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Craniofacial variability and morphological integration in
mice susceptible to cleft lip and palate
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Abstract

A/WYySnJ mice are an inbred strain that develops cleft lip with or without cleft palate (CL/P) with a frequency of
25-30% and a predominantly unilateral expression pattern. As in humans, the pattern of incomplete penetrance,
and variable and frequent unilateral expression suggests a role for altered regulation of variability (developmental
stability, canalization and developmental integration) during growth. We compared both mean and variability
parameters for craniofacial shape and size among A/WySnJ mice, a strain that does not develop CL/P (C57BL/6J)
and their F1 cross. We show that adult A/WySnJ mice that do not express cleft lip exhibit decreased morphological
integration of the cranium and that the co-ordination of overall shape and size variation is disrupted compared
with both C57BL/6J mice and the F1 cross. The decrease in integration is most pronounced in the palate and face.
The absence of this pattern in the F1 cross suggests that it is determined by recessive genetic factors. By contrast,
the shape differences between the strains, which are thought to predispose A/WySnJ mice to CL/P, show a range
of dominance which suggests a polygenic basis. We suggest that decreased integration of craniofacial growth may
be an aetiological factor for CL/P in A/WySnJ mice.

Key words A/WySnJ mice; canalization; cleft lip; craniofacial malformation; developmental stability; morphological
integration.

2001). Diverse environmental factors are associated

Introduction with CL (Wyszynski & Beaty, 1996), and different genetic

Clefting of the primary palate (CL) occurs when the
maxillary prominence and the medial and lateral nasal
prominences fail to fuse during the formation of the
face (Kaufman & Bard, 1999). Aetiological heterogeneity
and complex gene—environment interactions are clearly
characteristic of the CL malformation (Wyszynski et al.
1996; Prescott et al. 2001). The mechanistic causes of
non-syndromic CL fall into two groups. Some produce
clefting by affecting growth rates of craniofacial com-
ponents and thus reducing the time or area for fusion
(Fraser & Pashayan, 1970; Hermann et al. 1999) whereas
others interfere with the process of facial process
fusion (Jara et al. 1995; Pezzetti et al. 1998; Sozen et al.
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causes are likely to have different environmental
interactions (Prescott et al. 2001). The expression of
developmental variability may also play a role in this
malformation. Concordance for cleft lip in monozy-
gotic twins is less than 60% (Lin et al. 1999; Wyszynski
& Beaty, 2002), suggesting a role for intrinsic sources of
variation. In addition, many syndromes that include CL
also exhibit increased phenotypic variation (Khan et al.
1986; Lacombe et al. 1995; Kondo et al. 2002). In humans,
there is some evidence for an association between CL/
P and developmental instability (Kobyliansky et al.
1999; Neiswanger et al. 2002) and parents of children
with non-syndromic CL show increased phenotypic vari-
ances and asymmetry for craniofacial measurements
(AlEmran et al. 1999). In mice, increased variance in the
growth of the facial processes in CL/Fr embryos, which
develop CL/P with elevated frequency, has been
described but not quantified (Millicovsky et al. 1982).
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The regulation of variability in development may play
an underappreciated role in determining phenotypic
heterogeneity in the expression of dysmorphology.
Mutations and environmental effects can alter not
only the phenotypic mean but also the variance about
the mean (Gibson & Wagner, 2000). Shifts in mean and
changes in variance can interact to produce a malfor-
mation with incomplete penetrance. For CL, if a popu-
lation mean is shifted towards the threshold, increased
variation in the timing of the specific events in the
fusion process can push individuals outside the critical
window of time in which the event must occur. For
example, if the variation in growth rates is very high,
the facial prominences in some individuals will fail to
achieve sufficient contact to fuse, even though the
mean phenotype may be only shifted towards but not
over the threshold for CL formation. A similar argument
can be made for the co-ordination of development.
During the formation of the primary palate, the nasal
and maxillary processes are growing towards one
another within a head that is expanding due to facial
and neural tube (forebrain) growth. If the integration
of growth in the nasal or maxillary prominences with
facial width is reduced, some individuals will fail to
attain the critical degree of apposition for successful
primary palate formation.

Three well-documented evolutionary processes are
relevant to the interplay between variability and the
generation of dysmorphology. Canalization refers to the
minimization of the effects of genetic or environmental
variation on among-individual variation (Waddington,
1942) whereas developmental stability (DS) refers to
the minimization of variation within the same genetic
and environmental conditions (Van Valen, 1962). DS is
measured by the subtle deviations from symmetry,
or fluctuating asymmetry (FA) (Van Valen, 1962; Leamy
et al. 2002), whereas canalization is measured by changes
in the magnitude of among-individual variation that
are attributable to genetic or environmental impacts.
This variation, both within an individual and among
individuals, has a genetic basis (Scharloo, 1991; Wagner
et al. 1997; Rutherford & Lindquist, 1998; Rutherford,
2000; Hallgrimsson et al. 2002; Ozbudak et al. 2002).
The third phenomenon, morphological integration (Ml)
refers to the degree of co-ordination among growth in
size and shape among component parts of an organism
(Olson & Miller, 1958; Cheverud, 1982, 1996; Hallgrimsson
et al. 2002). Ml is conventionally measured by the
covariation of phenotypic measurements of size. Low

integration reflects uncoordinated deviations from the
average growth trajectories of developmental compo-
nents responding to different genetic, developmental
and/or environmental factors. Structures of the face,
for example, are more integrated with each other than
they are to structures of the neurocranium or basicra-
nium (Cheverud, 1982, 1995; Ackermann & Cheverud,
2000; Hallgrimsson et al. 2004).

