVL,TL,PTW,MC 261 33 159 607
11 SL,PGL,SVL,FL,MC 344 107 31 39.5
12 SVL,TL 118 59 83 16.8
15 SL,SW,ZW,ZL,HCV,HMD,UL,SVL,FL,PTW 163 16 6.9 223
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Table $2.8 Genomic positions of multi-trait QTL for skeletal modules.

Whole skeleton

Time Model Module Traits Chr. (F:K/T) (‘Rfs) LOD C"I"z‘é?\;) C"I"("’,\%) g)??c?l(/l) (;p(‘m)
5 H1  [skull, pelvis] [F,Sé’fg\\’/’f]w’ZL’HCV’ 1 407 89.1 201 36 76 485  123.6
3 30 834 113 155 514 35  101.2

4 439 106.9 247 335 84.4 45 110

5 329 73.8 99 275  66.2 38  87.2

6 301 82 95 26 72 345  93.9

7 345 82 121 255  66.6 48  126.6

8 594 128.8 103 51 120 605  129.2

10 60 123.4 284 55 119 615 125

11 554 103.6 132 495 94.8 57  105.8

13 497 113.7 96 31 84.9 545 119.4

16 17 377 101 4 11.3 355 77

17 162 47.8 117 135  43.4 195  51.9

[Forelimb]  [HL,HMD,UL] 1 538 136.2 69 365 76.7 675  169.5
4 354 882 101 23 577 485 118.9

5 318 723 69 29 669 37  84.3

7 349 85 105 285 75.2 405  103.1

10 144 352 74 45  17.6 605  123.8

15 28 747 77 155 515 41 93.6

16 248 51 64 15 342 34 744

[Hindlimb] L’;(L:’]FMD’TL*TMD’PTW’ 1 542 1371 9 475 1213 59 153
3 47 1268 99 335 96.7 515 130.8

4 354 882 196 325 83.3 445 108.5
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7 371 908 152 31 78.6 405  103.1

8 92 291 99 0 4.9 27 77.6

10 607 123.8 179 525 116.9 625  125.3

11 428 81.6 234 40  77.7 51 97.1

12 22 635 98 20  58.6 295  81.8

13 6 304 89 0 3.9 9 37.8

14 15 457 94 0 8.7 31 77

15 9 363 103 65 28 275  73.9

6 1 61 88 0 3.5 25 51.6

19 09 7.1 87 0 3.2 25  11.2
Time Model Module Traits o Pah iy LoD (‘l(l)\g:?\;l) C"I"("’,\%) e oty
10 H1  [skull, pelvis] [F,Sé’fg\\’/’f]w’ZL’HCV' 1 407 89.1 113 31 67.3 48  122.6
3 135 472 172 3 21.2 35 101.2
4 421 104 236 385 982 445 108.5

7 537 135.1 139 44  118.9 555  137.1
10 454 110.5 233 42  102.9 565 119.4
11 477 91.6 104 3 11.4 56 104.2

13 479 112.4 92 16 514 51 116

15 455 959 118 65 28 495 99

17 151 44.8 10 115  32.9 185  50.2
[Forelimb]  [HL,HMD,UL] 1 578 146.7 66 325 70.4 655  165.3
4 325 833 145 285 69.2 375 954
7 371 90.8 81 155 482 41  104.7

10 136 31.5 83 95 247 15  36.1

15 17 549 102 7 302 185  57.3
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[FL,FMD,TL, TMD,PTW,

[Hindimb] 1 575 1442 78 28  60.3 675  169.5
2 56 127.8 86 445 89.2 675  154.2
3 484 1291 122 105 381 55  137.5
4 385 98.2 265 325 83.3 425 104.4
5 282 669 76 15 40 32 72,7
6 462 1175 7 39 99.7 50  125.9
7 349 85 152 30  76.9 48  126.6
8 394 1062 11 305 85 4 110.2
9 182 498 65 6 29.3 36  89.2
10 585 122.9 143 55 119 625  125.3
11 361 672 208 335 631 42 811
12 101 309 123 4 159 16  47.7
14 171 476 1 0 8.7 2%  69.1
15 75 30.7 151 6 271 135  47.8
18 23 551 99 115  30.1 265  58.9
Time  Model Module Traits g:: (Fé‘lz/f) (‘le’s) LOD (‘l(l)\g:?\;l) C"I"("’,\%) glp(‘;ﬁ/lr) (;p(‘m)
16 H3 [axial] g’VLL]SW’ZW’ZL’HCV' 1 689 1704 118 36 76 74 1775
3 165 523 122 15 151 215  61.7
4 424 1044 184 385 982 50  122.6
6 301 8 99 28  77.7 515 129.8
7 44 1189 104 415 1052 645  145.6
10 567 1194 221 52  116.7 605  123.8
11 50 955 106 25  10.4 56  104.2
15 131 451 105 8 341 27 726
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[HL,HMD,UL,PGL,FL,

[appendicular] FMD,TL, TMD,PTW,MC] 1 53.8 136.2 12.1 25 12.6 58.5 148.9
2 65.6 149.7 14.3 55 124.6 72 162.2
3 473 1278 16.2 35 101.2 54 135.8
4 439 1069 315 33.5 84.4 445 108.5
5 31 69.9 15.2 27.5 66.2 32.5 73.4
6 15.5 46.7 14 10.5 35.7 18.5 51.9
7 48 126.6 20.4 32.5 81.2 49.5 129.4
10 58.5 1229 17.3 56 119.3 62.5 125.3
11 36.5 68 18.1 32.5 62.7 41 80.5
12 12 35.6 14.3 9 29.7 17 52.6
15 16.3 52.1 14.9 0.5 8.1 18.5 57.3
18 20.1 47.7 13.9 0 3.2 23.5 55.3
Limb
Time Model  Module Traits o oo e LoD (‘l(l)\g:?\;l) C"I"("’,\%) e o)
5 H4 [limb lengths]  [HL,UL,FL,TL,MC] 1 53.8 136.2 105 47.5 121.3 59 153
4 36.2 90.8 19 33.5 84.4 44.5 108.5
7 37.1 90.8 14.8 33 81.3 40.5 103.1
8 26 71 8.6 21.5 52.2 39 106.2
10 56.7 1194 127 46 111.3 63 125.9
11 42 81.1 19.4 36 67.2 43.5 83.2
12 22 63.5 9.1 20 58.6 29.5 81.8
15 9 36.3 9 0 6.1 29.5 76.2
16 21 421 10 15 34.2 27.5 59.3
. [limb [HMD,FMD,TMD,PTW] 5 31.8 72.3 7.4 24.5 54.4 37.5 85.9
diameters]
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7 34.5 82 7.6 28.5 75.2 38 91.6

8 9.2 291 7.4 0 4.9 13.5 35.3

10 53 118 12.4 49 113.6 63.5 125.9

11 43.6 83.2 17.6 39 72.6 54 102

Time Model  Module Traits o Pah iy LoD (‘l(l)\g:?\;l) C"I"("’,\%) SFem of oy
10 H4 [limb lengths]  [HL,UL,FL,TL,MC] 1 575 144.2 9 52.5 134.6 65.5 165.3
4 38.5 98.2 22.5 34.5 87 445 108.5

7 371 90.8 13.6 30.5 77.6 48.5 126.9

8 31.8 89 9.5 29 81.3 35 95.3

10 58.5 1229 134 55 119 63 125.9

11 36.1 67.2 16.6 32.5 62.7 41 80.5

12 28.6 79.8 7.5 9.5 30.4 48.5 109.9

14 15 457 7 0 8.7 36 87.7

15 8.2 341 11.7 0.5 8.1 20.5 61

. [limb [HMD,FMD,TMD,PTW] 4 24 .4 59.7 7.6 14 40.4 36.5 92.1

diameters]

5 452 106.6 9.7 21 49.5 48.5 114.6

8 394 106.4 7.2 30.5 85 41.5 111.1

10 11.9 28.6 10.8 9.5 24.7 62 125.3

11 49.4 94.8 16 47.5 91.6 55.5 103.6

12 9.5 30.4 9.6 4 15.9 15 45.5

14 24.8 67.8 7.7 0.5 10 32.5 78.5

15 7.5 30.7 8.5 5.5 26.6 24.5 68.7

18 25 58.2 7.7 20 47.7 27.5 60.7

Time Model Module Traits Chr  pos pos LOD lower lower upper upper
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om (cM)  (Mb) Cl(cM) CI(Mb) CI(cM) CI (Mb)

