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"'1" 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 hou se mouse (Mus musculus domesticus and M, m.

musculus). Fluctuating asymmetry (FA) and trait size were compared within and between parental, FI, backcross, and
F2 hybrid groups. The relationship between FA and reproductive fitness within the FI hybrids was also studied. The
results indicated that both FA and character size levels differed significantly between the two subspecies. The FI
hybrids and the recombined groups (backcrosses and F2 hybrids) showed heterosis for both parameters. No significant
differences in the FA of fertile and sterile FI hybrid individuals were round. Comparison of the FA levels obtained
in this study with those round 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 bouse mice revealed by previous genetical
and parasitological studies.

Key words.-Developmental stability, experimental crosses, genomic coadaptation, heterosis, hybrid, Mus musculus,
tooth characters, trait size.
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Coadaptation refers to the internaI genomic balance be- asites (Sage et al. 1986; Moulia et al. 1991, 1993, 1995).
tweeD loci, at both the inter- and intrachromosomal levels, These results suggest that the bouse mouse hybrid zone is
that was molded by selection during the evolutionary his- maintained by endogenous selective factors due to the dis-
tories of populations (Dobzhansky 1937). The notion of coad- ruption of coadapted gene systems in hybrids (Sage et al.
aptation bas played a prominent cole in the study of the mech- 1986; Vanlerberghe et al. 1988a). However, the incompati-
anisms of reproductive isolation and speciation because any bilities do Dot appear to affect aIl gene systems since a higher
breakdown of coadapted gene complexes would lead to a developmental stability bas recently been reported in the
selective disadvantage. Two approaches have been used to Danish hybrids (Alibert et al. 1994). Although little is known
estimate the degree of divergentcoadaptation that occurs in about the processes underlying developmental stability, they
differentiating populations. The ftrst uses experimental cross- are likely to involve numerous genes (Zakharov 1989) and
es to assess the effects of hybridiz,tion on major fitnesscom- may provide a valuable indicator of the extent of selection
ponents such as viability and fertility. The second focuses in the hybrid zone.
on hybrid zones, i.e., sites where individuals from genetically Developmental stability is one of the components of de-
distinct populations meet, mate and produce offspring (Bar- velopmental homeostasis (for review see Zakharov 1989)
ton 1979; Barton and Hewitt 1985; Hewitt 1988; Harrison through which organisms reduce phenotypic variation re-
1990). ln this case, the effects of different intergenomic com- sulting from developmental accidents. It cao be assessed by
binations on hybrid fitness cao be estimated indirectly from measuring fluctuating asymmetry (FA) which is the variation
the introgression patterns of genetic markers. in the small random differences occurring between the left

The hybrid zone between the two European subspecies of and right side of normally bilaterally symmetrical traits (Van
the bouse mouse, Mus musculus domesticus and M. m. mus- Valen 1962). Levels of FA, which have been correlated with
culus, which crosses Europe from Denmark to Bulgaria, bas the intensity of both genomic and environmental stress, are
been the focus of extensive studies (for review see Boursot thought to reflect the efficiency of the mechanisms controlling

'fi et al. 1993; Sage et al. 1993). Autosomal, mitochondrial, and developmenta~ stability of organisms (Zakh~ov 1989; ~ar-
r sex chromosome markers have been analyzed across several sons 1990). It IS generally assumed that genomlc coadaptatl0n
lii' transects of the hybrid zone in Denmark, Germany, and Bul- and heterozygosity are the two genetic factors that increase

garia. The similarity between the patterns of differential in- developmental stability. ln hybrid populations, it is therefore
trogression that occur in these geographically different tran- thought either to benefit from an increase in heterozygosity
sects led to the conclusion that major incompatibilities exist or to suffer from disruption of coadaptation, depending on
between the two genomes (Boursot et al. 1984; Sage et al. the degree of divergence between hybridizing taxa (Vrijen-
1986; Vanlerberghe et al. 1986, 1988a,b; Tucker et al. 1992; hoek and Lerman 1982; Graham 1992). Until recently, it was
Dod et al. 1993; Prager et al. 1993). Moreover, the higher also assumed that, at the level of genetic divergence observed
intestinal würm loads of hybrid populations compared to pa- between most naturally hybridizing taxa, breakdown in the
rental forfis have been related to a disruption of the coadapted coadaptation of gene complexes was more important than
gene systems involved in the immune response to these par- heterotic effects (Vrijenhoek and Lerman 1982; Graham
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TABLE 1. Detai1s of crosses, mating success (percentage of pairs having produced offspring after four months of mating), offspring
samples, and samp1e sizes for each type of cross. Values in parentheses indicate sample sizes for measurements taken for M/3 (see text
for further explanations). ln offspring designation, M and D refer to the parental origin: M indicates a musculus mother in the initial
inter-subspecific cross and D a domesticusone.