Four closely related ‘A’ strains of mice, including A/
WySnJ, have high background rates of CL ranging, by
strain, from about 4 to 30% of live births (Juriloff et al.
2001; Diewert & Lozanoff, 2002). Morphometric stud-
ies of embryonic development have shown that in A/
WySnJ mice, the facial prominences are late to appose
and exhibit a reduced degree of contact as compared
with other strains (Wang & Diewert, 1992; Wang et al.
1995). Wang and Diewert (Diewert & Wang, 1992;
Wang & Diewert, 1992) have shown that the reduced
area and time of contact between the facial processes
result from reduced growth of the maxillary process.
Juriloff et al. (2001, 2004) have identified two recessive
factors (c/f1 and c/f2) that interact epistatically to pro-
duce CL in A strain mice, although it is not currently
known how these alleles affect craniofacial develop-
ment. A/WySnJ mice are homozygous for both known
alleles. Although MSX1 is not a candidate for either c/f1
or clf2, it has been shown that this gene is misexpressed
at the tips of the facial processes in all A/WySnJ mice
and may thus be downstream of one of the c/f factors
(Gong, 2001). This gene is also implicated in human CL/
P (Lidral et al. 1998).

It is not known why some A/WySnJ individuals
develop CL/P whereas others do not or why the expres-
sion of the trait is often unilateral. Low penetrance and
unilateral expression are also characteristic of CL/P in
humans. The A/WySnJ strain has been maintained by
brother-sister mating for 249 generations (www.
jax.org). Genetic variation within the strain is therefore
minimal. Phenotypic heterogeneity in the expression
of CL/P including incomplete penetrance therefore
must be due to the propensity of this strain to exhibit
environmentally induced or internally generated phe-
notypic variation. In other words, phenotypic hetero-
geneity in A/WySnJ mice for the CL trait must be due to
developmental instability, sensitivity to environmental
variation or lack of integration among relevant cranio-
facial components.

There are two ways in which phenotypic variability
can influence the expression of CL/P in A/WySnJ mice.
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One possibility is that the phenotypic means for under-
lying determinants of the CL malformation are shifted
so close to the threshold for formation of the dysmor-
phology that typical levels of variability are sufficient
to push some individuals over threshold on one or both
sides. The other possibility is that variability is actually
elevated in this strain in addition to a shift of the
phenotypic mean towards the threshold. This study
addresses the hypothesis that phenotypic variability is
relevant to the formation of cleft lip in mice. If increased
phenotypic craniofacial variability is one of the factors
that predisposes A/WySnJ mice to expressing CL, then
this should be characteristic of the strain and not just
those individuals that exhibit CL. We test this predic-
tion in a sample of adolescent (30-day-old) A/WySnJ
mice.

Craniofacial shape has been implicated as an aetio-
logical factor for cleft lip in embryonic mice (Trasler,
1968; Juriloff & Trasler, 1976) and in humans (Fraser &
Pashayan, 1970; Hermann et al. 1999). Wide faces in
relation to cranial height and length are associated with
increased susceptibility to CL both within (Yoon et al.
2003, 2004) and among (Chung & Kau, 1985) human
populations. A secondary aim of this study was to
determine whether the craniofacial shape components
(i.e. wide faces and short crania) that characterize A/
WySnJ mice and are thought to be associated with CL
exhibit a recessive pattern of inheritance. This finding
would be consistent with the likely possibility that
those shape components are due to the effects of the
clf loci.

Materials and methods

C57BL/6J mice are an appropriate strain for compari-
son of variability as this strain has been the standard
in previous studies of palate development (Ciriani &
Diewert, 1986; Wang et al. 1995). Strains more closely
related to A/WySnJ mice such as the other A strains
probably share some of the genetic factors that may
influence both the mean developmental configuration
which predisposes these mice to clefts as well as the
possible increase in variability which may underlie the
phenotypic heterogeneity exhibited by these mice in
the expression of dysmorphology.

A/WySnJ and C57BL/6J breeder pairs were obtained
from Jackson Laboratories. The C57BL/6J mice are
inbred generation F220, whereas the A/WySnJ are at
F249. Both strains can be assumed to have minimal
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genetic variances. All mice were fed standard diets ad
libitum, and housed in the same room at the University
of Calgary Animal Resources Centre. Male/female pairs
were mated and checked every 24 h for the appear-
ance of a vaginal plug. To produce the F1 crosses, A/
WySnJ males were mated with C57BL/6J females so as
to exclude maternal effects on the CL trait as reported
by Juriloff et al. (2001). Litters were weaned at 20 days
and killed at 30 days by CO, asphyxiation. Heads were
frozen and stored for micro-CT scanning. The sample
analysed consists of groups of 50 individuals from the
A/WySnJ and C57BL/6J parental strains and 29 individ-
uals from the F1 cross. The number of litters in the A/
WySnJ, C57BL/6J and F1 cross samples are 13, eight and
three, respectively.

Heads were thawed at room temperature and then
scanned using a Skyscan 1072 100-kV microtomograph
using a protocol optimized for adult mouse heads (no
filter, 100 kV, 0.9° rotation step, 1.9 ms exposure time,
three frame averaging). Flat field corrections were
performed prior to each batch of scans. At the two-
dimensional (2D) reconstruction stage, global thresh-
old values and post-alignment corrections were verified
manually. The reconstructed 2D slices were then sub-
jected to a two-pixel kernel median filter using a custom
plug-in written for ImageJ.

The filtered image stacks were used to generate 3D
reconstructions in Analyze 3D 4.0. Three-dimensional
landmark co-ordinates were then digitized directly
from the 3D reconstruction using a dual monitor setup
in which the rendered surface could be viewed simul-
taneously with orthogonal sections. This method elim-
inates the possibility of perspective errors that can
occur when 3D landmarks are obtained from 2D projec-
tions of 3D surface renderings. Figure 1 shows the 3D
landmarks that were digitized for this study.

