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ABSTRACT

This study introduces a new multivariate approach for analyzing the effects of quantitative trait loci
(QTL) on shape and demonstrates this method for the mouse mandible. We quantified size and shape
with the methods of geometric morphometrics, based on Procrustes superimposition of five morphological
landmarks recorded on each mandible. Interval mapping for F, mice originating from an intercross of
the LG/J and SM/J inbred strains revealed 12 QTL for size, 25 QTL for shape, and 5 QTL for leftright
asymmetry. Multivariate ordination of QTL effects by principal component analysis identified two recurrent
features of shape variation, which involved the positions of the coronoid and angular processes relative
to each other and to the rest of the mandible. These patterns are reminiscent of the knockout phenotypes
of a number of genes involved in mandible development, although only a few of these are possible
candidates for QTL in our study. The variation of shape effects among the QTL showed no evidence of
clustering into distinct groups, as would be expected from theories of morphological integration. Further,
for most QTL, additive and dominance effects on shape were markedly different, implying overdominance
for specific features of shape. We conclude that geometric morphometrics offers a promising new approach

to address problems at the interface of evolutionary and developmental genetics.

NDERSTANDING the evolution of organismal
form requires knowledge of the nature of genetic
variation in size and shape. This genetic variation can
stem from all those genes whose products are involved
in the developmental processes that form the structure
of interest. One that has long served as a useful model
for the development of complex morphological struc-
tures is the mouse mandible (e.g., ArcHLEY and HALL
1991; CHEVERUD et al. 1991; HALL 1999, p. 323ft.). Stud-
ies using inactivation (“knockout”) of specific genes
have shown that these disruptions of development can
affect different parts of the mandible separately or to-
gether (FRANCIS-WEST et al. 1998; HALL 1999, p. 327f.).
Moreover, later changes of mandible form through
bone remodeling under mechanical load (HERRING
1993) are also spatially structured and may rely partly
on the same genetic basis, because separate neural crest
cell populations migrate to specific locations where they
form parts of the mandible as well as the muscle attach-
ments (KONTGES and LumspeN 1996). This evidence
strongly suggests that the effects of genes on the mandi-
ble should be spatially patterned. Thus analysis of gene
effects on mandible shape, using quantitative methods,
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should advance our understanding of gene action in
the development and evolution of form.

Most genetic studies of shape characterize it in terms
of the relative sizes of parts and use a set of linear
distances for its measurement (e.g., BAILEY 1985, 1986;
WEBER 1990, 1992; CHEVERUD et al. 1997; LEaMy et al.
1997; WEBER et al. 1999). A different approach uses a
geometric concept of shape, focusing on features such
as outlines (CaviccHI el al. 1991; Liu et al. 1996; LAURIE
et al. 1997, ZENG et al. 2000), angles (WHITLOCK and
FowLER 1999), or the geometric configuration of a set
of landmark points (BOOKSTEIN 1991; CHEVERUD et al.
1991; DRYDEN and MARDIA 1998; BIRDSALL et al. 2000;
GILCHRIST et al. 2000; ZIMMERMAN et al. 2000). The
analysis of landmark configurations is based on a mathe-
matical framework that describes shape in a complete
and nonredundant fashion (for a complete mathemati-
cal treatment, see DRYDEN and MARDIA 1998) and also
facilitates the graphical inspection of localized morpho-
metric variation. These methods mostly have been used
to study phenotypic variation and its possible develop-
mental basis (e.g., KLINGENBERG and MCINTYRE 1998;
BapyAev and ForesmMaAN 2000; DEBAT et al. 2000;
KLINGENBERG and ZAKLAN 2000), but they are equally
suitable for genetic studies (BIRDSALL et al. 2000; Zim-
MERMAN et al. 2000).

Shape is an inherently multidimensional property.
Even for a figure as simple as a triangle, a full description
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of shape requires two coordinates to specify the location
of a vertex relative to a base line. Shape changes there-
fore have both a magnitude and a direction in a multidi-
mensional shape space. Traditionally, genetic studies
have focused on aspects of shape that can be extracted
as scalar measures and then subjected to univariate anal-
yses. These shape measures can be defined a priori, for
instance, ratios of interlandmark distances (WEBER
1990, 1992; WEBER et al. 1999) or angles (WHITLOCK
and FOWLER 1999), or they can be chosen as shape
features associated with large amounts of phenotypic
variation (e.g., principal components from outline data
or landmark configurations; L1u et al. 1996; LAURIE et
al. 1997; ZENG et al. 2000; ZIMMERMAN et al. 2000). This
approach is effective for studies focusing specifically on
the genetic basis of one particular shape difference, for
instance, between two related species, which is inevitably
confined to a single direction in shape space. The con-
straint imposed by the choice of particular shape fea-
tures is much more serious, however, for studies of varia-
tion within populations: the shape effects of segregating
genes may or may not coincide with the shape features
chosen a priori, and there is therefore no guarantee that
shape variation is captured completely.

Here we introduce an approach to locate quantitative
trait loci (QTL) for shape that is explicitly multivariate
throughout every step of the analysis. This procedure
simultaneously considers both the magnitude and direc-
tion (spatial pattern) of QTL effects and therefore cir-
cumvents the choice of a scalar shape measure alto-
gether. This method combines geometric morphometric
methods with the multivariate generalization of linkage
analysis based on canonical correlation (LEAMY et al.
1999, 2000). Rather than constraining the analysis by
focusing on a particular shape feature a priori, this
method examines whether there are differences among
marker (or imputed) genotypes in any direction of
shape space. Therefore, a single analysis can identify
QTL affecting all features of shape, reflecting the entire
diversity of spatial patterns of gene effects.

This study applies this new approach to characterize
the effects of individual QTL producing size or shape
changes in the mouse mandible and to examine varia-
tion among QTL. We demonstrate our approach with
a data set already used in a previous study searching
for QTL affecting all 10 pairwise distances among five
morphological landmarks (LEAMY et al. 1997), which
therefore can serve as a basis for direct comparisons of
results. Another study in the same mice, based on dis-
tance measures derived from a larger set of landmarks,
has shown that the effects of some QTL extend over
the entire mandible whereas other QTL affect only par-
ticular parts (CHEVERUD ef al. 1997; CHEVERUD 2000).
Similar findings have been reported for other parts of
the skull (LEAMY et al. 1999). These results suggest that
groups of QTL differ in the degree to which they affect
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Ficure 1.—Outline of a mouse mandible showing the five
landmark points that were digitized and anatomical regions.
The dashed line indicates the approximate boundary between
alveolar region and ascending ramus.

various parts of the mandible, just as different gene
knockouts produce a variety of phenotypic effects.

We explore this idea systematically by analyzing the
geometric patterns of gene effects on mandible shape,
and we specifically address the following series of ques-
tions thatillustrate the new possibilities of this approach:
(1) Do the QTL each affect unique aspects of shape,
or do they affect a common set of shape features to
variable extents? (2) Is there a relation between the
geometric patterns of QTL effects and the phenotypes
produced by gene knockouts? (3) Are there distinct
groups of QTL that have similar effects on mandible
shape, perhaps reflecting complexes of genes involved
jointly in developmental processes, or are QTL effects
continuously distributed? (4) Do additive and domi-
nance effects at each locus correspond to each other,
as would be expected if both these effects reflect the
developmental function of the respective gene? Our
case study demonstrates that the geometric approach
for the study of the genetic architecture of shape opens
new perspectives on its developmental basis and evolu-
tionary implications.

