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Abstract

Networks_linking single genes to multiple phenotypic outcomes can be founded on local
anatomical linteraCtions as well as on systemic factors like biochemical products. Here we
explore thereffects of such interactions by investigating the competing spatial demands of
brain and masticatory muscle growth within the hypermuscular myostatin deficient mouse
model and in_cemputational simulations. Mice that lacked both copies of the myostatin gene
(-/-) and“display gross hypermuscularity, and control mice that had both copies of the
myostatin gene (+/+) were sampled at 1, 7, 14 and 28 postnatal days. A total of 48 mice were
imaged with standard as well as contrast-enhanced microCT. Size metrics and landmark
configurations were collected from the image data and were analysed alongside in-silico

models of tissue expansion. Findings revealed that: masseter muscle volume was smaller in
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-/- mice at 1 day but became, and remained thereafter, larger by 7 days; -/- endocranial
volumes begin and remained smaller; -/- enlargement of the masticatory muscles was
associated with caudolateral displacement of the calvarium, lateral displacement of the
zygomatic arches, and slight dorsal deflection of the face and basicranium. Simulations
revealed basicranial retroflexion (flattening) and dorsal deflection of the face associated with
muscle expansion and abrogative covariations of basicranial flexion and ventral facial
deflection associated with endocranial expansion. Our findings support the spatial-packing
theory and shighlight the importance of understanding the harmony of competing spatial

demands that can shape and maintain mammalian skull architecture during ontogeny.
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Introduction

Anatomical structures physically interact to varying degrees throughout ontogeny, adulthood,
and evolution. During ontogeny, genetically mediated changes in one structure can
simultaneously__affect important epigenetic changes in several surrounding structures.
Moreover, interactions that reliably generate the same or similar phenotypes over successive
ontogenies can_shield from selection mutations in genes that would have otherwise
predominantly shaped those affected structures (see Green et al., 2017; Zheng et al. 2019;
Lahti et al., 2009). These mutations can then accumulate, leading to punctuated phenotypic
diversification as.conditions prevail that destabilise the protective network of interactions and
expose the geneywariants to selection (Gould, 2002; Laland et al., 2015). Interactions also
allow for phenotypic adjustments during life, which can accommodate behavioural changes
of, for example, dietary niche or physical activity (e.g. Anderson et al., 2014). This capability
extends into"adulthood and can help genetically similar individuals and populations to tolerate
and thrive under different environmental conditions (see Murren et al, 2015). The premise that
structural interactions help define and maintain morphological outcomes has a long history
and has taken many forms over the decades (e.g. Kappers, 1932; Neubauer, 1925;
Weidenreich, 1941; Weiss, 1933; Wolff, 1893). Most relevant to this paper are paradigms that
define speeific, typically spatially co-ordinated networks of interactions such as the functional
matrix hypothesis formulated by Moss (Moss & Young, 1960) and its derivative, the spatial-
packing hypothesis popularised by Ross (Ross & Ravosa, 1993). More recently, the concept
has also become implicit to theories of morphological integration and modularity (e.g.

Goswami et'al.,; 2015; Klingenberg, 2014). Here we explore the spatial-packing hypothesis.

The central tenet/of the spatial-packing hypothesis is that the head has a finite capacity to
accommodatesand maintain the functional integrity of a range of structures. Once spatially
optimised, any subsequent relative expansion of one structure necessitates changes of form
or function_of one or more of its neighbouring structures. Lesciotto and Richtsmeier (2019)
offer an excellentscomprehensive review of the core principles (see also Lieberman et al.,
2000; Singleton,.2013). Expansion of the brain is most often studied in this context, particularly
amongst highlysencephalised primates. There is substantial empirical evidence from adult
interspecifie,studies and from the fossil record to support the notion that the primate skull,
particularly the basicranium and face as well as the neurocranium, changed shape to fit
relative expansion of the brain (e.g. Ross & Ravosa, 1993; Ross & Henneberg, 1995; Bastir
et al., 2010). An often-cited competing spatial demand to brain expansion is the relative size

