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abstract: Genetic correlations are the most commonly studied of
all potential constraints on adaptive evolution. We present a comprehensive test of constraints caused by genetic correlation, comparing empirical results to predictions from theory. The additive
genetic correlation between the filament and the corolla tube in wild
radish flowers is very high in magnitude, is estimated with good
precision (0.85 Ⳳ 0.06), and is caused by pleiotropy. Thus, evolutionary changes in the relative lengths of these two traits should be
constrained. Still, artificial selection produced rapid evolution of
these traits in opposite directions, so that in one replicate relative to
controls, the difference between them increased by six standard deviations in only nine generations. This would result in a 54% increase
in relative fitness on the basis of a previous estimate of natural
selection in this population, and it would produce the phenotypes
found in the most extreme species in the family Brassicaceae in less
than 100 generations. These responses were within theoretical expectations and were much slower than if the genetic correlation was
zero; thus, there was evidence for constraint. These results, coupled
with comparable results from other species, show that evolution can
be rapid despite the constraints caused by genetic correlations.
Keywords: genetic correlation, evolutionary constraint, rapid evolution, artificial selection, radish.

Introduction
Constraints on adaptive evolution, defined as anything that
slows or prevents the attainment of an optimally adapted
phenotype, have been a topic of major interest since the
publication of Gould and Lewontin’s (1979) study. In spite
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of a large number of studies addressing constraints (e.g.,
O’Neil and Schmitt 1993; Futuyma et al. 1995; MitchellOlds 1996; Pilson 1996; Begin and Roff 2003; Frankino et
al. 2005; Ashman and Majetic 2006), much confusion and
controversy remains over definitions, the possible mechanistic bases of constraints, and the relative importance of
different mechanisms (Gould 1989; Antonovics and van
Tienderen 1991; Arnold 1992; Getty 2000; Pigliucci and
Kaplan 2000). Genetic correlations among traits have often
been invoked as a cause of constraint (e.g., Maynard Smith
et al. 1985; Clark 1987; Arnold 1992; Futuyma 2010), and
many estimates of genetic correlations have been undertaken in the last two decades, with the goal of understanding constraints (e.g., Berenbaum et al. 1986; Conner and
Via 1992; Etterson and Shaw 2001; Delph et al. 2004; Caruso et al. 2005).
The theoretical underpinnings for the idea that genetic
correlations cause constraint were developed some time
ago (Dickerson 1955; Lande 1976). The general idea is
simple: a population evolves in multivariate trait space at
a rate that depends on the magnitude and the direction
of the vector of selection and the amount of genetic variance possessed by the population in that direction. Thus,
in two dimensions, if a genetic correlation is 1 or ⫺1, no
evolution can take place in the direction perpendicular to
the major axis of the correlation because there is no genetic
variance in that direction (Via and Lande 1985; Pease and
Bull 1988). This case, where a genetic correlation prevents
the population from reaching the multivariate optimum,
is called an absolute constraint (Mezey and Houle 2005),
and it has also been predicted to occur with a correlation
of !1 if there are other correlated traits under stabilizing
selection (Björklund 1996). For genetic correlations with
a magnitude of !1, there is little theoretical doubt that
selection perpendicular to the axis of a correlation (the
arrows in fig. 1A) will result in a slower response than the
selection parallel to it, because there is maximal genetic

430 The American Naturalist

Figure 1: A, Half-sibling family means for filament and corolla tube lengths, depicting the additive genetic correlation for the natural
population before selection (data from Conner and Via 1993). Arrows indicate the approximate directions of artificial selection applied to
this population, with the black arrows pointing to the upper left representing the two high exsertion lines and the red arrows pointing to
the lower right representing the two low exsertion lines. Because these plants were grown at a different time than those in B, the means
for the two traits differed because of the different environmental conditions. To remove these mean differences while maintaining an
unchanged correlation, the values in A were adjusted to make the overall means the same as those for the control lines after selection by
subtracting the mean difference in each trait from each value. N p 75 . B, Full-sibling family means after eight (Rep 1) or nine (Rep 2)
generations of selection. Crosses represent the bivariate means (Ⳳ1 SEM) for each group. Total N p 72 (12 families per line # 2 replicates
per treatment # 3 selection treatments); each point represents the mean value for 10 plants grown from each family.

