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Abstract.—The effects of hybridization on developmental stability and size of tooth characters were investigated in
intersubspecific crosses between random-bred wild strains of the house mouse (Mus musculus domesticus and M. m.
musculus). Fluctuating asymmetry (FA) and trait size were compared within and between parental, F,, backcross, and
F, hybrid groups. The relationship between FA and reproductive fitness within the F; hybrids was also studied. The
results indicated that both FA and character size levels differed significantly between the two subspecies. The F; °
hybrids and the recombined groups (backcrosses and F, hybrids) showed heterosis for both parameters. No significant
differences in the FA of fertile and sterile F; hybrid individuals were found. Comparison of the FA levels obtained
in this study with those found in wild populations from the hybrid zone in Denmark showed that the levels of FA
were lower in laboratory-bred samples than in the wild populations. This study provides further evidence that, in
hybrids, the developmental processes underlying most of the morphological traits we studied benefit from a heterotic
effect, despite the genomic incompatibilities between the two European house mice revealed by previous genetical
and parasitological studies.
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Coadaptation refers to the internal genomic balance be-
tween loci, at both the inter- and intrachromosomal levels,
that was molded by selection during the evolutionary his-
tories of populations (Dobzhansky 1937). The notion of coad-
aptation has played a prominent role in the study of the mech-
anisms of reproductive isolation and speciation because any
breakdown of coadapted gene complexes would lead to a
selective disadvantage. Two approaches have been used to
estimate the degree of divergent coadaptation that occurs in
differentiating populations. The first uses experimental cross-
es to assess the effects of hybridization on major fitness com-
ponents such as viability and fertility. The second focuses
on hybrid zones, i.e., sites where individuals from genetically
distinct populations meet, mate and produce offspring (Bar-
ton 1979; Barton and Hewitt 1985; Hewitt 1988; Harrison
1990). In this case, the effects of different intergenomic com-
binations on hybrid fitness can be estimated indirectly from
the introgression patterns of genetic markers.

The hybrid zone between the two European subspecies of
the house mouse, Mus musculus domesticus and M. m. mus-
culus, which crosses Europe from Denmark to Bulgaria, has
been the focus of extensive studies (for review see Boursot
et al. 1993; Sage et al. 1993). Autosomal, mitochondrial, and
sex chromosome markers have been analyzed across several
transects of the hybrid zone in Denmark, Germany, and Bul-
garia. The similarity between the patterns of differential in-
trogression that occur in these geographically different tran-
sects led to the conclusion that major incompatibilities exist
between the two genomes (Boursot et al. 1984; Sage et al.
1986; Vanlerberghe et al. 1986, 1988a,b; Tucker et al. 1992;
Dod et al. 1993; Prager et al. 1993). Moreover, the higher
intestinal worm loads of hybrid populations compared to pa-
rental forms have been related to a disruption of the coadapted
gene systems involved in the immune response to these par-

asites (Sage et al. 1986; Moulia et al. 1991, 1993, 1995).
These results suggest that the house mouse hybrid zone is
maintained by endogenous selective factors due to the dis-
ruption of coadapted gene systems in hybrids (Sage et al.
1986; Vanlerberghe et al. 1988a). However, the incompati-
bilities do not appear to affect all gene systems since a higher
developmental stability has recently been reported in the
Danish hybrids (Alibert et al. 1994). Although little is known
about the processes underlying developmental stability, they
are likely to involve numerous genes (Zakharov 1989) and
may provide a valuable indicator of the extent of selection
in the hybrid zone.

Developmental stability is one of the components of de-
velopmental homeostasis (for review see Zakharov 1989)
through which organisms reduce phenotypic variation re-
sulting from developmental accidents. It can be assessed by
measuring fluctuating asymmetry (FA) which is the variation
in the small random differences occurring between the left
and right side of normally bilaterally symmetrical traits (Van
Valen 1962). Levels of FA, which have been correlated with
the intensity of both genomic and environmental stress, are
thought to reflect the efficiency of the mechanisms controlling
developmental stability of organisms (Zakharov 1989; Par-
sons 1990). It is generally assumed that genomic coadaptation
and heterozygosity are the two genetic factors that increase
developmental stability. In hybrid populations, it is therefore
thought either to benefit from an increase in heterozygosity
or to suffer from disruption of coadaptation, depending on
the degree of divergence between hybridizing taxa (Vrijen-
hoek and Lerman 1982; Graham 1992). Until recently, it was
also assumed that, at the level of genetic divergence observed
between most naturally hybridizing taxa, breakdown in the
coadaptation of gene complexes was more important than
heterotic effects (Vrijenhoek and Lerman 1982; Graham
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TaBLE 1. Details of crosses, mating success (percentage of pairs having produced offspring after four months of mating), offspring
samples, and sample sizes for each type of cross. Values in parentheses indicate sample sizes for measurements taken for M/3 (see text
for further explanations). In offspring designation, M and D refer to the parental origin: M indicates a musculus mother in the initial

inter-subspecific cross and D a domesticus one.

Crosses : Offspring
Number Mating success Offspring Number Number
Type of crosses of pairs Number % designation of males of females Total

Intra-subspecific :

MXdEM 8 7 87.5 musculus 36 (27) 24 (22) 60 (49)

2DXJ3D 8 6 75 domesticus 35(32) 27 (20) 62 (52)
Inter-subspecific

MXJED 8 8 100 fertile ;M 12 (12) 14 (7) 26 (19)

sterile F{M 23 (20) 24 (18) 47 (38)
2DX3M 11 11 100 fertile F,D 8(8) 74 15(12)
sterile F\D 16 (16) 22 (21) 38337

Backcrosses

2 FIM X & Dgyher 15 6 40 BC?M 21 (21) 18 (18) 39 (39)

? FiM X & Dgiain 38 10 26.3 BC'?M 11 (10) 29 (29) 40 (39)

é& FIM X 2 Muomer — — — BC3M — - —

3 FIM X 2 Miain 13 1 7.7 BC'dM 9(9) 14 (14) 23 (23)

2 F;D X & Mpuer 13 2 15.4 BC?D — — —

? FID X & Myyain 29 5 17.2 BC'?D 44 14 (14) 18 (18)

3 FIM X 9 Dyother 2 — — BC3M — — —

3 FiD X 2 Dgyain 9 2 22.2 BC'éD 17(17) 11 (11) 28 (28)
F,

2 FM X é FM 30 1 33 M 33 6 (6) 9(9)

? F;D X § F,D 15 2 13.3 F,D 39 (39) 3737 76 (76)

1992; Clarke 1993). However, the presence of lower FA levels
in natural hybrids between the two types of the European
house mouse suggests that the relationship between devel-
opmental stability and genetic divergence may be more com-
plex (Alibert et al. 1994).