Crosses
Offspring

Mating successNumber Offspring Number Number
Type of crosses of pairs Number % designation of males of females Total

Intra-subspecific
~ M X <3' M 8 7 87.5 musculus 36 (27) 24 (22) 60 (49)
~ D X <3' D 8 6 75 domesticus 35 (32) 27 (20) 62 (52)

Inter-subspecific
~ M X <3' D 8 8 100 fertile FIM 12 (12) 14 (7) 26 (19)

sterile FIM 23 (20) 24 (18) 47 (38)
~ D X <3' M Il Il 100 fertile FID 8 (8) 7 (4) 15 (12)

sterile FID 16 (16) 22 (21) 38 (37)

Backcrosses
~ FIM X <3' Dfather 15 6 40 BC~M 21 (21) 18 (18) 39 (39)
~FIMX<3'Dstrain 38 10 26.3 BC'~M 11(10) 29(29) 40(39)
<3' FIM X ~ Mmother - - - BC<3'M - .:- -
<3'FIMX~Mstrain 13 1 7.7 BC'<3'M 9(9) 14(14) 23(23)
~ FID X <3' Mfather 13 2 15.4 BC~D - - -

~FIDX<3'Mstrain 29 5 17.2 BC'~D 4(4) 14(14) 18(18)
<3' FIM X ~ Dmother 2 - - BC<3'M - - -
<3' FID X ~ Dstrain 9 2 22.2 BC'<3'D 17 (17) Il (11) 28 (28)

F2
~ FIM X <3' FIM 30 1 3.3 F2M 3 (3) 6 (6) 9 (9)
~ FID X <3' FID 15 2 13.3 F2D 39 (39) 37 (37) 76 (76)

1992; Clarke 1993). However, the presence oflower FA levels tory" in Montpellier, France. These strains originated from
in natural hybrids between the two types of the European two Danish localities, Odis (DDO) and Hov (MDH), which
bouse mouse suggests that the relationship between devel- are located, respectively, at 34 km south and 40 km north of
opmental stability and genetic divergence may be more com- the center of the hybrid zone. These localities correspond to
plex (Alibert et al. 1994). the extremes of the transect used in most previous studies

The aim of ibis study was to assess the relative contribution conducted in Denmark (Vanlerberghe et al. 1986, 1988a;
of heterosis and breakdown in coadaptation to the develop- N ancé et al. 1990; Moulia et al. 1991; Dod et al. 1993; Alibert
m~ntal s~ability of successive ?ybrid generati?ns of bouse et al. 1994; Auffray et al. 1996a; FeI-Clair et al. 1996). At
mIce. ThIS was done by measunng an~ comp~mg FA levels the onset of the experiment, the number of generations of

o~ dental characters between FI hybnd .and shghtly rec?m- random mating was 13 for DDO and 5 for MDH. These two
bmed gen~mes (b~ckcross~s and F2 hybnds), as weIl as hIgh- strains were slightly introgressed as individuals of MDH car-
ly recombmed (wIld hybnds) ones. ln order to see whether ried 1.5% of domesticus alleles whereas 11% of musculus
changes in developmental stability were a~companied by oth- alleles were present in the genome of mice from the DDO
er changes in dental morphology, we also studied the size of tr . ( c B h ) DDO ' h f. .. s am ~~ on omme, pers. comm. . IS omozygous or

the tooth characters m the crosse~. The reduced mtrogressI~n three Robertsonian (Rb) fusions, Rb (3.8), Rb (2.5) and Rbof the sex chromosome markers m the Mus musculus hybnd. - '
(" 1 b h t 1 1986 Tu k t al 1992 D d (6.9), reducmg the standard karyotype from 2n - 40 to 2n

zone van er erg e e a. , c er e. ; 0 et - .
al 1993) S ggested that h b .d d t . 1 . - 34 chromosomes (Nancé et al. 1990). Both strams were

. u y n s were repro uc Ive y Im- .., .. .
paired despite their higher level of developmental stability. reared under IdentIcal COn~ItIOnS I~ ~e same anImal room.

These results indicated that the positive correlation which is Food and .water wer~ provIded. ad lIbItum. .
generally expected between developmental stability and fit- To obtam FI hybnds, Il p~rs of ~omestlc~s (D) females
ness would flOt necessarily include reproductive fitness. We and musculus (M) males and elght p~rs of re~Iproc~l crosses

therefore investigated the relationship between FA and fer- (female M X male D) were estabhshed. SIxteen mtrasub-
tility of the male and female FI hybrids obtained in the lab- specific crosses (eight pairs for D X D and eight pairs for

oratory. M X M) were used as reference groups. After four to six

months, one group of FI hybrids was intercrossedto produce
MATERIAL AND METHODS F2 hybrids while another (both males and females) was back-

S 1 crossed either to their parents, or to individuals belonging to

ampes
h 1 .. d . h . f ht e same parenta straIn m or er to mcrease t e SIze 0 t e

The animaIs used in ibis study came from two random- backcross samples (BC) (details of crosses are given in Table
bred wild-derived strains, DDO (M. m. domesticus) and MDH 1). AlI pairs were maintained for a minimum of four months,
(M. m. musculus), kept in the "Wild Mice Genetic Reposi- regardless of the reproductive outcome. AlI the animaIs used~
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in the morphometric analysis (see below) were adult (mini- bution is Dot centered on zero, while in AS the distribution
mum Il weeks old). A total of 481 individuals was analyzed. appears bimodal" The presence of DA was assessed by testing

for departures from zero of the means of signed differences
Mating Success and Fertility Estimates (Ri - LJ for each trait within each sample using t-tests.