variation in the parallel direction. However, the degree to
which the response will be slowed does not depend on the
value of the correlation itself but rather on the direction
and magnitude of selection applied to each trait and the
entire G matrix. Therefore, quantitative predictions must
be made on a case-by-case basis, and this is perhaps why
theoretical quantitative predictions of the magnitude of

constraint caused by genetic correlations have been relatively uncommon (but see Via and Lande 1985).
The persistence of a correlational constraint over evolutionary time depends on the genetic mechanism underlying the correlation. Correlations caused by pleiotropy
or tight linkage are much more likely to cause constraint
than those caused by linkage disequilibrium between mod-
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erately or loosely linked loci. This is because correlations
due to pleiotropy are likely to be much more stable over
time than those due to linkage disequilibrium (Clark 1987;
Futuyma 1998). In the absence of selection, linkage, and
assortative mating, linkage disequilibrium is halved in each
generation by recombination, and very tight linkage is
necessary to slow this process substantially (Falconer and
Mackay 1996). Correlations due to pleiotropy, on the other
hand, persist in the absence of selection. The exceptions
to this pattern are loci that are extremely tightly linked;
linkage disequilibrium between loci that rarely recombine
will be evolutionarily similar to single pleiotropic loci.
Therefore, only genetic correlations due to pleiotropy or
extremely tight linkage are stable enough to cause evolutionary constraints.
Artificial selection is a uniquely well-suited technique
for the study of constraints, because the evolution of traits
in response to known selection pressures can be directly
quantified (Maynard Smith and Sondhi 1960; Maynard
Smith et al. 1985; Barton and Partridge 2000). For correlated traits, artificial selection can be applied perpendicular to the major axis of the correlation, which corresponds to the direction of minimum genetic variance in
bivariate space (fig. 3 in Conner 2003; see also fig. 1A in
this article). Selection in this direction should result in the
slowest possible response and thus the maximal evolutionary constraint. Several studies using this basic idea
have been performed (Bell and Burris 1973; Weber 1990;
Dorn and Mitchell-Olds 1991; Wilkinson 1993; Stanton
and Young 1994; Emlen 1996; Beldade et al. 2002; Frankino
et al. 2005, 2007; Allen et al. 2008), and all but two (Dorn
and Mitchell-Olds 1991; Allen et al. 2008) have shown that
short-term evolution of correlated traits can occur perpendicular to the major axis of the correlation.
Therefore, there is little doubt that evolution can occur
perpendicular to the major axis of a correlation as long
as the magnitude of the correlation is !1, but there is also
little theoretical doubt that this evolution will be slower
than if there were no correlation or if the selection was
along the major axis of the correlation. The open question
is how evolutionarily important the constraint caused by
genetic correlations is likely to be. One way to answer this
question is through empirical estimates of the speed of
evolution perpendicular to pleiotropic correlations of high
magnitude, as only these are theoretically expected to cause
strong constraint. Furthermore, to judge the importance
of the constraint, these estimates should be made in a
system for which natural selection on the correlated traits
is well understood and the divergence in these traits among
related species has been measured.
The correlation between the filament and corolla tube
lengths in wild radish (Raphanus raphanistrum) flowers
provides an ideal natural opportunity to test constraints.

The additive genetic correlation is very high and has been
estimated with good precision (mean Ⳳ SEM, 0.85 Ⳳ
0.06; Conner and Via 1993), using a large nested halfsibling design (50 sires, 4 dams per sire, 1,133 total offspring). Unlike most correlations in natural populations,
this correlation is known to be caused by pleiotropy or
extremely tight linkage, as it was unchanged in two large
replicate populations (Ne p 600 each) subjected to nine
generations of enforced random mating with relaxed selection (Conner 2002). Correlations caused by linkage disequilibrium would be altered by recombination under relaxed selection.
In addition, natural selection on this correlation and
the composite trait determined by the relative lengths of
filament and corolla tube, anther exsertion, have been well
studied in wild radish. Anther exsertion is defined as filament length minus corolla tube length, and thus it describes the position of the anthers relative to the opening
of the corolla tube (fig. 2). Measurements of selection
based on lifetime seed-siring success by all pollinators
showed significant stabilizing selection on anther exsertion
in the first year, a combination of stabilizing and directional selection for an increase in the second year, and
only directional selection for increased exsertion in the
third year (Morgan and Conner 2001). Stabilizing selection
on the difference between two traits is equivalent to correlational selection on these traits (Phillips and Arnold
1989; Brodie 1992); therefore, there was selection to increase the correlation in the first 2 years and to increase
filament length relative to corolla tube length in the second
and third years. Note that the directional selection on anther exsertion represents selection perpendicular to the
major axis of the filament–corolla tube correlation, similar
to that in the artificial selection experiments discussed
above.