MATERIALS AND METHODS

Mouse strains and data collection: The mice used in this
study were the F, progeny of a cross between the Large (LG/
J) and Small (SM/]) inbred strains obtained from the Jackson
Laboratory (Bar Harbor, ME). These strains originally were
selected for large body size (GOODALE 1941) and small body
size (MACARTHUR 1944), respectively, although when received
by the Jackson Laboratory, both strains were inbred via sib-
mating (CHAI 1956). A total of 535 F, mice were killed at 70
days of age. Subsequently, spleens were removed for DNA
extraction, and skeletons were prepared by exposure to derm-
estid beetles (for additional details, see CHEVERUD et al. 1996).

Left and right mandible sides were separated at the mandib-
ular symphysis, and the coordinates of five landmarks around
the periphery of each mandible were recorded (Figure 1).
To assess the precision of measurements, each mandible was
digitized three times, yielding three complete sets of coordi-
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nates for both left and right sides of the mandibles in each
mouse. After removal of outliers and individuals for which
mandibles were chipped or broken during the skeletonization
or measurement process, the final sample size was 476 mice,
including 244 males and 232 females.

DNA was extracted from the spleens of the mice, and a
total of 76 polymorphic microsatellite loci were scored in each
mouse using PCR amplification (RouTtMAN and CHEVERUD
1994, 1995). These loci mapped in representative areas on the
19 autosomes although none were used on the X chromosome
(see RouTMAN and CHEVERUD 1995). Some loci could not be
well resolved on the gels, so the loci varied in their total sample
sizes (CHEVERUD el al. 1996). Also, one locus, DI10Mit20, was
used only as a dominant marker since the heterozygote could
not be distinguished from the SM/] homozygote. The posi-
tions of the 76 microsatellite loci were obtained from recombi-
nation frequencies with the program Mapmaker 3.0b (LANDER
et al. 1987; LINCOLN et al. 1992). These 76 loci defined a total
of 1500 cM (map units in centimorgans) of map distance and
included 55 intervals between loci with an average interval
length of 27.5 cM (CHEVERUD et al. 1996, Table 1 and Figure
1; LEAMY et al. 1997, Table 1 and Figure 1).

Morphometric analysis: Our analyses of shape are based on
the Procrustes superimposition (BOOKSTEIN 1996a; DRYDEN
and MARDIA 1998), as adapted for the study of individual
variation and asymmetry (KLINGENBERG and MCINTYRE 1998;
AUFFRAY et al. 1999). These methods define shape as all aspects
of the geometric configuration of landmark points except
size, location, and orientation. Moreover, because this study
includes left and right mandibles, reflection is also ignored,
just as a reader wishing to compare the size and shape of his
or her left and right hands would put together the palms
of both hands. The Procrustes procedure eliminates these
features in four steps (KLINGENBERG and MCINTYRE 1998):

1. Reflect all left mandibles to their mirror images by chang-
ing the signs of the x coordinates of all their landmarks.

2. Scale each configuration to unit centroid size. Centroid size
is the standard size measure in geometric morphometrics
(BooxsTEIN 1991) and is defined as the square root of
the sum of squared distances between each landmark of a
configuration and its centroid (the centroid of a configura-
tion is the point whose x and y coordinates are the means
of the x and y coordinates of all landmarks, respectively).

3. Superimpose the centroids of all configurations by sub-
tracting the mean xand y coordinates of each configuration
from the coordinates of all its landmarks.

4. Rotate the configurations around the centroids to an opti-
mal fit that minimizes the sum of squared distances of the
landmarks of each specimen to the corresponding land-
marks of the overall mean configuration (generalized least-
squares fit).

We carried out separate genetic analyses for overall size,
using centroid size, and for shape, using the landmark coordi-
nates of the superimposed configurations. With regard to anal-
yses of shape, two issues should be noted. First, geometric
morphometrics defines shape as an inherently multivariate
feature. Change in shape is seen as a deformation of the
overall configuration of landmarks, and it is therefore difficult
to single out changes in particular landmarks. Notably, it is
not possible to calculate genetic parameters in univariate anal-
yses for individual landmark coordinates—the coordinates are
meaningful only as part of the entire multivariate configura-
tion, as each coordinate is the result of the overall Procrustes
fit of the complete configurations.

Second, the elimination of size, position (x and y coordi-
nates), and orientation of specimens eliminates four degrees
of freedom. Therefore, the number of dimensions of the re-

sulting shape space is 2k — 4 (where k is the number of
landmarks), although there are 2k coordinates for each super-
imposed configuration. As a consequence, covariance matrices
of the coordinate data are not of full rank, and the degrees
of freedom for some statistical tests need to be adjusted. A way
to avoid the resulting difficulties is to omit, afterthe Procrustes
superimposition of the complete configurations, the coordi-
nates of any two landmarks from statistical procedures that
involve inversion of the covariance matrix of shape variables
(BOOKSTEIN 1996b, p. 140). In our study, we therefore omitted
two of the five landmarks of Procrustes-superimposed config-
urations canonical correlation analysis. Because the remaining
six coordinates retain the full information on the shape of
the configuration of all five landmarks (which is contained in
2k — 4 = 6 of the total 2k = 10 coordinates), this maneuver
produces identical statistical results regardless of which two
landmarks are omitted.

Sources of variation: Before the genetic analyses, we cor-
rected centroid size and the shape coordinates for the effects
of sex, dam, experimental block, and litter size (see CHEVERUD
et al. 1996, 1997; LEaMY et al. 1999). These corrections reduced
the total sum of squares for centroid size only by 10.0% and
that for shape by 8.3%, but they eliminated extraneous vari-
ance due to environmental factors from the genetic analyses.
To partition phenotypic variation into among-individuals,
within-individuals, and measurement error components, we
used the two-way ANOVA design customary for the study of
leftright asymmetry of size measurements (LeEamy 1984;
PALMER and STROBECK 1986; PALMER 1994), which also has
been adapted for shape (KLINGENBERG and MCINTYRE 1998).
In these ANOVAs, the main effect of individuals stands for
individual variation in size or shape. The main effect of body
side indicates directional asymmetry, whereas the side X indi-
vidual interaction provides a measure of fluctuating asymme-
try. Finally, the residual variance component among replicate
measurements quantifies measurement error. Whereas the
ANOVAs for centroid size calculate sums of squares in the
usual manner (LEamy 1984; PALMER and STROBECK 1986;
PALMER 1994), the Procrustes ANOVAs for shape are calcu-
lated by computing sums of squares for all coordinates and
then summing up across landmarks and x and y coordinates
(KLINGENBERG and McINTYRE 1998). In the Procrustes ANO-
VAs for shape, the usual degrees of freedom are multiplied
by the shape dimension (2k — 4 = 6 in our study).

