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Abstract

Cleft lip and palate (CL/P), as is true of many craniofacial malformations in humans, is etiologically complex and
highly variable in expression. A/WySn mice are an intriguing model for human CL/P because they develop this
dysmorphology with a variable expression pattern, incomplete penetrance and frequent unilateral expression on
a homogeneous genetic background. The developmental basis for this variation in expression is unknown, but of
great significance for understanding such expression patterns in humans. As a step towards this goal, this study
used three-dimensional geometric morphometric and novel high throughput morphometric techniques based on
three-dimensional computed microtomography of mouse embryos to analyze craniofacial shape variation during
primary palate formation. Our analysis confirmed previous findings based on two-dimensional analyses that the
midface in A/WySn embryos, and the maxillary prominence in particular, is relatively reduced in size and appears
to be developmentally delayed. In addition, we find that shape variance is increased in A/WySn embryos during
primary palate formation compared to both C57BL/6J mice and the F1 crosses between these strains. If the reduction
in midfacial growth caused by the Wnt9b hypomorphic mutation pushes AWySn mice closer on average to the
threshold for cleft lip formation, the elevated shape variance may explain why some, but not all, embryos develop
the dysmorphology in a genetically homogeneous inbred line of mice.

Key words cleft lip and palate; computed microtomography; craniofacial development; mouse embryos; palate

formation; three-dimensional morphometrics.

Introduction

Mouse models with craniofacial dysmorphologies have
proved to be useful in advancing the identification of
human genetic mutations that cause various congenital
malformations (Thyagarajan et al. 2003; Murray & Schutte,
2004). Mouse models are particularly appropriate as models
for human palate malformation because early facial develop-
ment and morphology of mice is similar to that of humans
at the time of lip formation (Trasler, 1968; Diewert & Wang,
1992). This study uses A/WySn mice, which develop cleft
lip (CL) with an incidence of 20-30% (Juriloff, 1982), to
investigate the relationship between skull shape and
variation and risk of abnormal lip formation.
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Juriloff et al. (2004) identified two epistatically interacting
loci [c/f1 (Chr 11) and c/f2 (Chr 13)] that produce CL in
A/WySn mice. The first mutation, c/f1, maps to mouse
chromosome 11 (Juriloff et al. 2004) which is homologous
to human chromosome 17g21. One of the unidentified
genetic factors for human cleft lip also maps to this
chromosomal region (Peanchitlertkajorn et al. 2003).
Juriloff et al. (2006) discovered that c/f1 is a hypomorphic
mutation of the Wnt9b gene, possibly due to a IAP trans-
poson insertion 3’ to the gene (Juriloff et al. 2005). Wnt9b
is expressed in the ectoderm of the facial primordia and
the epithelial seam during lip fusion in the mouse embryo
(Lan et al. 2006). Additionally, Wnt9b has been shown to
modify Shh expression in chick neural plate development
(Robertson et al. 2004). Although the functions of Wnt9b
are not well known, members of the Wnt gene family
perform diverse functions including regulation of cell
proliferation, cell polarity and determination of cell fate
(Wodarz & Nusse, 1998; Francis-West et al. 2003; Qian et al.
2003). Best characterized is the canonical Wnt signaling
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pathway in which Wnt9b among others is implicated. The
canonical Wnt signaling pathway is involved in facial
prominence outgrowth as well as fusion (Lan et al. 2006).
A complete loss-of-function allele of Wnt9b produces cleft
lip with incomplete penetrance on a C57BL/6J background
(Carroll et al. 2005). Lan et al. (2006) suggest that this
pathway acts upstream of Bmp4. The c/f2 mutation
remains unknown, but Ptch, Mtrr and Gas1 are current
candidates of interest (Juriloff et al. 2004).