of the masticatory apparatus. Biegert (1963) was first to outline this trade-off, suggesting that
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expansion of the masticatory apparatus relative to the brain constrains brain-related changes
of the skull. Again, there is strong support from adult interspecific studies as well as the fossil
record (e.g. Ross & Ravosa, 1993; Ross & Henneberg, 1995; Veneziano et al. 2019; Neaux
et al.,, 2015). The mechanism(s) by which the skull responds to such competing spatial
demands_during jontogeny are unclear. It seems likely that strain gradients created by
expanding tissues trigger cellular activity and incremental architectural remodelling (see
Enlow, 1962 and, for example, more recently Edamoto et al. 2019). However, whilst the
mechanotransdugction of muscle and kinematic forces is well documented (see reviews by
Stewart et al., 2020; Vincent & Wann, 2019), we know comparatively little about the efficacy
of the low amplitide and low frequency stimuli elicited by tissue expansion. Another, congruent
agent could be.straightforward mechanical deformation —skull features are shaped and held
in place by tissue growth in a way that is defined by the geometry, relative rigidity and spatial
relationships‘of the tissues involved. This is reminiscent of the analogy popularised by Enlow
(1976), and others, in which an inflating balloon bends around a piece of tape adhered to its

surface.

Here we evaluate the potential of simple mechanical deformation to describe changes of skull
shape and we also test Biegert’s spatial-packing hypothesis using a myostatin (GDF-8) knock-
out mouse*model of hypermuscularity. Myostatin is a member of the transforming growth
factor-beta (I:GF-B) superfamily and acts as a negative regulator of skeletal muscle growth in
vertebrates. It signals via type IB and I|IB activin receptors to inhibit muscle progenitor cell
proliferation,, activate proteolytic systems, and inhibit protein synthesis in the mature muscle.
A loss of the'gene encoding myostatin results in a greatly increased skeletal muscle mass, via
fiber hypertrophy and hyperplasia (Mendias et al., 2006). Previous studies have shown
significant increases of masseter mass among myostatin knock-out (-/-) mice in adults and at
a range of ontogenetic time-points (e.g. Cray et al, 2011; Vecchione et al, 2010). Volumes
reported by Jeffery & Mendias (2014) further confirmed masseter enlargement and revealed

for the first time an associated reduction of brain size.

We use the latest advances of contrast-enhanced microCT, non-Euclidean geometric
morphometrics-as well as computational tissue modelling to test for shape changes that co-
vary with“enlargement of the masticatory muscles relative to brain size during ontogeny. Our
spatial-packing hypothesis has two parts. The first part states that masticatory muscle
enlargement constrains brain growth as implied by Stedman et al (2004) (see also Anthony,
1903). This predicts a close association between the ontogenetic timing of hypermuscularity

and the reduced brain size seen in adult -/- mice. The second part follows Biegert's (1963)
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proposal that relative masticatory muscle enlargement constrains the effects of brain growth
on the surrounding skull. This predicts that skull markers of brain expansion, such as base
flexion and klinorhynchy (ventral facial deflection), are diminished among -/- mice. However,
in our -/- mouse model the spatial-packing problem of enlarged musculature is conflated with
reduced brain size, possibly due to suppressed myostatin expression within the brain (see
Discussion), and,with the structural effects of increased muscle and bite force (e.g. Byron et
al., 2006; Williams et al, 2015). We therefore inferred the extricated and combined effects of
brain andymusele,growth on skull architecture in-silico and in doing so we also evaluate the
ability of simple deformation to describe spatial-packing related phenomena. Simulations were
evaluated empirically with reference to previously published observations notionally linked to
spatial-packing=s#Predictions included: basicranial flexion and ventral facial deflection
associated with simulated brain expansion (e.g. e.g. Ross & Ravosa, 1993); basicranial
flattening and dorsal facial deflection (airorhynchy) associated with simulated muscle
expansion (e.g. Ross & Henneberg, 1995); diminished basicranial flexion and diminished
ventral facial deflection associated with simulated brain and muscle expansion (e.g. Biegert,
1963).

Methods

Sample: Controly(+/+) and myostatin deficient (-/-) mice on a C57BL/6J background were
reared and culled at the University of Michigan in strict accordance with Institutional Animal
Care & Use Committee approval (PRO6079). Mice share a common maternal genotype and
both sets of parents and offspring were reared under standardised laboratory conditions. A
total of 48 malesmice were sampled at 1, 7, 14 & 28 postnatal days (6 +/+ and 6 -/- per age
group). Heads were removed post-mortem and fixed in 10% neutral buffered formalin.
Genotype of mice,was determined by isolating DNA from tail biopsies and PCR-based
detection of the wild type Mstn (+) and knock-out Mstn (-) alleles as described by Mendias et
al. (2006)..Sex.was confirmed using PCR probes against the Sry gene, which is located on

the Y chromosome.