Each individual was digitized twice to allow assessment
of measurement error. The landmark configurations
were inspected for gross outliers due to measurement
errors by visual inspection of superimposed Procrustes
co-ordinates. Individuals with gross errors due to
reversal of side or mislabelling of landmarks were
re-digitized.

The statistical analysis focused on comparisons of
size, mean shape, FA and among-individual variance
for shape parameters and interlandmark distances, and
morphological integration. The analysis of data employed
both geometric-morphometric- and Euclidean Dis-
tance Matrix Analysis (EDMA)-based methods. Choice
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of methods in this area is controversial. We take the
position that both families of methods have advantages
and limitations. Through Procrustes superimposed
data, geometric morphometrics offer convenient ways

to quantify and visualize overall shape variation across
multiple groups. Procrustes superimposition can dis-
tribute large differences in the placement of particular
landmarks across others in the configuration (the
‘Pinocchio effect’), although this effect is probably
rarely significant. EDMA provides an alternative means
of localization of shape differences that is not affected
by the distribution of variance across landmarks by
the superimposition process. However, EDMA-based
approaches also produce a very large number of vari-
ables that substantially inflates degrees of freedom.
The debate over the relative merits of these methods
will not be resolved in this paper. The statistical analysis
employed in this study is quite complex. For this reason,
Table 1 provides a list of methods and their objectives
for the study.

Prior to data analysis, Procrustes superimposed land-
mark configurations were visually inspected for gross
outliers that would be due to incorrectly identified
landmarks or other kinds of gross error such as mis-
placement due to pseudoforamina. Individuals (com-
prising less than 5% of the initial sample) that showed
gross errors were deleted and re-digitized.

Principal components analysis of general-least-squares
Procrustes superimposed landmark configurations was
used to visualize overall shape variation among and
within groups. Morpheus (Slice, 1994-1999) was used
to obtain the Procrustes values and Morphologika
(O'Higgins & Jones, 1998) was used to visualize defor-
mations of wireframes along principal components.
Principal components analysis was performed on the
Procrustes values averaged across trials for each individual.

Fig. 1 Landmarks digitized shown on a
3D reconstruction from a computed
microtomography scan.

For EDMA analysis of shape, it was necessary to
obtain the average landmark configuration for the two
trials and both sides within each individual. To this end,
the left side was mirrored onto the right and the ESTI-
MATE module in EDMA was used to obtain the mean
landmark configuration across sides and trials. The
FORM (Lele, 1993) and SHAPE modules were then used
to identify regional differences. This is done through
pairwise comparisons of individual distances as well as
the overall form and shape matrices for the three
strains. Confidence intervals for individual distances
and the statistical significance of the form matrix dif-
ferences are obtained by means of a non-parametric
bootstrap. We used the geometric mean of the inter-
landmark distance set as the measure of size to scale
the form matrices in the SHAPE analysis. For descrip-
tions of these methods see papers by Lele, Richtsmeier
and Cole (Lele, 1993; Lele & Cole, 1996; Lele & Richtsmeier,
2001; Lele & McCulloch, 2002).

To test for dominance, dominance deviations were
obtained for each shape matrix element. Dominance
deviations are significant departures from the expecta-
tion that the F1 cross phenotype is intermediate
between the two parental strains. The deviations were
tested for deviation from 0 by a t-test. To visualize the
dominance distribution, dominance deviations were
assigned direction and scaled to the halved difference
between the two parental strains.

To compare overall FA across groups, we used the
object asymmetry method (Klingenberg et al. 2002).
We used the conventional model that assumes equal
and isotropic variation across landmarks. In this method,
the measure of asymmetry is the Procrustes distance
between each individual landmark configuration and
its reflection on itself and the degrees of freedom are
adjusted appropriately for comparisons across groups
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Table 1 Statistical procedures used in the analysis. These are listed in the order described and reported in the Materials and

methods and Results sections

Statistical test or procedure

Objective

1. Comparisons of size and shape
a. Anova for body mass
b. Principal components analysis

c. EDMA FORM and SHAPE analysis

2. Analysis of dominance

3. Fluctuating asymmetry comparisons
a. Comparison of overall FA
using Klingberg's object
asymmetry method.
b. EDMA Asymmetry
Comparison

4. Among individual variance
a. Levene’s test on Procrustes
mean-shape deviations.

b. Levene’'s test on
interlandmark distances

5. Integration of size and shape
a. Regressions of principal
components against
centroid size
b. Regression of shape
mean-deviations against
centroid size-deviations.
¢. Matrix correlations with
Mantel’s test for significance
for both the Procrustes and the
interlandmark distance matrices.
d. anova for z-transformed
correlations
e. Monte carlo test to
compare the variances of
eigenvalues.

f. EDMA-based test for
integration.

g. Comparison of variances
of eigenvalues for Procrustes
centroid-size residuals.

Comparison of mean body mass among strains.

This analysis is used to produce new variables that summarize shape variation in the Procrustes
of Procrustes coordinate data coordinate data. The variables that explain the most shape
variation are then plotted for the three strains. Shape variation along principal components can
also be visualized by obtaining the predicted Procrustes values along each component.

These tests compare the complete set of Euclidean distances (scaled and unscaled) among
groups and provide boostrap based P-values for individual interlandmark distances.

To test the hypothesis that the shape differences between the two parental strains exhibit
significant dominance deviations.

This method tests for the significance of the overall FA difference between between groups.

Tests for the significance of the FA difference for individual interlandmark distances.

Tests for differences in among-individual variation in overall shape among strains.