Due to the composite nature of facial fusion, cleft palate
has a complex etiology. During facial development,
multiple paired three-dimensional (3D) structures come
together in a coordinated manner to form an intricate,
single craniofacial structure. When a malformation such as
cleft lip occurs, the normal process is disrupted, either by
an interference of facial process fusion (Jara et al. 1995;
Pezzetti et al. 1998; S6zen et al. 2001) or by the timing of
the fusion of these structures (Fraser, 1970). It has been
hypothesized that the size of the facial prominences is
causally associated with CL formation and that a reduction
in facial growth during palate formation increases the risk
that the prominences will not contact and therefore not
fuse (Wang & Diewert, 1992; Diewert & Lozanoff, 1993;
Diewert & Lozanoff, 2002). In addition, Wang et al. (1995)
found that there is a developmental delay by somite stage
in terms of mesenchymal bridge formation of the upper lip
in A/WySn mice. Therefore there is a narrower window
during development in which the bridge must form
compared to non-clefting strains. Variability may also play
arole in CL because many human syndromes that include
CL also exhibit increased phenotypic variation (Khan et al.
1986; Lacombe et al. 1995).

Several studies have suggested that maternal effects
may be responsible for CL formation (Reed, 1936; Davidson
et al. 1969; Bornstein et al. 1970; Juriloff & Fraser, 1980;
Juriloff, 1982). There is also evidence of a maternal effect
in humans (Khoury et al. 1983; Chung et al. 1987). Cleft lip
frequency differentials have been attributed to genetic
maternal effects among the ‘A’ strain of mice, including A/
WySn (Juriloff, 1982). Additional studies have suggested
that maternal effects influence the forward growth of the
maxillary prominence (Wang et al. 1995).

This is the first study that applies 3D geometric morpho-
metric techniques to the study of embryonic development
and it is the first application of a body of high-throughput
morphometric and visualization techniques that relies on
direct analyses of volumetric datasets (Kristensen et al.
submitted). Geometric morphometric methods offer ways
of rigorously analyzing facial shape that allow us to ask
specific questions about the morphological nature of face
and palate formation. Until now, studies of the morphology
of cleft lip and palate development have been confined to
the realm of two-dimensional (2D) geometric morphometrics
(Young et al. 2007) or traditional morphometrics (Ciriani &
Diewert, 1986; Wang & Diewert, 1992), whereas this study

utilizes innovative methods in micro-computed tomography
(uCT) scanning protocols to examine the 3D morphology
of A/WySn embryos and adults with a focus on phenotypic
variation.

This study addresses three hypotheses about the facial
architecture during A/WySn ontogeny and the develop-
ment of CL. It has been previously shown that embryonic
face shape affects the formation of the lip in A/J and
C57BL/6J mice (Trasler, 1968) and the same has been
suggested for humans (Fraser & Pashayan, 1970; Diewert &
Shiota, 1990). We test the hypothesis that the 3D facial
shape of A/WySn embryos is more variable than their
C57BL/6J counterparts and that this increased variability
leads to some individuals reaching the threshold for the
phenotypic expression of CL. Secondly, we test the hypothesis
that the A/WySn mice have a mean shape that is shifted
towards this threshold. In this hypothesis, ‘typical’
amounts of variation around this shifted mean would be
adequate to push some individuals over the threshold.
Additionally, possible maternal effects are further investi-
gated using two groups of F1 crosses of A/MWWySn and C57BL/
6J, each with a different maternal strain, in the shape analysis.

These hypotheses were tested by using 3D geometric
morphometric analyses on both embryonic and adult skull
datasets of both A/WySn and C57BL/6] mice. The adults
were included to investigate whether any mean shape or
variance differences observed in the embryos extend to
the adult phenotype. The use of C57BL/6J as a comparison
strain here follows a precedent set by earlier work on the
subject of CL (Trasler, 1968; Ciriani & Diewert, 1986; Wang
& Diewert, 1992).

