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Abstract. The genetic basis of fluctuating asymmetry (FA), or nondirectional variation in the subtle differences
between left and right sides of bilateral characters, continues to be of considerable theoretical interest. FA generally
has been thought to arise from random noise during development and therefore to have a largely or entirely envi-
ronmental origin. Whereas additive genetic variation for FA generally has been small and often insignificant, a number
of investigators have hypothesized that interactions between loci, or epistasis, significantly influence FA. We tested
this hypothesis by conducting a whole-genome scan to detect any epistasis in FA of centroid size in the mandibles
of more than 400 mice from an F2 intercross population formed from crossing the Large (LG/J) and Small (SM/J)
inbred strains. Genotypic deviations were imputed at each site 2 cM apart on all 19 autosomes, and these and centroid
size asymmetry values were used in canonical correlation analyses for each of the 171 possible pairs of 19 autosomes
to identify the most probable sites for epistasis. Epistasis for centroid size asymmetry was abundant, occurring far
more often than was expected by chance alone (there were 30 separate instances of epistasis at the 0.001 significance
level, when only two were expected by chance alone). The contributions of epistasis from 30 pairwise combinations
of loci tended to suppress the additive and dominance genetic variance, but greatly increased the epistatic genetic
variance for FA in centroid size given the intermediate allele frequencies of an F2 intercross population.
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Several years ago we (Leamy et al. 1997) conducted a
quantitative trait locus (QTL) study with mice to ask whether
there is a genetical basis for fluctuating asymmetry (FA), that
is, nondirectional variation in the subtle differences nearly
always found between left and right sides of bilateral char-
acters (Van Valen 1962). We were unable to detect a sig-
nificant number of QTLs for FA in interlandmark distances
between coordinate points on the mandibles in these mice
and therefore concluded that there was little or no genetical
variance for FA (Leamy et al. 1997). More recently, Klin-
genberg et al. (2001) reanalyzed these same data using geo-
metric morphometric methods; they also found very little
statistical support for QTLs affecting asymmetry of either
size or shape in these mandibles. These results were antici-
pated for FA because of previous studies showing that the
heritability of FA in a number of characters is usually quite
low in magnitude, if not zero (Leamy 1997, 1999; Møller
and Thornhill 1997; Whitlock and Fowler 1997).

The presumed environmental origin for FA is consistent
with the general view that FA arises primarily from random
noise during development (Palmer 1994; Zakharov 1994) and
thus is a direct reflection of developmental stability. Devel-
opmental stability is the ability of organisms in populations
to consistently produce ideal phenotypes in a given environ-
ment (Zakharov 1989) and is a useful indicator of the level
of resistance to environmental stress (Parsons 1990). For this
reason, FA has become increasingly popular as a measure of
stress in populations, with more stressed populations ex-
pected to exhibit increased levels of FA (Clarke 1992; Gra-
ham 1992; Møller and Pominakowski 1993; Zakharov 1994;
Markow 1995).

If FA is little governed by additive effects of genes, how-
ever, perhaps nonadditive genetic effects, including both
dominance and epistasis, play an important role in controlling
levels of FA. Dominance of genes at various loci often has
been hypothesized to explain the results of studies that have
shown significant differences in FA levels between hetero-
zygotes and homozygotes or between hybrid species and their
parents (Thoday 1958; Leamy 1984; Livshits and Kobylian-
sky 1991; Clarke 1994; Livshits and Smouse 1994). These
results also may be explained by epistasis, however, because
genetic coadaptations present in parents tend to be broken
down in their hybrid offspring (Clarke 1993). In addition,
Klingenberg and Nijhout (1999) generated epistatic effects
in a theoretical model that simulated character variation and
developmental noise (Klingenberg and Nijhout 1999), so
there also may be developmental reasons to expect epistasis
for FA.

Might epistasis be a crucial component of the genetic ar-
chitecture of FA? Unfortunately, we do not yet know the
answer to this, because direct tests for epistasis are not com-
mon for most characters and are even rarer for FA (but see
Blows and Sokolowski 1995). This is primarily due to the
statistical difficulties inherent in the traditional approaches,
which typically rely on covariances among relatives (Fal-
coner and Mackay 1996). Recently, however, a new approach
to testing for epistasis has been developed that takes advan-
tage of the genetic and genotypic values estimated in QTL
studies (Cheverud and Routman 1995, 1996; Routman and
Cheverud 1997). In the study reported here, we took this
approach to test for epistasis in FA of the mandibles of the
same mice we used for the QTL analyses (Leamy et al. 1997;
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FIG. 1. Outline of a mouse mandible showing the five landmark
points that were digitized.

Klingenberg et al. 2001). A whole-genome scan was con-
ducted that made use of all possible pairs of chromosomes;
despite the previous negative results in searches for QTLs
directly influencing FA in these mice, the results of this scan
uncovered evidence of an abundance of epistasis for FA.

