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RESISTANCE OF GENETIC CORRELATION STRUCTURE TO
DIRECTIONAL SELECTION IN DROSOPHILA MELANOGASTER
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Abstract.—The genetic covariance and correlation matrices for five morphological traits were
estimated from four populations of fruit flies, Drosophila melanogaster, to measure the extent of
change in genetic covariances as a result of directional selection. Two of the populations were
derived from lines that had undergone selection for large or small thorax length over the preceding
23 generations. A third population was constituted using flies from control lines that were main-
tained with equivalent population sizes as the selected lines. The fourth population contained flies
from the original cage population from which the selected and control lines had been started. Tests
of the homogeneity of covariance matrices using maximum likelihood techniques revealed signif-
icant changes in covariance structure among the selected lines. Prediction of base population trait
means from selected line means under the assumption of constant genetic covariances indicated
that genetic covariances for the small population differed more from the base population than did
the covariances for the large population. The predicted small population means diverged farther
from the expected means because the additive genetic variance associated with several traits
increased in value and most of the genetic covariances associated with one trait changed in sign.
These results illustrate that genetic covariances may remain nearly constant in some situations
while changing markedly in others. Possible developmental reasons for the genetic changes are
discussed.
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Lande (1979) suggested that micro-evo-
lution should be modeled as a hill-climbing
process in which multivariate phenotypes
are ascending adaptive topographies to
maximize the average level of adaptation,
W, in the population. The vector of mean
phenotypes, Z,.,,, in the generation after se-
lection can be predicted from

Z2.,=GVin W+ z, (1)

where V In W_is a vector in which each
element, d In W/dz,;, equals the change in
Malthusian mean fitness due to a small
change in z,, holding all other z; fixed. As
Lande and Arnold (1983) have shown,
equation (1) can be utilized in retrospective
or prospective studies by calculating the
vector, B, which contains the partial re-
gression coefficients for each trait on rela-
tive fitness, i.e.,

%.,=GB + z,. )

To use equation (2) for micro-evolutionary
studies a number of controversial assump-
tions must be made. For example, as Endler
(1986 pp. 190-192), Mitchell-Olds and Shaw
(1987), and Crespi and Bookstein (1989)
have pointed out, to estimate B one must
assume that all traits that affect fitness are

included in the regression if the traits are
not statistically independent. An equally
problematic assumption is that the genetic
covariance matrix, G, must remain con-
stant in the face of selection. There are sev-
eral reasons for doubting that this latter as-
sumption is valid.

Genetic covariances can change when se-
lection alters the gene frequencies of pleio-
tropic alleles or causes linkage disequilib-
rium between loci. Turelli (1988) reviews
three models that outline conditions under
which genetic covariances can remain con-
stant during selection under the assumption
of no linkage disequilibrium. For Lande’s
(1976, 1980) model, which assumes that the
joint distribution of allelic effects across loci
is multivariate Gaussian, three conditions
must be met. First, G must not change in
new environments, i.e., there can be no ge-
notypes by environment interaction (but see
Via and Lande, 1987) or evolution of G.
Second, the shape of the fitness surface must
remain constant as the phenotypic opti-
mum changes, and third, the covariances
among the effects due to new pleiotropic
mutations must remain constant. When the
distribution of allelic effects is permitted to
be non-Gaussian, then any change in the
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mean will generally be accompanied by a
change in any associated covariance (Boh-
ren et al., 1966; Barton and Turelli, 1987).
The response of the genetic variance (and
any associated covariance) to a change in
the mean depends on the number of loci,
the distribution of allelic effects at individ-
ual loci, and the number of alleles per locus
(Barton and Turelli, 1987). Whereas these
theoretical studies indicate that the condi-
tions for constancy of the genetic covariance
structure are stringent and probably invalid
for most cases of evolution in the wild, they
do not permit estimation of the magnitude
of change in the genetic covariance matrix
which might occur in response to selection.
This empirical question is the focus of this
paper.

Because all previous studies that have ex-
amined the constancy of covariance struc-
ture assumption used species with unknown
selection histories (e.g., Lofsvold, 1986;
Kohn and Atchley, 1988), we decided to
estimate the genetic correlation matrix, R,,
and G from large samples of several pop-
ulations that had undergone selection in the
lab. Although artificial selection studies can
be criticized as being unrepresentative of
natural selection because of the intensity and
specificity of selection, continual directional
selection on a few characters in small pop-
ulations, such as that realized in many ar-
tificial selection studies, is expected to occur
in populations experiencing sexual selection
by a Fisherian runaway process (Lande,
1981), in populations which are derived
from few fertilized foundresses colonizing a
new habitat (Carson and Templeton, 1984),
and in populations exposed to human-im-
posed selective agents such as toxic wastes,
pesticides, or habitat disruption (Bishop and
Cook, 1981). Inasmuch as these situations
may be important for micro-evolutionary
change, speciation, or extinction, artificial
selection studies may provide important in-
sight into the nature of change in genetic
architecture associated with such events.