Figure 2: Lateral cross-section diagram of a wild radish flower, showing the traits examined in this study. Only two of the six filaments
are shown for clarity. Anther exsertion is calculated as filament length
minus tube length; examples of both positive and negative anther
exsertion are shown.
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The differences in selection among years may be due
to differences among pollinators in the selection they exert
through differences in male fitness (seed-siring success).
The most common pollinator genus of wild radish in the
upper Midwest is the sweat bee Dialictus, which exerts
stabilizing selection on anther exsertion, while two of the
larger pollinators, honey bees and cabbage butterflies
(Pieris rapae), exert directional selection on exsertion
(Conner et al. 2009; H. F. Sahli and J. K. Conner, unpublished manuscript). The underlying functional basis
for this selection has also been studied in wild radish. Visits
by sweat bees have maximal pollen removal (a component
of male fitness) with intermediate anther exsertion, while
pollen removal by honey bees and cabbage butterflies increases with increasing exsertion (Conner et al. 1995,
2009).
A comparative study of filament and corolla tube lengths
across the Brassicaceae suggests that intermediate anther
exsertion is either constrained or adaptive across much of
the family, as most species have roughly equal filament
and corolla tube lengths, placing the anthers at the opening
of the corolla tube (fig. 14.6 in Conner 2006). This fits
with the stabilizing selection on exsertion exerted by sweat
bees in wild radish. However, there is also comparative
evidence for selection perpendicular to the major axis, as
several species of Brassicaceae show highly exserted or
highly inserted anthers (Conner 2006); the exserted species
are consistent with the directional selection for increased
exsertion exerted by butterflies and honey bees in wild
radish.
In this study, we used artificial selection perpendicular
to the major axis of the filament–corolla tube correlation
in wild radish to directly test for an evolutionary constraint
caused by this correlation. We also used new estimates of
the G matrix for these traits from the selection lines to
assess changes due to selection or drift and to make quantitative predictions of the evolutionary response to this
artificial selection, enabling us to more fully assess the role
of genetic correlations in causing constraints from both
theoretical and empirical perspectives.
Material and Methods
Artificial Selection
To perform selection perpendicular to the major axis of
the correlation between the filament and corolla tube
lengths (fig. 1A), we conducted directional selection on an
index trait, anther exsertion. Anther exsertion is defined
as the difference between the long filament and corolla
tube lengths. Because the selection imposed was linear, it
is selection to change the bivariate mean. This form of
selection is not correlational selection, which is equivalent

to nonlinear selection on an index trait (Phillips and Arnold 1989; Brodie 1992). The initial base population of
477 plants was derived from the New York natural population (Conner and Via 1993) that had been maintained
in large random-mating greenhouse populations (Ne ≈
600) for seven generations (Conner 2002). Six selection
lines were established from this base population, two were
selected for increased exsertion (depicted by the arrows
pointing to the upper left in fig 1A), two were selected for
decreased exsertion (arrows pointing to the lower right in
fig 1A), and two were random-mated controls. One replicate set of lines (one high exsertion, one low exsertion,
one control) was selected for eight generations (rep 1),
and the other set was selected for nine generations (rep
2). Generations 1–3 of both replicates were grown in the
same greenhouse room at the University of Illinois, generations 4–5 of rep 1 were grown in the same greenhouse
room at Reed College in Oregon, and generations 4–9 of
rep 2 and generations 6–8 of rep 1 were grown at Kellogg
Biological Station (KBS) in Michigan. Within each generation and line, one to 10 offspring were successfully
grown and measured from each of 12 families from the
previous generation; a total of 4,970 plants were measured
over the course of the study. One individual from each
family was chosen for mating; individuals with the most
extreme anther exsertion were chosen in the selection lines,
and an individual was chosen at random in the control
lines. This family selection design maximizes the effective
population size and thus minimizes drift (Hill 1980). Chosen individuals were mated randomly so that every plant
acted as a male and a female, but with no reciprocal
crosses.
To test for a significant response to selection in anther
exsertion and its component traits, filament and corolla
tube lengths, a mixed-model analysis (Proc Mixed; SAS
Institute 2004) was performed on the data from the last
generation. High and low lines were compared with controls within each set of replicates that had been grown
simultaneously in the same greenhouse room, with selection direction as a fixed effect and family nested within
selection direction as a random effect.
To test for the linearity of the selection response, response values were regressed on the cumulative selection
differentials using linear only and linear plus quadratic
terms (Falconer and Mackay 1996). To remove the effects
of environmental differences among generations in this
analysis, values of both the response and the cumulative
selection differentials in the high lines were subtracted
from the low-line values within each replicate (Hill 1980).
Because the pairs of high and low lines within each replicate were grown simultaneously in the same greenhouse
room, they represent the total genetic response to selection
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in both directions after removing environmental differences, similar to a common-garden design.
To determine whether selection caused changes in genetic variance or covariance, the G matrix within each line
was estimated using the phenotypic values for filament
and corolla tube from the last four (rep 1) or five (rep 2)
generations of pedigree information. These pedigrees include a mix of full- and half-sibling families, and the sample sizes within each of the lines were between 459 and
474, so these estimates of G are reasonably precise.
Predicted Responses to Selection
We combined these estimates of the G matrix within each
line with estimates of artificial selection gradients from
this study to produce bivariate predictions of the response
to our artificial selection. For each episode of selection,
the relative fitness of all plants in the parental generation
was regressed on the filament and corolla tube lengths to
estimate the selection gradients for these traits. Relative
fitness for each plant was calculated as the number of
offspring successfully grown and measured in the next
generation (which varied from one to 10 for the selected
parents and was zero for all unselected individuals) divided
by the average number of offspring per plant in that generation. Cumulative selection gradients were obtained by
summing across generations; these were then combined
with the G matrix to predict the selection response. A
confidence region for this response was obtained via parametric bootstrap (Efron and Tibshirani 1994). To do this,
1,000 selection gradients and an equal number of G matrices were generated by resampling from the parametric
distribution of each, as described by their dispersion matrices. The product of each pair of these was taken, yielding
1,000 new response predictions. We found the variance
matrix of this cloud of points and used it to generate
confidence ellipses (1.96 times the square root of the variance in all directions) around the predicted mean
responses.
Results
Anther exsertion showed a rapid response to selection
through all generations (fig. 3); this response to selection
in anther exsertion was highly significant relative to controls in all four selection lines (table 1). When plotted as
a divergence between the replicate high and low lines versus the cumulative selection differential, the response was
quite linear, with little or no sign of a slowing of response,
although there is weak evidence for slight curvature in the
rep 2 plot (fig. 4). Examining the bivariate distributions
of the two individual traits, filament and corolla tube
lengths, at the end of the selection shows the strong re-