16 H4  [limblengths] [HL,ULFLTLMC] 1 542 1371 89 25  12.6 585  148.9

2 656 1497 94 55  124.6 90 179

4 439 1069 226 35 882 45 110

7 383 916 173 325 812 485 126.9

10 585 1229 136 57  120.8 625 125.3

11 344 649 116 24 459 38  70.4

12 12 356 84 9 297 17 526

14 171 476 8 135 375 195  56.2

15 13 113 9.1 0 6.1 165  52.5

18 318 655 7.8 0 3.2 345 687

_ [limb [HMD,FMD,TMD,PTW] 2 709 1613 76 56  127.8 76  166.5
diameters]

5 31 699 112 255 59.9 35  78.2

7 345 822 72 32 80.1 535 134.4

10 335 877 86 11 27.7 595  123.4

11 395 749 85 325 62.7 44 858

12 145 418 74 85 292 18 552

15 165 525 83 65 28 195  58.6

18 111 29.3 8.3 4.5 15.9 23.5 55.3

Genomic positions (in cM and Mb), chromosomal locations, LOD scores, and lower and upper confidence intervals (Cl) in cM and Mb
of skeletal modules of best-fitting models from MINT analyses at 5, 10, and 16 weeks of age. Confidence intervals are the 1.5 LOD
interval.
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Table S2.9 Tests for pleiotropy of skeletal modules
Whole skeleton

QTL 1 QTL 2
Time Model Module Traits Chr LOD P/L P-val pos QTL 1 traits pos QTL 2 traits
(cM) (cM)
[SL.SW,ZW,ZLHCV,
5  H1  [skull, pelvis] PGL, 1 193 P 041 379
SVL]
3 93 P 08 30
4 259 P 07 364
5 96 P 08 329
6 83 P 013  30.1
7 122 P 02 625
8 99 P 013 594
10 246 P 047 607
11 192 L 0 85  SL PGL SVL 554 SW’HZ(\:A\’/’ZL’
13 96 P 035 491
16 91 P 08 74
17 101 P 021 17.8
[Forelimb]  [HL, HMD, UL] 1 68 P 016 624
4 98 P 012 354
5 6 P 031 312
7 106 P 078 349
10 66 P 023 144
15 76 P 033 281
16 57 P 03 291
[Hindlimb] [t FMD, TLTMD, 75 b 005 475

PTW, MC]
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FL, FMD,

3 133 L 0.03 8.04 TL 48.84 TMD, PTW,
MC
4 221 L 0.01 35.36 FL, T|\I7I,CPTW, 57.81 FMD, TMD
7 139 P 0.09 32.3
FL, TL,
8 141 L 0 9.2 FMD, TMD 25.7 PTW, MC
10 1741 P 0.67 60.7
FMD, TL,
11 277 L 0 18.9 FL, MC 53 TMD, PTW
12 95 P 0.1 23.2
13 8 P 0.39 6
14 9.2 P 0.18 171
15 9.7 P 0.71 9.4
16 7.5 P 0.06 1.1
19 8.7 P 0.14 1.1
QTL 1 . QTL 2 .
Time Model Module Traits Chr LOD P/L P-val pos Traits under pos Traits under
QTL 1 QTL 2
(cM) (cM)
. [SL, SW, ZW, ZL,
10 HA1 [skull, pelvis] HCV, PGL, SVL] 1 113 P 0.23 37.9
3 144 P 0.55 13.6
SL, SW, ZL,
4 271 L 0 36.4 ZW, HCV 61 PGL, SVL
7 137 P 0.95 53.7
10 20.6 P 0.54 45.4
SW, ZW, ZL,
11 16.9 L 0 8.5 SL, PGL, SVL 50.1 HCV
13 9.8 P 0.19 47.9
15 113 P 0.1 7.5
17 8.9 P 0.16 15.1
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[Forelimb]  [HL, HMD, UL] 1 49 P 053 624

4 131 P 012 30
7 69 P 024 225
10 71 P 028 136
15 93 P 036 167
[Hindlimb] [F',:TL\’N'T'\,\’;%]TL'TMD’ 1 68 P 045 647
2 98 P 062 56
3 135 P 012 518
4 273 P 012 351
5 62 P 021 238
6 66 P 02 462
7 131 P 083 473
8 107 P 022 313
9 61 P 007 66
10 15 P 009 56.8

11 237 L 0 363 FLF;TFV':/"’D,\’/KT:L’ 53 TMD
12 115 P 069 96
14 12 P 015 85
15 146 P 067 75
18 97 P 015 229

TL A . TL2 .
Time Model Module Traits Chr LOD P/L P-val ons Tralotﬁ_tjqder ons Tragﬁ.f;der
(cM) (cM)
16 H3 [axial] ﬁ’é\’/’sév\}LZ]W’ZL’ 1141 L 003 304 S0SIEAYeg3 hHov sw
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Limb

[appendicular

[HL, HMD, UL, PGL,
FL, FMD, TL, TMD,
PTW, MC]

N o bW

-
o

—_

N O o~ WwDN

11

12
15
18

8.3
134
8.8
11.3
18.4

15.6
104

13.7

18.7
16.4
32.7
13.2

18.4
18.9

21.4

211

13.6
15.3
14.1

T r— TV U U T T r— TV U U U T

)

0.22
0.07
0.62
0.99
0.98

0.48

0.03

0.08
0.34
0.06
0.25

0.34

0.01

0.22
0.54
0.06

13.4
42.2
30.1
62.5
57.1

5.6
12.3

38.2

45.5
47.7
42.6
29.8

15.5
35.2

33.5

36.3

12
16.3

SL, SVL

PGL, FMD

HMD, UL, TMD,
PTW, MC

HMD, UL, FMD

HL, HMD, UL,
PGL, FL, FMD,
TL, PTW, MC

50.1

53.2

68.8

58.5

65.4

SW, ZW, ZL,
HCV

HL, HMD,
UL, FL, TL,
TMD, PTW,

MC

HL, PGL,
FL, FMD, TL

HL, PGL,
FL, TL,
TMD, PTW,
MC

TMD
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QTL 1 . QTL 2 .
Time Model  Module Traits Ch LOD P/ P-~al pos |raisunder = = Traits under
QTL 1 QTL 2
(cM) (cM)
5 H4 [limb lengths] [HL, UL, FL, TL, MC] 1 8.6 P 0.93 53.2
4 16.5 P 0.09 354
7 135 P 0.89 38.4
8 8 P 0.14 25.7
HL, FL, TL,
10 107 L 0 1.9 UL 53.9 MG
11 195 P 0.06 421
12 85 P 0.45 26.9
15 9.2 L 0 8.8 UL, FL, TL,MC  38.5 HL
16 8.2 P 0.16 20.3
[limb [HMD, FMD, TMD,
diameters] PTW] 5 / P 0.66 312
7 6.9 P 0.42 32
8 6.6 P 0.14 9.2
10 12.2 P 0.12 53
11 211 L 0 43.6 HMD, FMD 56.3 TMD, PTW
QTL 1 . QTL 2 .
Time Model Module Traits Chr LOD P/L P-val pos Traits under pos Traits under
QTL 1 QTL 2
(cM) (cM)
10 H4 [limb lengths] [HL, UL, FL, TL, MC] 1 7 P 0.43 61.6
4 19.8 P 0.12 41.8
7 126 P 0.96 47.8
8 7.3 P 0.62 32.6
10 127 P 0.2 58.5
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11 153 L 0.02 33.8 HL, FL, TL,MC  65.5 UL
12 6.9 P 0.12 47.6
14 7.3 P 0.52 34.2
15 11.3 P 0.09 9.4
lim HMD, FMD, TMD
dia[mett;rs] [PTW]' IMD 4 77 P 045 329
5 8.2 P 0.28 22.4
8 6.8 P 0.73 36.5
10 16.7 L 0 11.9 HM.II?"\AEMD’ 56.3 PTW
11 15 P 0.61 50.1
12 9.6 P 0.59 9.3
14 10 L 0.01 8.6 FMD, TMD 31.9 HMD, PTW
15 7.9 P 0.34 10.6
18 7.6 P 0.95 25
P- TL 1 . TL2 .
Time Model Module Traits S:}r LOD P/L Valu ons Tralotﬁ_tjqder ons Tragﬁ.llj;der
e (cM) (cM)