MATERIALS AND METHODS
Laboratory Procedures

The study involved four generations from
four populations of the fruit fly, Drosophila
melanogaster. Throughout the experiment
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flies were maintained at 25 = 1.5°C with a
fixed illumination cycle of 12 hr dark fol-
lowed by 12 hr light. Standard Edinburgh
food medium (see Fowler and Partridge,
1986, for details) was used for both the
maintenance of populations and experi-
ments. All handling and measuring of live
flies was performed at room temperature
using CO, anesthesia.

The first experimental population was
produced from samples of adults taken from
an outbred wild-type stock that was col-
lected in Dahomey in 1970 and has been
maintained since then in population cage
culture. This base population sample was
produced from three unyeasted culture bot-
tles in each of which 40 adults (20 males
and 20 females) were left for 48 hr. The
progeny were collected as virgin males and
females and pooled across replicates to con-
stitute generation two for the base (P) pop-
ulation.

The three remaining experimental pop-
ulations were produced from a set of 12 lines
that had been artificially selected for thorax
length for 23 generations. These lines de-
rived originally from the Dahomey popu-
lation cage. Their history is given in Par-
tridge and Fowler (in preparation). Briefly,
four large and four small lines were main-
tained by selecting the largest and smallest
10 of the first 25 pairs to emerge in each
generation. Four unselected control lines
were maintained by taking a random sam-
ple of 10 of the first 25 pairs to emerge. To
reduce inbreeding effects, in generation one
of this experiment we made four-way cross-
es among lines within each selection regime
as follows. Five pairs of virgin males and
females were taken from each of the four
lines within each size-category and placed
in one-third pint culture bottles containing
65 ml of medium. After 48 hr, these 40
adults were discarded and the bottles re-
tained for progeny collection. For each of
the three size categories there were three
replicates of this four-way cross. The re-
sulting progeny were collected as virgins and
pooled across replicates to constitute the
large (L), small (S), and control (C) popu-
lations for generation two.

Because variation in pre-imaginal density
can have large effects on the values of adult
metric characters (e.g., Spiers, 1974; Cali-
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gari and Baban, 1981), we raised both the
parental flies (generation three) and the off-
spring flies (generation four) from first instar
larvae under standardized conditions of low
larval density.

For each population the generation two
flies were allocated to mating groups of 10
pairs of virgin females and males and kept
in standard food vials: 75 X 24-mm shell
vials containing seven ml of medium. There
were 20 mating groups for each population.
After 24 hr, all mating groups were trans-
ferred to egg-laying vials. These 65 X 35-
mm vials had plastic lids that contained an
egg-laying medium (15 g agar, 75 ml 95%
ethanol, 15 ml glacial acetic acid in 1,500
ml water), which encourages egg-laying and
facilitates larval removal. To ensure that
females were well-fed, a small dab of baker’s
yeast was smeared onto the side of each vial.
After 24 hr the adults were discarded, and
after 36—48 hr, two samples of 30 larvae
were collected from the medium surface and
transferred on paint brushes to two standard
food vials. This procedure yielded 40 larval
cultures per population. For each popula-
tion, the progeny from these cultures were
collected as virgin females and males and
pooled to form a sample of 300 females and
300 males. These parental flies were scored
for thorax length and mated assortatively in
pairs to increase the precision of our heri-
tability and genetic correlation estimates
(Hill, 1977).

The procedure for generation four was
similar to that for generation three. The
mating pairs were kept in standard food vi-
als for 24 hr prior to transfer to egg-laying
vials. The mating pairs were removed after
24 hr and scored subsequently for five met-
ric characters (Fig. 1): thorax length (TX),
sternopleural bristle number (BB), wing
length (WL), wing width (WW), and tibia
length (TB). After 36—48 hr, one sample of
30 larvae was collected from each egg-laying
vial in which sufficient larvae were present
and transferred to a standard food vial. This
procedure yielded 181 families for the L
population, 153 families for the S popula-
tion, 177 families for the C population and
190 families for the P population. To bal-
ance the design we chose a random sample
of three male and three female offspring from
each family for measuring. After imposing
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Fig. 1. Description and abbreviation for each of
the five traits— bristle number (BB), thorax width (TX),
wing length (WL), wing width (WW), and tibia length
(TB)—measured.

this constraint our data set contained 145
families for the L population, 127 families
for the S population, 143 families for the C
population and 124 families for the P pop-
ulation.