sponses of the two traits perpendicular to the major axis
of the correlation (fig. 1B). The distribution of the randomly mated controls matches that of the base population,
and there is little overlap between the three treatment
groups.
The response in anther exsertion was due to evolution
of filament and corolla tube lengths in opposite directions
(fig. 1B; table 1). In both replicates, these two components
of anther exsertion were highly significantly different between the high and the low lines, and in all but one case
(the long filament in the rep 2 high line), each component
trait was at least marginally significantly different from
controls (table 1).
There were no clear patterns of changes in the G matrix
in the selected lines relative to controls. In rep 1, the first
eigenvalue was smaller and the second was greater in both
selection lines, compared with controls, leading to slightly
decreased genetic correlations, but exactly the opposite
pattern occurred in rep 2 (table 2). Thus, the predicted
decrease in genetic variance due to selection along eigenvector 2 (the direction on which we selected) is not yet
apparent, but note that these matrices are estimated using
the last four generations, so there may be more reduction
in variance in the last generation. The variances, covariances, and eigenvalues tended to be smaller in all six lines
(including the controls) than in the original population
(table 2; fig. 5), which is consistent with a similar loss of
variance due to drift in all six lines; however, since the
original population was grown at a different time, these
results could be due to environmental differences in gene
expression rather than actual genetic change. Also note
that the orientation of the bivariate ellipse (i.e., the eigenvectors) has changed in the rep 2 high exsertion line.
In both replicates, the actual response to selection was
more constrained than the predictions based on the
strength of artificial selection and the G matrix, but in
both cases the actual responses were inside the 95% confidence ellipse of the prediction (fig. 6). Thus, the rapid
response we observed was predictable on the basis of standard quantitative genetic theory. Note that the magnitude
of the predicted response and its confidence ellipse reflect
the accumulated uncertainty from the estimation of several
generations of selection gradients as well as uncertainty in
G.
Discussion
Our results show that wild radish filament and corolla tube
lengths evolved in different directions in response to selection perpendicular to the strong positive genetic correlation between these traits in fewer than 10 generations.
This rapid evolution was in the direction of minimum
genetic variance in bivariate space and was in spite of good
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Figure 3: Mean response to selection on anther exsertion versus generation in each of the six lines (ⳲSEM). Traits were not measured in
the control lines in the first two generations of the first replicate set of lines (rep 1) and the first generation of rep 2. The three rep 1 lines
were not grown at the same time in generation 4, so the relative values of the means include both genetic and environmental differences;
in all other cases the three lines within each replicate were grown simultaneously in the same greenhouse room, so differences among means
within generation and replicate are caused by genetic differences only. Average N for each mean is 93.6; total N p 4,970 plants.