MATERIALS AND METHODS

The Population and Measurements

The mice used in this study were 70-day-old F2 progeny
produced from an intercross of the Large (LG/J) and Small
(SM/J) inbred strains originally obtained from the Jackson
Laboratory (Bar Harbor, ME; see Cheverud et al. 1996). DNA
extracted from the spleen in each mouse was used to genotype
a total of 76 polymorphic microsatellite loci on the 19 au-
tosomes using standard polymerase chain reaction (PCR)
techniques (Routman and Cheverud 1994, 1995). We elim-
inated one marker, D2Mit1, from the analysis because re-
combination percentages between this marker and the next
marker on chromosome 2 (D2Mit17) approached 50% (Chev-
erud et al. 1996). The positions of the other 75 microsatellite
loci were determined using the program Mapmaker 3.0b
(Lander et al. 1987; Lincoln et al. 1992). The distances be-
tween markers are given for reference in the Appendix.

The skeletons of these mice were prepared by exposure to
dermestid beetles (Cheverud et al. 1997) with both left and
right sides of the mandible scanned into a computer. The
coordinates of five landmarks around the periphery of each
mandible (Fig. 1) were recorded from these scans with the
National Institutes of Health program IMAGE. Each man-
dible was digitized three times, which yielded three sets of
coordinates for both sides of the mandibles in each mouse.
After removal of a few outliers (Sokal and Rohlf 1995) in a
preliminary analysis of these coordinate points as well as
individuals for which mandibles were chipped or broken dur-
ing the skeletonization or measurement process, the final
sample size available was 476 mice (244 males, 232 females).

Asymmetry Measures

Klingenberg et al. (2001) used these same mandible co-
ordinate data to generate centroid size (and shape) characters
and their asymmetries, all of which were subjected to QTL
analyses. Centroid size is defined as the square root of the

sum of squared distances between each landmark of a con-
figuration and its centroid, where the centroid is the point
whose x and y coordinates are the means of the x and y
coordinates of all landmarks (Dryden and Mardia 1998).
Klingenberg et al. (2001) showed that FA in mandible cen-
troid size asymmetry was statistically significant and con-
tributed about 5.5% to the total variance, whereas measure-
ment error was trivial, amounting to less than 1% of the total
variance (Klingenberg et al. 2001).

Centroid size provides a very useful overall measure of
size in the mandible, and we therefore decided to use the
asymmetry of centroid size for the epistasis analysis (see
below). The mean of the three repeat measurements for cen-
troid size first was calculated for both left and right sides of
each mandible, and the distribution of signed differences be-
tween left and right sides was examined. This distribution
was found to be normal, suggesting that there was no apparent
antisymmetry, a kind of asymmetry detected by significant
platykurtosis (Palmer and Strobeck 1992). The mean of the
right minus left differences of centroid size was subtracted
from the signed difference between the sides to statistically
correct for directional asymmetry, and the absolute values of
these differences were used to measure FA (Leamy 1984;
Hutchison and Cheverud 1995; Leamy et al. 1997). The dis-
tribution of unsigned differences between sides for centroid
size, however, was half-normal as expected (Palmer 1994),
and these values therefore were subjected to Box-Cox trans-
formations (Swaddle et al. 1994) of the form (FA 1
0.0005)0.33, which were successful in achieving normality.
These unsigned differences also were adjusted for potential
effects of sex, dam, experimental block, and litter size (see
Leamy et al. 1999) and, finally, regressed on centroid size
left-right means to test for any scaling effects. No significant
scaling was detected, and therefore no further adjustment of
these asymmetry characters was necessary prior to the epis-
tasis analysis.

Analysis of Epistasis

Epistasis generally has been viewed in a statistical sense,
where deviations from additive combinations of single-locus
effects contribute to an interaction or epistatic variance typ-
ically assessed in an analysis of variance (Falconer and Mack-
ay 1996). This statistical epistasis is a population phenom-
enon that depends on allele frequencies at the relevant loci
(Cheverud and Routman 1995; Routman and Cheverud
1997). Various models such as diallel crosses and line crosses
have been used to estimate the interaction variance in an
attempt to assess the importance of statistical epistasis (Lynch
and Walsh 1998). These approaches actually are designed to
generate relatives of various sorts (such as half- and full-
siblings), because covariances between these relatives can
then be used to estimate genetic components of interest, in-
cluding epistatic ones.

We tested for epistasis in the unsigned asymmetry of cen-
troid size using a different approach that depends on estimates
of effects of individual QTLs (Cheverud and Routman 1995).
In this approach, epistasis is viewed in a physiological sense,
where the phenotypic differences among various genotypes
depend on genotypes at other loci. Physiological epistasis
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therefore is measured by genotypic values only and is in-
dependent of allele frequencies at the loci considered (Chev-
erud and Routman 1995; Routman and Cheverud 1997). Al-
though we used the physiological epistasis approach here,
this approach also allowed us to estimate the contribution of
physiological epistasis to the genetic variance components
familiar to quantitative geneticists (Cheverud and Routman
1995).