The aim of this study was to assess the relative contribution
of heterosis and breakdown in coadaptation to the develop-
mental stability of successive hybrid generations of house
mice. This was done by measuring and comparing FA levels
of dental characters between F; hybrid and slightly recom-
bined genomes (backcrosses and F, hybrids), as well as high-
ly recombined (wild hybrids) ones. In order to see whether
changes in developmental stability were accompanied by oth-
er changes in dental morphology, we also studied the size of
the tooth characters in the crosses. The reduced introgression
of the sex chromosome markers in the Mus musculus hybrid
zone (Vanlerberghe et al. 1986, Tucker et al. 1992; Dod et
al. 1993) suggested that hybrids were reproductively im-
paired despite their higher level of developmental stability.
These results indicated that the positive correlation which is
generally expected between developmental stability and fit-
ness would not necessarily include reproductive fitness. We
therefore investigated the relationship between FA and fer-
tility of the male and female F; hybrids obtained in the lab-
oratory.

MATERIAL AND METHODS .

Samples

The animals used in this study came from two random-
bred wild-derived strains, DDO (M. m. domesticus) and MDH
(M. m. musculus), kept in the ‘“Wild Mice Genetic Reposi-

tory”” in Montpellier, France. These strains originated from
two Danish localities, Odis (DDO) and Hov (MDH), which
are located, respectively, at 34 km south and 40 km north of
the center of the hybrid zone. These localities correspond to
the extremes of the transect used in most previous studies
conducted in Denmark (Vanlerberghe et al. 1986, 1988a;
Nancé et al. 1990; Moulia et al. 1991; Dod et al. 1993; Alibert
et al. 1994; Auffray et al. 1996a; Fel-Clair et al. 1996). At
the onset of the experiment, the number of generations of
random mating was 13 for DDO and 5 for MDH. These two
strains were slightly introgressed as individuals of MDH car-
ried 1.5% of domesticus alleles whereas 11% of musculus
alleles were present in the genome of mice from the DDO
strain (F. Bonhomme, pers. comm.). DDO is homozygous for
three Robertsonian (Rb) fusions, Rb (3.8), Rb (2.5), and Rb
(6.9), reducing the standard karyotype from 2n = 40 to 2n
= 34 chromosomes (Nancé et al. 1990). Both strains were
reared under identical conditions in the same animal room.
Food and water were provided ad libitum.

To obtain F; hybrids, 11 pairs of domesticus (D) females
and musculus (M) males and eight pairs of reciprocal crosses
(female M X male D) were established. Sixteen intrasub-
specific crosses (eight pairs for D X D and eight pairs for
M X M) were used as reference groups. After four to six
months, one group of F; hybrids was intercrossed to produce
F, hybrids while another (both males and females) was back-
crossed either to their parents, or to individuals belonging to
the same parental strain in order to increase the size of the
backcross samples (BC) (details of crosses are given in Table
1). All pairs were maintained for a minimum of four months,
regardless of the reproductive outcome. All the animals used
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in the morphometric analysis (see below) were adult (mini-
mum 11 weeks old). A total of 481 individuals was analyzed.

Mating Success and Fertility Estimates

Reproduction within each type of cross was characterized
by mating success, defined as the percentage of pairs which
produced offspring after four months of mating. The fertility
of F; hybrid individuals was estimated separately for each
sex. In the backcrosses, F; hybrid females were considered
to be fertile if they produced at least one offspring. The
fertility of adult F; hybrid males was determined by the fresh
weight of both testes. A reduction in testis weight has been
shown to be correlated with sterility in the progeny of crosses
between strains of these two subspecies (Forejt 1974; Forejt
and Ivanyi 1975; Forejt et al. 1991). Forejt and Ivanyi (1975)
have shown that hybrid males with a testis weight below 75
mg were sterile and fertile when above 120 mg. These values
were used in the present experiment to distinguish between
sterile and fertile F; hybrid males. When testis weight fell
between 75 mg and 120 mg, the fertility/sterility status of
these males was determined by germ cell analysis of histo-
logical sections of testes.

Tooth Characters

All skulls and mandibles were boiled and manually cleaned
under running water. The bilateral characters measured were
maximum length (L) and maximum width (W) of the three
lower molars (M/1, M/2, and M/3). The age at which the
animals were sacrificed was not standardized because of the
technical constraints this would have imposed, but age is
unlikely to be a source of bias since tooth size is definitive
once it has erupted into the oral cavity i.e., 18 days and 28
days after birth for M/1-M/2 and M/3 respectively (Bader
1965a). The third molar (M/3) was absent in some individuals
either due to the processing procedure or because of natural
causes. The characters studied were the same as those used
by Alibert et al. (1994) in their study of wild populations
from the Danish hybrid zone. Measurements were taken with
a Nikon measuroscope measuring to 0.001 mm accuracy.

Statistical Treatments

Statistical treatments of FA were essentially conducted ac-
cording to Palmer (1994).

Preliminary Tests

To detect factors confounding analyses of FA, a series of
preliminary tests was performed on the distributions of either
signed asymmetries (right-minus-left values [R; — L;]) or
absolute asymmetries (|R; — L;|) (Palmer and Strobeck 1986;
Palmer 1994). As a first step, we looked for the presence of
directional asymmetry (DA) and antisymmetry (AS), which
are generally considered uninformative because they may
possess a significant genetic basis (but see McKenzie and
Clarke 1988; Graham et al. 1993). DA occurs when one side
of a bilateral character is systematically larger than the other.
In AS, a systematic deviation from symmetry also occurs but
the side that is larger varies at random among individuals
(Van Valen 1962; Palmer 1994). In DA the (R; — L;) distri-
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bution is not centered on zero, while in AS the distribution
appears bimodal. The presence of DA was assessed by testing
for departures from zero of the means of signed differences
(R; — L;) for each trait within each sample using r-tests.
Departures from normality were assessed using Kolmogorov-
Smirnov tests and estimates of skewness and kurtosis. The
relation between asymmetry and character size, defined as
([R; + L;)/2), was investigated by linear regression analyses
of absolute asymmetry on character size both within each
sample and in the whole dataset. Moreover, we tested for size
dependence of FA among samples by linear regression of
log(var[R; — L;]) on mean([R; + L;]}/2) (Palmer 1994). Fi-
nally, differences in asymmetry levels between males and
females were tested by ANOVAS of the absolute asymmetries
both within and across samples.