evidence for the strength and stability of this correlation,
including that the genetic correlation was very high in
magnitude, well estimated, and likely caused by pleiotropy
(Conner 2002). The G matrix was also stable in response
to the artificial selection imposed in this study. The repeatable and linear responses in the direction that we selected and the fact that both controls maintained the ancestral trait distribution strongly suggest that our selection
was much stronger than the effects of drift.
To be convincing, our assertion of rapid evolution needs
a null hypothesis for comparison; in other words, evolution of anther exsertion was rapid relative to what stan-

dard? The inset photographs in figure 1B show examples
of anther exsertion resulting from the artificial selection,
representing phenotypes not observed in tens of thousands
of plants from the New York population raised in the field
and greenhouse (J. K. Conner, personal observation). Our
pairs of selection lines diverged 3.4 (rep 1) and 5.8 (rep
2) standard deviations in eight and nine generations, respectively (the standard deviation of anther exsertion was
0.53 in the base population); these are clearly biologically
significant changes over a short period of time. The strongest standardized directional selection gradient on anther
exsertion observed by Morgan and Conner (2001) was
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Table 1: Mean Ⳳ SEM (mm) differences in length between the filaments and the corolla tubes of the base population
before selection and of the six artificial selection lines after eight (rep 1) or nine (rep 2) generations of selection on
anther exsertion
Anther exsertion
Mean Ⳳ SEM
Base
Rep 1:
High 1
Control 1
Low 1
High-low 1
Rep 2:
High 2
Control 2
Low 2
High-low 2

F

Long filament
P

.13 Ⳳ .02
1.80 Ⳳ .05
.81 Ⳳ .04
.01 Ⳳ .06
1.79
2.71 Ⳳ .06
1.02 Ⳳ .05
⫺.39 Ⳳ .05
3.10

Mean Ⳳ SEM

F

Corolla tube
P

9.80 Ⳳ .05
106

!.0001

52.4
230

!.0001
!.0001

113

!.0001

101
554

!.0001
!.0001

10.36 Ⳳ .09
9.92 Ⳳ .08
9.51 Ⳳ .08
.85
10.80 Ⳳ .09
10.48 Ⳳ .07
9.68 Ⳳ .08
1.12

Mean Ⳳ SEM

F

P

5.9

.02

4.2
25.2

!.0001

39.3

!.0001

6.6
74.7

!.0001

9.67 Ⳳ .05
4.1
3.8
16.9
1.6
13.9
18.3

.06
.06
.0005
.22
.001
.0003

8.55 Ⳳ .07
9.11 Ⳳ .08
9.51 Ⳳ .08
⫺.96
8.09 Ⳳ .07
9.46 Ⳳ .08
10.08 Ⳳ .09
⫺1.99

.05

.02

Note: The three selection lines within each replicate were grown simultaneously but the base was grown before the selection started, so valid
comparisons can be made only within each replicate because of environmental differences. The F (degrees of freedom p 1, 22 for all) and P
values are from mixed-model comparisons of each selection line to the matching control (see “Material and Methods”), and the “high-low”
rows give the mean difference between the high and the low lines within each replicate and the results of the mixed-model test for a difference
between the high and low means. N p 477 for base and N p 107–120 for each selection line (the smaller SEM for the base is due to the
larger sample size).

0.17, so the increase in exsertion of 3.2 standard deviations
seen in high rep 2 compared with the control (see table
1) translates to a 54% increase in relative fitness (assuming
that the selection gradient remained unchanged), which is
also a biologically important change in just nine generations. Note that pure directional selection was observed
in only one of 3 years; there was stabilizing selection on
anther exsertion in the other 2 years (see “Introduction”).
Quantitative genetic theory predicts that the rate of this
evolution would have been much faster had we selected
along the major axis of the correlation (e.g., Beldade et
al. 2002) or if there had been no genetic correlation between these traits; however, given the speed of the response
in our experiment, the evolutionary importance of this
constraint is questionable. To make a rough prediction of
what the response to the selection we imposed would have
been without a correlation, we set the additive genetic
covariance between filament and corolla tube to zero but
used the estimated genetic variances for each trait in the
natural population (table 1); this is related to approaches
used by Smith and Rausher (2008) and Agrawal and
Stinchcombe (2009). Multiplying this 2 # 2 G matrix by
the cumulative selection gradients for the two traits, the
predicted evolution of the filament and corolla tube
lengths would have been five times faster (averaged across
traits and replicates) than that predicted with the actual
covariance. We can also roughly model evolution along
the major axis of the correlation by making the selection
gradients for both traits positive in all lines (instead of
opposite signs, as the actual selection gradients in the ex-