As a first step in assessing epistasis in asymmetries of
centroid size in the F2 mouse population, we set additive
genotypic deviations (here denoted Xaij where the i and j
subscripts denote the two alleles at a locus) to 21, 0, and
11 and dominance genotypic deviations (Xdij) to 0, 11, and
0, respectively, for SM/J homozygotes, heterozygotes, and
LG/J homozygotes, at the locations of all genetic markers on
each chromosome. We then imputed all additive and domi-
nance genotypic deviations in 2-cM steps between flanking
microsatellite markers using recombination frequencies cal-
culated with the program Mapmaker 3.0 (Lincoln et al. 1992)
and the formulas in Haley and Knott (1992). Once all ge-
notypic deviations were obtained for all chromosomes in each
individual mouse, they were merged with centroid size asym-
metry values and subjected to canonical correlation analysis
via the CANCORR procedure in SAS (SAS Institute 1989).
For each of the 171 possible pairs of 19 autosomes, canonical
correlations were run for every pair of locations 2 cM apart,
generating more than 290,000 separate analyses.

Each canonical correlation analysis consisted of centroid
size asymmetry as a single character in one group, and all
four interactions of the additive and dominance genotypic
deviations from the two chromosomes (XaijXakl, XaijXdkl,
XdijXakl, XdijXdkl) as the characters in the other group. All
analyses were run by holding the main effects associated with
the additive and dominance genotypic deviations (Xaij, Xdij,
Xakl, Xdkl) constant. At each position 2 cM apart on a given
chromosome, these analyses generated F approximations to
Rao’s statistic with their associated probabilities. For each
pair of chromosomes, the pair of positions associated with
the lowest probability within valleys of probabilities of 10%
or less was taken to be a likely combination for potential
epistasis. Where the two-chromosome plots of probabilities
yielded two or more valleys clearly separated by ridges (areas
with probabilities greater than 10%), each valley was viewed
as a potential separate instance of epistasis.

We conducted multiple regression analyses of centroid size
asymmetry values on the imputed genotypic deviations and
all four of their pairwise products at each of the combinations
of sites identified as described above. For each of the two
separate loci (e.g., A and B), these regressions estimated the
average effect of a gene substitution (aA and aB) as well as
the dominance deviations (dA and dB) and the pairwise in-
teractions of these effects (aAaB, aAdB, dAaB, and dAdB; see
Cheverud and Routman 1995). These genetic values, in turn,
were converted to the desired additive (aA, aB) and dominance
genotypic values (dA, dB) for each locus and their epistatic
interactions (aAaB, aAdB, dAaB, and dAdB) using the equations
in Routman and Cheverud (1997; eq. 10), which are repeated
here for reference:

a 5 a 1 a d /3, (1a)A A A B

d 5 d 1 d d /3, (1b)A A A B

a 5 a 1 d a /3, (1c)B B A B

d 5 d 1 d d /3, (1d)B B A B

aa 5 a a , (1e)A B

ad 5 2a d /3, (1f)A B

da 5 2d a /3, and (1g)A B

dd 5 4d d /9. (1h)A B

Additive-by-additive epistasis (aAaB) implies that the sin-
gle-locus additive genotypic value for the A locus (aA) differs
depending on what genotype is at the B locus and vice versa.
Additive-by-dominance epistasis (aAdB) implies that the sin-
gle-locus additive genotypic value for locus A (aA) differs
depending on what genotype is at the B locus, whereas the
single-locus dominance genotypic value at the B locus (dB)
differs depending on the locus A genotype. Dominance-by-
additive epistasis (dAaB) is the same except for a reversal of
these roles at each locus. Dominance-by-dominance epistasis
(dAdB) implies that the single-locus dominance genotypic val-
ue at locus A (dA) changes depending on the genotype at
locus B and vice versa (Cheverud 2000). The relative im-
portance of all four of these epistatic genotypic values de-
pends in part on the frequencies of the alleles at both loci
(for a detailed description of this, see Cheverud and Routman
1996).

For each combination of loci, we tested for the overall
significance of epistasis with an F-statistic. This statistic
(with 4 and n 2 9 df, where n is the total sample size) was
calculated by the mean of the squared t-values associated
with the four individual genotypic epistasis terms (Routman
and Cheverud 1997). It should be noted that this test has
considerably more statistical power to detect true epistasis,
if present, than conventional tests based on the interaction
variance (Routman and Cheverud 1997). This is because this
test assesses the total effects of epistasis, including those that
contribute to additive and dominance genetic variance (Chev-
erud and Routman 1996). Once significant overall epistasis
was discovered for any given combination of sites on two
chromosomes, significance for each of the four genotypic
epistasis terms (aAaB, aAdB, dAaB, dAdB) was tested with t-
tests (Routman and Cheverud 1997).