Tests for differences in among individual variation for interlandmark distances among strains.

To compare the amount of variation explained by size for particular shape components.

This method estimates the total percentage of shape variation that is explained by size.

This test is used to test the null hypothesis that the pairs of covariation matrices among
the three groups (and by sex) are unrelated.
To compare overall magnitudes of size integration among groups.

To compare overall magnitudes of shape integration among groups.

To compare magnitudes of size integration for particular interlandmark distances.

To compare shape integration among groups after removing the allometric
component of shape variation.

and for assessing the significance of FA above measure-
ment error. We used Klingenberg et al.’s multivariate
adaptation of Palmer and Strobeck’s mixed-model
anova method (Palmer & Strobeck, 1986, 2003; Palmer,
1994) to test the significance of FA above measurement
error as well as for directional asymmetry. For localiza-
tion of FA variation, we performed pairwise compari-
sons of individual interlandmark distances using the
EDMA ASYMMETRY module (Richtsmeier et al. 2002).
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All asymmetry distributions were tested for departure
from normality using a one-sample Kolmogorov-
Smirnov test.

We compared among-individual variation across
groups in two ways. First, we followed Zelditch et al.
(2004) in using the distribution of Procrustes distances
from the sample mean as a measure of shape variation.
The average Procrustes distance from the mean config-
uration of each sample is a measure of shape variance
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that can be compared across groups using ANovA or t-
tests (i.e. Levene's test for differences in variance). We
also used Levene’s test on the raw interlandmark dis-
tances, comparing across groups (strain, sex), individual
and interlandmark distance. In both cases, the mean
deviations were calculated separately by sex so as not
to confound among-sex with among-individual varia-
tion in size and shape.

Size is the single most important determinant of cra-
nial shape in most mammalian species and a strong cor-
relation between measures of size and shape is thus a
central feature of integrated phenotypic variation in
shape (Frost et al. 2003). In natural populations, it is not
currently known to what extent age variation contrib-
utes to the correlation between size and shape. To vis-
ualize the relationship between size and shape within
each group, we performed regressions of Procrustes-based
shape principal component scores on cranial centroid
size. To estimate the proportion of shape variation
explained by size, we performed regressions of Pro-
crustes distance from the mean configuration (at each
size) against mean deviations for centroid size within
each group. This is similar to the method developed by
Monteiro (1999) and used by Zelditch et al. (2004) who
regressed shape (Procustes distance mean deviations)
on centroid size, and estimated the variation not
explained by size from the Procrustes distance between
each individual and the expected shape for its size.

Completely satisfactory methods for comparing lev-
els of morphological integration across groups have
not yet been developed. For this reason, we employed
a battery of methods and interpreted the results in
terms of the limited views provided by each one. Sam-
ple heterogeneity is an issue for any study of morpho-
logical integration. In our sample, the only within-group
factor of concern is sex because all individuals are the
same age (30 days) and genetically homogeneous.
Following Cheverud (1982), we adjusted for sex differ-
ences by z-transforming all data within sex and group
prior to further analysis of morphological integration.

Covariation patterns were compared across groups
using Mantel’s test for both the Procrustes matrices
and the interlandmark distance matrices. Overall mag-
nitudes of morphological integration for the entire
landmark set and for specific regions were compared in
two ways. First, we compared mean correlations after
Fisher z-transformation for interlandmark distances
for entire matrices and specific regions. Means of z-
transformed correlations were compared among or

between groups by analysis of variance or t-tests. Second,
principal components analysis was performed on both
the Procrustes data and the interlandmark distance
matrices. We followed Wagner (1989) in using the
variance of the eigenvalues as the measures of overall
integration. We compared this metric among groups
using two different randomization tests. To test the
hypothesis that the three groups are drawn from a
population with the same covariance structure, we used
a Monte-Carlo randomization. In this test, the assign-
ment of individuals from the original dataset to the
three groups was randomly shuffled at each iteration for
1000 iterations. A PCA analysis was run for each itera-
tion and the variance of the eigenvalues was saved. We
then examined this distribution to determine how fre-
quently the observed variances could have been obtained
from this pooled sample by chance. The second method
tests the hypothesis that the differences in integration
among the three groups could have been obtained by
chance. In this case, we used within-sample bootstraps
in which each group was resampled with replacement
1000 times. We then compared the distributions of
resampled variances of eigenvalues for each group and
calculated a P-value as the number of times overlap in
values was obtained by chance.

We also compared interlandmark correlation matri-
ces and correlations for individual interlandmark
distances using the EDMA-based bootstrap method
developed by Cole & Lele (2002). For this, we used the
MIBoot software developed by Cole (2002; Palmer &
Strobeck, 2003). This method tests the null hypothesis
that the difference matrix [D = R(A) — R(B)] is equal to 0.
The bootstrap generates confidence intervals for each
element of the difference matrix D. The bootstrap ana-
lysis was performed only for the distances that fall within
defined anatomical regions because the complete
interlandmark correlation matrices are very large. Dis-
tances were accepted as significantly differently corre-
lated if the 95% confidence intervals for the correlations
are non-overlapping, which is a very conservative criterion.

Finally, to compare integration patterns after allom-
etric effects of size were removed, we used linear
regressions for the landmark coordinate values against
centroid size within each group to generate size-
independent residuals. This is equivalent to regressing
any complete set of shape variables, such as partial
warps plus the scores on the uniform component, on size;
the results do not depend on the choice among shape
variables (Zelditch et al. 2004).
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Results

The two strains and the F1 cross show small but signi-
ficant differences in body mass (anova, d.f. =620, F=
136, P < 0.001) and cranial size (anova, d.f. = 128, F = 21,
P < 0.001). Sexes differed significantly in body mass
(anova, d.f. =620, F =307, P <0.001) but not in cranial
centroid size (anova, d.f. =128, F=0.03, P=NS). For
both measures of size, the A/WySnJ mice are very
slightly smaller on average than the other two groups.