Fluctuating Asymmetry

We used two indices to assess the differences in fluctuating
asymmetry between samples: the means of the absolute right-
minus-left differences and the variances of the signed dif-
ferences between sides. These two indices correspond to FA1
and FA4 of Palmer (1994) who considered them as the most
useful descriptors of FA. Using the absolute asymmetry val-
ues, we first performed a modified version of Levene’s test
for the heterogeneity of variances (two-way ANOVA: sample
X trait) to test for differences between samples (Palmer
1994). If an overall significant difference was detected, an
ANOVA with planned comparisons (Sokal and Rohlf 1995)
was performed for each trait as follows. First, the fertility
and sterility of the F; hybrids were compared. Contrast anal-
yses allowed us then to test whether the sex and the origin
of the partner (parent or individual of the same strain) of the
F, hybrid were a source of variability in the backcrosses.
Within each of the four groups (parental generation, F;, BC,
and F, hybrids), the samples of different parental origins were
also compared, i.e., we distinguished between a domesticus
and a musculus mother in the intra- and the intersubspecific
crosses. Finally, to test the effect of hybridization and meiotic
recombination on FA levels, we compared intrasubspecific
samples versus pooled hybrid ones (F;, BC, and F, hybrids),
and F; hybrids versus recombined ones (BC and F, hybrids).

Using this design, it was also possible to partition out any
effects due to litter size and to the litters themselves (Leamy
and Touchberry 1974). Regressions of absolute asymmetry
on litter size were done within all samples to test if litter
size had to be considered as a covariate in our model. As
only one regression (positive) out of the 78 performed was
significant, it was not considered necessary to adjust asym-
metry values for litter size. For the litter effect, the basic
error variances of the ANOVAs were partitioned into be-
tween- and within-litter variances. If significant, the between-
litter mean squares had to be used as the error terms for
significance testing in the model (Leamy and Touchberry
1974).

Concordance between Characters

Kendall’s coefficient of concordance (W) was used to test
the concordance of FA indices (for both FAl and FA4) for
the six characters among the different samples (Siegel and
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Castellan 1988). Testing concordance of FA levels among
characters across populations was formerly introduced by
Soulé (1967) and allowed him to define a ‘population asym-
metry parameter’ (PAP). However, we chose not to use this
term since the asymmetries estimated in this study only in-
volved dental traits and not a set of uncorrelated morpho-
logical characters as originally proposed (Soulé 1967).

Measurement Error

Errors due to measurement were evaluated following the
ANOVA procedure proposed by Palmer and Strobeck (1986).
This procedure tests whether the between-side variance is
significantly larger than the measurement error using a two-
way ANOVA (side X individual) with repeated measurements
of each side. If the interaction variance is significant, it means
that the nondirectional asymmetry variance is significantly
greater than the measurement error. When performed on the
entire dataset, such an approach allows one to partition the
measurement error out of the between-side variation (Palmer
and Strobeck 1986; Palmer 1994) and gives an estimate of
the true nondirectional asymmetry variance (FA10 in Palmer
1994). This analysis also tests for the presence of DA and
for size or shape variation among individuals when consid-
ering the factors side and individual, respectively (Palmer
and Strobeck 1986). However, we were only able to test the
significance of the between-side variance relative to mea-
surement error by the two-way ANOVA using a small sub-
sample of 40 individuals chosen across all samples. The labor
involved in taking duplicate measurements on the whole sam-
ple made it unreasonable to extend this approach to the es-
timation of FA10, DA, and size or shape variation.

Character Size

The procedure used to detect differences between samples
was similar to the one used in the FA analysis: planned com-
parisons were run for each trait on the ([R; + L;1/2) distri-
butions. Character size values were not adjusted for litter size
since, out of the 78 tested, only three regressions of character
size versus litter size were significant (one positive and two
negative). In a manner similar to the one used in the FA
analysis, the basic error variances were partitioned into be-
tween-litter and within-litter components. Kendall’s coeffi-
cient of concordance was used to test the correlation of the
mean trait size for the six traits among samples. The effect
of sex was assessed with a two-way ANOVA (sex X sample).

All the statistical tests used in this study, except the Lev-
ene, the Wilcoxon, and the Kendall tests, considered each of
the six traits separately. Therefore, in order to limit the oc-
currence of the type-I error, the sequential Bonferroni cor-
rection was systematically applied to each of these collections
of k = 6 tests according to Rice (1989). All the probability
values provided correspond to the corrected probabilities.

RESULTS

Mating Success

Mating success is shown in Table 1. No fertility problems
were apparent in the intra- or intersubspecific crosses. Inter-
subspecific matings were particularly successful as all pairs

produced offspring, which was not the case for the intrastrain
crosses. However, mating success clearly decreased in the F,
intercrosses (3.3% and 13.3%) and in the backcrosses (7.7-
40%). The F, hybrid females used in the latter crosses were
classified as either fertile or sterile. In the case of F; males,
testis weight varied between 42.5 mg and 250.9 mg. Com-
parison between reproductive success and testis weight con-
firmed that F; hybrid males with a testis weight below 75
mg were sterile and, except in one case, those with a testis
weight above 120 mg were fertile. Germ cell analysis of
testicular histological sections of males with intermediate
testis weights (80-108 mg) allowed us to set the fertility/
sterility threshold at 100 mg. Although heterozygosity for
Rb fusions is known to reduce fertility through aneuploidy
(Gropp and Winking 1981), the observed differences in testis
weight cannot be related to the karyotype since all F, hybrids
were heterozygous for three fusions. Fertility parameters will
be reported in detail elsewhere (Fel-Clair et al., unpubl. data).

The origin and size of the 13 samples used are presented
in Table 1. The data are absent for three types of backcrosses
either because they were not tested (BC 3 M), or because they
produced few (BC2D) or no litters (BC3D).

Asymmetry

A detailed presentation of the results of the tests is provided
in the Appendix.

Preliminary tests

Normality tests showed that all but one of the 78 signed
asymmetry distributions were normally distributed. Never-
theless, kurtosis and skewness were significant for six and
four distributions respectively (three of which were signifi-
cant for both). Even though eight distributions out of the 78
tested exhibited a departure from normality, the presence of
strong antisymmetry could be excluded as no distribution
was platykurtic. Departures from normality did not affect a
particular trait or sample and so were not considered to be
a source of bias. Significant directional asymmetry (DA) was
detected in three characters. We noted a significant right dom-
inance for LM/3 in the musculus sample. WM/1 exhibited
DA in musculus and sterile F|D samples and, in both cases,
the left side tended to be larger than the right one. To a larger
extent, the means of (R; — L;) distributions for WM/3 were
significantly different from zero, the right side being larger
than the left one, in seven of the 13 samples (samples: mus-
culus, domesticus, sterile F;M, BC’'¥M, BC’'3M, BC'?D,
F,D). This is the first report of DA for tooth characters in
the house mouse although it has been shown to occur in a
number of bone traits including mandibles where it repre-
sented less than 1% of the mean values of the characters
(Leamy 1984, 1993). In our study, DA represents around
0.75% of the mean values obtained for the different char-
acters. It does not seem to be related to the genetic status of
the individuals since it occurred in the parental as well as
the F;, BC, and F, hybrid samples. From a statistical point
of view, FA4 estimates do not require a correction for the
significant DA, since the latter only shifts the mean of the
(R, — L,) distributions without modifying the variances which
are used to express FA (Palmer and Strobeck 1986). The only
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TABLE 2. Results of the analyses of variance of fluctuating asymmetry values for each of the six traits. Mean squares X 105 (MS),
degrees of freedom (df) and probability values (asterisks) are presented. The value in parentheses for the residual df corresponds to the

degrees of freedom for M/3.