Asymmetry measures: Although directional and fluctuating
asymmetry are properties of samples or populations (e.g,
PALMER and STROBECK 1986), genetic studies require mea-
sures for each individual. Such studies (e.g., LEAMY et al. 1997)
have distinguished two aspects of left-right asymmetry that can
be measured for individuals: signed and unsigned asymmetry.
Signed asymmetry includes information about the direction of
the asymmetry (e.g., left-handed vs. right-handed), and genetic
variation for signed asymmetry is required for evolutionary
change in directional asymmetry (the population mean of
signed asymmetry). In contrast, unsigned asymmetry accounts
for only the magnitude of the difference between body sides,
but not its direction. Fluctuating asymmetry is the mean level
of unsigned asymmetry in populations and is often interpreted
as a measure of developmental stability (e.g., PALMER 1994).
We carried out analyses for both signed and unsigned asymme-
try of centroid size and of shape. These asymmetry values
were corrected for the average (directional) asymmetry in the
sample. Strictly speaking, therefore, we analyzed the signed
and unsigned deviations from the mean left-right asymmetry
in the sample, which corresponds to using the side X individ-
ual interaction in the ANOVA model. These corrected values
for signed and unsigned asymmetry, both for centroid size
and shape, were entered into the QTL analyses.
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Defining unsigned left-right differences in the multivariate
context of shape analysis presents another difficulty. It is not
possible simply to change all negative signs of individual coor-
dinate differences, because that would constrain the left-right
differences of every landmark to point in an anterior and
dorsal direction (in the view of Figures 2-4) and thus break
up the associations between landmarks. To leave these associa-
tions intact, it was necessary to divide the space of possible
shape changes into two equal parts (corresponding to “posi-
tive” and “negative” left-right differences) and to change the
signs of all coordinate differences for all individuals in one
of the parts. As a criterion for such a partition, we used the
sign of the inner product between the vector of leftright
differences of each individual and that of the first specimen
in the data set. This computation of “unsigned asymmetry”
of shape eliminated the directional component, but left the
multivariate relations between landmarks intact.

Interval mapping: QTL analyses were carried out for the
left-right means of centroid size and shape, as well as for signed
and unsigned asymmetry of centroid size and shape, using
the interval mapping method described by HALEY and KNoTT
(1992; see also LyncH and WaLsu 1998, p. 453ff.). At the
locations of molecular markers, additive genotypic deviations
were setto —1,0,and +1 and dominance genotypic deviations
to 0, +1, and 0, respectively, for SM/J homozygotes, heterozy-
gotes, and LG/] homozygotes. For locations between flanking
microsatellite markers, in steps of 2 cM, additive and domi-
nance genetic deviations were imputed using recombination
frequencies calculated with the program Mapmaker 3.0 (LIN-
COLN et al. 1992) and the formulas in HALEY and KnoTT (1992,
Table 1). Conditioning markers located on chromosomes
other than the one being analyzed were not used as partialing
variables to account for potential effects of background genes
and other QTL (JANSEN 1993; ZENG 1994), because a number
of markers were missing and in some cases this would have
reduced the sample size considerably.

The QTL analyses of size used the regression method HALEY
and KnotT (1992). Three separate analyses were run for size
(in parentheses, the abbreviations used to designate QTL):
one each for the leftright average of centroid size (C), for
signed asymmetry of centroid size (CS), and for unsigned
asymmetry of centroid size (CU).

For shape, multivariate QTL analyses were carried out using
canonical correlation to relate shape variables to genotypic
deviations (LEamy et al. 1999, 2000). The shape variables were
the first six coordinates after Procrustes superimposition of
the complete configurations (omitting four coordinates to
obtain the appropriate dimensionality, see above). At each
position 2 cM apart on a given chromosome, canonical correla-
tion analysis generated a pair of new variables, as linear combi-
nations of the genotypic deviations and the shape variables,
whose correlations were maximal. Three separate analyses
were run for shape: one each for leftright average of shape
(SH), for signed shape asymmetry (SS), and for unsigned
shape asymmetry (SU).

LOD scores for the presence of a QTL were computed for
each 2-cM interval on each chromosome in the canonical
correlation runs from the probabilities associated with the F
approximations to Rao’s statistic (LEAMY et al. 1999, 2000). If
the highest LOD score for a given chromosome exceeded the
appropriate threshold value, a QTL was considered to be
presentat the position of that LOD score. The threshold values
used for determining the presence of QTL were obtained by
a permutation procedure (CHURCHILL and DOERGE 1994)
done separately for each chromosome and in separate analyses
for centroid size and for shape, as well as the respective asym-
metries. For each of 1000 permutation runs, the size or shape
values for each individual mouse were randomly permuted,

and LOD scores were computed from canonical correlations
of these reshuffled values with the imputed genotypic devia-
tions in steps of 2 cM along the chromosome. The 50th and
10th highest LOD scores generated from these 1000 runs
provided the 5 and 1% threshold values for each chromosome
(denoted “chromosomewise” thresholds below). To compute
threshold values for the whole genome, the maximum LOD
score across all 19 chromosomes was identified for each of
the 1000 permutation runs, and the 50th and 10th highest of
these values were used as the genomewide thresholds.

Approximate confidence intervals for each QTL were estab-
lished according to the one-LOD rule (LyncH and WALSH
1998, p. 448f.), that is, the intervals on either side of the QTL
location where there was a drop in the LOD score of 1.0 from
the maximum value. QTL positions and confidence intervals
were expressed both as distances from the nearest proximal
marker and also as distances from the centromere, using the
distance from the centromere to the most proximal marker
given in the MOUSE GENOME DATABASE (2000).

Once a QTL was found on a given chromosome, tests were
conducted for the presence of two QTL on that chromosome.
This was done as described above, but using the imputed
genotypic deviations at all possible pairs of locations. Bartlett’s
Vistatistic (GREEN 1978), distributed as x* with 4 d.f. for the
analyses of size and with 24 d.f. for shape, was computed for
each run, and the highest such value generated was compared
with its counterpart from the one-QTL run (distributed as x*
with 2 d.f. for analyses of centroid size and 12 d.f. for analyses
of shape). If the difference between these values exceeded
the critical x? value for 2 d.f. (centroid size) or for 12 d.f.
(shape), the improvement in fit was considered significant
and it was concluded that two QTL were present on that
chromosome at the locations indicated by the highest chi-
square value. Confidence intervals around both QTL were
determined as before, but using LOD scores generated from
new canonical correlation runs that partialed out the effect
of one QTL and fit a one-QTL model for the other QTL
(LEAMY et al. 1999).

QTL effects: For univariate analyses, the additive genotypic
value ais defined as one-half the difference between the values
for the two homozygotes, whereas the dominance genotypic
value d is defined as the difference between the average of
the two homozygous values and the heterozygous value (FarL-
CONER and Macxkay 1996). For analyses of shape, additive and
dominance effects can be characterized in the same manner
by a and d vectors, respectively. Note that whereas the @ and
d values for size are scalars, the a and d vectors for shape have
both a magnitude and direction, reflecting the spatial pattern
of additive and dominance effects on shape.

After QTL positions were determined for each chromo-
some, we carried out multiple regressions of centroid size on
the additive and dominance genotypic deviations for the QTL
on that chromosome. The regression coefficients for the addi-
tive and dominance genotypic deviations, respectively, pro-
vided estimates of the @ and d values for size. Similarly, the a
and d vectors for shape were calculated as the vectors of
regression coefficients in multivariate regressions of shape (all
10 Procrustes coordinates) on the same additive and domi-
nance genotypic deviations.

While the QTL effects on centroid size (leftright mean as
well as asymmetry) can be characterized as @ and d values
presented in tabular form, this sort of display is not feasible
for the inherently multidimensional shape results. To quantify
the magnitude of QTL effects, we tabulated the lengths of
additive and dominance vectors in units of Procrustes distance
(computed as |la]| = (a’a)®, [|d|| = (d'd)"®). To visualize the
spatial pattern of additive and dominance effects of each QTL
for these characters, we graphed the corresponding shape
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changes as landmark shifts and as deformations of the outline
of a mouse mandible using the method of thin-plate splines
(BoOksTEIN 1991; DRYDEN and Marp1a 1998, chapter 10).
The outline deformations are meant as visual aids depicting
the QTL effects as shape changes in the anatomical context
of the whole mandible, but the reader should bear in mind
that the graphs rely entirely on the information from the five
landmarks. Therefore, the diagrams need to be interpreted
with caution in parts of the mandible without nearby land-
marks. Because the QTL effects were very subtle, we amplified
them by a factor of 25 in all these diagrams to make them
more easily visible.