The three groups differ significantly in shape, with
the F1 cross demonstrating an intermediate morpho-
logy. Figure 2 plots the first two principal component
scores for shape based on principal components analy-
sis of the Procrustes superimposed landmarks. The first
principal component explains 27% of the variation in
shape and the second explains 14%. However, visual
inspection of variation along the other components
reveals that all of the variation that relates to differ-
ences among the strains resides on the first principal
component when a principal components analysis is
done for the whole sample. Figure 3 shows the shape
transformations that correspond to the components
plotted in Fig. 2. The overall impression here is of a longer
cranium and lower cranial vault in C57BL/6J mice and
of anterior and lateral displacement of some of the
facial landmarks in A/WySnJ mice. There is no evidence
of sexual dimorphism in any of the three strains for the
first and second principal components for shape.

A complementary but somewhat clearer representa-
tion of the shape differences is provided by EDMA form
and shape analysis. Both the form and the shape ana-
lysis demonstrated highly significant shape differences
among all three groups (non-parametric bootstrap, 1000
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Fig. 2 Plot of principal components 1 and 2 based on Procrustes
analysis of 3D landmark coordinates for all three groups.
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iterations, P < 0.01). The total set of 168 interlandmark
distances was compared across the three groups. Of
these, 132 or 76% of the form matrix differences fell
outside the 90% confidence intervals for the shape
comparison between A/WySnJ and C57BL/6J. The shape
comparisons between the F1 cross and A/WySnJ and
C57BL/6J revealed 103 (61%) and 81 (48%) distances
fell outside the 90% confidence intervals. Figure 4
shows the subset of distances that differed in relative
length (scaled to geometric mean) by more than 3%.
This reveals that A/WySnJ mice differ from C57BL/6)J
mice in that they have relatively shorter neurocrania as
well as wider faces. The comparisons between the F1
cross and the two parental strains reveals an interme-
diate phenotype for both principal shape differences
between the parental strains.

We tested for dominance deviations in the 132
distances that differed significantly between the two
parental strains. A one-sample t-test for deviation
from 0 showed the presence of significant dominance
deviations across traits in the F1 cross phenotype (T =
22, d.f. =149, P < 0.001). Figure 5 shows these distances
scaled to half the difference between the two parental
strains and assigned the correct polarity. This distribu-
tion reveals that whereas there are significant domi-
nance effects in the genetic differences between the
strains, they are a mixture of direction and magnitude.
The same is true when the analysis of dominance is
limited to only the distances shown in Fig. 4.

The analysis of object asymmetry using Klingenberg
et al. (2002) indicated that FA variation for shape is
significant in all three samples. Table 2 shows the full
Procrustes anova table based on the isotropic variation
model for object asymmetry analysis. These results also
show that directional asymmetry (DA) is present in all
three samples. Moreover, DA is significantly more pro-
nounced in the A/WySnJ sample than in the other two
samples (F-test, F = 1.6, P < 0.05 for A/WySnJ vs. C57BL/
6J comparison and F= 2.4, P < 0.01 for A/WySnJ vs. F1
cross comparison). The three groups do not differ sig-
nificantly in overall FA (F = 1.2, P = NS). Only one out of
the 168 asymmetry distributions showed significant
departure from normality. Antisymmetry is thus unlikely
to be a significant factor in these distributions. There is,
however, a significant size dependence for asymmetry
as indicated by analysis of covariance with interlandmark
distance as the factor (d.f. = 11610, F =68, P < 0.001).

Euclidean distance matrix-based analysis of asymme-
try revealed that A/WySnJ mice showed significantly
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higher FA than C57BL/6J for 19 out of the 168 traits but
significantly lower FA for 40 out of the 168 traits. Com-
parisons with the F1 cross resulted in similar conflicting
and weak results. This analysis thus reveals no evidence
for higher FA in A/WySnJ compared with C57BL/6J mice.

Comparing within-group variances of shape using
the Procrustes metric did show a significant difference
in variance among groups (Levene’s test anova, d.f. =
125, F= 11, P < 0.001). This difference, however, was in
the opposite direction predicted, with C57BL/6J mice
having the highest shape variances and A/WySnJ the
lowest. Sexes did not differ significantly in shape
variation.

Comparison of interlandmark distance variances by
Levene’s test anova exhibited the same result. There is
a very small but significant strain effect in the compar-
ison of the three strains (anova, d.f. =125, F=2.9, P<

A'WySn]

Fig. 3 Shape variation among the three

= groups. The micro-CT reconstructions

show typical examples from each group.
The wireframes show shape changes
along principal components 1 and 2
. based on Procrustes analysis in lateral
) ) and basicranial views.

0.05). However, the A/WySnJ variances are the lowest
among the three groups. There was no significant sex
effect for the comparison of interlandmark distance
variances.