Methods

The embryonic dataset used in this study comprised 50
C57BJ/6J, 79 A/WySn and 72 of their F1 crosses: 36 with A/
WySn mothers and C57BL/6J fathers (AC), and 36 with
C57BL/6) mothers and A/WySn fathers (CA). A/WySn
embryos with cleft lip were excluded from this study; at
the early stages of lip formation, however, those that will
develop clefts cannot be identified. As the two c/f muta-
tions unique to the A/WySn strain are recessive, the F1
specimens (AC and CA) are all heterozygous for those two
mutations and do not develop the cleft lip malformation.
The C57BL/6J embryos were generated at the University
of Calgary (Hallgrimsson Lab) and the A/WySn and the
heterozygote samples were generated at the University of
British Columbia (Diewert Lab). All embryos were collected
between 10.5 and 11.5 days post-fertilization and staged
by tail somite number. They were immediately fixed in
Bouin’s solution and transferred to 70% ethanol after 24 h
of fixation. Bouin’s solution is effective for micro-computed
tomography scanning because the embryos themselves
cannot be suspended in solution during the scan, and
Bouin’s fixation gives embryos the necessary tissue rigidity
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to complete the scan without movement or drying artifacts.
The adult dataset consisted of A/WySn skulls (n = 20) and
C57BL/6J skulls (n =20) over 90 days old and were also
generated in the Hallgrimsson lab. All mice used in this
study were housed and cared for at the University of Calgary
or at the University of British Columbia in accordance with
Canadian animal research laws and regulations and
protocols were approved by the Animal Care Committees
at each institution.

All embryos were imaged by a micro-computed tomo-
graphy scanner (Skyscan 1072, Kontich, Belgium) at a
6.25 um nominal resolution (100.0 kV, 98.4 uA, 0.90
rotation step, 2 frame averaging and a 3.8 s exposure
time) corrected for both flat field and random movement
errors. The scans were reconstructed (Cone_Rec, v1.4.4.0,
Skyscan) and cropped (Image J, 1.37v, http:/rsb.info.nih.gov/
ij). An example image of a uCT-scanned A/WySn embryo
with bilateral cleft lip is depicted in Fig. 1. AnaLvze 3D
(http://www.mayo.edu/bir/) was used to digitize 52 3D
landmarks directly from the volumetric reconstruction of
the uCT scans (Fig. 2). The landmarks were chosen both to
capture adequately the developing facial morphology and
so that they could be precisely digitized on each individual.
On many of the specimens, the mandibles had been
previously removed to enhance visualization and staging
of the developing face (Ciriani & Diewert, 1986). The
landmarks were concentrated around the medial and
lateral nasal prominences and the maxillary prominences.
The landmarks are located at the juncture of identifiable
structures, for example the juncture of the maxillary and
lateral-nasal prominences, or at points of maximum
curvature.

All adult crania 3D scans were obtained using a uCT
system (vivaCT 40, Scanco Medical, Bassersdorf, Switzerland)
providing a 35 um nominal resolution (70 kV, 160 uA, 500
projections/180°). Subsequent to automatic reconstruction,

Fig. 2 Embryo landmarks shown on a 3D
reconstruction of a uCT scan of a C57BL/6)
embryo.
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Fig. 1 Example of a 3D reconstruction from a uCT scan of an A/WySn
embryo at tail somite stage 26 with bilateral cleft lip. This image is
indicative of scan quality after fixation with Bouin’s solution. The
mandible was removed for a previous study.

the 3D data were digitized (AnaLyze 3D) at 68 landmarks on
each individual (Fig. 3).

A generalized least squares superimposition was used to
obtain Procrustes coordinates for both embryos and adults
using Morpheus et al. (Slice, 1994-1999). As the developing
embryo changes shape considerably, yet predictably, as it
grows, the Procrustes coordinates were standardized to
the 16 tail somite stage by regression of the Procrustes
coordinate data on tail somite stage for the pooled
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Fig. 3 Adult landmarks shown on a 3D reconstruction of a uCT scan of
a C57BL/6J skull.

embryo sample (IMP program THreeDSTANDG; Sheets,
2004b). This creates a new dataset in which most onto-
genetic shape variation or all variation correlated with tail
somite stage is removed from the samples. For the adult
dataset, the residuals of Procrustes coordinates regressed
on centroid size were calculated to standardize the data to
the mean centroid size (THreeDSTANDG). This removes allometric
or size-related shape variation from the analysis.

Mean shapes were tested for significant differences
between all sample groups using Goodall’s F-tests of the
Procrustes distances of the standardized data. These tests
were performed in a second IMP module (SimpLe3D; Sheets,
2004a). This same module was used to calculate the
variance of each group and a permutation function was
run with 1600 repetitions to test for significant differences
between the variances of each group.