Multivariate analyses of QTL effects: We examined the
distribution of QTL effects in the shape space, asking specifi-
cally whether QTL effects were clustered in distinct groups
and to which extent variation was concentrated in one or just
a few dimensions. To identify the dominant patterns of QTL
effects and to display the variation among QTL graphically,
we used a multivariate ordination by principal component
analysis (e.g., JOLLIFFE 1986). These principal component anal-
yses used the covariance matrix of the a and d vectors (see
also DRYDEN and MARDIA 1998; KLINGENBERG and MCINTYRE
1998).

To establish whether there were distinct groups of QTL
with regard to their effects on shape, for instance, affecting
different parts of the mandible (e.g., CHEVERUD et al. 1997),
we searched for clusters in the multivariate distributions of a
and d vectors. To test statistically for clusters of QTL, we used
k-means clustering (e.g., KRzaNOwsKI and MARRIOTT 1995, p.
80) in combination with a parametric bootstrap procedure
(ErroN and TiBsHIRANI 1993). k-means clustering is a nonhi-
erarchical clustering method that searches for the partition
of a sample (here, the a or d vectors of the QTL) into a given
number (g) of groups so that the within-group sum of squares
is minimal. We considered three possibilities (¢f. Figure 1;
after CHEVERUD ef al. 1997): a homogeneous distribution of
QTL effects (the null hypothesis, g = 1), two groups of QTL
affecting either the anterior or posterior portions of the man-
dible (g = 2), or three groups affecting the anterior, posterior,
or both portions simultaneously (g = 3). We defined the test
statistic as the ratio of the within-cluster sum of squares for
the two- or three-cluster fits to the total sum of squares (a low
value of this measure indicates the improvement of fit for g =
2 or g = 3 over the null hypothesis with g = 1, thus providing
evidence for clusters). For the parametric bootstrap test, we
simulated the null hypothesis of homogeneous distribution
using a multivariate normal distribution with variances equal
to the eigenvalues in the original sample. In each of 10,000
simulation runs, the kmeans clustering was used on a simu-
lated data set corresponding to the number of QTL, and the
P value was computed as the proportion of simulations in
which the test statistic was lower than that for the correspond-
ing level of gin the original sample.

The correspondence over all QTL between the a and d
vectors for the left-right average of shape was assessed using
a permutation test (EDGINGTON 1995). Before the test, we
multiplied the d vector by —1 if the inner product of the a
and d vectors was negative for that QTL (a’'d < 0). The
purpose of this step was to eliminate the direction of domi-
nance (i.e., whether the allele of the LG/J or SM/J strain was
dominant) because it was not relevant for the comparison of
additive and dominance effects on shape. As the test statistic,
measuring the magnitude of covariation, we computed the
sum of squared covariances between a and d vectors. For
each of 10,000 permutation runs, the d vectors were randomly
reshuffled among QTL, and the sum of squared covariances
was computed and compared to the original value.

Comparisons with previous analyses: We compared our re-

sults to two published studies of QTL affecting mandibular
morphology in the same mice (CHEVERUD ¢t al. 1997; LEamY
et al. 1997). LEAMY et al. (1997, Appendix) present univariate
QTL data for all 10 pairwise distances among the same five
landmarks as the present study. CHEVERUD el al. (1997) used
a more extensive set of landmarks and conducted QTL analy-
ses for 21 pairwise distances. Both studies combined QTL
affecting different distances, butlocated close to each other on
the same chromosome, as single loci after univariate analyses.
Because of this “aggregate” nature of QTL and the differences
in analytic techniques used, formal tests of the similarity of
the distribution of QTL through the genome are not feasible
(but see CHEVERUD 2000). We present a tabular comparison
of the QTL locations and the affected parts of the mandible.

RESULTS

Sources of variation in size and shape: Variation
among individual mice contributes by far the biggest
share of the total variation in centroid size, but also
more than half of the total shape variation (Table 1).
Differences in centroid size and in shape between the
left and right mandibles are also highly significant, indi-
cating that directional asymmetry (DA) is present, even
though it is fairly subtle (e.g., for centroid size the left
and right means are 10.23 and 10.15 mm, respectively).
The variance components of the individuals X sides
interaction, representing fluctuating asymmetry (FA),
are somewhat greater than the corresponding DA com-
ponents for both size and shape. The individuals X
sides interaction is highly significant, and its variance
component exceeds that of the error severalfold for
both centroid size and shape. This indicates that mea-
surement error is not a serious problem for the study
of FA in this data set.

QTL for centroid size: The search for QTL affecting
the leftright means of centroid size revealed 12 QTL
on 11 autosomes (Table 2). Chromosome 11 carries 2
of these significant QTL. The LOD scores for all these
QTL except 1 (QTL-C7.1) exceed the 1% chromo-
somewise threshold values, and 10 of the 12 exceed the
5% genomewide threshold value of 3.254. The centro-
meric distance for QTL-C2.1 could not be determined
because recombination between D2Mit]l and D2Mit17
was very near 50% (CHEVERUD et al. 1996). Confidence
intervals for these QTL vary from 8 cM (QTL-C17.1) to
84 ctM (QTL-C7.1), averaging 36 cM (but note that this
average is an underestimate, because all but four of
the confidence intervals are delimited by an extreme
marker).

The proportion of the total variation in leftright
means of centroid size for which the QTL account aver-
ages 5.1% and ranges from 2.2 to 8.8% (Table 2). The
additive genotypic (a) values for all of these QTL are
highly significant and average 0.078 mm, which is small
relative to the mean centroid size of 10.18 mm (standard
deviation = 0.30 mm). All @ values have positive signs,
indicating that the alleles from the Large strain consis-
tently increase the overall size of the mandible. The
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TABLE 1

Analysis of variance for centroid size and shape

Sum of Mean Variance
Source squares d.f. square component % variance
Centroid size
Individuals (1) 216.263 474 0.456%* 744.59 93.48
Sides (S5) 5.253 1 5.253%*
IXS§ 6.744 475 0.0142%* 45.78 5.75
Error 1.142 1874 0.000609 6.09 0.77
Shape
Individuals (1) 1.413 2844 0.000496%* 66.06 64.20
Sides (S) 0.181 6 0.0301%%*
IXS§ 0.286 2850 0.000100%* 31.79 30.88
Error 0.057 11244 5.06 X 107° 5.06 4.92

The analyses for centroid size use the conventional two-factor ANOVA (LEamy 1984; PALMER and STROBECK
1986), while the analyses of shape use the extension using the Procrustes method (KLINGENBERG and MCINTYRE
1998). Sums of squares, mean squares, and variance components are in square millimeters for centroid size
(variance components X 10') and in dimensionless Procrustes units for shape (variance components X 10°).
The percentage contributions (% variance) of each variance component to the total variance also are given.

#P < 0.01.

absolute d values are substantially smaller than the a
values (the average of the absolute d/a ratios is 0.40)
and most are not significant statistically, suggesting that
the action of the QTL for left-right means of centroid
size is predominantly additive in nature. There is one
QTL (QTL-C4.1), however, where the d value is statisti-
cally significant and exceeds the a value (i.e., overdomi-
nance).