All of these many F-tests performed, however, naturally
generated a multiple comparisons problem (Sokal and Rohlf
1995). We addressed this problem via a method described
by Cheverud (2000, 2001), which is based on the number of
effective markers on each chromosome (see also Cheverud
et al. 1983; Wagner 1984; Cheverud 1996). To calculate this
number, we first obtained the ratio of the observed variance
of the eigenvalues (V[l]) of correlations of the additive ge-
notypic deviations at each marker on each chromosome, to
the maximum possible variance of the eigenvalues. The max-
imum eigenvalue variance, M, was simply set equal to the
number of markers used (75). The effective number of mark-
ers on each chromosome then was calculated as Me 5 M{1
2 [V(l)(M 2 1)/M2]}. Finally, the total number of inde-
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pendent epistasis tests was calculated by the sum of the cros-
sproducts of the effective number of markers for all 171 pairs
of chromosomes. This sum was 1850, suggesting that we
might expect about 92 tests to be significant at the 5% level,
19 at the 1% level, and two at the 0.1% level, due to chance
alone.

Once this assessment of epistasis was completed, it seemed
useful as an illustrative exercise to compute the contribution
of epistasis between pairs of loci to additive (VA), dominance
(VD), and epistatic or interaction genetic variance (VI). Ad-
ditivity, dominance, and epistasis of genes all contribute to
VA, both dominance and epistasis contribute to VD, but only
epistasis itself contributes to epistatic genetic variance. Thus,
epistasis exclusively contributes to VI, but it also may con-
tribute to additive and dominance genetic variance (Cheverud
and Routman 1995). These genetic variances conventionally
reflect the variation across all loci in the genome; here, how-
ever, we assess the magnitude of these variances contributed
by pairwise combinations of loci.

The contribution of epistasis to the genetic variances was
calculated using equation (19) in Cheverud (2000), modified
according to the assumption that the allelic frequencies at all
relevant loci were 0.5:

2V 5 0.5[a 1 0.5(e 2 e ) 1 0.5(e 2 e )]A A 11.. 12.. 12.. 22..

21 0.5[a 1 0.5(e 2 e ) 1 0.5(e 2 e )] , (2a)B 11.. ..12 ..12 ..22

2V 5 [0.5d 2 0.25(e 2 2e 1 e )]D A 11.. 12.. 22..

21 [0.5d 2 0.25(e 2 2e 1 e )] , (2b)B ..11 ..12 ..22

2 2 2 2 2 2e e e e e e1111 1112 1122 1211 1212 1222V 5 1 1 1 1 1I 16 8 16 8 4 8
2 2 2e e e2211 2212 22221 1 1 . (2c)
16 8 16

Although somewhat arbitrary, this allelic frequency was cho-
sen because all polymorphic loci in the F2 individuals should
have frequencies that average about 0.5.

To solve these equations, the additive (a) and dominance
genotypic values (d) were obtained as already explained
above (see eqs. 1a–h). Two-locus genotypic values were cal-
culated from multiple regression results, and nonepistatic ge-
notypic values were calculated from the marginal single locus
genotypic values (Cheverud and Routman 1995). The epi-
static genotypic values (e-values) then were calculated from
the differences between two-locus genotypic values and non-
epistatic genotypic values (see Cheverud and Routman 1995).
Terms such as e11.. refer to the mean of the epistatic genotypic
values across the specified genotype, calculated by multiply-
ing the frequency of each of the three genotypes (0.25 for
the homozygotes, 0.5 for the heterozygotes) by the appro-
priate epistatic genotypic values (Cheverud 2000). Epistatic
genetic values (e-values) were calculated as follows:

e 5 e 2 e 2 e 1 e ,ijkl ijkl ij.. ..kl .... (3)

where e.... is the mean of the epistatic genotypic values
weighted by their frequencies. The additive and dominance
genetic variances were calculated with and without their ep-

istatic (e) components so that the proportional contribution
of epistasis to these variances could be readily assessed.

Beyond centroid size asymmetry, it also seemed worth-
while to test for epistasis in centroid size itself (mean of the
left and right sides). To accomplish this, the mean of the left
and right centroid size values first were calculated in each
mouse (Klingenberg et al. 2001) and adjusted as before for
potential effects of the four covariates. Centroid size was
then subjected to the same epistasis analyses as already de-
scribed for centroid size asymmetry. The results from these
analyses are presented first so that the extent and location of
epistasis for centroid size could be compared to that for its
asymmetry.

RESULTS

Epistasis for Centroid Size

The results of the two-way genome scan for centroid size
produced 219 combinations of loci that represented potential
cases of epistasis. Of these combinations, 189 have F-values
with associated probabilities less than 5%, this being more
than twice the number (92) expected at this level by chance
alone (x2 5 98.9, df 5 1, P , 0.0001). At the 1% significance
level, there are 85 cases of overall epistasis, more than four
times the number (19) expected by chance alone at this level
(x2 5 231.7, df 5 1, P , 0.0001). If we restrict the signif-
icance level even more to the 0.1% level, there are still 28
cases of overall epistasis, or about 15 times the expected
number (two) at this level due to chance alone (x2 5 338.4,
df 5 1, P , 0.0001). These 28 instances of epistasis are
depicted in Figure 2, where the F-statistic for the test of
overall epistasis is given for each pair of chromosomes con-
taining the putative QTLs producing this epistasis. As may
be seen, all chromosomes except number 16 are represented
in these significant combinations, with chromosomes 1 and
5 being the most represented among these combinations. The
four combinations with the highest F-statistics reach the ex-
perimentwise level of significance of 2.7 3 1025.