Imaging: Each'head was imaged twice. Once with standard microCT to capture the skull
geometry and subsequently with 1,KI (9% w/v) enhanced microCT to visualise the muscle
architecture (see Fig. 1 and Jeffery et al, 2011). Both sets were acquired using a SkyScan
1272 (Bruker Ltd) with 50Kv, 200uA and an aluminium filter. Vertices of the resulting
isometric voxels ranged from 26 to 40um. Contrast enhancement is associated with tissue

shrinkage (Vickerton et al., 2013). The method was standardised here so the effect is likely
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to be the same for both groups and small given findings from similar whole mouse head
studies (e.g. Cox & Jeffery, 2011; Baverstock et al., 2013; Jeffery & Mendias, 2014).

Morphometrics: Masseter muscle and endocranial volumes were calculated using the
stereological method implemented in VolumEst (v2010) for Imaged (v1.51p). The
endocraniumis areliable proxy for the brain in a range of craniates, including mammails (e.g.
Dumoncel et al., 2020; Early et al., 2020). Relative masseter size was calculated as
masseter volume divided by endocranial volume. Skull centroid size was calculated as the
square root of the sum of squared distances between the landmarks shown in Figure 2a.
Bivariate plots'with local estimated scatterplot smoothing (LEOSS) and boxplots with
Wilcoxon camparisons of -/- and +/+ means were created in R (version 3.6.2). Three-
dimensional co-ordinates for a configuration of 18 reliable and readily identifiable skull
landmarks (Fig. 2a) were collected using the mark-up function in 3DSlicer (v4.10.1). This
configuration,was.chosen to provide reasonable morphological representation whilst keeping
the dimensionality of the shape space (3L-7 = 47) proportionate to the sample size (48) (see
Bookstein, 201:7:2019; Cardini, 2019; Cardini et al, 2019). Geometric morphometric
variations of the configuration of landmarks were investigated in MorphoJ (v1.07a) following
the principlessand'methods outlined by Drake & Klingenberg (2008) and Klingenberg (2016).
Allometric (size).related shape changes were investigated using a multivariate regression of
symmetriciProcrustes coordinates against log-transformed centroid size. Residuals from this
regression were explored for nonallometric shape changes. Differences across age cohorts
and experimentalgroups were evaluated in Morphod with Canonical Variate Analysis (CVA)
and Discriminative Functions of Procrustes coordinates. Warped surfaces were created in
Landmark (version 3.0) with reference to the co-ordinates generated by Morphod. For
conveniencegWenillustrated the distribution of simulated forms within their own shape space
using a Principal.Components Analysis (PCA) of the covariance matrix and crossed checked

findings againstithose generated by mesh deformations (see below).

Computational simulation: Deformations of the skull due to endocranial and muscle
enlargement were simulated in-silico using a mass exchange gradient finite element
approach (see Ateshian et al 2009). Co-registered standard and contrast enhanced microCT
data (Fig. 2b) for the control (+/+) 28 day mouse closest to the mean shape (specimen
M1C1) were used to reconstruct, refine and mesh a model of the skull, mandible and
masticatory musecles (masseter, temporalis and ptyergoids) in Amira version 5.4.1 (Thermo
Fisher Scientific Itd, Waltham, Massachusetts, USA). The final decimated tetrahedral mesh,
which consisted of 1.3 million elements (Fig. 2c), was imported into FEBio version 2.8.2
(Maas et al., 2012) and parameterised. The simulation was simplified by assuming the skull

was a structural continuum and that skull elasticity was invariant spatially as well as for the
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duration of the simulation. The mandibular incisors were used as rigid body constraints, and
the mass exchange gradients representing constituent materials were adjusted to achieve
the desired volumetric changes relative to the baseline +/+model (S..). One model was
created to simulate the 28 day -/- condition (S_.). In this case, the S.,.. baseline model
elastically deforms to accommodate a computationally driven 7% reduction of endocranial
volume and 17%.increase of masticatory muscle volume. This was repeated without the
endocranial'reduction (M.47). The remaining simulations were used to explore shape
changes associated with theoretical expansion of the muscles and endocranium (see Table
1). The models were solved using a non-linear quasi-static method, landmarked and
incorporatedrintoithe shape analyses as outlined above. Whole mesh deformations were

also visualised.in'FEBio.