" "" " Departures from normality were assessed using Kolmogorov-
ReproductIon wlthm each type of cross was charactenzed S " t t d t " t f k d k rt " Th" . . mlrnov es s an es lma es 0 s ewness an u OSlS. e

by matIng success, defined as the percentage of paIrs WhlCh " "

d d ff " f ., h f t " Th f t " l " relatIon between asymmetry and character Slze, defined as
pro uce 0 spnng a ter rOUf mont soma mg. e er 1 lty "" " "

f F h b .d . d . "d 1 t " d t 1 f h ([Ri + LJ/2), was mvestIgated by hnear regresslon analyses
0 1 Y n m lVl ua s was es lmate separa e y or eac " " "

1 th b k F h b " d ., 1 " d d of absolute asymmetry on character Slze both wlthin each
sex. n e ac crosses, 1 y n lema es were conSl ere" .
t b f rt " l " f th d d t 1 t ff " Th sample and m the whole dataset. Moreover, we tested for Slze

0 e e 1 e 1 ey pro uce a eas one 0 spnng" e ""
. . . . dependence of FA among samples by hnear regresslon of

fertlhty of adult FI hybnd males was deterInlned by the fresh 1 ( [R . - L .]) ([R . + L .]/2) (P 1 1994) F "-" h f b th A d .. . . h h b og var lIon mean lIa mer . 1
welg t 0 0 testes. re uctIon m testIs welg t as een Il d " f" .

tr 1 1 b t 1 d" "". na y, llerences m asymme y eve s e ween ma es an
shown to be correlated wlth stenhty m the progeny of crosses f 1 t t d b ANOVA f th b 1 t tri.

. .." ema es were es e y s 0 e a so u e asymme es
between straIns of these two subspecles (Forejt 1974; Forejt b th 'th' d 1
and Ivanyi 1975; Forejt et al. 1991). Forejt and Ivanyi (1975) 0 Wl m an across samp es.

have shown that hybrid males with a testis weight below 75 FI . A t" " uctuatmg symme ry

mg were stenle and fertIle when above 120 mg. These values

were used in the present experiment to distinguish between We used two indices to assess the differences in fluctuating
sterile and fertile FI hybrid males. When testis weight fell asymmetry between samples: the means of the absolute right-
between 75 mg and 120 mg, the fertility/sterility status of minus-left differences and the variances of the signed dif-
these males was determined by germ cell analysis of histo- ferences between sides. These two indices correspond to FA1
logical sections of testes. and FA4 of Palmer (1994) who considered them as the most

useful descriptors of FA. Using the absolute asymmetry val-
Tooth Characters ues, we first performed a modified version of Levene's test

AlI k Il d dibl b " 1 d d Il 1 d for the heterogeneity of variances (two-way ANOV A: sample
sus an man es were 01 e an manua y c eane" "

"" X trait) to test for dlfferences between samples (Palmer
under runmng water. The bllateral characters measured were 1994) If Il . .fi t d ' f "

d t t d" "" . an overa slgm can 1 lerence was e ec e , an
maXImum length (L) and maXImum wldth (W) of th~ three ANOV A with lanned corn arisons (Sokal and Rohlf 1995)
lower molars (Mil, M/2, and Ml3). The age at WhlCh the p ~ " . "

" 1 " fi d t t d d " d b f th was performed for each trait as follows. FlfSt, the fertlhty
amma s were sacn ce was no s an ar lze ecause 0 e . . . .

t h . 1 tr " t th " Id h " d b t . and stenhty of the FI hybnds were compared. Contrast anal-
ec mca cons aIn s lS wou ave Impose u age lS . .

" "" "'" " " yses allowed us then to test whether the sex and the ongm
unhkely to be a source of blas smce tooth Slze lS defimtIve f th rt ( t . d" "d 1 f th t .

) f th. . . . 0 e pa nef paren or m lVl ua 0 e same s cam 0 e
once n bas erupted mto the oral cavlty l"e., 18 days and 28" . ". "
d f b "rth f Mil Ml2 d M/3 t " 1 (B d FI hybnd were a source of vanabllny m the backcrosses.ays a ter 1 or - an respec Ive y a er .. .
1965 ) Th thi d 1 (Ml3) b t . . d . . d 1 Wlthm each of the four groups (parental generatIon, FI, BC,

a" e r mo ar was a sen m some m lVl ua s " " . .
.. and Fz hybnds), the samples of dIfferent parental ongms were

elther due to the processmg procedure or because of natural al d " d. t " " h d b t d t .
. so compare l.e. we lS mguls e e ween a ornes ICUScauses" The characters studled were the same as those used ' , "" " .

b Al ' b rt t 1 (1994) ' th ' t d f . ld 1 t . and a musculus mother m the mtra- and the mtersubspeclfic
y 1 e e a" m elf su y 0 Wl popu a Ions F. Il h ff fh b .d " d ""

f h D " h h b "d M t t k "th crosses. ma y, to test tee ect 0 y n lzatIon an melotIc
rom t e anIS y n zone. easuremen s were a en Wl . " ."

" " recombmatIon on FA levels, we compared mtrasubspeclfic
a NIkon measuroscope measunng to 0"001 mm accuracy" 1 1 d h b "d (F BC d F h b "

d )samp es versus poo e y nones l' , an z y n s ,
S " " 1 T and FI hybrids versus recombined alles (BC and Fz hybrids).

tatlstlca reatments U . h " d " 1 .bl . "
smg t lS eslgn, It was a so pOSSl e to partItIon out any

Statistical treatments of FA were essentially conducted ac- effects due to litter size and to the litters themselves (Leamy
cording to Palmer (1994). and Touchberry 1974). Regressions of absolute asymmetry

on litter size were dalle within aIl samples to test if litter
Preliminary Tests size had to be considered as a covariate in our model. As

'T' d t t f t f d " 1 f FA . f only one regression (positive) out of the 78 performed was1.0 e ec ac ors con oun mg ana yses 0 a senes 0 "." " "" . " " " ' . slgmficant, lt was DOt consldered necessary to adjust asym-
prehmmary tests was performed on the dIstrIbutIons of elther tr 1 f l " tt " F th l ' tt f " t th b "

" "." me y va ues or 1 er slze. or e 1 er e lec, e aslc
slgned asymmetries (nght-mmus-left values [Ri - LJ) or " f th ANOVA rt "t " d " t b.