Only two QTL, with questionable statistical signifi-
cance, appear to affect signed asymmetry of centroid
size (Table 2). One of these, on chromosome 10, is
located near QTL-C10.1 affecting the left-right mean of
centroid size, whereas the other, on chromosome 11, is
located between two QTL affecting the left-right means.
The LOD scores for both of these putative QTL are
low, only slightly exceeding the 5% chromosomewise
threshold values and well below the 5% genomewide
threshold value of 3.365. These two QTL show statisti-
cally significant @, but not d values (Table 2), although
the a values and percentages of variation contributed
are much lower than the comparable values for the QTL
for left-right means.

Only a single QTL for unsigned asymmetry of
centroid size reached chromosomewise significance, but
also had a LOD score below the 5% genomewide thresh-
old value (3.400), thus making it doubtful statistically
(Table 2). Its a value is comparable to those of the
two QTL for signed asymmetry of centroid size, but in
addition it also displays marked underdominance.

QTL for shape: The leftright means of shape are
affected by 25 separate QTL on 16 of the 19 chromo-
somes (Table 3). Eight chromosomes carry 2 QTL each.
LOD scores exceed the 1% chromosomewise threshold
level for 19 of these 25 QTL, and the 5% genomewide
threshold value of 3.408 for 20 QTL. Their confidence

intervals average 28 cM (but note, again, that this is an
underestimate because many confidence intervals are
truncated at the positions of extreme markers).

Only one QTL was found to affect signed asymmetry
of shape (Table 3). It is located on chromosome 15,
near QTL for centroid size and shape, and its LOD
score exceeds both the 1% chromosomewise threshold
value for this chromosome and the 5% genomewide
threshold value of 3.284 for signed shape asymmetry.
The analyses for unsigned asymmetry of shape suggested
another QTL, on chromosome 12, which shows chromo-
somewise significance, but is associated with a LOD
score less than the 5% genomewide threshold value
(3.160). Therefore, there is good support for a QTL
affecting signed asymmetry of shape, whereas the evi-
dence for the QTL affecting unsigned asymmetry is
merely suggestive.

Because shape is inherently multidimensional, QTL
effects on shape need to be considered in terms of both
their magnitude and spatial patterning. The magnitude
of additive and dominance effects of the 25 significant
QTL for the left-right means of shape vary: the lengths
of the a and d vectors vary about 4-fold, although all of
them are fairly small (Table 3; Figure 2—recall that the
diagrams show the effects amplified 25-fold). For most
of these QTL, the additive effects are greater than the
dominance effects, but the difference is smaller than
that for centroid size. The average ratio of dominance
to additive effects (|[d]|/[lall) is 0.85, and there are only
5 QTL where this ratio is less than 0.5 (and none less
than 1/3). Moreover, for 6 QTL the magnitudes of
dominance effects exceed the additive effects, although
the dominance effect is statistically significant in only
four of these cases. Altogether, dominance appears to
play a greater role for shape than for centroid size.
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_ QTL-SH1.1

e QTL-SH5.1

QTL-SH9.1
. QTL-SH11.2

QTL-SH15.1

QTL-SH2.1

QTL-SH3.1 s\ QTL-SH4.1

Frcure 2.—QTL effects on shape (mean of left and right body sides). For each QTL, the additive effect is shown in the top
diagram and the dominance effect below. In each diagram, the landmarks indicated by the open dots and gray outline represent
the shape for the overall mean configuration, whereas the solid dots and black outline represent the mean shape with the
respective QTL effect added—the QTL effect itself is the change between these two shapes. Because the QTL effects are subtle,
all have been amplified by a factor of 25. Note that the outlines are drawn only to visualize the shape changes and that they are
merely “pushed or pulled along” by the shifts of the landmarks themselves: changes in the outlines should therefore be interpreted

with caution, especially where there are no landmarks (e.g, in the condyle).

The spatial patterns of QTL effects concern the parts
of the jaw that are affected and the directions of land-
mark shifts (Figure 2). Several patterns of change occur
in a number of QTL, indicating that multiple loci affect
similar shape features (Figure 2). One of these patterns
is a relative shift of landmarks 1 and 5 in opposite direc-
tions along the antero-posterior axis, corresponding to
shortening of the coronoid process and lengthening of
the angular process, or vice versa. In many of these
cases, there are only small changes in the positions of
the other landmarks. This type of shape change can
occur for either additive (e.g., QTL-SH3.1, QTL-SH7.2)
or dominance effects (e.g., QTL-SH4.1, QTL-SH19.1).
The fact that the shape changes can occur in either
direction (e.g., the additive effects of QTL-SH7.2 wvs.
QTL-SH10.2) indicates that these shape features are not

specifically associated with the SM/J or LG/J lines. A
second recurrent pattern is relative movement of the
same landmarks (1 and 5) toward or away from each
other, that is, an opposite movement of the coronoid
and angular processes that either expands or contracts
the posterior part of the jaw in dorso-ventral direction.
This pattern is seen, for instance, in the additive effects
of QTL-SH11.2 and QTL-SH12.1 and the dominance
effects of QTL-SH7.1 and QTL-SH10.2.

The dorso-ventral contraction and expansion is also
found in the spatial patterns for the two QTL affecting
shape asymmetry, although it is considerably weaker
(Figure 3; additive effect of QTL-SS15.1 and dominance
effect of QTL-SU12.1).

Multivariate distribution of QTL effects: In the ordi-
nations of QTL effects by principal component analysis,
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S QTL-8815.1 QTL-SU12.1

FiGure 3.—QTL effects on signed (SS) and unsigned (SU)
asymmetry of shape. For explanation of the diagrams, see
Figure 2.

the same two patterns of variation also reappear as the
firstand second principal components (PCs) in separate
analyses of the additive and dominance effects of the
25 QTL (Figure 4). In both analyses, the PCls are associ-
ated with opposite anterior-posterior shifts of the angu-
lar and coronoid processes, and the PC2s are associated
with dorso-ventral expansion or contraction. The PCl
and PC2 together account for 71.5% of the total vari-
ance for a vectors and 69.1% for the d vectors. Most of
the variation in shape effects among QTL is therefore
concentrated in two of the six available dimensions.
The scatter of a and d vectors around their means
does not show any sign of clustering into distinct groups

of QTL in either analysis (Figure 4). The tests for the
partitioning of QTL into either two or three groups by
k-means clustering did not provide evidence for it either:
the null hypothesis of a homogeneous distribution
could be rejected neither for the additive effects (g =
2: ratio of within-cluster to total sum of squares 0.716,
P = 0.92; g = 3: ratio 0.556, P = 0.92) nor for the
dominance effects (g = 2: ratio 0.724, P = 0.97; g =
3: ratio 0.542, P = 0.82). Overall, therefore, variation
appears to be continuous, and there is no evidence for
distinct groups of QTL according to their effects on
mandible shape. The two main patterns (corresponding
to the PC1 and PC2) contribute to the additive and
dominance effects of individual QTL to variable extents
and in variable combinations.

Additive and dominance effects on shape: The addi-
tive and dominance effects of each QTL tend to differ
from each other and do not appear to affect the same
features of shape variation (Figure 2). The permutation
test did not reject the null hypothesis of independence
between additive and dominance effects (sum of
squared covariances = 1.14 X 107% P = 0.074). This
result does not imply that there is no relationship at all
between additive and dominance effects at each QTL,

o006 { A

QTL-SH12.1@ ./

®
0.004 1 QTL-SH6.2
QTL-SH7.2
0.002 { "\
0 @ QTL-SH11.1
o
: e 9

o QTL-SH10.2
~ -0.002
% QTL'SH11-2. _@QTLSH51  QTL-SH10.1 FIGURE 4.—Principal component analysis of
c oL SH122. =y L4 QTL effects on shape. (A) Additive effects. (B)
8_ -0.004 4 e Dominance effects. The diagrams of mandibles
e — e drawn on the PC axes represent the shape
o) -0.008 -0.006 -0.004 -0.002 O 0.002 0.004 0.006 changes corresponding to the PCs: they are con-
et figurations corresponding to the mean (open dots
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because there is a high degree of statistical uncertainty
(recall that many of the dominance effects were not
statistically significant). It clearly does indicate, however,
that additive and dominance effects of a given QTL
are not tightly associated, but tend to occupy different
dimensions of shape space.