In all statistical comparisons a probability (p) value of <0.05 was used to identify the most
prominent differences. Although somewhat arbitrary and subject to recent criticism (e.g.

Amrhein et al., 2019), this threshold was appropriate for the purposes of this study on the
understandingsthat a p>0.05 is not equivalent to no difference but can represent a weaker

effect compared with <0.05.

Results

Euclidean Morphometrics: Bivariate plots against age with accompanying boxplots and
Wilcoxon p-values are given in Figures 3a-d. Endocranial volumes were larger in +/+ mice
from 1 through to 28 postnatal days (Fig3a). Masseter volumes were at first larger among
the +/+ mice (1=day), switching to larger among -/- mice at 7 and 28 days (Fig3b). By 28
days -/- magseters and endocrania were on average 17% larger and 7% smaller,
respectively.‘Both groups experienced increased relative masseter size (masseter
volume/endocranial volume) after day 7 (Fig. 3c). The increase was greater for -/- mice.
There was'little"difference of centroid size until 28 days, at which point +/+ mice were on
average 1.1mmlarger (Fig 3d). These findings predict corresponding shifts of skull form to
accommodate relative masticatory muscle enlargement, and that such effects will be more

pronounced among the -/- mice.

Geometric.Morphometrics: Regression (Fig. 4a) of the symmetric component of the
Procrustes co-ordinates (combined fit; n=48) suggests both -/- and +/+ mice follow a
common allometric trend against centroid size, which explains approximately 77% of the
total shape variation. Allometric changes from 1 to 28 days are illustrated in Figure 4b and
included relative: elongation of the palate; narrowing of the midface and calvarium; flattening

of the posterior cranial base and ventrodorsal shortening of the calvarium. Overall, the mean
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skull shape representative of all 28day mice was relatively more compact and

dolichocephalic whilst the face was longer and deflected dorsally (airorhynchy).

Relative masseter size predicted 59% (p-value <0.001) of the shape variation from 1 to 28
days. It also predicted 17% of the shape variance after size correction (residuals of
regression‘against centroid size). Figure 3c suggested relative masseter enlargement
occurred after day, 1. Limiting the current analyses to days 7 to 28 showed that relative
masseter size'predicted 48% of the nonallometric shape variance (Figure 5a). Changes
described included relative lateral displacement of the zygomatic arches, elongation of the
face, as well'as'narrowing and ventrodorsal shortening of the neurocranium and slight dorsal
bending of the face and of the posterior cranial base (Fig.5b). These patterns were broadly
similar to the allometric shape changes shown in Figure 4b, reflecting shared groupings

according to development (age) as well as growth (size).

Canonical Variate, Analysis (CVA) of size corrected data revealed partitioning of the
nonallometric'shape space between -/- and +/+ mice across canonical variate 2, which
represented 19% of the total variance (Fig. 6a). Procrustes distances are given in Table 2.
Shape differences at 28 days shown in Figure 5b were drawn from a discriminative function
(Procrustes/D = 0.0271, p=<0.0001; cross-validation 100% accurate assignment). The major
shape differences were lateral displacement of the arches and caudolateral expansion of the
neurocranium.among the 28 day -/- mice. Also observed in -/- mice were a decrease of facial

height, particularly around the rostrum, and slight dorsal deflection of the palate.

Simulations: Computational simulations are summarised in Table 1. To evaluate our
approach, the simulations of the control model (S.,..) and those approximating the -/-
condition at 28:days (S.. & M.17) were combined with the main dataset and the CVA reported
above was repeated. Figure 6¢ shows the equivalent plot including the control simulation
(S++), which clusters with the 28 day +/+ mice. Shape differences described by the variates
are the same in both analyses. The simulated 17% muscle expansion (M.47) and muscle
expansion plus 7% endocranial reduction (S..) models both cluster with the -/- mice (please
refer to Table 1 for abbreviations and conditions). These findings confirmed that simulations
broadly mimi€ actual shape differences observed between -/- and +/+ mice (see above) and
indicated that'muscle enlargement rather than reduced endocranial growth had the greatest

influence on these shape differences.