1 - 1 " error varIances 0 e s were pa 1 IODe m 0 e-
absolute asymmetries (Ri Li) (Palmer and Strobeck 1986, t d " thi l " tt " If " . fi t th b tP 1 1994) A fi t t 1 k d f th f ween- an Wl n- 1 er varIances. slgm can, e e ween-

a mer . s a rs sep, we 00 e or e presence 0 "d" t . 1 t (DA) d t " t (AS) h " h htter mean squares had to be used as the error terms for
lfec IODa asymme ry an an lsymme ry w lC .. ..Il . d d " f t . b th ' slgmficance testIng m the model (Leamy and Touchberry

are genera y conSl ere umn orma Ive ecause ey may 1974
possess a significant genetic basis (but see McKenzie and )"

Clarke 1988; Graham et al. 1993). DA occurs when one side C d b Ch. "" oncor ance etween aracters
of a bllateral character lS systematIcally larger than the other"
ln AS, a systematic deviation from symmetry also occurs but Kendall's coefficient of concordance (W) was used to test
the side that is larger varies at random among individuals the concordance of FA indices (for both FA1 and FA4) for
(Van Valen 1962; Palmer 1994)" ln DA the (Ri - Li) distri- the six characters among the different samples (Siegel and
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Castellan 1988). Testing concordance of FA levels among produced offspring, which was not the case for the intrastrain
characters across populations was formerly introduced by crosses. However, mating success clearly decreased in the FI
Soulé (1967) and allowed him to define a 'population asym- intercrosses (3.3% and 13.3%) and in the backcrosses (7.7-
metry parameter' (PAP). However, we chose not to use this 40%). The FI hybrid females used in the latter crosses were
term since the asymmetries estimated in this study only in- classified as either fertile or sterile. ln the case of FI males,
volved dental traits and not a set of uncorrelated morpho- testis weight varied between 42.5 mg and 250.9 mg. Com-
logical characters as originally proposed (Soulé 1967). parison between reproductive success and testis weight con-

firmed that FI hybrid males with a testis weight below 75
Measurement Error mg were sterile and, except in one case, those with a testis

- . weight above 120 mg were fertile. Germ cell analysis of
\, Errors due to measurement were evaluated followlng the testicular histological sections of males with intermediate

A~OV A procedure proposed by Palmer and S~robeck. (1986? testis weights (80-108 mg) allowed us to set the fertilityl
~hlS. procedure tests whether the between-slde v.arlance lS sterility threshold al 100 mg. Although heterozygosity for
slgmficantly lar~er th~n ~h~ measu:ement error uslng a two- Rb fusions is known to reduce fertility through aneuploidy
way ANOV A (slde X mdlvldual)wlth repeated measurements (G d W . ki 1981 ) the ob ser ed differences in testis

f h . d If th . . . .. . fi . roppan ln ng, v

0 eac SI e.. e !nteractlon variance l~ slgm. ca~t, ~t means weight cannot be related to the karyotype since aIl FI hybrids
that the nondlrectlonal asymmetry varIance lS slgmficantly were heterozygous for three fusions. Fertility parameters will
greater than the measurement error. When performed on the b t d . d t .1 1 h (F 1CI . t al npubl data). . . e repor e ln e al e sew ere e - air e ., u . .
entlre dataset, such an approach allows. one t~ ~artltlon the The origin and size of the 13 samples used are presented
measurement error out of the between-sl~e variatIon. (Palmer in Table 1. The data are absent for three types of backcrosses

and Strobeck 1986; Palmer 1994) and glves an estlmate of " th b th t t t d (BC .1' M) b ca sethey. . .. el er ecause ey were no es eu, or e u
the true n~ndlfectl~nal asymmetry variance (FAlO ln Palmer roduced few (BC ~ D) or no litters (BCcD).
1994). This analysls also tests for the presence of DA and p
for size or shape variation among individuals when consid- A t
ering the factors side and individual, respectively (Palmer symme ry
and Strobeck 1986). However, we were only able to test the A detailed presentation of the results of the tests is provided
significance of the between-side variance relative to mea- in the Appendix.
surement error by the two-way ANOV A using a small sub-
sample of 40 individuals chosen across aIl samples. The labor Preliminary tests
involved i? taking duplicate measurem~nts on the whole sam- Normality tests showed that aIl but one of the 78 signed
pIe made lt unreasonable to extend thlS approach to the es- t d. trt.b t. Il d.strt.buted Never.. ' . " . asymme ry lS u Ions were norma YI. -
tlmatlon of FAI0, DA, and Slze or shape variation. theless, kurtosis and skewness were significant for six and

Ch s. four distributions respectively (three of which were signifi-
aracter lze cant for both). Even though eight distributions out of the 78