16 H4 [limb lengths] [HL, UL, FL, TL, MC] 1 7 P 0.17 53.2
2 193 L 0.01 45.5 HL, UL, FL,MC  81.9 TL
4 204 P 0.85 42.6
7 158 P 0.18 38.3
10 151 L 0.02 21.3 HL, FL, TL,MC  58.3 UL
11 107 P 0.58 34.3
12 7.2 P 0.26 11.8
14 7.3 P 0.23 17.1
15 94 P 0.99 1.3
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18

[limb [HMD, FMD, TMD,
diameters] PTW]

11

12
15
18

101

4.6

9.7
4.4

8.6

7.6

7.6
8.6
7.9

r T U T

T U U

0.58

0.39
0.26

0.04

0

0.24
0.81
0.6

0

73.5

31
0.6

33.5

36.6

14.6
16.3
6.6

Support for pleiotropy (P) and linkage (L) for sets of QTL for skeletal modules of best-fitting models from MINT analyses. QTL
positions (in cM), LOD scores, and p-values are provided for each set of QTL. A large p-value indicates that the data are consistent
with the pleiotropic model (HO). If Linkage is supported, QTL 1 and QTL 2 positions, along with the partitioning of traits affected by

each of the two linked QTL, are listed.

HL, UL, FL, TL

HMD, FMD,

HMD, FMD,
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Supplementary Material from Chapter 3
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Figure S3.1 Plot of CV2 and CV3 scores for Gl and WSB mandible specimens based on
Procrustes coordinate data. CV scores are color-coded based strain and sex: Gl = red; WSB =
blue, females = orange; males = light blue.
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Figure S3.2 (A) Principal Components Analysis of Procrustes coordinates for F2 mandible
specimens. (B) The positions of the top 4 landmarks contributing most to shape variation
underlying principal components (PC) 1-5 are highlighted with yellow circles. Mandible diagram
adapted from The Anatomy of the Laboratory Mouse (Cook 1965).
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Figure S$3.3 Dominance effects for QTL identified for (A) absolute Euclidean distances, (B)
Euclidean distances adjusted for body weight, and (C) Euclidean distances with body weight as
an additive covariate in the QTL model.
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Figure S$3.4 Mandible locations and QTL identified for Euclidean distances predicted to affect
(A) leverage, (B) load resistance, (C) and movement of the mandible.
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Table S$3.1 Phenotypic means and standard deviations of all pairwise Euclidean
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distances measured between 16 landmarks for Gl and WSB mandibles at age = 16 weeks.

Trait A\/Gelr;ge GSIDF A\/\\//Srnge \éVg S P-Value A\/Gelral\lge Gsllil)vI X\\I/gigfa I\\//Ivgg P-Value
1.2 3.46 0.21 2.98 0.16 0.000001 3.37 0.22 2.82 0.12 0.000000
1.3 4.09 0.21 3.40 0.25 0.000000 3.97 0.26 3.21 0.18 0.000000
1_ 11.39 0.44 9.75 0.67 0.000000 10.79 0.49 9.13 0.54 0.000000
1_ 10.37 0.36 8.77 0.49 0.000000 10.00 0.46 8.29 0.48 0.000000
1_ 11.86 0.36 10.15 0.62 0.000000 11.54 0.45 9.75 0.64 0.000000
1_ 13.65 0.47 11.47 0.48 0.000000 13.20 0.49 10.98 0.63 0.000000
1_ 13.24 0.39 11.52 0.65 0.000000 12.85 0.47 10.98 0.71 0.000000
1_ 11.58 0.43 9.93 0.43 0.000000 11.28 0.42 9.53 0.44 0.000000
1_10 13.24 0.47 11.33 0.52 0.000000 12.95 0.50 10.92 0.51 0.000000
1_11 12.57 0.50 10.33 0.55 0.000000 12.20 0.51 10.04 0.42 0.000000
1._12 7.61 0.33 6.79 0.37 0.000002 7.57 0.38 6.58 0.31 0.000001
1_13 6.18 0.27 5.53 0.27 0.000001 6.03 0.29 5.32 0.24 0.000002
1_14 4.24 0.27 3.75 0.28 0.000101 413 0.32 3.48 0.29 0.000044
1_15 2.36 0.48 1.88 0.18 0.003403 2.25 0.16 1.83 0.1 0.000000
1_16 4.76 0.25 4.18 0.26 0.000003 4.63 0.31 4.03 0.16 0.000007
23 1.22 0.15 0.94 0.16 0.000190 1.15 0.20 0.82 0.14 0.000173
2 4 8.58 0.36 7.40 0.63 0.000002 8.03 0.42 6.88 0.47 0.000002
25 7.45 0.28 6.33 0.44 0.000000 7.14 0.40 5.96 0.41 0.000001
2 6 8.78 0.29 7.54 0.57 0.000000 8.52 0.36 7.25 0.57 0.000002
2.7 7.35 0.38 5.93 0.45 0.000000 7.07 0.50 6.11 1.58 0.050125
2 8 10.09 0.32 8.89 0.59 0.000000 9.77 0.38 8.45 0.64 0.000004
29 8.16 0.29 7.01 0.34 0.000000 7.94 0.28 6.74 0.35 0.000000
2 10 9.79 0.34 8.36 0.40 0.000000 9.59 0.35 8.10 0.41 0.000000
2 11 9.12 0.38 7.34 0.47 0.000000 8.85 0.35 7.23 0.34 0.000000
2 12 419 0.21 3.85 0.23 0.000682 4.24 0.27 3.78 0.24 0.000244
2 13 3.10 0.15 2.86 0.1 0.000127 3.06 0.13 2.78 0.15 0.000063
2 14 2.49 0.10 2.18 0.07 0.000000 2.47 0.09 2.08 0.1 0.000000
2 15 2.63 0.29 2.28 0.12 0.001195 2.65 0.16 2.18 0.13 0.000000
2 16 1.30 0.10 1.22 0.1 0.086796 1.26 0.19 1.21 0.10 0.412483
3 4 7.50 0.32 6.59 0.52 0.000017 7.01 0.26 6.15 0.36 0.000001
35 6.40 0.23 5.54 0.30 0.000000 6.15 0.25 5.24 0.30 0.000000
3 6 7.82 0.24 6.84 0.46 0.000000 7.62 0.27 6.60 0.46 0.000001
37 9.57 0.36 8.12 0.30 0.000000 9.23 0.32 7.77 0.45 0.000000
3.8 9.17 0.30 8.22 0.47 0.000001 8.91 0.29 7.82 0.53 0.000003
39 7.56 0.28 6.61 0.22 0.000000 7.38 0.24 6.34 0.29 0.000000
3_10 9.43 0.34 8.13 0.35 0.000000 9.26 0.33 7.85 0.37 0.000000
31 8.88 0.37 7.24 0.47 0.000000 8.62 0.34 7.07 0.31 0.000000
312 4.14 0.19 3.84 0.17 0.000669 4.15 0.23 3.72 0.22 0.000118
3 13 3.65 0.16 3.29 0.13 0.000005 3.57 0.21 3.10 0.20 0.000015



3 14
3 15
3 16
45
46
47
48
49
4 10
4 11
4 12
4 13
4 14
4 15
4 16
56
57
58
59
5 10
5 11
5 12
513
5 14
5 15
5 16
6.7
68
69
6_10
6_11
6_12
6_13
6_14
6_15
6_16
7.8
79
710
7 11
7 12
7 13
7 14

3.65
3.76
1.42
1.18
1.52
3.94
2.65
4.54
6.99
7.34
6.95
8.65
10.42
11.17
7.67
1.68
4.10
3.11
3.95
6.51
6.71
5.80
7.48
9.25
10.04
6.52
2.50
1.44
3.23
5.57
6.00
6.43
8.32
10.34
11.34
7.72
1.47
2.7
4.00
4.77
7.15
9.18
11.48