Trait
LM/1 LM/2 LM/3 WM/1 WM/2 WM/3
Source of variation df MS MS MS MS MS MS

Samples 12 9.59 7.74 27.38 38.91*** 10.23 23.11
Intrasubspecific musculus vs. domesticus 1 23.04 1.93 0.99 44.02 10.14 18.02
F M vs. F D 1 5.27 0.09 96.45* 0.05 2.70 65.86
Sterile F, vs. fertile F, 1 0.34 1.86 0.01 4.40 1.58 28.34
BC partner: parent vs. strain 1 11.38 1.82 17.42 31.14 11.04 13.02
BC partner: male vs. female 1 3.69 1.34 2.96 8.71 1.07 291
BCM vs. BCD 1 0.55 0.01 0.34 103.58%** 0.65 0.80
FM vs. F,D 1 1.11 0.10 3.50 0.35 0.00 5.78
Intrasubspecific vs. hybrids 1 57.58* 13.37 183.74%* 220.44%** 71.65%* 36.43
Nonrecomb. vs. recomb. hybrids 1 4.79 6.06 4.89 12.56 20.70 0.00
Error 468 (426) 8.19 7.48 13.87 7.97 7.62 12.68

Note: * P < 0.05; ** P < 0.01; *** P < 0.001 after correcting with the sequential Bonferroni technique per line.

problem could come from an allometry between tooth size
and asymmetry, but this did not occur since there was no
significant correlation between absolute asymmetry and char-
acter size, except in one case (sample BC’' 2D for the trait
LM/3) (see Appendix). Finally, ANOVAs and F-ratios be-
tween the FAs of males and females, did not detect any effect
related to sex.

Measurement Error

In the subsample measured twice, the between-side vari-
ance was significantly larger than the measurement error for
the six traits (all P-values of the interaction variance were
less than 0.001). The variance due to measurement error var-
ied between 10% and 14% of the nondirectional asymmetry
variance, except for LM/3 for which the proportion was
around 23%. These values agree with those reported in pre-
vious studies on the dentition of house mice (Bader 1965b).
We considered measurement error values sufficiently low to
assume that they did not contribute significantly to the asym-
metry estimates. Imprecision due to measurement error also
appeared to be negligible relative to mean character size.

Fluctuating Asymmetry

The modified Levene’s test for heterogeneity of variances
revealed that both sample and trait factors were significant
sources of variability (sample: Fi; 724 = 6.27, P < 0.001;
trait. F5,2724 = 16.6, P < 0.001; sample X trait: F60,2724 =
1.20, ns). This meant that the levels of asymmetry differed
between samples when information from all traits was pooled,
and that the traits exhibited different levels of developmental
stability (Palmer 1994). Indices of FA (FA1l and FA4) are
given in the Appendix. Planned comparisons then allowed
us to determine for each trait, which samples showed dif-
ferences in FA (Table 2). The significance of the sample factor
and of all contrasts was tested over the basic error variances
since between-litter components were not significant for any
of the characters. Offspring of the two intrasubspecific cross-
es did not significantly differ for any of the characters (Table
2), but the musculus samples were always more asymmetrical
than the domesticus ones (Wilcoxon’s signed ranks tests: T's

= 0; P = 0.0156). Within the F; hybrids, no significant dif-
ferences were detected between fertile and sterile individuals,
whereas FA for one character, LM/3, showed significant dif-
ferences depending on the parental origin (F\M was signif-
icantly more symmetrical than F,D).

In the backcrosses, we found no significant relationships
between the FA levels and the sex or the origin of the F,
hybrid’s partner (parent or individual from the same strain)
(Table 2). To test the effect of the parental origin, BC?M,
BC’'$M and BC’'3M were then considered as a single sam-
ple, BCM, and tested against the sample BCD, established
by pooling BC' 2D and BC'3D. No global trend was found
even though the difference in FA levels was significant for
the trait WM/1 (BCM was significantly more symmetrical
than BCD). Finally, there were no significant differences in
asymmetry values between F,D and F,M. When the intra-
subspecific samples were compared to the pooled hybrid sam-
ples, we found significant differences for four traits (LM/1,
LM/3, WM/1, and WM/2) (Table 2), the hybrid samples being
developmentally more stable than both subspecies (Appen-
dix). Within hybrids, recombination between the domesticus
and musculus genomes did not seem to affect the level of FA
since we noted no significant differences between the first
hybrid generation (F; hybrids) and the second one (back-
crosses and F, hybrids).

For further analyses, the samples which were not signifi-
cantly different were pooled, reducing their number to seven
(musculus, domesticus, F;M, F,D, BCM, BCD, and F;). Ken-
dall’s coefficient of concordance clearly demonstrated that,
whatever the FA index considered, the ranks of the FA levels
of all six traits across the seven samples were not independent
(FA1l: W = 0.607, P <« 0.01; FA4: W = 0.692, P < 0.01).
In other words, a sample which tended to be more symmet-
rical for one character also tended to be more symmetrical
for the others. As W was significant, the best estimate of the
rank of the samples was obtained by ordering the values of
Rj which are the sums of the FA indices after transformation
to rankings (Soulé 1967; Siegel and Castellan 1988). Figure
1 depicts the overall ranking of the FA levels (with FA1) of
the six traits across the seven samples. The two parental
samples presented the highest levels of FA, whereas FiM,
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Rj
musc. dom.  FM KD BCM BCD  F,
Samples
FiG. 1. Graphic representation of the sum, Rj, of the FA indices

after transformation to rankings of the six characters within the
seven samples (see text for further explanations); ‘“‘musc.” and
“dom.” refer, respectively, to musculus and domesticus.

F,, and both BC samples showed intermediate rankings. F|D
yielded the lowest FA levels for all six characters.

Character Size

ANOVAs performed on the ([R; + L;]/2) values clearly
showed that the sample factor was a highly significant source
of variability of tooth character size among the 13 samples
(Table 3). The sex factor was only significant for the trait
LM/1 (F, 455 = 8.30, P < 0.05) which was larger in males.
As the interaction between the sex and sample factors was
not significant, and as the sex ratio of each sample did not
appear unbalanced (sex ratios are shown in Table 1), we did
not consider sex as a source of bias. Results of the planned
comparisons run on the character size values are shown in
Table 3. Partitioning of the basic error variances for the six
traits revealed that the between-litter components were not
significant. Thus, the significance of the sample factor and
of all contrasts was tested over the basic error variances.
Differences between the two intrasubspecific crosses were
present. Character size values of the musculus sample were
always higher than those of the domesticus one (Appendix),
the differences being significant for four characters: LM/1,
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LM/2, WM/2, and WM/3 (Table 3). Within the F; hybrid
group, fertile and sterile individuals did not display different
levels of character size whereas the parental origin was found
to be a source of variability since F, hybrids with a maternal
musculus origin showed significantly larger character sizes
than those with a domesticus one for all traits except LM/3.