The procedure used to detect differences between samples tested exhibited a departure from normality, the presence of
was similar to the one used in the FA analysis: planned com- strong antisymmetry could be excluded as no distribution
parisons were fUn for each trait on the ([Ri + LJ/2) distri- was platykurtic. Departures from normality did not affect a
butions. Character size values were not adjusted for litter size particular trait or sample and so were not considered to be
since, out of the 78 tested, only three regressions of character a source of bias. Significant directional asymmetry (DA) was
size versus litter size were significant (one positive and two detected in three characters. We noted a significant right dom-
negative). ln a manner similar to the one used in the FA inance for LM/3 in the musculus sample. WM/l exhibited
analysis, the basic error variances were partitioned into be- DA in musculus and sterile FID samples and, in bath cases,
tween-litter and within-litter components. Kendall's coeffi- the left side tended to be larger than the right one. To a larger
cient of concordance was used to test the correlation of the extent, the means of (Ri - LJ distributions for WM/3 were
mean trait size for the six traits among samples. The effect significantly different from zero, the right side being larger
of sex was assessed with a two-way ANOV A (sex X sample). than the left one, in seven of the 13 samples (samples: mus-

AlI the statistical tests used in this study, except the Lev- culus, domesticus, sterile FIM, BC' ~ M, BC' cM, BC' ~ D,
ene, the Wilcoxon, and the Kendall tests, considered each of F2D). This is the first report of DA for tooth characters in
the six traits separately. Therefore, in order to limit the oc- the hou se mouse although it bas been shawn to occur in a
currence of the type-1 error, the sequential Bonferroni cor- number of bone traits including mandibles where it repre-

. rection was systematically applied to each of these collections sented less than 1 % of the mean values of the characters

of k = 6 tests according to Rice (1989). AlI the probability (Leamy 1984, 1993). ln our study, DA represents around
values provided correspond to the corrected probabilities. 0.75% of the mean values obtained for the different char-

acters. It does not seem to be related to the genetic status of
RESULTS the individuals since it occurred in the parental as weIl as

Il. S the FI, BC, and F2 hybrid samples. From a statistical point
ly~atlng uccess f . FA4 . d . t . &

th0 Vlew, fi estlmates 0 not requlfe a correc Ion J.or e
Mating success is shawn in Table 1. No fertility problems significant DA, since the latter only shifts the mean of the

were apparent in the intra- or intersubspecific crosses. Inter- (Ri - LJ distributions without modifying the variances which
subspecific matings were particularly successful as aIl pairs 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/I LM/2 LM/3 WM/I 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 YS. domesticus 1 23.04 1.93 0.99 44.02 10.14 18.02
F,M YS. F,D 1 5.27 0.09 96.45* 0.05 2.70 65.86
Sterile F, ys. fertile F, 1 0.34 1.86 0.01 4.40 1.58 28.34
BC partner: parent YS. strain 1 Il.38 1.82 17.42 31.14 Il.04 13.02
BC partner: male YS. female 1 3.69 1.34 2.96 8.71 1.07 2.91
BCM YS. BCD 1 0.55 0.01 0.34 103.58** 0.65 0.80
F2M YS. F2D 1 1.11 0.10 3.50 0.35 0.00 5.78
Intrasubspecific YS. hybrids 1 57.58* 13.37 183.74** 220.44*** 71.65** 36.43
Nonrecomb. YS. 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 corne from an allometry between tooth size = 0; P = 0.0156). Within the FI hybrids, no significant dif-
and asymmetry, but this did Dot occur since there was no ferences were detected between fertile and sterile individuals,
significant correlation between absolute asymmetry and char- whereas F~ for one character, LM/3, showed significant dif-
acter size, except in one case (sample BC' ~D for the trait ferences depending on the parental origin (FIM was signif-
LM/3) (see ~ppendix). Finally, ~NOV~s and F-ratios be- icantly more symmetrical than FID).
tweeD the F~s of males and females, did Dot detect any effect ln the backcrosses, we found no significant relationships
related to sex. between the F~ levels and the sex or the origin of the FI

hybrid's partner (parent or individual from the same strain)
Measurement Error (Table 2). To test the effect of the parental origin, BC ~ M,

th . .. BC'~M and BC'&M were then considered as a single sam-
ln e subsample measured twlce, the between-slde varl- 1 BCM d t d . th 1 BCD hl '

h d. . fi p e, , an este agamst e samp e , esta lS e
ance was slgm cantly larger than the measurement error for b 1. BC' o D d BC ' :1'D N 1 b 1 d f d. . .., y poo mg ~ an 0 . 0 g 0 a tren was oun
the SIX traits (aIl P-values of the mteractlon varIance were th h th d ' f ~ . F A 1 1 . . fi f. even oug e 1 J.erence m "" eve s was slgm cant or

less than 0.001). The varIance due to measurement error var- th .t WM/I (BCM . .fi 1 .
1. d b 1 . . e traI was slgm cant y more symmetrica

le etween 0% and 14% of the nondlrectlonal asymmetry
th BCD) F. Il h . .fi d ' f ~ .

varl' anc e ce t f LM/3 f h. h th rt . an . ma y, t ere were no slgm cant 1 J.erences m
e, X p or or w lC e propo Ion was .

d 23 '" Th 1 . th th rt d . asymmetry values between F2D and F2M. When the mtra-aroun ,0. ese va ues agree Wl ose repo e m pre- . .
. S st d. th d t ' t ' f h . (B d 1965b) subspeclfic samples were compared to the pooled hybnd sam-

