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Abstract

Development translates genetic variation into a multivariate pattern of phenotypic variation,
distributing it among traits in a non-uniform manner. As developmental processes are largely
shared within species, this suggests that the heritable phenotypic variation will be patterned
similarly, in spite of the different segregating alleles. To investigate developmental effect on the
variational pattern in the shape of the mouse skull across genetically differentiated lines, we
employed the full set of reciprocal crosses (a.k.a. diallel) between eight inbred mouse strains of the
Collaborative Cross Project. We used geometric morphometrics and multivariate analysis to
capture cranial size and shape changes in 8 parentals and their 54 F1 crosses. The high
heterozygosity generated in the F1 crosses allowed us to compare the multivariate deviations of
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the F1 phenotypes from the expected mid-parental phenotypes in different haplotype
combinations. In contrast to body weight, we found a high degree of non-additive deviation in
craniofacial shape. Whereas the high phenotypic and genetic divergence of parental strains
manifested in high dimensionality of additive effects, the non-additive deviations exhibited lesser
dimensionality and in particular a strikingly coherent direction in shape space. We interpret this
finding as evidence for a strong structuring effect of a relatively small set of developmental
processes on the mapping of genetic to phenotypic variation.

Summary

Non-uniform distribution of heritable phenotypic variation can stem from past selection or
developmental patterning. We demonstrate a highly consistent developmental effect in non-
additive variation of mouse cranium regardless of genetic background.

Keywords

differential dominance; developmental constraint; pleiotropy; integration; multivariate quantitative

genetics

Introduction

Heritable phenotypic variation underlies the evolvability of a population, and is determined
by the presence of segregating alleles, and by the developmental processes that translate the
genetic differences between individuals into phenotypic differences. In this sense,
development is commonly conceptualized as a genotype-to-phenotype (GP) map.
Identification of the structuring effect of development on phenotypic variation, however,
requires the examination of phenotypes across multiple alleles and genetic backgrounds. A
breeding design, called diallel, used here offers an effective empirical system for this
question. A diallel consists of a number of inbred parental lines and, in its full form, two
reciprocal crosses between each pair of the inbred lines, representing both heterozygotes.
Data used in the present study stems from crossing eight inbred strains of mice as a part of
the Collaborative Cross project (Churchill et al., 2004, Chesler et al., 2008, Aylor et al.,
2011, Welsh et al., 2012).

In this paper, we address the effect of the developmental structure on heritable variation in
the mouse cranium by comparing multivariate variation across a series of related inbred line
crosses. The vertebrate cranium is a particularly compelling structure, as the closely
coordinated development of its anatomical components funnels genetic variation to a narrow
range of coordinated spatial variation, resulting in a subset out of all theoretically
conceivable forms (Moss and Young, 1960, Cheverud, 1982, Klingenberg, 2013).
Consequently, the polymorphisms at single loci are associated with coordinated changes in
combinations of multiple cranial parts, mediated by the structuring effect of developmental
processes and physical constraints (Leamy et al., 1999).

Our use of the diallel differs from its initial purposes in animal and plant breeding (Hayman,
1954, Jinks, 1954, Griffing, 1956). The classic diallel analyses aim either at estimating the
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genetic structure of an interbreeding population, from which the inbred parental lines are
assumed to be a random sample of genotypes; or they aim at understanding the combining
ability of different lines. In the first case, it is assumed that inbred lines were inbred without
selection. It is also frequently assumed that only two alleles with major frequency per locus
exist. In both of these analyses, the additive effect of the haplotype is estimated as the
average effect across different F1 (or P+F1) combinations. This expectation serves as the
theoretical reference point from which to measure the non-additive deviations of the F1
phenotypes in the crosses. The classical analysis of diallel on the same population as used
here has been reported previously (Percival et al. 2015). While these approaches have been
useful for choosing the best crosses to optimize a specifically targeted trait, they reveal less
about the structuring of the multivariate variation and the general evolvability. In fact, a
method that sets the average non-additive deviations a priorito zero prevents detection of
consistent directional deviations. Moreover, the focus on additive and non-additive variance
is misleading for our purposes, as these aspects strongly depend on the choice of traits (as
well as on the allele frequencies), as will be explained below.

By contrast, in this study we are interested in the individual rather than the statistical effects
of allele substitutions. Therefore, instead of the average across all combinations of alleles,
we use the midparental phenotypic value of the particular cross as the additive prediction for
the F1 progeny, separately for each cross. We estimate the non-additive deviation as
deviation from the midparental genotypic value and study the phenotypic distribution of
these deviations across the F1 groups (see below).