periment were) and using the actual estimated G matrix.
In this case, the evolution would have been 11 times faster
on average than that predicted on the basis of the actual
gradients. This is even faster than the zero-covariance case
because the response is augmented by the covariance along
the major axis. Given that our predicted change was 1–3
mm with the correlation (open circles in fig. 6), the unconstrained and augmented rates of evolution are unlikely
to persist more than a few generations given that the traits
involved are only ∼10 mm long; either variance would be
depleted or the population would reach a new optimum
in nature.
The speed of our response to selection and the evolutionary importance of the constraint caused by the filament–corolla tube correlation can also be judged by comparison with related species. The evolution of increased
and decreased anther exsertion without a change in the
correlation between the filament and corolla tube component traits that we observed in our experiment has occurred repeatedly in Brassicaceae (Conner 2006). While
most of the 24 species studied had filaments and corolla
tubes of roughly equal length, as occurs in wild radish
naturally, two of the sampled species have evolved positive
exsertion (filaments longer than corolla tubes; Aethionema,
Stanleya) and two have inserted anthers (filaments shorter
than corolla tubes; Hesperis, Mattiola), in an exact parallel
to the results of our artificial selection reported here. At
the average rate of change seen in the high and low lines
of rep 2, it would take only 36 generations for wild radish
to evolve to the same exsertion (measured as the log dif-
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Figure 4: Results of the artificial selection experiment, plotted as the
response of the composite trait (anther exsertion) regressed on cumulative selection differential. Each point represents the difference
in anther exsertion between the high and the low lines and the
absolute selection differential summed over both directions of selection for each generation and replicate. Because the high and the
low lines within each replicate were grown simultaneously (with one
exception noted below), differences in mean phenotype between
them are due entirely to genetic change; by plotting these differences,
phenotypic variation among generations that are caused by changes
in the greenhouse environment over time are removed and the regressions reflect only true genetic evolution. For example, the last
point for the second set of replicate lines (rep 2) shows that after
nine generations, the anthers of the high lines were exserted 3.1 mm
more than those of the low lines. The first set of replicate lines (rep
1) was selected for eight generations, and rep 2 for nine; data for
generation 4 are not plotted for rep 1 because the high and the low
lines were not grown simultaneously and therefore the environmental
effects cannot be separated from genetic effects. P values (one asterisk
indicates P ! .05; four asterisks indicates P ! .0001) should be interpreted with caution, as the points are not independent. The quadratic
term for rep 1 was not significant.

ference, to remove size effects) as the most exserted species
(Stanleya) and about 81 generations to evolve to the same
exsertion as the most inserted species (Mattiola). Note that
each generation represents only 1 year for wild radish, an
annual plant.
There are both theoretical and empirical reasons to believe that our results are not simply limited to this pair of
traits in this species but are in fact more general. First,
the prediction of evolution perpendicular to the major axis
using standard theory (Lande 1979) parameterized by the
observed G matrices and selection gradients imposed in
our study makes it clear that rapid evolutionary change
can occur despite a strong genetic correlation (fig. 6). Sec-

