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Directional selection and developmental
stability: evidence from fluctuating
asymmetry of dental characters in mice
Larry Leamy Department of Biology, California State University,

Long Beach, California 90840.

Developmental stability was assessed among lines of mice subjected to 11 generations of selection for increased (up
line) and decreased (down line) widths of the first maxillary molar (M'), primarily to test the hypothesis that this
stability would decline over time as a result of selection. Fluctuating asymmetry (FA) was used as an inverse measure
of developmental stability, and was calculated for the M' and a correlated character, the second mandibular molar
(M2), in each generation. As measured by the regression of FA on generations, there was a statistically significant
decline in stability only in the down selection line for the M2, and this trend did not differ significantly from that for
the control line. The combined regressions obtained from pooling over all three lines were significantly different from
zero in both molars, however, and this was taken to be evidence of a decline in stability due to increased homozygosity
presumably generated by inbreeding during the selection experiment. The variation in FA among generations was
greater for the selection lines than the control line for both molars, especially for the M2. The heritability of the M1
(and M2) was high, but there was no significant additive genetic variance for FA in either molar.

INTRODUCTION

Beginning with the early demonstrations by Lerner
(1954) of the generally greater fitness of heterozy-
gotes compa'red to homozygotes, there has been
continued interest in the genetical basis for
developmental stability or homeostasis. Lerner's
original hypothesis has since been amply verified
in inbred/hybrid comparisons (Leamy, 1984), but
trends in developmental stability are less clear for
characters in outcrossing populations or popula-
tions subjected to directional selection. Strong
directional selection ought to cause a decline in
stability if such selection either favours homozy-
gous individuals or alters the population mean
from its assumed optimum (Soule, 1967). The
evidence on this matter has been mixed (Bradley,
1980; Leamy and Atchley, 1985), however, and
more studies are needed before we can formulate
general expectations for the effect of selection on
developmental stability.

Developmental stability most often has been
assessed by the magnitude of fluctuating asym-
metry (FA) in bilateral characters (Mather, 1953;
Thoday, 1958; Beardmore, 1960; Van Valen, 1962;
Soule, 1979, 1982; Leamy, 1984; Leamy and
Atchley, 1985). FA itself is measured in these

characters by the differences between left and right
sides after first correcting for the presence of any
directional asymmetry. Directional asymmetry
occurs when one side is significantly larger than
the other, but it is the random differences remain-
ing between sides which comprise FA. Presumably
these differences are the result of a genetically-
based developmental process which tries, but
nearly always fails, to produce perfect mirror
images on each side (Van Valen, 1962; Bader,
1965). FA therefore is taken to be an inverse
measure of developmental stability, with increased
amounts of FA implying decreased developmental
stability and vice versa.

The present study is concerned with assessing
developmental homeostasis in a population of
mice subjected to selection for the width of the
first maxillary molar. FA is used as a measure of
homeostasis both for this selected character as well
as a correlated character, width of the second
mandibular molar. The major hypothesis to be
tested is that developmental stability in these
characters declines during the selection process. If
this is true, then we would expect an increase of
FA over time in both the up and down selection
lines, especially as compared to that for the control
line.
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MATERIALS AND METHODS

The mice used in this study were produced in a
previous two-way directional selection experiment
for the width of the first maxillary molar, M' (Lar-
son, 1971). The genetically variable, randombred
strain of house mice, Ha/ICR (Bader, 1965), was
used to form the base population for the experi-
ment. Originally, 165 individuals of this strain were
obtained from Cumberland View Farms, Clinton,
Tennessee. When the mice had all reached 8 weeks
of age, 20 males and 20 females were chosen at
random as parents of first generation offspring of
the control line. The remaining mice were anaest-
hetised, and initial measurements of their left M1
width were taken with a binocular dissecting
microscope equipped with an ocular micrometer.
Those 20 mice of each sex estimated as having the
widest left M' were selected as parents for the up
line. Similarly, those 20 mice of each sex having
the narrowest left M1 were used as parents for the
low line. Basically this same procedure was fol-
lowed for 11 generations.