To measure the wing and leg characters
we removed both wings and both hind legs
from flies, mounted them on glass slides,
and scored them using a compound micro-
scope at 50x (WL) or 100 x (WW and TB)
magnification. Left leg and wing measure-
ments were used unless damage precluded
accurate measurement. TX was measured
by laying flies on their sides under a bin-
ocular microscope at 25 X magnification and
recording the distance between the base of
the most anterior humeral bristle and the
tip of the scutellum with an eyepiece grati-
cule. Individuals were assayed for BB by
adding together the number of sternopleural
bristles counted on their left and right sides
at 50 x magnification. Because trait distri-
butions within populations did not depart
significantly from normality, no measure-
ments were transformed. Offspring were
numbered arbitrarily when measured for
subsequent covariance analysis.
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Estimation of Genetic Parameters

Because our goal was to obtain precise
estimates of G and R, and to evaluate the
similarity in content of pairs of matrices, we
used. path analysis to estimate genetic pa-
rameters (Vogler, 1985; Carey, 1986). The
methods we employed are multivariate ex-
tensions of path analytic models developed
by Wright (1931) and more recently used
by human geneticists to separate biological
from environmental causes of trait varia-
tion (e.g., Raoetal., 1974; Eavesetal., 1978).
These techniques permit combining data
from multiple relationship types, e.g., par-
ent-offspring with full or half-sib data, into
a single nonlinear model that then can be
used to estimate the relevant genetic and
environmental parameters. Furthermore,
because the estimates are obtained using a
log-likelihood loss function, the effect of set-
ting individual parameters to zero on the
overall fit of the model can be statistically
evaluated using the difference between twice
each of the resulting loss functions. This
difference follows a chi-squared distribution
and is tested using the difference in degrees
of freedom used in the two models (Bollen,
1989 pp. 289-292). If the data are multi-
variate normal and large samples are used,
the inverse of the information matrix, the
matrix containing the second derivatives of
the loss function with respect to each of the
parameters, provides an estimate of the
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standard errors associated with each param-
eter estimate. Because the behavior of these
error estimates under departures from mul-
tivariate normality is not well character-
ized, we have not presented those estimates
here. Instead, we have computed standard
errors using the formulae in Klein et al.
(1973) and Falconer (1981 pp. 166-167) for
parent-offspring regression studies with as-
sortative mating. These estimates should
overestimate the true error in our data be-
cause the additional information provided
by the full-sib correlations is not included.
One drawback in using these model-fitting
techniques is that substantial numerical
analysis is required particularly if many traits
are measured for large families. Shaw (1987)
has detailed additional pros and cons of these
procedures and has emphasized that re-
stricted maximum likelihood estimates are
unbiased in contrast to maximum likeli-
hood estimates. However, because maxi-
mum likelihood is nearly unbiased when the
number of fitted fixed effects are small rel-
ative to sample size (Searle, 1987 pp. 502—
506), we chose a maximum likelihood es-
timator.

Figure 2 illustrates the multivariate path
model used to estimate the genetic and en-
vironmental parameters. In contrast to con-
ventional path diagrams, the letters and
numbers associated with each path are not
simple partial regression coefficients but are
matrices of path coefficients. The correla-
tion between any two phenotypes in the di-
agram is a phenotypic correlation matrix,
R, which can be equated to a sum of com-
ponent matrices obtained using rules for an-
alyzing multivariate path diagrams (Vogler,
1985) that are analogous to those for uni-
variate path diagrams (Li, 1975 p. 294). This
model includes a path labeled C to measure
the extent to which full-siblings resemble
each other more than parents resemble off-
spring. Although C connects environments
and can, therefore, be thought of as mea-
suring a common environmental compo-
nent of variation, one should realize that
other nonadditive effects that increase sib-
ling similarity, such as dominance varia-
tion, would enter into these parameters. This
path was included after analyzing a series
of sequential univariate models for possible
maternal effects, common environment ef-
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fects, sex effects, heritability and assortative
mating. For all five traits, the maternal effect
parameter could be set to zero and sex-spe-
cific heritability estimates could be equated
without loss of fit, but overall heritability,
common environment and assortative mat-
ing parameters were required to obtain an
adequate fit for each of the five traits in each
of the four populations tested. We acknowl-
edge, however, that with this design we have
little statistical power to detect differences
between the sexes in heritabilities. Although
females are larger than males for almost ev-
ery metric trait measured, other studies
(Cowley et al., 1986; Cowley and Atchley,
1988) have failed to document many dif-
ferences between the sexes in the heritabil-
ities of metric traits similar to those mea-
sured in this study.