Figure 2 also depicts the magnitude of the aa, ad, da, and
dd epistatic values for each of the 28 combinations with
significant overall epistasis. There are six aa, 10 ad, 14 da,
and 17 dd epistatic values that reach significance for centroid
size. Negative epistatic values predominate over positive val-
ues, especially for aa, where all six values are negative. The
means for the significant aa, ad, da, and dd values also are
negative (20.0939, 20.1215, 20.0233, and 20.0224, re-
spectively), and those for aa and ad are significantly different
from zero (P , 0.01). Eleven of these 28 epistatic combi-
nations are associated with just one significant pure form of
epistasis, whereas the other 17 exhibit two or three significant
forms and thus a more complex pattern of epistasis.

Figure 3 depicts estimates (all 3100) of the additive (VA),
dominance (VD), and epistatic genetic variances (VI) for cen-
troid size generated by each of the 28 combinations of loci
for which there was significant (P , 0.001) epistasis. Esti-
mates of VA and VD with and without their epistatic contri-
bution are depicted to show the importance of epistasis. VA-
values that include epistasis vary from near zero to 0.0087
(recall that all variances are 3100) with a mean of 0.0030.
VA-values calculated without epistatic effects average
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FIG. 2. Epistatic values (aa, ad, da, dd) for the 28 pairs of quantitative trait loci affecting centroid size significantly at the 0.1% level
in the overall F-tests. Stars indicate significance at the 5% level for the epistatic values and at the experimentwise level for the F-values.

0.00396, so epistasis generally tends to suppress VA for cen-
troid size. VD-estimates for centroid size tend to be lower
than those for VA, averaging 0.00158 when calculated with
epistasis and 0.00327 when calculated without epistasis.
Epistasis generally suppresses the dominance genetic vari-
ance; 25 of the 28 ratios of VD calculated with and without
epistasis are less than 1.0, and average 0.56. Epistatic vari-
ance itself (VI) for centroid size is quite large for these 28
pairwise combinations of loci, averaging 0.0136, which is
considerably larger than either the additive or dominance
genetic variance. As a consequence, estimates of the total
genetic variance that include epistatic contributions average
0.0182, much larger than the comparable values calculated
without epistasis (0.00723). Epistasis enhances the genetic
variance of centroid size for all 28 combinations of sites, the
average ratio for genetic variance calculated with and without
epistasis being 2.55. Put another way, epistasis contributes
on average about 70% of the total genetic variance of centroid
size at these combinations of loci.

Epistasis for Unsigned Asymmetry of Centroid Size

The two-way genome scan for unsigned asymmetry of cen-
troid size yielded 197 combinations of loci that generated F-

values with associated probabilities less than 5%, 91 com-
binations at the 1% significance level, and 30 combinations
at the 0.1% significance level. As was the case for centroid
size, these all represent far more than the number of com-
binations expected by chance alone (x2 5 126.1, 275.6,
392.4; df 5 1, P , 0.0001). At the 0.1% level, loci on all
chromosomes except number 9 are represented in these sig-
nificant epistatic combinations, with chromosomes 3 and 5
being the most frequently represented (see Fig. 4). Six com-
binations have F-values exceeding 7.0 and reach significance
at the experimentwise Bonferroni level of 2.7 3 1025. Four
of these six combinations involve a QTL on chromosome 5.

For unsigned asymmetry of centroid size, there are 13 aa,
15 ad, 17 da, and 18 dd epistatic values that reach significance
at the 0.1% level (Fig. 4). Positive epistatic values predom-
inate over negative values for ad and da, but there are about
equal numbers of positive and negative values for aa and dd.
The means for the significant aa, ad, da, and dd values, re-
spectively, are 0.0037, 0.0203, 0.0404, and 0.0197. Three of
the largest dd values are positive, suggesting overdominance
in which the double heterozygotes have greater FA than ex-
pected based on a purely additive model. Only three of the
30 instances of epistasis exhibit significance for one pure
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FIG. 3. Additive genetic (VA) and dominance genetic (VD) variance estimated with and without (asterisk) epistatic effects, and epistatic
genetic variance (VI) for centroid size generated by each of the 28 epistatic combinations reaching significance at the 0.001 level.

form of epistasis, whereas the remaining 27 cases show more
complex patterns. Overall, there is a large amount of epistasis
for the unsigned asymmetry of centroid size in these mice.