Single-pair matings of individuals were done
systematically (Poiley, 1960) each generation in
order to minimise inbreeding (Larson, 1971). In
most generations, however, occasional pairs failed
to produce progeny and thus 20 litters were not
always available from which to draw parents of
the next generation. And even when all were avail-
able, the selection process resulted in only certain
families being used. As a consequence, effective
population sizes in the selection lines were less
than the optimal number of 40, and the calculated
rate of inbreeding (Falconer, 1981) throughout the
generations averaged 00l8 in the high line, 0017
in the low line, and 0011 in the control line.

All litters produced each generation were stan-
dardised at birth to three males and three females
where possible. Each individual was weaned by
25 days of age and sacrificed between 6 and 15
weeks of age, the precise time of sacrifice depend-
ing in part on whether the individual served as a
parent for the next generation offspring. After
sacrifice, all skulls were prepared by the papain
digestion technique (Luther, 1949). The actual
sample sizes varied from 39 to 60 for each sex in
each generation of the up, control, and down lines,
the total number of mice used being 3460 (1731
males, 1729 females).

Widths of both the left and the right sides of
the M1 were measured on all mice throughout the
11 generations. Additionally, left and right widths
of the second mandibular molar, M2, were
measured on all mice from the first 8 generations.

Measurements were taken at essentially the widest
part of the teeth, these dimensions being age-
constant since the molars do not grow after they
erupt into the oral cavity (Bader, 1965). All
measurements were made to the nearest micron
with a Gaertner traveling microscope. Their
repeatibility was excellent, occasional repeat
measures generally being within 6 microns of the
original measurement (Larson, 1971). It should be
noted, incidentally, that the analysis below is based
on the results of these more precise dental measure-
ments and not on the initial estimates of left M1
widths used in the selection process.

Fluctuating asymmetry in the M' and M2
widths was calculated for male and female mice
in each generation in the up, control, and down
lines by two separate methods. These methods
yielded two measures of FA, here called mean
asymmetry and variance asymmetry. To obtain
mean asymmetries, right minus left differences first
were calculated for each sample. The mean of these
differences (in each sample) was next subtracted
from each value in order to make their overall
mean zero and eliminate any effects due to direc-
tional asymmetry (where one side is statistically
greater than the other). Mean asymmetry values
in each sex by generation by line sample (66 total
for the M', 48 for the M2) were then calculated
simply by the means of the absolute differences.
To correct for potential associations of the mean
asymmetry values with the actual mean values of
the tooth widths over all generations and lines
(scaling effects, see Soule, 1967), the mean asym-
metry values were appropriately adjusted via
regression techniques (Sokal and Rohlf, 1981)
prior to analysis.

Variance asymmetry values for each line by
generation by sex combination were estimated
from error variances obtained in two-way analyses
of variance of the logarithmically-transformed
data, the transformation being made to eliminate
potential scaling effects. In these analyses of vari-
ance, sides was one factor and individuals was the
second (Leamy, 1984). The sides component esti-
mates (and effectively adjusts for) any directional
asymmetry, and the error variance represents the
interaction between sides and individuals and is
used to estimate the variance asymmetry. This error
variance presumably is generated by local environ-
mental effects acting on the left or the right molar
widths, and also is equivalent to what is known as
special environmental variance (Falconer, 1981).

The variance asymmetry for each molar also
may be estimated by the percentage contribution
of the error variance to the total variance, this
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being an especially useful method of assessing the
relative magnitude of FA (Leamy, 1984). When
assessed this way, these values actually are
equivalent to 1 minus the intra-class correlation,
or repeatibility, between left and right sides.
Repeatibilities in turn are of interest because they
estimate the sum of both genetic and general
environmental influences (Falconer, 1981) affect-
ing the molars.