The three empirically informed simulations (S..., S.. & M.47) were then combined with
extended, theoretical, models of muscle and endocranial expansion (see Table 1) and

subjected to PCA. PC1 explained 94% of variance (Fig. 7a), representing mostly simulated
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increases of masticatory muscle volume in one direction (+PC) and simulated increases of
endocranial volume in the other (-PC). Simulated enlargement of the masticatory muscles
was associated with lateral displacement of the zygomatic arches, dorsal deflection of the
face (airorhynchy), ventrodorsal shortening of the neurocranium, and retroflexion (flattening)
of the posterior cranial base (Fig. 7b). The opposite trend was seen with simulated
endocranial enlargement (Fig. 7c¢), which was characterised by basicranial flexion,
neurocranial.enlargement and ventral deflection of the face (kyphosis or klinorhynchy). PC2
(6%) showed:the.combined effects of computationally driven muscle and endocranial
expansion. Findings indicate that muscle expansion limits endocranial induced flexion of the
posterior cranial’base and endocranial expansion limits dorsal deflection of the face
associated with-muscle enlargement (Fig. 7d). Whole mesh (1.3 million elements)
displacement vector plots (bottom row in Figs. 7b-d) revealed similar trends to the above
landmarked defined analyses. Endocranial expansion was primarily characterised by
neurocranial expansion as well as ventral deflection of the face and the cranial base,
including basicranial flexion (bottom row Fig. 7c). By contrast, muscle expansion was
primarily characterised dorsal deflection of the posterior neurocranium, face and cranial
base, including basicranial retroflexion, as well as lateral expansion of the zygomatic arches
(bottom row Fig. 7b). Combining the two simulated expansions, appears to redirect and
magnify the displacement posteriorly whilst constraining the flexion to basicranial elongation
and the extent.of dorsal facial deflection (bottom row Fig. 7d). Lateral displacement of the

zygomatic.arches remained.

Discussion

Compared with the controls (+/+), the 28-day old myostatin deficient (-/-) mice had on
average 17%arger masseters and 7% smaller endocrania, the latter being used here as a
proxy for brain size (see methods). A previous study by Jeffery & Mendias (2014) suggests
this pattern/continues into later adulthood with differences of +43% and -16%, respectively in
mice aged 60:t0:517 days (average 233 days). Similar increases of masseter size have been
reported before (see Vecchione et al., 2007 & 2010; Cray et al 2011). In particular, our
results corroborate those of Vecchione et al (2010) showing that day old +/+ mice have
larger masseters than -/- mice. These findings suggest that the hypermuscular phenotype
emerges after birth, during the first week of life, and then rapidly accelerates. By contrast,
the -/- mice had smaller endocrania from day one, which suggests the reduced brain size
occurred in-utero and preceded and then accompanied the accelerated muscle growth.

Thus, our findings do not corroborate the idea of muscularity directly constraining brain size
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as implied by Stedman et al (2004). Indeed, that -/- endocrania are smaller at birth suggests

the involvement of more systemic factors.

Myostatin is known to be an important pre- and postnatal metabolic regulator (McPherron
and Lee, 2002; Guo et al, 2009; Ploquin et al, 2012; Carneiro et al, 2013; Mouisel et al,
2014) and"has'been shown to act as a communicative link between muscle and fat (Kong et
al, 2018; Deng et'al, 2020). Deficiency may therefore limit the availability of lipids for myelin
formation, which“can’in turn impede intra-uterine brain growth (Bourre et al., 1981; Morand
et al., 1981). Myostatin deficiency may also have altered brain cell development. Since we
reported the“reduced endocranial phenotype in 2014, several studies have reported the
abundant expression of myostatin-like proteins throughout the brain, including glia as well as
neurons (e.g. Hayashi et al, 2018; Schafer et al, 2019; Augustin et al., 2017). This suggests
myostatin is an important factor for neuronal growth and maintenance. We therefore contend
that the reduced.-/- endocrania reported here and by Jeffery and Mendias (2014) are the
product of altered prenatal neuronal growth, possibly exacerbated by the metabolic demands

of growing andsmaintaining larger muscles later in life.