VlOU u les on e en 1 Ion 0 ouse mlce a er . .., .
. . pIes, we found slgmficant dlfferences for four traIts (LM/l,

We consldered me~surement ~rror v~lu~s sufficlently low to LM/3, WM/1, and WM/2) (Table 2) the h brid sam les hein
assume that they dld DOt contribute slgmficantly to the asym-

d 1 Il bl h 'b h Y b . P ( Ag
. . . eve opmenta y more sta e t an ot su specles ""ppen-

metry estlmates. Impreclslon due to measurement error also d ' ) W ' th ' h b .d b" b h d .d b . ., . IX. 1 m y n s, recom matlon etween t e omestlcus
appeare to e negl1glble relatIve to mean character Slze. d l d ' d f ~

th 1 1 fF 'A

an muscu us genomes 1 DOt seem to a J.ect e eve 0 ""

FI t t' A t since we noted no significant differences between the first

uc ua mg symme ry hybrid generation (FI hybrids) and the second one (back-

The modified Levene's test for heterogeneity of variances crosses and F2 hybrids).
revealed that both sample and trait factors were significant For further analyses, the samples which were DOt signifi-
sources of variability (sampIe: F 12.2724 = 6.27, P < 0.001; cantly different were pooled, reducing their number to seveD
trait: FS.2724 = 16.6, P < 0.001; sample X trait: F6o.2724 = (muscuIus, domesticus, FIM, FID, BCM, BCD, and F2). Ken-
1.20, fiS). This meant that the levels of asymmetry differed dall's coefficient of concordance clearly demonstrated that,
between samples when information from aIl traits was pooled, whatever the F~ index considered, the ranks of the F~ levels
and that the traits exhibited different levels of developmental of aIl six traits across the seveD samples were DOt independent
stability (Palmer 1994). Indices of F~ (F~1 and F~4) are (F~I: W = 0.607, P <:: 0.01; F~4: W = 0.692, P <:: 0.01).

given in the ~ppendix. Planned comparisons then allowed ln other words, a sample which tended to be more symmet-
us to determine for each trait, which samples showed dif- rical for one character also tended to be more symmetrical
ferences in F~ (Table 2). The significance of the sample factor for the others. ~s W was significant, the best estimate of the
and of aIl contrasts was tested over the basic error variances rank of the samples was obtained by ordering the values of
since between-litter components were DOt significant for any Rj which are the sums of the F~ indices after transformation
of the characters. Offspring of the two intrasubspecific cross- to rankings (Soulé 1967; Siegel and Castellan 1988). Figure
es did DOt significantly differ for any of the characters (Table 1 depicts the overall ranking of the F~ levels (with F~I) of
2), but the musculus samples were always more asymmetrical the six traits across the seveD samples. The two parental
than the domesticus ODes (Wilcoxon's signed ranks tests: Ts samples presented the highest levels of F~, whereas FIM,
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40 LM/2, WM/2, and WM/3 (Table 3). Within the FI hybrid

group, fertile and sterile individuals did flot display different
30 levels of character size whereas the parental origin was found

to be a source of variability since FI hybrids with a maternaI
Ri musculus origin showed significantly larger character sizes

20 than those with a domesticus one for aIl traits except LM/3.
ln the backcross groups, character size did flot depend on

10 the origin of the FI'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

0 higher character size than BCD for WM/l and WM/2. ln the
musc. dom. FIM ~D BCM BCD Fz F2 hybrid groups, the values of two of the six traits (LM/3

Samples and WM/2) were significantly lower in F2M than in F2D.
Moreover, F2D values were always higher than those of F2M

FIG. 1. Graphic representation of the sum, Rj, of the FA indices. ,. nk . - O. - 0 0156)after transformation to rankings of the six characters within the (Wùcoxo.n s slgne~ r~ s test. Ts - ~ p - . . , .
seven samples (see text for further explanations); "musc." and AlI traits were slgmficantly smaller ln the lntrasubspeclfic
"dom." refer, respectively, to musculus and domesticus. group than in the pooled hybrid one, i.e" including FI and

F2 hybrid groups and backcrosses (Table 3). Meiotic recom-
bination may, however, affect trait size since the backcrosses

F2, and both BC samples showed intermediate rankings, FID and F2 hybrids showed a significant size reduction for four
yielded the lowest FA levels for aIl six characters. of the six dental characters compared to the FI hybrids (Table

3, Appendix) ,
Character Size When we grouped the samples which were flot significantly

ANOV As performed on the ([Ri + LJ/2) values clearly different, we obtained eight pools: musculus, do~esticus,
showed that the sample factor was a highly significant source FI~' FI D, B~M, BCD, F2M, and. F2.o' amon~ w?lch Ken-
of variability of tooth character size among the 13 samples dall. s .coefficlent of concordance. lndlcated a slgmficant as-
(Table 3). The sex factor was only significant for the trait soclatIon between the character SIZ~ level~ (W = 0.648, P <
LM/l (FI.455 = 8,30, P < 0.05) which was larger in males. 0.01). !he SUffiS ?f the ~haract~r SIZ~ es~lmates after tran.s-
As the interaction between the sex and sample factors was formatIon to rankings (RJ) are glven ln FIgur~ 2. The hybnd
flOt significant, and as the sex ratio of each sample did flOt samples FI D, FIM, BCM, ~nd F2D ranked hlgher than both
appear unbalanced (sex ratios are shown in Table 1), we did parental ODes, The .domesncus parental sample showed the
flOt consider sex as a source of bias. Results of the planned lowest overall ranking.