DISCUSSION

We have introduced new multivariate techniques to
study the genetic architecture of size and shape. Our
approach differs from previous ones in that it considers
shape as a single multidimensional property of a mor-
phological structure like the mouse mandible. Rather
than extracting a series of scalar traits from the overall
shape and performing univariate analyses on each of
them separately, our approach is based on a single multi-
variate analysis of the entire shape information. While
our results are generally consistent with previous analy-
ses of this data set, we emphasize a number of new
possibilities for further studies.

Comparison with previous studies: Our study has lo-
cated 12 QTL affecting centroid size and 25 QTL affect-
ing shape. This is similar to the putative 34 QTL for
distance measurements identified by LEamy et al. (1997,
Appendix) and the 37 QTL listed by CHEVERUD et al.
(1997; in addition, they reported four unnamed loci
affecting a single distance each). Note, however, that
these numbers of QTL are difficult to compare. On the
one hand, 9 of the QTL for shape lie within or adjoin the
confidence interval of a QTL for centroid size (Tables 2
and 3), which raises the possibility that these may be
single loci with joint effects on both size and shape (a
minimum estimate would thus be a total of 28 QTL).
On the other hand, the previous studies had to combine
QTL from separate analyses of interlandmark distances,
exacerbating the problems with multiple testing that
are inherent in QTL mapping. Unfortunately, these
difficulties preclude a direct comparison of statistical
power between the two approaches (but see CHEVERUD
2000).

The confidence intervals of all 12 QTL for centroid
size contain at least 1 QTL identified in each of the
previous analyses, and the majority of the 25 QTL for
shape also have direct counterparts in the previous stud-
ies (20 in Leamy ef al. and 21 in Cheverud et al; see
Table 4). The QTL for size appear to have more general
effects than the QTL for shape. The counterparts of
our size QTL in the study of LEamMY et al. (1997) affect
an average of 5.5 interlandmark distances and 9 of the
12 involve all five landmarks, while the counterparts of
the QTL for shape affect 3.95 distance traits on average,
and only half of these involve all five landmarks. Like-
wise, in the study of CHEVERUD ef al. (1997), 4 of the
14 QTL that were counterparts to our size QTL were
classified as affecting the whole mandible, whereas only
3 of 23 counterparts to our shape QTL were so classified

(this comparison excludes those QTL that could not be
classified; ¢f. Table 4). Although all these comparisons
must remain informal, they suggest that the results of
our study and the previous ones agree in considerable
detail.

The predominance of QTL with effects on shape is
also consistent with an earlier analysis: only 6 of the
26 classified QTL affected distance measurements
throughout the whole mandible whereas the effects of
the other 20 QTL were confined to specific regions
(CHEVERUD el al. 1997). Perhaps the relatively simple
genetic basis of size reflects the developmental control
of size and its coordination through endocrine mecha-
nisms (e.g., SHEA 1992; BUNGER and HiLL 1999). It is
possible, however, that the diversity of genetic controls
for shape is simply a consequence of the sheer complex-
ity of composite structures. The mouse mandible devel-
ops from several cell populations of distinct embryonic
origins, which engage in an elaborate sequence of inter-
actions, from early patterning events to bone remodel-
ing extending long into the postnatal period (ATCHLEY
and HArLrL 1991; HERRING 1993; FRANCIS-WEST el al.
1998). This complex makeup provides numerous de-
grees of freedom for variation in the proportions and
arrangement of parts, and any gene participating in
these processes has the potential to affect final shape.

Shape effects of QTL: Although the QTL effects on
mandible shape are diverse, our analysis has identified
two features of shape variation recurring in the effects
of many QTL (Figures 2 and 3). They correspond to
shifts of the positions of the coronoid and angular pro-
cesses (landmarks 1 and 5) relative to each other and
to the rest of the mandible in anterior-posterior and in
dorso-ventral directions, respectively. The same patterns
also appear in the first two PCs in separate analyses of
additive and dominance effects (Figure 4), which in
each analysis account for more than two-thirds of the
total variance among QTL. The concentration of QTL
effects on these two landmarks is consistent with an
earlier study reporting that fully half of the QTL for
distances between landmarks had effects that were con-
fined exclusively to the ascending ramus of the mandi-
ble (CHEVERUD et al. 1997).

These patterns of shape variation have a counterpart,
although in a much more extreme form, in the pheno-
types produced by knockout experiments for several of
the genes involved in craniofacial development (re-
viewed by FRANCIS-WEST et al. 1998). For instance, the
angular and coronoid processes of the mandible are
both severely reduced in gene knockouts for goosecoid
(see Figure bB; RIVERA-PEREZ et al. 1995; YAMADA et al.
1995). Comparison of the mandible outlines of wild-
type and goosecoid knockout mice (Figure 5, A vs. B)
shows that the tips of the angular and coronoid pro-
cesses both move in an anterior direction and toward
each other in dorsal-ventral directions. If both the wild-
type and the (smaller) knockout mandible are scaled
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Comparison with the results of two previous QTL analyses of mandible morphology in the same mice

Leamy et al. (1997)

Landmarks
affected CHEVERUD et al. (1997)
No. Distances

QTL of QTL 1 2 3 4 5 affected Names of QTL Subregions affected

Centroid size
QTL-C2.1 1 e o o o 4 QTMAN2-2 Ascending
QTL-C3.1 2 o o o o o 7 QTMANS3-2 Coronoid
QTL-C4.1 1 e o o o o 6 QTMAN4-1 Ascending
QTL-C6.1 1 e o o o o 8 QTMANG6-2 Molar
QTL-C7.1 2 e o o s o 5 QTMANT7-1, QTMANT7-2
QTL-C10.1 1 e o o o o 7 QTMAN10-2 Condylar
QTL-CI11.1 1 o o U 2 QTMAN11-2 Total
QTL-C11.2 1 e o o o 3 QTMANI11-3, QTMAN11-4 Total, Molar
QTL-C13.1 1 o o o o o 8 QTMAN13-1 Coronoid
QTL-C14.1 1 e o o o o 7 QTMAN14-1, QTMAN14-2 Total, Total
QTL-C15.1 1 e o o o o 3 QTMANI15-1, QTMAN15-2  Molar, Condylar
QTL-C17.1 1 o o o o o 6 QTMAN17-1 Molar