ond, artificial selection on several species of insects and a
wild population of the domestic radish has been able to
independently change the means of a wide variety of correlated traits (Bell and Burris 1973; Weber 1990; Wilkinson
1993; Stanton and Young 1994; Emlen 1996; Beldade et
al. 2002; Frankino et al. 2005, 2007; but see Allen et al.
2008); in other words, these studies were able to change
the position of the bivariate cloud of points in spite of a
correlation (cf. fig. 1B). While in none of these cases was
the mechanism of correlation known, and in only one case
was there a rigorous published estimate showing an additive genetic correlation that was high in magnitude
(Frankino et al. 2007), it seems likely that the genetic
correlations were at least moderate in magnitude and
caused at least in part by pleiotropy, because the traits
were mostly size related. In addition, two studies (Bell and
Burris 1973; Frankino et al. 2007) reported an unchanged
genetic correlation after selection, two others showed a
relatively unchanged bivariate phenotypic distribution before and after selection (Emlen 1996; Frankino et al. 2005),
and another two show a correlated phenotypic distribution
after selection (Weber 1990; Wilkinson 1993); these results
also suggest pleiotropy. Clearly, the similar results in both
plants and animals for a variety of different kinds of traits
strongly suggest that genetic correlations by themselves are
insufficient to quantify the nature and severity of evolutionary constraint. Note that in a few of these cases (but
not most) there is evidence for (Frankino et al. 2005) or
at least a hypothesis of (Stanton and Young 1994; Frankino
et al. 2007) the correlation being adaptive (as is true for
the filament–corolla tube correlation in wild radish).
Therefore, evolution can be rapid despite genetic correlations of !1 (see Pigliucci and Kaplan 2000). Whether
genetic correlations can produce evolutionarily significant
constraints over the medium or long term or whether
strong constraints due to lack of variance along some axis
in multivariate space are common in nature (Blows and
Hoffmann 2005; but see Mezey and Houle 2005) are open
questions. It seems likely that the smaller amount of genetic variance along the minor axis means that this variance will be depleted more rapidly than would be true
along the major axis, causing an earlier selection plateau
in the former case. Also still open is the question of
whether genetic correlations bias the course of interspecific
evolution along “genetic lines of least resistance” (Schluter
1996). Species seem to usually diverge along the major
axis of correlated traits, that is, the direction of maximum
variance in bivariate space (Schluter 1996; Baker and Wilkinson 2003; Begin and Roff 2004; Marroig and Cheverud
2005; McGuigan et al. 2005; Conner 2006; Renaud et al.
2006), which could indicate either constraint or a ridge in
the adaptive landscape (Schluter 1996). However, all of
these studies found some species that deviate strongly from
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Table 2: Additive variances (VA) and covariances (covA; together comprising the G matrix)
for corolla tube and long filament lengths, the two eigenvalues of this G matrix, and the
additive genetic correlation (rA) between these two traits in the natural population before
selection and in the last four generations of the six selection lines

Natural
High 1
Control 1
Low 1
High 2
Control 2
Low 2

Tube VA

covA

Long filament VA

Eigenvalue 1

Eigenvalue 2

rA

.56
.44
.50
.46
.37
.46
.64

.49
.41
.45
.35
.42
.37
.51

.65
.50
.49
.41
.65
.44
.49

1.10
.88
.95
.78
.95
.83
1.08

.11
.06
.05
.08
.06
.08
.05

.81
.87
.91
.81
.86
.83
.91

Note: The estimates for the natural population are from a nested half-sibling design with 50 sires and
1,133 total offspring (Conner and Via 1993).

the major axis, suggesting that if there are constraints, they
can be overcome by selection or drift. This may well be
a general pattern, as these studies considered a wide range
of taxa: mammals, birds, fish, insects, and plants. Alternatively, the species that deviate could have experienced a
transient reduction in the correlation at some point in
their evolutionary history, due to a major mutation (Agrawal et al. 2001). Further evidence suggesting that genetic
correlations do not necessarily cause long-term constraint
comes from the sexual dimorphism literature. Genetic correlations between the same trait expressed in males and
females are usually very high (Roff 1997, p. 247), but
sexual dimorphism is common and often evolves rapidly
(Badyaev 2002; Chenoweth et al. 2008) in spite of this high
correlation. There is evidence for a negative correlation
between the across-sex genetic correlation and the degree
of sexual dimorphism, suggesting some constraint, but the
relationship is very weak (Poissant et al. 2010). Note that
these points rest on the assumption that the high correlations across sexes we see today existed in the past before
sexual dimorphism evolved.
The evolution of filament and corolla tube lengths in
opposite directions in spite of the strong positive pleiotropic genetic correlation could have been due to several
non–mutually exclusive mechanisms. The most likely
cause is that there are loci affecting each of the two traits
independently (i.e., not pleiotropic). Because the additive
genetic correlation is not 1, there is some independent
genetic variation for selection to act on. Another possible
cause is allelic variation at underlying pleiotropic loci; if
some alleles cause higher or lower exsertion, then our
selection would have increased the frequency of these alleles in the high or low lines, respectively. A third possibility is modifier loci (epistasis): perhaps there are loci that
affect the relative lengths of the filaments and corolla tubes
produced by the pleiotropic loci (that is, the elevation of
the bivariate ellipse in fig. 1) without changing the effect
of these loci on the correlation itself. Finally, if some of