A substantial source of non-additive deviation in the crosses between inbred lines is
commonly due to heterosis or hybrid vigor. During the inbreeding, recessive alleles become
combined in the homozygous state, and therefore inbred lines are often inferior in size and
fitness to the lines with greater heterozygosity (see Discussion for additional effects across
loci). In crosses between sufficiently divergent inbred lines, the reversion to heterozygosity
results in abundant non-additive contribution to variation. If the structuring effect of
development is weak, these deviations from the expected midparental values, represented as
multivariate vectors, are expected to differ across crosses, as these lines were inbred
separately, for different selective purposes. For a diallel cross of heterogeneous parental
lines, such as ours, the non-additive deviation vectors may differ widely in direction in
phenotype space. By contrast, if a common structuring effect of development dominates over
the genetic background, we expect a shared tendency in direction of the deviations across
genetic combinations. The pattern of consistency and the underlying morphological
properties may thereby reveal the developmental processes that channel the genetic variation
in the diallel.

Additive and non-additive effects on multivariate phenotypes

The classic concepts in quantitative genetics are formulated in the context of single traits.
Morphological variation in parts of an integrated structure, such as the cranium, is
interdependent due to developmental, spatial, and functional relationships. Such complex
structures therefore require a multivariate approach. Here we use geometric morphometric
shape descriptors (landmark shape coordinates), which are particularly unsuited for separate
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biological interpretation — rather the analyses encompass the space of all possible linear
combinations of variables (Bookstein, 1991, Adams et al., 2004, Hallgrimsson et al., 2009a,
Mitteroecker, 2009). In Figures 1 and 2, we briefly outline the extension of the univariate
genetic concepts to multiple traits (in simple Euclidian geometry, but some of the concepts
extend to more general affine vector spaces as well; Huttegger and Mitteroecker, 2011).

For continuous univariate phenotypic variables, the additive genetic effect (g) of an allele
substitution is conceptualized as half the difference between the average phenotypic values
of the alternative homozygous genotypes (i.e., homozygote genotypic values; Figure 1A).
When considering multiple traits, genotypic values can be represented by points in a
multivariate phenotypic space, and vectors describing the effects of allele substitutions can
differ both in length and direction. If the original measurements are considered distinct
traits, directions in phenotype space that are oblique to a trait axis represent pleiotropic
genetic effects (Figure 1B). For measurements that are not interpretable separately, as in
geometric morphometrics and most image analysis approaches, the concept of pleiotropy is
more ambiguous. The common notion of pleiotropy as an evolutionary constraint arises from
the assumption that the direction of the genetic effect vector in phenotype space (the relative
effects on multiple traits) is less evolvable than the length of this vector, depicting the overall
effect size (Pavlicev et al., 2008, Pavlicev and Cheverud, 2015). Further, the dominance ()
of an allele is measured as deviation of the heterozygote genotypic value from the midpoint
between the homozygous phenotypes (Figure 1C). For a single trait, the dominance is a
scalar (hence the terms “underdominance” and “overdominance”), whereas it is a
multivariate vector with length and direction for mulivariate traits. Dominance can thus
affect only the magnitude, only the direction (Figure 1E), or both (Figure 1D). Dominance
with respect to direction means that the effects of the single allele substitutions at a locus
differ in their pleiotropic pattern, i.e., in their relative effects on the traits (differential
dominance: (Klingenberg et al., 2001, Ehrich et al., 2003, Kenney-Hunt and Cheverud,
2009); differential epistasis: (Cheverud et al., 2004).

Importantly, this multivariate view reveals the significance of the choice of traits for the
analysis and evolutionary interpretation of genetic variation, in particular with respect to
assessing additive and non-additive effects (Figure 2). The presence of bivariate dominance
in Figure 2 can be interpreted as anything from co-dominance to over-dominance or under-
dominance when projected on different univariate subspaces (Klingenberg, Leamy, Routman
and Cheverud, 2001). The choice of the trait (sub)space thus crucially determines the type of
reported effects. This problem is particularly pertinent when the studied variables are not
discernable biological traits (such as the length of the long bone), but arbitrary directions in
a high-dimensional phenotype space.

In addition to the above considerations of genetic effects on multivariate phenotypes, a
diallel cross differs in that not single loci, but the whole haplotypes segregate in F1. The
genetic effects therefore cannot be attributed to single loci but are aggregates across many
loci and include interactions between different loci (epistasis). For this reason, we refer to
the “deviation from additivity” rather than specifying the source as dominance or epistasis.
Furthermore, the multiple haplotypes (as opposed to only two alleles in above examples)
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enable that the effect of haplotype substitutions can be measured in different combinations
(i.e., allele/haplotype B combined with C, D, E).