Shape
QTL-SH1.1 2 e o o o oo 5 QTMANI-1 Condylar
QTL-SH1.2 1 o o o o o 6 Unnamed molar
QTL-SH2.1 0 QTMAN2-2 Ascending
QTL-SH3.1 1 e o o o o 7 QTMANS3-2 Coronoid
QTL-SH4.1 1 o o o o o 6 QTMAN4-1 Ascending
QTL-SH5.1 1 o o 1 Unnamed coronoid
QTL-SH6.1 1 o o 1 QTMANG-1 Molar
QTL-SH6.2 1 o o o o o 8 QTMANG6-2 Molar
QTL-SH7.1 1 o o o o o 4 QTMANT7-1
QTL-SH7.2 1 * o o o 3
QTL-SH9.1 0 QTMANY-1 Condylar
QTL-SH9.2 0
QTL-SH10.1 1 e o o o 3 QTMAN10-1 Molar
QTL-SH10.2 1 e o o o o 7
QTL-SH11.1 0 QTMANI11-1 Ascending
QTL-SH11.2 1 o o o o 3 QTMAN11-3 Total
QTL-SH12.1 0
QTL-SH12.2 2 o o o o 3 QTMAN12-2, QTMAN12-3  Incisor, Alveolar
QTL-SH13.1 1 o o o o 2 QTMAN13-2 Incisor
QTL-SH14.1 1 e o o o o 7 QTMANT14-2 Total
QTL-SH15.1 1 e o o o o 3 QTMAN15-1 Molar
QTL-SH15.2 1 e o o 2 QTMANI15-2, QTMAN15-3  Condylar, Coronoid
QTL-SH16.1 1 o o . 2 QTMAN16-1 Total
QTL-SH18.1 1 o o o 2 QTMANI18-1 Ascending
QTL-SH19.1 2 o o o o 4 QTMANI19-1 Coronoid, Masseteric

The table lists the QTL from previous studies that lie within the confidence intervals for all QTL for centroid
size and shape identified by our analyses (Tables 2 and 3). For the QTL from Leamy et al. (1997, Appendix),
the table indicates the number of QTL contained in the respective confidence interval, all the landmarks that
define the distances affected by those QTL (¢f. Figure 1), and the number of distances affected. For the QTL
from CHEVERUD ¢l al. (1997), the table names the QTL and lists the subregions of the mandible they affect
(subregions are capitalized for the QTL classified as in the original study, but are in lowercase for QTL affecting
only single distances, which were not named and classified by Cheverud et al.). We included a QTL from a
previous study if its location, or at least some of its range, was within the confidence interval of a QTL estimated
in the present study, but not if it was located exactly at the boundary of the confidence interval.

to the same overall size, the remaining difference is
a net shape change where the coronoid and angular
processes move toward each other primarily in dorsal-
ventral direction, just as we found it in a more subtle

way for several QTL (Figures 2 and 3) and the PC2s of
the QTL effects (Figure 4). Moreover, a study of mouse
chimeras composed of wild-type and goosecoid knockout
cells showed that the severity of the reduction of angular
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Coronoid
A process

Angular
process

C &

F1GURE 5.—Phenotypic effects of gene knockouts on mouse
mandibles. Arrows indicate the main changes of the angular
and coronoid processes. (A) Wild type. (B) Homozygous
goosecoid deficiency (redrawn from YAMADA et al. 1995). (C)
Homozygous DIx5 deficiency (redrawn from DEPEW el al.
1999). (D) Homozygous TGFB2 deficiency (redrawn from
SANFORD et al. 1997). The outlines in A-C are newborn mice,
whereas D is at stage E18.5. The outlines are drawn roughly
to scale (according to the mandibles of wild-type littermates
of knockout mice depicted in the publications).

and coronoid processes is dose dependent (RIVERA-
PEREZ et al. 1999), suggesting that the same develop-
mental processes may affect the mandibular phenotype
to different degrees depending on the level of gene
activity. goosecoid is a possible candidate gene for QTL-
SH12.2, because its position (on chromosome 12 at 52.0
cM centromere distance; MOUSE GENOME DATABASE
2000) is close to the estimated QTL location and well
within the confidence interval. Nevertheless, the statisti-
cal uncertainty of the estimated QTL position makes it
impossible to conclude with confidence that the ob-
served effects are related to this specific gene.

Similar reductions of both the angular and coronoid
processes have been reported from double mutants of
Gli2 and Gli3 (Mo et al. 1997) and, along with other
severe mandibular defects, in knockouts for Prx-1 and
Prx-2 (TEN BERGE et al. 1998; Lu et al. 1999a) and PixI
(LANCTOT et al. 1999). Of these genes, only one is within
the confidence intervals of any of the QTL in our study:
Prx-1 (synonym Pmxl, on chromosome 1 at 85.4 cM
centromere distance, or marker D1Mitl4+4 cM; MoUSE
GENOME DATABASE 2000), which is located near QTL-
SH1.2. However, neither the additive nor dominance
effect of this QTL has a geometric pattern that resem-
bles the knockout effects, which makes this gene less
likely as a candidate for the QTL.

The other recurring pattern of shape variation is a
movement of the angular and coronoid processes in
opposite anterior-posterior directions (Figure 2 and the
PC1 in Figure 4). This pattern can be related to the
phenotypic effects of gene knockouts where either the
angular or coronoid processes are severely reduced,
such as Dix5 (Figure 5C; AcaAMPORA et al. 1999; DEPEW
et al. 1999) and TGFR2 (Figure 5D; SANFORD et al. 1997).
If the configuration of landmarks from a Dix5 mutant

mandible with reduced coronoid process is scaled to
the same size as that of the wild-type mandible, the tip
of the coronoid process will be more anterior than in
the wild-type configuration, but the less affected angular
process will protrude posteriorly beyond the wild-type
configuration, producing an apparent movement of
both those landmarks against each other in anterior-
posterior direction. The reverse applies for the TGFp2
mutant phenotype. Thus independent variation of ei-
ther the angular or coronoid processes can account for
their anterior-posterior shifts relative to one another.
Dix5 (on chromosome 6 at 2.0 cM centromere distance;
Mouse GENOME DATABASE 2000) is a potential candi-
date gene for QTL-SH6.1, which shows this pattern in
its additive effect, but as above, this assignment must
remain tentative because of the statistical uncertainty
of QTL mapping. Although TGFB2 is fairly close to
QTL-SH1.2 (on chromosome 1 at 101.5 cM centromere
distance or marker DIMitl4+14 cM; MousE GENOME
DataBase 2000), the inconsistency between the geo-
metric patterns of QTL effects and knockout phenotype
suggests that it is not a likely candidate gene.

Relating the geometric patterns of QTL effects to
phenotypic changes caused by gene knockouts can pro-
vide a new piece of evidence in the search for candidate
genes. However, because confidence intervals of QTL
extend over sizeable chromosome regions that include
many genes, the support provided by the agreement of
patterns should be interpreted with caution. Perhaps it
is better to think of this evidence as an additional test
for the hypothesis that a particular gene is a candidate
for a QTL: inconsistency of QTL and knockout patterns,
then, is evidence against that hypothesis. However, be-
cause different alleles (and combinations of alleles) can
have different effects, and because epistatic interactions
lead to a dependence on the genetic background, the
geometric patterns can neither implicate nor rule out
a gene conclusively. Increasing the spatial resolution
of the morphometric analysis by including additional
landmarks will make the patterns of QTL effect a more
decisive test of candidate gene hypotheses and can com-
plement improvements in the resolution of linkage
mapping by increasing sample size and marker density.