comparisons fUn on the character size values are shown in
Table 3. Partitioning of the basic error variances for the six DISCUSSION

traits revealed that the between-litter components were flOt D l l S b 'l ' d u '
ty. . . . eve opmenta ta 1 lty an ueterozygosl

slgmficant. Thus, the slgmficance of the sample factor and
of aIl contrasts was tested over the basic error variances. Hybrids between M. m. domesticus and M, m. musculus
Differences between the two intrasubspecific crosses were clearly benefit from a heterotic effect on the developmental
present. Character size values of the musculus sample were stability and on the size of the tooth characters investigated.
always higher than those of the domesticus one (Appendix), This effect is significant for four FA traits and the six size
the differences being significant for four characters: LM/!, 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 (di) 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/I LM/2 LM/3 WM/I WM/2 WM/3

Source of variation df MS MS MS MS MS MS

Samples 12 449.73*** 211.70*** 241.83*** 196,89*** 153.74*** 87.15***
Intrasubspecific musculus Ys. domesticus 1 1,101.16*** 769.10*** 78.58 0.75 73.81* 120.87***
F1M Ys. FID 1 667.96*** 155.15** 23.66 727.85*** 551.04*** 80.56**
Sterile FI Ys. fertile FI 1 1.11 1.70 37.42 1.78 4.76 22.52
BC partner: parent Ys. strain 1 79.07 8.09 16.40 24.08 1.66 11.25
BC partner: male Ys. female 1 26.04 20,45 21.40 0.81 0.62 5.54
BCM Ys. BCD 1 24.96 49.31 0.52 137.79*** 130,63*** 14.73
F2M Ys. F2D 1 0.26 67.86 248.61** 33.61 111.97** 3.26
Intrasubspecific Ys. hybrids 1 1,089.73*** 844.32*** 1,980.36*** 405.34*** 229.47*** 196.19***
Nonrecomb. Ys. 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 sequentia1 Bonferroni technique pet 1ine.
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45 for the same characters, the original wild populations exhib-
ited slightly lower levels of developmental stability (see be-

35 low). Moreover, homogeneous conditions of rearing avoided
environmentally-related differences in FA levels between

samples.
Rj 25 Developmental Stability and Genomic Coadaptation

Genomic coadaptation is considered to be a necessary ge-
lS netic condition for developmental stability. Most of the ev-

idence for this relationship cornes from studies on natural
5 hybrid zones in which lower levels of developmental stability

are reported for hybrid populations (for review see Graham
0 musc. dom. FIM FID BCM BCD F2M F2D 1992). This was interpreted as being the direct consequence

of a disruption of the coadaptation of the gene systems con-

Samples trolling development due to the admixture of two different

FIa. 2. Graphic representation of the sum, Rj, of the character size gen~mes. Hence, even thoug.h nearly half the studies reported

levels after transformation to rankings of the six characters within no differences between hybnd and parental groups, outbreed-

the eight samples (see text for further explanations); "musc." and ing depression was thought to be the main effect at the spe-

"dom." refer, respectively, to musculus and domesticus. 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

nomenon of heterosis are still under debate, three hypotheses bouse mouse have lower levels of FA than the parental groups

are generally advanced. These include dominance, overdom- which suggests that developmental stability of the dental

inance, and the formation of fortuitous gene combinations. characters at least, is increased (Alibert et al. 1994). Simi-

On the basis of the data available in the literature, Mitton larly, hybrids between two subspecies of sagebrush were

and Grant (1984) have argued that the first two hypotheses, round to be developmentally more stable than the parental

which imply heterozygosity per se, could explain 70-80% taxa for several characters (Freeman et al. 1995).

of the effect on growth and developmental stability. Higher ln the case of laboratory hybrids between M. m. domesticus

developmental stability of heterozygotes bas been reported and M. m. musculus, it is clear that recombination between

by numerous authors (Mitton and Grant 1984; Palmer and the two genomes did not lead to major perturbations in de-

Strobeck 1986) who have shown either a positive correlation velopment as both the backcrosses and F2 hybrids still

between inbreeding and FA (Robertson and Reeve 1952; Bad- showed heterosis. The morphological characters analyzed

er 1965a; Leamy 1984, 1992) or a negative one between FA showed no significant differences in FA levels before (FI

(or morphological variance) and allozyme heterozygosity in hybrids) and after meiotic recombination (backcrosses and

wild populations (for review see Mitton and Grant 1984; F2 hybrids). However, the significant decrease in size of four

Clarke 1993; Markow 1995). However, it bas been argued molar characters out of six in recombined hybrids could be

that these effects may not always be due to heterozygosity due to a slight breakdown in one or more coadapted gene

because both inbreeding in strains of and differences in evo- systems or, more likely, to the decrease in heterozygosity that

lutionary histories of wild populations could also lead to is expected in these groups. It is also of interest to note that

disruption of coadaptation and/or to fixation of deleterious there are some differences in levels of FA, and to a larger

recessive alleles due to a founder effect o,r drift (Patterson extent in character size, between the reciprocal crosses. FI

and Patton 1990; Clarke 1993; Markow 1995). The most cited hybrids obtained from crosses involving a musculus female

examples that unambiguously support a relation between het- (FlM) showed a higher FA level than did the offspring of

erozygosity and developmental stability are the intrapopu- the reciprocal crosses (FlD). This suggests the possibility of

lation studies of the rainbow trout (Leary et al. 1983, 1984, a maternaI effect since the developmental stability of the