RESULTS

Before the results of the FA analysis are presented,
it is first instructive to examine the actual means
of the molars themselves throughout the gener-
ations. These are given in table 1 for the combined
sexes in the up, control, and down lines. As may
be seen, M' widths average about 1143 microns at
the start of selection, increasing to 1245 microns
in the up line and decreasing to 1029 microns in
the down line after 11 generations. The response
to selection is continuous and is quite symmetric
(average of 11 microns per generation for the first
8 generations in both the up and down selection
lines; Larson, 1971). The correlated response to
selection for the M2 also is apparent, although its
magnitude over the 8 generations measured (7
microns per generation in the high line, 6 in the
low line) is somewhat less than that achieved for
theM1 (Larson, 1971). Further information regard-
ing selection differentials, realised heritabilities,
and other details may be found in Larson (1971),

but the important point to note here is that there
has been successful and substantial bidirectional
change in both molars as a result of the selection
process.

The variances of the tooth widths in the three
lines throughout the generations also are given in
table 1 in order to provide some insight into the
variability of these characters. As may be seen, the
variances range in magnitude from about 300 to
800, and vary considerably from one generation
to the next. Their means for the high, control, and
low lines, respectively, are 539, 524, and 487 for
the M1, and 537, 448, and 395 for the M2. Thus
there is some indication of a scaling effect,
although line and generation differences of these
variances for both molars were not significantly
different in analyses of variance. Further, analyses
of covariance showed that regressions of variances
on generations were not significantly different
among the three lines in either molar, and that the
combined regressions obtained from pooling over
all lines were not significantly different from zero.
in general, therefore, variances for both teeth are
homogeneous throughout all lines and generations.

The mean asymmetry values correlated highly
with the variance asymmetry values calculated in
each line and generation, and it therefore was
decided to use only the mean asymmetries
throughout the analysis. The contributions of the
variance asymmetry values to the total variance
are given in table 2, however, primarily in order
to provide a measure of FA variation within gener-
ations and also an assessment of the relative

Table 1. Means and variances of the M' and M2 molar widths (all in microns) for mice in the up (U), control (C) and down (D)
lines throughout the generations

Generations
1 2 3 4 5 6 7 8 9 10 11

U 1151 1161 1162 1185
M' means

1203 1207 1212 1218 1241 1237 1245
C 1143 1142 1139 1150 1146 1150 1151 1137 1148 1142 1143
D 1130 1124 1107 1103 1090 1075 1068 1046 1047 1035 1029

M' variances
U 480 529 512 589 445 815 654 571 397 497 435
C 647 569 431 556 475 516 309 710 462 462 629
D 534 470 333 551 436 381 406 614 621 630 582

U 971 974 974 990
M2 means

994 1003 1010 1012 — — —
C 966 960 957 961 954 961 965 951 — — —
D 957 951 946 944 931 925 932 910 — — —

U 526 349 523 464
M2 variances

424 750 502 764 — — —
C 356 523 272 398 524 648 292 568 — — —
D 474 360 347 363 457 321 376 463 — — —
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Table 2 Mean asymmetries of the M1 and M2 molars and their variance asymmetry percentage contribution to the total variance
for mice in the up (U), control (C) and down (D) lines throughout the generations

Generations
1 2 3 4 5 6 7 8 9 10 11

U 128 141 131
M' variance asymmetry percentages

110 127 105 11•5 9•4 139 17•6 194
C 99 127 151 109 125 13•1 206 87 17•3 158 131
D 99 16•2 170 112 149 19•4 120 126 117 106 12•9

U 95 101 103
mean asymmetries

92 92 97 10•7 87 87 119 116
C 93 10•2 104 95 91 99 104 89 108 107 110
D 80 113 9•7 94 97 11'3 95 100 102 99 104

U 82 128 103
M2 variance asymmetry percentages

13'2 144 123 128 82 — — —
C 156 71 193 111 101 76 150 8•2 — — —
D 73 126 132 130 129 126 127 104 — — —

U 77 78 85
M2 mean asymmetries

90 86 97 86 85 — — —
C 85 71 85 84 86 83 81 81 — — —
D 71 80 79 82 9.7 77 92 9.4

importance of FA. Sexes were additively sex-
corrected (analyses of variance did not show any
significant sex interactions), so the values in the
table represent the means of the two estimates in
each case. As may be seen in the table, FA contribu-
tions range from about 9 to 18 percent, but average
nearly the same in the up, control, and down lines
for both theM1 (133, 136, and 135 percent) and
M2 (11.5, 117, 118 percent). Analyses of variance
and covariance showed no significant line or gener-
ation differences or trends, and thus as was true
with the variances of the molar widths themselves,
the FA percentage contributions appear to be
homogeneous among all lines and generations.