MATERIAL AND METHODS

Strains

This study was performed on a diallel cross consisting of eight commercially available
inbred mouse strains and an almost complete set (except for two) of their F1 crosses. The
parental haplotypes will be denoted here by the letters A-H for simplicity, the corresponding
full strain names are listed in Table 1. The strains AA-EE were generated by crossing other
lines, mostly of lab mouse (Mus musculus domesticus), followed by selection and
subsequent inbreeding. FF-HH are wild-derived strains that were generated from small
numbers of wild animals of the subspecies M. m. castaneus, M. m. musculus, and M. m.
domesticus, respectively, and subsequently inbred. These eight parental strains are the
founders of the Collaborative Cross (Churchill et al. 2004, Chesler et al. 2008, Aylor et al.
2011, Welsh et al. 2012). Mice from the F1 generation were housed 2-5 animals per cage
and had unlimited access to standard laboratory chow (LabDiet 5K52) and acidified drinking
water. Individuals were sacrificed at approximately same age, averaging 72 days.

In our data only two of the F1 crosses are missing, resulting in the nearly full diallel of 62
strains. Each of the strains is represented by an average of 20 (range 16—29) genetically
identical individuals (apart from potential spontaneous mutations). In total, 1211 individuals
were included in the study after obvious outliers have been removed (of 1255 animals total).
The distribution of individuals among strains and sexes are provided in Supplementary Table
1.

Phenotypes

All crania were micro CT-scanned (Scanco Viva-CT40, Scanco Medical AG, Basserdorf,
Switzerland) at 35um resolution (70 kv, 160 mA, 500 projections). Fifty-four three-
dimensional landmarks, shown in Figure 3, were digitized using Analyze 3D (http://
www.mayo.edu/bir/). Measurement error variances calculated by repeated measurement of
the same individuals were less than 1.2% (Hallgrimsson et al., 2004b, Hallgrimsson et al.,
2006). All three-dimensional landmark configurations were superimposed by a Generalized
Procrustes Analysis, standardizing for position, scale and orientation of the configurations
(Rohlf and Bookstein, 1990, Mitteroecker et al., 2013). Each configuration was averaged
with its relabeled reflection, and the resulting symmetrized shape coordinates were used for
further statistical analysis (Mardia and Bookstein, 2000, Mitteroecker and Gunz, 2009).
Overall cranial size of each individual was computed as centroid size (CS), the square root
of the summed squared distances between every landmark and their centroid (average
landmark position). Asymmetry (within-individual variation) and canalization (between-
individual variation) are addressed elsewhere (Gonzalez et al., 2016).

Statistical results based on the shape coordinates were represented by three-dimensional
surface reconstructions. Using the thin-plate spline algorithm (Bookstein, 1989), the vertices
of the triangulated surface of one mouse cranium was warped towards the corresponding
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target configuration based on the measured landmarks. All morphometric and statistic
analyses were performed in Mathematica 9.0 (Wolfram Research, Inc.) using routines
programmed by Philipp Mitteroecker and Philipp Gunz.

Quantitative genetic analysis of shape and size

Throughout the study, we use midparental values as F1-specific expectations from which to
estimate F1-specific deviation. The model underlying this approach is

Tij=uij+sijtrijtei, (1)

where x;;is the mean genotypic value of individuals with parental alleles 7and j, sj;is the
average deviation from the midparental value of strains //and j/, such that s;=s;; and r;is
the reciprocal effect with respect to reciprocal combinations of alleles 7and /, so that 7;;=
—rj;. The error term is denoted by e;. When possible, the deviation is shown for the separate
F1 crosses, instead of the mean deviation of the two reciprocal crosses. Note that in this
model the F1-specific reference, j; is taken as the midparental value u;=(xj;+ Xj)/2.

Genetic effects on size: cranial size and body weight—We measured animal size
using body weight and centroid size of the cranial landmarks, and analyzed the univariate
genetic effects on these measures. The females of strain EE (New Zealand Obese) were
older than those of other strains when the phenotypes were measured. Even though animals
of all strains have reached their adult size, this strain is particularly prone to further weight
gain beyond skeletal maturity, and hence age may confound the results. We therefore
excluded this line from the analysis of genetic effects on body weight. Animals of all other
strains were of similar age. The raw data (images as well as measured coordinates) is
available at Facebase (https://www.facebase.org/).

Genetic effects on shape—We explored genetic effects on shape by a principal
component analysis (PCA) of the 8 parental and 54 offspring group mean shapes.
Separately, the distribution of multivariate dominance effects (i.e. deviation from additivity)
was analyzed by a PCA of the vectors of multivariate shape deviations of the offspring group
means from their corresponding parental midpoint. In contrast to the group means, these
deviation vectors share a meaningful origin (representing no deviation from additivity) and
hence the PCA of these vectors was computed by a singular value decomposition (SVD) of
the uncentered matrix of deviation vectors. The resulting components maximize variation
around the origin, not around the sample mean as in ordinary PCA, and thus also represent
the average effect. The average of these vectors, i.e., the common pattern of dominance, was
visualized by deformations of the three-dimensional surface of one mouse skull. We
repeated these analyses after removing allometry (see Figures S1 and S2 in Supplementary
material) by projecting the data onto the subspace perpendicular to the allometry vector,
which was estimated by pooled within-group regression of the shape coordinates on centroid
size (Burnaby, 1996, Mitteroecker et al., 2004).