Numerical estimates of variance com-
ponents were obtained using the MINUIT
(1977) optimization program (Fulker and
DeFries, 1983) by minimizing the log like-
lihood ratio

L= — 1){In|E| — In|S]|
+ tr[SE-] — ¢} A3)

in which N is the number of families, |E|
indicates the determinant of E, and ¢ is the
order of the observed and expected covari-
ance matrices. S is a 40 by 40 observed
phenotypic covariance matrix composed of
64 five by five symmetric covariance sub-
matrices. Each submatrix contains the var-
iances and covariances for the five traits and
is obtained by pairing each of the eight in-
dividuals, i.e., six progeny and two parents,
per family together. E, the 40 by 40 ex-
pected covariance matrix, contains the ex-
pected covariance components for each
submatrix of S. The covariance compo-
nents in E are derived from the correlation
components presented in Table 1 by pre-
and post-multiplying the expected correla-
tion matrix by a matrix containing the square
root of the diagonal of S, i.e., the observed
standard deviation for all of the traits mea-
sured in each individual, along the diagonal
and zeros elsewhere. In Table 1 R, is the
phenotypic correlation matrix, R, is the ad-
ditive genetic correlation matrix and R, is
the matrix containing environmental cor-
relations. The diagonal matrices, h, e, and
1/2, contain the square-root of the herita-
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TABLE 1.
matrices.

Components of expected correlation sub-

Observed

Rp = hRgh + eRee
Rms= RpDR,,
Rfo = ['4][hR,; + RyDhR]h
Rmo = [“][hR; + R DhRgIh
Roo = [“2]h[Rg + [“2]Rh(D + D)hRgIh + eCe

Expected

bility, h?, the square root of what is some-
times referred to as the environmentality,
e2 =1 — h? or 1/2, respectively, on the
diagonal and zeros off the diagonal. D is a
matrix that measures the assortment among
mates after partialling out the effects of phe-
notypic correlations (Carey, 1986). Because
we imposed assortative mating, D is defined
as a matrix containing zeros everywhere ex-
cept at position 2,2 which contains the im-
posed mate correlation for thorax length.
Thus, these structural equations define a
nonlinear model with 40 parameters. Ex-
pressed in standardized form these param-
eters include 5 h’s, 10 r.’s, 10 r.’s and 15
C’s.

Tests of Matrix Homogeneity

To determine how well the estimates of
the genetic and environmental parameters
for the base population fit the data for the
large and small populations, we conducted
two analyses. A likelihood test under the
null hypothesis that these parameters have
not changed was performed by initializing
the 25 genetic and environmental parame-
ters at the final estimates for the base pop-
ulation, setting the observed covariance
matrix equal to either the 40 by 40 phe-
notypic covariance matrix computed from
the large or the small population after se-
lection, and then calculating the log-likeli-
hood loss fuinction value after one pass
through the optimization routine. Twice the
value of the loss function was tested using
the difference in degrees of freedom to in-
dicate how well the base population param-
eter estimates fit the selected population
data.

To quantify the consequences of any
change in the covariance structure we used
equation (2) to perform two retrospective
simulation analyses—one for each of the two
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TABLE 2. Results of ANOVA and Scheffé multiple comparisons for heterogeneity of population means for

parental flies. All F tests are significant at P < 0.0001.

Homogeneous means are connected by a continuous

underline. BB is a count of sternopleural bristles; all other measurements are in mm.