The mean asymmetry values for both molars
in each of the lines and generations also are given
in table 2 and are illustrated in fig. 1. For the M',
these values range from 8 to nearly 12 microns,
their overall average being nearly 10. All lines
appear to show a general increase in FA through
time, especially during the last 3 generations. The
range for the M2 FA values is somewhat more
restricted (approximately 7 to 9 microns) and their
average is slightly over 8 microns. Their magnitude
is consistent in the control line (except for the drop
to 7.1 microns in generation 2), but generally tends
to increase in the up and especially the down
selection line.

These trends are quantified in table 3 where the
means and variances of the mean FA values over
generations, as well as their regressions on gener-
ations, are given for each line. As for trends over
time, the positive sign of all six individual

regressions indicates that FA has generally
increased through the generations. The values are
highest in magnitude for the M2 in both selection
lines, especially that for the down line (0.27) which
in fact is the only one significantly different from
zero (P <0.05). However, analyses of covariance
indicated that comparisons of these regressions
among all three lines, between up versus down
lines, and between both selected lines versus the
controls, all were non-significant for both molars.
Common regressions were therefore obtained by
pooling over all lines, and these were significantly
different from zero (P<005) for both the M'
(0.10) and M2 (0.14). Thus developmental stability
in both molars definitely appears to have decreased
with time, but across all lines, control and selection
alike.

Although trends in the FA values over time are
of principal importance in this study, patterns in
the means and variances of these values among
the lines also are of some interest. As may be seen
in table 3, the averages of the mean FA values for
both molars are quite similar in all three lines, so
it is apparent that the overall mean level of fluctuat-
ing asymmetry has not been affected by selection.
Variances of the mean FA values among gener-
ations are greater in the selection lines than in the
control line for both molars, however, both the up
versus control and down versus control variance
comparisons being significant (P<0.05) for the
M2, but not (P=010) for the M1. FA variability
therefore apparently has been affected by selection,
at least for the M2.
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Figure 1 Mean fluctuating asymmetry for the M' and M2 in the up (U), control (C), and down (D) line over the generations.

Table 3 Means () and variances (s2) of the M1 and M2 asymmetries and regressions (b)
of these asymmetries on generations (standard errors in parentheses) in the up, control,
and down lines, and for all pooled lines

Up Control Down Pooled lines

M' asymmetry
X 994 9.99 9.95 996
s2 148 082 l35 122
b 012 (0O80) 012 (0062) 008 (0078) 0.10* (0040)

X 854
M2 asymmetry

8•19 842 838
s2 131 0•52 137 107
b 0.14(0.123) 001 (0•081) 0.27*(0.110) 0.14*(0.062)

*= P<0.05.
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The analysis of variance of the mean FAs in
both molars is given in table 4. As was inferred
earlier from the overall means, FA does not sig-
nificantly differ among the three lines (or for the
selection versus control line comparisons) for
either molar. Further, since the lines x generations
interactions are not significant, FA trends over
generations apparently are parallel among the
lines. Again, this is consistent with the previous
results of analysis of covariance of the regressions.
FA in the M1 (but not M2) among generations is
statistically significant, and this is probably
because of the wide variation among the means
from one generation to the next (see table 2 and
fig. 1) more so than the overall positive upward
trend.

Table 4 The analysis of variance for the M' and M2 mean
asymmetries

Source df

Mean
M'
asymmetry

squares
M2
asymmetry

Lines 2 0018 0'513
Up versus Control 1 0029 0995
Down versus Control 1 0025 0426

Generations 10,7 2796** 1225
LinesxGenerations 20,14 1136 0865
Error 33,24 0781 1131

In order to discover whether the FA trends
were associated either between molars or lines, the
appropriate correlations were calculated and are
displayed in table 5. Correlations between FAs in
the M' and M2 over the first 8 generations are not
statistically significant in any of the three lines.
Correlations of the M1 asymmetries (11 gener-
ations) and M2 asymmetries (8 generations) for
each pair of lines show significance only for the
up-control combination for M1. Except for this

Table 5 Correlations of Mt and M2 asymmetries in the up,
control, and down lines, and correlations of the asymmetry
in each tooth in the up-control, down-control, and up-down
line combinations

Up Control Down

M1—M2 015 —0•12 0•21
asymmetries

Up-
control

Down-
control

Up-down

Mt asymmetry 0.43* 007 010
M2 asymmetry 003 0-00 —040

instance, however, in general there is little associ-
ation of the FA values either between molars or
lines.