Scalar estimates of multivariate heritability and genetic variance components would pool
over all variables and conceal differences in genetic variance between different shape
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features. To determine the phenotypic dimension with the highest proportion of genetic
variance relative to environmental variance (as a proxy for broad-sense heritability), we
computed an eigenanalysis of the covariance matrix of group means B re/ative to the pooled
within-group covariance matrix W (Bookstein and Mitteroecker, 2014). The first relative
eigenvector, which is the first eigenvector of the matrix product W™1B, is the shape feature
(linear combination of shape variables) with the highest ratio of genetic to environmental
variances. This maximal ratio equals the first eigenvalue of W=1B. Similarly, we identified
the direction with minimum ratio of genetic to environmental variances (the last relative
eigenvector) and other directions with an intermediate ratio (Roff, 2000, Klingenberg et al.,
2010, Bookstein and Mitteroecker, 2014).

Genetic effects on size

Mean body weights for all strains, separated by sex, are presented in the heat plots in Figure
4A. The most apparent genetic effects on body weight are the positive additive effect of the
E haplotype, the moderate negative additive effect of haplotypes F-H, and the moderate
negative effect of inbreeding. The effect of the E haplotype on body size appears stronger
when the haplotype comes from the mother. Genetic effects on body size appear of similar
magnitude and pattern in males and females. Figure 4B shows mean cranial centroid size
across the strains and sexes. The positive effect of haplotype E on cranial size is similar to
that on body weight. The effect of inbreeding is manifested in smaller crania of inbred lines,
again to the exception of genotype EE. Also here, the effect of the E haplotype appears
stronger when it comes from the mother.

Line EE is an exception in that the inbred line shows no negative inbreeding effect. In the
case of body weight this result could be confounded by the higher age of female individuals
(Methods), potentially cancelling the negative effect of inbreeding, however this explanation
is not sufficient for the cranial centroid size.

We are particularly interested in F1-specific deviations from the midparental values. Figure
5A shows body weight deviations for all F1 as a fraction of the midparental phenotype, to
make the effects comparable across strains. Noteworthy positive deviations are associated
with haplotypes A-D, and in many of these crosses we observe overdominance (|d|>|a], see
Supplementary Table S2).

The pattern of mean-normalized dominance deviations for the centroid size is captured in
the heat map in Figure 5B, for every cross. When averaged over all groups, the F1 groups
are on average 5.0% larger than their additive predictions, which equals 1.2 standard
deviations of centroid size when pooled over the full sample. This is much stronger
dominance than for body weight (2% lager on average). Also overdominance is much more
common for the centroid size than for the body weight and is present in most crosses, with
some exemption of crosses with the line E (i.e., NZO line). The overall pattern, but not the
extent, of deviations from midparental values in CS resembles that of body size. Deviations
and additive effects for body size and centroid size are listed in Supplementary Table S2 for
all crosses.
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Genetic effects on shape

The first eight principal components (PCs) of shape have relatively similar variances and
together account for 88.1 % of total variance among the 62 group mean shapes. For most
components, the offspring group means are located in between the parental groups,
indicating some degree of additive inheritance (Figure 6). However, there are marked
deviations of the offspring mean shapes from the corresponding midpoints of their parental
mean shapes. These deviations, represented by the gray lines, are the non-additive genetic
effects; and can be due to dominance and epistasis, that is, due to the changed effect of an
allele in different backgrounds at the same or at other loci. Since both change between
parental and F1 generation, we will not differentiate between dominance and epistasis here
but treat them together as non-additive effects. Furthermore, Figure 6 demonstrates effects
due to the sex of the parent of origin, reflected by the divergence of the two vectors
connecting each parental midpoint with the corresponding reciprocal genotypes (e.g., AB
versus BA).

Figure 7 shows a principal component ordination of all the non-additive deviation vectors,
clearly demonstrating the common tendency among these vectors. When the deviation
vectors are scaled to unit length, their average has a length of 0.70, indicating a highly
significant deviation from a uniform spherical distribution (Mardia and Jupp, 1999). For the
unscaled non-additive deviation vectors, a test of sphericity clearly indicated an anisotropic
distribution (p<0.001; Mardia et al., 1979). The average deviation vector (as an estimate of
the shared pattern of non-additivity) is visualized as a shape deformation in Figure 8. The
variation that falls along this deformation includes the relative size of the neurocranium, the
width and length of the midface, and the angle of the petrous temporal from the midline. We
found no specific pattern in the allele of origin effects.