A principal component analysis (PCA) was performed
(MoreHol, 0.09i, University of Manchester, UK; Klingenberg,
2006) on the symmetrical component of the standardized
embryo dataset. Wireframes visualizing the shape
changes along principal components (PC) were generated
(MorpHoLOGIKA2, V2.4, Hull York Medical School; O’Higgins
& Jones, 2006). PCA is a multivariate method that reduces
the dimensionality of a given dataset so that all the
variation in all samples combined is captured on the same
number of axes as there are variables in that dataset. The
first PC represents the greatest amount of variance and the
following PCs represent subsequently smaller proportions of
the total variance. Generally, the first PC represents the
variation due to size; however, as here the PCA was per-
formed using the standardized data, it allows us to explore
the shape differences associated with the major axes of
variation.

A canonical variate analysis (CVA) was also performed
(MorpHoJ) on the symmetrical component of the standardized
embryo data. CVA maximizes between-group variance
relative to within-group variance, as opposed to the
variance across all individuals (PCA). Therefore, it maximally
discriminates between groups, which in this study are
defined as the four sets of embryos (C57BL/6J, A/WySn, AC
and CA). The shape changes associated with each
canonical variate (CV) describes the ways in which the
groups are most differentiated.

A subset of the embryos at tail somite stage 16 (six
C57BL/6J and six A/WySn) and all of the adult crania were
used in a semi-automated high-throughput screening
method of 3D shape analysis. This method allows us to
explore mean shape differences between groups independent
of landmarks. Only 12 embryos were chosen because this
method cannot remove allometric effects and therefore all
the embryos had to be at the exact same developmental
stage. To examine only the craniofacial shape, the image
reconstructions for each embryo were cropped after the
first brachial arch to eliminate information on the shape of
the rest of the embryo.

To calculate a mean shape, the uCT volumes were first
transformed into the same orientation using intensity-
based rigid image registration (Boyd et al. 2006). Following
this, the grey scale value of each voxel in every image was
divided by the sample size and then the corresponding voxel
intensities of each superimposed image were added,
resulting in an average image that contains information
from the shape of each specimen. Surface-to-surface
Euclidean distances were measured using a maximal
sphere algorithm on the superimposed mean shapes.
Further details of this method are outlined in Kristensen
et al. (submitted). These distances were calculated between
the A/WySn and C57BL/6J mean shapes for both the
embryos and the skulls (the spheres were centered on the
C57BL/6) mean and expanded outward toward the A/
WySn mean) and then mapped onto the AWS mean image
using a color-gradient scale.

Results

Adult

The Goodall's F-test revealed a statistically significant
mean shape difference between A/MWySn and C57BL/6J
adult crania regressed data (between group Procrustes
distance = 0.03038, F-score = 10.6955, P < 0.0001. The
variances (A/WySn variance = 0.00103; C57BL/6J variance =
0.00104), however, were not statistically different.

The result of the adult mean shape surface-surface map
of the two strains is displayed in Fig. 4. The surface-surface
map shows that the C57BL/6J mean shape has a higher
cranium and is also larger at the posterior end of cranium.
The A/WySn mean shape is wider at the anterior end of the
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Fig. 4 Gradient map of Euclidean surface-surface
distances taken from the C57BL/6J mean skull to
the A/WySn mean skull and mapped onto the
A/WySn mean skull. The position of the mandibles
was not standardized in the individual adult scans
and therefore the differences in the mandibular
region of this figure are not biologically relevant.

Table 1 Procrustes distances between groups

A/WySn AC C57BL/6)J
AC 0.0736*
C57BL/6) 0.0921* 0.0942*
CA 0.0867* 0.0342t 0.1013*
*P < 0.0000; tP = 0.0326.
Table 2 Differences in variance between groups

A/WySn AC C57BL/6J
AC 0.00867*
C57BL/6) 0.00586* 0.00281
CA 0.00858* 0.00009 0.00273%

*P < 0.001; 1P < 0.03.

zygomatic arch, but then narrows compared to C57BL/6J
at the junction with the squamosal bone. A/WySn also has
a longer nasal bone as well has higher area around the
nasal-frontal suture.