Figure 5 depicts the values for the additive, dominance,
and epistatic genetic variance of the unsigned asymmetry of
centroid size (all 31000), calculated with and without epis-
tasis as before, for each of the 30 combinations of loci. The
average VA values calculated with and without epistasis are
0.000122 and 0.000179 (mean ratio of 0.68). Thus, as was
the case for centroid size, epistasis for centroid size asym-
metry has suppressed its additive genetic variance in the ma-
jority (18 of 30) of cases. The average ratio for dominance
genetic variance calculated with and without epistasis is 0.93,
suggesting that the suppression of VD for centroid size asym-
metry by epistasis is not as great as that seen for centroid
size. Epistatic genetic variance for centroid size asymmetry
averages 0.00284, considerably larger once again than the
average for either VA or VD. As a consequence, the enhance-
ment of the total genetic variance for centroid size asymmetry
due to epistasis at these 30 combinations of sites is rather
massive, the average ratio of genetic variance calculated with
and without epistasis being 5.76. Clearly, therefore, epistasis
exerts its largest effect (average contribution of 85%) on the

overall genetic variance of centroid size asymmetry through
the epistatic variance for this character.

Genomic Distribution of Epistatic Interactions

Figure 6 depicts intervals for each chromosome that ex-
hibited five or more significant (P , 0.05 in overall F-test)
epistatic interactions for centroid size and centroid size asym-
metry. In the study by Klingenberg et al. (2001), there were
12 QTLs (including two on chromosome 11) identified for
centroid size itself in these mice, and these are indicated in
the figure as well if their position mapped within any of the
epistatic intervals for centroid size or asymmetry.

As may be seen in Figure 6, there are 46 intervals on the
various chromosomes that were responsible for five or more
epistatic interactions affecting centroid size. A small region
(6 cM) on chromosome 2 exhibited 10 significant interac-
tions, and a single site on chromosome 1 (at 122 cM from
D1Mit3) showed nine such epistatic interactions with sites
on other chromosomes. Chromosome 11 exhibited the great-
est number of total epistatic interactions (33), but chromo-
somes 1, 5, 7, 10, 11, 12, 15, and 17 all show 20 or more
significant interactions. Of the 46 intervals shown in Figure
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FIG. 4. Epistatic values (aa, ad, da, dd) for the 30 pairs of quantitative trait loci affecting centroid size asymmetry significantly at the
0.1% level in the overall F-tests. Stars indicate significance at the 5% level for the epistatic values and at the experimentwise level for
the F-values.

6, only six coincide with the positions for QTLs significantly
affecting centroid size. Thus, the vast majority of these in-
teractions are between QTLs not necessarily affecting cen-
troid size itself.

There are 42 intervals among the various chromosomes
that exhibited five or more significant epistatic interactions
affecting centroid size asymmetry. About one-half of these
intervals appear to be similar to those for centroid size, but
it seems clear that many of them also represent different
regions of interactions. Especially noticeable is the fact that
11 different regions (including two on chromosome 7) show
nine or more significant interactions. Chromosomes 5 (28),
7 (28), and 11 (25) exhibit the greatest number of total ep-
istatic interactions. Eight of the 12 known QTLs for centroid
size map within regions exhibiting significant epistatic in-
teractions for centroid size asymmetry, but the majority of
these intervals once again do not contain these QTLs.

DISCUSSION

Our results clearly show that epistasis influences FA of
mandible centroid size in this population of mice. The evi-
dence for this seems overwhelming—there were far more
epistatic combinations reaching significance at each of three

levels (5%, 1%, and 0.1%) than would be expected by chance
alone. Our approach does not make it possible to differentiate
true from false positives, and no doubt a number of these
cases of apparent epistasis are false positives. At the same
time, we are also certain that there were some false negatives
here as well that represent true examples of epistasis that
have gone undetected. Whatever the true level of epistasis
here, its obvious abundance is consistent with previous spec-
ulation that epistasis might play an important role in FA
(McKenzie and Clarke 1988; Livshits and Kobyliansky 1991;
Clarke 1994; Leamy 1997).

Although few in number, past studies appear to have been
much less successful in detecting epistasis for FA. For ex-
ample, neither Blows and Sokolowski (1995) nor Polak and
Starmer (2001) were able to discover significant epistasis for
FA of bristle number in Drosophila. Both of these studies
used traditional methods of statistical testing of epistasis,
which rely on the analysis of means from various line crosses
(Cavalli 1952; Mather and Jinks 1982; Lynch and Walsh
1998), however, and they do not include any epistatic effects
contributing to additive or dominance genetic variance
(Cheverud and Routman 1995; Wade 1996). Perhaps most
such studies have been biased against discovering epistasis
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FIG. 5. Additive genetic (VA) and dominance genetic (VD) variance estimated with and without (asterisk) epistatic effects, and epistatic
genetic variance (VI) for centroid size asymmetry generated by each of the 30 epistatic combinations reaching significance at the 0.001
level.

because of the statistical inadequacy of these traditional test-
ing approaches. These studies also have generally only used
loci showing significant single locus effects, loci that may
not be among those most involved in generating epistasis
(Lynch and Walsh 1998, p. 487). With the whole-genome-
scan approach taken here, therefore, we might expect to find
many more instances of significant epistasis for various char-
acters, including the asymmetry in these characters.