Gene functions and QTL for asymmetry: Although
only one QTL for asymmetry was well supported statisti-
cally, the presence of QTL for asymmetry has been
shown in previous studies (LEAMY et al. 1997, 1998).
This raises the question whether they also can be related
to the results from knockout studies. An interesting case
of a gene that may provide insight into the genetic
basis of morphological asymmetry is Pitx2, because it
functions both in craniofacial development and in gen-
erating the large difference between left and right lungs
(GAGE et al. 1999; LIN et al. 1999; Lu et al. 1999b). While
participation of the same genes in both processes is not
a necessary condition, it underscores the multiple con-
nections between developmental pathways with widely
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different functions. Accordingly, at least in principle,
these pathways can be responsive to diverse inputs of
positional information, such as leftright differences.
Mice heterozygous for a Pitx2 null allele show, among
other defects, malocclusion of teeth in conjunction with
marked asymmetry of the incisors (GAGE et al. 1999,
Figure 3E). The effects of this null mutation are thus
(partially) dominant, just as in humans, where loss of
one copy of the gene causes a haploinsufficiency condi-
tion, Rieger’s syndrome (Lu et al. 1999b). The role of
nonadditive variation for the genetic basis of fluctuating
asymmetry is also underscored by theoretical modeling
of developmental processes (KLINGENBERG and Nij-
HOUT 1999; KLINGENBERG 2001) and empirical evidence
from QTL studies (LEamy 2001). While these results
may be suggestive, it is clear that the mechanisms that
constitute the genetic basis of morphological asymmetry
require further study.

Multivariate distribution of QTL effects: Recent theo-
ries on the evolution of genetic architecture, based on
the concept of morphological integration (OLsON and
MiLLER 1958), predict that pleiotropic effects of genes
should coincide with the developmental and functional
relationships between structures (CHEVERUD 1984, 1996;
WAGNER and ALTENBERG 1996). Multivariate analyses
of the distribution of QTL effects are a new source
of information, complementing studies examining the
spatial domains of QTL effects (CHEVERUD e/ al. 1997;
Leamy et al. 1999; MEZEY et al. 2000) as an additional
test of these theories.

If the pleiotropic effects of genes reflect functional
relationships of traits, then their phenotypic effects
should form distinct clusters according to function.
CHEVERUD ¢/ al. (1997) reported that 50% of the QTL
had effects that were restricted to the ascending ramus
of the mandible and 27% affected only the alveolar
region, whereas 23% had significant effects in both re-
gions (see also MEzEY et al. 2000). Accordingly, two
clusters of QTL would be expected, one affecting the
alveolar process and the other the ascending ramus,
and perhaps a third cluster with QTL affecting the entire
mandible. However, the variation of shape effects
among QTL shows no evidence of such clustering into
distinct groups, either from the scatter of PC scores
(Figure 4) or from the test for two or three clusters in
the data.

Instead of distinct classes of QTL, the scatter along
the first two PC axes suggests continuous variation in
the degree to which the effects of each QTL corre-
sponded to the two main patterns of shape variation.
Atfirst, this lack of clustering of multivariate QTL effects
may seem at odds with the previous findings of a clear
distinction of QTL affecting different parts of the man-
dible. Even within those groups, however, QTL affect in-
terlandmark distances in various combinations (CHEV-
ERUD ¢t al. 1997, Figure 4), and therefore the groups do
not appear to form monolithic classes. Our multivariate

shape analysis has emphasized the complex nature of
variation among QTL, which needs to be further investi-
gated in more extensive studies using multivariate
methods.

The expectation from theory is that functionally inde-
pendent parts should vary independently among QTL
and therefore should be associated with different PCs.
In this study, the dominant PCs are associated entirely
with variation of the angular and coronoid processes,
which are part of a single functional complex serving
for attachment of the masticatory musculature (e.g.,
ATcHLEY and HALL 1991). Because only one functional
complex is involved, the PCs of QTL effects do not
provide decisive information with regard to hypotheses
on integration. Denser coverage of the mandible with
additional landmarks would likely produce a much
more differentiated picture of morphological integra-
tion in QTL effects. For instance, a study considering
17 landmarks has shown that patterns of phenotypic
variation in shrew mandibles reflect the insertion of
individual muscles (BADYAEV and ForesmMaNn 2000).

Additive and dominance effects: For centroid size, the
estimates of dominance effects are substantially smaller
than the corresponding additive effects, whereas for
shape, the dominance effects are nearly as large, on
average, as the additive effects of the same QTL (¢f.
Tables 2 and 3). For 6 of the 25 shape QTL, dominance
effects even were greater than the additive effects. That
the dominance effects on shape were statistically sig-
nificant for only 6 QTL, however, may be surprising
given their magnitudes and is a reminder of the limited
statistical power for detecting dominance. Itis therefore
necessary to interpret the results with some caution.

If localized expression and developmental functions
of genes are causing the geometric patterns of QTL
effects, then one would expect that the additive and
dominance effects of each QTL should have similar
spatial patterns. For most QTL, however, the additive
and dominance effects on shape are markedly different
(Figure 2) and can even affect entirely separate parts
of the mandible (e.g., QTL-SH11.1). The permutation
test did not show a statistically significant association
between additive and dominance effects, although the
P value of 0.07 may still be taken as evidence, albeit
weak, against the null hypothesis of total independence.
It is clear, however, that the vectors of additive and
dominance effects of each QTL are not collinear; that
is, they tend to point in different directions of shape
space.

Dominance is measured as the difference between
the genotypic values of the heterozygote and the average
of the two homozygotes (e.g., FALCONER and MACKAY
1996). In univariate studies, dominance necessarily im-
plies that the heterozygote is more similar to one of the
homozygotes than to the other (in the case of overdomi-
nance or underdominance, the heterozygote is more
extreme than either homozygote). In the present multi-
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variate context, however, genotypic values are not con-
strained to be arranged along a single line and so are
free to vary in features located in orthogonal directions
of shape space (e.g., shifts of different landmarks or
shifts in different directions). Thus the points represent-
ing the average shapes of the two homozygotes and the
heterozygote can form a triangle in a multivariate shape
space. Half the length of the baseline between the two
homozygotes stands for the additive effect, and the line
from the midpoint of this baseline to the heterozygote
is the dominance effect. If the additive and dominance
effects point in different directions, as in the present
study, then the heterozygote will be at some distance
from the baseline. The greater this distance from the
baseline, the more the heterozygote will show shape
features that neither homozygote has, and therefore it
exhibits overdominance.

It is not clear what this sort of overdominance in a
multidimensional context implies for the maintenance
of genetic variation in populations under selection for
shape. This depends on the magnitudes and directions
of the vectors of additive and dominance effects. Theo-
retical studies of the consequences of this multivariate
concept of genetic architecture on evolutionary dynam-
ics are clearly warranted, and the multivariate distribu-
tion of additive and dominance effects needs to be fur-
ther investigated empirically in this and other study
systems.

Geometric morphometrics and QTL mapping: Over-
all, the results of our study using geometric morphomet-
rics are consistent with those of QTL analyses of multiple
interlandmark distances. However, geometric morpho-
metrics makes it easy to present the output of statistical
analyses in a graphical form that relates immediately to
the morphological structures at hand. For instance, it
makes possible a direct comparison of the geometric
pattern of QTL effects to phenotypes produced by gene
knockout experiments and thus provides additional evi-
dence for evaluating the hypothesis that a particular
gene is a candidate for a given QTL. More importantly,
this method offers a new perspective because it treats
shape as a single, but multidimensional, phenomenon
(a corresponding treatment of morphology based on
interlandmark distances is possible in principle, but
rarely used). This allows the study of variation among
QTL in terms of the multivariate distribution of their
phenotypic effects and offers new tests, for instance,
for theories of morphological integration. Moreover, if
additive and dominance effects are considered as vec-
tors in a multidimensional shape space, it follows that
overdominance in certain features of shape is normally
to be expected, possibly with important implications
for the maintenance of variation in populations under
selection. The use of geometric morphometrics in the
context of QTL analyses therefore provides new possibil-
ities for studies at the interface of evolutionary and
developmental genetics.
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