Embryo

All but one pair-wise comparison of Procrustes distances
between groups of the embryonic dataset proved to be
significantly different according to the Goodall’s F-test.
Results of the significance tests are shown in Table 1. The
only two groups that did not differ from one another were
the two F1 crosses, AC and CA, although both groups
proved to be different than C57BL/6J and A/WySn. The A/
WySn embryos had the greatest shape variance when
compared to the other three groups, and the F1 crosses
had the least. The permutation test showed that the AC
and CA groups did not differ from each other in this
statistic (Table 2). The difference in variance between AC
and C57BL/6J was deemed to be non-significant as well.
The other comparisons, however, were significant at the
P =0.05 level after Bonferroni adjustment for multiple
comparisons.

The PCA shows that the greatest axis of variation (PC1)
separates the A/WySn, C57BL/6J and F1 crosses from each
other. The separate F1 groups do not differ from one
another on this axis (Fig. 5). Also, the A/WySn embryos
seem to exhibit the most variability across PC1. This first PC
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Fig. 5 Plot of PC1 and PC2 based on the Procrustes analysis of all four
embryo groups.

{ 0 { 0 } LO ; Q
C57BL/6) AWySD) SN

Fig. 6 Wireframes depicting the shape variation associated with the
C57BL/6J and A/WySn ends of PC1, respectively.

represents 17.25% of the total variance in the sample.
Along PC1, the maxillary and nasal process change in
shape from more to less rotated towards the A/WySn end
of the PC. The nasal processes also become less fused in this
same direction. These shape changes are shown in Fig. 6.

The second greatest axis of variation (PC2), which
represents 14.61% of the total variance, is also plotted in
Fig. 5. This second PC distinguishes both of the F1 crosses
from the A/WySn and C57BL/6J, but again, they do not
differ from each other. The shape changes associated with
this PC include lesser rotation of the maxillary prominences,
more rotated and smaller nasal prominences and smaller
nasal pits at the F1 cross portion of the distribution.
Individually, the rest of the PCs do not account for more
than 8% of the total variance and do not significantly
differentiate any of the groups.

All three CVs make meaningful distinctions between the
groups. A plot of CV1 and 2 shows a complete distinction
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Fig. 7 Plots of both CV1 vs. CV2 and CV2 vs. CV3 based on the Procrustes analysis of the four embryo groups.

between the C57BL/6J, A/WySn and both F1 groups
(Fig. 7). CV1 differentiates C57BL/6J from A/WySn with
both F1 crosses mixed together. Unlike PC1, however, the
C57BL/6J strain plots in-between the F1 cross grouping and
the A/WySn strain at either end. CV2 separates the C57BL/
6] strain from both A/WySn and the F1 crosses which score
similarly along this CV. The third and final CV is the only
part of the entire analysis that made a distinction between
the two different maternal groups of F1 crosses (Fig. 7).

The shape change that separates the groups along CV1
largely involves the maxillary and nasal prominences,
similar to the PCA results. At the F1 cross end of CV1, the
maxillary prominences are less rotated and the head is
larger and wider. At the A/AWySn end, the nasal prominences
are larger and the end points of the medial and lateral
nasal processes are further apart.

The second CV shows how the shape of the C57BL/6J
strain contrasts those of the A/WySn strain and the F1
crosses. The shape change at the C57BL/6J end of CV2
includes a more rotated maxillary prominence and the
impression of a larger size overall. The nasal prominences
not only seem larger, there is also less area between the
medial nasal processes. The head of the C57BL/6J embryos
also appears to be higher than the others and the nasal
pits appear to be located more laterally.

The third CV illuminates a possible shape difference
between the two maternal groups of F1 crosses. The AC
group is characterized by smaller maxillary prominences
and shorter head length. They also have larger nasal pits
and their medial and lateral nasal processes are further
apart. The CA group, in addition to larger overall nasal
processes, has less area between the two medial nasal
processes.