1992) and Drosophila (Biémont 1983) in which the most musculus sample was significantly lower. However, the pat-

homozygous individuals displayed the highest FA levels. tern was reversed in the backcrosses, and did not support the

However, in a number of other studies no such correlation idea of a musculus maternaI effect. As far as character size

was round (Wooten and Smith 1986; Patterson and Patton was concerned, offspring from crosses with a maternaI mus-

1990; Clarke et al. 1992; Yampolosky and Scheiner 1994). culus origin tended to be larger than those with a domesticus

ln the present study, the heterotic effect on the FA round one, except in the F2 samples where this trend was reversed.

in the different generations of hybrid mice provides addi- However, it is difficult to interpret this pattern in terms of a

tional evidence for a relationship between the stability of maternaI effect or heritability because certain categories of

development and genomic heterozygosity. We are not able, crosses were missing and the size of the F2M sample was

however, to determine the relative cole of the different mech- small. It is clear that further investigations are needed before

anisms responsible for the observed heterosis. As we used more definitive conclusions can be drawn.

recently established random-bred strains it is unlikely that
any major breakdown of coadaptation or expression of del- Comparison with Wild Populations

eterious recessive alleles due to inbreeding occurred in the Since the strains used in this study originated from Den-

parental strains. This assomption is supported by the fact that, mark and the dental characters studied were the same as those
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45 the lower level of FA found in the hybrid populations con-
trasted with the decrease in reproductive fitness suggested by

35 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-

. 25 opmental stability have been proposed to reflect differences
RJ in fitness (Soulé 1982; Leary et al. 1984; M~ller and Pom-

15 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-

5 ponent of fitness, the use of developmental stability as a
0 marker of overall fitness must be questioned. Studies re-

lab wild (ab wild lab & lab BC lab ~ wild . 1 1 . h . b d 1 1 b ' l '
tmusc. musc. dom. dom. hybrids portmg c ear re atlons lpS etween eve opmenta sta 1 1 Y

and fitness are quite limited. Besides, most of them concern
Samples the direct consequences of asymmetry in terms of sexual

FIG. 3. Graphic representation of the sum, Rj, of the FA indices selection, but very few demonstrate the outcome in terms of
a~er transformation to rankings of the si~ characters within the natural selection (Markow 1995). Our results clearly show
eIght samples (see t~xt for further expl:manons), for the laboratory that at least in the case of hybrids, a correlation between
crosses and three wlld-caught populatIons. Shaded bars represent' . .
laboratory populations (lab) and nonshaded bars represent wild pop- dev~lopmental stablllty and overall fitness cannot be gen-
ulations (wild); "musc." and "dom." refer, respectively, to mus- erallzed.
cu/us and domesticus; "wild musc." and "wild dom." correspond,
respectively, to classes 1 and 5 in the study of Alibert et al. (1994), Dynamics of the Bouse Mouse Bybrid Zone
whereas "wild hybrids" corresponds to class 3.

Even though the European bouse mouse hybrid zone bas
been the focus of numerous studies during the last two de-

analyzed in wild bouse mice from the Danish hybrid zone cades, the contrasting results obtained by different approach-
(Alibert et al. 1994), direct comparisons between laboratory- es demonstrate that the degree of hybrid dysgenesis is Dot
bred and wild samples were possible: Figure 3 shows the yet weIl defined. The reduced introgression of the sex chro-
sums of the FA indices after transformation to rankings, for mosome markers and the dysfunction of certain immune re-
the laboratory samples (the two strains and the three hybrid sponses suggest that genomic incompatibilities do exist be-
groups) and three wild-caught populations ("pure" domes- tweeD M. m. domesticus and M. m. musculus. However, the
ficus, "pure" musculus, and a hybrid sample). greater developmental stability of tooth characters found in

Here again, the correlation of FA levels for the six traits the natural hybrid populations provides no evidence for dis-
among samples was statistically significant (W = 0.704, P ruption of coadaptation in hybrids. An alternative hypothesis
< 0.01). Interestingly, the ranking of the FA levels was lower is that the pattern of FA observed in the hybrid zone reflects
in the laboratory domesticus and musculus samples than in an overall hybrid dysgenesis. The decrease in FA levels could
the wild ODes from the hybrid zone in Denmark. This result simply be due to the elimination by natural selection of the
suggests that the founder effect, drift, and inbreeding that the less fit individuals which are also the more asymmetric, there-

çj random-bred strains have experienced were DOt very impor- by creating a heterotic-like effect. However, as we have
tant since they did DOt lead to a decrease in developmental shown that heterosis occurs before as weIl as after meiotic

r stability. On the contrary, wild populations appeared to be recombination, the first hypothesis appears to be the more

developmentally less stable. Since en~ironmental stress is plausible. The results reported here therefore provide addi-
known to decrease developmental stability (Parsons 1990; tional evidence that selection acting on the hybrid genome
Markow 1995), exogenous stress which is likely to be greater between M. m. domesticus and M. m. musculus is likely lim-
in the wild may be responsible for the observed differences ited to relatively few gene systems making a major contri-
(Auffray et al. 1996b). bution to the hybrid disadvantage.

The differences in FA between the wild and laboratory
hybrid samples are only slight. This is interesting as it sug- AcKNOWLEDGMENTS
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