the correlation is due to tightly linked loci rather than
pleiotropy, then recombination between these loci could
be partly responsible. However, since the correlation was
unchanged in nine generations of random mating (Conner
2002) and this experiment lasted only eight or nine generations, it seems likely that recombination would have
been a minor contributor at best to the selection response.
We are currently conducting a quantitative trait locus mapping study on a cross between the selection lines to shed
light on these possible mechanisms.
A great deal of interest and effort has been devoted
recently to understanding the evolution of the G matrix,
the matrix of additive genetic variances and covariances
(reviewed in Steppan et al. 2002). Much of the interest in
G matrix evolution has stemmed from a desire to understand whether the G matrix could cause long-term constraint. From the results to date it seems that there is
certainly some stasis in the G matrix, at least within species,
but changes in the G matrix are common, sometimes over
fairly short timescales (Steppan et al. 2002). In the studies
showing deviations from genetic lines of least resistance
mentioned above, the lines of least resistance were based
on estimates of genetic correlations in only one or none
of the taxa in the study, and in no case was the G matrix
estimated for taxa that diverged from the lines of least
resistance. Thus, it is unclear whether G-matrix evolution
is necessary for evolutionary deviations; evidence from our
work suggests that it may not be, because our artificial
selection caused deviations in the mean of the traits without a change in the underlying genetic correlations. If this
is more generally true, and true over longer timescales and
greater phenotypic divergences, then it may mean that the
stability of the G matrix is not as relevant to evolutionary
constraints as was once thought. Note that simulations
show that selection perpendicular to genetic lines of least
resistance, such as that imposed in this study, decreases
the evolutionary stability of the G matrix (Jones et al.
2004).
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Figure 5: Graphical depictions of the bivariate G matrix in the base population (heavy solid line) and in the six selection lines. In each
replicate, the high exsertion line is dashed, the low is dotted, and the control is represented by the thin solid line.

This discussion has focused on only complex quantitative traits that are likely affected by several to many loci.
It is possible that constraint may be more likely in simple
traits, because with fewer genes involved there may be
more restrictions on possible evolutionary trajectories.
Several recent studies have reported constraint in simple
protein phenotypes (Miller et al. 2006; Weinreich et al.
2006; reviewed in Poelwijk et al. 2007), but these studies
tested a fundamentally different kind of constraint than
that tested in our study. Our study and the other artificial
selection studies cited above have elucidated the magnitude of the constraint on the production of certain phenotypes, without regard to whether those phenotypes are
adaptive in any particular environment. Indeed, the phenotypes produced by artificial selection perpendicular to
the major axis of a correlation are often not adaptive
(Frankino et al. 2005, 2007; J. K. Conner, K. Karoly, and
H. F. Sahli, unpublished data). The protein phenotype articles cited above address whether evolution is constrained
by the adaptive landscape, that is, whether certain changes
are adaptive; thus, they test selective constraints sensu Arnold (1992). In other words, artificial selection studies
(including this study) address how rapidly a given phe-

notype can be produced, regardless of whether it is adaptive, while protein evolution studies address whether a
given phenotype is adaptive when it is produced.
There are a number of unanswered questions concerning the role of genetic correlations as constraints on adaptive evolution. For example, how common are directions
in multivariate space that clearly lack variance (Blows and
Hoffmann 2005)? Is evolution in these directions strongly
constrained, and if so, how often does selection act in
these directions? It seems intuitive that correlations that
are based on fundamental resource trade-offs might more
strongly constrain evolution, but these kinds of constraints
have rarely been directly tested by artificial selection perpendicular to the major axis of the correlation. Most or
all of the studies (including this one) that have selected
perpendicular to a correlation have used traits that were
positively correlated dimensions, so therefore these traits
were unlikely to be involved in a fundamental trade-off.
An exception to this is the selection for earlier flowering
at greater height in Brassica (Dorn and Mitchell-Olds
1991), to which there was a response to one generation
of selection, although the gain in height was modest. The
genetic correlation between these traits was also modest
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Figure 6: Predicted and actual responses to selection on filament and corolla tube lengths, with 95% confidence regions (from a parametric
bootstrap; see “Material and Methods”), presented as the high selection line minus the low selection line (as in fig. 4). The open circles
with uppercase letters are the predicted mean responses (centers of the ellipses) and the filled circles with lowercase letters are the actual
responses. The first set of replicate lines (replicate 1) is the pair of points labeled A with the solid ellipse, and replicate 2 is the pair of
points labeled B with the dashed ellipse. Thus, in replicate 1, the high line was predicted to have long filaments 1.4 mm longer than those
of the low line and corolla tubes 2.4 mm shorter, while the actual change was as follows: long filaments, 0.85 mm longer; corolla tubes,
0.96 mm shorter.

(0.61), so it would be very interesting to see how these
traits would respond to more generations of selection. Unfortunately, many traits that we expect to be related by
fundamental trade-offs do not have consistently negative
genetic correlations (e.g., flower size and number; Houle
1991; Worley and Barrett 2000), so quantitative genetic
models certainly would not predict a strong constraint. It
may be that the best way forward is to determine the
individual loci underlying trade-offs and genetic correlations and study their effects and evolution (i.e., changes
in allele frequency) directly (Fry 1993).
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