We discovered epistasis for FA in mandible centroid size
when there was only one QTL (on chromosome 5) that di-
rectly affected this character in these same mice (Klingenberg
et al. 2001). Actually this QTL was detected using the un-
transformed FA values for centroid size and was not well
supported statistically (Klingenberg et al. 2001); furthermore,
a rerun of the QTL analysis using the Box-Cox transformed
FA values used here showed no QTLs for FA in centroid
size. Thus, although no genes directly affecting mandible
centroid size asymmetry in our mice could be detected, this
character clearly was significantly influenced by the inter-
actions of loci at a large number of sites. Individual genes
affecting FA apparently are quite rare (Leamy et al. 1997,
1998), and even the often-cited example of a locus in Aus-
tralian blowflies that confers resistance to the insecticide dia-
zinon and alters asymmetry (McKenzie and Clarke 1988)

actually appears to produce antisymmetry rather than ele-
vated FA levels (Palmer 1996). Antisymmetry reverts to FA
(at its original level) in these resistant blowflies as a result
of selection for modifying loci (McKenzie and Clarke 1988),
however, clearly suggesting an epistatic basis for FA. Perhaps
we will generally find that genetic variability of FA in various
characters is generated primarily by epistatic interactions of
genes, rather than by their direct effects.

Klingenberg and Nijhout (1999) might have predicted the
large amount of epistasis for FA discovered for mandible size
asymmetry, for they found rampant epistasis for FA in a
developmental model that simulated random noise in a bi-
lateral character. What is particularly interesting about this
model is that this epistasis for FA was generated solely by
altering various parameters controlling development of the
(left-right side means of the) bilateral character itself. This
implies that normal genetic variation inherent in the devel-
opment of a bilateral character is sufficient to produce genetic
variation (including epistasis) in FA in this character, and
that no genes uniquely affecting FA need to be hypothesized
(Klingenberg and Nijhout 1999). Our results suggest that a
number of sites throughout the genome are involved in epis-
tasis for FA in centroid size, however, sites that do not always
correspond to those for QTLs that affect centroid size itself.
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FIG. 6. Chromosomal regions exhibiting repeated (five or more) epistatic interactions for centroid size (solid lines) and centroid size
asymmetry (dashed lines). The light solid or dashed lines indicate intervals showing five to eight significant interactions, whereas intervals
exhibiting nine to 12 significant interactions are shown as bolder lines. Positions of quantitative trait loci for centroid size mapping
within any of the epistatic intervals for centroid size or asymmetry also are shown as gray circles on the chromosomes.

Thus, for this model and its associated predictions (Klingen-
berg and Nijhout 1999) to be fully tested, we would need to
analyze epistasis at all pairwise sites of the QTLs for man-
dible centroid size.

Most of the epistatic interactions affecting FA in mandible
centroid size were complex (e.g., involved more than one
form of epistasis); as a result, their influence on VA and VD
varied considerably among the combinations of loci. In gen-
eral, however, the 30 epistatic interactions significant at the
0.1% level tended to decrease VA for FA in centroid size by
about one-third, even though the contribution of epistasis to
VA at intermediate gene frequencies is minimal (Cheverud
and Routman 1996). Entirely different results might be pro-
duced with other allelic frequencies, however, and many more
studies are needed to discover what effects epistasis might
have on VA for FA in different characters. It would be in-
teresting if our results prove to be general, for if so, this
might help to account for the very low levels of heritabilities
typically discovered for FA in various characters (Leamy
1997; Møller and Thornhill 1997; Whitlock and Fowler
1997).

Epistasis also generally suppressed the level of VD for FA

in mandible centroid size, although to a much smaller extent
than for VA. This does not mean that FA is not influenced
by single-locus dominance effects, but rather only that the
contributions of any such effects to the total dominance ge-
netic variance would be compromised by epistatic interac-
tions. In fact, 25 of the 60 dominance genotypic values among
the 30 combinations of QTLs shown in Figure 5 for centroid
size asymmetry reached significance (P , 0.01). Of these 25
significant d-values, 17 are negative, indicating that FA val-
ues for heterozygotes are generally less than the midhomoz-
ygote values for these loci. There also is a significant dif-
ference (P , 0.01) between the mean values of 0.4328 and
0.4056, respectively, for the four homozygous and four het-
erozygous genotypes (double heterozygotes excluded) at each
of the two loci for all 30 epistatic interactions given in Figure
5. Thus, the overall FA level is higher for the homozygotes
than the heterozygotes, as has often been previously found
(Leamy 1984; Palmer and Strobeck 1986; Livshits and
Smouse 1994).

