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2,3,7,8-Tetrachlorodibenzo-p-dioxin affects
fluctuating asymmetry of molar shape in mice, and
an epistatic interaction of two genes for molar size

JM Keller, DE Allen’, CR Davis? and L] Leamy

Department of Biology, University of North Carolina at Charlotte, Charlotte, NC, USA

Fluctuating asymmetry (FA), random variation between left
and right sides in a bilaterally symmetrical character, is a
commonly used measure of developmental instability that is
expected to increase with increasing environmental stress.
One potential stressor is 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), a powerful toxicant known to disturb tooth develop-
ment. In this study, mice in the F, generation produced from
an intercross between two inbred strains (C57BL/6J and
AKR/J) were exposed in utero to TCDD. We hypothesized
that TCDD would increase FA in the molars of exposed mice
over that of the control mice. In addition, we hypothesized
that we would discover genes for molar size, shape or
asymmetry whose expression would be affected by TCDD.
We detected a very small, but significant, increase in FA of
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Introduction

Developmental stability (DS) is the ability of a particular
genotype to produce a consistent phenotype in a
particular environment despite random perturbations
during development (Palmer, 1994). Thus reduced DS,
or increased developmental instability (DI), results in a
greater deviation from the expected phenotype within a
given environment (Palmer, 1994). A common measure
of DI is fluctuating asymmetry (FA), or variation in the
unsigned differences between the left and the right sides
of a bilateral trait (Palmer, 1994). It has been proposed
that environmental toxins and pollutants may disrupt
development and therefore increase FA (Palmer, 1994).
This result has been supported by many (see Leamy and
Klingenberg, 2005), although not all, studies (Allen and
Leamy, 2001; Davis et al., 2002).

One reason for the popularity of FA as an indicator of
environmental stress has been its presumed origin from
random developmental variation (Palmer, 1994; Palmer
and Strobeck, 2003). A number of genetical studies of FA
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molar shape (but not size) in the TCDD-exposed mice
compared to the control mice, although molar size and shape
did not differ between these groups. Although we did not
uncover any genes that acted differently in the TCDD
exposed and control groups, we did identify two genes
whose dominance by additive epistatic effect on molar size
was affected by TCDD. We concluded that although TCDD
may be affecting the expression of some genes governing
the development of molars in our population of mice, FA of
molar size and shape is not a particularly sensitive indicator
of this effect.
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have shown that its heritability is typically very low or
zero (Leamy and Klingenberg, 2005) and have detected
few quantitative trait loci (QTL) for FA (Klingenberg
et al., 2001; Davis et al., 2002; Leamy and Klingenberg,
2005). However, some mutations have been found that
increase FA (Leamy et al., 2001; Leamy and Klingenberg,
2005). It is also possible that FA in a given trait may be
affected by one or more genes responsible for the normal
development of that trait (Klingenberg and McIntyre,
1998), especially in a stressful environment (Leamy and
Klingenberg, 2005). In fact, Davis et al. (2002) recently
discovered a QTL for mandible shape whose effects on
FA of mandible shape differed depending on whether
or not the mice were maternally exposed to 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD). This was despite
the fact that no QTL for FA itself was found (Davis et al.,
2002) and there was no significant difference detected in
mandible size or shape FA between treated and control
mice in the same population (Allen and Leamy, 2001).
TCDD is a potent environmental toxicant that is
released during high temperature combustion common
in certain industries (Birnbaum, 1994). TCDD is found
naturally in animal fat and can bioaccumulate in animal
tissues such as those in the mammary glands (Birnbaum,
1994; Partanen et al., 1998). Most effects of TCDD occur
when it binds to the aryl hydrocarbon receptor (AHR), a
ligand-activated transcriptional regulator controlled by
the Ahr locus (Birnbaum, 1994). Once TCDD is bound to
AHR, this complex migrates to the nucleus where it
dimerizes with the AHR nuclear translocator, or ARNT.
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The ligand—AHR-ARNT complex is capable of binding
to a number of dioxin responsive elements on DNA
upstream from several genes, altering their affinity for
transcription factors and thus their rate of transcription
(Whitlock, 1999). As a consequence, even very low (non-
toxic) levels of TCDD produce developmental deformi-
ties ranging from cleft palate to kidney abnormalities and
gonadal atrophy (Birnbaum, 1995). Although the action
of TCDD appears to be species-, strain- and even tissue-
specific (Birnbaum, 1995), tooth development is particu-
larly sensitive to its effects in humans, rats and mice
(Alaluusua et al., 1993; Partanen et al., 1998).