Population means

Sex Variable F Large Base Control Small
Male BB 14.89 18.536 18.995 18.921 17.405
X 929.11 0.979 0.919 0.912 0.801
WL 801.57 1.640 1.590 1.587 1.440
ww 1,080.36 0.941 0.898 0.906 0.792
TB 847.07 0.686 0.657 0.646 0.585
Female BB 12.67 19.431 19.763 20.017 18.484
TX 1,204.45 1.124 1.059 1.025 0.901

WL 708.31 1.907 1.852 1.854 1.68
ww 981.77 1.066 '1.017 1.026 0.897
TB 708.60 0.741 0.710 0.701 0.636

selected populations. For each population,
average sex-specific selection differentials
for thorax length were calculated for all four
large and small lines. Selection differentials
on the four other traits unmeasured during
the course of selection were estimated each
generation by multiplying the thorax selec-
tion differential by the appropriate base
population phenotypic correlation between
thorax and trait. Separate G’s for males and
females were obtained by pre- and post-
multiplication of the base population R, by
h and a matrix containing sex-specific pa-
rental standard deviations for each trait on
the diagonal and zeros off the diagonal. The
effects of sampling error on our estimates
of G were incorporated into these predic-
tions by iterating each retrospective simu-
lation 1,000 times. At the beginning of each
iteration a random standard normal deviate
was chosen and multiplied by the standard
error for each element of R, and h before
computing G. The observed mean values
for each of the five traits in the base pop-
ulation were then compared to the resulting
distributions of predicted values.

In this retrospective analysis we assume
that all genetic correlations between the sex-
es are unity. While we have evidence that
heritabilities do not differ between the sexes
(see above), precise estimation of genetic
correlations between sexes requires a half-
sib design (e.g., Cowley and Atchley, 1988).
Violation of this assumption due, for ex-
ample, to x-linked variance could account
for sex-specific difficulty in predicting re-

sponse trajectories across populations, but
it is unlikely to account for any population-
specific effects. While an analogous pro-
spective analysis also could be conducted,
aretrospective analysis is more accurate and,
therefore, more appropriate because mean
trait values were measured under constant
environmental conditions after, but not pri-
or to, selection.

RESULTS
Selection Outcome

The response to selection on thorax length
was asymmetrical (Table 2). Lines selected
for small thoraxes responded more rapidly
to selection than lines selected for large tho-
raxes. This difference is not due to any dif-
ference in selection intensities between pop-
ulations. The average selection intensity
each generation for flies in the small lines
Imae = 0.86, I = 0.88) was not signif-
icantly different from that in the large lines
Imae = 0.87, Igmae = 0.85). The difference
in response is consistent with the change in
the heritability for thorax length as de-
scribed below. In addition to this direct re-
sponse to selection on thorax lengths, both
male and female flies in lines selected for
larger and smaller thoraxes showed signif-
icant correlated responses for the wing and
leg characters (Table 2). Sternopleural bris-
tle number decreased in the small lines but
did not change in the large lines. For some
of these traits the control lines also differed
significantly from the base population flies.
These results suggest that the control lines
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may also have experienced inadvertent se-
lection. Selection for rapid development may
have occurred in the control lines due to the
two week generation time imposed on all of
the selection and control lines but not on
the base population. Thus, changes in ge-
netic covariances and correlations between
base population and control line flies may
be due to both drift and selection. Note,
however, that genetic drift alone cannot ex-
plain differences between the selected lines.

Effects on Genetic Correlations and
Covariances

Figure 3 illustrates our estimates of all 10
genetic correlations for each of the four pop-
ulations. While the overall pattern among
these correlations is similar across popula-
tions, there are numerous trait pair com-
binations where the genetic correlation dif-
fers significantly between the base
population and one or more of the other
populations. The control line population dif-
fers conspicuously in that all correlations
involving sternopleural bristle number are
significantly positive in this population while
they are either not significantly different
from zero or are negative in the base pop-
ulation. Heritabilities of each of the five
traits show somewhat less variation among
populations than do genetic correlations

(Fig. 4). Notably, the heritability of thorax
length has not changed in response to di-
rectional selection although heritability of
thorax length in the control line was signif-
icantly lower than it was in the base pop-
ulation. On the other hand, 11 of the 15
heritability estimates were less than the base
population estimates suggesting a reduction
in overall genetic variation