In the backcross groups, character size did not depend on
the origin of the F,’s partner (parental or strain), nor on its
sex (Table 3). However, when the backcrosses were compared
relative to their parental origin, BCM exhibited a significantly
higher character size than BCD for WM/1 and WM/2. In the
F, hybrid groups, the values of two of the six traits (LM/3
and WM/2) were significantly lower in F,M than in F,D.
Moreover, F,D values were always higher than those of F,M
(Wilcoxon’s signed ranks test: 7's = 0; P = 0.0156).

All traits were significantly smaller in the intrasubspecific
group than in the pooled hybrid one, i.e., including F, and
F, hybrid groups and backcrosses (Table 3). Meiotic recom-
bination may, however, affect trait size since the backcrosses
and F, hybrids showed a significant size reduction for four
of the six dental characters compared to the F; hybrids (Table
3, Appendix).

When we grouped the samples which were not significantly
different, we obtained eight pools: musculus, domesticus,
FM, F,D, BCM, BCD, F,M, and F,D, among which Ken-
dall’s coefficient of concordance indicated a significant as-
sociation between the character size levels (W = 0.648, P <
0.01). The sums of the character size estimates after trans-
formation to rankings (Rj) are given in Figure 2. The hybrid
samples F,D, F;M, BCM, and F,D ranked higher than both
parental ones. The domesticus parental sample showed the
lowest overall ranking.

DISCUSSION

Developmental Stability and Heterozygosity

Hybrids between M. m. domesticus and M. m. musculus
clearly benefit from a heterotic effect on the developmental
stability and on the size of the tooth characters investigated.
This effect is significant for four FA traits and the six size
traits. Although the mechanisms underlying the general phe-

TABLE 3. Results of the analyses of variance of character size values for each of the six traits. Mean squares X 104 (MS), degrees of
freedom (df) and probability values (asterisks) are presented. The value in parentheses for the residual df corresponds to the degrees of

freedom for M/3.

Trait

LM/1 LM/2 LM/3 WM/1 WM/2 WM/3
Source of variation df MS MS MS MS MS MS
Samples 12 449.73%*% 2]11.70%** 241 83*** 106,89*** 153.74*%* 87 15%%*
Intrasubspecific musculus vs. domesticus 1 1,101.16*** 769.10%** 78.58 0.75 73.81* 120.87***
FiM vs. F\D 1 667.96*** 155.15%* 23.66 727.85*** 551.04***  80.56**
Sterile F, vs. fertile F, 1 1.11 1.70 37.42 1.78 4.76 22.52
BC partner: parent vs. strain 1 79.07 8.09 16.40 24.08 1.66 11.25
BC partner: male vs. female 1 26.04 20.45 21.40 0.81 0.62 5.54
BCM vs. BCD 1 24.96 49.31 0.52 137.79*** 130.63***  14.73
F:M vs. F,D 1 0.26 67.86 248.61*%* 33.61 111.97** 3.26
Intrasubspecific vs. hybrids 1 1,080.73*** 844.32*** ] 980.36*** 405.34*** 220.47*** 106.19%**
Nonrecomb. vs. recomb. hybrids 1 1,108.09***  40.54 9.36 500.88*** 330.76*** 293,13***
Error 468 (426) 14.68 12.20 23.07 8.49 8.75 7.56

Note: * P < 0.05; ** P < 0.01; *** P < 0.001 after correcting with the sequential Bonferroni technique per line.
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Fic. 2. Graphic representation of the sum, Rj, of the character size
levels after transformation to rankings of the six characters within
the eight samples (see text for further explanations); ‘“‘musc.”” and
“dom.” refer, respectively, to musculus and domesticus. :

nomenon of heterosis are still under debate, three hypotheses
are generally advanced. These include dominance, overdom-
inance, and the formation of fortuitous gene combinations.
On the basis of the data available in the literature, Mitton
and Grant (1984) have argued that the first two hypotheses,
which imply heterozygosity per se, could explain 70-80%
of the effect on growth and developmental stability. Higher
developmental stability of heterozygotes has been reported
by numerous authors (Mitton and Grant 1984; Palmer and
Strobeck 1986) who have shown either a positive correlation
between inbreeding and FA (Robertson and Reeve 1952; Bad-
er 1965a; Leamy 1984, 1992) or a negative one between FA
(or morphological variance) and allozyme heterozygosity in
wild populations (for review see Mitton and Grant 1984,
Clarke 1993; Markow 1995). However, it has been argued
that these effects may not always be due to heterozygosity
because both inbreeding in strains of and differences in evo-
lutionary histories of wild populations could also lead to
disruption of coadaptation and/or to fixation of deleterious
recessive alleles due to a founder effect or drift (Patterson
and Patton 1990; Clarke 1993; Markow 1995). The most cited
examples that unambiguously support a relation between het-
erozygosity and developmental stability are the intrapopu-
lation studies of the rainbow trout (Leary et al. 1983, 1984,
1992) and Drosophila (Biémont 1983) in which the most
homozygous individuals displayed the highest FA levels.
However, in a number of other studies no such correlation
was found (Wooten and Smith 1986; Patterson and Patton
1990; Clarke et al. 1992; Yampolosky and Scheiner 1994).

In the present study, the heterotic effect on the FA found
in the different generations of hybrid mice provides addi-
tional evidence for a relationship between the stability of
development and genomic heterozygosity. We are not able,
however, to determine the relative role of the different mech-
anisms responsible for the observed heterosis. As we used
recently established random-bred strains it is unlikely that
any major breakdown of coadaptation or expression of del-
eterious recessive alleles due to inbreeding occurred in the
parental strains. This assumption is supported by the fact that,
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for the same characters, the original wild populations exhib-
ited slightly lower levels of developmental stability (see be-
low). Moreover, homogeneous conditions of rearing avoided
environmentally-related differences in FA levels between
samples.

Developmental Stability and Genomic Coadaptation

Genomic coadaptation is considered to be a necessary ge-
netic condition for developmental stability. Most of the ev-
idence for this relationship comes from studies on natural
hybrid zones in which lower levels of developmental stability
are reported for hybrid populations (for review see Graham
1992). This was interpreted as being the direct consequence
of a disruption of the coadaptation of the gene systems con-
trolling development due to the admixture of two different
genomes. Hence, even though nearly half the studies reported
no differences between hybrid and parental groups, outbreed-
ing depression was thought to be the main effect at the spe-
cific or subspecific taxonomic level. However, recent studies
have demonstrated that this is not always the case. Hybrids
in the Danish hybrid zone between the two subspecies of the
house mouse have lower levels of FA than the parental groups
which suggests that developmental stability of the dental
characters at least, is increased (Alibert et al. 1994). Simi-
larly, hybrids between two subspecies of sagebrush were
found to be developmentally more stable than the parental
taxa for several characters (Freeman et al. 1995).