0.17
0.29
0.12
0.10
0.21
0.29
0.30
0.22
0.30
0.26
0.25
0.35
0.37
0.52
0.33
0.26
0.30
0.29
0.23
0.31
0.27
0.19
0.30
0.30
0.49
0.26
0.27
0.14
0.17
0.29
0.22
0.21
0.28
0.31
0.53
0.28
0.17
0.16
0.27
0.18
0.34
0.34
0.43

3.09
3.14
1.34
1.15
1.34
3.17
2.24
3.90
5.85
6.23
6.04
7.51
9.03
9.69
6.67
1.56
3.37
4.18
4.66
6.70
6.78
5.93
7.17
8.42
8.96
6.23
1.89
1.38
2.74
4.58
5.08
5.48
7.14
8.91
9.83
6.64
1.36
2.21
3.32
4.24
5.87
7.68
9.70

0.19
0.16
0.08
0.25
0.13
0.11
0.17
0.16
0.27
0.31
0.40
0.53
0.56
0.61
0.43
0.28
0.12
4.28
4.14
4.11
3.84
3.19
2.56
1.72
1.11
2.28
0.22
0.15
0.19
0.27
0.29
0.37
0.49
0.53
0.57
0.43
0.14
0.15
0.21
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Table $3.2 One-way ANOVA table comparing the effects of strain and sex on maximum
bite force and maximum passive gape between Gl and WSB.

Trait ANOVA

Maximum Bite Force Df Sum Sq Mean Sq F P
Strain 1 23.798 23.798 33.205 9.42e-07 ***
Sex 1 2.694 2.694 3.759 0.0594
Strain x Sex 1 0.057 0.057 0.08 0.7788
Residuals 41 29.385 0.717

Relative Max Bite Force Df Sum Sq Mean Sq F P
Strain 1 0.8685 0.8685 11.748 0.0014 **
Sex 1 0.1564 0.1564 2.116 0.1534
Strain x Sex 1 0.0068 0.0068 0.092 0.7631
Residuals 41 3.031 0.0739

Maximum Gape Df Sum Sq Mean Sq F P
Strain 1 22.184 22.184 34.837 4.7e-07 ***
Sex 1 0.199 0.199 0.313 0.579
Strain x Sex 1 0.298 0.298 0.469 0.497
Residuals 44 28.019 0.637

Relative Maximum Gape Df Sum Sq Mean Sq F P
Strain 1 0.113 0.11319 1.384 0.246
Sex 1 0.07 0.07024 0.859 0.359
Strain x Sex 1 0.008 0.0078 0.095 0.759
Residuals 44 3.598 0.08177




Table $3.3 Genomic positions, LOD scores, and effect sizes of QTL identified for absolute and relative Euclidean distances,
Euclidean distances with body weight as a covariate, principal components (PC) from PCA, and centroid size (CS).

Low High
Trait Treatment  Marker Chr  Pos LOD CI Cl GG GW WW a d d/a N SD a/sSD
L1-7 ABS UNC18746398 10 47.8 96 437 617 1218 12.00 1189 0.14 -0.04 -0.26 744 042 0.34
L1-7 ABS UNC19597461 11 26.3 6.1 235 391 1211 1202 1188 012 0.02 0.17 744 042 0.28
L9-12 ABS UNC8349017 4 64.6 9.9 58.7 66.1 3.74 3.85 391 -0.09 0.03 -030 753 0.27 -0.33
L9-12 ABS UNC16310877 9 171 4.7 27 32.6 3.75 3.87 3.85 -0.05 0.07 -136 753 0.27 -0.18
L9-12 ABS UNC20343150 11 58.6 4.7 5.6 61.9 3.89 3.85 3.75 0.07 0.03 040 753 0.27 0.25
L7-10 ABS JAX00651832 7 451 6.3 429 624 3.46 3.37 3.34 0.06 -0.03 -0.48 752 0.22 0.26
L7-10 ABS UNC18906603 10 60.1 5.2 50.6 67.0 3.44 3.39 3.33 0.06 0.00 000 752 0.22 0.26
L7-10 ABS UNC25202762 15 4.2 13.2 0.0 8.2 3.47 3.39 3.30 0.08 0.00 0.06 752 0.22 0.39
L7-10 ABS JAX00076212 17 16.2 4.6 3.7 22.2 3.34 3.38 344 -0.05 -0.01 0.17 752 0.22 -0.24
L7-13 ABS UNC030456578 3 18.8 5.0 117 36.6 8.14 8.09 7.99 0.08 0.02 032 757 0.34 0.23
L7-13 ABS UNC18750788 10 47.8 6.0 33.3 65.3 8.20 8.06 8.02 0.09 -0.05 -0.59 757 0.34 0.26
L7-13 ABS UNC19780488 11 33.6 6.4 235 355 8.17 8.08 7.99 0.09 0.00 -0.02 757 0.34 0.27
L7-13 ABS UNC21390243 12 25.4 4.3 226 47.6 8.04 8.13 8.01 0.01 011 895 757 0.34 0.04
L11-15 ABS UNC20507933 11 73.9 4.4 275 77.0 9.71 9.66 9.51 0.10 0.05 054 748 0.44 0.22
L11-15 ABS UNC21399053 12 26.9 41 15.6 39.5 9.71 9.66 9.51 0.10 0.05 055 748 0.44 0.23
L8-4 ABS UNC3474714 2 44 .4 5.1 38.9 819 2.57 2.51 2.43 0.07 0.01 014 744 026 0.27
L8-4 ABS UNC6852444 4 6.0 4.3 16 46.6 2.44 2.49 256 -0.06 -0.01 0.16 744 0.26 -0.23
L8-4 ABS JAX00698977 9 31.0 9.9 245 377 2.41 2.49 257 -0.08 0.00 -0.01 744 0.26 -0.31
L8-4 ABS UNC26231186 15 51.8 40 471 533 2.55 2.50 2.43 0.06 0.01 015 744 0.26 0.23
L8-16 ABS UNC18750788 10 47.8 50 434 578 8.22 8.07 8.05 0.08 -0.07 -0.81 756 0.37 0.22
L8-16 ABS UNC19667803 11 28.9 4.3 176  34.9 8.18 8.10 8.01 0.09 0.01 013 756 0.37 0.23
L8-16 ABS UNC22472068 13 10.3 4.4 2.8 29 8.14 8.13 7.98 0.08 0.07 084 756 0.37 0.21
L3-7 ABS JAX00299656 10 50.9 7.8 437 557 8.60 8.47 8.41 0.09 -0.03 -0.34 747 0.31 0.31
L3-7 ABS UNC19667803 11 28.9 71 235 355 8.57 8.49 8.39 0.09 0.01 011 747 0.31 0.29
L3-7 ABS UNC21435638 12 28.1 4.1 226 47.6 8.46 8.53 8.42 0.02 0.09 429 747 0.31 0.07
L7-16 ABS UNC18796530 10 51.1 5.1 418 60.7 8.22 8.07 8.05 0.09 -0.06 -0.71 749 0.37 0.23
L7-16 ABS UNC19667803 11 28.9 5.6 23.0 36.2 8.20 8.10 8.00 0.10 0.00 0.05 749 0.37 0.26
L7-16 ABS UNC21390243 12 25.4 4.7 21.3 29.8 8.09 8.16 8.01 0.04 011 273 749 0.37 0.1
L5-7 ABS UNC16706423 9 31.8 8.7 26.6 47.6 3.62 3.70 3.75 -0.07 0.01 -016 724 0.20 -0.32
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2.29
11.06
11.00
4.38
4.29
4.26
1.35
1.34
1.34
1.36
1.20
1.25
1.20
2.88
2.86
3.43
3.42
3.48
0.93
0.87
0.88

4.76
4.71
4.73
4.72
3.53
3.54
3.52
6.03
6.03
6.01
2.26
2.27
2.29
10.96
10.98
4.36
4.33
4.34
1.39
1.40
1.39
1.39
1.22
1.22
1.22
2.92
2.92
3.48
3.48
3.49
0.90
0.90
0.89

4.63
4.64
4.64
4.64
3.56
3.47
3.49
6.10
6.09
5.94
2.24
2.24
2.22
10.83
10.83
4.27
4.39
4.40
1.41
1.41
1.41
1.41
1.25
1.20
1.24
2.96
297
3.52
3.53
3.43
0.87
0.93
0.93