The population of mice analyzed by Allen and Leamy
(2001) and Davis et al. (2002) seemed ideal for a follow-
up study aimed at comparing FA in tooth traits in the
treated and control groups. Although Allen and Leamy
(2001) did not detect differences in mandible FA in mice
exposed versus those not exposed to TCDD, it seemed
worthwhile to test for the effects of TCDD on molar FA.
Our working hypothesis was that the in utero exposure of
these mice to TCDD would increase FA in molar size
and shape over that for mice not exposed to TCDD. In
addition, based on the work by Davis et al. (2002), we
hypothesized that we would find genes whose expres-
sion on molar size, shape or asymmetry would be
affected by TCDD.

Materials and methods

Population
The mice evaluated in this study were members of the F,
generation derived from an intercross between the AKR/
J and C57BL/6] inbred strains of mice (Allen and Leamy,
2001). The study population consisted of the offspring of
pregnant F; mothers that received one of four different
treatments on gestation day 9 (GD9, where GDO was
indicated by the presence of a vaginal plug). One
treatment group (T1) consisted of mice reared from F;
mothers who received a dose of 1ug TCDD/kg body
weight whereas the second treatment group (T2)
consisted of mice whose mothers received 0.5ug
TCDD/kg body weight. Both treatments were delivered
in a toluene/corn oil vehicle via oral gavage. The first
control group (C1) was reared from mothers who
received a dose of toluene/corn oil equivalent to that
given to mice in the T1 group. The second control group
(C2) received no treatment (Allen and Leamy 2001).
The TCDD dosages (1 and 0.5ug/kg) were chosen
because doses as low as 1ug TCDD/kg caused kidney
nephrosis in mice (Moore et al., 1973) but were otherwise
non-toxic (Allen and Leamy, 2001). Allen and Leamy
(2001) hypothesized that even such low doses of TCDD
would influence the development of asymmetry in
mouse mandibles. The F; mothers were dosed on GD9
because bone development begins at that time in mice
(Kaufman, 1992). This dosing schedule also seemed
appropriate for evaluating the effects of TCDD on molar
traits because the first signs of tooth development in
mice are visible on GD11 (Cobourne and Sharpe, 2003).
All F, offspring produced from these matings were
weaned at 19 days of age and were separated by sex at 30
days of age (Allen and Leamy, 2001). At 60 days,
approximately five mice from each litter were weighed,
killed and skeletonized using dermestid beetles. In addi-
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tion, a tail clip from each mouse was stored at —80°C for
DNA extraction and microsatellite genotyping. After
eliminating individuals with missing or broken jaws or
teeth, approximately 100 mice per group remained
(n=415). Each group contained approximately equal
numbers of males and females. All procedures involving
the rearing and treatment of animals were approved by the
Institutional Animal Care and Use Committee at the
University of North Carolina at Charlotte.

Genotyping

Previously, Davis et al. (2002) extracted DNA from tail
clips of mice in this population and genotyped two
microsatellite loci, D12Mit112 and D11Mit258. D12Mit112
was chosen because it is closely linked to the Ahr locus
on chromosome 12, the locus that produces AHR to
which TCDD binds and initiates the signaling pathway
resulting in TCDD’s manifold effects (Birnbaum, 1994).
D11Mit258 was chosen because it is located on chromo-
some 11 near a QTL previously found to affect mandible
development (Klingenberg et al., 2001). Samples of the
DNA from this population were stored at —20°C and
were available for use in this investigation.

We chose three additional polymorphic microsatellites
on chromosome 12 (D12Mit214, DI12Mit105 and
D12Mit101) that, when combined with the existing data
for D12Mit112, gave adequate coverage for a QTL scan of
this chromosome. Each mouse was genotyped at each
marker to determine if the individual was homozygous
for AKR/J (AA) or C57BL/6] (BB) alleles, or hetero-
zygous (AB). The microsatellite regions were amplified
using the standard protocols and primers supplied by
Research Genetics (Huntsville, AL, USA). The resulting
polymerase chain reaction (PCR) products were sepa-
rated and visualized using 2.5% agarose gel electro-
phoresis and ethidium bromide staining. Although some
of the data were unavailable owing to missing DNA
samples or PCR products that could not be resolved on
the gel, an adequate sample size (1n=2396-397) was
obtained for all three polymorphic microsatellite loci.

Molar size and shape traits

Left and right molar rows in each mouse were magnified
using an Olympus SZ60 microscope with a Hitachi KP-
(550 video camera attached so that the image could be
viewed on a computer monitor. The mandibles were
placed upright to view the dorsal surface of the molar
row for image capture. A total of nine landmark points
on each molar row (Figure 1) were digitized via the
Measurement TV program. The nine landmarks yielded a
total of 18 coordinate (x, y) values for both left and right
mandibular molar rows. After completing a single round

Figure 1 Locations of the nine landmarks digitized on the
mandibular molar rows.



of measurements on the entire sample, a second set of
coordinates was recorded.