The eigenvalue distribution of the parental groups (or their pairwise mid-values as additive
predictions of the F1 groups) is not directly comparable to that of the multivariate deviations
because they differ greatly in their degrees of freedom (7 versus 53). However, the almost
linearly decreasing eigenvalues of the additive predictions contrast starkly with the steeply,
non-linearly decreasing eigenvalues (squared singular values) of the non-additive deviations.
This shows that the variance due to non-additive effects is concentrated in fewer dimensions
and hence more tightly integrated than the variance due to additive effects (Figure 9).

Heritability of shape

To assess the multivariate pattern of heritability, we performed a relative eigenanalysis of the
between-group covariance matrix (as an estimate of genetic variance and covariance),
relative to the within-group covariance matrix (as an estimate of environmental variance and
covariance). The scree plot of the relative eigenvalues is shown in Figure 10. The first
resulting relative eigenvector, i.e., the shape pattern with maximal ratio of genetic to
environmental variance, is visualized in Figure 11. The shape variation that corresponds to
the first relative eigenvector involves primarily variation in the relative sizes of the
neurocranium and the face. In particular, the neurocranium varies in height and globularity
along this axis. The width of the anterior midface, length of the molar row, and flaring of the
zygomatic processes also vary along this axis. The second relative eigenvector corresponds
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to width rather than height of the neurocranium, width of the midface, and length or the face.
The last relative eigenvector reflects the shape feature with maximal environmental variance
relative to genetic variance. Here, facial, basicranial and neurocranial width along with facial
length vary most prominently.

As we observed an inbreeding effect on cranial size (on average, parental lines were smaller
than hybrid lines), we considered whether the observed shape differences between the
parental inbred lines and the F1 lines are due to allometry, /.e., an indirect effect of the size
differences. We estimated average within-group allometry by a pooled within-group
regression of shape on centroid size. Within each group, larger skulls, on average, have
relatively smaller and less globular neurocrania, relatively longer, narrower faces, and more
flexed basicrania (Figure 12 upper row). When removing the effect of allometry from the
data, the non-allometric dominance vectors still show a common tendency, even though less
pronounced as compared to the original data (not shown). The average deviation from
additivity after removal of allometry is visualized in Figure 12 (lower row). Here, the largest
changes involve relative facial length and width, relative length of the cranial base, and the
angle of the face to the neurocranium. Removing allometry had essentially no effect on the
relative eigenanalysis.

Overall additive vs. non-additive variance

To compare the relative magnitudes of additive and non-additive effects, we computed the
average of the squared half distances between all pairs of parental group means (which is
proportional to the additive genetic variance in this “population”) and the average squared
dominance deviation. The ratio of this non-additive to additive mean sum of squares was
0.92 for cranial shape, 1.53 for cranial size, and 0.16 for weight.

DISCUSSION

The main aim of this study was to assess the effect of developmental structure on the
distribution of genetic variation. We used the cranial measurements from a large set of mice,
bred in a diallel cross of eight inbred lines. We find additive and non-additive components of
genetic effects on overall size as well as on three-dimensional shape of the mouse cranium.
The magnitude of non-additive effects, relative to additive effects, is larger for cranial size
and shape than for body weight. Additive genetic effects in these crosses manifest
themselves in the distribution of lines in the phenotypic space, the parental lines but not F1
crosses mapping to the outermost space, representing the distinct phenotypes of these lines.
To estimate the effect to which development affects the phenotype, we focused on the
deviation of the realized cranial shape in the F1 crosses from the additive predictions based
on midparental values. Overall, we found that this deviation manifests a consistent
phenotypic direction across different allelic combinations, regardless of the direction of
additive effects, thus encompassing a much lower-dimensional subspace of the phenotype
space than the additive effects. Non-additive variation in skull shape thus exhibits
considerably more similarity across the diallel — an unexpected degree of common structure
— as compared to the additive shape variation.
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We use the pattern of genetic effects as the proxy for the developmental structure that directs
the distribution of genetic variation among traits. It should be emphasized that while genetic
effects reported here reflect the structure of the genotype-phenotype map, the results are not
to be directly interpreted as proportion of additive and non-additive variance components in
a wild population. In addition to the values of genetic effects, population variance is
determined by the allele frequencies. Allele frequencies in this diallel cross are artificial,
maximizing detectability of non-additive effects in statistical terms. As frequencies change,
the non-additive effects of the same magnitude result in different variance proportions,
because they contribute not only to non-additive, but also to additive genetic variance
(Cheverud and Routman, 1995).