DISCUSSION

The basic purpose of this experiment was to dis-
cover whether developmental stability in the
widths of the two molars in this population of mice
has decreased as a result of selection. As inversely
measured by fluctuating asymmetry, there was such
a decline in stability in both molars, but it occurred
for the control line as well as the selected lines in
the molar subjected to direct selection, the M1.
Trends for the M2 were much more suggestive in
that both selected lines showed a greater increase
in FA over time (pooled regression=O21; P<
0.05) compared to that for the control line
(regression=0.01), but the comparison itself (of
selection versus control line regressions) was not
statistically significant. We are thus left with the
conclusion that developmental stability in both
molars has declined through the several gener-
ations, but this decline is common to both the
selection and control lines.

Although there clearly was an increase through
time in the magnitude of FA in the selection and
control lines, it must be borne in mind that this
pattern is based on sampling from a relatively few
generations. Even though a rather large total num-
ber of mice of both sexes was used, sampling
variation can certainly affect trends based on the
means of the FA values at each generation. Inspec-
tion of the control line mean FA values for M'
(table 2), for example, shows that their upward
trend is primarily due to high values in the last
three generations; in fact, the regression of FAs
on the first 8 generations only is negative in sign
(—0.044). These three values also undoubtedly
have contributed to the somewhat higher variabil-
ity of the control line FAs in this molar (compared
to the M2), to the significant overall variation
among generations detected in the analysis of vari-
ance (table 4), and to the positive correlation of
FAs between the control and up lines (table 5).

It is reasonable to believe that the regression
of FA on generations ought to be rather low in
magnitude in the control line, because develop-
mental stability should remain roughly constant or
even increase (and thus FA decrease) with time in
a population subjected only to natural selection
(Soule, 1979). There was some unconscious selec-
tion for larger M1 widths themselves in the control
line (see Larson, 1971), but it was very small in
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magnitude compared to that actually practiced in
the up line and should have had little or no effect
on FA. Chaeta numbers and their FA did sig-
nificantly decline in the control population of
Drosophila used by Bradley (1980), especially over
the last 20 compared to the first 20 generations.

It was originally hypothesized that FA in both
molars in the up and down selection lines should
increase (and developmental stability decrease) if
in fact the selection process has produced
increased homozygosity which in turn is negatively
associated with development stability (Mitton,
1978; Soule, 1979; Soule and Cuzin-Roudy, 1982;
Leamy, 1984; Livshits and Kobyliansky, 1985).
Fixation of alleles leading to increased homozy-
gosity is one expected theoretical result of direc-
tional selection (Falconer, 1981), although it is
difficult to say how important this has been in the
mouse selection lines. The selection limit has not
yet been reached here, and also the heritabilities
of both molars remained consistently high through
the generations (Larson, 1971), so it possible that
the differences in homozygosity between the selec-
tion and control lines are not as great as expected.

On the other hand, there seems little doubt that
inbreeding has been a significant factor in produc-
ing homozygosity, probably for all three lines.
Robertson (1961) has shown that selection acts to
reduce the effective size of a population and thus
increase the rate of inbreeding, and that this effect
is expected to be greater when the selection
criterion has a high heritability. The heritability of
the width of the M1 was rather high (average of
0.6) throughout the generations (Larson, 1971),
and in fact this was reflected in the substantial
rates of inbreeding previously given. To see
whether there was a significant association of
inbreeding and FA, regressions of the FA values
on the inbreeding coefficients (F values x 100) were
calculated for each line. For the up, control, and
down lines, these values were 007, 007, and 009
for the M1 and 009, 001, and 026 for the M2.
The three regressions for each molar were not
significantly different, so common regressions were
calculated for the M1 (0.07) and M2 (0.09), both
of which were significantly different from zero
(P <005). Basically these values parallel those for
the regressions of FA on generations, and suggest
that inbreeding did indeed have a significant effect
on the level of FA throughout the generations.