The 18 coordinates obtained from the digitizing
process were used to create molar size and shape traits.
The centroid size (the square root of the sum of the
squared distances between each landmark point and the
mean of the x and y coordinates of all landmark points)
was our measure of the size of each molar row. In
addition, 18 shape variables were calculated using the
Procrustes method, a four-step process that reflects one
molar row of a pair and then scales, superimposes and
rotates each image to obtain the best fit between the right
and left sides of an individual (see Klingenberg and
McIntyre, 1998). This process reduces the number of
degrees of freedom by four, which for our sample,
resulted in a total of 14 (18-4) Procrustes degrees of
freedom. Because these shape variables collectively
define a multivariate shape trait, variation in any one
of the coordinates is only one part of the change in the
entire shape, and shape is therefore best expressed using
figures which depict the magnitude and direction of
change at each of the landmarks (Klingenberg and
MclIntyre, 1998). The mean of the left and right sides of
each individual was calculated for centroid size and all
18 shape variables for use in assessment of molar size
and shape differences.

Assessment of asymmetry and measurement error
The existence of significant molar size asymmetry was
assessed using a mixed model two-way analysis of
variance (ANOVA) (Palmer, 1994). In this model, the
random factor, individuals (I), is used to assess the
variation among mice (d.f. =n-1 where 7 is the number
of mice). The fixed factor, sides (S), assesses directional
asymmetry (DA) (the presence of a consistent difference
between the two sides of a bilateral trait; d.f.=1). The
interaction (I x S; n—1 d.f.) evaluates the presence of FA.
The error assesses the difference between replicate
measures (Palmer, 1994). Mean squares (MSs) for
individuals and for the interaction were tested over the
error MS but the MS for sides was tested using the
interaction MS (Sokal and Rohlf, 1995). A significant
interaction indicates that FA is greater than can be
explained by measurement error alone. In order to assess
the contribution of each random factor to the total
variation seen in molar centroid size, variance compo-
nents also were calculated for individual, individual x
side and error (Palmer, 1994; Davis et al., 2002).
Although molar size traits were evaluated using a
conventional ANOVA, molar shape was evaluated using
a Procrustes ANOVA (Klingenberg and McIntyre, 1998;
Davis et al., 2002). The sums of squares in a Procrustes
ANOVA are equal to the sum of the individual sums of
squares for each of the (18) multivariate shape variables
and the degrees of freedom are equal to the degrees of
freedom of each trait multiplied by the Procrustes degrees
of freedom, or 14 in this case (Allen and Leamy, 2001;
Klingenberg et al., 2001). The variance components for
molar shape were calculated from the means of the
variance components for the 18 individual shape variables.

Molar asymmetry traits
The means of the two replicate measures of each of the 19
variables (centroid size and the 18 shape variables)
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calculated above were used to create FA values for both
the size and the shape of the molar row. To accomplish
this, we first standardized the mean of the left minus
right side differences (L—R) in each of the four groups to
zero (Palmer, 1994) to adjust for any DA present. As the
(L—R) values of all groups exhibited normal distribu-
tions, no antisymmetry was present in the population
and these differences within each group were attribu-
table to FA (Palmer, 1994). After correcting for DA, FA of
molar size was calculated as the absolute value of the
difference between the right and left values for centroid
size (Palmer, 1994). In order to evaluate potential scaling
effects on FA, the values obtained for molar size FA were
regressed on molar centroid size. No significant scaling
effects were detected and thus no further adjustments
were made for our measure of molar size FA.

A single measure of FA of molar shape was calculated
using a new method suggested by Klingenberg and
Monteiro (2005); see also Leamy et al. (2005). First, we
obtained the signed differences of sides (L—R) for all 18
Procrustes values, and adjusted them for DA as before.
We then ran a principal components analysis of the
covariances of these differences, and standardized the
component scores for the 14 components with non-zero
eigenvalues by dividing each score by the square root of
its appropriate eigenvalue. Finally, molar shape FA
values were calculated for each mouse from the square
root of the sums of squares of these standardized
component scores. This approach allowed us to employ
univariate rather than multivariate statistical methods
for the analysis of shape FA. For purposes of comparison,
an alternate measure of shape FA was calculated by
Procrustes distances obtained for each individual from
the square root of the sums of squares of the differences
between left and right sides of the 18 Procrustes shape
variables.