In the case of laboratory hybrids between M. m. domesticus
and M. m. musculus, it is clear that recombination between
the two genomes did not lead to major perturbations in de-
velopment as both the backcrosses and F, hybrids still
showed heterosis. The morphological characters analyzed
showed no significant differences in FA levels before (F,
hybrids) and after meiotic recombination (backcrosses and
F, hybrids). However, the significant decrease in size of four
molar characters out of six in recombined hybrids could be
due to a slight breakdown in one or more coadapted gene
systems or, more likely, to the decrease in heterozygosity that
is expected in these groups. It is also of interest to note that
there are some differences in levels of FA, and to a larger
extent in character size, between the reciprocal crosses. F,
hybrids obtained from crosses involving a musculus female
(F;M) showed a higher FA level than did the offspring of
the reciprocal crosses (F;D). This suggests the possibility of
a maternal effect since the developmental stability of the
musculus sample was significantly lower. However, the pat-
tern was reversed in the backcrosses, and did not support the
idea of a musculus maternal effect. As far as character size
was concerned, offspring from crosses with a maternal mus-
culus origin tended to be larger than those with a domesticus
one, except in the F, samples where this trend was reversed.
However, it is difficult to interpret this pattern in terms of a
maternal effect or heritability because certain categories of
crosses were missing and the size of the F,M sample was
small. It is clear that further investigations are needed before
more definitive conclusions can be drawn.

Comparison with Wild Populations

Since the strains used in this study originated from Den-
mark and the dental characters studied were the same as those
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45
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Samples
FiG. 3. Graphic representation of the sum, Rj, of the FA indices

after transformation to rankings of the six characters within the
eight samples (see text for further explanations), for the laboratory
crosses and three wild-caught populations. Shaded bars represent
laboratory populations (lab) and nonshaded bars represent wild pop-
ulations (wild); “‘musc.” and ‘“‘dom.” refer, respectively, to mus-
culus and domesticus; ““wild musc.”” and “wild dom.” correspond,
respectively, to classes 1 and 5 in the study of Alibert et al. (1994),
whereas ‘‘wild hybrids” corresponds to class 3.

analyzed in wild house mice from the Danish hybrid zone
(Alibert et al. 1994), direct comparisons between laboratory-
bred and wild samples were possible. Figure 3 shows the
sums of the FA indices after transformation to rankings, for
the laboratory samples (the two strains and the three hybrid
groups) and three wild-caught populations (“‘pure” domes-
ticus, ‘‘pure” musculus, and a hybrid sample).

Here again, the correlation of FA levels for the six traits
among samples was statistically significant (W = 0.704, P
< 0.01). Interestingly, the ranking of the FA levels was lower
in the laboratory domesticus and musculus samples than in
the wild ones from the hybrid zone in Denmark. This result
suggests that the founder effect, drift, and inbreeding that the
random-bred strains have experienced were not very impor-
tant since they did not lead to a decrease in developmental
stability. On the contrary, wild populations appeared to be
developmentally less stable. Since environmental stress is
known to decrease developmental stability (Parsons 1990;
Markow 1995), exogenous stress which is likely to be greater
in the wild may be responsible for the observed differences
(Auffray et al. 1996b).

The differences in FA between the wild and laboratory
hybrid samples are only slight. This is interesting as it sug-
gests that the breakdown in coadapted gene systems regu-
lating development is not more pronounced in the wild hybrid
individuals which have highly recombined genomes (up to
now no F; hybrids have been found in the house mouse hybrid
zone) than in the first two hybrid generations obtained in the
laboratory. This is not expected if a large number of coad-
apted gene systems had been disrupted during hybridization.

Relationship with Sterility

We failed to find any relationship between F, hybrid ste-
rility and the level of FA. This agrees with the previous study
performed on wild populations (Alibert et al. 1994), since
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the lower level of FA found in the hybrid populations con-
trasted with the decrease in reproductive fitness suggested by
the limited introgression of the sex chromosome markers
across the hybrid zone (Vanlerberghe et al. 1986, 1988a;
Tucker et al. 1992; Dod et al. 1993). Differences in devel-
opmental stability have been proposed to reflect differences
in fitness (Soulé 1982; Leary et al. 1984; Mgller and Pom-
iankowski 1993; Swaddle and Witter 1994). However, if the
efficiency with which an organism produces an optimal phe-
notype under given conditions can be considered as one com-
ponent of fitness, the use of developmental stability as a
marker of overall fitness must be questioned. Studies re-
porting clear relationships between developmental stability
and fitness are quite limited. Besides, most of them concern
the direct consequences of asymmetry in terms of sexual
selection, but very few demonstrate the outcome in terms of
natural selection (Markow 1995). Our results clearly show
that, at least in the case of hybrids, a correlation between
developmental stability and overall fitness cannot be gen-
eralized.