The gradient map representing the surface-to-surface
Euclidean distances of the C57BL/6J and A/WySn whole
volumes is illustrated in Fig. 8. This semi-automated
method yielded comparable shape-change results to both
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Fig. 8 Colour scalar map of Euclidean surface-surface distances
measured from the C57BL/6J mean embryo head to the A/WySn mean
embryo head. The results are mapped onto the A/WySn mean embryo
head image.

PC1 and CV2, both of which separate the A/WySn and
C57BL/6J strains. This analysis shows that the maxillary
prominences of the C57BL/6) mean shape at this stage
project further inward (are more rotated) than those of
the A/WySn mean shape.

Discussion

Previous 2D analyses of A/AWySn and C57BL/6J mice support
our results of differences in craniofacial shape throughout
ontogeny (Young et al. 2007). This 3D analysis strengthened
that conclusion with new information concerning the
possible involvement of morphological variation in the
etiology of CL and, on a larger scale, the role developmental
variation plays in dysmorphology.

The overall conclusion that A/WySn was less developed
at the same tail-somite stage comes from three separate
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analyses: PCA, CVA and the semi-automated method.
Specifically, the maxillary prominences were not as
rotated and the medial nasal processes are closer to fusion
in the C57BL/6J embryos.

The result that shape variation was highest in the A/
WySn mice in the embryonic sample has implications for
the ontogeny of such variation in both mutant and normal
mice. In previous work on adult mice, A/WySn mice were
found to have reduced integration of craniofacial shape
variation but not increased shape variances (Hallgrimsson
et al. 2004). The elevated shape variance in A/WySn
embryos suggests incomplete penetrance or reduced
canalization of craniofacial shape. Mutant phenotypes
commonly have increased variation (Scharloo, 1964;
Rendel, 1967; Hallgrimsson et al. 2002; Dworkin, 2005;
Willmore et al. 2006). In A/WySnJ mice, this increased
variance may not be retained at later ontogenetic stages
because subsequent developmental events overwhelm
this variation or simply because postnatal samples would
not include those individuals who develop clefts as they
die perinatally. However, we have suggested elsewhere
that increased variance may play an etiologic role in some
dysmorphologies, particularly those that are complex and
show highly variable expressivity (Hallgrimsson et al. 2005).
While the causes of increases or decreases in variance
within a constant genotype are rarely known, nonlinear
relationships between developmental determinants and
phenotypic outcomes probably play a central role
(Klingenberg & Nijhout, 1999; Hallgrimsson et al. 2006). A
hypothesis in this case is that facial prominence outgrowth
is reduced in A/WySn mice because of a perturbation to
Whnt signaling caused by the hypomorphic mutation in
Wnt9. At this reduced level, facial prominence outgrowth,
probably via mesenchymal proliferation, is more sensitive
to Whntsignaling than in the wild type where this pathway
is sufficiently active to ensure a normal rate of growth.
Such a result would be produced if facial prominence
outgrowth has a nonlinear dependency on Wnt9b expression
or canonical Wnt signalling, which could be tested
experimentally.

Although the function of Wnt9b is not well understood,
a role in regulating cell proliferation is plausible. Wnts
are glycoproteins that act as signaling factors and are
expressed in extracellular matrix. In mice, Wnts are
expressed in the midfacial mesenchyme within the facial
prominences (Lan et al. 2006; Brugmann et al. 2007).
Canonical Wnt signaling is co-localized with Nmyc
(Brugmann et al. 2007), which is a known target of Wnts
and also a known regulator of cell proliferation, acting
downstream of Sonic hedgehog (Kenney et al. 2003;
Hatton et al. 2006).

The shape differences, which held through adulthood,
are contrary to previous studies. The skulls of C57BL/6J are
longer than A/WySn (Wang et al. 1995; Hallgrimsson et al.
2004). This finding is consistent with deficient growth of
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the maxillary prominence in A/AWySn embryos. In contrast,
our analysis showed that these mice have shorter faces and
a higher cranium. However we found a wider anterior
portion of the zygomatic arch in A/WWySn mice, consistent
with earlier conclusions in these same studies. A wider
facial shape is also associated with increased risk of CL
within human populations (Yoon et al. 2004).