The integration of size and shape or the allometric
component of shape variation differs significantly among
the three strains. For principal components analysis of
Procrustes data performed separately within each
group, plots of the first principal component scores for
shape variation against centroid size reveal very differ-
ent patterns in the three groups (Fig. 6). In both the
C57BL/6J and the F1 cross, the pattern is that typically
seen in vertebrate cranial morphology with the main
axis of shape variation showing a strong allometric
component. In the A/\WySnJ mice, however, the first
axis of shape variation is completely unrelated to
size. Comparison of overall shape and size variation, by
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Fig. 4 EDMA Shape matrix distances that differ by 3% or more among the three strains. All distances shown are significantly

different at P < 0.001 using a non-parametric bootstrap.
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Fig. 5 Histogram of dominance deviations for 168
interlandmark distances for the F1 cross between A/WySn)J
and C57BL/6J strains. The dominance deviations are
standardized so that —1 is dominance for the A/WySnJ
phenotype and +1 is dominance for the C57BL/6J phenotype.
Values that exceed +1 indicate overdominance.
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regressing the Procrustes within-group mean deviation
against the centroid size mean deviation, reveals that
size and overall shape variation are significantly related
in the sample as a whole (ancova, r?> = 0.495, P < 0.01,
d.f. = 128). This indicates that size explains a substan-
tial portion of the variation in shape within groups.
However, the correlations between size and shape are
significantly different in the three groups, with 36% of
the variation in shape explained by size in C57BL/6J
mice and only 8% of shape variation explained by size
in A/WySnJ mice. For this comparison, the F1 cross is
much closer to the A/WySnJ strain than to the other
parental strain.

Comparisons of overall covariation patterns revealed
broadly similar patterns in the three groups. Table 3 shows
the matrix correlations for comparisons of correlation
matrices for both interlandmark distances and Procrustes
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Table 2 Procrustes anova table for the object asymmetry analysis. This table follows the analysis laid out by Klingenberg

(Hallgrimsson et al. 2002)

Group and Source d.f. SS MS F P FA10
A/WySn)
Individual 3294 0.08672 0.00002632
Reflection 69 0.00774 0.00011214 10.03 < 0.001
Individual x reflection 3202 0.03580 0.00001118 188.72 < 0.001 0.0015
Measurement error 6636 0.00039 0.00000006
F1 cross
Individual 1704 0.06761 0.00003967
Reflection 69 0.00319 0.00004629 4.45 P =0.035
Individual x reflection 1656 0.01723 0.00001040 57.21 < 0.001 0.0015
Measurement error 3501 0.00064 0.00000018
C57BL/6)
Individual 3059 0.14794 0.00004836
Reflection 69 0.00472 0.00006837 4.01 P<0.010
Individual x reflection 2973 0.05065 0.00001704 54.80 < 0.001 0.0019
Measurement error 6172 0.00192 0.00000031

Table 3 Matrices of matrix correlations for both interlandmark distance matrices and Procrustes landmark coordinate matrices
for the three strains by sex. The upper right hand portions of the two matrices contain P-values for Mantel’s tests

A/WySnJ) A/WySnJ F1 Cross F1 Cross C57BL/6)J C57BL/6)J
F M F M F M
Interlandmark distance data
A/WySnJ F - P <0.01 NS P <0.01 P <0.01 P <0.01
A/WySnJ M 0.601 - P <0.01 P <0.01 P <0.01 P <0.01
F1 Cross F 0.436 0.246 - P <0.01 P <0.01 P <0.01
F1 Cross M 0.682 0.459 0.694 - P<0.01 P <0.01
C57BL/6J F 0.687 0.371 0.459 0.638 - P<0.01
C57BL/6J M 0.662 0.408 0.426 0.653 0.772 -
Procrustes aata
A/WySnJ F - P <0.01 NS P <0.01 P <0.01 P <0.01
A/WySnJ M 0.364 - P <0.01 P <0.01 P <0.01 P <0.01
F1 Cross F 0.087 0.183 - P <0.01 P <0.01 P <0.01
F1 Cross M 0.237 0.157 0.496 - P <0.01 P <0.01
C57BL/6)J F 0.323 0.173 0.289 0.358 - P<0.01
C57BL/6J M 0.27 0.166 0.283 0.331 0.609 -

data for all groups divided by sex. The patterns seen in
these two comparative matrices are very similar, with
the matrix correlation between the interlandmark dis-
tance comparative matrix and the Procrustes compara-
tive matrix being 0.88 (Mantel’s test, P < 0.01). In both
cases, comparisons of A/WySnJ strain to either C57BL/
6J or the F1 cross show the lowest matrix correlations.

Overall magnitudes of integration show very differ-
ent patterns in the three groups. Figure 7(A) shows the
variances of the eigenvalues by strain. The hypothesis
that the three strains are drawn from a population
with the same covariance structure was tested using a
randomization in which the assignment of individuals

to the three groups was reshuffled for 1000 iterations.
This analysis showed that the observed variances of
eigenvalues for all three groups were lower than any
generated by the randomization. The higher integra-
tion in the reshuffled data reflects sample heterogene-
ity. These results reject the null hypothesis that the
three groups share a common covariance structure. To
test the hypothesis that the observed differences
between the three groups are significant, we used a
within-sample bootstrap with replacement to generate
confidence intervals for the variance of eigenvalue esti-
mates for each group. Figure 7(B) shows the distribu-
tions of the bootstrapped values for C57BL/6J and A/
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component 1 against centroid size for all
three groups. Solid symbols are males
and unfilled symbols females.

WySnJ mice. There is no overlap between these distri-
butions, indicating that the difference between the
two parental strains is significant at P < 0.01.

Direct comparisons of mean correlations after Fisher-
z transformation reveals lower overall integration in
the A/WySnJ mice, especially in the face and palate.
Analysis of variance for the z-transformed correlations
reveals significant variation among strains (F = 64, P <
0.001) as well as anatomical regions (F =86, P < 0.001)
and that some regions differ more among strains than
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others (strain x region interaction, F=9.1, P<0.001).
Figure 8 shows these results by anatomical region. This
method, which captures positive covariation in size,
shows the A/WySnJ strain to be the least and the F1
cross to be the most integrated.