Statistical adjustments

Before the assessment of the effects of environment
(TCDD) and genotype on the molar characters, potential
differences owing to sex and litter size were evaluated.
No significant effects owing to litter size were detected,
so this variable was eliminated from the analysis.
However, sex significantly affected molar centroid size
(although no sex by genotype interactions were de-
tected). To simplify the final statistical analysis, therefore,
we eliminated differences between the two sexes for
centroid size by adding the residuals from a regression to
the grand mean of centroid size.

As was performed previously (Allen and Leamy, 2001;
Davis et al., 2002), we used orthogonal comparisons to
test both for differences in the molar traits between the
two treatment groups and for differences between the
two control groups. We used a mixed-model ANOVA in
which group was a fixed factor and litter (nested within
group) was a random factor. Litter was included in these
analyses to adjust for possible differences among litters
caused by maternal effects or other environmental
factors. Owing to its multivariate nature, molar shape
was evaluated using a multivariate ANOVA (MANOVA)
of the same design. The sequential Bonferroni procedure
was used to evaluate significance where required to keep
the experiment-wise error rate at 5% (Sokal and Rohlf,
1995). No significant differences between the two control
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groups or between the two treatment groups were
detected. Because of this, we were able to pool groups,
forming a single treatment group and a single control
group, and test for differences between these two groups
using the same ANOVA (univariate traits) or MANOVA
(shape) model just described (see also Allen and Leamy,
2001).

Single marker analysis of chromosome 11

A mixed-model ANOVA (Sokal and Rohlf, 1995) was
used to evaluate single marker (D11Mit258) genotypic
effects and environmental (TCDD) effects on molar
size and FA of molar size and shape. In this model,
environment is a fixed effect with two levels (1d.f;
treatment and control), genotype is a fixed -effect
associated with the three possible genotypes at this locus
(2d.f.; AA, AB and BB), and litter is a random effect
nested within environment. A significant genotype
effect is suggestive of a QTL located near DI11Mit258.
A significant environment effect indicates that the
treatment and control groups differ and thus that TCDD
is affecting the development of the trait. For FA of molar
size and shape, environmental effects were evaluated for
significance with one-tailed tests as it was hypothesized
that FA would increase in the TCDD-treated group,
although we also noted results for two-tailed tests (see
below). A significant genotype by environment interac-
tion implies that the effect of the QTL associated with
D11Mit258 depends on whether or not TCDD was
present. A significant litter effect indicates that there
are differences among litters within the environments.
Environment effects were tested using litter as the error
term, but all other factors were tested over the error. A
MANOVA of the same design was used to evaluate
molar shape.

QTL mapping and analysis

We used interval mapping procedures (Haley and Knott,
1992) to search for QTL on chromosome 12 (C12). To
accomplish this, additive genotypic index values of 1, 0,
—1 and dominance genotypic index values of —0.5, + 0.5,
—0.5 were assigned to the three different genotypes (AA,
AB, BB, respectively) at each of the four markers on C12.
Map distances between markers were determined using
Mapmaker 3.0 (Lincoln et al., 1992) and genotypic index
values were calculated (Haley and Knott, 1992) at 2cM
intervals between markers on C12. Associations between
the additive and dominance genotypic index values at
each location and each of the molar traits were assessed
using a canonical correlation procedure (Leamy et al.,
1999b). Probabilities from these associations were used to
calculate likelihood of odds (LOD) scores for each 2cM
location across C12 (Leamy et al., 1999b). The highest
LOD score for each molar trait was considered significant
if it exceeded a calculated threshold value (Cheverud,
2001). The highest significant LOD score was taken to be
suggestive of a QTL at that chromosomal location.
Support intervals for each QTL were determined by a
1.0 drop in LOD scores on either side of the putative QTL
(Lynch and Walsh, 1998).

Once a single QTL was found, a two-QTL model was
used to test for the presence of a second QTL on C12. In
this model, canonical correlations were used to assess the
association between the molar trait and the additive and
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dominance genotypic values for every possible pair of
locations on C12. The difference between the highest y?
value obtained using the one QTL model and the highest
y*> value obtained using the two QTL model was
compared to the critical x> value for 2d.f. for centroid
size or 28 d.f. for shape. If the difference between the two
models exceeded the critical value, two QTL were
presumed to be present (Leamy ef al., 1999b).