0.10
0.07
0.05
0.07
-0.03
0.05
0.04
-0.09
-0.09
0.08
0.04
0.04
0.04
0.11

0.09
0.05
-0.05
-0.07
-0.03
-0.03
-0.04
-0.03
-0.02
0.03
-0.02
-0.04
-0.06
-0.04
-0.05
0.03
0.03
-0.03
-0.02

0.03
0.00
0.03
0.01

0.00
0.02
-0.01
0.02
0.02
0.00
-0.02
-0.01
0.03
0.01

0.07
0.03
-0.01
0.01

0.01

0.02
0.02
0.00
0.00
-0.01
0.00
0.00
0.00
0.00
0.00
0.04
0.00
-0.01
-0.01

0.26
0.00
0.64
0.17
-0.09
0.43
-0.19
-0.24
-0.27
-0.02
-0.47
-0.29
0.97
0.12
0.81

0.61

0.24
-0.18
-0.23
-0.66
-0.44
-0.08
-0.07
-0.28
-0.17
-0.01
-0.03
-0.05
-0.01
1.43
0.02
0.20
0.56

752
751
751
751
753
753
753
756
756
756
754
754
754
748
748
719
719
719
728
728
728
728
727
727
727
732
732
723
723
723
721
721
721

0.31
0.25
0.25
0.25
0.16
0.16
0.16
0.33
0.33
0.33
0.16
0.16
0.16
0.45
0.45
0.25
0.25
0.25
0.13
0.13
0.13
0.13
0.09
0.09
0.09
0.19
0.19
0.19
0.19
0.19
0.10
0.10
0.10

0.33
0.30
0.22
0.27
-0.20
0.29
0.23
-0.28
-0.26
0.23
0.27
0.22
0.22
0.26
0.20
0.22
-0.20
-0.27
-0.25
-0.25
-0.28
-0.21
-0.28
0.31

-0.24
-0.21
-0.29
-0.23
-0.28
0.13
0.31

-0.30
-0.23

LT



L8-4
L8-4
L8-16
L8-16
L8-16
L8-16
L8-16
L8-16
L3-7
L3-7
L7-16
L7-16
L7-16
L5-7
L5-7
L5-7
L3-12
L3-12
L3-12
L3-12
L1-13
L1-13
L1-13
L6-7
L6-7
L6-7
L11-12
L11-13
L11-13
L11-13
L1-15
L11-16
L11-16

REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL

UNC16642471
JAX00321431
JAX00247992
JAX00222885
UNC13659934
UNC16561779
UNC22472068
UNC24849100
UNC6866651
UNC 16699990
JAX00222885
UNC13659934
UNC16751553
UNC3528819
JAX00546540
UNC16699990
JAX00101874
UNC20343150
UNC21390243
UNC24611047
UNC020446908
UNC16502816
JAX00314237
UNC3811386
UNC16757890
UNC17559025
UNC17199210
UNC16757890
JAX00370019
UNC27329052
UNC12154012
UNC13448875
UNC17199210
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29.5
58.8
18.9
7.2
44.9
26.0
10.3
51.8
6.2
31.6
7.2
44.9
32.8
45.5
6.2
31.6
67.2
58.6
254
41.9
45.5
247
36.1
53.4
33.2
7.0
53.2
33.2
45.7
41.2
54.7
41.2
53.2

12.4
4.4
5.3
4.5
5.3
5.2
3.9
4.4
4.9
4.9
4.2
4.4
6.2
5.8
7.8

14.3
5.8
6.8
43
4.6
6.8
4.9
4.7
6.9
5.8
6.4
5.0
4.2
4.5
5.1
7.2
6.1
4.7

245
49.7
4.7
0.0
37.1
10.3
8.2
48.0
0.0
9.3
0.0
36.6
16.2
42.9
0.1
23.9
57.4
56.8
15.1
33.9
43.0
21.4
17.9
47.3
21.8
3.5
28.1
5.7
354
31.2
471
32.5
233

37.7
77.0
234
18.3
556.5
40.5
21.5
58.5
11.5
53.2
18.3
556.5
40.5
57.9
18.3
37.0
70.9
62.8
32.6
58.5
58.0
38.1
50.1
61.6
55.2
11.2
59.3
58.6
50.9
45.0
63.2
48.0
58.6

0.86
0.87
2.88
2.89
2.88
2.87
2.94
2.95
3.03
3.01
2.89
2.88
2.86
1.35
1.31
1.29
1.47
1.41
1.43
1.45
2.02
1.97
1.97
0.77
0.74
0.77
1.36
2.04
2.10
211
0.74
2.40
2.40

0.90
0.90
2.93
2.92
2.93
2.93
2.94
2.93
3.06
3.07
2.93
2.93
2.93
1.34
1.33
1.33
1.44
1.43
1.45
1.44
2.00
1.99
2.00
0.77
0.76
0.76
1.41
2.07
2.08
2.07
0.73
2.46
2.46

0.94
0.92
2.96
297
2.96
297
2.88
2.88
3.11
3.11
297
2.96
2.98
1.31
1.36
1.37
1.41
1.47
1.41
1.42
1.97
2.02
2.01
0.74
0.78
0.74
1.44
211
2.04
2.04
0.71
2.48
2.48

-0.04
-0.02
-0.04
-0.04
-0.04
-0.05
0.03
0.03
-0.04
-0.05
-0.04
-0.04
-0.06
0.02
-0.03
-0.04
0.03
-0.03
0.01

0.02
0.03
-0.03
-0.02
0.02
-0.02
0.02
-0.04
-0.04
0.03
0.04
0.02
-0.04
-0.04

0.00
0.00
0.01
-0.01
0.01
0.01
0.03
0.02
-0.01
0.00
0.00
0.01
0.01
0.01
-0.01
0.00
0.00
0.00
0.02
0.00
0.01
0.00
0.01
0.01
0.00
0.01
0.01
0.00
0.01
0.00
0.01
0.01
0.02

0.03
-0.20
-0.22
0.14
-0.26
-0.25
0.94
0.63
0.27
-0.04
0.03
-0.26
-0.24
0.52
0.34
0.03
-0.02
0.06
2.26
-0.09
0.23
0.07
-0.57
0.73
0.00
0.40
-0.22
0.13
0.43
-0.07
0.41

-0.37
-0.43

721
721
731
731
731
731
731
731
722
722
724
724
724
704
704
704
726
726
726
726
726
726
726
722
722
722
728
728
728
728
728
728
728

0.10
0.10
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.10
0.10
0.10
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.07
0.07
0.07
0.13
0.14
0.14
0.14
0.06
0.15
0.15

-0.40
-0.23
-0.21
-0.21
-0.22
-0.26
0.15
0.16
-0.21
-0.26
-0.20
-0.19
-0.29
0.22
-0.27
-0.41
0.25
-0.28
0.09
0.16
0.25
-0.25
-0.18
0.25
-0.29
0.22
-0.27
-0.26
0.20
0.27
0.27
-0.27
-0.26
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L11-16
L3-15
L3-15
L3-15
L3-15
L4-7
L4-7
L4-7
L2-11
L2-11
L11-14
L11-14
L11-14
L10-12
L10-12
L10-12
L10-12
L10-12
L6-10
L6-10
L3-11
L1-3
L1-3
L1-3
L1-3
L1-3
L7-12
L7-12
L7-12
L7-9
L1-11
L1-11
L1-7

REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
REL
BW

UNC21363333
UNC3985525
JAX00563463
UNC16751553
UNC21392101
UNC3985525
UNC6882525
JAX00173035
UNC13641136
UNC17199210
UNC13659934
UNC23377569
JAX00427019
UNC8349017
UNC15064184
UNC16143584
UNC18515876
UNC20336483
UNC16757890
UNC27928059
UNC17199210
UNC301459
UNC3985525
JAX00563463
UNC16642471
JAX00071271
UNC8349017
UNC15064184
JAX00699093
JAX00173035
JAX00496435
UNC16646037
UNC16706423
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246
57.6
47.4
32.8
25.5
57.6
6.4
30.9
44.5
53.2
44.9
47.9
40.4
64.6
28.8
10.1
39.7
58.4
33.2
15.6
53.2
11.9
57.6
47.4
29.5
34.3
64.6
28.8
31.2
30.9
45.5
29.9
31.8