Cole & Lele’s (2002) bootstrap method for comparing
individual correlations across correlation matrices also
reveals a pattern of lower integration in the A/WySnJ
strain, particularly in the palate. For the palate, 26 out
of 44 correlations were significantly lower when A/
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WySnJ are compared with C57BL/6J mice and 35 out of
44 are lower for the comparison with the F1 cross. For
the remainder of the cranium, the same pattern holds
but to a lesser degree for the face; 20 out of 210 corre-
lations were lower in the comparison with C57BL/6)J
mice and 98 out of 210 in the F1 cross comparison. No
distances were more highly correlated in the A/WySnJ
mice in either the face or palate. For the neurocranium
and basicranium, 36 out of 165 distances were less inte-
grated in A/WySnJ than in C57BL/6J mice and 125 out
of 165 distances were less integrated in A/WySnJ mice
compared with the F1 cross. Twenty-two out of the 165
distances were more highly correlated in A/WySnJ mice
than C57BL/6J but none was higher in the comparison
with the F1 cross.

The result that A/WySnJ mice are less integrated than
the other two strains and also show less integration
with size raises the question of whether the difference
in integration is due to a difference in the allometric
component of shape variation. To test this possibility,

1

Mean Fisher Z transformed correlation

Fig. 8 Mean Fisher z-transformed
correlations by region for the three
strains.

1.2

we generated residuals for the regression of the Pro-
crustes coordinates on centroid size separately within
each group to generate coordinate data free from allo-
metric variation. As shown in Fig. 9, when the allometric
component of the Procrustes data variation is removed,
the F1 cross changes from the most to the least inte-
grated. However, the difference between the two
parental strains remains, with the bootstrap revealing
that the C57BL/6J mice have a higher, albeit only mar-
ginally significant, level of integration (bootstrap, 1000
iterations, P < 0.05).

Discussion

The analysis of craniofacial shape differences between
C57BL/6J and A/WySnJ mice shows that A/WySnJ mice
differ in exactly those components of shape that are
thought to contribute to predisposition to CL. A/WySnJ
mice have wider faces and shorter neurocrania. However,
in overall shape the F1 cross mice exhibit an intermediate
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morphology between the two parental strains. As
shown by the EDMA analysis, this includes the aspect of
shape associated with the predisposition to CL. More-
over, the measures associated with these shape fea-
tures do not show any specific pattern of dominance.
Thus, shape features of A/WySnJ that may predispose
these mice to CL are probably not due to a small
number of recessive genetic factors such as the c/f7 and
clif2 loci. These results do not mean that the genetic
factors that cause cleft lip in A/WySnJ mice do not also
influence adult craniofacial shape. However, they do
indicate that these factors are unlikely to be the major
determinants of the increased facial width in these mice.
Our findings are consistent with the view that the phe-
notypic differences between the two parental strains
have a complex genetic basis that extends significantly
beyond the few factors that directly influence the for-
mation of cleft lip and palate in the A/WySnJ strain.

It is not clear from our results how the known reduc-
tion in the growth of the maxillary process during facial
formation in A/WySnJ compared with C57BL/6J mice
(Wang & Diewert, 1992) relates to observed shape dif-
ferences in the postnatal (30-day-old) sample used for
this study. Sorting out the developmental basis for the
reduction in maxillary process growth and its relation
to the c/f factors is an important issue for understand-
ing the aetiology of CL in these mice, which will be
addressed in future studies. Determining how these
developmental factors influence facial shape through-
out ontogeny will also have important evolutionary
implications. In particular, relating the shorter adult
faces of A/WySnJ mice to the developmental basis for
the reduction in the growth of the maxillary process
may have important implications for primate evolu-
tion. Evolutionary changes in facial prognathism
feature prominently in some primate lineages.
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Although our results do not show increased within-
or among-individual variation in A/WySnJ mice, mor-
phological integration is significantly decreased in this
strain compared with both C57BL/6J mice and the F1
cross. Most of this difference is due to the allometric
component of integration, or to the tendency of shape
to correlate with size. When allometry is removed, in
fact, the F1 cross is less integrated than the A/WySnJ
mice. These results do indicate, however, that A/WySnJ
craniofacial development is characterized by a reduced
co-ordination of growth of craniofacial components
leading to a lower tendency for morphological covari-
ation in the adult phenotype. The finding that the F1
cross mice show a pattern of shape and size integration
that is very similar to C57BL/6J mice and is probably
quite typical of mice in general indicates that this
disruption in the allometric component of integration
may be due to recessive genetic factors. Our results sug-
gest that the developmental configuration seen in A/
WYySnJ mice that produces an elevated incidence of cleft
lip is also characterized by a reduced co-ordination of
growth among facial and palatal structures. At least
some component of this reduction in co-ordination is
due to the effects of recessive genetic factors.

There are several caveats to these findings and their
implications for the aetiology of CL in both mice and
humans. The first is that interpretation of the dramat-
ically lower integration in A/WySnJ mice compared
with C57BL/6J mice is somewhat ambiguous without a
larger comparative sample of inbred mouse strains.
However, a strong relationship between shape and size
variation (allometry) is commonly found in natural
populations of mammals. Our analyses of similar data-
sets in rhesus macaques shows that a very high proportion
of shape variation is explained by size (Hallgrimsson
et al. 2004) and the same is true in chimpanzees and
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humans (Penin et al. 2002). Strong size and shape rela-
tionships were found in a detailed study of nine Cerco-
pithecine species (Frost et al. 2003). All of these studies
used only adult specimens, but some portion of the
shape size covariation may still be due to age. In con-
trast, Zelditch et al. (2004) found a much lower correla-
tion between size and shape variation in mice and
cotton rats of the same age in days. More study of nat-
ural variation in both magnitudes of integration, and
the integration of size and shape is needed to place
these results in a comparative context.