Additive and dominance genotypic values of any QTL
located were estimated from the partial regression
coefficients calculated via multiple regressions of each
molar trait on the genotypic index values at that site
(Haley and Knott, 1992). The additive genotypic value ()
at each locus is equal to one half the difference between
the means of the two homozygotes ((AA-BB)/2), and the
dominance genotypic value (d) for each locus is equal
to the difference between the mean of the hetero-
zygotes and the midpoint of the two homozygotes
(AB—(AA +BB)/2). For the wunivariate traits, these
regressions produce estimates of the a and d values,
their standard errors and the percentage of variation
explained by the QTL. However, for shape, the regres-
sion results in a series of vectors containing 18 a and d
values that possess both magnitude and direction. These
vectors were used to calculate additive (|al|) and
dominance (||d||) shape effects in units of Procrustes
distance (Klingenberg et al., 2001). Multivariate regres-
sion of the shape traits on the additive and dominance
index values was used to evaluate the significance of
these shape effects. The effects of shape QTL were
visualized using diagrams which depict the magnitude
and direction of change in shape at each landmark (e.g.,
see Workman et al., 2002).

Gene-by-environment interactions were tested using
canonical correlation of each of the molar traits with the
interactions between the environment and the additive
and dominance genotypic values, partialing the effects of
the environment and the two genotypic scores. LOD
scores were calculated for all interactions, and evaluated
for significance using the same threshold value described
previously. A significant LOD score from this analysis
indicates that TCDD exposure affects the expression
(additive or dominance effects) of a QTL in that region of
chromosome 12.

Analysis of epistatic effects

To test for epistatic effects between any QTL discovered
on chromosomes 11 and 12, D11Mit258 genotypic index
values were merged with the genotypic index values for
the QTL on C12 and the molar phenotypic data. Using
the canonical correlation approach described by Wolf
et al. (2005), correlations of the molar traits with the four
independent interactions of additive and dominance
genotypic index values (additive by additive (aa),
additive by dominance (ad), dominance by additive (da)
and dominance by dominance (dd)) were calculated,
partialing out the four main effects (additive and
dominance index values for both QTL). The significance
of epistasis for the molar traits was indicated by the
probabilities associated with F approximations to the
Wilks Lamba statistic generated from the canonical
correlation analyses. We used the conventional 5%
significance level without adjustment for multiple
comparisons problems as the QTL for epistasis testing



were chosen without any knowledge of potential
epistatic effects (see Leamy et al, 2005). Multiple
regression was also used to estimate the four genotypic
epistatic terms (aa, ad, da and dd) for each QTL pair.
Epistasis was considered significant if any of the ¢-tests
for these individual epistatic components reached the
0.5/4=0.0125 probability level even if the F test for
overall epistasis was not significant.

If a significant epistatic interaction was found, we
tested whether this interaction differed in the treatment
and control groups using canonical correlation of that
molar trait with the three-way interactions of the index
scores for the C11 and C12 QTL and the environment,
partialing out all main effects. The conventional 5% level
of significance was used to test whether the effect of the
interaction between QTL on C11 and C12 affecting the
molar trait differed depending on whether or not TCDD
was present.

Resulis

Preliminary analysis
The results of the two-way ANOVAs for the replicate
measures of molar centroid size and molar shape
showed that the largest contribution to the total variation
in each case was due to differences among individuals
(78% for molar centroid size, 43% for molar shape). MSs
for sides also significantly influenced both molar size
and shape, suggesting that some DA exists in both of
these molar traits. More importantly, both interaction
MSs were highly significant, indicating that FA exists for
molar centroid size and molar shape. FA contributed
approximately 11% of the size variation and almost 23%
of the variation in shape. Measurement error was
assessed by the variation between the replicate measures
and accounted for approximately 11% of the variation in
molar size and 35% of the variation in molar shape.
Table 1 lists the means and standard deviations for
molar centroid size and FA of molar centroid size and
shape for the pooled treatment and the pooled control
groups. Centroid size does not differ significantly
between groups, with each group having a mean
centroid size of approximately 2.81mm. Similarly,
MANOVA results showed that molar shape did not
differ significantly between groups. The means of
centroid size FA are similar for both groups (Table 1)
and do not differ significantly. However, shape FA does
differ significantly between groups (P=0.019 in a one-
tailed test, P =0.038 in a two-tailed test), with the mean
of the treatment group (3.74) slightly exceeding the mean

Table 1 Means and s.d. for molar centroid size and FA of centroid
size and shape

Treatment Control
Mean s.d. Mean s.d.
Centroid size 2.810 NS 0.048 2.814 0.043
Centroid size FA 0.024 NS 0.015 0.026 0.017
Shape FA 3.743* 0.809 3.568 0.704

Abbreviations: FA, fluctuating asymmetry; NS, nonsignificant;
s.d., standard deviation.
*P<0.05.
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of the control group (3.57). The mean for the Procrustes
distance measure of shape FA also was higher in the
treatment group (0.32) compared to the control group
(0.30), and the difference between these two means was
statistically significant (P=0.035 in a one-tailed test).
In summary, TCDD has acted to cause a small, but
statistically significant, increase in FA of molar shape,
although it apparently has not affected any of the other
molar traits.