The causes of these changes in the genetic
correlations can be deduced by inspecting
the additive genetic and phenotypic vari-
ances and covariances (Appendix). The in-
crease in heritabilities for sternopleural
bristle number in the selected lines relative
to the base population was due to a sub-
stantial increase in additive genetic varia-
tion in the selected lines. Additive genetic
variance for thorax length decreased in the
large and control lines but increased in the
small line population. This extra genetic
variation for thorax length accounts for the
asymmetry in selection response noted
above. Additive genetic variation for wing
width and tibia length decreased in the se-
lected and control lines while no consistent
change occurred for wing length. The most
obvious change among the genetic covari-
ances was the change in sign associated with
the sternopleural bristle covariances in the
small and control populations.
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Constancy of G after selection was eval-
uated by constraining the expected covari-
ance matrix, E. The 25 h, R, and R, param-
eters for the small, large, and control
population E matrices were equated to their
estimates for the base population before
minimizing equation (3) for each observed
covariance matrix, S. Twice the difference
in the log-likelihood from the overall fit to
the base population and the constrained fit
to one of the selected or control populations
was tested with 25 degrees of freedom to
determine the goodness of fit under the as-
sumption of no change in G and P. In these
analyses C, the matrix of common environ-
ment parameters, can vary. The results of
these tests show (Table 3) that the genetic
and environmental parameters of the base
population do not adequately fit the ob-
served covariances for any of the three other
populations. Furthermore, the magnitude
of the difference chi-squared values indicate
that the large and control line observed co-
variances fitted the base population genetic
parameters about three times more closely
than did the small population covariances.
Thus, greater genetic changes have occurred
in the small than in the large and control
populations. This conclusion is corroborat-
ed by the following retrospective analysis in
which G is assumed to remain constant.

1997

TABLE 3. Goodness-of-fit tests using the h, Ry and Re
parameter estimates obtained from the base population
and the observed covariance matrices from the selected
and control populations.

Free

param-
Population eters df x? Ax? P
Base 40 500 930
Large 15 525 1,026 96 <0.001
Small 15 525 1,254 324 <0.001
Control 15 525 1,028 98 <0.001

Comparison of Predicted to
Observed Responses

If the genetic covariance structure was un-
affected by selection, then the mean values
of the base population traits should be pre-
dictable from the selected line means by
retrospective application of equation (2).
Deviations between observed and predicted
trait means must be due to changes in co-
variance structure. The distributions of pre-
dicted sex-specific trait means for each se-
lected population are compared to the
observed trait means in the base population
in Figure 5.

Figure 5 illustrates that selection for large
thoraxes had relatively little effect on G.
Eight of the ten observed trait means for the
base population fell well within the distri-
bution of 1,000 predicted trait means and
five of the observed means closely matched
the distribution medians. The two observed
means that were above the distribution of
predicted means were for thorax length.
These results are consistent with our obser-
vation that the additive genetic variance in
thorax length declined in the large lines rel-
ative to the base population (Appendix).
This decline apparently constrained the large
lines from responding as much as predicted.
In contrast, for the small population only 1
of 10 observed trait means landed within
the 50 percentile range of the predicted trait
means. In every other case the observed
small population mean exceeded most if not
all of the 1,000 predicted mean values in-
dicating that greater response to selection
occurred than was predicted by the as-
sumption of constant covariance structure.
Although most of the off-diagonal elements
of the small population G changed only a
small amount from corresponding elements
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of G in the base population (Appendix), the
additive genetic variance for 3 of 5 traits
increased markedly in the small population
(Appendix). The heritabilities for these same
traits decreased (Fig. 4), on the other hand,
because total phenotypic variation in-
creased more than the additive genetic vari-
ation. Furthermore, the sign changed for 4
of 5 covariances involving sternopleural
bristle number. Thus, instead of bristle
number increasing with a decrease in thorax
length as predicted, it decreased in the small
lines (Table 2).

DiscussioN

In this study we imposed a perturbation
on G, the genetic covariance matrix relating
five morphological traits, by conducting bi-
directional selection on one trait for 23 gen-
erations. Resistance to this perturbation, i.e.,
the degree to which a state variable is
changed following a perturbation (Pimm,
1984), was measured directly by estimating
G in the base, large and small populations.
Goodness-of-fit tests and prediction of base
population trait means from selected line
means under the assumption of constant ge-
netic covariance structure indicated that G
for the small population changed signifi-
cantly from the base, control and large pop-
ulation estimates of G. The predicted small
population mean values diverged farther
from expected values because the additive
genetic variance associated with several
traits increased in value and most of the
genetic variances associated with several
traits increased in value and most of the
genetic covariances associated with bristle
number changed in sign. Thus, these results
demonstrate an asymmetry in resistance to
perturbation in that selection for large tho-
rax length had much less of an effect on G
than did selection for small thorax length.
Similar findings have been observed in sev-
eral other, although not all, artificial selec-
tion studies in which genetic correlations
have been measured.