Previous work found evidence for a maternal effect
for cleft lip liability in these mice (Juriloff & Fraser, 1980;
Juriloff, 1982). Ciriani & Diewert (1986) also found a
significant difference between ACand CA and determined
that the A/WySn maternal environment retards the
growth and development of progeny. Based on this, we
expected to find a maternal effect for craniofacial shape.
However, in this study the only evidence for a maternal
affect in the F1 crosses was CV3, which accounts for only a
minor proportion of the variation in the sample. The mean
shapes, after correction for tail-somite stage, did not differ
between the maternal groups. Variance in shape also did
not differ between these groups. This result indicates that
although the mechanism by which maternal factors con-
tribute to cleft lip liability is not known; it is certainly not
reflected in craniofacial shape. It should be noted that the
design of our study does not distinguish between maternal
effects due to maternal inheritance and effects due to
genomic imprinting.

A limitation of the methods used here for morphometrics
of embryos was that fixation introduced unquantifiable
alterations in size. Fixation artifact is unquantifiable in this
case because all available methods that one could use to
measure embryos involve distortion of some kind. Bouin'’s
fixation, which is used here because it renders the tissue
sufficiently rigid to stand up to scanning without deformation,
is known to produce shape and size distortion but the
degree of distortion is less than seen in many other methods
(Denef et al. 1979). Morphometric analyses have also been
performed on Bouin’s fixed mouse embryos in previous
studies (Wang & Diewert, 1992). Two factors mitigate this
problem. Firstly, fixation artifact is extremely unlikely to
vary systematically with genotype, although it is theoretically
possible for differences in extracellular matrix properties
to produce a genotype-specific fixation artifact. Secondly,
our analysis was confined to a fairly limited developmental
period during which the tissue composition of the
structures involved does not change dramatically. We are
fairly confident that any fixation artifact was extremely
unlikely to have influenced the overall results.

A second caveat is that this study involves a comparison
of two distantly related inbred strains. These strains have
been compared extensively in the literature (Diewert &
Lozanoff, 2002), but C57BL/6J mice differ from A/WySn
mice in ways other than the c/f mutations, which also involve
craniofacial shape. In particular, C57BL/6J may have
unusually robust primary palate formation (Wang & Diewert,
1992). Future studies will focus on comparisons of the c/f
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loci with genetic background controlled. A related caveat
for the comparisons of the embryo samples is that the
C57BL/6J mice were entirely reared in Calgary whereas the
majority of the A/\WySn embryonic sample were reared in
Vancouver. Although this is unlikely to have had major
effects, this factor will also be eliminated in future studies.

The A/WySn strain as a model for CL is an illustrative
example of how genetically similar individuals vary in the
expression of a specific trait. Mutations and environmental
effects have the potential to alter not only the mean
phenotype, but the variance around that mean (Waddington,
1942, 1957; Scharloo, 1991; Gibson & Wagner, 2000;
Dworkin et al. 2003; Milton et al. 2006). The increased
facial shape variance provides evidence for this being true
of the c/f mutations in A/WySn. It is therefore misleading
to refer to the genetic mutations c/f1 and c/f2 as causing
CL. Rather, these mutations affect the physical interaction
between developing components as size, maturity and
position of one morphological element relative to others
are necessary for proper development (Hall, 1992). The
genetic factors that predispose A/WySn mice to CL/P create
a developmental configuration in which the mean
phenotype is shifted towards the CL/P threshold because
the midface is hypoplastic and delayed and some individuals
are pushed over the threshold for CL/P formation because
growth of the face is also more variable during palate
formation.

This study helps to elucidate the specific developmental
processes that affect the morphological development of
the primary palate and the possible perturbations that
lead to dysmorphology. In evolutionary terms, the
quantitative analysis of how genetic perturbations produce
phenotypic variation in the growth of the facial prominences
will help identify developmental processes of importance
for the evolution of craniofacial morphology. For the
study of cleft lip, a quantitative understanding of how
developmental perturbations influence embryonic
craniofacial growth and the formation of the CL/P dysmor-
phology is a prerequisite for early diagnosis of cleft lip in
human embryos based on morphometric criteria. Such
diagnoses may eventually become the basis for therapeutic
strategies for in utero prevention of cleft lip in humans.
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