Dynamics of the House Mouse Hybrid Zone

Even though the European house mouse hybrid zone has
been the focus of numerous studies during the last two de-
cades, the contrasting results obtained by different approach-
es demonstrate that the degree of hybrid dysgenesis is not
yet well defined. The reduced introgression of the sex chro-
mosome markers and the dysfunction of certain immune re-
sponses suggest that genomic incompatibilities do exist be-
tween M. m. domesticus and M. m. musculus. However, the
greater developmental stability of tooth characters found in
the natural hybrid populations provides no evidence for dis-
ruption of coadaptation in hybrids. An alternative hypothesis
is that the pattern of FA observed in the hybrid zone reflects
an overall hybrid dysgenesis. The decrease in FA levels could
simply be due to the elimination by natural selection of the
less fit individuals which are also the more asymmetric, there-
by creating a heterotic-like effect. However, as we have
shown that heterosis occurs before as well as after meiotic
recombination, the first hypothesis appears to be the more
plausible. The results reported here therefore provide addi-
tional evidence that selection acting on the hybrid genome
between M. m. domesticus and M. m. musculus is likely lim-
ited to relatively few gene systems making a major contri-
bution to the hybrid disadvantage.
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APPENDIX
Detailed presentation of the data for each of the six traits and the 13 samples.
Asymmetry .
Character size ®R-1L) R-1|
R+ Ly2 . Variance Mean
Trait Sample Na Mean + SE Slope + SEP Mean *+ SE Dmax¢ Skew Kurtosis (= FA4)d (= FAl) + SE
LM/1 M 60 1.538 0.0034 -—0.0378 0.0607 —-0.0046 0.0024 0.0617 0.030 0.482 33.9312 14.8650 0.0015
D 62 1478 0.0056 —0.005 0.0268 -0.0017 0.0019 0.0758 -0.119 0.078 22.4958 12.1161 0.0011
Fertile F1IM 26 1592 0.0053 0.0906  0.0689 0.0050 0.0029 0.1442 0.273 —-0.783 21.8359 12.2692 0.0018
Sterile FIM 47 1.599 0.0048 —0.0342 0.0428 —0.0021 0.0023 0.0776 0.109 1.197 23.8583 11.9787 0.0014
Fertile F1D 15 1.546 0.0069 0.0401 0.0742 0.0018 0.0033  0.1002 0.067 —0.338 15.9457 10.2000 0.0019
Sterile FIM 38 1.544 0.0052 0.0033 0.0353 0.0008 0.0021 0.1193 0.096 —0.987 17.3650 11.2105 0.0011
BC2M 39 1.512 0.0054 —0.0142 0.0435 —0.0007 0.0024 0.0878 ~0.365 —-0.349 229113 12.1795 0.0014
BC'?M 40 1.523 0.0052 0.0637 0.0526 —0.0046 0.0023 0.1216 —1.357** 2.843** 22.0554 11.1000 0.0017
BC'dM 23 1552 0.0076 "~ —0.0208 0.0331 -0.0003 0.0021 0.1554 0.824 0.552 10.2419 79130 0.0013
BC'¢D 18 1.530 0.0115 —0.0124 0.0238 —0.0033 0.0027 0.1801 -0.322 -0.802 12.7154 9.7222 0.0015
BC'3D 28 1510 0.0069 0.0899 0.0574 0.0014  0.0030 0.1476 0.768 0.404 25.4905 11.9286 0.0020
F2M 9 1536 0.0120 -—0.068 0.0666 —0.0088 0.0027 0.2258 - 0.400 —0.875 6.4194 9.8889 0.0021 ;
F2D 76 1.537 0.0061 0.0097 0.0175 -0.002 0.0015 0.0662 0.268 —-0.323 17.7400 11.0658 0.0009 g
LM/2 M 60 0.994 0.0033 0.0554  0.0551 0.0026  0.0021 0.0661 -0.037 0.528 26.4952 12.6833  0.0013 2>
D 62 0944 0.0046 —0.0237 0.0286 0.0026 0.0018 0.0803 -0.211 —0.668 19.7529 11.8871 0.0010 g
Fertile FIM 26 1.011 0.0048 —0.0648 0.0490 —0.0032  0.0021 0.0924 0.187 —0.546 11.1225 9.0769 0.0012 gi]
Sterile FIM 47 1.004 0.0042 —0.0463 0.0524 0.0021 0.0024 0.0999 0.046 0.805 26.2793 11.8936 0.0016 =
Fertile F1D 15 0983 0.0077 0.1202  0.0722 —0.0005 0.0036 0.1919 1.084 0.626 19.8981 10.8667 0.0022 ;
Sterile FIM 38 0.984 0.0050 0.0539  0.0394 0.0007 0.002 0.0794 0.374 —0.308 14.7681 9.7368 0.0012 =
BC¢M 39 0998 0.0063 —0.0097 0.0340 0.0025 0.0021 0.0889 0.440 0.665 16.7202 10.2564 0.0013 >
BC'¢M 40 1.000 0.0066 —0.0321 0.0324 —0.0022 0.0025 0.1146 0.545 -0.202 25.5908 13.4500 0.0014 =
BC'éM 23 1.024 0.0067 0.0667 0.0373 0.0016  0.0023 0.1203 0.494 -0.757 11.7431 8.9130 0.0013
BC'?D 18 0999 0.0075 0.0395 0.0590 0.0029  0.0029 0.1075 0.376 —0.153 14.6298 9.7778 0.0017
BC'3D 28 0990 0.0064 —0.0685 0.0439 0.0015 0.0027 0.0862 —0.041 —-0.933 20.8184 12.1071 0.0014
F2M 9 0.992 0.0083 0.0734  0.1735 -0.007 0.0053 0.2246 —0.605 -0.947 25.3068 12.3778  0.0039
F2D 76 1.021 0.0051 -0.014 0.0223 —-0.0002 0.0018 0.0734 0.237 —0.685 23.9779 12.7368 0.0010
LM/3 M 49 0.579 0.0066 0.0604 0.0426 0.0088 0.0032 0.0714 0.003 0.512 51.4723 18.8367 0.0022
D 52 0562 0.0077 0.0059 0.0321 0.0000 0.0031 0.1100 —0.306 -0.409 48.7078 18.2115 0.0017
Fertile F1IM 19 0.637 0.0094 0.0028 0.0752 0.0022 0.0052 0.0995 0.073 -0.597 52.2585 18.1579  0.0031
Sterile FIM 38 0.625 0.0039 0.0743 0.0864 0.0044 0.003 0.1312 —-0.724 1.396 33.7389 14.2895 0.0020
Fertile F1D 12 0.628 0.0098 0.0354 0.0594 0.0003 0.003 0.1723 —-0.354 0472 10.4750 7.5833 0.0019
Sterile FIM 37 0613 0.0059 -0.0071 0.0340 0.0012 0.0022 0.1015 0.122 ~0.638 18.0356 11.3514 0.0012
BC?M 39 0.626 0.0085 0.0157 0.0316 —0.0013 0.0032 0.1384 0.413 —-0.48 38.8429 16.4359 0.0017
BC'¢M 39 0.626 0.0070 0.0187 0.0460 0.0025 0.0028 0.0959 0.456 1.008 30.7466 13.0513 0.0019
BC'3M 23 0.643 0.0085 -—0.1166 0.0570 —0.0007 0.0037 0.1504 —-0.308 0.640 31.7874 13.4348 0.0024
BC'?D 18 0.634 0.0105 0.1926 0.0501* 0.0008 0.0046 0.1405 -0.227 0.923 38.4418 15.0000 0.0029
BC'3D 28 0.632 0.0098 0.0263 0.0360 -0.0029 0.0033 0.1413 0.505 0.548 30.4439 14.2857 0.0019
F2M 9 0.568 0.0130 0.0637 0.0650 0.0002 0.0046  0.2297 0.556 -0.614 18.9944 11.1111  0.0024

F2D 76 0.623 0.0069 0.0192  0.0234 0.0013  0.0021 0.0941 0.021 1.901** 32.5643 13.1974 0.0014




]

APPENDIX. CONTINUED.