For example, Sen and Robertson (1964)
selected simultaneously for increased ster-
nopleural bristle number and fifth abdom-
inal sternite bristle number in Drosophila
melanogaster using three different selection
protocols. After 12 generations of selection,
neither the heritabilities nor the genetic cor-
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relations had changed significantly. In a
similar experiment, Sheridan and Barker
(1974) selected Drosophila melanogaster
coxal and sternopleural bristle number si-
multaneously up, down, and divergently in
both combinations for 22 generations and
measured realized genetic correlations at 10
and 22 generations. While large differences
in correlations between replicate lines were
observed, average correlations and herita-
bilities remained remarkably constant across
selection regimes. Bell and Burris (1973)
monitored five traits in Tribolium casta-
neum beetles that were selected in all four
directions for larval and pupal weight for
eight generations. Although both genetic
variances and covariances were disrupted
by selection, the genetic correlation between
the selected traits remained surprisingly
constant across lines.

In contrast to these results, Berger (1977)
found substantial changes in the realized ge-
netic correlation for pupal weight and fam-
ily size in lines of 7. castaneum selected for
one or the other of these two traits for 16
generations. The genetic correlation for these
traits in the base population was —0.17 but
became —0.43 in the line selected for high
pupal weight and 0.03 in the line selected
for high family size. Similar changes in the
realized genetic correlations have been ob-
served by Bell and McNary (1963) who se-
lected 7. castaneum for increased pupal
weight in both a wet and dry environment.

Changes in genetic correlations also have
been observed in the absence of selection as
a consequence of reduced effective popu-
lation size. Bryant and Meffert (1988) re-
cently showed that the genetic correlations
among eight morphological traits in house-
flies changed more if the populations were
subjected to intermediate (populations re-
duced to 4 and 16 pairs) bottleneck levels
rather than extreme (2 pairs) or no bottle-
necks. The genetic correlations and covar-
iances of the intermediate bottleneck rep-
licates increased relative to the controls
which, Bryant and Meffert (1988) argue, is
consistent with epistatic gene action.

Fewer selection studies have been per-
formed on vertebrates, but those that have
indicate that genetic correlations are fre-
quently unstable. Falconer (1960) selected
lines of mice for growth on high and low
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planes of nutrition and observed the cor-
related response on the alternative nutri-
tional level. The realized genetic correla-
tions were equal for the first four generations
of selection (0.67, 0.65 for high and low
planes, respectively) but changed dramati-
cally between generations 5 to 13 (1.25,
—0.02). These changes were accompanied
by large changes in the phenotypic standard
deviations.

In addition to these artificial selection
studies, several recent studies have exam-
ined the constancy of covariance or corre-
lation assumption by comparing estimates
of G or the genetic correlation matrix, Ry,
obtained from either different populations
or closely related species. In one of the first
studies of this kind, Arnold (1981) esti-
mated R, for chemoreceptive traits mea-
sured on two geographic races of garter
snakes and reported no change in the cor-
relation structure using factor analysis. Sim-
ilarly, Atchley et al. (1981) compared R, for
skeletal traits in rats and mice using factor
analysis and found no obvious differences.
In contrast, Berven (1987) found dramati-
cally significant differences in the genetic
correlation between development rate and
larval size in mountain (r, = —0.86) and
lowland (r, = 0.65) populations of wood
frogs.

These three studies did not, however, sta-
tistically compare genetic covariances.
Lofsvold (1986) computed G for a set of 15
cranial traits in two subspecies of Peromys-
cus maniculatus and in P. leucopus. He
compared the pattern in G using vector cor-
relations and a Mantel test. His results led
him to conclude that G had not changed
perceptibly between the two subspecies but
had changed between the species although
the genetic correlation matrices were simi-
lar between subspecies and species. Kohn
and Atchley (1988) performed a similar
analysis of pelvic measurements in random-
bred ICR mice and lab rats and found dif-
ferences in G between these species, but on
reanalyzing Lofsvold’s (1986) data using
more randomizations and additional asso-
ciation statistics, argued that the two Pero-
myscus species do have significantly similar
G structures.

In all of these studies R, typically changes
much less than estimates of G. In each of
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the comparisons of G just discussed, the
statistical test measured degree of similarity
in structure, not content, under the null hy-
pothesis that the two matrices are different.
For example, the Mantel tests evaluate if
the rank order, not value, of the matrix el-
ements are similar, while vector correla-
tions indicate the degree of collinearity
among ranked eigenvectors, i.e., the pro-
portionality of two matrices. In many cases
the absolute value of individual elements
has changed as much as those in the studies
that indicated changes in correlations from
lines selected in opposite directions. For this
reason, these similarity tests can be mis-
leading if the purpose of the comparison is
to validate a retrospective or prospective
study rather than measure the proportion-
ality of two matrices. If equation (2) is ap-
plied recursively, small differences in the
size of G can result in large phenotypic dif-
ferences over many generations even though
matrix randomization tests, such as the
Mantel test, indicate that the covariance
matrices are more similar than one would
expect by chance.