Rather than"constraining brain size, our mouse data and more clearly our simulations
support the hypothesis that masticatory muscle enlargement limits the effects of brain
expansion on the surrounding skull. Most notably, masticatory muscle enlargement curbs
basicranialflexion, whilst brain enlargement in turn restricts some effects of muscle
enlargement.such as dorsal deflection of the face (Biegert, 1963; see also Ross & Ravosa,
1993; Ross & Henneberg, 1995). The aim of our computational approach was not to
replicate the, intricacies of the murine head but to simulate deformation driven by tissue
expansion. Realism could and should be enhanced in future models, albeit at the expense of
computational load and possibly stability. Refinements might include, for example, growth of
additional anatomical modules such as the eyes and extraocular apparatus (e.g. Ross &
Kirk, 2007; Jeffery et al., 2007), nuchal musculature and nasal turbinates as well as the face
(Bastir et al., 2010), the pharynx (e.g. Jeffery, 2005) and the nasal septum (Jeffery et al.,
2007). Adding ontogenetic shifts of skull compliance will be particularly enlightening,
especially changes related to the formation of ossification centres and the subsequent
localisation of deformation to, and eventual fusion of, sutures and synchondroses (see
Michejda;«®1972; Jeffery & Spoor, 2004; Oladipupo et al., 2020). Whilst adding such
complexity will'ne,doubt provide more detail and nuance (see for example Lee &
Richtsmeier, 2019), it is remarkable nonetheless how much of the in-vivo changes were
captured here in-silico on the basis of simply tissue expansion and elastic deformation.
Mechanical deformation appears to mirror the effects of mechanisms underlying ontogeny of

the murine skull and is perhaps a precursor or adjunct to physiological tissue (re)modelling.
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From these and previous findings we can infer the variegated and phasic nature of skull
ontogeny (see also Bastir and Rosas 2016; Zollikofer et al. 2017). We know that
morphogenetic covariations predominate during embryogenesis. Presumably, these trends
remain coherent for most of prenatal life, reflecting the residual power of the genes involved
as well as relatively relaxed functional demands and spatial constraints. For example,
consider the fetus suspended in amniotic fluid, nourished via the umbilical cord and with a
flexible, membranous, calvarium. Recent in-utero MR images have also shown a
comfortable.margin of cerebrospinal fluid surrounding the brain, which could be displaced via
arachnoid granulations to lessen the physical effects of encephalisation on the surrounding
skull (see figliresiin Jarvis et al, 2019; Kyriakopoulou et al., 2017). In other words, the head
is not yet spatially optimised at this stage and retains capacity to accommodate expanding
tissues. However, as ontogeny proceeds, the genetic signals lose coherence, developmental
noise accumulates and tissues become increasingly crowded and sculpted by functional
demands like mastication. At this point, the established spatial arrangement of tissues,
referred to here as heterotopy, would be distorted by greater competition for space as
modules adopt distinct allometric trajectories and disperse along different heterochronic
timelines (see Zelditch & Fink 1996; Zollikofer & Ponce De Ledn, 2004). This supposition,
which is summarised in Figure 8, might help explain why investigations of spatial-packing
using fetal samples (e.g. Jeffery & Spoor, 2002 & 2004; Jeffery, 2003; Jeffery et al., 2007)
have seemingly,. contradicted adult studies (e.g. Ross & Ravosa, 1993; Ross & Henneberg,
1995; Veneziano et al. 2019; Neaux et al., 2015). Indeed, whilst it pains at least one of us
(NJ) to concede, it appears that spatial-packing like phenomena are best detected later in
ontogeny and possibly in differences among the adult, spatially optimised, endpoints rather
than along intraspecific prenatal ontogenies. The above paradigm also emphasises the
importance (of considering the protean mix of sources as well as the resulting patterns of
covariation in studies of morphological integration and modularity over ontogenetic time
(Klingenberg, 2008; 2014), and supports the case for explicitly recognising spatial-packing
like covariations linked to heterotopy in the various theoretical frameworks that govern such

studies and our current understanding of mammalian skull development.
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620

621 Tables

622

623  Table 1. Computationally driven changes of muscle and endocranial volume based on a

624  28day control (+/+) mouse mesh.

Simulation’| A Muscle | A Endocranial
ID Volume % Volume %
Su 0 0
S, +17 -7
M.10 +10 0
M.z +17 0
M., +23 0
E+11 0 +11
E.20 0 +20
E.30 0 +30
M.6E.s +6 +5
M..10E+o +10 +9
M.27E .21 +27 +21

625  S.. and Sjarepresent the +/+ and -/- conditions, respectively. Remaining models simulate

626 the combinedsand separate effects of muscle and endocranial expansion
627
628
629
630

631  Table 2. Myostatin, -/- versus +/+ canonical variate analysis (1000 permutations) based on

632 size corrected Procrustes data.