C11 analysis

ANOVA using the C11 marker and the environment as
factors showed that the C11 genotype was not significant
for any of the univariate molar traits (molar centroid size
and FA of molar size and shape). This suggests that there
is no QTL near the D11Mit258 marker affecting any of
these traits. Environmental (TCDD) effects showed the
same pattern as already seen in Table 1: significance for
shape FA but not for molar centroid size or FA of
centroid size. The genotype x environment interaction
did not reach significance for any of these molar traits,
although there was a highly significant litter effect on
molar centroid size (P =0.003).

The results of the MANOVA for molar shape indicated
a highly significant (F =3.37, d.f. =14, P <0.01) difference
in molar shape among the DIIMit258 genotypes,
suggesting that there is a QTL somewhere on C11
(QTL-SH11) that influences molar shape. There were no
significant effects owing to environment or the geno-
type x environment interaction however, thus there is no
evidence that TCDD affects the expression of QTL-SH11
on molar shape. The overall additive (||a|) and dom-
inance effects (||d||) of QTL-SH11 were calculated in units
of Procrustes distance as described previously, with
additive effects being positive (0.00421) and greater than
dominance effects (0.00336).

Figure 2 depicts changes in the relative positions of all
landmarks owing to QTL-SH11 as bars drawn from the
mean of the landmark to the location of the mean plus
the additive (or dominance) effect. Because of the
subtlety of the changes, the effects have been multiplied
by a factor of 25. The additive effects of this QTL appear
to be acting primarily on the medial/lateral orientation
of the molar row, particularly at landmarks 3, 6, 8 and 9.
Landmarks 3 and 9 are being shifted laterally, whereas
landmarks 6 and 8 are shifted medially. The dominance
effects appear to be spread more uniformly across the
molar row. However, the greatest effects are still seen on
the second and third molars, specifically at the positions
of landmarks 4, 5, 6 and 7. As with additive effects, the
medial/lateral orientation of the landmarks appears to
be most affected. Landmarks 4 and 7 are shifted laterally,
whereas landmarks 5 and 6 are shifted medially.

C12 analysis

For chromosome 12, no QTL were detected for FA of
molar shape or FA of molar centroid size. However, the
LOD score (3.606) associated with a QTL for molar
centroid size reached 1% chromosome-wise significance
(Table 2). This QTL, designated QTL-CS12, accounts for
about 4.21% of the variation in molar size. Alleles at this
locus exhibit significant additive effects (2=0.0144,
P<0.001; d=-0.0004, P>0.05), with the AKR/] allele
increasing molar centroid size.
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Figure 2 Additive and dominance effects of QTL-SH11 and QTL-SH12 on molar shape. Changes in the relative positions of all landmarks
owing to each QTL are depicted as bars drawn from the mean of the landmark to the location of the mean plus the additive or dominance
effect. Additive effects (a) are shown in the left column whereas dominance effects (d) are shown in the right column. All effects are scaled by
a factor of x 25.

Table 2 Locations and one-LOD support intervals of QTL for molar size (QTL-CS) and molar shape (QTL-SH)

QTL LOD Proximal marker Marker distance Marker support interval Additive effects Dominance effects
QTL-CS12 3.606** D12Mit214 4 D12Mit112+6—D12Mit214+4 0.0144** —0.0004
QTL-SH12 3.157* D12Mit105 0 D12Mit105+0—D12Mit105+14 0.0024** 0.0040**

Abbreviations: LOD, logarithms of odd; QTL, quantitative trait loci.
Locations of the QTL and their support intervals are given in terms of the distance in cM from the nearest proximal marker. Additive and

dominance effects were obtained from multiple regressions.
**P <0.01 in chromosome-wide significance tests.

Interval mapping of chromosome 12 also uncovered
one QTL for molar shape (QTL-SH12) whose LOD score
(3.157) reached 1% chromosome-wide significance
(Table 2). For this QTL, the |d|| value (0.0040) is greater
than the [la| value (0.0024), indicating overdominance.
The additive effects are generally small and occur
primarily on the second and third molars; specifically
at landmarks 4-8 (see Figure 2). The largest additive
effect is seen at landmark 7, which moves posteriorly.
Dominance effects of QTL-SH12 are seen at most land-
marks, with the greatest effects occurring on the second
molar at landmarks 4, 7 and 8. The effects of this QTL act
primarily to shift landmarks 4 and 8 in an anterior
direction and landmark 7 in a posterior direction.

No significant results were obtained in tests of the
effects of TCDD on C12 QTL (including QTL-CS12 and
QTL-SH12) for any of the molar traits. Therefore, there is
no evidence that TCDD influences the expression of any
of the C12 QTL on the molar traits.