It should be mentioned that a number of studies
(for example, Soule, 1967) have shown that the
effects of homozygosity on bilateral characters are
relatively general; that is, their FA seems to
increase with homozygosity at most loci. Many

populations in fact seem to have a characteristic
level of FA among all of their bilateral characters,
a level which may differ considerably from that of
other populations (see discussion of the "popula-
tion asymmetry parameter" in Soule, 1967; Leamy,
1984). In the selection experiment here, the two
molars share many genes in common since the
genetic correlation between them was consistently
high (average of about +0.7) throughout the gener-
ations and lines (Larson, 1971). However, a similar
decline in FA through the generations might have
been expected even for other bilateral characters
not pleiotropically related to M1.

Perhaps as important as the general increase
of FA was its greater variability throughout the
generations in the selection lines compared to the
controls, especially for the M2. What this suggests
is that directional selection somehow has influen-
ced FA (and therefore developmental stability) in
these molars, causing its magnitude to vary more
from one generation to the next. This is not merely
a scaling effect, incidentally, because regression
adjustments were made in the calculation of the
FA values; further, the pattern of change in these
values throughout the generations is mainly one
of randomness (fig. 1). In an experiment with
Drosophila, Bradley (1980) found greater among-
generation variation of FA of chaeta number in
lines subjected to natural selection (where chaeta
number declined) than in lines subjected to
stabilising selection (where chaeta number
remained constant). It therefore is possible that
increased variability of FA among generations may
well be one of the consequences of directional
selection, but more experiments will be needed to
discover whether this is generally true.

It was interesting that in the face of the
increased between-generation variation of FA in
the selection lines as well as the general increase
of mean and variance FA in all lines, the relative
contribution of the (variance) asymmetry to the
total variance was homogeneous throughout the
lines and generations. In part this is no doubt a
consequence of the considerable variation among
the variances of the molars themselves (see
table 1), the FA percentage contributions to these
total variances also reflecting this variability
(table 2). Repeatibilities obtained for both molars
by subtracting these values from 1 also naturally
exhibited the same amount of variation among the
lines and generations.

General environmental variances (Falconer,
1981) calculated by subtracting additive genetic
variance estimates from the repeatibilities in the
up, control, and down lines, averaged 198, 270,
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and 340 per cent for the M1, and 29•4, 443, and
39'4 per cent for the M2. In analyses of variance
for both molars, these values did not significantly
differ between lines or generations. Regressions of
the general environmental variances on gener-
ations were —21, —44, and 17 for the M1 and
—4'l, —28, and —75 for the M2, analyses of
covariance showing that only the regression
obtained by pooling the M2 values for all three
lines was significantly different from zero (P<
0.05). There obviously is some tendency for the
general environmental variances to decline with
time, however, in direct contrast to the special
environmental variances (raw error variances
themselves) which generally increased throughout
the generations.

Although bilateral characters such as teeth
often are significantly heritable, usually the herita-
bility of the differences between their sides (FA)
is zero or very low (Reeve, 1960; Leamy, 1984;
Maynard Smith et a!., 1985). Regressions of
offspring on midparent (Falconer, 1981) were used
to estimate heritabilities of FA here, and for the
up, control, and down lines, averaged 001, —002,
and 011 for the M', and —0'04, 005, and —0.01
for the M2. In spite of the rather small standard
errors associated with these estimates (about 005
to 0.06), none reached statistical significance. Thus
like most other characters so analysed, the molar
widths show no significant additive genetic vari-
ation for FA. Maynard Smith et a!. (1985) have
suggested that the lack of genetic variation in a
trait may be taken as evidence that it is under a
developmental constraint. Whatever the actual
case, it is apparent that much remains to be learned
about the genetic and environmental interplay
responsible for the creation and change in FA and
developmental stability during selection.
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