Although some of the genetic changes we
observed could be due to linkage caused by
selection and drift (Avery and Hill, 1977),
linkage alone should not have altered ge-
netic covariances greater in the small lines
than in the large lines. Such asymmetry in
covariance change could occur for at least
two reasons: alleles that decrease body size
have greater phenotypic effects than those
that increase body size or more loci influ-
ence small than large body size. While we
have no way of evaluating the phenotypic
effects of allelic changes between small and
large flies, greater genetic variation among
small population flies could result if there
are more developmental paths for decreas-
ing body size than for increasing body size.
Adult size is determined by three factors—
larval growth rate (Bakker, 1969), larval
weight at pupation (Bakker, 1959, 1969),
and target cell number in the imaginal discs
(Bryant and Simpson, 1984). Whereas both
larval feeding rate (Burnet et al., 1977) and
development time (Clarke et al., 1961; Sang,
1962) can be readily lowered by artificial
selection, neither can be increased very
much. Presumably, prior directional selec-
tion has exhausted most additive genetic
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variation for rapid growth. In contrast, any
decrease in larval feeding rate, mobility, or
digestive efficiency can decrease adult body
size. Although we have not measured these
variables on the flies in this study, we do
know from other work that small line flies
have a lower growth rate than the large and
control line flies (Partridge and Fowler, in
preparation). Inasmuch as these develop-
mental patterns are typical of holometab-
olous insects that undergo rapid develop-
ment, we expect G among morphological
traits to change more readily as body size
decreases than when selection favors an in-
crease in body size. If this prediction is cor-
rect, then the rate of morphological change
may be greater when selection favors small
rather than large body sizes.

Our results, in conjunction with those re-
viewed above, suggest that the constancy of
G assumption must be applied cautiously
to natural populations and, preferentially,
tested when possible. Further experiments
of this kind are needed to determine if G
remains constant under selection for in-
creased body size but changes under selec-
tion for smaller body size. We suggest that
the most revealing comparison of two ge-
netic covariance structures is obtained by
iterating selection episodes. While the best
comparison is made when observed selec-
tion differentials are used, even hypothetical
selection regimes may indicate the potential
magnitude of error involved in an evolu-
tionary prediction.
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APPENDIX

Additive genetic (below diagonal) and phenotypic (above diagonal) covariance matrices for each of the four
populations.

Base BB TX WL ww TB
0.8028 0.0279 0.0104 —0.0086 0.0364 BB
0.5373 0.2836 0.4601 0.3136 X
BB 0.3812 0.3881 0.4617 0.3136 WL
X —0.0079 0.1640 1.1449 0.4378 ww
WL —0.0214 0.0500 0.1730 0.6432 TB
ww —0.0444 0.1446 0.2513 0.6003
TB —0.0066 0.1088 0.0924 0.2420 0.2353
Large BB TX WL ww TB
0.9370 0.0042 —-0.0119 —0.0022 0.0492 BB
0.4844 0.2367 0.3713 0.1868 X
BB 0.6078 0.3238 0.3696 0.1564 WL
X —0.0045 0.1392 1.0241 0.2511 ww
WL —0.0272 0.1021 0.1943 0.3733 B
ww —0.0947 0.1764 0.1821 0.4058
TB 0.0554 0.0689 0.0672 0.0925 0.0537
Small BB TX WL ww TB
0.9663 0.0302 0.0594 0.1655 0.1466 BB
0.8263 0.5622 0.7023 0.5385 X
BB 0.6285 0.6872 0.7380 0.5289 WL
TX 0.0481 0.2286 1.4019 0.6722 ww
WL —0.0510 0.0468 0.2093 0.7413 TB
ww 0.0753 0.1443 0.1582 0.3662
TB 0.0690 0.0587 0.1244 0.1494 0.1240
Control BB X WL ww TB
0.9722 0.1287 0.0994 0.2127 0.1191 BB
0.6806 0.2831 0.3729 0.2725 X
BB 0.5104 0.4409 0.4077 0.2643 WL
X 0.0731 0.1231 1.0161 0.3500 ww
WL 0.0654 0.1139 0.1615 0.3906 TB
wWwW 0.1213 0.1463 0.1862 0.4556

TB 0.0588 0:0956 0.1046 0.1768 0.1400