Multivariate deviation is inflated in F1 crosses of inbred lines: heterosis and pleiotropy

Deviation from additivity in the F1 between inbred lines surfaces as heterosis — the
outperformance of the heterozygote progeny over both parentals in some trait or fitness —
and reflects the deleterious effect of inbreeding as well as the presence of dominance and
epistasis (Kristensen et al., 2010). Dominance (at least in univariate systems) is considered
to reflect the robustness of physiology and development in organisms carrying wild type
alleles (“safety margin”, Wright, 1929, Wright, 1934, Kacser and Burns, 1981, Bourguet,
1999), due to which deleterious alleles are neutral with respect to the outcome of the
process. As a consequence, deleterious alleles are masked from selection and spread in the
population when combined with wild type alleles in heterozygous individuals. When
combined in a homozygote, such as during inbreeding, these alleles, however, do affect the
phenotype. Fully inbred lines further potentiate the situation, because the effects of recessive
homozygotes accumulate across multiple loci. In addition to within loci, the analogous
buffering effects occur also between different loci, and are similarly broken down in
inbreeding.

Another source of multivariate deviation in F1 is pseudo-pleiotropy due to linkage. As
shown in Fig. 1d, a change in direction of genetic effect manifests when the dominance
effects on the two traits affected by the pleiotropic locus differ. In F1, whole haplotypes
segregate; the pleiotropic and differential dominance effects of the loci thus accumulate. In
addition, because of the lack of effective recombination in F1, many non-pleiotropic loci
with dominance co-segregate. For example a locus affecting only trait A, and a locus
affecting only trait B, are now combined into a single pseudo-pleiotropic effect on both traits
because the whole haplotype acts as a single genetic factor, in which all plefotropic and non-
pleiotropic loci contribute to effective pleiotropy. Whenever the dominance effects of the
loci on the traits differ (which is likely), they generate multivariate deviation in direction.
This pseudo-pleiotropic effect potentiates the presence of multivariate dominance deviation
in F1 of inbred lines, and may be expected to dissipate to some extent with recombination in
further generations.

Relative contribution of non-additive deviation differs across traits

We found that the relative contribution of non-additive genetic effects is larger for cranial
shape and size than for overall body weight. Within the vertebrate skeleton, the cranium is
the spatially and developmentally most integrated structure, as is reflected in highly
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correlated phenotypic variation. The morphological effects of allele substitutions on any one
part therefore depend strongly on the phenotype of the affected cranial shape feature as well
as on the phenotype of other, integrated features. This may result in non-linear effects of
allele substitutions, and can generate non-additive genetic variance within a population. By
contrast, the loci affecting overall body weight, which are likely more numerous than (but
include) those affecting the cranium size, contribute to less spatially and developmentally
interdependent phenotypic parts, reflected in a larger fraction of additive variance for body
weight.

Interestingly, the previous study of genetic effects on morphological measurements across
the whole mouse skeleton finds more prevalent multivariate dominance than analogous
studies of mandibular traits in the same population (Ehrich, Vaughn, Koreishi, Linsey,
Pletscher and Cheverud, 2003, Kenney-Hunt and Cheverud, 2009), however, it is not clear
whether this overall effect is due to the higher number of skeletal variables rather than lesser
integration. A more detailed study is necessary to address the relationship between the
phenotypic integration and multivariate dominance of genetic effects. A potentially
interesting consequence of such a relation would be the effect of integration on the
maintenance of genetic variation, which results from the non-additive effects.

Directionality of deviation suggests restricted paths of phenotypic change

Allometry

Even though the presence of non-additive deviation, and in particular non-additive deviation
in direction of genetic effects is expected in this population, its consistent directionality
across different crosses is highly remarkable. Despite a wide range of selection pressures to
which the lines were exposed during their production and consequently a considerable
variation among crosses, the multivariate dominance deviations show a clear common
tendency, a consistent average pattern (Figure 7).

Because of the strong genetic effects on size, some of the shape differences between parental
and F1 populations may be ascribed to allometry. The average pattern of allometry involves
changes in the relative size of the neurocranium and the face, facial length and width, and
basicranial angle. Similar shape changes have been observed in growth hormone deficient
mice and in mice treated with growth hormone (Gasperowicz et al., 2013). Hence, in both
the Collaborative Cross and the growth hormone experiments, the integrated suite of
allometric shape likely results from variation in the same underlying growth processes.