Age Grp N Procrustes Permutation p-
(days) Distance value

1 12 0.0256 0.0101

7 12 0.0189 0.0008

14 12 0.0273 0.0014

28 12 0.0271 0.0020

633 T distance between +/+ and -/- mice
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Figure legends

Figure 1. Example I,KI enhanced microCT images reformatted along the midsagittal plane

at postnataliday 13 7, 14 and 28. Scale bar 5mm.

Figure 2. Reformatted and rendered image data showing: a) from top to bottom, dorsal,
lateral and midline; views of the landmark configuration superimposed on 3D isosurfaces (Ba,
basion; Br, bregma; Ef, ethmoid foramen; Fnt, junction between zygomatic, frontal and
premaxillarysbones; Iss, intersphenoidal synchondrosis; Ld, lambda; Na, nasion; Op,
opisthion; Plpasteriormost point of palatine suture; Pr, prosthion; Rs, recess above post-
tympanic hook; Ses, spheno-ethmoidal synchrondrosis; Sos, spheno-occipital
synchrondrosis; Zm, dorsal margin of zygomaticomaxillary suture); b) from left to right,
standard coronal microCT scan, I,KI enhanced coronal microCT scan and the corresponding
composite label mapping; c) tetrahedral 3D mesh of mouse M1C1 used to create
simulations((bone, purple; muscle, yellow; endocranium, not shown; green & pink,

constraint).

Figure 3. Bivariate plots with LEOSS fits against age (standard error, grey) and boxplot
comparisonstbetween +/+ (green) and -/- (blue) mice at 1, 7, 14 and 28 postnatal days for
measures.ofia) masseter volume; b) endocranial volume; c) relative masseter size
(masseter volume/endocranial volume); d) centroid size. Boxplots show the 25" , 50t & 75t
percentiles with hinges for datum points within 1.5 times the percentile range (p-values are

for Wilcoxon tests between +/+ and -/- means).

Figure 4. Size (allometric) related changes of craniofacial shape: a) bivariate plot of
regression scores from the Procrustes form space against log centroid size illustrating the
common allometri¢ trend through the age groups of -/- and +/+ mice; b) surface renderings
representing the allometric trend from the mean day 1 mouse shape (rose) to the mean day

28 shape (green).

Figure 5¢Size corrected (nonallometric) related changes of craniofacial shape in relation to
relative massetersize from 7 to 28 days: a) bivariate plot of nonallometric regression scores
against relative masseter size, accounting for 48% of the size corrected shape variation; b)

surface renderings representing size corrected shape variation associated with increases of

relative masseter size from 7 (yellow) to 28 days (red).
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671  Figure 6. Nonallometric differences between -/- and +/+ mice: a) Plot of canonical variate
672  scores showing the partial separation of age groups along CV1 and separation of -/- & +/+
673  mice along CV2; b) 3D renderings representing nonallometric shape differences between
674  MSTN-/- and +/+ mice at day 28 based on a discriminative function; ¢) plot of canonical
675  variate scores including simulations (refer to Table 1 for abbreviations);

676

677  Figure 7. Soft-tissue expansion simulations; a) plot showing the distribution of simulated
678  skulls alongsprincipal components 1 and 2 of the shape space (refer to Table 1 for

679  abbreviations). Note that simulated muscle (e.g. M.47) expansions are primarily distributed
680  along positive PCA scores whereas simulated endocranial expansions (e.g. E.,) fall along
681  the negative PGi’scores. Combined muscle and endocranial expansions (e.g. M.,7E.,) fall
682  along PC2; /b-d) 3D renderings of the corresponding shape changes (+/- 0.05 PC scale
683  factor) from the mean control shape (S./, light blue) to the simulated shape (b, green

684  represents expanded muscle [M.,3]; €, rose represents expanded endocranium [E.30]; d,
685  purple represents combined expansion of muscle and endocranium [M.»7E.4]).

686  Accompanying colour mapped 3D renderings illustrate the corresponding mesh

687  deformations (red, high deformation; blue, low deformation; arrows also indicate direction
688  and magnitude [arrow length] of deformation).

689

690  Figure 8. Diagrammatic representation of gene derived covariations of form manifested
691  through heterochrony (timing), allometry (size) and heterotopy (location). As ontogeny

692  progresses, these covariations lose coherence (broken green lines) and other sources (black
693  lines) such as the competition for space between nearby enlarging structures (heterotopy-

694  allometry) become more conspicuous.
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