Epistasis analysis

None of the LOD scores testing for overall epistasis
between QTL-SH11 and each of the two QTL discovered
on C12 reached significance for any of the molar traits.
However, a single dominance by additive (da) epistatic
component for the QTL-SH11 by QTL-CS12 interaction
was significant (P =0.005) for molar centroid size. This
suggests that at least one of the components of epistatic
interaction between these two QTL affects molar size. We
tested whether this da interaction differed in the TCDD
and control environments, as previously explained, and
in fact this test also reached significance (P =0.007). Thus
the epistatic interaction between the two QTL affecting
molar size varies depending on whether the maternal
environment did or did not contain TCDD.
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The effects of the dominance by additive epistatic
interactions of these two QTL in the two environments
are depicted in Figure 3. One noticeable difference in the
epistatic effect of the two QTL is seen in the interaction of
the BB genotype of QTL-SH11 with QTL-CS12. As shown,
the average molar size of QTL-SHI11 BB individuals
increases with TCDD exposure when they are hetero-
zygous at the QTL-CS12 locus, but decreases when they
are homozygous for either allele at that locus. In
addition, QTL-SH11 demonstrates underdominance (het-
erozygotes less than either homozygote) for QTL-CS12
AA individuals in the control environment but not in the
TCDD environment.

Discussion

Evaluation of TCDD effects

One of the primary goals of this study was to evaluate
the effects of TCDD exposure on FA of molar size and
shape in mice. As FA is thought to be a sensitive
indicator of DI and TCDD is known to be a potent
environmental toxicant, we hypothesized that in utero
exposure to TCDD would reduce DS in mice and that
this would be reflected in higher molar FA in the exposed
mice. Significantly greater molar shape FA was detected
in TCDD-treated mice compared to untreated controls,
although the magnitude of this effect was small.

Allen and Leamy (2001) did not detect differences in
mandible FA in this same population of mice, casting
doubt on the usefulness of FA as a universal measure of
DI. However, it has been increasingly recognized that the
effects of various stressors on DS are trait specific
(Indrasamy et al., 2000). The significant effect of TCDD
on FA of molars but not mandibles may have been a
consequence of the well-documented sensitivity of tooth
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Figure 3 Dominance-by-additive epistatic interaction between
QTL-SHI1 and QTL-CS12 affecting molar centroid size in TCDD
(a) and control (b) environments.

development to TCDD (see Alaluusua et al., 1993;
Partanen et al., 1998).

Bone’s ability to remodel after initial development,
particularly with heavy use (Nomura and Takano-
Yamamoto, 2000; Garland and Freeman, 2005), may
make mandibles (and other such bones) less suitable
traits for the assessment of FA than teeth (Saunders and
Mayhall, 1982), which do not change after their initial
formation. It is possible that the subtle effects on FA that
occur during development are masked by later remodel-
ing, whereas gross changes, such as changes in size and
shape, are not as readily eliminated. Changes in FA could
also be obscured if the normal variance between sides is
sufficiently high owing to remodeling that the power to
detect the more subtle changes caused by low levels of
TCDD is reduced. This may explain why Leamy et al.
(1999a) did not detect differences in mandible FA in mice
treated with methoxyclor despite detecting changes in
the size of various mandible traits. Pankakoski et al.
(1992) were able to detect increased mandible FA in
shrews owing to heavy metal exposure, but these
animals were taken as adults from an area of heavy
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metal contamination and presumably had been continu-
ally exposed to this stress throughout their lives. Other
stressors which lead to detectable changes in mandible
FA, such as inbreeding (e.g., see Leamy et al., 2001), are
also experienced throughout life and, therefore may have
greater potential to significantly affect FA of skeletal
traits despite remodeling.

The detrimental effect of TCDD on tooth development
has been well demonstrated (Alaluusua et al., 1993;
Kattainen et al., 2001), so it is surprising that we failed to
detect changes in molar size and shape with TCDD
exposure. Perhaps the date of dosing used in this study
was less suitable for causing detectable changes in
overall molar size and shape than it was for mandible
traits (Allen and Leamy, 2001; Miettinen et al., 2002).
Whereas mandible formation has already begun by GD9
when these mice were dosed, tooth morphogenesis does
not begin until GD11, and TCDD appears to particularly
affect tooth development in mice during a sensitive
period from GD12 to GD15 (Partanen et al., 2004). Abbott
et al. (1994) showed that there is a significant reduction in
TCDD levels in the embryos of exposed mothers after
only 3 days, so perhaps too little TCDD remained in the
developing embryos of our mice during the molar
formation period.