4.4
4.2
8.5
5.7
5.9

11.0
8.1

17.7
4.7
4.2
6.0
4.1
4.7
8.0
5.9
6.2
5.6
4.4
4.4
4.2
4.5
5.0
6.3
4.5
9.6
4.1
5.4
4.6
9.5
6.0
4.2
6.3
5.8

111
53.1
16.4
9.3
16.4
44.4
41
26.0
28.6
10.6
32.5
34.1
291
58.2
19.8
5.1
23.1
54.3
10.3
6.9
25.8
8.9
53.5
16.4
21.8
26.1
47.9
4.9
20.2
21.8
43.2
21.8
21.8

36.0
67.9
50.5
394
29.8
58.4
20.2
37.7
47.2
57.7
53.5
52.8
47.2
69.8
394
33.6
45.4
61.5
47.9
20.0
58.6
21.0
59.3
52.9
33.8
36.9
76.2
50.1
33.8
55.2
58.4
394
37.0

2.46
1.18
1.14
1.15
1.17
1.32
1.26
1.24
2.85
2.84
2.88
2.95
2.98
1.67
1.67
1.67
1.68
1.72
1.68
1.68
274
1.25
1.29
1.25
1.25
1.29
214
2.13
2.1
0.80
3.97
3.89
11.93

2.46
1.17
1.17
1.17
1.18
1.29
1.28
1.28
2.88
2.89
2.93
2.92
2.91
1.72
1.72
1.72
1.72
1.73
1.70
1.70
2.80
1.28
1.28
1.27
1.27
1.27
2.18
2.18
217
0.82
3.97
3.95
12.03

242
1.15
1.18
1.19
1.15
1.25
1.31
1.33
2.92
2.91
2.96
2.89
2.90
1.74
1.74
1.73
1.74
1.68
1.73
1.71
2.82
1.28
1.25
1.29
1.30
1.26
2.20
2.20
2.23
0.84
3.91
4.01
12.07

0.02
0.02
-0.02
-0.02
0.01

0.04
-0.03
-0.05
-0.04
-0.04
-0.04
0.03
0.04
-0.03
-0.03
-0.03
-0.03
0.02
-0.03
-0.02
-0.04
-0.01
0.02
-0.02
-0.03
0.02
-0.03
-0.04
-0.06
-0.02
0.03
-0.06
-0.07

0.03
0.00
0.01

0.00
0.02
0.01

0.00
0.00
0.00
0.02
0.01

0.00
-0.03
0.01

0.01

0.02
0.01

0.03
0.00
0.01

0.02
0.01

0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.03
0.00
0.03

1.26
0.22
-0.42
-0.03
2.15
0.21

0.13
0.03
0.03
-0.50
-0.17
0.03
-0.68
-0.30
-0.33
-0.66
-0.22
1.40
0.08
-0.43
-0.45
-0.90
0.18
-0.05
0.11

-0.25
-0.14
-0.53
-0.03
0.21

0.97
0.07
-0.41

728
728
728
728
728
722
722
722
728
728
725
725
725
727
727
727
727
727
726
726
729
728
728
728
728
728
731
731
731
729
723
723
744

0.15
0.07
0.07
0.07
0.07
0.10
0.10
0.10
0.16
0.16
0.17
0.17
0.17
0.12
0.12
0.12
0.12
0.12
0.10
0.10
0.15
0.08
0.08
0.08
0.08
0.08
0.16
0.16
0.16
0.07
0.21
0.21
0.42

0.14
0.22
-0.29
-0.29
0.11

0.37
-0.29
-0.48
-0.22
-0.23
-0.25
0.18
0.24
-0.27
-0.28
-0.23
-0.26
0.16
-0.27
-0.21
-0.25
-0.19
0.27
-0.22
-0.35
0.22
-0.19
-0.23
-0.36
-0.30
0.15
-0.30
-0.17
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L1-7
L1-7
L3-7
L3-7
L3-7
L7-16
L7-16
L7-16
L5-7
L5-7
L5-7
L5-7
L3-12
L3-12
L3-12
L3-12
L1-13
L1-13
L1-13
L1-13
L6-7
L6-7
L6-7
L6-7
L6-7
L8-4
L8-4
L8-4
L8-4
L8-16
L8-16
L1-3
L1-3

BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW

UNC18750788
UNC21390243
UNC18750788
UNC19667803
UNC21442090
UNC 16699990
UNC21390243
JAX00356294
UNC3517270

JAX00116686
UNC16706423
UNC19595363
UNC8335888

UNC20337194
UNC21390243
UNC29659434
UNC3371968

UNC9530593

UNC21245532
UNC29549056
UNC3811386

UNC17087279
UNC17559025
UNC20482098
UNC26299295
UNC3474714

UNC6852444

UNC16673344
UNC26231186
UNC21390243
UNC22472068
UNC3985525

UNC10042402

10
12
10
11
12

12
13

11

11
12
18

12
18

10
11
16

15
12
13

47.8
254
47.8
28.9
28.1
31.6
254
11.9
44.8
6.2
31.8
26.2
62.0
58.4
254
41.8
43.6
35.2
22.0
36.6
53.4
47.0
7.0
71.4
25
44.4
6.0
31.0
51.8
254
10.3
57.6
52.1

5.5
5.5
4.6
43
5.2
4.8
5.5
4.5
4.9
4.9
12.7
4.7
6.2
4.2
5.2
41
8.1
4.2
4.2
4.0
6.0
4.9
9.2
4.9
4.4
5.6
4.6
10.4
4.0
4.0
5.7
4.6
43

32.6
213
31.7
16.0
22.6
21.8
22.6
8.5
37.8
0.1
27.2
4.4
55.2
53.4
20.3
23.8
40.5
28.2
9.6
29.0
47.3
27.6
3.9
61.0
0.0
39.3
1.6
25.5
39.6
22.6
8.5
40.8
47.8

61.7
44.8
55.7
37.0
29.8
48.7
291
19.2
50.7
18.3
35.3
39.9
76.5
61.9
29.8
52.1
49.2
61.2
29.8
43.3
62.0
55.2
9.1
77.0
8.1
80.5
46.6
37.7
53.3
45.4
18.0
61.6
60.1

12.18
11.99
8.60
8.57
8.46
8.02
8.09
8.14
3.74
3.66
3.62
3.75
4.03
3.96
4.00
3.94
5.62
5.47
5.56
5.52
212
2.06
214
212
2.13
2.57
244
2.41
2.55
8.08
8.14
3.57
3.49

12.00
12.07
8.47
8.49
8.53
8.13
8.16
8.13
3.70
3.68
3.70
3.69
3.98
3.96
4.00
3.98
5.53
5.54
5.54
5.52
2.1
2.10
2.1
2.1
2.1
2.51
2.49
2.49
2.50
8.15
8.13
3.52
3.54

11.89
11.92
8.42
8.39
8.42
8.13
8.01
8.00
3.65
3.74
3.75
3.63
3.92
4.03
3.91
4.01
5.49
5.56
5.48
5.58
2.06
212
2.04
2.04
2.06
2.43
2.56
2.57
2.43
8.02
7.98
3.51
3.52

0.14
0.03
0.09
0.09
0.02
-0.06
0.04
0.07
0.05
-0.04
-0.07
0.06
0.06
-0.04
0.04
-0.04
0.06
-0.04
0.04
-0.03
0.03
-0.03
0.05
0.04
0.04
0.07
-0.06
-0.08
0.06
0.03
0.08
0.03
-0.02

-0.04
0.12
-0.04
0.01

0.09
0.06
0.11

0.06
0.00
-0.02
0.01

0.00
0.01

-0.03
0.04
0.01

-0.03
0.03
0.02
-0.03
0.03
0.01

0.02
0.03
0.01

0.01

-0.01
0.00
0.01

0.10
0.07
-0.02
0.04

-0.26
3.42
-0.39
0.11
4.29
-1.04
2.73
0.87
0.01
0.44
-0.16
0.07
0.20
0.91
1.02
-0.17
-0.41
-0.59
0.59
0.99
0.90
-0.37
0.37
0.72
0.40
0.14
0.16
-0.01
0.15
3.05
0.84
-0.69
-2.32