The number of different relevant growth processes in the cranium is much smaller than the
number of genetic loci affecting cranial morphology (Hallgrimsson and Lieberman, 2008,
Hallgrimsson et al., 2009b, Martinez-Abadias et al., 2012, Sanchez-Villagra et al., 2016). If
the wide range of genetic variation is “funneled” by a few developmental processes, this will
lead to similarities in the observed non-additive effects despite the different allele
combinations involved. We thus suggest that the consistency of multivariate shape deviations
across all F1 groups is likely a consequence of the perturbation of a similar set of canalized
pathways during the inbreeding in at least this collection of strains.
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Developmental basis

Heritability

Clues to the developmental processes underlying the shared pattern of inbreeding effects can
be inferred from Figure 8. This pattern of shape variation is qualitatively similar to patterns
of population variation reported for the mouse cranium: strong axes of covariation between
neurocranial and facial shape (Hallgrimsson et al., 2007, Lieberman et al., 2008). Similarly,
studies involving mice with major mutations affecting chondrocranial size and brain size
revealed a clear correlation between facial width, neurocranial height, and globularity
(Hallgrimsson, Lieberman, Liu, Ford-Hutchinson and Jirik, 2007). In these studies, the axis
of integrated shape change is generated by a series of mutations that are known to affect the
relative rates of brain and chondrocranial growth. The one aspect in which the shape
transformation observed in this study differs from the shape transformation produced in the
mutant series is the absence of changes in basicranial angle.

Overall, the shape patterns of average non-additive deviation and allometry observed in the
mouse diallel are reminiscent of the shape variation reported during inbreeding even in
species distantly related to mouse. For example, inbreeding of natural populations of the
Australian rat Rattus villosissimus in captivity resulted in smaller, broader, and shorter skulls
(Lacy and Horner, 1996). These are also the shape features common among dog crania
(Drake and Klingenberg, 2010). Moreover, decreased cranial size has been observed in
inbred Peromyscus polionotus (Lacy and Alaks, 2013). Similar shape change has been
proposed, in the context of the domestication syndrome, to be underlain by the neural crest
cell deficit during early embryonic development (Wilkins et al., 2014), indicating the
commonality of developmental changes during inbreeding and domestication (Sanchez-
Villagra, Geiger and Schneider, 2016).

Heritability differs drastically between different shape features. The ratio of between group
to within group variances (corresponding to the ratio of total genetic to environmental
variances as a proxy of broad-sense heritability) ranges from 18.0 to 1.0 in our sample. The
shape features with maximal heritability are of relatively large scale, involving the height
and width of the neurocranium, its globularity, and the length and width of the face. The
similarities between the average non-additive shape pattern and additive components of
shape variation indicate that both kinds of variation are strongly integrated by the same
developmental processes acting in the skull. The shape feature with least heritability and,
hence, with the strongest environmental influence is relatively local, affecting mainly the
nasal bones.

Measuring deviation from additivity

Finally, it is noteworthy that the way of measuring the phenotype sets limits to genetic
effects that we can detect and interpret biologically. Multivariate analyses pose additional
challenges in this respect. Many complex phenotypes are of inherently multivariate nature.
The larger the number of measurements, the more thoroughly can genetic effects be studied
and the more likely are also non-additive effects identified. When complex structures are
represented by a single or a few variables only, different choices of measurements can lead
to strikingly different interpretations (Fig. 2). A powerful exploration of additive and various
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non-additive effects thus requires a large number of measurements. At the same time,
however, the expected distance between two points as well as the expected angle between
two vectors increase with the number of random variables. It follows, that in high-
dimensional phenotype spaces, measured deviations from additivity will tend to be large. In
order to avoid this effect, the pattern of non-additive effects in multiple groups can be
studied in a low-dimensional ordination, or the magnitude of effects can be expressed as a
ratio of distances, such as the ratio of non-additive to additive squared effects in our study.
Estimates based on single multivariate distances or angles should not be compared between
samples comprising different numbers of variables.

Conclusion

Studying cranial shape in a large diallel panel of the Collaborative Cross mice, we have
shown a surprising level of consistency in the direction of the deviations from the expected
midparental values. These findings suggest a patterning of genetic variation by
developmental processes, which resulted in highly consistent effects of inbreeding. Our
results are consistent with work on craniofacial shape in mouse mutants, which shows that
different genetic perturbations tend to produce similar and highly integrated effects on
craniofacial shape. This has significant implications for understanding the genetics of
complex morphological traits. Most importantly, the large and highly structured non-additive
variation affects the evolvability of complex morphological structures and the maintenance
of genetic variation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) The additive effect aon a univariate trait (Trait 1) geometrically corresponds to half the
length of the vector between the two phenotypic values that each represents the mean across
individuals with homozygous genotypes. (B) In the multivariate case, phenotypes can be
represented by points in a multivariate space. The additive pleiotropic effect on two traits is
measured as half the distance between genotypes with respect to two traits. Vectors
describing phenotypic differences between the genotypes can differ both in length and
direction. The direction of a vector represents the relative effects on two or more phenotypic
variables, and its length represents the overall magnitude of the effect. All directions oblique
to any trait axis represent pleiotropic genetic effects (C) Deviation from additivity in
heterozygote is called dominance (d, red), shown here in univariate case. Dominance is
present when the effect of an allele substitution depends on the other allele at the same
locus. Lack of dominance, or codominance, implies that the heterozygote phenotype (Bb) is
at the midpoint between the homozygous phenotypes, and the dominance effect is measured
as deviation of the heterozygote phenotype from this additive prediction. (D) For multiple
measurements, dominance is a multivariate vector, of which both length and direction can
depend on which alternative allele is present at the same locus. For example, the first
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substitution B->b occurs in the presence of B, the second in the presence of 6. The
phenotypic effects of the two substitutions differ in magnitude as well as in direction. (E) a
case of dominance, in which the heterozygote is at equal distance from the parentals yet
dominance is present with respect to the direction of genetic effects.
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Depending on the choice of phenotypic traits (represented by axes), various degrees of
dominance and additivity can be inferred in the same system. For two measurements