Our results indicate that molar size or shape FA is not
a particularly sensitive measure of developmental stress
caused by TCDD exposure. Size FA was not at all affected
by TCDD and shape FA was only slightly affected, at
least at the levels we used. These dosage levels of
TCDD were chosen because they are within the range of
exposure levels that can occur with chronic exposure in
natural populations, yet are lower than those generally
expected to have a significant effect on survival
(Birnbaum, 1994). For example, the lowest observable
adverse effect level for prenatal mortality in mice owing
to TCDD (Peterson et al., 1993) was 24 times (24 ug/kg)
the highest level used in this study, whereas the mouse
LDs, for oral exposure (Birnbaum 1994) is higher still
(114-280 ug/kg). In any event, the change in shape FA
that we observed is far more subtle than the gross
morphological (and possibly detrimental) changes in
symmetry observed in the brains of birds exposed to
TCDD in ovo (Henshel et al., 1997).

QTL analysis
A second major goal of this study was to evaluate the
effects of TCDD on gene expression. Because Davis et al.
(2002) were able to detect a genotype x environment
interaction for mandible shape FA in these mice, we
hypothesized that we would find similar interactions
affecting FA in one or more of the molar traits. But as will
be recalled, we did not find any such interaction,
suggesting that genes in the regions tested are not
behaving differently in their effects on molar FA in the
control compared to the TCDD environment. It seems
unlikely that this result was due to insufficient statistical
power because the same population of mice was used in
both studies, and we were able to detect significant FA
differences. It is of course possible that the effects of
TCDD on molar shape FA are mediated by genes located
elsewhere in the genome.

Perhaps a more likely explanation for our failure to
detect an interaction affecting molar FA is that the gene
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identified in the study by Davis et al. (2002) was not a
gene for FA per se, but was instead a gene for mandible
development that was affected by TCDD (Klingenberg
2003). Because TCDD acts on gene regulatory elements
via the AHR to alter the expression of genes at a number
of loci (Birnbaum, 1995), a particular gene might exhibit
a genotype x environment interaction affecting FA if
TCDD changes the way that the gene is expressed,
causing greater stochastic variation than when TCDD is
not present (Klingenberg, 2003). Such genes, if they exist,
could also epistatically affect FA, and therefore still
might not be detected in this analysis (Klingenberg, 2003;
Leamy, 2003). In fact, there is evidence for epistatic
interactions controlling FA in molar and mandible traits
(Leamy et al., 2005). It seems likely that genes involved in
mediating TCDD’s effects on FA might also act in a
primarily epistatic manner. Although no epistatic inter-
actions were found to affect FA in this analysis, this is not
surprising considering the high power required to detect
such interactions and the limited amount of the genome
mapped in this study.

Unlike genes for FA, genes for tooth and bone traits
appear to be ubiquitous within the mouse genome
(Leamy et al., 1999b; Workman et al., 2002). Even with
our limited sample of the genome, we were able to detect
a QTL for molar size as well as two QTL for molar shape
in this analysis. The QTL for molar shape linked to
D11Mit258 was of particular interest because Davis et al.
(2002) found a QTL for mandible shape linked to this
same locus that exhibited both a genotype x environ-
ment interaction and an epistatic effect with a gene on
chromosome 12. Although we did not find a similar
genotype x environment interaction for either molar size
or molar shape in this analysis, we did find an epistatic
effect on molar size generated by genes on C11 and C12.
In addition, we detected the presence of an epista-
sis x environment interaction affecting molar centroid
size. Although this interaction was only marginally
significant, it suggests that TCDD has affected the way
these genes interact. This is an interesting result because
it demonstrates the type of complex interaction that
might be prevalent among genes involved in controlling
the development of quantitative traits, and perhaps the
symmetry of bilateral traits (Klingenberg, 2003; Leamy,
2003). Our ability to detect such an interaction with only
minimal TCDD exposure may explain the apparent
sensitivity of development to the effects of TCDD and
the wide range of effects it elicits.

Conclusions

The presence of significantly greater FA in molar shape
(but not size) in the TCDD-treated group compared to
the control group suggests that TCDD may have an effect
on DS. The effect detected is very small, however, and
thus we must conclude that FA in these tooth traits is not
a sensitive indicator of TCDD's effects at the dosages we
used. Although we were unable to locate any genes
interacting directly with TCDD to affect FA, we only
evaluated a small portion of the genome. A similar
analysis performed on the whole genome might produce
more gene x TCDD and/or epistasis x TCDD interac-
tions affecting these molar traits. If so, this would help us
better understand the pathway through which TCDD
exerts its effect. Further, a full chromosome analysis of
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chromosome 11 might enable us to suggest candidate
genes involved in the interaction with TCDD detected in
this study.
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