Secondly, this study is based on an analysis of 30-day-
old mice and not on embryos from the period during
which the primary palate forms. It is possible therefore
that the decrease in integration occurs due to factors
acting subsequent to the formation of the primary
palate. Studies of phenotypic variability in both mor-
phology and measures that relate to relevant develop-
mental mechanisms, such as the expression of genes
that regulate mesenchymal growth in the maxillary
process, are needed to provide a firm link between a
decrease in developmental integration and the cleft lip
malformation. These studies are currently underway.

The third caveat is that the reduction in integration
in A/WySnJ mice could be coincidental with respect to
the aetiology of CL. This study shows that an inbred
mouse strain that develops a craniofacial malformation
with incomplete penetrance, variable expressivity and
predominant unilateral expression also shows a low
level of morphological integration. Although sugges-
tive, this establishes an association but not causation.
Experimental manipulation of integration in control-
led developmental contexts will be necessary to estab-
lish causation, but this requires a much more advanced
understanding of the developmental genetics of
phenotypic variability than we currently possess.

Fourthly, because 20% of A/WySnJ mice develop CL
and die perinatally, the remaining sample may be
biased. If the CL formation is correlated with shape and
size variables, then this effect would likely curtail a por-
tion of the distributions for the relevant shape and size
variables. This may explain why A/WySnJ mice show
reduced phenotypic variances for size and shape. The
effect, however, would not explain the reduction in
morphological integration except in the exceptional
case in which measurement error variances are so large
that a reduction in variance significantly alters the rel-
ative proportions of covariances to measurement error.

Finally, there is the obvious caveat that although the

pattern of expression of CL in A/WySnJ mice is remarkably
similar to that seen in humans, the aetiology of the
malformation in the two species may differ significantly.

Keeping these caveats in mind, we suggest that the
disruption of integrated craniofacial growth plays a
role in the aetiology of CL in A/WySnJ mice and thus
perhaps in humans. If true, this would help explain why
a group of genetically identical individuals show
such variable expression of the trait. Low integration
reflects high independent variances for the component
structures of the craniofacial complex. Thus even
though overall variances are not high in A/WySnJ mice,
the variances of structures relative to one another are.
In a developmental configuration already predisposed
to CL due to some other factors, low integration would
push some individuals and, in many cases, particular
sides within individuals over the threshold for CL for-
mation. This might occur, for instance, if the rate of
maxillary process growth is very low relative to the
growth of the lateral nasal process or to overall cranial
size. The pattern of incomplete penetrance and vari-
able expressivity in a genetically and environmentally
homogenous sample could thus be explained as the
consequence of low integration of craniofacial
development.

Very little is known presently about how genetic fac-
tors influence morphological integration in specific
developmental contexts. In natural populations covari-
ation among structures is determined by pleiotropy,
linkage, as well as developmental and functional inter-
actions during development (Cheverud, 1996; Wagner,
1996). These patterns tend to be relatively stable both
among populations within species and among closely
related species. In humans, for instance, patterns of
integration in craniofacial structures are stable and not
correlated with genetic distance among human popu-
lations (Gonzalez-Jose et al. 2004). Similar patterns of
covariation in craniofacial structures are seen among
closely related species of primates (Ackermann &
Cheverud, 2000; Marroig & Cheverud, 2001) and even
between mice and macaques (Hallgrimsson et al. 2004).

In the groups compared in this study, within-group
genetic variances can be assumed to be minimal due to
long histories of inbreeding in the two parental strains.
The patterns of integration seen in these strains there-
fore should mostly reflect direct developmental and
functional interactions during development. Differ-
ences in integration will mostly be due to differences
in how environmental variation in one developmental
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component is transmuted into variation in another.
There are many possible ways in which genetic pertur-
bations could affect covariation patterns in the absence
of genetic variation. One example might be a mutation
that affects the physical interaction between develop-
ing components. For example, a mutation might reduce
the growth of the maxillary process such that the
degree of spatial and temporal apposition of the major
facial processes is reduced during the formation of the
face. This is thought to occur in A/WySnJ mice (Wang
et al. 1995). In this case, variation in the size of the
maxillary process during the period of face formation
would have less impact on the development of frontal
process structures simply because the degree of physi-
cal contact is reduced. To the extent that face and
palate covariation patterns are determined during the
formation of the face, such a mutation would reduce
covariation among facial structures.

If increased variability plays a role in some malforma-
tions, this role may often be secondary to a change in
the phenotypic mean. We hypothesize that this is the
case in A/WySnJ mice. The reduction in the growth of
the maxillary process relative to other facial compo-
nents (Wang et al. 1995) represents the shift in pheno-
typic mean which predisposes these mice to develop
CL. The reduction in developmental integration,
however, helps explain why, in this genetically and
relatively environmentally homogenous group, some
individuals develop the trait whereas others do not.
Similar roles for phenotypic variability may exist in
other complex malformations.

Conclusions

The regulation of phenotypic variability, although
familiar to evolutionary biologists, is largely ignored as
an aetiological factor for dysmorphology. This study
shows that A/WySnJ mice that develop cleft lip with
incomplete penetrance and variable expressivity also
show reduced integration of craniofacial structures as
compared with another inbred strain (C57BL/6J). Fur-
thermore, this strain shows an unusual degree of disas-
sociation of shape and size variation. More research
is necessary to establish a firm causal link between
variation in integration and the aetiology of cleft lip.
However, we suggest that decreased integration of
craniofacial development may be an aetiological factor
for CL in these mice and that reduced co-ordination of
development contributes to the observed pattern of
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incomplete penetrance and frequent unilateral expres-
sion. If true, the regulation of phenotypic variability
would very likely be a relevant aetiological factor for
cleft lip formation in humans.
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