744
744
747
747
747
749
749
749
724
724
724
724
751
751
751
751
751
751
751
751
747
747
747
747
747
744
744
744
744
756
756
753
753

0.42
0.42
0.31
0.31
0.31
0.37
0.37
0.37
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.22
0.22
0.22
0.22
0.16
0.16
0.16
0.16
0.16
0.26
0.26
0.26
0.26
0.37
0.37
0.16
0.16

0.34
0.08
0.30
0.29
0.07
-0.15
0.11

0.18
0.22
-0.19
-0.32
0.29
0.27
-0.18
0.21

-0.19
0.30
-0.20
0.18
-0.14
0.18
-0.20
0.31

0.25
0.23
0.27
-0.23
-0.31
0.23
0.09
0.21

0.17
-0.10
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L1-3
L1-3
L1-3
L1-11
L1-11
L1-15
L1-15
L3-11
L3-15
L3-15
L3-15
L3-15
L3-15
L4-7
L4-7
L4-7
L6-10
L6-10
L7-9
L7-9
L7-9
L7-9
L7-10
L7-10
L7-10
L7-12
L7-12
L7-13
L7-13
L7-13
L7-13
L9-12
L9-12

BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW

JAX00699093
UNC26906114
UNC27695833
UNC16757890
UNC21435638
JAX00254507
UNC12159294
UNC21428926
UNC510223
JAX00563463
UNC9601838
UNC18746398
UNC27695833
UNC3776734
UNC6882525
UNC16757890
UNC25241266
UNC27928059
UNC17086614
UNC18750788
UNC20799452
UNC24994731
UNC13945176
UNC25199618
JAX00076212
UNC8349017
JAX00699093
UNC5382306
UNC16684648
UNC19780488
UNC21390243
UNC8349017
JAX00695211

9

31.2
27.3
8.4
33.2
28.1
33.2
54.7
27.9
19.7
47.4
37.1
47.8
8.4
51.9
6.4
33.2
5.9
15.6
47.0
47.8
9.3
0.5
62.2
4.2
16.2
64.6
31.2
21.5
314
33.6
254
63.7
22.4

7.4
4.2
5.0
5.1
4.7
4.6
10.5
4.8
6.5
9.3
4.5
5.1
43
10.4
5.3
16.2
5.9
4.4
4.9
4.0
43
4.5
4.5
12.4
5.7
7.4
7.7
4.8
4.4
41
4.9
9.7
5.6

21.8
21.2
3.3
233
16.4
251
47.1
17.3
17.8
39.1
31.2
26.9
0.0
43.9
1.6
27.6
0.0
5.8
29.5
0.0
5.8
0.0
43.8
0.0
6.9
58.7
20.2
14.6
8.6
16.5
22.6
58.7
3.5

356.3
36.5
20.0
53.3
29.8
54.2
58.1
29.8
22.0
52.7
60.1
51.7
38.4
57.9
48.5
37.7
8.7
20.7
55.2
56.3
22.6
12.3
73.4
7.4
20.7
67.6
35.1
36.6
37.7
36.2
47.4
66.1
33.2

3.49
3.55
3.57
10.90
10.99
2.04
2.06
7.77
3.21
3.18
3.19
3.29
3.26
3.64
3.51
3.47
4.77
4.67
2.24
2.33
2.31
2.29
3.44
3.47
3.34
5.91
5.92
8.15
8.00
8.17
8.04
3.74
3.75

3.52
3.53
3.52
10.95
10.98
2.03
2.03
7.74
3.23
3.25
3.24
3.22
3.24
3.57
3.55
3.56
4.72
4.71
2.27
2.26
2.27
2.29
3.38
3.39
3.38
6.03
6.03
8.09
8.10
8.08
8.13
3.85
3.86

3.56
3.49
3.49
11.00
10.84
1.98
1.97
7.64
3.27
3.27
3.25
3.20
3.20
3.49
3.60
3.64
4.64
4.76
2.30
2.25
2.24
2.22
3.33
3.30
3.44
6.10
6.09
7.99
8.12
7.99
8.01
3.91
3.87

-0.03
0.03
0.04
-0.05
0.08
0.03
0.05
0.07
-0.03
-0.04
-0.03
0.05
0.03
0.08
-0.05
-0.09
0.07
-0.05
-0.03
0.04
0.04
0.04
0.06
0.08
-0.05
-0.09
-0.09
0.08
-0.06
0.09
0.01

-0.09
-0.06

0.00
0.01

-0.01
0.00
0.06
0.02
0.01

0.04
-0.01
0.02
0.02
-0.02
0.01

0.00
0.00
0.01

0.01

-0.01
0.00
-0.03
-0.01
0.03
0.00
0.00
-0.01
0.02
0.02
0.02
0.04
0.00
0.11

0.03
0.05

0.06
0.43
-0.19
-0.03
0.81

0.73
0.17
0.61

0.20
-0.51
-0.77
-0.45
0.28
0.04
0.06
-0.06
0.20
0.20
-0.09
-0.79
-0.29
0.97
-0.09
0.06
0.17
-0.24
-0.28
0.23
-0.63
-0.02
8.95
-0.30
-0.88

753
753
753
748
748
753
753
748
753
753
753
753
753
745
745
745
751
751
754
754
754
754
752
752
752
756
756
757
757
757
757
753
753

0.16
0.16
0.16
0.45
0.45
0.13
0.13
0.35
0.15
0.15
0.15
0.15
0.15
0.22
0.22
0.22
0.25
0.25
0.16
0.16
0.16
0.16
0.22
0.22
0.22
0.33
0.33
0.34
0.34
0.34
0.34
0.27
0.27

-0.20
0.19
0.23
-0.11
0.17
0.23
0.34
0.19
-0.21
-0.27
-0.19
0.31

0.21

0.34
-0.21
-0.39
0.27
-0.18
-0.20
0.24
0.22
0.22
0.25
0.39
-0.24
-0.28
-0.26
0.23
-0.17
0.27
0.04
-0.33
-0.21

6LT



L9-12
L10-12
L10-12
L10-12
L11-12
L11-12
L11-13
L11-13
L11-14
L11-14
L11-15
L11-16
L11-16
PC1
PC1
PC1
PC1
PC2
PC2
PC2
PC2
PC3
PC3
PC3
PC4
PC4
PC4
PC4

PC4
PC5
PC5
PC6

BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW
BW

UNC19186816
UNC8349017
UNC16145215
UNC20337194
UNC17199210
UNC20343150
UNC23348239
UNC27329404
UNC23377569
UNC27123531
UNC21390243
UNC13456165
UNC21363333
UNC15185
UNC13176880
UNC17154932
UNC21637767
JAX00101732
UNC6960118
JAX00141068
JAX00321431
UNC8325771
UNC16467939
UNC23233661
UNC8419972
UNC13568970
UNC16716563

JAX00369870
backupUNC150
422514

UNC7764002
UNC17467989
UNC13201239

11

13

15

10
7

7.2
63.7
10.1
58.4
53.2
58.6
46.7
41.2
47.9
34.1
254
41.8
246

0.0
34.8
50.6
35.0
66.4

7.2
19.7
58.8
61.4
23.9
40.2
67.4
42.9
32.2
45.2

0.4
36.9

3.3
35.5

4.1
9.3
4.8
6.7
4.4
4.5
4.9
5.0
4.4
4.9
6.1
4.2
4.7
6.6
4.7
8.4
5.5
4.9
5.5
4.6
5.5
4.0
6.3
4.4
4.6
7.9
6.9
6.3

6.1
4.4
6.1
4.2

4.0
58.9
4.4
54.5
29.5
54.3
41.5
25.2
34.8
25.2
17.3
32.3
16.4
0.0
5.1
33.8
30.6
44.4
1.6
3.2
54.3
39.9
4.4
30.2
55.8
40.0
233
32.6

0.0
22.8

0.0
32.5

61.5
66.1
47.0
61.5
60.5
63.1
49.7
45.0
52.8
47.2
29.8
53.7
29.8
20.2
401
56.1
45.8
85.5
14.5
39.8
62.8
70.1
33.2
47.9
76.5
52.0
39.1
47.0