As already detailed, the greatest contribution of the epi-
static interactions identified as significantly affecting centroid
size asymmetry was not due to VA or VD, but rather to VI.
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The VI-values averaged far larger than either the VA- or VD-
values (Fig. 5), and thus were the largest contributors to the
total genetic variances. This was expected because we cal-
culated these VI-values for the 30 cases showing the greatest
significance (0.1%) for epistasis and epistasis contributes the
maximum to VI at intermediate gene frequencies (Cheverud
and Routman 1996). Different results would result from dif-
ferent gene frequency assumptions (Cheverud and Routman
1996); nonetheless, it seems quite clear that FA in the man-
dible centroid size in this population is greatly influenced by
epistasis. For this particular population, the primary contri-
bution of epistasis to the overall genetic variance is through
VI.

From the results of this analysis, we cannot say what genes
might be responsible for the extent and magnitude of epistatic
effects on centroid size asymmetry. It is clear, however, that
there are specific areas on several of the chromosomes that
were repeatedly involved in such interactions (Fig. 6). Sev-
eral sites on chromosomes 5 and 7, in particular, showed the
most significant epistatic interactions for centroid size asym-
metry, and these areas would be particularly good choices
for finer-scale mapping that could eventually narrow down
the precise sites of the genes involved. We might expect many
of these genes to be involved in some way with the formation
of the mandible, for it is difficult to see how they might affect
asymmetry in this structure otherwise. This would certainly
be the expectation if the Klingenberg and Nijhout (1999)
developmental model for FA is correct. Some of the sites
involved in epistasis affecting FA in centroid size do not
correspond to those affecting centroid size itself (Klingenberg
et al. 2001), although more QTLs were uncovered when in-
dividual dimensions on the mandible (rather than centroid
size alone) were analyzed (Leamy et al. 1997). Many of the
epistatically important regions for centroid size FA (Fig. 6)
also are similar to those identified by Cheverud (2000) for
body size in these mice, so perhaps some of these genes also
have effects that are not restricted to the mandible. Beyond
this, the precise nature of the genes involved in epistasis for
centroid size FA will have to await the results of further
analyses.
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APPENDIX

The 75 microsatellite loci used on all 19 autosomes in the F2 mice. Interval lengths (in cM) are given for each marker as distances from the
previous mapped marker. Cx indicates the distance from the first scored marker and the most centromeric mapped locus in the Mouse Genome
Database (2000). For the last microsatellite markers on each chromosome, interval lengths are based on distances to the most telomeric mapped
locus in the Mouse Genome Database (2000). NA, recombination approached 50%.

Locus Interval Locus Interval Locus Interval Locus Interval

C1 11.0 D5Mit47 24.6 D9Mit19 8.0 D14Nds1 42.0
D1Mit3 6.3 D5Mit61 64.5 D14Mit5 19.2
D1Mit20 35.3 D5Mit6 8.1 C10 16.0 D14Mit7 24.0
D1Mit7 10.9 D5Mit26 30.2 D10Mit2 43.7
D1Mit11 25.1 D5Mit32 10.5 D10Mit20 19.7 C15 6.7
D1Mit14 41.6 D5Mit43 9.0 D10Mit10 19.4 D15Mit13 23.9
D1Mit17 6.0 D10Mit14 12.0 D15Mit5 28.0

C6 2.8 D15Mit2 27.2
C2 NA D6Mit1 51.9 C11 1.5 D15Mit42 15.6
D2Mit17 5.2 D6Mit9 15.1 D11Mit62 44.3
D2Mit28 12.7 D6Nds5 28.0 D11Mit64 9.1 C16 14.0
D2Mit22 6.0 D6Mit15 1.0 D11Mit15 21.1 D16Mit2 30.0

D11Mit14 31.4 D16Mit5 34.0
C3 4.6 C7 0.5 D11Mit48 3.0
D3Mit54 20.0 D7Mit21 51.9 C17 10.0
D3Mit3 14.4 D7Nds1 12.5 C12 1.0 D17Mit46 9.9
D3Mit22 20.2 D7Mit17 12.8 D12Mit37 18.0 D17Mit16 37.2
D3Mit12 70.7 D7Mit9 35.7 D12Mit2 19.9 D17Mit39 13.0
D3Mit32 15.0 D7Nds4 1.6 D12Mit5 8.9

D12Mit6 21.9 C18 17.0
C4 6.5 C8 32.0 D12Nds2 7.0 D18Mit12 2.5
D4Mit2 29.5 D8Mit8 83.9 D18Mit17 44.9
D4Mit17 11.2 D8Mit56 9.0 C13 1.0 D18Mit8 12.0
D4Mit45 19.0 D13Mit1 55.3
D4Mit16 22.1 C9 17.0 D13Mit9 34.8 C19 15.0
D4Mit13 13.0 D9Mit2 12.5 D13Mit35 5.0 D19Mit16 4.6

D9Mit4 13.7 D19Mit14 50.1
C5 1.0 D9Mit8 44.8 C14 2.5 D19Mit2 5.0