f%
Asymmetry
Character size ®-1L) R-L]
R+ D2 Variance Mean

Trait Sample Ne Mean * SE Slope + SEP Mean + SE Dmax°® Skew Kurtosis (= FA4)d (= FAl) + SE

wM/1 M 60 0910 0.0036 —0.0546 0.0534 -0.01 0.0024 0.082 : 0.084 —-0.335 34.3743 17.7833 0.0014
D 62 0908 0.0042 -0.0066 0.0378 —-0.0013 0.0022 0.0837 0.205 —0.495 28.7842 13.9839 0.0012
Fertile F1IM 26 0972 0.0048 0.1426 0.0491 -0.0029 0.0025 0.1296 -0.097 -1.08 16.0234 10.8462 0.0013
Sterile FIM 47 0978 0.0035 0.0331 0.0438 —0.0048 0.0015 0.0741 -0.23 -0.435 10.0927 8.7021 0.0010
Fertile F1D 15 0923 0.0065 0.0502 0.0773 —0.0027 0.0032 0.1482 0.183 -0.723 15.3667 10.1333  0.0018
Sterile FIM 38 0.922 00039 -0.0618 0.0576 —0.0043 0.0020 0.1251 0.395 0.524 14.5713 9.6842 0.0013
BCYM 39 0929 0.0038 0.0217 0.0530 0.0014 0.0019 0.0823 0.147 0.036 14.4884 9.1282 0.0013
BC'¥M 40 0933 0.0035 0.0273 0.0550 —0.0003 0.0020 0.1350 0.524** —0.345 16.1076 10.075 0.0012
BC'éM 23 0929 0.0055  0.0059 0.0797 —0.0019 0.0028 0.2095 —-1.579 3.426** 17.6356 9.1304 0.0020
BC'?D 18 0905 0.0065 0.01 0.1035 -~0.0086 0.0047 0.1058 0.135 -1.013 40.3075 18.1667 0.0027 .
BC'3D 28 0913 0.0051 0.0171 0.0664 —-0.0015 0.0029 0.1566 —0.655 -0.559 24.2480 12.4643 0.0017 53]
F2M 9 0907 0.0153 0.0153 0.0354 0.0011 0.0037 0.2276 -0.173 —-1.371 12.0361 9.5556 0.0015 g
F2D 76 0928 0.0043 —0.0311 0.0295 -0.0023 0.0016 0.0904 0.321 2.040** 18.9077 10.2105 0.0011 g

WM/2 M 60 0915 0.0032 -—0.0305 0.0665 0.0013 0.0023 0.1080 1.109%* 2.529%** 32.3298 13.0333  0.0016 z
D 62 0900 0.0044 0.0141 0.0422 0.0025 0.0021 0.1595** 1.174** 2.812%%* 26.8122 11.2097 0.0015 :
Fertile F1IM 26 0.958 0.0037 0.0789 0.0660 0.0001 0.0021 0.1077 -0.526 0.138 11.1306 8.4231 0.0012 z
Sterile FIM 47 0965 0.0038 0.0248 0.0474 0.0005 0.0018 0.0906 0.357 1.178 14.4560 8.6596 0.0012 jord
Fertile F1D 15 0914 0.0077 —0.0362 0.0300 —0.0021 0.0021 0.1258 —-0.262 -0.352 6.8352 6.8667 0.0012 8
Sterile FIM 38 0917 0.0042 0.0269 0.0500 0.0011 0.0018 0.1074 0.565 0.912 12.0388 8.1842 (.0012 g’,j
BC?M 39 0919 0.0047 0.0285 0.0453 0.0045 0.0022 0.0919 0.224 -0.132 18.3730 11.6410 0.0013 2
BC'YM 40 0930 0.0047 0.0101 0.0387 0.0029 0.0018 0.1181 0.285 —0.816 13.5497 9.7750 0.0011 o)
BC'dM 23 0927 0.0041 0.0787 0.0461 0.0016 0.0022 0.1871 —-0.402 -1.134 10.7802 9.3043  0.0009 =
BC'?D 18 0904 0.0065 0.0116 0.0846 - 0.0058 0.0028 0.2020 0.886 0.336 14.6183 9.4444  0.0022 %
BC'3D 28 0905 0.0066 —0.0156 0.0367 —0.0015 0.0023 0.1108 —-0.166 —0.989 14.5517 10.1071 0.0012 e}
F2M 9 0.893 0.0118 -0.0984 0.0599 0.0064 0.0032 0.1236 -0.225 -0.615 9.4778 9.3333  0.0022 é
F2D 76 - 0.930 0.0040 0.0123 0.0241 0.0012 0.0013 0.0734 0.081 -0.159 13.6028 9.3158 0.0008 z

wWM/3 M 49 0.627 0.0040 —0.0478 0.0762 0.0094 0.003 0.0927 0.413 0.058 42.9288 17.3265 0.0021 8
D 52 0.605 0.0043 0.0004 0.0549 0.0074 0.0024 0.0536 0.013 0.290 30.5857 14.6538 0.0017
Fertile F1IM 19 0.649 0.0062 -—-0.1485 0.0872 0.0065 0.0036 0.0935 0.206 0.070 24.4374 12.9474 0.0024
Sterile FIM 38 0.665 0.0043 0.0874 0.0944 0.014 0.0034 0.0774 0.146 —-0.162 43.0837 20.0789 0.0024
Fertile F1D 12 0.636 0.0076 0.1581 0.1029 0.0068 0.0037 0.1397 0.819 0.382 16.7242 10.8333  0.0027
Sterile FIM 37 0.639 0.0050 0.0392 0.0387 0.003 0.0021  0.0867 -0.09 -0.722 16.4083 11.0270  0.0011
BC?M 39 0.617 0.0037 0.0747 0.0620 0.0035 0.0025 0.0731 -0.222 0.134 24.8834 12.7436 0.0016
BC'?M 39 0.626 0.0040 0.1596 0.0718 0.0112 0.0025 0.1552 0.364 1.959 23.5694 15.2564 0.0018
BC'éM 23 0.632 0.0035 0.2564 0.1113 0.0095 0.0031 0.1262 -0.344 -0.224 22.6534 14.7826 0.0020
BC'¢D 18 0.619 0.0058 —0.1014 0.1065 0.0118 0.0038 0.2360 -0.221 -1.608 26.2301 16.5556 0.0026
BC'3D 28 0.618 0.0057 -~0.0909 0.0551 0.0075 0.0027 0.1009 0.121 -0.908 20.2926 13.0000 0.0018
F2M 9 0.626 0.0047 -0.1762 0.2350 —0.0046 0.0045 0.1590 —0.545 0.212 18.3778 10.5556  0.0030
F2D 76 0.632 0.0035 0.0439 0.0407 0.0087 0.0017 0.0699 0.371 -0.196 21.0795 13.2368 0.0012

2 Sample size.

bSlope + SE from regression of |R — L| versus (R + L)/2.

¢ Kolmogorov-Smirnov test statistic.

dValues X 105.

¢ Values X 103.

* P < 0.05; ** P < 0.01; *** P < 0.001 after correcting with the sequential Bonferroni method applied within each series of tests, per sample across the six traits.
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