d<a

(horizontal and vertical axes, two-dimensional space), the three different choices shown here

(the linear combinations X;-.X3) differ substantially in their additive effect (&) and
dominance deviation ().
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Figure 3.
3D Landmarks digitized for the mouse skulls in the sample. For details see Hallgrimsson et

al. (2004a).
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Figure 4.
Heat map of the mean body size for all genotypes, separately for males and females (A), and

corresponding heat plot of the mean cranial centroid size for all genotypes (B). In these
plots, each matrix element represents a strain, with inbred parental strains along the diagonal
and F1 crosses in the off-diagonal elements. Asymmetry across the diagonal reflects
differences between reciprocal combinations of parental haplotypes (i.e., parent of origin
effect). The additive effects of alleles (Supplementary Table S2) are visible as consistent
signature of distinct rows or columns, and the inbreeding effects are reflected in the
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consistently lower or higher value of diagonal elements compared to the off-diagonal
elements of the corresponding row or column. Sex effects are represented by the differences
between the two sex-specific matrices.
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Figureb.
Heat plots presenting (A) deviations from the midparental value for body size, and (B)

deviation from the midparental value for centroid size. Values are expressed as a fraction of
midparental value.
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PC8

Figure®6.
Scatterplots of the first eight principal components (PCs) of the group mean shapes. The

parental groups are marked by filled red circles. Every offspring group is connected to its

corresponding parental midpoint by a gray line, which represents multivariate dominance.
Note the common pattern of dominance (the share direction of the gray deviation vectors),
especially along PCs 2 and 8.
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Figure7.
First two principal components (PCs) of the non-additive deviation vectors (deviations of the

offspring group mean shapes from the midpoint of the corresponding parental group means).
In contrast to Figure 6, this PCA is not of all group means, but of the deviation vectors
directly and computed to maximize variation around the origin (corresponding to zero
deviation), not around the mean as in standard PCA. The average of these vectors (indicated
by the red arrow) thus is closely aligned with PC1, along which all dominance vectors share
a common direction. Further PCs do not significantly contribute to the pattern.
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mean shape mean shape + average dominance mean shape + 10xaverage dominance

Figure8.
Visualization of the average non-additive pattern (the shape deformation corresponding to

the red arrow in Figure 7). Based on the measured landmarks, a surface model of a mouse
skull is warped to the mean shape (left), the mean shape plus the average dominance vector
(middle), and the mean shape plus 10 times the average dominance vector (right) to ease
interpretation of the shape pattern. The color scheme facilitates recognition of the structure,
and has no meaning in terms of deformation.
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Figure.

Plot of the eigenvalues of the additive predictions and the non-additive deviations.
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Figure 10.
Plot of the relative eigenvalues computed from the first eight principal components of the

shape data. The relative eigenvalues correspond to ratios of genetic variance to
environmental variance.
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Figure 11.
Shape deformations visualizing the first, the second, and the last relative eigenvectors. These

are the shape patterns with largest, second largest, and smallest genetic-to-environmental
variance ratios, respectively. The color scheme facilitates recognition of the structure, and
has no meaning in terms of deformation.
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Figure 12.
(a) Visualization of the average within-group allometry. (b) Visualization of the average

deviation from midparental shape computed from the residual data after allometry had been
removed. The color scheme facilitates recognition of the structure, and has no meaning in
terms of deformation.
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Table 1

The list of inbred strains used as parentals in the diallel.

Code Inbred parental strain  Short name  Relevant characteristics
AA Al craniofacial and palate defects
BB C57BL/6J

CcC 129S1/SvimJ

DD NOD/ShiLt)  diabetes, non-obese

EE New Zealand Obese NZO/HILt) obese, mainly abdominal fat
FF Castaneus CAST/E) low body weight

GG PWK/PhJ

HH WSBI/Ei short face
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