16.7
46.8
45.8
47.2

3.83
4.64
4.68
4.83
3.83
3.97
5.80
5.80
8.18
8.19
9.70
6.73
6.84
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00

3.87
4.77
4.77
4.76
3.89
3.91
5.77
5.77
8.11
8.10
9.66
6.79
6.81
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00

3.78
4.83
4.77
4.63
3.95
3.77
5.67
5.66
8.04
8.04
9.51
6.82
6.69
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00

0.03
-0.09
-0.05
0.10
-0.06
0.10
0.06
0.07
0.07
0.08
0.09
-0.05
0.08
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00

0.06
0.04
0.05
0.03
-0.01
0.04
0.04
0.04
0.00
-0.02
0.06
0.01

0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00

2.40
-0.37
-1.17
0.30
0.09
0.37
0.55
0.53
0.03
-0.20
0.62
-0.32
0.56
-0.40
0.39
0.32
-0.23
-0.14
0.00
0.45
0.41

0.00
-0.49
0.27
0.28
-0.23
0.55
0.67

-0.32
-0.55
0.11

-1.06

753
752
752
752
753
753
753
753
750
750
748
748
748
714
714
714
714
714
714
714
714
714
714
714
714
714
714
714

714
714
714
714

0.27
0.31
0.31
0.31
0.38
0.38
0.35
0.35
0.39
0.39
0.44
0.39
0.39
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

0.01
0.01
0.01
0.01

0.09
-0.30
-0.14
0.32
-0.16
0.26
0.18
0.20
0.18
0.19
0.21

-0.12
0.19
-0.29
0.22
0.26
-0.28
0.26
-0.27
-0.22
-0.26
0.22
0.27
-0.23
-0.24
0.32
-0.27
-0.25

0.27
-0.20
-0.26
0.19

08T



PC6
PC6
PC8
PC8
PC8
PC8
PC8
PC9
PC9
PC9
PC10
PC10

PC10
PC10
PC10
PC10
PC10
PC10
PC11
PC11
PC12
PC12
PC12
PC13
PC13
PC13

PC13
PC13
PC14
PC14
PC14
PC15

UNC23194768
UNC25457590
JAX00668294
JAX00290261
UNC21424756
UNC27427399
UNC27501759
UNC070679160
UNC24040936
UNC28031943
UNC1401095

UNC12162881
backupUNC101
411698

UNC19751074
UNC26244567
UNC27793465
UNC29345742
UNC30477146
JAX00216253
UNC20388460
UNC3954508
UNC6225534
UNC28501792
UNC3380410
UNC7613365

UNC9779259
backupJAX0028
6389

UNC19924383
UNC1408936
UNC6226186
UNC8136843
JAX00501685

13
15

10
12
16
17

14
17

38.2
121
21.0
22.6
27.6
47.8
0.1
40.9
19.3
20.7
46.1
55.2

50.7
31.9
53.3
12.0
257
36.5
20.8
62.1
56.9
48.8
43.4
43.9
32.0
42.4

12.5
39.5
46.1
48.8
51.0
54.1

6.2
43
4.7
6.8
5.0
5.6
4.5
5.9
9.4
4.9
4.8
6.0

4.6
4.2
41
6.4
9.6
4.2
4.6
43
8.1
6.5
4.6
5.5
5.7
4.2

9.3
6.2
5.6
10.3
6.4
9.4

35.9
2.0
9.7

18.1

19.4

31.2
0.0

36.7
6.8
6.0

251

40.6

16.4
26.3
40.4
3.7
18.6
20.3
14.0
41
52.7
44.0
401
40.9
291
40.8

9.3
33.6
23.5
29.8
45.2
52.0

47.9
17.6
35.9
52.5
334
53.1
19.2
59.8
26.3
26.0
50.6
58.1

55.1
40.2
53.3
24.8
37.8
45.3
88.6
73.0
59.9
55.6
52.5
56.0
60.9
66.6

55.7
443
61.4
61.5
58.4
62.2

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00

-0.74
-0.52
2.62
0.17
0.01

-0.74
0.63
-0.38
0.08
0.08
0.47
-0.11

-0.87
-0.95
0.01

-0.45
0.17
1.18
-0.11
-0.29
0.01

0.44
2.86
-0.29
-0.26
1.28

0.10
-0.24
-0.22
0.22
-0.19
-0.23

714
714
714
714
714
714
714
714
714
714
714
714

714
714
714
714
714
714
714
714
714
714
714
714
714
714

714
714
714
714
714
714

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

0.01
0.01
0.00
0.00
0.00
0.00

-0.25
0.22
-0.03
0.29
-0.26
0.24
-0.22
-0.27
-0.33
-0.25
-0.21
-0.26

0.22
-0.18
-0.21
-0.28
-0.33
-0.15
0.25
0.23
-0.35
-0.25
-0.09
0.31

0.24
-0.17

-0.35
-0.27
0.26
-0.36
0.27
-0.38

181



PC15
PC15
PC16
PC16
PC16
PC17

PC17
PC17
PC17
PC17
PC17
PC17
PC17
PC18
PC18
PC19
PC19
PC19
PC20
PC22
PC22
PC22
PC23
PC23
PC24
PC24
PC25
PC26
PC27
PC28
Centroid Size
Centroid Size

UNC12422348
UNC15745127
JAX00367408
UNC25286720
JAX00071378

UNC3115467
backupUNCO050
328531

UNC14142175
UNC17586853
UNC20799452
JAX00045238
UNC26156200
UNC28181651
UNC24065075
JAX00070066
UNC10260053
UNC23453339
UNC27127119
UNC6092111
UNC268995
UNC16670332
UNC25636612
UNC19991777
UNC22908684
UNC5906887
UNC8396212
UNC28885691
JAX00326709
UNC6639515
JAX00675505
JAX00300565
UNC19667803

7
8
13
15
16
2

5
8
10
12
13
15
17
14
16
5
13
16
3
1
9
15
1
13
3
4
18
12
4
8
10
11

1.4
62.3
35.9

71
35.6
294

12.2
1.3
8.7
9.3

20.5

44.6

26.3

214

27.6

63.5

52.8

34.3

431

10.2

31.0

17.6

41.7

28.2

36.6

66.7
8.4
4.0
0.0

33.3

56.9

29.0

4.8
4.5
6.5
5.1
6.5
5.3

5.5
43
4.9
4.2
6.5
4.6
5.7
5.9
6.8
5.2
4.1
5.2
5.0
4.6
4.2
5.5
4.2
5.5
4.4
12.7
6.0
5.7
4.9
5.7
9.9
7.9

0.0
1.3
20.7
0.0
13.4
19.2

43
0.0
0.0
0.0
13.9
38.7
4.4
16.3
18.8
47.1
354
5.7
21.0
0.0
26.0
0.4
38.6
22.6
246
62.9
5.7
0.0
0.0
0.0
46.3
17.5

18.0
62.8
54.7
28.9
40.0
356.3

26.8
17.0
41.3
16.3
29.2
53.3
33.3
31.9
33.7
66.5
55.2
48.9
53.5
40.7
41.3
29.8
63.5
41.5
36.6
69.8
11.8
38.1
2.1
41.3
61.7
33.6

0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1535
1531

0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1516
1516

0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1502
1503

0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
16.2
14.0

0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
-2.72
-0.87

0.16
0.59
-0.42
-0.93
-0.15
-0.07

-0.32
-0.20
0.11

-0.29
0.17
-0.53
-0.39
-0.12
0.17
-0.73
1.78
0.19
0.33
-0.95
2.35
0.41

1.40
0.05
-1.68
0.17
0.39
-0.11
0.06
-0.32
-0.17
-0.06

714
714
714
714
714
714

714
714
714
714
714
714
714
714
714
714
714
714
714
714
714
714
714
714
714
714
714
714
714
714
748
748

0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
43.0
43.0

-0.25
0.21

-0.29
-0.21
-0.28
0.27

0.28
-0.24
-0.23
-0.25
0.28
-0.24
-0.26
0.27
0.28
-0.23
0.14
-0.26
-0.23
0.20
0.12
-0.25
-0.16
0.26
-0.14
0.39
0.27
0.27
-0.25
-0.27
0.38
0.33

81



